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Abstract 

 

Mammalian SWI/SNF complexes belong to the class of chromatin remodelling 

complexes, and consist of approximately 15 subunits. Bioinformatics analyses of tumour 

sample sequencing studies have shown that members of the mSWI/SNF complexes are 

mutated in almost 20% of all cases, suggesting many subunits have tumour suppressor 

functions. The residual complex that remains upon inactivation of a subunit is thought to 

have tumorigenic effects, but how loss of different subunits affects the complex and 

chromatin architecture is still under investigation. Furthermore, most studies into the 

biological role of SWI/SNF in cells rely on knock-down or knock-out models, which 

potentially give rise to substantial indirect effects following cellular adaptation to subunit 

loss. Consequently, it is of great interest to generate targeted approaches to study 

SWI/SNF loss of function over short time scales. With this aim, we have developed a 

conditional protein degradation approach in mouse embryonic stem cells. This enables 

substantial depletion of the target subunit within two hours. Immunoprecipitation of 

complexes depleted for ARID1A, PBRM1 or SNF5 showed specific degradation of the 

targeted subunit. In addition, loss of either ARID1A or PBRM1 resulted in partial 

destabilisation of BAF and PBAF complexes respectively. The effect of these residual 

complexes on chromatin architecture was probed using ATAC-seq. This showed that 

chromatin accessibility was lost at many sites following depletion of ARID1A, PBRM1 

or SNF5. These areas of decreased accessibility frequently occurred at enhancers, and 

overlapped with the binding sites for pluripotency factors OCT4, SOX2 and NANOG. 

Furthermore, cells depleted for ARID1A and SNF5 showed defects in differentiation, 

likely due to a failure to repress pluripotency factors. The development of this system for 

acute depletion provides a means to assess the order in which subsequent changes to 

chromatin modifications and gene expression occur following loss of different subunits. 
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1 Chapter One. Introduction 

1.1 Chromatin and Gene Regulation 

1.1.1 Chromatin 

In order to fit the entire genome into the nucleus of a cell, the DNA double helix must be 

packed extremely densely. In the first instance, this is achieved by wrapping the DNA 

around a core complex of basic proteins called histones. The association of eight histones, 

two each of H2A, H2B, H3 and H4, generates the nucleosome core particle (Figure 1.1), 

which binds 145-147 bp of DNA (1). The DNA wraps around the nucleosome core in 1.7 

left-handed super-helical turns. Assembly of multiple nucleosomes on longer DNA 

fragments results in a flexible ‘beads-on-a-string’ arrangement with a diameter of 11 nm 

(2).  

 

 

 

Figure 1.1 The nucleosome particle. The histones H2A (yellow), H2B (red), H3 (blue) and H4 (green) 

form an octamer, around which the DNA duplex (grey) binds. 
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In more condensed chromatin, lysine-rich linker histones (H1) are attached to the 

nucleosome at the point where the DNA strand enters and leaves, protecting an extra 10 

bp on both the entering and exiting strands and locking these strands into place (3,4). The 

addition of the linker histone allows the DNA to coil further and reach a higher degree of 

compaction, but the nature of this second-order structure is highly controversial. Early 

electron microscopy analysis of chromatin from digested nuclei suggested that the 

nucleosome array forms a 30 nm fibre (5,6). However, further work indicates that this 

structure may form as a result of experimental conditions, such as salt concentration or 

linker length (7,8). Cryo-electron microscopy of human mitotic cells failed to show 

structures for the proposed 30 nm fibre, with chromatin conforming more to a polymer-

melt model (9). Indeed, the only two systems in which the 30 nm fibre has been observed 

in vivo are mainly transcriptionally silent (1,8). Consequently the 30 nm fibre model is 

not a generally valid model, and it is most likely that chromatin exists in a more disordered 

state. 

Nonetheless, chromatin is thought to form loops which play an important role in 

regulating transcription (10). By altering the degree of chromatin compaction and 

repositioning nucleosomes, the cell can tune which genes are accessible for the 

transcriptional or regulatory machinery, and which ones are not (11). Of the many ways 

in which the cell can control gene regulation, the following two will be discussed further: 

the use of ATP-dependent chromatin remodelling complexes (CRCs) to reposition 

nucleosomes, and the set of covalent histone modifications that distinguish chromatin 

domains.  

 

1.1.2 Histone Modifications 

The genome houses a number of regulatory elements that define the basis for regulating 

gene expression. Directly upstream of a target gene lies the promoter region, which is 

responsible for inducing proper transcription initiation at the transcription start site (12). 

Enhancers are short regions of open DNA containing a number of transcription factor 

binding sites that cooperate to increase the activity of promoters independently of 

promoter orientation or position (13). One manner in which these distant enhancers can 

interact with their target promoter is through DNA looping, which would bring enhancer 

and promoter into proximity, and allow communication between transcription factors 

(14). Super-enhancers are clusters of typical enhancers that are bound by master 
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transcription factors and Mediator, and act in concert to regulate genes associated with 

cell identity (15). 

One manner in which these different regulatory elements can be demarcated is by 

modifying the histones within these elements. Histones are comprised of a structured core 

comprising of three helices, termed the histone-fold, and disordered N- and C-terminal 

domains termed ‘histone tails’ (1,16). Histones can be extensively modified with a range 

of post-translational modifications that primarily target tail domains, but can also occur 

within structured domains (17). The best studied among these modifications are 

acetylation, methylation, phosphorylation, and ubiquitination. There are, however, a 

plethora of more exotic modifications, such as other alkylations, sumoylation, 

glycosylation, ADP ribosylation, de-imination (citrullination), and proline isomerisation 

(18-20). These histone modifications are recognised by a wide array of proteins, thus 

allowing targeted recruitment of specific proteins required during a certain process (21). 

Most histone modifications are generated as result of the action of “writer” enzymes, and 

in many cases modifications can be reversed through the action of de-modifying or 

“eraser” enzymes. The modifications themselves can be recognised by protein folds or 

“reader” domains that often occur in different combinations within protein complexes 

(22). In some cases modifications have also been observed to directly affect chromatin 

structure (21,23). As a result, it has been proposed that histone modifications contribute 

to a chromatin-based “histone code” that provides a means of regulating access to the 

underlying genetic information (24). Due to the large number of sites that can be modified 

and the wide range of possible modifications, the number of potential combinations of 

modifications present on any individual nucleosome is astronomically large (25). 

However, many histone modifications are observed to co-vary across cohorts of genomic 

loci. As a result, eukaryotic chromatin has been classified into a limited number of 

commonly occurring chromatin states (26,27). Consequently, the number of outcomes 

from chromatin based signalling may be significantly reduced in comparison to the 

number that is theoretically possible. In my opinion, this indicates that while histone 

modifications may participate in signalling pathways, the number of different outcomes 

is limited. Consequently, any histone code has relatively low complexity. 

Of particular relevance to this work are modifications that distinguish enhancers from 

promoters, including those on lysines 4 and 27 of histone H3. Active promoters are 

usually characterised by trimethylation of H3K4, and to a lesser extent H3K4 
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dimethylation (28). In contrast, trimethylation of H3K27 is a repressive mark found at 

silenced promoters (29,30). In embryonic stem cells, a special class of bivalent promoters 

exist, which are characterised by both H3K4me3 and H3K27me3. These bivalent 

promoters are often found at genes encoding transcription factors that require controlled 

expression, suggesting these promoters are poised for activation following loss of 

H3K27me3 (31). Enhancers are typically characterised by H3K4 monomethylation, 

though H3K4me1 on its own is not indicative of an active enhancer; it is acetylation of 

H3K27 that demarcates active enhancers from inactive or poised, p300-bound, enhancers 

(32,33).  

 

1.1.3 Chromatin Remodelling Complexes 

ATP-dependent chromatin remodellers contain an ATPase domain homologous to the 

ATP-dependent DNA translocase domains found in the superfamily 2 grouping of 

helicase-related proteins. As the yeast Snf2 protein was among the first members of this 

group to be identified, chromatin remodelling ATPases are often referred to as SNF2-

related or SNF2 family proteins. Eukaryotes encode multiple members of this protein 

family and these can be divided into some 25 subfamilies, not all of which target 

chromatin (34). The ATPase domain consists of two RecA-like folds between which the 

active site for ATP hydrolysis is situated, whereby the relative orientation of the folds 

plays a role in transforming the energy from ATP hydrolysis into mechanical work (34). 

Each RecA lobe contains an additional protrusion, and much of the variation between 

subfamily members arises in the protrusion regions (35).  

In recent years significant progress has been made in elucidating the structure and 

mechanism of action of SNF2-related chromatin remodelling ATPases. The crystal 

structure of the chromo-ATPase domains of the yeast Chd1 protein shows that the ATPase 

domains are held apart in an inactive configuration.  However, when bound to 

nucleosomes in the presence of ADP-BeF3, the domains are repositioned such that they 

engage with nucleosomal DNA at SHL2 (36,37). A fragment of the yeast SNF2 protein 

also binds at this location, as well as at SHL6 (38). Furthermore, structures of Ino80 and 

Swr1 complexes indicate that these complexes also engage with nucleosomal DNA either 

at SHL2 or SHL6 (39,40). It is thought that the ATPase domains generate local distortions 

to DNA at the locations where they bind to the nucleosome surface. This could occur as 
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a result of ratcheting action between the domains as previously observed for the 

superfamily 2 member NS3 (41).   

Snf2-subfamily proteins are typically large and often found as components of multi-

subunit complexes. As a result the ATPase domains are associated with a diverse 

assortment of accessory domains, which often have functions linked to chromatin. For 

example, bromodomains can recognise acetylated lysines, chromodomains can recognise 

methylated lysines, and SANT domains can be involved in protein-protein and protein-

DNA interactions. The combination of subfamily-specific adaptions to the ATPase 

domains and association with different cohorts of accessory domains enables different 

remodelling enzymes to catalyse different forms of change to chromatin structure. For 

example, SWI/SNF subfamily remodellers are able to both slide and eject nucleosomes 

upon recruitment by sequence-specific DNA binding partners or by recognising histone 

modifications. It is possible that repositioning of nucleosomes by sliding results in 

collisions between adjacent nucleosomes that destabilises histone octamers (42,43). In 

addition to nucleosome sliding in cis along DNA fragments, these enzymes can catalyse 

dissociation of histone dimers or octamers in trans (44-47). On the other hand, ISWI 

remodelling complexes are optimised for nucleosome spacing and are associated with 

chromatin organisation and assembly, and regulation of transcription (48-50). In vivo, the 

combined action of remodelling complexes in repositioning and removing nucleosomes 

can enable downstream factors to access DNA (51-53). From an energetics perspective, 

chromatin remodelling probably favours the sliding of nucleosomes over nucleosome 

ejection. While sliding nucleosomes retains the fully formed histone octamer in close 

proximity to the DNA, replacing ejected nucleosomes requires energy for both the 

recruitment of histones and the assembly in the histone octamer. 

Most experiments interrogating the mechanism for SWI/SNF-mediated chromatin 

remodelling depend on the altered accessibility of nucleosomal DNA as remodelling 

proceeds. This changed accessibility can be detected as an altered cleavage pattern upon 

treatment with DNase I, or by the unveiling of sites that restriction enzymes can cleave, 

or transcription factors can bind to.  
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1.2 The SWI/SNF Complex 

1.2.1 The Evolution of SWI/SNF 

Members of the Switch/Sucrose Non-Fermenting (SWI/SNF) complex were first 

identified in Saccharomyces cerevisiae in screens for components influencing mating 

type switching (SWI) or sucrose fermentation (SNF) (54,55). Following further genetic 

and biochemical analysis, it was found that SWI and SNF proteins act as transcriptional 

activators and function as a complex to disrupt chromatin (56,57). The related chromatin 

remodeller, RSC, was detected on the basis of its similarity with SWI/SNF, particularly 

of the ATPases Snf2/Swi2 and Sth1. In contrast to components of SWI/SNF, members of 

RSC are essential for cell growth. Furthermore, the RSC complex is more abundant than 

SWI/SNF (58). These large complexes are conserved from yeast through to mammals and 

are referred to as SWI/SNF complexes. The homologies between SWI/SNF complex 

components in yeast, Drosophila melanogaster and humans is illustrated in Table 1.1. 

In Drosophila, SWI/SNF is characterised by the single ATPase: Brahma. Brahma (BRM) 

is a trithorax group protein (trxG) that directly opposes the function of Polycomb 

repressive complexes (PRC), and is similar to the yeast component Snf2 (59). Given the 

similarity of BRM to Snf2, and that Snf2 was present in a larger complex, screens for 

BRM-associated proteins were conducted. From these screens, SNR1 (related to Snf5) 

and MOR (related with Swi3 or BAF155/170) were the first components identified that 

interact with BRM (60,61). Depending on the presence of certain unique factors, the 

complex is subtyped as BAP (BRM associated protein or PBAP (Polybromo/BAP). BAP 

is characterised by the presence of OSA (also termed eyelid), dD4 and TTH, while PBAP 

is defined by Polybromo, BAP170, BRD7 and SAYP (62-65).  
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Table 1.1 Homologous SWI/SNF complex components across yeast, Drosophila and human 

S. cerevisiae D. melanogaster H. sapiens 

ySWI/SNF RSC BAP PBAP BAF PBAF 

Swi1/Adr6  OSA  ARID1A  

Swi1/Adr6  OSA  ARID1B  

 Rsc9  BAP170  ARID2 

Swi3 Rsc8/Swh3 Moira Moira BAF155 BAF155 

Swi3 Rsc8/Swh3 Moira Moira BAF170 BAF170 

Swi2/Snf2 Sth1 Brahma Brahma BRG1 BRG1 

Swi2/Snf2 Sth1 Brahma Brahma BRM  

 Rsc1/2/4  Polybromo  PBRM 

Snf5 Sfh1 SNR1 SNR1 SNF5 SNF5 

   SAYP  BAF45A 

  D4  BAF45B/C/D  

Arp7/9 Arp7/9 BAP55 BAP55 BAF53A/B BAF53A/B 

  BAP111 BAP111 BAF57 BAF57 

Swp73/Snf12 Rsc6 BAP60 BAP60 BAF60A/B/C BAF60A/B/C 

    BCL7A/B/C  

    BCL11A/B  

   BRD7  BRD7 

    SS18  

    SS18L1  

Arp7/9 Arp7/9 Actin Actin β-actin β-actin 

 

 

The mammalian SWI/SNF complexes (mSWI/SNF) are a collection of 2 MDa 

complexes, comprising of approximately 15 subunits (66,67). The complexes include an 

ATPase (either BRG1 or BRM) and a set of core subunits (BAF155, BAF170, SNF5, 

BAF45, BAF53, BAF57, BAF60, β-actin, and SS18), many of which are present as 

different variants.  Furthermore, the complex is divided into three subtypes, BAF, GBAF, 

and PBAF, depending on the presence of a set of unique subunits and the ATPase 

incorporated (Figure 1.2) (68,69). The composition of mouse and human SWI/SNF 

complexes have been observed to vary in different tissues and developmental stages 

(70,71). As a result it is possible that there is a considerable spectrum of variant SWI/SNF 

complexes with distinct functions. Furthermore, a number of SWI/SNF subunits are also 
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present in different chromatin modifying complexes such as NUMAC, mSin3A and 

NcoR-1 (72).  

Analysis of homologies between yeast and mammalian SWI/SNF subunits indicates that 

the BAF complex is more similar to ySWI/SNF while the PBAF complex is more closely 

related to yeast RSC (73,74). As GBAF has only recently been discovered in mammalian 

cells, no homologous complex has been described in other organisms. Furthermore, the 

subunit configuration and number of shared components between BAF/BAP and 

PBAF/PBAP is greater than that observed between ySWI/SNF and RSC. This seems to 

be a quirk of S. cerevisiae, as the related yeast S. pombe has homologous SWI/SNF and 

RSC complexes that resemble the architecture of metazoan SWI/SNF complexes (75). 

 From an evolutionary perspective, the presence of two related remodelling complexes 

has been conserved, with ySWI/SNF, BAP and BAF forming one set and RSC, PBAP 

and PBAF forming the other. Interestingly, during evolution the dependency on RSC-

related complexes was diminished in favour of BAF-related complexes. Despite RSC 

being at least ten-fold more abundant than ySWI/SNF, Drosophila has roughly equal 

amounts of BAP and PBAP, and mammalian cells contain substantially more BAF 

complexes (58,63,76). This may reflect a functional preference for the ATPase. BRG1 is 

more similar to Sth1 (the RSC ATPase) in that both are essential for cell growth, and 

BRG1 is the predominant mSWI/SNF ATPase being present in both BAF and PBAF 

complexes. In contrast, BRM and the ySWI/SNF ATPase Snf2 are not essential for cell 

growth, and are less abundant; BRM is present in only a subset of BAF complexes (73).  
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Figure 1.2 Schematic of the mammalian SWI/SNF complex. The SWI/SNF complex is divided into three 

subtypes: BAF, GBAF, and PBAF. All three contain a central ATPase (yellow). BAF and PBAF share a 

set of core subunits (blue) and accessory subunits (grey), whereas GBAF only contains a subset of these. 

The unique subunits that define the subtypes are shown in purple. Subunits that have not been definitively 

attributed to a certain subtype are marked with (?). Known and putative interactions between neighbouring 

subunits are shown by black connecting bars; the references describing these interactions are found in Table 

1.2. 

 

Table 1.2 Known or putative interactions between SWI/SNF components 

Component Interactor References 

BRG1/BRM BAF155/BAF170 (61,77) 

 BAF60 (78) 

 BAF53 (79,80) 

 β-actin (79-81) 

 ARID1A (82) 

 BRD7 (83) 

 SS18/SS18L1 (84) 

BAF155 BAF170 (61,66) 

 SNF5 (77,85) 

 BAF60 (77,78) 

 BAF57 (77,86) 

BAF60 BRD7 (83) 

BAF57 PBRM (87) 

BAF53 β-actin (80) 
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1.2.2 SWI/SNF Composition 

1.2.2.1 The ATPases: BRG1 and BRM 

BRG1 and BRM belong to the SNF2 family of helicases, and the ATPase domain is 

highly conserved between eukaryotes and yeast (88). Both proteins are highly similar 

(~75%) with an architecture consisting of: a proline-rich N-terminus with a QLQ motif, 

HSA and BRK domains, the central ATPase domain characterised by DExx and HELICc 

domains, and a C-terminus comprising of a SnAC domain, an AT-hook and a 

bromodomain (72,89,90). The SnAC (Snf2 ATP coupling) domain plays a role in 

stimulating the catalytic activity of the ATPase domain and acts as an anchor by binding 

histones, enabling the complex to translocate along nucleosomal DNA (90,91). The QLQ 

motif may be involved in protein-protein interactions (92,93). The function of the BRK 

domain is unknown, but this domain is also present in a subset of CHD ATPases (94).  

The helicase/SANT-associated (HSA) domain is required to bind actin and actin-related 

proteins, as well as interacting with other proteins such as ARID1A (79,82). The 

bromodomains of BRG1 and BRM weakly bind all acetylated histones, with a slight 

preference for H3K14ac (95-97). It is possible that this weak affinity for free peptides 

reflects a need for nucleosomes to be correctly oriented within the complex. 

Given the high sequence identity between them, it is unsurprising that BRG1 and BRM 

are partially redundant. BRG1 is upregulated in BRM-null cells, and in certain cases BRM 

can compensate in BRG1-deficiency (98-100). Additionally, siRNA depletion screens 

have shown that there are synthetic lethal  interactions between these proteins (101). 

Although BRG1 and BRM share many binding sites across the genome, the two ATPases 

have antagonistic or cooperative effects on different subsets of genes, which has impacts 

during development (102,103). The non-redundant functions of the ATPases are due, in 

part, to differing interactions with transcription factors. BRG1 recognises and binds zinc 

finger proteins through an N-terminal region that is not conserved in BRM, as well as 

transcription factors containing leucine zipper motifs or a TRYP cluster. In contrast, BRM 

specifically interacts with proteins bearing ankyrin repeats, indicating that BRG1 and 

BRM-containing complexes are targeted to different promoters (104).    

Both BRG1 and BRM are implicated in activating transcription following ligand-

stimulation of nuclear receptors (105). For the glucocorticoid receptor, it was shown that 

BRG1 is required to achieve target gene activation on a chromatin template, suggesting a 

role for SWI/SNF in remodelling nucleosomes to facilitate transcription (106). The 
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ATPase domain as well as the N-terminal domain comprising the HSA domain of BRG1 

are required for glucocorticoid receptor mediated transcriptional activation (82).  

Furthermore, the methyltransferase CARM1 interacts with the BRG1 helicase domain, 

and this interaction can stimulate SWI/SNF ATPase activity and enhances signalling 

through the oestrogen receptor (107).  

BRG1 is also involved in controlling cell proliferation, by interacting with cell cycle 

regulators such as p53 and pRB. The proline rich N-terminus of BRG1 is capable of 

binding and destabilising p53, preventing p53 association with target genes and thus 

allowing normal cell cycle progression (108,109). Conversely, hypophosphorylated pRB, 

which induces G1-arrest, binds the C-terminus of both BRG1 and BRM (110). The 

complex of pRB with BRM binds E2F1, a transcription factor required for the activation 

of S-phase genes, thereby inhibiting E2F1 activity and arresting cells (111). Additionally, 

both BRG1 and BRM interact with cyclin E, which results in cells progressing from G1 

to S phase (112).  Both BRG1 and BRM are also phosphorylated during mitosis, leading 

to their exclusion from mitotic chromosomes and their inability to remodel nucleosomal 

templates (113,114).  

BRG1 is also implicated in various DNA repair pathways. In response to double strand 

breaks, BRG1 is rapidly phosphorylated at Ser721 by ATM, which increases its affinity 

for acetylated H3K14 and allows BRG1 to bind γ-H2AX (115). Particularly, BRG1 is 

implicated in the homologous recombination (HR) repair pathway, rather than non-

homologous end-joining. In HR, BRG1 is required for the exchange of RPA to RAD51 

on ssDNA, which facilitates strand invasion (116). Additionally, BRG1 may help recruit 

BRCA1 to sites of radiation-induced DNA damage and acts upstream of ATR, the kinase 

responsible for phosphorylation of RPA (117).  

 

1.2.2.2 The BAF/PBAF Common Subunits: BAF155, BAF170, and SNF5  

BAF155 and BAF170 share 77% sequence similarity, and are characterised by an acidic 

N-terminus containing a chromodomain, a SWIRM and a SANT domain followed by a 

leucine zipper (LZ), and a P/Q rich C-terminus (66,86,89). Chromodomains are capable 

of detecting methylated lysines on histones, and are primarily found in chromatin 

remodelling proteins (118). The SWIRM domain forms a four-helix bundle that can 

interact with DNA and nucleosomes, while the SANT domain is implicated in binding 

histone tails (119-121). Finally, the leucine zipper is a DNA-binding motif that is also 
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capable of dimerising with another leucine zipper, allowing this domain to function in 

promoting protein-DNA and protein-protein interactions (122). As both BAF155 and 

BAF170 contain this LZ motif, it is thought that they heterodimerise within the SWI/SNF 

complex (66). However, it is also likely that BAF155 and BAF170 can homodimerise 

under certain conditions. BAF170 is not expressed in mouse embryonic stem cells, 

suggesting these SWI/SNF complexes consist only of BAF155 (70). Additionally, the 

newly described GBAF complex was reported to contain only BAF155 (69).  

The SWIRM domain of BAF155 directly interacts with BAF60A and the Rpt1 domain of 

SNF5, while the SANT domain binds BRG1 and BRM (61,77,85). Consequently, 

BAF155 acts as a scaffold protein to facilitate the assembly of the SWI/SNF complex, 

and stabilises these subunits by protecting them from proteosomal degradation (77). In 

addition, the LZ domain of BAF155 interacts with BAF57, and together the SANT and 

LZ domains are required to stabilise BAF57 (86). The proline-glutamine rich region of 

BAF155 interacts with the E3-ligase WWP2, which targets BAF155 for 

polyubiquitination and subsequent degradation (123). In its active form, the kinase Akt is 

capable of binding and phosphorylating BAF155, although in cells it seems this 

interaction with SWI/SNF is dependent on SNF5 (124). Furthermore, the N-terminus of 

BAF155 interacts with the arginine methyltransferase, with a C-terminal arginine acting 

as a substrate for CARM1. Dimethylation of BAF155 is required for the expression of 

genes involved in the c-Myc pathway, and is linked to increased cell growth and 

invasiveness in breast cancer cell lines (125). Furthermore, loss of BAF155 results in 

upregulation of p53 and p21 during DNA damage response and prevents cells from 

undergoing apoptosis (126).   

 

In contrast to BAF155, much less is known about BAF170. Along with BRG1 and 

BAF57, BAF170 interacts with the transcriptional repressor REST (127). Additionally, 

BAF170 is critical for normal brain development (128,129). Given the high sequence 

similarity between BAF170 and BAF155, it is likely that the aforementioned protein-

protein interactions of the SWIRM, SANT and LZ domains also apply to BAF170.  
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SNF5, also termed INI1 or BAF47, comprises of two central indirect repeat domains, 

Rpt1 and Rpt2, that are required for protein-protein interactions, as well as a C-terminal 

coiled-coil domain (130). Additionally, the N-terminal region upstream of Rpt1 contains 

a winged helix domain that is capable of binding DNA (131,132). SNF5 is a central 

component of the SWI/SNF complex and also a cofactor for HIV-1 viral integrase. 

Remodelling by SWI/SNF on the nucleosome immediately downstream from the 

transcriptional start site in response to Tat allows full activation of the HIV promoter 

(133). SWI/SNF remodelling also facilitates and directs the integration of viral DNA into 

open chromatin (134). Furthermore, SNF5 is known to interact with other viral 

transactivators such as Epstein-Barr virus EBNA2 or human papillomavirus type 18 E1 

and E2 proteins (135-137). Intriguingly, SNF5 was shown to shuttle between the nucleus 

and the cytoplasm, with a nuclear export sequence hidden within the Rpt2 domain (138). 

In the cytoplasm, SNF5 acts in associating with the HIV pre-integration complex and 

plays a role in endocytosis (139,140). SNF5 interacts with Myc through Rpt1 and part of 

Rpt2, and recruitment of SWI/SNF via this interaction allows for optimal Myc 

transactivation activity (141,142). SNF5 is also capable of binding the SET domain in 

MLL1/3/4. This interaction with MLL3/4 might facilitate co-localisation of SWI/SNF 

and the ASCOM complex, comprising both H3K4-methyltransferase and H3K27-

demethylase activity, at genomic elements (143).  

Studies on SNF5 seem to indicate divergent effects in response to acute versus chronic 

loss. RNAi mediated knock-down of SNF5 in HeLa cells predisposes them towards G1 

arrest and apoptosis, caused, at least in part, through upregulation of p53 (144). A similar 

response to acute SNF5 knock-down was seen for MEFs, where cells arrested in G2, 

underwent apoptosis, and demonstrated upregulated p53 (145). In contrast, studies on 

SNF5-deficient cancer cells that were engineered to re-express SNF5 also show G1 arrest 

and increased apoptosis. In this case, G1 arrest is thought to be linked to repression of 

cyclin D, activation of p16INK4a, and repression of E2F through pRB (146-150). 

Activation of p16INK4a occurs, at least in part, through direct eviction of PRC1 and 

PRC2 from its promoter by SWI/SNF (151). This suggests that initial loss of SNF5 

attenuates cell proliferation, perhaps by increased p53 activity. Following prolonged 

exposure to SNF5 loss, cells circumvent this cell-cycle arrest in a manner that is 

dependent on cyclin D. Cyclin D is repressed upon SNF5 re-expression, as SNF5 

upregulates the cyclin D inhibitor p16INK4a (151).  
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1.2.2.3 The ARID Proteins: ARID1A/B and ARID2 

The AT-rich interaction domain (ARID) consists of a helix-turn-helix motif, which 

interacts with the major groove of DNA, and further loops and alpha-helices that increase 

protein-DNA contacts (152,153). In contrast to other ARID-containing proteins, the 

ARID domains of both ARID1 and ARID2 bind DNA in a non-sequence-specific manner 

(154,155). ARID1A and ARID1B are further characterised by multiple LXXLL motifs, 

which participate in protein-protein interactions and are found predominantly in proteins 

linked to transcriptional regulation, and binding to nuclear receptors (156,157). In 

addition to housing one LXXLL motif, ARID2 also contains an RFX DNA-binding 

domain and two C-terminal C2H2 zinc fingers that form a tandem CWCH2 motif 

(63,158). The RFX domain forms a winged-helix, which makes contacts to the major 

groove of DNA and binds X-box sequence motifs (159). Whilst the exact binding partners 

for many C2H2 zinc fingers are not known, C2H2 zinc fingers may be implicated in 

binding DNA, RNA and proteins (160).  

