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Abstract 

USP50 is a poorly understood deubiquitinase with emerging roles in replication. Previous work 

in the laboratory revealed an epistatic relationship between USP50 and the RECQ helicase 

WRN in preventing replication-associated DNA double-strand breaks. In this thesis we probed 

the relationship between USP50 and WRN further and examined their shared and 

independent roles in replication fork progression and restart, DNA double-strand break 

formation, and response to replication stress. We found that USP50 and WRN co-operate to 

support fork progression in replicating cells, with USP50 promoting WRN localisation to stalled 

forks. We found that RECQL4 and RECQL5 rescue DNA replication in cells depleted of USP50 

and WRN. We saw that USP50 promotes formation of DNA double-strand breaks near 

transcription start sites, indicating a novel role in promoting transcription. Investigation of the 

roles of USP50 and WRN in microsatellite unstable colorectal cancer cells revealed that USP50 

is not a synthetic lethal target in these cells, unlike WRN. WRN loss in microsatellite unstable 

cells leads to loss of DNA damage repair proteins and cell death. Together the data presented 

in this thesis deepens our understanding of the USP50-WRN relationship in microsatellite 

stable and unstable cancer cells, and reveals the surprising ability of RECQ helicases to 

compensate for each other in DNA replication. 
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1 Introduction 

1.1 Eukaryotic DNA replication 

DNA replication is the duplication of the genome from a parent cell to create two genetically 

identical daughter cells. It is essential that DNA replication is highly accurate to avoid the 

accumulation of potentially harmful mutations in DNA, and to ensure that genetic material is 

maintained (Ekundayo & Bleichert, 2019; Fragkos et al., 2015; Negrini et al., 2010; Prioleau & 

MacAlpine, 2016). DNA replication is therefore tightly controlled and monitored during the 

synthesis phase (S phase) of the cell cycle. S phase is preceded by growth (G) 1 phase, and 

followed by G2 and mitosis (M) phase. DNA replication is highly conserved between the 

different domains of life (Burgers & Kunkel, 2017; Ekundayo & Bleichert, 2019; Masai et al., 

2010; Parker et al., 2017). DNA replication is a semi-conservative process whereby each 

daughter cell ends up with one strand of genetic material from the parent cell, and one newly 

synthesised strand (Meselson & Stahl, 1958). Synthesis of new DNA occurs at the replication 

fork, where DNA is unwound to present a single strand of DNA, which is then copied by 

replicative polymerases to create a new and accurate copy of DNA complementary to the 

sequence of the original strand (Burgers & Kunkel, 2017; Masai et al., 2010; Stillman, 2008). 

Problems in DNA replication can lead to alteration of the genetic code, for example through 

point mutations in single DNA bases, to larger losses or gains of genes or chromosome regions, 

or chromosome fusions (Deshmukh et al., 2016; Kunkel & Erie, 2015; Loeb & Monnat, 2008; 

Negrini et al., 2010). These changes to the genetic code can lead to disease, ageing, and 

cancerous transformation (Clarke & Mostoslavsky, 2022; Marian, 2013; Mazouzi et al., 2014; 

Stead & Bjedov, 2021).  
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1.1.1 Replication initiation 

DNA synthesis is initiated at origins of replication, where the replicative machinery is 

assembled and activated (Ekundayo & Bleichert, 2019; Fragkos et al., 2015; Prioleau & 

MacAlpine, 2016). In human cells, replication origins are distributed unevenly across the 

genome, and are activated at different times during S phase (Costa & Diffley, 2022; Masai et 

al., 2010; Parker et al., 2017; Reusswig & Pfander, 2019). Replication origins tend to fire at 

similar times to other proximal origins and are localised in foci known as “replication factories” 

(Berezney et al., 2000; Boos & Ferreira, 2019; Fragkos et al., 2015; Kitamura et al., 2006). Areas 

with a higher density of origins tend to be replicated earlier in S phase (Fragkos et al., 2015; 

Masai et al., 2010). Not all replication origins end up being used during replication: only a small 

subset of origins (10-30%) will be activated and engage in DNA synthesis, with the rest 

remaining dormant unless needed to rescue stalled replication (Ekundayo & Bleichert, 2019; 

Evrin et al., 2009; Fragkos et al., 2015; Ge et al., 2007; Masai et al., 2010; Méchali, 2010).  

The bacterial chromosome generally contains a single origin of replication which is defined by 

a consensus sequence, as well as a highly AT-rich downstream region (Trojanowski et al., 2018). 

The genome of budding yeast contains the autonomously replicating sequence (ARS), which 

has a highly conserved sequence and is capable of binding to replicative proteins and initiating 

origin firing. In fission yeast, replication origins are not defined by a specific sequence, but are 

generally AT-rich (Prioleau & MacAlpine, 2016). Human and other metazoan replication origins 

are not defined by a consensus nucleotide sequence. Certain genetic elements have been 

found to be enriched at replication origins, however none identified are sufficient for 

replication (Cayrou et al., 2012; Dorn & Cook, 2011; Ekundayo & Bleichert, 2019; Prioleau & 
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MacAlpine, 2016; Vashee et al., 2003). For example, GC-rich regions of DNA, specifically those 

predicted to form G-quadruplexes, are enriched at replication origins (Costa & Diffley, 2022; 

Fragkos et al., 2015; Prioleau & MacAlpine, 2016; Valton et al., 2014). 

Other features of the DNA landscape, for example the absence of nucleosomes, or chromatin 

marks such as histone methylation (me) and acetylation (ac), are linked to replication origins 

(Boos & Ferreira, 2019; Ding & Koren, 2020; Dorn & Cook, 2011). Histone acetylation and 

methylation can influence whether an origin will fire in early or late S phase. Early-firing origins 

are more likely to localise with histone (H) 3 lysine (K) 4 me and H3K36me, and H3K9ac, 

H3K18ac and H3K27ac (Wootton & Soutoglou, 2021). Conversely, late-firing origins are 

associated with a lack of H3 and H4 acetylation, as well as H3K9me and H3K27me marks 

(Wootton & Soutoglou, 2021). The 3D structure of the genome also influences origin licensing 

and firing. Areas of chromatin that cluster together in 3D and are often found in close proximity 

are known as topological associated domains (TADs), and are held together by CTCF and 

Cohesin (Liu et al., 2023). CTCF is displaced in G1 phase, leading to chromatin relaxation and 

the rearrangement of TADs (Liu et al., 2023). TAD boundaries are strongly bound by PCNA, and 

are enriched for replication origins (Liu et al., 2023). The location of DNA within the nucleus 

also impacts on replication timing. Early-replicating DNA tends to be found in the nucleoplasm, 

whereas late-replicating DNA is more likely to be found at the nuclear or nucleolar peripheries, 

known as lamina-associated domains (LADs) (Liu et al., 2023).  

It is likely that a combination of multiple factors determines the location of a replication origin, 

especially since origin usage varies both from cell to cell, and in the same cell between rounds 

of replication (Cayrou et al., 2011, 2012). 



4 
 

Replication initiation occurs through origin licensing and activation. Replication origin licensing 

involves origin binding by origin recognition and replicative machinery proteins in late M and 

G1 phase (Ekundayo & Bleichert, 2019; Fragkos et al., 2015). Firstly, the origin recognition 

complex (ORC) is loaded at the origin (Prioleau & MacAlpine, 2016). The ORC consists of ORC1-

6 proteins, which have ATPase activity and bind DNA in an ATP-dependent manner (H. Li & 

Stillman, 2012). CDT1 and CDC6 then bind, followed by the mini chromosome maintenance 

proteins 2-7 (MCM2-7) which form the helicase core of the replication machinery (Evrin et al., 

2009; Remus et al., 2009). MCM2-7 form a hexameric ring, and two complexes are loaded 

head-to-head on each ORC (Remus et al., 2009). The ORC-CDT1-CDC6-MCM2-7 complex forms 

the pre-recognition complex (pre-RC), and represents a licensed origin (Nishitani & Lygerou, 

2004). 

Once the pre-RC is assembled, the origin needs to be activated in order to participate in 

replication. Origin activation occurs at the G1- S phase boundary by the action of DDK and CDK 

kinases (Gillespie & Blow, 2022; Heller et al., 2011; N. Li et al., 2023; Prioleau & MacAlpine, 

2016; Tanaka et al., 2007). DDK and CDK phosphorylate the MCM complex directly, and also 

phosphorylate CDC45 and GINS, which bind to MCM2 and MCM5 (Costa et al., 2011) to form 

the CMG helicase (Fragkos et al., 2015; Prioleau & MacAlpine, 2016). MCM10, TOPBP1, 

RECQL4 and TRESLIN are also phosphorylated and associate with the CMG helicase to promote 

activation (Fragkos et al., 2015; Guo et al., 2015; Izumi et al., 2001; Sangrithi et al., 2005). Once 

activated, the CMG double hexamers separate and unwind double-stranded (ds) DNA bi-

directionally into single strands using ATP hydrolysis (Prioleau & MacAlpine, 2016; Reusswig & 

Pfander, 2019). The CMG helicase is thought to open and release the lagging strand of DNA, 

encircling only the leading strand (Pellegrini, 2023). 
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1.1.2 Replication progression 

Once the MCM helicase is activated, various factors are recruited to the replication fork to 

promote DNA synthesis. These factors include proliferating cell nuclear antigen (PCNA), the 

replicative polymerases α, δ and ε, topoisomerases TOP1, TOP2A and TOP3A, and replication 

factor C (RFC) (Fragkos et al., 2015; Heintzman et al., 2019; Masai et al., 2010; Pommier et al., 

2022). Initiation of synthesis requires a short RNA/ DNA primer synthesised by the primase 

subunit of DNA polymerase (Pol) α (Burgers & Kunkel, 2017; Daigaku et al., 2015; Kunkel & 

Burgers, 2017; Stillman, 2008). The two main replicative polymerases δ and ε displace Pol α 

via RFC and PCNA, extend the primer at the 3’ end, and translocate along the elongating strand 

in order to add more nucleotides (figure 1.1) (Stillman, 2008). Pol ε directly interacts with the 

CMG helicase and performs leading strand synthesis continuously in the 5’-3’ direction with 

high processivity, following the CMG helicase as it unwinds parental DNA (Daigaku et al., 2015; 

Loeb & Monnat, 2008; Stillman, 2008). Pol ε has intrinsic 3’ exonuclease activity, allowing it to 

efficiently proofread and remove erroneously incorporated nucleotides (Shcherbakova & 

Pavlov, 1996).  

