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Abstract 
	
In order to prevent the deleterious effects of a variety of genotoxic agents, 

cells have developed complex surveillance mechanisms and multiple DNA 

repair pathways that allow them to maintain genome integrity. The 

deubiquitinase Ubiquitin Specific Protease 9X (USP9X) contributes to 

genome stability during DNA replication and chromosome segregation. 

Depletion of USP9X leads to DNA double strand breaks, some of which are 

triggered by replication forks collapse and impaired checkpoint response.  

 

Here we identify USP9X as a novel regulator of homologous recombination 

(HR) DNA repair in human cells. Using a cellular HR reporter assay, 

irradiation induced focus formation assays and colony formation assays we 

show that USP9X is required for efficient HR.   

 

Mechanistically, we find that USP9X is important to sustain the expression 

levels of key HR factors, namely BRCA1 and RAD51 through non-canonical 

regulation of their mRNA abundance. Intriguingly, we find that USP9X 

contribution to BRCA1 and RAD51 expression and function in DSB DNA 

repair is not strictly reliant on its known catalytic activity. Thus, this work 

identifies a novel layer of regulation of HR involving USP9X and potentially 

identifies a catalytically independent function of USP9X.   
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Chapter 1: Introduction 

1.1 An introduction to ubiquitination 
 Ubiquitination is a post-translational modification (PTM) in which ubiquitin, 

a small 76 amino acid protein, is added onto a substrate. The discovery of this 

modification began with interest in the chromosomal protein, A24. In a 

seminal paper by Goldknopf, the A24 protein was described as a two-part 

protein complex, one part the histone H2A, and the other an unknown non-

histone protein (Goldknopf and Busch, 1977). It was suggested that the 

linkage of H2A to this non-histone protein altered the function of the two 

proteins in some manner. In the same year, similarities between this non-

histone component and a protein named ubiquitin were drawn and it was 

realised that the non-histone protein modifying H2A was in fact ubiquitin 

(Hunt and Dayhoff, 1977). The following decade unveiled the importance of 

this modification, as ubiquitination was shown to facilitate proteolysis of its 

associated proteins (Ciechanover et al., 1980; Hershko et al., 1980; Wilkinson 

et al., 1980). Since then, there has been significant investigation into ubiquitin 

revealing it to be a highly complex and dynamic signal with several roles 

outside of proteolysis.  

 

Ubiquitin proteins are initially expressed as inactive precursors. In humans 

these precursors are translated from four distinct genes, UBA52, UBA80, UBB 

and UBC. UBA52 and UBA80 encode for a single ubiquitin moiety 

conjugated to a ribosomal protein, while UBB and UBC express linear fusions 

of multiple ubiquitin moieties followed by a C-terminal amino acid extension. 

The reason for expressing ubiquitin as various precursors is not well 

understood, however, it is hypothesised that ubiquitin is generated in 

precursor form in order to prevent undesired conjugation to substrates during 

its translation (Callis, 2014).  Proteolysis of these inactive precursors 

generates free ubiquitin which can then be used to modify substrates.  

 

Ubiquitination of protein substrates with free ubiquitin and the regulation of 

this modification involves a complex system implicating over 1000 different 

proteins (Clague et al., 2015). Ubiquitination typically occurs through a three-
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step enzymatic cascade. First, an E1 ubiquitin-activating enzyme hydrolyses 

ATP to bind and activate ubiquitin. The E1 enzyme then interacts with an E2 

ubiquitin-conjugating enzyme allowing the ubiquitin to be transferred to the 

E2 catalytic site through the formation of a thioester bond. An E3 ligase then 

simultaneously interacts with the ubiquitinated E2 enzyme and a substrate, 

facilitating the transfer of ubiquitin through the formation of an isopeptide 

bond (Zheng and Shabek, 2017) (Fig. 1a).  Ubiquitin is typically added 

initially as a single moiety forming a mono-ubiquitinated substrate. This 

ubiquitin can be further ubiquitinated in a successive manner at any of the 

seven-lysine residues (K48, K63, K11, K27, K33, K6, K29) or the amino 

terminal methionine (M-1) present within ubiquitin to form various 

homotypic polyubiquitin chains (Fig. 1 B).  
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Figure 1.1: The ubiquitination process.  

A) The enzymatic cascade that leads to ubiquitination. An E1 ubiquitin-activating 
enzyme hydrolyses ATP to bind and activate ubiquitin. The E1 enzyme then interacts 
with an E2 ubiquitin-conjugating enzyme and transfers the ubiquitin to the E2 
catalytic site. An E3 ligase interacts with the ubiquitinated E2 enzyme and a 
substrate, facilitating the transfer of ubiquitin either directly on to the substrate or in 
an indirect manner in which the E3 forms an intermediate bond with the ubiquitin. 
B) The various types of linkages that can be formed through the 7 lysine residues in 
ubiquitin (K48, K63, K11, K27, K33, K6, K29) or the N-terminal methionine (M-
1). These chains can be further modified with ubiquitin linked with a different lysine 
giving rise to a mixed or branched chain. Ubiquitin chains can also be subjected to 
PTMs with ubiquitin like molecules such as SUMO or NEDD8 and small chemical 
groups such as phosphates and acetyl groups. A) is adapted from (Woelk et al., 
2007).   
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While most ubiquitination events occur in a processive manner, via the 

aforementioned 3-step enzymatic cascade, there is some evidence that 

ubiquitination can also occur using pre-synthesised ubiquitin chains. 

Ubiquitination by the UBE2G2 (E2) and GP78 (E3) complex has been shown 

to occur by the transfer ‘en bloc’ of polyubiquitin chains from the UBE2G2 

catalytic site (Li et al., 2007). The requirement of an E3 enzyme also appears 

to be less stringent in substrates containing particular ubiquitin binding 

domains (Hoeller et al., 2007).    

 

The specificity of ubiquitination is generally reliant on E3 ligases. These 

enzymes typically determine the substrate to be modified and the type of 

chain type which is generated. In accordance with this role there are over 600 

different types of E3 enzymes present in human cells (Li et al., 2008). These 

E3 ligases can be characterised into four structurally distinct classes; RING 

(really interesting new gene); HECT (homologous to the E6AP carboxyl 

terminus), and the most recent class, RING-IBR (in-between RING)-RING  

(Zheng and Shabek, 2017). All three classes identify the substrates to be 

ubiquitinated through specific interactions with domains on those substrates, 

however, the mechanism by which ubiquitin is transferred on to the substrate 

and the determination of chain type varies. 

 

The RING E3 ligases are the largest family of E3 enzymes. Members of this 

family are characterised by their RING or U-box fold catalytic domain, which 

facilitates the direct transfer of ubiquitin from the conjugated E2 to the 

substrates (Deshaies and Joazeiro, 2009). Some RING E3 ligases are 

composed of multiple subunits. The cullin ring ligases are a large group of 

such ring ligases. A cullin protein is at the core of these complexes and acts 

as a scaffold for the complex. At its C terminus the cullin protein is bound by 

a ring box protein and the N terminus is bound by an adaptor protein which 

links a substrate receptor to the complex. The ring box protein recruits an E2 

enzyme to facilitate the transfer of ubiquitin on to a specific target engaged 

by the substrate receptor (Petroski and Deshaies, 2005). The type of ubiquitin 

signal formed by RING E3 ligases is generally determined by the associated 

E2. In some instances one E2 enzyme may generate the initial monoubiquitin 
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modification and an alternative E2 is recruited to extend this into a 

polyubiquitin chain (Heride et al., 2014).  

 

The HECT E3 ligases are distinct from RING E3s as they transfer ubiquitin 

from the E2 onto substrates indirectly, first forming a thioester linked 

intermediate with ubiquitin prior to its transfer on to the substrate 

(Padmanabhan et al., 2017). Approximately 30 HECT E3 ligases have been 

identified. The third class of E3 ligases, RING IBR RING are the least 

abundant E3 enzymes. This class has been described as a RING-HECT hybrid 

class of E3 ligases as they contain two ring finger domains but similar to 

HECT E3 ligases, they can form intermediates with ubiquitin prior to 

substrate transfer. The types of ubiquitin chains generated by both these 

classes of E3 ligases is determined by their C-terminal catalytic domains 

(Padmanabhan et al., 2017).  

 

1.2 The types of ubiquitin chains and their functions  
The conformations adopted by each of the different types of ubiquitin 

modifications are distinct. These conformations are recognised by specific 

ubiquitin binding domains (UBDs) found in various proteins and as a result 

they can have varying outcomes on substrate fate (Heride et al., 2014; Ye et 

al., 2012). One of the most well characterised ubiquitin signals are K48 

polyubiquitin chains. These chains are highly abundant, constituting >50% of 

all ubiquitin modifications (Peng et al., 2003) and have been extensively 

studied for their role in marking substrates for proteasomal degradation 

(Swatek and Komander, 2016). In studies looking at ubiquitin chain 

abundance, a clear increase in K48 chains is observed after proteasomal 

inhibition (Jacobson et al., 2009; Xu et al., 2009). This, in combination with 

the numerous reports of K48 chains marking substrates for proteasomal 

degradation, demonstrates that protein turnover is a key function of this chain 

type. However, an additional non-degradative role for K48 chains was 

recently identified in yeast. In Saccharomyces cerevisiae, it was shown that 

the E3 ligase, SCFmet30 carries out inhibitory K48 ubiquitination of the 

transcriptional activator Met4. While this ubiquitination affected the activity 
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of Met4, its stability was unaffected, indicating that K48 chains may have 

additional non-degradative roles (Flick et al., 2004).  

 

The K63 polyubiquitin chains have well-established non-degradative roles in 

several signalling pathways (Deng et al., 2000). For example, during the DNA 

damage response (DDR), K63 chains are generated by RNF8 on histones 

surrounding the double strand break (DSB) and act as a recruitment platform 

for various DNA repair proteins (Huen et al., 2007). The role of K63 chains 

in protein turnover is unclear. Several proteomic studies assessing chain 

abundance during proteasomal inhibition demonstrated that K63 chains, in 

contrast to multiple other ubiquitin chains, do not accumulate upon short term 

proteasome inhibition (Jacobson et al., 2009; Xu et al., 2009). This would 

suggest that K63 chain ubiquitination is not a potent signal for proteasomal 

degradation, however, a recent in vivo study demonstrated that K63 chains, 

present in heterotypic chains with K48, could induce proteasomal degradation 

of substrates (Ohtake et al., 2018). In addition, there are a number of reports 

of K63 induced lysosomal degradation, implicating K63 chains in protein 

stability regulation as well as signalling (Olzmann and Chin, 2008; Tan et al., 

2008).  

   

K11 linked polyubiquitin chains have multiple functions. Marking substrates 

for proteasomal degradation is a well-defined role of K11 chains. In the 

aforementioned proteomic studies K11 chains were shown to accumulate 

upon proteasome inhibition (Jacobson et al., 2009; Xu et al., 2009). In 

addition, branched forms of K11 chains were shown to be potent proteasomal 

degradation signals (Meyer and Rape, 2014). The function of these chains 

appears to be particularly important during mitosis. In HeLa cells, using a 

K11 specific antibody, it was shown that K11 chains, barely detectable in 

asynchronous and interphase cells, significantly increase during mitosis. This 

up regulation of K11 chains was found to be reliant on the E3 ligase complex 

APC/C which induces the proteasomal degradation of cell cycle regulators 

such as aurora A and cyclin B (Matsumoto et al., 2010). There is also some 

evidence for a role of K11 polyubiquitin chains in endoplasmic reticulum-

associated degradation (ERAD). ERAD is a quality control system which 
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checks cell surface proteins ensuring that any misfolded or incorrectly 

glycosylated proteins undergo proteasomal degradation. K11 chains 

accumulate in the presence of endoplasmic reticulum stress (ER), suggesting 

they may be implicated in the subsequent ERAD (Xu et al., 2009). 

 

K11 chains have also been implicated in non-proteasomal mediated protein 

degradation. The K11 linkage specific deubiquitinating enzyme, Cezanne 

(Bremm et al., 2010; Mevissen et al., 2013) was shown to regulate the protein 

levels of the hypoxia response protein HIF-1a independent of the proteasome 

(Bremm et al., 2014). Loss of Cezanne resulted in a decrease in HIF-1a 

protein levels that was unaffected by proteasomal inhibition but could be 

rescued by the co-depletion of the AAA+ ATPase p97, a key regulator of 

various protein degradation pathways. In addition, another study looking at 

the effect of Cezanne depletion on HIF-2a showed that the loss of Cezanne 

decreased the levels of the transcription factor E2F1, also in a proteasome 

independent manner (Moniz et al., 2015). These findings suggest that K11 

polyubiquitin chains may also be a signal for alternative degradation 

pathways.   

 

Finally, K11 chains are also thought to have non-degradative roles in the 

regulation of signalling pathways. RIP1, a kinase implicated in the 

TNF/NFkB signalling pathway is rapidly modified with K11 ubiquitin chains 

in response to NFkB activation. K11 chains were also shown to interact with 

NEMO, a modulator of this signalling cascade, suggesting that K11 

ubiquitination may play a role in the signal transduction of this pathway 

(Dynek et al., 2010).  

 

Evidence for the roles of K27, K33, K6, K29 and linear linked M-1 chains is 

less abundant. K29 chains in conjunction with K33 chains have been 

implicated in regulating the activity of AMPK kinases, NUAK1 and MARK4. 

It was shown through overexpression of mutant ubiquitin proteins unable to 

form particular chains that NUAK1 and MARK4 are polyubiquitinated with 

K33 and K29 chains. Inhibiting the deubiquitination of these chains decreased 
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the phosphorylation capacity of both enzymes suggesting these chains 

negatively regulate NUAK1 and MARK4 kinase activity (Al-Hakim et al., 

2008). K29 chains have also been shown to negatively regulate WNT 

signalling by preventing interactions between receptors and Axin, a key 

scaffolding protein in the pathway (Fei et al., 2013). In addition, during 

proteasomal stress, proteasomes are adorned with K29 linkages preventing 

interactions between the ubiquitin receptor RPN13 and substrates. (Besche et 

al., 2014).  

 

As well as a role in regulating AMPK signalling, K33 chains have also been 

shown to play a role in regulating protein localisation. Modification of the 

actin regulator Coronin 7 with K33 chains was shown to promote its 

localisation to the trans-golgi network (Yuan et al., 2014). Similar to K63 

chains, K27 chains have been implicated in protein recruitment during the 

DDR. In response to DNA DSB formation, K27 chains are generated on local 

histones by the E3 ligase RNF168. This ubiquitination facilities the 

recruitment of early response factors in the DDR (Gatti et al., 2015).  

 

The most well-established role of K6 chains is in the degradation of damaged 

mitochondria through mitophagy. Although the exact role of K6 chains in this 

process remains unclear, it has been shown that replacement of K6 chains 

with K6 mutants unable to form chains resulted in reduced mitophagy 

(Ordureau et al., 2015).  

 

M-1 linked or linear ubiquitin chains were the last type of homotypic 

ubiquitin chains to be discovered. These ubiquitin signals are unique as they 

are formed using the amine group of the N-terminal methionine as opposed 

to a lysine side-chain amino group. A key role of M-1 chains is activation of 

the transcription factor NF-kB. Activation of NF-kB is reliant on the 

degradation of the inhibitor of NF-kB (IkB). This degradation requires prior 

phosphorylation by the IkB kinase (IKK) complex, consisting of two IKK 

kinases and a regulatory subunit, NEMO. Interaction of NEMO with M-1 
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ubiquitin chains was shown to be essential for degradation of IkB and 

subsequent NF-kB activation (Rahighi et al., 2009).  

 

Ubiquitin modifications are dynamic and can be subjected to further editing 

or removal. One such modification that can occur to homotypic chains is the 

addition of more ubiquitin using different lysine linkages to form a 

heterotypic signal (Fig 1b).  These heterotypic modifications can have either, 

a continuous chain architecture, when only one ubiquitin lysine continues to 

be modified or a branched structure when multiple lysines on the one 

ubiquitin residues are modified (Mevissen and Komander, 2017). Ubiquitin 

signals can also be modified with other ubiquitin like proteins (UBLs) such 

as SUMO, NEDD8, ISG15 or small chemical modifications such as 

phosphorylation and acetylation adding another layer of fine tuning to this 

PTM (Mevissen and Komander, 2017).  
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1.3 Deubiquitinases  
Editing and removal of the ubiquitin signal is performed by a group of 

enzymes known as deubiquitinases (DUBs). These enzymes possess protease 

activity that allows them to hydrolyse the bonds conjugating ubiquitin to other 

ubiquitin molecules or substrate proteins thereby altering the fate of those 

substrates. DUBs are also responsible for maintaining the pool of free 

ubiquitin. This pool is maintained through the cleavage of bonds in ubiquitin 

chains and cleavage of ubiquitin precursors. The DUBs UCHL3, USP9X, 

USP7, USP5 and OTULIN have high affinity for cleavage of these precursors 

(Grou et al., 2015).  

 

The mechanism by which cleavage is performed can vary between DUBs. 

Depending on the architecture of the catalytic domain, cleavage can start at 

the end or in the middle of the ubiquitin chain. Cleavage starting at the end of 

the chain (Exo-cleavage) only requires the DUB to be able to bind one 

ubiquitin proximal to the catalytic site. In contrast, cleavage in the middle of 

the chain (endo-cleavage) requires interaction with two ubiquitin molecules 

(Komander et al., 2009a). Another difference between DUBs are the factors 

influencing their specificity. While some DUBs only have activity against 

specific chain types or lengths, others can cleave multiple chain types and 

instead restrict their action to specific substrates through substrate interacting 

domains.  

 

DUBs are localised throughout the cell. A systematic localisation study of 

GFP tagged DUBs revealed them to be abundant in both the nucleus and 

cytoplasm (Urbé et al., 2012). DUBs have also been shown to be present at 

specific subcellular structures. For example, USP36 which is thought to 

regulate the stability of RNA Pol I was shown to localise to the nucleoli  

(Richardson et al., 2012; Urbé et al., 2012). Two DUBs, USP30 and USP19 

have also been shown to contain transmembrane domains that allow them to 

localise to cellular membranes (Hassink et al., 2009b; Nakamura and Hirose, 

2008). In addition, PSMD14, USP14 and UCHL5 have been shown to be 
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associated with the proteasome where they are required for efficient 

degradation of target substrates (de Poot et al., 2017).   

 

To date, there are 99 identified DUBs which have been identified in humans 

(Clague et al., 2019). These can be classified into seven structurally distinct 

families: ubiquitin specific proteases (USP); ovarian tumour proteases 

(OTU); JAB1/MPN/MOV34 (JAMM); Josephins, ubiquitin COOH-terminal 

hydrolases (UCH); the recently discovered MIU-containing novel DUB 

(MINDY); and Zinc finger containing ubiquitin Peptidase 1 (ZUP1).  The 

JAMM family of DUBs are unique in that they are metalloproteases which 

require association with a zinc co-factor in order to carry out ubiquitin 

cleavage. All other DUBs discovered thus far are cysteine proteases which 

typically execute cleavage using a catalytic triad of a histidine, cysteine and 

either a aspartate or arginine residue (Clague et al., 2013; Clague et al., 2019).  

 

With 56 members identified, USPs are the largest family of DUBs (Clague et 

al., 2019). The majority of DUBs in this family do not cleave specific chains 

but contain protein interaction domains that allow them to interact with and 

deubiquitinate specific proteins. There are two exceptions to this rule, CYLD 

and USP30 which have been shown to preferentially cleave K63 or M-1 and 

K6 chains respectively (Cunningham et al., 2015; Komander et al., 2008; 

Komander et al., 2009b). This family of DUBs also contains a small number 

of DUBs that carry out functions independent of ubiquitin cleavage. USP52 

and USP36 are both pseudo-DUBs which lack a catalytic cysteine but have 

been shown to regulate mRNA stability and pre-mRNA splicing respectively 

(Bett et al., 2013; Makarova et al., 2001; Van Leuken et al., 2008). 

Interestingly, USP19 a DUB responsible for deubiquitinating and stabilising 

a number of substrates has also been shown to regulate HIF-1a in a non-

catalytically dependent manner demonstrating that DUBs in this family can 

have both catalytic and non-catalytic functions (Altun et al., 2012).  

 

In contrast to USP DUBs other classes of DUBs contain proteases with 

specificity for particular chain types. For example, most of the JAMM 
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proteases discovered thus far appear to be selective towards K63 ubiquitin 

chains (McCullough et al., 2004; Ritorto et al., 2014; Sato et al., 2008) and 

MINDY DUBs preferentially cleave K48 ubiquitin chains (Abdul Rehman et 

al., 2016).  Interestingly the OTU family of DUBs contain enzymes which 

display different selectivity to one or more chain types (Mevissen et al., 

2013).  

 

To enhance the complexity of this system even further, DUBs are also subject 

to regulation. Regulation of deubiquitination allows even further fine tuning 

of the ubiquitin system, ensuring ubiquitin signals are present at the right 

place, and the right time. DUBs are regulated through modulation of their 

abundance, localisation and activity. The process by which DUB abundance 

can be regulated is probably best exemplified by the highly controlled A20. 

A20 is thought to have both deubiquitinating and ubiquitinating activities 

responsible for modulating NFkB signalling (Wertz et al., 2004). A20 protein 

abundance is regulated through both transcription and post-translational 

mechanisms. In response to TNF signalling activation NF-kB can rapidly 

induce expression of the A20 encoding gene (Dixits et al., 1990). Post-

translationally the levels of A20 have been shown to be reduced by 

proteasomal degradation, as well as cleavage by the caspase related cysteine 

protease MALT1 (Coornaert et al., 2008; Shrikhande et al., 2010). The 

multiple mechanisms by which DUB abundance can be rapidly adjusted 

demonstrate the importance of this regulation. 

 

The modulation of DUB localisation is another mechanism by which DUBs 

are regulated. One way DUB localisation is influenced is by domains within 

the DUB which interact with specific subcellular compartments or protein 

complexes. For example, USP19 is localised to the ER membrane via its 

transmembrane domain (Hassink et al., 2009a). DUBs are also subject to 

various PTMs, and there are a number of DUBs whose localisation is affected 

by phosphorylation. The phosphorylation of USP10 by ATM in response to 

DNA damage has been shown to facilitate USP10 transportation to the 

nucleus in order to deubiquitylate and stabilise p53 (Yuan et al., 2010). The 
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phosphorylation of OTUB1 and ATXN also enables their entry into the 

nucleus (Herhaus et al., 2015; Mueller et al., 2009). Additionally, 

phosphorylation can negatively regulate nuclear entry, as in the case of USP4, 

whose phosphorylation by AKT causes USP4 to change localisation from the 

nucleus to the cytoplasm (Zhang et al., 2012).  

 

The policing of DUB catalytic activity is also heavily impacted by PTMs.  

Phosphorylation, ubiquitination, and sumoylation can negatively and 

positively influence the activity of DUBs. The phosphorylation of OTUD5 at 

Ser177 was shown to be necessary for its activation (Huang et al., 2012). 

Intriguingly the phosphorylation of OTUD4 was shown to change the 

specificity of the DUB from K48 to K63 chains (Zhao et al., 2018). There are 

also reports of phosphorylation reducing DUB activity, for example the 

mutation of a phosphorylation site in USP8 was shown to enhance its catalytic 

activity towards ubiquitin chains (Mizuno et al., 2007). The addition of 

ubiquitin and UBL moieties can also regulate DUB activity. Using an in-vitro 

deubiquitination assay Kobayashi et al. demonstrate that the ability of CYLD 

to cleave ubiquitin chains is enhanced upon mutation of a known sumoylation 

site, suggesting sumoylation has negative impacts on CYLD deubiquitinase 

activity (Kobayashi et al., 2015). Finally, mono-ubiquitination of the DUB 

ATXN was shown to enhance its activity by locking it in an active state 

configuration (Faggiano et al., 2015).  

 

The multi-faceted regulation of ubiquitination and deubiquitination 

demonstrates the importance and tunability of this complex signalling system.  
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1.4 Genomic instability and the DNA damage response  

1.4.1 An introduction to genome stability  

Genomic instability is a broad term which refers to a state in which the 

likelihood of alterations to the normal DNA sequence is enhanced. These 

alterations range from base pair changes to large-scale chromosomal 

rearrangements. Genomic instability can have catastrophic effects on the cell, 

resulting in changes in protein expression and further alterations to the DNA 

sequence. One of the major causes of genomic instability is DNA damage. As 

a consequence, cells have evolved complex surveillance and repair pathways 

to prevent the accumulation of DNA damage (Aguilera and García-Muse, 

2013; Sancar et al., 2004).  