ARID1A and ARID1B are mutually exclusive components of the BAF complex, where 

ARID1A is the more abundant protein (161).  ARID1A plays a role in maintaining 

pluripotency of embryonic stem cells, as well as controlling differentiation into 

mesodermal lineages (162). Similarly, ARID1B is involved in maintaining embryonic 

stem cell pluripotency (163). ARID1A and ARID1B are both involved in controlling the 

cell cycle, where ARID1A-complexes act as a co-repressor and ARID1B-complexes act 

as a co-activator (164,165). ARID1A binds topoisomerase IIα (TOP2A), and loss of 

ARID1A results in decatenation defects and chromosome instability; effects that are also 

seen in cells lacking BRG1 (166). Additionally, the C-terminus of ARID1A binds p53 

and thereby regulates expression of p53-target genes (167). Complexes containing 

ARID1A interact with repressive chromatin regulators such as HDAC1/2 and DNMT1, 

and is thought to control gene expression by altering the chromatin configuration and 

accessibility at enhancers and promoters (168-170). Furthermore, ARID1A interacts with 

the HSA domain of BRG1 to help mediate transcriptional activation in response to 

glucocorticoid receptors (82). Additionally, the DNA-binding domain of ARID1A plays 

a role in increasing the binding affinity of SWI/SNF for nucleosomes (171). 

Much less is known about ARID1B, but haploinsufficiency is linked to intellectual 

disability (172). ARID1B represses Wnt/β-catenin signalling. BRG1 bridges ARID1B 

and β-catenin, and thus prevents β-catenin-mediated activation of Wnt target genes (173). 

Both ARID1A and ARID1B localise to double strand breaks (DSBs), and are required 
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for the recruitment of Ku70 and Ku80 to DSBs repaired by non-homologous end-joining 

(174). Finally, cells are dependent on at least one copy of an ARID1 protein, as complete 

loss of both ARID1A and ARID1B is synthetic lethal, suggesting that ARID1B can 

partially rescue the effect of ARID1A-loss and vice-versa (170,175). 

 

ARID2 is a unique component of the PBAF complex and is critical for the stability of 

PBAF, as loss of ARID2 results in loss of PBRM1 (176).  Furthermore, ARID2 is required 

for proper cardiac development, and mutations to ARID2 have also been linked to 

intellectual disability (177,178). ARID2 represses pRB-E2F target genes such as cyclins 

D1 and E1, similar to what has been observed for BRD7, suggesting a role for PBAF in 

regulating the G1/S transition (179,180).  ARID2 is strongly implicated in double-strand 

break (DSB) repair via homology-directed recombination, where ARID2 directly recruits 

RAD51 to DSBs (181). Work done to analyse how all three ARID proteins interact, 

showed that ARID1A and ARID2 often compete for DNA binding sites, whereas 

ARID1B and ARID2 have non-redundant roles in transcriptional repression (182). 

 

1.2.2.4 The Bromodomain-Containing Subunits: BRD7, BRD9 and PBRM1 

The bromodomain comprises of a left-handed 4-helix bundle, termed the ‘BRD fold’, 

where the loops joining helices Z and A, and B and C, present a hydrophobic pocket that 

can interact with acetylated lysines (183).  BRD7 and BRD9 share 88% sequence 

similarity, with their single bromodomain located at the N-terminus (184). In vitro, the 

bromodomain of BRD7 recognises the H3 modifications K9ac and K14ac, as well as the 

H4 modifications K8ac, K12ac and K16ac, albeit with weak affinity (185,186).  BRD7 is 

a PBAF-specific subunit that directly interacts with multiple subunits of the PRC2 

complex, as well as the SWI/SNF subunits BRG1, BRM and BAF60 (83,187). Similarly 

to BRG1, BRD7 can interact with BRCA1 and is involved in recruiting BRCA1 to the 

ESR1 promoter (188). Furthermore, BRD7 interacts with p53 to control the expression 

of target genes such as p21, and induce cell senescence (189). BRD7 is also implicated 

in regulating the G1/S transition by repressing genes required for RAS/MEK/ERK and 

Rb/E2F signalling, which is in agreement with studies on ARID2 (179,180).  
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In contrast to BRD7, little is known about BRD9, although it is specific to GBAF (69). 

However, the structure of the BRD9 bromodomain is known, allowing targeted 

development of inhibitors against BRD9 that could aid in dissecting its function 

(190,191). Inhibition of BRD9 in rhabdoid tumour cells resulted in reduced cell 

proliferation by arresting cells in the G1 phase, and led to increased apoptosis (192).  

Furthermore, it was shown that both BRD7 and BRD9 are capable of recognising 

acetylated, propionylated and butyrylated lysines on histones H3 and H4 (193). 

 

PBRM1 is unique in that it contains six bromodomains, as well as two bromo-adjacent 

homology (BAH) domains and a high-mobility group (HMG) domain (194). The six 

bromodomains (I-VI) display different affinities towards acetylated lysines, suggesting 

PBRM1 is able to recruit the PBAF complex to a range of chromatin domains (195,196). 

Further work indicated that bromodomain IV has a preference for H3 modifications over 

H4, with improved binding for propionylated lysines over acetylated lysines. 

Bromodomains II and V similarly are capable of binding acetylated and propionylated 

lysines (191). BAH domains are commonly found to mediate protein-protein interactions, 

and the PBRM1 BAH domains are required to ubiquitinate PCNA in a PBAF-independent 

fashion (197,198). Incorporation of PBRM1 into the SWI/SNF complex relies on both 

BAF57 and ARID2, suggesting the BAH domains may mediate these interactions 

(87,176). Additionally, the C-terminus of PBRM1, containing the HMG domain, is 

required for the assembly of PBRM1 into the PBAF complex (198).  

Similarly to ARID2, PBRM1 is also required for correct heart development in embryos, 

suggesting PBAF is a critical regulator of cardiac development (177,199). Otherwise, 

PBRM1 is implicated in regulating p53 and p21 activity, which partly control cell cycle 

and cell senescence (189,200,201). PBRM1 localises to the kinetochores of mitotic cells, 

where it plays a role in sister chromatid cohesion at centromeres (73,202). Given that 

BRG1 is excluded from mitotic chromosomes, it is possible that PBRM1 acts 

independently of the SWI/SNF complex in this context (114). Finally, PBAF has been 

implicated in double-strand break repair. The ATPase activity of PBAF is required to 

silence transcription at sites containing double-strand breaks by allowing H2AK119-

ubiquitination to accumulate (203). 
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1.2.2.5 The Common Accessory Subunits: BAF45, BAF53, BAF57, BAF60, and      

β-actin 

The BAF45 family comprises of four members, DPF1-3 and PHF10. The DPF family is 

characterised by two plant homeodomain (PHD) fingers paired at the C-terminus, a 

central C2H2 Krüppel-type zinc finger, and the DPF-specific N-terminal requiem domain 

(204,205). DPF1 and DPF3 (BAF45B and BAF45C respectively) are specific to the brain, 

although DPF3 is also implicated in muscle development, particularly the heart and 

skeletal muscles (206). In contrast, DPF2 (BAF45D) is ubiquitously expressed and 

associates specifically with the BAF complex (207,208). Work on DPF2 and DPF3 

indicated that the tandem PHD fingers are capable of recognising acetylated lysines on 

histones H3 and H4, and DPF3 can also bind mono- and dimethylated H3K4 (205,206). 

PHF10 is characterised by the SAY domain, and is present as two isoforms: one 

containing the tandem PHD fingers as seen in the DPF proteins, and one containing a 

phosphorylation-dependent SUMOylation motif (209,210). PHF10 is a PBAF-specific 

subunit, and loss of PHF10 results in reduced levels PBRM1, ARID2 and BRD7, 

suggesting it has a role in maintaining PBAF integrity (208,210).  

 

BAF53 is present as either BAF53A or BAF53B, where BAF53B is exclusively found in 

the brain (211). BAF53 is an actin-related protein, that forms a heterodimer with 

monomeric β-actin, and this heterodimer directly binds BRG1 and enhances its ATPase 

activity (80). To this end, Hargreaves and Crabtree postulate that β-actin in the SWI/SNF 

complex acts as an exchange factor to remove ADP from BRG1, similarly to its function 

with myosin (48). BAF53 and β-actin interact with BRG1 through the helicase-SANT-

associated (HSA) domain, and β-actin has a second binding site at the C-terminus of 

BRG1 (79,81). Upon addition of phosphatidylinositol 4,5-biphosphate (PIP2), the 

interaction between β-actin and its C-terminal binding site on BRG1  is abolished, which 

liberates a site on β-actin that could be used for targeting the complex to actin filaments 

(81). Additionally, the actin-related proteins in yRSC help a HMG-containing protein 

bind to the nucleosome and affect yRSC remodelling activity. This suggests a role for 

actin-related proteins and HMG-containing proteins in defining promoter architecture 

(212). In mSWI/SNF, this role may be accomplished, at least in part, through the actions 

of BAF53, β-actin and BAF57. Depletion of BAF53 slows cell growth, and results in 

reduced protein levels of BRG1 and BAF170, suggesting BAF53 is involved either with 

recruitment of BRG1 and BAF170 to the complex, or maintenance of complex integrity 
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(213). Furthermore, BAF53 is capable of binding c-Myc and forming distinct complexes 

with c-Myc cofactors, and these complexes are critical for Myc oncogenic activity (214). 

The requirement of c-Myc for BAF53 in oncogenesis may explain why the latter is only 

rarely mutated in cancer. 

 

BAF57 contains a HMG domain and a kinesin-like coiled-coil region, as well as a proline-

rich N-terminus that is required for BAF57 assembly in the SWI/SNF complex (215). 

Although the HMG domain of BAF57 binds 4-way junctions (which are thought to mimic 

the DNA entry and exit strands on a nucleosome) with high affinity, it is not essential for 

the ability of mammalian SWI/SNF to bind the same structures (215,216). The HMG 

domain is also thought to induce DNA bending upon binding, which would have 

consequences on chromatin architecture (217). The coiled-coil region of BAF57 interacts 

with the SANT and leucine zipper domains of BAF155/BAF170, and these interactions 

protect BAF57 from proteosomal degradation (86,218). Thus the total amount of BAF57 

in the cell is controlled by the levels of BAF155 and BAF170, as any BAF57 that is not 

bound is vulnerable to degradation (86). Furthermore, BAF57 directly interacts with 

PBRM1, and loss of BAF57 results in PBRM1 failing to associate with the complex. 

Complexes lacking BAF57 and PBRM1 do not localise to promoters of late G2-related 

genes, which leads to transcriptional downregulation of these genes and cells arresting at 

the G2/M transition (87). Finally, BAF57 also interacts directly with both oestrogen and 

androgen receptors, suggesting BAF57 is the subunit that recruits SWI/SNF to these 

hormone receptors and the promoters they act upon (219,220).  

 

The BAF60 family comprises three members: BAF60A, BAF60B and BAF60C, and are 

characterised by a SWIB/MDM2 domain. BAF60A is expressed fairly ubiquitously 

across all tissues, and interacts with SWI/SNF through two separate domains (66). The 

C-terminal portion of BAF60A interacts with BAF155 and BAF170, whereas the N-

terminus interacts with BRG1 (78,221). Additionally, the N-terminus of BAF60A is 

required for binding to p53, as well as a range of nuclear receptors (78,222). BAF60B is 

mainly found in haematopoietic cells, and plays an important role in granulopoiesis by 

binding C/EBPε and targeting it to granule genes (223-225). Two C-terminal coiled-coil 

domains are required for BAF60B incorporation into the SWI/SNF complex, whilst the 

N-terminal coiled-coil and SWIB domains are required for its interaction with C/EBPε 
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(223). BAF60C is expressed primarily in the heart, skeletal muscle and brain, and is 

required for proper cardiac and skeletal muscle development by targeting SWI/SNF to 

cardiac transcription factors and MyoD (226,227). BAF60C is capable of binding a range 

of transcription factors and nuclear receptors, thereby recruiting SWI/SNF to these 

proteins and the DNA elements they bind (228). 

 

1.2.2.6 The BAF/GBAF-Specific Accessory Subunits: BCL7, BCL11, SS18 and 

GLTSCR1 

Little is known about BCL7, which exists as three variants (A, B and C) that share 

homology at the N-terminus. BCL7 proteins are expressed across most tissues (Human 

Protein Atlas available from www.proteinatlas.org) (229). In mice, loss of BCL7A in the 

brain causes motor coordination defects, while BCL7B is implicated in Wnt signalling 

and apoptosis in both C. elegans and human cells (230,231).  

 

Both BCL11 variants (A and B) are Krüppel-like C2H2 zinc finger proteins associated 

with transcriptional repression, and are required for lymphopoiesis (232). BCL11A is 

essential for the development of both B-cells and T-cells, as well as playing a role in 

dendritic cell differentiation (233,234). In contrast, BCL11B is required more specifically 

for αβ T-cell development (235). Both BCL11A and BCL11B are also part of the NuRD 

complex in B-cells and T-cells respectively. The N-terminus of BCL11B interacts with 

MTA1 and MTA2, and the expression of MTA1 regulates the repressive function of 

BCL11B (236). The N-terminus of BCL11A has additionally been found to bind 

RBBP4/7, components of both NuRD and PRC2 complexes (237). Furthermore, 

BCL11A/B interact with the class III histone deacetylase SIRT1 through a proline-rich 

region (232).  

 

SS18 (also known as SYT) and the related subunit SS18L1 (also termed CREST) consist 

of an N-terminal SNH domain, and a QPGY domain. The QPGY domain is also found in 

the N-terminal region of ARID1 proteins, and is required for SS18 to act as a transcription 

factor (238). The N-terminal region of SS18 is capable of interacting with both BRG1 

and BRM, and binding to the ATPase results in repressed transactivation capability of 

SS18 (84). In synovial sarcomas a chromosomal translocation fuses SS18 to SSX, 



32 

 

 

 

resulting in an oncoprotein that both initiates and sustains tumour formation (239). The 

SS18-SSX fusion also integrates into the SWI/SNF complex, displacing wild-type SS18 

and SNF5 (240). 

 

GLTSCR1 (also termed BICRA) and its relative GLTSCR1L (or BICRAL) are the newest 

SWI/SNF members to be identified. They form, in a mutually exclusive manner, a sub-

complex with: BRG1 or BRM, BAF155, BAF53A, BAF60, BRD9 and SS18, which is 

termed GBAF (69). From immunoprecipitation followed by mass spectrometry (IP-MS) 

studies, GLTSCR1 interacts with BRD4, BAF60A, SS18 and BCL7, and GLTSCR1 

promotes the transcription factor activity of BRD4 (241,242). 

 

1.2.3 SWI/SNF and Gene Regulation 

Inactivation of a SWI/SNF subunit often results in mis-targeting of the remaining 

complex, which has consequences on gene expression and Polycomb occupancy. Indeed, 

the interplay between SWI/SNF and Polycomb was first observed in Drosophila 

melanogaster: a screen for suppressors of Polycomb mutations in the fly resulted in the 

detection of BRG1/BRM, BAF155/BAF170 and ARID1 homologues (243). In 

mammalian cells, the BAF complex is capable of evicting both PRC1 and PRC2 from 

chromatin in an ATP-dependent fashion, which results in increased chromatin 

accessibility at those regions (244). This study was the first of its kind to look at the direct 

effects of SWI/SNF recruitment on Polycomb, and indicates very rapid antagonism 

between these two complexes. Within 5 minutes of SWI/SNF binding PRC1 is evicted 

from chromatin, with PRC2 displacement occurring within the subsequent 5 minutes. 

Loss of the repressive H3K27me3 mark is observed within 20 minutes of SWI/SNF 

recruitment, demonstrating that remarkably swift changes to chromatin can occur in 

response to SWI/SNF. Similar studies looking at the direct effects of SWI/SNF eviction 

over short timescales have yet to be performed. In addition to opposing Polycomb 

complexes, SWI/SNF is also capable of antagonising other chromatin remodelling 

complexes, such as NURD. In embryonic stem cells, esBAF and NURD act oppositely to 

regulate nucleosome occupancy at transcription factor binding sites (245,246). An 

imbalance between NURD and SWI/SNF complex action can lead to altered 

transcriptional programs, such as the epithelial-to-mesenchymal transition observed in 

oral cancer cells (247).   
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Loss of SNF5 reduces levels of other SWI/SNF subunits, culminating in fewer residual 

SWI/SNF complexes that are re-distributed across the genome. Particularly, these 

residual complexes remain bound at super-enhancer elements, but are lost at regular 

enhancers (248). SNF5 also negatively regulates EZH2, a core component of PRC2, 

whereby SNF5-deficient cells have increased H3K27 tri-methylation that results in 

repression of Polycomb target genes (249). Additionally, loss of SNF5 impairs the ability 

of the residual BAF complex to displace both PRC1 and PRC2 from chromatin, further 

contributing to increased Polycomb activity (244).  In a similar manner, loss of ARID1A 

results in failure of the residual SWI/SNF complex to localise properly at enhancers and 

super-enhancers, leading to reduced expression of downstream genes (169). On the other 

hand, substitution of SS18 with the SS18-SSX fusion protein results in an aberrant SNF5-

deficient complex that is capable of activating a set of previously repressed genes (240).  

Further, heterozygous mutations to BRG1 result in reduced chromatin accessibility at 

promoters, enhancers and super-enhancers, as well as increased Polycomb activity across 

the genome (250-252).  

Given that SWI/SNF complexes are capable of binding a variety of transcription factors, 

it is likely they play a role in transcription. Indeed, active SWI/SNF complexes are 

required to remodel strongly positioned nucleosomes to allow passage of RNA 

polymerase II past these transcriptional barriers (253). Further, the interaction between 

the scaffold protein SAF-A and BRG1 is required to maintain global transcription by 

RNA polymerase II (254). Active remodelling of nucleosomes by SWI/SNF at genomic 

elements facilitates the binding of other transcription factors, allowing further regulation 

of target gene expression (255). Furthermore, the SWI/SNF complex is also implicated 

in transcriptional repression, through the recruitment of repressor complexes such as 

REST, mSin3A and histone deacetylases (127,256-258). In short, the SWI/SNF complex 

is crucial for multiple aspects of regulating gene expression. The role of SWI/SNF in 

maintaining enhancer architecture is particularly critical. 
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1.2.4 SWI/SNF in Development 

1.2.4.1 SWI/SNF in Embryonic Stem Cells 

In mice, embryonic stem cells (ESC) are characterised by a lack of BRM and BAF170, 

although both are expressed during differentiation (70). Furthermore, forced expression 

of BAF170 in stem cells results in exclusion of some BAF155 from the SWI/SNF 

complex, which results in impaired self-renewal (70,128,187). The C-terminus of 

BAF170 is capable of binding to REST, whereas BAF155 cannot, suggesting that 

incorporation of BAF170 during development would result in the recruitment of REST 

repressor complexes to specific genes, perhaps allowing the switch from self-renewal to 

differentiation programmes (128). In contrast, human ESC express BAF170 and BRM, 

although BRM is not required to maintain stemness. Furthermore, loss of BAF170 or 

BAF53A in hESC increases the propensity for random cell differentiation (259). 

In human ESC, active OCT4-regulated targets are often characterised by a nucleosome 

free region (NFR), at which SWI/SNF components also bind (260). In these cells, SNF5 

increases the size of the NFR at OCT4-repressed genes, and decreases the NFR at OCT4-

activated genes. This demonstrates the critical role SWI/SNF plays in remodelling 

chromatin to control gene expression, particularly with respect to stem cell pluripotency 

and differentiation. This study also showed that loss of SNF5 results in a failure of cells 

to differentiate, as OCT4 and NANOG levels remained high (260). In a related study by 

Wang and co-workers, loss of BRG1 leads to reduced stemness, and cells display 

impaired differentiation toward mesendodermal lineages (259).  

In general, the loss of stemness and pluripotency seen in hESC with aberrant SWI/SNF 

is also seen in mESC. BRG1 or BAF155 depletion in mESC results in impaired self-

renewal and reduced pluripotency (70). In mouse embryos BRG1 binds enhancers, and 

whether this is associated with an active or repressed state of the enhancer and its targets 

is strongly dependent on the tissue type (261). This suggests that loss of BRG1 results in 

incorrect activation or repression of tissue-specific genes, leading to an inability to retain 

stem cell identity. Similarly, depletion of ARID1A or ARID1B leads to loss of stem-cell 

markers and reduced capacity for self-renewal (162,163). Furthermore, loss of ARID1A 

results in increased nucleosome and BRG1 occupancy at highly expressed genes, coupled 

with loss of H3K27me3 at these genes. H3K27me3 is also lost at ARID1A target genes 

upon ARID1A loss, similar to what is observed in BRG1 knock-out mESC (262,263). 

Depletion of BAF155 or BAF57 results in increased expression of pluripotency genes 
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following a differentiation stimulus, which is linked to failures in chromatin compaction 

and H3K27 trimethylation of pluripotency genes following the stimulus (264). 

However, the manner in which mouse and human SWI/SNF regulate transcriptional 

networks seems to diverge. In mESC, SWI/SNF regulates the master transcription factors 

Oct4, Sox2, Klf4 and Nanog, while repressing components of Polycomb complexes 1 and 

2 (245,265). Following BRG1 depletion, H3K27me3 is increased at genes normally 

activated by BRG1 binding, and H3K27me3 is decreased at BRG1-repressed genes, 

indicating that aberrant SWI/SNF complexes tip the balance of gene regulation away from 

maintaining stemness (263). In contrast, loss of BRG1 in hESC is characterised by 

increased levels of H3K27ac at genes required for differentiation (259). In addition, 

BRG1 and SNF5 co-localise with Oct4, and Nanog to a lesser extent in hESC than in 

mESC, and instead bind more Polycomb targets (259,260,265). The outcome of many of 

these studies likely represents a combination of direct and indirect effects. For example, 

where SWI/SNF plays a direct role in regulating the expression of pluripotency factors, 

it is difficult to distinguish the indirect effects of reduced subunit expression from the 

direct effects at sites of recruitment to chromatin. 

In summary, SWI/SNF seems to play multiple roles in maintaining stem cell identity and 

facilitating differentiation. One aspect is the ability of SWI/SNF to alter nucleosome 

occupancy at enhancers and promoters, with the aim of modulating which genes should 

be expressed. Another aspect is the ability of SWI/SNF to influence changes to chromatin 

marks, particularly H3K27 trimethylation, which in turn also influence whether a gene 

can be expressed. Depletion of a SWI/SNF subunit results in an aberrant complex, which 

upsets the balance between repression and activation of pluripotency and differentiation 

associated genes. As a consequence, these cells are caught between two conflicting 

transcriptional programmes, resulting in a failure to maintain pluripotent and a failure for 

lineage commitment during differentiation.  
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1.2.4.2 SWI/SNF in Lineage Commitment  

During development, gene regulation is highly dynamic to allow correct spatial and 

temporal expression of genes required for differentiation into different lineages. Given 

the extensive role SWI/SNF plays in gene regulation, it is unsurprising that the complex 

is required for lineage commitment. Early studies using knock-out mouse models for 

SWI/SNF components indicated that most subunits are essential for development (Table 

1.3). 

 SWI/SNF is particularly relevant in brain development. Loss of BRG1, BAF155 or 

ARID1A are embryonically lethal, and even haploinsufficiency of these genes 

predisposes embryos to exencephaly. This is caused by a defect in neural tube closure, 

resulting from improper proliferation and differentiation of neural cells (162,266,267).  

Furthermore, loss of BAF170 leads to increased differentiation towards intermediate 

progenitors, whereby complexes lacking BAF170 fail to recruit the REST-corepressor to 

Pax6 target genes involved in late neurogenesis (128). Additionally, dual loss of BAF155 

and BAF170 results in increased deposition of repressive H3K27 trimethylation marks, 

due to decreased demethylase activity of JMJD3/UTX, which leads to impaired cortical 

development (268). Finally, haploinsufficiency of either ARID2 or ARID1B is implicated 

in intellectual disability, indicating that SWI/SNF is critical not only for neural 

development but also for maintaining brain function (172,178). 

Furthermore, heart and skeletal muscle development is also reliant on a number of 

SWI/SNF subunits. PBRM1 is implicated in correct maturation of the heart chamber, 

where PBRM1-null embryonic heart defects are due to premature growth arrest and 

interference with the retinoic-acid signalling pathway (199). ARID2, another PBAF-

specific subunit, is also required for correct heart morphogenesis, by regulating 

proliferation of cardiomyocytes. Additionally, ARID2 is required for coronary artery 

development, by regulating the conversion of venous to arterial cells (177). Aside from 

its role in neural development, ARID1A is also implicated in cardiac development. Loss 

of ARID1A results in embryonic stem cells failing to differentiate into mesodermal 

lineages, such as cardiomyocytes and adipocytes, due to mis-regulation of cardiac 

specific genes that are normally repressed by ARID1A-containing BAF complexes 

(162,168). Furthermore, ARID1A is required to generate chromatin accessibility and 

recruit the BAF complex to promoters of cardiac genes to facilitate proper differentiation 

of cardiac progenitor cells (269). Of the accessory subunits, BAF60C is essential for heart 

and skeletal muscle development. BAF60C is required for the expression of downstream 
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myogenic genes during skeletal muscle differentiation, by recruiting SWI/SNF to 

promoters of MyoD target genes, and is also required to recruit SWI/SNF to cardiac-

specific enhancers via interactions with other transcription factors (226,227,270). Roles 

for BRG1, SNF5 and BAF53A have also been described in skeletal muscle differentiation 

(271). 

 

 

Table 1.3 Many SWI/SNF subunits are essential for development 

Subunit Homozygous knock-out Heterozygous knock-out Reference 

BRG1 Embryonically lethal. Embryos die 

during peri-implantation stage 

(E6.5). 

Some die shortly after birth and 

14% exhibit exencephaly. Those 

that survive are likely to develop 

tumours. 

(267,272) 

BRM Viable. Mice are heavier and 

bigger than heterozygous and wild 

type littermates. 

Viable. Mice are heavier and 

bigger than wild type littermates. 

(98,272) 

SNF5 Embryonically lethal. Embryos die 

before E7.5, suggesting failure to 

gastrulate. 

Formation of malignant rhabdoid 

tumours observed in a small 

portion of mice (6.5%). 

(272-274) 

BAF155 Embryonically lethal. Embryos die 

during the peri-implantation stage 

(E6.5). 

Viable. 20% exhibit exencephaly. (266,272) 

BAF170 Pups die shortly after birth (P0-

P3). 

N/A (128,272) 

PBRM1 Embryonically lethal at E12.5-

E15.5 due to heart defects. 

Viable. (199,272,274) 

ARID2 Embryonically lethal at E12.5-

E14.5 due to heart defects. 

N/A  (177,272,274) 

ARID1A Embryonically lethal. Embryos 

stop growing at E6.5 and fail to 

gastrulate. 

Die before birth. Some exhibit 

heart defects and exencephaly. 

(162,272) 

ARID1B Embryonically lethal. N/A (274) 

BAF60A N/A N/A  

BAF60B Depending on knock-out type, 

either embryonically lethal or pups 

die within 26h post-birth.  

N/A (223,224) 
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Table 1.3 continued 

Subunit Homozygous knock-out Heterozygous knock-out Reference 

BAF60C Pre-weaning lethality. N/A (274) 

BAF57 Pre-natal lethality. N/A (272) 

BAF53A Embryonically lethal by E6.5. N/A (272) 

BAF53B Many show post-natal lethality 

(P0-P2). 

N/A (272) 

BAF45A Viable. N/A (272) 

BAF45B Viable. N/A (274) 

BAF45C Viable. N/A (272) 

BAF45D Pre-natal lethality. N/A (272,274) 

BRD7 Embryonically lethal around 

E14.5-E16.5. 