The lagging strand is replicated simultaneous to the leading strand. Unlike the leading strand, 

the lagging strand is replicated discontinuously in the 5’-3’ direction by Pol δ (Prindle & Loeb, 

2012). As in leading strand synthesis, Pol α synthesises a short RNA primer and then switches 

to DNA polymerisation to extend the primer (Chilkova et al., 2007; Deshmukh et al., 2016). Pol 

δ replaces Pol α when the primer is around 20-30 nucleotides long and extends by hundreds 

of nucleotides until it reaches the next primer (Prindle & Loeb, 2012). PCNA greatly enhances 

Pol δ processivity through promoting binding to DNA (Chilkova et al., 2007). Pol δ 



6 
 

 

Figure 1.1: The replisome 

DNA is replicated semi-conservatively by unwinding of the parental DNA strands by the CMG helicase. 

Pol α synthesises a short primer which is extended by Pol ε on the leading strand and Pol δ on the 

lagging strand. Synthesis occurs in a 5’-3’ direction on both strands, which is achieved by using Okazaki 

fragments on the lagging strand, resulting in discontinuous replication. Adapted from Aparicio et al., 

2009. 
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proofreads the newly synthesised lagging strand through its exonuclease activity (Bulock et al., 

2020; Stillman, 2008). Pol δ may also correct errors in Pol α primers and Pol ε leading strand 

synthesis (Bulock et al., 2020; Dmowski et al., 2022; Zhou & Kunkel, 2022). The length of DNA 

polymerised by Pol α and δ on the lagging strand is known as an Okazaki fragment. The RNA 

section of the primer is removed by the concerted action of Pol δ and nucleases, mainly the 

flap endonuclease FEN1, in a process known as Okazaki fragment maturation (H. Sun et al., 

2023; Zheng & Shen, 2011). When Pol δ reaches the primer of the downstream Okazaki 

fragment it initiates strand displacement synthesis, whereby it displaces one ribonucleotide of 

the primer and replaces it with a deoxynucleotide triphosphate (dNTP) (H. Sun et al., 2023). 

Pol δ pauses to allow FEN1 to cleave the displaced flap (H. Sun et al., 2023; Zheng & Shen, 

2011). Pol δ continues to slowly displace and replace the primer until the RNA section of the 

primer is removed (H. Sun et al., 2023; Zheng & Shen, 2011). Some DNA may also be removed 

by FEN1 exonuclease activity to eliminate errors, as Pol α has low fidelity compared to the 

other replicative polymerases (Bębenek & Ziuzia-Graczyk, 2018; H. Sun et al., 2023; Zheng & 

Shen, 2011). DNA ligase I ligates the nicks in the sugar-phosphate DNA backbone between 

Okazaki fragments, leading to a complete and continuous new DNA strand (H. Sun et al., 2023; 

Zheng & Shen, 2011). 

DNA re-replication can occur when parts of the genome are duplicated more than once during 

the cell cycle, leading to amplification of genomic regions (Truong & Wu, 2011; Zhang, 2021). 

As well as leading to loss of heterozygosity, DNA replication is associated with ssDNA 

formation, DNA double-strand breaks (DSBs) and genomic instability (GIN), so it is important 

that re-replication is avoided during DNA replication (Truong & Wu, 2011). DNA re-replication 

is prevented through tight regulation of factors involved in origin firing, especially CDT1 and 
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CDC6, to avoid the licensing and firing of origins on nascent DNA (Truong & Wu, 2011; Zhang, 

2021). Overexpression of either CDT1 or CDC6 is sufficient to cause cells to re-replicate DNA, 

and the effect is further exacerbated with concurrent loss of the ATR signalling pathway 

(Truong & Wu, 2011). Loss of Geminin or Cyclin F also leads to re-replication (Walter et al., 

2016; Wohlschlegel et al., 2000). CDT1 protein levels are tightly regulated throughout the cell 

cycle: CDK2 phosphorylates CDT1 during S and G2 phases, leading to ubiquitination by CRL1/ 

SCF-Skp2 and subsequent degradation by the ubiquitin proteasomal pathway (Nishitani et al., 

2006). A back-up pathway activated by chromatin-bound PCNA leads to Cul4-Ddb1-Cdt2/ 

CRL4-mediated ubiquitination and degradation of CDT1, linking the activation of replication to 

CDT1 degradation (Nishitani et al., 2006). CDT1 is also negatively regulated by Geminin during 

S and G2 phase by preventing CDT1 from associating with the MCM complex, thus preventing 

origin firing (Wohlschlegel et al., 2000). CDC6 is ubiquitinated by CRL4-Cdt2 in S phase and 

SCF-Cyclin F in G2 phase, leading to its proteasomal degradation (Clijsters & Wolthuis, 2014; 

Walter et al., 2016). Similarly to CDT1, ORC1 is ubiquitinated by SCF-Skp2 in S phase and 

subsequently degraded (Méndez et al., 2002). DOT1L methylates H3K79 during S phase at fired 

origins, preventing re-replication; loss of DOT1L leads to re-replication (Fu et al., 2013).  

 

1.1.3 Replication termination and completion 

Most replication forks terminate by converging with another replication fork, whereby Pol ε 

and the CMG helicase on the leading strand approach an Okazaki fragment on the lagging 

strand. The PIF1 helicase separates the remaining stretch of unreplicated DNA between the 

two converging forks, allowing the CMG helicases to move past each other (Moreno & 
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Gambus, 2020; Xia, 2021). Once the CMG helicase encounters an Okazaki fragment on the 

lagging strand, it encircles the dsDNA region and translocates along the DNA without 

unwinding it (Dewar et al., 2015). Pol ε finishes the final stretch of synthesis, and displaces and 

replaces the RNA/ DNA primer of the Okazaki fragment with FEN1. After the gaps in the DNA 

backbone are ligated, MCM7 is polyubiquitinated by CUL2-LRR1 and subsequently 

disassembled by p97/ VCP using energy from ATP hydrolysis (figure 1.2) (Dewar & Walter, 

2017; Moreno & Gambus, 2020; Wu et al., 2021; Xia, 2021).  

As replication proceeds, torsional stress of the DNA backbone leads to supercoiling ahead of 

the replication fork, and the formation of catenanes behind (Dewar et al., 2015; Dewar & 

Walter, 2017; Heintzman et al., 2019). Catenanes physically link the two sister chromatids 

together and must be separated for mitosis, where the chromatids are separated (Charbin et 

al., 2014). Topoisomerase II contributes to relieving torsional stress through resolving 

catenanes (McClendon et al., 2005). If catenated chromatids persist through G2 phase and into 

mitosis, they are separated by the BLM-TOPIIIα-RMI1-RMI2 (BTR) complex and PICH to prevent 

mitotic failure and loss of genetic material (Hertz et al., 2023). 

ATR and CHK1 act in late S phase to prevent premature entry into G2 phase by inhibiting CDK2 

(Saldivar et al., 2018). TRESLIN and its binding partner MTBP function independently of ATR/ 

CHK1 to suppress CDK1 activity throughout S phase to ensure that replication is completed 

before the onset of G2 phase (Zonderland et al., 2022).  

Synthesis can continue into G2/ M phase if replication is not completed during S phase. 

Replication stress can lead to un-replicated DNA, and hard-to-replicate regions/ common 

fragile sites (CFSs) often remain un-replicated until after S phase, especially in cancer cells 
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Figure 1.2: Replication termination 

Replication is typically terminated through converging replication forks. The converging CMG 

machineries are thought to bypass each other and continue until they reach dsDNA. The replisome is 

ubiquitinated and unloaded by p97. Catenanes are removed to remove the physical links between the 

two dsDNA molecules. Adapted from Dewar & Walter, 2017. 
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which have less robust cell cycle checkpoints. Mitotic DNA synthesis (MiDAS) is employed 

during mitosis to finish replicating un-replicated DNA to ensure accurate separation of genetic 

material to the two daughter cells (Bhowmick et al., 2023; Minocherhomji et al., 2015). 

Replisomes can be disassembled in mitosis by a process mediated by the E3 ubiquitin ligase 

TRAIP to ensure full removal of replisomes when replication is complete (Scaramuzza et al., 

2023; Sonneville et al., 2019). 

Telomeres represent a challenge to the replication machinery due to the repetitive nature of 

the DNA, formation of secondary structure, change in chromatin structure, DNA-RNA hybrids, 

and the necessity to finish replication without the help of a converging fork (Bonnell et al., 

2021; Maestroni et al., 2017). Telomeres are composed of TTAGGG sequence repeats with a 

single-stranded (ss) DNA overhang at the end (Bonnell et al., 2021; Pfeiffer & Lingner, 2013). 

The single-stranded overhang can invade the double-stranded telomeric DNA to form a “T-

loop”, which is bound by telomere-associating proteins to form the Shelterin complex (Bonnell 

et al., 2021; Gilson & Géli, 2007). This prevents the ends of chromosomes from being 

recognised as a DSB and activating repair pathways. The T-loop/ Shelterin complex must be 

dismantled by RTEL1 to allow the replication fork to proceed (Stroik & Hendrickson, 2020). 