 

The most deleterious type of DNA damage are DNA double strand breaks 

(DSBs). DSBs can be caused by exogenous sources such as g-irradiation (g-

IR) or endogenous sources such as replication stress, DNA-RNA hybrids 

formed during transcription, errors in chromosome segregation and oxidative 

stress (Sharma et al., 2016; Stirling et al., 2012; Straight et al., 2003; Zeman 

and Cimprich, 2014a). DBSs are dangerous as they can result in 

translocations or DNA mutations if incorrectly repaired. Upon formation of a 

DSB, the lesion is quickly detected by sensor proteins and signalling through 

a number of transducer and mediator proteins, leads to the induction of the 

appropriate response by effector proteins. The response induced can include 

alterations of transcription, stalling of cell proliferation, DNA repair, or cell 

death depending on the extent of the DNA damage (Sancar et al., 2004).   

 

Repair of DSBs occurs through two main pathways, classical non-

homologous end joining (C-NHEJ) or homologous recombination (HR). 

NHEJ is a homology independent method of repair which relies on KU, 

DNA-PK and LigIV to carry out minimal processing and ligation of the 

broken DNA ends (Chiruvella et al., 2013). HR is a high-fidelity method of 

repair, which orchestrates repair using a plethora of different proteins and a 

homologous DNA sequence. In addition to these classical repair pathways 

DSBs can also be repaired by alternative end joining (alt-EJ, also known as 



	 28	

micro-homology mediated end joining (MMEJ)), and single stranded 

annealing (SSA). Alt-EJ varies from C-NHEJ in that it takes place after 

resection, is reliant on small sequences of homology and is KU and DNA-PK 

independent. SSA occurs when the DSB ends are resected to reveal large 

sections of homology. During this method of repair, the homologous strands 

anneal and the intervening sequence is lost (Ceccaldi et al., 2016; Mehta and 

Haber, 2014). 

 

A number of different factors dictate the pathway chosen for repair. One of 

the major factors considered is the cell cycle stage. HR requires a homologous 

template and so cannot occur during the pre-replicative phases. In order to 

prevent HR in G1 where no homologous sister chromatids are present, DSBs 

are bound by NHEJ associated factors, KU and 53BP1 which inhibit HR by 

preventing the DNA resection required to initiate HR. KU and 53BP1 

abrogate resection by blocking the association of the nucleases MRE11 and 

CTIP, respectively (Cheng et al., 2011; Isono et al., 2017).  

 

Repair of DSBs by high-fidelity HR is critical for maintenance of genome 

stability. The importance of HR in genome stability is highlighted by the high 

frequency of mutations of players in this pathway observed in ovarian cancers 

(Bell et al., 2011). In addition, numerous reports have demonstrated the 

tumour suppressive role of BRCA1 and BRCA2, proteins critical for proper 

HR repair. Defects in meiotic HR have also been associated with congenital 

disorders and fertility impairment (Alves et al., 2017). The issues observed 

upon HR deficiency illustrate the importance of this repair pathway.  

1.4.2  The mechanism of HR repair of DSB 

Most of our knowledge on the mechanisms and proteins involved in HR 

repair have arisen from studies performed on yeast, however, human 

homologs have now been found for most of the key proteins. Unless 

otherwise stated, the descriptions below pertain to the mechanisms and 

proteins observed in human cells.  
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HR can be divided into three stages: 1) pre-synapsis, a stage where signalling 

and PTM of local chromatin facilitates recruitment of repair proteins; 2) 

synapsis, the invasion of the repair template by the damaged DNA, forming 

a DNA duplex; and 3) post-synapsis, the resolution of the duplex and 

completion of repair.  

 

In the pre-synapsis phase, one of the first proteins recruited to the DSB is the 

sensor poly (ADP-ribose) polymerase (PARP). PARPs are enzymes 

responsible for post-translationally modifying proteins with polymers of 

ADP-ribose (PAR) units, a process known as PARylation. Less than one 

second after DSB induction by micro-irradiation, PARP1 can be detected at 

the sites of DNA damage (Haince et al., 2007). Binding of PARP1 to the 

damaged DNA induces a conformational change in PARP1 that enhances its 

activity (Langelier et al., 2012). The main targets of activated PARP1 are 

itself and the amino terminus of core histones; H2A (K13), H2B (K30), H3 

(K27 and K37) and H4 (K16) (D’amours et al., 1999; Messner et al., 2010). 

PARylation of histones and the presence of PARP1 at the DSB facilitates the 

recruitment of a number of PAR binding motif containing proteins implicated 

in both NHEJ and HR (Beck et al., 2014).  

 

In HR, PARP1 is required for the timely recruitment of nijmegen breakage 

syndrome protein 1 (NBS1) and Meiotic Recombination 11 Homolog 

(MRE11), key components of the MRE11-RAD50-NBS1 (MRN) complex  

(Haince et al., 2007) (Fig. 2). The MRN complex has pleiotropic functions in 

HR. RAD50 and NBS1 are DNA binding proteins capable of binding dsDNA 

and histone H2AX, and MRE11 is an exonuclease with 3’-5’ activity 

(Kobayashi et al.; Majka et al., 2012; Myler et al., 2017). Through the action 

of RAD50, the MRN complex has been shown to bind dsDNA and scan the 

DNA for broken ends. If ends are bound by the NHEJ factor KU80, MRE11 

can promote HR by displacing the inhibitory KU80 through two 

endonucleolytic cuts (Myler et al., 2017).  

 

The MRN complex also facilitates the recruitment and activation of ATM, 

one of the key signal transducers in this pathway. NBS1 interacts with the 
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kinase ATM via its C-terminus in order to recruit ATM  to the sites of DSBs 

(Falck et al., 2005). The interaction between ATM and NBS1 is important in 

maximising and sustaining ATM activity at the DSB (Dupré et al., 2006; 

Hartlerode et al., 2015). Whilst at the DSB, ATM phosphorylates a number 

of substrates in order to amplify the signalling pathway. One of the substrates 

phosphorylated by ATM is H2AX (Burma et al., 2001). Phosphorylation at 

Ser139 of H2AX, also known as g-H2AX, occurs rapidly after DSB formation 

and is generated on megabase stretches of nucleosomes flanking the DNA 

DSB (Savic et al., 2009).  

 

The presence of g-H2AX triggers the formation of a PTM chromatin platform 

essential for the recruitment of downstream factors. MDC1 is an adaptor 

protein key in facilitating construction of this platform. MDC1 is recruited to 

the DSB via a direct interaction between its BRCT domain and g-H2AX. The 

association of MDC1 to the DSB has multiple consequences. MDC1 can 

directly interact with ATM facilitating its retention at the DSB and 

propagation of  g-H2AX (Maréchal and Zou, 2013; Stewart et al., 2003). In 

addition, MDC1 interacts with and recruits the E3 ligase, RNF8 (Huen et al., 

2007).  

 

In a complex with the E2 enzyme UBC13, RNF8 is responsible for modifying 

the H1 linker histones and RNF168-interacting protein lethal (3) malignant 

brain tumour-like protein 2 (L3MBTL2) with K63 polyubiquitin chains 

(Nowsheen et al., 2018; Thorslund et al., 2015). The E3 ligase HERC2, 

facilitates this ubiquitination in a catalytically independent manner by 

mediating the interaction between RNF8 and UBC13, while the DUB OTUB1 

also in a catalytically independent manner inhibits the reaction through 

binding to UBC13 preventing its interaction with RNF8  (Bekker-Jensen et 

al., 2010; Nakada et al., 2010). A second E3 ligase, RNF168 is recruited to 

these K63 chains through its ubiquitin binding domain, this E3 ligase expands 

the ubiquitin platform by adding more K63 chains and monoubiquitin to 

K13/15 of H2As (Mattiroli et al., 2012; Thorslund et al., 2015). RNF168 has 

been shown to also add K27 chains on H2As (Gatti et al., 2015). The 
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ubiquitination of H1s and H2As by RNF8 and RNF168 facilitates the 

recruitment of numerous repair proteins including 53BP1, RAP80, and 

additional E3 ligases RAD18 and RNF169 (Gatti et al., 2015; Hu et al., 2012; 

Inagaki et al., 2011; Mattiroli et al., 2012; Poulsen et al., 2012).  

 

H2As can also be ubiquitinated by the E3 ligase BRCA1 in complex with its 

binding partner BARD1 at K125, K127 and K129 (Densham et al., 2016; 

Hashizume et al., 2001). This ubiquitination is important for the repositioning 

of 53BP1, which alleviates constraints on DNA end resection (Densham et 

al., 2016). In addition, ubiquitination of histones with K11 chains by RNF8 

and UBE2S can induce transcription silencing in area surrounding the break 

(Paul and Wang, 2017). Finally, in response to g-IR the E3 ligase complex 

RNF20–RNF40 monoubiquitylates H2B at K20 and this is believed to 

facilitate chromatin relaxation enhancing accessibility of repair factors 

(Fuchs and Oren, 2014; Moyal et al., 2011; Nakamura et al., 2011).  

 

A number of different DUBs are required to counteract these ubiquitin signals 

and are thus important for proper HR repair. The DUB USP22 reverses RNF8 

K11 ubiquitination, allowing proper g-H2AX formation (Moyal et al., 2011; 

Ramachandran et al., 2016). The JAMM protease BRCC36 also plays a role 

in modulating the UB signal at DSBs. This DUB acts in a complex with 

ABRAXAS1, RAP80, BRCC45, MERIT40 and BRCA1 (BRCA1 A 

complex, see Table 1.1) to limit the presence of K63 polyubiquitin chains 

(Clague et al., 2019; Shao et al., 2009). Recruitment of this complex to DSBs 

is facilitated by RAP80, which contains a UBD capable of binding K63 chains 

(Sobhian et al., 2007). USP51 and USP48 function at DSBs to reverse the 

monoubiquitinated histones formed by RNF168 and BRCA1 respectively 

(Uckelmann et al., 2018; Wang et al., 2016).   

 

Another key event in the pre-synaptic phase of HR is the resection of the 

DSB, which is performed by the concerted action of a number of nucleases, 

including MRE11, CtIP, EXO1 and DNA2. It has been suggested that CtIP 

and MRE11 perform initial limited resection on the DSB, generating a 
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substrate for further resection by the long range endonucleases, DNA1 and 

EXO1 (Eid et al., 2010; Nimonkar et al., 2011). The speed of the initial 

resection is finetuned by the BRCA1 C complex, which consists of BRCA1 

and CtIP (Table 1.1) (Cruz-García et al., 2014). Generation of ssDNA by 

resection commits the DSB to HR repair (Symington and Gautier, 2011). In 

order to protect this ssDNA from degradation and the formation of secondary 

structures it is bound by the multimeric replication protein A (RPA) (Bélanger 

et al., 2018; Chen et al., 2013). To facilitate strand invasion, RPA is replaced 

with the ATP-dependent recombinase RAD51, forming a RAD51 

nucleoprotein filament (NPF). This replacement is carried out by BRCA2, 

which is recruited to the DSB in a BRCA1 D complex also containing 

BRCA1 and PALB2 (Table 1.1) (Savage and Harkin, 2015; Zhang et al., 

2009). The formation of this complex is reliant on USP11 which 

deubiquitinates mono-ubiquitin placed on PALB2 during G1 phase of the cell 

cycle (Orthwein et al., 2015). BRCA2 promotes RAD51 ssDNA association 

through the binding of multiple RAD51 proteins and ssDNA (Jensen et al., 

2010). The recruitment of RAD51 to DSB has also been shown to be 

enhanced by the sumoylation of RPA subunit RPA70 (Dou et al., 2010).  

 

During synapsis, the RAD51 NPF together with an additional ATPase, 

RAD54, are responsible for homology search and strand invasion of the repair 

template. This process is also facilitated by a number of RAD51 mediators 

including; the RAD51 paralogue complexes, RAD51B-RAD51C-RAD51D-

XRCC2 and RAD51C-XRCC3; and the RAD51 binding factor RAD51 AP1 

(Krejci et al., 2012). In human cells the exact mechanisms by which the NPF 

searches for homology remain to be elucidated. In S. cerevisiae, the 

Rad51(scRAD51) NPF has been shown to identify appropriate repair 

sequences by first searching for microhomology sequences of 8 nucleotides. 

Pairing of additional nucleotides then confirms homology, and strand 

invasion occurs generating a displacement loop (D loop) (Qi et al., 2015). 

During post-synapsis, scRAD54 removes scRAD51 to allow polymerases to 

access and extend the ssDNA (Lo et al., 2006; Solinger et al., 2002).  
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The post-synaptic phases of HR repair diverge into multiple distinct 

pathways, which can be either non-crossover pathways, which lack the 

exchange of genetic material; or crossover pathways, where DNA is 

exchanged between the damaged DNA molecule and the repair molecule. In 

the repair of DNA breaks lacking a second DNA end such as those formed 

during replication, the break induced replication repair (BIR) pathway is 

used. In BIR, a replication fork is formed by the invading strand and the 

template is used to replicate long stretches of DNA resulting in non-crossover 

repair (Godin et al., 2016). When a second end is present, completion of repair 

can be carried out either by synthesis dependent strand annealing (SDSA) or 

through the formation of double Holliday junctions. In SDSA the invading 

strand is displaced and reannealed to the other end of the break, resulting in a 

non-crossover event (Godin et al., 2016).  Double Holliday junctions are 

formed when the second end of the DNA break is captured (Bzymek et al., 

2010). These junctions can be dissolved by TopIII containing complexes, 

resulting in exclusively non-crossover products, or through cutting by 

nucleases, which can result in both non-crossover and crossover products 

depending on whether the junction is resolved symmetrically or 

asymmetrically (Liberi and Foiani, 2010).  
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 Components Key function 

BRCA1 A ABRAXAS1, RAP80, BRCC45, 

BRCC36, MERIT40 and BRCA1 

Restricts nuclease access to 

DSB and BRCC36 removes 

histone  ubiquitination by 

RNF8 (Coleman and 

Greenberg, 2011; Shao et al., 

2009) 

BRCA1 B BACH1 and BRCA1 S phase progression 

(Kumaraswamy and 

Shiekhattar, 2007) 

BRCA1 C CtIP and BRCA1 Resection at DSBs (Eid et al., 

2010) 

BRCA1 D RAD51, BRCA2, PALB2 and 

BRCA1 

Recruits BRCA2 to DSBs 

(Savage and Harkin, 2015) 

Table 1.1: Different BRCA1 complexes and their roles.  
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Figure 1.2: Key steps in the early stage of homologous recombination.  

The events that take place after DSB formation are symmetric. In order to show the 
variety of events that take place different modifications are presented on either side 
of the break in this diagram. DSBs are recognized by the MRE11-RAD50-NBS1 
(MRN) sensing complex. MRN recruits the kinase, ATM and the BRCA1 C complex 
(see table 1 for description of all BRCA1 complexes). Resection of the DSB end is 
initiated by the BRCA1 C complex and the revealed ssDNA is bound by RPA. ATM 
phosphorylates H2AX resulting in g-H2AX which recruits the adaptor protein 
MDC1. MDC1 also undergoes phosphorylation by ATM and recruits the E3 ligase 
RNF8. RNF8-UBE2S generates K11 chains on H2A to induce gene silencing near 
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the break. The K11 specific DUB Cezanne counteracts this modification. RNF8-
UBC13 generates K63 chains on histone H1 and L3MBTL2. This ubiquitin mark 
recruits the E3 ligase RNF168 and is counteracted by the DUB BRCC36. RNF168 
monoubiquitinates histone H2A at K13/15 a modification which aids the recruitment 
of 53BP1. BRCA1 bound by BARD1 monoubiquitinates H2A at K125/127/129, this 
modification promotes HR by inducing the displacement of 53BP1. USP51 and 
USP48 counteract the H2A monoubiquitin carried out by RNF168 and BRCA1 
respectively. Repositioning of 53BP1, as well as the action of additional nucleases 
facilitates long-range resection of the break. The RPA coating the ssDNA is replaced 
with RAD51 to form a NPF capable of strand invasion and homology search. This 
replacement is facilitated by the BRCA1 D complex. Monoubiquitination of H2A at 
K120 by RNF20-RNF40 induces chromatin relaxation which enhances the access of 
repair factor to the DSB.   
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1.5 Cellular functions of BRCA1 
Human BRCA1 is a large 1863 amino acid (aa) protein. The N-terminus of 

BRCA1 contains a RING finger domain which facilitates E3 ligase activity 

and a degron domain which is targeted by ubiquitination. Additionally 

BRCA1 contains an SQ region, BRCT domains and multiple nuclear 

localisation signals (NLS) (Deng, 2006). The SQ region of BRCA1 is subject 

to phosphorylation by several kinases including ATM and is required for its 

role in the DDR (Ouchi, 2006). The E3 ligase activity and stability of BRCA1 

is dependent on an association between the N-terminus of BRCA1 and its 

binding partner, BARD1 (Hashizume et al., 2001). Through its ability to 

recognise and interact with several proteins and to a lesser extent its E3 ligase 

activity, BRCA1 is implicated in a number of different cellular roles.  

 

1.5.1 BRCA1 and of cell cycle progression regulation 
The role of BRCA1 in HR repair of DSBs is well established and discussed 

in section 1.4.2. In addition to being directly involved in the repair of DNA 

damage, BRCA1 also plays a role in the regulation of cell cycle progression.  

Proliferating cells have multiple mechanisms in place which ensure cells only 

transition into the next phase in the cell cycle when conditions are favourable. 

In response to unfavourable conditions such as DNA damage, cells can 

induce checkpoints which allow them to stall cell cycle progression, exit the 

cell cycle or undergo cell death (KJ and MJ., 2014). At the G1/S transition, 

one of the major regulators is retinoblastoma (RB). The hypophosphorylated 

form of RB is responsible for preventing progression into S phase by 

inhibiting the transcription of cell cycle progression genes. BRCA1 is thought 

to prevent progression in to S-phase by interacting with RB and maintaining 

its hypophosphorylated state (Aprelikova et al., 1999). In addition, BRCA1 

has been shown to mediate a g-IR induced G1/S transition block by regulating 

ATM phosphorylation of p53, another key transcription regulator of the G1 

cell cycle arrest (Fabbro et al., 2004).  

 

In response to stalled replication forks or DNA damage cells can be stalled in 

S-phase to allow for fork restart or DNA repair. This stalling is facilitated by 
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the activation of a so-called S phase checkpoint. Activation of this checkpoint 

also inhibits DNA replication and induces repair pathways. BRCA1 appears 

to be important for the activation of this checkpoint as BRCA1 null cells, in 

contrast to controls, are unable to inhibit DNA synthesis after DNA damage 

induction by g-IR (Xu et al., 2001).  

 

The cell cycle can also be stalled by DNA damage as cells transition from G2 

into mitosis. This stalling prevents entry into mitosis allowing the cells time 

to repair DNA, as such the induction of this stalling can be characterised by 

a reduction in mitotic cells. Cells expressing wild-type BRCA1 are shown to 

have a decreased mitotic index after g-IR. In contrast mouse embryonic cells 

expressing a truncated BRCA1 showed no decrease in mitotic index, 

demonstrating that the prevention of this transition is reliant on full length 

BRCA1 expression (Xu et al., 1999).  

 

The SAC is in place during mitosis in order to prevent mis segregation of 

chromosomes and subsequent aneuploidy. This checkpoint is activated when 

chromosomes are not correctly attached to the microtubule spindles and 

arrests cells in metaphase until proper attachment has occurred. In one study, 

the competency of the SAC in cells expressing a truncated BRCA1 was 

assessed by treating cells with the microtubule depolymerising agent, 

nocodazole and assessing the percentage of cells arrested in mitosis. They 

found that compared to cells with WT BRCA1, there were significantly less 

cells arrested in mitosis demonstrating that the SAC was defective in the 

absence of full length BRCA1 (Wang et al., 2004). This role of BRCA1 in 

SAC activation was found to be due to its positive influence on the 

transcription of various players involved in this checkpoint (Bae et al., 2005; 

Wang et al., 2004).  

 

1.5.2 BRCA1 and transcription regulation  
BRCA1 has multiple roles in the regulation of transcription. BRCA1 has been 

shown to both positively and negatively regulate the transcription of a large 

number of genes using various mechanisms including, regulation of core 
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transcription machinery, regulation of transcription factors and chromatin 

remodelling. The action of RNA polymerase (Pol) I, II and III are all affected 

by BRCA1. The assembly of RNA pol II holoenzymes at promoters, and the 

progression of this polymerase during transcription is dependent on the 

phosphorylation status of its carboxy terminus domain (CTD). BRCA1 was 

shown to be a part of the RNA II holoenzymes and negatively influence the 

phosphorylation status of this domain (Anderson et al., 1998; Moisan et al., 

2004). Pol I, which is responsible for transcription of ribosomal RNA was 

shown to interact with and be positively regulated by BRCA1 (Johnston et 

al., 2016). Conversely BRCA1 negatively regulates Pol III transcription of 

structural RNAs such as tRNA (Veras et al., 2009).  

 

As well as affecting global transcription, BRCA1 can also more specifically 

regulate subsets of genes through modulation of transcription factors. Notably 

BRCA1 was shown to interact with p53 and stimulate the transcription of p53 

responsive genes. The E3 ligase activity of BRCA1 is also implicated in this 

type of regulation. BRCA1 was shown to ubiquitinate and stimulate 

proteasomal degradation of OCT1, a transcription factor responsible for 

inducing glycolysis (Vázquez-Arreguín et al., 2018).  

 

BRCA1 also regulates transcription by influencing chromatin condensation. 

The monoubiquitination of H2A histones by BRCA1 induces the formation 

of heterochromatin resulting in gene silencing of the condensed chromatin, a 

function which has been shown to be important for the tumour suppressive 

properties of BRCA1 (Zhu et al., 2011). BRCA1 also interacts with a variety 

of chromatin remodelers. An interaction between BRCA1 and the ATP 

dependent remodelling complex SWI/SNF, was shown to be important for 

transcription activation by BRCA1, specifically affecting the activation of 

p53 dependent transcription by BRCA1 (Bochar et al., 2000). Transcription 

activation by BRCA1 is also stimulated by its interactions with the histone 

acetylases (HAT) CBP/p300 (Pao et al., 2000). Conversely, BRCA1 also 

interacts with transcription repressing, histone deacetylases which may also 

influence its role in transcription regulation (Yarden and Brody, 1999). 
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This dynamic and multifaceted influence of BRCA1 on transcription is in 

keeping with a comprehensive microarray study, which demonstrated that a 

large number of genes are deregulated upon BRCA1 depletion (MacLachlan 

et al., 2002). 

 

1.5.3 BRCA1 and disease 
Deregulation of BRCA1 is implicated in a number of different diseases. The 

most well-established role of BRCA1 in disease is in cancer development 

where it has been shown to act as a potent tumour suppressor in breast and 

ovarian cells. In females, mutations in BRCA1 induce a 60-80% lifetime risk 

of breast cancer and a 20-40% lifetime risk for ovarian cancer (Nathanson et 

al., 2001). Deregulation of BRCA1 protein and mRNA, in the absence of gene 

mutations, has also been shown to be prevalent in sporadic breast and ovarian 

cancers. A study looking at the BRCA1 levels in 37 sporadic epithelial 

ovarian tumours, showed that BRCA1 protein levels were decreased in 90% 

of the tumours and that decreased BRCA1 protein corresponded with a 

reduction in BRCA1 mRNA (Russell et al., 2000).  The tumour suppressive 

properties of BRCA1 have been shown to be due to its role in both 

transcription and HR repair of DSBs (Zhang, 2013; Zhang and Powell, 2005; 

Zhu et al., 2011).  

 

BRCA1 deregulation has also been linked with Alzheimer’s disease (AD). 

Analysis of BRCA1 in post-mortem brain tissue of AD patients showed that 

BRCA1 was upregulated in AD patients, but was present in insoluble 

aggregates and  mis-localised to the cytoplasm (Mano et al., 2017). In a 

another study, BRCA1 was found to co-localise with neurofibrillary tangles, 

the major intracellular lesion associated with AD (Evans et al., 2007). 

Although the exact role of BRCA1 in AD has not yet been defined, DNA 

damage is a major pathogenic occurrence in AD and so it is postulated that 

BRCA1 may influence AD through its role in DNA repair (Nakanishi et al., 

2015).  
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1.6 Regulation of BRCA1 abundance 
A study looking at BRCA1 status during the cell cycle demonstrated that the 

abundance and phosphorylation of BRCA1 oscillates as cells progress 

through the cell cycle. BRCA1 levels were found to be lowest in G1. As cells 

entered into S phase, both the levels and phosphorylation of BRCA1 

increased. In the S and G2 phases BRCA1 is hyperphosphorylated and protein 

levels are highest (Choudhury et al., 2004). As cell continue into M and onto 

the next G1, the levels of BRCA1 decrease and BRCA1 is in a 

hypophosphorylated state (Ruffner and Verma, 1997). The changes in 

BRCA1 levels have been shown to be facilitated by regulation of BRCA1 

mRNA abundance and protein turnover. The increase in BRCA1 protein in S 

phase fits with the sharp increase of BRCA1 mRNA observed as cells 

progress from G1 into S phase (Vaughn et al., 1996). The subsequent decrease 

of BRCA1 is facilitated by a decrease in BRCA1 mRNA and proteasomal 

degradation of BRCA1 protein (Choudhury et al., 2004).  

 

Similar to other genes required for DNA synthesis and cell cycle progression, 

the transcription of BRCA1 is regulated by the E2F transcription factor 

family. E2Fs are a group of transcription factors which have both 

transcriptionally repressive and activating members. During G1 the activating 

E2F transcription factors are bound and inhibited by hypophosphorylated RB. 

As cells progress into S phase RB is phosphorylated disrupting its inhibitory 

interaction with the E2Fs (Iaquinta and Lees, 2007). Initial studies looking at 

the transcriptional regulation of BRCA1 demonstrated that the BRCA1 

promoter contained two E2F1 binding sites. Cloning of this region into a 

luciferase reporter construct demonstrated that BRCA1 transcription was 

positively and negatively regulated by E2F1 and RB respectively (Wang et 

al., 2000).  The binding of E2F transcription factors to BRCA1 promoter is 

also subject to regulation by the histone acetylase paralogs p300 and CBP. 

The depletion of p300/CBP was shown to decrease histone tail acetylation 

resulting in a decrease in the levels of E2F1 at the BRCA1 promoter, while 

the levels of the inhibitory E2F4 were increased. This altered binding resulted 
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in a decrease of BRCA1 mRNA and protein levels and deficient HR repair of 

DSBs in HeLa cells (Ogiwara and Kohno, 2012).  

 

In cancerous cells the expression of BRCA1 mRNA is negatively regulated 

by hypermethylation of the BRCA1 promoter (Mueller and Roskelley, 2003; 

Rice et al., 1998) and a transcription co-repressor complex containing 

BRCA1 itself, HDAC1 and p130 (Di et al., 2010).  

 

Proteasomal inhibition results in accumulation of BRCA1, demonstrating that 

the turnover of BRCA1 is regulated by proteasomal degradation.  The 

hypophosphorylated form of BRCA1 was shown to accumulate upon 

proteasomal degradation and be degraded with faster kinetics than the 

hyperphosphorylated counterpart, suggesting that the less phosphorylated 

state of BRCA1 is more sensitive to proteasomal degradation. The 

ubiquitination and subsequent degradation of BRCA1 was also shown to be 

decreased by increasing levels of the BRCA1 binding partner, BARD1 

suggesting that BARD1 protects BRCA1 from proteasomal degradation 

(Choudhury et al., 2004).  

 

Three E3 ligases, HERC2, HUWE1 and SCFFBXO44, have been shown to be 

responsible for the ubiquitination of BRCA1 with proteasomal degradation 

signals. HERC2 a large HECT E3 ligase was shown to ubiquitinate and 

induce proteasomal turnover of BRCA1 in HeLa cells. Interestingly, HERC2 

depletion restores BRCA1 levels in BARD1 depleted cells but has no effect 

on BRCA1 in cells expressing BARD1. This, along with the observation that 

the HERC2-stimulated ubiquitination of BRCA1 decreases when BARD1 

levels are increased, suggests that HERC2 targets BARD1 uncoupled BRCA1 

(Wu et al., 2010). In contrast with HERC2, the depletion of HUWE1 and 

SCFFBXO44 alone is sufficient to increase BRCA1 levels, suggesting they may 

target BRCA1 for degradation irrespective of BARD1 binding (Lu et al., 

2012; Wang et al., 2014b).  

 

As of yet, DUBs responsible for counteracting the ubiquitination of BRCA1 

have not been identified. Proteins which negatively regulate the ability of E3 
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ligases to ubiquitinate BRCA1 have however been identified. As discussed 

above, the binding of BARD1 to BRCA1 has been suggested to prevent 

ubiquitination by blocking the degron domain in BRCA1 that is subject to 

ubiquitination (Wu et al., 2010). In addition, the tumour suppressor, TUSC4 

can bind HERC2 and inhibit its ability to ubiquitinate BRCA1. Binding of 

TUSC4 to HERC2 inhibits the HERC2/BRCA1 interaction and depletion of 

TUSC4 results in a HERC2 mediated decrease in BRCA1 levels (Peng et al., 

2015).   

 

1.7 Cellular functions of RAD51 
RAD51 is a 339aa, DNA binding dependant ATPase, capable of binding both 

ssDNA and dsDNA (Benson et al., 1994). In addition to its well-established 

role in repair of DSB repair (described in section 1.4.2), RAD51 is also 

implicated in maintaining genome stability during replication stress. The 

progression of replication forks can be impeded by a number of factors such 

as DNA lesions, ssDNA, and transcription machinery encounters (Zeman and 

Cimprich, 2014b). Failure to overcome these obstacles leads to fork stalling. 

During prolonged fork stalling, the replication fork and DNA helicase can 

uncouple, leading to the generation of stretches of ssDNA. The ssDNA and 

the stalled replication fork can be targeted by nucleolytic enzymes resulting 

DSBs (Byun et al., 2005; Zeman and Cimprich, 2014b). During fork stalling 

cells can initiate a protective remodelling of the replication fork into a four-

way DNA junction known as a reversed fork, to protect the replication fork 

integrity. 

 

A number of remodelling enzymes as well as RAD51 have been shown to be 

required for fork reversal (Zellweger et al., 2015). The exact mechanism by 

which RAD51 catalyses the remodelling is unknown. Interestingly, unlike its 

role in HR, this role of RAD51 does not appear to be reliant on BRCA2, as 

reversed forks can still be generated in BRCA2 deficient cells (Mijic et al., 

2017).  In addition to stimulating fork reversal, RAD51 also plays a role in 

protecting the reversed fork structure from degradation. This role of RAD51 

is reliant on BRCA2. Aided by BRCA2 RAD51 binds ssDNA, thus protecting 
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it from degradation by the nucleases MRE11 and DNA2 (Hashimoto et al., 

2010; Higgs et al., 2015).  

 

A role for RAD51 in neurodevelopment has also recently emerged. 

Congenital mirror movements disorder (CMM) is a rare disorder in which 

involuntary movements on one side of the body mirror intentional movement 

on the opposite side. In an effort to elucidate the underlying causes of this 

disorder genome-wide linkage analysis and exome sequencing was 

performed on afflicted families. Exome sequencing identified a SNP in exon 

8 of RAD51, resulting in a nonsense mutation and subsequent nonsense 

mediated decay of RAD51 mRNA. In a separate family, an insertion resulting 

in a premature stop codon in exon 9 of RAD51 was also observed. The 

molecular defects that lead to CMM in the absence of RAD51 remain 

unknown, however, it is proposed that RAD51 related defects in DNA repair 

caused by these mutations may lead to enhanced apoptosis during neuronal 

development thus leading to CMM causing changes in the central nervous 

system development (Depienne et al., 2012).  

 

A role for RAD51 in cancer development has also been suggested. A 

RAD51 polymorphism was shown to enhance the risk of prostate cancer 

development (Nowacka-Zawisza et al., 2019). In breast cancer, mutations in 

the RAD51 gene are rare, however decreased RAD51 protein levels appears 

to be prevalent.  In a large expression study performed on 179 breast 

carcinomas, the level of RAD51 protein was found to be decreased in 30% 

of the samples (Yoshikawa et al., 2000). Conversely, RAD51 

overexpression has also been reported to play a role in promoting 

tumorigenesis. Enhanced levels of RAD51 have been observed in pancreatic 

and breast cancers (Maacke et al., 2000a; Maacke et al., 2000b) and in 

invasive ductal breast carcinomas the expression levels of RAD51 were 

shown to positively correlate with histological grading (Maacke et al., 

2000b).  
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1.8 Regulation of RAD51 abundance 
A study in peripheral blood lymphocytes (PBL) which assessed the levels of 

RAD51 during the cell cycle, showed that RAD51 levels oscillate as cells 

progress through the cell cycle. PBLs exist in a quiescent G0 state, but upon 

mitogen activation they enter into the cell cycle. After mitogen stimulation, 

the levels of RAD51 were shown to steadily increase as cells progressed 

through the cell cycle, with levels lowest in G1 and peaking in G2. A similar 

expression pattern was observed in a transformed T-lymphocyte cell line 

(Flygare et al., 1996). The evidence thus far, suggests that RAD51 levels are 

primarily regulated by changes in mRNA abundance. In the study on PBL 

cells, an increase in RAD51 mRNA abundance was observed prior to the 

increase in protein levels, and inhibition of mRNA synthesis with 

actinomycin D supressed the accumulation of both mRNA and protein 

(Flygare et al., 1996). 

 

RAD51 mRNA abundance has been shown to be regulated both 

transcriptionally and post-transcriptionally. The 5’ UTR of RAD51 was 

shown to contain a noncoding exon and a CpG island of approximately 900 

bp (C. et al., 1999). A study characterising this region demonstrated that the 

transcription factors ETS-1, ERG1, p53, STAT5 and E2F1 could all bind to 

the RAD51 promoter (Hasselbach et al., 2005). In a murine myeloid cell line, 

regulation of RAD51 expression by STAT5 was confirmed. In these cells, 

STAT5 induced RAD51 mRNA expression, and this regulation was shown 

to be a mechanism of RAD51 overexpression in cells containing the 

oncogenic tyrosine fusion kinase (BCR/ABL) (Slupianek et al., 2001). EGR1 

and E2F1 have also been shown in subsequent studies to positively influence 

RAD51 transcription (Hine et al., 2014; Ogiwara and Kohno, 2012). A 

number of reports have also confirmed p53 regulation of RAD51. In contrast 

to EGR1, E2F1 and STAT5, p53 appears to negatively regulate the expression 

of RAD51. In p53 null cells, the re-introduction of WT p53 was shown to 

repress RAD51 mRNA levels, while levels were unaffected by the expression 

of a p53 mutant lacking DNA binding capacity (Arias-Lopez et al., 2006). 
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RAD51 mRNA abundance is regulated post-transcriptionally by a number of 

micro RNAs (miRs). One study demonstrated that 7 miRNAs (miR-1231, 

miR-1255b, miR-148b*, miR-876-3p, miR-221*, miR-193b*, and miR-

185*) were responsible for downregulating RAD51. Interference with miR-

148b and mIR-193b resulted in a G1 increase in RAD51 mRNA, indicating 

these miRNAs are responsible for RAD51 suppression in G1 (Choi et al., 

2014). Other studies have also identified miR-193a-3p, miR-155 and miR-

506 in the regulation of RAD51 mRNA (Gasparini et al., 2014; Liu et al., 

2015b; Shen et al., 2018). Conversely, non-coding RNAs have been shown 

to positively regulate RAD51 mRNA by inhibiting the action of miR193a-3p 

(Shen et al., 2018).   

 

The primary regulation of RAD51 protein abundance appears to be at the 

level of transcription, however in certain contexts there is also evidence of 

RAD51 post-translational regulation. After treatment with DNA damaging 

agents, the E3 ligases RFWD3 and FBH1 have been shown to ubiquitinate 

RAD51, inducing proteasomal degradation and removal of RAD51 from the 

DSB site (Chu et al., 2015; Inano et al., 2017). RAD51 protein is also reduced 

during apoptosis. After apoptosis is initiated, a number of proteolytic 

enzymes including caspase 3 are activated. In response to g-IR induced 

apoptosis, caspase 3 was shown to cleave RAD51 into N and C terminal 

fragments incapable of supporting HR (Huang et al., 1999). Interestingly, the 

TFK, BCR/ABL mutation, that was shown to stimulate RAD51 transcription, 

was also shown to inhibit caspase 3 cleavage of RAD51 (Slupianek et al., 

2001).   
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1.9 An introduction to USP9X 
USP9X is a DUB belonging to the ubiquitin specific protease family of 

DUBs. It is a large protein of over 2570 aa, encoded for by 45 exons located 

on chromosome Xp11.4. USP9X was originally discovered as FAF, a protein 

in Drosophila required for eye and embryo development (Fischer-Vize et al., 

1992). The mouse and human orthologs, Fam and USP9X/hFAM, share 

greater than 90% sequence similarity with FAF (Wood et al., 1997). The 

defects observed in drosophila deficient in FAF, and mice deficient in Fam, 

could be rescued by the expression of Fam and human USP9X respectively, 

indicating the functional conservation of USP9X (Chen et al., 2000; Homan 

et al., 2014). In human cells, a paralog of USP9X, USP9Y is present on the Y 

chromosome. Although little is known about the specific function of USP9Y, 

it shares 93% sequence similarity with USP9X, so may have similar cellular 

roles (Köglsberger et al., 2017).  

 

The localisation of USP9X is dynamic. The majority of USP9X is 

cytoplasmic, however, it has been shown to be transported in and out of the 

nucleus (McGarry et al., 2016). Studies have also demonstrated that a portion 

of  USP9X co-localises with protein trafficking machinery (Murray et al., 

2004), the plasma membrane (Théard et al., 2010; Urbé et al., 2012) and the 

centrosome (Das et al., 2017; Han et al., 2019; Li et al., 2017; Wang et al., 

2017). 

 

Despite its large size, USP9X has relatively few known functional domains. 

One known feature is the USP defining catalytic domain, with thumb, palm 

and finger subdomains. The catalytic domain contains a nucleophilic 

cysteine, a histidine and an acidic aspartic acid (Paudel et al., 2019). As 

illustrated in Fig 3, USP9X also contains multiple NLS signals at the N- and 

C-termini, and a central ubiquitin like domain (UBL) (Murtaza et al., 2015). 

Although the function of the UBL in USP9X has not yet been addressed, 

UBLs are strikingly prevalent in USP DUBs and have been suggested to 

influence functions such as substrate recognition, catalytic activity and chain 

specificity (Faesen et al., 2012; Zhu et al., 2007). 
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Figure 1.3: USP9X protein features.  

USP9X is a 2570aa protein. The only known domains of USP9X are a UBL domain 

of unknown function and a USP domain which contains a typical catalytic triad of a 

CYS, HIS and ASP residues.  

 

An in vitro di-ubiquitin cleavage assay performed with the catalytic domain 

of USP9X indicated that it can cleave all lysine linked polyubiquitin chains, 

while having no activity against methionine linked linear ubiquitin chains 

(Paudel et al., 2019). Different kinetics were observed for di-ubiquitin 

cleavage, with a preference demonstrated for K63, K11, K48 and K6 chains. 

USP9X was also shown to have both endo-, and exo-cleavage activity, and 

the activity appears to be determined by chain linkage, as USP9X has an exo-

cleavage preference for K48 chains and an endo-cleavage preference for K11 

chains. This study however only included the catalytic domain of USP9X, it 

is possible that the other domains of USP9X impose restrictions on the type 

of cleavage and chains cleaved by the full-length protein. Physiologically 

relevant examples of USP9X cleaving K48, K63, K29, K33 chains as well as 

mono-UB have been identified (refer to table 1.2).  

  

USP

2570aa

UBL
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1.10 Cellular functions of USP9X 
To date, USP9X has been shown to have 53 substrates. Owed to this 

abundance of substrates, USP9X has been implicated in a plethora of cellular 

functions. A comprehensive list of USP9X substrates and their major cellular 

roles are shown in table 1.2. The following sections reviews a selection of 

these functions in detail.  

1.10.1 The role of USP9X in maintaining homeostasis in ubiquitin 

system 

A key feature in the homeostasis of the ubiquitin system is maintenance of 

the free ubiquitin pool. One way in which the pool of free ubiquitin is 

replenished is through the cleavage of ubiquitin precursors. USP9X may play 

a role in maintaining this pool of free ubiquitin as it was shown to be able to  

cleave the ribosomal bound ubiquitin precursors in both mouse and HeLa 

cells (Grou et al., 2015). In addition to maintaining the free ubiquitin pool, 

USP9X also regulates E3 ligase components of the ubiquitin system. USP9X 

regulates the stability, and therefore activity, of the E3 ligases FBW7, 

SMURF1, ITCH and RNF115. Interestingly, in the case of FBW7, SMURF1 

and ITCH, USP9X is removing auto-ubiquitination proteasomal signal chains 

(Khan et al., 2018; Lu et al., 2019; Mouchantaf et al., 2006; Xie et al., 2013).  

1.10.2 The role of USP9X in maintaining genome stability  

In recent years, the importance of USP9X in maintaining genome stability 

has become apparent. One mechanism by which USP9X ensures genomic 

stability is through regulation of centrosome biogenesis. Centrosomes are 

non-membrane bound organelles, that facilitate microtubule nucleation 

during mitosis. During the S and G2 phase of the cell cycle, centrosomes are 

duplicated in order to provide two platforms for spindle formation during 

mitosis. Deregulation of centrosome biogenesis can cause mitotic errors such 

as chromosome mis-segregation which can lead to chromosome instability 

(CIN) and aneuploidy, phenotypes commonly observed in cancers (Vitre and 

Cleveland, 2012). USP9X is present at the centrosomes and regulates 

centrosome biogenesis through modulating the stability of several 

centrosome proteins implicated in biogenesis (Han et al., 2019; Kodani et al., 
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2019; Li et al., 2017; Wang et al., 2017). Importantly, loss of USP9X was 

shown to impede centrosome duplication, while overexpression of USP9X 

leads to centrosome amplification and mitotic aberrations (Li et al., 2017).    

 

USP9X also ensures accurate chromosome segregation during mitosis 

through regulation of the SAC. In the presence of unattached kinetochores, 

SAC signalling induces the formation of a mitotic checkpoint complex 

(MCC). This complex blocks mitosis by inhibiting the E3 ligase APC/C. 

USP9X strengthens the SAC through stabilisation of MPS1, a kinase critical 

to the formation of the MCC and SAC activation (Chen et al., 2018a). In 

addition, enhanced turnover of the MCC component, CDC20 was also 

observed in USP9X depleted cells, leading to weakened SAC signalling. The 

importance of USP9X in the SAC, and in preventing genome instability 

during mitotic progression, is evident in the chromosome defects observed in 

USP9X knockout cells (Skowyra et al., 2018).  

 

USP9X also plays a critical role in maintaining genome stability by 

preventing DNA damage during DNA replication in the S phase of the cell 

cycle. One of the key proteins in facilitating DNA replication is the 

scaffolding protein CLASPIN. During replication, CLASPIN is responsible 

for stabilisation of the replication fork and activation of the S phase 

checkpoint in response to replication stress.  In a recent mass spectrometry 

study USP9X was identified as a novel interactor of CLASPIN. It was 

demonstrated that USP9X deubiquitinates CLASPIN and prevents its 

proteasomal degradation. Depletion of USP9X resulted in decreased levels of 

CLASPIN and as a result spontaneous termination of replication forks. An 

accumulation of cells positive for the DNA DSB marker g-H2AX was also 

observed. The restoration of CLASPIN in USP9X depleted cells, using an 

overexpression system, reduced the levels of g-H2AX, indicating that the role 

of USP9X in stabilising CLASPIN was important for preventing DNA 

damage (McGarry et al., 2016).  
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Two reports have also implicated USP9X in the response to oxidative stress. 

Oxidative stress occurs when cells accumulate reactive oxygen species (ROS) 

and is a major source of DNA damage and genomic instability (Samper et al., 

2003). In one study, USP9X was implicated in the cellular response to 

oxidative stress through stabilisation of ZBTB38 a protein which they 

proposed to be involved in the antioxidant response to ROS. In this study, the 

loss of USP9X modestly increased the ROS basal levels and sensitised cells 

to oxidative stress (Miotto et al., 2018). Upon severe oxidative stress, cells 

can induce apoptosis through the mitogen activated protein kinase (MAPK), 

p38 and JNK pathways. ASK-1 is the MAPK responsible for activation of 

these pathways (Nagai et al., 2009). USP9X was shown to antagonise ASK-

1 ubiquitination preventing it from proteasomal degradation thereby 

enhancing oxidative stress induced apoptosis (Nagai et al., 2009). These roles 

of USP9X in response to oxidative stress are somewhat contradictory. One 

explanation is that in response to oxidative stress USP9X initially stabilises 

the antioxidant ZBTB38 however if the oxidative stress persists it then 

becomes important for inducing cell death.  

1.10.3 The role of USP9X in regulating cell signalling  

USP9X is implicated in a number of signalling pathways that modulate 

transcription in order to alter cellular responses to extracellular signals. One 

such pathway is the WNT/b-catenin signalling pathway. This pathway is a 

key regulator of cell fate in embryonic development, cell proliferation and 

adult tissue homeostasis. The key signal transducer in this pathway is b-

catenin. The binding of WNT ligands to receptors, induces a signalling 

cascade resulting in the stabilisation of b-catenin and its translocation to the 

nucleus. In the nucleus it forms transcriptional activating complexes and 

induces gene expression changes. In the absence of ligand activation, b-

catenin levels are tightly regulated by a degradation complex that facilitates 

its ubiquitination and proteasomal degradation (Kimelman and Xu, 2006). 

USP9X antagonises this ubiquitination to stabilise b-catenin levels (Ouyang 

et al., 2016; Yang et al., 2016). USP9X also contributes to the WNT/b-catenin 

signalling pathway through the deubiquitination of DVL2, and BCL9. DVL2 

is a cytoplasmic protein involved in inhibiting b-catenin degradation 
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complexes (Schwarz-Romond et al., 2007). USP9X was shown to counteract 

WWP1 ubiquitination of DVL2 thereby promoting WNT signalling (Nielsen 

et al., 2019). BCL9 is a component of a transcription activating complex 

formed with nuclear b-catenin. Deubiquitination of K63 chains from BCL9 

by USP9X facilitates the formation of the transcription inducing complex 

(Shang et al., 2019). These results demonstrate that USP9X promotes WNT 

signalling through the deubiquitination of multiple substrates.  

 

USP9X also has a well-established role in TGFb signalling. This pathway is 

involved in the regulation of differentiation, proliferation, death and 

migration. The TGFb transmembrane receptors contain a cytoplasmic kinase 

domain, which upon ligand binding phosphorylates receptor associated 

SMAD proteins (R-SMADs). R-SMADS are the signal transducers of this 

pathway. Phosphorylation facilitates their translocation to the nucleus where 

they can form transcription activating complexes with SMAD4 (Hata and 

Chen, 2016). In the absence of TGFb activation, the formation of these 

complexes is inhibited by SMAD4 mono-ubiquitination. In an siRNA screen 

looking for DUBs implicated in TGFb signalling, USP9X was found to be 

critical for the induction of TGFb signalling responses. It was shown that 

USP9X is required for deubiquitinating SMAD4, facilitating its nuclear 

retention and the formation of transcription activating complexes (Dupont et 

al., 2009a).  

 

USP9X is also implicated in the regulation of cell fate through direct 

stabilisation of anti- and pro-apoptotic proteins. As discussed in the previous 

section, ASK-1 is a pro-apoptotic protein, which is stabilised by USP9X in 

order to facilitate oxidative stress induced cell death. USP9X also stabilises 

the anti-apoptotic proteins, XIAP, c-FLIP, Survivin, and MCL-1 (Chen et al., 

2018b; Schwickart et al., 2010). The apoptosis inhibitor XIAP prevents 

apoptosis through direct binding and inhibition of the caspases required for 

apoptosis activation, and is thought to have specific function in mitosis 

(Galbán and Duckett, 2010). In B-cell lymphoma, USP9X was found to 

deubiquitinate and stabilise XIAP, resulting in reduced sensitivity to mitotic 
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poisons. Depletion of USP9X or XIAP was shown to re-sensitise cancers cells 

to mitotic poisons (Engel et al., 2016).  

 

USP9X was found to regulate the levels of c-FLIP in a non-canonical manner. 

The expression of c-FLIP is diminished post-transcriptionally through the 

binding of the miRNA-708 to its 3’UTR. USP9X depletion was shown to 

result in an increase in miRNA-708, a corresponding decrease in c-FLIP 

expression, and enhanced sensitivity to the apoptosis inducer, TRAIL (Kim 

et al., 2019).. This suggests that USP9X is responsible for repressing miRNA-

708 in order to stabilise the anti-apoptotic protein c-FLIP and prevent 

apoptosis.   
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1.11 Regulation of USP9X 
The expression of USP9X in HeLa and U2OS cells appears to be lowest in 

G1 and increases as cells progress towards mitosis  (Engel et al., 2016; Li et 

al., 2017). The mechanisms which facilitate the changes in USP9X levels are 

not well defined however, there is some evidence which suggests USP9X is 

regulated at a the level of transcription. Analysis of mRNA levels in mouse 

brain tissues showed that USP9X mRNA abundance varies between different 

areas of the brain indicating the presence of mechanisms regulating USP9X 

expression. The transcription of USP9X in mouse cells was shown to be 

regulated by the transcription factor NRF1 and methylation of the USP9X 

promoter region (Taniguchi et al., 2017; Xu, 2005). CHIP DNA experiments 

in human cells also identified USP9X as a target of p53 and p63 transcription 

factors (Viganò et al., 2006; Wei et al., 2006). Proteins regulating the post-

translational stability of USP9X have not yet been identified. However, it has 

been shown that in response to oxidative stress, USP9X levels increase after 

just 30 minutes (Miotto et al., 2018). The rapid change of USP9X levels hint 

that USP9X levels may be post-translationally regulated.  

 

The activity of USP9X can be positively and negatively regulated post-

translationally. Phosphorylation of USP9X by the LATS kinase was shown 

to enhance its deubiquitinating activity during T-cell activation (Naik and 

Dixit, 2016). USP9X activity can also be negatively regulated by 

isothiocyanate chemical groups, which inhibit USP9X activity likely through 

interaction with the catalytic cysteine  (Lawson et al., 2015). Lastly, USP9X 

activity has also been shown to be regulated through modification of its 

substrates. The hydroxylation of FOXO3a prevented its interaction with 

USP9X leading to the destabilisation of FOXO3a (Zheng et al., 2014). 

Contrastingly the modification of the USP9X substrate SMAD4 by 

phosphorylation was shown to enhance its interaction and deubiquitination 

by USP9X (Wu et al., 2017). 
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While some insight into USP9X regulation has been achieved, given the 

widespread and highly context specific roles of USP9X, additional 

mechanisms regulating USP9X expression and activity are likely to exist.   

 

1.12 USP9X and disease  
Owed to the vast number of cellular processes regulated by USP9X, the 

implication of USP9X in disease development is unsurprising. Disruption of 

USP9X has been implicated in a number of neurological diseases and cancers. 

 

An in-situ hybridisation study looking for DUBs altered in cancer, 

demonstrated that USP9X levels are significantly upregulated in lung and 

larynx cancer and downregulated in non-Hodgkin’s lymphoma (Luise et al., 

2011). Further analysis of non-small cell lung carcinoma samples in this 

study, showed a direct correlation between the expression of USP9X and Ki-

67, a marker of proliferation often used as a prognostic marker of tumour 

survival and recurrence (Kermani et al., 2019; Luise et al., 2011). Analysis of 

gene expression data available on Oncomine also found that USP9X was over 

and under expressed in 7 and 11 different cancers respectively (Murtaza et 

al., 2015).  

 

In line with the observations that USP9X expression is both up and 

downregulated in cancers, it has been demonstrated that USP9X can have 

both tumour suppressive and oncogenic functions in a context dependent 

manner. The overexpression of USP9X was shown to promote proliferation 

and cell survival in cell lines of melanoma (Potu et al., 2017), prostate cancer 

(Furuta et al., 2018; Liu et al., 2019), hepatocellular carcinoma (Chen et al., 

2018b),  breast cancer (Li et al., 2017; Li et al., 2018c; Wu et al., 2017), and 

non-small cell lung cancer (Chen et al., 2018a). Conversely, USP9X was 

shown to have anti-proliferative properties in breast, pancreatic and colorectal 

cancers (Khan et al., 2018; Liu et al., 2018; Toloczko et al., 2017a). 

 

The oncogenic properties of USP9X have been explained by a number of 

molecular mechanisms. In breast cancer cells metastasis was shown to be 
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driven by the role of USP9X in facilitating TGFb signalling (Wu et al., 2017). 

In this study it was demonstrated that the enhanced metastasis observed after 

TGFb signalling could be abrogated upon treatment with WP1130 an 

inhibitor which targets multiple DUBs including USP9X (Ritorto et al., 

2014).  

 

In melanoma cells, USP9X was shown to stimulate tumorigenesis through the 

stabilisation of the transcription factor ETs-1. The expression of genes 

associated with cell differentiation, proliferation, migration and survival are 

induced by ETs-1, and overexpression of ETs-1 is observed in many invasive 

and metastatic cancers.  shRNA depletion of USP9X in these cells resulted in 

decreased 3D tumour growth, indicating USP9X is a key driver of the 

tumorigenicity (Potu et al., 2017).  

 

The oncogenic function of USP9X is also derived from its ability to stabilise 

anti-apoptotic proteins. In hepatocellular carcinoma cells, USP9X was shown 

to stabilise the apoptosis inhibitor survivin, and increased proliferation and 

invasion (Chen et al., 2018b). The role of USP9X in stabilising MCL-1 is also 

implicated in tumorigenesis. Overexpression of USP9X correlates with 

enhanced MCL-1 levels and promotes cell survival in human follicular 

lymphoma (Schwickart et al., 2010). Furthermore, depletion of USP9X in 

lung cancer and glioblastoma derived cell lines induces sensitivity to anti-

apoptotic inhibitors (Hlavac et al., 2019; Zhang et al., 2011).   

 

Multiple reports have also described oncogenic roles for USP9X in pancreatic 

cancer (Cox et al., 2014; Li et al., 2018c; Pal et al., 2018). In these studies, 

the effect of USP9X depletion or inhibition on the growth and invasion of 

established and patient derived pancreatic tumour cell lines was assessed. 

They showed that the depletion or small molecule inhibition of USP9X 

reduced invasion, colony formation, monolayer growth and anchorage 

independent growth. 
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The mechanisms that facilitate the tumour suppressive properties of USP9X 

are less well defined. In prostate cancer cell lines USP9X depletion was 

shown to enhance migration and invasion capacity. In this study it was shown 

that USP9X depletion lead to an increase in the levels of matrix 

metalloproteinase 9 (MMP9) and dynamin related protein 1 (DRP1), proteins 

previously implicated in invasion and cell migration respectively (Zhang et 

al., 2019). This is a possible explanation for the tumour suppressive properties 

of USP9X, however, the direct impact of MMP9 and DRP1 upregulation on 

tumorigenesis in this context was not assessed.  

 

In colorectal cancers, USP9X was shown to stabilise the levels of the tumour 

suppressor E3 ligase FBW7. In the absence of USP9X, FBW7 levels were 

decreased resulting in a subsequent increase of the FBW7 substrate and 

oncoprotein c-MYC. In addition, USP9X KO mice showed enhanced 

proliferation and tumour burden. Inactivation of one c-MYC allele reduced 

tumour burden indicating that the role of USP9X in regulating c-MYC levels 

was important in its tumour suppression properties (Khan et al., 2018).   

 

In addition to its oncogenic role in pancreatic cancer, USP9X has also been 

shown to have tumour suppressor roles. In pancreatic cancer, USP9X has 

been shown to have decreased levels which correlate with liver metastasis 

and poor survival (Liu et al., 2018). The tumour suppressive properties of 

USP9X in pancreatic cells can be explained by the observed role of USP9X 

in supressing mutagenic KRAS activity (Pérez-Mancera et al., 2012). USP9X 

has also been shown to repress tumorigenesis in pancreatic cells through 

stabilisation of LATS2 a component of the tumour suppressive Hippo 

signalling pathway (Zhu et al., 2018). The ability of USP9X to act as both a 

tumour suppressor and oncogene highlights the importance of context on the 

function of this enzyme. 

 

USP9X is also responsible for the regulation of a number of proteins involved 

in brain development (Table 1.1) and its loss has been implicated in the 

development of a several neurological disorders. Intellectual disability (ID) 

is a neurodevelopmental disorder characterised by an intelligence quotient of 
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lower than 70 (Ellison et al., 2013). This disorder affects 2-3% of the 

population and is primarily caused by genetic defects in developed countries 

(Ropers, 2010). Several genetic studies looking for mutations associated with 

this disease identified loss of function mutations in USP9X in both male and 

female patients (Au et al., 2017; Homan et al., 2014; Reijnders et al., 2016).  

 

A link between USP9X and the neurodegenerative disease Parkinson’s has 

also been identified. One of the defining pathological features of Parkinson’s 

is the formation of a-synuclein aggregates. These aggregates form within 

inclusions called Lewy bodies. The depletion of USP9X, in proteolytic 

impaired cells, resulted in accumulation of mono-ubiquitinated a-synuclein 

and an increase of a-synuclein inclusions. The levels of USP9X were also 

found to be decreased in the cytosolic fraction of cells in the substantia nigra 

of Parkinson’s patients, indicating that USP9X may play a role in preventing 

the accumulation of a-synuclein containing Lewy bodies in Parkinson’s 

disease (Rott et al., 2011).  

 

Overall, studies have found that USP9X has a diverse range of cellular 

functions. The observation that USP9X can have both tumour suppressive 

and oncogenic properties suggests that the functions of USP9X are dependent 

on the cellular context.  
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Protein Major role of substrate Ubiquitin 

cleaved 

Outcome of ubiquitin 

removal 

Reference 

STIL Centriole duplication ND STIL proteasomal 

degradation prevented 

(Kodani et 

al., 2019) 

NFX1-123 Transcription factor ND NFX-123 proteasomal 

degradation prevented 

(Chen et al., 

2019b) 

ALDH1A3 Maintenance of mesenchymal 

stem cells 

ND ALDH1AS  

proteasomal 

degradation prevented 

(Chen et al., 

2019a) 

RNF115 E3 ligase ND RNF115  proteasomal 

degradation prevented 

(Lu et al., 

2019) 

PEG-10 Placental development ND PEG-10  proteasomal 

degradation prevented 

(Abed et al., 

2019) 

PCM1 Centriolar satellite assembly ND PCM1  proteasomal 

degradation prevented 

(Han et al., 

2019) 

PBX1 Transcriptional activator K48 and 

K63 

PBX1 stabilisation (Liu et al., 

2019) 

IRS-2 AKT and ERK signalling ND IRS-2  proteasomal 

degradation prevented 

(Furuta et al., 

2018) 

YAP-1 Pro-proliferation transcription 

activators 

ND YAP-1  proteasomal 

degradation prevented 

(Li et al., 

2018a) 

ZBTB38 Transcriptional activator ND ZBTB38  proteasomal 

degradation prevented 

(Miotto et al., 

2018) 

BMAL1 Maintains circadian rhythm ND BMAL1  proteasomal 

degradation prevented 

(Zhang et al., 

2018) 

CDC20 Inhibition of mitosis ND CDC20  proteasomal 

degradation prevented 

(Skowyra et 

al., 2018) 

FBW7 E3 ligase ND FBW7  proteasomal 

degradation prevented 

(Khan et al., 

2018) 

EIF4A1 Translation initiation ND EIF4A1  proteasomal 

degradation prevented 

(Li et al., 

2018b) 

TKK/MPS1 Regulation of mitosis K48 TKK/MPS1  

proteasomal 

degradation prevented 

(Chen et al., 

2018a) 

LATS2 Promotes Hippo signalling ND LATS2  proteasomal 

degradation prevented 

(Toloczko et 

al., 2017b) 

WW45 Promotes Hippo signalling ND WW45 proteasomal 

degradation prevented 

(Toloczko et 

al., 2017b) 

KIBRA Promotes Hippo signalling ND KIBRA  proteasomal 

degradation prevented 

(Toloczko et 

al., 2017b) 

Angiomotin Inhibitor of the Hippo signalling ND Angiomotin  

proteasomal 

degradation prevented 

(Nguyen et 

al., 2016) 

Themis Promotes T-cell receptor 

signalling 

K48 Themis  proteasomal 

degradation prevented 

(Garreau et 

al., 2017) 

FOXO3a Anti-proliferation transcription 

factor 

ND FOXO3a proteasomal 

degradation prevented 

(Zheng et al., 

2014) 

CEP131 Centrosome biogenesis ND CEP131  proteasomal 

degradation prevented 

(Li et al., 

2017) 
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MIB1 Promote Notch signalling ND MIB1  proteasomal 

degradation prevented 

(Izrailit et al., 

2016) 

TRB3 Promote Notch signalling ND TRB3 degradation 

prevented 

(Izrailit et al., 

2016)ET 

ETS-1 Pro-proliferation transcription 

factor 

ND ETS-1  proteasomal 

degradation prevented 

(Potu et al., 

2017) 

TDRD3 Transcription activator ND TDRD3  proteasomal 

degradation prevented 

(Narayanan et 

al., 2017) 

PCM1 1 Centrosome biogenesis ND PCM1  proteasomal 

degradation prevented 

(Wang et al., 

2017) 

CEP55 1 Centrosome biogenesis ND CEP55  proteasomal 

degradation prevented 

(Wang et al., 

2017) 

XIAP Inhibits apoptosis K48 XIAP  proteasomal 

degradation prevented 

(Engel et al., 

2016) 

CLASPIN Stabilises replication fork ND CLASPIN  proteasomal 

degradation prevented 

(McGarry et 

al., 2016) 

AF-6 Cell adhesion and polarity ND ND (Taya et al., 

1998) 

AGS3 Mitotic spindle orientation/ 

Golgi function 

ND AGS3 degradation 

prevented 

(Xu et al., 

2010) 

α-synuclein Major component of Lewy 

bodies 

Mono a-synuclein lysosomal 

degradation  

(Rott et al., 

2011) 

ASK1 Promotes oxidative stress 

induced apoptosis 

ND ASK1  proteasomal 

degradation prevented 

(Nagai et al., 

2009) 

β-Catenin Cell adhesion/ WNT signalling ND b-Catenin proteasomal 

degradation prevented 

(Yang et al., 

2016) 

EFA6 Cell adhesion and polarity ND EFA6  degradation 

prevented 

(Théard et al., 

2010) 

Liquid facets Eye development in Drosophila ND Liquid facets 

degradation prevented 

(Chen et al., 

2002) 

ERG Transcription factor ND ERG proteasomal 

degradation prevented 

(Wang et al., 

2014a) 

ITCH E3 Ligase ND ITCH proteasomal 

degradation prevented 

(Mouchantaf 

et al., 2006) 

MARCH7 E3 Ligase ND MARCH proteasomal 

degradation prevented 

(Nathan et al., 

2008) 

MCL1 Inhibits apoptosis K48 MCL-1 proteasomal 

degradation prevented 

(Schwickart 

et al., 2010) 

SMURF1 E3 ligase  ND SMURF1 proteasomal 

degradation prevented 

(Xie et al., 

2013) 

SMN Regulates RNA metabolism ND SMN proteasomal 

degradation prevented 

(Han et al., 

2012) 

SURVIVIN Chromosome segregation and 

inhibitor of apoptosis 

K63 Survivin localisation 

altered  

(Vong et al., 

2005) 

FLT3-ITD Receptor tyrosine kinase  K63 FLT3-ITD aggregation 

prevented 

(Akiyama et 

al., 2019) 

SMAD4 Transcription activation in TGFβ 

signalling 

Mono SMAD4 localisation 

altered  

(Dupont et 

al., 2009b; 
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Table 1.2: List of USP9X substrates.  

The above table is comprehensive list of USP9X substrates, their primary cellular 
functions, the ubiquitin signal which USP9X was reported to remove and the effect 
of that removal on the substrate. A number of USP9X interacting proteins are not 
listed here. Where the ubiquitin signal was not determined ND is listed. Proteins 
were considered substrates if they interacted with USP9X and demonstrated 
enhanced ubiquitination in the absence of USP9X.  
 

  

Wu et al., 

2017) 

MARK4 AMPK related kinase K29/K33 Facilitates activation of 

MARK4 

(Al-Hakim et 

al., 2008) 

NUAK1 AMPK-related kinase K29/K33 Facilitates activation of 

NUAK1 

(Al-Hakim et 

al., 2008) 

ZAP70 Promotes T-cell receptor 

signalling 

Mono ZAP70 localisation 

altered 

(Naik and 

Dixit, 2016) 

BCL10 Promotes T-cell receptor 

signalling 

K48 Inhibits BCL10 

interactions 

(Park et al., 

2013) 

NPH5 Promotes cilliogenesis K48/K63 Stabilisation/localisatio

n 

(Das et al., 

2017) 

BCL9 Facilitates b-catenin transcription 

activation 

K63 BCL9 protein 

interactions facilitated 

(Shang et al., 

2019) 

DVL2 WNT signalling ND DVL2 localisation 

altered 

(Nielsen et 

al., 2019) 
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1.13 Thesis aims 
• To consolidate evidence for the role of USP9X in protecting against 

DNA damage. 

• To elucidate the mechanisms by which USP9X protects against DNA 

damage. 
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Chapter 2: Materials and Methods  

2.1 Materials  
Reagents and materials used were obtained from Sigma-Aldrich (Arklow, 

Ireland) and Thermo Fisher scientific (Leicestershire, UK) unless otherwise 

stated. Details of common buffers, primary antibodies secondary antibodies, 

plasmids, cell lines and drug treatments used in this study are provided in 

tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6 respectively. All immunoblot primary and 

secondary antibodies were prepared in 5% milk-PBS-T unless otherwise 

stated. All immunofluorescence primary and secondary antibodies were 

prepared in 1% BSA-PBS. Details of all other reagents are included as they 

appear in the text. 

 

Buffer Composition Application 

Crystal violet 

staining 

solution 

2% (w/v) Crystal violet, 25% 

methanol in dH2O 

Staining of cell 

colonies 

Buffer A  50 mM Tris-HCl (pH 7.4), 

300mM NaCl, 1 mM EDTA, 1% 

Triton-X-100, protease and 

phosphatase inhibitor cocktails 

(1:100), N-ethylmaleimide 

(1:40) in dH2O 

Cell lysis buffer 

Laemmli 

sample buffer 

(5X) 

60 mM Tris-HCl pH 6.8, 2% 

SDS, 10% glycerol, 5% β-

mercaptoethanol, 0.01% 

bromophenol blue in dH2O 

Sample preparation 

for SDS-PAGE 

PBS 10 mM phosphate buffer, 137 

mM NaCl, 2.7 mM KCl in dH2O 

Wash buffer IB/IF 

PBS-T PBS, 0.5% tween 20 Wash buffer-IB  

PBS-TX PBS, 0.125% Triton X-100 Cell 

permeabilisation  
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Ponceau S stain 0.1% (w/v) Ponceau S, 5% (v/v) 

acetic acid in dH2O 

Reversible staining 

of nitrocellulose 

membrane 

TPS wash 

solution  

6.7% acetic acid, 30% Methanol 

in dH2O 

Wash buffer for TPS 

SDS-PAGE 

running buffer 

25 mM Tris, 0.1% SDS, 190 

mM glycine in dH2O 

SDS-PAGE gel 

running buffer 

SDS-PAGE 

transfer buffer 

1 

25 mM Tris, 190 mM glycine, 

20% methanol in dH2O 

Low molecular 

weight protein 

transfer 

SDS-PAGE 

transfer buffer 

2 

25 mM Tris, 190 mM glycine, 

20% methanol, 0.025% SDS in 

dH2O 

High molecular 

weight protein 

transfer 

Table 2.1: Details of common buffers used in this study. 

 

 

Primary 

antibody  

Source  Species  IB  IF  Notes  

BRCA1  SantaCruz 

(SC6954) 

MU - 1:500  

BRCA1 Merck  

(OP92) 

MU 1:500 - Diluted 

in 1% 

BSA-

PBS-T 

RAD51 Calbiochem 

(PC130) 

RB 1:1000 1:1000  

53BP1 Novus 

Biologicals 

(NB-100-304)  

RB 1:1000 1:200  

g-H2AX Cell signalling 

(CS9718) 

RB - 1:500  

g-H2AX  Merck (05-

636) 

MU - 1:500  
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a-

Tubulin 

   -  

GAPDH SantaCruz  

Sc-25778 

RB 1:5000 -  

BARD1 SantaCruz Sc-

74559 

MU 1:500 -  

RPA32 SantaCruz Sc-

56770 

MU 1:1000 -  

HERC2 Bethyl A201-

351A 

RB 1:2000 -  

HA Roche 

(11867423001) 

RAT - 1:1000  

HA Covance 

901501 

MU 1:2000 -  

USP9X Bethyl  

(A301-351A) 

RB 1:1000 -  

UB SantaCruz Sc-

8017 

MU 1:1000 -  

LC3 Gift from Afsin 

Samali 

MU 1:100  -  

Table 2.2: Details of the primary antibodies used in this study. 

 

 

Secondary 

Antibody 

Source Species IB IF Notes  

Anti-RB 

(680 LT) 

Li-Cor 

926-

68021 

Rb 1:10000 -  

Anti-RB 

(800 CW) 

Li-Cor 

926-

32211 

Rb 1:10000 -  
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Anti-MU 

(680 LT) 

Li-Cor 

926-

68020 

Mu 1:10000 -  

Anti-MU 

(800 CW) 

Li-Cor 

926-

32210 

Mu 1:10000 -  

Anti-MU 

IgG 647 

Thermo 

Fisher 

A21235 

Goat - 1:500  

Anti-MU 

IgG 488 

Thermo 

Fisher 

A11001 

Goat - 1:500  

Anti-MU 

IgG2A 

647 

Thermo 

Fisher 

A21241 

Goat - 1:500 Used when co-

staining with Rat 

primary antibodies 

Anti-RB 

 IgG 647 

Thermo 

Fisher 

A31573 

Goat - 1:500  

Anti-

RAT IgG 

488 

Thermo 

Fisher 

A21470 

Chicken - 1:500  

Table 2.3: Details of the secondary antibodies used in this study. 

 

Plasmid  Source Application 

pCBA-IsceI Addgene IsceI expression 

Cerulean-n1 Addgene Cerulean expression 

HA-USP9X-WT 

(DU10171) 

MRC-PPU reagents, 

University of Dundee 

Overexpression of HA 

tagged USP9X 

HA-USP9X-

C1566A 

(DU10685) 

MRC-PPU reagents, 

University of Dundee 

Overexpression of HA 

tagged catalytically inactive 

USP9X 

pUC19  Addgene Empty vector control  

Table 2.4: Details of the plasmids used in this study.  
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Cell line Source  Application  

U2OS  American type culture 

collection 

Majority of 

experiments  

HEK-293 American type culture 

collection 

ROS assay 

U2OS DR-GFP Prof. Noel Lowndes HR assay 

U2OS-shRNA-

USP9X 

Generated in house Rescue assay 

MCF10a American type culture 

collection 

Assessing BRCA1 

levels  

MDA-MB-231 American type culture 

collection 

Assessing BRCA1 

levels  

Table 2.5: Details of the cell lines used in this study.  

 

 

Name of drug Target   Source 

Cycloheximide Ribosome  Sigma-Aldrich, Arklow, Ireland 

(C7698) 

ALLN Proteasome  Calbiochem, San Diego, US 

(208719) 

MG132 Proteasome  Calbiochem, San Diego, US 

(474790) 

Chloroquine  Autophagosome 

fusion 

Sigma-Aldrich, Arklow, Ireland 

(C6628) 

Olaparib PARP-1 and PARP-

2  

MedChem Express, New Jersey, 

US (HY-10162) 

Table 2.6 Details of drugs used in this study. 
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2.2 Methods  

2.2.1 Cell culture methods  

2.2.1.1 Maintenance of cells 

Osteosarcoma (U2OS), Human Embryonic Kidney (HEK) 293 and MDA-

MB-231, were maintained in Dulbecco’s modified Eagles medium (DMEM) 

supplemented with heat inactivated foetal bovine serum (10% (v/v)) and 

penicillin-streptomycin (1%(v/v)). MCF10A were maintained in DMEM 

supplemented with 5% Horse serum, 100 ng/mL cholera toxin, 10 µg/mL 

insulin, 20 ng/mL epidermal growth factor (Peprotech), 500 ng/mL 

hydrocortisone and (10% (v/v)) and penicillin-streptomycin. All cells were 

cultured in a humidified chamber at 37°C with 5% CO2. 

 

2.2.1.2 Determination of cell number 

Cell density was determined using a Countess Automated Cell Counter 

(Thermo Fisher Scientific, Leicestershire, UK) according to the 

manufacturer’s instructions. Briefly, 10 μL of a trypsinised single cell 

suspension was mixed with 10 μL of Trypan blue solution, and 10 μL of this 

mixture was loaded onto a Countess Chamber Slide. Cell number and 

viability was assessed by Trypan blue exclusion. If necessary, samples were 

diluted to fall within the linear range of the instrument (<4.0 x 106 cells/ml).  

2.2.1.3 Cryopreservation and resuscitation 

Cells were counted and re-suspended in freezing medium (DMEM and 

DMSO 10% (v/v)) at a density of between 1-2 x 106 cells/mL. Cells were 

frozen in 1 mL aliquots in cryogenic vials. Tubes were stored at -80°C for 16 

hours and then transferred to a liquid nitrogen for long-term storage. 

 

To resuscitate cells the vials were rapidly thawed in a 37 ̊C water bath. The 

thawed cells were washed with 7 mL DMEM, re-suspended in 8 mL DMEM 

and transferred to a T25 (25cm2) flask. 
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2.2.1.4 siRNA Transfection 

siRNA transfections were carried out using jetPRIME. The day before 

transfection cells were seeded into a 6 well plate at a density of 1.6 x 105 

cells/well. In a sterile tube, the required amount of siRNA was added to 200 

μL of jetPRIME buffer, vortexed, and centrifuged briefly. Unless otherwise 

stated 100 nM final concentration of siRNA was used. JetPRIME reagent was 

added (4 μL) and the mixture vortexed and centrifuged again. The solution 

was incubated at room temperature for 10 minutes, added to the cells in a drop 

wise manner and the plates were briefly rocked to ensure even distribution. 

The media was replaced after 5 hours with fresh media pre-equilibrated to 

37°C with 5% CO2. Cells were typically analysed 48 hours after transfection 

unless otherwise stated. The list of siRNAs used in this study is shown in 

Table 2.7. 

 

siRNA Sequence  Source/Reference  

siControl GCAUAUCGUCGUAUACUAU Designed in house 

siUSP9X (a) AGAAATCGCTGGTATAAATTT (Schwickart et al., 

2010) 

siUSP9X (b) AGTGTATAGTGTTTTGTAATA Designed in house 

siUSP9X (c) GCAGUGAGUGGCUGGAAGU (Dupont et al., 

2009a) 

siBRCA1  GGAACCUGUCUCCACAAAG (Lou et al., 2003) 

Table 2.7 Details of siRNAs used in this study.  

 

2.2.1.5 DNA transfections  

DNA transfections were carried out using a linear polyethylenimine 

derivative reagent, prepared in house by Dr. Michael David Rainey (MDR 

PEI). Typically, cells were seeded the day prior to transfection in a 6-well 

plate at a density of 1.6 x 105 cells/well. In separate sterile tubes, the required 

amount of DNA and MDR PEI were mixed with 200 µL of sterile NaCl. For 

every 1 µg of DNA 2 µL of MDR PEI was used. The PEI solution was added 

to the DNA solution and after a 20 minutes room temperature incubation the 

mixture was added to the cells in a drop wise manner. The plates were then 



	 70	

briefly rocked to ensure even distribution and 5 hours later the media was 

replaced with fresh media pre-equilibrated to 37°C with 5% CO2.  

 

2.2.1.6 Colony formation assay 

48 hours after siRNA transfection, cells were trypsinised and centrifuged at 

1200 RPM for 5 minutes. After centrifugation cells were re-suspended to a 

single cell solution in 1 mL of pre-equilibrated media and cell number was 

determined. Cells were diluted to the appropriate cell concentration and 

mixed with media containing different concentrations of Olaparib dissolved 

in DMSO and as a control DMSO alone. Cells were then seeded into 60 mm 

dishes in triplicate. As USP9X and BRCA1 depletion alone impaired colony 

formation, the number of cells seeded was increased to allow for a 

comparable colony numbers in cells not treated with Olaparib. After three 

days the media was replaced with fresh pre-equilibrated media lacking 

Olaparib. The number of cells that survived and formed colonies >50 cells 

was assessed seven days later. 

 

To assess the number of colonies formed, the media was removed, the dishes 

were washed with PBS and dried at room temperature. The colonies were 

fixed in MeOH (100%) for 30 minutes and subsequently incubated with the 

crystal violet staining solution for 30 minutes.  

 

2.2.1.7 Ionising irradiation treatment  

Unless otherwise stated, cells were g-irradiated with 3 Gy. For analysis of 

BRCA1 and RAD51 g-IR induced focus formation and protein levels, cells 

were harvested 4 hours post g-IR. For 53BP1 and RPA analysis experiments 

were harvested 1 hour post g-IR.  

 

2.2.2 Nucleic acid methods  

All bacterial work was carried out in a sterile environment created by a 

bunsen burner flame and EtOH sterilisation of equipment. 
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2.2.2.1 E. coli transformation  

50 μL of competent bacterial cells were thawed on ice. DNA was added to 

the bacterial cells and gently mixed. The cells were incubated on ice for 30 

mins, heat shocked at 42°C for 45 sec and placed on ice for 2 mins. 100 μL 

of Luria Bertani (LB) media (Sigma-Aldrich, Arklow, Ireland) was added and 

the cells were incubated at 37°C with 250 RPM rotation for 1 hour. Cells were 

then plated onto LB agar plates containing Ampicillin (100 μg/mL) and 

incubated overnight at 37 °C 

 

2.2.2.2 Plasmid amplification and purification 

Single colonies were picked using sterile inoculating loops and expanded in 

5 mL of LB-AMP media for 16 hours in a 37°C incubator with 250 RPM. 

Small-scale purifications were carried out on the 5 mL cultures of using the 

GenElute Plasmid Miniprep Kit (Sigma-Aldrich, Arklow, Ireland) per the 

manufacturer’s instructions. For large scale preparations, 200 μL of the initial 

5 mL culture was added to 200 mL of LB-AMP media and incubated 

overnight at 37°C. Plasmid purifications were carried out, using the GenElute 

HP Plasmid Maxi prep Kit (Sigma-Aldrich, Arklow, Ireland), as per the 

manufacturer’s instructions. 

 

2.2.2.3 RNA purifications 

RNA was purified from U2OS cell pellets containing approximately 1x106 

cells using the Nucleospin kit (Machery Nagel, Germany), as per 

manufacturers instructions. The purity and quantity of RNA was assessed 

using the Nanodrop Spectrophotometer (Thermo Fisher Scientific, 

Leicestershire, UK). The purified RNA was stored at -80°C.  

 

2.2.2.4 Real time quantitative PCR  

To carryout real time quantitative PCR (RT-qPCR) cDNA was generated 

from 1 µg of RNA using random hexamers and the SuperScript™ First-

Strand Synthesis System kit (Thermo Fisher Scientific, Leicestershire, UK) 

as per manufacturers instructions. 
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RT-qPCR was performed in triplicate in a 96-well plate. Each reaction 

consisted of: 5 µL of cDNA diluted 1:10, 5 µL of the required TaqMan gene 

expression assay diluted to 4X (Thermo Fisher Scientific, Leicestershire, UK) 

and 10 µL of FastStart Universal Probe Master mix (Sigma-Aldrich, Arklow, 

Ireland). The following TaqMan gene expression assays were used: 

Hs00947967_m1 (RAD51), Hs01556193_m1(BRCA1), Hs99999901_s1 

(18s RNA). 

 

The RT-qPCR was carried out using the StepOne Plus Real Time PCR 

System with the parameters described in table 2.8. The cycle threshold (CT) 

values obtained were normalized to the endogenous control, 18s RNA and 

the relative quantity (RQ) was determined based on the DCT to the samples 

derived from siControl transfected cells.  

 

 Cycles Target 

Temperature 

Hold 

Time 

x1 95oC 10min 

 

x40 

95oC 10sec 

60oC 30sec 

Table 2.8 RT-qPCR cycle parameters. 

 

2.2.3 Protein methods 

2.2.3.1 Total protein extraction 

For total protein extraction cell pellets were lysed in buffer A containing 

Pierce™ Universal Nuclease (1:50). Cell pellets harvested from a 6-well dish 

were lysed in 50-100 µL for 20 minutes on ice. The protein concentration of 

the cell lysate was then quantified using the Bradford assay.  
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2.2.3.2 Soluble and insoluble protein extraction 

Cell pellets harvested from a 6-well dish were lysed in 50-100 µL of buffer 

A for 20 minutes on ice. The cell lysates were centrifuged at 13,000 RPM for 

5 minutes to separate the soluble and insoluble fraction. The soluble fraction 

was removed and used for protein quantification. The insoluble fraction was 

washed twice in buffer A, re-suspended in a volume matching the soluble 

fraction and sonicated in a Bioruptor(R) water bath (Diagenode). Sonication 

was carried out on high setting for 15 cycles (15 s on, 15 s off) and the water 

bath was refilled with ice-cold water every 5 cycles.  

 

2.2.3.3 Protein quantification by Bradford assay 

The concentration of protein samples was determined using the Bradford 

assay. Standard protein samples of 1 to 5 μg/μL were prepared using Bovine 

serum albumin (BSA) dissolved in buffer A. 1 μL of each standard and 

unknown protein sample was pipetted in triplicate, into a 96-well plate and 

180 μL of Bradford reagent was added. The plate was incubated at room 

temperature for 5 minutes. The absorbance at 590 nm (A590) was measured 

using the Wallac 1420 VICTOR3 multi-label plate reader (Perkin Elmer, 

Massachusetts, USA). The A590 values obtained for the standards were used 

to generate a standard curve, which was used to determine the protein 

concentration of the unknown samples.   

 

2.2.3.4 Immunopercipitation 

For immunopercipitation experiments, protein A/G beads (SantaCruz) were 

used. To bind the antibodies to the beads, beads were washed twice with 

buffer A and incubated for 2 hours, with rotation at 4°C with 2 µg of the 

appropriate antibody diluted in buffer A. Concurrently, the cell lysate was 

‘pre-cleared’ by incubating it with A/G beads for 2 hours, at 4°C with 

rotation. The lysate was then removed from the beads, 2 mg was added to 

antibody bound A/G beads and 20 µg of the lysate was retained to analyse the 

immunopercipitation input. This mixture was typically incubated with 

rotation for 2 hours. After extensive washing with buffer A, proteins were 
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recovered in Laemmli by boiling for 5 minutes at 95°C. The eluate was stored 

at -20°C until immunoblot analysis.  

 

2.2.3.5 Analysis of protein by SDS-PAGE 

2.2.3.5.1 Preparation of samples for SDS-PAGE 

Unless otherwise stated 20 µg of protein sample was prepared for analysis. 

To prepare samples Laemmli buffer was added to a final concentration of 1X 

and samples were heated to 95°C for 3 minutes. 

 

2.2.3.5.2 SDS-PAGE gels  

Protein gels were run using the Bio-Rad mini-PROTEAN system. For the 

Bio-Rad mini PROTEAN system, different percentage gels were routinely 

used, and the gels were made in house as shown in table 2.9. Resolving gels 

were set for 30 minutes at 37°C with isopropanol overlaying the gel. The 

isopropanol was removed when the resolving gel had set. The stacking gel 

solution was then poured on top and 15-well combs were added immediately. 

Stacking gels were set for 15 minutes at 37°C. Once set, combs were 

removed, and wells were washed with SDS-PAGE running buffer. Typically, 

20 μg of protein was loaded per lane alongside 3 μL of a pre-stained protein 

molecular weight marker (Thermo Fisher Scientific, Leicestershire, UK). 

Electrophoresis was conducted at 60 V until the samples had entered the 

resolving gel, 100 V was applied for the remainder of the electrophoresis. 

When the proteins were sufficiently separated, they were transferred on to 

nitrocellulose membrane. 
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 Resolving Gels (µl) Stacking Gel (µl) 

Gel% 6% 10% 5% 

dH20 4100 2760 3605 

30% Bis-acrylamide 2000 3340 665 

1M Tris-HCL pH 8.8 3750 3750 - 

1M Tris-HCL pH 6.8 - - 625 

10% SDS 100 100 50 

10% APS 50 50 25 

TEMED 5 5 5 

Table 2.9: Details of components used to make a single polyacrylamide 
gel.  

 

2.2.3.5.3 Protein transfer to nitrocellulose membrane  

Proteins were transferred from the gel onto a nitrocellulose membrane using 

the Mini Trans-Blot system (Bio-Rad) transfer apparatus. The gel was placed 

on the membrane enclosed either side with 2 mm blotting paper and sponges, 

all of which were pre-equilibrated with transfer buffer. For analysis of small 

molecular weight proteins (<250kDa) the transfer was performed for 2.5 

hours at a constant 250 mA using transfer buffer 1. For the analysis of high 

molecular weight proteins (³ 250 kDa) the transfer was performed for 16 

hours at a constant 35 V using transfer buffer 2.  

 

2.2.3.5.4 Total protein stain  

A total protein stain was carried out on the nitrocellulose membrane to assess 

transfer efficiency and consistency in loading. To do this, directly after 

completion of the transfer the nitrocellulose membrane was washed in PBS 

for 5 minutes. 8 mL of Revert Total Protein Stain diluted 1:10 in dH20 was 

then applied to the nitrocellulose membrane and incubated with rocking for 5 

minutes. The membrane was briefly washed in the TPS wash solution and 

dH2O and imaged using the Odyssey Infrared Imaging System and Image 

Studio software (LI-COR Biosciences, NE, USA). 
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In some instances, a brief staining in Ponceau S. solution was used to assess 

loading consistency and transfer efficiency. The Ponceau S. solution was 

removed prior to immunoblotting by rinsing in PBS.  

2.2.3.5.5 Immunoblotting 

The nitrocellulose membranes were blocked in 5% milk-PBS for 30 minutes 

at room temperature. In instances where the membrane was to be incubated 

with a primary antibody dissolved in 1% BSA-PBS-T the membrane was 

washed in PBS-T for 10 minutes prior to primary antibody incubation. 

Primary antibody incubation was carried out for 16 hours at 4°C. Three 5 

minutes washes in PBS-T were carried out to remove unbound antibody and 

the membranes were incubated with secondary antibodies for 1 hours at room 

temperature. All antibodies were prepared as indicated in table 2.2 and 2.3. 

To remove any unbound secondary antibody the membrane was washed twice 

with PBS-T and once in PBS for 5 minutes each. The immunoreactive bands 

were then visualised using an Odyssey Infrared Imaging System (Li-Cor 

Biosciences).  

 

When required, band intensities were quantified using Image Studioä 

software. To correct for minor discrepancies in loading the band intensities 

were normalised to the relative signal intensity of the total protein stain for 

each lane.  

2.2.4 Flow Cytometry 

2.2.4.1 DR-GFP gene conversion HR Assay 

This assay utilises a transgenic U2OS cell line containing a direct repeat, 

green fluorescent protein (DR-GFP) sequence. DR-GFP sequence is 

composed of two differentially mutated green fluorescent protein (GFP) 

genes in direct repeat orientation, which under normal conditions do not 

encode a functional GFP. The upstream repeat is a full length GFP gene that 

is disrupted by an 18 bp restriction site for the endonuclease I-SceI. The 

downstream gene is a truncated version missing 5’ and 3’ fragments. When 

I-SceI is introduced, a DSB is created in the upstream GFP. Repair of this 
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DSB by HR can result in expression of WT GFP gene, quantifiable by flow 

cytometry (Nakanishi et al., 2011; Pierce et al., 1999).   

To perform this assay cells were seeded in 6-well dishes at 1.6x105/well. 24h 

later cells were transfected with 50 nmol of control siRNA and siRNAs 

targeting BRCA1 or USP9X. The following day single and co-transfections 

with 0.5 µg of pCBASceI and 0.05 µg of Cerulean-n1 were carried out in 

cells transfected with each of the different siRNAs. 48 hours later cells were 

harvested and re-suspended in 1% BSA containing TO-PRO-3 viability dye 

(Thermo Fisher Scientific, Leicestershire, UK). Measurements were carried 

out on the BD FACS Canto II and analysed on FlowJo vX.  The analysis gates 

for cerulean positive and GFP positive cells were designed based on the 

siRNA Control cells transfected with GFP and Cerulean respectively. To 

exclude cells that had not been transfected only cerulean positive cells were 

assessed for GFP positivity. TO-PRO-3 positivity is indicative of a 

compromised cell membrane and so TO-PRO-3 positive cells were also 

excluded from data analysis. 

   

2.2.4.2 Carboxy-H2DCFDA ROS assay 

HEK-293 cells were seeded in a 6-well dish at 2.5x105 cells/well. The 

following day cells were transfected with a control siRNA and siRNA 

targeting USP9X. 48 hours later the media was removed, and the wells were 

washed twice with PBS. Cells were harvested by scraping and suspended in 

either RPMI or RPMI containing 4 µM Carboxy-H2DCFFDA and incubated 

at 37°C for 30 minutes. The cells were then centrifuged at 1500 RPM for 5 

minutes, washed with PBS, and re-suspended in 1 mL RPMI. A portion of 

the cells was then treated with H2O2 (0.1%) for 20 minutes. All samples were 

centrifuged at 1500 RPM for 5 minutes and re-suspended in 1% BSA-PBS 

containing TO-PRO-3 (1:500). The DCF fluorescence was measured and 

analysed on the BD Accuri C6 flow cytometer. 
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2.2.4.3  Cell cycle analysis  

To label nascent DNA, cells were incubated with EdU (10 μM) for 30 minutes 

prior to harvest. Cells were fixed overnight (70% EtOH/PBS) and stained for 

EdU/DAPI analysis. Incorporated-EdU was labelled with CLICK chemistry 

(10 μM 6-carboxyfluorescine-TEG-azide, 10 mM sodium-L-ascorbate, 2 mM 

copper (II) sulphate) for 30 minutes. Cells were washed twice, once in 1% 

BSA-PBS-T and once in PBS. Cells were then resuspended in DAPI 1% 

BSA-PBS at 1 µg/mL to stain the DNA. Data was acquired on a BD FACS 

Canto II and analysed using FlowJo vX software. 

2.2.5 Microscopy 

Table 2.2 and Table 2.3 detail the conditions for which the primary and 

secondary antibodies were used for IF. 

2.2.5.1 Immunofluorescence microscopy 

Cells seeded on coverslips were fixed with 4% paraformaldehyde (PFA) for 

10 minutes and washed twice with PBS. Cells were permeabilised with 

0.125% PBS-TX for 2 minutes and washed briefly with PBS. Cells were then 

blocked in 1% BSA-PBS for 1 hours at 37°C. Primary and secondary 

antibody incubation was carried out for 1 hours at 37°C with three brief PBS 

washes in between. After incubation with secondary antibody the coverslips 

were briefly washed twice with PBS and once in dH2O. The coverslips were 

dried in a dark environment and mounted on slides containing DAPI diluted 

in SlowFade Gold Antifade Reagent (S36936, Life Technologies) 1:100.  

2.2.5.2 High throughput imaging and analysis 

Slides were imaged using a High Content Operetta system (PerkinElmer, 

London, UK) and a 60x objective lens. Depending on cell density, between 

60 and 150 fields of view were imaged per slide. Exposure times remained 

constant between slides of the same experiment. Analysis was performed 

simultaneous to imaging using the Harmony 3.1.1 software online analysis 

function. At least 300 cells were imaged and analysed for each experiment. 

For quantification of nuclear foci, the following analysis sequence was used: 

identify nuclei based on DAPI intensity > exclude border cells > exclude 
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doublet cells > detect foci based on signal to background ratio > output 

foci/nucleus counts. 

 

2.2.6 Statistical analysis 

Statistical analysis was performed using Graph pad Prism V8 software and 

was performed on a minimum of three biologically independent experiments. 

Data are presented using either standard error of the mean (S.E.M.) or 

standard deviation (S.D.) as indicated in the figure legends. Unless otherwise 

stated statistical significance was assessed using an Ordinary one-way 

ANOVA test.   

Chapter 3: Depletion of USP9X leads to DNA damage 
without disrupting the homeostasis of reactive oxygen 
species  

3.1 Introduction  
One of the earliest events in the response to a DNA DSB is the 

phosphorylation of the histone variant H2AX at Serine 139 (g-H2AX) on the 

surrounding chromatin. This modification is rapidly removed upon repair of 

the break (Chowdhury et al., 2005), thus is widely accepted as a marker of 

DNA DSBs. In previous work, we have reported that in the human embryonic 

kidney derived HEK-293 cells, USP9X depletion leads to an increase in the 

number of g-H2AX positive cells suggesting that USP9X protects against 

DNA damage (McGarry et al., 2016). This g-H2AX increase was shown to 

be partially due to the role of USP9X in stabilising CLASPIN. 

 

A comprehensive understanding of how USP9X protects against DNA 

damage is important in understanding the role of USP9X in maintaining 

genome stability, and potentially aid in the elucidation of the tumour 

suppressive properties of USP9X. This chapter describes further 

characterisation of DNA DSB formation in the absence of USP9X, the 

optimisation of an assay to measure ROS and an investigation into the role of 

USP9X in ROS homeostasis as a mechanism of preventing DNA damage. 
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3.2 Loss of USP9X leads to DNA damage accumulation in 

U2OS cells  
In order to extend previous observations that the loss of USP9X in HEK-293 

cells leads to accumulation of g-H2AX positive cells, we quantified g-H2AX 

foci in osteosarcoma derived U2OS cells, which were depleted of USP9X. To 

do this, U2OS cells were transfected with a siControl and two non-

overlapping siRNAs targeting USP9X (siUSP9X (a) and siUSP9X (b)) for 48 

hours. Cells were then stained with an antibody against g-H2AX (Fig. 3.1 A). 

The number of g-H2AX foci were quantified using a high-throughput 

microscopy system. Fig 3.1 B shows the number of g-H2AX foci observed in 

individual nuclei. In cells transfected with a control siRNA, the majority of 

cells had less than 10 g-H2AX nuclear foci and the mean number of foci was 

13. The depletion of USP9X with siUSP9X (a) and siUSP9X (b) caused an 

increase in the number of cells with greater than 10 foci, increasing the mean 

number of g-H2AX foci to 27 and 26 respectively. USP9X depletion was 

confirmed by immunoblot analysis (Fig. 1C). The increase in g-H2AX foci 

upon USP9X depletion with multiple siRNAs consolidates previous 

observations that the loss of USP9X leads to DNA damage and demonstrates 

that this phenotype is conserved in other cell types.   
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Figure 3.1: Depletion of USP9X leads to an accumulation of γ-H2AX.  

U2OS cells were transfected with a control siRNA or siRNAs targeting USP9X for 
48 hours. A) Representative images of γ-H2AX immunofluorescence. Scale bar = 
20 µm. B) Quantification of γ-H2AX nuclear foci. The quantification shown for each 
siRNA is a compilation of 600 cells, 200 cells from each biological replicate. Mean 
± s.e.m, P values are indicated by asterisks (****; p < 0.0001). C) Immunoblot 
analysis of USP9X in cell lysates derived from siRNA transfected cells. A total 
protein stain (TPS) was used as a loading control.   
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3.3 Development of carboxy-H2DCFDA probe ROS assay 
The accumulation of g-H2AX observed upon USP9X depletion may simply 

be due to the role of USP9X in maintaining levels of the replication protein 

Claspin and subsequent stabilisation of replication forks (McGarry et al., 

2016). However, as restoration of Claspin in USP9X depleted cells only 

partially rescues the levels of g-H2AX, we hypothesised that additional 

perturbances occur that lead to an accumulation of DNA damage. One of the 

major sources of endogenous DNA DSBs are ROS. To investigate if the DNA 

damage observed upon the loss of USP9X was due to an increase in ROS, we 

compared the ROS levels in USP9X depleted cells to control cells. To 

measure the levels of ROS we utilised the carboxy-H2DCFDA probe, a cell 

permeable acetylated fluorescein compound. Upon entering the cell, this 

compound is de-acetylated by esterases present in the cytoplasm, causing it 

to be retained within the cells where it can then be oxidised by ROS forming 

a fluorescent DCF compound.  

 

An initial test was performed to assess the ability of this assay to detect 

changes in ROS levels in our cellular system. In this test, U2OS cells were 

treated with varying concentrations of H2O2 to induce oxidative stress, after 

20 minutes the cells were harvested and treated with the carboxy-H2DCFDA 

probe for 1 hour. The amount of fluorescent DCF present was then assessed 

by flow cytometry. Cells that had not been treated with H2O2 or incubated 

with the probe indicated a background fluorescence of 5,556 arbitrary units 

(abu) (Fig 3.2 A). Incubation of cells with the probe resulted in an increase in 

the mean DCF fluorescence to 23,663 abu, likely due to oxidation of the probe 

by endogenous ROS. In cells treated with H2O2 no further increase in DCF 

levels was detected. The lack of an increase in DCF levels after H2O2 

treatment demonstrated that there were technical issues with the assay.  

 

One potential issue with the assay was that the H2O2 was no longer active. 

H2O2 is a highly reactive compound which is readily reduced to H2O. To 

assess if H2O2 was still active and capable of generating ROS, U2OS cells 

were treated with 100 µM H2O2 and immunofluorescence staining of g-H2AX 
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was performed. In cells treated with H2O2 a high level of g-H2AX was 

detected (Fig. 3.2 C). The presence of g-H2AX showed that the H2O2 was 

active and capable of inducing ROS.  
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Figure 3.2: H2O2 treatment did not result in a detectable increase in DCF in 
this experiment. 

A) U2OS cells were treated with increasing concentrations of H2O2, incubated with 
the probe for 1 hour and the DCF fluorescence was measured by flow cytometry. 
Histograms show observed DCF fluorescence. The histogram of DCF fluorescence 
of the untreated cells that were incubated with the probe is overlaid with the 
histograms of the H2O2 treated cells. B) U2OS cells were treated with 100 µM of 
H2O2 for 20 minutes and stained with an antibody against γ-H2AX.  
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We then hypothesised that the lack of DCF detection may be due to an aspect 

of sample handling during preparation for flow cytometry analysis. To test 

this hypothesis, we performed a live cell microscopy assay monitoring DCF 

fluorescence after treatment with H2O2. In this assay, adherent U2OS cells 

were pre-treated with the probe for 1 hour and then treated with a higher H2O2 

concentration of 8.7 mM for 20 minutes. The new conditions were based on 

previous methods others had used for this assay. The level of DCF 

fluorescence was assessed at multiple time points by live cell microscopy 

(Fig. 3.3). 0.5 hours after H2O2 treatment, an increase in DCF fluorescence 

was detected in cells. At 1.5 hours the fluorescence appeared to have declined 

and at 5 hours DCF could no longer be detected. The detection of DCF after 

H2O2 treatment confirmed that the probe was being converted to DCF in 

response to an increase in ROS and suggested that the lack of detection in the 

flow cytometry-based assay was due to an issue with the sample handling. 

The decrease in DCF fluorescence observed after 0.5 hours shows that the 

DCF fluorescence is short lived. This indicated the amount of time between 

DCF generation and analysis is a critical aspect of this assay.  
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Figure 3.3: Timing between DCF generation and measurement of DCF 
fluorescence is a critical aspect of this ROS assay.  

U2OS cells were treated with the probe for 1 hour (h) and then treated with 8.7mM 
H2O2 for 20 minutes. Live cell imaging was carried out at the indicated time points 
to assess DCF fluorescence.   
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As the fluorescence of DCF appears to decrease somewhat rapidly, we 

hypothesised that modifying the flow cytometry based assay to minimise the 

amount of time between probe treatment and analysis would improve DCF 

detection. To this end, we reduced the length of time that cells were incubated 

with the probe from 1 hour to 30 minutes and conducted the experiment in 

HEK-293 cells, a cell line which detaches quicker than U2OS cells during 

harvesting. Using this modified protocol, we again assessed the ability of the 

assay to detect ROS induced by H2O2 treatment. In cells treated with H2O2, 

we could now observe a clear shift in the DCF fluorescence compared to the 

control, demonstrating that the modified flow cytometry assay could detect 

increases in ROS (Fig. 3.4). A high concentration of H2O2 is used and the shift 

in fluorescence observed is quite large as such, it is possible that a lower 

concentration could have been used. A titration of different amounts of H2O2 

could have been performed to assess if this was true.   

 

 

 

 

 
Figure 3.4: Modified ROS assay protocol can detect H2O2 induced increased 
ROS.  

HEK-293 cells were incubated with the probe for 30 minutes, harvested and treated 

with 8.7 mM H2O2 for 20 minutes. The levels of DCF were assessed by flow 

cytometry. The histogram of DCF fluorescence of untreated cells is overlaid with 

the H2O2 treated cells.   
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3.4 Loss of USP9X does not increase ROS levels in HEK-293 

cells 
To test our hypothesis that the loss of USP9X led to an increase in ROS, 

HEK-293 cells were transfected with a control siRNA or a siRNA targeting 

USP9X, for 48 hours. The cells were then incubated with the probe for 30 

minutes, harvested, and the appropriate sample was treated with H2O2 for 20 

minutes. The DCF fluorescence was then measured by flow cytometry. Fig. 

3.5 A shows representative DCF fluorescence histograms of treated cells 

overlaid with the histogram of untreated control cells. The observed DCF 

intensity means were normalised to those of untreated cells, H2O2 treatment 

increased the relative mean DCF level to 6.19 abu. In siControl transfected 

cells, the relative DCF level was 1.31 abu. Depletion of USP9X did not 

increase the levels of DCF. Surprisingly DCF levels significantly decreased 

to 0.74 abu in USP9X depleted cells (Fig 3.5 B). USP9X depletion was 

confirmed by immunoblot analysis (Fig 3.5 C). The lack of an increase of 

DCF levels in this assay, in USP9X depleted cells, suggests that the loss of 

USP9X does not lead to an increase in ROS, indicating that this is not the 

cause of DNA damage observed in these cells. 
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Figure 3.5: Depletion of USP9X does not significantly increase detected DCF 
levels.  

HEK-293 cells were transfected with a control siRNA or a siRNA targeting USP9X 
for 48 hours, cells were then incubated with the probe for 30 minutes. As a control, 
a portion of the cells was treated with 8.7 mM H2O2 for 20 minutes. A) 
Representative histograms of DCF fluorescence. The histogram of untreated cells is 
overlaid with the histograms of the H2O2 and siRNA transfected cells. B) Mean DCF 
fluorescence intensity normalized to the untreated cells. Data shown is of three 
biologically independent experiments, ± s.d., Statistical significance was assessed 
using an Ordinary one-way ANOVA test, P values are indicated by asterisks (****; 
p < 0.0001, * p < 0.05). C) Representative immunoblot analysis of USP9X in lysates 
derived from HEK-293 cells used in assay.  
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3.5 Conclusion 
We have demonstrated using multiple non-overlapping siRNAs that the loss 

of USP9X in U2OS cells leads to an accumulation of g-H2AX. We have 

optimised an assay for intracellular ROS detection and defined the timing 

between DCF generation and fluorescence measurement as a critical aspect 

of this assay. Using this assay, we obtained preliminary evidence to suggest 

that USP9X depletion does not lead to an increase in ROS. This observation 

suggests that a disruption to ROS homeostasis is not the cause of DNA 

damage in USP9X depleted cells.  

  



	 91	

Chapter 4: USP9X is required for efficient repair of DNA 
DSB by homologous recombination 

4.1 Introduction  
The results described in Chapter 3 suggest that the DSB accumulation 

observed in USP9X depleted cells is not a result of an increase in ROS. As 

discussed in section 1.1, cells are constantly exposed to endogenous sources 

of DNA damage and so have complex repair mechanisms in place to prevent 

the possible deleterious effects of this damage. As an alternative hypothesis, 

we predicted that USP9X was implicated in these mechanisms and that the 

accumulation of DNA damage in the absence of USP9X was due to defects 

in repair.  

4.2 Loss of USP9X impairs repair of g-IR induced DSBs 
To investigate the role of USP9X in repair of DNA DSBs we assessed the 

ability of USP9X depleted cells to repair g-IR induced DSBs. To do this 

U2OS cells were transfected with a siRNA control, siUSP9X (a) or siUSP9X 

(b). Cells were g-irradiated with 3 Gy to induce DSBs. Cells were fixed at 0.5, 

4, 8, 12 and 24 hours after g-IR and immunofluorescence staining of g-H2AX 

was performed. The number of nuclear g-H2AX foci present in each cell was 

quantified using a high throughput microscopy system. Fig. 4 A shows the 

number of g-H2AX foci in individual nuclei at each timepoint, Fig. 4 B 

indicates the mean g-H2AX foci observed at these timepoints. In siControl, 

siUSP9X (a) and (b) transfected cells, an increase in g-H2AX foci was 

observed 0.5 hours after g-IR, indicating that DSBs were generated. In the 

control cells, 4 hours after g-IR the number of foci declines and by 24 hours, 

70% of the g-IR induced g-H2AX foci have been removed. In USP9X 

depleted cells, after g-IR the number of g-H2AX foci decreased over time 

demonstrating that these cells were capable of some level of repair. However, 

by 24 hours only 56% and 41% of g-H2AX foci had been removed in cells 

transfected with siUSP9X (a) and siUSP9X (b) respectively. The depletion of 

USP9X in these cells was confirmed by immunoblotting (Fig. 4 C). In USP9X 

depleted cells the elevated levels of g-H2AX foci observed 24 hours after g-

IR, suggests that the loss of USP9X negatively impacts DNA repair.  
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Figure 4.1: Depletion of USP9X impairs the repair of g-IR induced DSB.  

U2OS cells were transfected with a control siRNA and two siRNAs targeting USP9X 
(siUSP9X (a) and (b)) for 48 hours. Cells were then g-irradiated with 3 Gy, harvested 
at the indicated time points harvested and stained with an antibody against g-H2AX. 
A) Quantification of g-H2AX foci per nuclei for each timepoint, B) mean g-H2AX 
foci for each these timepoints. Data shown is the compilation of three biologically 
independent experiments. A compilation of 900 cells were quantified for each 
timepoint and siRNA (300 cells from each biological repeat) Mean ± s.e.m., P values 
are indicated by asterisks (****; p < 0.0001). C) A representative immunoblot 
analysis of USP9X in lysates derived from U2OS cells used in A.  
  

TPS

USP9X

si
C

on
tro

l

si
U

SP
9X

 (a
)

si
U

SP
9X

 (b
)

-IR 0.5h 4h 8h 12h 24h
siControl 7.319 37.02 22.1 18.31 23.13 11.34

siUSP9X (a) 13.89 48.51 34.74 29.23 30.03 21.26
siUSP9X (b) 13.52 39.28 25.04 19.36 20.1 22.81

B)

A)

siC
ontro

l - 
IR

siC
ontro

l 0
.5h

siC
ontro

l 4
h

siC
ontro

l 8
h

siC
ontro

l 1
2h

siC
ontro

l 2
4h

siU
SP9X

 (a
) - 

IR

siU
SP9X

 (a
) 0

.5h

siU
SP9X

 (a
) 4

h

siU
PS9X

 (a
) 8

h

siU
SP9X

 (a
) 1

2h

siU
SP9X

 (a
) 2

4h

siU
SP9X

 (b
) - 

IR

siU
SP9X

 (b
) 0

.5h

siU
SP9X

 (b
) 4

h

siU
PS9X

 (b
) 8

h

siU
SP9X

 (b
) 1

2h

siU
SP9X

 (b
) 2

4h
0

10

20

30

40

50

60

70

80

90

100

110

120

yH
2A

X 
fo

ci
/n

uc
le

us
 

n=3

C)



	 93	

4.3 Loss of USP9X impairs effective HR 
There are two main pathways for the repair of DSBs: NHEJ and HR. A role 

for USP9X in HR was directly assessed using a chromosomal gene 

conversion assay. This assay was conducted in U2OS cells, which had been 

modified to contain a direct repeat GFP (DR-GFP) sequence. The DR-GFP 

sequence contains two differentially mutated GFP transgenes, one of which 

contains an I-SceI restriction site; the other is a truncated GFP gene. Upon 

transfection with the I-SceI endonuclease a DSB is generated, if this is 

repaired by HR using the truncated GFP sequence, a functional gene 

expressing GFP can be reconstituted. Thus, the percentage of GFP positive 

cells is indicative of HR occurrence (Pierce et al., 1999). 

 

To perform this assay cells were transfected with a control siRNA, siRNAs 

targeting USP9X and a siRNA targeting BRCA1. BRCA1 is a major player 

in HR and so depletion of BRCA1 was performed as a positive control. After 

24 hours, cells were transfected again with expression plasmids for the 

endonuclease I-SceI to induce DSB and the fluorescent protein cerulean, to 

indicate transfection efficiency. After 48 hours, cells were harvested and the 

GFP and cerulean fluorescence intensities were measured by flow cytometry. 

Fig. 4.2 A shows representative fluorescence plots and the gating strategy 

used to define GFP and cerulean positive cells. The gates for GFP positive 

cells were assigned based on the fluorescence observed in cells transfected 

with only the cerulean expression plasmid. The gates for cerulean positive 

cells were defined based on the fluorescence detected in cells transfected with 

only the I-SceI expression plasmid.  

 

The percentage of GFP positive cells obtained were normalised to the 

transfection efficiency of that population, determined by the percentage of 

cerulean positive cells. In siRNA control cells 14.6% of the transfected 

population were GFP positive (Fig. 4.2 B). The depletion of BRCA1 greatly 

reduced the percentage of GFP positive cells to 1.5%. Cells depleted of 

USP9X using siUSP9X (a) and siUSP9X (b) had a significantly reduced 

percentage of GFP positive cells to an intermediate level of 8.3% and 5.2% 
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respectively. Depletion of USP9X was confirmed by immunoblot analysis 

(Fig. 4.2 C). The decrease in GFP positive cells indicated that cells depleted 

of USP9X had an impaired ability to carry out HR repair of DSB.   
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Figure 4.2: Depletion of USP9X decreases HR repair events.  

A) Gating strategy used to define cerulean (top row) and GFP (bottom row) positive 
populations in the HR assay. B) DR-GFP U2OS cells were transfected with siRNAs 
targeting USP9X, BRCA1 and a control siRNA. 24 hours later cells were transfected 
with pCBASce and pCerulean-n1 and 48 hours later the percentage of GFP positive 
cells was assessed by flow cytometry. The percentage of GFP positive cells shown 
is normalized to transfection efficiency, which was indicated by cerulean 
fluorescence. Data shown is the mean of three biologically independent experiments, 
± s.d. P values are indicated by asterisks (****; p < 0.0001, ***; p < 0.001). C) 
Representative immunoblot analysis of USP9X in cell lysates derived from DR-GFP 
U2OS cells used in assay.   
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Cells deficient in HR repair are characteristically sensitive to 

chemotherapeutic agents that damage DNA, among which are PARP 

inhibitors (Bryant et al. 2005; Farmer et al. 2005). PARP inhibition causes an 

accumulation of DSBs that are predominantly repaired by HR, as a result the 

sensitivity of cells to PARP inhibition indicates HR efficiency. To assess the 

sensitivity of USP9X depleted cells to PARP inhibition, a colony formation 

assay was performed. In this assay cells were transfected with either a 

siControl, siBRCA1 or siUSP9X (a), (b) or (c). 48 hours after transfection a 

portion of the cells were harvested for immunoblotting analysis and a portion 

was plated at a low concentration in media containing increasing doses of the 

PARP inhibitor, Olaparib. After three days the media was replaced with fresh 

media lacking Olaparib and 11 days later the number of cells that survived 

and formed colonies were counted.  

 

We observed that, compared to the control cells, depletion of BRCA1 

strongly reduced the number of cells that survived and formed colonies after 

Olaparib treatment at all concentrations (Fig. 4.3 A). The depletion of USP9X 

with all siRNAs, although to a lesser extent than BRCA1 depletion, also 

strongly reduced the percentage of cells that survived to form colonies after 

Olaparib treatment. A two-way ANOVA was performed to compare the 

difference in survival, at each Olaparib concentration, between the siControl 

transfected cells and cells transfected with siRNAs targeting either USP9X or 

BRCA1. A significant difference with a P value of < 0.0001 was observed for 

each comparison. USP9X depletion was confirmed by immunoblot analysis 

(Fig. 4.3 B). The decreased survival of USP9X depleted cells after Olaparib 

treatment demonstrates that these cells are sensitive to PARP inhibition, 

indicating again that HR repair of DSBs is impaired in the absence of USP9X.   
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Figure 4.3: Depletion of USP9X enhances sensitivity to Olaparib.  

A) Colony formation assay in which U2OS cells were transfected with the indicated 
siRNAs and treated with increasing doses of Olaparib for three days. Graph depicts 
the mean number of colonies formed in three biologically independent experiments 
± s.d. B) Representative immunoblot analysis of USP9X in cell lysates derived from 
cells used in colony formation assay.   
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As HR DNA repair requires a homologous template its occurrence is 

generally limited to S and G2 phases of the cell cycle. To investigate whether 

the observed deficiency of HR was due to confounding changes in the cell 

cycle, an assessment of the cell cycle distribution was performed. To do this, 

cells were transfected with a control siRNA and two distinct siRNAs targeting 

USP9X. Cells were treated with the nucleotide analogue EdU for 30 minutes 

prior to harvesting and Click chemistry was then performed to fluorescently 

label the EdU. Cells were stained with DAPI to mark the DNA content and 

analysed by flow cytometry. The gates for different phases in the cell cycle 

were designed based on EdU and DAPI intensity (Fig. 4.4 A).  

 

In cells transfected with the control siRNA, 26% of the population were in 

G1, 51% were in S and 21.3% were in the G2 phase of the cell cycle (Fig. 4.4 

B). The percentage of cells in G1 did not change in siUSP9X (a) transfected 

cells but increased to 42.2% with siUSP9X (b) and 38.1% with siUSP9X (c). 

The percentage of S phase cells decreased from 51% in the control cells to 

44.6%, 37% and 43.9% in cells transfected with siUSP9X (a), (b) and (c) 

respectively. The G2/M percentages of cells was increased slightly in 

siUSP9X (a) transfected cells decreased slightly in siUSP9X (c) and remained 

the same in siUSP9X (b) transfected cells. While the depletion of USP9X 

does appear to induce some changes in cell cycle distribution, the changes are 

minor and so it is unlikely that this accounts for the significant deficiency in 

HR. 
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Fig. 4.4: Depletion of USP9X does not cause major changes to the cell cycle 

distribution.  

A) EdU and DAPI flow cytometry profiles of U2OS cells transfected with control 
siRNA and siRNAs targeting USP9X for 48 hours. Gates for G1, S and G2 phases 
were assigned based on EdU and DAPI intensity.  B) Bar chart of the percentage of 
populations present in the different phases of the cell cycle. Data shown is the mean 
of three biologically independent experiments, ± s.d. 
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4.4 Loss of USP9X impairs the g-IR induced focal 

recruitment of HR factors  
To understand how the HR pathway was affected in the absence of USP9X, 

we assessed the ability of several repair proteins to be recruited into foci after 

γ-IR. We first assessed the formation RAD51 nuclear foci. To do this U2OS 

cells were transfected with control siRNA and three siRNAs targeting 

USP9X. Cells were then either mock treated or irradiated with 3 Gy and 4 

hours later, stained with an anti-RAD51 antibody (Fig. 4.5 A). The number 

of RAD51 nuclear foci was quantified using high throughput microscopy. In 

un-irradiated cells a low number of RAD51 foci were detected. As basal 

levels of g-H2AX are also observed in U2OS cells (Fig. 3.1), it is likely that 

these RAD51 are marking sites of spontaneous DNA damage were detected. 

Un-irradiated control cells had on average, 8 nuclear RAD51 foci. This was 

slightly decreased to 7, 6 and 6 in cells transfected with siUSP9X (a), 

siUSP9X (b) and siUSP9X (c) respectively.  

 

After g-IR, cells transfected with the control siRNA had an average of 19 

nuclear RAD51 foci (Fig. 4.5 B). Compared to the control cells, USP9X 

depleted cells had a significantly lower number of RAD51 foci. In cells 

transfected with siUSP9X (a), (b) and (c) the mean number of RAD51 foci 

observed was decreased to 14, 7 and 8 respectively. The reduced focus 

formation of RAD51 in USP9X depleted cells in response γ-IR suggests that 

USP9X depletion affects the HR pathway at the stage of RAD51 recruitment 

or before.  
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Figure 4.5: Depletion of USP9X decreases RAD51 g-IR induced focus 

formation.  

U2OS cells were transfected with indicated siRNAs and γ-irradiated with 3 Gy. 4 
hours later, cells were stained with anti-RAD51 antibodies. A) Representative 
images. Scale bar = 20 µm.  B) Quantification of the number of nuclear RAD51 foci. 
Data shown is the compilation of three biologically independent experiments, mean 
± s.e.m. A compilation of 900 cells were quantified for each condition (300 cells 
from each biological repeat). Statistical significance was assessed using an Ordinary 
one-way ANOVA test, P values are indicated by asterisks (****; p < 0.0001, **; p 
< 0.01).  	  
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We next assessed if USP9X depletion affected the γ-IR induced focus 

formation of BRCA1, a key protein implicated in HR upstream of RAD51 

recruitment. To assess BRCA1 foci formation, cells were transfected with a 

control siRNA and three siRNAs targeting USP9X, mock treated or γ-

irradiated with 3 Gy and 4 hours later, stained with an anti-BRCA1 antibody 

(Fig. 4.6 A). The number of BRCA1 nuclear foci was quantified using the 

high throughput microscopy system. In the absence of g-IR, siControl 

transfected cells had a mean basal number of BRCA1 foci of 7. This was 

decreased to a mean of 4, 4 and 3 in cells depleted of USP9X with siUSP9X 

(a), (b) and (c) respectively.  

 

After g-IR, in the control cells the number of BRCA1 foci increased and a 

mean of 12 foci per nuclei was observed. In USP9X depleted cells the number 

of BRCA1 foci was significantly reduced. In cells transfected with siUSP9X 

(a), siUSP9X (b) and siUSP9X (c) the mean number of BRCA1 foci was 

decreased to 6,5 and 6 respectively (Fig. 4.6 B). The decrease in BRCA1 foci 

formation in response to DNA damage in USP9X depleted cells further 

demonstrated that HR repair was impaired in USP9X depleted cells and 

suggested that USP9X was playing a role in HR upstream of RAD51, at the 

stage of BRCA1 recruitment or before.   
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Figure 4.6: Depletion of USP9X decreases g-IR induced BRCA1 foci formation.  

U2OS cells were transfected with a control siRNA or siRNAs targeting USP9X for 
48 hours and were γ-irradiated with 3 Gy. 4 hours later cells were stained with anti-
BRCA1 antibody. A) Representative images. Scale bar = 20 µm.  B) Quantification 
of the number of nuclear BRCA1 foci. Data shown is the compilation of three 
biologically independent experiments, mean ± s.e.m. A compilation of 1500 cells 
were quantified for each condition (500 cells from each biological repeat). Statistical 
significance was assessed using an Ordinary one-way ANOVA test, P values are 
indicated by asterisks (****; p < 0.0001).   
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To assess if the loss of USP9X was specifically affecting the HR repair 

pathway we assessed the focal recruitment of a key promoter of NHEJ, 

53BP1. To this end, U2OS cells were again depleted of USP9X using two 

siRNAs, mock treated or γ-irradiated at 3 Gy and 1 hour later stained with an 

anti-53BP1 antibody (Fig. 4.7 A). In un-irradiated control cells, a small 

number of 53BP1 foci are detected. Depletion of USP9X in un-irradiated cells 

increases the number of 53BP1 foci.  

 

After γ-IR the mean number of 53BP1 foci present in control cells was 13. In 

cells transfected with siUSP9X (a) and siUSP9X (b) the number of foci 

increased significantly and a mean of 17 and 22 foci was observed. The g-IR 

induced increase of 53BP1 foci in USP9X depleted cells indicated that 

USP9X depletion does not disrupt 53BP1 focal recruitment in response to 

DNA damage. This ability of cells to recruit 53BP1 foci after g-IR suggests 

that the initial signalling that takes place after DSB recognition is not 

impaired in USP9X depleted cells and may indicate that USP9X is 

specifically regulating HR. The increase of 53BP1 foci observed after g-IR in 

USP9X depleted cells is interesting. It is possible that this increase is a result 

of the cells compensating for the impaired HR pathway by upregulating the 

NHEJ pathway.   
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Figure 4.7: Depletion of USP9X enhances g-IR induced 53BP1 foci formation.  

U2OS cells were transfected with a control siRNA or siRNAs targeting USP9X for 
48 hours and were γ-irradiated at 3 Gy. 1 hour later, cells were stained with anti-
53BP1 antibody. A) Representative images. Scale bar = 20 µm.  B) Quantification 
of the number of nuclear 53BP1 foci. Data shown is the compilation of three 
biologically independent experiments, mean ± s.e.m. A compilation of 900 cells 
were quantified for each condition (300 cells from each biological repeat). Statistical 
significance was assessed using an Ordinary one-way ANOVA test, P values are 
indicated by asterisks (****; p < 0.0001).   
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4.5 Loss of USP9X decreases BRCA1 and RAD51 protein 

levels  
The observation that the depletion of USP9X led to a reduction in RAD51 

and BRCA1 foci in un-irradiated cells, led us to hypothesise that USP9X was 

regulating the overall levels of these proteins. To test this hypothesis, we 

transfected cells with a control siRNA or siRNAs targeting USP9X and either 

mock treated or irradiated these cells with 3 Gy of γ-IR. Immunoblotting 

analyses were then carried out on whole cell lysates to assess the levels of 

BRCA1 and RAD51. Compared to the control, the depletion of USP9X with 

siUSP9X (a) and (b) resulted in a decrease in RAD51 and BRCA1 protein 

levels. This decrease was observed in both the presence and absence of g-IR 

(Fig. 4.8 A, B). To confirm this observation, quantification of the band 

intensity detected for BRCA1 and RAD51 in USP9X depleted cells was 

performed. This quantification showed that the loss of USP9X decreased both 

BRCA1 and RAD51 protein levels by approximately 50% (Fig. 4.8 C, D). 

The levels of RPA2, another key player in HR were also assessed. 

Importantly, the loss of USP9X did not affect the levels of the RPA2 (Fig. 4.8 

E). The decrease in RAD51 and BRCA1 protein levels upon the USP9X 

depletion indicates that USP9X may regulate HR by is regulating the 

abundance of these key proteins.   
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Figure 4.8: Depletion of USP9X decreases BRCA1 and RAD51 protein levels.  

A and B) Immunoblot analyses of BRCA1 and RAD51 in lysates derived from 
U2OS cells that were transfected with a control siRNA and siRNAs targeting USP9X 
for 48 hours, mock treated or irradiated with 3 Gy and harvested 4 hours later. C and 
D) Quantification of BRCA1 and RAD51 band intensities in USP9X depleted cells. 
Data shown is the mean of three biologically independent experiments, ± s.d. Values 
are normalized to the intensity of the loading control, TPS. E) Immunoblot analyses 
of RPA2 in cell lysates from USP9X depleted cells, treated with MG132 for 3 hours. 
Statistical significance was assessed using an Ordinary one-way ANOVA test, P 
values are indicated by asterisks (****; p < 0.0001, **; p < 0.01).
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To determine if the regulation of BRCA1 by USP9X was conserved in other 
cell lines the levels of BRCA1 were assessed in USP9X depleted, MDA-MB-
231 cells, a breast cancer derived cell line and MCF10A cells, a non-
tumorigenic epithelial cell line. The depletion of USP9X in both of these cell 
lines decreased BRCA1 protein levels demonstrating that this regulation was 
not solely U2OS-specific (Fig. 4.9 A, B).  
 

	
 

Figure 4.9: USP9X depletion decreases BRCA1 protein levels in MCF10A and 

MDA-MB-231 cells.  

A and B) Immunoblot analyses of BRCA1 in lysates derived from MCF10A and 
MDA-MB-231 breast cells transfected with distinct siRNAs targeting USP9X.  

 

4.6 Conclusion 
We have shown using a cellular HR reporter assay, γ-IR induced focus 

formation assays, and a colony formation assay that USP9X is required for 

effective HR repair of DSBs. We show that the recruitment of a key NHEJ 

promoter, 53BP1, is not impaired by USP9X depletion, suggesting that 

USP9X specifically regulates HR. Furthermore, we demonstrate that USP9X 

affects the protein levels of two key HR players BRCA1 and RAD51 protein 

and that this regulation is conserved in other cell types.  
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Chapter 5:  USP9X regulates the mRNA abundance of 
BRCA1 and RAD51  

5.1 Introduction 
In chapter 4, we demonstrate that upon the depletion of USP9X cells are 

deficient in HR repair of DNA DSB. This decrease in HR DNA repair 

competency is likely due to the observed decrease in BRCA1 and RAD51 

protein levels, two key players in the HR repair pathway. Understanding the 

mechanism by which USP9X regulates these protein levels is important as it 

provides further insight on the role of USP9X in HR. In addition, USP9X has 

been reported to in certain contexts, act as a tumour suppressor, however the 

mechanisms by which it does this are not fully understood. As BRCA1 is a  

well-known tumour suppressor, understanding the regulatory role of USP9X 

on its levels may provide insight into the tumour suppressive properties of 

USP9X. The work presented in this chapter details our effort in identifying 

the mechanisms by which USP9X regulates BRCA1 and RAD51 protein 

levels. 

5.2 USP9X and BRCA1 do not appear to directly interact 
One of the most well understood roles of deubiquitinases is the removal of 

proteasome degradation ubiquitin signals from substrates. USP9X has been 

shown to regulate the majority of its known substrates through the removal 

of these proteasome degradation ubiquitin signals (Table 1.2). We 

hypothesised that USP9X was regulating BRCA1 and RAD51 in this manner. 

To test this hypothesis, we first assessed whether USP9X and BRCA1 

physically interact. To do this we performed reciprocal immunopercipitations 

of USP9X and BRCA1 and analysed the co-immunopercipitated proteins by 

immunoblotting. Details of the immunopercipitation methods can be found in 

section 2.2.3.4. To immunopercipitate BRCA1, U2OS cell lysates were 

incubated with beads bound to a BRCA1 antibody or an IgG control.  The 

immunopercipitated proteins were analysed by immunoblotting.  

 

To assess the efficiency of the BRCA1 immunopercipitation the membrane 

was probed with BRCA1. A strong signal was detected in the lane containing 

the BRCA1 immunopercipitation, indicating that BRCA1 had been 
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efficiently immunopercipitated. No BRCA1 was detected in the control IgG 

immunopercipitation (Fig. 5.1 A). Immunoblotting for USP9X showed a faint 

band for USP9X in the BRCA1 immunopercipitation, however USP9X was 

also faintly detected in the IgG control. The presence of USP9X in the IgG 

control indicated that USPX was binding non-specifically to either the beads 

or IgG. As similar levels of USP9X were detected in the IgG and BRCA1 

immunopercipitation, this experiment suggested that USP9X and BRCA1 do 

not interact. 

 

To confirm the absence of an interaction between USP9X and BRCA1 the 

reciprocal immunopercipitation with USP9X was performed.  To this end, 

immunopercipitations were carried out on U2OS cell lysates using a USP9X 

antibody or rabbit IgG bound beads and the immunopercipitations were 

analysed by immunoblotting. Probing with a USP9X antibody detected a 

strong signal in the lane containing the USP9X immunopercipitation while 

no USP9X was detected in the IgG control indicating efficient 

immunopercipitation of USP9X (Fig 5.1 B). The replication protein Claspin, 

a known interactor of USP9X was detected in the USP9X 

immunopercipitated material. BRCA1 was not detected in the recovered 

material again indicating that BRCA1 and USP9X did not interact.  

 

We postulated that if USP9X was removing proteasome degradation signals 

from BRCA1 then inhibition of proteasomal degradation would enrich for 

ubiquitinated BRCA1 and therefore enhance the amount of BRCA1 

interacting with USP9X and the likelihood of detecting an interaction. For 

this reason, USP9X immunopercipitations were performed using cell lysates 

from U2OS cells that were treated with the proteasome inhibitor MG132 for 

5 hours (Fig. 5.1 C). Immunoblot analysis detected a strong band for USP9X 

in the lane containing the USP9X immunopercipitation while no band was 

detected in the IgG control indicating that the precipitation was successful. 

No band was detected for BRCA1. The absence of BRCA1 in the 

immunopercipitated material again suggested that USP9X and BRCA1 do not 

directly interact.  

  



	 111	

 

	

	
 

Figure 5.1: USP9X and BRCA1 do not co-immunopercipitate.  

A) Immunoblot analysis of proteins recovered from an immunopercipitation 
performed using a BRCA1 antibody or control mouse IgG on U2OS cell lysates.  B) 
As in (A) but immunopercipitation was performed using USP9X antibody or control 
rabbit IgG. C) As in (B) but lysates were derived from cells treated with 10 µM 
MG132 for 5 hours prior to immunopercipitation. FT samples contain the flow 
through material that did not bind to the indicated beads. W3 samples contain the 
material present in the buffer used in the 3rd wash of the beads after 
immunopercipitation.  
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5.3 USP9X does not modulate the levels of BRCA1 regulators  
As USP9X and BRCA1 did not appear to directly interact, we hypothesised 

that USP9X was regulating the degradation of BRCA1 levels through 

modulation of one of the BRCA1 regulators. HERC2 is an E3 ligase that 

ubiquitinates and promotes the proteasomal degradation of BRCA1. Previous 

work in the lab (unpublished) showed that USP9X interacts with HERC2. A 

preliminary experiment also indicated that the depletion of USP9X resulted 

in an accumulation of a higher molecular weight HERC2. To confirm this 

observation, USP9X was depleted using two siRNAs and the levels of 

HERC2 were assessed. In an effort to assess if this molecular weight shift 

corresponded to a ubiquitinated HERC2, cells were also treated with the 

proteasome inhibitor MG132. Immunoblot analysis of USP9X demonstrated 

that USP9X had been efficiently depleted. Analysis of HERC2 showed that 

the depletion of USP9X with both siRNAs led to an accumulation of a higher 

molecular weight HERC2. The levels of this higher molecular weight HERC2 

increased when USP9X depleted cells were treated with MG132 (Fig. 5.2 A).  

The accumulation of this higher molecular weight HERC2 in cells depleted 

of USP9X confirms previous observations that loss of USP9X leads to 

changes in HERC2 and indicates that USP9X is implicated in the regulation 

of HERC2. However, as HERC2 is modified in the DDR, it is also possible 

that this modification is a result of the DNA damage accumulation rather than 

a direct effect of USP9X depletion (Danielsen et al., 2012).  In addition, the 

enhanced accumulation of this form of HERC2 upon proteasomal inhibition 

suggests that this form is a ubiquitinated HERC2.  

 

We hypothesised that the modification of HERC2, observed upon USP9X 

depletion, enhanced its activity and that this change in activity was the cause 

of decreased BRCA1 levels. To test this hypothesis, we assessed the levels of 

BRCA1 in cells depleted of USP9X and HERC2. To do this, U2OS cells were 

single and co-transfected with varying concentrations siRNAs targeting 

USP9X and HERC2, and BRCA1 levels were assessed by immunoblotting. 

Compared to the control cells, depletion of USP9X again decreased BRCA1 

protein levels. Surprisingly, the depletion of HERC2 also moderately 
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decreased the level of BRCA1. Co-depletion of HERC2 and USP9X using 

any siRNA concentration did not rescue BRCA1 levels (Fig. 5.2 B). The lack 

of an increase in BRCA1 levels when HERC2 was co-depleted with USP9X 

suggests that the BRCA1 decrease in USP9X depleted cells is not dependent 

on HERC2.  
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Figure 5.2: Depletion of USP9X results in HERC2 modification but co-depletion 

of USP9X and HERC2 did not rescue BRCA1 levels. 

A) Immunoblot analyses of HERC2 and USP9X in lysates derived from U2OS cells 
transfected with a control siRNA or siRNAs targeting USP9X for 48 hours and 
treated with MG132 for 3 hours.  B) Immunoblot analyses of BRCA1, HERC2 and 
USP9X in lysates derived from U2OS cells single or co-transfected with a control 
siRNA or siRNAs targeting USP9X and HERC2 for 48 hours.  
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We also assessed whether USP9X was regulating the levels of BARD1, the 

stabilising binding partner of BRCA1. BARD1 levels were analysed by 

immunoblotting in cells that were depleted of USP9X using three distinct 

siRNAs. No change in BARD1 protein levels was detected in cells depleted 

of USP9X. This suggests that USP9X is not indirectly affecting BRCA1 

levels through a regulation of BARD1 (Fig 5.3 B). 

 

 

 

	 	
 

Figure 5.3: USP9X depletion did not affect BARD1 levels.  

A) Immunoblot analysis of BARD1 in cell lysates derived from U2OS cells 
transfected with three distinct siRNAs targeting USP9X. 
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5.4 Inhibition of proteasomal or lysosomal protein 

degradation does not rescue the levels of BRCA1 or 

RAD51 in USP9X depleted cells 
Although USP9X depletion did not appear to be affecting BRCA1 levels 

through regulation of any of the known modulators of BRCA1 degradation, 

we believed it was possible that the depletion of USP9X was affecting 

BRCA1 degradation through an unknown regulator. To test this hypothesis, 

we assessed BRCA1 levels in USP9X depleted cells, in which protein 

degradation pathways were inhibited.  

 

We first assessed the levels of BRCA1 in USP9X depleted cells when 

proteasomal degradation was inhibited. To do this, U2OS cells were 

transfected with either a control siRNA or two distinct siRNAs targeting 

USP9X and treated with the proteasome inhibitors, MG132 (10 µM) or 

ALLN (20 µM) for 3 hours. The levels of BRCA1 were then assessed by 

immunoblotting. In cells transfected with the siRNA control, inhibition of the 

proteasome resulted in an accumulation of a faster migrating form of BRCA1 

as previously reported (Choudhury et al., 2004). It has been suggested that 

this faster migrating band of BRCA1 is a hypophosphorylated form which is 

more susceptible to proteasome degradation (Choudhury et al., 2004). 

Inhibition of the proteasome in USP9X depleted cells also resulted in an 

accumulation of the faster migrating BRCA1, however, the levels of BRCA1 

remained lower than the control. This was observed with both siRNAs 

targeting USP9X (Fig. 5.4 A and B). The lack of rescue of BRCA1 levels 

after MG132 treatment suggested that the decrease in BRCA1 was not caused 

by enhanced proteasomal degradation. However, we hypothesised, it was also 

possible that the absence of a rescue was because the length of proteasome 

inhibition was not sufficient.  

 

To address whether longer proteasomal degradation could rescue BRCA1 

levels, USP9X depleted cells were treated with MG132 for 8 hours and the 

levels of BRCA1 were assessed. After proteasome inhibition in USP9X 

depleted cells the levels of BRCA1 remained decreased compared to the 
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control (Fig 5.4 C). The lack of BRCA1 rescue with prolonged proteasomal 

degradation again suggested that the decrease of BRCA1 in USP9X depleted 

cells was not due to enhanced proteasomal degradation.  

 
 

Figure 5.4: Inhibition of the proteasome does not prevent the loss of BRCA1 in 

USP9X depleted cells.  

A) Immunoblot analysis of BRCA1 levels in cell lysates derived from U2OS cells 
treated with 10 µM MG132 for 3 hours. B) As in (A) except cells were treated with 
20 µM of ALLN. C) As in (A) except cells were treated with 10 µM MG132 for 8 
hours (h).  
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The effect of proteasome inhibition on RAD51 levels in USP9X depleted 

cells was also assessed. To do this USP9X was depleted using two distinct 

siRNAs and treated with MG132 for 3 hours. In cells transfected with a 

control siRNA the inhibition of the proteasome resulted in an increase in 

RAD51 protein. In USP9X depleted cells proteasome inhibition slightly 

increased RAD51 levels but they remained lower than the control (Fig. 5.5). 

The persistence of diminished RAD51 levels in USP9X depleted cells treated 

with MG132 suggested that USP9X was regulating RAD51 independent of 

the proteasome.
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Figure 5.5: Proteasomal inhibition does not prevent the decrease of RAD51 

levels in USP9X depleted cells.  

A) Immunoblot analysis of RAD51 levels in cell lysates derived from U2OS cells 
treated with 10 µM MG132 for 3 hours. 
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In addition to proteasomal degradation, ubiquitination can also drive proteins 

for lysosomal mediated degradation (Hurley and Emr, 2006). To assess 

whether the loss of BRCA1 in USP9X depleted cells was caused by enhanced 

lysosomal degradation the levels of BRCA1 were assessed in USP9X 

depleted cells treated with the lysosome inhibitor Chloroquine (CQ) for 8 and 

24 hours. Depletion of USP9X resulted in a decrease of BRCA1 that was not 

rescued by CQ treatment (Fig 5.6). Inhibition of lysosomal degradation was 

confirmed by the accumulation of the LC3 II, a lipidated form of LC3 I found 

on autophagosomes.
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Figure 5.6: Inhibition of lysosome protein degradation does not rescue BRCA1 

levels.  

A and B) Immunoblot analysis of BRCA1 levels in cell lysates derived from USP9X 
depleted U2OS cells treated with 50 µM Chloroquine (CQ) for 8 and 24 hours. The 
levels of LC 3 I/II were also assessed to confirm lysosomal degradation

A) B)

a-Tubulin

BRCA1

USP9X

CQ 24h

LC3 I/II

si
C

on
tr

ol

si
U

S
P

9X
 (

a)

si
U

S
P

9X
 (

a)

- +

si
C

on
tr

ol

si
U

S
P

9X
 (

c)

si
U

S
P

9X
 (

c)

- + - +

a-Tubulin

BRCA1

USP9X

CQ 8h

LC3 I/II

GAPDH

Ponceau

si
C

on
tr

ol

si
U

S
P

9X
 (

a)

si
U

S
P

9X
 (

a)

- +

si
C

on
tr

ol

si
U

S
P

9X
 (

c)

si
U

S
P

9X
 (

c)

- + - +



	 122	

The lack of BRCA1 rescue upon inhibition of degradation pathways in 

USP9X depleted cells suggested that USP9X was not regulating BRCA1 

through the regulation of its post-translational turnover. To confirm this, we 

compared the stability of BRCA1 protein in control cells to USP9X depleted 

cells. The stability of BRCA1 was evaluated by inhibiting new protein 

synthesis with Cycloheximide (CHX), and subsequently assessing BRCA1 

levels at two-hour intervals. BRCA1 levels were assessed by immunoblotting 

and quantified based on band intensity. The levels of BRCA1 in CHX treated 

cells were normalised to the amount observed in the untreated cells for each 

siRNA. Cells transfected with a control siRNA and a siRNA targeting 

USP9X, showed a decrease in BRCA1 levels following CHX treatment, 

however no significant difference in the normalised levels of BRCA1 was 

observed between the control and USP9X depleted cells (Fig 5.8 A, B). The 

lack of a decrease of BRCA1 stability in USP9X depleted cells again suggests 

that USP9X does not regulate BRCA1 in a post-translational manner.  
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Figure 5.8: Depletion of USP9X does not affect the stability of BRCA1 protein.  

A) Representative immunoblot analysis of BRCA1 in cell lysates derived from 
U2OS cells transfected with siRNA control or a siRNA targeting USP9X and treated 
with 10 µM CHX for the indicated time.  B) Quantification of BRCA1 band 
intensity. Data shown is the mean of three biologically independent experiments, ± 
s.d. Values are normalized to the intensity of the loading control, α-Tubulin.  
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5.5 USP9X regulates the mRNA abundance of RAD51 and 

BRCA1  
As our results indicate that USP9X does not regulate the turnover of BRCA1 

or RAD51 protein, we investigated if USP9X regulates the expression of 

BRCA1 and RAD51 mRNA. To do this we quantified BRCA1 and RAD51 

mRNA abundance in USP9X depleted cells. Cells were transfected with a 

control siRNA or siRNAs targeting USP9X. 48 hours after transfection the 

cells were harvested, and RNA was isolated from the cells and used to 

generate cDNA. RT-qPCR was performed to measure the relative amount of 

BRCA1 and RAD51 mRNA present in control and USP9X depleted cells. 

The amount of 18s RNA was also measured to account for any differences in 

cDNA concentrations between the samples. The depletion of USP9X with 

both siRNAs resulted in approximately a 50% decrease in BRCA1 and 

RAD51 mRNA levels (Fig. 5.9 A, B). USP9X depletion was confirmed by 

immunoblotting (Fig. 5.9 C). The decrease of BRCA1 and RAD51 mRNA 

demonstrated that USP9X was regulating BRCA1 and RAD51 protein levels 

through regulation of their mRNA abundance. 



	 125	

 
 
Figure 5.9: Depletion of USP9X decreases the abundance of BRCA1 and 

RAD51 mRNA.  

U2OS cells were transfected with a control siRNA or siRNAs targeting USP9X for 
48 hours, cells were then harvested, and protein and mRNA levels were assessed. A) 
and B) relative quantity of BRCA1 and RAD51 mRNA determined by RT-qPCR of 
cDNA. 18s RNA abundance was used as endogenous control to account for any 
differences in cDNA input. Data shown is the mean of three biologically independent 
experiments, ± s.d., Statistical significance was assessed using an Ordinary one-way 
ANOVA test P values are indicated by asterisks (****; p < 0.0001, **; p < 0.01). C) 
Immunoblot analysis to confirm USP9X depletion. 
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5.6 Optimisation of rescuing USP9X levels with exogenous 

expression plasmids  
USP9X does not typically regulate protein abundance through regulation of 

mRNA levels. To gain molecular insights into how USP9X may be regulating 

BRCA1 and RAD51 in this manner, we investigated whether this regulation 

was dependent on the protease activity of USP9X. To do this we endeavoured 

to create a system in which we could deplete endogenous USP9X and rescue 

with expression plasmids for exogenous wild-type (WT) or catalytically dead 

(CD) USP9X. To express a CD USP9X, we used a plasmid in which the 

catalytic cysteine had been mutated to an alanine (C1566A), a mutation which 

has been previously shown to abrogate the protease activity of USP9X (Li et 

al., 2018b).  

 

In the first set experiments, we tried to achieve this by depleting endogenous 

USP9X using siRNAs targeting the 3’UTR of USP9X and rescuing USP9X 

levels with expression plasmids for a HA tagged WT USP9X or a C1566A 

USP9X mutant. To do this U2OS cells were transfected with either a control 

siRNA, siUSP9X (b) or siUSP9X (d) along with either an empty vector (EV) 

plasmid, or expression plasmids for HA-USP9X WT or HA-USP9X CD. 

Immunoblot analysis was carried out to assess HA and USP9X levels (Fig. 

5.10). Cells which were transfected with the EV plasmid and siRNAs 

targeting USP9X were successfully depleted of USP9X. In cells co-

transfected with siRNAs for USP9X and expression plasmids for USP9X, a 

HA-tagged protein could be detected but the levels of USP9X were not fully 

rescued. A high level of cytotoxicity was observed in the co-transfected cells 

which we speculated was the reason for the incomplete rescue of USP9X 

levels. This high level of cytotoxicity also made further analysis of these cells 

particularly challenging. 
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Figure 5.10: Co-transfection of cells with USP9X expression plasmids and 

siRNA targeting endogenous USP9X does not rescue USP9X levels.  

A) Immunoblot analysis of USP9X and HA in cell lysates derived from U2OS cells 
co-transfected with empty vector (EV), or expression plasmids for HA-USP9X WT 
or HA-USP9X C1566A and a control siRNA or a siRNA targeting the 3’ UTR of 
USP9X for 48 hours. 
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To circumvent the requirement of co-transfecting siRNA and DNA, a cell line 

capable of inducible shRNA depletion of USP9X was generated using 

lentiviral transduction.  To do this, an shRNA sequence targeting the 3’UTR 

and two shRNAs targeting the coding sequence (CDS) of USP9X were 

designed. These sequences were cloned into the lentiviral transfer plasmid, 

pRSITEP-U6Tet-sh-Ef1-TetRep-2A-Puro, containing a puromycin 

resistance gene and regulatory elements to allow for doxycycline (dox) 

inducible expression upon integration. The plasmids were packaged into viral 

particles using HEK-293 cells (packaging was carried out by Dr. Michael 

Rainey) and used to transduce U2OS cells. After transduction U2OS cells 

were treated with puromycin to isolate polyclonal populations of cells that 

had integrated the plasmid.  

 

After expansion of the polyclonal populations, a test of the shRNA efficiency 

was performed. To do this, the polyclonal populations were treated with dox 

for 48 hours and immunoblotting analysis of USP9X was performed. The 

shUSP9X-3’UTR and both shUSP9X-CDS polyclonal cell populations 

showed a clear decrease in USP9X protein levels after dox treatment, 

indicating that the shRNA sequences designed were capable of depleting 

USP9X (Fig. 5.11 A).   

 

To isolate single clones, the polyclonal cells were seeded at a low density and 

treated with puromycin. Two clones for each shRNA were isolated and 

expanded to achieve monoclonal populations. To test the efficacy of these 

clones in depleting USP9X the clones were treated with dox for 48 hour and 

the levels of USP9X were assessed by immunoblotting. All clones showed 

sufficient depletion of USP9X after dox treatment (Fig. 5.11 B). This 

demonstrated that we had successfully generated monoclonal cell lines 

capable of dox inducible shRNA depletion of USP9X via its 3’ UTR and the 

CDS.
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Figure 5.11: Conditional depletion of USP9X.  

Using lentiviral transduction, U2OS cells were modified to contain a dox-inducible 
shRNA targeting either the CDS or 3’ UTR of USP9X A) Immunoblot analysis of 
USP9X in lysates derived from the polyclonal populations of indicated shRNA 
sequences treated with dox for 48 hours. B) Immunoblot analysis of USP9X in 
lysates derived from the indicated monoclonal populations treated with dox for 48 
hours.  
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We next sought to confirm that the shRNA depletion of USP9X, resulted in 

an increase in DNA damage and a decrease in BRCA1 protein, as observed 

in cells depleted of USP9X using siRNAs. To this end, we assessed the 

number of g-H2AX foci upon shRNA depletion of USP9X. To do this, 

shUSP9X-3’UTR and shUSP9X-CDS U2OS cells were treated with dox for 

48 hours and stained with an antibody for g-H2AX. The number of nuclear g-

H2AX foci was quantified using high throughput microscopy. As observed 

with siRNA depletion of USP9X, the shRNA depletion of USP9X in both 

clones resulted in an increase in g-H2AX foci (Fig 5.12 A).  

 

USP9X depletion was confirmed by immunoblotting (Fig 5.12 B). The levels 

of BRCA1 in these cells were also assessed. The depletion of USP9X with 

both shRNA sequences also resulted in a decrease in BRCA1 protein levels 

again demonstrating that the shRNA and siRNA depletion of USP9X 

produced similar phenotypes to the siRNA depletion.  
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Figure 5.12: Characterization of the shUSP9X cell lines.  

The indicated shUSP9X U2OS cell lines were treated with dox for 48 hours.  A) 
Quantification of nuclear g-H2AX foci in the indicated shUSP9X cell lines. B) 
Immunoblot analysis of USP9X and BRCA1 in cell lysates derived from shUSP9X 
cells treated with Dox.  

A)	 B)	

BRCA1 

USP9X 

TPS 

Dox - + 

sh
U

S
P

9X
-3

’U
TR

_c
lo

ne
 2

 

- + 

sh
U

S
P

9X
-C

D
S

1_
cl

on
e 

1 

shUSP9X-3’UTR_clone 2 -

shUSP9X-3’UTR_clone 2 +

shUSP9X-CDS1_clone 1 -

shUSP9X-CDS1_clone 1 +
0

10

20

30

40

50

60

70

80

90

100

γ-
H

2A
X 

fo
ci

/n
uc

le
us

n=1



	 132	

We then tested if the loss of USP9X in the shUSP9X-3’UTR cell line could 

be rescued by transfection with the HA-USP9X WT expression plasmid. To 

do this, cells were treated with dox for 24 hours and then transfected with 

varying concentrations of the HA-USP9X WT expression plasmid. After 48 

hours, the cells were harvested and the levels of USP9X were assessed by 

probing the membrane for both USP9X and HA. Cells treated with dox alone 

had reduced levels of USP9X compared to the control, untreated cells. Cells 

treated with dox and transfected with 0.5 µg of HA-USP9X WT, showed a 

partial rescue of USP9X levels and some expression of a HA tagged USP9X. 

In cells transfected with 1 µg and 2 µg a higher level of HA-USP9X was 

detected and USP9X protein was restored to a level comparable to the control 

cells (Fig. 5.13).  This demonstrated that the depletion of endogenous USP9X 

in shUSP9X 3’ UTR cells could be rescued by the ectopic expression of 

USP9X. As some toxicity was observed in cells transfected with 2 µg of the 

expression plasmid, it was concluded that transfection with 1 µg was optimal 

amount for rescuing USP9X levels.
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Figure 5.13 USP9X expression plasmids can rescue shRNA depletion of USP9X.  

Immunoblot analysis of HA and USP9X in cell lysates derived from shUSP9X 3’ 
UTR cells treated with dox for 48 hours and transfected with indicated 
concentrations of USP9X WT expression plasmid.  
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5.7 BRCA1 and RAD51 protein levels can be rescued by 

exogenous expression of WT and CD USP9X  
To investigate whether the regulation of BRCA1 and RAD51 protein levels 

was reliant on the catalytic activity of USP9X, shUSP9X-3’UTR cells were 

treated with dox for 24 hours and then transfected with an EV plasmid or 

expression plasmids for HA-USP9X WT or HA-USP9X C1566A. After 44 

hours, cells were either mock treated or γ-irradiated at 3 Gy and 4 hours later 

samples were harvested for immunoblot analysis of USP9X, HA, BRCA1 and 

RAD51.  

 

In un-irradiated and irradiated treated cells, dox treatment resulted in the 

depletion of endogenous USP9X (Fig. 5.14 A, B). The levels of BRCA1 and 

RAD51 were also reduced in these cells. In dox treated cells, transfected with 

either WT or C1566A USP9X expression plasmids, a HA-tagged USP9X was 

detected and the levels of USP9X were restored. Restoration of USP9X with 

both the WT and C1556A USP9X appeared to rescue the levels of BRCA1 

and RAD51. BRCA1 and RAD51 protein levels were quantified based on 

band intensity and normalised to the intensity observed in control cells  The 

rescue of BRCA1 and RAD51 with the WT USP9X demonstrated that the 

decrease of these proteins in USP9X depleted cells was a direct result of 

USP9X depletion and not because of confounding RNA interference off-

target effects. The ability of the C1556A USP9X to rescue BRCA1 and 

RAD51 protein levels suggests that this regulation is not reliant on the 

catalytic activity of USP9X.
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Figure 5.14: RAD51 and BRCA1 protein levels can be rescued by expression of 

WT and C1566A USP9X. 

shUSP9X 3’ UTR U2OS cells were treated with dox for 24 hours and then 
transfected with an EV plasmid or HA-USP9X WT and HA-USP9X C1566A 
expression plasmids. After 44 hours cells were γ-irradiated at 3 Gy and harvested 4 
hours later. A) Immunoblot analysis on a 6% polyacrylamide gel of USP9X, HA and 
BRCA1. B) Immunoblot analysis on a 10% polyacrylamide gel of USP9X, HA and 
RAD51. C) Quantification of BRCA1 band intensities. Values were adjusted for any 
discrepancies in loading, indicated by the TPS loading control and normalised to the 
intensity of BRCA1 observed in untreated cells. D) As in (C) but for RAD51.      
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5.8 BRCA1 and RAD51 focus formation can be rescued by 

exogenous expression of WT and CD USP9X  
As expression of both WT and CD USP9X rescued the protein levels of 

BRCA1 and RAD51 we investigated whether this expression could also 

restore the focal recruitment of RAD51 and BRCA1 to sites of DNA damage. 

To do this, we treated shUSP9X 3’ UTR cells with dox for 24 hours and then 

transfected them with either and EV plasmid or the WT and C1566A USP9X 

expression plasmids. 44 hours later, the cells were either mock treated or g-

irradiated with 3 Gy and 4 hours later stained with antibodies detecting 

BRCA1 and RAD51.  

 

In un-irradiated cells the number of BRCA1 and RAD51 foci was 

significantly reduced upon dox treatment (Fig. 5.15 A, B). Transfection of 

cells with both WT and C1556A USP9X expression plasmids restored the 

BRCA1 and RAD51 foci to levels similar to untreated cells. After g-IR an 

increase in both BRCA1 and RAD51 foci was observed in untreated cells. 

Cells treated with dox had a reduced number of these foci compared to g-IR 

untreated cells. Expression of both the WT and C1556A USP9X restored the 

levels of BRCA1 and RAD51 foci. The ability of the CD USP9X to rescue 

the g-IR induced formation of BRCA1 and RAD51 foci again suggests that 

USP9X regulation of BRCA1 and RAD51 may not be strictly reliant on 

catalytic activity.  
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Figure 5.15: RAD51 and BRCA1 focus formation can be rescued by 
expression of WT and C1566A USP9X.  

shUSP9X 3’ UTR U2OS cells were treated with dox for 24 hours and then 
transfected with HA-USP9X-WT and HA-USP9X-C1566A expression plasmids. 
After 44 hours cells were γ-irradiated, 4 hours later cells were harvested and stained 
with antibodies detecting BRCA1 and RAD51. A) Quantification of the number of 
BRCA1 nuclear foci in individual cells. B) Quantification of the number of RAD51 
nuclear foci in individual cells. Data shown is a compilation of 900 cells from three 
biologically independent experiments (300 cells from each), mean ± s.e.m. Statistical 
significance was assessed using an Ordinary one-way ANOVA test, P values are 
indicated by asterisks (****; p < 0.0001, ***; p < 0.001, **; p < 0.01, *; p < 0.05). 
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5.9 Conclusion  
We have shown that USP9X does not interact directly with BRCA1. Evidence 

is provided which suggests that USP9X does not influence levels of BRCA1 

through a modulation of any of the known BRCA1 regulators. We find that 

inhibition of protein degradation pathways does not rescue the levels of 

BRCA1 or RAD51 in USP9X depleted cells. Surprisingly we show that 

USP9X regulates BRCA1 and RAD51 through non-canonical regulation of 

their mRNA abundance. Finally, we provide preliminary evidence to suggest 

that this regulation of BRCA1 and RAD51 is independent of the catalytic 

activity of USP9X. 
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Chapter 6:  Discussion. 
 

USP9X has been shown to regulate genome stability and low levels of 

USP9X have been associated with enhanced DNA damage (McGarry et al., 

2016). In this work, we have demonstrated that depletion of USP9X using 

distinct siRNA and shRNA interference, increases the number of g-H2AX 

foci, consolidating previous evidence that USP9X is important for preventing 

DSBs. In an effort to elucidate the mechanisms by which USP9X may be 

involved in preventing DNA damage we investigated the role of USP9X in 

ROS homeostasis and DNA repair. While our experiments suggested that 

ROS do not increase, we observed that HR, a key DNA DSB repair pathway 

is impaired in USP9X depleted cells. We find that USP9X is required for 

sustaining the expression of two key players in this pathway, RAD51 and 

BRCA1 and we provide preliminary evidence that this regulation occurs 

independent of the catalytic activity of USP9X. 

 

We hypothesised that the accumulation of DNA damage upon depletion of 

USP9X was due to an increase in cellular ROS levels. This hypothesis was 

formed based on the knowledge that elevated ROS levels are a major source 

of endogenous DNA damage and that USP9X had been linked, through 

stabilisation of ASK-1 to the oxidative stress response (Nagai et al., 2009). 

Using a carboxy-H2DCFDA probe, in HEK-293 cells we found no detectable 

increase in ROS after depletion of USP9X, surprisingly the levels of ROS 

appeared to decrease. Since these experiments were conducted, a report 

emerged which implicated USP9X in maintaining the basal levels of ROS 

through stabilisation of the methyl-CpG-binding protein ZBTB38 (Miotto et 

al., 2018). With a similar probe assay they showed that in HeLa cells siRNA 

mediated depletion of USP9X resulted in an increase in ROS levels. The 

reason for the discrepancies between our work and this paper were not 

identified, however as the function of USP9X appears to be highly context 

dependent it is possible that the differing impacts of USP9X depletion on 

ROS levels are due to inherent differences in ROS homeostasis pathways 

between the cell lines.  
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To investigate the role of USP9X in DNA repair, we assessed the efficiency 

of the major DNA DSB repair pathway, HR, in USP9X depleted cells. Using 

a cellular reporter assay we found that USP9X was required for efficient HR 

repair of DNA DSBs suggesting USP9X played a role in this pathway. In 

support of a role for USP9X in HR, we also observed that the focal 

recruitment of key players in this pathway, BRCA1 and RAD51, to sites of 

DNA damage, were impaired by USP9X depletion. We later observed that 

the overall levels of BRCA1 and RAD51 protein were reduced upon USP9X 

depletion and we predict this is the cause of the decreased foci numbers. As 

BRCA1 and RAD51 are essential to HR repair, it is likely that impaired HR 

in USP9X depleted cells is due to a decrease in their protein levels. 

Nonetheless, we cannot rule out the possibility that USP9X is implicated in 

HR through additional means. An assessment of HR efficiency in USP9X 

depleted cells, in which the levels of BRCA1 and RAD51 have been restored 

could be performed to address this possibility.  

 

Due to the reports that BRCA1 is tightly regulated by proteasomal 

degradation and that the most prominent role of DUBs is preventing substrate 

proteasomal degradation, we hypothesised that the decreased levels of 

BRCA1 and RAD51 was due to enhanced proteasomal degradation 

(Choudhury et al., 2004). This hypothesis was found to be incorrect as we 

observed that proteasome inhibition did not prevent the loss of BRCA1 or 

RAD51. Rather, we showed that USP9X was affecting BRCA1 and RAD51 

protein levels by regulating their mRNA abundance.  

 

The observation that USP9X was regulating BRCA1 and RAD51 mRNA 

levels is somewhat surprising as USP9X regulates the majority of its 

substrates by preventing their proteasomal degradation. On the other hand, 

non-canonical roles for this DUB have been identified. For example, USP9X 

was shown to regulate the protein levels of C-FLIP through affecting the 

abundance of miR-708 which targets the 3’ UTR of C-FLIP (Kim et al., 

2019). In addition, a recent study in prostate cancer cell lines demonstrated 

that depletion of USP9X led to gross changes in the transcriptome (Glaab et 

al., 2019). While these changes may be attributed to the role of USP9X in 
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regulating the stability of a number of transcription factors (see Table 1.1), it 

is attractive to speculate that USP9X is directly involved in the processes that 

regulate mRNA abundance. Interestingly, the role of USP9X in regulating the 

antiapoptotic protein, survivin was shown to be mediated by the LNC473 

RNA which bound to USP9X and facilitated its interaction with survivin, 

demonstrating USP9X can bind RNA (Vong et al., 2005).   

 

Whether USP9X affects RAD51 and BRCA1 mRNA abundance through 

influencing their rate of transcription or their mRNA stability needs further 

investigation. It is interesting to note, however, that the transcription of 

BRCA1 and RAD51 is influenced by a common regulatory pathway; the 

binding of E2F transcription factors. Binding of E2F1 to the BRCA1 or 

RAD51 promoter was shown to induce their expression and be positively 

regulated by the HATs CBP/p300. Depletion of CBP/p300 was shown to 

reduce the mRNA and protein levels of RAD51 and BRCA1 while RPA2 

protein levels were unaffected. A decrease in HR competency was also 

observed (Ogiwara and Kohno, 2012). The similar phenotype observed upon 

USP9X depletion makes it attractive to speculate that USP9X is somehow 

implicated in this CBP/p300 and E2F regulation of BRCA1 and RAD51 

transcription. USP9X could perhaps be acting as a scaffold to mediate the 

association of these factors to promoters.  

 

Alternatively, USP9X may be regulating the abundance of BRCA1 and 

RAD51 mRNA post-transcriptionally. After transcription, mRNA abundance 

can be regulated by a number of factors including, translation, miRs, RNA 

binding proteins (RBPs), as well as decapping and deadenylation (Edri and 

Tuller, 2014; Guo et al., 2010; Mitchell and Tollervey, 2000). Interestingly, 

a role for USP9X in translation has been identified. USP9X was shown to be 

important for translation as it stabilises EIF4A, a component of the translation 

initiation complex (Li et al., 2018b). Decreased USP9X levels resulted in a 

decrease in translation rates of specific mRNAs. As decreased translation can 

result in decreased mRNA stability it is possible that USP9X affects mRNA 

abundance through its role in promoting translation.  
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It is also plausible that USP9X regulates mRNA abundance through roles as 

an RBP. Although USP9X has not been previously identified as an RBP 

regulating mRNA stability, it has been shown to bind LNC473 RNA 

indicating it has the structural capacity to bind RNA. In theory, it is possible 

that USP9X directly binds BRCA1 and RAD51 mRNA protecting them from 

decay. USP9X could also be regulating mRNA stability in a manner similar 

to the DUB, USP52, which stabilises mRNA by sequestering it into 

cytoplasmic processing bodies (Bett et al., 2013). However, unlike USP52, 

USP9X does not colocalise with markers of processing body components (Li 

et al., 2018b).    

 

From our experiments conducted with the mutant C1566A USP9X we 

provide evidence that may indicate USP9X regulates the levels of BRCA1 

and RAD51 independent from its catalytic activity. In these experiments we 

assessed the protein levels and g-IR foci formation of BRCA1 and RAD51. It 

would also be interesting to determine whether the rescue also occurs at the 

level of mRNA abundance and if this recue of BRCA1 and RAD51 protein 

reduces the accumulation of gH2AX.  

 

Although the C1566A mutation in USP9X is known to efficiently abrogate 

its ability to cleave ubiquitin, it is important to consider the recent publication 

which demonstrated that cysteine to alanine mutations in USP DUBs can 

enhance their affinity towards ubiquitin (Morrow et al., 2018). The mutation 

of the catalytic cysteine to an alanine in USP4 was shown to enhance 

ubiquitin binding by 150-fold. Expression of these DUBs in cells may 

therefore lead to depletion of the free ubiquitin pool. As alterations to the free 

ubiquitin equilibrium is known to have off-target effects, expression of these 

DUBS may lead to defects unrelated to DUB activity that confound 

interpretations of the results (Dantuma et al., 2006). These DUBS may also 

bind ubiquitinated substrates which could confound results by disrupting 

substrate interactions. They demonstrate that a cysteine to arginine mutation 

does not have the same effect on ubiquitin binding affinity (Morrow et al., 

2018). A C1566R mutated USP9X could be used to confirm our results that 
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indicate USP9X regulation of BRCA1 and RAD51 is not reliant on catalytic 

activity.  A small molecule inhibitor of USP9X protease activity could also 

be used to confirm these results, however at present a specific inhibitor of 

USP9X is not available.  

 

While USP9X has not previously been shown to have catalytic independent 

functions, it is not unprecedented for DUBs to function in this manner. In the 

USP family of DUBS, there are a number of pseudo-DUBS, predicted, based 

on their structure, to lack any catalytic activity (Louis et al., 2015; Quesada 

et al., 2004). Non catalytic functions have been identified for a number of 

these DUBs, interestingly some of the functions identified involved mRNA 

regulation. The aforementioned DUB USP52 regulates the abundance of 

HIF1a mRNA in a non-catalytic manner by recruiting it to cytoplasmic 

processing (Bett et al., 2013). Another pseudo DUB, USP39 was shown to be 

implicated in mRNA splicing and regulation of Aurora B mRNA abundance 

(Van Leuken et al., 2008).  DUBs which have both catalytic and non-catalytic 

functions do exist. For example, OTUB1 which cleaves K48 chains also non-

catalytically inhibits ubiquitination at DSB by binding and inhibiting the E2 

ligase UBC13 (Nakada et al., 2010; Wang et al., 2009).   

 

Although the exact mechanism by which USP9X regulates BRCA1 and 

RAD51 mRNA remains to be elucidated, this finding offers some insight into 

the regulation of RAD51 and BRCA1 mRNA abundance. Understanding this 

regulation is important as BRCA1 and RAD51 mRNA levels are decreased 

in a number of breast and ovarian cancers and the mechanism behind this 

deregulation remains to be fully understood. (Hedenfalk et al., 2003; Yang et 

al., 2001; Yoshikawa et al., 2000) 

 

As discussed in section 1.12, USP9X has both oncogenic and tumour 

suppressive properties in cancer. The mechanisms by which USP9X acts as a 

tumour suppressor are relatively poorly understood. Here, we demonstrate 

that USP9X is required for proper HR repair of DSBs and for maintaining the 

expression of key HR factors, RAD51 and BRCA1, which is also a potent 
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tumour suppressor. The absence of factors required for repair of DNA 

damage is a well-documented source of genome instability and 

tumorigenesis, thus this role of USP9X in HR repair and sustaining BRCA1 

and RAD51 levels is likely a mechanism by which USP9X prevents 

tumorigenesis.   

   

In this work we also show that decreased levels of USP9X sensitises cells to 

the DNA damaging agent, Olaparib. This observation may have implications 

in cancer treatment as cells that are deficient in DNA repair are known to be 

particularly sensitive to DNA damaging agents and this is a property that can 

be exploited when treating tumours with defects in DNA repair. Treatment 

with Olaparib has been shown to specifically kill cells deficient in HR repair 

(Bryant et al., 2005; Farmer et al., 2005). Here we demonstrate that the 

depletion of USP9X decreases the long-term survival of U2OS cells treated 

with Olaparib. The sensitivity of USP9X depleted cells to Olaparib suggests 

that tumours with loss of function mutations in USP9X may be particularly 

susceptible to treatments which exploit inefficient HR repair. Interestingly, 

although no link has previously been made between USP9X and DSB repair, 

USP9X disruption has been shown to sensitise cancer cells to the DNA 

damaging agents; Fluorouracil, Doxorubicin and Cisplatin (Fu et al., 2017; 

Harris et al., 2012; Liu et al., 2015a).  

 

Somatic mutations in BRCA1 and BRCA2 occur at a high frequency in breast 

and ovarian cancers and result in HR repair deficient tumours (Lord and 

Ashworth, 2016). A number of tumours have been observed that have similar 

defects in HR repair but lack mutations in the BRCA genes. These tumours 

are said to have a “BRCAness” phenotype. As this HR repair deficiency 

enhances sensitivity of these cells to DNA damaging treatments, a number of 

studies have been conducted to identify mutations that evoke a BRCAness 

phenotype (Lord and Ashworth, 2016). These studies have predominantly 

focused on genes known to play a role in the HR pathway, however, it is also 

possible that mutations in genes regulating BRCA1 or other HR proteins may 

lead to a state of BRCAness. Our demonstration that loss of USP9X leads to 

deficient HR and sensitivity to DNA damaging agent Olaparib highlights the 
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potential of mutations in genes regulating BRCA1 playing a part in the 

development of a BRCAness phenotype. 

 

In conclusion, we have identified USP9X as a novel regulator of BRCA1 and 

RAD51 and we have potentially revealed a novel, protease independent 

mechanism by which USP9X can regulate protein levels. Further 

investigations in other cancer cell lines and primary samples are required to 

understand the implications of this regulation in cancer development and its 

potential for exploitation in treatments targeting DNA integrity. 
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