N/A (272,275) 

BRD9 Embryonically lethal. N/A (274) 

SS18 Embryonically lethal by E9.5.  Normal phenotype. (276) 

SS18L1 Central nervous system and 

coordination defects. Mice often 

die before adulthood. 

N/A (272,277)  

BCL11A Die hours after birth. N/A (233) 

BCL11B N/A N/A  

BCL7A Perinatal lethality. Only 4% 

survive into adulthood.  

N/A (230) 

BCL7B Normal phenotype. N/A (230) 

BCL7C N/A N/A  

GLTSCR1 N/A N/A  

GLTSCR1L Embryonically lethal during 

organogenesis. 

N/A (272) 

 

 

Aside from its well-characterised role in brain and heart development, SWI/SNF is also 

implicated in numerous other developmental pathways. BRG1 is required for the 

terminal, but not early, differentiation of keratinocytes and is implicated in maintaining 

the epidermal permeability barrier (278). Furthermore, BRG1 in the PBAF complex is 

required for proper melanocyte differentiation through interactions with MITF and its 

target genes (279). BAF53A is also implicated in epidermal differentiation, where it plays 

a role in maintaining epidermal progenitors by repressing differentiation programmes 
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(280). In addition, SWI/SNF plays a role in maintaining haematopoietic stem cells, as 

well as their differentiation towards different lineages such as B-cells and T-cells (281). 

One manner in which the SWI/SNF complex can exert such diverse functions during 

development is through the exchange of subunit variants at key developmental stages. 

One example of this is the development of mature neurons from neural stem cells. These 

neural progenitor cells have already partially differentiated from the fully pluripotent 

embryonic stem cell state, and therefore express both BRM and BAF170. Furthermore, 

neural progenitor BAF (npBAF) complexes also contain BAF45A, BAF53A and SS18, 

which are all essential to maintain the self-renewal capacity of neural progenitors 

(71,282). In order for these progenitor cells to mature into post-mitotic neurons, it is 

critical that BAF45A is replaced by BAF45 B or C, BAF53B substitutes BAF53A, and 

SS18 is replaced by SS18L1 (71,282). Failure to alter the composition of the BAF 

complex at this stage results in progenitors that cannot further differentiate, driven in part 

by a failure of SWI/SNF to localise to promoters of neuron-specific genes (71,283). In an 

analogous manner, during cardiac development BAF60A is replaced by BAF60C when 

cardiac progenitor cells undergo further differentiation towards cardiomyocytes and 

smooth muscle cells. Similarly to the situation in neurons, incorporation of BAF60C 

allows the complex to interact with specific transcription factors required in heart and 

muscle development (226,227,284). Consequently, the exchange of subunit variants 

allows the complex to be recruited to specific genes that promote differentiation towards 

a certain cell type.   

  

1.2.5 SWI/SNF in Disease 

With the advent of exome and whole-genome sequencing of cancer patient samples, 

various bioinformatics analyses have been performed to try and understand how gene 

mutations and cancer incidence or progression correlate. From such wide-scale analysis, 

SWI/SNF subunits were discovered to be mutated in about 20% of all cancers, and 

remarkably, a study ranking proteins by tumour suppressor ability lists six SWI/SNF 

subunits in the top 75 (285-287). In addition, not all subunits are mutated with equal 

frequency across different cancer types, indicating a tissue-specific tumour suppressive 

function for different subunits (288). The most common genetic alterations of SWI/SNF 

subunits in cancer are nonsense mutations and gene deletion/silencing, which result in 

reduced protein levels and consequent imbalances to subunit stoichiometry (289-292).   
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The first SWI/SNF subunit to be implicated in cancer was SNF5, where inactivating 

mutations coupled with loss of heterozygosity (LOH) result in highly aggressive, 

malignant rhabdoid tumours. These tumours primarily affect the brain or kidney, and are 

dependent on BRG1 for tumour formation and progression (293,294). Mutations to SNF5 

are also found in other brain cancers, such as choroid plexus carcinoma and a subset of 

medulloblastoma.  Furthermore, loss of heterozygosity of SNF5 is observed in Wilm’s 

tumours, gliomas, and breast cancer, as well as at very high frequency in epithelioid 

sarcomas (295,296).  One manner in which loss of SNF5 could contribute to 

tumorigenesis is through deregulation of the mitotic checkpoint, resulting in 

chromosomal instability (297). 

Unsurprisingly, mutations to the SWI/SNF ATPases are also found in a range of tumours. 

Among SWI/SNF subunits implicated in cancer, BRG1 is unique in that a high proportion 

of mutations are missense, and are clustered over structurally important regions of the 

ATPase domains (289). Many of these mutations have been interpreted as dominant 

negative alleles (250). Although a number of lung tumours show reduced expression of 

both BRG1 and BRM, there are cases where only one ATPase is mutated (298-300). Loss 

of BRG1 is also found at high frequency in small cell carcinoma of the ovary, 

hypercalcemic type (SCCOHT). These mutations are often truncating, can be either 

germline or somatic, and often occur coupled to LOH (301). Loss of copy number for 

either BRG1 or BRM has been seen in hepatocellular carcinoma, where reduced levels of 

BRM is associated with poor prognosis (302). In contrast, poor prognosis and higher 

tumour grade in pancreatic cancer is associated with high levels of BRM or BRG1 

respectively (303).  Furthermore, in certain cancers such as leukaemia and breast cancer, 

maintained expression of BRG1 is essential for tumour progression, suggesting BRG1 is 

a potential therapeutic target in these settings (304,305). 

Of all the SWI/SNF subunits, ARID1A is mutated in the widest range of cancers. 

Mutations to ARID1A are particularly prevalent in ovarian clear-cell and endometrioid 

cancers, where loss of ARID1A is thought to be an early event in tumorigenesis (306-

308). In these cancers, mutations to ARID1A are either nonsense or introduce 

insertions/deletions, resulting in truncated proteins, and are frequently heterozygous 

(306,309). ARID1A is similarly lost at an early stage in cervical cancer, and is linked to 

advanced tumour stage and poor prognosis (310). Furthermore, loss of ARID1A is seen 

in breast cancer, particularly in aggressive forms such as triple-negative breast cancer, 

and is linked to poor prognosis and metastasis (311,312). In 40% of breast cancer cases 
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one allele of ARID1A is lost, suggesting haploinsufficiency plays a role in tumour 

progression (313). 

Mutations and reduced expression of ARID1A is also observed in a subset of gastric 

cancers (314,315), hepatocellular cancers (316), oesophageal adenocarcinoma (317), 

urothelial bladder carcinoma (318,319), and non-small cell lung cancer (320). In these 

cancers, reduced ARID1A tends to correlate with poor prognosis and/or metastasis. In 

hepatocellular cancer high levels of ARID1A are required to promote tumour formation, 

after which haploinsufficiency of ARID1A promotes tumour progression and metastasis 

(321). In intrahepatic cholangiocarcinoma, a subset of liver cancer, reduced expression 

of ARID1A also correlates with poor prognosis (322). In primary colorectal tumours, 

ARID1A expression is lost in approximately 25% of all cases and is linked to increased 

metastasis (323). In particular, ARID1A is mutated in colorectal cancer with 

microsatellite instability (324). In clear cell renal cell carcinoma, reduced expression of 

ARID1A is observed in almost 70% of the cases, and again is linked to poor prognosis 

(325). Finally, mutations to ARID1A are also found in a subset of pancreatic and prostate 

cancers, as well as medulloblastoma and melanoma (326-328).  

Mutations to ARID1B and ARID2 are less prevalent in cancers than ARID1A. ARID1B 

is mutated in a small proportion of neuroblastoma, and correlates with poor prognosis 

(329,330). High expression of ARID1B is particularly associated with aggressive triple-

negative and poor outcomes (331). These cancers typically show loss of ARID1A, 

suggesting ARID1B-expression in an ARID1A-negative background helps drive tumour 

progression (175). ARID2 is mutated in about 15% of hepatocellular carcinoma 

associated with hepatitis C viral infection, whereby the mutations typically result in 

truncated proteins lacking at least one zinc finger domain (332,333). Truncating 

mutations of ARID2 resulting in loss of the zinc fingers is also observed in 5% of 

melanoma (334). Similarly to ARID1A, low expression of ARID2 is also observed in 

gastric cancer, and colorectal carcinoma with microsatellite instability (314,324). In lung 

adenocarcinoma, mutations to ARID2 are associated with LOH (335).  

In contrast to other SWI/SNF subunits, which are mutated in a range of cancers, PBRM1 

is mutated almost exclusively in clear cell renal cell carcinoma (ccRCC). In 40% of 

ccRCC, mutations to PBRM1 are truncated and are often associated with LOH (336). In 

addition, expression of PBRM1 is lost at a late stage in intrahepatic cholangiocarcinoma, 

and LOH of PBRM1 is found in a subset of breast cancers (200,337). The only subunit to 
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have a gain-of-function oncogenic effect, is the fusion of SS18 to SSX, which 

characterises the majority of synovial sarcomas (338,339). 

Aside from their clear involvement in cancer biology, SWI/SNF subunits are also 

implicated in syndromes linked with intellectual disability (340). In the Coffin-Siris 

Syndrome (CSS), mutations to SWI/SNF are predominantly found in ARID1B, with 

ARID1A, BRG1, BRM and SNF5 being mutated to a lesser extent. Mutations to ARID1B 

or ARID1A typically result in truncated proteins, while mutations to BRM and BRG1 are 

missense mutations within the helicase domains that potentially disrupt ATP-binding 

and/or hydrolysis (341,342). Missense mutations to BRM are also found in the 

Nicolaides-Baraitser Syndrome, again falling predominantly within the ATPase domain 

of the protein, and often these mutations are heterozygous (343). Furthermore, ARID2 

and ARID1B are implicated in intellectual disability that is not linked to a specific 

syndrome. Mutations to ARID2 are usually truncating, and result in loss of at least one 

zinc finger domain, as is seen for ARID2 mutations in cancers (178). Mutations to 

ARID1B in the context of intellectual disability are usually heterozygous and result in 

truncated proteins (172). 

In summary, the SWI/SNF complex as a whole is a critical component in preventing 

cancer formation and promoting correct neurodevelopment. Truncating mutations to 

SWI/SNF components are most frequently observed in cancers, and these are often 

present in association with of loss-of-heterozygosity. Many of these truncated proteins 

are predicted to have loss of function, as evidenced by a reduction, or complete loss, of 

signal in histological analysis of tumours. In cases of intellectual disability, mutations to 

the ARID proteins are particularly prevalent, followed by mutations that disrupt the 

ATPase domain of either BRG1 or BRM. This suggests that specific recruitment of the 

complex by ARID proteins, and intact chromatin remodelling capability of the complex 

is crucial for normal intellectual development. As SWI/SNF subunits are so heavily 

implicated in disease, it is important to understand the function of each component, as 

well as the mechanism that drives aberrant cell dynamics following subunit loss or 

inactivation. 
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1.3 Aims 

Given the large combinatorial array of different possible subunit configurations, it is has 

been very difficult to dissect the function of specific SWI/SNF complexes. However, 

given their tumour suppressive properties, it is important to understand how changes to 

complex composition can generate oncogenic complexes. As many of the mutations to 

SWI/SNF found in human malignancies are loss of function, this project sets out to 

generate cell lines for the conditional and rapid depletion of SWI/SNF proteins. The time-

scale of protein depletion must be rapid to enable direct consequences of subunit loss to 

be studied. Most studies on SWI/SNF subunits utilise knock-down or knock-out strategies 

that require days to establish, and thereby lead to a combination of direct and indirect 

effects contributing to the observed outcomes.  

Furthermore, many studies of SWI/SNF subunits have been performed in cancer cell 

lines, either by RNAi-mediated knock-down in cells containing a complete repertoire of 

SWI/SNF subunits, or by re-expression of missing subunits in cells already lacking 

certain SWI/SNF components. In these cases, it is very hard to distinguish the actual role 

of SWI/SNF, given that cancer cells frequently de-regulate a number of different 

pathways. To circumvent these problems, the depletion cell lines of this work will be 

generated in mouse embryonic stem cells (mESC), which have a genetically clean 

background and are a primary cell type. Although investigating SWI/SNF in human cells 

is of the most relevance for disease, mESC are more amenable to gene manipulation than 

human ESC. 

Following targeted loss of one subunit, the composition of the residual complex can be 

assessed by immunoprecipitation and subsequent mass spectrometry. This will shed light 

on how stably the remaining subunits associate, and whether the stoichiometry of subunits 

is altered. This is of particular interest, given the controversy with respect to SWI/SNF 

complex integrity following loss of SNF5. Furthermore, given the role of SWI/SNF in 

chromatin remodelling, assessing how the residual complex binds chromatin or alters 

chromatin accessibility will give some insight into how it influences gene regulation in 

tumorigenesis or tumour progression. Additionally, this work aims to connect changes to 

chromatin architecture induced by SWI/SNF loss with known histone modifications and 

characterised transcription factors. This will provide more detailed information on which 

genomic elements are most sensitive to loss of SWI/SNF.   
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2 Chapter Two. Materials and Methods 

2.1 Routine mESC Culture 

E14 mESC were grown in G-MEM medium (ThermoFisher, #21710082) supplemented 

with 5% embryonic stem cell-qualified FBS (ThermoFisher, #16141079), 5% Knockout 

Serum Replacement (ThermoFisher, #10828028), 1x non-essential amino acids 

(ThermoFisher, #11140035), 1x sodium pyruvate (ThermoFisher, #11360039), 100 µM 

β-mercaptoethanol (Sigma-Aldrich, #M3148) and 1000 U/mL LIF (Millipore, 

#ESG1107). Cells were sub-cultured every two days into dishes coated with 0.1% gelatin 

(Sigma-Aldrich, #G1890). Cells were washed once with PBS, followed by incubation 

with trypsin at 37°C for 2-3 minutes. Trypsin was neutralised by addition of an equal 

volume of medium, and cells were pipetted to a collection tube. Cells were collected by 

centrifugation (800 g, 3 min), the supernatant was aspirated, and cells were resuspended 

in fresh medium. Cells were seeded at approximately 30,000 cells/cm2, which roughly 

equated to a 1:6 – 1:8 split, and kept at 37°C in a 5% CO2 water-saturated incubator. 

2.2 Integration of TIR1 and TRE-VHL-GFPnanobody at the ROSA26 

locus 

For each construct, 2x107 E14Tg2a AW cells (344) were resuspended in 400 µL PBS. A 

plasmid encoding Cre-recombinase (10 µg) and either pAW5-TIR1 or pAW5-VHL-

GFPnb (30 µg) were added and the cells were mixed gently. The cells were electroporated 

in a 100 µL tip with the Neon transfection system (ThermoFisher) at 1200 V, 30 ms, 1 

pulse, and seeded immediately into a 10 cm dish. The same tip was used for repeat 

electroporations of the same construct. 24-48 hours post-electroporation, the medium was 

changed and supplemented with HAT (ThermoFisher, #21060017). Cells were grown 

under HAT selection until colonies were visible (approximately 7 days). Colonies were 

incubated with diluted trypsin (1:10 in PBS), picked under a microscope and transferred 

to a 96-well plate containing medium supplemented with HAT. Once confluent, all cells 

were passed to a 6-well plate containing medium supplemented with HT (ThermoFisher, 

#41065012), and isolated clones were tested for neomycin-sensitivity. Correctly 

recombined clones (3.6x105 cells in a 6-well) were reverse transfected with Flp 

recombinase (1.2 µg) using Lipofectamine LTX (3 µL) with Plus reagent (1.2 µL) 

(ThermoFisher, #15338030), and the medium was replaced after 4-6 hours to minimise 
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toxicity. Cells were grown to confluency, harvested and seeded in duplicate at 5000 cells 

per 10 cm dish. After 48 hours, medium was supplemented with 10 µM 6-thioguanine 

(Sigma-Aldrich, #A4660) and left until colonies formed. As before, colonies were picked 

under a microscope and transferred to a 96-well plate containing normal medium. Correct 

insertion of VHL-GFPnanobody and TIR1 was verified by Western blotting. 

2.3 Tagging Subunits by CRISPR 

Cell lines expressing tetracycline-inducible VHL-GFPnanobody or EF1α-driven TIR1 

were reverse transfected in the following manner: 3x105 cells were seeded into a 6-well 

dish. 480 ng donor template and 160 ng each of gRNA plasmids were mixed in 200 µL 

serum-free medium, and 4 µL polyethyleneimine (1 mg/mL, Polysciences Inc., #24765) 

was added. The solution was vortexed, incubated at room temperature for 30 min, and 

then added drop-wise to the cells. The following day, puromycin (Sigma-Aldrich, 

#P8833) was added to 0.5 µg/mL. After 24 hours, dependent on the amount of cell death 

observed, the medium was replaced and fresh puromycin was added to 1 µg/mL. The 

following day, the medium was replaced and cells were allowed to recover. Prior to 

fluorescence activated cell sorting (FACS), cells were checked for percentage of GFP-

expressing cells using the LSR Fortessa. GFP-positive cells were sorted as a pool of 6000-

8000 cells on the BD Influx. Cells were seeded to 6 cm dishes (containing medium 

supplemented with 1x penicillin-streptomycin (ThermoFisher, #15140122), 1x L-

glutamine (ThermoFisher, #25030024) and optionally, 0.1 mg/mL normocin (Invivogen, 

#ant-nr)) at approximately 1500 cells per dish, and left until colonies formed. Individual 

colonies were picked under the microscope and transferred to a 96-well plate.  Once 

confluent, one third of the cells were passaged to a new 96-well plate for PCR screening, 

and the remaining two-thirds were passaged to a 12-well plate. Clones that tested positive 

for construct integration, or where the PCR was inconclusive, were expanded, frozen 

down and verified for tag insertion by Western blotting.  

2.4 PCR Screen to Determine Construct Integration 

Once confluent, cells were washed once with PBS. Cells were lysed within the plate with 

50 µL lysis buffer (10 mM tris pH 8.8, 0.1% Tween20, 0.08% NP-40, 0.1 mg/mL 

proteinase K) and incubated at 55°C for 2 hours, followed by 15 min at 95°C. The lysate 

was transferred to a PCR plate, and ethanol precipitated. Precipitated DNA was collected 

by centrifugation (2095 g, 40 min, 4°C), washed once with 70% ethanol and allowed to 
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air dry. The pellet was resuspended in 10 µL MQ-water, and 2 µL was used as the 

template for a 10 µL PCR reaction. The entire PCR was loaded onto a 1% agarose gel, 

and clones exhibiting either a single band shifted by 800 bp (homozygous integration) or 

a double band separated by 800 bp (heterozygous integration) were kept for Western blot 

analysis. 

2.5 General Procedure to Induce Subunit Degradation 

Cell lines based on the VHL-GFPnanobody background were treated with 4 µg/mL 

doxycycline (stock in MQ-H2O and filter sterilised, Sigma-Aldrich, #D9891) to induce 

expression of VHL-GFPnanobody and begin subunit degradation. For long time courses, 

the medium was replaced with fresh doxycycline after 24 hours. Cell lines based on the 

constitutive TIR1 background were induced with 500 µM 1-naphthaleneacetic acid 

(NAA, stock in 1 M sodium hydroxide, Sigma-Aldrich, #N0640). 

2.6 General Procedure for RT-qPCR 

RNA was extracted from cells, either directly from a dish or as a frozen pellet, using the 

RNeasy kit (Qiagen, #74104) according to the manufacturer’s protocol, without DNase 

treatment. cDNA was made from 1 µg RNA using the QuantiNova reverse transcription 

kit (Qiagen, #205411) according to the manufacturer’s protocol, except that the final 

incubation at 45°C was extended to 20 min. cDNA was diluted to 5 ng/uL. PefeCTa 

SybrGreen FastMix (QuantaBio through VWR, #733-1381) was used for the RT-qPCR 

reaction (10 µL) containing 200 nM primer and 5 ng cDNA. The RT-qPCR was run on a 

Roche 480 Lightcycler with the following conditions: pre-incubation at 95°C for 2 min, 

2-step cycling at 95°C for 15 sec followed by 60°C for 1 min for a total of 40 cycles, and 

a melting curve. 

2.7 General Procedure for Western Blotting 

Cell pellets (fresh or frozen) were lysed in one of two manners: 1) Cells were resuspended 

in whole-cell extract buffer (20 mM HEPES pH 7.6, 400 mM NaCl, 1 mM EDTA, 5 mM 

NaF, 500 µM Na3VO4, 25% glycerol, 0.1% NP-40, and protease inhibitors: E64, 

pepstatin, AEBSF, aprotinin) and incubated on ice for 30 min, with brief vortexing every 

10 min. 2) Cells were resuspended in urea buffer (8M urea, 100mM triethylammonium 

bicarbonate buffer (Sigma-Aldrich, #T7408)), sonicated for 5 sec at 10% power output 

on a Branson sonicator, and incubated on ice for 20 min. 
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Samples were spun down (20,000 g, 30 min, 4°C) and the supernatant was saved. Urea 

lysates were diluted 1:6 in sterile water. Protein concentration was determined by 

Bradford (ThermoFisher, #1856210) and 30 µg protein was loaded onto a 4-12% Bis-Tris 

gel (ThermoFisher, #NP0322). The proteins were separated by electrophoresis (MES 

running buffer (Formedium, #MES-SDS), 180 V, 60 min, 4°C) and transferred to 0.2 µm 

nitrocellulose (Sigma-Aldrich, #GE10600001) in running buffer (10% methanol, 150 

mM glycine and 20 mM tris) at 100 V, 120 min, 4°C. Membranes were blocked in 10% 

milk for 30 min at RT, then washed three times with PBST (PBS supplemented with 0.5% 

Tween20). Membranes were incubated with anti-primary either for 1.5 hours at RT, or 

overnight at 4°C, then washed three times with PBST. The membranes were incubated 

with secondary antibody (diluted 1:15000) for 1 hour at RT, washed three times with 

PBST, and imaged on the Licor Odyssey CLx.  

2.8 Immunoprecipitation Followed by Mass Spectrometry 

Cell pellets (fresh or frozen) were lysed (50 mM HEPES pH 7.5, 150 mM NaCl, 10 mM 

NaF, 10 mM Na3VO4, 0.5% C7BzO (Sigma-Aldrich, #C0856) and protease inhibitors: 

E64, pepstatin, AEBSF, aprotinin) and incubated on ice for 30 min, with brief vortexing 

every 10 min. Samples were spun down (20,000 g, 30 min, 4°C) and the supernatant was 

saved. Protein concentration was determined by Bradford (ThermoFisher, #1856210).  

For antibody-based pull-downs, protein A or G Dynabeads (ThermoFisher, #10002D or 

#10004D) were cross-linked to the antibody using dimethyl pimelimidate (DMP, Sigma-

Aldrich, #D8388) in the following manner: Dynabeads (20 µL per IP) were washed three 

times in PBS, resuspended in 400 µL PBS and 2 µg antibody was added. Beads and 

antibody were allowed to pre-bind overnight, rotating end-over-end at 4°C. The beads 

were washed once in PBS and twice in 10 volumes sodium borate buffer (0.1 M, pH 9) 

to remove unbound antibody. DMP was resuspended in sodium borate buffer to 20 mM. 

10 volumes of DMP in borate buffer was added to the beads and incubated for 30 min 

(25°C, 1200 rpm). The DMP solution was removed, freshly dissolved DMP (10 volumes, 

20 mM DMP in sodium borate buffer) was added and the beads incubated for a further 

10 min (25°C, 1200 rpm). The supernatant was removed, the beads were washed once 

with 50 mM glycine (freshly diluted from 1 M stock, pH 2.5) and once with PBS.  

Protein lysate (750 µg in 500 µL lysis buffer) was added to the beads and incubated at 

4°C, rotating end-over-end overnight. Beads were washed three times (5-10 min, 4°C) 

with wash buffer (10 mM tris pH 8.0, 1 mM EDTA, 750 mM NaCl). Proteins were eluted 
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from the beads in 100 µL elution buffer (7.5% SDS and 200 mM DTT in MQ-H2O) by 

incubating at 95°C, 600 rpm, 15 min. The beads were collected and the supernatant was 

carefully transferred to a fresh Eppendorf tube (about 20 µL was lost due to evaporation). 

Any samples that still contained a few beads were placed in the magnetic stand again, and 

the supernatant transferred a second time. Iodoacetamide (20 mM) was added to the clear 

supernatant, and the solution was incubated for 15 min (25°C, 600 rpm) in the dark. SP3 

beads were prepared by combining equal volumes of hydrophobic (Sigma-Aldrich, 

#GE65152105050250) and hydrophilic (Sigma-Aldrich, #GE45152105050250) 

carboxylate-modified magnetic particles and washing three times with LC-grade water. 

The beads were resuspended in LC-grade water to a concentration of 20 mg/mL and 

stored at 4°C. SP3 beads (15 µL) were added to each IP sample, and the mixture acidified 

using formic acid (1:10 dilution of 10% stock). 50% acetonitrile was immediately added, 

and the beads were incubated for 8 min (25°C, 1000 rpm). Beads were collected in a 

magnetic stand (if necessary, beads were spun down at 1000 g, 10 sec first) and washed 

twice with 950 µL 70% ethanol by resuspending the beads in each wash. The beads were 

washed once with 950 µL acetonitrile and allowed to air-dry for 30 sec. Beads were 

resuspended in 50 µL ammonium bicarbonate, 1 µg trypsin (ThermoFisher, #90058) was 

added and the sample incubated at 37°C, 1000 rpm, overnight. Peptides were cleaned by 

addition of acetonitrile to ≥ 96% (1200 µL acetonitrile for 50 µL beads) and incubated 

for 8 min (25°C, 1000 rpm). Beads were collected in a magnetic stand (if necessary, beads 

were spun down at 1000 g, 10 sec first), washed once with 950 µL acetonitrile and 

allowed to air-dry for 30 sec. Peptides were eluted in LC-grade water containing 2% 

DMSO by incubating for 5 min (25°C, 1000 rpm). Beads were collected in a magnetic 

stand and the supernatant transferred to a LoBind Eppendorf tube. Samples were spun 

down (20,000 g, 5min) and inspected for residual beads. Completely bead-free samples 

were dried and submitted to the Fingerprints Proteomics facility for processing. 

2.9 Preparation of ATAC-seq Libraries 

Cell lines washed with PBS and harvested by trypsinisation.  Cells were resuspended in 

PBS and counted on the Countess II (ThermoFisher). 50,000 cells were aliquoted to a 

fresh tube containing 1 mL RSB buffer (10 mM tris pH 7.5, 150 mM NaCl, 3 mM MgCl2) 

and spun down (500 g, 5 min, 4°C). The supernatant was carefully pipetted away in two 

pipetting steps; first with a P1000, then the residual supernatant with a P100. The pellet 

was resuspended in 50 µL RSB supplemented with 0.1% Tween20, 0.1% NP-40, 0.01% 
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digitonin by pipetting three times. The lysate was incubated on ice for 3min, then 1 mL 

RSB supplemented with 0.1% Tween20 was added and the tube inverted three times to 

mix. The nuclei were harvested (500 g, 10 min, 4°C) and the supernatant carefully 

pipetted away without disturbing the pellet. Each pellet was resuspended in 50 µL 

transposase mix (16.5 µL PBS, 0.5 µL digitonin (1%), 0.5 µL Tween20 (10%), 5 µL H2O, 

25 µL tagment DNA buffer and 2.5µL tagment DNA enzyme 1 (Illumina Nextera kit, 

#FC-121-1030)) by pipetting six times, then incubated at 37°C (1000 rpm, 30 min). 

Tagmented DNA was immediately purified over MinElute PCR purification spin columns 

(Qiagen, #28004) and eluted in 10 µL EB (10 mM tris pH 7.5).  

SNF5 samples were indexed with dual Illumina indexing primers (Illumina, ref # 

115055289) as follows: DNA (10 µL) and Nextera primers (2.5 µL each of N50x or 

N70x) were mixed with NEBNext High Fidelity PCR Master Mix (NEB, #M0541) in 50 

µL. The samples were incubated at 72°C for 5 min, 98°C for 30 sec, followed by five 

cycles of 98°C, 10 sec – 63°C, 30 sec – 72°C, 60 sec. To determine the optimal cycle 

number for the second amplification, 5 µL barcoded sample was added to a qPCR reaction 

mix containing PefeCTa SybrGreen FastMix (QuantaBio through VWR, #733-1381) and 

420 nM custom Nextera primers 1 (AATGATACGGCGACCACCGA) and 2 

(CAAGCAGAAGACGGCATACGA). The RT-qPCR reaction was run in a Roche 480 

Lightcycler with the following conditions: pre-incubation at 98°C for 30 sec, 3-step 

cycling of 98°C, 10 sec – 63°C, 30 sec – 72°C, 60 sec for a total of 20 cycles, and a 

melting curve. The cycle number (‘x’) that corresponded to one-third of the final signal 

was utilised for the final PCR. The final PCR was performed by mixing 1 µL custom 

Nextera primers, 20 µL barcoded DNA and 20 µL NEBNext High Fidelity PCR Master 

Mix in 60 µL, and running at 98°C, 30 sec followed by ‘x’ cycles of 98°C, 10 sec – 63°C, 

30 sec – 72°C, 60 sec.  

For ARID1A and PBRM1 ATAC-samples the initial barcoding step was performed as 

above, but for a total of 8 cycles. This should generate enough DNA for the library 

preparation. If desired, the PCR reaction mix can be placed on ice and checked by qPCR 

to see if additional amplification cycles are required (qPCR as above). If more cycles are 

necessary, the PCR reaction tube is placed back into the thermocycler without addition 

of further reagents. 

DNA was purified over MinElute PCR purification spin columns (Qiagen, #28004) and 

eluted in 10 µL EB (10 mM tris pH 7.5). The DNA concentration was measured with the 
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Qubit High Sensitivity assay (ThermoFisher, #Q32851) and the fragment sizes were 

determined on the TapeStation Bioanalyser (Agilent). The fragment sizes for DNA 

molarity calculations were estimated as the average of all fragment sizes (Figure), 

samples pooled in equimolar ratios to obtain at least 22 nM total DNA. The pooled library 

was subjected to a dual size selection using SPRIselect beads (NEB) using 0.45x and 1.4x 

beads:sample to enrich for fragments between 180 bp and 800 bp. The pooled library was 

submitted to the Tayside Centre for Genomic Analysis for sequencing on the NextSeq 

550, at a read depth of      25 M per sample. 

 

 

Figure 2.1 Fragment size distribution for ATAC library. ATAC libraries typically show a nucleosomal 

fragment ladder of approximately 180 bp steps.  

2.10 General Procedure for ChEC-seq 

Cells were harvested by trypsinisation, and cells were resuspended to 2000 cells/µL in 

digest buffer (15 mM tris pH 7.5, 80 mM KCl, 0.1 mM EGTA, 0.2 mM spermine and 0.5 

mM spermidine). Cells were washed three times in digest buffer, spinning at 600 g, 3 

min, 4°C between washes. Cells were resuspended in digest buffer supplemented with 

0.1% digitonin and incubated at 30°C for 5 min. Calcium chloride (2 mM final) was added 

to the cells, and they were incubated at 30°C. At the desired time points, the reaction was 

quenched by addition of an equal volume of stop buffer (400mM NaCl, 20mM EDTA, 

4mM EGTA, 2% SDS). Cells were treated with proteinase K (10 µg proteinase K per 

100,000 cells, Roche, #3115836001) for 2 hours at 65°C, and the DNA was purified with 
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a phenol:chloroform extraction followed by ethanol precipitation. The precipitated DNA 

was resuspended in EB (10 mM tris pH 7.5) and incubated with RNase (5 µg RNase per 

100,000 cells) at 37°C, 4 hours. The DNA was purified with a phenol:chloroform 

extraction followed by ethanol precipitation.  

For crosslinked samples followed by nuclei preparation, the following amendments were 

made: Cells were crosslinked in the dish with 1% formaldehyde (Sigma-Aldrich, #F8775) 

for 10 min, then quenched with 125 mM glycine (5 min, RT). Cells were washed twice 

with PBS, harvested by scraping and collected by centrifugation (600 g, 3 min, 4°C). To 

account for loss of cells during scraping and nuclei preparation, cells were resuspended 

at 4000 cells/µL in NE1 buffer (20 mM HEPES pH 7.9, 10 mM KCl, 0.1% Triton-X100, 

20% glycerol, 0.5 mM spermidine) and incubated on ice for 10 min. Nuclei were collected 

by centrifugation (600 g, 5 min, 4°C), and washed three time with digest buffer. 

Permeabilisation and digestion were performed as above. Nuclei were incubated 

overnight at 65°C with proteinase K (10 µg proteinase K per 100,000 nuclei) and NaCl 

(300 mM final) to reverse cross-links. DNA purification was performed as above. 

For library preparation, samples were run on a 1% agarose gel, and the mononucleosomal 

band was cut out, gel extracted (Zymo Research gel extraction kit, #D4002) and eluted in 

10 µL EB. All components utilised in the library preparation were purchased from 

ThermoFisher. The DNA ends were repaired as follows: DNA (10 µL) was added to 5 

µL T4 DNA ligase buffer (10x), 2 µL dNTPs (10 mM), 1.5 µL T4 polymerase, 0.5 µL 

Klenow, 1.5 µL T4 PNK and 29.5 µL H2O, and incubated at 20°C for 1 hour. The reaction 

mixture was cleaned using 1.8x Ampure Beads (Beckmann-Coulter, #) according to the 

manufacturer’s protocol. The DNA was eluted from the beads in 30 µL EB, and all was 

added to 5 µL Klenow buffer (10x), 1 µL dATP (100 mM), 3 µL Klenow exo- and 11 µL 

H2O for A-tailing. The reaction mixture was incubated at 37°C for 1 hour. As before, the 

reaction was cleaned up using 1.8x Ampure beads, and eluted from the beads in 30 µL 

EB. The DNA was added to 5 µL T4 DNA ligase buffer (10x), 1 µL T4 DNA ligase, 1 

µL adapter (100 nM) and 13 µL H2O, and incubated overnight at 16°C, followed by 30 

min at 22°C. The reaction was again cleaned up using Ampure Beads and eluted in 30 µL 

EB. Samples were barcoded with custom barcodes as follows: 10 µL DNA, 10 µL HF 

buffer (5x), 2 µL dNTPs (10 mM), 10 µL threhalose (1 M), 3 µL barcoded oligo (barcode 

primer + PEI 1.0 mixed at 5 µM), 1.5 µL Phusion DNA polymerase and 13.5 µL were 

mixed, and the PCR performed by incubating at 98°C for 3 min, followed by 14 cycles 

of 98°C, 15 sec – 60°C, 25 sec – 68°C, 1 min and a final extension of 5 min at 68°C. The 
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PCR product was run on a 1.8% gel, and the desired library fragment at 300 bp was 

excised, gel extracted and eluted in 10 µL EB.  The DNA concentration was measured 

with the Qubit High Sensitivity assay (ThermoFisher, #Q32851) and the fragment sizes 

were determined on the TapeStation Bioanalyser (Agilent). The samples were pooled in 

equimolar ratios to obtain at least 22 nM total DNA, and the pooled library was submitted 

to the Tayside Centre for Genomic Analysis for sequencing on the NextSeq 550, at a read 

depth of 30 M per sample. 

2.11 General Procedure for Cut&Run 

Cells were either harvested by trypsinisation or crosslinked as above. The protocol from 

Skene and Henikoff was followed (345), and briefly described herein. Cells were 

resuspended to 1x107 cells/mL in NE1 buffer (20mM HEPES pH 7.9, 10mM KCl, 0.1% 

Triton-X100, 20% glycerol, 0.5mM spermidine). Cells were incubated on ice for 10 min, 

collected by centrifugation (600 g, 5 min, 4°C) and the supernatant discarded. Nuclei 

were resuspended in buffer 1 (20mM HEPES pH 7.5, 150mM NaCl, 2mM EDTA, 0.1% 

BSA, 0.5mM spermidine), incubated on ice for 5 min, then collected by centrifugation 

(600 g, 5 min, 4°C). Nuclei were resuspended in buffer 2 (20mM HEPES pH 7.5, 150mM 

NaCl, 0.1% BSA, 0.5mM spermidine), incubated on ice for 5 min, then collected by 

centrifugation (600 g, 5 min, 4°C). Nuclei were resuspended in 500 µL buffer 2 and 

transferred to a 0.5 mL tube. 

2 µg antibody (or 3 µg pA-MNase for the control) was added to 1x107 cells, and incubated 

at 4°C for 2 hours. Nuclei incubated with antibody were collected by centrifugation (600 

g, 5 min, 4°C), and washed three times with buffer 2 (300 µL). Nuclei were resuspended 

in 300 µL buffer 2 with 3ug pA-MNase, and incubated at 4°C for 1 hour. Nuclei were 

collected by centrifugation (600 g, 5 min, 4°C), and washed three times with buffer 2 

(300 µL). Resuspend nuclei in 400 µL buffer 2,  add CaCl2 (2 mM) and incubate on ice. 

At the desired timepoint, quench the reaction with EDTA (10 mM) and EGTA (20 mM). 

Add SDS (0.1%), NaCl (300 mM) and RNase (10 µg), and incubate at 37°C, 2 hours. 

Add proteinase K (20 µg, Roche, #3115836001) and incubated overnight at 65°C. The 

DNA was purified with a phenol:chloroform extraction followed by ethanol precipitation. 

The precipitated DNA was resuspended in 30 µL EB (10 mM tris pH 7.5).  

For library preparation, samples were purified from genomic DNA using double-size 

selection with AMPure beads (Beckman-Coulter, #A63881) using 0.5x and 1.5x 

beads:sample. All components utilised in the library preparation were purchased from 
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ThermoFisher. The DNA ends were repaired as follows: DNA (10 µL) was added to 5 

µL T4 DNA ligase buffer (10x), 2 µL dNTPs (10 mM), 1.5 µL T4 polymerase, 0.5 µL 

Klenow, 1.5 µL T4 PNK and 29.5 µL H2O, and incubated at 20°C for 1 hour. The reaction 

mixture was cleaned using 1.8x Ampure Beads (Beckmann-Coulter, #) according to the 

manufacturer’s protocol. The DNA was eluted from the beads in 30 µL EB, and all was 

added to 5 µL Klenow buffer (10x), 1 µL dATP (100 mM), 3 µL Klenow exo- and 11 µL 

H2O for A-tailing. The reaction mixture was incubated at 37°C for 1 hour. As before, the 

reaction was cleaned up using 1.8x Ampure beads, and eluted from the beads in 30 µL 

EB. The DNA was added to 5 µL T4 DNA ligase buffer (10x), 1 µL T4 DNA ligase, 1 

µL adapter (100 nM) and 13 µL H2O, and incubated overnight at 16°C, followed by 30 

min at 22°C. The reaction was again cleaned up using Ampure Beads and eluted in 30 µL 

EB. Samples were barcoded with custom barcodes as follows: 10 µL DNA, 10 µL HF 

buffer (5x), 2 µL dNTPs (10 mM), 10 µL threhalose (1 M), 3 µL barcoded oligo (barcode 

primer + PEI 1.0 mixed at 5 µM), 1.5 µL Phusion DNA polymerase and 13.5 µL were 

mixed, and the PCR performed by incubating at 98°C for 3 min, followed by 14 cycles 

of 98°C, 15 sec – 60°C, 25 sec – 68°C, 1 min and a final extension of 5 min at 68°C. The 

PCR product was run on a 1.8% gel, and the desired library fragment at 300 bp was 

excised, gel extracted and eluted in 10 µL EB.  The DNA concentration was measured 

with the Qubit High Sensitivity assay (ThermoFisher, #Q32851) and the fragment sizes 

were determined on the TapeStation Bioanalyser (Agilent). The samples were pooled in 

equimolar ratios to obtain at least 22 nM total DNA, and the pooled library was submitted 

to the Tayside Centre for Genomic Analysis for sequencing on the NextSeq 550, at a read 

depth of 30 M per sample. 

2.12 Peak Calling and Data Analysis for ATAC-seq 

The fastq files were merged and aligned to the mouse mm10 genome using bowtie 2 with 

the parameter –X 1000. Peaks were called using MACS2 callpeak function with the 

following parameters: -t "$1".bam -f BAM -n "$1"_MACS -g 1.87e9 -q 0.05 --broad -B. 

Differential peaks were obtained using DiffBind, doing pair-wise comparison of two time 

points. When performing dba.count, a minOverlap was set to 3, requiring a peak to be 

observed in at least 3 datasets in order to be retained. Differential peaks were called using 

the edgeR method during dba.analyze.  Of the differentially called peaks, a second 

filtering step was performed to retain only peaks that met an FDR < 0.00001 and a 

scores.fold > 1 (equal to a fold change >2). Non-changing peaks were obtained from the 
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DiffBind consensus peak set, with all differential peaks removed (all timepoint, no extra 

thresholding). The non-differential peaks were randomly subsampled to the same sample-

size as differential peaks. Clustering of lost peaks was performed using Cluster 3.0 and 

visualised using java TreeView. Clustering was done for the merged replicates of each 

time point, based on the read count within the central 200bp of peaks lost at 2h depletion. 

The read count at these positions was determined using samtools bedcov. The sequence 

underlying each peak was extracted using the getAllPeakSequence utility in 

ChIPpeakAnno package (R). MEME-ChIP was run with the following parameters: -dna -

order 1 -ccut 0 -meme-mod zoops -meme-minw 6 -meme-maxw 30 -meme-nmotifs 10 -

meme-p 10 -meme-searchsize 10000000 -dreme-e 0.05 -dreme-m 50 -centrimo-score 5.0 

-centrimo-ethresh 10.0 -spamo-skip. FIMO was run without the implementation of further 

options. The bedtools intersect function was used to call overlap of ATAC-seq peaks with 

ChIP-seq data (accessed from the GEO database) and chromatin states (obtained from 

https://github.com/guifengwei/ChromHMM_mESC_mm10). 

2.13 Peak Calling and Data Analysis for ChEC-seq and Cut&Run 

The fastq files were merged and aligned to the mouse mm10 genome using bowtie 2 with 

the parameter –X 1000. Bedgraph and bed files were generated using the bedtools 

package, whereby only the 5’ ends of the reads were mapped. Peaks were called using a 

custom perl script, following the principle set out by Zentner et al (346). In brief, positions 

with a read count greater than twice genome-wide average were labelled as precursors. If 

precursor positions were within 20bp of each other, they were merged. Any merged peaks 

that met a second threshold count of 5x greater than average were retained and called as 

peaks.  

2.14 Accession Numbers for ChIP-seq Datasets 

Factor Accession 

BRG1 GSM359413 

SOX2 GSM288347 

NANOG GSM288345 

OCT4 GSM288346 

cMYC GSM288356 

p300 GSM2360934 

CTCF GSM699165 
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RAD21 GSM2870307 

RNAPII GSM699166 

H3K4me1 GSM2360931 

H3K4me3 GSM2360932 

H3K27me3 GSM2360930 

H327ac GSM2360929 

H3K9me3 GSM2051877 

H3K9ac GSM3058030 

H3K36me3 GSM1234540 

 

2.15 Antibodies 

Target Catalogue # Supplier Dilution 

GFP 11814460001 Roche 1:1000 

TIR1 Gift from Masato Kanemaki 

myc 9B11 Cell Signalling Tech. 1:1000 

VHL #68547 Cell Signalling Tech. 1:1000 

ARID1A HPA005456 Sigma-Aldrich 1:500 

PBRM1 A301-590A Bethyl 1:2000 

BRG1 ab110641 Abcam 1:10,000 

BAF155 sc-10756X Santa Cruz Biotech. 1:10,000 

SNF5 A301-087A Bethyl 1:1000 

BAF60A A301-594A Bethyl 1:2000 

BAF57 A301-810A Bethyl 1:4000 

BAF53A ab3882 Abcam 1:1000 

PHF10 ab154637 Abcam 1:1000 

DPF2 ab134942 Abcam 1:1000 

ACTIN  AC15 Sigma-Aldrich 1:10,000 

SOX2 #4900S Cell Signalling Tech. 1:1000 

OCT4 sc-5279 Santa Cruz Biotech. 1:1000 

NANOG R-CAB001P Reprocell 1:1000 

KLF4 AF3158 R&D Systems 1:1000 
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2.16 qPCR Primers 

Target Forward Reverse 

SOX2 GTATGGCGCTGGGCTCCAT ACATGCTGATCATGTCCCGG 

OCT4 AGCTGCTGAAGCAGAAGAGG AGATGGTGGTCTGGCTGAAC 

KLF4 TCCCAGTCACAGTGGTAAGGTTTC ACACTTGTGACTATGCAGGCTGTG 

NANOG CTCATCAATGCCTGCAGTTTTTCA CTCCTCAGGGCCCTTGTCAGC 

FBX15 CATCTGTCACGAAGCAGCAT GGTCACCGCATCCAAGTAAG 

FGF5 GCTGTGTCTCAGGGGATTGT CACTCTCGGCCTGTCTTTTC 

DNMT3B CTGGCACCCTCTTCTTCATT ATCCATAGTGCCTTGGGAC 

T (BRACHYURY) TCCCGAGACCCAGTTCATAG TTCTTTGGCATCAAGGAAGG 

GAPDH AACAGCAACTCCCACTCTTC  CCTGTTGCTGTAGCCGTATT 

 

 



57 

 

 

 

3 Chapter Three. Engineering Cell Lines for Rapid 

Protein Degradation 

3.1 Introduction 

Since the discovery of RNA based gene silencing, one method of choice for reducing 

levels of a target protein has been the use of RNA interference. This involves transfection 

of a short interfering RNA (siRNA) into the cell where it binds to mRNA coding for the 

target protein, preventing its translation and in some cases reducing transcription. This 

process often takes at least 48 hours to robustly decrease the level of target protein, 

making it difficult to determine the primary effects of protein loss. In contrast, methods 

aimed at directly degrading proteins would theoretically result in much quicker depletion 

times, as protein stability and efficiency of siRNA-binding are irrelevant. 

Cells encode machinery known as the proteasome to regulate protein turnover. Typically 

the proteasome is targeted to proteins tagged with a specific polyubiquitin signal (347). 

In 2009, Kanemaki and co-workers re-purposed a proteasome mediated protein-

degradation pathway found in plants for use in yeast and mammalian cells (348). There 

are two key components to this system: TIR1 and the plant hormone auxin. TIR1 is a 

plant-specific F-box protein that forms part of an SCF E3 ligase complex, capable of 

recognising and binding the auxin inducible degron (AID) motif only in the presence of 

auxin (349). Once TIR1 binds the AID-tagged protein, the SCF-TIR1 complex recruits 

an E2 that is capable of polyubiquitinating the AID-protein fusion, thereby producing the 

destruction signal for the proteasome (Figure 3.1A). Analogously to the SCF-TIR1 

complex, mammalian cells express a VCB-Cul2 complex that utilises SOCS-box (rather 

than F-box) proteins such as VHL to bind the target substrate (350). Sapkota and co-

workers recently took advantage of the VCB-Cul2 E3 ligase by fusing a GFP-nanobody 

to VHL, allowing GFP-tagged proteins of interest to be bound and polyubiquitinated 

(Figure 3.1B) (351).  

To utilise either the TIR1-auxin or the VHL-GFPnanobody approach, cell lines need to: 

1) express TIR1 or the VHL-GFPnanobody fusion, and 2) express target proteins fused 

to either the AID or GFP. To address the first criterion, a mouse embryonic stem cell line 

containing Cre-Lox sites at the ROSA26 locus was obtained (344). This cell line allows 

for directed integration of constructs at the constitutively accessible ROSA26 locus. In 

addition to inserting TIR1 or VHL-GFPnanobody, the SWI/SNF subunit of interest must 
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be endogenously modified to bear the tag that marks the protein for conditional depletion. 

This is best achieved using CRISPR/Cas9 technology, due to its precision and versatility 

in targeting a range of proteins.    

 

 

 

Figure 3.1 Two methods for targeted protein degradation. A) The plant-specific F-box protein TIR1 is 

a component of an SCF E3 ligase complex consisting of Cullin 1 (CUL1), RBX1 and SKP1. In the presence 

of the plant hormone auxin, TIR1 recognises and binds the auxin-inducible degron (AID) motif. 

Recruitment of an E2 results in polyubiquitination and subsequent proteasomal degradation of the AID-

tagged protein of interest (POI). B) VHL is part of a VCB-Cul2 E3 ligase complex, consisting of Cullin 2 

(CUL2), RBX1, and Elongin C and B. Fusing a GFP-nanobody (GFPnb) to VHL enables targeted binding 

and polyubiquitination of GFP-fusion proteins. 
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There are 3 types of CRISPR-Cas systems, of which type II is the one adapted for genome 

editing techniques. The type II system requires three components: the endonuclease Cas9, 

the targeting single-guide RNA (sgRNA) and a trans-activating RNA (tracrRNA). Cas9 

binds the tracrRNA, which in turn binds the targeting sgRNA. This brings Cas9 into 

proximity of the DNA duplex, where it can then induce double-strand cleavage (352). 

Furthermore, Cas9 requires a protospacer adjacent motif (PAM) to be directly 

downstream (3’) of the sgRNA binding site for it to cut (353). Cas9 from Streptococcus 

pyogenes is commonly utilised for gene editing purposes; it induces DNA cleavage three 

basepairs upstream of a PAM sequence characterised by the NGG motif (352). Cas9 

comprises of two nuclease domains, an N-terminal RuvC and a C-terminal HNH domain, 

which cleave the non-complementary and complementary strands of the target DNA 

respectively (352,354). This has led to a refinement of the CRISPR-Cas9 approach in 

which either the RuvC or the HNH catalytic domain is inactivated by a single amino acid 

substitution, resulting in a Cas9 that is only capable of nicking one DNA strand (352,355). 

A single strand nick is commonly repaired rapidly and with high fidelity via the base 

excision repair pathway (356,357). However, if two DNA nicks on separate strands are 

in close proximity, the cell treats this as a double strand break (355,358). Two major 

pathways are known to repair double-strand breaks: non-homologous end joining (NHEJ) 

and homologous recombination (HR). In NHEJ, the two DNA ends are coated by Ku, 

which acts as a docking point for nucleases, polymerases and ligases that re-sect, fill-in 

and join the two ends. However, this process is prone to errors and frequently results in 

small insertions or deletions (indels), or larger chromosomal translocations if the wrong 

ends are joined (359). In HR, a DNA template with long regions of homology to the 

section of damaged DNA is required. The 3’ ends of the damaged DNA are resected to 

leave single-stranded DNA, which then invades the donor template and fills-in the 

damaged end based on sequence homology (360). However, eukaryotic cells normally 

only have access to a suitable homologous template during S-phase, limiting the window 

in which HR can be performed (361). 

In terms of utilising the double-strand break from Cas9 cleavage for gene editing, both 

protein knock-outs and knock-ins can be achieved. For the former, the Cas9 cleavage site 

is chosen within an early exon of the protein, expecting the error-prone NHEJ pathway 

to introduce indels that result in a pre-mature stop codon. For the latter, a donor template 

containing the desired insertion flanked by homology arms (typically 600-1000bp for 
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larger insertions) is introduced to the cell at the same time as Cas9 and the sgRNA, 

allowing the HR pathway to compete with NHEJ (362). 

Utilising the sgRNA-tracrRNA hybrid system developed by the Charpentier lab, Zhang 

and co-workers were among the first to apply CRISPR gene targeting in mammalian cells. 

A 20 nucleotide sgRNA is directly fused to the tracrRNA, and expressed from a plasmid 

encoding either wild-type Cas9 or Cas9 nickase (352,363). The Cas9 nickase approach 

requires two different sgRNAs offset from each other and targeting different strands, but 

has the benefit of reducing off-targets effects. A further refinement of this system is to 

express the first sgRNA and Cas9 nickase from one plasmid, and the second sgRNA and 

a puromycin selection cassette from another. This allows rapid selection of cells that are 

likely to have undergone gene editing, and reduces the number of clones to screen. 

The workflow for the CRISPR-Cas9 gene-editing performed in this project is depicted in 

Figure 3.2. The homology arms for the donor template were chemically synthesised, 

containing EcoRI-PstI-BglII restriction sites at the centre (proximal to the desired 

insertion site) to allow facile introduction of different transgenes. GFP or both minimal 

AID (mAID) and GFP were introduced, for use in the VHL-GFPnanobody and TIR1-

auxin depletion systems respectively, with GFP also being used as a marker to sort for 

potential integrants. Paired sgRNA sequences were chosen with the help of online tools 

(362,364) and introduced into either pX335 containing Cas9D10A nickase or pDU46218 

containing the puromycin resistance (363,365). Mouse embryonic stem cells were 

transfected with all three plasmids (donor template, sgRNA-1/Cas9D10A and sgRNA-

2/puromycin), and treated for 48 hours with puromycin to select for potential integrants. 

Cells were allowed to recover, then sorted as a pool for GFP-positives. Single colonies 

were picked and analysed by both PCR and Western blotting for correct insertion.  
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Figure 3.2 Workflow for CRISPR gene editing. A) The homology arms were synthesised chemically, 

with EcoRI (blue), PstI (red) and BglII (purple) sites separating the left homology arm (LHA) from the 

right homology arm (RHA). This allows rapid introduction of transgenes and tags such as GFP or the mini-

AID. B) Cells are transfected with the donor template to promote homologous recombination for generating 

knock-ins, and plasmids expressing sgRNA-1 and Cas9D10A nickase, and sgRNA-2 and puromycin. 

Following puromycin selection and sorting for GFP-positive cells, single clones are picked and insertion is 

verified by PCR and WB.  

 

 

3.2 Generation of Cell Lines for VHL-GFPnanobody Mediated 

Depletion 

3.2.1 Integration of VHL-GFPnanobody 

The E14 Tg2a AW mouse ES cell line (E14 AW) obtained from the Smith laboratory 

allows doxycycline-inducible expression of the desired transgene according to a Tet-On 

system. The E14 AW mESC contain the reverse tetracycline-controlled transactivator 

(rtTA), an N-terminal fragment of the HPRT gene, and neomycin flanked by loxP sites at 

the ROSA26 locus (344). Cre-mediated cassette exchange allows substitution of the 

neomycin cassette with the C-terminal portion of HPRT and TRE-VHL-GFPnanobody. 

Following HAT selection, clones are tested for neomycin sensitivity before the HPRT 

gene is removed using Flp recombinase (Figure 3.3).  

Twenty-four clones were picked after the initial HAT selection, of which 18 were 

neomycin sensitive. Clones VG21 and VG22 were used for the second Flp-recombination 

event and six clones each were picked and expanded. Many clones started differentiating 

during the expansion, so only clone VG2206 was banked for further experiments. PCR 
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and Western blot confirmed the integration and doxycycline-dependent expression of 

VHL-GFPnanobody (Figure 3.4). 

 

3.2.2 Generation of SNF5-GFP in VG2206 

Given its small size and high relevance in cancer, SNF5 was chosen as the initial target 

for setting up the depletion cell lines. In the first instance, GFP was fused directly the C-

terminus of SNF5 using Cas9D10A nickase. Analysis by fluorescence activated cell 

sorting (FACS) revealed roughly 10% GFP-positives, of which 8000 high fluorescent 

cells and 6000 low fluorescent cells were sorted separately as a pool. 72 clones were 

picked from each pool and screened by PCR for correct insertion of GFP. For the low 

intensity GFP clones 29/71 (41%) were heterozygous, while for the high intensity GFP 

clones 8/56 (14%) were heterozygous. None of the clones was GFP-homozygous. 

Heterozygosity for selected clones was verified by Western blotting.  

Clone SNF5-GFP #L53 (VG2206) was a heterozygote that had both a similar morphology 

and growth rate to the parental VG2206 cells. Following addition of doxycycline, VHL-

GFPnanobody was rapidly expressed with peak induction at 6 hours, and SNF5-GFP was 

robustly depleted over a similar timescale (Figure 3.5).  Although levels of VHL-

GFPnanobody remain stable across 24 hours, depletion levels of SNF5-GFP was greatest 

at 6-12 hours post-induction.  
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Figure 3.3 Integration of VHL-GFPnanobody into E14 AW. A) The E14 AW mouse ES cells gifted by 

the Smith laboratory already contained the reverse tetracycline-controlled transactivator (rtTA, grey)), the 

N-terminal portion of the HPRT gene (red), and neomycin (pale blue) flanked by two loxP sites (yellow 

and cyan triangles). B) VHL-GFPnanobody (blue) is introduced into the AW5 donor plasmid containing 

the tetracycline responsive element (TRE, purple) and the C-terminal portion of HPRT (red). The donor 

plasmid undergoes Cre-mediated recombination with the loxP sites to remove the neomycin and 

reconstitute the HPRT gene, to allow HAT selection. A further recombination event mediated by Flp-

recombinase removes the HPRT gene for a selection marker free cell line. Figure adapted from Zhou, X. et 

al, (2013) Stem Cells 31, 1511-1522. 
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Figure 3.4 Verification of VHL-GFPnanobody insertion in clone VG2206. A) PCR verification of VHL-

GFPnanobody insertion; parental E14 AW (lane 1, negative control), VG2206 (lane 2) and pAW5-VHL-

GFPnanobody donor plasmid (lane 3, positive control). B) Western blot verification of doxycycline-

induced expression of VHL-GFPnanobody, following 24hr doxycycline treatment at 4 µg/mL.  