Replication forks travelling toward the telomere originate at sub-telomeric regions. The 

majority of the telomere is replicated semi-conservatively with the help of additional helicases 

such as BLM, WRN, RTEL1 and UPF1 in order to overcome G-quadruplexes, R-loops and other 

secondary structure (Bonnell et al., 2021; Gilson & Géli, 2007; Maestroni et al., 2017; Stroik & 

Hendrickson, 2020). A 3’ ssDNA overhang is generated by nucleases, and the newly replicated 

telomeric DNA reforms a T-loop to complete telomere replication (Stroik & Hendrickson, 

2020). Generation of the 3’ overhang results in shortening of the telomere length, and each 
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successive round of replication leads to progressively shorter telomeres in most cells (Bonnell 

et al., 2021). Once telomeres have shortened to a threshold length, cell senescence is induced 

(Bonnell et al., 2021). However, at least two pathways to maintain or elongate telomeres are 

active in some circumstances. Telomerase is an enzyme that is expressed in stem cells, 

gametes, the early stages of gestation, and cancers, and elongates telomeres by synthesising 

new TTAGGG repeats at telomere overhangs (Udroiu et al., 2022; Zvereva et al., 2010). The 

separate alternative lengthening of telomeres (ALT) pathway uses a homologous telomere to 

extend shortened telomeres, and is also employed by cancer cells to escape senescence (J. M. 

Zhang & Zou, 2020). 

As well as maintaining the genetic code during DNA replication, nucleosomes and epigenetic 

marks need to be copied. DNA is extensively methylated at cytosine residues, especially at CpG 

islands. DNA methylation is important in the regulation of gene expression, therefore 

influencing cell differentiation and cell fate (Moore et al., 2012). Each daughter cell receives 

one methylated parental strand of DNA and one newly synthesised, unmethylated strand 

(Moore et al., 2012). The nascent strand must be accurately methylated to match the parental 

strand. DNMT1 is a DNA methyltransferase enzyme that catalyses the transfer of a methyl 

group from S-adenosyl-L-methionine to cytosine residues (Hermann et al., 2004). DNMT1 is 

recruited to chromatin through recognition of UHRF1-ubiquitinated H3 (Nishiyama et al., 

2013). DNMT1 preferentially recognises and methylates hemi-methylated DNA such as newly 

replicated DNA (Hermann et al., 2004). DNMT1 travels with the replication fork by interacting 

with PCNA, allowing rapid methylation of newly synthesised DNA (Hermann et al., 2004).  
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Histones are removed ahead of the replication fork to allow progression and are assembled 

again on newly synthesised DNA (W. Zhang et al., 2020). Both parental and new histones are 

deposited on replicated DNA to ensure continuity in chromatin structure and epigenetic marks 

(W. Zhang et al., 2020). Histones are deposited with the help of histone chaperones such as 

CAF-1 (Takami et al., 2007).  

 

1.2 Replication stress and cancer 

Replication stress (RS) is defined as any disturbance to the replication fork, leading to slowing 

or stalling (Gaillard et al., 2015; Macheret & Halazonetis, 2015; Saxena & Zou, 2022; Zeman & 

Cimprich, 2014). RS can be caused by many endogenous and exogenous factors and is linked 

to GIN and oncogenesis (Gaillard et al., 2015; Macheret & Halazonetis, 2015; Saxena & Zou, 

2022; Zeman & Cimprich, 2014). RS is recognised as a hallmark of cancer: RS has been detected 

in early pre-cancerous lesions, but not in highly proliferative healthy tissues, and can directly 

contribute to GIN and further oncogenic transformation (Gaillard et al., 2015; Saxena & Zou, 

2022). RS can have serious consequences including cell death through the generation of DSBs 

at stalled forks (Gaillard et al., 2015; Macheret & Halazonetis, 2015; Zeman & Cimprich, 2014). 

Additionally, if a stalled replication fork is not rescued by a converging fork, then the 

intervening DNA may remain unreplicated, leading to loss of genomic material, mis-

segregation of chromosomes during mitosis, and chromosomal rearrangements (Gaillard et 

al., 2015; Macheret & Halazonetis, 2015; Saxena & Zou, 2022; Ubhi & Brown, 2019). 

 

1.2.1 Endogenous and exogenous inducers of replication stress 
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A leading cause of RS is DNA lesions or unusual DNA secondary structure (Gaillard et al., 2015; 

Saxena & Zou, 2022; Zeman & Cimprich, 2014). Tens of thousands of DNA lesions occur daily 

in cells as a by-product of cell metabolism or through replication errors, or from exposure to 

exogenous agents (Gaillard et al., 2015; J. Wang & Lindahl, 2016; Zeman & Cimprich, 2014). 

DNA lesions include chemical alterations to DNA bases such as deamination, oxidation and 

alkylation (Saxena & Zou, 2022; Ubhi & Brown, 2019; Vesela et al., 2017). Replication errors 

can result in the incorporation of a non-complementary DNA base, distorting the shape of the 

DNA backbone (Tsegay et al., 2019; S. Yan et al., 2014). ssDNA breaks occur frequently and can 

arise from oxidative damage from reactive oxygen species (ROS), stalled DNA topoisomerase I 

activity, unligated Okazaki fragments, or intermediates of DNA repair (Gaillard et al., 2015; 

Macheret & Halazonetis, 2015; Zeman & Cimprich, 2014). ssDNA breaks can be converted to 

DSBs during replication, threatening cell viability and genomic stability if not properly repaired 

(Kuzminov, 2001; Tubbs & Nussenzweig, 2017). Natural features of DNA can create a challenge 

for the replication machinery, including highly repetitive regions, formation of secondary or 

tertiary DNA structure, heterochromatin-rich areas, and highly transcribed genes (figure 1.3) 

(Gaillard et al., 2015; Jones et al., 2012; Zeman & Cimprich, 2014). 

There are a number of exogenous sources of DNA damage and RS, including ultraviolet (UV) 

light and ionising radiation (IR). RS can also be chemically induced with a variety of drugs, some 

of which physically alter the DNA through introducing intra- and inter-strand crosslinks (ICLs) 

(mitomycin C, psoralens and cisplatin), alkylating agents such as methyl methane sulphonate 

(MMS), and agents that mimic radiation damage, such as bleomycin (Vesela et al., 2017). Other 

chemical inducers of RS do not cause direct changes to the DNA itself but instead target 
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Figure 1.3: Sources of replication stress 

RS is caused by a disturbance to replication, leading to slowing or stalling of the replication fork. RS can 

be induced by many exogenous and endogenous sources. Endogenous sources of RS include DNA 

damage e.g. DNA inter- or intra-strand crosslinks, DNA-protein complexes or damaged DNA bases. 

Misincorporation of nucleotides during replication can distort the DNA backbone, as do R-loops formed 

by RNA hybridising with DNA. Natural features of DNA can perturb replication progression through the 

generation of DNA secondary structure such as DNA hairpins or G-quadruplexes. Oncogene activation 

is another endogenous source of RS, limited to cells undergoing oncogenic transformation. Chemical 

inducers of RS include the topoisomerase poisons camptothecin and etoposide, aphidicolin, HU, and 

PARP inhibitors. Adapted from Willaume et al., 2021. 

 

enzymes involved in replication. Hydroxyurea (HU) inhibits the enzyme ribonucleotide 

reductase (RNR), leading to a shortage of dNTPs and halting replication (Koç et al., 2004; 
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Musiałek & Rybaczek, 2021). Aphidicolin inhibits B-family replicative and bypass DNA 

polymerases, blocking nucleotide binding and leading to helicase-polymerase uncoupling and 

the subsequent generation of long ssDNA stretches (Baranovskiy et al., 2014; Vesela et al., 

2017). Olaparib is a poly(ADP-ribose) polymerase (PARP) inhibitor that prevents the PARP-

mediated repair of single-stranded breaks (SSBs) (Javle & Curtin, 2011). Camptothecin 

stabilises DNA topoisomerase I on DNA, causing collisions with the replication machinery 

(Vesela et al., 2017; Zhao et al., 2012). Finally, etoposide inhibits DNA topoisomerase II, which 

induces a transient double-strand nick in the DNA (Zhao et al., 2012). Etoposide stabilises the 

interaction of topoisomerase II with DNA and prevents the re-ligation of the DNA break, 

causing the DSB to persist and preventing the passage of replication machinery (Zhao et al., 

2012). All five drugs described here are most cytotoxic in S phase (Baranovskiy et al., 2014; 

Koç et al., 2004; Musiałek & Rybaczek, 2021; Vesela et al., 2017; Zhao et al., 2012). 

 

1.2.2 Oncogene-induced replication stress and genomic instability 

A normal, correctly functioning gene product can become oncogenic through mutation of the 

DNA sequence, fusion with another gene, genomic amplification, or changes to expression 

patterns (Macheret & Halazonetis, 2015). These alterations can change or enhance the activity 

of the protein, resulting in oncogenesis (Macheret & Halazonetis, 2015). For example, the 

oncogene BCR-ABL is caused by chromosomal translocation of chromosomes 9 and 22, which 

fuses the BCR and ABL genes together, forming a constitutively active kinase with roles in 

activating multiple signalling pathways involved in proliferation, resistance to apoptosis and 

differentiation (Amarante-Mendes et al., 2022). 
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Oncogene activation causes extensive cellular reprogramming, inducing changes in replication, 

cell cycle, metabolism and transcription (Kotsantis et al., 2018). Oncogene expression can 

affect replication origin firing and replication fork dynamics, leading to oncogene-induced RS 

(OIRS) through a variety of oncogene-specific mechanisms. Several oncogenes are known to 

induce RS, including Cyclin E, MYC, RAS and BCL-2 (Kotsantis et al., 2018). Oncogenes affect 

replication and induce RS in several ways, for example by misregulation of replication origin 

firing. Decreased origin firing can be caused by inhibition of replication origin licensing. 

Overexpression of the oncogene Cyclin E has been shown to reduce levels of MCM2, 4 and 7, 

impairing origin firing (Ekholm-Reed et al., 2004). Decreased origin firing via oncogenic E1A/ 

MYC expression corresponds to an increase in fork speed and re-replication of DNA, and a lack 

of dormant origin firing can lead to failure to rescue stalled forks (Singhal et al., 2013). 

Conversely, oncogenes can increase origin firing and dysregulate the temporal firing of origins. 

Unregulated origin firing can affect genomic stability in several ways. Perturbed origin firing 

can lead to an increase in transcription-replication collisions (TRCs) (where replication factories 

collide with transcription machinery), exhaustion of replication factors leading to fork stalling, 

and DNA damage caused by re-replication (Kotsantis et al., 2018). For example, the 

oncoprotein RAS can cause increased origin firing, contributing to RS (Di Micco et al., 2006). 

Faulty timing of origin firing can cause TRCs. Cyclin E is also implicated in increased origin firing, 

decreased speed of replication, and increased transcription and TRCs (Jones et al., 2013). 

Origin re-firing can also occur through oncogene activation. Oncoproteins such as RAS can 

promote re-firing through upregulating CDC6, a key regulator of DNA licensing, leading to re-

replication of DNA (Di Micco et al., 2006). 



18 
 

Replication and transcription are separated both spatially and temporally to avoid collision of 

the machineries (Wei et al., 1998). Loss of proper replication regulation by oncogenes can 

result in increased overlap of the two processes, leading to TRCs and subsequent fork stalling 

and collapse (Kotsantis et al., 2018). Transcription induces the formation of R-loops between 

RNA and template DNA, and G-quadruplexes within displaced non-template ssDNA, which can 

cause replication forks to stall and lead to DNA damage (Bhatia et al., 2014; Duquette et al., 

2004). Global transcription can increase upon oncogene activation, leading to an increase in 

R-loops and OIRS (Kotsantis et al., 2016). 

Cellular dNTP levels are inversely proportional to origin firing and are linked to fork speed (Poli 

et al., 2012). Oncogenes can affect dNTP levels directly: the BCL-2 oncoprotein reduces RNR 

activity, depleting dNTP pools and leading to replication fork deceleration and OIRS (Xie et al., 

2014), whereas MYC has been shown to increase dNTP biosynthesis and enhance proliferation 

(Mannava et al., 2008). Oncogenic hyperproliferation can indirectly lead to a reduction in 

dNTPs and subsequent fork slowing if dNTP synthesis cannot keep up with demand due to 

increased rates of DNA synthesis (Bester et al., 2011). 

 

1.2.3 Replication stress response 

Low-level RS, such as the presence of a small number of stalled forks, can elicit a local cellular 

response in order to restore replication. Conversely, severe RS can induce global, cell-wide 

responses through ATR activation and the DNA damage response (DDR) (Flynn & Zou, 2011; 

Gaillard et al., 2015). A stalled fork can generate stretches of ssDNA through the uncoupling of 

the polymerase to the CMG helicase, which continues to unwind DNA while the polymerase is 
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blocked (Byun et al., 2005). Stretches of ssDNA are a marker of RS and an effective inducer of 

the RS response (Byun et al., 2005). ssDNA is coated by RPA, which is subsequently bound by 

ATR and ATR-interacting protein (ATRIP) to form the ATR-ATRIP kinase complex (figure 1.4) 

(Cortez et al., 2001; Flynn & Zou, 2011; Ünsal-Kaçmaz & Sancar, 2004). The alternative sliding 

clamp, composed of RAD9-HUS1-RAD1 (9-1-1), is also loaded via RPA, Pol α, RAD17 and RFC 

(Awasthi et al., 2015; Flynn & Zou, 2011; Saldivar et al., 2017). 9-1-1 and the MRE11-RAD50-

NBS1 (MRN) complex independently recruit TOPBP1, which binds to and activates ATR-ATRIP, 

stimulating kinase activity and subsequent phosphorylation of downstream targets (Delacroix 

et al., 2007; Duursma et al., 2013; Kumagai et al., 2006). Once activated, ATR is a potent kinase 

that phosphorylates a wide range of proteins with the canonical ATR target S/TQ amino acid 

motif, with the resulting potential to both activate and inhibit its targets (Awasthi et al., 2015; 

Traven & Heierhorst, 2005). Notable ATR targets include the checkpoint protein CHK1 (serine 

[S] 317 and S345), p53 (S15), H2AX (S139) and RPA32 (S33) (Koundrioukoff et al., 2013). ATR 

activation and downstream CHK1 signalling protects cells from the effects of RS through 

several mechanisms, including pausing S phase progression to allow the replication 

impediment to be removed or resolved, protecting stalled forks, promoting DNA repair, and 

pausing firing of new origins until replication is restored (Awasthi et al., 2015; Flynn & Zou, 

2011; Saldivar et al., 2017). During RS, activated ATR/ CHK1 inhibit global origin firing and 

simultaneously promote local origin firing in existing replication factories. This fine-tuning of 

origin firing allows the prevention of further fork stalling while encouraging completion of 

replication through dormant origin firing in regions with stalled forks (Ge & Blow, 2010). CHK1- 
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Figure 1.4: ATR signalling after RS. 

RS leads to the generation of ssDNA, which is rapidly coated by RPA. ATR and ATRIP are recruited, along 

with TOPBP1 and the 9-1-1 alternative sliding clamp. Once activated, ATR phosphorylates CHK1, leading 

to widespread downstream effects including control of origin firing, promoting DNA repair, and halting 

cell cycle progression. Adapted from Mei et al., 2019. 

 

dependent phosphorylation and inhibition of the CDC25A/B/C phosphatases prevents 

downstream activation of CDK1 and CDK2 and subsequent entry into mitosis (Furnari et al., 
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1997; C. Y. Peng et al., 1997; Saldivar et al., 2017; Sanchez et al., 1997). Interestingly, ATR and 

CHK1 signalling is active in unperturbed cells to prevent excessive and uncontrolled origin 

firing (Ge & Blow, 2010). 

 

1.3 Mechanisms of replication fork recovery 

It is important that a stalled replication fork is restarted so that replication can complete and 

genomic integrity is maintained. If a replication fork stalls for a prolonged period, it can 

collapse and be unable to restart (Petermann & Helleday, 2010). This can potentially cause 

major issues for the cell and needs to be properly responded to. Lesions on the lagging strand 

do not pose as much of an issue for the replication machinery due to the semi-discontinuous 

nature of lagging strand synthesis (Cortez, 2015). However, damage or hindrances on the 

leading strand can cause replication fork stalling and a halt in synthesis until the obstacle is 

removed (Byun et al., 2005; Cortez, 2015). There are various mechanisms by which stalled 

replication forks can be restarted (figure 1.5). 

 

1.3.1 Lesion bypass 

One method of overcoming replication fork stalling and halting of replication is lesion bypass. 

There are several mechanisms of lesion bypass currently known: translesion synthesis (TLS), 

template switching (TS), and repriming (Bainbridge et al., 2021; Cortez, 2015; Ripley et al., 

2020; Santa Maria, 2014; Yang, 2011). TLS and TS are both are controlled through 
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Figure 1.5: Replication fork restart pathways. 

There are several pathways to restart stalled replication forks. a) Mechanisms that don’t involve fork 

reversal include passive rescue of replication from a converging fork and lesion bypass (TLS, repriming 

and TS). b) When the replication fork regresses to form a four-way chicken foot structure, replication 
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can be rescued by restoration of the four-way structure or through HR-mediated strand invasion. 

Adapted from Nickoloff et al., 2021. 

 

ubiquitination of PCNA at K164: TLS is activated after monoubiquitination of PCNA by RAD6- 

RAD18, whereas TS is initiated after polyubiquitination by HLTF and SHPRH (Motegi et al., 

2008; Ripley et al., 2020). PCNA ubiquitination is induced by RS and ssDNA but not by DSBs 

(Motegi et al., 2008; Ripley et al., 2020). 

Cells carefully regulate usage of the different DNA damage tolerance (DDT) pathways through 

ubiquitylation, in order to restrict potentially mutagenic pathways (Cipolla et al., 2016). TLS is 

usually mutagenic, which can contribute to carcinogenesis and resistance to 

chemotherapeutics, and its use must therefore be limited (Ler & Carty, 2022). As described 

previously, DNA replication impediments lead to replication fork stalling, helicase-polymerase 

uncoupling, generation of ssDNA, and activation of ATR (Byun et al., 2005). INO80 is also 

recruited to stalled replication forks, where it recruits RAD18, which subsequently recruits 

RAD6 (Ler & Carty, 2022). RAD6-RAD18 catalyse ubiquitination of PCNA on K164 to determine 

DDT pathway choice (Ler & Carty, 2022). USP7, USP1 and ELG1 promote PCNA deubiquitination 

to fine-tune which DDT pathway is chosen (Kashiwaba et al., 2015; K. Y. Lee et al., 2010). If 

HLTF or SHPRH are recruited to the replication fork along with RAD6-RAD18, the TS pathway is 

favoured (Xu et al., 2015).  

TLS involves the switching of replicative polymerases to bypass polymerases upon PCNA 

monoubiquitination (A. R. Lehmann et al., 2007; Yang & Woodgate, 2007). In humans, the 

bypass polymerases are polymerases η, ι, κ, ζ, REV1 and PrimPol (Díaz-Talavera et al., 2022; A. 
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R. Lehmann et al., 2007; Mourón et al., 2013; Piberger et al., 2020). These polymerases are 

able to replicate over lesions in the template strand due to having larger active sites compared 

to replicative polymerases, and are specialised in the types of lesion they are able to tolerate 

(A. R. Lehmann et al., 2007). TLS has an important role in tolerance to UV-induced damage, 

which primarily causes DNA backbone-distorting cyclobutane pyrimidine dimers and 6-4 

photoproducts (Yang, 2011). UV-induced DNA damage is efficiently removed and repaired by 

the nucleotide excision pathway (NER). However, when unrepaired UV by-products stall the 

replication fork, TLS is essential to avoid prolonged stalling and collapse (Yang, 2011; Yang & 

Woodgate, 2007). TLS polymerases are less faithful than replicative polymerases and lack 

proofreading activity, leading to inaccurate nucleotide incorporation in nascent DNA. TLS is 

therefore carefully regulated to avoid unnecessary mutagenesis (A. R. Lehmann et al., 2007).  

TS is a method of DDT that utilises recombination, making it a more accurate and less 

mutagenic pathway than TLS (Gonzalez-Huici et al., 2014; Ortiz-Bazán et al., 2014). 9-1-1 and 

EXO1 are recruited to polyubiquitinated PCNA, and RAD51 and BRCA2 catalyse strand invasion, 

allowing replication to proceed using the newly synthesised sister chromatid template strand 

(Bainbridge et al., 2021; Karras et al., 2013). The resulting sister chromatid junction is resolved 

by the BTR complex (Fasching et al., 2015). TS is considered to be an error-free pathway in 

most circumstances (C. P. Lehmann et al., 2020).  

Repriming is a mechanism where replication is reinitiated after the lesion, allowing replication 

to continue but leaving unfilled ssDNA gaps behind the replication fork (Bainbridge et al., 

2021). PrimPol, previously mentioned as a TLS polymerase, is both a primase and polymerase 

that can generate DNA primers from dNTPs to initiate replication (Díaz-Talavera et al., 2022; 
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Mourón et al., 2013). During RS, PrimPol is deubiquitinated and binds to RPA (Y. Yan et al., 

2020). Repriming occurs at leading strand lesions, leaving ssDNA gaps behind the lesion which 

can be filled in post-replicatively (Bainbridge et al., 2021; Díaz-Talavera et al., 2022; Mourón et 

al., 2013). It is thought that Pol δ replaces PrimPol to continue replication until it reaches the 

CMG helicase, whereby Pol ε takes over again as the leading strand polymerase (Guilliam et 

al., 2016; Guilliam & Doherty, 2017). 

 

1.3.2 Replication fork reversal 

Replication forks reverse to form a four-way junction known as a chicken foot structure after 

replication fork stalling (Bhat & Cortez, 2018; Sogo et al., 2002). The nascent daughter strands 

regress from the parent strands and anneal to one other to form a structure with a one-ended 

DSB, resembling a Holliday junction (HJ) (Qiu et al., 2021). This reversal reaction can be 

catalysed by a number of proteins, but relies on RAD51 (Qiu et al., 2021). Replication forks 

reverse in order to promote DNA repair, fork restart and fork repair mechanisms, but also to 

protect DNA during RS (Petermann & Helleday, 2010; Rickman & Smogorzewska, 2019). 

Replication fork reversal can aid DNA repair by moving the DNA lesion from ssDNA back onto 

dsDNA, allowing access for DNA repair proteins (Cortez, 2015). Fork reversal and stabilisation 

protects the stalled replication fork from cleavage into a DSB by the endonuclease MUS81, 

which then requires homologous recombination (HR)-based repair to restart forks (Liao et al., 

2018). 

When replication forks stall and stretches of ssDNA are generated, the ssDNA is bound by RPA, 

initiating the ATR-mediated RS response as previously described (Gaillard et al., 2015). RPA-
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bound ssDNA also recruits the fork remodeller SMARCAL1 (Poole & Cortez, 2017). RAD51 is 

also a ssDNA binding protein that quickly displaces RPA, helping to avoid RPA exhaustion and 

the subsequent formation of unprotected ssDNA that is vulnerable to nucleolytic degradation 

(Bhat & Cortez, 2018). SMARCAL1, ZRANB3, FBH1 and HLTF are ATP-dependent helicases that 

can remodel replication forks (Bai et al., 2020; Bhat & Cortez, 2018; Fugger et al., 2015; 

Kolinjivadi et al., 2017; Neelsen & Lopes, 2015; Vujanovic et al., 2017). Other proteins, such as 

RAD54, RECQL5, FANCM, WRN and BLM, have been shown to catalyse fork reversal in vitro, 

though it is not known if they also act in vivo (Bugreev et al., 2011; Gari et al., 2008; Hu et al., 

2009; Islam et al., 2010; Machwe et al., 2007; Ralf et al., 2006). SMARCAL1 is phosphorylated 

at multiple sites by ATR, with both inhibitory and stimulatory effects, in order to fine-tune and 

balance fork reversal activity (Couch et al., 2013). 

RAD51 is essential for fork reversal as its absence prevents the formation of the chicken foot 

structure (A. T. Wang et al., 2015; Zellweger et al., 2015). However RAD51 does not appear to 

be able to catalyse reversal itself, but may be necessary to stimulate reversal by helicases (Bhat 

& Cortez, 2018; A. T. Wang et al., 2015; Zellweger et al., 2015). PARP1 is recruited to SSBs and 

promotes fork reversal (Ray Chaudhuri et al., 2012). RAD52 counteracts SMARCAL1 

recruitment to forks, and ATR phosphorylates SMARCAL1 at S652 to reduce its activity, likely 

in order to prevent excessive fork reversal and fork collapse (Malacaria et al., 2019). 

 

1.3.3 Replication fork protection 

Once a replication fork is reversed, it needs to be stabilised and protected to avoid nucleolytic 

degradation and promote prompt restart. The HR proteins BRCA1, BRCA2 and RAD51 are 
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instrumental in fork protection, a role which is separate from the functions of these proteins 

in HR (Rickman & Smogorzewska, 2019; Tye et al., 2021). Other fork protection factors include 

PALB2, BARD1, various Fanconi anaemia (FA) proteins, BOD1L, WRN, WRNIP, and RAD51 

paralogues (Billing et al., 2018; Higgs et al., 2015; Leuzzi et al., 2016; M. Peng et al., 2018; 

Schlacher et al., 2012; Somyajit et al., 2015; Thangavel et al., 2015; S. Xu et al., 2017). 

Interestingly, the role of RAD51 in fork protection seems to be separate from its role in fork 

reversal, as a RAD51 mutation with reduced DNA binding is proficient in fork reversal, but 

deficient in fork protection (Kolinjivadi et al., 2017; A. T. Wang et al., 2015). 

The main nucleases that attack the reversed replication fork are MRE11, CtIP, EXO1, DNA2 and 

MUS81 (Gravel et al., 2008; Mimitou & Symington, 2008; Rickman & Smogorzewska, 2019; 

Sartori et al., 2007; Symington, 2014; Zhu et al., 2008). Fork reversal protects against MUS81 

cleavage as MUS81 prefers to cleave three-way junctions over four-way structures, though it 

can still nucleolytically degrade a reversed replication fork (Lemaçon et al., 2017). Fork 

protection proteins are specific in which nucleases they inhibit, and some both inhibit some 

nucleases and promote or fine-tune others. For example, BRCA1, BRCA2 and RAD51 protect 

reversed replication forks from MRE11-mediated degradation (Lemaçon et al., 2017; Qiu et al., 

2021; Rickman & Smogorzewska, 2019; Tye et al., 2021). Several FA proteins also protect from 

MRE11 degradation but recruit the nuclease FAN1 (Lachaud et al., 2016). BOD1L, an FA-related 

protein, protects against DNA2 (Higgs et al., 2015). 

Chromatin modifications also play a role in fork protection. EZH2 catalyses the trimethylation 

of H3K27, which recruits the endonuclease MUS81 to stalled replication forks, promoting 

degradation. Loss of EZH2-mediated H3K7me3 in BRCA2-deficient cells leads to stabilisation of 
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the replication fork and acquired resistance to PARP inhibitors (Rondinelli et al., 2017). PTIP, a 

member of the MLL3/4 complex, promotes methylation of H3K4 and subsequent degradation 

by MRE11 in cells with a background of BRCA1 loss (Chaudhuri et al., 2016). The lysine 

methyltransferase SETD1A methylates H3K4 and promotes RAD51-catalysed fork reversal, 

protecting nascent DNA from extensive degradation by DNA2 (Higgs et al., 2018).  

 

1.3.4 Replication fork recovery/ restart 

The reversed replication fork can be restarted by two methods: fork restoration, where the 

four-way junction is converted back to an active three-way junction, or using HR-mediated 

restart. RECQL1 restarts forks through its ATPase and branch migration activities (Berti et al., 

2013). SMARCAL1 is able to both reverse replication forks into a chicken foot structure and 

restore this structure back into a three-way junction (Bétous et al., 2013; Bhat & Cortez, 2018; 

Couch et al., 2013; Lugli et al., 2017). DNA2 in conjunction with WRN helicase processes stalled 

replication forks, promoting replication fork restart in a manner controlled by RECQL1 

(Thangavel et al., 2015). Forks can also be restored via HR, whereby RAD51 bound to ssDNA 

drives strand invasion of the newly re-annealed template strands, restoring the ongoing 

replication fork (Nickoloff et al., 2021; Pardo et al., 2020; Y. Xu et al., 2017). 

 

1.3.5 Replication fork recombination repair 

If the replication machinery synthesises through a single-stranded nick in the DNA template, 

the SSB is converted to a DSB. If a replication fork is persistently stalled, it can be cleaved by 
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MUS81-EME1 to form a one-ended DSB with the broken arm separated from the replication 

fork, and the replisome can disassemble (Pardo et al., 2020). This structure must be repaired 

by HR to avoid repair by mutagenic non-homologous end joining (NHEJ) (Kramara et al., 2018; 

Malkova & Ira, 2013; Sakofsky & Malkova, 2017). The broken arm is resected and RAD51 

catalyses strand invasion of the sister chromatid and reinitiates synthesis via a migrating D-

loop bubble structure, often until the end of the chromosome (Anand et al., 2013; Kramara et 

al., 2018; Sakofsky & Malkova, 2017). GINS and Pol ε are reloaded onto the replisome via 

MRE11 and RAD51 (Hashimoto et al., 2012). This type of replication, termed break-induced 

replication (BIR), results in conservative replication, and is also prone to genomic instability 

(Deem et al., 2011). BIR is active during S, G2 and M phase as part of MiDAS (Kramara et al., 

2018). When RAD51 or other HR factors are not available or are exhausted, a separate BIR 

pathway dependent on RAD52 exists (Malkova et al., 2005). 

 

1.3.6 Conclusion 

There are multiple pathways to promote restart of replication after replication forks encounter 

obstacles and stall. These pathways include passive rescue of replication through arrival of a 

converging replication fork, or firing of dormant origins to rescue replication. Other pathways 

include DDT mechanisms, namely TLS, TS and repriming, in order to bypass the lesion and 

allow replication to continue, with the lesion repaired and ssDNA gaps filled post-replicatively 

(Bainbridge et al., 2021; Guilliam & Doherty, 2017; Nickoloff et al., 2021; Yang, 2011). 

Alternatively, the replication fork can be reversed into a chicken foot structure and restored by 

the fork remodelling enzymes SMARCAL1, RECQL1 or DNA2-WRN once the lesion has been 
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removed, or through homology-directed restoration via strand invasion and D-loop formation 

(Berti et al., 2013; Couch et al., 2013; Sturzenegger et al., 2014; Taglialatela et al., 2017; 

Thangavel et al., 2015). Lastly, a fork that has been nucleolytically processed or “collapsed” 

into a DSB can be repaired by BIR, which is mediated by HR proteins (J. Kramara, B. Osia, 2018; 

Pardo et al., 2020). 

 

1.4 RECQ helicase family 

The RECQ helicases are conserved from bacteria to metazoans (Croteau et al., 2014). There 

are five RECQ helicases in humans: RECQL1, BLM, WRN, RECQL4 and RECQL5 (figure 1.6) 

(Croteau et al., 2014). All have critical roles in genomic stability, with widespread roles in DNA 

replication, repair, recombination, telomere maintenance and transcription (Croteau et al., 

2014). The RECQ helicases prevent genomic instability and oncogenesis (Chu & Hickson, 2009). 

 

1.4.1 WRN helicase/ exonuclease 

The gene encoding the Werner helicase/ exonuclease protein is located on chromosome 8p12 

and encodes a polypeptide of 1,432 amino acids (Gray et al., 1997; Luo, 2010). WRN is a 

member of the RECQ family of SF2 helicases along with RECQL1, BLM, RECQL4 and RECQL5 

(Croteau et al., 2014). All of the RECQ helicases are intimately involved in DNA replication and 

repair, and mutations in RECQL1, BLM, WRN and RECQL4 result in distinct diseases (Croteau et 

al., 2014). Each RECQ helicase has unique roles in DNA metabolism, and the loss of one cannot 

generally be compensated for by another (Croteau et al., 2014). The RECQ helicases bind to  
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Figure 1.6: Human RECQ helicase family members and their domains. 

The human RECQ helicase family consists of RECQL1, WRN, BLM, RECQL4 and RECQL5. All members of 

the family share the core ATPase/ helicase domain, a zinc-binding domain, NLS and RQC domain. Both 

WRN and BLM share an HRDC domain. WRN is the only member of the family to have an exonuclease 

domain. Adapted from Croteau et al., 2014. 

 

and are stimulated by ssDNA, and have a conserved helicase/ ATPase core domain which uses 

ATP hydrolysis to unwind DNA substrates in a 3’-5’ direction (Croteau et al., 2014). The RECQ 

helicases also share a zinc-binding domain, RecQ-conserved (RQC) domain and nuclear 

localisation signal (NLS) (Croteau et al., 2014; Friedrich et al., 2010). WRN and BLM share a 

helicase-and-ribonuclease D/C-terminal (HRDC) domain (Croteau et al., 2014). WRN is unique 

in the RECQ helicase family by possessing an N-terminal exonuclease domain, which acts in a 

3’-5’ direction (Luo, 2010). The RQC domain of WRN is located proximal to the helicase domain 

and is important for DNA binding, directing helicase/ exonuclease activity, and localisation to 

telomeres (L. Sun et al., 2017; Tadokoro et al., 2012). The HRDC domain of WRN is also 



32 
 

important for localisation to sites of DNA damage and mediating protein-protein interactions 

(Samanta & Karmakar, 2012). 

 

1.4.2 Werner syndrome 

Homozygous or compound heterozygous loss-of-function mutations in the WRN gene cause 

the progeroid Werner syndrome (WS), first described in 1904 (Gray et al., 1997; Luo, 2010; Yu 

et al., 1996). WS affects sufferers at the onset of puberty, and is characterised by premature 

ageing, developmental delays, predisposition to rare mesenchymal cancers, and reduced 

lifespan (Croteau et al., 2014; Gray et al., 1997; Luo, 2010; Yu et al., 1996). Patients with WS 

exhibit a reduced growth spurt during puberty leading to short stature and low body weight 

(Croteau et al., 2014; Gray et al., 1997; Luo, 2010). WS patients also present with alopecia, 

hypogonadism, and increased predisposition to age-related conditions such as diabetes, 

cataracts, heart attacks, and cancer (Croteau et al., 2014; Gray et al., 1997; Luo, 2010). Cancer 

development in WS patients differs from that seen in non-WS elderly populations, with a 

higher incidence of non-epithelial cancers compared to the rest of the population (Goto et al., 

1996). The majority of cancers in WS patients are thyroid epithelial neoplasms, melanoma, 

meningioma, soft tissue sarcoma, leukaemia and primary bone neoplasms, which may be 

related to inappropriate use of ALT in WS cells (Laud et al., 2005; Lauper et al., 2013; Multani 

& Chang, 2007). Over 80 patient mutations in the WRN gene have been identified, spread 

across the gene and resulting in a truncated, degraded or functionless protein lacking the C-

terminal NLS sequence (figure 1.7) (Friedrich et al., 2010). One WS patient was found to carry 

two compound heterozygous mutations in the helicase/ ATPase domain, each of which are  
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Figure 1.7: Map of location and type of mutation identified in WS patients.  

WS is caused by mutation in the WRN gene. Over 80 WRN gene mutations have been identified which 

span almost the entire length of the gene and include missense mutations, premature stop codons, 

insertions/ deletions (indels), splicing mutants, and genomic rearrangements. All mutations currently 

identified occur upstream of the NLS, and most result in a truncated protein product or protein that 

lacks the ability to shuttle into the nucleus. Adapted from Friedrich et al., 2010. 

 

predicted to abolish enzymatic activity (Friedrich et al., 2010; Huang et al., 2006). These 

patient mutations highlight that WRN nuclear localisation and ATPase/ helicase activity are 

essential for WRN function, with catastrophic consequences when mutated. 

 

1.4.3 Werner syndrome cells 

Cells isolated from WS patients exhibit marked chromosomal instability (CIN), an increased 

mutation rate, protracted S phase, hypersensitivity to DNA-damaging agents, and premature 

senescence due to progressive loss of telomeres (Adelfalk et al., 2005; Gudmundsrud et al., 

2021; Laud et al., 2005; Poot et al., 1992; Poot et al., 2001; Takeuchi et al., 1982). Fibroblasts 
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isolated from WS patients exhibit decreased life span, increased senescence, slower growth, 

misshapen nuclei, altered heterochromatin structure, lower proportion of S phase cells, S 

phase arrest and slow S phase kinetics compared to age-matched controls (Adelfalk et al., 

2005; Gudmundsrud et al., 2021; Poot et al., 1992; Takeuchi et al., 1982). Analysis of 

chromosome spreads revealed deletions and variegated chromosomal translocations and 

rearrangements in WS cells (Poot et al., 1992). WS cells exhibit an increased rate of telomere 

attrition and telomere-telomere fusions (Laud et al., 2005). WS cells are hypersensitive to 

camptothecin, 4NQO, ICL inducers, and HU (Lebel & Leder, 1998; Lowe et al., 2004; Ogburn et 

al., 1997; Pichierri et al., 2000, 2001; Poot et al., 2001). 

 

1.4.4 WRN post-translational modifications 

In undamaged cells, WRN localises to the nucleolus, a membrane-less sub-compartment of 

the nucleus where ribosomal RNA gene repeats cluster and are highly transcribed (Gray et al., 

1998; Lindström et al., 2018; Marciniak et al., 1998). Hundreds of proteins involved in the DDR 

are also localised to the nucleolus, whether to serve a purpose in genomic stability at the 

ribosomal genes or as storage before translocation to the nucleus (Lindström et al., 2018). 

During S phase, WRN moves into the non-nucleolar nucleus to aid replication, and 

immunofluorescent (IF) staining for WRN in replicating cells has revealed its presence diffusely 

in the nucleoplasm, localised to replication factories, and in the nucleolus (Huang et al., 2006; 

Rodríguez-López et al., 2003). Upon DNA damage or RS, WRN is acetylated by p300/ CBP at 

K366, K887, K1117, K1127, K1389 and K1413 (figure 1.8), and translocates from the nucleolus  
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Figure 1.8 Map of PTMs on WRN 

WRN is post-translationally modified through acetylation, ubiquitination, phosphorylation and 

SUMOylation. The domains of WRN and specific residue subject to modification are highlighted here, 

where known. 

 

into the nucleoplasm, where it localises to promyelocytic leukaemia (PML) bodies (Blander et 

al., 2002; Ghosh et al., 2019; Li et al., 2010). Acetylation also increases the stability of WRN 

protein by inhibiting ubiquitin-mediated proteasomal degradation, and influences the 

substrate specificity and enzymatic activity of WRN (K. Li et al., 2010; Lozada et al., 2014). SIRT1 

regulates the deacetylation of WRN to promote its re-entry into the nucleolus (K. Li et al., 

2008). WRN is also phosphorylated by a number of DDR kinases including ATM, ATR and DNA-

PKcs, which influences WRN localisation, protein-protein interactions and enzymatic activity 

(Ammazzalorso et al., 2010; Karmakar et al., 2002; Kusumoto-Matsuo et al., 2010). WRN is 

phosphorylated by ATR at S991, S1141 and S1256, and threonine (T) 1152, after camptothecin 

or HU treatment, leading to co-localisation of WRN with RPA at stalled forks and suppression 
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of DSB formation (Ammazzalorso et al., 2010; Su et al., 2016). Phosphorylation of WRN at 

S1058, S1141 and S1292 by ATM after RS promotes RAD51 foci formation at broken replication 

forks by moving WRN away from the break (Ammazzalorso et al., 2010). DNA-PKcs 

phosphorylates WRN at S440 and S467 after DNA damage (Kusumoto-Matsuo et al., 2014). 

CDK1 phosphorylates WRN at S1133 after RS (Palermo et al., 2016), and CDK2 phosphorylates 

WRN at S426 after DSB induction (J. H. Lee et al., 2021). Phosphorylated WRN is also 

ubiquitinated and targeted for proteasomal degradation to ensure its timely removal from 

stalled or collapsed forks (M. Li et al., 2020; Liu et al., 2019). MIB1 was recently identified as 

an interactor and E3 ubiquitin ligase of WRN after camptothecin treatment, and MDM2 has 

also been shown to ubiquitinate WRN after etoposide treatment, though the exact residues 

where this occurs is not yet known (M. Li et al., 2020; Liu et al., 2019). Ubiquitination and 

subsequent degradation of WRN after camptothecin or etoposide treatment leads to cellular 

senescence (M. Li et al., 2020; Liu et al., 2019). WRN is also SUMOylated by p14ARF at the C-

terminus, and by UBCH9 at K356, K370, K496 and K898, which affects WRN localisation (Woods 

et al., 2004). 

 

1.4.5 WRN interactors and partners 

WRN interacts with many proteins involved in DNA replication and repair, including the MRN 

complex (Cheng et al., 2004), RAD51 (Otterlei et al., 2006), BRCA1 (Cheng et al., 2006), RPA 

(Brosh et al., 1999), ATR (Ammazzalorso et al., 2010), ATM (Ammazzalorso et al., 2010), EXO1 

(Aggarwal et al., 2010), PCNA (Rodríguez-López et al., 2003), DNA-PKcs (Karmakar et al., 2002), 

WRNIP1 (Kawabe et al., 2006), Ku (Cooper et al., 2000; Orren et al., 2001) and p53 (Blander et 
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al., 1999). These interactions influence the activity of WRN in several ways. For example, WRN 

associates with several molecules of the RPA70 subunit with high affinity, which greatly 

enhances the helicase activity of WRN and stimulates the unwinding of hundreds of base pairs 

of DNA (Lee et al., 2018). WRN and FEN1 form a complex upon RS at stalled replication forks, 

and WRN can non-enzymatically and enzymatically stimulate FEN1 cleavage of substrate DNA 

structures resembling HJs in vitro (Sharma et al., 2004). This data suggests that WRN and FEN1 

may together be able to process reversed replication fork structures. WRN also collaborates 

with FEN1 at lagging strand telomeres during replication to ensure telomere replication and 

maintenance (B. Li et al., 2017; Sparks et al., 2020). WRN interacts with DNA2, another 

exonuclease/ ATPase-dependent helicase and FEN1 interactor involved in DNA replication and 

repair (Budd & Campbell, 1997; Sturzenegger et al., 2014). WRN helicase activity promotes 

DNA2-mediated 5’-3’ end resection at DSBs to stimulate HR repair, and WRN and DNA2 act 

together at stalled replication forks to promote restart (Sturzenegger et al., 2014; Thangavel 

et al., 2015). 

 

1.4.6 WRN in DNA replication and replication stress 

WRN is important in replication progression. WRN was identified at 52% of active sites of 

replication in one study, indicating that WRN is localised to a subset of replication forks and is 

important but not essential for replication (Rodríguez-López et al., 2002). Several studies have 

shown that WRN loss results in a delay in completion of S and G2 phase in cells treated with 

MMS or HU, and an increase in bidirectional fork asymmetry indicative of fork stalling, but 

does not affect origin firing or spacing (Rodríguez-López et al., 2002; Sidorova et al., 2008). 
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WRN is also involved directly in DNA polymerisation through interaction with and support of 

Pol δ at complex DNA structures such as hairpins and telomeres (Kamath-Loeb et al., 2001; 

Shah et al., 2010). CFSs are hotspots for mutagenesis during RS, often resulting in 

microdeletions, metaphase chromosome breaks/ gaps and chromosomal rearrangements (S. 

Li & Wu, 2020). WRN ATPase/ helicase activity is essential for maintenance of CFSs and 

preventing the formation of ssDNA gaps (Pirzio et al., 2008; Shah et al., 2010). WRN ATPase/ 

helicase activity can unwind G-rich, repetitive, hairpin-forming DNA structures in vitro, a step 

that is essential for Pol δ synthesis past these structures (Kamath-Loeb et al., 2001). WRN can 

also unwind Pol δ-stalling sequences in the FRA16D CFS, including repetitive (AT/TA)n 

microsatellite sequences predicted to form DNA secondary structure. This activity is seemingly 

not dependent on either enzymatic activity of WRN (Shah et al., 2010). WRN co-operates with 

DNA2 to process and restart stalled replication forks. Like WRN, DNA2 is a helicase and 

nuclease. However, DNA2 differs from WRN in that its helicase activity is weak and operates in 

the 5’-3’ direction, and DNA2 has primarily 5’-3’ endonuclease activity (Masuda-Sasa et al., 

2006). Using the DNA fibre assay, Thangavel et al. explored the roles of DNA2 and WRN at 

stalled replication forks (Thangavel et al., 2015), and found that WRN ATPase/ helicase activity 

and DNA2 nuclease activity promote fork restart after a variety of fork-stalling agent 

treatments, and inhibit origin firing. DNA2 degrades ssDNA at reversed forks in a 5’-3’ direction 

during HU treatment to promote restart. This mechanism is separate from RECQL1-mediated 

branch migration and fork restart, and RECQL1 inhibits DNA2-mediated degradation and 

restart. The pathway is abolished by RAD51 depletion and subsequent loss of reversed fork 

substrates, implicating the formation of a chicken foot structure as necessary for the WRN-

DNA2 pathway of fork restart (Thangavel et al., 2015). 
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WRN forms a complex with FEN1 at sites of RS and DNA damage (Sharma et al., 2004). WRN 

stimulates FEN1 cleavage of flap-containing DNA substrates (Sharma et al., 2004). Like WRN, 

FEN1 depletion leads to telomere instability, and a FEN1 mutant lacking the WRN interaction 

domain fails to rescue telomeric defects, suggesting that FEN1 and WRN co-operate to restart 

stalled forks at telomeric regions (Saharia et al., 2010). WRN non-enzymatically stimulates the 

gap and flap endonuclease activities of FEN1 on replication fork substrates (Zheng et al., 2005). 

A FEN1 mutant lacking gap endonuclease activity is hypersensitive to UV irradiation, indicating 

a role in processing DNA structures produced after DNA damage/ fork stalling (Zheng et al., 

2005). FEN1 depletion leads to hypersensitivity to HU (Thandapani et al., 2017), loss of fork 

protection, a fork restart defect, MRE11 degradation and ssDNA accumulation (J. Zhang et al., 

2022). A patient variant of FEN1 with no WRN binding ability and reduced gap endonuclease 

activity is associated with cancer predisposition (Chung et al., 2015). 

 

1.4.7 RECQ helicase-associated diseases 

Of the five RECQ helicases, four have so far been associated with human disease when 

mutated (Abu-Libdeh et al., 2022; Monnat, Jr. & Sidorova, 2014). RECQL1 mutation causes 

RECON syndrome, BLM mutation causes Bloom syndrome (BS), WRN mutation causes WS, and 

RECQL4 mutation causes Rothmund-Thomson syndrome (RTS), Baller-Gerold syndrome (BGS), 

and RAPADILINO (Abu-Libdeh et al., 2022; Monnat, Jr. & Sidorova, 2014). The RECQL-

associated diseases share several similarities but also have differences (see table 1). All RECQL-

associated diseases are autosomal recessive and are associated with short stature (Abu-Libdeh 

et al., 2022; Monnat, Jr. & Sidorova, 2014). However, microcephaly has only been reported in  
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Syndrome Onset Bone defects Skin defects Cancer risk Progeroid? 

RECON syndrome 
(RECQL1) 

Post-
natal 

Facial dysmorphism Xeroderma Unknown Unknown 

Bloom’s syndrome 
(BLM) 

In utero No Erythema, 
photosensitivity 

Leukaemia, 
lymphoma, solid 
tumours 

No 

Werner’s syndrome 
(WRN) 

Puberty No Skin atrophy Mesenchymal, 
sarcoma 

Yes 

Rothmund-
Thomson syndrome 
(RECQL4) 

In utero/ 
post-
natal 

Widespread 
skeletal defects 

Erythema, 
poikiloderma, 
photosensitivity 

Osteosarcoma, 
skin cancer 

No 

Baller-Gerold 
syndrome (RECQL4) 

In utero Skull and arms Erythema, 
poikiloderma 

Osteosarcoma, 
lymphoma, skin 
cancer 

No 

RAPADILINO 
(RECQL4) 

In utero Thumbs, knees, 
arms, face 

No Osteosarcoma, 
lymphoma 

No 

 

Table 1: Shared and distinct phenotypes between the RECQ helicase-associated diseases. 

 

patients with BS (Renes et al., 2013). Patients with RECON, BS or WS display loss of 

subcutaneous fat (Abu-Libdeh et al., 2022; Langer et al., 2023; Sawada et al., 2023), and WS 

patients exhibit deposition of visceral fat and subsequent development of diabetes (Yamaga 

et al., 2017). RECON, RTS, BGS and RAPADILINO patients exhibit skeletal deformities (Abu-

Libdeh et al., 2022; Kellermayer, 2006), whereas BS and WS patients do not. All the RECQL- 

associated diseases except RAPADILINO are linked to skin issues, especially rashes, and BS and 

RTS patients exhibit photosensitivity (Abu-Libdeh et al., 2022; Monnat, Jr. & Sidorova, 2014). 

Only BS is linked with immunodeficiency, with patients suffering repeated infections 

(Schoenaker et al., 2018). BS, RTS, BGS and RAPADILINO develop in utero, as evidenced by low 

birth weight, microcephaly and skeletal abnormalities (Monnat, Jr. & Sidorova, 2014), though 

RTS patients occasionally present with post-natal onset of symptoms (Larizza et al., 2010; 

Monnat, Jr. & Sidorova, 2014). However, patients with RECON syndrome are reported to be of 
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normal birth weight and size, with symptom onset in early childhood (Abu-Libdeh et al., 2022). 

In contrast, WS develops during puberty, and is the only progeroid disease of the RECQL-

associated syndromes (though the only RECON patients currently identified are young 

children, so it is unknown whether RECON syndrome is progeroid or not, and RTS patients are 

at risk of cataracts, which are age-related) (Abu-Libdeh et al., 2022; Lu et al., 2017; Monnat, Jr. 

& Sidorova, 2014). All RECQL-associated diseases (except RECON syndrome, due to lack of 

data) are associated with an increased risk of cancer (Monnat, Jr. & Sidorova, 2014). In BS 

patients there is a high lifetime risk (around 50%) of developing cancer, and all cancer types 

are enriched (de Renty & Ellis, 2017; German, 1997). In WS patients, cancers of mesenchymal 

origin and sarcomas are predominant (Goto et al., 1996; Ozgenc & Loeb, 2006). In RTS, BGS 

and RAPADILINO, patients are at particular risk of developing osteosarcoma, and RTS and BGS 

patients are at risk of skin cancer (Kellermayer, 2006; Lu et al., 2017; Siitonen et al., 2009). BGS 

and RAPADILINO patients also display a higher risk of developing lymphoma (Kellermayer, 

2006; Lu et al., 2017; Siitonen et al., 2009). 

As highlighted with their roles in DNA metabolism, the RECQ helicase-associated diseases have 

several common, overlapping features, as well as symptoms that are unique to each disease. 

The predominance of developmental, skin and skeletal defects, as well as the predisposition 

to cancer, emphasises the important of this family of helicases in humans, as well as their 

inability to fully complement each other. 

 

1.4.8 RECQ helicases in replication 
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The other RECQ helicases have diverse and important roles in DNA replication. RECQL1 

promotes origin firing and restores reversed forks back to a three-way junction to allow 

replication to continue (Berti et al., 2013; Thangavel et al., 2010). BLM mutation is 

characterised by slow S phase, CIN and accumulation of unresolved ultra-fine anaphase 

bridges (K. L. Chan et al., 2007; Hand & German, 1975; Ockey & Saffhill, 1986). BLM binds to 

RPA and promotes replication fork restart, encourages fork stability and replication 

progression, and suppresses new origin firing during RS (K. L. Chan et al., 2007; de Renty et al., 

2022; Shorrocks et al., 2021). RECQL4 promotes replication initiation through assembling 

active CMG helicases at replication origins, and prevents re-replication (X. Xu et al., 2023). 

RECQL5 prevents RS by resolving TRCs (Saponaro et al., 2014), and antagonises RAD51 filament 

formation to promote MiDAS (Marco et al., 2017; Urban et al., 2016).  

 

1.4.9 WRN in DNA repair 

WRN localises to DSBs and has many roles in different DSB repair pathways. Reporter assays 

suggest that WRN depletion leads to a decrease in the use of NHEJ, single-stranded annealing 

(SSA), and HR (Chen et al., 2003). NHEJ is used throughout the cell cycle and repairs the 

majority of DSBs (Karanam et al., 2012). NHEJ proteins tether broken DNA ends to keep them 

in close proximity, and the DNA ends are then processed for ligation by DNA ligase IV (Stinson 

& Loparo, 2021). WRN associates with many key classical NHEJ (cNHEJ) proteins, including 

Ku70/80 (Cooper et al., 2000; Orren et al., 2001), XRCC4 (Kusumoto et al., 2008), DNA ligase 

IV (Kusumoto et al., 2008) and DNA-PK (Karmakar et al., 2002). The Ku70/80 heterodimer 

stimulates WRN exonuclease activity, allowing WRN to degrade damaged DNA substrates that 
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usually inhibit WRN exonuclease activity (Orren et al., 2001). The XRCC4-ligase IV complex also 

stimulates WRN exonuclease activity to generate ligatable DNA ends (Kusumoto et al., 2008). 

DNA-PKcs phosphorylates WRN at S440 and S467 to promote nuclear localisation and 

exonuclease activity (Karmakar et al., 2002; Kusumoto-Matsuo et al., 2014; Yannone et al., 

2001). WRN also has roles in alternative NHEJ (alt-NHEJ), which differs from cNHEJ in the use 

of end resection and microhomology, and shares some proteins with the HR pathway. WRN 

suppresses alt-NHEJ use through restricting MRE11 and CtIP localisation to DSBs and 

preventing CtIP-mediated end resection (Shamanna et al., 2016). WRN-depleted cells display 

CtIP-dependent telomere fusions (Shamanna et al., 2016). 

HR repair occurs during late S phase and G2 phase due to the availability of a homologous 

sister chromatid. WRN associates with several HR pathway proteins including NBS1, EXO1, 

DNA2, BRCA1, BARD1 and RAD51 (Baynton et al., 2003; Cheng et al., 2004, 2006; Saintigny et 

al., 2002; Sharma et al., 2003; Sturzenegger et al., 2014). NBS1 binds to and enhances WRN 

helicase activity (Cheng et al., 2004). WRN helicase activity co-operates with DNA2 nuclease 

activity to promote long-range end resection at DSBs (Sturzenegger et al., 2014). WRN 

deficiency leads to accumulation of unresolved recombination intermediates, indicating a role 

in resolving products of HR repair (Saintigny et al., 2002). BRCA1 associates with WRN and 

stimulates both helicase and exonuclease activities to repair DNA ICLs (Cheng et al., 2006). SSA 

repair of DSBs involves extensive end resection to reveal homologous sequences. WRN 

interacts with RAD52, a key SSA protein, and enhances its strand annealing activity in 

conjunction with DNA2 (Baynton et al., 2003; Sturzenegger et al., 2014).  
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1.4.10 Targeting WRN for cancer therapy 

WRN is considered to be a tumour suppressor due to its roles in preserving genomic stability. 

Conversely, targeting WRN in WRN-competent cancer cell lines and tumours has been 

reported to decrease cellular proliferation and viability, tumour growth and the efficacy of DNA 

damaging agents (Arai et al., 2011; Futami et al., 2008; Opresko et al., 2007). WRN suppresses 

senescence in MYC-activated cancers (Moser et al., 2012). WRN is overexpressed in many 

cancer cell lines (Futami et al., 2008), and overexpression is associated with tumour 

aggressiveness and relapse in patients with head and neck cancer (Rusz et al., 2017). WRN is 

therefore considered an attractive target for treating cancer. WRN was also recently found to 

be a synthetic lethal cancer target in cancers with mismatch repair deficiency and 

microsatellite instability (MSI), where WRN loss induced DSBs and cell death in MMR-deficient, 

MSI cells (Chan et al., 2019; Kategaya et al., 2019; Lieb et al., 2019). 

 

1.5 Mismatch repair pathway and Lynch syndrome 

The mismatch repair pathway (MMR) detects and corrects replication-associated base-base 

mismatches and small indels that escaped proof-reading by the replicative polymerases. The 

core MMR pathway consists of seven proteins: MSH2, MSH3, MSH6, MLH1, MHL2 (PMS1), 

MLH3 and MLH4 (PMS2) (figure 1.9) (Pećina-Šlaus et al., 2020). MSH2 predominantly forms a 

heterodimer with MSH6, but also dimerises with MSH3, and both complexes have ATPase 

activity (Kolodner & Marsischky, 1999). The MSH2-MSH6/3 complexes form a sliding clamp on 

DNA that scans newly replicated DNA for mismatches (Brown et al., 2016). The MSH2-MSH6  
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Figure 1.9: The eukaryotic MMR pathway. 

Mismatches are detected by the MMR heterodimers MutSα (MSH2-MSH6) or MutSβ (MSH2-MSH3). 

The MutLα (MLH1-PMS2) complex is recruited along with other factors. Newly synthesised DNA is 

nicked by MutLα, followed by EXO1-dependent nucleolytic degradation. The gap is filled in by Pol δ, 

and the template is sealed by DNA ligase I. Adapted from Pećina-Šlaus et al., 2020. 

 

and MSH2-MSH3 complexes have both overlapping and distinct roles: the MSH2-MSH6 

complex repairs base-base mismatches, both complexes repair small indels, and MSH2-MSH3 
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corrects larger indels (Umar et al., 1998). MLH1 heterodimerises with PMS1, MLH3 or PMS2. 

The MLH1-PMS2 complex is recruited after mismatch detection along with PCNA, RPA, RFC, 

HMGB1 and EXO1. MLH1-PMS2 has ATPase and nuclease activity (Kadyrov et al., 2006). The 

non-methylated nascent DNA strand is cut by MLH1-PMS2 and further degraded by EXO1 to 

initiate post-replicative repair, ensuring that the original parental DNA strand is used as a 

template. Pol δ is recruited to fill in the gap, and the nicked template is ligated by DNA ligase I 

(G. M. Li, 2007). Loss of MMR leads to an increased mutation rate and alterations in short 

repetitive regions known as microsatellites (Schmidt & Pearson, 2016). Inherited mutations or 

gene silencing in MSH2, MSH6, MLH1 and PMS2 are associated with Lynch syndrome (Niv, 

2007). Lynch syndrome patients have a lifetime cancer risk of over 80%, and are at particular 

risk of developing colorectal cancer (Dominguez-Valentin et al., 2020). Approximately 15% of 

all colorectal cancer cases are linked to inherited or acquired MMR deficiency (Kim et al., 

2013).  

 

1.5.1 Microsatellite instability and cancer 

Microsatellites are regions of DNA tandem repeats consisting of a short repeating unit typically 

one to six nucleotides in length, repeated dozens of times (Rohilla & