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Abstract
The alterations of the SWI/SNF chromatin remodelling complex subunits happen
in 30% of malignances. The exact mechanisms by which SWI/SNF alterations
contribute to tumourigenesis are still not entirely clear. Here, I investigated the
contribution of key SWI/SNF complex subunits to genome stability, chromatin
organisation, innate immune signalling, and replication stress.
First, we found that PBRM1 is required for the p53-dependent maintenance of
the G2/M checkpoint after ionising radiation (IR). When PBRM1 is deficient, p53dependent upregulation of p21 is delayed, leading to defective repression of
DREAM complex target genes, uncontrolled G2/M progression, and increased
micronucleated cell formation. The ruptured micronuclei are sensed by the innate
immune cGAS-STING pathway, inducing higher interferon responsive gene
expression when PBRM1 is deficient after IR. Our findings reinforce the role of
PBRM1 loss as a driver mutation in the development of clear cell renal cell
carcinoma (ccRCC). Notably, ccRCC frequently loses PBRM1 but rarely loses
p53, therefore it is possible to target this defect in ccRCC.
Second, we found that there is aberrant expression of genes involved in the
(peri)centromere maintenance when PBRM1 is deficient. Preliminary FISH
results showed greater centromere sizes with PBRM1 deficiency, suggesting a
less compacted centromere organisation. Consistently, a subset of centromeric
satellites is transcriptionally misregulated when PBRM1 is deficient. These RNA
transcripts from repetitive elements are capable to activate dsRNA sensing innate
immune pathway, and we found evidence of upregulated immune signalling gene
sets when PBRM1 is deficient. Further work is required to determine whether this
transcriptional misregulation directly impacts on immune signalling.
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Third, evidence suggests the ATPase subunit SMARCA4 is recruited to the
collapsed replication forks and has roles during replication stress. We mapped
the exact genomic locations of the DNA double strand breakends with or without
replication stress in the isogenic parental and SMARCA4 KO cells. We have
analysed the sequence composition, genomic locations and associated
chromatin environment of the breakends under different contexts in order to
provide additional insights into the contribution of the SWI/SNF complexes to
replication stress responses.
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Chapter 1 Introduction to the SWI/SNF Complexes
1.1 Chromatin Organisation and Chromatin Remodelling
Complexes
The eukaryotic genome is tightly packed together into a protein-DNA complex
structure called chromatin. The most basic unit of chromatin is called the
nucleosome, which is a histone octamer, composed of two heterodimers of core
histone H2A and H2B, and a tetramer of core histones H3 and H4, with ∼147bp

of DNA wrapped around the proteins (Luger et al., 1997; Richmond & Davey,
1986). In addition, linker histone H1 serves as the linker between nucleosomes
and mediates the compaction of chromatin (Laybourn & Kadonaga, 1991). The
basic form of chromatin is the linear arrangement of nucleosome in widely known
structure named as ‘beads on a string’ (Figure 1.1) (Baldi et al., 2020; Weier,
2001). However, the organisation and compaction of the eukaryotic genome is
mainly dependent on the higher-order packaging of the nucleosomes. The
interactions between the nucleosomes drive the formation of nucleosome
secondary structure as a ‘Zigzag-like’ 30 nm fibre, which is stabilised by linker
histones (Figure 1.1) (Baldi et al., 2020; Weier, 2001). The 30nm fibre is further
looped into 300 nm supercoil, and the supercoil can be further folded and
compacted into 700 nm chromatids during mitosis (Figure 1.1) (Baldi et al., 2020;
Weier, 2001).
Different regions of chromatin are compacted to different degrees and each
harbours different functions with remarkable dynamics, which ensures correct
DNA related activities including transcription, replication, DNA repair and mitosis.
To achieve this diversity and dynamics, the core histones, especially the residues
on their protruded N-terminal tails, are post-translationally modified. These
histone post-translational modifications (PTMs) include methylation, acetylation,
24

Figure 1.1 The model of DNA packaging into higher-order structure
Image taken from (Lee & Orr-Weaver, 2001). DNA double helix winds around
nucleosomes to form the ‘beads-on-a-string’ conformation, which further packs
into 30 nm chromatin fibres. Further coiling of the 30nm chromatin fibres pack
them into higher-order structures of 300nm and 700nm fibres, which form the
condensed chromosome arms during mitosis.
25

phosphorylation, SUMOylation and ubiquitylation (Campos & Reinberg, 2009;
Peterson & Almouzni, 2013). The PTMs on their own could affect the chromatin
structure via electrostatic forces, however, the majority of histone PTMs is
recognised by specific histone PTM reading domains on downstream protein
effectors, which change the chromatin compaction status and/or perform
chromatin-related downstream functions (Kouzarides, 2007). One of such
important protein effector families is the chromatin remodelling complexes, and
they are multi-protein complexes that physically remodel the chromatin structure
by nucleosome slide, ejection, reposition and histone variant exchange in an ATPdependent manner (Längst & Manelyte, 2015). There are four different chromatin
remodelling complex families which are ISWI (Imitation Switch), CHD
(Chromodomain Helicase DNA-binding), INO80 and SWI/SNF (Switching
Defective/ Sucrose Non-Fermenting) family (Längst & Manelyte, 2015). They all
have strong nucleosome affinity, histone PTM recognition ability, and similar
ATPase domain (Längst & Manelyte, 2015). However, each family of chromatin
remodelling complexes has different physiological chromatin remodelling
functions, which are mainly dependent on the different core subunits of each
family. The incorporation of different accessory subunits further diversifies the
functions within the same family (Längst & Manelyte, 2015). The focus of this
thesis is the SWI/SNF chromatin remodelling complex family.

1.2 Architecture of the SWI/SNF Complexes
The SWI/SNF chromatin remodelling complexes remodel the chromatin structure
through sliding nucleosomes or evicting histones, therefore changing the DNA
accessibility (Clapier et al., 2017). They were originally discovered from genetic
screens in Saccharomyces cerevisiae for genes important for yeast mating type
switching and sucrose fermentation pathway activation (Sarokin & Carlson, 1984;
Stern et al., 1984). In mammalian cells, the SWI/SNF complexes exist in two
26

major canonical forms called the BRG1- or hBRM-associated factor (BAF)
complex and the polybromo BRG1-associated factor (PBAF) complex, and one
non-canonical form called the non-canonical BAF (ncBAF) complex (Figure 1.2A)
(Mashtalir et al., 2018). BRG1 (Gene Name (GN: SMARCA4)) and BRM (GN:
SMARCA2) are the SWI/SNF complex specific core ATPase subunit, for which
the BAF and ncBAF complexes incorporate either of BRG1 or BRM as the
ATPase subunit, while the PBAF complex has been conventionally thought to
only incorporate BRG1 as the ATPase subunit, but some recent data suggest that
the PBAF complex could also incorporate BRM (Figure 1.2A&B) (Mashtalir et al.,
2018). In addition, a set of highly conserved common core subunits including
BAF47 (GN: SMARCB1), BAF155/BAF170 (GN: SMARCC1/2), BAF50A/B/C
(GN: SMARCD1/2/3), BAF57 (GN: SMARCE1) are present in the BAF and PBAF
complexes and they are important for the complex assembly and architecture
(Figure 1.2A&B) (Mashtalir et al., 2018). The ncBAF complex adopts a slightly
different architecture, in which BAF47 and BAF57 are absent (Figure 1.2A&B).
Besides these SWI/SNF complex core subunits, some common accessory
subunits present in the SWI/SNF complexes including BLC7A/B/C (GN:
BLC7A/B/C), BAF53A/B (GN: ACTL6A/B) and β-Actin (GN: ACTLB), and they are
not important for the complex assembly, but are likely to involve in the SWI/SNF
complex functions (Figure 1.2A&B) (Hodges et al., 2016; Mashtalir et al., 2018).
The subtypes of the SWI/SNF complexes are distinguished by the incorporation
of complex specific subunits. These are important for the complex specific
assembly, recruitment and functions. The BAF complex is characterised by the
presence of BAF250A/B (GN: ARID1A/B), BAF45B/C/D (GN: DPF1/2/3), SSXT
(GN: SS18) and CREST (GN: SS18L1); the PBAF complex is characterised by
the presence of BAF180 (GN: PBRM1), BAF200 (GN: ARID2), BAF45A (GN:
PHF10) and BRD7 (GN: BRD7); and the ncBAF complex is characterised by the
presence of BRD9 (GN: BRD9), GLTSCR1(GN: BICRA), GLTSCR1L
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Figure 1.2 Structure and subunit composition of the mammalian SWI/SNF
chromatin remodelling complexes
(A) Image taken from (Harrod et al., 2020) There are three subtypes of the
SWI/SNF complexes called BAF, PBAF and ncBAF, which are defined by their
subunit composition. Each subtype contains an ATPase subunit (green),
common subunits (grey), and complex specific subunits (purple for BAF, pink
for PBAF, or teal for ncBAF). Where one of a family of paralogues is present
as a subunit, that particular subunit is labelled with gene names of all the
paralogues (for example, ARID1A/B indicates either ARID1A or ARID1B).
(B) Table adapted from (Harrod et al., 2020) Table of the gene names and the
protein names of the SWI/SNF complex subunits in each of the three
(Legend continued on next page)
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(Legend continued from previous page)
SWI/SNF complex subtypes (BAF, PBAF and ncBAF). The ATPase subunit is
green, common core subunits are dark grey, common accessory subunits are
light grey, BAF-specific subunits are purple, PBAF-specific subunits are pink
and ncBAF-specific subunits are teal. It is common now to use the SWI/SNF
subunit gene names to refer the protein products, therefore, in this thesis,
gene names of the SWI/SNF complex subunits are used from now on.
(C) Image taken from (Harrod et al., 2020) A schematic cartoon showing the
architecture of the nucleosome binding BAF complex determined by Cryo-EM.
The complex is divided into ATPase, ARP and Base modules. The
nucleosome is clamped by the ATPase domains of the ATPase subunit and
SMARCB1.

(GN: BICRAL), SSXT (GN: SS18) and CREST (GN: SS18L1) (Figure 1.2A&B)
(Mashtalir et al., 2018). In the rest of the thesis, the gene names will be used to
refer both the proteins and the genes for simplicity.
Recently, the structure of the nucleosome-bound human BAF complex has been
resolved by Cryo-EM (Han et al., 2020; He et al., 2020). The structural information
revealed the architecture of the BAF complex and how the common core subunits
are interacting with each other. The BAF complex can be divided into three
modules, named the ATPase, Actin-related protein (ARP), and Base module
(Figure 1.2C) (He et al., 2020). The three modules form a clamp that sandwiches
the nucleosome, with the ATPase module and SMARCB1 from the base module
directly interacting with the histones (Figure 1.2C) (He et al., 2020). The SnAC
domain and/or bromodomain of SMARCA2 in the ATPase module is responsible
for the binding to the nucleosomal DNA, while a positively charged patch of
SMARCB1 consisting of four arginine residues interacts with the acidic patch at
the bottom of the nucleosome (He et al., 2020). The ATPase subunit SMARCA2
spans across all three modules and interacts with all the common core subunits,
while SMARCC1/2 serves as the scaffold of the base module (Figure 1.2C) (He
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et al., 2020). The BAF specific subunit ARID1A acts as a rigid core of the base
module and interacts with most of the common core subunits (He et al., 2020). It
is plausible to suggest that the PBAF complex shares similar architecture as the
BAF complex because they both consists of the same common core subunits.
The structure data also provided some insights of the nucleosome sliding
mechanism of the BAF complex. The two lobes of the ATPase module adopt
different angles when SMARCA2 is bound with either ATP or ADP, and they
interact with nucleosomal DNA at different nucleosome positions depending on
which nucleotide is bound, suggesting ATP hydrolysis pumps the DNA along the
nucleosome and therefore slides the nucleosome (He et al., 2020). However, the
current Cryo-EM structures of the SWI/SNF complex still misses a significant part
of the complex that is too flexible to generate strong high-resolution electron
density. Therefore, the full SWI/SNF complex architecture and the exact
chromatin remodelling mechanism are still under further investigation.

1.3 Nucleosome Binding Features of the SWI/SNF Complexes
The general nucleosome binding model of the SWI/SNF complexes has been
proposed by the Cryo-EM structure. However, it is still not fully understood what
specific nucleosomal features, especially histone PTMs, are targeted by the
SWI/SNF chromatin remodelling complexes, which contains many PTM binding
and DNA binding domains in different subunits. A recent in vitro study measured
the binding affinity and nucleosome sliding activity of the endogenously purified
human SWI/SNF complexes on mono-nucleosomes with a range of nucleosomal
features including histone PTMs, variants and mutations (Mashtalir et al., 2021).
The results of the study generated a comprehensive profile showing binding and
nucleosome sliding activity of the three SWI/SNF complex subtypes on mononucleosomes with 109 different feature combinations (Mashtalir et al., 2021).
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There are significant differences in both binding and nucleosome sliding activity
between the three SWI/SNF complex subtypes. The binding and remodelling
activity of the BAF complex is negatively impacted by most nucleosomal features
relative to unmodified, core histone-containing nucleosomes (Mashtalir et al.,
2021). The PBAF complex is also negatively impacted by the presence of PTMs
or alterations, but to a lesser extent than the BAF complex. However, the binding
and activity of both the BAF and the PBAF complexes are promoted by the active
epigenetic mark histone 3 lysine acetylation like H3K14Ac (histone 3 lysine 14
acetylation), consistent with their roles in transcriptional activation (Mashtalir et
al., 2021). Interestingly, in contrast to the BAF and PBAF complex, the binding
and activity of the ncBAF complex is positively impacted by most of the
nucleosomal features, which is likely due to its unique subunit composition that
harbours BRD9 but lacks of the common core subunit SMARCB1 (Mashtalir et
al., 2021). Another observation from the study is that the binding affinity and the
remodelling activity of the SWI/SNF complexes are not perfectly correlating,
suggesting particular nucleosome features have different influence in terms of the
binding and remodelling activity (Mashtalir et al., 2021). The authors also
performed the analyses with the BAF complex deficient of specific subunit(s) or
subunit domain(s), and the results suggested that individual subunits or subunit
domains have specific contributions to the binding and nucleosome sliding
activity of the SWI/SNF complexes (Mashtalir et al., 2021). Overall, the study
provided further evidence that the three SWI/SNF complexes might have
subtype-specific nucleosome targeting and functions due to their unique subunit
compositions. However, such in vitro studies cannot assess all the nucleosomal
features and combinations, which are numerous. SWI/SNF complex recruitment
is also likely to be affected by other factors like interactions with other chromatin
binding proteins. Therefore, it is still an outstanding question on the factors that
regulate the SWI/SNF complex targeting in the genome.
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1.4 Alterations of the SWI/SNF Complex Subunits in Cancer
The SWI/SNF complex family is the most frequently mutated chromatin
remodelling complex in cancer and the alteration of genes coding for the
SWI/SNF complex subunits occurs in about 30% of cancer cases (Harrod et al.,
2020). Mutations and deletions of the SWI/SNF subunit genes occur in about 20%
of cancer cases, and commonly lead to loss of function of these genes (Figure
1.3A) (Harrod et al., 2020; Shain & Pollack, 2013; Wilson & Roberts, 2011). Those
mutations and deletions happen across all the cancer types, but the loss of some
specific subunits occurs preferentially in particular cancer types (Harrod et al.,
2020). The loss of SMARCA4 gene is apparent in almost all the cases of the
small-cell carcinoma of the ovary, hypercalcemic type (Witkowski et al., 2014). In
addition, SMARCB1 gene loss is associated with more than 90% of epithelioid
sarcoma (Le Loarer et al., 2014). Moreover, PBRM1 mutations happens in more
than 40% of the clear cell renal cell carcinoma (ccRCC) (Peña-Llopis et al., 2012;
Varela et al., 2011). The frequent loss of the SWI/SNF complex subunit genes
implies that they are likely to be tumour suppressors (Ribeiro-Silva et al., 2019).
Inactivation of SMARCB1 leads to rapid development of cancers in mice with
complete penetrance, and the SMARCA4 haplo-insufficient mice are prone to
tumorigenesis (Bultman et al., 2008; Kim & Roberts, 2014). In addition, another
mice study suggested that PBRM1 deficiency in VHL deficiency background
(introduced in Chapter 3) lead to 100% renal cancer occurrence compared to 0%
when PBRM1 is proficient (Nargund et al., 2017). These mice studies further
support that the SWI/SNF complex subunit genes are likely to be tumour
suppressors in human. Beside the mutations and deletions of the SWI/SNF
complex subunit genes, amplification of these genes also happens frequently in
different cancer types, accounting for about 10% of cancer cases (Figure 1.3B)
(Harrod et al., 2020). There is less understanding on the tumourigenic roles of
such amplifications, but these amplifications could impair the SWI/SNF complex
32

Figure 1.3 The alterations of the SWI/SNF subunits in cancers

(Legend continued on next page)
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Figure 1.3 The alterations of the SWI/SNF subunits in cancers
(A) Image taken from (Harrod et al., 2020) Heatmap showing the frequency of
mutations or deletions of individual SWI/SNF subunits in the indicated cancer
types. The complex(es) membership of each subunit is indicated in teal
(ncBAF), pink (PBAF) or purple (BAF) along the lower axis. The total number
of samples profiled in each study is indicated in grey. *Mutation data only
shown, **Deletion data only shown.
(B) Image taken from (Harrod et al., 2020) Heatmap showing the frequency of
mutations or deletions of individual SWI/SNF subunits in the indicated cancer
types. The complex(es) membership of each subunit is indicated in teal
(ncBAF), pink (PBAF) or purple (BAF) along the lower axis. The total number
of samples profiled in each study is indicated in grey. *Mutation data only
shown, **Deletion data only shown.

function through the disruption of the stoichiometry of the SWI/SNF complex
subunits (Harrod et al., 2020). Overall, the SWI/SNF complex subunit genes are
potential tumour suppressors and are frequently altered in cancer.

1.5 The Tumour Suppressor Roles of the SWI/SNF Complexes
The physiological roles of the SWI/SNF complexes are versatile and are
dependent on many factors including cell type, cell niche and cellular status. In
particular, the SWI/SNF complexes are important for the regulation of gene
expression and chromosome organisation, but the specific patterns of gene
expression changes depending on the SWI/SNF complexes varies by tissue
types and during development (Alfert et al., 2019; Alver et al., 2017; Sokpor et al.,
2017; Tang et al., 2010). In this thesis, I will focus on the SWI/SNF complex roles
that are relevant to genome instability and tumourigenesis.
In mammalian cells, the SWI/SNF complex subunits were shown by ChIP-seq to
present at genomic elements including enhancers and promoters, regulating
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gene transcription by altering DNA accessibility (Euskirchen et al., 2011). In S.
cerevisiae, the SWI/SNF complexes have important roles in transcriptional
activation during mating type switching and sucrose fermentation, and in
mammalian cells, the SWI/SNF complexes often associate with transcriptional
activation roles, consistent with a binding preference of the SWI/SNF complex to
the active epigenetic mark histone 3 lysine acetylation (Mashtalir et al., 2021;
Sarokin & Carlson, 1984; Stern et al., 1984). For example, SMARCA4 is required
for the expression of CCND1 in several human cancer types (Xue, Meehan, Fu,
et al., 2019; Xue, Meehan, Macdonald, et al., 2019). Studies suggested that the
SWI/SNF complexes have the opposing roles on the gene silencing via PRC2
(Polycomb Repressive Complex 2) in order to activate the transcription (Bracken
et al., 2019; Kennison & Tamkun, 1988). However, in mammalian cells, the
SWI/SNF complexes can also be involved in the recruitment of transcriptional
repressors or the establishment of repressive chromatin in a context specific
manner, for example, the PBAF complex has been reported to be responsible to
repress a panel of interferon-γ (IFNγ) responsive genes in mouse melanoma cell
lines (Pan et al., 2018; Rafati et al., 2011).
As mentioned above, many of the reported transcriptional regulation roles of the
SWI/SNF subunits are highly context specific, therefore it is not easy to define a
universal gene set regulated by the SWI/SNF complexes and to understand the
transcriptional changes when the SWI/SNF complex subunit is lost during
tumourigenesis. However, multiple independent studies in different cell lines
suggest a ubiquitous transcriptional activation role of the SWI/SNF complex in
the p53 pathway, in which several SWI/SNF complex subunits, including PBRM1,
BRD7, SMARCA4, and ARID1A/B, are required for this function (Burrows et al.,
2010; Cai et al., 2019; Guan et al., 2011; Kang et al., 2004; Lee et al., 2016;
Tordella et al., 2016; Xia et al., 2008). P53 is one of the most important tumour
suppressors, and regulates cell cycle checkpoints, apoptosis and metabolism to
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prevent tumourigenesis when the cells are under damages and/or stress
conditions (Mantovani et al., 2019). Recent data suggested that the two PBAF
complex specific subunits BRD7 and PBRM1 are capable of interacting with p53,
and promoting the cooperative recruitment of p53 and the PBAF complex to the
p53 effector gene promoters, thus activating the expression of p53 effector genes,
such as p21, MDM2, and PUMA (Burrows et al., 2010; Cai et al., 2019). It is very
likely that the SWI/SNF complexes remodel the chromatin for better DNA
accessibility to promote both the p53 recruitment and the transcription of the p53
effector genes. The dependency of SWI/SNF complex subunits in the activation
of the p53 pathway suggests that there is a transcriptional role of the SWI/SNF
complex that is important to maintain genome stability and prevent
tumourigenesis. The discovery and identification of the interactions between the
SWI/SMF complexes and the transcription factors with tumour suppressor
functions like p53 is therefore of great interest to fully understand the tumour
suppressor roles of the SWI/SNF complex subunits
Apart from transcriptional regulation, the SWI/SNF complexes are also implicated
in maintaining chromosome architecture and organisation. The SWI/SNF
complexes are enriched at the CTCF (CCCTC-binding factor) binding sites, which
are important for the three-dimensional architecture of chromosomes (Marino et
al., 2019; Valletta et al., 2020). Independent studies showed that loss of
SMARCA4 or the PBAF specific subunit PBRM1 leads to heterochromatin
maintenance defects, suggesting roles of the SWI/SNF complexes, or specifically
the PBAF complex, in the regulation of chromatin compaction (Bourgo et al., 2009;
Espana-Agusti et al., 2017; Kurashima et al., 2020). In addition, the loss of
PBRM1 has been reported to associate with sister chromatin cohesion defects at
centromeric regions and the loosely attached sister chromatins contribute to
mitotic errors and increased genome instability (Brownlee et al., 2014).
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Several SWI/SNF complex subunits including SMARCA4 and PBRM1 were
shown to be recruited to the stalled or collapsed replication forks under replication
stress conditions (Dungrawala et al., 2015; Nakamura et al., 2021). Recently,
several SWI/SNF complex subunits have been reported to colocalise with
DNA:RNA hybrid structures called R-loops, which cause replication fork to stall
and collapse when colliding with the replication machinery (Bayona-Feliu et al.,
2021; Tsai et al., 2021). The genetic analyses suggested that the SWI/SNF
complexes are involved in the R-loop clearance dependent on the Fanconi
Anemia pathway (Bayona-Feliu et al., 2021). Therefore, loss of SWI/SNF
complex subunits could lead to increased genome instability during replication
through a failure to prevent or resolve the formation of R-loops. However, the
specific mechanisms by which SWI/SNF complexes might carry out this function
are still not fully understood.
DNA double strand breaks (DSBs) are the most deleterious types of DNA damage,
and cause genome instability if misrepaired or left unrepaired (Chatterjee &
Walker, 2017). There are dedicated DSB repair machineries coupled with DNA
damage response (DDR) signalling to repair DSBs (Chatterjee & Walker, 2017;
Jackson & Bartek, 2009). The SWI/SNF complexes are involved in the DDR
signalling through transcriptional regulation, for example through activation of the
expression of p53 effector genes. However, the SWI/SNF complex subunits have
been reported in many studies to be recruited to DSB sites rapidly upon DSB
induction, suggesting direct roles of the SWI/SNF complexes in the DSB repair in
addition to the transcriptional regulation of DDR related genes. The SWI/SNF
complexes have been shown to interact with an early DDR protein BRIT1,
recruiting the SWI/SNF complexes to the DSB sites, which remodel the chromatin
for better DNA accessibility to facilitate DSB repair (Peng et al., 2009). In addition,
the BAF complex subunits SMARCA2 and ARID1A were reported to facilitate
efficient non-homologous end joining (NHEJ), potentially through promoting Ku
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heterodimer recruitment (Ogiwara et al., 2011; Watanabe et al., 2014). The
SWI/SNF complexes are also implicated in the DSB repair through homologous
recombination (HR) during end-resection and Rad51 loading with some
controversies. Some studies found that the SWI/SNF complex promotes DSB
end-resection (Hays et al., 2020; Vélez-Cruz et al., 2016), but some did not (Qi
et al., 2014). The PBAF complex specific subunits ARID2 and SMARCA4 have
been shown to facilitate Rad51 loading (de Castro et al., 2017; Qi et al., 2014).
In addition, the PBAF complex subunit PBRM1 is required for the transcriptional
repression of genes near the transcriptionally active DSB sites by promoting
mono-ubiquitylation on histone 2A lysine 119 residue (H2AK119Ub), and this is
thought to prevent the collision between the transcription machinery and the DNA
repair machinery to facilitate accurate DSB repair (Kakarougkas et al., 2014;
Meisenberg et al., 2019). There are numerous potential roles of the SWI/SNF
complexes in DNA damage repair, however, there are still many unresolved
questions and controversies on how the SWI/SNF complexes are facilitating DNA
damage repair.
Overall, it is an outstanding question to understand the contributions of each
different functions of the SWI/SNF complexes discussed above in tumourigenesis,
and it is likely that the contributions are specific to particular subunit loss and
tissue origin. Nevertheless, multiple lines of evidence demonstrate different roles
of the SWI/SNF complexes in maintaining genome stability, implying the tumour
suppressor roles of the SWI/SNF complexes.

1.6 Targeting SWI/SNF Loss in Cancers
The loss-of-function mutations in genes coding for the SWI/SNF complex
subunits are present in a remarkable proportion of human cancers. The SWI/SNF
complexes have multiple physiological roles in maintaining genome stability, and
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therefore the loss of the SWI/SNF complex subunits is likely to promote
tumourigenesis. On the other hand, the loss of these subunits leaves potential
vulnerabilities in the cancer cells that can be targeted by therapeutics. Many
efforts have been devoted to identify these potential vulnerabilities or synthetic
lethal targets specific to the loss of the SWI/SNF complex subunits (Centore et
al., 2020; Sasaki & Ogiwara, 2020). Here, I will focus on the ATPase subunit
SMARCA4 and the PBAF complex specific subunit PBRM1, which are relevant
to this thesis.
The loss of SMARCA4 has been implicated in non-small cell lung cancer and
melanoma in the transcriptional downregulation of CCND1, which can be
targeted by CDK4/6 inhibitors (Xue, Meehan, Fu, et al., 2019; Xue, Meehan,
Macdonald, et al., 2019). The SMARCA4 loss also showed an increased
sensitivity to AURKA inhibition in non-small cell lung cancer (Tagal et al., 2017).
In both human and mouse lung adenocarcinoma models, SMARCA4 deficiency
is associated with metabolic changes via transcriptional upregulation of genes in
the oxidative phosphorylation pathway, which can be targeted by oxidative
phosphorylation inhibitor (Lissanu Deribe et al., 2018). In addition, SMARCA4
and SMARCA2 are the two ATPase subunits in the SWI/SNF complexes, and
evidence suggests that the loss of both ATPase subunits is lethal in at least some
genetic contexts (Hoffman et al., 2014). Indeed, SMARCA2 depletion selectively
inhibits the growth of the lung cancer cell lines deficient in SMARCA4 (Oike et al.,
2013; Rago et al., 2019). Although there are currently no therapeutics that can
selectively inhibit or deplete SMARCA2, a proteolysis targeting chimera
(PROTAC), which is a hetero-bifunctional small molecule targeting specific
proteins to degradation, has been developed against SMARCA4/SMARCA2, and
this can be a potential method to deplete SMARCA2 and used as a therapeutic
targeting SMARCA4 loss in cancer (Farnaby et al., 2019).
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The PBAF complex specific subunit PBRM1 is lost in more than 40% of ccRCC,
and multiple independent genetic dependency screenings identified several
promising synthetical lethal targets (Peña-Llopis et al., 2012; Varela et al., 2011).
With a few druggable targets under further characterisation and/or inhibitor
development, inhibition of well-characterised DNA repair players PARP or ATR
has shown synthetic lethality in the PBRM1 deficient cells in both in vitro culture
and in vivo xenograft models (Chabanon et al., 2021). PARP inhibitors have
already been approved as cancer therapeutics, and ATR inhibitors are currently
being tested in the clinical trials (Barnieh et al., 2021; Rose et al., 2020).
Therefore, application of these inhibitors in PBRM1 deficient ccRCC patients is
promising. The authors proposed that the synthetical lethality of PBRM1
deficiency and inhibition of these DNA repair proteins is potentially due to the Rloop accumulation in the PBRM1 deficient cells, which is consistent with roles of
the SWI/SNF complexes in preventing and clearing R-loops (Chabanon et al.,
2021). Therefore, PARP or ATR inhibition is also potentially synthetic lethal to
SMARCA4 loss, but further validation is required. Recently, much attention has
been drawn to the association between the PBAF complex subunit loss,
especially PBRM1 loss in ccRCC, and the improved immune checkpoint inhibitor
(ICI) treatment in cancer patients. Increasing evidence suggests that PBRM1 loss
is a potential a biomarker for better clinical outcomes with ICI treatment in the
advanced ccRCC patients as a ≥ second line treatment (discussed in detail in
Chapter 3) (Braun et al., 2020; Miao et al., 2018). However, the mechanism is still
not fully understood, and the transcriptional misregulation of IFN-γ responsive
genes or increased DNA damage due to R-loop accumulation with the PBAF
complex subunit loss could both contribute to this clinical observation (Chabanon
et al., 2021; Pan et al., 2018). Overall, significant efforts have been devoted from
multiple aspects including genetic, biochemical, molecular biology, structural and
clinical studies for better understandings of the SWI/SNF complexes and their
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associations with human diseases, especially cancer, which are implicating new
therapeutic opportunities targeting the alterations in the SWI/SNF complex
subunits.

1.7 Studying the Roles of the SWI/SNF Complexes
It is clearly important to understand more about the physiological roles of the
SWI/SNF complexes, the mechanism of the SWI/SNF complex subunit loss in
promoting tumourigenesis, and how to target the SWI/SNF complex subunit loss
in human cancers. To explore these in the research scope of my PhD projects, I
focused on the two SWI/SNF subunits – PBAF specific subunit PBRM1 and
ATPase subunit SMARCA4. Firstly, I investigated how PBRM1 deficiency leads
to genome instability after DNA damage and its potential relevant to the innate
immune signalling activation via nucleic acid sensing pathway. Secondly, I
studied the potential consequence of PBRM1 deficiency in chromatin
organisation defects, particularly the pericentromere and centromere (referred as
(peri)centromere from now on) maintenance defects, and how could this
contribute to transcriptional misregulation of repetitive elements, which activate
the innate immune signalling via nucleic acid sensing pathway. Thirdly, we
mapped the exact genomic location of DSB breakends in isogenic parental and
SMARCA4 deficient cells with or without replication stress, aiming to further
understand the roles of SMARCA4 in dealing with replication stress from this new
perspective. Overall, our studies contribute to the better understandings of the
SWI/SNF complexes and provide new insights on the potential therapeutics
targeting the SWI/SNF subunit loss in human cancers.
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Chapter 2 Materials and Methods
2.1 Cell Line and Culture
The cell lines used in this thesis are listed in Figure 2.1. The 1BR3-hTERT cells
and HEK293T cells were cultured with Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FBS (Fetal Bovine Serum) (Gibco) and 1%
penicillin/streptomycin (Gibco). The RPE1-hTERT cells were cultured with
DMEM/Nutrient Mixture F-12 Ham (Sigma) supplemented with 10% FBS (Gibco),
200 µM Glutamax (Gibco), 0.26% sodium bicarbonate (Gibco) and 1%
penicillin/streptomycin (Gibco). The Caki-1 cells were cultured with McCoy's 5a
Medium Modified (Gibco) supplemented with 10% FBS (Gibco), and 1%
penicillin/streptomycin (Gibco). The RCC-MF cells were cultured with RPMI 1640
Medium supplemented with 10% FBS (Gibco), and 1% penicillin/streptomycin
(Gibco). AID-DIvA (generated from parental U2OS cell line in Dr. Gaëlle Legube’s
lab) cells were cultured with DMEM supplemented with 10% FBS (Gibco) and 1%
penicillin/streptomycin (Gibco) (Aymard et al., 2014). For the DSB induction in
AID-DIvA cells, cells were treated with 300 nM of 4-Hydroxytamoxifen (4OHT) for
4 hr to induce nuclear localisation of the AsiSI enzyme.

2.2 Ionisation Radiation, Nutlin3a and Hydroxyurea Treatment
Cells were seeded at least 24 hr in advance of the ionising radiation (IR) or
Nutlin3a or hydroxyurea (HU) treatment. For the IR treatment, cells were
irradiated with the planned dose by an X-ray source with approximately 0.6
Gy/min dose rate and the actual dosage was monitored by a Unidose Dosimeter;
after the IR treatment, the culture medium was replaced to fresh medium. For the
Nutlin3a or the HU treatment, the culture medium was replaced to fresh medium
with the planned dose of Nutlin3a (Sigma) or HU (Sigma).
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Figure 2.1 Table showing cell line information used in the studies of this thesis

2.3 Plasmids
The CRISPR-Cas9 plasmid pSpCas9(BB)-2A-GFP (PX458) was a gift from
Professor Feng Zhang (Addgene plasmid #48138). The PBRM1 re-expression
plasmid WT PBRM1-TRIPZ-neo was a gift from Professor William Kaelin
(Addgene plasmid #107406; note that the Addgene stock of this plasmid has
contamination – so incubating at 30 °C for 48 hr and picking the small colonies
are necessary to obtain the correct plasmid). The lentiviral packaging plasmids
pMD2.G and psPAX2 were gifts from Professor Didier Trono (Addgene plasmid
#12259&#12260). The Empty-TRIPZ-neo plasmid was generated by excising
PBRM1 cDNA sequence from the WT PBRM1-TRIPZ-neo with EcoRI (NEB) and
PacI (NEB) restriction enzyme digestion, and inserting an original fragment of the
multiple cloning sites of TRIPZ™ plasmid (Dharmacon) (oligonucleotide
sequence shown in Figure 2.2).

2.4 CRISPR-Cas9 Knockout (KO) Generation
For the generation of PBRM1 and ARID2 CRISPR knockout (KO) clones, the
single guide RNA (sgRNA) sequence for PBRM1 and ARID2 was designed using
Benchling CRISPR sgRNA designer (https://www.benchling.com/crispr/). The
oligonucleotides were purchased from Sigma with sequences shown in Figure
2.2. The sgRNAs were cloned into the Cas9-sgRNA expressing plasmid
pSpCas9(BB)-2A-GFP (PX458) according to the published protocol (Ran et al.,
2013). Cells were seeded 24 hr in advance of the transfection in 10 cm dish to
reach 70% confluence at the time of transfection. For each 10 cm dish, 10 µg of
plasmid with specific sgRNA cloned was transfected into the cells with 20 µl of
Lipofectamine 3000 reagent (Invitrogen) and 20 µl of P3000 reagent (Invitrogen)
according to the manufacturer’s protocol. At 48 hr post transfection, the GFP
positive cells were sorted as single cells into 96-well plate with one cell per well
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(Figure continued on next page)
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(Figure continued from last page)

Figure 2.2 Table showing oligonucleotide information used in the studies
of this thesis
with BD FACSAria III sorter (BD). All the clones grown in 96-well plates were
screened by western blotting for the expression of PBRM1 or ARID2. The positive
KO clones from the western blotting screen were further confirmed with Sanger
sequencing

(oligonucleotide

sequence

shown

in

Figure

2.2)

and

immunofluorescence.
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2.5 siRNA Mediated Depletion
The PBRM1, ARID1A and Non-targeting (Control) SMARTpool siRNAs were
purchased from Dharmacon, Horizon Discovery. Cells were transfected with the
indicated SMARTpool siRNA at a final concentration of 20 nM in two rounds (with
reverse transfection for the first round and forward transfection for the second
round) separated by 24 hr using Lipofectamine RNAiMAX transfection reagent
(Invitrogen) according to the manufacturer’s protocol. Cells were seeded for IR
and/or Nutlin3a treatment 24 hr post the second transfection.

2.6 Whole Cell Extract Preparation and Western Blot Analyses
Cell pellets were lysed in 1x cell lysis buffer (Cell Signalling) with 1x cOmplete™
EDTA-free protease inhibitor cocktail (Roche) and 1x PhosSTOP™ phosphatase
inhibitor cocktail (Roche) for 30 min on ice, and sonicated for 2 cycles of 30 sec
on and 30 sec off with Bioruptor Pico (Diagenode) in 1.5 mL Eppendorf tubes.
Cell lysate was centrifugated for 15 min at 4°C at 13200 rpm and the supernatant
was collected as whole cell extract for protein concentration quantification by
Bradford assay (Bio-Rad) according to the manufacturer’s protocol. Protein
samples were prepared for Western blot analyses by mixing whole cell extract
with NuPAGE™ LDS sample buffer (Life Technology) and 1.25% βMercaptoethanol (Sigma), and were denatured at 95 °C for 5 min.
For Western blotting, 20 µg of the protein samples were separated on either
Novex™ 4% to 20% Tris-Glycine gel (Thermo Fisher Scientific) or 6% TrisGlycine gel with Precision Plus Protein Standards (Bio-Rad) as size marker.
Resolved proteins were transferred onto 0.45 µm nitrocellulose membrane (GE
Healthcare) at 200 mA for 90 min. The membrane was blocked in 3% milk-TBST
(Tris Buffered Saline with Tween) for 1 hr at room temperature. The blocked
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membrane was probed with the corresponding primary antibodies diluted to
working concentrations (shown in Figure 2.3) in 5% BSA-TBST for antiphosphoprotein antibodies or in 3% milk-TBST for other antibodies at 4 °C
overnight. The membrane was then washed three times with TBST and probed
with secondary antibody in 3% milk-TBST for 1 hr at room temperature. The
membrane was washed three times with TBST prior to imaging using Pierce ECL
Plus reagents (Thermo Fisher Scientific). For re-probing different protein targets
on the same membrane, the membrane was stripped with Restore™ PLUS
Western Blot Stripping Buffer (Thermo Fisher Scientific) for 15 min at room
temperature, washed in TBST three times and blocked with 3% milk-TBST before
re-probing with other antibodies.