 

 

 

 

 

Figure 3.5 Depletion of SNF5-GFP. Cells were induced with 4ug/mL doxycycline, which resulted in rapid 

expression of VHL-GFPnanobody and concurrent depletion of SNF5-GFP. Percentages of depletion of 

GFP is normalised to expression after 2h with no doxycycline and actin. VHL expression is similarly 

normalised to the low level of expression detectable at 2 hrs in the absence of doxycycline 
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After maintaining the cells in culture for a couple of weeks, expression of SNF5-GFP was 

reduced. To remove any untagged revertants, cells were re-sorted for GFP. To monitor 

association of tagged SNF5 with SWI/SNF complexes, extracts were prepared and 

immunoprecipitated with GFP-Trap beads. While SNF5-GFP was recovered, other 

subunits of the complex were not (data not shown). This indicated that SNF5-GFP did 

not integrate into the SWI/SNF complex, and as a heterozygote the cell preferentially 

incorporated the un-tagged version of SNF5. It was hypothesised that addition of a 

flexible linker between SNF5 and GFP could improve its incorporation into the complex. 

Furthermore, exclusion of SNF5-GFP from complexes could provide an explanation as 

to why homozygous integrants were not detected; there may have been selection against 

clones with severely defective SWI/SNF complexes.  

 

3.2.3 Generation of GFP-Tagged ARID1A, BRG1, PBRM1 and SNF5 

Donor templates for C-terminal tagging of ARID1A, BRG1, PBRM1 and SNF5 were 

constructed, containing a 12 amino acid, flexible linker between the protein and GFP. The 

best sgRNA pair for each construct was determined by performing CRISPR-Cas9 

cleavage with the GFP donor template and assessing percentage of GFP positives by 

FACS. Depending on the construct, the percentage of GFP integration was between 0.2% 

and 25%. The GFP-positive clones were sorted as a pool, and individual colonies picked 

for PCR screening. As the heterozygote SNF5-GFP cell line previously constructed 

seemed to lose expression of the tagged protein, only clones with homozygously tagged 

proteins were expanded. Table 3.1 details the insertion efficiencies for each construct. 

There was some concern that the tetracycline-inducible promoter was slightly leaky, 

leading to low-level background degradation of SNF5. Consequently, a different VHL-

GFPnanobody clone with lower levels of VHL-GFPnanobody induction was used as the 

parent for these SWI/SNF-tagged strains. 

Once the desired subunits are tagged, the depletion kinetics need to be established to 

ensure that the timescale allows for the distinction between primary and secondary 

consequences of protein loss. Furthermore, it is imperative to learn whether the tagged 

subunits are still capable of integrating into the SWI/SNF complex. As most SWI/SNF 

components that are not stably associated with the complex are degraded through the 

natural ubiquitin proteasome pathway, the cellular localisation of the tagged protein is a 

reasonable preliminary assessment for subunit integration.   
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Table 3.1 CRISPR efficiencies for each GFP-construct in VG601 cells 

Construct % GFP-

positives 

# clones screened 

by PCR 

# promising 

clones by 

PCR* 

% homozygously tagged 

clones by WB  

(as proportion of  

picked clones) 

ARID1A-GFP 17 64 40 24 (38%) 

BRG1-GFP 1 84 15 2 (2%) 

PBRM1-GFP 1 23 10 9 (39%) 

SNF5-GFP 23 148 37 7 (5%) 

* including clones where PCR was a smear, if few other homozygous candidates were found. 

 

 

For each engineered cell line, two separate clones were tested for their capacity to degrade 

the tagged protein upon induction of VHL-GFPnanobody. Figure 3.6 demonstrates that 

all clones were capable of depleting at least 70% of the target subunit within 12 hours. 

Due to the lower abundance of PBRM1 in cells, the quantification by Western blot 

following depletion is affected by the lower signal-to-noise ratio. As cell lines bearing the 

same tagged subunit showed similar levels of residual protein after 12 hours of depletion, 

one was chosen for further characterisation.  

High-resolution microscopy of tagged SWI/SNF subunits indicated all were localised to 

the nucleus, suggesting the complex remains intact despite the tag (Figure 3.7). 

Furthermore, in mitotic cells, BRG1 and SNF5 show reduced enrichment on chromatin, 

while ARID1A shows a different pattern with enrichment at centromeres. This raises the 

possibility that different forms of human SWI/SNF complex exhibit distinct behaviours 

through the cell cycle, with BAF complexes exhibiting a specific role at mitotic 

centromeres. It is notable that there is evidence that budding yeast SWI/SNF and RSC 

have roles at centromeres and sister chromatids (366-368).   
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Figure 3.6 Depletion of tagged proteins. Cell lines were treated with doxycycline to induce expression of 

VHL-GFPnanobody and facilitate degradation of target subunits. Cell lines containing the same tagged 

subunit had similar levels of residual protein remaining after 12 hours of doxycycline treatment. All cell 

lines achieved at least 70% depletion of the target subunit by 12 hours.  
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Figure 3.7 Tagged SWI/SNF subunits localise to the nucleus. Cells were stained with Hoechst 33342 

dye to visualise DNA (blue). SWI/SNF subunits were visualised by their GFP tag (green). Images were 

obtained on a DeltaVision microscope at 100x magnification with a CoolSnap HQ2 camera. Images were 

obtained by merging intensity across five Z-stacks in a maximum intensity Z-projection. 
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3.3 Generation of Cell Lines for TIR1-Auxin Mediated Depletion 

3.3.1 Introduction of TIR1 under a Tetracycline-Inducible Promoter 

The TIR1-auxin mediated protein degradation strategy has been reported to achieve faster 

and more complete depletion (348,369). Wary of advice that high TIR1 expression can 

result in auxin independent expression (Masato Kanemaki, personal communication), 

TIR1 was introduced at the ROSA26 locus under a tetracycline-inducible promoter 

through recombinase mediated cassette exchange. Of the clones that underwent both Cre- 

and Flp-mediated recombination, clone T104 was morphologically most similar to the 

parental stem cells. Verification by PCR and Western blot indicated correct insertion of 

the OsTIR1-myc transgene, which was expressed following doxycycline treatment 

(Figure 3.8). 

Again, SNF5 was chosen as the initial candidate to test the efficiency of target protein 

depletion. A minimal AID (mAID) motif fused to GFP was introduced at the C-terminus 

of SNF5 using CRISPR/Cas9 technology. In contrast to the generation of SNF5-GFP cell 

lines, tagging with SNF5-mAID-GFP yielded a high proportion of homozygotes (12% 

from 134 picked clones). However, upon induction of OsTIR1 with doxycycline, SNF5 

was not degraded (Figure 3.9A).   

If SNF5-mAID-GFP was buried within the complex, the mAID motif would not be 

accessible to OsTIR1, and subsequently the protein would not be targeted for degradation. 

To test this, a plasmid encoding CFP-mAID was transiently transfected into cells 

expressing OsTIR1 under tetracycline control. If the OsTIR1 was functional and SNF5-

mAID-GFP was buried within the complex, then only CFP-mAID should be depleted. 

However, as depicted in Figure 3.9B, CFP-mAID is degraded very inefficiently following 

addition of auxin analogues, suggesting that the induced OsTIR1 is not very active. 

Consequently, SNF5-mAID-GFP cells were transiently transfected with a plasmid 

encoding both CFP-mAID and OsTIR1-mCherry under the EF1α promoter. Upon 

addition of either auxin analogue, both CFP-mAID and SNF5-mAID-GFP were depleted 

by at least 50% in 4 hours (Figure 3.9C). Most strikingly, the expression level of OsTIR1-

mCherry was much higher than seen for the tetracycline-induced OsTIR1-myc, 

suggesting that high levels of TIR1 are required for adequate degradation. Indeed, 

discussion with the Kanemaki lab indicated that sustained high expression of TIR1 is 

critical for successful protein depletion (personal communication). 
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Figure 3.8 Verification of TIR1 insertion in clone T104. A) PCR verification of OsTIR1 insertion; 

parental E14 AW (lane 1, negative control), T104 (lane 2) and pAW5-OsTIR1-myc donor plasmid (lane 3, 

positive control). B) Western blot verification of doxycycline-induced expression of VHL-GFPnanobody, 

following 24hr doxycycline treatment at 4 µg/mL. 

 

 

 

Figure 3.9 Troubleshooting for SNF5 depletion in the TIR1-auxin mediated degradation strategy. 

The percentage of remaining GFP or subunit signal was determined by first normalising to actin, followed 

by normalisation to the uninduced control. A) SNF5-mAID-GFP cells were pre-treated with doxycycline 

for 6 hours prior to addition of the auxin analogue 1-naphthaleneacetic acid (NAA). B) SNF5-mAID-GFP 

cells were transiently transfected with a plasmid encoding CFP-mAID. Cells were pre-treated with 

doxycycline for 6 hours prior to the addition of NAA or another auxin analogue indole-3-acetic acid (IAA). 

C) SNF5-mAID-GFP cells were transiently transfected with a plasmid encoding CFP-mAID and OsTIR1-

mCherry, followed by treatment with either NAA or IAA. 
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3.3.2 Introduction of Constitutive TIR1 

As the E14 AW cells allow integration of a transgene at a specific site with a defined copy 

number, the recombinase-mediated cassette described earlier was employed. However, in 

this case, OsTIR1 was placed under the direct control of the EF1α promoter in order to 

ensure robust and high expression. Upon performing the initial recombination event to 

introduce EF1α-OsTIR1, very few colonies survived the selection step without 

differentiating. Of these, clone ET9 looked most promising with respect to growth rate 

and morphology, and was chosen for the second Flp-mediated recombination step. To 

check whether any of the ensuing clones was capable of degrading a mAID-tagged 

protein, SNF5 was tagged with mAID-GFP and the cells were subsequently treated with 

NAA. As indicated by Figure 3.10, all five clones were capable of degrading SNF5-

mAID-GFP within two hours and most showed robust expression of OsTIR1-myc across 

the time course.  

Encouraged by this result, mAID-GFP was introduced at the C-terminus of SNF5, 

ARID1A, BRG1 and PBRM1 in the ET905 background. Table 3.2 details the insertion 

efficiencies for each construct. Unfortunately, no homozygous clones were detected by 

Western blot for BRG1-mAID-GFP, suggesting the tag may interfere either with correct 

assembly into the complex or BRG1 ATPase activity. Given the previous experience of 

SNF5-GFP heterozygotes losing expression of the tagged allele, BRG1-mAID-GFP was 

not pursued further. Additionally, the low percentage of tagged PBRM1 homozygotes 

also suggests this larger tag is also less favourable for PBRM1.  

 

 

 

Figure 3.10 Depletion of SNF5-mAID-GFP by constitutive OsTIR1. Different clones bearing OsTIR1-

myc under the EF1α promoter underwent CRISPR/Cas9 gene editing to tag SNF5 with mAID-GFP. 

Following addition of NAA, all clones robustly deplete the tagged subunit within 2 hours.  
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Table 3.2 CRISPR efficiencies for each GFP-construct in ET905 cells 

Construct % GFP-

positives 

# Clones 

screened by PCR 

# promising 

clones by 

PCR* 

% homozygously 

tagged clones by WB 

(proportion of picked 

clones) 

ARID1A-mAID-

GFP 

4 59 34 9 (15%) 

BRG1-mAID-GFP 4 88 18 0 (0%) 

PBRM1-mAID-

GFP 

1 88 19 2 (2%) 

SNF5-mAID-GFP 29 44 15 13 (30%) 

* including clones where PCR was a smear, if few other homozygous candidates were found. 

 

 

 

 

 

Figure 3.11 Tagged SWI/SNF subunits localise to the nucleus. Cells were stained with Hoechst 33342 

dye to visualise DNA (blue). SWI/SNF subunits were visualised by their GFP tag (green). Images were 

obtained on a DeltaVision microscope at 100x magnification with a CoolSnap HQ2 camera. Images were 

obtained by merging intensity across five Z-stacks in a maximum intensity Z-projection. 
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A representative clone for each tagged cell line was chosen for further validation. High-

resolution microscopy of the tagged subunits indicated they are localised to the nucleus 

(Figure 3.11). Furthermore, similar to as was observed for SNF5-GFP, SNF5-mAID-GFP 

is partially depleted from mitotic chromosomes. The low signal-to-noise for PBRM1-

mAID-GFP reflects the lower abundance of PBRM1, but is also markedly lower than was 

observed for PBRM1-GFP. This could indicate that TIR1-mediated protein degradation 

is slightly leaky, resulting in auxin-independent depletion of PBRM1-mAID-GFP 

(Masato Kanemaki, personal communication). Alternatively, the tagged version of 

PBRM1 is incorporated into the complex less efficiently, and the resulting free-form 

PBRM1-mAID-GFP is degraded naturally via the proteasome. However, neither 

treatment with the proteasome inhibitor MG132 nor an inhibitor of TIR1 increased the 

amount of PBRM1-mAID-GFP (data not shown), suggesting other factors are involved 

in the reduced levels of this construct. 

All three cell lines show a rapid response to auxin treatment. Figure 3.12 indicates that 

the tagged subunit reaches maximal degradation by 2 hours, and this level of degradation 

persists over multiple hours. ARID1A and SNF5 have slightly slower kinetics of 

degradation in comparison to PBRM1, as might be expected by their higher abundance. 

Additionally, the reduced expression level of PBRM1-mAID-GFP in contrast to non-

tagged PBRM1 again suggests that the large tag interferes with the stability of PBRM1. 

Upon following depletion of these subunits over 72 hours, substantial cell detachment 

from the culture dish was observed in SNF5-depleted cells and, to a lesser extent, 

ARID1A-depleted cells. In contrast, PBRM1-null cells continued growing normally.  

To assess the effect of subunit depletion on cell growth, cells were pre-treated with auxin 

for up to 2 days, and then plated for a proliferation assay (Figure 3.13). Both the parental 

control cells and the PBRM1-mAID-GFP cells grew well, irrespective of the duration of 

auxin treatment. This suggests auxin has no adverse effects in wild-type cells, and that 

PBRM1 is not essential to ensure continued cell proliferation. In contrast, exposure to 

auxin results in poor proliferation of ARID1A-mAID-GFP and SNF5-mAID-GFP cells. 

Cell death in the form of significant numbers of detached cells was not readily apparent, 

suggesting loss of either ARID1A or SNF5 results in a failure to cycle normally. 

However, cell cycle analysis by FACS showed only a modest 6% increase of cells at G2 

(data not shown), suggesting other mechanisms attenuate proliferation.  
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Figure 3.12 Depletion of tagged SWI/SNF subunits. Cell lines were treated with 1-napthaleneacetic acid 

(NAA) over the course of 8 hours, to induce degradation of target subunits. Subunit depletion is achieved 

within 2 hours for all three subunits, and remains stable thereafter. The percentage of remaining GFP or 

subunit signal was determined by normalisation to actin, followed by normalisation to the uninduced 0min 

control. 

 

 

 

Figure 3.13 Effect of subunit depletion on cell proliferation. Cells were pre-treated with auxin (NAA) 

for 0h (blue), 24h (grey) or 48h (yellow) prior to seeding. Cells were grown in the continued presence of 

auxin except for the no auxin control (orange). ET905 are the parental control cells expressing OsTIR1-

myc. Cells were collected and stained with crystal violet; crystal violet staining is proportional to the 

number of cells. 
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3.4 Discussion 

When performing the CRISPR insertion of either GFP or AID-GFP, the efficiency of 

homozygous integration is strongly gene specific. ARID1A and SNF5 tended to be more 

amenable to gene editing than PBRM1 and BRG1, as evidenced by the higher percentage 

of GFP positives following transfection and the greater number of isolated homozygous 

clones. Additionally, heterozygously tagged subunits were often expressed at lower level 

over time (data not shown), which raises the possibility that there is some selection against 

tagged subunits.  

Incorporation of the mAID-GFP tag to the C-terminus of PBRM1 resulted in reduced 

total protein levels of the tagged version in cells that were not treated with auxin. It was 

initially thought this could be due to leaky activity of TIR1 in an auxin-independent 

fashion. As the total cellular amount of PBRM1 is lower than ARID1A or SNF5, a small 

percentage of auxin-independent degradation would have a more significant effect on the 

pool of PBRM1. However, treatment with proteasome inhibitors failed to accumulate 

PBRM1-mAID-GFP, suggesting lower transcription levels or a high rate of protein 

misfolding may instead be the cause.   

Another interesting observation was that SNF5 and BRG1 were depleted from mitotic 

chromatin, which is in agreement with previous reports that BRG1 and BRM are 

phosphorylated during mitosis and do not associate strongly with condensed chromatin 

(113,114). Despite work implicating PBRM1 at kinetochores, the poor signal-to-noise 

ratio for PBRM1-tagged cell lines did not allow for definitive assessment of PBRM1 

localisation during mitosis (73). In addition, if BRG1 is inactivated by phosphorylation 

during mitosis, it remains unclear as to how PBRM1 functions at kinetochores to promote 

cohesion (202). Nonetheless, work on the yeast RSC complex implicates the non-

essential components Rsc1 and Rsc2, homologues of PBRM1, in sister chromatid 

cohesion (368). This could suggest that Rsc1/2 and PBRM1 act at kinetochores 

independently of their participation in RSC or PBAF. Furthermore, work by Downs and 

co-workers has implicated PBRM1 in promoting sister chromatid cohesion during 

mitosis, suggesting that loss of PBRM1 may lead to increased chromosomal instability 

(202).   
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The system that showed the most promise early on was the VHL-GFPnanobody approach. 

Following insertion, VHL-GFPnanobody was robustly induced upon addition of 

doxycycline and remained highly expressed over 24 hours. This induction was capable of 

depleting tagged subunits by at least 70% within 12 hours. This level of depletion is 

comparable with what could be achieved using conventional RNA interference, across a 

shorter time span. However, a more complete loss of protein was required to adequately 

mimic the situation in disease where cells often lack a functional SWI/SNF subunit. 

Nonetheless, all of the cell lines bearing GFP-tagged subunits indicated a nuclear 

localisation of the protein. This was particularly encouraging, as it suggested that tagged 

subunits are still capable of integrating into the complex and are thus protected from 

degradation. 

The TIR1-auxin approach was postulated to yield more efficient degradation of tagged 

subunits, on the basis that TIR1 could be induced to high levels prior to the addition of 

auxin, which would initiate the degradation cascade. Initial attempts that placed TIR1 

under a tetracycline-inducible promoter were unsuccessful on the basis of insufficient 

TIR1 expression following induction. As the induction worked well for VHL-

GFPnanobody, it is possible that TIR1 is less efficient at assembling into the E3 ligase 

complex. This could be due to the TIR1-auxin system originating from plants, where the 

canonical E3 ligase partners may be slightly different. Consequently, TIR1 expression 

was driven constitutively by the strong EF1α promoter. Under this system, TIR1 was 

robustly expressed at high levels and had time to properly integrate into its E3 ligase 

complex prior to addition of auxin. The establishment of a primed ligase complex binding 

TIR1 enabled very rapid depletion of tagged subunits following auxin addition, whereby 

at least 80% of the subunit was degraded within 2 hours. This timescale is thought to be 

short enough to allow the direct consequences of subunit loss to be distinguished from 

secondary effects that may only surface after 12 hours when the cells have undergone one 

cell cycle.  

One of the benefits of this conditional depletion approaches is the ability to study both 

short term and long term effects of subunit loss. When cells were treated with auxin for 

five days, a marked decrease in the number of SNF5-null cells was observed after 48 

hours. Proliferation assays indicated that while these SNF5-deficient cells stopped 

proliferating, they did not undergo increased cell death as determined by observing 

detached cells. This strongly suggested that cells were arrested, potentially in G2 as has 

been observed in studies depleting SNF5 in mouse embryonic fibroblasts (145). However, 
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cell cycle analysis of SNF5-depleted cells showed only a slight increase in G2 cells, 

indicating other mechanisms are involved. In contrast, cells depleted for PBRM1 showed 

no change in growth rate indicating that normal levels of PBRM1 are not required to 

maintain cell proliferation.  
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4 Chapter Four. Changes to Complex Composition 

Following Subunit Loss 

4.1 Introduction 

Human SWI/SNF complexes are relatively robust and are reported to be stable to 5M 

urea (370). This suggests that the interactions between subunits are strong and the loss 

of individual subunits might not result in dissociation of the entire complex. However, 

deletion of many SWI/SNF subunits in yeast leads to related phenotypes, raising the 

possibility that loss of any subunit results in a similar loss of function (371). This issue 

has become pertinent to the role of SWI/SNF in cancer since the discovery that different 

subunits of the complex function as tumour suppressors in different tissues. Indeed, one 

of the prevailing views in the field of SWI/SNF and cancer is that alterations to the 

complex, be it through loss of a subunit or the presence of novel subunit-fusion 

proteins, generates a so-called residual complex that is oncogenic (372). Understanding 

the composition of the residual complex, in particular how it changes in response to loss 

of particular subunit, is vital to dissect the role of SWI/SNF in cancer.  

The effects of deleting different subunits has been investigated systematically in yeast. 

In this case, loss of specific subunits leads to depletion of specific subsets of additional 

subunits (373,374). This is best explained through the existence of distinct submodules 

in which occupancy of subunits is co-dependent. In mammalian cell lines it has been 

reported that loss of the SMARCB1/SNF5 subunit results in substantial destabilisation 

of the entire complex (248). A potential explanation for this discrepancy is that 

additional ubiquitin-mediated surveillance may act to degrade defective complexes in 

mammalian cells (268). However, the complete loss of complex integrity in mammalian 

cells following SNF5 depletion is somewhat contentious, as other studies show the 

complex remains intact upon SNF5 loss (375). Nonetheless the conservation of the main 

subunits from yeast to humans suggests that they perform conserved functions. In 

Drosophila, depletion of the SNF5 homologue SNR1 also affects the levels of certain 

other complex members, and BRM and MOR are critical for complex stability (376).   

As many components of the SWI/SNF complex are conserved, they are expected to play 

important roles in maintaining complex integrity and directing complex function. 

Consequently, it can be envisioned that loss of a subunit or re-configuration of the 
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complex, can adversely affect the stability or function of the complex. One manner in 

which the composition of the SWI/SNF complex can be interrogated is through 

immunoprecipitation followed by mass spectrometry (IP-MS). Using an antibody against 

an accessible subunit within the complex, it is possible to enrich for all SWI/SNF subunits 

that are associated within the cell lysate. Additionally, other proteins that interact with 

components of SWI/SNF can also be enriched in this manner. Analysis of complex 

composition by IP-MS also allows for the verification that tagged subunits are still 

incorporated into the complex. Furthermore, with recent advances in processing peptide 

mass spectrometry data, it has become possible to perform relative quantification of 

peptides obtained from an IP (377). Using such methods, it is possible to gain an 

understanding of whether subunits are co-depleted following loss of a specific subunit.  

 

4.2 mAID-GFP Tagged Subunits are Incorporated into the SWI/SNF 

Complex 

The use of mass spectrometry following complex immunoprecipitation (IP) is a well-

established method to detect interacting proteins. As the efficiency of IP is strongly linked 

to the accessibility of the epitope and quality of the antibody, not all subunits may be 

suitable as bait. Consequently, candidate bait subunits were tested by IP followed by 

Western blotting to assess IP efficiency.  

Figure 4.1 assesses IP efficiency using five different subunits as bait. IP using BAF155 

as the bait was least successful as it failed to pull-down BRG1, and only marginally 

enriched for BAF155 or SNF5. In contrast, using either BRG1 or SNF5 as bait was more 

successful in enriching the SWI/SNF complex, with BRG1 slightly outperforming SNF5. 

Furthermore, both ARID1A and PBRM1 were successful baits for pulling down the BAF- 

and PBAF-specific components respectively. Particularly striking is the ability of the 

PBRM1 antibody to deplete all the PBRM1 in the lysate (lane 7), however enrichment of 

other subunits is not clear by Western. This is possibly due to the lower abundance of the 

PBAF complex.  
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Figure 4.1 Immunoprecipitation efficiencies of different SWI/SNF subunits.  SWI/SNF subunits were 

immunoprecipitated from parental ET905 cells using antibodies against ARID1A, BRG1, PBRM1, SNF5 

or BAF155. Of the antibodies tested, BAF155 performed the worst, while BRG1 performed best.   

 

 

Given the high efficiency of the BRG1 antibody of IP, this was chosen to interrogate the 

SWI/SNF complex in both the ARID1A-mAID-GFP and PBRM1-mAID-GFP cell lines. 

The use of BRG1 as bait in these cell lines also enables IP of the complex following 

depletion of ARID1A, SNF5 or PBRM1. In contrast, to understand how the BAF and 

PBAF sub-complexes may be differentially affected by loss of SNF5, SNF5-mAID-GFP 

cell lines were additionally subjected to IP by ARID1A or PBRM1 respectively.  

The BRG1-IP in the SNF5-tagged cell line substantially enriched all known SWI/SNF 

components found in mESC (Figure 4.2A). As the tagged subunit is enriched in the IP, 

this indicates that SNF5-mAID-GFP is incorporated into the SWI/SNF complex and does 

not affect complex integrity. Similar results were observed for BRG1-IP in the ARID1A-

mAID-GFP and PBRM1-mAID-GFP cell lines (data not shown). This demonstrates that 

tagged subunits are incorporated into the SWI/SNF complex.  



81 

 

 

 

In the BRG1-IP, a small number of proteins are significantly enriched in the IgG sample. 

These proteins may weakly bind IgG and become displaced upon SWI/SNF binding, or 

they are of low abundance and are masked when immunoprecipitating the complex.  In 

the ARID1A-IP performed on SNF5-tagged cells, enrichment is observed for known 

components of the BAF complex, including SNF5-mAID-GFP, but not PBAF-specific 

components (Figure 4.2B). Other than ARID1A, no components surpass the fold 

enrichment and p-value thresholds to be considered significantly enriched; this may be 

due to variation in the IP-efficiency of the replicates. Surprisingly, a number of 

components of COMPASS-like complexes (labelled in yellow) involved in H3 lysine 4 

methylation (378) interact with ARID1A, as do the histone demethylase KDM6A and 

histone acetyltransferase p300 (shown in green). This would suggest that ARID1A-

containing complexes may be targeted by p300, and implicated in both H3K4 methylation 

and H3K27 demethylation. 

Likewise, PBRM1-IP shows enrichment for PBAF-specific subunits but not BAF-

specific ones, indicating the IP is both efficient and PBAF-specific (Figure 4.2C). SNF5-

mAID-GFP is also enriched in the IP sample, proving its incorporation into the SWI/SNF 

complex. Additionally, several proteins not previously classified as subunits of PBAF 

were highly enriched in the PBRM1 IPs. These include: ELMSAN1, a protein containing 

a SANT domain and found in complex with histone deacetylases (HDAC1) (379); 

SAFB/SAFB2, implicated in defining chromatin loops and in repressing oestrogen 

receptor alpha (380); SETD1A and its binding partner WDR5, components of the histone 

methyltransferase responsible for trimethylation of H3K4 (381,382); and UTF1, a 

transcription factor found almost exclusively in embryonic stem cells (383,384).  In 

particular, co-immunoprecipitation of JARID2 and other components of PRC2 complexes 

(shown in yellow) with PBRM1 agrees with other work implicating interactions between 

BRD7 and another PRC2 component SUZ12 (83,385). Together, this would suggest that 

PBRM and the PBAF complex could be involved in multiple processes regulating 

chromatin modifications, such as H3K4 or H3K27 trimethylation.  
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Figure 4.2 Immunoprecipitation against BRG1, ARID1A and PBRM1 enriches SWI/SNF 

components. SNF5-mAID-GFP cells were immunoprecipitated with BRG1, ARID1A or PBRM1, and 

enriched peptides were analysed on a Velos Orbitrap. Each IP was performed in triplicate. The raw data 

from the IP-MS run were processed in MaxQuant (386) and analysed in Perseus (387). T-test significant 

proteins (S0 = 2, FDR = 0.01) are shown in red. Non-significant SWI/SNF components are shown in blue. 

The fold change represents enrichment in the IP relative to the IgG control A) IP against BRG1 enriches 

almost all components of SWI/SNF. B) IP against ARID1A has less t-test significant proteins. However, 

known BAF components tend to be more highly enriched than PBAF components. Components of MLL-

like complexes are shown in yellow. Other interesting interactors are shown in green. 
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Figure 4.2 continued.  C) IP against PBRM1 enriches a number of factors including known PBAF 

components (labelled in bold). As anticipated, BAF-specific components ARID1A and DPF2 are not 

enriched. Components of PRC2 complexes are shown in yellow, while components of MLL-like complexes 

are shown in green. 

 

 

4.3 Loss of SWI/SNF Subunits Disrupts Complex Composition  

Having established that IP-MS could be used to monitor composition of SWI/SNF 

complexes, we next applied this to evaluate the composition following depletion of 

specific subunits. Immunoprecipitation against BRG1 reports on SWI/SNF complexes 

overall, while ARID1A and PBRM1 antibodies inform on the status of BAF and PBAF, 

respectively. In all cases, tagged subunits were significantly depleted from the SWI/SNF 

complex following treatment with auxin for 36 hours. 

Following loss of ARID1A, the BAF-specific DPF factors (BAF45B-D) were also 

depleted from the BRG1-containing complex (Figure 4.3A). In contrast, the association 

of components of BAF that are common to PBAF or GBAF complexes change little. 

However, subunits that are specific to PBAF and GBAF – PBRM1, ARID2, BRD7 and 

PHF10 (BAF45A), and to a lesser extent GLTSCR1 – show enrichment. This is consistent 

with improved pulldown or detection of these alternate forms when ARID1A is depleted, 

due to a reduction of the abundant BAF complex. This could result if the entire BAF 
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complex was partially destabilised upon ARID1A depletion. Consistent with this, most 

other core SWI/SNF subunits including BAF155, BRG1, SNF5, BAF53A, BAF57 and 

BAF60 were slightly enriched in the non-depleted sample. Furthermore, absolute 

quantification of the BAF-specific and core components following ARID1A IP indicates 

that they are reduced by at least 40%, as detailed in Table 4.1. In summary, the data are 

most consistent with depletion of ARID1A causing substantial loss of the BAF-specific 

DPF factors. In addition, BAF complexes appear to be destabilised such that the 

remaining subunits are recovered with approximately 50% efficiency.  

Depletion of PBRM1 is similarly linked to a loss of PBAF-components ARID2, BRD7 

and PHF10, indicating that loss of PBRM1 destabilises the PBAF complex (Figure 4.3B). 

Little change is observed for core SWI/SNF subunits, with the exception of BAF60B and 

BAF60C (Table 4.1). This may be due, in part, to the lower relative abundance of PBAF 

with respect to BAF complexes; degradation of destabilised PBAF components would 

affect the global pool of these core subunits to a lesser extent.  Surprisingly, the specific 

components of BAF and GBAF are reduced about two-fold following loss of PBRM1, 

with the exception of ARID1A and BCL7B. This suggests that a specific form of BAF 

containing ARID1A and BCL7B, but not SS18 might be formed. 

Loss of SNF5 from the BRG1-containing complexes results in a severe reduction in 

ARID1B, PHF10, and DPF1, and a more moderate reduction of BAF155 and ARID1A 

(Figure 4.3C). In contrast, both PBAF- and GBAF-specific factors are increased, with the 

exception of PHF10, indicating these SWI/SNF subtypes may compensate for loss of 

BAF complexes (Table 4.1). BCL7 levels remain mostly unchanged, suggesting their 

incorporation into different sub-complexes. When interrogating BAF complexes 

specifically, core subunits are reduced at least two-fold and BAF155, BAF57, and BRG1 

are reduced three-fold (Table 4.1). Additionally, BAF60B and DPF1 are most affected by 

loss of SNF5 (Figure 4.3D).  

In PBAF, loss of SNF5 causes destabilisation of the complex (Figure 4.3E).  Depletion 

of SNF5 results in loss of PBAF-specific components, most strikingly of PHF10. Other 

PBAF components ARID2 and BRD7 are depleted to similar levels (40% remaining), 

suggesting they may continue to interact in a sub-complex even in the absence of PBRM1. 

In addition, SNF5 loss results in a reduction of the core subunits BRG1, BAF155, BAF57 

and BAF60. Consequently, both BAF and PBAF complexes suffer from loss of the same 
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set of core subunits following SNF5 depletion, reflecting a structural role for SNF5 as a 

scaffold protein.  

The IP against BRG1 in PBRM1-depleted cells (Figure 4.3B), and to a lesser extent the 

BRG1-IP in SNF5-depleted cells (Figure 4.3C), show a skewed profile in the volcano 

plot. This may be due to differing immunoprecipitation efficiencies, whereby fewer total 

proteins were present in one sample resulting in reduced peptide counts with respect to 

the second sample. Alternatively, this skew could also be generated during the data 

analysis using the Perseus software (387). In order to analyse data in log-transformed 

space, Perseus requires missing or null values to be replaced with a non-zero value. This 

is commonly done through imputation, assuming the peptide counts are normally 

distributed. However, thus assigning intensity values to peptides that were not detected 

within the MS run results in an over-estimation of this protein’s abundance. 
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Figure 4.3 Depletion of SWI/SNF subunits affects subunit complex composition. The raw data from the 

IP-MS run, performed in triplicate, were processed in MaxQuant and analysed in Perseus. Known SWI/SNF 

subunits are shown in red. The subunit targeted for degradation is labelled in bold. The fold change 

represents enrichment in the 36h depletion sample relative to the 0h undepleted control A) IP against BRG1 

enriches almost all components of SWI/SNF. ARID1A is significantly depleted from cells treated with 

auxin for 36 hours. In addition, the BAF-specific members DPF1-3 are also depleted from the ARID1A-

null complex. In contrast, PBAF-specific factors are enriched upon depletion of ARID1A. B) PBRM1 is 

significantly depleted from cells treated with auxin for 36 hours. Other PBAF-specific factors are also 

depleted upon loss of PBRM1. 
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Figure 4.3 continued.  C) Depletion of SNF5 from BRG1-containing SWI/SNF complexes results in 

significant reduction of ARID1B, PHF10 and DPF1. D) Depletion of SNF5 moderately co-depletes other 

core subunits from the BAF complex. Only two replicates for each time point were used for the analysis as 

the third replicate showed low peptide enrichment.  
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Figure 4.3 continued.  E) Depletion of SNF5 from PBAF results in significant reduction of PHF10, and 

moderate depletion of other PBAF components.  
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Table 4.1 Amount of SWI/SNF subunits remaining following target subunit depletion. Protein 

intensities were obtained using label-free quantification (LFQ) in MaxQuant (388). The percentage of 

protein remaining following subunit depletion was determined relative to the control (untreated) cells. (–) 

denotes proteins that are not expected following IP against a specific bait. ND denotes proteins that are not 

observed in the control cells.  

 
 

% protein remaining following depletion 

 Target ARID1A PBRM1 SNF5 SNF5 SNF5 

 Bait BRG1 BRG1 BRG1 ARID1A PBRM1 

B
A

F
 

ARID1A 1 104 35 170 – 

ARID1B 64 41 1 118 – 

DPF1 

(BAF45B) 4 62 1 0 – 

DPF2 

(Baf45D) 11 90 29 37 – 

DPF3 

(BAF45C) 0 57 ND ND – 

S
h

ar
ed

 

B
A

F
/G

B
A

F
 

BCL7A 64 187 89 35 – 

BCL7B 126 544 35 88 – 

BCL7C 52 170 110 88 – 

SS18 40 58 166 45 – 

SS18L1 64 87 221 57 – 

G
B

A
F

 GLTSCR11 153 47 119 – – 

GLTSCR1L 126 110 121 – – 

BRD9 105 0 158 – – 

P
B

A
F

 

ARID2 307 25 201 – 40 

PBRM1 289 1 126 – 26 

BRD7 289 30 229 – 42 

PHF10 

(BAF45A) 328 25 2 – 1 

co
m

m
o

n
 

BRM ND ND ND 109 ND 

BRG1 58 94 95 33 36 

BAF155 38 155 38 35 35 

BAF170 58 82 111 47 38 

SNF5 27 290 12 9 1 

BAF53A 59 114 82 42 67 

BAF57 26 67 64 33 33 

BAF60A 59 69 96 115 31 

BAF60B 29 46 45 10 80 

BAF60C 17 70 44 24 ND 
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4.4 Discussion 

In order to use IP-MS to its fullest capability, the correct antibodies needed to be chosen 

with respect to IP efficiency. Five different subunits were investigated for their ability to 

immunoprecipitate the SWI/SNF complex. Of these, BAF155 performed most poorly, 

suggesting the epitope may be buried within the complex and thus is inaccessible to the 

antibody. This notion is supported by the function of BAF155 as a scaffolding protein 

ensuring stabilisation of the complex (77). In contrast, both SNF5 and BRG1 showed 

similarly high efficiencies in enriching major components of the complex, indicating the 

epitopes are more accessible. In addition, both ARID1A and PBRM1 were capable of 

pulling-down BAF and PBAF components in a specific manner, allowing these proteins 

to be used as bait in delineating the compositions of these two major SWI/SNF subtypes. 

One of the critical aspects of this project was to demonstrate that the tagged subunits 

utilised for the depletion studies were indeed incorporated into the complex. All three 

tagged subunits were fully integrated into the complex, as demonstrated by their 

significant enrichment following IP against BRG1. This indicates that the tag does not 

interfere with how the subunit interfaces with the remaining complex, and coupled with 

normal morphology and growth rate, suggests that the normal function of these tagged 

SWI/SNF complexes is retained.  

A key issue that must be addressed is the process of normalisation. The MaxQuant 

software uses two algorithms on the raw peptide intensities to generate normalised 

intensity values that can be used for label-free quantification: iBAQ (intensity-based 

absolute quantification) and LFQ (label-free quantification). Both methods make certain 

assumptions in order to normalise the peptide intensity for a certain protein against the 

MS run. LFQ intensities are generated through a pair-wise comparison of unique peptides 

found between samples (388). A caveat to this approach, is that only unique peptides 

found across all samples are compared, and is thereby sensitive to the loading amounts 

and IP efficiency of each sample. 

 iBAQ intensities are calculated by dividing the sum of all peptide intensities by the total 

number of theoretical peptides for a given protein (389,390). However, iBAQ does not 

take into account that certain proteins contain high levels of theoretical peptides that are 

too short/long or have unfavourable characteristics for ionisation, and thus never generate 

observable peptides during MS.  
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 A further problem when analysing MS data in Perseus are proteins with intensities of 

zero; either due to an error in the IP or MS run, or because the peptide is truly absent. 

Perseus calculates the fold change of proteins between samples on log-transformed data, 

and zero values cannot be log-transformed. Consequently, Perseus imputes missing 

values following log-transformation based on a normal distribution. However, this 

imputation is problematic as it can over-estimate the abundance of a given peptide and 

thereby bias the downstream analysis (391).  

To circumvent the caveats of using algorithms to normalise the MS data, it would 

theoretically be possible to normalise each MS run against the intensity of the bait protein. 

However, in the case of this work, depletion of a SWI/SNF component could potentially 

result in a destabilisation of the complex and a concomitant reduction of the bait protein. 

Thisn would again lead to a skewing of the data when comparing one timepoint with the 

other. One manner in which this normalisation question could be addressed is by 

normalising the IP sample against an input sample, similarly as is done with chromatin 

IP (ChIP). In this case, the input sample would be trypsinised and loaded directly onto 

the mass spectrometer, and generate total intensities for the proteins of interest. As this 

input sample would contain high concentrations of non-SWI/SNF components that mask 

SWI/SNF peptides, it may be necessary to run the mass spectrometer with an exclusion 

list to remove the most abundant peptides. 

To examine the consequences of subunit depletion on complex composition, cells were 

treated with auxin for 36 hours. At this time, the targeted subunit is always amongst the 

most strongly depleted proteins; levels of depletion for these subunits ranged from 4 to 

8-fold. Typically, a few subunits are depleted to a similar scale. For example, the DPF1-

3 subunits are co-depleted with ARID1A with at least a 3-fold change. This either 

suggests that the presence of DPF subunits within complexes is dependent on ARID1A, 

or that as a result of proximity to ARID1A they are also subject to TIR1-mediated 

ubiquitination and subsequent proteasome mediated degradation. Following PBRM1 

depletion, a few additional subunits including BRD7 and the DPF subunits are also 

significantly depleted, while ARID1B, DPF1 and PHF10 are significantly co-depleted 

following SNF5 depletion. The remaining subunits are typically retained within a 2-fold 

range of levels observed in the absence of targeted depletion. This indicates that 

complexes remain substantially intact following loss of the targeted subunits.  
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There are however, some more subtle trends in the enrichment of additional subunits. In 

the case of ARID1A depletion, it was hypothesised that absence of ARID1A might be 

compensated for by incorporation of ARID1B, as the two proteins share 60% sequence 

similarity (161). Following ARID1A depletion, ARID1B is reduced by 40% which is 

similar to the reduction observed for BCL7 and SS18. The reduction in BAF-specific 

components was also mirrored in a two-fold loss of common subunits; particularly SNF5, 

BAF155 and BAF57. The remaining levels of common subunits are distributed into a 

subset of ARID1B-containing BAF complexes, and into PBAF and GBAF complexes. 

Supporting this notion, PBAF-specific components were highly enriched, and a more 

moderate increase was also observed for GBAF components. This strongly suggests that 

loss of ARID1A results in partial disruption of BAF complexes, while other complex 

subtypes are unaffected. A significant proportion of the total SWI/SNF must be present 

as ARID1A-containing BAF complexes to elicit the two-fold reduction observed for 

subunits that are also incorporated into PBAF and GBAF. 

A similar effect is observed following PBRM1 depletion. Loss of PBRM1 results in a 

reduction of other PBAF-components, demonstrating that PBRM1 is important for PBAF 

stability. However, it is possible that ARID2, BRD7 and PHF10 form a sub-complex in 

the absence of PBRM1, given that approximately 25% of these subunits remain 

associated with BRG1. Additionally, loss of PBRM1 does not affect the levels of most 

common subunits. This provides further evidence that the amount of PBAF within the 

cell is low, as destabilisation of the PBAF complex does not have a large impact on the 

global levels of common subunits, which are predominantly incorporated into BAF 

complexes. Surprisingly, following PBRM1 depletion, the amount of ARID1B-

containing complexes seems to be reduced as ARID1B, DPF1 and SS18 level are reduced 

by 40%. The reason for this remains unclear. 

Following SNF depletion, both BAF and PBAF complexes suffered a 60% reduction of 

the subunits BAF155, BRG1, and BAF57. This indicates that SNF5 has a scaffold 

function in preventing dissociation of major complex components in both SWI/SNF 

complexes. This is very similar to the role of BAF155, which is required for the 

stabilisation of SNF5, BAF57 and BAF60 within the complex  (77). In addition to this, 

components dedicated to PBAF were reduced. Interestingly, PBAF-components BRD7 

and ARID2 were affected to a lesser extent than PBRM1 and PHF10. This suggests that 

the subunit stoichiometry of the residual complex is altered, or that ARID2 and BRD7 

form a sub-complex. Furthermore, following depletion of SNF5, both ARID1A and 



93 

 

 

 

ARID1B are co-depleted along with the BAF-specific DPF factors. In contrast, 

components that are also incorporated into GBAF are not affected. This is in keeping with 

the finding that GBAF does not contain SNF5, and thus is not dependent on SNF5 for 

stability (69). Taken together, the disruption to canonical BAF and PBAF composition 

and stoichiometry further demonstrates that SNF5 plays a role in maintaining SWI/SNF 

complex stability. This is in agreement with work from the Roberts’ laboratory showing 

that SNF5-deficient tumour cells do not have fully intact SWI/SNF complexes (248).  

Nonetheless, immunoprecipitation of complexes depleted for specific subunits 

consistently enriched most SWI/SNF components. This suggests that SWI/SNF 

complexes mostly remain intact, albeit with potentially altered subunit stoichiometry and 

composition. Consequently, the biological effects observed following loss of particular 

subunits reflects the function of these residual complexes, rather than a general loss of 

SWI/SNF.  

 



94 

 

 

 

5 Chapter Five. Changes to Chromatin Accessibility 

Following Subunit Loss 

5.1 Introduction 

The first evidence that SWI/SNF complexes could alter chromatin accessibility stemmed 

from the observation that mutant yeast strains exhibited altered DNase sensitivity at the 

SUC2 locus (392). Subsequently, SWI/SNF complexes were purified and found to be 

capable of disrupting nucleosome structure in a way that enhances transcription factor 

binding (57). However, the nature of this disruption remains somewhat unclear. Under 

some conditions SWI/SNF complexes can form dinucleosome-like particles (393), 

disrupt nuclease sensitive nucleosomes (394), or remove some (46) or all (44) of the 

histone proteins. However, repositioning of nucleosomes in cis appears to be the most 

efficient reaction (45).  

Observing the effects of nucleosome disruption in vivo requires the mapping of 

nucleosomes to genomic locations; nucleosomal protection of DNA is paramount to 

techniques used for nucleosome mapping. Formaldehyde-assisted isolation of regulatory 

elements (FAIRE) relies on the enrichment of nucleosome-free DNA in the soluble 

fraction, and DNase hypersensitivity maps to accessible regions (395), while micrococcal 

nuclease (MNase) degrades unprotected DNA. The advent of genome scale sequencing 

has allowed for the adaptation of these techniques to characterise genome-wide chromatin 

organisation in cells. Of these techniques, MNase-seq is most frequently used, as MNase 

leaves nucleosomal DNA intact, allowing for direct mapping of nucleosome fragment. 

The application of MNase-seq has detected shifts of coding region nucleosomes towards 

promoters in budding yeast following loss of SWI/SNF or RSC (396,397). Despite their 

advantages, these techniques also have disadvantages. For example, although MNase-seq 

reports directly on nucleosome structure, very high read depths are required to apply it to 

mammalian genomes 

A more recent sequencing method to interrogate chromatin accessibility is ATAC-seq. In 

2010, Adey et al used a hyperactive mutant of the Tn5 transposase to integrate two 

synthetic primers/sequencing adapters into DNA. This causes the DNA to fragment with 

the adapters tagging both ends of the fragment, yielding the term ‘tagmentation’ for the 

process (Figure 5.1A) (398).  Using primers against the adapter sequences, the fragments 
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can be amplified and used to prepare sequencing libraries. This tagmentation approach 

was adopted by Greenleaf and co-workers, who reasoned that transposases were more 

likely to integrate at accessible sites of chromatin (399). It followed that mapping the 

accessible fragments back to the genome should not only highlight generally open regions 

of chromatin, but when performed at high read depth, yield nucleosome positions and 

transcription factor binding sites. This is because both nucleosomes and transcription 

factors protect the bound DNA from the transposase (Figure 5.1B) (399).  

 

 

 

 

Figure 5.1 Assay for Transposase-Accessible Chromatin using Sequencing (ATAC-seq). A) The 

hyperactive Tn5 transposase is loaded with two sequencing adapters (red and blue) and added to nuclei. 

The transposase dimer randomly integrates the sequencing adapters into accessible chromatin, causing the 

DNA to fragment. Using adapter-specific primers, the fragments of accessible chromatin can be amplified 

and sequenced. B) Nucleosomes and transcription factors (TF, green box) generate local areas of 

inaccessible chromatin, where the DNA is protected from the transposase by binding to the nucleosome 

core or transcription factor. Consequently, fewer fragments are expected to map back to these bound sites, 

as shown by a decreased occupancy in a histogram of reads mapped across the genome. 
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From a technical standpoint, the major advantages of ATAC-seq are the swift processing 

time with minimal sample handling, and the low number of cells required as input 

material. In contrast to other chromatin accessibility assays, ATAC-seq requires 20x 

fewer cells, and the entire process from harvesting cells to generating the sequencing 

library takes no more than half a day (400,401). A major drawback to ATAC-seq is the 

high contamination with mitochondrial DNA; analysis of the original ATAC-seq data for 

lymphoblastoid cells showed 50% of reads mapped to mitochondrial DNA (399). In order 

to reduce mitochondrial contamination, an improved protocol was designed incorporating 

a cocktail of detergents to solubilise and remove mitochondria from the nuclei preparation 

(402).  

In terms of sequencing output, ATAC-seq data effectively reports on the accessible 

chromatin landscape using moderate read depth. The current ENCODE guidelines call 

for 25 million unique, non-mitochondrial reads, which is comparable to the DNase-seq 

and ChIP-seq guidelines. Since ATAC-seq is still a new technique, few dedicated 

software packages exist for data analysis, so most analysis is performed by adapting 

ChIP-seq or DNase-seq software. Nonetheless, ATAC-seq is a powerful technique to 

probe chromatin configuration. Combining ATAC-seq data with ChIP-seq data for 

histone modifications and transcription factors allows changes in DNA accessibility to be 

put into the wider context of chromatin regions and transcription.  

As a result, ATAC-seq has become a widely used approach to assess changes to chromatin 

resulting from the action of complexes such as SWI/SNF. In mammalian cells, loss of 

core subunits such as SNF5 (403), sub-complex specific subunits such as ARID1A (170), 

or ATPase subunits (250) has been observed to result predominantly in changes to 

enhancer chromatin accessibility. However, many of these changes have been mapped 

following knock-out or knock-down of protein expression over the course of days. Given 

that directed recruitment of SWI/SNF complexes results in very rapid alterations to 

chromatin (244), characterising changes following long term depletion runs the risk of 

detecting indirect effects. For this reason, we applied a rapid degron depletion system to 

study the changes to chromatin occurring following depletion of different subunits.  
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5.2 Chromatin Accessibility Changes Following Subunit Depletion 

Given the effectiveness of ATAC-seq as a means to monitor accessible chromatin, we 

applied this to study changes occurring upon depletion of SWI/SNF subunits. It was first 

important to establish that it was possible to generate reproducible ATAC data; good 

quality data was expected to have a high correlation coefficient between replicates of the 

same time point. In order to establish that ATAC data was highly correlated between four 

biological replicates, ATAC reads across a 127Mb region of Chr 8 were binned into 50bp 

windows. Across all windows, the correlation between repeats was > 0.90 (Figure 5.2A). 

This is comparable to the reproducibility reported previously (402).  A similar approach 

was then applied to cells subjected to auxin-mediated depletion of SWI/SNF subunits. 

The initial time series was selected based on the kinetics of protein depletion (Chapter 

3.3.2, page 71). When a similar analysis was applied to data following depletion, 

correlations in general remained high. This suggests that a large number of accessible 

sites do not significantly alter their accessibility following SWI/SNF depletion. However, 

replicates within a time point tended to be more closely correlated than replicates between 

time points (Figure 5.2B). Visualisation of a section of Chr 8 across the 0h time point 

replicates using the IGV software further supports reproducibility of the data (Figure 

5.2C) (404). 

In order to identify regions where ATAC signal changes specifically, ATAC-seq peaks 

were called using the software MACS2 (405). Differential sites were then determined 

using DiffBind (406). Following manual inspection of accessible peaks that were altered 

after two hours of subunit depletion, stringent cut-off criteria were chosen (FDR < 

0.00001 and fold change >2). It was notable that while using default cut-off criteria in 

DiffBind, many sites with increased ATAC-seq signal were detected following depletion 

of ARID1A or SNF5; most of these sites did not pass the more stringent selection criteria. 

In addition, the number of locations showing increased accessibility grows over the time 

course. This suggests that these effects may be indirect. Consequently, further analysis 

was only performed on the high-confidence regions of lost accessibility (Figure 5.3A and 

Figure 5.3B). The numbers of differential peaks identified following stringent selection 

is summarised in Table 5.1. Strikingly, in the case of ARID1A depletion, robust changes 

in accessibility were observed by one hour. At this time, ARID1A was degraded to 50% 

as determined by Western blotting, indicating that changes to chromatin accessibility 

occur rapidly following partial depletion. 
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In the case of PBRM1 depletion, far fewer differential peaks passed the stringent cut-off 

criteria, potentially as a result of lower read depth. Interestingly, a similar number of sites 

gained accessibility as lost accessibility. Additionally, during manual inspection, a third 

class of regions that were transiently lost at two hours and restored by twelve hours 

following PBRM1 loss was also observed (Figure 5.3C). However, this manual inspection 

of gained and transient peaks suggested most sites underwent only very subtle changes. 

Consequently, analysis was focused on sites of lost accessibility.  

To gain a better understanding of how regions of lost accessibility following 2h depletion 

of SWI/SNF components behaved over prolonged subunit depletion, the occupancy (read 

count) at these sites was determined across the whole time series. All occupancy values 

were normalised to the read count at 2h subunit depletion, and k-Means clustering was 

performed. The results of this analysis is presented in Figure 5.4, where red indicates sites 

of increased occupancy relative to the 2h time point.  

Following ARID1A depletion, four distinct sets of peaks emerged. In cluster 1, sites lost 

at 2h slowly regained some accessibility following increased absence of ARID1A. In 

contrast, peaks in cluster 2 further lost accessibility at 12h ARID1A depletion and 

retained this reduced occupancy at 72. Cluster 3 and 4 show similar decreased occupancy 

at 12h, with peaks in cluster 4 showing a stronger tendency for regenerating occupancy 

at 72h. 

Depletion of SNF5 generates short-term sites of lost accessibility that fall into 5 groups. 

Cluster 1 contains sites that show a strong reduction in ATAC-signal at 12h, but where 

occupancy is restored to the 2h levels by 72h. Sites in cluster 2 further decrease in 

accessibility at later time points, whilst sites in cluster 3 show a mild reduction in 

occupancy at 12h that recovers by 72h. Cluster 4 comprises sites that further lose 

accessibility over prolonged SNF5 depletion. In contrast, cluster 5 peaks slowly regain 

accessibility following later time points. 

Sites of lost accessibility following PBRM1 depletion rarely show further reduction in 

signal. Peaks within cluster 1 slowly regain accessibility at 12h, whilst peaks in cluster 3 

regain occupancy much more rapidly by 12h. Cluster 2 peaks are the slowest to respond, 

with most sites showing only slight increases in occupancy at 12h. The observation that 

accessibility is partially restored at certain sites of acute lost accessibility indicates that 

the cell employs secondary mechanisms to counteract the lost function of SWI/SNF. With 

the exception of PBRM1, these compensatory mechanisms tend to require more than 12 
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hours to be established. It is also evident that certain sites respond to SWI/SNF depletion 

with different kinetics. Certain loci lose accessibility very rapidly (within 2 hours), and 

this level of lost accessibility is maintained with prolonged SWI/SNF depletion. A second 

set of sites lose accessibility more slowly, reaching the greatest reduction in occupancy 

only after 12 or even 72 hours following subunit degradation.  

 

 

 

 

Figure 5.2 Analysis of ATAC-seq reproducibility. A) Representative correlation plot between two 

replicates taken at 0h. A section of chromosome 8 (3-130Mbp) was binned into 50bp windows, and the 

read counts within each bin were calculated for each replicate. Correlations were performed between 

replicates based on coverage across binned windows. A Pearson correlation coefficient (r) was determined 

for each pair-wise comparison. B) The average Pearson correlation coefficients for replicates between all 

time points. Green denotes highly correlated replicate sets; orange/red denotes more poorly correlated 

replicate sets. C) Representative genome tracks for replicates of the 0h time point for each depletion line. 

The same region 94,800-94,900 kb on chromosome 8 is depicted for each cell line. ARID1A depletion (top 

panel), PBRM1 depletion (middle panel), SNF5 depletion (lower panel). Sequencing tracks were viewed 

with the IGV software.  
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Table 5.1 Summary of differential peaks detected across all samples. 

 

Total number of 

differentially cleaved 

sites with respect to 

0h (FDR > 0.05) 

Number of high 

confidence sites losing 

accessibility following 

depletion 

Number of high 

confidence sites 

gaining accessibility 

following depletion 

1h ARID1A depletion* 48851 9201 1039 

2h ARID1A depletion 29857 8138 69 

12h ARID1A depletion 38175 9945 353 

72h ARID1A depletion 43380 9727 1130 

2h SNF5 depletion 21016 3424 9 

12h SNF5 depletion 32742 9479 178 

72h SNF5 depletion 42746 9061 2292 

1h PBRM1 depletion 10928 32 96 

2h PBRM1 depletion 40144 1160 1669 

12h PBRM1 depletion 36949 839 1053 

 

*these samples were prepared in a separate experiment to other ARID1A time points. At this 1h time point, 

cells had grown to a higher confluency before transposition, which may have affected chromatin 

architecture.  
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Figure 5.3 Different classes of altered chromatin accessibility are observed following depletion of 

SWI/SNF subunits. Sequencing tracks from three replicates across different time points were visualised 

using the IGV software. The chosen time points following protein depletion are depicted: 0h depletion 

(blue), 1h depletion (green), 2h depletion (purple) and 12h (red). All regions were sampled from 

chromosome 8. A) Changes to accessibility following ARID1A inactivation. Lost regions of accessibility 

following ARID1A depletion were observed almost exclusively. Sites of decreased accessibility were 

observed as early as 1h, and remained inaccessible at later time points. B) Changes to accessibility 

following SNF5 inactivation. Regions of lost accessibility following SNF5 depletion were predominantly 

observed. C) Changes to accessibility following PBRM1 inactivation. Three classes of altered accessibility 

were observed: lost regions (left panel), gained sites (middle panel), and transient sites (right panel) where 

accessibility was decreased at 2h and restored after 12h. 

 



102 

 

 

 

 

Figure 5.4 Sites of lost accessibility after two hours of SWI/SNF subunit depletion further alter 

accessibility over time. For each depletion line, the central 200 bp regions of lost accessibility peaks 

following 2h protein degradation were extracted. The number of reads within these 200 bp peak regions 

were obtained using the samtools bedcov utility for each time point (merged file from all four replicates). 

Read counts for each peak region were normalised to the 2h read count, and the resulting values log-

transformed (base 2). The data was clustered with Cluster 3.0 (k-Means clustering over 100 iterations), and 

visualised using java-Treeview (407,408). Red indicates increased occupancy (read count) with respect to 

the 2h timepoint; green indicates further decreased occupancy with respect to the 2h timepoint. Occupancy 

within lost peaks for ARID1A, SNF5 and PBRM1 clustered into 4, 5 and 3 groups respectively. 
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5.3 Classification of Changed Accessibility within Chromatin States 

To gain an initial impression of how sites of altered accessibility were distributed across 

genomic elements (as defined by Refseq), the ATAC-seq peaks were classified based on 

their presence at the following loci: promoter, 3’ UTR, 5’ UTR, exons, introns, intergenic 

region (potential enhancer or silencer regions). As depicted in Figure 5.5A, sites of 

accessibility are predominantly located at introns and intergenic regions, and these 

regions are similarly represented amongst the sites of lost accessibility following 2h 

SWI/SNF depletion. Additionally, sites of lost accessibility are observed at promoter 

regions at a lower frequency than non-changing sites, suggesting that promoter regions 

are less dependent on SWI/SNF for maintaining accessible chromatin. When looking at 

sites that gain accessibility after prolonged SWI/SNF depletion (Figure 5.5B), the 

distribution of ATAC-seq peaks is very similar to that of lost accessibility. 

A finer-grain model to delineate different genomic elements is to look at the patterns of 

co-occupancy of histone modifications and transcription factors; these models are termed 

chromatin state models, and have been generated for different organisms (26,27,409). For 

mESC, a 12-state chromatin model (Figure 5.6A) was obtained based on a limited number 

of chromatin modifications and transcription factors (410). These classifications 

demarcate enhancers and promoters, as well as repressed regions and those related to 

transcription. All accessible regions observed at the zero hour time point were mapped to 

the 12-state model to obtain the background frequency of accessibility in each state. This 

background distribution of accessible sites was almost identical for each cell line. For 

clarity, the average of these three background distributions is shown in Figure 5.6B. As 

expected, states relating to repressed chromatin and transcription are less populated by 

accessible sites. Following depletion of a SWI/SNF subunit, the sites of decreased and 

unaltered accessibility were separately interrogated. To ensure a fair comparison was 

made between the differential and non-differential peaks, only non-changing peaks with 

a peak width and read count similar to differentially called peaks were utilised. Mapping 

these non-differential regions to the chromatin states demonstrated that they are evenly 

distributed across the major chromatin subtypes (Figure 5.6C).  
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Figure 5.5 Distribution of ATAC-seq peaks across genomic elements. Sites of altered accessibility were 

mapped to genomic regions as classified by RefSeq. These regions include the 1000 bp immediately 

downstream of genes (Downstream), as well as potential enhancer or silencer elements (Intergenic). A) 

Distribution of ATAC-seq peaks that lose accessibility following 2h of SWI/SNF depletion; ARID1A 

(orange), SNF5 (blue) and PBRM1 (green). Non-changing peaks are shown in grey. B) Distribution of 

ATAC-seq peaks that gain accessibility following 72h of ARID1A (orange) or SNF5 (blue) depletion, of 

12h PBRM1 (green) depletion. Non-changing peaks are shown in grey. 

 

 

Chromatin states were only mapped for regions of altered accessibility at two hours, as 

this was the earliest time point at which all three depletion lines showed robust changes. 

Choosing this early time point is critical for the assessment of direct effects on chromatin 

architecture in response to subunit loss. Depletion of SNF5 and ARID1A resulted in 

nearly identical distributions of lost accessibility sites (Figure 5.6D and Figure 5.6E). This 

is in agreement with SNF5 being predominantly incorporated in the BAF complex, which 

is the most abundant SWI/SNF subtype. Strikingly, regions of lost accessibility following 

BAF destabilisation largely occurred within the enhancer-related states; indeed 60% of 

all less accessible sites were present at some form of enhancer. In contrast, very few 

decreased sites were observed at promoters, indicating BAF functions primarily at 

enhancer regions. Additionally, repressed chromatin and heterochromatin were also 

enriched at sites of reduced accessibility. This suggests that BAF plays a role in 

maintaining a degree of open-ness at these regions. 

The regions of decreased accessibility following PBRM1 depletion were somewhat 

enriched at regular and weak/poised enhancers, reminiscent of what was observed for 

ARID1A and SNF5 loss (Figure 5.6F). Additionally, lost accessibility was more likely to 
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occur at repressive chromatin and at regions linked to transcriptional transition. As 

Polycomb complexes are primarily linked with repressive, H3K27me3-marked 

chromatin, these findings agree with work demonstrating SWI/SNF opposes Polycomb 

action (151,244,249). The transcriptional transition state comprises regions of the gene 

body proximal to the transcriptional start state, and may be related to promoter proximal 

pausing of RNA polymerase II (27). Consequently, loss of accessibility at these regions 

suggests that PBAF is involved in maintaining open chromatin at the start of actively 

transcribed genes (411). 

 

 

 

Figure 5.6 Distribution of chromatin accessibility across chromatin states. The 12th state, 

corresponding to repeat regions and those with low signal was omitted from the charts, as no ATAC-seq 

reads mapped to this state. A) Overview of chromatin marks and transcription factors utilised to build the 

12-state chromatin model. Guifeng Wei (https://github.com/guifengwei/ChromHMM_mESC_mm10) 

generated the 12-state model, and the image from which this figure was adapted. B) Average distribution 

across chromatin states of all accessible regions determined at 0h across all three cell lines. C) Average 

distribution across chromatin states of non-changing sites of accessibility. The number of non-changing 

sites were normalised to the number of 0h sites in a given state. Average distribution across chromatin 

states for sites losing accessibility 2 hours after (D) SNF5 depletion, (E) ARID1A depletion, and (F) 

PBRM1 depletion. In all cases, the number of lost sites were normalised to the number of 0h sites in a given 

state. 

 



106 

 

 

 

5.4 Correlation of Sites of Altered Accessibility with Localisation of 

Transcription Factors and Chromatin Marks 

Mapping changes in chromatin accessibility to different chromatin states provides an 

initial, more coarse-grained picture of where SWI/SNF may be acting. It is, however, of 

interest to look deeper at the factors associated with chromatin at these sites of altered 

accessibility. This would provide further insight into why inactivation of SWI/SNF 

components acts at certain genomic elements, and may provide clues as to its functional 

significance. One manner in which to interrogate which factors are associated with sites 

of altered accessibility is to search for DNA sequence motifs present in the differential 

peaks. To achieve this, the MEME-ChIP suite of software was used to identify enriched 

DNA sequence motifs (412). An example of the MEME output is shown in Figure 5.7A. 

To assess the correlation between these sequences and ATAC-seq changes further, the 

enrichment of high scoring motifs was compared between sets of matched changing and 

non-changing ATAC peaks.  

From the MEME analysis, two particular features of the detected motifs were apparent. 

Firstly, sequences underlying regions of lost accessibility following loss ARID1A, SNF5 

or PBRM1 often housed binding sites for the master pluripotency regulators SOX2, 

OCT4 and NANOG. These factors play a major role in maintaining the pluripotent 

landscape of ES cells. Alongside these regulators, motifs for KLF4, ZIC3, SALL1, 

ZNF281, SP5, TFCP2, SMAD2, TR2 (NR2C1) and TYY1 were also often observed at 

ATAC peaks.  

FIMO software was subsequently used to interrogate whether the consensus binding 

motif for the transcription factors listed above was present at differentially accessible 

regions (413). A comparison of the percentage of ATAC-seq regions containing at least 

one transcription factor binding site (TFBS) is provided in Figure 5.7B and Figure 5.7C.  

Across changing and non-changing sites observed after ARID1A or SNF5 depletion, the 

transcription factors investigated fell into two categories. The first set comprised 

NANOG, SOX2 and OCT4, which were more than five times more likely to co-occur 

with sites of lost accessibility than the SWI/SNF-independent peaks. The second set of 

transcription factors showed little preference for TFBS to co-occur at sites of lost 

accessibility. Analysis of sites with decreased accessibility following PBRM1 depletion 

shows little enrichment for any of assessed transcription factors. 
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The second feature returned from MEME analysis was a set of sequences that were 

enriched in both the non-changing and changing regions, consisting of poly(dA:dT) tracts 

(Figure 5.7D). These sequences have previously been reported to destabilise the 

formation of nucleosomes (414). It is possible that nucleosomes assembled on 

poly(dA:dT) tracts are particularly sensitive to removal by SWI/SNF complexes (415). 

These homopolymeric sequences were observed with equal frequency in changing and 

non-changing regions, and similar frequency between cell lines. In addition to returning 

AT-rich sequences, MEME-analysis indicated a poly(dC) tract was highly enriched at 

sites that lost accessibility following depletion of all subunits (Figure 5.7E); at least 40% 

of the interrogated sequences harboured this C-rich motif. As GC-rich sequences are 

supposed to favour nucleosome formation, these findings suggest a role of SWI/SNF in 

preventing  nucleosome formation at these elements (416). 

 

 

 

 

 

 

 

 



108 

 

 

 

 

Figure 5.7 MEME analysis returns pluripotency related transcription factor binding motifs, and 

homopolymeric tracts. A) MEME-ChIP was performed on sites of changing accessibility following 

SWI/SNF depletion. All three depletion lines were enriched for pluripotency factors. A representative 

MEME-output is shown for the SOX2 and NANOG binding motif. B) Comparison of motif occupancy at 

sites of lost accessibility following depletion of ARID1A or SNF5. FIMO was used to interrogate the 

sequences of chosen transcription factors across changing and non-changing regions. The percentage of 

analysed ATAC-seq sites containing at least on transcription factor binding site are shown for non-changing 

sites (grey), and regions of decreased accessibility 2 hours after depletion of ARID1A (orange) or SNF5 

(blue). C) Comparison of motif occupancy at sites of lost accessibility following depletion of PBRM1. 

FIMO was used to interrogate the sequences of chosen transcription factors across changing and non-

changing regions. The percentage of analysed ATAC-seq sites containing at least on transcription factor 

binding site are shown for non-changing sites (grey), and regions of decreased accessibility 2 hours after 

depletion of PBRM1 (green).  
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Figure 5.7 continued. D) MEME-ChIP was performed on sites of unchanged and changing accessibility. A 

representative MEME output for a poly(dA) tract sequence observed at both non-differential regions and 

sites of lost accessibility following depletion of SWI/SNF subunits is depicted. The MEME output for E-

value and number of sites are detailed in the table below, along with the calculated motif enrichment score 

within the number of sequences scanned. E) MEME-ChIP was performed at sites of lost accessibility 

following subunit inactivation. A representative MEME output for a poly(dC) tract sequence observed only 

at sites of decreased accessibility is shown. The MEME output for E-value and number of sites are detailed 

in the table below, along with the calculated motif enrichment score within the number of sequences 

scanned. 

 

 

The presence of a TFBS does not necessitate binding by a transcription factor; it is these 

bound sites that are functionally relevant. It is important to understand to what extent sites 

of lost accessibility, following subunit depletion, overlap with regions bound by the 

transcription factors highlighted in the MEME analysis. To this end, chromatin 

immunoprecipitation (ChIP) sequencing data for a range of transcription factors and 

chromatin marks in mESC was downloaded from the GEO database (417,418). The raw 

data was processed in the same manner as ATAC-seq data, and ChIP-seq peaks were 

called using MACS2.  
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The overlap of ATAC-seq sites with ChIP signal for various factors is demonstrated in 

Figure 5.8. To ensure that changes in accessibility were due to a direct loss of SWI/SNF 

action, these sites were compared to sites known to bind BRG1. As anticipated, known 

SWI/SNF binding sites were enriched at sites that lost accessibility following subunit 

depletion. However, the enrichment lies at a modest 10% of ATAC-seq peaks overlapping 

BRG1 sites. Conversely, only about 10% of all BRG1 sites overlap with ATAC signal. 

This is predominantly due to the mediocre quality of the BRG1 ChIP-seq data, which 

may be attributed to the transient nature of BRG1-DNA interactions. If residence times 

for the SWI/SNF complex at sites of action are short, they will not be adequately captured 

during the ChIP, resulting in reduced signal and failure to call peaks at these regions. In 

comparison to non-changing sites, regions of lost accessibility following ARID1A or 

SNF5 depletion also show a marked overlap with the four pluripotency factors; strikingly, 

almost 50% of less accessible sites occurred at regions bound by NANOG.  

The comparison of ATAC-seq overlap with transcription factors and chromatin marks is 

also in agreement with the results obtained from mapping lost sites to chromatin states. 

For example, sites of lost accessibility fell predominantly within enhancer states, and 

these sites also highly overlapped with markers of enhancer regions: p300, H3K4me1 and 

H3K27ac (Figure 5.9). These sites also show overlap with BRG1 occupancy, indicating 

that SWI/SNF directly acts upon this locus. Neighbouring non-changing sites of 

accessibility may still co-localise with enhancer marks, but do not overlap with 

pluripotency markers or BRG1 (Figure 5.9).  

In contrast, promoter and CTCF sites were rarely affected by loss of ARID1A or SNF5; 

this is reflected by the reduced co-occupancy of ATAC-seq sites with CTCF, RAD21 or 

H3K4me3 (Figure 5.8). Sites of decreased accessibility following PBRM1 depletion 

mimic those observed for ARID1A and SNF5 loss, only in a less robust manner. This is 

most likely due to a combination of the lower abundance of PBAF complexes and the 

lower read depth of these samples. Consequently, the changes in accessibility are less 

pronounced and the signal-to-noise is lower.  
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Figure 5.8 Co-occurrence of transcription factors and chromatin marks with sites of decreased 

accessibility following SWI/SNF depletion. The overlap between the ATAC peak with the factor was 

determined using the function bedtools intersect, with the following parameters: ATAC-peak (-a) and 

chromatin factor (-b). The number of overlapping peaks was divided by the total number of ATAC-peaks, 

to obtain the percentage overlap of ATAC-peak and factor. The odds ratio between differential and non-

differential sites were calculated for overlap with each transcription factor (odds ratio given above each 

TF). A) Sites of lost accessibility following 2 hours of ARID1A depletion (orange) and non-changing sites 

(grey) were overlapped with ChIP signals for a range of transcription factors and chromatin marks. B) Sites 

of lost accessibility following 2 hours of SNF5 depletion (blue) and non-changing sites (grey) were 

overlapped with ChIP signals for a range of transcription factors and chromatin marks. C) Sites of lost 

accessibility following 2 hours of PBRM1 depletion (green) and non-changing sites (grey) were overlapped 

with ChIP signals for a range of transcription factors and chromatin marks. 
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Figure 5.9 Sites of lost accessibility following ARID1A depletion frequently occur at sites occupied by 

enhancer marks and pluripotency factors. The sequencing tracks for ARID1A before (dark blue) and after 

(green) depletion were visualised with the IGV along with ChIP data obtained from the GEO database. 

Sites of accessibility (both lost and non-changing) often co-localise with known BRG1 (grey) binding sites, 

indicating the BAF complex acts at these regions. The pluripotency factors NANOG (red) and SOX2 

(purple) frequently occupy regions of chromatin that lose accessibility following ARID1A depletion. The 

typical enhancer marks H3K27ac (teal) and p300 (bright blue) are found at both sites of lost accessibility 

and unchanged accessibility. 

 

 

5.5 Cells Remain Pluripotent Following Loss of SWI/SNF Components 

Since there was considerable overlap between sites of lost accessibility following 

SWI/SNF depletion and the pluripotency factors, it seemed possible that the ability of 

SOX2, OCT4 or NANOG to activate target genes might be compromised. This might in 

turn compromise pluripotency. As a first route towards assessing this, cells were 

monitored for stemness markers. If regions of lost accessibility prevented SOX2, OCT4 

or NANOG from activating target gene expression, a loss of pluripotency could be 

expected. Cells were stained for alkaline phosphatase (ALP) following three days of 

SWI/SNF depletion. As demonstrated in Figure 5.10 (upper panels), non-induced cells 

expressing all SWI/SNF subunits formed tight colonies and stained pink for ALP, 
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suggesting these cells were pluripotent. Similarly, cells depleted for SWI/SNF 

components (Figure 5.10, lower panels) stained positive for ALP. PBRM1 depleted cells 

formed tight colonies, and were morphologically similar to wild-type cells. In contrast, 

loss of ARID1A or SNF5 results in less compact colonies. This suggests that BAF 

complexes may be involved in regulating cell adhesion. SNF5-depletion was 

demonstrated previously to result in attenuated cell growth, which is reflected by the 

small size of the colony (Figure 5.10, lower right panel).  

 

 

 

Figure 5.10 Alkaline phosphatase staining of cells depleted for SWI/SNF components. Cells were 

seeded at low density and left to adhere for 48 hours. Subsequently cells were treated with 1-

naphthaleneacetic acid (NAA) to induce depletion of SWI/SNF subunits, and left for a further 72 hours. 

Cells were briefly fixed, prior to staining for alkaline phosphatase (pink). Non-induced cells (upper panels) 

formed tighter colonies than cells induced for SWI/SNF subunit depletion (lower panels). 
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To further characterise the pluripotency of the cells following SWI/SNF depletion, the 

core pluripotency markers SOX2, OCT4, KLF4 and NANOG were assessed by Western 

blotting across the full time course. As shown in Figure 5.11, the levels of all four factors 

remained stable following PBRM1 depletion. It was noted that NANOG expression was 

consistently lower in the PBRM1-tagged cell line, but this did not seem to pre-dispose 

the cells for differentiation as others have suggested (419). Following loss of ARID1A or 

SNF5, OCT4 and SOX2 levels are somewhat reduced by 72 hours. This suggests a 

gradual loss of critical pluripotency factors after BAF depletion, and may explain the 

observation that these cells fail to form compact colonies.  

 

 

 

Figure 5.11 Depletion of SWI/SNF subunits does not markedly affect expression of pluripotency 

factors. Cells were treated with auxin for up to 72 hours, to establish short-term and long-term effects of 

SWI/SNF depletion. The band-shift observed for ARID1A (lane 1) and PBRM1 (lane 6) at 0h reflects the 

slower mobility due to the mAID-GFP tag. ACTIN was used as a loading control.    
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5.6 Depletion of BAF Components Affects Differentiation Capability 

In order to be classed as pluripotent, the cell must be able to differentiate into different 

germ layers. One manner in which to impart a general differentiation signal onto mESC 

is to remove the leukaemia inhibitory factor (LIF) from the culture medium. Figure 5.12 

depicts the changes to cell morphology observed following induction of differentiation in 

the presence of SWI/SNF components, and following depletion of SWI/SNF subunits. 

Cells grown under normal conditions formed tight colonies, as was expected for 

pluripotent and self-renewing cells (Figure 5.12A). In the presence of LIF, PBRM1-

depleted cells showed no morphological alterations while loss of ARID1A or SNF5 

resulted in lower cell density (Figure 5.12B). This is consistent with the reduced growth 

of these cells in the presence of auxin (Chapter 3.3.2, Figure 3.12). 

Following removal of LIF, all cell lines grown in the absence of auxin showed a 

proportion of cells with an elongated morphology which is consistent with differentiation 

(Figure 5.12C). In addition, the ARID1A- and SNF5- tagged lines smaller clusters of cells 

were observed. The basis for this variation is not clear and it may be that there is some 

variation cell morphology following LIF removal for different clones of untagged cells. 

Alternatively, it is possible that the introduction of tags causes a mild phenotype in the 

absence of auxin. Next, the effect of combining auxin depletion with LIF removal was 

assessed. Depletion of PBRM1 following LIF withdrawal did not further alter the cell 

morphology; they remained flattened and elongated (Figure 5.12D). Removal of ARID1A 

or SNF5 under LIF resulted in a reduced number of cells with elongated morphology 

(Figure 5.12D). This would be consistent with a defect in differentiation. For both of these 

lines, many cells noticeably detached from the surface of the dish during culture. This is 

likely to reflect increased cell death during differentiation.   

One possibility for the stressed, more rounded morphology observed when BAF 

components are depleted following LIF withdrawal is that the cells fail to commit 

properly to differentiation. To assay this, the transcript levels of common markers for 

pluripotency and early differentiation were analysed (Figure 5.13). Following removal of 

LIF, levels of pluripotency factors are anticipated to be reduced. For the majority of 

markers selected this was indeed observed. Following depletion of ARID1A, the 

downregulation of FBX15, KLF4 and to a lesser extent NANOG were all reduced (Figure 

5.13A and Figure 5.13C), consistent with a defect in escaping the pluripotent state. In 

comparison, depletion of PBRM1 had very little effect, consistent with the morphology 
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of these cells during differentiation. In the case of SNF5 depletion, FBX15 and KLF4 

expression was observed to increase in comparison to cells in which SNF5 was not 

depleted. A failure to repress OCT4 was also observed, even in the absence of auxin 

(Figure 5.13C). The reason for this is unclear and will require further investigation. 

Overall, the measurement of expression for markers of pluripotency indicates that 

depletion of ARID1A and SNF5 result in a failure to efficiently repress FBX15 and KLF4, 

which may reflect a defect in exit from the pluripotent state. 

 

 

Figure 5.12 Depletion of SWI/SNF subunits affects the ability of cells to differentiate. Cells were 

imaged on an Evos microscope using the transillumination setting at 60% intensity on a 10x magnification. 

The width of each panel is equivalent to 455um. Cells were seeded at low density directly into medium 

without LIF (where applicable) and/or NAA (where applicable) and grown for 72 hours. A) Cells cultured 

under normal conditions in the presence of LIF. B) Cells cultured in the presence of LIF, and induced with 

NAA for SWI/SNF subunit depletion. C) Cells culture in the absence of LIF. D) Cells cultured in the 

absence of LIF, and induced with NAA for SWI/SNF subunit depletion. 
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Next expression of selected markers for differentiation were studied. Following depletion 

of SNF5 or ARID1A, the increase in expression of both FGF5 and DNMT3B transcript 

levels were both reduced (Figure 5.13D and Figure 5.13F). This is consistent with a lower 

proportion of cells exhibiting the elongated cell morphology. In contrast, following 

depletion of PBRM1, the induction of expression of these differentiation markers was 

similar to that observed without depletion (Figure 5.13E). Consequently, this could reflect 

a scenario where cells are unable to properly self-renew due to the induction of FGF5 and 

DNMT3B, but are equally unable to fully differentiate due to prevailing levels of 

pluripotency-enhancing factors. 
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Figure 5.13 Analysis of transcript levels for pluripotency and differentiation markers following LIF 

withdrawal and SWI/SNF inactivation. Cells were seeded at low density directly into medium without 

LIF, in the presence (grey) or absence (orange) of NAA, and grown for 72 hours. mRNA expression levels 

for cells were normalised to cells grown under standard culture conditions. The mean of three technical 

replicates is shown, with the relative percentage of mRNA labelled above each bar. A) Changes in transcript 

levels for pluripotency factors following ARID1A depletion. B) Changes in transcript levels for 

pluripotency factors following PBRM1 depletion. C) Changes in transcript levels for pluripotency factors 

following SNF5 depletion. D) Changes in transcript levels for differentiation markers following ARID1A 

depletion. E) Changes in transcript levels for differentiation markers following PBRM1 depletion. F) 

Changes in transcript levels for differentiation markers following SNF5 depletion. 
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5.7 Discussion  

One of the most striking aspects of the ATAC-seq analysis was the speed with which 

chromatin accessibility was altered. One hour following subunit depletion, sites were 

already beginning to lose accessibility. This is particularly noteworthy as the depletion 

kinetics indicated approximately 50% of the target protein remained at this time. By two 

hours, the subunit was maximally depleted and sites of lost accessibility were robustly 

identified. At this early stage, high-confidence regions of altered accessibility only 

encompassed sites of lost accessibility. Only after prolonged depletion of ARID1A or 

SNF5 did some regions of gained accessibility emerge. This is supported by ChIP-seq 

studies on ARID1A-null cells, which also show a predominant loss of SWI/SNF binding 

(169). However, other work investigating the effects of ARID1A knock-out by ATAC-

seq demonstrated that one quarter of all changing sites resulted in increased accessibility 

(170). In these studies, the knock-out cells will have adapted to depletion of ARID1A 

over many days. This raises the possibility that indirect changes occur as a result of major 

changes to cell programming resulting from, in this case, ARID1A loss. Of particular 

interest here are regions that gain accessibility following ARID1A depletion. It is notable 

that the regions of increased accessibility identified by Kelso et al do not coincide with 

ChIP (170). In addition, as we observe these accumulating later time, it seems likely that 

these regions of increased accessibility represent regulatory elements activated indirectly 

in response to loss of ARID1A. However, it is difficult to formally exclude that they result 

from a kinetically slower form of chromatin alteration that only requires transient 

SWI/SNF action.  

Related work investigating the role of BRG1 mutants on chromatin architecture also finds 

a number of sites of gained accessibility. In this work, 10% of changing peaks were 

classed as increasing following lentiviral expression of ATPase mutants (250). A 

proportion of these sites are also hypothesised to be indirect, as the time scale of these 

experiments was 72 hours. Nonetheless, it is possible that a subset of these sites of 

increased accessibility are direct consequences of SWI/SNF mis-targeting. This would 

agree with the results present herein, whereby loss of PBRM1 generates some newly 

accessible regions within two hours. Furthermore, following interferon gamma treatment 

of PBRM1-depleted melanoma cells, a higher proportion of sites gained accessibility than 

lost accessibility (420). This argues that in the case of PBRM1 loss, increases in 

chromatin accessibility at certain loci can be a direct consequence.  
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The clear enrichment of sites losing accessibility within enhancers is in full agreement 

with the current literature. ARID1A, BRG1 and SNF5 have all been implicated in 

targeting BAF complexes to enhancers, where SNF5 is thought to interact with p300 and 

therefore lead to enhancer activation through facilitating H3K27 acetylation (169,421). 

In human embryonic stem cells, BRG1 is thought to play an opposite role by restricting 

H3K27ac at enhancers bound by SWI/SNF (259). It is of interest that super-enhancer 

elements (clusters of enhancers strongly marked by H3K27ac and transcription factors 

(15)) seem to be unresponsive to SNF5 depletion (248). None of the above SWI/SNF 

subunit depletions showed an enrichment for sites of lost accessibility in the strong 

enhancer chromatin state agreeing with these findings. This suggests that in the event of 

SWI/SNF destabilisation the remaining complexes are preferentially targeted to these 

loci, or that additional factors are redundant at these sites. SWI/SNF complexes are known 

to be strongly required at lineage-related enhancers that are important for differentiation 

and development (261). At these enhancers, BRG1 has been proposed to generate 

accessibility for transcription factor binding (255). Consequently, the ability of SWI/SNF 

to reconfigure chromatin at enhancers is fundamental to ensuring proper gene regulation. 

From the chromatin state analysis, an enrichment of lost accessibility was observed at 

heterochromatin and repressive states. These states were characterised by H3K9me3 and 

H3K27me3 respectively. Surprisingly, overlap of ATAC-seq sites and ChIP data for these 

two histone modifications was minimal. This may be due to differences in the ChIP data 

used in this study from those used to generate the chromatin state map. To further clarify 

whether sites of lost accessibility are truly enriched at silenced or repressed chromatin, 

we propose generating our own ChIP-seq data.    

Following MEME analysis, certain motifs were returned that consist of successive runs 

of the same base. Rather than being a transcription factor binding site, these may well be 

sequences that disrupt chromatin structure by destabilising nucleosomes. Studies 

interrogating the effects of DNA sequence on chromatin have mainly been restricted to 

yeast, and remains a controversial subject. Initial studies suggested that poly(dA:dT) 

tracts facilitated transcription, potentially due to a restriction in nucleosome formation at 

these regions (422). Reconstituting nucleosomes in vitro on poly(dA:dT) templates 

reveals a bias against assembly on these sequences (423). This has been attributed to 

structural properties of A-T rich segments, such as a smaller helical periodicity that 

disfavour wrapping around histone octamers (414,424). Poly(dA:dT) tracts are often 

present at yeast promoters, where they could help maintain the nucleosome-free region 
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(NFR)(425). More recent work investigating the causality of poly(dA:dT) and NFR is of 

divided opinion. Kornberg and co-workers suggest that the mere presence of AT-rich 

DNA does not destabilise nucleosomes. Rather, chromatin remodelling factors, such as 

RSC, are stimulated by these sequences and in turn remodels chromatin (415). In contrast 

work in the Segal laboratory shows that altering the length and sequence of poly(dA:dT) 

tracts can alter nucleosome organisation (426). 

 In addition to AT-rich sequences impacting chromatin structure, GC-rich regions may 

also play a role in nucleosome stabilisation (416). Although GC-rich sequences are 

primarily thought to favour nucleosome occupancy, there are cases where the opposite 

holds true. Long NFRs (larger than 100bp) are characterised either by GC or AT repeats 

(427). Additionally, GC-rich motifs in the NFR of promoters are believed to affect RSC 

function and lead to removal of nucleosomes in this region (428,429). Taken together, 

this suggests some basis for sequence determination of nucleosome stability and action 

of chromatin remodellers. Analysis of different chromatin remodelling complexes in 

Drosophila indicates that different classes of remodeller have opposing effects. In 

particular, (P)BAP complexes were required to maintain nucleosome occupancy at 

regions with unfavourable DNA sequence (65). These findings do not correlate well with 

respect to the sequences detected using MEME; homopolymeric tracts were observed at 

sites that lost accessibility following SWI/SNF inactivation. This suggests increased 

deposition of nucleosomes at unfavourable sites following loss of SWI/SNF. Nonetheless, 

these findings implicate DNA sequence, as well as transcription factor binding motifs, in 

determining which regions rely on functional SWI/SNF to remain accessible. 

The increased co-occurrence of pluripotency related factors and sites of lost accessibility 

indicates that SWI/SNF destabilisation, particularly of the BAF subtype, has wide-

reaching implications on the pluripotency transcriptional programme. The so-called 

‘master transcription factors’ of mESC, SOX2, OCT4 and NANOG, are commonly 

observed to bind at the same loci, particularly at enhancers and super-enhancers (15,430). 

Mouse ESC are surprisingly sensitive to the levels of OCT4 and SOX2, where two-fold 

increases or decreases in these factors induces differentiation (431-433). SOX2 and OCT4 

are integral components of a core transcriptional network that also consists of KLF4 and 

NANOG. A particular feature of this network is the great extent to which these 

pluripotency components are regulated; either in an auto-regulatory manner, or by action 

of one member on another (434). Additionally, the SWI/SNF complex is another 



122 

 

 

 

component of this circuitry, frequently co-localising with OCT4, SOX2 and NANOG 

(265).  

As OCT4 and SOX2 are pioneer factors, they are able to recognise and bind partial motifs 

on nucleosomes in heterochromatin (435). One manner in which binding of these pioneer 

factors to silenced chromatin can result in chromatin restructuring would be through the 

recruitment of chromatin remodellers. Indeed, OCT4 is capable of recruiting BRG1 to its 

target genes, where BRG1-containing complexes remodel nucleosomes to increase 

chromatin accessibility (436). Furthermore, depletion of ARID1A or BRG1 results in 

cells that fail to differentiate properly, but also fail to self-renew (70,162). This indicates 

that the failure of residual SWI/SNF complexes to maintain open chromatin, particularly 

at enhancers, results in an inability of pluripotency factors to activate the genes required 

for continued self-renewal. These residual complexes are hypothesised to be incapable of 

inducing open chromatin at lineage-specific enhancers required during differentiation 

programmes, resulting in cells that are stuck in a quasi-pluripotent state.     

To examine this hypothesis, the expression of markers of pluripotency was monitored 

over a period of 72 hours following depletion of SWI/SNF subunits. Both alkaline 

phosphatase staining and Western blot for known markers indicated that the depleted cells 

retained pluripotent characteristics. In embryonic stem cells, the pluripotent state involves 

retaining the potential for expression of diverse linage specific gene expression 

programmes. It is possible that the regions of lost chromatin accessibility, observed 

following depletion of ARID1A or SNF5, are required for subsequent differentiation 

rather than to maintain pluripotency. To investigate this, cells were allowed to 

spontaneously differentiate following removal of LIF. A reduction in the ability of cells 

to transition to an elongated morphology typical of heterogeneous differentiation was 

observed. In addition, the induction of expression of markers of differentiation was also 

detected. This is in agreement with experiments conducted in hESC, where depletion of 

SNF5 resulted in cells that failed to differentiate and demonstrated high expression of 

OCT4 and NANOG (260). In summary, these observations are consistent with a failure 

of cells to escape the pluripotent state, and a defect in differentiation following loss of 

ARID1A or SNF5. Further, insight into the nature of these defects would be gained from 

a more comprehensive analysis of how transcription is affected.  
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6 Chapter Six. Alternative Methods to Determine 

SWI/SNF Binding 

6.1 Introduction 

The most common method to study where proteins bind the genome is chromatin 

immunoprecipitation followed by sequencing (ChIP-seq). This technique has proven to 

provide profound insight into many transcription and chromatin related processes as it 

directly reports on the sites bound by the target proteins. Typically the technique involves 

cross-linking of the protein of interest to DNA, followed by IP against the target. Despite 

working well for certain proteins, notably histones, components of SWI/SNF have proven 

difficult to characterise by ChIP. Existing datasets obtained by ChIP using antibodies 

against SWI/SNF complex components, and components of other ATP-dependent 

chromatin remodelling enzymes, are typically not of the highest quality (437).  The 

association of chromatin remodelling enzymes with chromatin is likely to be considerably 

more dynamic than, for example, histones. Fluorescence photobleaching supports the 

notion that association of remodelling enzymes with chromatin is transient (438). The use 

of a catalytically inactive form of the ATPase has been used to improve recovery by ChIP, 

however this approach has the limitation that the mutation could alter the distribution of 

the enzyme (439). As a result improvements to ChIP have the potential to greatly improve 

the quality of data obtained for remodelling ATPases. The use of long range cross-linkers 

and the development of reagents and protocols for amplification of DNA from very low 

quantities of starting material have led to improvements in some recent conventional ChIP 

datasets. However there is a need for new approaches that provide a qualitative 

improvement in the data reporting on the localisation of dynamic DNA binding proteins. 

 Recently chromatin endogenous cleavage (ChEC) and chromatin immunocleavage 

(ChIC, later termed Cut&Run when coupled to sequencing) have been proposed as novel 

approaches to achieve high quality datasets. Both capitalise on the calcium-inducible 

nature of micrococcal nuclease (MNase), an endo-exo nuclease from Staphylococcus 

aureus (440,441). A schematic for ChEC-seq and Cut&Run is provided in Figure 6.1.  
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Figure 6.1 Chromatin endogeneous cleavage (ChEC) and Cut&Run. A) ChEC requires MNase to be 

fused to the protein of interest (POI) via a flexible linker. Following permeabilisation, calcium is added to 

activate MNase, which in turns cleaves DNA in proximity of its tethering site. Isolation and sequencing of 

the resulting short DNA fragments allows the binding site of the POI to be determined. B) Cut&Run works 

by extracting nuclei and adding an antibody against the POI. Protein A (pA) is fused to MNase and added 

to the the nuclei, allowing MNase to be recruited to the target protein. Following addition of calcium to 

activate MNase, short DNA fragments are liberated that can be sequenced to allow determination of the 

protein binding site.  

 

 

For ChEC, MNase is fused directly to the target protein via a flexible linker. Under 

physiological conditions, the concentration of calcium within the cell is too low to 

activate MNase so DNA damage is not expected in vivo (442). Following permeablisation 

of the cells and addition of calcium, MNase can cleave DNA close to the target protein 

binding site. Isolation and sequencing of these liberated DNA fragments can allow the 

precise determination of where the target protein binds the genome. As ChEC is antibody-

independent, there are no problems associated with antibody quality or epitope masking. 

Additionally, ChEC is performed under native conditions, and provides much higher 

resolution than ChIP-seq. Another advantage of ChEC-seq is that is allows kinetic 

analysis of how the target protein binds chromatin, dependent on the duration of exposure 

to calcium (346).  The high quality of data obtained using ChEC has revealed that SAGA 
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histone acetyltransferase and TFIID complexes are localised to nearly all promoters rather 

than subsets as thought previously (443,444). The major drawback to ChEC is the need 

for endogenously tagging proteins of interest, and to date it has only been described for 

yeast cells. 

Cut&Run, just like conventional ChIP, relies on an antibody against the target protein. 

By fusing MNase to protein A, the nuclease is recruited to proteins that are bound by their 

corresponding antibody. Upon activation of MNase, the DNA in close proximity to the 

target protein is cleaved. As the MNase is tethered to the target protein via the protein A, 

small DNA fragments are expected to be generated proximal to the protein binding site. 

These small fragments can then be sequenced to determine the exact binding location of 

the target protein. One advantage of Cut&Run over ChIP is that it can be performed 

without cross-linking, thereby circumventing fixation artefacts. Furthermore, recent work 

by Henikoff and co-workers in both yeast and human cells, indicated that Cut&Run had 

very low background and high dynamic range in comparison to conventional ChIP (345). 

However, the limitations to Cut&Run are the requirement for a good quality antibody and 

the possibility of epitope masking, particularly if the target protein is part of a larger 

complex. Additionally, the experimental design requires more manipulation of the sample 

in comparison to ChEC. However, Cut&Run has been successfully employed in both 

yeast and mammalian cells. In human cell lines, Cut&Run has enabled the distribution of 

CENP-A on α-satellite sequences to be determined, as well as detailing the binding sites 

of SWI/SNF subunit BCL11A in erythroid cells (445,446). 

 

6.2 ChEC-seq does not Detect SWI/SNF Binding 

ChEC-seq was initially trialled using targeting to the SNF5 subunit. To this end two SNF5 

constructs were generated using CRISPR/Cas9, one to fuse MNase directly to SNF5 and 

the second to place a ribosomal skipping sequence (P2A) between MNase and SNF5. The 

second cell line would serve as an MNase control, where MNase is expressed at similar 

levels as SNF5-MNase but is not specifically targeted to chromatin. The targeted cleavage 

around the fusion protein binding site would be expected to generate smaller DNA 

fragments, respresenting the binding profile, rather than random, untargeted cleavage 

throughout the genome. An initial time course investigating the kinetics of digestion for 

SNF5-targeted and free MNase indicated that the targeted MNase is more efficient at 

cleaving DNA (Figure 6.2). With prolonged exposure to calcium, SNF5-MNase cleaves 
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chromatin into mono- and di-nucleosomes, with some larger nucleosomal fragments. In 

contrast, untargeted MNase demonstrated little cleavage of DNA. However, 

quantification of the amount of cleaved DNA was hampered by difficulties in obtaining 

even loading on agarose gels, and the lower DNA yields from free MNase samples.  

 

 

 

Figure 6.2 SNF5-targeted MNase cleaves DNA more efficiently than untargeted MNase. Cells bearing 

free, untargeted MNase or SNF5-targeted MNase were incubated with calcium. SNF5-targeted MNase was 

capable of cleaving DNA more efficiently than its untargeted counterpart. Digestion by MNase tended to 

yield nucleosomal fragments. 
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Following from these promising results, three other SWI/SNF subunits were tagged with 

MNase: ARID1A, BRG1 and PBRM1. As previously observed, incubation of these cell 

lines with calcium suggested preferential cleavage of DNA by targeted MNase rather than 

untargeted MNase (Figure 6.3). Although even loading was difficult to achieve, ARID1A 

was least efficient at targeting MNase to chromatin, as evidence by the weak nucleosomal 

ladder after one hour of calcium incubation. In contrast, both BRG1 and PBRM1 

efficiently targeted MNase and resulted in DNA cleavage within 20 minutes. However 

similar cleavage patterns, albeit to a weaker extent, are observed in most non-calcium 

treated controls, suggesting MNase may be active in a calcium-independent manner. 

 

 

 

Figure 6.3 Targeted MNase cleaves DNA more efficiently than untargeted MNase. Cells harbouring 

untargeted MNase, ARID1A-MNase, BRG1-MNase or PBRM1-MNase were incubated with calcium. In 

all cases, targeted MNase was capable of cleaving DNA more efficiently than its untargeted counterpart. 
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Digestion by MNase tended to yield nucleosomal fragments.  ARID1A was least efficient in targeting 

MNase, while PBRM1 was most efficient.  

Given that there was some specificity for targeted over non-targeted cleavage, 

mononucleosomal fragments generated by SNF5-MNase were sequenced to a read depth 

of 30 million. The 5’ cut sites were mapped to the mouse genome. The cleavage pattern 

is dependent upon the flexibility of the protein as well as that of the MNase linker; 

nonetheless, it was expected that multiple cut sites would be clustered close together. 

Analysis of the fraction of reads flanking high-confidence cut sites for targeted and 

untargeted MNase demonstrates that there is some specificity for targeted cleavage, as 

evidenced by an increased number of reads proximal to the cut-site (Figure 6.4A). While 

the profiles for three separate replicates of targeted SNF5 show increased cleavage around 

peak cut sites as compared to the untargeted control, they do not fully overlap, suggesting 

that only a subset of SNF5 binding sites is ever sampled in a given experiment. 

Furthermore, a subset of cut sites, separated from each other by approximately 200 bp, 

was observed (Figure 6.4B). These separated enriched sites also tended to occur in regions 

that showed no appreciable cleavage in the non-targeted control, suggesting these 

enriched cut-sites are SNF5-dependent and the cleavage occurs on either side of a 

nucleosome. This feature is also seen faintly in Figure 6.4A, with a slight enrichment in 

reads about 180bp from the central cut site. Typically these occur at regions of increased 

accessibility as determined by ATAC seq. However, it was also evident that very few 

sites were cleaved to a sequence depth of above 5.  When cleavage patterns were 

compared between experimental repeats very few sites were observed to be cleaved 

consistently.   
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Figure 6.4 SNF5-targeted MNase is specific and generates cut sites separated by 200 bp. 

Mononucleosomes generated from SNF5-targeted and untargeted MNase were sequenced at 30M, and the 

5’ cut sites mapped to the genome. A) The fraction of reads surrounding all high-confidence cut sites from 

one SNF5-targeted experiment are plotted for three SNF5-targeted replicates and an untargeted control 

across the 300bp flanking regions. Untargeted MNase (red) shows no enrichment surrounding cut sites. 

SNF5-targeted MNase shows modest enrichment surround the major cut site. B) Comparison of cut sites 

generated by targeted or untargeted MNase. The read depth was generally low, though certain bases showed 

increased coverage. Of these, a subset of enriched sites were spaced 200 bp from another enriched site 

(black arrows). 
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6.3 Cut&Run Performs Poorly for Histone H3K27 Acetylation 

An alternative to ChEC-seq is Cut&Run, which utilises antibodies to target MNase to the 

subunit of interest. As a positive control, the antibody against H3K27 acetylation was 

employed, while SWI/SNF subunits BRG1 and SNF5 were also targeted. As depicted in 

Figure 6.5, the protein A-MNase fusion is active (lane 2/3) and some cleavage products 

are observed for MNase targeted to sites of H3K27 acetylation (lane 9). No cleavage is 

observed when MNase is targeted to SNF5 or BRG1, which may be due to a lower 

abundance of these proteins in contrast to H3K27 acetyl. Additionally, H3K27 acetylation 

is a static mark acting as a fixed tether from which MNase can act. In contrast, if SWI/SNF 

continuously associates and dissociates from chromatin, MNase is less efficient at 

cleaving DNA and is less likely to cleave around the same positions. One manner in which 

cleavage efficiency for SWI/SNF subunits could be increased is to crosslink the sample 

prior to performing Cut&Run.  

H3K27 acetylation was chosen as a target to compare the efficiency of Cut&Run against 

conventional ChIP-seq. Cut&Run was performed on native and crosslinked nuclei to 

determine optimal conditions. Figure 6.6 indicates that neither Cut&Run experiment 

efficiently recapitulated the binding mode of H3K27 acetylation as was determined by 

ChIP-seq. Both Nanog and Oct4 are highly expressed in mESC, which is reflected in the 

strong enrichment of H3K27 acetylation observed in the ChIP-seq experiment. In 

contrast, only minimal signal above background can be observed in the Cut&Run traces. 

The non-crosslinked Cut&Run sample performed slightly better than its cross-linked 

counterpart, suggesting crosslinking may partially mask the H3K27ac epitope, or impede 

the activity of MNase.  
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Figure 6.5 Cut&Run generates cleavage fragments when MNase is targeted to H3K27 acetylation. 

Protein A (pA) was fused to MNase, and added to cells pre-incubated with primary antibody against H3K27 

acetylation, BRG1 or SNF5. To ensure pA-MNase was active, it was incubated with nuclei at 37°C (lanes 

1-3). ‘Input’ denotes starting material, prior to addition of calcium. ‘End’ and ‘sample’ refer to the same 

material, whereby ‘sample’ was more concentrated. 
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Figure 6.6 Cut&Run targeted at H3K27 acetylation is poor. Cut&Run targeted at H3K27 acetylation 

was performed in nuclei under native (blue) and crosslinked (green) conditions. The coverage of sequenced 

chromatin fragments was viewed using the integrated genome browser (IGB) and compared to the coverage 

obtained from a H3K27acetylation ChIP experiment (red). Cut&Run only marginally shows enrichment at 

well-defined ChIP-peaks, whereby the signal is slightly better for non-crosslinked samples. Upper panel: 

chromosome region surrounding Nanog. Lower panel: chromosome region surrounding Oct4 (Pou5f1). 

 

 

6.4 Discussion  

In this trial, neither ChEC-seq nor Cut&Run generated data to suggest their use for 

determining SWI/SNF localisation in mammalian cells. MNase fused to SNF5, PBRM1 

or BRG1 was capable of cleaving DNA, whilst the ARID1A-MNase fusion had reduced 

cleavage efficiency. In all cases, targeted MNase produced distinct cleavage fragments 

that resembled a nucleosomal ladder, while non-targeted MNase generated very few of 

these fragments. This indicates that the chromatin cleavage aspect of ChEC-seq is 

functional. However, DNA fragments were also observed for targeted MNase that was 

not activated by calcium. This suggests that MNase is stimulated independently of the 

exogenously added calcium, perhaps by contaminants in the detergent used for cell 

permeabilisation. The datasets obtained included low levels of cleavage over the majority 
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of the genome. This low level of non-targeted genome fragmentation or non-targeted 

MNase may have resulted in under-sampling of a specific signal. However, a practical 

means to resolve this without the need to sequence at very high read depth was not 

apparent.  

Although the gel electrophoresis looked promising, high-throughput sequencing failed to 

yield significant enrichment of cut sites. This is in stark contrast to work performed in 

yeast, where enrichment of transcription factors could be unambiguously assigned (346). 

Potential explanations for this discrepancy include: i) the large size of mammalian 

genomes may result in off-target cleavage becoming more significant, ii) the binding 

affinity of SWI/SNF for chromatin targets may be lower than that of the previously tested 

transcription factors, and iii) application of ChEC in mammalian cells may require 

adaptions to the technique required to reduce non-specific DNA cleavage. Given the 

hypothesis that we have a sampling issue, performing ChEC-seq on more cells at higher 

read depth could improve data interpretation. 

For the Cut&Run procedure, H3K27 acetylation was chosen as a positive control as ChIP-

seq for this modification works well. Gel electrophoresis analysis indicated that Cut&Run 

produced cleavage fragments when MNase was targeted to H3K27 acetylation, but not 

for SNF5 or BRG1. As H3K27 acetylation is likely more abundant, and more strongly 

associated at a given genomic locus than SWI/SNF components, the lack of cleavage in 

SNF5 or BRG1 targeted MNase was not unsurprising. To validate the efficiency of 

Cut&Run in mESC, H3K27 acetylation cleavage fragments were analysed by sequencing. 

Comparison of Cut&Run with ChIP-seq data strongly highlighted that Cut&Run was 

inefficient, even under cross-linking conditions. Although sequenced at comparative read 

depths, Cut&Run samples showed only poor enrichment at sites that were clearly marked 

with H3K27 acetylation by ChIP-seq. This may partly be due to the difference in 

methodology, where ChIP actively enriches for fragments bound to H3K27ac. In contrast, 

no such enrichment occurs in Cut&Run. Instead, this method assumes off-target cleavage 

only occurs at a low level, and all small DNA fragments are the result of targeted MNase 

digestion. Consequently, a stronger enrichment at binding sites could be expected for 

ChIP-seq experiments. However, the poor performance of Cut&Run in this work cannot 

be readily explained, given that the method worked well for Skene and Henikoff in both 

yeast and mammalian cells (345). It is possible that improvements to the published 

protocol may enable this approach to be adopted successfully by more research groups.  



134 

 

 

 

7 Chapter Seven. Concluding Remarks 

 

In this course of this work, cell lines were engineered to bear different degron motifs to 

allow conditional protein degradation. The VHL-GFPnanobody approach, targeting GFP-

tagged proteins, achieved a reasonable depletion of the target subunit over 12 hours. 

However, a TIR1-auxin based strategy was much more efficient, resulting in near 

quantitative loss of the target subunit within two hours. For this approach, the core subunit 

SNF5, as well as the subtype-defining subunits ARID1A and PBRM1 were modified to 

carry a minimal auxin-inducible degron (mAID) motif coupled to GFP. These tagged 

subunits were incorporated into the complex and the cells showed no adverse phenotype, 

indicating that the tag did not disrupt normal SWI/SNF function.  

Following depletion of specific subunits, changes to complex integrity were interrogated. 

IP-MS was used to probe the remaining BRG1-associated subunits in cells depleted for 

ARID1A, PBRM1 or SNF5. In all cases, the fold change enrichment of the targeted 

subunit in the non-induced control sample was high. This demonstrates that the TIR1-

auxin mediated strategy has specificity for the targeted component, rather than resulting 

in polyubiquitin chains being loaded across the whole complex. Additional changes to 

complex composition were observed following ARID1A depletion. The levels of some 

BAF-specific factors were strongly reduced, while a 50% reduction was observed for 

subunits shared across multiple SWI/SNF subunits. Loss of SNF5 had a similarly 

destabilising effect on SWI/SNF complexes, while PBRM1 depletion co-depleted most 

PBAF-specific components. These results indicate that loss of a particular subunit can 

destabilise modules with complexes, resulting in sub-complexes that presumably have 

altered subunit stoichiometry.  

The effects of these residual complexes was interrogated using ATAC-seq to determine 

chromatin accessibility. Decreased accessibility was consistently observed following two 

hours of subunit depletion, particularly at enhancers and, surprisingly, at silenced 

chromatin. To confirm changes occur in chromatin, we will determine the distribution of 

key modifications by ChIP in our own cell lines. Sites of lost accessibility were highly 

enriched for the binding motifs of pluripotency transcription factors OCT4, SOX2, 

NANOG and KLF4. Comparison of ATAC-peaks and ChIP-seq data for these factors 

showed significant overlap, suggesting a role for SWI/SNF in maintaining pluripotency. 

Cells depleted for ARID1A, SNF5 or PBRM1 did not show marked loss of these proteins, 
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and stained positive of alkaline phosphatase, indicating they remained pluripotent. 

However, ARID1A-depleted cells and particularly SNF5-depleted cells, had slower 

growth rates and failed to form compact colonies. Furthermore, when allowed to 

spontaneously differentiate, cells depleted of ARID1A or SNF5 failed to properly repress 

pluripotency markers, and showed a lower induction of differentiation markers. In 

contrast, PBRM1-depletion had little effect on the ability of cells to differentiate. 

Consequently, loss of BAF-components results in cells that fail to exit pluripotency 

properly, and have a defect in differentiation.  

The work presented herein has opened up new research directions. Firstly, the 

identification of GBAF, the newest SWI/SNF complex sub-type, necessitates the 

generation of a third depletion line to allow for targeted disruption of the GBAF complex. 

A prime candidate for tagging is BRD9, which would allow the simultaneous depletion 

of complexes bearing either GLTSCR1 variant. Additionally, generating a depletion line 

for ARID1B would complete our toolkit for selectively targeting SWI/SNF subtypes for 

degradation, enabling the functions of different subtypes to be delineated. One manner in 

which changes to subunit composition could be more accurately assessed following 

subunit depletion, would be the implementation of absolute quantification approaches 

during IP-MS. This would provide a clearer view on which subunits display a particular 

vulnerability following loss of a different SWI/SNF component. 

Furthermore, there are two major ways by which loss of a subunit could impact chromatin 

organisation. Either, depletion of a subunit required for the function of the complex could 

result in direct defects to chromatin accessibility at the sites where SWI/SNF normally 

acts. Alternatively, loss of a subunit required for targeting of the complex could result in 

a failure to localise to normal sites of action, possibly associated with mis-localisation to 

alternate sites. In order to distinguish between these two possibilities, we propose to 

perform ChIP-seq studies on components known to remain in the residual complexes. 

Additionally, given that sites of lost accessibility were enriched in repressed and hetero- 

chromatin, despite the overlap between ATAC signal and ChIP signal for H3K9me3 and 

H3K27me3 being low, ChIP-seq will be performed for these modifications. 

A particular feature of our depletion system is the rapid timescale with which changes to 

chromatin structure are observed. Consequently, our system is anticipated to be less prone 

to indirect effects. The rapid depletion also provides the opportunity to study the temporal 

series of events that arise following loss of function. The effects p300 and H3K27ac, and 
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the order in which they are removed following loss of the complex are prime subjects for 

future investigation. As SWI/SNF has been shown to evict Polycomb complexes in 

targeted recruitment assays, it would be of interest to observe the rate at which PRC 

distribution changes following targeted depletion of SWI/SNF. 

To assess whether there is any correlation between the sites of altered accessibility and 

gene expression we propose to perform nascent RNA-seq. As mESC have a unique 

chromatin state characterised by open chromatin but few transcribed genes, the 

correlation between lost accessibility and gene expression may be quite low. However, 

this technique can also be applied to cells that differentiate. Upon exit from pluripotency, 

changes in chromatin accessibility may be more predictive of gene expression. Various 

differentiation protocols exist, whereby the formation of embryoid bodies allows cells to 

differentiate into all three germ layers. However, this process is heterogeneous, and would 

rely on single-cell RNA-seq techniques to allow meaningful interpretation. Alternatively, 

cells can be forced down a specific differentiation program, for example into neural cells, 

which generates a more homogeneous pool of cells 
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