2.7 Immunofluorescence
Cells were seeded on coverslip at least 24 hr in advance of the treatment. For
HEK293T cells, the coverslips are coated with poly-L-lysine (Sigma) for 20 min
at room temperature for better cell adherence. After the treatments, for RPA foci
staining, coverslips were first pre-extracted with 0.2% Triton-PBS (Phosphate
Buffered Saline) for 1 min and then fixed in PBS with 3% paraformaldehyde
(Electron Microscopy Sciences) and 2% sucrose for 10 min at room temperature;
for the PBRM1 staining, coverslips were fixed in 100% ice-cold methanol 15 min
at -20 °C; and for other targets, coverslips were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences) for 10 min at room temperature. The
paraformaldehyde fixed cells were first permeabilized with 0.2% Triton-PBS for 3
min. All fixed cells were then blocked with 2% BSA (Bovine Serum Albumin)-PBS
for 1 hr, and incubated with the primary antibodies in 2% BSA-PBS at the working
concentrations (shown in Figure 2.3) overnight at 4 °C. Coverslips were washed
three times with PBS before incubating with secondary antibody at the working
concentrations (shown in Figure 2.3) in 2% BSA-PBS for 1 hr in the dark at room
48
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Figure 2.3 Table showing antibody information used in the studies of this thesis

temperature. The coverslips were mounted with antifade mounting medium with
DAPI (Vectorlab). Cells were imaged with Advanced Spinning Disc Confocal
Microscope with Slidebook 6 software (3i).
For phospho-H2A.X at Ser139 (γH2AX) foci, the number of γH2AX foci was
counted by Cell Profiler software with at least 400 cells analysed in total for each
condition. For the RPA foci, the number of RPA and Rad51 foci was counted by
Cell Profiler software with at least 100 S/G2 cells analysed in total for each
condition, and the S/G2 cells were selected based on the presence of both RPA
foci and Rad51 foci. For micronuclei quantification, the number of micronucleated
cells and the number of cGAS-positive micronucleated cells was counted
manually with at least 1000 nuclei (750 nuclei for 1BR3 siRNA) analysed in total
for every condition.

2.8 Fluorescence In Situ Hybridization (FISH)
Trypsinised single cell suspensions were washed in PBS. Then, ice cold Carnoy’s
fixative (3 volumes of methanol with 1 volume of acetic acid) was added dropwise
to cells while gently vortexing for fixation, and cells were subjected to two rounds
of incubation in Carnoy’s fixative for 15 min. Cells were then resuspended in 30
μL Carnoy’s fixative and dropped onto a microscope slide and air dried. The slides
were rehydrated in 2x Saline-sodium citrate (SSC) (Cytocell) for 2 min followed
by dehydration in an ethanol series (70, 80 and 95%) for 2 min each at room
temperature. The chromosome 2 satellite (Green) and chromosome 10 satellite
(Red) FISH probes (Cytocell) were incubated with the slides for denaturation and
hybridization according to the manufacturer’s protocol. The slides were washed
post hybridization in 0.25x SSC for 2 min at 72 °C and then in 2x SSC with 0.05%
Tween-20 for 30 sec at room temperature without agitation. The slides were
drained and stained with DAPI for imaging with Advanced Spinning Disc Confocal
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Microscope with Slidebook 6 software (3i). The size of the satellite signal was
quantified using cell profiler with the z-stack projected images and with bit-depth
intensity.

2.9 Real-time quantitative PCR (RT-qPCR)
For the RT-qPCR of the coding genes, cell pellets were subjected to total RNA
extraction with RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol.
1 µg of total RNA was reverse transcribed with SuperScript™ II reverse
transcriptase

(Invitrogen)

and

oligo

dT (Invitrogen)

according

to

the

manufacturer’s protocol. 10 ng of the reverse transcribed cDNA was used as
template for each qPCR reaction and the primers were used at a final
concertation of 200 nM (oligonucleotide sequence shown in Figure 2.2). qPCR
was performed using a StepOnePlus Real-Time PCR System (Applied
Biosystems) on reactions prepared with Power SYBR green PCR master mix
(Applied Biosystems) according to the manufacturer’s protocol with three
technical repeats. The GAPDH gene was used as the control for normalisation to
calculate the relative expressions of target genes.
For the RT-qPCR of the satellite transcripts genes, cell pellets were subjected to
total RNA extraction with Trizol Reagent (Invitrogen) and Direct-zol RNA
Microprep Kits (ZYMO), and RNA samples were subsequently treated with
TURBO DNA-free Kit (Invitrogen) to remove residual genomic DNA according to
the manufacturer’s protocol. 1 µg of total RNA was reverse transcribed with
SuperScript™ II reverse transcriptase (Invitrogen) and random hexamer
(Invitrogen) according to the manufacturer’s protocol. As a control for genomic
DNA residual contamination, 1 µg of total RNA was reverse transcribed in the
same reaction system without SuperScript™ II reverse transcriptase. 10 ng of the
reverse transcribed cDNA or non-transcriptase control or ddH2O negative control
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was used as template for each qPCR reaction and the primers were used at a
final concertation of 200 nM (oligonucleotide sequence shown in Figure 2.2).
qPCR was performed using a StepOnePlus Real-Time PCR System (Applied
Biosystems) on reactions prepared with Power SYBR green PCR master mix
(Applied Biosystems) according to the manufacturer’s protocol with three
technical repeats. The GAPDH gene was used as the control for normalisation to
calculate the relative Ct value differences and relative expressions of target
satellite transcripts. Two quality controls were applied before further analysis –
only the satellite targets with Ct values of non-transcriptase control less than 0.5cycle away from the Ct value of the corresponding ddH2O negative control
(minimal genomic DNA contamination) and with Ct values of reverse transcribed
sample at least 2-cycle smaller than the ddH2O negative control (the satellite
transcript is transcribed) were included for analysis.

2.10 Fluorescence-Activated Cell Sorting (FACS) Analyses
Cells were trypsinised, washed with PBS and fixed in ice-cold 70% ethanol
overnight. For propidine iodine staining, fixed cell pellets were washed in PBS
twice and incubated in PBS with 5 µg/mL propidine iodine (Invitrogen) and 100
µg/mL RNAse (Sigma) for 15 min in the dark at room temperature. For
phosphorylated histone H3 (pH3) antibody staining, fixed cell pellets were
washed in PBS twice and blocked in PBS with 0.5% BSA and 0.25% Triton-X for
15 min on ice. The blocked cells were incubated with pH3 antibody (Abcam) at a
1:500 dilution in PBS with 0.5% BSA and 0.25% Triton-X for 2 hr at room
temperature. Then, cells were washed twice in PBS with 0.25% Triton-X and
incubated with Goat anti-Mouse IgG Alexa Fluor 647 (Invitrogen) at a 1:500
dilution in PBS with 1% BSA for 30 min in the dark at room temperature. Finally,
the cells were stained with propidine iodine as described above. The stained cells
were analysed on the BD LSR II flow cytometer or the BD FACSymphony™ A5
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flow cytometer with at least 10,000 single cell events recorded per sample. The
quantifications and the figures were generated with FlowJo v10.6.2 software.

2.11 Chromatin Immunoprecipitation with Quantitative PCR
(ChIP-qPCR)
Briefly, cells were fixed on the culture dishes with 1% paraformaldehyde (Electron
Microscopy Sciences) for 10 min before quenching with glycine (Sigma) at a
0.125 M final concentration. The fixed cells were washed with cold PBS twice,
scraped into PBS and centrifuged at 4 °C to collect the cell pellet. The cell pellets
were then incubated in Farnham lysis buffer (5 mM PIPES pH 8.0 / 85 mM KCl /
0.5% NP-40) for 15 min at 4°C. Then, the nuclei pellets were collected by
centrifugation at 4 °C and then incubated in RIPA buffer (1X PBS / 1% NP-40 /
0.5% sodium deoxycholate / Roche Protease inhibitor cocktail) with 0.3% SDS at
a concentration of 3X10^7 cells/mL for 30 min at 4 °C. Then, the nuclei
suspension was sonicated with Bioruptor Pico (Diagenode) in the 1.5 mL
sonication tubes (Diagenode) to enrich 100bp-500 bp chromatin fragments. The
sonicated nuclei lysate was centrifuged at 13200 rpm for 15 min at 4 °C and the
fragmented chromatin was collected as the supernatant.
The fragmented chromatin was 1:3 diluted in RIPA buffer to give a final SDS
(Sodium Dodecyl Sulfate) concentration of 0.1% and precleared with Protein G
Dynabeads (Thermo Fisher). 50 ul of the chromatin was kept as input; and for
each ChIP, 1 mL of the chromatin (about 1x10^7 cells) was incubated on a rotator
with 1 μg of corresponding antibody with 0.5% BSA overnight at 4 °C. Then, the
chromatin was incubated with 50 ul of 0.5% BSA-RIPA blocked Protein G
Dynabeads (Thermo Fisher) for 4 hr at 4 °C. The Dynabeads were then washed
twice with 1 mL of RIPA buffer, twice with 1 mL of High Salt Wash buffer (100 mM
Tris pH 7.5 / 500 mM NaCl / 1% NP-40 / 0.5% sodium deoxycholate/ 0.1% SDS),
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three times with 1 mL of LiCl IP Wash Buffer (100 mM Tris pH 7.5 / 500 mM LiCl
/ 1% NP-40 / 1% sodium deoxycholate) and once with 1 mL of TE (Tris-EDTA)
buffer (Sigma) on a rotator for 3 min each wash at 4 °C. The washed Dynabeads
were incubated with 125 ul of IP elution buffer (1% SDS / 0.1 M NaHCO3) for 30
min at 65 °C with gentle vortexing to elute the immunoprecipitated chromatin. The
eluted ChIP chromatin and the stored input chromatin were reverse cross-linked
with 200 mM NaCl, 150 ug/mL RNase A (Sigma) and 300 ug/mL Protease K
(Sigma) for 2 hr at 37 °C and then overnight at 65 °C. The DNA was purified with
QIAquick PCR purification Kit (Qiagen).
Quantitative PCR was performed using a StepOnePlus Real-Time PCR System
(Applied Biosystems) with 15 μL reaction system prepared with Power SYBR
green PCR master mix (Applied Biosystems) according to the manufacturer’s
protocol with three technical repeats. 5.5 μL of 1:100 diluted input DNA or 2 μL
undiluted ChIP DNA was used as template, and the primers were used at a final
concentration of 667 nM (oligonucleotide sequence shown in Figure 2.2).

2.12 PBRM1 Inducible Re-expression
For lentivirus production, 15 μg of WT PBRM1-TRIPZ-neo or Empty-TRIPZ-neo
plasmid was co-transfected with 10 μg of psPAX2 plasmid and 5 μg of pMD2.G
plasmid into 70% confluent HEK293T in 15 cm dishes by Lipofectamine LTX
(Invitrogen) according to the manufacturer’s protocol. Viral particle containing
medium was harvested at 48 hr and 72 hr post transfection, filtered through 0.45
μM filter and stored at -80 °C.
For the transduction, viral particle containing medium was added to the seeded
cells to reach a MOI (Multiplicity of Infection) of 0.3 with 6 μg/mL polybrene
(Sigma). After 24 hr incubation, the cells were selected with 1.5 mg/mL G418
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(Sigma) for 7 day and then maintained in media with 750 μg/mL G418. The
transduced cell pool was then sorted into 96-well plate with one cell per well with
BD FACSAria™ III sorter (BD) for 1BR3-hTERT or seeded sparsely with 2500
cells in 15 cm dishes for RCC-MF. The single cell clones were then screened
using immunofluorescence with antibodies against PBRM1 after 1.5 μg/mL
doxycycline (DOX) (Sigma) induction for 72 hr. The PBRM1 positive clones were
further verified by Western Blotting. For studies of cells with PBRM1 reexpression, the cells were induced with or without 1.5 μg/mL DOX for at least 48
hr and were then seeded 24 hr in advance of the treatment in media with or
without 1.5 μg/mL DOX.

2.13 Proteomic Analyses
The proteomics analyses were performed by the core proteomics facility of the
Institute of Cancer Research. For sample preparation and TMT labelling, cell
pellets were lysed in 150 μL buffer containing 1% sodium deoxycholate (SDC),
100 mM triethylammonium bicarbonate (TEAB), 10% isopropanol, 50 mM NaCl
and Halt protease and phosphatase inhibitor cocktail (100X) (Thermo Scientific)
on ice, assisted with probe sonication, followed by heating at 90°C for 5 min and
re-sonicated. Protein concentration was measured with the Coomassie Plus
Bradford Protein Assay (Pierce) according to manufacturer instructions. Protein
aliquots of 50 μg were reduced with 5 mM tris-2-carboxyethyl phosphine (TCEP)
for 1 h at 60°C and alkylated with 10 mM Iodoacetamide (IAA) for 30 min in dark,
followed by overnight digestion with trypsin at final concentration 75 ng/μL
(Pierce). Peptides were labelled with the TMT 10plex reagents (Thermo Scientific)
according to manufacturer instructions. The mixture was acidified with 1% formic
acid and the precipitated SDC was removed by centrifugation. Supernatant was
finally dried with a centrifugal vacuum concentrator.
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For basic reverse-phase peptide fractionation and LC-MS/MS analysis, Peptides
were fractionated with high-pH Reversed-Phase (RP) chromatography with the
XBridge C18 column (2.1 x 150 mm, 3.5 μm, Waters) on a Dionex UltiMate 3000
HPLC system. Mobile phase A was 0.1% v/v ammonium hydroxide and mobile
phase B was acetonitrile, 0.1% v/v ammonium hydroxide. The TMT labelled
peptides were fractionated at a flow rate of 0.2 mL/min using the following
gradient: 5 minutes at 5% B, for 35 min gradient to 35% B, gradient to 80% B in
5 min, isocratic for 5 minutes and re-equilibration to 5% B. Fractions were
collected every 42 sec, combined in 28 fractions and vacuum dried. LC-MS
analysis was performed on a Dionex UltiMate 3000 UHPLC system coupled with
the Orbitrap Lumos Mass Spectrometer (Thermo Scientific). Peptides were
loaded onto the Acclaim PepMap 100, 100 μm × 2 cm C18, 5 μm, trapping column
at 10 μL/min flow rate. Peptides were analysed with the EASY-Spray C18
capillary column (75 μm × 50 cm, 2 μm) at 50°C. Mobile phase A was 0.1% formic
acid and mobile phase B was 80% acetonitrile, 0.1% formic acid. The gradient
method included: 90 min gradient 5%-38% B, 10 min up to 95% B, 5 min isocratic
at 95% B, re-equilibration to 5% B in 5 min and 10 min isocratic at 5% B at flow
rate 300 nL/min. Survey scans were acquired in the range of 375-1,500 m/z with
mass resolution of 120 k, AGC 4×105 and max injection time (IT) 50 ms.
Precursors were selected with the top speed mode in cycles of 3 sec and isolated
for CID fragmentation with quadrupole isolation width 0.7 Th. Collision energy
was 35% with AGC 1×104 and max IT 50 ms. Quantification was obtained at the
MS3 level with HCD fragmentation of the top 5 most abundant CID fragments
isolated with Synchronous Precursor Selection (SPS). Quadrupole isolation width
was 0.7 Th, collision energy was 65% and AGC setting 1×105 with 105 ms max
IT. The HCD MS3 spectra were acquired for the mass range 100-500 with 50k
resolution. Targeted precursors were dynamically excluded for further
fragmentation for 45 seconds with 7 ppm mass tolerance.
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For database search and protein quantification, the mass spectra were analysed
in Proteome Discoverer 2.4 (Thermo Scientific) with the SequestHT search
engine for protein identification and quantification. The precursor and fragment
ion mass tolerances were set at 20 ppm and 0.5 Da respectively. Spectra were
searched for fully tryptic peptides with maximum 2 mis-cleavages. TMT6plex at
N-terminus/K and Carbamidomethyl at C were selected as static modifications.
Oxidation of M and Deamidation of N/Q were selected as dynamic modifications.
Peptide confidence was estimated with the Percolator node and peptides were
filtered at q-value<0.01 based on decoy database search. All spectra were
searched against reviewed UniProt human protein entries. The reporter ion
quantifier node included a TMT 10plex quantification method with an integration
window tolerance of 15 ppm at the MS3 level. Only unique peptides were used
for quantification, considering protein groups for peptide uniqueness. Only
peptides with average reporter signal-to-noise>3 were used for protein
quantification.

2.14 Total RNA-seq Analyses
The RNA-seq library construction, sequencing and data processing were carried
out by the Tumour Profiling Unit of the Institute of Cancer Research. Briefly, cell
pellets were subjected to total RNA extraction with Trizol Reagent (Invitrogen)
and Direct-zol RNA Microprep Kit (ZYMO), and RNA samples were subsequently
treated with TURBO DNA-free Kit (Invitrogen) to remove residual genomic DNA
according to the manufacturer’s protocol. The total RNA libraries were
constructed using the NEBNext rRNA Depletion Kit (Human/Mouse/Rat) (NEB)
and NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB)
according to the manufacturer’s protocol. The libraries were sequenced with 100
million 100bp paired-end reads on a NovaSeq 6000 Platform (Illumina). Bcl2fastq
software (v2.2.20, Illumina) was used for converting the raw basecalls to fastqs
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and to further demultiplex the sequencing data.
For the gene count generation, the STAR alignment software (v.2.5.1b) was used
to align reads to the reference genome (GRCh38/hg38). Once the reads were
aligned, HTSeq-count (HTSeq v0.6.1) was used to count the number of reads
mapping unambiguously to genomic features in each sample. Normalised count
data was generated in R using the Bioconductor package DESeq2 (v1.14.1). The
normalised data was filtered further to remove all the rows where the row sum
was less than 1. The RNA-seq gene count data was used for the Gene Set
Enrichment Analysis (GSEA) to analyse the enrichment of the 50 hallmark gene
sets (Molecular Signature Database) in the PBRM1 KO clones compared to their
corresponding parental lines (Subramanian et al., 2005).
For the repetitive element (TE) count generation, the STAR alignment software
(v.2.5.1b) was used to align reads to the soft masked human reference genome
(GRCH38_sm). Custom generated GTF files for TE annotations were
downloaded from (http://hammelllab.labsites.cshl.edu/software/#TEtranscripts)
(Jin et al., 2015). TE count generation was carried out using TEcount from
TEToolKit suite (v2.03) (Jin et al., 2015). Normalised count data was generated
in R using the Bioconductor package DESeq2 (v1.14.1). The normalised data
was filtered further to remove all the rows where the row sum was less than 1.

2.15 INDUCE-seq Library Construction and Data Processing
The detailed library construction protocol and data processing pipeline have been
published (Dobbs et al., 2020). Briefly, 1X10^5 cells were seeded to each well of
a 96-well plate pre-coated with Poly-L-lysine and fixed in 4% PFA for 10 min at
room temperature. Cells were subjected to the two-step permeabilisation as
described in the protocol and washed three times in 1xCutSmart® Buffer (NEB).
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The DNA double strand ends were end repaired with Quick Blunting Kit (NEB)
and A-tailed with NEBNext® dATailing Module (NEB) according to manufacturer’s
protocol. A-tailed ends were ligated to the modified P5 adapter and excessive P5
adapter was washed away after ligation. Genomic DNA was extracted with
Genomic DNA Clean & Concentrator™ (Zymo), sonicated to 300-500bp
fragments, and size selected to exclude fragments smaller than 150bp.
Fragmented and size-selected DNA was then end-repaired and ligated to
staggered P7 adapter with NEBNext® Ultra™ II Ligation Module (NEB) according
to the manufacturer’s protocol. The ligated sequencing libraries were size
selected to remove fragments smaller than 200bp and residual P7 adapter.
Samples were pooled and concentrated before sequencing on an Illumina
NextSeq 500 platform with 75bp single-ended reads. For the data processing
pipeline, FASTQ files were demultiplexed and removed adapter sequence with
Trim Galore. Reads were mapped to human reference genome (GRCh37/hg19)
using BWA-MEM. Mapped reads were quality filtered with SAMtools and a
custom script, and then converted into BED files. Genome blacklist regions were
excluded for the further analysis. The breakend position was recorded as the first
5’ nucleotide relative to the strand orientation and optical read duplicates were
removed with a custom script (Dobbs et al., 2020).

2.16 INDUCE-seq Data Analysis
For AsiSI-induced DSB detection in AID-DIvA cells. The positions of AsiSI target
sites (5’-GCGATCGC-3’) in the reference human genome (GRCh37/hg19) were
predicted in silico using the tool SeqKit locate. The breakends within the AsiSI
site +/-100bp region were assigned as AsiSI-induced DSB reads.
For STINGRAY plot generation, the 10bp sequences around the breakends (4bp/+5bp) were used as input to generating the plots with a custom bash script
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written by Dr. Felix Dobb. Briefly, for each STINGRAY plot, two breakends files
were compared to each other. First, 100,000 breakends were randomly chosen
from each file, and the occurrence percentage of individual 10bp sequence (i.e.
4^10 different potential 10bp sequences) in the 100,000 sequence was calculated.
The enrichment score of a specific 10bp sequence was calculated as log2 change
of the occurrence percentage. If a specific 10bp sequence is only present in the
sampling of one file, a pseudo count is assigned for that sequence to its
counterpart to allow log calculation. In addition, the number of occurrence of
individual 10bp sequence in the human reference genome (GRCh37/hg19) was
calculated. The plot was generated with each specific 10bp sequence as a dot
with the enrichment score as the X-axis value, the number of its occurrence in
the reference genome as the Y-axis value, and the GC content as the colour
gradient.
For the genomic location annotation of the breakends, ChIPseeker with the
reference genome hg19 annotation ‘TxDb.Hsapiens.UCSC.hg19.knownGene’
was used to annotate the genomic location of the breakends (Yu et al., 2015).
For the motif analysis, HOMER (http://homer.ucsd.edu/homer/) was used to
calculate the enrichment of the known motifs -/+100bp around the breakends with
the default settings.
For plotting the overlaps of breakends with histone modifications and RNA
expression signals, Seqplots R package was used to generate the plots (Stempor
& Ahringer, 2016). The published ChIP-seq data of RPE1 cells were downloaded
from the NCBI Gene Expression Omnibus database (Sun & Chadwick, 2018) and
the accession number are below:
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GSM3105091 Input_ChIPSeq
GSM3105085 RPE1_H3K4me2_ChIPSeq
GSM3105086 RPE1_H3K9me3_ChIPSeq
GSM3105087 RPE1_H3K27Ac_ChIPSeq
The ChIP-seq reads were mapped to human reference genome (GRCh37/hg19)
using BWA-MEM. For the mapped ChIP-seq reads, MACS2 callpeak and
bdgcmp commands were used to generate the fold-enrichment signal track in
bedgraph format of the histone modification over the input signal (Zhang et al.,
2008); then the bedgraph was converted to bigwig format with UCSC tool bdg2bw
(Kent et al., 2010). For the mapped RPE1 Parental RNA-seq reads, the mapped
bam file is converted to bigwig format with deepTools bamcoverage (Ramírez et
al., 2016); The RNA-seq reads were mapped to human reference genome
GRCh38/hg38, therefore for the RNA-seq data overlap, the INDUCE-seq
breakends bed files were converted from hg19 coordinate to hg38 coordinate with
UCSC LiftOver tool (https://genome.ucsc.edu/cgi-bin/hgLiftOver). The ChIP-seq
and RNA-seq bigwig files were used as signal tracks, and the INDUCE-seq
breakend bed files were used as the genomic features in Seqplots with -/+10kbp
plotting range and 100bp bin size to generate the overlaps of the breakends with
histone modifications and RNA expression signals.

2.17 Quantification and Statistical Analysis
Statistical details of experiments are included in the figure legends. The number
of biological replicates in each experiment is indicated in the figure legends. p
values for Student’s t test are indicated in figures as ns = not significant, * = p <
0.05, ** = p < 0.01 and *** = p < 0.001, ****p < 0.0001. p values for Wilcoxon rank
sum test are indicated in figures as exact values.
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2.18 Data Availability
The total RNA-seq data reported in this thesis is deposited in NCBI Gene
Expression Omnibus database (Accession number: GSE183688).
The whole proteomic analyses data reported in this theis is deposited in
Proteomics Identification database (Accession number: PXD028336).
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Chapter 3 PBRM1 Deficiency Leads to DNA Damage
Induced Inflammatory Signalling through Defective
G2/M Checkpoint Maintenance
3.1 Introduction
3.1.1

Nucleic Acid Sensing Pathways and Anti-tumour Immunity

The innate immune system acts as the first-line defence against pathogen
infection, and relies on a group of pattern recognition receptors (PRRs) acting as
sensors to detect the presence of pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs) (Iurescia et al.,
2018). One of the important aspects of innate immunity is the ability to sense
pathogen-related exogenous DNA and RNA nucleic acid via cytosolic receptors
and then to activate the innate immunity against the pathogen infection. In human
cells, double-stranded DNA (dsDNA) and double-stranded RNA (dsRNA) are
each recognised by distinctive cytosolic PRRs (Desmet & Ishii, 2012; Iurescia et
al., 2018).
3.1.1.1 dsDNA Sensing via cGAS-STING Pathway
The cGAS-STING pathway is the part of the innate immune system that detects
the presence of cytosolic dsDNA, for example bacterial and viral DNA (Figure 3.1)
(Chen et al., 2016). The cGAS protein is activated when binding to cytosolic
dsDNA forming an active cGAS dimer, which produces 2’-3’-cyclic GMP-AMP
(cGAMP) (Figure 3.1) (Wu et al., 2013). The intracellular second messenger
cGAMP activates endoplasmic reticulum (ER) surface receptor STING (Figure
3.1) (Ishikawa et al., 2009; Wu et al., 2013). STING activation leads to its
dimerisation and its trafficking along ER, which subsequently activates the NF63

(Legend continued on next page)
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Figure 3.1 The nucleic acid sensing pathway and anti-tumour immunity

(Legend continued from previous page)
Figure 3.1 The nucleic sensing pathway and anti-tumour immunity
The schematic figure showing the activation of the innate and adaptive immune
signalling via the dsDNA and dsRNA sensing pathway, and the potential ways of
targeting those pathways in cancer. Figure modified from (Iurescia et al., 2018).
The cGAS-STING dsDNA sensing pathway is shown in the left cancer cell. The
source of the dsDNA could be from dsDNA virus or ruptured micronuclei, which
activates cGAS protein. The second messenger cGAMP produced by cGAS
activates STING, which further activates the TBK1-IRF3 pathway or the NF-κB
pathway to induce interferon responsive gene expression. The cGAMP can be
transported inter-cellularly into the immune cells and the dead cancer cell debris
with genomic DNA can be engulfed by the immune cells to activate cGAS-STING
pathway in the immune cells such as the dendritic cells in the tumour
microenvironment. The dsRNA-sensing pathway is shown in the right cancer cell.
The source of the dsRNA could be from RNA virus or transcription of endogenous
repetitive elements. Several cytosolic dsRNA sensors including RIG-I, MDA5,
and PRK with different binding preferences to different dsRNA species are
activated. RIG-I and MDA5 activates MAVS, which induce interferon responsive
gene expressions via the TBK1-IRF3/7 pathway and the NF-κB pathway. PRK
activates NF-κB pathway as well as represses translation and activates caspases.
The ADAR adenosine-to-inosine base editing of the cytosolic dsRNA reduces the
capacity of dsRNA to activate dsRNA sensors. The dead cancer cell debris with
dsRNA can activate the membrane dsRNA sensor TLR3 in the immune cells such
as dendritic cells during endocytosis, which induce interferon responsive gene
expressions in the immune cells.
The expression of the interferon responsive genes via dsDNA and dsRNA
sensing pathway attracts and activates the innate immune cells like natural killer
cells which kill the cancer cells via innate immune cell induced cytotoxicity. The
dendritic cells are activated by the interferon responsive genes and mediate
adaptive immunity. They pick up dead tumour cell debris and present the tumour
associated antigens via MHC-I class molecules to the naïve cytotoxic CD8+ T
cells. This antigen cross-presentation process activates the expansion of
particular clonal CD8+ T cells which have specific T cell receptor (TCR)
recognising the tumour associated antigens. These CD8+ T cells specifically kill
tumour cells with tumour associated antigens (TAAs). The adaptive immunity
against tumour is inhibited by the interactions between immune checkpoint
molecules and their corresponding receptors on the T cells (for example,
CD80/86 to CTLA4, and PD-L1 to PD-1).
Many potential therapeutics are shown in red text to activate the nucleic acid
sensing pathway and to enhance the induced anti-tumour immunity.
65

κB pathway by phosphorylation of IKK and the IRF3 pathway by phosphorylation
of TBK1 and IRF3 (Figure 3.1) (Abe & Barber, 2014; Ishikawa et al., 2009). The
downstream genes of the NF-κB pathway and the IRF3 pathway are mainly
interferon responsive genes, which trigger innate immunity activation as well as
prime adaptive immunity against the potential threats (Figure 3.1) (Abe & Barber,
2014; Chen et al., 2016; Ishikawa et al., 2009; Iurescia et al., 2018).
3.1.1.2 dsRNA Sensing via RIG-I-like Receptors
The RIG-I and MDA5 are the two major cytosolic dsRNA sensing PRRs in the
innate immune system to detect RNA virus infection (Yoneyama et al., 2015).
RIG-I and MDA5 both belongs to RIG-I-like receptor (RLRs) family, but they have
different binding preferences of dsRNA structure, therefore providing recognition
of a full spectrum of foreign RNA species. RIG-I binds preferentially to short
dsRNA with uncapped 5’ triphosphate group to form an active tetramer, and
MDA5 binds preferentially to long dsRNA to form an active oligomer (Figure 3.1)
(Goubau et al., 2014; Schlee, 2013; Yoneyama et al., 2015). RIG-I and MDA5
once bound to dsRNA activate mitochondrial protein MAVS (Figure 3.1). MAVS
further activates the NF-κB pathway by phosphorylation of IKK and the IRF3/IRF7
pathway by phosphorylation of TBK1 and IRF3/IRF7, which converges with the
dsDNA sensing cGAS-STING pathway to the expression of the interferon
responsive genes (Figure 3.1) (Schlee, 2013; Yoneyama et al., 2015). The dsRNA
sensing via RLRs has been implicated as an important factor in activating the
innate immune signalling in cancer cells (Iurescia et al., 2018; Sadeq et al., 2021).
3.1.1.3 dsRNA Sensing via Other dsRNA-binding Proteins
Toll-like Receptors (TLRs) are membrane receptors normally expressed in the
innate immune cells like dendritic cells and macrophages to recognise a diverse
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range of PAMPs and DAMPs. TLR3/7/8 recognises dsRNA present inside
endosome from phagocytosis (Figure 3.1) (Kawasaki & Kawai, 2014; Sadeq et
al., 2021). Activated TLRs recruit adapter proteins TRIF and Myd88, which
subsequently activates the TBK1-IRF3/7 pathway and the NF-κB pathways in
those immune cells (Figure 3.1) (Kawasaki & Kawai, 2014). Apart from TLRs and
RLRs, Protein Kinase R (PKR) binds to dsRNA as its canonical ligand, activating
NF-κB pathway, inhibiting global translation via phosphorylation of EIF2A, and
promoting apoptosis via caspase3/7 activation (Figure 3.1) (Bonnet et al., 2006;
Gal-Ben-Ari et al., 2019; García et al., 2007; Hur, 2019). Studies show that PKR
mainly binds to mitochondrial dsRNA, but also has important role in the anti-viral
response by recognising viral dsRNA. In addition, PKR is not entirely specific to
activation by dsRNA, and it can be activated by other stimulus like growth factors
and heat shock proteins (Kim et al., 2018; Li et al., 2006). Moreover, the
oligoadenylate synthetase (OAS) family proteins also recognise viral dsRNA.
OAS proteins similar to cGAS have nucleotidyltransferases activity and produces
2’-5’-oligoadenylate as the second messenger to activate RNase L, which
globally degrades both the viral and host RNA (Hornung et al., 2014; Hur, 2019).
3.1.1.4 cGAS-STING Pathway in Cancer
Recently, the innate immune nucleic acid sensing pathways have been
extensively studied in cancer due to their relevance to anti-tumour immunity. In
normal cells, the endogenous genomic DNA is well protected in the doublemembrane nucleus and away from the cytosol during interphase (Zierhut &
Funabiki, 2020). During mitosis, the exposed genomic DNA is recognised by
cytosolic cGAS, however structural analysis showed cGAS binding to the
nucleosome-bound DNA is inhibited from forming functional cGAS dimers (Kujirai
et al., 2020). Therefore, under physiological conditions, the endogenous genomic
DNA cannot activate the cGAS/STING pathway (Kujirai et al., 2020). However,
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one of the cancer hallmarks is genome instability, resulting in the formation of
non-physiological cytosolic dsDNA, which can be exacerbated by additional
treatments like ionising radiation (IR) (Chen et al., 2016; Harding et al., 2017;
Mackenzie et al., 2017; Pilger et al., 2021). Endogenous genome instability
and/or additional treatments that induce genome instability leads to mis-repaired
or unrepaired DSBs during mitosis, and the acentric fragments for example are
therefore enclosed separately into micronuclei, which contain improperly
separated genomic DNA (Chen et al., 2016; Harding et al., 2017; Mackenzie et
al., 2017). Those micronuclei have fragile membranes, and if ruptured, their DNA
content is exposed to cytosol and activates the cGAS-STING pathway, triggering
the innate immune response against those genome instable cells, which imposes
a negative selection (Harding et al., 2017). Therefore, it is not surprising that
some cancer cells escape from this negative selection by shutting down cGAS
and/or STING expression with epigenetic changes. Immunohistochemical
analysis of human hepatic carcinoma patient samples showed that STING levels
are significantly lower in the tumours compared to the adjacent normal tissue (Bu
et al., 2016). Notably, tumours with alternative lengthening of telomeres (ALT)
pathway nearly all have impaired cGAS-STING pathway, as those tumour cells
need to keep extrachromosomal telomere repeat (ECTR) DNA for ALT-dependent
telomere maintenance and ECTR DNA serves as strong activators of the cGASSTING pathway (Chen et al., 2017). Apart from the cGAS-STING pathway
activation in cancer cells, recent studies showed that the tumour infiltrating
immune cells like dendritic cells also activate their cGAS-STING pathway in
response to the dsDNA presence in tumour cells (Schadt et al., 2019; Zhou et al.,
2020). One mechanism is via the transport of the intracellular messenger cGAMP
from cancer cells to the neighbour immune cells via gap junctions and/or LRRC8A
channels (Schadt et al., 2019; Zhou et al., 2020); the other mechanism is via the
phagocytosis of dead cancer cells by immune cells, which exposes dsDNA to the
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immune cell cytosol (Figure 3.1) (Woo et al., 2014). The first mechanism still
requires functional cGAS protein to produce cGAMP in the genome instable
cancer cells, while the second mechanism does not rely on the cGAS-STING
pathway in these cancer cells. Nevertheless, the importance of cGAS-STING
pathway activation in the tumour infiltrating immune cells has been more and
more recognised in terms of anti-tumour immunity.
3.1.1.5 dsRNA Sensing Pathways in Cancer
All RNA virus associated RNA species exist in a double-stranded format at some
stages of their viral replication cycle. The dsRNA virus infects the cell with a
dsRNA viral genome, while the positive-strand RNA virus (single-stranded, for
example coronavirus) infects the cell with single-stranded RNA (ssRNA) viral
genome but forms dsRNA intermediate during replication in the host cells
(Ahlquist, 2006). The transcriptome of the human genome contains RNA species
that have the potential to form dsRNA structure. These include repetitive
transposable elements, mitochondrial transcripts, and natural sense and antisense transcripts (Sadeq et al., 2021). The mitochondrial genome is circular and
transcribed in both directions, forming dsRNA (Aloni & Attardi, 1971). Under
physiological conditions, the dsRNA is normally maintained within the double
membrane structure and there are specific enzymes in mitochondria to degrade
the light RNA strand (guanine-poor strand) to reduce the formation of the dsRNA
(Borowski et al., 2013). However, mitochondria permeabilises under certain
stress conditions that are commonly in cancer, and results in the release of
mitochondrial dsRNA (Arnaiz et al., 2020; Pajak et al., 2019). Mitochondrial
dsRNA can predominantly activate PKR dsRNA sensing pathway in the cancer
cells, and can also activate endosomal TLR3 dsRNA sensing pathway in the
surrounding immune cells to activate innate immune response (Karikó et al., 2005;
Kim et al., 2018). The most relevant repetitive transposable element with the
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potential to activate dsRNA sensing pathway is the endogenous retrovirus (ERV),
which is transcribed into both sense and anti-sense RNA molecules forming
dsRNA (introduced in Chapter 4) (Ishak & De Carvalho, 2020; Sadeq et al., 2021).
Other repetitive transposable elements like long interspersed elements (LINEs)
and short interspersed elements (SINEs) have also been reported to form intramolecular dsRNA structure (Hur, 2019; Kawahara & Nishikura, 2006; Kim et al.,
2019). Those repetitive transposable elements are normally repressed by the
constitutive heterochromatin structure (Ishak et al., 2018).

Most of those

repetitive transposable elements have lost the replication potential, but are still
able to produce dsRNA transcripts when the repression is eased due to genetic
mutations or under pathological conditions (Figure 3.1) (Burns, 2017; Ishak & De
Carvalho, 2020; Sadeq et al., 2021). The aberrant overexpression of those
dsRNA species has been observed in different types of cancers, probably due to
misregulated heterochromatin maintenance, thus could activate the dsRNA
sensing pathway and the innate immunity (Burns, 2017; Ishak & De Carvalho,
2020). The dsRNA from repetitive transposable element transcripts and the
natural sense and anti-sense transcripts is post-transcriptional edited by ADAR
enzyme, which converts adenosine to inosine, therefore disrupting the
complementary base-pairing and impairing their binding affinity to dsRNA sensors
(Figure 3.1) (Orecchini et al., 2017; Walkley & Li, 2017). Interestingly, the genes
involved in the dsRNA sensing pathway are not commonly mutated or repressed
in cancer cells, despite aberrant levels of dsRNA in the cancer cell cytosol
(Iurescia et al., 2018). Studies found ADAR levels are elevated in different types
of cancers and suggested this might have an important role in tumourigenesis,
by acting as a tolerance mechanism for the elevated levels of cytosolic dsRNA
(Peng et al., 2018). In addition, some evidence also showed that the chronic
dsRNA sensing pathway activation during cancer development promotes an antiimmunogenic microenvironment and the immune escape of the cancer cells
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(Cañadas et al., 2018; Seidel et al., 2018).
3.1.1.6 Targeting Nucleic Acid Sensing Pathways in Cancer
There is a great deal of interest in targeting the nucleic acid sensing pathways to
promote anti-tumour immunity (Demaria et al., 2019; Iurescia et al., 2018).
Introduction of exogenous nucleic acid or pathway activators is one of the
approaches. The use of oncolytic virus recapitulates the viral infection status in
the cancer cells and has good cancer cell specificity (Figure 3.1). Modified herpes
simplex virus and reovirus introduce dsDNA and dsRNA into the cancer cells
respectively, resulting in the activation of the nucleic acid sensing pathway and
interferon response in in vivo mouse tumour models (Froechlich et al., 2020;
Goubau et al., 2014; Müller et al., 2020). The role of nucleic acid sensing pathway
activation in the tumour toxicity by oncolytic virus has been increasingly
recognised. Additionally, a lot of focus has been on the use of STING agonists,
which directly activate the cGAS-STING downstream pathways, therefore tackle
the potential issue of cGAS expression loss in cancer cells (Figure 3.1) (Chen et
al., 2016; Fu et al., 2015; Gadkaree et al., 2017). On the other hand, studies
applied specifically designed small interfering RNAs (siRNAs) with uncapped 5’
triphosphate group in order to knockdown oncogenic or immunosuppressive
genes as well as to act as agonist of RIG-I (Figure 3.1) (Schnurr & Duewell, 2013).
Both the STING agonists and siRNAs show promising efficacy in in vivo mouse
tumour models, but face potential delivery issues when used to treat solid
tumours as they do not have tumour selectivity therefore need to be introduced
directly into the tumours or be combined with specific tumour targeting delivery
methods (McAndrews et al., 2021; Park et al., 2020).
The other approach is to exacerbate the endogenous dsDNA and dsRNA
presence. To activate the transcription of the endogenous repetitive elements to
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generate dsRNA, drugs targeting epigenetic regulators such as DNA
methyltransferase inhibitors were tested to de-repress the constitutive
heterochromatin, showing activation of viral mimicry response and interferon
signalling (Figure 3.1) (Chiappinelli et al., 2015; Roulois et al., 2015). However,
epigenetic drugs have a broad range of effects besides reactivating the repetitive
elements, and currently there is not a way to specifically promote the presence
of the endogenous dsRNA. In addition, ADAR inhibitors might be used
intratumorally to inhibit the RNA editing and thus promote dsRNA levels in tumour
cells (Figure 3.1) (Wang et al., 2021). On the other hand, more choices can be
explored to promote the endogenous dsDNA presence and the abscopal effect
of radiotherapy provides some insights. Radiotherapy applies IR to induce
different types of DNA damage, with the most deleterious type as DSBs in tumour
cells. The abscopal effect of radiotherapy describes the phenomenon that the
radiotherapy targeting the primary tumour site could lead to the shrinkage of the
non-irradiated metastases (Ngwa et al., 2018). The DNA damage induced by IR
is crucial to generate the ruptured micronuclei, activating the cGAS-STING
pathway, which plays an important role in the abscopal effect (Chen et al., 2016;
Harding et al., 2017; Mackenzie et al., 2017; Pilger et al., 2021). Therefore, using
different DNA damage inducing agents and targeting defective DNA damage
repair pathways in cancer cells have attracted a lot of focus. DNA damage
inducing agents like radiotherapy, platinum-based chemotherapy agents, and
topoisomerase inhibitors have a long history of being used as cancer therapeutics,
and their contributions to cGAS-STING pathway have been increasingly
characterised and recognised (Figure 3.1) (Chen et al., 2020; Harding et al., 2017;
Luthra et al., 2017; Pilger et al., 2021). Targeting defective DNA damage repair
pathway by synthetic lethality has an excellent example of using PARP inhibitor
in BRCA deficient patients, which leads to DNA damage and repair defects in S
phase, and ultimately to the cytosolic dsDNA (Kim et al., 2020; Lord & Ashworth,
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2017). Recently, studies revealed that mitosis is required to turn the mis-repaired
or unrepaired DNA damage into micronuclei that is recognised by cGAS (Chen
et al., 2020; Harding et al., 2017). Therefore, combining DNA damage with cell
cycle checkpoint inhibition further exacerbates the cGAS-STING activation
(Figure 3.1). The DNA damage repair signalling protein ATR has important roles
both in DNA damage repair and in maintaining G2/M checkpoint becomes an
interesting target. Combining ATR inhibition with radiotherapy showed induction
of cGAS-STING dependent interferon responsive expression and T cell infiltration
(Sheng et al., 2020; Vendetti et al., 2018). Interestingly, recent study revealed that
the dsRNA sensing (RIG-I) pathway also plays a role in the innate immune
activation with ATR inhibition and radiotherapy combination, and is also
dependent on mitosis progression (Chen et al., 2020). The exact mechanism is
not understood, and it could relate to the abnormal transcription in the ruptured
micronuclei. Therefore, mitosis under DNA damage and/or with DNA repair
problems is crucial to exacerbate the endogenous cytosolic dsDNA (and
potentially dsRNA) presence in cancer cells.
In addition, studies suggested that there are some non-canonical cGAS-STING
pathway activations by DNA damage. In more details, a non-canonical STING
activation pathway has been described, for which DNA damage activates STING
via IFI16, independent of cGAS (Dunphy et al., 2018). In addition, a noncanonical cGAS activation has been described as well, for which the singlestranded DNA (ssDNA) generated through HR repair defects independent of
mitosis can also activate cGAS activity (Coquel et al., 2018). We cannot rule out
the contributions of those non-canonical activation pathways and more
characterisations of those pathways are required. It is also worth noting that the
excess amount of cytosolic dsDNA activates a negative feedback loop,
upregulating TREX1, which cleaves the cytosolic dsDNA. Studies showed
fractionated IR reduces TREX1 upregulation compared to a single does IR with
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the same total dose, therefore, a balance between dsDNA production and
degradation should be found to maximise the dsDNA presence (Vanpouille-Box
et al., 2017).
Nevertheless, those potential therapeutic approaches discussed above are all
dependent on intact (or partially intact) nucleic acid sensing pathway, and this
may not be the case in cancers, which frequently repress cGAS and/or STING
expression. Therefore, the use of those approaches in cancers needs a careful
evaluation on the pathway integrity, and combination with epigenetic drugs to
allow cGAS and/or STING re-expression could be a potential strategy.
3.1.1.7 Adaptive Immunity and Immune Checkpoints in Cancer
The expression of interferon responsive genes via the nucleic acid sensing
pathway activates the interferon response of immune cells in autocrine and
paracrine manner, activating the innate immunity including natural killer cells,
macrophages and dendritic cells (Figure 3.1) (Duewell et al., 2015). Natural killer
cells and macrophages kill tumour cells non-selectively via phagocytosis or
cytotoxicity (Figure 3.1) (DeNardo & Ruffell, 2019; Vivier et al., 2008). Dendritic
cells link the innate and adaptive immunity, by the initiation of the adaptive antitumour T cell immunity, which is another important aspect of anti-tumour function
via nucleic acid sensing pathway (Diamond et al., 2011; Jhunjhunwala et al., 2021;
Lorenzi et al., 2011). Upon activation and engulfing dead tumour cell debris,
dendritic cells mature and migrate to the draining lymph node, and subsequently
present the tumour associated antigens (TAAs) to naïve T cells (Figure 3.1)
(Jhunjhunwala et al., 2021; Mintern et al., 2015). The priming of the naïve CD8+
cytotoxic T cells and/or the reactivation of the memory T cells against the TAAs
initiates the adaptive anti-tumour immunity, for which the differentiated CD8+
cytotoxic T cells mediates antigen specific tumour cell killing (Figure 3.1)
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(Farhood et al., 2019; Jhunjhunwala et al., 2021). To escape from the adaptive
immunity, cancers adapt to use immune checkpoints to dampen anti-tumour
immune responses. Immune checkpoints counteract the activation of the
adaptive immunity and have important physiological roles in the immune
tolerance to modulate the immune activation under chronic inflammation
conditions like chronic viral infection (Kalbasi & Ribas, 2020; Kubli et al., 2021).
Under chronic inflammation, the immune effector T cells become exhausted and
express a group of membrane bound inhibitory receptors, which are activated by
their ligands on other types of cells (Kalbasi & Ribas, 2020; Kubli et al., 2021;
Seidel et al., 2018). The well characterised examples include PD-1 receptor
binding to PD-L1 and CTLA4 receptor binding to CD80 or CD86 ligand (Figure
3.1) (Jhunjhunwala et al., 2021; Kalbasi & Ribas, 2020; Kubli et al., 2021; Seidel
et al., 2018). Cancers are thought to evolve and develop under the constant
selective pressure of the immune system, and therefore are normally associated
with a chronic inflammation tumour microenvironment, leading to T cell
exhaustion, inhibitory receptor expression and immune checkpoint activation
(Blank et al., 2019; Kalbasi & Ribas, 2020; Kubli et al., 2021). In addition, cancer
cells upregulate the expression of ligands of the inhibitory receptors and the one
best known example is PD-L1 (Figure 3.1) (Kalbasi & Ribas, 2020). As a result,
the anti-tumour activity of effector CD8+ cytotoxic T cells in the tumour
microenvironment are negatively regulated by the immune checkpoints.
3.1.1.8 Targeting Immune Checkpoints and Nucleic Sensing Pathways
Together in Cancer
Therefore, targeting immune checkpoints has been a major focus of cancer
immunotherapy. Immune checkpoint inhibitior (ICI) treatment or immune
checkpoint blockade (ICB) treatment utilises specific monoclonal antibodies to
bind the inhibitory receptors (anti-PD-1 and anti-CTLA4) and ligands (anti-PD-L1),
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and to disrupt the receptor-ligand interaction, therefore deactivating the immune
checkpoint and reactivate the anti-tumour functions of T cells (Figure 3.1) (Kubli
et al., 2021; Ribas & Wolchok, 2018). ICI treatment as a mono-therapy has been
a great success in treating some specific cancer types, especially metastatic
melanoma (Ribas & Wolchok, 2018; Schadendorf et al., 2015). In addition,
numerous potential combination therapies of ICI treatment with other cancer
treatments have been investigated or are under investigation in preclinical and
clinical settings. The efficacy of nucleic acid sensing pathway activation alone is
limited by the immune checkpoints, and therefore, combining it with ICI treatment
has great potential in the cancer treatment. Combining ICI treatment with STING
agonist or oncolytic virus has been under investigation (Sivanandam et al., 2019;
Wilson et al., 2018). More efforts have been devoted to combine DNA damaging
agents and ICI treatment (Pilger et al., 2021). Radiotherapy combined with ICI
treatment improves the abscopal effects in mouse tumour models, and a number
of clinical trials showed synergistic effects of this combination to improve tumour
regression and patient survival in human patients (Antonia et al., 2017; TwymanSaint Victor et al., 2015). DNA damage inducing chemotherapy agent carboplatin
and etoposide have been approved by FDA to use in combination with anti-PDL1 antibody in small cell lung cancers (Pilger et al., 2021). In addition, other DNA
damaging agents, such as PARP inhibitor treatment, are under preclinical
investigation in combination with ICI treatment, and showing promising results
(Ding et al., 2018; Färkkilä et al., 2020; Tung et al., 2020). Finally, cell cycle
checkpoint inhibitors like ATR inhibitors and CHK1 inhibitors (with or without DNA
damaging treatments) are also under investigation in combination to ICI
treatment, showing some synergistic anti-tumour effects (Chen et al., 2020; Sen
et al., 2019; Sheng et al., 2020). Notably, some of the studies verified that the
synergistic effect is dependent on the DNA damage induced micronuclei and
cGAS-STING pathway activation, supporting the therapeutic potential of
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combining nucleic acid sensing pathway activation with ICI treatment (Deng et
al., 2014; Sen et al., 2019).

3.1.2

Cell Cycle Checkpoints upon DNA damage

Eukaryotic cells follow an order of events referred to as the cell cycle to duplicate
the cellular components and to segregate into daughter cells. DNA replication
happens in a discrete synthesis phase (S phase) and chromosome segregation
happens at mitosis phase (M phase) (Barnum & O’Connell, 2014; Vermeulen et
al., 2003). Two interphases called G1 and G2 happens before S and M phase
respectively, in which cells grow and prepare suitable conditions for DNA
replication and mitosis, respectively (Barnum & O’Connell, 2014; Vermeulen et
al., 2003). Cell cycle checkpoints are surveillance mechanisms to make sure that
cells are under suitable conditions for cell cycle progression and ensure the
fidelity of the progression. Cell cycle checkpoints integrate different cellular
conditions including cell size, DNA replication integrity, chromosome alignment,
and the presence of DNA damage (Barnum & O’Connell, 2014). The G1/S and
G2/M checkpoints control the progression of the entry into S phase and M phase
respectively, while the intra-S phase checkpoint and spindle assembly checkpoint
ensures the fidelity of the DNA replication and chromosome segregation
respectively (Barnum & O’Connell, 2014; Bertoli et al., 2013; Grallert & Boye,
2008; Lara-Gonzalez et al., 2012; O’Connell et al., 2000).
DNA damage includes nucleotide base damage, DNA-DNA crosslinks, DNAprotein crosslinks, single- and double-stranded breaks (Mehta & Haber, 2014).
Nucleotide base damage happens hundreds of thousand times in each cell every
day, but they have limited capability to activate cell cycle checkpoints (Tubbs &
Nussenzweig, 2017). On the other hand, DSBs, which are free DNA double-helix
ends as a result of backbone breakage of both DNA strands, are the most
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cytotoxic form of DNA damage and activate strong cell cycle checkpoints (Mehta
& Haber, 2014; Tubbs & Nussenzweig, 2017) (Mehta & Haber, 2014; Tubbs &
Nussenzweig, 2017). The source of DSBs can be endogenous, such as from
errors in DNA replication, and it has been estimated that every cell experiences
about 50 endogenous DSB events during each cell cycle (Tubbs & Nussenzweig,
2017). DSBs can also be induced by exogenous agents like chemotherapy
agents or IR, in which the toxicity of DSBs has been utilised to kill cancer cells
(Trenner & Sartori, 2019). The misrepair of DSBs and the carryover of unrepaired
DSBs into replication or mitosis can result in chromatid or chromosome
aberrations and aneuploidy (Srivastava & Raghavan, 2015; Trenner & Sartori,
2019). Therefore, there are dedicated DSB repair machineries, which are coupled
to the activation of the cell cycle checkpoints (Jackson & Bartek, 2009). DSBs
activate both G1/S and G2/M checkpoints to arrest the cells in the interphases
for DNA repair before entering S phase or M phase (Houtgraaf et al., 2006;
Waterman et al., 2020). The commitment into replication and mitosis is
irreversible and DSBs carried over into replication or mitosis compromise genome
integrity, leading to genome instability and tumourigenesis (Waterman et al.,
2020). Therefore, the checkpoints function to minimise the possibility of DSBs
carried over into S phase and M phase. Here, I will focus on the mechanism and
the roles of G1/S and G2/M checkpoints activated by DNA damage, mainly DSBs.
3.1.2.1 G1/S Checkpoint via Rb Hypo-phosphorylation
In human cells, the upstream kinases in DDR signalling pathway include DNAPKcs, ATM, and ATR. DNA-PKcs and ATM are recruited to the DSBs and
activated via their interacting partners Ku70-Ku80 complex and MRE11-RAD50NBS1 (MRN) complex, respectively (Blackford & Jackson, 2017). ATR presents
in a complex with ATRIP, and is recruited to and activated by RPA-coated ssDNA
arising from resection during processing or repair of different types of DNA
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damages (Blackford & Jackson, 2017). Therefore, ATR reacts to a broader range
of DNA damage types including DSBs. These serine/threonine kinases
phosphorylate hundreds of downstream targets in response to DSBs. One of the
important targets for cell checkpoint activation is the transcription factor p53,
which is phosphorylated on serine 15 residue by these kinases (Figure 3.2)
(Blackford & Jackson, 2017; Hafner et al., 2019). Under untreated conditions,
unphosphorylated p53 is continuously degraded via ubiquitylation by the E3
ubiquitin ligase MDM2, while under DNA damage conditions, phosphorylated p53
escapes from MDM2 ubiquitylation and accumulates (Barnum & O’Connell, 2014;
Hafner et al., 2019). It then acts as a transcription activator in a tetrameric form
to activate transcription of p53 effector genes (Figure 3.2). The downstream
effectors of p53 activate the cell cycle checkpoints, remodel cell metabolism, and
regulate apoptosis in response to DNA damage (Figure 3.2) (Barnum & O’Connell,
2014; Hafner et al., 2019). The central p53 effector for cell cycle checkpoint
control is p21, which inhibits the kinase activity of CDK-Cyclin complexes (Figure
3.2) (Hafner et al., 2019). CCND-CDK4/6 and CCNE-CDK2 complexes are active
CDK-Cyclin complexes in the G1 cell cycle phase and are important for G1/S
progression (Otto & Sicinski, 2017). Without DNA damage, these CDK-Cyclin
complexes phosphorylate Rb, and the phosphorylation of Rb abrogates its
binding capability to the E2F family of transcription factors, in which free E2F
factors activate genes with E2F promoter elements to configure G1 phase cells
for DNA replication (Figure 3.2) (Hafner et al., 2019; Moser et al., 2018). When
p21 is present, the kinase activity of those CDK-Cyclin complexes is inhibited,
and this results in hypo-phosphorylated Rb which interacts and sequesters E2F
factors from transcriptional activation (Figure 3.2) (Hafner et al., 2019; Moser et
al., 2018). Therefore, cells no longer configure for DNA replication, and are held
at the G1/S cell cycle checkpoint until DNA damage is repaired. The G1/S
checkpoint is very stringent that even one single DSB is capable of activating the
G1/S checkpoint arrest (d'Adda di Fagagna, 2008; Huang et al., 1996).
79

(Legend continued on next page)
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Figure 3.2 Cell Cycle Checkpoints upon DNA damage

(Legend continued from previous page)
Figure 3.2 Cell Cycle Checkpoints upon DNA damage
The schematic figure showing DNA damage induced G1/S and G2/M cell cycle
checkpoint pathway activation.
DNA damage activates kinases including DNA-PKcs, ATM and ATR. ATM and
ATR phosphorylates CHK2 and CHK1, respectively. Phosphorylated
CHK2/CHK1 kinases phosphorylate a diverse range of downstream targets
including CDC25 family proteins to control cell proliferation. Phosphorylation of
CDC25 family proteins inhibits their activity to remove the CDK1 inhibitory
phosphorylation added by WEE1. The CDK1/CCNB complex is important for
G2/M progression, and the phosphorylated CDK1 dissociates from CCNB,
therefore stops the G2/M progression. All three kinases ATM, ATR and DNA-PKcs
upon activation by DNA damage activate p53 transcription factor, which induces
the transcription of p53 effector genes, including important cell cycle regulator
p21. The p21 upregulation inhibits the CDK-Cyclin complex activity, leading to Rb
hypo-phosphorylation, for which the G1/S progression transcription factor E2F
family is sequestered by hypo-phosphorylated Rb, therefore, holding G1/S
checkpoint. The inhibited CDK-Cyclin complex activity also leads to hypophosphorylation of p130/p107, for which the hypo-phosphorylated p130/p107
assembles the DREAM transcriptional repressor with MuvB complex core, LIN54,
and E2F4-5/DP. Under normal condition, transcriptional activators E2F1-3/DP in
G1 phase and MuvB complex based transcriptional activator in G2 phase activate
transcription of genes with E2F elements and CHR elements, respectively, which
are important for the cell cycle progression. The assembled DREAM complex
replaces the transcriptional activator upon DNA damage, and represses those
cell cycle progression genes, therefore mediating the G1/S and G2/M cell cycle
checkpoint hold.
3.1.2.2 G2/M Checkpoint via CDK1 Phosphorylation
The activated ATM and ATR also regulate the G2/M checkpoint via CDK1
phosphorylation status. The formation and the kinase activity of the CDK1-CCNB
complex in G2 cell cycle phase is important for G2/M progression (O’Connell et
al., 2000; Otto & Sicinski, 2017). The interaction between CDK1 and CCNB is
controlled by the cell cycle dependent CCNB expression as well as by the
phosphorylation of CDK1 (O’Connell et al., 2000; Otto & Sicinski, 2017). CDK1 is
constantly phosphorylated at its Tyrosine-15 residue by WEE1 and this
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phosphorylation is inhibitory to CDK1 and CCNB interaction (Figure 3.2) (Barnum
& O’Connell, 2014; O’Connell et al., 2000; Otto & Sicinski, 2017). Opposing
WEE1 activity, a family of CDC25 phosphatases removes this inhibitory
phosphorylation and allows CDK1-CCNB complex formation (Figure 3.2)
(Barnum & O’Connell, 2014; O’Connell et al., 2000; Otto & Sicinski, 2017). ATM
and ATR do not directly phosphorylate CDK1 on its Tyrosine-15 residue, instead,
ATM and ATR phosphorylate and activate CHK2 and CHK1 kinase, respectively,
which phosphorylate and inhibit the phosphatase activity of CDC25, therefore
keeping CDK1 in its inhibitory phosphorylation status and preventing G2/M
progression (Figure 3.2) (Barnum & O’Connell, 2014; Blackford & Jackson, 2017;
Waterman et al., 2020). The ATM-CHK2 and ATR-CHK1 phosphorylation axis of
CDC25 inhibition are not completely redundant to each other, and current
evidence suggests that ATM and ATR both contribute to the activation of the G2/M
checkpoint, while ATR, but not ATM, is important for the subsequent maintenance
of the G2/M checkpoint (Jazayeri et al., 2006; Shibata et al., 2009; Waterman et
al., 2020).
3.1.2.3 Checkpoint via DREAM Complex Regulation
Once activated in response to DNA damage, p53 transcriptionally downregulates
a group of cell cycle genes and this p53-dependent downregulation occurs
indirectly via the activation of the DREAM complex (Engeland, 2018; Hafner et
al., 2019). The DREAM complex is composed of the MuvB core complex, LIN54,
E2F4-5/DP, and either p130 or p107, which are Rb like proteins (Figure 3.2)
(Engeland, 2018; Schmit et al., 2007). The DREAM complex is a transcriptional
repressor that binds to E2F elements via E2F4-5/DP or CHR (cell cycle genes
homology regions) elements via LIN54 at the promoter region, and represses the
transcription of the target genes (Figure 3.2) (Engeland, 2018; Marceau et al.,
2016; Müller et al., 2017). The binding to the E2F and CHR elements can be
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further supported by the presence of a CDE (cell cycle-dependent element) or
CLE (CHR-like element) element, respectively (Figure 3.2) (Engeland, 2018;
Müller et al., 2017).
Under untreated conditions, the E2F elements are bound by E2F family of
transcription factors to promote the transcription of the genes important for G1/S
progression (Figure 3.2) (Hafner et al., 2019; Moser et al., 2018). The MuvB core
complex coupled to B-MYB and/or FOXM1 in a cell cycle specific manner
functions as transcriptional activator at the CHR elements under untreated
conditions to promote cell cycle progression mainly in G2 and M cell cycle phase
(Figure 3.2) (Chen et al., 2013; Down et al., 2012). The assembly and the binding
of the DNA-damage induced DREAM complex to these target gene promoter
elements turn the transcriptional activation to repression of those genes important
for cell cycle progression (Figure 3.2) (Engeland, 2018). Therefore, the DREAM
complex participates in the maintenance of cell cycle checkpoints across the
entire cell cycle including the G1/S, G2/M and spindle assembly checkpoints after
DNA damage (Figure 3.2) (Engeland, 2018; Hafner et al., 2019).
The activation of the DREAM complex requires the p53-dependent expression of
p21. The CDK-Cyclin inhibitor p21 inhibits the kinase activity of cell cycle specific
CDK-Cyclin complexes, which phosphorylate p107 and p130, and keeps them in
a hyper-phosphorylated status under untreated conditions (Figure 3.2) (Engeland,
2018; Hafner et al., 2019). Therefore, when p21 is present to inhibit the CDK
kinase activity, p107 and p130 become hypo-phosphorylated. The hypophosphorylated forms of p107 or p130 are capable of assembling the active
DREAM complex from the MuvB core complex along with other DREAM complex
components, and the DREAM complex binds to the E2F or CHR elements at
promoters of the DREAM target genes, repressing the transcription (Figure 3.2)
(Engeland, 2018; Hafner et al., 2019; Sadasivam & DeCaprio, 2013).
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The DREAM complex regulates the G1/S checkpoint through the repression of
important G1/S progression genes like CDK2 and CCNA as well as important
replication proteins like POLA1, MCM2 and ORC. Those genes are negatively
regulated by the DREAM complex via the E2F elements at their promoters
(Engeland, 2018; Vaziri et al., 2003). As mentioned before, hypo-phosphorylated
Rb as a result of p21 upregulation constrains the E2F transcription factors and
also contributes to the negative regulation of gene with E2F elements (Hafner et
al., 2019; Moser et al., 2018). Genetic studies showed that cells deficient with Rb
or deficient with both p107 and p130 are still capable to arrest at G1/S checkpoint,
but cells deficient with Rb, p107 and p130 completely lose G1/S checkpoint (Sage,
2000; Schade et al., 2019). It is likely that the functional overlap of Rb and the
DREAM complex in the regulation of G1/S checkpoint has an additive effect to
G1/S checkpoint keeping it stringent (Engeland, 2018).
However, the DREAM complex has a broader target gene set than Rb, as it is
also capable of binding to CHR elements. Genes with CHR elements are normally
activated by the MuvB complex based transcription activators in G2 and M cell
cycle phases (Chen et al., 2013; Down et al., 2012). Therefore, the DREAM
complex also regulates the G2/M cell cycle checkpoint via transcriptional
downregulation of important G2/M progression proteins like CDK1, CCNB1,
CCNB2 and CDC25 as well as important mitosis proteins like kinesins (Engeland,
2018; Fischer et al., 2016; Müller et al., 2014). The G2/M checkpoint is also
regulated via inhibitory phosphorylation of CDK1 as discussed, and the
transcriptional regulation by the DREAM complex is kinetically slower than the
regulation by such CDK1 PTM, however, the G2/M checkpoint arrest by DREAM
complex repression of the G2/M progression proteins is believed to be more
sustained, especially when DNA damage is persistent or over repair capacity
(Barnum & O’Connell, 2014; Engeland, 2018; Waterman et al., 2020). It is
reasonable to suggest that the activation of the G2/M checkpoint is orchestrated
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by CDK1 phosphorylation and the DREAM complex repression in a temporal
dependent manner that the CDK1 phosphorylation is responsible for the quick
initiation of the G2/M checkpoint, while the DREAM complex repression is
responsible for the sustained maintenance of the G2/M checkpoint (Engeland,
2018).
Overall, the DREAM complex is responsible in the p53 response for the majority
of transcriptional repression of the cell cycle progression genes, and contributes
to the maintenance of multiple cell cycle checkpoints along with other cell cycle
checkpoint pathways.

3.1.3

Immune Checkpoint Inhibitor Treatment in ccRCC

Renal cell carcinoma (RCC) accounts for about 2% of global cancer diagnoses
with a rapid growing trend in the developed world like in the European countries
(Cairns, 2011; Escudier et al., 2019; Hsieh et al., 2017). Clear cell RCC (ccRCC)
is the most common histological subtype of RCC, accounting for about 80% of
the cases, while other histological subtypes like papillary and chromophobe
accounts for the rest of the cases (Cairns, 2011; Escudier et al., 2019; Hsieh et
al., 2017). The loss of heterozygosity of chromosome 3p via chromosome arm
deletion, happens in more than 90% of ccRCC cases (Hsieh et al., 2017; Liao et
al., 2015). Chromosome 3p harbours important tumour suppressor genes
including VHL, PBRM1, SETD2 and BAP1 (Hsieh et al., 2017). The subsequent
loss-of-function (LOF) mutation or epigenetic repression of the remaining VHL
allele, leading to biallelic loss of VHL, is an important early event in the ccRCC
development and happens in about 80% of the cases (Cairns, 2011; Hsieh et al.,
2017). VHL is the substrate recognition module of an E3 ligase that ubiquitylates
HIF1α for degradation under non-hypoxia conditions, therefore loss of VHL leads
to activation of HIF pathway and metabolism changes, which normally happens
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under hypoxia condition (Gossage et al., 2015; Liao et al., 2015). However, loss
of VHL per se is not enough for ccRCC development, further loss of chromosome
3p tumour suppressor genes PBRM1, SETD2 or BAP1 is another crucial early
step for tumourigenesis in ccRCC (Liao et al., 2015). Therefore, those tumour
suppressor genes on chromosome 3p are also very frequently mutated in ccRCC,
and PBRM1 is the second most frequently mutated gene in ccRCC accounting
for more than 40% of the cases (Hsieh et al., 2017; Varela et al., 2011).
3.1.3.1 Superior Efficacy of ICI Treatment in ccRCC Patients
The main treatment of ccRCC is partial or radical nephrectomy to remove the part
of or the whole affected kidney (Escudier et al., 2019). Chemotherapy and
radiotherapy on the other hand are not commonly applied in ccRCC patients due
to the general chemo- and radio- resistant nature of ccRCC (Makhov et al., 2018).
For patients with advanced metastatic ccRCC, targeted therapy with small
molecule inhibitors or monoclonal antibodies is offered (Atkins & Tannir, 2018;
Escudier et al., 2019). Loss of VHL leads to abnormal activation of the HIF
pathway and angiogenesis, therefore, general tyrosine kinase inhibitors (TKIs) or
more specific VEGF(R) inhibitors targeting angiogenesis including sunitinib,
pazopanib, cabozantinib, axitinib, bevacizumab, and tivozanib have been widely
used for treating advanced ccRCC patients (Atkins & Tannir, 2018; Escudier et
al., 2019). In addition, the use of mTOR inhibitor everolimus has also shown
promising clinical benefits in advanced ccRCC patients (Atkins & Tannir, 2018;
Escudier et al., 2019).
Recently, several randomised phase III clinical studies showed superior efficacy
of ICI treatment either as monotherapy or in combination of other small molecule
inhibitors in advanced ccRCC patients (summarised in Figure 3.3) (Deleuze et
al., 2020). The use of ICI alone or combined with TKIs or VEGF(R) inhibitors as
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the first-line treatment has been evaluated in several independent randomised
clinical studies, showing superior clinical benefits over the TKI sunitinib (Motzer
et al., 2019; Motzer et al., 2018; Rini, Plimack, et al., 2019; Rini, Powles, et al.,
2019). In addition, the Checkmate-025 trial showed better clinical benefits of
nivolumab (anti-PD-1) treatment as monotherapy over the mTOR inhibitor
everolimus in advanced ccRCC patients, who have been treated previously with
one or two anti-angiogenic drugs (Motzer, Escudier, et al., 2020; Motzer et al.,
2015). The evidence of clinical benefits with ICI treatment in ccRCC patients has
provided more therapeutic choices either using ICI as a monotherapy or in
combination with other small molecule inhibitors. Indeed, there are many ongoing
clinical trials to assess the safety, response rate and progression free survival of
different combinations of ICI with other drugs as different lines of treatments in
ccRCC patients (Deleuze et al., 2020).
3.1.3.2 Predictive Biomarkers for ICI Treatment in ccRCC
However, one of the challenges of all types of cancer treatments is that not all
patients respond equally well, most likely as every tumour has a distinctive
evolutionary trajectory. The identification of predictive biomarkers in ccRCC
patients is important for the rational treatment administration, and for example,
transcriptomic analyses of ccRCC patient samples showed that high angiogenic
transcription profiles have good prognosis with anti-angiogenesis therapy in
ccRCC (Atkins & Tannir, 2018; Escudier et al., 2019). Therefore, many efforts
have been devoted to find predictive biomarkers of better clinical benefits with ICI
treatment in the ccRCC patients. Several conventional biomarkers including high
tumour PD-L1 expression, high CD8+ T cell infiltration and high mutational
burden have been shown related to better clinical outcomes in other tumour types
with ICI treatment (Bai et al., 2020). However, the expression of PD-L1 quantified
by immunohistochemistry failed to demonstrate any predictive capability in the
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The table summarising the information of the setups and results of clinical trials which aim to compare the efficacy of ICI
treatment (either as monotherapy or combined with other small molecule inhibitors) with that of conventional treatment (tyrosine
kinase, VEGF-A, and mTOR inhibitors) in advanced ccRCC patients. Superior efficacy and clinical benefit of ICI treatment over
conventional treatment in advanced ccRCC patients are observed in these clinical trials.

Figure 3.3 The clinical trials showing superior efficacy of ICI treatment over conventional treatment in advanced ccRCC
patients

advance ccRCC (Motzer et al., 2015). In addition, ccRCC is commonly infiltrated
by CD8+ T cells due to VHL loss and its vasculature properties, however, the
degree of CD8+ T cell infiltration does not correlate with clinical outcomes of ICI
treatment (Braun et al., 2020). Also, ccRCC generally carries low mutational
burden, and there is no association between the mutational burden or neoantigen
load and the clinical outcome of ICI treatment (Braun et al., 2020). It is not clear
why those conventional biomarkers fail to predict clinical outcomes with ICI
treatment in ccRCC, but the actual tumour immune microenvironment is far more
complicated and it is possible that a comprehensive multi-variant immune
phenotyping is required for the accurate prediction. Indeed, recent studies
applying single-cell RNA and TCR sequencing identifies signatures of cancer cell
transcriptomics and tumour immune microenvironment that are associated with
better clinical response in ccRCC patients received ICI treatment (Bai et al., 2020;
Braun et al., 2021; Krishna et al., 2021; Zhang et al., 2021). However, those
methods are currently not feasible in financial and technical terms to be applied
as a predictive tool of ICI prognosis, and identification of simple biomarkers is still
in priority.
Apart from those conventional biomarkers, recent focus has turned into the
mutational status of PBRM1, which is the second most frequently mutated gene
in ccRCC (Hsieh et al., 2017; Varela et al., 2011). A CRISPR screen in mouse
melanoma cell line showed that loss of PBAF specific subunits ARID2, BRD7,
PBRM1 enhances T cell mediated killing of the tumour cells, and this is
synergistic to anti-PD-1 and/or anti-CTLA4 treatments in the in vivo immunecompetent mouse models (Pan et al., 2018). The authors proposed the
mechanism is via loss of transcriptional repression of genes induced by IFNγ
when a PBAF specific subunit is lost (Pan et al., 2018). To test if PBRM1
mutations predicts clinical outcomes in human ccRCC with ICI treatment, several
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prospective, post-hoc, and retrospective clinical trial analyses have been
performed (summarised in Figure 3.4) (Dias Carneiro et al., 2021). The current
evidence supports PBRM1 mutations predict better prognosis with ICI treatment
as ≥ second line treatment in ccRCC patients who have been previously treated
with anti-angiogenesis small molecule inhibitors (Braun et al., 2020; Braun et al.,
2019; Miao et al., 2018; Vano et al., 2020). In the prospective plus retrospective
analyses performed by Miao et al. (2018), PBRM1 LOF mutations associates with
longer progression free survival in advanced ccRCC patients when treated with
ICI as ≥ second line treatment (Miao et al., 2018). There is an association
between PBRM1 LOF mutation and enrichment of immune activation pathway
gene sets by GSEA, which is likely to be the potential explanation of the better
clinical outcomes (Miao et al., 2018). The analyses of several CheckMate clinical
studies also showed superior clinical outcomes in advanced ccRCC patients with
PBRM1 LOF mutations when treated with nivolumab (anti-PD-1) as ≥ second line
treatment (Braun et al., 2020; Braun et al., 2019). Consistent with this result,
recent scRNA-seq data of metastatic ccRCC patient samples before and after ICI
treatment identified a transcriptional signature associated with better survival,
and the authors verified with Checkmate025 transcriptional and genomic
sequencing data that PBRM1 mutation is related to this signature (Bi et al., 2021).
In addition, the retrospective analyses of NIVOREN GETUG-AFU 26 clinical
study and DFCI cohort also suggest similar results, with partial statistical
significance, however, the DFCI cohort did not specify which ICI treatment is used
or if it is used as first line or ≥ second line treatment (Abou Alaiwi et al., 2020;
Vano et al., 2020). One controversial retrospective analysis of MSKCC cohort
showed no association between PBRM1 mutations and clinical outcomes of ICI
treatment, but this study includes both ICI treatment alone and ICI treatment
combined with other treatments (Hakimi et al., 2020).
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(Legend continued on next page)
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Figure 3.4 The clinical trials analysing PBRM1 mutational status as the predictive biomarker for better clinical
response of ICI treatment in advanced ccRCC patients

(Legend continued from previous page)
Figure 3.4 The clinical trials analysing PBRM1 mutational status as the
predictive biomarker for better clinical response to ICI treatment in
advanced ccRCC patients
The table summarising the information of the setups and results of clinical trials
which analyse (but not as the primary objectives) if PBRM1 mutation acts as the
predictive biomarker for better clinical response to ICI treatment (either as
monotherapy or combined with other small molecule inhibitors) in advanced
ccRCC patients. When ICI treatment is used as the first line treatment in
advanced ccRCC patients, no or weak association is observed between PBRM1
mutation and clinical outcomes. However, when ICI treatment is used as ≥ the
second line treatment in advanced ccRCC patients, more statistically significant
associations are observed between PBRM1 mutation and better clinical
outcomes.

Despite the promising results showing PBRM1 mutation as a predictive biomarker
of better clinical outcomes of ≥ second line ICI treatment, current evidence does
not support this association if ICI is used as a first line treatment (summarised in
Figure 3.4) (Dias Carneiro et al., 2021). In the same study performed by Miao et
al. (2018), no association between PBRM1 mutation and clinical outcome is
observed using ICI treatment as first line treatment, however, the cohort size is
very small (Miao et al., 2018). The post-hoc analysis of IMmotion150 trial with a
larger patient cohort showed that PBRM1 mutation may predict a worse survival
with atezolizumab (anti-PD-L1) first line treatment (McDermott et al., 2018).
Consistent with this, a recent publication showed that PBRM1 mutation is
associated with a nonimmunogenic tumor phenotype (Liu et al., 2020). In addition,
the IMmotion150 analysis showed that PBRM1 mutation might predict better
survival when combining atezolizumab (anti-PD-L1) and bevacizumab (antiVEGF-A) as the first line treatment, but this lacks of statistical significance
(McDermott et al., 2018). Interestingly, the IMmotion150 analysis suggests that
PBRM1 mutation predicts much better survival with sunitinib treatment alone as
the first line treatment, and this could be consistent with previous findings that
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PBRM1 loss is associated with angiogenesis signatures (McDermott et al., 2018;
Voss et al., 2017). Therefore, it is possible that bevacizumab (anti-VEGF-A) is the
major contribution to the better clinical response in combination treatment with
atezolizumab (anti-PD-L1) when PBRM1 is mutated. In addition, the post-hoc
analysis of Javelin Renal 101 trial (avelumab (anti-PD-L1) and axitinib (TKI)) and
Checkmate214 trial (nivolumab (anti-PD-1) and ipilimumab (anti-CTLA-4)) as first
line treatment showed no statistically significant association of PBRM1 mutation
and the clinical outcomes(Motzer, Choueiri, et al., 2020; Motzer, Robbins, et al.,
2020). Those results are further backed by the retrospective analysis of MSKCC
cohort also showing no association (Hakimi et al., 2020).
It is not clear why there are seemingly opposite clinical outcomes of ICI treatment
associated with PBRM1 mutations in ccRCC patients from different studies using
ICI as either first line or ≥ second line treatment. Recent single cell immune
profiling of the ccRCC patient samples from different disease stages revealed
that compared to early stage ccRCC, advanced metastatic ccRCC is enriched
with terminally exhausted CD8+ T cells with limited T cell receptor diversity, and
enriched with immune-suppressive M2-like macrophages, which express
immune suppressive ligands for T cell dysfunction (Braun et al., 2020). This could
be a potential explanation of the different clinical outcomes due to tumour immune
microenvironment remodelling during cancer advancement with previous
treatment failure. In addition, there are hypotheses that the previous antiangiogenesis treatment could prime the PBRM1 deficient ccRCC for better
clinical ICI outcomes through mechanisms that are currently unclear (Dias
Carneiro et al., 2021). Apart from those potential explanations, most of the studies
are not specifically designed to test the association of PBRM1 mutation and the
clinical outcomes of ICI treatment, and there are differences between the studies.
The histology of the RCC samples may not be available or contain other RCC
subtypes besides ccRCC in some studies, despite the fact that ccRCC accounts
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for the majority of the RCC cases. Also, the majority of the studies consider only
PBRM1 LOF mutations based on the whole genome sequencing results, while
some studies use immunohistochemistry to look for loss of PBRM1 protein, and
both methods could miss alterations such as missense mutations that abrogate
PBRM1 functions. In addition, the efficacy outcomes or clinical endpoint (e.g.
overall response, clinical benefits and overall survival) are not the same in each
study. Therefore, a specifically designed prospective study with a large patient
cohort is required to further validate PBRM1 mutations as a predictive biomarker
of better prognosis with ICI treatment in ccRCC patients.

3.1.4

PBRM1 loss, cell cycle checkpoint and innate immunity

Although PBRM1 is the second most frequently mutated genes in ccRCC,
accounting for more than 40% of the cases, how PBRM1 loss leads to cellular
alterations and tumourigenesis is not fully understood. Previous publications
have revealed roles of PBRM1 in maintaining genome stability including sister
chromatid cohesion, transcriptional repression of genes close to DSB, and
preventing R-loop formation and promoting R-loop clearance (Bayona-Feliu et al.,
2021; Brownlee et al., 2014; Chabanon et al., 2021; Meisenberg et al., 2019). In
addition, several studies showed that the PBAF complex facilitates the p53dependent transcription and loss of the PBAF complex specific subunit including
PBRM1 leads to defective p53 pathway activation. A recent study further revealed
that PBRM1 interacts with (acetylated) p53 via its bromodomain 4, which is
important for the recruitment of p53 tetramer to the p53 effector gene promoters,
and the subsequent transcription activation of those genes including p21
(Burrows et al., 2010; Cai et al., 2019; Xia et al., 2008). The requirement of p53
pathway activation and p21 upregulation in the sustained maintenance of G2/M
checkpoint has been demonstrated, in which p21 activates the DREAM complex
repression of genes important for cell cycle progression (Engeland, 2018).
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Therefore, PBRM1 potentially plays an indirect role in promoting G2/M
checkpoint responses, which is important for the maintenance of genome stability.
In addition, there is still controversy of PBRM1 loss as a predictive biomarker for
better clinical outcomes of ICI treatment in ccRCC patients, so it is important to
understand the potential cellular changes and the molecular mechanism of
PBRM1 loss in terms of the changes in the anti-tumour immunity and ICI
treatment response. Recent work revealed that mitotic progression after DNA
damage is necessary to generate molecular patterns, like cytosolic DNA in
ruptured micronuclei, that activate nucleic acid sensing pathways (Chen et al.,
2020; Harding et al., 2017). The activation of nucleic acid sensing pathways like
the cGAS-STING pathway subsequently activates the innate immunity pathway
and primes adaptive immunity, and this contributes to better outcomes for ICI
treatment combined with radiotherapy (Antonia et al., 2017; Harding et al., 2017;
Twyman-Saint Victor et al., 2015). Therefore, given that PBRM1 loss may impair
the integrity of the G2/M checkpoint and promote more mitotic progression in the
presence of unrepaired DNA damage, the loss of PBRM1 could contribute to the
activation of the innate immune signalling and better ICI treatment response via
nucleic acid sensing pathway.
Here, I demonstrate that PBRM1 deficiency leads to defects in the maintenance
of the G2/M checkpoint and more mitotic progression after DNA damage via
defective p53 recruitment, defective p21 transcriptional activation, and defective
DREAM complex repression of G2/M progression genes. The misregulated G2/M
checkpoint and uncontrolled mitotic progression in PBRM1 deficient cells after IR
treatment generates more ruptured micronuclei, which are sensed by cGAS
dsDNA sensor and activates the upregulation of interferon responsive genes.
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3.2 Results
3.2.1

PBRM1 Deficiency Leads to More Micronuclei Formation

Following IR Treatment
To investigate if SWI/SNF subunit loss leads to genome instability with DNA
damage, I depleted either PBAF specific subunit PBRM1 or BAF specific subunit
ARID1A with siRNA in non-cancerous immortalised fibroblast 1BR3-hTERT cell
line (later referred as 1BR3) and treated the cells with 6Gy X-ray IR (Figure 3.5A).
I observed significantly more micronucleated cells with PBRM1 depletion but not
with ARID1A depletion at 48 hr post IR treatment compared to the non-targeting
siRNA control (Figure 3.5B&C). This suggests the loss of PBAF specific subunit
but not the loss of BAF specific subunit may result in genome instability after IR
treatment. To further validate the findings, I generated PBRM1 or ARID2 (another
PBAF specific subunit) CRISPR-Cas9 knockout (KO) clones in the 1BR3 cell line
(Figure 3.5D). I tested the response of the 1BR3 parental line and the PBRM1 or
ARID2 KO clones to IR treatment and I was able to reproduce the phenotype of
more micronucleated cells in both 1BR3 PBRM1 or ARID2 KO clones after IR
treatment compared to the parental line, confirming the phenotype is associated
with loss of PBAF specific subunits (Figure 3.5E&F). In addition, I observed a
similar increase in micronucleated cells with IR treatment in RPE1 PBRM1 KO
clones (generated by Dr. Karen Lane from the Downs’ lab) when compared with
the parental line, suggesting this defect of PBRM1 loss is not a cell line specific
effect (Figure 3.5D&G&H). However, in RPE1 cells, the phenotype of increased
micronucleated cells is more apparent at 72 hr post 6Gy IR treatment (Figure
3.5G&H) instead of 48 hr post IR treatment (not shown), suggesting some
degrees of cell line specific variations.
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Figure 3.5 PBRM1 deficiency leads to more micronuclei formation following
IR treatment
(A) Western blots of whole cell extracts showing depletion of PBRM1 or ARID1A
in 1BR3 parental cells transfected with SMARTpool siRNA (a mixture of 4
siRNA for each target gene) targeting PBRM1 (siPBRM1) or targeting ARID1A
(siARID1A) or non-targeting control (siCON) under untreated (UT), 24hr post
(Legend continued on next page)
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(Legend continued from previous page)
6Gy irradiation (6Gy 24hr) or 48hr post 6Gy irradiation (6Gy 48hr) irradiation
(6Gy 48hr) conditions. Actin was used as the loading control.
(B) Quantification of micronucleated 1BR3 cells transfected with SMARTpool
siRNA targeting PBRM1 (siPBRM1) or targeting ARID1A (siARID1A) or nontargeting control (siCON) under untreated (UT) or 48hr post 6Gy irradiation
(6Gy 48hr) condition. Data represent the mean +/- SEM of three biological
replicates and at least 750 nuclei were included for quantification for each
condition. p values were calculated using two-tailed paired Student’s t test
(ns=not significant, *p<0.05, **p<0.01).
(C) Representative confocal images of DAPI stained 1BR3 cells transfected with
SMARTpool siRNA targeting PBRM1 (siPBRM1) or targeting ARID1A
(siARID1A) or non-targeting control (siCON) under 48hr post 6Gy irradiation
(6Gy 48hr) condition. Red arrows indicate cells with micronuclei. Scale bar
represents 50 μm.
(D) Western blots of 1BR3 or RPE1 whole cell extracts showing loss of PBRM1
(left) and ARID2 (right) protein levels in the indicated PBRM1 knockout clones
(1BR3 PBRM1 KO3 & KO5, and RPE1 PBRM1 KO1 & KO2), and ARID2
knockout clones (1BR3 ARID2 KO1 & KO2), respectively. Tubulin was used
as the loading control.
(E) Quantification of micronucleated cells in 1BR3 parental line, PBRM1 knockout
clones (PBRM1 KO3 & KO5) or ARID2 knockout clones (ARID2 KO1 & KO2)
under untreated (UT) or 48hr post 6Gy irradiation (6Gy 48hr) condition. Data
represent the mean +/- SEM of three biological replicates and at least 1000
nuclei were included for quantification for each condition. p values were
calculated using two-tailed paired Student’s t test (ns=not significant, *p<0.05,
**p<0.01).
(F) Representative confocal images of DAPI stained 1BR3 parental line, PBRM1
knockout clones (PBRM1 KO3 & KO5) or ARID2 knockout clones (ARID2 KO1
& KO2) under 48hr post 6Gy irradiation (6Gy 48hr) condition. Red arrows
indicate cells with micronuclei. Scale bar represents 50 μm.
(G) Quantification of micronucleated cells in RPE1 parental line and PBRM1
knockout clones (PBRM1 KO1 & KO2) under untreated (UT) or 72hr post 6Gy
irradiation (6Gy 72hr) condition. Data represent the mean +/- SEM of three
biological replicates and at least 1000 nuclei were included for quantification
for each condition. p values were calculated using two-tailed paired Student’s
t test (ns=not significant, **p<0.01).
(H) Representative confocal images of DAPI stained RPE1 parental line and
PBRM1 knockout clones (PBRM1 KO1 & KO2) under 72hr post 6Gy
irradiation (6Gy 72hr) condition. Red arrows indicate cells with micronuclei.
Scale bar represents 50 μm.
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3.2.2

PBRM1 Deficiency Leads to More G2/M Progression

Following IR Treatment
Next, I wanted to investigate the mechanism of the observed micronuclei
phenotype. Mitotic progression is necessary for the formation of micronuclei
(Chen et al., 2020; Harding et al., 2017). Therefore, I measured the cell cycle
profiles with FACS in 1BR3 following siRNA depletion after IR treatment (Figure
3.6A-C). 1BR3 is non-cancerous and has functional cell cycle checkpoints, and
indeed, IR treatment induced similar cell cycle arrest in 1BR3 with siCON and
siPBRM1 at 24 hr time point (Figure 3.6B&C). However, there is significantly more
G2 population loss (i.e. G2/M progression) in 1BR3 with siPBRM1 than with
siCON from 24 hr to 48 hr time point (Figure 3.6A). The phenotype of more G2/M
checkpoint release in 1BR3 with siPBRM1 is not observed with siARID1A (Figure
3.6A). Instead, 1BR3 cells with siARID1A had a trailing tail of the G2 population
towards S phase, suggesting incomplete or slow replication after IR, which has
been previously shown as a phenotype of ARID1A loss (Figure 3.6C) (Williamson
et al., 2016). The cell cycle data is consistent with our micronuclei observation
that there is more G2/M progression after IR treatment when PBRM1, but not
ARID1A, is depleted with siRNA, leading to more micronuclei formation.
To further investigate the findings, I measured the cell cycle profiles after IR in
the 1BR3 PBRM1 or ARID2 KO clones, the RPE1 PBRM1 KO clones, and their
corresponding parental lines after IR treatment (Figure 3.6D-L). Again, more
G2/M progression was observed in the PBRM1 or ARID2 KO clones after IR from
early time point to late time point (Figure 3.6D&G&J). Further supporting this
observation, there are significantly more cells with positive phosphorylated
histone H3 (pH3) staining, which serves as a marker for mitotic cells, in the 1BR3
PBRM1 KO clones than in the parental line at 48 hr post IR treatment (Figure
3.6M&N).
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Figure 3.6 PBRM1 deficiency leads to more G2/M progression following
IR treatment

(Legend continued on next page)
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Figure 3.6 PBRM1 deficiency leads to more G2/M progression following IR
treatment
(A) Quantification of the percentage change in G2 phase cells measured by FACS
at 48hr post 6Gy irradiation relative to G2 phase cells at 24hr post 6Gy
irradiation in 1BR3 cells transfected with SMARTpool siRNA (a mixture of 4
siRNA for each target gene) targeting PBRM1 (siPBRM1) or targeting ARID1A
(siARID1A) or non-targeting control (siCON). Data represent the mean +/SEM of three biological replicates. p values were calculated using two-tailed
paired Student’s t test (ns=not significant, **p<0.01).
(B) Quantification of proportions of cells in different cell cycle phases measured
by FACS in 1BR3 cells transfected with SMARTpool siRNA targeting PBRM1
(siPBRM1) or targeting ARID1A (siARID1A) or non-targeting control (siCON)
under untreated (UT), 24hr post 6Gy irradiation (6Gy 24hr) or 48hr post 6Gy
irradiation (6Gy 48hr) condition. The proportions of cells in G1 and G2 cell
cycle phases are indicated in the figure. Data represent the mean +/- SEM of
three biological replicates.
(C) Representative propidium iodide staining FACS cell cycle profiles of cells in
(B).
(D) Quantification of the percentage change in G2 phase cells measured by FACS
at 48hr post 6Gy irradiation relative to G2 phase cells at 24hr post 6Gy
irradiation in 1BR3 parental line and PBRM1 knockout clones (PBRM1 KO3
& KO5). Data represent the mean +/- SEM of three biological replicates. p
values were calculated using two-tailed paired Student’s t test (**p<0.01).
(E) Quantification of proportions of cells in different cell cycle phases measured
by FACS in 1BR3 parental line and PBRM1 knockout clones (PBRM1 KO3 &
KO5) under untreated (UT), 24hr post 6Gy irradiation (6Gy 24hr) or 48hr post
6Gy irradiation (6Gy 48hr) condition. The proportions of cells in G1 and G2
cell cycle phases are indicated in the figure. Data represent the mean +/- SEM
of three biological replicates.
(F) Representative propidium iodide staining FACS cell cycle profiles of cells in
(E)
(G) Quantification of the percentage change in G2 phase cells measured by FACS
at 48hr post 6Gy irradiation relative to G2 phase cells at 24hr post 6Gy
irradiation in 1BR3 parental line and ARID2 knockout clones (ARID2 KO1 &
KO2). Data represent the mean +/- SEM of three biological replicates. p
values were calculated using two-tailed paired Student’s t test (**p<0.01).
(H) Quantification of proportions of cells in different cell cycle phases measured
by FACS in 1BR3 parental line and ARID2 knockout clones (ARID2 KO1 &
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KO2) under untreated (UT), 24hr post 6Gy irradiation (6Gy 24hr) or 48hr post
6Gy irradiation (6Gy 48hr) condition. The proportions of cells in G1 and G2
cell cycle phases are indicated in the figure. Data represent the mean +/- SEM
of three biological replicates.
(I) Representative propidium iodide staining FACS cell cycle profiles of cells in
(H).
(J) Quantification of the percentage change in G2 phase cells measured by FACS
at 72hr post 6Gy irradiation relative to G2 phase cells at 24hr post 6Gy
irradiation in RPE1 parental line and PBRM1 knockout clones (PBRM1 KO1
& KO2). Data represent the mean +/- SEM of three biological replicates. p
values were calculated using two-tailed paired Student’s t test (*p<0.05,
**p<0.01).
(K) Quantification of proportions of cells in different cell cycle phases measured
by FACS in RPE1 parental line and PBRM1 knockout clones (PBRM1 KO1 &
KO2) under untreated (UT), 24hr post 6Gy irradiation (6Gy 24hr) or 72hr post
6Gy irradiation (6Gy 72hr) condition. The proportions of cells in G1 and G2
cell cycle phases are indicated in the figure. Data represent the mean +/- SEM
of three biological replicates.
(L) Representative propidium iodide staining FACS cell cycle profiles of cells in
(K).
(M) Quantification of the percentage of G2 cells with positive pH3 staining
measured by FACS in 1BR3 parental line and PBRM1 knockout clones
(PBRM1 KO3 & KO5) at 48hr post 6Gy irradiation (6Gy 48hr). Data represent
the mean +/- SEM of three biological replicates. p values were calculated
using two-tailed paired Student’s t test (*p<0.05, **p<0.01).
(N) Representative propidium iodide staining (x-axis) and pH3 staining (y-axis)
FACS profiles of cells in (M). The pH3 stained cells are indicated in the box.
The proportions of G2 cells and pH3 staining positive G2 cells are indicated
in the figure.
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3.2.3

PBRM1 Deficiency has no Measurable Effect on DSB Repair

Kinetics Following IR Treatment
PBRM1 has roles in DDR including transcriptional repression at DSB sites, and
it is possible that PBRM1 loss leads to defective DSB repair, which could also
contribute to more micronuclei formation (Harrod et al., 2020). Therefore, I
quantified the numbers of phospho-H2A.X at Ser139 (γH2AX) foci (DSB marker)
at different time points after 6Gy IR treatment to measure the DSB repair kinetics
in the 1BR3 PBRM1 KO clones and the parental line, but there is no measurable
difference in the repair kinetics, suggesting that the more micronuclei phenotype
in PBRM1 deficient cells is likely to be independent of DSB repair (Figure 3.7A&B).
It is worth noting that there is still a substantial number of γH2AX foci in 1BR3

Figure 3.7 PBRM1 deficiency has no measurable effect on DSB repair
kinetics following IR treatment
(Legend continued on next page)
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Figure 3.7 PBRM1 deficiency has no measurable effects on DSB repair
kinetics following IR treatment
(A) Quantification of the average number of γH2AX foci per nucleus under
untreated (UT) condition or at indicated time points after 6Gy irradiation in 1BR3
parental line and PBRM1 knockout clones (PBRM1 KO3 & KO5). Data
represent the mean +/- SEM of three biological replicates and at least 400
nuclei were included for quantification for each condition.
(B) Representative confocal images of cells in (A) with DAPI (blue) and γH2AX
(Green) staining. Scale bar represents 5 μm.

cells at 24 hr post IR treatment, suggesting the presence of unrepaired DSBs
which contribute to the formation of micronuclei with more mitotic progression
from this time point (Figure 3.7A&B).

3.2.4

PBRM1 Re-expression Rescues the Phenotypes of PBRM1

Deficiency Following IR Treatment
To test if PBRM1 re-expression could rescue the phenotypes in the 1BR3 PBRM1
KO clones, I applied a doxycycline (DOX) inducible lentiviral PBRM1 expression
system to re-express PBRM1 in the 1BR3 PBRM1 KO5 to a near endogenous
level of the parental line (Figure 3.8A&B). Rescue of the phenotypes after IR
treatment is observed when PBRM1 is re-expressed with DOX treatment (later
referred as PBRM1-KO-Rescue+DOX) compared to the no DOX control (later
referred as PBRM1-KO-Rescue-DOX) (Figure 3.8C-J). Specifically, there are
fewer micronucleated cells (Figure 3.8C&D), less G2/M progression (Figure 3.8EH) and fewer pH3 positive cells (Figure 3.8I&J) after IR treatment with PBRM1
re-expression. However, the rescue is only partial when compared to the parental
line transduced by the lentivirus with empty vector (later referred as 1BR3Parental-Empty), and this is potentially due to the variations of PBRM1 reexpression levels within the cell population (Figure 3.8B).
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Figure 3.8 PBRM1 re-expression rescues the phenotypes of PBRM1
deficiency following IR treatment
(Legend continued on next page)
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Figure 3.8 PBRM1 re-expression rescues the phenotypes of PBRM1
deficiency following IR treatment
(A) Western blots of whole cell extracts showing PBRM1 levels in 1BR3 parental
line carrying an empty lentiviral doxycycline (DOX) inducible construct (1BR3
Parental Empty) without DOX treatment, and 1BR3 PBRM1 knockout clone
5 carrying a lentiviral DOX inducible PBRM1 expression construct (PBRM1
KO5 Rescue) with DOX induction (+DOX, i.e. PBRM1 re-expression) or
without DOX induction (-DOX) under untreated (UT), 24hr post 6Gy
irradiation (6Gy 24hr) or 48hr post 6Gy irradiation (6Gy 48hr) condition. Actin
was used as the loading control.
(B) Representative confocal images of cells in 1BR3 Parental Empty without
DOX induction, and PBRM1 KO5 Rescue with DOX induction (+DOX, i.e.
PBRM1 re-expression) or without DOX induction (-DOX) under untreated
(UT) condition with DAPI (blue) and PBRM1 (Red) staining. Scale bar
represents 50 μm.
(C) Quantification of micronucleated cells in 1BR3 Parental Empty without DOX
induction, and PBRM1 KO5 Rescue with DOX induction (+DOX, i.e. PBRM1
re-expression) or without DOX induction (-DOX) under untreated (UT) or
48hr post 6Gy irradiation (6Gy 48hr) condition. Data represent the mean +/SEM of three biological replicates and at least 1000 nuclei were included for
quantification for each condition. p values were calculated using two-tailed
paired Student’s t test (ns=not significant, *p<0.05, ***p<0.001).
(D) Representative confocal images of DAPI stained 1BR3 Parental Empty
without DOX induction, and PBRM1 KO5 Rescue with DOX induction (+DOX,
i.e. PBRM1 re-expression) or without DOX induction (-DOX) under 48hr post
6Gy irradiation (6Gy 48hr) condition. Red arrows indicate cells with
micronuclei. Scale bar represents 50 μm.
(E) Quantification of the percentage change in G2 phase cells measured by
FACS at 48hr post 6Gy irradiation relative to G2 phase cells at 24hr post
6Gy irradiation in 1BR3 Parental Empty without DOX induction, and PBRM1
KO5 Rescue with DOX induction (+DOX, i.e. PBRM1 re-expression) or
without DOX induction (-DOX). Data represent the mean +/- SEM of three
biological replicates. p values were calculated using two-tailed paired
Student’s t test (**p<0.01).
(F) Quantification of proportions of cells in different cell cycle phases measured
by FACS in 1BR3 Parental Empty without DOX induction, and PBRM1 KO5
Rescue with DOX induction (+DOX, i.e. PBRM1 re-expression) or without
DOX induction (-DOX) under untreated (UT), 24hr post 6Gy irradiation (6Gy
24hr) or 48hr post 6Gy irradiation (6Gy 48hr) condition. The proportions of
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cells in G1 and G2 cell cycle phases are indicated in the figure. Data
represent the mean +/- SEM of three biological replicates.
(G) Representative propidium iodide staining FACS cell cycle profiles of cells in
(F).
(H) Quantification of the percentage of G2 cells with positive pH3 staining
measured by FACS in 1BR3 Parental Empty without DOX induction, and
PBRM1 KO5 Rescue with DOX induction (+DOX, i.e. PBRM1 re-expression)
or without DOX induction (-DOX) at 48hr post 6Gy irradiation (6Gy 48hr).
Data represent the mean +/- SEM of three biological replicates. p values
were calculated using two-tailed paired Student’s t test (**p<0.01.
***p<0.001).
(I) Representative propidium iodide staining (x-axis) and pH3 staining (y-axis)
FACS profiles of cells in (H). The pH3 stained cells are indicated in the box.
The proportions of G2 cells and pH3 staining positive G2 cells are indicated
in the figure.

3.2.5

PBRM1 Deficiency does not Impair Activation of G2/M

Checkpoint Proteins Following IR Treatment
To understand the mechanism of more mitotic progression when PBRM1 is
deficient after IR treatment, I investigated RPA foci formation after 6Gy IR. The
SWI/SNF complex has been shown in some studies to be involved in the DSB
resection, and if there are less ssDNA formation and less RPA binding when
PBRM1 is deficient after IR treatment, there would be defective ATR activation,
therefore resulting in a compromised G2/M checkpoint (Blackford & Jackson,
2017; Hays et al., 2020; Vélez-Cruz et al., 2016; Waterman et al., 2020). However,
there is no measurable difference in the RPA foci formation in the 1BR3 parental
and PBRM1 KO cells after IR treatment (Figure 3.9A&B). This is consistent with
the similar kinetics of γH2AX foci formation in the PBRM1 KO cells following IR.
Next, I checked the activation of DDR pathway proteins CHK1 and CHK2 and
their target CDK1 by Western blot analyses. All three proteins are phosphorylated
as expected after IR treatment, which is consistent with a proficient G2/M
checkpoint response in the 1BR3 cell line at 24 hr post IR treatment (Figure 3.9C).
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Figure 3.9 PBRM1 deficiency does not impair activation of G2/M checkpoint
proteins following IR treatment

(Legend continued on next page)
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Figure 3.9 PBRM1 deficiency does not impair activation of G2/M checkpoint
proteins following IR treatment
(A) Quantification of the average number of RPA foci per nucleus under untreated
(UT) condition or at indicated time points after 6Gy irradiation in 1BR3 parental
line and PBRM1 knockout clones (PBRM1 KO3 & KO5). Data represent the
mean +/- SEM of three biological replicates and at least 100 nuclei were
included for quantification for each condition.
(B) Representative confocal images of cells in (B) with DAPI (blue) and RPA (Red)
staining. Scale bar represents 5 μm.
(C) Western blots of whole cell extracts showing protein levels of DNA damage
checkpoint response genes (CHK1, CHK2, and CDK1) and their
phosphorylation status in 1BR3 parental line carrying an empty lentiviral
doxycycline (DOX) inducible construct (1BR3 Parental Empty) without DOX
treatment, and 1BR3 PBRM1 knockout clone 5 carrying a lentiviral DOX
inducible PBRM1 expression construct (PBRM1 KO5 Rescue) with DOX
induction (+DOX, i.e. PBRM1 re-expression) or without DOX induction (-DOX)
under untreated (UT) condition or at indicated time points after 6Gy irradiation.
Actin was used as the loading control.

When cross-comparing 1BR3-Parental-Empty and PBRM1-KO-Rescue-/+DOX
after IR, I did not observe any significant difference in total or phosphorylated
CHK2 levels, consistent with a normal activation of the checkpoint response
(Figure 3.9C). While some differences of total CHK1 level are observed, the
phosphorylated CHK1 level approximately follows the trend of total CHK1 level,
therefore not showing an obvious defect in DDR signalling (Figure 3.9C). The
total and phosphorylated CDK1 levels are similar in all cell lines until 16 hr post
IR treatment (Figure 3.9C). Interestingly, however, there are higher total CDK1
levels in the PBRM1-KO-Rescue-DOX (PBRM1 deficient) compared to the 1BR3Parental-Empty and PBRM1-KO-Rescue+DOX (PBRM1 proficient) at both 24 hr
and 48 hr post IR treatment (Figure 3.9C). There are also higher phosphorylated
CDK1 levels in the PBRM1-KO-Rescue-DOX at those two time points after IR
treatment, which should prevent mitotic progression, but again this difference is
likely due to the difference in the total CDK1 levels (Figure 3.9C).
109

3.2.6

PBRM1 Deficiency Leads to Impaired Transcriptional

Repression of G2/M Progression Factors Following IR Treatment
The phosphorylation of CHK1, CHK2 and CDK1 does not show obvious changes
when PBRM1 is deficient or re-expressed after IR. However, the total CDK1 level
is higher when PBRM1 is deficient, which is partially rescued with PBRM1 reexpression at later time points after IR. In addition, the phosphorylation and
activation of the DDR proteins and CDK1 is important for the G2/M checkpoint
with a fast kinetics after DNA damage, while the downregulation of CDK1 is
important for the maintenance of a prolonged G2/M checkpoint (Engeland, 2018;
Hafner et al., 2019; Waterman et al., 2020). Therefore, I checked the protein
levels of G2/M progression genes CDK1 and CCNB1 in the 1BR3 PBRM1 KO
clones and the parental line after IR treatment. In both the parental line and the
1BR3 PBRM1 KO clones, there are repressed levels of CDK1 and CCNB1 protein
at 48 hr than at 24 hr post IR treatment, consistent with the published results of
CDK1 and CCNB1 downregulation after DNA damage (Figure 3.10A). There are
higher levels of CCNB1 and CDK1 protein at 24 hr post IR treatment compared
to the untreated condition, which is probably due to substantially more G2 phase
cells after IR treatment (Figure 3.10A). More importantly, I observed significantly
higher levels of CDK1 and CCNB1 protein in the 1BR3 PBMR1 KO clones after
IR treatment compared to the parental line, which is consistent with the
phenotypes of more G2/M progression and more micronucleated cells after IR
treatment when PBRM1 is deficient (Figure 3.10A). Following the western blot
results, I subsequently confirmed with RT-qPCR that the downregulation of CDK1
and CCNB1 after IR treatment is via transcription repression, and the higher
levels of CDK1 and CCNB1 proteins in the PBRM1 KO clones after IR treatment
are due to defective transcriptional repression of these two genes (Figure 3.10B).
I further verified that the transcriptional repression defects when PBRM1 is
deficient after IR treatment can be rescued by the PBRM1 re-expression in the
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Figure 3.10 PBRM1 deficiency leads to impaired transcriptional repression of
G2/M progression factors following IR treatment
(A) Western blots of whole cell extracts showing protein levels of PBRM1, CCNB1
and CDK1 in 1BR3 parental line and PBRM1 knockout clones (1BR3 PBRM1
KO3 & KO5) under untreated (UT), 24hr post 6Gy irradiation (6Gy 24hr) or 48hr
post 6Gy irradiation (6Gy 48hr) condition. Actin was used as the loading control.
(B) RT-qPCR analyses showing normalised mRNA transcript levels of CCNB1 and
CDK1 in 1BR3 parental line and PBRM1 knockout clones (1BR3 PBRM1 KO3 &
KO5) under untreated (UT), 24hr post 6Gy irradiation (6Gy 24hr) or 48hr post
6Gy irradiation (6Gy 48hr) condition. Data represent the mean +/- SEM of three
biological replicates. p values were calculated using two-tailed paired Student’s
t test (*p<0.05, **p<0.01).
(C) Western blots of whole cell extracts showing protein levels of PBRM1, CCNB1
and CDK1 in 1BR3 parental line carrying an empty lentiviral doxycycline (DOX)
inducible construct (1BR3 Parental Empty) without DOX treatment, and 1BR3
PBRM1 knockout clone 5 carrying a lentiviral DOX inducible PBRM1 expression
construct (PBRM1 KO5 Rescue) with DOX induction (+DOX, i.e. PBRM1 reexpression) or without DOX induction (-DOX) under untreated (UT), 24hr post
6Gy irradiation (6Gy 24hr) or 48hr post 6Gy irradiation (6Gy 48hr) condition.
Actin was used as the loading control.
(D) RT-qPCR analyses showing normalised mRNA transcript levels of CCNB1 and
CDK1 in 1BR3 Parental Empty without DOX induction, and PBRM1 KO5 Rescue
with DOX induction (+DOX, i.e. PBRM1 re-expression) or without DOX induction
(-DOX) under untreated (UT), 24hr post 6Gy irradiation (6Gy 24hr) or 48hr post
6Gy irradiation (6Gy 48hr) condition. Data represent the mean +/- SEM of three
biological replicates. p values were calculated using two-tailed paired Student’s
t test (*p<0.05, **p<0.01, ****p<0.01).
111

PBRM1-KO-Rescue+DOX (Figure 3.10C&D). The transcriptional repression
defects of important G2/M progression proteins could explain the increased
mitotic progression and micronulceated cell formation after IR treatment when
PBRM1 is deficient.

3.2.7

Impaired Transcriptional Repression Following IR Treatment

is not the Consequence of Cell Cycle Difference
Both CDK1 and CCNB1 are cell cycle regulated genes, and the PBRM1 deficient
cells show altered cell cycle profiles after IR when compared with the parental
cells (O’Connell et al., 2000; Otto & Sicinski, 2017). To make sure the defective
transcriptional repression is not a consequence of different cell cycle distributions,
I first arrested the 1BR3 PBRM1 KO clones and the parental line in G1 phase by
contact-inhibition, and then performed the IR treatment after 25.5 hr release from
the G1 arrest, when the majority of the cells are in S and G2 phases (Figure
3.11A-C). To ensure the cells stayed in G2/M phase for the duration of the
experiment, I used colcemid treatment to arrest the cells at the G2/M cell cycle
stage (Figure 3.11B). Remarkably, I still observed the difference in the
transcription levels of CDK1 and CCNB1, and this confirms that the higher
transcriptional levels of CDK1 and CCNB1 in the PBRM1 KO clones after IR
treatment are due to defective transcriptional repression but not different cell
cycle profiles (Figure 3.11D). Moreover, there is a more profound transcriptional
repression defect in the 1BR3 PBRM1 KO clones compared to the parental line
at 48 hr post IR treatment under these conditions (Figure 3.11D). One potential
explanation is when there is no colcemid induced G2/M arrest, the 1BR3 PBRM1
KO clones undergoes mitotic progression after IR treatment, and the daughter
cells in G1 phase express no or lower levels of G2 phase specific genes like
CDK1 and CCNB1, while with the colcemid treatment, cells are arrested at G2/M
phase in the 1BR3 PBRM1 KO clones after IR treatment, which contributes to
even higher transcription levels of CDK1 and CCNB1 (Figure 3.11B&C).
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Figure 3.11 Impaired transcriptional repression following IR treatment is not
the consequence of cell cycle differences
(A) The schematic figure showing the experimental setup of treatment combination
with 6Gy irradiation and colcemid after G1 synchronisation and release in 1BR3
parental line and PBRM1 knockout clones (1BR3 PBRM1 KO3 & KO5).
(B) Quantification of proportions of cells in different cell cycle phases measured by
FACS in 1BR3 parental line and PBRM1 knockout clones (1BR3 PBRM1 KO3
& KO5) after G1 synchronisation and release under untreated (UT), 24hr post
6Gy irradiation with colcemid (+Col 6Gy 24hr) or 48hr post 6Gy irradiation with
colcemid (+Col 6Gy 48hr) condition. The proportions of cells in G1 and G2 cell
cycle phases are indicated in the figure.
(C) Representative propidium iodide staining FACS cell cycle profiles of cells in (B).
(D) RT-qPCR analyses showing normalised mRNA transcript levels of CCNB1 and
CDK1 in 1BR3 parental line and PBRM1 knockout clones (1BR3 PBRM1 KO3
& KO5) after G1 synchronisation and release under untreated (UT), 24hr post
6Gy irradiation with colcemid (+Col 6Gy 24hr) or 48hr post 6Gy irradiation with
colcemid (+Col 6Gy 48hr) condition. Data represent the mean +/- SEM of three
biological replicates. p values were calculated using two-tailed paired Student’s
t test (*p<0.05, **p<0.01, ***p<0.001).
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3.2.8

PBRM1 Deficiency Phenotypes Following IR Treatment are

p53 Dependent
Previous publications showed that PBRM1 interacts with p53 and is important for
p53 activation induced transcription. Interestingly, the PBRM1 KO clones in
HEK293T, in which p53 activity is compromised by the transduced adenoviral
protein, showed no difference in the levels of micronucleated cells after IR
treatment compared to the parental line (Figure 3.12A-C) (Kavsan et al., 2011).
In addition, in HEK293T cells with defective p53 pathway, there is no significant
CDK1 and CCNB1 transcriptional downregulation after IR treatment, suggesting
the requirement of p53 activity in repressing CDK1 and CCNB1 transcription after
DNA damage (Figure 3.12D). Therefore, there is also no difference in the
transcript levels of CDK1 and CCNB1 between the HEK293T parental line and
the PBRM1 KO clone after IR treatment due to p53 pathway deficiency (Figure
3.12D).
To further validate the p53 pathway dependency, I treated the 1BR3 PBRM1 KO
clones and the siRNA mediated depletion sets with 10μM Nutlin3a, which inhibits
the E3 ubiquitin-protein ligase MDM2 and activates p53 pathway by preventing
p53 degradation (Walter et al., 2018). With Nutlin3a treatment, I recapitulated the
repression defects of CDK1 and/or CCNB1 at both protein and mRNA levels
when PBRM1 is deficient, consistent with the IR treatment (Figure 3.12E-H).
Again, the CDK1 and/or CCNB1 level difference is not the consequence of cell
cycle profile difference after the Nutlin3a treatment, which strongly held the cells
in G1 and G2 cell cycle phases with similar percentages (except 1BR3 siARID1A
with a significant late S phase population) (Figure 3.12I&J). These data
demonstrate that PBRM1 is working downstream of p53 to mediate
transcriptional repression of CDK1 and CCNB1 and maintain a G2/M checkpoint
arrest following IR treatment.
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Figure 3.12 PBRM1 deficiency phenotypes following IR treatment are p53
dependent
(A) Western blots of whole cell extracts showing PBRM1 protein levels in the
parental HEK293T cell line and the indicated PBRM1 knockout clones
(PBRM1 KO17 & KO21). Tubulin was used as the loading control.
(B) Quantification of micronucleated cells in HEK293T parental line and PBRM1
knockout clones (PBRM1 KO17 & KO21) at 40hr post 6Gy irradiation (6Gy
40hr). Data represent the mean +/- SEM of three biological replicates and at
least 1000 nuclei were included for quantification for each condition. p values
were calculated using two-tailed paired Student’s t test (ns=not significant).
(C) Representative confocal images DAPI stained HEK293T parental line and
PBRM1 knockout clones (PBRM1 KO17 & KO21) at 40hr post 6Gy irradiation
(6Gy 40hr). Red arrows indicate cells with micronuclei. Scale bar represents
50 μm.
(Legend continued on next page)
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(Legend continued from previous page)
(D) RT-qPCR analyses showing normalised mRNA transcript levels of CCNB1
and CDK1 in HEK293T parental line and PBRM1 knockout clone 17 (PBRM1
KO17) under untreated (UT), or 40hr post 6Gy irradiation (6Gy 40hr) condition.
Data represent the mean +/- SEM of two biological replicates.
(E) Western blots of whole cell extracts showing protein levels of PBRM1, CCNB1
and CDK1 in 1BR3 parental line and PBRM1 knockout clones (1BR3 PBRM1
KO3 & KO5) under untreated (UT) or 24hr 10μM Nutlin3a treatment condition.
Actin was used as the loading control.
(F) RT-qPCR analyses showing normalised mRNA transcript levels of CCNB1
and CDK1 in 1BR3 parental line and PBRM1 knockout clones (1BR3 PBRM1
KO3 & KO5) under 24hr 10μM Nutlin3a treatment condition. Data represent
the mean +/- SEM of three biological replicates. p values were calculated
using two-tailed paired Student’s t test (*p<0.05, **p<0.01).
(G) Western blots of whole cell extracts showing protein levels of PBRM1,
ARID1A, and CDK1 in in 1BR3 parental cells transfected with SMARTpool
siRNA (a mixture of 4 siRNA for each target gene) targeting PBRM1 (siPBRM1)
or targeting ARID1A (siARID1A) or non-targeting control (siCON) under 24hr
10μM Nutlin3a treatment condition. Actin was used as the loading control.
(H) RT-qPCR analyses showing normalised mRNA transcript levels of CCNB1
and CDK1 in 1BR3 parental cells transfected with SMARTpool siRNA
targeting PBRM1 (siPBRM1) or targeting ARID1A (siARID1A) or non-targeting
control (siCON) under 24hr 10μM Nutlin3a treatment condition. Data
represent the mean +/- SEM of three biological replicates. p values were
calculated using two-tailed paired Student’s t test (*p<0.05).
(I) Representative propidium iodide staining FACS cell cycle profiles of 1BR3
parental line and PBRM1 knockout clones (1BR3 PBRM1 KO3 & KO5) under
24hr 10μM Nutlin3a treatment condition. The proportions of cells in G1 and
G2 cell cycle phases are indicated.
(J) Representative propidium iodide staining FACS cell cycle profiles of 1BR3
parental cells transfected with SMARTpool siRNA targeting PBRM1
(siPBRM1) or targeting ARID1A (siARID1A) or non-targeting control (siCON)
under 24hr 10μM Nutlin3a treatment condition. The proportions of cells in G1
and G2 cell cycle phases are indicated.
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3.2.9

PBRM1 Deficiency Leads to Delayed p21 Upregulation and

Defective DREAM Complex Activation Following IR Treatment
This raised the question if p53-dependent p21 upregulation upon IR treatment is
responsible for the phenotypes I observed. To address this question, I looked at
the p21 protein levels in the 1BR3-Parental-Empty and PBRM1-KO-Rescue/+DOX at different time points after IR treatment, and found that there is defective
p21 upregulation at early time points in the PBRM1-KO-Rescue-DOX after IR
treatment, which was rescued by the PBRM1 re-expression in the PBRM1-KORescue+DOX (Figure 3.13A). However, at later time points post IR treatment, the
p21 levels in all three lines start to reach a plateau, which suggests that PBRM1
deficiency affects the kinetics of the p53-depndent p21 upregulation with a
temporal delay, but not the overall level of p21 upregulation with IR treatment
(Figure 3.13A). Indeed, the p53 recruitment to the p53 response element (RE) at
the p21 promoter measured by ChIP-qPCR is significantly attenuated at 4 hr, but
not at 24 hr post IR treatment in the PBRM1-KO-Rescue-DOX compared to the
1BR3-Prental-Empty, and this p53 recruitment defect at 4 hr post IR treatment
can be rescued by PBRM1 re-expression in the PBRM1-KO-Rescue+DOX
(Figure 3.13B). These data suggest that p53 is able to activate transcription of its
target genes in the absence of PBRM1, but does so with slower kinetics.
The DREAM complex is activated by p21-dependent hypo-phosphorylation of
p107 and p130, which then assemble into the DREAM complex to repress
DREAM target genes when p53 is activated (Engeland, 2018). Interestingly, both
CDK1 and CCNB1 are DREAM target genes, and it is therefore likely that the
delay in p21 upregulation when PBRM1 is deficient leads to defective DREAM
complex activation and target gene repression after IR treatment (Engeland,
2018). I was unable to reliably detect p107 protein levels in the 1BR3 cell line and
our proteomics and transcriptomics data showed that p107 was dramatically
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Figure 3.13 PBRM1 deficiency leads to delayed p21 upregulation and
defective DREAM complex activation following IR treatment
(A) Western blots of whole cell extracts showing protein levels of PBRM1, total
p130, phosphorylated p130 (p-p130) and p21 in 1BR3 parental line carrying
an empty lentiviral doxycycline (DOX) inducible construct (1BR3 Parental
Empty) without DOX treatment, and 1BR3 PBRM1 knockout clone 5 carrying
a lentiviral DOX inducible PBRM1 expression construct (PBRM1 KO5 Rescue)
with DOX induction (+DOX, i.e. PBRM1 re-expression) or without DOX
induction (-DOX) under untreated (UT) condition, or at indicated time points
after 6Gy irradiation. Actin was used as the loading control.
(B) ChIP-qPCR analyses of p53 binding to the p53 RE element at p21 promoter
in 1BR3 Parental Empty without DOX induction, and PBRM1 KO5 Rescue
with DOX induction (+DOX, i.e. PBRM1 re-expression) or without DOX
induction (-DOX) under untreated (UT), 4 hr post 6Gy irradiation (6Gy 4hr) or
24hr post 6Gy irradiation (6Gy 24hr) condition using anti-p53 antibody or a
(Legend continued on next page)
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non-specific antibody (negative control). Data represent the mean of
percentage input +/- SEM of three biological replicates. p values were
calculated using two-tailed paired Student’s t test (ns=not significant, *p<0.05,
**p<0.01).
(C) ChIP-qPCR analyses of p130 binding to the CDE/CHR element at CDK1
promoter in 1BR3 Parental Empty without DOX induction, and PBRM1 KO5
Rescue with DOX induction (+DOX, i.e. PBRM1 re-expression) or without
DOX induction (-DOX) under untreated (UT), 24hr post 6Gy irradiation (6Gy
24hr) or 48hr post 6Gy irradiation (6Gy 48hr) condition using anti-p130
antibody or a non-specific antibody (negative control). Data represent the
mean of percentage input +/- SEM of three biological replicates. p values were
calculated using two-tailed paired Student’s t test (ns=not significant, *p<0.05,
**p<0.01).
(D) ChIP-qPCR analyses of p130 binding to the CDE/CHR element at CCNB1
promoter in 1BR3 Parental Empty without DOX induction, and PBRM1 KO5
Rescue with DOX induction (+DOX, i.e. PBRM1 re-expression) or without
DOX induction (-DOX) under untreated (UT), 24hr post 6Gy irradiation (6Gy
24hr) or 48hr post 6Gy irradiation (6Gy 48hr) condition using anti-p130
antibody or a non-specific antibody (negative control). Data represent the
mean of percentage input +/- SEM of three biological replicates. p values were
calculated using two-tailed paired Student’s t test (ns=not significant, *p<0.05,
**p<0.01).

downregulated after IR treatment (data not shown). Therefore, in the 1BR3 cell
line, p107 may have a less impact than p130 in this process, and I focused on
p130 to monitor DREAM complex activation. I found that the p21 upregulation
delay in the PBRM1-KO-Rescue-DOX after IR does indeed lead to significant
p130 hypo-phosphorylation defects from 24 hr to 48 hr post IR treatment, which
were partially rescued by the PBRM1 re-expression in the PBRM1-KORescue+DOX (Figure 3.13A). Consistent with elevated p130 phosphorylation
levels, I found that there is less p130 recruitment to the CDE/CHR element at
CCNB1 and CDK1 promoters measured by ChIP-qPCR in the PBRM1-KORescue-DOX than in the 1BR3-Parental Empty after IR treatment, and this
recruitment defect is significantly rescued with PBRM1 re-expression at 48 hr
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post IR treatment (Figure 3.13C-D). Overall, my data support a model in which
defective p53-dependent p21 upregulation after IR treatment when PBRM1 is
deficient leads to less p130 hypo-phosphorylation and less DREAM complex
recruitment to the DREAM target genes.

3.2.10 PBRM1 Deficiency Leads to Defective DREAM Targets
Repression Following IR Treatment
The prediction from these data is that PBRM1 deficiency will impact broadly on
DREAM target genes through p53-mediated regulation. To further characterise
the DREAM complex activation defects after IR treatment when PBRM1 is
deficient, I compared the repression of the DREAM target genes in our
proteomics and RNA-seq datasets between the 1BR3 PBRM1 KO clones and the
parental line before and after IR treatment (Figure 3.14A&B) (Engeland, 2018).
As expected, the majority of these targets were reduced in the IR treated cells
when compared with the untreated cells in the parental cell line. Notably, I
observed an obvious general repression defect of the DREAM targets at 48 hr
post IR treatment in the 1BR3 PBRM1 KO clones (Figure 3.14A&B). Consistent
with my data, a further analysis of a published qPCR array data also showed
repression defects of a panel of DREAM target genes when p53 is exogenously
expressed with PBRM1 deficiency in H1299 cells (Figure 3.14C) (Cai et al., 2019).
I also validated the findings in the RPE1 PBRM1 KO clones and the 1BR3 siRNA
sets, which showed that after IR treatment when PBRM1 (but not ARD1A) is
depleted, p130 is less hypo-phosphorylated with higher CDK1 and CCNB1
protein levels, and the transcriptional repression of an expanded DREAM target
gene panel (plus two other G2/M progression genes CCNB2 and PLK1) is
defective (Figure 3.14D-G). These data suggest that defective DREAM complex
repression of the G2/M progression genes with PBRM1 deficiency after IR
treatment impairs the G2/M checkpoint, allowing uncontrolled G2/M progression.
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Figure 3.14 PBRM1 deficiency leads to defective DREAM target repression
following IR treatment
(A) Violin plot from RNA-seq data showing mRNA transcript levels of DREAM
target genes in 1BR3 parental line and PBRM1 knockout clones (1BR3
PBRM1 KO3 & KO5) under untreated (UT) or 48hr post 6Gy irradiation
condition. The y-axis represents the log2 ratio of RNA-seq expression
quantification of 48hr post 6Gy irradiation over UT condition. 271 annotated
DREAM target genes were included and the red line represents the median
value. p values were calculated using two-tailed Wilcoxon rank sum test with
continuity correction and p values were indicated in the figures.
(B) Violin plot from proteomics data showing protein levels of DREAM target
genes in 1BR3 parental line and PBRM1 knockout clones (1BR3 PBRM1 KO3
(Legend continued on next page)
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& KO5) under untreated (UT) or 48hr post 6Gy irradiation condition. The yaxis represents the log2 ratios of protein level quantification of 48hr post 6Gy
irradiation over UT condition. 205 annotated DREAM target genes were
included and the red line represents the median value. p values were
calculated using two-tailed Wilcoxon rank sum test with continuity correction
and p values were indicated in the figures.
(C) Analysis of RT-qPCR array data from (Cai et al., 2019) showing mRNA
transcript levels of five DREAM target genes (CCNB1, BIRC5, CDK1, E21,
and CDC25C) in H1299 parental line and PBRM1 knockout clone PBRM1KO#1 transfected with an empty vector (Vector) or a p53 overexpression
vector (p53).
(D) Western blots of whole cell extracts showing protein levels of PBRM1, total
p130, phosphorylated p130 (p-p130), CCNB1, CDK1 and p21 in RPE1
parental line and PBRM1 knockout clones (PBRM1 KO1 & KO2) under
untreated (UT), 24hr post 6Gy irradiation (6Gy 24hr) or 72hr post 6Gy
irradiation (6Gy 72hr) condition. Actin was used as the loading control.
(E) RT-qPCR analyses showing normalised mRNA transcript levels of CDK1,
CCNB1, CCNB2 and PLK1 in RPE1 parental line and PBRM1 knockout
clones (PBRM1 KO1 & KO2) under untreated (UT), 24hr post 6Gy irradiation
(6Gy 24hr) or 72hr post 6Gy irradiation (6Gy 72hr) condition. Data represent
the mean +/- SEM of three biological replicates. p values were calculated
using two-tailed paired Student’s t test (*p<0.05, **p<0.01, ***p<0.001).
(F) Western blots of whole cell extracts showing protein levels of ARID1A,
PBRM1, total p130, phosphorylated p130 (p-p130), CCNB1, CDK1 and p21
in 1BR3 cell transfected with SMARTpool siRNA (a mixture of 4 siRNA for
each target gene) targeting PBRM1 (siPBRM1) or targeting ARID1A
(siARID1A) or non-targeting control (siCON) under untreated (UT), 24hr post
6Gy irradiation (6Gy 24hr) or 48hr post 6Gy irradiation (6Gy 48hr) condition.
Actin was used as the loading control.
(G) RT-qPCR analyses showing normalised mRNA transcript levels of CDK1,
CCNB1, CCNB2 and PLK1 in 1BR3 cell transfected with SMARTpool siRNA
targeting PBRM1 (siPBRM1) or targeting ARID1A (siARID1A) or non-targeting
control (siCON) under untreated (UT), 24hr post 6Gy irradiation (6Gy 24hr) or
48hr post 6Gy irradiation (6Gy 48hr) condition. Data represent the mean +/SEM of three biological replicates. p values were calculated using two-tailed
paired Student’s t test (*p<0.05, **p<0.01, ***p<0.001).
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3.2.11 PBRM1 Deficiency Associated Defects Following IR
Treatment are Apparent in ccRCC Cell Lines
The cell lines used in the study so far are all non-cancerous cell lines, and I
wanted to investigate if the same PBRM1 deficiency associated phenotypes are
also apparent in ccRCC cell lines, which frequently lose PBRM1 but not p53
during tumourigenesis. I depleted PBRM1 with siRNA in the Caki-1 cell line, which
is a ccRCC cell line that is PBRM1 and p53 proficient (Figure 3.15G). The Caki1 cells treated with 6Gy IR have a relatively weak p21 induction, possibly due to
other genetic alternations impairing p53 signalling (Figure 3.15A). Therefore,
instead of increasing the IR dose, I treated the Caki-1 cells with 6Gy IR combined
with a low dose of Nutlin3a to increase the p21 induction (Figure 3.15A). Similar
to what I observed with the non-cancer derived cell line models, the Caki-1 cells
showed more micronucleated cells and more G2/M progression after the
treatment when PBRM1 is depleted (Figure 3.15B-F). In addition, there is less
p130 hypo-phosphorylation, and higher levels of CDK1 and CCNB1 protein
following the treatment when PBRM1 is depleted (Figure 3.15G). I further
confirmed with RT-qPCR that PBRM1 deficneicy leads to the transcriptional
repression defects of the panel of DREAM target genes (Figure 3.15H).
Next, I want to test if PBRM1 loss as an early event of tumourigenesis in ccRCC
contributes to a compromised DREAM complex activation in the PBRM1
deficiency ccRCC cell lines, as the defect due to PBRM1 loss may be later
overridden by other genetic alterations during cancer development. I applied the
same DOX inducible PBRM1 re-expression system in the RCC-MF cell line,
which is a ccRCC cell line that is PBRM1 deficient but p53 proficient (Figure
3.16A&G). When PBRM1 is re-expressed in RCC-MF, there are fewer
micronucleated cells and less G2/M progression after 6Gy IR treatment when
compared to the control cells lacking PBRM1 expression (Figure 3.16B-F). In
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addition, the DREAM complex activation defects after IR treatment have been
rescued with PBRM1 re-expression showing more p130 hypo-phosphorylation as
well as lower CDK1 and CCNB1 protein levels, and more transcriptional
repression of the DREAM target genes (Figure 3.16G&H). In both the Caki-1 and
RCC-MF sets, there is only slightly more p21 upregulation at 24 hr post treatment
in the PBRM1 proficient sample compared to their isogenic counterparts, but it is
plausible to propose that the p21 difference is more profound at earlier time points
as in the 1BR3 cell line (Figure 3.15G & Figure 3.16G). The p21 upregulation

Figure 3.15 PBRM1 deficiency associated defects following IR treatment are
apparent in the ccRCC cell line Caki-1
(Legend continued on next page)
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Figure 3.15 PBRM1 deficiency associated defects following IR treatment are
apparent in the ccRCC cell line Caki-1
(A) RT-qPCR analyses showing normalised mRNA transcript levels of p21 in
Caki-1 cells under 48hr post 6Gy irradiation with or without 0.5μM Nutlin3a
treatment. Data represent the mean +/- SEM of two biological replicates.
(B) Quantification of micronucleated cells in Caki-1 cells transfected with
SMARTpool siRNA (a mixture of 4 siRNA for each target gene) targeting
PBRM1 (siPBRM1) or non-targeting control (siCON) under untreated (UT), or
48hr post 6Gy irradiation with 0.5μM Nutlin3a condition. At least 1000 nuclei
were included for quantification for each condition.
(C) Representative confocal images of DAPI stained Caki-1 cells transfected with
SMARTpool siRNA targeting PBRM1 (siPBRM1) or non-targeting control
(siCON) at 48hr post 6Gy irradiation with 0.5μM Nutlin3a (0.5μM Nutlin3a 6Gy
48hr). Red arrows indicate cells with micronuclei. Scale bar represents 50 μm.
(D) Quantification of proportions of cells in different cell cycle phases measured
by FACS in Caki-1 cells transfected with SMARTpool siRNA targeting PBRM1
(siPBRM1) or non-targeting control (siCON) under untreated (UT), 24hr post
6Gy irradiation with 0.5μM Nutlin3a or 48hr post 6Gy irradiation with 0.5μM
Nutlin3a condition. The proportions of cells in G1 and G2 cell cycle phases
are indicated in the figure.
(E) Quantification of percentage change in G2 phase cells measured by FACS at
48hr post 6Gy irradiation with 0.5μM Nutlin3a relative to 24hr post 6Gy
irradiation with 0.5μM Nutlin3a in Caki-1 cells transfected with SMARTpool
siRNA targeting PBRM1 (siPBRM1) or non-targeting control (siCON).
(F) Representative propidium iodide stained FACS cell cycle profile of cells in (E).
(G) Western blots of whole cell extracts showing protein levels of PBRM1, total
p130, phosphorylated p130 (p-p130), CCNB1, CDK1 and p21 in Caki-1 cells
transfected with SMARTpool siRNA targeting PBRM1 (siPBRM1) or nontargeting control (siCON) under untreated (UT), 24hr post 6Gy irradiation with
0.5μM Nutlin3a or 48hr post 6Gy irradiation with 0.5μM Nutlin3a condition.
Actin was used as the loading control.
(H) RT-qPCR analyses showing normalised mRNA transcript levels of CDK1,
CCNB1, CCNB2 and PLK1 in Caki-1 cells transfected with SMARTpool siRNA
targeting PBRM1 (siPBRM1) or non-targeting control (siCON) under
untreated (UT), 24hr post 6Gy irradiation with 0.5μM Nutlin3a or 48hr post
6Gy irradiation with 0.5μM Nutlin3a condition.
Data in B, D, E, and H represent mean +/- SEM of three biological replicates.
p values in B, E and H were calculated using two-tailed paired Student’s t test
(ns=not significant, *p<0.05, **p<0.01, ***p<0.001).
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defect associated with PBRM1 loss under DNA damage conditions has been
reported in six other ccRCC cell lines. Therefore, I did not further characterise the
p21 upregulation defects in the two cell lines investigated here. Overall, I showed
that defects in DREAM complex dependent transcriptional repression and G2/M
checkpoint responses following p53 activation in the absence of PBRM1 are also
present in ccRCC cell lines, and have important implications for cancer treatment.

Figure 3.16 PBRM1 deficiency associated defects following IR treatment
are rescued in the ccRCC cell line RCC-MF with PBRM1 re-expression
(Legend continued on next page)
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Figure 3.16 PBRM1 deficiency associated defects following IR treatment are
rescued in the ccRCC cell line RCC-MF with PBRM1 re-expression
(A) Representative confocal images of DAPI stained RCC-MF cell line carrying a
lentiviral DOX inducible PBRM1 expression construct (RCC-MF Rescue) with
DOX induction (+DOX, i.e. PBRM1 re-expression) or without DOX induction
(-DOX) under untreated (UT) condition with DAPI (blue) and PBRM1 (Red)
staining. Scale bar represents 50 μm.
(B) Quantification of micronucleated cells in RCC-MF cell line carrying a lentiviral
DOX inducible PBRM1 expression construct (RCC-MF Rescue) with DOX
induction (+DOX, i.e. PBRM1 re-expression) or without DOX induction (-DOX)
under untreated (UT), or 48hr post 6Gy irradiation (6Gy 48hr) condition. at
least 1000 nuclei were included for quantification for each condition.
(C) Representative confocal images of DAPI stained RCC-MF cell line carrying a
lentiviral DOX inducible PBRM1 expression construct (RCC-MF Rescue) with
DOX induction (+DOX, i.e. PBRM1 re-expression) or without DOX induction
(-DOX) at 48hr post 6Gy irradiation (6Gy 48hr). Red arrows indicate cells with
micronuclei. Scale bar represents 50 μm.
(D) Quantification of proportions of cells in different cell cycle phases measured
by FACS in RCC-MF cell line carrying a lentiviral DOX inducible PBRM1
expression construct (RCC-MF Rescue) with DOX induction (+DOX, i.e.
PBRM1 re-expression) or without DOX induction (-DOX) under untreated (UT),
24hr post 6Gy irradiation or 48hr post 6Gy irradiation condition. The
proportions of cells in G1 and G2 cell cycle phases are indicated in the figure.
(E) Quantification of the percentage change in G2 phase cells measured by FACS
at 48hr post 6Gy irradiation relative to G2 phase cells at 24hr post 6Gy
irradiation in RCC-MF cell line carrying a lentiviral DOX inducible PBRM1
expression construct (RCC-MF Rescue) with DOX induction (+DOX, i.e.
PBRM1 re-expression) or without DOX induction (-DOX).
(F) Representative propidium iodide stained FACS cell cycle profile of cells in (E).
(G) Western blots of whole cell extracts showing protein levels of PBRM1, total
p130, phosphorylated p130 (p-p130), CCNB1, CDK1 and p21 in RCC-MF cell
line carrying a lentiviral DOX inducible PBRM1 expression construct (RCCMF Rescue) with DOX induction (+DOX, i.e. PBRM1 re-expression) or without
DOX induction (-DOX) under untreated (UT), 24hr post 6Gy irradiation or 48hr
post 6Gy irradiation condition. Actin was used as the loading control.
(H) RT-qPCR analyses showing normalised mRNA transcript levels of CDK1,
CCNB1, CCNB2 and PLK1 in RCC-MF cell line carrying a lentiviral DOX
(Legend continued on next page)
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inducible PBRM1 expression construct (RCC-MF Rescue) with DOX induction
(+DOX, i.e. PBRM1 re-expression) or without DOX induction (-DOX) under
untreated (UT), 24hr post 6Gy irradiation or 48hr post 6Gy irradiation condition.
Data in B, E, D, and H represent the mean +/- SEM of three biological
replicates. p values in B, E, and H were calculated using two-tailed paired
Student’s t test (ns=not significant, **p<0.01).

3.2.12 PBRM1 Deficiency Leads to Higher Interferon Responsive
Gene Expression Following IR Treatment
The increased mitotic progression or the loss of cell cycle checkpoints after IR
treatment has been shown to activate both the dsDNA sensing cGAS-STING and
the dsRNA sensing RIG-I-MAVS pathways, which subsequently activate the
expression of interferon responsive genes (Chen et al., 2020; Harding et al.,
2017). When PBRM1 is deficient, the p21 upregulation delay defect leads to
impaired DREAM targets repression, which leads to more G2/M progression after
IR treatment in the 1BR3, Caki-1, and RCC-MF. Therefore, PBRM1 deficiency
with IR treatment could lead to higher interferon responsive gene expressions via
dsDNA and dsRNA sensing pathway. To test this hypothesis, I checked the
dsDNA and dsRNA sensing pathways in 1BR3, Caki-1, and RCC-MF by looking
at phosphorylation of TBK1 after transfection with either plasmid (dsDNA) or
PolyI:C (dsRNA mimic), and found that to varying degrees, all three cell lines are
responsive to the presence of either cytosolic dsDNA or dsRNA (Figure 3.17A).
Ruptured micronuclei can be sensed by cGAS to activate the cGAS-STING
pathway. Therefore, I quantified micronucleated cells with cGAS positive
micronucleus by immunofluorescence, and confirmed that there are more
micronucleated cells with cGAS positive micronucleus after IR treatment when
PBRM1 is deficient in all three cell lines, suggesting stronger activations of the
cGAS-STING pathway (Figure 3.17B-G).
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Figure 3.17 PBRM1 deficiency leads to more cGAS positive micronuclei
following IR treatment
(A) Western blots of whole cell extracts showing protein levels of PBRM1, total
TBK1 and phosphorylated TBK1 (p-TBK1) in 1BR3, Caki-1 and RCC-MF cell
lines transfected with plasmid as dsDNA mimic, PolyI:C as dsRNA mimic or
(Legend continued on next page)
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Lipofectamine only as negative control (Lipo CTRL). Actin was used as the
loading control.
(B) Quantification of micronucleated cells with cGAS positive micronucleus in
1BR3 parental line and PBRM1 knockout clones (PBRM1 KO3 & KO5) under
untreated (UT) or 48hr post 6Gy irradiation (6Gy 48hr) condition. Data
represent the mean +/- SEM of three biological replicates and at least 1000
nuclei were included for quantification for each condition. p values were
calculated using two-tailed paired Student’s t test (ns=not significant, *p<0.05).
(C) Representative confocal images of 1BR3 parental line and PBRM1 knockout
clones (PBRM1 KO3 & KO5) under 48hr post 6Gy irradiation (6Gy 48hr)
condition with DAPI (blue) and cGAS (Red) staining. Red arrows indicate cells
with cGAS positive micronucleus. Scale bar represents 50 μm.
(D) Quantification of micronucleated cells with cGAS positive micronucleus in
Caki-1 cells transfected with SMARTpool siRNA (a mixture of 4 siRNA for
each target gene) targeting PBRM1 (siPBRM1) or non-targeting control
(siCON) under untreated (UT) or 48hr post 6Gy irradiation with 0.5μM
Nutlin3a condition. Data represent the mean +/- SEM of three biological
replicates and at least 1000 nuclei were included for quantification for each
condition. p values were calculated using two-tailed paired Student’s t test
(ns=not significant, **p<0.01).
(E) Representative confocal images of Caki-1 cells transfected with SMARTpool
siRNA targeting PBRM1 (siPBRM1) or non-targeting control (siCON) under
48hr post 6Gy irradiation with 0.5μM Nutlin3a condition with DAPI (blue) and
cGAS (Red) staining. Red arrows indicate cells with cGAS positive
micronucleus. Scale bar represents 50 μm.
(F) Quantification of micronucleated cells with cGAS positive micronucleus in
RCC-MF cell line carrying a lentiviral DOX inducible PBRM1 expression
construct (RCC-MF Rescue) with DOX induction (+DOX, i.e. PBRM1 reexpression) or without DOX induction (-DOX) under untreated (UT) or 48hr
post 6Gy irradiation condition. Data represent the mean +/- SEM of three
biological replicates and at least 1000 nuclei were included for quantification
for each condition. p values were calculated using two-tailed paired Student’s
t test (ns=not significant, **p<0.01).
(G) Representative confocal images of RCC-MF cell line carrying a lentiviral DOX
inducible PBRM1 expression construct (RCC-MF Rescue) with DOX induction
(+DOX, i.e. PBRM1 re-expression) or without DOX induction (-DOX) under
48hr post 6Gy irradiation condition with DAPI (blue) and cGAS (Red) staining.
Red arrows indicate cells with cGAS positive micronucleus. Scale bar
represents 50 μm.
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Figure 3.18 PBRM1 deficiency leads to higher interferon responsive gene
expression following IR treatment
(A) RT-qPCR analyses showing normalised mRNA transcript levels of β-IFN,
IL-6, CCL5 and CXCL10 in Caki-1 cells transfected with SMARTpool siRNA
(a mixture of 4 siRNA for each target gene) targeting PBRM1 (siPBRM1) or
non-targeting control (siCON) under untreated (UT), 48hr post 6Gy irradiation
(Legend
continued
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page)
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with 0.5μM Nutlin3a or 72hr post 6Gy irradiation with 0.5μM Nutlin3a condition.
Data represent the mean +/- SEM of three biological replicates. p values were
calculated using two-tailed paired Student’s t test (ns=not significant, *p<0.05,
**p<0.01, ***p<0.001).
(B) RT-qPCR analyses showing normalised mRNA transcript levels of β-IFN, IL6, CCL5 and CXCL10 in RCC-MF cell line carrying a lentiviral DOX inducible
PBRM1 expression construct (RCC-MF Rescue) with DOX induction (+DOX,
i.e. PBRM1 re-expression) or without DOX induction (-DOX) under untreated
(UT), 48hr post 6Gy irradiation or 72hr post 6Gy irradiation condition. Data
represent the mean +/- SEM of three biological replicates. p values were
calculated using two-tailed paired Student’s t test (ns=not significant, *p<0.05,
**p<0.01, ***p<0.001).

It is technically challenging to quantify dsRNA in the cytosol and the mechanism
is still unclear on how mitotic progression after IR treatment activates the dsRNA
sensing pathway. Therefore, I moved on to measured the mRNA expression of a
panel of interferon responsive genes after IR treatment including β-IFN, IL-6,
CCL5 and CXCL10, which are upregulated by the nucleic acid sensing pathway.
Upregulation of the interferon responsive genes is observed after IR treatment in
Caki-1 and RCC-MF (Figure 3.18A&B), but not in the 1BR3 (data not shown)
despite the presence of cGAS positive micronuclei. Consistent with this, the RNAseq data showed that both the 1BR3 PBRM1 KO clones and the parental line do
not express β-IFN, CCL5 and CXCL10 under untreated conditions or after IR
treatment (data not shown), and this could be a cell line specific effect.
Nevertheless, when I compare the interferon responsive gene expression in Caki1 and RCC-MF after IR treatment, PBRM1 deficiency leads to significantly higher
expression of the interferon responsive genes, suggesting stronger activation of
the innate immune signalling, which is consistent with more mitotic progression
in the presence of unrepaired DNA breaks and more cGAS positive micronucleus
(Figure 3.18A&B).
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3.3 Discussion
The roles of PBRM1 loss as an early step in ccRCC development have been
under investigation for decades. Consistent with our data, one recent study
showed that PBRM1 physically interacts with p53 to facilitate p53 recruitment to
promoters of the p53 effector genes and the subsequent transcriptional activation
of those genes (Figure 3.19) (Cai et al., 2019). One of the most important p53
effector genes is p21, which controls cell cycle progression upon p53 activation,
and the defective p21 upregulation upon p53 activation when PBRM1 is lost
revealed one of the tumour suppressor roles of PBRM1 (Burrows et al., 2010; Cai
et al., 2019; Hafner et al., 2019; Xia et al., 2008). Here, I confirmed that there is
a temporal delay of p21 upregulation when PBRM1 is deficient after IR treatment,
which leads to a delay in repressing CDK-Cyclin complex kinase activity and
consequently, a delay in the p130 transition from hyper-phosphorylated to hypophosphorylated status (Figure 3.19). Hypo-phosphorylated p130 is important for
the assembly or the remodelling of the DREAM complex to suppress the
expression of cell cycle progression genes, including G2/M progression genes
CDK1, CCNB1, CCNB2 and PLK1 (Figure 3.19) (Engeland, 2018). Therefore, the
defective DREAM complex repression explains the observation that there is
significantly more mitotic progression and more micronucleated cell formation in
a panel of isogenic non-cancerous and cancerous cell lines after IR treatment
when PBRM1 is deficient (Figure 3.19). Uncontrolled mitotic progression
combined with DNA damage was shown to activate both the dsRNA and dsDNA
sensing pathways, which is consistent with my findings of more cGAS positive
micronuclei and elevated upregulation of interferon responsive genes after IR
treatment when PBRM1 is deficient (Figure 3.19) (Chen et al., 2020; Harding et
al., 2017). ICI treatment shows benefits in the advanced PBRM1 deficient ccRCC
patients as ≥ second line monotherapy (Braun et al., 2020; Braun et al., 2019;
Miao et al., 2018; Vano et al., 2020). My findings reveal a potential therapeutic
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Figure 3.19 Model of PBRM1 deficiency mediated G2/M checkpoint
maintenance defect and DNA damage inflammatory signalling responses
In PBRM1 proficient cells, PBRM1 facilitates p53-dependent transcriptional
upregulation of p21 following DNA damage, which inhibits CDK-Cyclin complex
kinase activity and leads to accumulation of hypo-phosphorylated p130/p107.
Hypo-phosphorylated p130/p107 assembles the DREAM complex, which
represses important cell cycle progression genes with CHR elements in G2 phase
cells upon DNA damage, therefore holding the G2 cells at the G2/M checkpoint
for DNA repair. In PBRM1 deficient cells, p53-dependent transcriptional
upregulation of p21 following DNA damage is delayed, which leads to a slower
accumulation of hypo-phosphorylated p130 and defective repression of DREAM
target genes including G2/M progression genes CDK1, CCNB1, CCNB2 and
PLK1. The defective repression of G2/M progression genes leads to impaired
maintenance of G2/M checkpoint upon DNA damage, causing an increased
proportion of cells progressing through mitosis with unrepaired damage. This
subsequently leads to increased (cGAS positive) micronuclei formation and the
activation of the innate immune nucleic acid sensing pathway.
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strategy in PBRM1 deficient ccRCC patients to combine ICI treatment with DNA
damaging agents, and also suggest a possible molecular mechanism of the
clinical benefits with ICI monotherapy treatment in the advanced PBRM1 deficient
ccRCC patients.

3.3.1

PBRM1 Loss and p53 Pathway Defects

I showed a temporal delay of p53 recruitment and p21 upregulation when PBRM1
is deficient after IR treatment in the 1BR3 cell line. Another study using high doses
of topoisomerase inhibitor etoposide as the DSB inducing agent showed less
temporal dependency of the p21 upregulation defects when PBRM1 is deficient.
IR treatment immediately induces DSBs during the short radiation period, in
contrast to etoposide which induces DSBs non-immediately but continuously, so
the different DSB induction methods could explain the different observations (Cai
et al., 2019). Nevertheless, solid evidence has been shown by others and us that
PBRM1 loss leads to impaired p53 pathway in many different cell lines.
PBRM1 loss is apparent in more than 40% of ccRCC and arises as an early event
during cancer development (Figure 3.20) (Creighton et al., 2013; Hsieh et al.,
2017; Varela et al., 2011). PBRM1 physically interacts with p53 and facilitates the
recruitment of p53 to promote p53 effector gene expression in a cooperative
manner (Cai et al., 2019). It is still not fully understood if PBRM1 is recruited to
the p53 effector gene promoters on its own or as a full PBAF complex. Several
independent studies showed that the loss SMARCA4 and BRD7 also impairs the
p53 pathway activation, and the p53-dependent transcriptional activation of
VEGFR2 gene is facilitated by cooperative SWI/SNF complex recruitment and
nucleosome remodelling at the VEGFR2 promoter (Burrows et al., 2010; Kang et
al., 2004; Pfister et al., 2015), so the current evidence suggests the whole PBAF
complex and its chromatin remodelling activity are involved in the p53 recruitment.
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Figure 3.20 Onco-print of ccRCC p53 and PBRM1 gene mutation
Oncoprint from cBioPortal showing the frequency of genetic alterations of PBRM1
and p53 in ccRCC patient samples (TCGA, PanCancer Atlas, n=354).

It would be interesting to further investigate the mechanism of this cooperative
recruitment of p53 and PBRM1 to the p53 effector gene promoters, and this could
potentially expand our findings to other SWI/SNF subunit loss in other types of
cancers. It is worth noting that although I did not observe impaired p53 pathway
after IR treatment when depleting ARID1A with siRNA, other studies showed
ARID1A or ARID1B loss can lead to impaired p53 pathway and p21 upregulation
(Guan et al., 2011; Tordella et al., 2016). Whether or not this is a PBAF specific
function in p53 pathway activation requires further characterisation in more cell
lines with ARID1A depletion and/or rescue.
The impaired p53 pathway plays important roles in tumourigenesis including
through defective cell cycle checkpoints, defective apoptosis and increased
genome instability. My results show that PBRM1 deficiency leads to premature
G2/M progression and the generation of micronucleated cells after IR treatment
via impaired p53 pathway and DREAM complex repression. Cancer cells are
commonly under replication stress, so it is possible that the replication stress
combined with PBRM1 loss during ccRCC development plays important roles in
ccRCC genome instability, population heterogeneity and evolution. However, I did

136

not focus on other roles of the p53 pathway like apoptosis and G1/S checkpoint
in this study, and further experiments like cell fate tracking of single cells could
provide more comprehensive understandings of full consequences of the
impaired p53 pathway due to PBRM1 loss.
On the other hand, p53 loss rarely presents in ccRCC, only accounting for about
3% of the cases (Figure 3.20) (Creighton et al., 2013). Some studies suggest that
higher p53 expression is associated with more malignant phenotypes in
advanced ccRCC (Cai et al., 2019). It is possible that maintaining a functional
p53 pathway gives selective advantages to ccRCC, and the general radiotherapy
and chemotherapy resistance in ccRCC could be associated with the functional
p53 pathway. In ccRCC, PBRM1 loss definitely impairs the p53 pathway, however,
the p53 pathway is also affected by the other factors. In HCT116 and U2OS, the
expression of a truncated form of p53 phosphatase Wip1 impairs the p53
activation by more efficient removal of the active phosphorylation modification on
p53 (Kleiblova et al., 2013). Moreover, it has been shown that SETD2, another
frequently mutated gene in ccRCC, impairs ATM activation and p53
phosphorylation upon DNA damage (Carvalho et al., 2014). Indeed, the Caki-1
ccRCC cell line, which is PBRM1 proficient but SETD2 deficient, has a weaker
p53 pathway activation compared to the other cell lines used in this study. In
addition, immunohistochemical analyses of patient samples suggested that the
correlation between PBRM1 level and p21 level is clear in low grade ccRCC
samples, but is controversial in high grade ccRCC samples (Cai et al., 2019). It
is likely that loss of PBRM1 sufficiently impairs the p53 pathway to allow
tumourigenesis at early stage, however further (epi)genetic changes during
cancer advancement could disconnect or mask the p53 pathway impairment via
PBRM1 loss. Therefore, it is important to consider other factors in ccRCC that
might affect the p53 pathway.
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3.3.2

DREAM Pathway Defects

The activity of CDK-Cyclin complex is inhibited by p21, and I showed that the
defective p21 upregulation when PBRM1 is deficient after IR treatment results in
less p130 hypo-phosphorylation. When PBRM1 is deficient after IR treatment, the
p21 upregulation defect or delay happens at early time points post IR treatment,
while the p130 hypo-phosphorylation defects happens from later time points post
IR treatment. There is a time interval between p21 upregulation and the hypophosphorylation of p130, possibly reflecting slow kinetics of phosphatase activity
removing p130 phosphorylation. This is consistent with the function of the
DREAM complex for a late-acting but prolonged checkpoint hold, in contrast to
the immediate inhibitory phosphorylation on CDK1 by CHK1 and CHK2 to initiate
the G2/M checkpoint (Blackford & Jackson, 2017; Engeland, 2018; Waterman et
al., 2020). In addition, for cells in G2 phase cell cycle, p130 hyperphosphorylation status is maintained by CDK1-CCNB complex activity, for which
the expression of CDK1 and CCNB is in turn regulated by the DREAM complex
(i.e. hypo-phosphorylated p130). This positive feedback loop could potentially
amplify the defects on p130 hypo-phosphorylation by defective p21 upregulation.
In addition, both hypo-phosphorylated p130 and p107 are capable of assembling
the DREAM complex which represses the expression of cell cycle progression
related genes. I was unable to reliably detect the p107 protein, therefore focused
on only p130 phosphorylation status in 1BR3 cell line. It is plausible to assume
p107 and p130 shares similar phosphorylation status, however, it is possible that
p107 and p130 have specific repression targets and/or cell cycle specific activities.
To better understand the DREAM pathway defects, we could apply ChIP-seq
analyses to measure the genomic deposition of both p130 and p107 before and
after IR treatment.
Moreover, the DREAM complex also participates in the repression of G1/S
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progression genes, which are additionally controlled by the phosphorylation
status of Rb (Engeland, 2018; Schade et al., 2019). Defective p21 upregulation
also leads to Rb hypo-phosphorylation, which sequesters E2F transcriptional
factors, resulting in G1/S checkpoint arrest (Hafner et al., 2019; Moser et al.,
2018). Although I did not characterise the G1/S checkpoint in detail, it is
reasonable to propose that the G1/S checkpoint is also compromised to some
extent. A previous study showed that when PBRM1 is deficient, this led to
significantly more S phase cells or G1/S progression following etoposide
treatment than in the control cells, and this defect due to PBRM1 depletion was
comparable to p21 or p53 depletion (Cai et al., 2019). In my studies with IR
treatment, I observed a general trend of slightly more S phase populations after
IR treatment when PBRM1 is deficient. However, the G1/S checkpoint is still
relatively intact when PBRM1 is deficient, and the cells do not show substantial
G1/S checkpoint release as if with complete p53 loss. This could be due to the
strict nature of the G1/S checkpoint and the amount of DNA damage generated
with 6Gy IR treatment is able to activate a functional G1/S checkpoint even with
a compromised p53 pathway when PBRM1 is lost. The potential weaker G1/S
checkpoint when PBRM1 is deficient means that there should be more G1/S
progression into G2 cell cycle phase after IR treatment. My FACS analysis of
G2/M population progression does not control for cells moving from G1 to G2 cell
cycle phase from 24 hr to 48 hr post IR treatment, such that I probably
underestimate the real G2/M population progression in the PBRM1 deficient
samples. FACS quantifications with BrdU labelling for example are required to
understand to what extent the G1/S checkpoint is affected with PBRM1 deficiency.

3.3.3

Micronuclei Formation and Innate Immune Signalling

Defective DREAM target repression after IR treatment when PBRM1 is deficient
leads to more mitotic progression when DNA damage repair is still ongoing, which
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results in the generation of micronucleated cells and some of those micronuclei
are ruptured with dsDNA exposed to cytosolic cGAS. I also observed more
profound upregulation of interferon responsive genes when PBRM1 is deficient
after IR treatment in the two ccRCC cell lines, which is consistent with mitotic
progression and cGAS positive micronuclei. Currently, there is no direct evidence
of cGAS-STING and/or RIG-I/MDA5-MAVS pathway activation. For the
micronuclei

induced

cGAS-STING

activation,

I

found

that

measuring

phosphorylation of TBK1 and IRF3 or measuring cGAMP production by ELISA
(enzyme-linked immunosorbent assay) is not sensitive enough, probably due to
much lower amount cytosolic dsDNA exposure compared to DNA virus exposure
or plasmid transfection. Quantitative analyses of protein phosphorylation and
cGAMP by mass spectrometry are a potential approach to interrogating this
pathway. However, another common way to validate the dependency of the
dsDNA and/or dsRNA sensing pathway for the interferon responsive gene
expressions is by depleting the important pathway proteins like STING and MAVS
with siRNA to check for the impaired interferon responsive gene expressions.
In addition, it is interesting that the interferon responsive gene expression pattern
is different between the cell lines after IR treatment. In 1BR3 cell line, there is no
or limited induction of interferon responsive genes after IR treatment, in contrast
to the two ccRCC cell lines, which show remarkable induction. One study
suggests that cells need to undergo two rounds of cell cycles after IR treatment
to substantially induce the expression of interferon responsive genes (Chen et al.,
2020). Therefore, it is possible that some cell lines are stringently held in G1/G0
after the first mitosis, and are not able to re-enter for the second round of cell
cycle, which is important for the expression induction. I only focused on mitotic
progression in my study, so my current data cannot draw any conclusion on
rounds of cell cycle progression and single-cell tracking monitoring cell fates
could potentially test this hypothesis. Moreover, the interferon responsive gene
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expression pattern after IR treatment also differs between Caki-1 and RCC-MF.
This raises the question of what are the consequences of the different patterns
of the expression induction, since those interferon responsive genes may have
opposing roles of immune suppressive or activating functions. For example, IL-6
is an important factor in response to infections, but also has immune-suppressive
functions in the chronic inflammatory environment (Tsukamoto et al., 2018). To
systematically investigate and understand the consequence, it is necessary to
utilise in vivo mouse cancer models in the immune-competent mice. We are
collaborating with Professor Alan Melcher’s group to address these questions and
I have generated PBRM1 CRISPR KO clones in several mouse melanoma and
head and neck cancer cell lines for these studies. However, p53 is also frequently
mutated in mouse cancers, and there are potential differences of species and
tissue origins (i.e. human ccRCC has a rather distinctive genotype). Therefore, it
could be challenging to find suitable mouse cancer cell line models for the in vivo
experiments. However, upon successful setup of the in vivo mouse cancer
models with PBRM1 deficiency, we could test different treatment combinations
including ICI treatment combined with radiotherapy.

3.3.4

Expanding to Other SWI/SNF Subunits

Besides PBRM1, other SWI/SNF subunits have been shown to facilitate the p53
pathway activation. The PBAF specific subunits BRD7 has been reported to
interact with p53 physically and facilitate p21 upregulation, and in our study that
ARID2 loss leads to similar defects as like PBRM1 loss (Burrows et al., 2010).
However, ARID2 loss leads to remarkably lower level of BRD7 and PBRM1
according to both my proteomics data and the published results, probably due to
its role in the assembly of PBAF complex specific part, therefore, it is difficult to
distinguish if the defect of ARID2 loss is direct or indirect via lower levels of
PBRM1 and BRD7 (Roumeliotis et al., 2017). In addition, the ATPase subunit
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SMARCA4 has also been reported to facilitate p21 upregulation, this probably
suggests that the whole PBAF chromatin remodelling complex and its chromatin
remodelling activity is involved in the cooperative binding of p53 to the p21
promoter element (Kang et al., 2004). Apart from the PBAF complex, the BAF
complex specific subunits ARID1A and ARID1B have been shown to facilitate p21
upregulation, but no clear mechanism has been proposed or investigated (Guan
et al., 2011; Tordella et al., 2016). Interestingly, my results with siRNA mediated
depletion of ARID1A did not show this association. Whether or not BAF specific
subunits are involved in the p53 pathway requires further detailed investigations
in multiple cell lines with different depletion methods and expression rescue.
Overall, there is solid evidence showing the roles of PBAF specific subunits,
especially PBRM1, in p53 pathway activation after DNA damage, and our data
show that this subsequently regulates the DREAM target gene repression and
mitotic progression.

3.3.5

Clinical Implications

PBRM1 deficiency as a general predictive biomarker for better clinical outcomes
in ccRCC patients with ICI treatments is still controversial. Also, the molecular
mechanism of how PBRM1 deficiency could potentially contribute to anti-tumour
immunity is controversial with different studies showing that PBRM1 loss could
associate with either an immune activating gene signature or a completely
opposite immune-suppressive phenotype (Cañadas et al., 2018; Liu et al., 2020).
Here, I showed that PBRM1 deficiency in multiple cell lines including ccRCC cell
lines leads to defective DREAM target repression and more mitotic progression
after IR treatment, and the uncontrolled mitotic progression is associated with
more cGAS positive micronuclei formation and transcriptional activation of
interferon responsive genes, which can potentially activate the innate immune
system and prime the adaptive immune system for anti-tumour immunity.
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My results characterise a PBRM1 deficiency associated defect with a clear
molecular mechanism that could contribute to the better clinical outcomes with
immunotherapy like ICI treatment, although further in vivo experiments are
required to substantiate this link. The observed defects of PBRM1 deficiency are
dependent on a functional p53 pathway. More than 50% of cancers have
homozygous p53 mutations that deplete p53 expression or compromise p53
functions (Muller & Vousden, 2013). However, ccRCC has very low occurrence
of p53 mutations, and the genotype combination of deficient PBRM1 with
proficient p53 is common in ccRCC patients, so my results have implications to
target those patients with ICI treatments. However, it is worth noting that the
defects associated with PBRM1 deficiency I observed only present after DNA
damage with IR treatment, not under untreated conditions. The current ICI
treatments for advanced ccRCC are normally used as monotherapy or combined
with anti-angiogenesis drugs (Dias Carneiro et al., 2021). Radiotherapy and
chemotherapy are rarely used in ccRCC due to its radio- and chemo-resistant
nature (Makhov et al., 2018). My results potentially suggest PBRM1 deficient
ccRCC patients may benefit more from combination of ICI treatment with DNA
damage inducing agents like chemotherapy drugs or IR treatment, which serves
to activate the innate immune pathways and prime the adaptive immune
pathways. This potential combination has not been investigated in ccRCC in
terms of the PBRM1 status to our knowledge, and again preliminary in vivo
mouse studies are the next step to show feasibility. In addition, it is interesting to
further investigate the possibility of extending the implications beyond PBRM1 in
ccRCC. As discussed, other SWI/SNF subunits also facilitate the p53 pathway
activation and they are mutated in other cancer types. For example, ARID2 is
frequently mutated in human melanoma, and ARID2 loss in melanoma cell lines
upregulates interferon responsive gene, which sensitises the cells to ICI
treatment (Fukumoto et al., 2021). Therefore, more characterisation of other
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SWI/SNF subunits and the mutational analysis of other cancer cell types could
potentially identify another population of patients, other than ccRCC patients with
PBRM1 mutation, who can be beneficial to the ICI treatment combined with DNA
damaging agents.
It is currently unclear if the improved clinical outcomes of ≥ second line ICI
treatment in ccRCC patients with PBRM1 mutation is associated with the PBRM1
deficiency defects I observed, as those clinical studies did not apply any DNA
damaging agent. However, it is possible that cancer cells in the real tumour
microenvironment experience more replication stress and more DNA damage
than cancer cells in vitro. Consistent with this possibility, the published in vivo
ccRCC xenograft experiments showed a clear downregulation of p21 by
immunohistochemistry when PBRM1 is deficient without further treatment,
therefore suggesting some degrees of p53 pathway activation by endogenous
factors (Cai et al., 2019). Therefore, more characterisation of the PBRM1
deficiency defects beyond in vitro experiments are required, and xenograft
models or 3D culture can be used to mimic the real tumour growth condition and
microenvironment.
One of the limitations of our study is that SWI/SNF complex has multiple roles
and some of these are likely to be in a cell line specific manner, therefore loss of
PBRM1 could result in other defects, for example the R-loop clearance defects,
that I did not investigate in this study. Nevertheless, the results from this study
further characterised the downstream effects of p21 upregulation defects of
PBRM1 deficiency after DNA damage, and demonstrated DREAM target
repression defects and uncontrolled mitotic progression. In doing so, we showed
the link between compromised G2/M checkpoint maintenance and the activation
of innate immune nucleic acid sensing pathways, which provide potential
therapeutic implications in ccRCC treatments.
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Chapter 4 PBRM1 Deficiency Leads to Aberrant
(Peri)centromere Maintenance and Repetitive
Element Transcription
4.1 Introduction
4.1.1

Chromatin Structure and Heterochromatin

Many decades ago, chromatin was believed to be static due to the strong DNAhistone interaction along with the high degree of chromatin compaction. However,
now it is recognised that chromatin structure remains dynamic, which is tightly
regulated by histone post-translational modification (Bannister & Kouzarides,
2011; Miller & Grant, 2013). The core histones, especially the residues on their
protruded N-terminal tails, are post-translationally modified (Bannister &
Kouzarides, 2011; Miller & Grant, 2013). The post-translational modifications on
their own can affect the chromatin compaction; for example, the acetylation on
lysine residues removes the positive charge of lysine, leading to less favourable
electrostatic interaction with the negatively charged DNA, therefore chromatin
structure is destabilised and less high-order compaction of nucleosome can be
achieved (Eberharter & Becker, 2002). However, the most important function of
histone tail modification is to recruit specific protein effectors with specific histone
modification reading domains to change the chromatin compaction status and/or
perform chromatin-related downstream functions (Allshire & Madhani, 2018;
Clapier et al., 2017). For example, heterochromatin protein 1 (HP1) family
proteins contain chromodomain, which recognises methylated histone lysine
residues, and further enhances the nucleosome compaction (Taverna et al.,
2007). The different combinations of histone post-translational modifications,
along with other variations like different histone variants and DNA methylation
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together composes a complex chromatin status landscape, coupled to a diverse
range of biological processes.
Despite the complex chromatin status landscape, there are two major categories
of chromatin structure called euchromatin and heterochromatin (Bannister &
Kouzarides, 2011). Euchromatin has a loose spatial chromatin organisation and
presents in actively transcribed gene-rich regions, while heterochromatin has a
more condensed chromatin organisation and is comparatively inactive for
transcription

(Bannister

&

Kouzarides,

2011;

Grewal

&

Jia,

2007).

Heterochromatin has two subclasses called facultative and constitutive
heterochromatin (Grewal & Jia, 2007; Janssen et al., 2018; Saksouk et al., 2015).
The facultative heterochromatin is more dynamic and normally contains
repressed genes specific for cell types and cell microenvironment (Grewal & Jia,
2007; Janssen et al., 2018). The constitutive heterochromatin is more static and
mainly presents at the genomic regions enriched with repetitive transposable
element such as the pericentromeric regions (Bannister & Kouzarides, 2011;
Janssen et al., 2018; Saksouk et al., 2015). The constitutive heterochromatin is
believed to be important for maintaining genome stability by inhibiting
transcription, transposition and recombination of the repetitive elements, and
playing roles in telomere, and (peri)centromere maintenance (Grewal & Jia, 2007;
Saksouk et al., 2015). Over the last decade, heterochromatin misregulation has
been implicated in human diseases, especially in cancers, therefore, the
formation and maintenance of heterochromatin has been studied extensively,
which is an orchestrated process involving many factors including but not limited
to nucleosome composition, DNA and histone modifications, readers of the
modifications, and chromatin remodeling complexes (Allshire & Madhani, 2018;
Bannister & Kouzarides, 2011; Janssen et al., 2018; Morgan & Shilatifard, 2015).
Facultative heterochromatin is characterised mainly by the presence of histone
modification marks H3K27me3 (Histone 3 Lysine 27 Trimethylation) and
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H2AK119Ub (Histone 2A Lysine 119 Ubiquitylation), while constitutive
heterochromatin is characterised mainly by the presence of histone modification
marks H3K9me2/3 (Histone 3 Lysine 9 Di/Trimethylation) and H4K20me2/3
(Histone 4 Lysine 20 Di/Trimethylation) (Bannister & Kouzarides, 2011; Saksouk
et al., 2015). A group of histone mark readers and/or downstream effectors
recognises the histone modifications and promotes the chromatin condensation
(Allshire & Madhani, 2018; Clapier et al., 2017). As mentioned previously, the
HP1 family proteins recognise and are recruited to H3K9me2/3 histone mark and
they are important for the formation of the constitutive heterochromatin (Taverna
et al., 2007). In addition, DNA methylation is highly interrelated to the
heterochromatic histone marks, adding a layer of redundancy in heterochromatin
maintenance and transcriptional silencing (Allshire & Madhani, 2018; Miller &
Grant, 2013).

4.1.2

Centromere and Pericentromere

4.1.2.1 Centromere Structure and Formation
Centromeres are the important chromosomal structure in eukaryotic cells for the
equal distribution of the genetic material for cell proliferation. During the process
of cell division, nuclear microtubule fibres attach to chromosomes, align the
chromosomes forming a mitotic spindle, and then physically pull the sister
chromatids apart towards two daughter cells (Barra & Fachinetti, 2018; Smurova
& De Wulf, 2018). The faithful attachment of the microtubule fibres to
chromosomes is via the protein structure called kinetochore assembled at
centromeres, which acts as the anchor point on chromosomes for microtubule
fibre attachment, and involves in the mitotic checkpoint signalling for proper
attachment before pulling apart chromatids (Figure 4.1A) (Perea-Resa & Blower,
2018; Smurova & De Wulf, 2018). In addition, the sister chromatids are paired
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Figure 4.1 (Peri)centromeric architecture and chromatin structure
(A) A schematic figure showing the (peri)centromere on a chromosome. The
centromere sits in the central part of a chromosome and are flanked by the
pericentromere. The centromere is directly attached to the inner kinetochore
(or Constitutive Centromere Associated Network – CCAN), which is further
attached by outer kinetochore (KNL-1/Mis12/Ndc80 – KMN Network) that
(Legend continued on next page)
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(Legend continued from previous page)
binds to microtubules. The (Peri)centromeres of sister chromatids are tightly
held together by cohesin rings.
(B) A schematic figure showing (peri)centromeric chromatin structure.
Centromeric sequence is formed by hundreds of High-order Repeat (HOR),
which consists of copies of 171bp α-satellite monomers. The centromeric
chromatin is characterised by the incorporation histone variant CENPA by
HJURP and the recruitment of CENPC. The centromeric α-satellites are
transcribed by RNA Polymerase II (RNAPII) into α-satellite transcripts, which
play roles in CENPA incorporation and CENPC recruitment. The α-satellite
transcripts also have the potential to form R-loops in the centromeric region.
The pericentromere is formed by a wide range of repetitive elements as
indicated in the figure and is maintained as constitutive heterochromatin by
DNA methylation and heterochromatic histone trimethylations.
and physically held together after DNA replication until late mitosis by chromatinassociated cohesin proteins (Perea-Resa & Blower, 2018; Smurova & De Wulf,
2018). Cohesin proteins are loaded across the chromosome arms at interspaced
cohesin attachment regions, and intensively loaded at the pericentromeres
(Figure 4.1A). The sister chromatid cohesion is important for the correct
alignment and orientation of chromosomes during mitosis, by opposing the
physical force from attached microtubule fibres (Perea-Resa & Blower, 2018;
Smurova & De Wulf, 2018). Therefore, the centromere and its related protein
structures are vital for the genome stability.
The centromeric region are formed by tandemly repeated 171bp retrotransposon
sequence, named as α-satellite (Figure 4.1B). In more details, a set number of αsatellite monomers, is organised into a High-order Repeat (HOR) (Figure 4.1B)
(Smurova & De Wulf, 2018; Waye & Willard, 1985). There are then hundreds of
HOR repeats, forming the centromeric region up to several millions of bp in size
(Figure 4.1B) (Aldrup-MacDonald & Sullivan, 2014; Smurova & De Wulf, 2018).
The α-satellites are variable in sequence, and even inside each HOR, the αsatellite monomers harbour different sequences (Smurova & De Wulf, 2018). In
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human cells, different chromosomes possess differences in the α-satellite
sequence, the HOR composition, and the number of HOR repetitions (AldrupMacDonald & Sullivan, 2014; Smurova & De Wulf, 2018). However, it is
controversial if the presence of α-satellite per se defines the centromere. The
current understandings favour that the interspaced incorporation of the H3 variant
CENPA by its chaperone protein HJURP into the centromeric nucleosome at early
G1 phase of the cell cycle epigenetically defines the functional centromere
(Figure 4.1B) (Dunleavy et al., 2011; Warburton et al., 1997). CENPA acts as the
interface of the centromere nucleosomes to the kinetochore structure, recruiting
CENPC in a cooperative manner (Figure 4.1B) (Falk et al., 2015). CENPC is the
key protein of the large protein complex called inner kinetochore or Constitutive
Centromere–Associated Network (CCAN) (Figure 4.1A) (Falk et al., 2015;
Smurova & De Wulf, 2018). CCAN has a major function to link the outer
kinetochore or KNL-1/Mis12/Ndc80 Network (KMN), which is responsible for the
microtubule attachment (Figure 4.1A) (Perea-Resa & Blower, 2018; Smurova &
De Wulf, 2018).
4.1.2.2 Centromere Transcription
The centromere nucleosomes are enriched in open chromatin histone marks and
it was later discovered that the centromeric α-satellite repeats are actively
transcribed into 500~2000 nucleotide non-coding centromeric RNA transcripts
(cenRNAs) by RNAPII (Figure 4.1B) (Hall et al., 2012; Smurova & De Wulf, 2018).
Studies have shown that those non-coding RNA transcripts are localised to the
centromere in cis, and interact with CENPA and HJURP to from ribonucleoprotein
(Figure 4.1B) (McNulty et al., 2017; Wong et al., 2007). Moreover, the knockdown of the cenRNAs leads to reduced CENPA incorporation and early mitotic
arrest, suggesting a role in cenRNAs for CENPA incorporation (McNulty et al.,
2017). In addition, the recruitment of CENPC by CENPA is also partially
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dependent on the formation of ribonucleoprotein (Figure 4.1B) (McNulty et al.,
2017; Wong et al., 2007). Recently, evidence suggested the cenRNAs forms Rloops in the centromeric region, which activates the ATR-CHK1-Aurora B
signalling pathway to promote faithful chromosome segregation (Figure 4.1B)
(Kabeche et al., 2018; Moran et al., 2021). The cenRNAs are shown to be
processed into small RNAs by Dicer, but whether the processed small RNAs have
distinctive function in centromere maintenance or it is related to the homeostasis
of the cenRNAs remains controversial (Fukagawa et al., 2004; Smurova & De
Wulf, 2018). The aberrant level of cenRNAs is related to defective centromere
maintenance and mitotic problems. The consequence of cenRNAs depletion has
been mentioned above, while the effects of cenRNAs over-expression or aberrant
accumulation are still controversial as different results were obtained with
different expression systems, levels and locations (Smurova & De Wulf, 2018).
However, growing evidence suggests that overexpressed cenRNAs also lead to
defective centromeric protein recruitment, defective centromere maintenance
and mitotic problems (Ichida et al., 2018).
4.1.2.3 Pericentromere Structure and Formation
The pericentromeric regions that flank the centromeric region are mainly formed
by tandemly repeated sequences but without a high-order repeat structure
(Figure 4.1A&B). The repetitive sequences of pericentromeres are mainly a
variety of satellite DNA (α-, β-, γ-satellite and satellite I, II, III), but also contains
DNA transposons, ERV, LINEs and SINEs (Figure 4.1B) (Saksouk et al., 2015;
Smurova & De Wulf, 2018). The pericentromeric regions are maintained as HP1 bound constitutive heterochromatin via histone methylation, particularly
H3K9me3 and H4K20me3 (Figure 4.1B) (Saksouk et al., 2015; Smurova & De
Wulf, 2018). In addition, the pericentromeric DNA harbours a high level of
methylation, which further reinforces the heterochromatin status (Figure 4.1B)
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(Saksouk et al., 2015; Smurova & De Wulf, 2018). As a result, pericentromeres
are transcriptionally inactive as opposed to centromeres. Studies show that
pericentromeric heterochromatin acts as an insulation from centromere, and
stabilises the centromeric regions (Saksouk et al., 2015; Smurova & De Wulf,
2018).

However,

the

most

recognised

function

of

pericentromeric

heterochromatin is to suppress the transposable elements within it, as the
transcriptional activation of these transposable elements would expose the
genome to a high risk of mutagenesis (Jones et al., 2019; Saksouk et al., 2015).
4.1.2.4 Pericentromere Misregulation
The misregulation of epigenetic transcriptional repression of the pericentromeric
sequences is implicated in human diseases including cancer (Morgan &
Shilatifard, 2015; Saksouk et al., 2015). DNA methyltransferase DNMT3B is
important to maintain the DNA methylation status of the pericentromeric
heterochromatin; its mutation happens in 55% of the Immunodeficiency,
Centromeric region instability, Facial anomalies syndrome (ICF) and leads to
hypomethylated satellite II and III, pericentromeric DSBs, and centromere
rearrangement (Brun et al., 2011). Moreover, lysine demethylase KDM2A, which
is involved in heterochromatin maintenance, is downregulated in prostate cancer
(Frescas et al., 2008). In cell line studies, KDM2A depletion results in elevated
satellite transcripts, genomic instability, sister chromatid misalignment, and
centromere breakage (Frescas et al., 2008). The phenotypes of pericentromeric
misregulation are similar to those of centromeric misregulation, suggesting
functional correlation and probably mutual dependency of pericentromere and
centromere.

Moreover, the upregulated peri-centromeric transcripts have the

capability to form dsRNA, and could activate an innate immune dsRNA sensing
pathway (Ishak & De Carvalho, 2020; Sadeq et al., 2021).
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4.1.3

Repetitive Elements

Around 50% of human genome is composed of the repetitive elements, which
have been inserted and self-replicated in human genome through the evolution
process (Treangen & Salzberg, 2012). The repetitive elements are broadly
divided into two categories called tandem repeats or interspersed repeats.
4.1.3.1 Tandem Repeats
Tandem repeats include satellite DNA (α-, β-, γ-satellite and satellite I, II, III), minisatellite and micro-satellite (Figure 4.2) (Treangen & Salzberg, 2012). They are
normally short in the monomer length (from a few hundred bp to 2bp), and present
in tandem of variable copies (from thousands of copies for α-satellite to a few
copies for others) (Padeken et al., 2015; Treangen & Salzberg, 2012). Those
tandem repeats accounts for about 3% of the human genome (Treangen &
Salzberg, 2012). Microsatellites are suggested to have a role in gene expression
variation between individuals; however it is more well-known as the forensic and
medical fingerprinting analysis of individuals, and as the microsatellite instability
phenotype in DNA mismatch repair defective cancer (Gatchel & Zoghbi, 2005;
Padeken et al., 2015). The most recognised physiological roles of minisatellite
and satellite DNA are the constitution of the telomere sequence and the
(peri)centromere sequence respectively (Padeken et al., 2015; Vergnaud, 2000).
4.1.3.2 Interspersed Repeats
The interspersed repeats include retrotransposons and DNA transposons (Figure
4.2) (Treangen & Salzberg, 2012). Active autonomous DNA transposons encode
a functional transposase enzyme, which recognises the flanking inverted repeats
and transposes the transposon DNA from one genomic position to another via a
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Figure 4.2 Different classes of repetitive elements in human genome
Table showing different classes of repetitive elements in human genome and
their characteristics including types (tandem or interspaced), percentages
accounting for in human genome (genome %) and sizes of repeat monomer
(length).

DNA intermediate (Bourque et al., 2018; Kazazian, 2004; Munoz-Lopez & GarciaPerez, 2010). Non-autonomous DNA transposons only have the flanking inverted
repeats and requires the transposase from autonomous DNA transposons to
move around (Bourque et al., 2018; Kazazian, 2004; Munoz-Lopez & GarciaPerez, 2010). They perform a ‘cut and paste’ movement pattern to specific
genomic sites and their replication relies on the host DNA replication machinery,
therefore, they only account for about 3% of human genome (Kazazian, 2004;
Treangen & Salzberg, 2012).

In addition, studies suggest that there has been

no active DNA transposon activity in human genome since 50 million years ago,
and that all of the DNA transposons in the human genome now are inactive fossils
(Bourque et al., 2018; Kazazian, 2004; Munoz-Lopez & Garcia-Perez, 2010).
Retrotransposons are capable of copying and pasting themselves into the
genome via a messenger RNA (mRNA) intermediate (Cordaux & Batzer, 2009;
Kazazian, 2004). Therefore, they have had a greater potential to replicate and
spread across the human genome during the evolution, accounting for more than
40% of the human genome (Treangen & Salzberg, 2012). Retrotransposons are
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sub-classified into long terminal repeat (LTR) retrotransposons and non-long
terminal repeat (non-LTR) retrotransposons (Figure 4.2) (Cordaux & Batzer, 2009;
Kazazian, 2004). The non-LTR retrotransposons include LINEs and SINEs, which
account for 21% and 15% of the human genome respectively (Kazazian, 2004;
Treangen & Salzberg, 2012). LINEs and SINEs have an RNA polymerase II
promoter site and are transcribed into mRNA (Kazazian, 2004). Functional LINEs
code for at least one protein with both endonuclease and reverse transcriptase
activity, which forms a ribonucleoprotein complex with the LINE mRNA (Kazazian,
2004). Briefly, the ribonucleoprotein complex is able to generate breaks at the
genomic DNA and then reverse transcribe the LINE mRNA from the broken
genomic DNA end, therefore transposed into the new genomic location (Kazazian,
2004). SINEs, which originate from transfer RNA (tRNA) and/or ribosomal RNA
(rRNA) sequences, contain no coding genes, and their retrotransposition requires
the functional protein coded by LINEs (Kazazian, 2004). There are still functional
LINEs in human genome capable of retrotransposition, but those elements are
normally repressed and only reactivate under certain pathological conditions
(Cordaux & Batzer, 2009; Kazazian, 2004).
The LTR retrotransposons are characterised by the flanking LTRs around their
coding regions, accounting for about 9% of the human genome (Cordaux &
Batzer, 2009; Treangen & Salzberg, 2012). The LTRs act as weak promoters for
the transcription of the LTR retrotransposons into mRNA, and functional LTR
retrotransposon mRNA codes for reverse transcriptase and integrase, which
reverse transcribes mRNA into cDNA and integrates cDNA into the genomic DNA
respectively (Cordaux & Batzer, 2009). ERV is the major member of LTR
retrotransposons, which accounts for 5%-8% of human genome (Cordaux &
Batzer, 2009; Mu et al., 2016). ERV originated from the infection and integration
of retroviruses into the germline cells during human evolution, and subsequently
lost their capacity to generate viral particles through mutations during evolution,
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therefore they are remnants of retroviral infection (Cordaux & Batzer, 2009; Mu
et al., 2016).
4.1.3.3 Regulation of Interspersed Repeats
The interspersed repeats were thought to be non-functional or even harmful
‘selfish’ DNA elements, since their movements could cause gene mutations,
change gene expressions, and generate chromosome rearrangements (Bourque
et al., 2018). However, growing evidence suggests that those genetic changes
are important for the evolution, and the large-scale existence of the transposable
elements buffers the coding genes from exogenous DNA damage induced
mutations (Bourque et al., 2018; Kazazian, 2004). The majority of the
interspersed repeats in the current human genome have lost their replicative
potential due to mutations, insertions and deletions, but a minor group of them is
still fully functional, and the uncontrolled replication and transposition of the
interspersed repeats is highly mutagenic, for example, the LINE-1 element
insertions were reported to cause F8 gene loss-of-function mutation in
haemophilia A patients (Bourque et al., 2018; Kazazian, 2004; Kazazian et al.,
1988). Therefore, the interspersed repeats are maintained as silenced
constitutive heterochromatin to avoid their transcription into mRNA and the
subsequent retrotransposition (Bourque et al., 2018; Saksouk et al., 2015). As
discussed before, heterochromatic histone methylation marks and DNA
methylation act in cooperation to keep them in constitutive heterochromatin
(Allshire & Madhani, 2018; Saksouk et al., 2015). In addition, the immune system
acts as a back-up in case of defective heterochromatin maintenance and
interspersed repeat reactivation (Ishak & De Carvalho, 2020; Mu et al., 2016).
The transcripts of the interspersed repeats have the potential to form dsRNA
(Sadeq et al., 2021). Especially, the LTR retrotransposons like ERV have the
flanking LTRs acting as RNA polymerase II promoters, leading to transcription of
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both sense and anti-sense mRNA, and dsRNA formation (Ishak et al., 2018;
Sadeq et al., 2021). The non-LTR retrotransposons like LINEs and SINEs also
have the ability to form dsRNA, but predominantly intra-molecular dsRNA (Sadeq
et al., 2021). Some studies also showed domain specific sense and antisense
expression of SINEs and LINEs, giving them potential to form inter-molecular
RNA as well (Kaur et al., 2021). The endogenous dsRNA from the interspersed
repeat transcripts could activate a viral mimicry response. Briefly, dsRNA is
recognised by the cytosolic dsRNA sensors RIG-I, MDA5 and other dsRNA
sensing receptors, which subsequently activate dsRNA sensing signalling
pathway and interferon response, which promotes the clearance of the dsRNA
and/or the clearance of the abnormal cells (Mu et al., 2016).
4.1.3.4 Misregulation of Repetitive Elements in Cancer
Despite the tight regulations of the repetitive elements, studies suggest there are
aberrant expressions of the repetitive elements in almost all human cancers.
Aberrant reactivation of repetitive sequences has been shown to associate with
cancer driving mutations including Rb, p53, and VHL (Cherkasova et al., 2011;
Ishak et al., 2016; Levine et al., 2016; Wylie et al., 2016). Further studies on the
consequence of reactivated repetitive element transcription revealed oncogenic
functions. First, the reactivated repetitive elements could serve as a cryptic
promoter to enhance the expression of neighbouring oncogenes or generate
oncogenic chimeric proteins; for example, the reactivated LINE-1 element has a
bi-directional promoter, which enhances the expression of upstream silenced
MET oncogene and generate a chimeric oncogenic product via alternative cryptic
splicing sites (Ishak & De Carvalho, 2020; Wolff et al., 2010). In addition, the
repetitive element transcripts are capable of forming R-loops. Despite the the fact
that R-loops formed by cenRNAs have physiological roles, most of the R-loops
cause replication folks to stall and collapse, therefore compromising the genome
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stability via replication stress and DNA damage (Aguilera & García-Muse, 2012;
Kabeche et al., 2018; Zeller et al., 2016). Studies show the heterochromatin
histone mark H3K9me3 in Caenorhabditis elegans suppresses R-loop associated
repeat instability via transcriptional suppression of the repetitive elements (Zeller
et al., 2016). Moreover, the misregulation of the satellite DNA transcription causes
(peri)centromere maintenance defects as discussed above (McNulty et al., 2017).
Recently, it was shown that the aberrant transcription of repetitive elements could
lead to a chronic inflammatory microenvironment, which then leads to immune
cell exhaustion (Cañadas et al., 2018; Saleh et al., 2019). Interestingly, one study
identified a specific set of ERV called stimulated 3 prime antisense retroviral
coding sequences (SPARCS), which presents at the 3’ untranslated region (UTR)
of STAT1 regulated genes (mostly interferon responsive genes) (Figure 4.3)
(Cañadas et al., 2018). The transcriptional activation of those STAT1 regulated
genes promotes the transcription of SPARCS and the production of ERV dsRNA,
therefore resulting in the activation of the dsRNA sensing pathway, the expression
of interferon responsive genes and further activation of STAT1 regulated gene
transcription (Figure 4.3) (Cañadas et al., 2018). This sets up a positive feedback
loop to maintain a chronic inflammatory microenvironment (Figure 4.3) (Cañadas
et al., 2018). Tumours with high SPARCS signature are associated with an
immune suppressed microenvironment, despite the fact that those tumours are
immune infiltrated (Cañadas et al., 2018).
4.1.3.5 Targeting Repetitive Elements in Cancer
Although the aberrant expression of the repetitive elements promotes cancer
development in multiple ways, it also provides therapeutic potential through
targeting this abnormality. The overexpressed repetitive elements generate
dsRNA activating a viral mimicry response, promoting anti-tumour immunity (Mu
et al., 2016). However, tumours are likely to adapt a higher tolerance threshold of
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Figure 4.3 SPARCS activate a positive feedback loop via dsRNA sensing
pathway to activate interferon responsive gene expression.
Stimulated 3 Prime Antisense Retroviral Coding Sequences (SPARCS) are
endogenous retroviral elements (ERVs) presenting at the 3’ untranslated region
(3’ UTR) of STAT regulated genes. The transcriptional activation of STAT
regulated genes from their transcriptional starting sites (TSS) by STAT1-STAT2IRF9 transcriptional activator also induces the bi-directional transcription of
SPARCS from their flanking long terminal repeat (LTR) elements. The transcripts
of SPARCS form dsRNA and activates the MDA5/MAVS dsRNA sensing pathway,
which activates the interferon responsive gene expressions, therefore feeding
back positively to the transcriptional activation of STAT regulated genes.

dsRNA and become less sensitive to the presence of dsRNA microenvironment,
therefore efforts have been devoted to test epigenetic drugs which induce higher
repetitive element expression and stronger viral mimicry response in cancer cells
(Ishak et al., 2018; Jones et al., 2019). In addition, tumours have also evolved to
evade the adaptive immune response by upregulating immune checkpoint
ligands like PD-1L and/or by the maintenance of a chronic inflammatory
microenvironment via for example SPARCS expression, which can be leveraged
by ICI treatment (Figure 3.1) (Cañadas et al., 2018; Sheng et al., 2018). Therefore,
repetitive element dsRNA expression could be an interesting biomarker for ICI
treatment. Moreover, the aberrant expression of physiologically functional
repetitive elements could lead to defects that can be targeted with small molecule
drugs. For example, the defects of centromere maintenance due to aberrant αsatellite expression could be potentially targeted by mitotic stress inducing agents.
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In addition, the retrotransposons although mostly have lost their replicative ability,
but they still remain some of their protein coding elements, therefore their mRNA
could be translated, processed and presented as TAA (Figure 3.1) (Ishak & De
Carvalho, 2020; Kong et al., 2019). Indeed, the envelope protein and group
specific antigen of some ERV is processed and presented by major
histocompatibility complex class I (MHC-I) molecule on the cancer cell surface
(Kong et al., 2019; Sacha et al., 2012). Studies have been trying to target those
retrotransposon derived TTAs with specific cancer vaccines and engineered
chimeric antigen receptor (CAR) T-cell therapy (Kong et al., 2019; Sacha et al.,
2012; Zhou et al., 2015). Although, most of those potential therapeutics are still
at preclinical stage, targeting repetitive element expression could be a new
direction of cancer treatment.

4.1.4

SWI/SNF Relevance to Heterochromatin, (Peri)centromere

and Repetitive Elements
SWI/SNF chromatin remodelling complex plays various roles in regulating
chromatin structure and DNA accessibility to regulate gene transcription by ATPdependent nucleosome sliding and eviction (Clapier et al., 2017). SWI/SNF
complex mainly associates with gene activation and opposes function of
heterochromatin assembly by PCR2/EZH2, however, SWI/SNF complex can also
promote transcription repressor binding at specific positions and establish a
repressive chromatin environment (Bracken et al., 2019; Rafati et al., 2011).
Independent studies showed the loss SMARCA4 and PBRM1 leads to defective
heterochromatin organisation in mouse cell lines (Bourgo et al., 2009; EspanaAgusti et al., 2017; Kurashima et al., 2020). However, it is not clear if it is the
same in human cells that loss of SWI/SNF subunits, especially PBRM1, would
lead to heterochromatin organisation defects.
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In addition, SWI/SNF complex has implicated roles in centromere maintenance.
The loss of yeast SWI/SNF ATPase subunit Snf2 leads to less distinctive
centromere, due to less constrains of Cse4 (homolog of human CENPA) loading
onto ectopic sites (Gkikopoulos et al., 2011). In human cells, our lab previously
showed that loss of PBRM1 leads to mitotic defects and chromosome instability
with exogenous DNA damage conditions, and this is likely due to sister chromatin
cohesion defects at (peri)centromere regions when PBRM1 is deficient (Brownlee
et al., 2014). The (peri)centromere holds important roles to ensure faithful
chromosome segregation, therefore, it is worth further investigating the potential
roles and exact mechanism of PBRM1 in the (peri)centromeric region
maintenance.
As described above, misregulation of heterochromatin and aberrant expression
of repetitive transposable elements becomes a hot topic in tumour
immunotherapy as the transcribed repetitive elements can form dsRNA to
activate innate immune signalling pathway and promote anti-tumour immunity.
One study found an inverse correlation of SPRACS signature with the expression
of SWI/SNF subunits, including SMARCA4, PBRM1, ARID1A and ARID2,
suggesting that SWI/SNF subunit loss is related to the upregulations of those
ERVs (Cañadas et al., 2018). Interestingly, ccRCC patients with PBRM1 LOF
mutations had better clinical outcomes with ≥ second line ICI treatment while the
mechanism is not fully understood. One potential mechanism is through the
aberrant expression of repetitive elements in the PBRM1 deficient tumours, which
activates the dsRNA sensing innate immune pathways. Therefore, further
characterising the repetitive element transcription change when SWI/SNF subunit
is deficient and understanding the mechanism will provide insights in
conceptualising new therapeutics targeting SWI/SNF subunit loss. In this study,
we focused on the consequence of PBAF specific subunit PBRM1 loss in terms
of the maintenance of heterochromatin, (peri)centromere and repetitive elements.
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4.2 Results
4.2.1

PBRM1 Deficiency Associates with SUV39H1 Downregulation

We have identified SUV39H1 as a consistently downregulated protein in PBRM1
deficient cells from the whole proteome analyses of a panel of isogenic parental
and PBRM1 KO cell lines (Figure 4.4A). SUV39H1 codes an evolutionarily
conserved histone methyltransferase which tri-methylates the residue lysine 9 of
histone 3. The H3K9me3 functions as a heterochromatic histone mark by
recruiting HP1 family proteins leading to transcriptional repression (Sobiak &
Leśniak, 2020; Taverna et al., 2007). It is vital for the establishment and
maintenance of the constitutive heterochromatin at pericentromeric and telomeric
regions (Allshire & Madhani, 2018; Saksouk et al., 2015). For the 1BR3 and RPE1
PBRM1 KO clones with their corresponding parental lines, the mRNA expression
level (from RNA-seq) of SUV39H1 is slightly lower in the PBRM1 KO clones
(except RPE1 KO1), but to a less extent compared to the results of proteomics
analyses (Figure 4.4A&B). As a further validation of the downregulation, I
performed western blot analyses to check the level of SUV39H1 protein. While
the WB results are variable between repeats, there still seems to be less
SUV39H1 protein in the PBRM1 KO clones (Figure 4.4C&D). One possibility is
that the level of downregulation of SUV39H1 is not substantial, and therefore
difficult to reproducibly detect in western blot analyses. However, the
downregulation of SUV39H1 is observed in the proteome analyses across a
panel of PBRM1 KO cell lines and this consistency across different cell lines is
very likely suggesting a real change upon PBRM1 loss. If so, it suggests further
analysis of (peri)centromeric heterochromatin formation and transcriptional
repression of repetitive elements is important.
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Figure 4.4 PBRM1 deficiency is associated with SUV39H1 downregulation
(A) Quantification of SUV39H1 protein level difference from proteomics data of
the PBRM1 knockout clones in 1BR3, HAP1, RPE1 and HEK293T cell line
backgrounds compared to their corresponding parental cells. The log2 ratio of
protein level in the knockout clones over the corresponding parental cells is
plotted in the figure. At least two knockout clones for each cell line background
are included for the quantification.
(B) Quantification of SUV39H1 mRNA transcript level difference from RNA-seq
data in the PBRM1 knockout clones in 1BR3 (PBRM1 KO3&KO5) and in
RPE1 (PBRM1 KO1&KO2) cell line background compared to the
corresponding parental cells. The log2 ratio of mRNA transcript level in the
knockout clones over the corresponding parental cells is plotted in the figure.
(C) Western blots of whole cell extracts showing SUV39H1 protein levels in 1BR3
parental line and PBRM1 knockout clones (PBRM1 KO3&KO5), and in RPE1
parental line and PBRM1 knockout clones (PBRM1 KO1&KO2) under
untreated condition. SUV39H1 bands with short exposure time and long
exposure time were shown and tubulin was used as the loading control.
(D) Western blots of whole cell extracts showing SUV39H1 protein levels as an
independent biological repeat in cells in (C). Tubulin was used as the loading
control.

163

4.2.2

PBRM1 Deficiency Associates with (Peri)centromere Defects

Our lab previously showed that siRNA mediated depletion of PBRM1 in U2OS
cells leads to an increased distance between the mitotic spread FISH signals of
the two sister chromatid centromeres (Brownlee et al., 2014). We showed
evidence that PBRM1 loss leads to sister chromatid cohesion defects in S/G2 cell
cycle at the centromere, therefore resulting in chromosome segregation defects
(Brownlee et al., 2014). Combining the aberrant expression of SUV39H1 when
PBRM1 is deficient and the function of SUV39H1, it is plausible to hypothesise
that the downregulation of SUV39H1 might also relate to the (peri)centromere
maintenance defect. Therefore, we expanded our focus from the misregulation of
SUV39H1 to look more generally at the potential defects in (peri)centromere
maintenance in the PBRM1 KO clones. Moreover, PBRM1 KO clones in the 1BR3
and RPE1 cell lines are sensitive to drugs causing mitotic stress (unpublished,
Dr Karen Lane, data not shown). The mRNA transcript levels of a panel of genes
important for (peri)centromere and inner kinetochore formation were measured
in 1BR3 and RPE1 parental lines and PBRM1 KO clones, and one of these genes,
CENPV, is substantially downregulated in the 1BR3 and RPE1 PBRM1 KO
clones (unpublished, Dr Karen Lane, data not shown) (Figure 4.5A&B). This
further suggests that PBRM1 has a transcriptional dependent role in maintaining
(peri)centromeric chromatin structure.
To directly assess the potential (peri)centromeric defects, I looked at the
morphology of the centromeres in the 1BR3 and RPE1 PBRM1 KO clones with
FISH probes targeting the α-satellite of chromosome 2 and chromosome 10.
Previous FISH data generated in the U2OS PBRM1 KO clone showed a diffusive
pattern of the chromosome 10 centromere in interphase cells, suggesting
defective (peri)centromere maintenance (unpublished, Dr Peter Brownlee)
(Figure 4.5C). However, I did not observe such a diffusive pattern of centromeres
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Figure 4.5 PBRM1 deficiency is associated with misregulation of
centromeric proteins and centromere maintenance
(A) RT-qPCR analyses performed by Dr. Karen Lane showing the mRNA
transcript levels of a panel of centromeric protein genes in 1BR3 parental
line and PBRM1 knockout clones (PBRM1 KO3&KO5).
(B) RT-qPCR analyses performed by Dr. Karen Lane showing the mRNA
transcript levels of a panel of centromeric protein genes in RPE1 parental
line and PBRM1 knockout clones (PBRM1 KO1&KO2).
(C) Representative confocal image of FISH performed by Dr. Peter Brownlee
showing Chr10 centromere (α-satellite) in U2OS parental line and PBRM1
knockout clone under untreated condition with DAPI (blue) and α-satellite
(green) staining.
Data represent the mean +/- SEM of three biological replicates (A and B). p
values in A and B were calculated using two-tailed paired Student’s t test (only
significant results were indicated with *p<0.05, ***p<0.001, ****p<0.0001).

165

in the 1BR3 and RPE1 PBRM1 KO clones (Figure 4.6A, Figure 4.7A). Some
occasional additional weaker signals around the main centromere signal were
observed, but those were present in both the parental and the PBRM1 KO clones,
and are likely to be the artefacts of the FISH technique (Figure 4.6A, Figure 4.7A).
Because the U2OS PBRM1 KO clones were destroyed as a result of a liquid
nitrogen tank failure, I was unable to test if the difference to the previous results
is due to a technique dependent and/or cell-line dependent reason. Nevertheless,
interestingly, in the 1BR3 and RPE1 PBRM1 KO clones, I found that the
centromere sizes as measured by the pixel area occupied by the FISH signals
are significantly greater compared to their parental counterparts (Figure 4.6B,
Figure 4.7B). This phenotype could reflect the same, albeit less profound diffusive
phenotype observed in the U2OS PBRM1 KO clone. It is worth noting that
SUV39H1 is involved in the establishment of the constitutive heterochromatin at
the pericentromeric regions. Although the α-satellite probes we are using are
specific to the centromeric region, it is reasonable to propose that a less compact
pericentromeric region allows more spatial freedom of the centromeric region. In
addition, some preliminary results with Cen-Co-FISH (centromere chromosome
orientation FISH), measuring the integrity of the centromere protection against
sister chromatid centromeric satellite sequence exchange, suggests RPE1
PBRM1 KO clones are more prone to aberrant rearrangement of centromeres
between the sister chromatids compared to the parental line (unpublished, Dr.
Karen Lane, data not shown). Therefore, several lines of evidence suggest a
defect in (peri)centromeric heterochromatin maintenance when PBRM1 is
deficient.
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Figure 4.6 PBRM1 deficiency in 1BR3 cells leads to increased α-satellite
foci size
(D) Representative confocal image of FISH showing Chr2 centromere (Chr2 αsatellite) and Chr10 centromere (Chr10 α-satellite) in 1BR3 parental line and
PBRM1 knockout clones (PBRM1 KO3&KO5) under untreated condition with
DAPI (blue), Chr2 α-satellite (green), and Chr10 α-satellite (red) staining.
Scale bar represents 10 μm.
(E) Quantification of the Chr2 and Chr10 centromere (α-satellite) area (size) from
FISH images in 1BR3 parental line and PBRM1 knockout clones (PBRM1
KO3&KO5) under untreated condition. Sizes were normalised to mean of size
in 1BR3 parental cells. Each dot represents an α-satellite foci from the three
biological replicates and the red line represents the median value. p values
were calculated using Wilcoxon rank sum test (****p<0.0001).
167

Figure 4.7 PBRM1 deficiency in RPE1 cells leads to increased α-satellite
foci size
(F) Representative confocal image of FISH showing Chr2 centromere (Chr2 αsatellite) and Chr10 centromere (Chr10 α-satellite) in RPE1 parental line and
PBRM1 knockout clones (PBRM1 KO1&KO2) under untreated condition with
DAPI (blue), Chr2 α-satellite (green), and Chr10 α-satellite (red) staining.
Scale bar represents 10 μm.
(G) Quantification of the Chr2 and Chr10 centromere (α-satellite) area (size) from
FISH data in RPE1 parental line and PBRM1 knockout clones (PBRM1
KO1&KO2) under untreated condition. Sizes were normalised to mean of size
in RPE1 parental cells. Each dot represents an α-satellite foci from the three
biological replicates and the red line represents the median value. p values
were calculated using Wilcoxon rank sum test (****p<0.0001).
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4.2.3

PBRM1 Deficiency Associates with Aberrant (Peri)centromere

Transcription
Next, we wanted to investigate the consequence of (peri)centromeric
heterochromatin

maintenance

defect.

One

potential

consequence

of

misregulated (peri)centromeric heterochromatin is alterations in the expression
levels of the non-coding repetitive elements, like the α-satellite transcripts. To
investigate this possibility, I measured the expression of a panel of selected
satellite transcripts using RT-qPCR. I found that the levels of several α-satellite
and Chr2 satellite II transcripts showed an increasing trend in the 1BR3 PBRM1
KO clones over the parental line (Figure 4.8). Notably, the levels of ChrX αsatellite and Chr2 satellite II transcripts also showed an increasing trend in the
RPE1 PBRM1 KO clones over the parental line (Figure 4.8). However, most of
the changes are not statistically significant due to large standard deviations. This
is probably because these transcripts are of low expression levels, making RTqPCR more prone to technical variability. In human cells, α-satellite transcripts
associate with core centromere proteins like CENPA and CENPC, and promote

Figure 4.8 PBRM1 deficiency is associated with aberrant transcription from
(peri)centromere
RT-qPCR analyses showing the RNA transcript levels of a panel of satellite
sequences in 1BR3 parental line and PBRM1 knockout clones (PBRM1
KO3&KO5), and in RPE1 parental line and PBRM1 knockout clones (PBRM1
KO1&KO2) under untreated condition. Data represent the mean +/- SEM of three
biological replicates. p values were calculated using two-tailed paired Student’s t
test (only significant results were indicated as ****p<0.0001).
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centromere and kinetochore formation, and the correct levels α-satellite
transcripts are vital for the centromere maintenance and vice versa. Therefore,
the misregulated α-satellite transcripts is consistent with observed the
(peri)centromeric maintenance defect when PBRM1 is deficient.

4.2.4 Global Analysis of Repetitive Element Transcription with
PBRM1 Deficiency
Interestingly, the Chr2 satellite II transcript from pericentromeric region also
shows an upregulating trend in the PBRM1 KO clones (Figure 4.8). Unlike asatellite transcripts, those satellite II transcripts have no known functional roles,
and this misregulation could be the direct consequence of defective
pericentromeric heterochromatin maintenance. Under normal conditions, the
heterochromatic histone mark H3K9me3 deposited mainly by SUV39H1, along
with other heterochromatic histone marks H4K20me3 and H3K27me3, have
important roles in repressing the expression of the repetitive transposable
elements, including those pericentromeric satellite (Saksouk et al., 2015;
Smurova & De Wulf, 2018; Wu et al., 2012). To understand better the global
expression change of those repetitive and transposable elements upon PBRM1
loss, we analysed our total RNA-seq data in the 1BR3 and RPE1 PBRM1 KO
clones and classified those elements into three categories as ERV (LTR
retrotransposon),

LINEs&SINEs

(non-LTR

retrotransposon)

and

satellite

(Tandem repeats) based on the UCSC human genome repetitive element
annotation (Figure 4.9). Although, there is no obvious difference in RPE1; for
1BR3, we observed a slight downregulation of ERV, a slight upregulation of
LINEs&SINEs, and a more profound downregulation of satellite in the PBRM1
KO clones over the parental line (Figure 4.9). This downregulation of satellite is
opposite to what we have observed with the RT-qPCR results, which could be
due to the use of different satellite panel. It is worth mentioning that the mapping
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Figure 4.9 Global analysis of repetitive element transcription when PBRM1
is deficient
Quantification from RNA-seq data of RNA transcript level difference of
endogenous retroviral elements (ERVs), LINEs&SINEs and satellites of PBRM1
clones in 1BR3 and RPE1 cell line background compared to the corresponding
parental cell lines. The log2 ratio of transcript level of the knockout clones over
the corresponding parental line is plotted in the figure. Each dot represents a
particular annotated repetitive element in UCSC human genome database and
the red line represents the median value.

of RNA-seq reads to repetitive regions is still challenging and error-prone, and
the repetitive elements are not well annotated as the genes, therefore there is
ongoing work to validate the RNA-seq results with the conventional RT-qPCR.

4.2.5 PBRM1 Deficiency Associates with Upregulated Immune
Signalling
Recently, the aberrant expressions of repetitive elements have been linked to the
activation of the dsRNA sensing surveillance innate immune signalling, therefore
attracting a lot focus on the anti-tumour immunity as those elements are often
mis-regulated in the tumour. PBRM1 is a frequently mutated in ccRCC and is a
subunit of chromatin remodelling complex, therefore it is interesting to determine
whether PBRM1 loss leads to aberrant expression levels of the non-coding
repetitive elements and activation of dsRNA sensing pathway. Using the RNA171

Figure 4.10 PBRM1 deficiency is associated with upregulated immune
signalling
(A) Gene set enrichment analysis (GSEA) results of immune related hallmark
gene sets (interferon alpha response, interferon gamma response, inflammatory
response, and IL6_JAK_STAT3 signalling) in 1BR3 PBRM1 knockout clones
compared to the parental line. The green lines indicate the enrichment profiles.
(B) Quantification from RNA-seq data of mRNA transcript levels of a panel of
antigen presenting factor genes in 1BR3 parental line and PBRM1 knockout
clones (PBRM1 KO3&KO5).
(Legend continued on next page)
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(Legend continued from previous page)
(C) Gene set enrichment analysis (GSEA) results of immune related hallmark
gene sets (interferon alpha response, interferon gamma response, inflammatory
response, and IL6_JAK_STAT3 signalling) in RPE1 PBRM1 knockout clones
compared to the parental line. The green lines indicate the enrichment profiles.
(D) Quantification from RNA-seq data of mRNA transcript levels of a panel of
antigen presenting factor genes in RPE1 parental line and PBRM1 knockout
clones (PBRM1 KO1&KO2).

seq data, I am able to assess the activation of the innate immune signalling with
Gene Set Enrichment Analysis (GSEA). Remarkably, the interferon-alpha,
interferon-gamma, inflammatory response, and IL6_JAK_STAT3 signalling gene
sets are all significantly enriched in the 1BR3 PBRM1 KO clones over the parental
line (Figure 4.10A). As an example of the immune gene set enrichment in the
PBRM1 KO clones, there are consistently higher expression levels of a set of
interferon-gamma inducible genes including NLRC5, HLAs, and B2M, which are
the key regulator and the subunits of the MHC-I molecule (Figure 4.10B)
(Yoshihama et al., 2017). The result in the 1BR3 is consistent with the published
study showing an enrichment of immune signalling gene sets in the ccRCC
tumours with PBRM1 loss-of-function mutation over ccRCC tumours with WT
PBRM1 (Miao et al., 2018). The results also suggest a potential mechanism that
PBRM1 LOF mutation leads better clinical outcomes with ICI treatment in ccRCC
patients. However, in the RPE1, only the IL6_JAK_STAT3 signalling gene sets
are significantly enriched, with the example gene sets only showing subtle
increase in the RPE1 PBRM1 KO clones over the parental line, suggesting a
potential cell-type specific effect (Figure 4.10C&D).
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4.3 Discussion
Loss of PBRM1 is a common early event in the development of ccRCC, and
studies showed association between PBRM1 loss and genome instability
(Brownlee et al., 2014; Meisenberg et al., 2019; Varela et al., 2011). Here we
presented that PBRM1 loss could potentially lead to transcriptional misregulation
of genes maintaining (peri)centromeric regions, and showed evidence of aberrant
(peri)centromeric

heterochromatin

maintenance

with

altered

centromere

morphology and (peri)centromeric transcription related to PBRM1 loss. Our
results suggest a transcriptional role of PBRM1 in maintaining (peri)centromere,
in addition to our published data on the sister chromatid cohesion role of PBRM1.
Our results are also consistent with other findings in our lab on the chromosome
instability

and

synthetic

lethality

profile

of

PBRM1

loss,

suggesting

(peri)centromere maintenance defect as the potential mechanism. In addition,
our RNA-seq data in 1BR3 PBRM1 KO clones showed changes in the expression
of repetitive elements when PBRM1 is deficient, and the GSEA analysis suggests
a more activated immune signalling in the 1BR3 PBRM1 KO clones. Those
observations are consistent with the literature that cancers have frequently
misreuglated repetitive element transcription, which activates the RNA-sensing
innate immune pathway and contribute to the anti-tumour immunity.

4.3.1 SUV39H1 and CENPV Downregulation
Downregulation of SUV39H1 protein level is observed in the proteomics analyses
of a panel of 4 different isogenic PBRM1 KO cell line pairs, but the western blot
analyses showed some variations between repeats probably reflecting that these
are experimental errors and small changes. Unfortunately, it is also technically
challenging to monitor small changes in activity of SUV39H1 by looking at the
H3K9me3 levels by immunofluorescence in human cell lines as H3K9me3 is pan174

nuclear in human cells. However, it could be possible to look at the H3K9me3
levels in mouse cell lines, in which they form distinctive foci. Indeed, one study
showed that PBRM1 loss leads to reorganisation of H3K9me3 foci in mouse cell
lines, but whether this is related to decreased SUV39H1 levels is unknown
(Espana-Agusti et al., 2017). In addition, Dr. Karen Lane from the Downs’ lab
observed the downregulation of CENPV when PBRM1 is deficient, and it is more
profound and consistent in the 1BR3 and RPE1 PBRM1 KO clones, however
other (peri)centromere inner kinetochore subunits seem less affected or
unaffected. More characterisations with PBRM1 siRNA KD and/or PBRM1 rescue
are needed to further address the role of PBRM1 in regulating the transcription
of these genes. Interestingly, our lab has previously shown that PBRM1 depletion
does not affect the recruitment of cohesin subunit STAG2 for sister chromatid
cohesion around the DSBs (Meisenberg et al., 2019). In addition, it has been
shown in the budding yeast that kinetochores promote cohesin loading at the
(peri)centromeric regions (Natsume et al., 2013). Therefore, the sister chromatid
cohesion defects at centromere when PBRM1 is deficient may not be a direct
effect and could potentially be caused by the transcriptional changes of the
(peri)centromeric genes, which leads to centromere/kinetochore maintenance
defects and subsequently less cohesin loading.

4.3.2 (Peri)centromere Maintenance Defects
I showed that the centromere becomes greater in size and the centromere
transcripts are misregulated when PBRM1 is deficient in 1BR3 and RPE1 cell line.
Although, the diffusive centromere morphology observed by Dr. Peter Brownlee
from the Downs’ lab in the U2OS PBRM1 KO clone was not re-produced in the
1BR3 and RPE1 PBRM1 KO clones, I observed the centromere are greater in
size, potentially suggesting a more relaxed centromere sturcutre, which could
relate to SUV39H1 and CENPV misreuglation. In addition, Dr. Karen Lane from
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the Downs’ lab showed with Cen-Co-FISH that 1BR3 and RPE1 PBRM1 KO
clones are less protected against aberrant centromeric rearrangements.
Moreover, the (peri)centromeric satellite transcripts are misregulated in the
PBRM1 KO clones, which is additional evidence of (peri)centromeric
maintenance defects as centromeric satellite transcripts are important for the
centromere protein assembly. However, it is still unknown whether those
centromere defects are caused specifically by transcriptional misregulation of
either SUV39H1 or CENPV when PBRM1 is deficient. Further experiments like
PBRM1 rescue and CENPV siRNA KD are needed to show if there are direct
links. In addition, the satellite transcript quantification with RNA-seq data showed
some inconsistent results when compared with the RT-qPCR data. One
explanation for this is that the results of the two different approaches were looking
at different satellite transcripts. Also, mapping RNA-seq reads to those repetitive
regions are prone to mis-alignment due to their repetitive nature and the lack of
a comprehensive repetitive element annotation database (Treangen & Salzberg,
2012). Therefore, extra care should be taken when interpreting the repetitive
element quantification with RNA-seq and we are validating some of the elements
with RT-qPCR.

4.3.3

Repetitive Element Transcription

From the RNA-seq data, I also looked at the expression of the other repetitive
transposable elements including ERV and LINEs&SINEs. We proposed that
SUV39H1 downregulation may release the transcriptional repression of those
elements and the study suggested lower expressions of PBAF subunits including
PBRM1 is correlated with an increased SPARCS signature. However, the
differential expressions of the ERV and LINEs&SINEs in the PBRM1 KO clones
over the corresponding parental line showed very subtle changes in the overall
distribution, despite of a mix of upregulated and downregulated elements. This
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raises the question of whether we need to focus on the expression of a few
specific repetitive elements. For instance, the differential expression does not
give more weight to the highly expressed elements over the lowly expressed
elements. Also, most of the studies in the literature focus on just one or a few
specific ERVs. Therefore, a reasonable next step is to focus on a specific set of
repetitive elements that have relatively high expression or those that have been
previously implicated in immune responses in the literature, and validate the
changes of them when PBRM1 is deficient with other techniques like RT-qPCR.
In addition, the 1BR3 and RPE1 cell lines are non-cancerous cell lines and they
probably have low levels of genome instability and a normal strong repression of
those repetitive elements. It would be interesting to introduce some external
perturbations like DNA damage, mitotic stress or interferon treatment, which
could exacerbate the potential effect on the repetitive element transcription when
PBRM1 is deficient. Studies showed that p53 function is important for the
maintenance of the repetitive element repression (Levine et al., 2016; Wylie et
al., 2016). As we and others have demonstrated that the p53 pathway activation
is defective when PBRM1 is deficient, this defect might also play a role in the
repetitive element regulation in PBRM1 deficient cells. Moreover, PBRM1 might
directly repress the expression of repetitive elements through its chromatin
remodelling activity. Interestingly, one study showed that PBAF subunit loss
including PBRM1 loss in C. elegans leads to the loss of repression of repetitive
elements, R-loop formation and DNA damage, ultimately resulting in the
apoptosis of the germ line cells (Padeken et al., 2019). It is currently unclear if
this defect in C. elegans is via indirect transcriptional change or via direct PBAF
complex recruitment change when PBRM1 is deficient. Therefore, it would be
interesting to investigate if there are changes in the recruitment and the genomic
locations of the PBAF complex when PBRM1 is deficient, especially at the
repetitive transposon elements.
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4.3.4

Upregulated Immune Signalling

Although, we are still investigating the extent of misregulated repetitive element
expression when PBRM1 is deficient, the GSEA results in the RNA-seq of 1BR3
cell line showed that the immune signalling pathways are more activated when
PBRM1 is deficient. This observation is under the unperturbed conditions, in
which the 1BR3 PBRM1 KO clones have similar number of micronuclei compared
to the parental line. Therefore, the DNA sensing pathway via cGAS-STING is less
likely to contribute to the activation of the innate immune signalling. However, we
cannot rule out the possibility that PBRM1 loss leads to more cytosolic ssDNA
independent of micronucleus formation, which also has the capacity to activate
the cGAS-STING pathway (Coquel et al., 2018). Nevertheless, it is likely that
those repetitive element transcripts, especially the ERV, have the potential to form
dsRNA and activate the dsRNA sensing pathway via RIG-I or MDA5, which
subsequently activates interferon related immune signalling pathways (Mu et al.,
2016). Further experiments are required to show a direct relationship of the
dsRNA sensing pathway to the activation of the immune signalling pathways by
knocking down important factors like RIG-I, MDA5 or MAVS in the dsRNA sensing
pathway. Also, the upregulation of target genes of the immune signalling
pathways is not substantial in the 1BR3 PBRM1 KO clones compared to the
parental under normal culturing conditions, and adding exogenous perturbations
like DNA damage or using isogenic cancerous cell lines may increase the
difference. Moreover, the RPE1 PBRM1 KO clones only show enrichment in one
of the four immune signalling GSEA sets. Possibly related to this observation, the
ERV and LINEs&SINEs in RPE1 PBRM1 KO clones also showed fewer changes
compared to the 1BR3 PBRM1 KO clones, and the RPE1 cells are deficient in
the cGAS-STING pathway in contrast to the 1BR3 cells. Therefore, we need more
characterisation in the other isogenic PBRM1 KO pairs, and more investigation
into the contributions of different innate immune pathways to this phenotype.
178

4.3.5

Other Aspects of Repetitive Element Transcripts

Apart from the activation of the RNA sensing pathway, more expression of the
repetitive transposable element could lead to the formation of R-loops at their
corresponding genomic loci. R-loops would cause replication problems, when
colliding with the replication folk, therefore have the potential to cause more DNA
damage, especially the single-ended DSBs from collapsed replication folk
(Aguilera & García-Muse, 2012; Kabeche et al., 2018; Zeller et al., 2016).
Although, no obvious increase of the γH2AX foci was observed in the
asynchronous 1BR3 PBRM1 KO clones under normal culturing conditions
(Figure 3.7A&B). Several studies have shown that the loss of PBRM1 or other
subunits of SWI/SNF complexes is related to an increased formation of R-loops,
more R-loop dependent DNA damage, and defective R-loop clearance (BayonaFeliu et al., 2021; Chabanon et al., 2021). Therefore, it would be interesting to
investigate if there are more R-loop formations at the repetitive elements with
DNA:RNA-immunoprecipitation-seq (DRIP-seq) when PBRM1 is deficient.
Moreover, several studies suggest that the repetitive transposable elements,
especially ERV, still retain some degree of protein coding potential, and they can
be presented as TAAs when over-expressed (Ishak & De Carvalho, 2020; Kong
et al., 2019). In addition, in the 1BR3 PBRM1 KO clones, the MHC-I class
molecule activator and subunits are upregulated as a result of immune signalling
activation, which would increase the tumour antigen presentation. Taken together,
it is possible that the mis-regulated ERV in the 1BR3 PBRM1 KO clones can be
translated and presented as TAA on the cell surface. To address this question,
we are collaborating with our core proteomics facility to map the MHC presenting
immunopeptidome in the 1BR3 PBRM1 KO clones and the parental line.
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4.3.6

Implications in Cancer Therapeutics

PBRM1 loss is very frequent in ccRCC, therefore many efforts have been devoted
to understand the physiological role of PBRM1 and discover new ways to target
PBRM1 loss in cancer. We showed that PBRM1 loss leads to the transcriptional
misregulation of genes maintaining heterochromatin and (peri)centromere, which
potentially causes (peri)centromere maintenance defects, mitotic errors and
chromosome instability. We have been exploring the potential therapeutic
approach to exacerbate the defects with additional mitotic stress. In addition,
clinical studies have suggested PBRM1 loss associates with more immune
signalling activation and is a biomarker for better clinical outcome with ICI
treatment (Dias Carneiro et al., 2021). We hypothesise that PBRM1 loss could
contribute to the misregulation of the repetitive element expression, partially via
the misregulated heterochromatin, and this leads to the activation of the innate
immune dsRNA sensing pathway. While further validation of our hypothesis is
underway, we observed the enrichment of the immune signalling gene sets in the
1BR3 PBRM1 KO clones, which could serve as a good cell line model to
understand the mechanism of the immune signalling activation when PBRM1 is
deficient. In addition, the anti-tumour adaptive immunity is dependent on the TAA
presentation, therefore higher expressions of MHC-I class molecules and
misregulated transcription of repetitive elements when PBRM1 is deficient would
potentially sensitise the PBRM1 defective tumours to immune therapies (Farhood
et al., 2019). Overall, although most of the work is still at a preliminary stage,
characterisation of the misregulation of (peri)centromere and repetitive elements
when PBRM1 is deficient will provide valuable information for understanding the
current therapeutics and discovering new therapeutics targeting PBRM1 loss in
cancer.
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Chapter 5 Investigating Roles of SMARCA4 in
Replication Stress via Mapping Genomic Locations
DNA Double Strand Breaks
5.1 Introduction
5.1.1

DNA Replication Stress

DNA replication is a complex and coordinated cellular process to duplicate the
genetic and epigenetic information. There are many physical barriers to hinder
the replication progression and to cause replication fork stalling. Those barriers
include DNA single/double stranded breaks, DNA intra-/inter-strand crosslinks,
DNA-protein crosslinks, complex DNA secondary structures, collision of
transcription and replication machinery, R-loops and depletion of nucleotide pools
(Alexander & Orr-Weaver, 2016; Liao et al., 2018; Zeman & Cimprich, 2014).
Replication stress is the condition where the replication forks frequently stall as a
results of replication barriers, and it is implicated in genome instability and
tumourigenesis (Gaillard et al., 2015; Mazouzi et al., 2014; Zeman & Cimprich,
2014). On the other hand, many chemotherapy drugs induce replication stress to
treat cancer by introducing replication barriers exogenously, including
hydroxyurea (HU) to deplete nucleotide pools, etoposide to create DNA-protein
crosslinks, methyl-methanesulfonate (MMS) to introduce DNA damage and
aphidicolin to inhibit DNA polymerase directly (Gaillard et al., 2015; Liao et al.,
2018).
The cellular response to replication stress is complex. There are several
pathways including translesion synthesis, re-priming, fork reversal and template
switch allowing the stalled replication forks to restart and pass through the
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replication barrier depending on the nature of the stress, the genetic context of
the cell and the physiological conditions (Alexander & Orr-Weaver, 2016; Berti &
Vindigni, 2016; Neelsen & Lopes, 2015). Here, I will briefly cover the key events,
but this topic has been reviewed in more details elsewhere (Alexander & OrrWeaver, 2016; Berti & Vindigni, 2016; Liao et al., 2018; Neelsen & Lopes, 2015).
The stalled replication forks need restarting to continue DNA replication and to
avoid mitosis with under-replicated DNA. The stalled replication forks can lead to
uncoupling of helicase and DNA polymerase activity, therefore forming extended
ssDNA which is bound and protected by RPA protein (Berti & Vindigni, 2016; Liao
et al., 2018). RPA subsequently activates ATR, which plays an important role to
activate signalling cascades to initiate cell cycle arrest and to recruit factors for
fork restart (Berti & Vindigni, 2016; Liao et al., 2018). However, if the stalled forks
cannot be restarted in time or the fork reversal becomes uncontrolled due to
checkpoint loss, the stalled forks or the reversed forks may be cleaved by specific
nucleases, causing the replication machinery to collapse and leaving singleended DSBs (Berti & Vindigni, 2016). Break-induced replication (BIR) is a specific
HR repair subtype to repair single-ended DSBs from the collapsed replication
forks (Berti & Vindigni, 2016; Liao et al., 2018). BIR is able to re-establish the
replication forks and restart the replication. If the collapsed forks are not properly
repaired and reinitiated, the single-ended DSBs are potentially lethal DNA
damages which could lead to cell death. For example, PARP inhibitors trap PARP
enzymes on the DNA, causing replication fork to stall and collapse, therefore
PARP inhibitors are synthetic lethal to HR deficiency with BRCA1/2 loss (Liao et
al., 2018; Lord & Ashworth, 2017).

5.1.2

Chromatin Remodelling Complexes in Replication Stress

The roles of histone modifications and histone variants during replication stress
conditions have been extensively studied. As examples, methylation of histone 3
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Lysine 4 by SETD1 recruits histone chaperone FANCD2 to stabilise the reversed
replication fork, to prevent fork collapse and to clear R-loops (Berti & Vindigni,
2016; Gaillard et al., 2015); and phosphorylation of the H2AX histone variant at
serine 139 (γH2AX) is important for the initiation of HR mediated repair of the
collapsed forks (Gaillard et al., 2015).
Apart from the histone modifications and variants, chromatin remodelling
complexes have been implicated to function to prevent replication fork stall and
collapse, and to facilitate collapsed replication fork restart (Fournier et al., 2018).
The INO80 remodelling complex is recruited to the replication fork both under
normal and replication stress conditions (Poli et al., 2017). In yeast, loss of INO80
leads to stalled replication forks under normal conditions and causes
hypersensitivity to replication stress inducers like ultraviolet radiation and HU
(Fournier et al., 2018; Papamichos-Chronakis et al., 2011). Under normal
conditions, INO80 may play a role to remove transcription machinery to avoid
replication and transcription collisions (Fournier et al., 2018). Under replication
stress, INO80 is required to recruit Rad18 for PCNA ubiquitylation, which is
required for downstream HR dependent fork restart (Fournier et al., 2018). In
addition, INO80 has been shown to remove nucleosomes around DSB to give
DSB flexibility for homology search, which may also facilitate the HR dependent
fork restart (Fournier et al., 2018; Poli et al., 2017).
The SWI/SNF chromatin remodelling complex also plays roles in preventing and
resolving replication stress. Studies suggested SWI/SNF complex interacts and
modulates histone chaperone ASF1, which is important in nucleosome
remodelling at the DNA replication fork (Minard et al., 2011). Recently, several
studies revealed that the loss of SWI/SNF chromatin remodelling complex
subunits including SMARCA4, ARID1A and PBRM1 leads to more R-loop
formation and/or R-loop clearance defects (Bayona-Feliu et al., 2021; Tsai et al.,
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2021). The colocalisation of SMARCA4 and the R-loops (by DRIP-seq) suggests
a potential role for the SWI/SNF chromatin remodelling complex in removing Rloops, and further functional analysis showed SMARCA4 loss is epistatic to the
RNA/DNA helicase SETX depletion, suggesting they work together in R-loop
clearance (Bayona-Feliu et al., 2021). Replication forks could stall and collapse
when encountering R-loops, leading to genome instability, and indeed, more
γH2AX and/or RPA foci are observed when SMARCA4, ARID1A or PBRM1 is lost
in those studies (Bayona-Feliu et al., 2021; Sebastian & Oberdoerffer, 2017; Tsai
et al., 2021).
In addition, several lines of evidence suggest SWI/SNF chromatin remodelling
complex has roles in resolving replication stress conditions. Several published
and unpublished iPOND-MS (Isolation of Proteins on Nascent DNA coupled to
Mass Spectrometry) data showed that SWI/SNF complex subunits are
associated with newly synthesised DNA under HU induced replication stress
conditions but not under normal condition (Dungrawala et al., 2015). Consistent
with this observation, a recent study applied the Nascent Chromatin Capture
proteomics to characterise the proteins associated with stalled or collapsed
replication forks, and we found by further analyses of their data that SWI/SNF
chromatin remodelling complex subunits are enriched at the stalled replication
forks but not at the collapsed replication forks (Nakamura et al., 2021). From the
study showing SMARCA4 loss leads to R-loop accumulation, the authors also
showed that SMARCA4 colocalises in an R-loop dependent manner with
FANCD2, which is important for the restart of the stalled replication fork and Rloop clearance, and depletion of SMARCA4 is epistatic to depletion of FANCD2,
suggesting SMARCA4 is involved in the FANCD2 roles in resolving replication
stress (Bayona-Feliu et al., 2021). Interestingly, the catalytic dead SMARCA4
mutant was not able to rescue the phenotype of SMARCA4 depletion, suggesting
the nucleosome remodelling activity of SWI/SNF complex is likely to be required
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for FANCD2 and SETX to deal with R-loop and replication stress, potentially by
sliding or ejecting nucleosome for a better accessibility of the R-loops and the
stalled replication fork (Bayona-Feliu et al., 2021).
In addition, previous studies also revealed an indirect role of SWI/SNF complex
for replication stress resolution by regulating transcription of DDR genes as a
response to replication stress (Fournier et al., 2018). However, the SWI/SNF
complex has a broad range of functions, and indeed some controversial results
showed the loss of PBRM1 rescued the replication stress phenotype as a result
of VHL loss by reorganisation of H3K9me3 associated heterochromatin in mouse
cells (Espana-Agusti et al., 2017). Nevertheless, increasing evidence suggests
that chromatin remodelling complexes have important roles in preventing and
dealing with replication stress conditions.

5.1.3
To

DSB Mapping Techniques

detect

the

presence

and

map

the

genomic

location

of

DSBs,

immunofluorescence and chromatin immunoprecipitation (ChIP) against DDR
specific repair machinery proteins and/or DDR related PTMs like γH2AX have
been applied for decades (Rybin et al., 2021). However, the detection of those
proteins and/or PTMs can only indirectly infer the presence of DSBs. To more
accurately map the genomic location of DSB ends, a number of direct DSB
capture techniques coupled to next generation sequencing have been developed
(Rybin et al., 2021). Briefly, those methods all apply a DNA adapter that can ligate
to the DSB ends, and then use specific affinity selection (biotin affinity selection
or sequencing flow cell affinity selection) or amplification (T7 promoter in the
adapter for in vitro transcription) of those adapter ligated DNA fragments before
NGS library construction (Rybin et al., 2021). BLISS (Breaks Labelling in situ and
Sequencing) and INDUCE-seq (Identification and Quantification of DSBs by
Unbiased Flow Cell Enrichment and Sequencing) are the two most recently
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developed DSB mapping techniques with quantification potential (Dobbs et al.,
2020; Yan et al., 2017). BLISS ultilises in vitro transcription from the T7 promoter
on the ligated adapter to specifically amplify the DSB ends into RNA molecules,
and then constructs and amplifies the NGS library from the RNA molecules
(Figure 5.1A) (Yan et al., 2017). BLISS also applies a unique molecular identifier
(UMI) to distinguish each unique DSB end, and during the data analysis, the UMI
acts as a reference to remove PCR duplicates, therefore recovering the real
numbers of DSB ends in the sample (Figure 5.1A) (Yan et al., 2017). INDUCEseq on the other hand uses a specifically designed P7 adapter to generate only
one sequenceable molecule from each DSB end, and it does not use in vitro
transcription and PCR amplification (Figure 5.1B) (Dobbs et al., 2020). Therefore,
each INDUCE-seq read directly corresponds to one unique DSB end, keeping
the quantitative information of the DSB ends (Figure 5.1B) (Dobbs et al., 2020).
Both BLISS and INDUCE-seq are able to map the exact genomic location of the
DSB ends generated by restriction enzyme or CRISPR-Cas9 to a single
nucleotide resolution (Dobbs et al., 2020; Yan et al., 2017).
The development of those DSB mapping techniques leads to successful
applications to understand the formation and repair of specific DSBs at
predictable loci. For example, Induce-seq has been applied to understand the offtarget effects of CRISPR-Cas9 nuclease activity (Dobbs et al., 2020). However,
most of the endogenous DSBs arising as a result of replication stress,
endogenous reactive oxidative species or exogenous genotoxic agents do not
happen at predictable loci but happen across the whole genome in a semirandom manner, which means they may have preference to happen at specific
chromatin environment (Berti & Vindigni, 2016; Zeman & Cimprich, 2014).
Currently, INDUCE-seq and BLISS provide some capacities to map and study the
pattern of those semi-random DSBs. However, the reliance of this application is
still questionable as the calculated DSB labelling efficiency is low (<1%) and there
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Figure 5.1 Schematic graph of DSB mapping techniques INDUCE-seq and
BLISS
(A) A schematic figure of BLISS library construction. The cells are fixed and
permeablised on coverslips before the library construction. The DSB ends are
blunted and are ligated to an adapter, which contains unique molecular
identifier (UMI) sequence, read 1 primer sequence, P5 adapter sequence and
T7 promoter sequence. Each DSB ends have a unique UMI sequence to
distinguish from PCR duplicates. The genomic DNA is then sonicated into
DNA fragments and DNA fragments are subjected to in vitro transcription. The
transcribed RNA from DSB ends is subjected to standard small RNA library
construction, and constructed library is PCR amplified before sequencing.
(B) A schematic figure of INDUCE-seq library construction. The cells are fixed and
permeabilised on coverslips before the library construction. The DSB ends are
blunted and are ligated to a P5 adapter, which contains read 1 primer and
(Legend continued on next page)
187

(Legend continued from previous page)
P5 adapter sequence. The genomic DNA is then sonicated into DNA
fragments and DNA fragments are ligated to the customised truncated P7
adapter, which contains read 2 primer sequence and only the 3’ P7 adapter
sequence. The constructed library is hybridised to the Illumina flow cell
adapter sequence, and fragments incapable of hybridising to the flow cell
adapter sequence are washed away. Each adapter labelled DSB end
contributes to one sequencable molecule.

are many background DSBs currently with unknown origin, that could potentially
be technical noise. Nevertheless, studies are applying BLISS and INDUCE-seq
to study these semi-random DSBs. For example, BLISS has been applied to map
the etoposide induced DSBs (Yan et al., 2017). In addition, it is suggested that
validation of the findings from those DSB mapping experiments with other
auxiliary experiments would improve the confidence of the discovered results
(Bouwman et al., 2020; Rybin et al., 2021). Therefore, increasing focus has been
placed on mapping semi-random endogenous DSBs.

5.1.4

Roles of SMARCA4 in Replication Stress

As described above, SMARCA4 has been implicated in resolving replication
stress. For many years, the functions of SMARCA4 (or the SWI/SNF complexes)
under replication stress conditions remained unclear, until the recent discoveries
of the R-loop related replication stress when SMARCA4 and other SWI/SNF
complex subunits are depleted (Bayona-Feliu et al., 2021). The Downs lab has
been working to further understand the mechanism of SMARCA4 in resolving
replication stress and to investigate the consequence of SMARCA4 loss under
replication stress. Here, we collaborated with Professor Simon Reed and Dr. Felix
Dobbs to apply the newly developed DSB mapping technique INDUCE-seq to
map the DSBs arising as a result of HU induced replication stress, and we
hypothesised that loss of SMARCA4 may lead to a change in DSB pattern or
distribution based on its potential roles during replication stress conditions. We
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aim to provide deeper understandings on the roles of SMARCA4 during the
replication stress conditions and the consequence of SMARCA4 loss in terms of
genome instability. We hope this could provide insights of the high occurrence of
SWI/SNF subunit loss in cancers and contribute to the development of new
cancer treatments for SWI/SNF deficient cancers.
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5.2 Results
5.2.1

INDUCE-seq Maps AsiSI-induced DSBs in AID-DIvA Cells

AID-DIvA cells generate DSBs when treated with 4OHT, which leads to the
nuclear localisation of AsiSI restriction enzyme. The AsiSI enzyme recognises an
8bp palindromic sequence (5’-GCGATCGC-3’) and generates DSBs at position
AT with a 1bp overhang. There are about 1200 AsiSI restriction sites in the
reference human genome hg19. However, only about 200 restrictions sites have
been reported with detectable AsiSI restriction activity with BLISS or γH2AX
ChIP-seq (Aymard et al., 2014; Iannelli et al., 2017). In addition, it has been
shown that the 4OHT treatment normally induces on average about 25 γH2AX
foci in the AID-DIvA cell line, but the individual cells have highly variable γH2AX
foci numbers (Aymard et al., 2014).
We used the AID-DIvA cells treated 4OHT as our positive control for INDUCEseq experiments. We checked the DSB formation after 4OHT treatment in our
AID-DIvA cells with γH2AX immunofluorescence and found similar γH2AX foci
induction trend as reported in the literature (Figure 5.2A&B). For the INDUCEseq results, we identified 5,788,110 and 9,120,670 breakends (DSB ends referred
as breakends from now on) in the untreated and 4OHT treated DIvA samples,
respectively (Figure 5.2C). It is worth noting that the total number of breakends
between samples cannot be directly compared as it is related to the amount of
INDUCE-seq library loaded onto the flow cell. Therefore, the total breakend
number difference here is mainly due to different amount of library sequenced.
We identified 330 and 12,019 breakends that mapped to AsiSI sites, which
accounts for 0.0057% and 0.1318% of total breakends, in the untreated and
4OHT treated AID-DIvA cells respectively (Figure 5.2C). These results confirm
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Figure 5.2 AsiSI sites mapped with INDUCE-seq in AID-DIvA cells
(A) Quantification of number of γH2AX foci per nucleus in AID-DIvA cells under
untreated (-4OHT) or 4-hydroxytamoxifen (+4OHT) treatment condition. Each
dot represents a nucleus and the red line represents the median number of
γH2AX foci per nucleus.
(B) Representative confocal images showing γH2AX foci induction in AID-DIvA
cells under untreated (-4OHT) or 4-hydroxytamoxifen (+4OHT) treatment
condition with DAPI (blue), and γH2AX (green) staining. Scale bar represents
10 μm.
(C) Table showing the number of total breakends and number of AsiSI breakends
mapped by INDUCE-seq in AID-DIvA cells under untreated (-4OHT) or 4hydroxytamoxifen (+4OHT) treatment condition. The AsiSI breakends % is
number of AsiSI breakends over number of total breakends.
(D) Venny diagram showing the overlaps of AsiSI sites identified in our INDUCE(Legend continued on next page)
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(Legend continued from previous page)
seq data and in the published BLISS data in AID-DIvA cells with 4hydroxytamoxifen (+4OHT) treatment.
(E) Quantification showing percentages of all the breakends or the recurrent
breakends (>3) mapped by INDUCE-seq in AID-DIvA cells under untreated (4OHT) or 4-hydroxytamoxifen (+4OHT) treatment condition in different
annotated genomic region categories in UCSC human reference genome.
(F) STINGRAY plot showing the log2 occurrence difference of each unique 10bp
(-4/+5bp) sequence around the breakends mapped by INDUCE-seq in AIDDIvA cells under untreated (-4OHT) condition over 4-hydroxytamoxifen
(+4OHT) treatment condition. Each dot represents a unique 10bp DNA
sequence, and the dot colour represents the GC content of that unique 10bp
DNA sequence. The x-axis represents log2 occurrence difference, and the yaxis represents the occurrence of that particular 10bp sequence across hg19
human reference genome. The circled dots represent all the possible 10bp
sequence around the AsiSI sites which are negatively enriched in -4OHT
condition over +4OHT condition.

that INDUCE-seq detects the 4OHT induced AsiSI DSBs. It is interesting and
consistent with other DSB mapping techniques that the majority of the breakends
(>99%) detected by INDUCE-seq seems to be background reads ‘randomly’
distributed across the genome.
Next, we compared the detected AsiSI sites with breakends mapped by our
INDUCE-seq data and the published BLISS data, and we found that more than
75% of the AsiSI sites detected by INDUCE-seq are also detected by BLISS
(Figure 5.2D) (Iannelli et al., 2017). However, both techniques detect a subset of
mutually exclusive AsiSI sites (Figure 5.2D). This could be due to background
breakends ‘randomly’ mapping to the AsiSI sites. In addition, those active AsiSI
sites were reported to enrich at the promoter regions, so we analysed the
genomic locations of the breakends in our AID-DIvA INDUCE-seq dataset
(Aymard et al., 2014). Indeed, we observed a remarkable enrichment of the
recurrent breaks (more than 3 breakend reads at the same genomic location) in
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the promoter region for the 4OHT treated AID-DIvA compared to the untreated
samples (Figure 5.2E). No change is observed when considering all the
breakends, consistent with the ‘random’ background nature of the majority of the
breakends (Figure 5.2E). Moreover, we tested the STINGRAY plot on the AIDDIvA samples. Briefly, each dot on the STINGRAY plot represents a specific 10bp
sequence around the breakends (-4bp/+5bp) with GC content plotted as colour;
the x-value shows the log2 enrichment of that particular 10bp sequence in one
breakend set over another, and the y-value is the number of occurrences of that
particular 10bp sequence in the hg19 human reference genome (acting as the
second dimension to separate the dots). We identified 16 dots that are negatively
enriched in the untreated over 4OHT treated AID-DIvA samples, and indeed those
are all related to the AsiSI enzyme recognition sequences NGCGATCGCN
(Figure 5.2F). Overall, we concluded that INDUCE-seq has worked well as a DSB
mapping technique, and several breakend analysis tools are functional.

5.2.2

INDUCE-seq Detects DSB Induction with HU in RPE1 Cells

We hypothesised that the SWI/SNF subunit SMARCA4 has roles in preventing
and resolving replication stress, probably at specific genome locations. To
address this question, we used two SMARCA4 CRISPR-Cas9 KO clones in the
RPE1 cell line generated by Dr. Federica Schiavoni from the Downs’ Lab (Figure
5.3A). To exacerbate the replication stress condition and enrich cells in S phase,
I tested different treatment times with 2.5 mM HU and quantified the γH2AX foci
numbers with different treatment times. I did not observe any significant
difference between the RPE1 SMARCA4 KO clones and the parental line under
untreated or HU treatment conditions (Figure 5.3B&C). Based on the γH2AX foci
numbers and the cell morphology, we decided to treat the cells with 2.5 mM HU
for 16 hr, for which HU induces γH2AX foci in most of the cells (enrichment in S
phase) and shows no obvious toxicity yet based on the cell morphology.
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We performed INDUCE-seq in the RPE1 SMARCA4 KO clones and the parental
line with or without 2.5 mM HU for 16hr. We first wanted to check if the HU
treatment generates more breakends as a result of replication stress and
collapsed folks, however, as explained above, it is not straight forward to
normalise the INDUCE-seq breakend number between samples. Here, we tested
two normalisation methods either by the mass of genomic DNA input or by the
telomere reads. The number of INDUCE-seq breakends is directly proportional
to the amount of library sequenced, therefore, if we assume the library
construction is equally efficient between samples, we could use the genomic DNA
input to normalise the samples. When we do this, consistent with our γH2AX foci
quantification, we find the HU treated cells have remarkably more breakends per
ng of genomic DNA input than their untreated counterparts (Figure 5.3D).
However, it is interesting that the two SMARCA4 KO clones have fewer
breakends than the parental line after the HU treatment (Figure 5.3D). We also
tested normalisation with telomere reads as telomere ends are endogenous
breakends that can be detected by INDUCE-seq and used as an endogenous
quantification of the amount of library sequenced (Yan et al., 2017). Similar to the
normalisation with genomic DNA input, the HU treated cells show more
breakends per telomere read than their untreated counterparts (Figure 5.3E).
However, with telomere read normalisation, the two KO clones have fewer
breakends per telomere read than the parental line under both untreated or HU
treatment condition (Figure 5.3E). Overall, the evidence suggests that INDUCEseq detects the HU induced breakends, but it is unclear why the SMARCA4 KO
clones have fewer breakends compared to the parental line after HU treatment,
given similar numbers of γH2AX foci per nucleus observed.

194

Figure 5.3 INDUCE-seq detects HU induced DSBs in RPE1 parental and
SMARCA4 KO cells
(Legend continued on next page)
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(Legend continued from previous page)
Figure 5.3 INDUCE-seq detects HU induced DSBs in RPE1 parental and
SMARCA4 KO cells
(A) Western blots of whole cell extracts showing the SMARCA4 protein levels in
RPE1 parental line and SMARCA4 knockout clones (SMARCA KO C9&H12)
under untreated condition. Tubulin was used as the loading control.
(B) Quantification of number of γH2AX foci per nucleus in RPE1 parental line and
SMARCA4 knockout clones (SMARCA KO C9&H12) under untreated
condition or treated with hydroxyurea (HU) for indicated times. Each dot
represents a nucleus and the red line represents the median number of
γH2AX foci per nucleus.
(C) Representative confocal images showing γH2AX foci induction in RPE1
parental line and SMARCA4 knockout clones (SMARCA KO C9&H12) under
untreated condition or treated with hydroxyurea (HU) for indicated times with
DAPI (blue), and γH2AX (green) staining. Scale bar represents 10 μm.
(D) Quantification showing the number of breakends normalised by ng of genomic
DNA Input in RPE1 parental line and SMARCA4 knockout clones (SMARCA
KO C9&H12) under untreated condition (-HU) or treated with hydroxyurea
(+HU) for 16hr.
(E) Quantification showing the number of breakends normalised by the number
of telomeric breakend reads in RPE1 parental line and SMARCA4 knockout
clones (SMARCA KO C9&H12) under untreated condition (-HU) or treated
with hydroxyurea (+HU) for 16hr.

5.2.3

Distribution Analysis of Breakends Mapped in RPE1 Cells

We analysed the genomic locations of the breakends in all the RPE1 samples,
and saw no difference when considering all the breakends across all the RPE1
samples (Figure 5.4A). We estimated about one-third to half of the breakends in
the HU treatment samples are induced by HU treatment based on the
normalisation method, therefore, no distribution change with or without HU
treatment probably suggests a ‘random’ nature of HU induced breaks. The lack
of difference between the SMARCA4 KO clones and the parental line is
potentially inconsistent with our hypothesis, however, it will be important to run
the analysis with the recurrent breakends as like the AID-DIvA analysis in order
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to increase the probability of specifically looking at SMARCA4 associated HU
induced breakends. Unfortunately, there were not enough recurrent breakends in
the RPE1 samples for us to perform an unbiased genomic location analysis.
To investigate further the distribution of the breakends in the genome, we
analysed the signal overlaps of the breakends with published RPE1 ChIP-seq
signals of Histone 3 Lysine 4 dimethylation (H3K4me2), Histone 3 Lysine 27
acetylation (H3K27Ac) and H3K9me3 (Sun & Chadwick, 2018). Again, we did not
observe SMARCA4 loss and/or HU treatment specific change of the ChIP-seq
signal scores (Figure 5.4B-D). However, there are interesting trends for the
general distribution of the breakends. H3K4me2 and H3K27Ac ChIP-seq signal
mainly represents transcriptional regulator elements like promoters or enhancers
of transcriptionally active genes. The signal overlaps of breakends to those two
histone modifications shows a similar trend – from the breakends, there is a slight
increase near the breakends, but the overall trend is a consistently decreasing Zscore to about 5kbp before levelling off (Figure 5.4B&C). Remarkably, the
heterochromatin histone mark H3K9me3 showed a sharp depletion for about
1kbp from the breakends in both directions before levelling off (Figure 5.4D).
Therefore, these results suggest that the breakends in all the RPE1 samples tend
to happen at active transcriptional regulatory elements and away from
heterochromatin. To further validate this finding, we analysed the signal overlaps
of the breakends with RPE1 RNA-seq signal. Since RNA-seq signal also
represents the transcriptional activity and associates with R-loop formation, the
breakends might also show enrichment around RNA-seq signal. However, the
RNA-seq signal Z-score around the breakends look stochastic with no obvious
trend observed (Figure 5.4E). When cross-comparing the signal tracks of
H3K4me2, H3K27Ac and RNA-seq, there are significant differences between the
signals of two histone modification marks and the signal of RNA-seq (Figure 5.4F).
The H3K4me2 and H3K27Ac ChIP-seq signal peaks are present mainly at the
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Figure 5.4 Distribution analysis of breakends in RPE1 parental and
SMARCA4 KO cells with or without HU treatment
(Legend continued on next page)
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(Legend continued from previous page)
Figure 5.4 Distribution analysis of breakends in RPE1 parental and
SMARCA4 KO cells with or without HU treatment
(G) Quantification showing percentages of all the breakends mapped by
INDUCE-seq in RPE1 parental line and SMARCA4 knockout clones
(SMARCA KO C9&H12) under untreated (-HU) or hydroxyurea (+HU)
treatment condition in different annotated genomic region categories in UCSC
hg19 human reference genome.
(A) Quantification showing the overlap of published H3K3me2 ChIP-seq signal in
RPE1 cell line background in 20kbp range around the breakends (-/+10kbp)
mapped by INDUCE-seq in RPE1 parental line and SMARCA4 knockout
clones (SMARCA KO C9&H12) under untreated (-HU) or hydroxyurea (+HU)
treatment condition. The y-axis represents the Z-score of ChIP-seq signal.
(B) Quantification showing the overlap of published H3K27Ac ChIP-seq signal in
RPE1 cell line background in 20kbp range around the breakends (-/+10kbp)
mapped by INDUCE-seq in RPE1 parental line and SMARCA4 knockout
clones (SMARCA KO C9&H12) under untreated (-HU) or hydroxyurea (+HU)
treatment condition. The y-axis represents the Z-score of ChIP-seq signal.
(C) Quantification showing the overlap of published H3K9me3 ChIP-seq signal in
RPE1 cell line background in 20kbp range around the breakends (-/+10kbp)
mapped by INDUCE-seq in in RPE1 parental line and SMARCA4 knockout
clones (SMARCA KO C9&H12) under untreated (-HU) or hydroxyurea (+HU)
treatment condition. The y-axis represents the Z-score of ChIP-seq signal.
(D) Quantification showing the overlap of RNA-seq signal in RPE1 parental line
in 20kbp range around the breakends (-/+10kbp) mapped by INDUCE-seq in
RPE1 parental line and SMARCA4 knockout clones (SMARCA KO C9&H12)
under untreated (-HU) or hydroxyurea (+HU) treatment condition. The y-axis
represents the Z-score of RNA-seq signal.
(E) Signal tracks showing published H3K4me2 ChIP-seq, published H3K27Ac
ChIP-seq, and RNA-seq data in RPE1 cell line background at the indicated
genomic loci with annotated genes of human reference genome hg38.

promoter and enhancer regions, but not in the gene bodies (Figure 5.4F).
However, the RNA-seq signals are present at exons across the whole gene
bodies (Figure 5.4F). This potentially explains why there is not a similar trend
observed with RNA-seq signal overlap. Overall, current analyses suggest no
SMARCA4 loss and/or HU treatment specific genomic distribution change of the
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breakends, but reveal a general enrichment of breakends near the active
transcriptional regulatory elements.

5.2.4

Sequence Analysis of Breakends Mapped in RPE1 Cells

We generated the STINGRAY plots to investigate the sequence composition
immediately around the breakends (-4bp/+5bp). When cross-comparing the
same cells with and without HU treatments, the dots exist in a symmetrical
distribution pattern, which suggests similar sequence compositions around the
breakends with and without HU treatment in the same cells (Figure 5.5A-C).
When comparing the SMARCA4 KO clones with the parental line without HU
treatments, also no significant change in the distribution symmetry is observed
(Figure 5.5D&E). However, when comparing the SMARCA4 KO clones with the
parental line with HU treatment, the distribution is distorted, showing a right shift
of a group of AT rich 10bp sequences (Figure 5.5F&G). This shift means those
sequences are more enriched in the parental line over the SMARCA4 KO clones
after the HU treatment, and this could suggest those AT rich 10bp sequences are
more prone to HU induced fork stalling or are repaired less efficiently in the
parental line compared to the SMARCA4 KO clones. However, the shift is not
remarkable, which might be the reason that there is no difference observed in the
genomic distribution, and further investigations on those sequences are required.
Next, we expanded the breakend region further to -/+ 100bp, and we used
HOMER Motif Analysis tool to see if we could identify a SMARCA4 loss and/or
HU treatment related DNA sequence motif around the breakends. However, the
top motifs identified are all similar between the SMARCA4 KO clones and the
parental line with or without HU treatment (Figure 5.6). The DNA sequence
TGA(C/G)TCA is present in all the identified motifs, and we found that this
sequence represents the binding sites of Fos and Jun transcription factor families
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Figure 5.5 STINGRAY plot analysis of DNA sequence composition around
the breakends in RPE1 parental and SMARCA4 KO cells with or without HU
treatment
STINGRAY plot showing the log2 occurrence difference of each unique 10bp
sequence around the breakends (-4bp/+5bp) mapped by INDUCE-seq in:
(A) RPE1 parental cell of untreated (-HU) over hydroxyurea (+HU) treatment
condition.
(Legend continued on next page)
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(B) RPE1 SMARCA4 knockout clone C9 of untreated (-HU) over hydroxyurea
(+HU) treatment condition.
(C) RPE1 SMARCA4 knockout clone H12 of untreated (-HU) over hydroxyurea
(+HU) treatment condition.
(D) RPE1 parental cell over SMARCA4 knockout clone C9 under untreated (-HU)
condition.
(E) RPE1 parental cell over SMARCA4 knockout clone H12 under untreated (HU) condition.
(F) RPE1 parental cell over SMARCA4 knockout clone C9 under hydroxyurea
(+HU) treatment condition. Circled part indicates particular 10bp sequences
that are more enriched in the RPE1 parental cell over SMARCA4 knockout
clone 9.
(G) RPE1 parental cell over SMARCA4 knockout clone H12 under hydroxyurea
(+HU) treatment condition. Circled part indicates particular 10bp sequences
that are more enriched in the RPE1 parental cell over SMARCA4 knockout
clone 9.

and all the corresponding proteins of the identified motifs belongs to Fos and Jun
families (Figure 5.6) (Seldeen et al., 2009). This could be consistent with our
ChIP-seq overlapping results that the breakends are prone to happen around
promoter and enhancer regions, but it is not clear if the presence of breakends
around those motifs is related to the Fos and Jun transcription factor bindings
and/or transcriptional activity, therefore, further investigations are required. Again,
both the STINGRAY plots and the HOMER Motif Analysis are performed with all
the breakends and therefore the background breakends might obscure the
potential changes.
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Figure 5.6 Motif analysis of DNA sequence around the breakends in RPE1
parental and SMARCA4 KO cells with or without HU treatment
The HOMER motif analysis showing the top 5 known motifs that are enriched in
200bp range around the breakends (+/-100bp) in RPE1 parental line and
SMARCA4 knockout clones (SMARCA KO C9&H12) under untreated (-HU) or
hydroxyurea (+HU) treatment condition.
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5.3 Discussion
Techniques for mapping the exact genomic locations of DSB ends have been
improved rapidly recently. Here, we applied the newly developed mapping
technique INDUCE-seq, and we confirmed with AID-DIvA cells that INDUCE-seq
is a good breakend mapping technique with at least equal efficiency as BLISS.
SMARCA4 loss is related to replication stress and problems in resolving
replication stress, but it is not clear where SMARCA4 is involved in replication
stress response and what is the consequence. We applied INDUCE-seq to map
the breakends in the RPE1 SMARCA4 KO clones and the parental line with or
without HU treatment. INDUCE-seq successfully detected increased normalised
number of breakends with HU treatment compared to the untreated condition,
and we also observed some differences in the normalised numbers between the
SMARCA4 KO clones and the parental line, but it is not clear if the difference is
physiologically relevant or a normalisation artefact. We did not observe any
SMARCA4 loss and/or HU treatment specific change in terms of the genomic
distribution or the histone mark association of the breakends. However, we have
evidence that the breakends positively associate with histone modifications of
active transcriptional regulator elements, and negatively associate with
heterochromatic histone modification. Moreover, the analysis of the sequence
around the breakends revealed some slight differences of the 10bp sequence
around the breakends between the SMARCA4 KO clones and the parental line
with HU treatment. Unfortunately, insufficient recurrent breakends for analysis
limit our ability to identify patterns, and larger scale INDUCE-seq experiments are
required to have enough depth to characterise recurrent breakends. Overall, our
INDUCE-seq assays provided important proof of concept data, identified some
interesting trends of the general distributions of the breakends, suggested some
SMARCA4 loss and HU treatment specific changes in the sequence composition
around the breakends, and provided useful directions for the future experiments.
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5.3.1

INDUCE-seq as a DSB Mapping Technique

INDUCE-seq is a good DSB mapping technique and is able to detect similar
number of AsiSI sites in the 4OHT treated AID-DIvA cells as BLISS (Iannelli et al.,
2017). BLISS applies two amplification steps of the labelled breakends by in vitro
transcription from labelled breakends and PCR amplification of the final library,
and the unique breaks are distinguished with UMI deduplication during data
analysis (Yan et al., 2017). The advantage of BLISS is that each labelled
breakend has been converted into many sequensable molecules, therefore this
increases the proportion of the unique breakends sequenced as Illumina flow cell
has a certain binding efficiency (about 30% for Illumina NextSeq 500 flow cell)
(Dobbs et al., 2020). However, in vitro transcription and PCR introduce bias
because different labelled breakends are not amplified equally; particularly, we
have experienced big inter-sample and inter-batch efficiency difference for the in
vitro transcription step of BLISS. On the other hand, INDUCE-seq applies the
customised truncated P7 adapter and removes PCR amplification step to ensure
one sequence read corresponding to one specific breakend, therefore INDUCEseq eliminates the library construction and amplification bias (Dobbs et al., 2020).
This allows the direct quantification and comparison of specific breakends, for
example, calculating the off-target site efficiency of restriction enzyme or
CRISPR-Cas9 nuclease activity (Dobbs et al., 2020). In addition, no amplification
step gives an advantage of only very low sequencing capacity is required— a few
hundred thousand to a few million reads are generated for each INDUCE-seq
sample depending on the cell lines and treatments, while about 50 to 100 million
reads are generated for each BLISS sample, yet both techniques capture similar
number of AsiSI induced sites (Dobbs et al., 2020; Yan et al., 2017). However,
one breakend to one molecule also means only 30% (restricted by the flow cell
binding efficiency) of the unique breakends can be sequenced for INDUCE-seq.
This disadvantage could be potentially addressed by increasing the amount of
205

input material and generating more library for flow cell loading. Overall, both
techniques are the most advanced DSB mapping technique with their own
advantages and disadvantages, however, INDUCE-seq eliminates the library
construction bias and allows direct quantification and comparison of numbers of
specific breakends within the same samples.
There is still one major unaddressed issue with all the DSB mapping techniques,
which is the normalisation between samples for quantitative comparison
(Bouwman et al., 2020; Rybin et al., 2021). All the DSB techniques can potentially
use the number of telomere sequence reads as the endogenous breakend control
to normalise between samples. However, there has been no study yet to
investigate how reliable this normalisation method is, or whether different cell
cycle distributions could affect the normalisation. INDUCE-seq, given the
advantage of no amplification step, can potentially use the amount (mass) of final
library of each sample for normalisation, however, different library fragment sizes
between samples can introduce bias for this normalisation method. Also, the
more final INDUCE-seq library used for different quantifications, the more unique
breakends are lost, which is why we did not quantify the final library amount and
used genomic DNA input amount for normalisation in our analysis. A recent study
developed a method called qDSB-seq which applies in situ restriction enzyme
digestion to induce spike-in DSBs, and the numbers of breakend reads mapping
to these restrictive sites are used to normalise different samples (Zhu et al., 2019).
Therefore, integrating qDSB-seq into INDUCE-seq library construction pipeline
might allow accurate quantitative comparison of breakends between different
samples (e.g. with different treatments), which would greatly expand the
information we could extract from the INDUCE-seq data, and expand the
applications of INDUCE-seq.
In addition, it is still not clear why there are so many background breakends
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mapped in the cells under normal conditions. Only 0.1318% of the INDUCE-seq
reads mapped to the induced AsiSI sites and this is similar in BLISS results as
well. By estimating from the AsiSI site mapping efficiency, each AID-DIvA cell
harbours about 5,000 breakends. Specifically, on average 100,000 input AIDDIvA cells generate about 2,000,000 INDUCE-seq reads, with only 3,000 of these
reads mapping to the AsiSI sites; assuming 25 AsiSI breaks in each 4OHT treated
AID-DIvA cells and a flow cell binding efficiency of 30%, the efficiency of breakend
capture (estimated from AsiSI sites) is 3,000/(25X100,000*0.3) =0.4%; therefore,
the

2,000,000

breakend

reads

in

100,000

cells

actually

represents

2,000,000/0.4%/100,000 = 5000 breakends per cell. However, we never see
thousands of γH2AX foci in those cells and the origin of those background reads
remains unclear. It is possible that the breaks arise during processing when cells
are fixed and permeabilized with detergent. On the other hand, those breakends
could also be endogenous, for example, from collapsed replication forks or from
gene transcription, which may not associate with γH2AX foci. It will be interesting
to investigate further on the origin of those background breakends with different
treatments like transcription inhibitors, replication inhibitors and cell cycle
synchronisation. The presence of those background breakends also makes the
analysis of ‘random’ breakends induced by treatment more difficult and can
obscure the potential differences. The use of recurrent breakends is one method
for overcoming this challenge.

5.3.2

Genomic Distribution of the Breakends in RPE1 Cells

We did not find any SMARCA4 loss and/or HU treatment specific change in our
RPE1 INDUCE-seq data set in terms of the genomic locations, histone
modification or RNA transcription when considering all the breakends. However,
it has been discussed that background breakends could obscure the potential
changes and it is the next step to sequence more breakends to do the analysis
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with the recurrent breakends. Interestingly, we noticed a positive association of
breakends with active transcription regulator elements histone modifications
while a negative association with heterochromatic histone modification. Some
studies suggested the topoisomerase II mediated DSB at promoters facilitates
the gene transcription activation, which could partially explain the observation
(Calderwood, 2016). However, it is worth noting that we cannot rule out possibility
that INDUCE-seq technique has different labelling efficiencies of the breakends
in the euchromatin and heterochromatin, as it is possible that breakends around
the euchromatic active transcription regulatory elements are more efficiently
labelled by the adapters due to better accessibility. Moreover, there is no
association between the RNA-seq signal and the breakends, given the active
transcriptional regulatory elements associating with the breakends. This could be
explained by lack of overlaps of the RNA-seq signal and active regulatory element
histone modification signal as RNA-seq signal spreads over whole gene body.
However, we still cannot rule out the possibility that active transcription leads to
more DNA breakage. The transcription induced R-loop formation within the gene
body have the potential to generate the DSBs during replication (Sebastian &
Oberdoerffer, 2017). Therefore, instead of including all the breakends, it might be
more rational to analyse the breakends at specific loci with highly expressed
genes from our RNA-seq data and/or with reported R-loop signals from published
DRIP-seq data. In addition, SMARCA4 loss has been shown to cause more Rloops, so further analysis of the breakends colocalised with SMARCA4 ChIP-seq
signal may be performed (Espana-Agusti et al., 2017). Overall, our results show
some clues on the origin of those background breakends, and analysis with
recurrent breakends or specific breakend sets will provide further information.

5.3.3

Sequence Around the Breakends in RPE1 Cells

We cross-compared the presence of different 10bp sequence around the
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breakends in our RPE1 INDUCE-seq data with the STINGRAY plots. We found a
slight enrichment of a group of AT-rich 10bp sequence around the breakends in
the parental line compared to SMARCA4 KO clones under HU treatment but not
under normal conditions, which suggests more breakends in those AT-rich
sequences in the parental line over the SMARCA4 KO clones under HU treatment.
Currently, we are not clear about the implications on this finding, and the
difference itself is not dramatic, therefore, more repeats are needed to validate
this observation.
We also expand the sequence region to 200bp and looked for enriched motifs,
we identified Fos and Jun transcription factor binding motifs as the top hits in all
the samples, further supporting a potential link between the promoter region and
the breakends. Currently, we only focused on the top hits from the motif analysis,
but we can cross-compare all the significantly enriched motifs identified. In
addition, as mentioned before, the presence of background breakends could
obscure any potential change, therefore, it will be important to do the motif
analysis in the future with the recurrent breakend sets to see if we can identify
SMARCA4 loss or HU treatment related motifs.
It is worth noting that all the breakends identified from the INDUCE-seq data
processing pipeline exclude the reads from the genome blacklist including the
repetitive elements. In the future, the sequencing and the pipeline have the
potential to be modified to include breakends from repetitive elements to fully
investigate the sequence composition around the breakends.

5.3.4

Implications of the INDUCE-seq Data

As a preliminary experiment, we cannot draw any firm conclusion from our RPE1
INDUCE-seq data in terms of SMARCA4 related roles in dealing with (HU
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induced) replication stress – current results suggest SMARCA4 status and/or HU
treatment has no or minor effects on the genomic distribution of or sequence
composition around the breakends. Apart from the SMARCA4 and HU related
questions, it is interesting to follow on what is the origin of the background
breakends and why those breakends tend to happen around the active
transcriptional regulatory elements. Moreover, in terms of the DSB mapping
technique improvement, more efforts can be made to develop unbiased
normlisation methods to allow quantitative comparison of the breakends between
the samples with different treatments.
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Chapter 6 Concluding Remarks
6.1 Summary and Perspectives of our Work
The mutations and deletions of genes coding for the SWI/SNF complex subunits
occur in about 20% of cancer cases (Harrod et al., 2020; Shain & Pollack, 2013;
Wilson & Roberts, 2011). Therefore, understanding the physiological roles of the
SWI/SNF complexes and elucidating the mechanisms of the SWI/SNF complex
subunit loss in promoting tumourigenesis are crucial to develop new cancer
therapeutics to target the SWI/SNF complex subunit loss in cancer. Here, we
investigated the roles of the SWI/SNF complex subunits PBRM1 or SMARCA4 in
genome stability, chromatin organisation, innate immune signalling and
replication stress.
We characterised the mechanism of PBRM1 deficiency leading to genome
instability and innate immune signalling activation after IR treatment. PBRM1
deficiency causes defective p53-dependent p21 induction, and subsequently
defective DREAM complex target gene repression. This results in defective G2/M
checkpoint maintenance and uncontrolled mitotic progression with unrepaired
DNA damage, therefore generating micronucleated cells, and activating the
nucleic acid sensing pathway. This finding is an important step forward in
understanding the tumour suppressor roles of PBRM1, and provides insights into
new therapeutic combination of ICI treatment and DNA damaging agents in
PBRM1 deficient ccRCC cancer patients.
We also found several lines of evidence suggesting misregulated chromatin
organisation, especially (peri)centromeric region, in PBRM1 deficient cells. There
is a link between misregulated chromatin organisation and the de-repressed
repetitive elements, for which the transcriptional activation of these repetitive
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elements can activate dsRNA sensing pathway and contribute to the innate
immune signalling activation in PBRM1 deficient cancers (Mu et al., 2016). This
could be one of the mechanisms for which PBRM1 deficient ccRCC cancer
patients have better clinical outcomes with ICI treatment. It is also interesting to
further investigate if this potential repetitive element dsRNA transcriptional
misregulation in PBRM1 deficient cells is exacerbated with IR treatment and
contributes synergistically with the ruptured micronuclei induced cGAS-STING
pathway to the immune signalling activation.
In addition, we validated INDUCE-seq as an efficient DSB breakend mapping
technique and mapped the breakends in isogenic parental and SMARCA4
deficient cells with or without replication stress. This preliminary dataset alone
currently suggests that there is either no or a minor SMARCA4 deficient and/or
replication stress related breakend signature. Other ongoing projects in the
Downs’ lab have been investigating the roles of SMARCA4 in replication stress
from different perspectives and with different approaches, and these results
together will generate a full picture of the links between SMARCA4 and replication
stress.
Overall, our work contributes to better understandings of versatile roles of the
SWI/SNF complexes and provide insights into targeting the SWI/SNF complex
subunit alterations in pathological conditions. Future pre-clinical work including in
vivo mouse models is required to further validate the therapeutical potential of
our findings.

6.2 Perspectives Beyond our Work
From a broader view of the SWI/SNF complex studies, the work presented in this
thesis only sets pieces of a huge puzzle. There have been growing efforts from
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different biological perspectives including biochemistry (e.g. nucleosome binding
and sliding activity measurements), structural biology (e.g. Cryo-EM structure),
molecular biology (e.g. mechanism of R-loop clearance), and genetics (e.g.
screening for synthetic lethality) to study and understand the SWI/SNF
complexes (Bayona-Feliu et al., 2021; Chabanon et al., 2021; He et al., 2020;
Mashtalir et al., 2021). It is undoubtedly that these biological understandings from
different perspectives when taken together could provide a much clearer picture
of the roles of the SWI/SNF complexes, especially their tumour suppressor roles.
The SWI/SNF complexes have multiple identified roles in preventing
tumourigenesis from the studies in the literature and in our work. The SWI/SNF
complexes are multi-protein complexes with great compositional heterogeneity,
therefore, it is still an outstanding question to fully understand the SWI/SNF
complex tumour suppressor functions associated with specific SWI/SNF complex
subtypes, specific complex subunits and specific paralogues of each subunit. In
addition, alterations of specific SWI/SNF complex subunits in human cancer
happen in a tissue-specific manner. It is plausible to postulate that the
contributions of different tumour suppressor roles of the SWI/SNF complexes are
dependent on the characteristics of tissue origins, such as proliferative status,
tissue-specific transcriptome and metabolism. Better understandings in the
tumourigenic roles of specific SWI/SNF complex alterations in different contexts
would provide valuable insights in the expanded applications of current
therapeutics as well as in the development of new therapeutics.
Indeed, many efforts have been devoted to develop cancer therapeutics targeting
the SWI/SNF complex subunit loss. One of the challenges or common missing
factors is that tumourigenic roles of specific SWI/SNF complex subunit alterations
are likely to change over time during tumour development and evolution, which
could contribute to the differential clinical outcomes of the same treatment in
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patients with different disease stage and/or treatment history. Future
comprehensive studies taking this factor account are required to more precisely
target the SWI/SNF complex subunit loss in cancer. Another challenge is the
druggability of the synthetical lethal targets of the SWI/SNF complex subunit
alterations. Despite some of these targets are classified as undruggable, the
development of orthogonal targeting approaches other than small molecule
inhibitors, for example PROTAC, makes targeting these undruggable synthetical
lethal targets possible (Farnaby et al., 2019). In addition, there are still gaps
between the molecular characterisations and the clinical validations of potential
SWI/SNF targeting strategies. In some cases, the clinical benefits observed from
clinical trials, when specific SWI/SNF complex subunit is lost, still lack clear
molecular mechanisms, while in some other cases, potential therapeutics with
characterised molecular mechanisms are still in early pre-clinical stage and lack
clinical evidence (Braun et al., 2020; Braun et al., 2019; Chabanon et al., 2021;
Xue, Meehan, Fu, et al., 2019; Xue, Meehan, Macdonald, et al., 2019). Therefore,
increasing collaborations between the biological and the clinical fields are
required to better study and understand how to target the SWI/SNF complex
subunit loss in cancer.
Nevertheless, the SWI/SNF complex subunit loss happens frequently in cancer,
and is therefore promising therapeutic target. With the growing research inputs
from different fields, increasing amount of cancer therapeutics targeting
vulnerabilities associated with the SWI/SNF complex subunit loss in human
cancer will be developed and applied in patients to fight against cancer in the
near future.
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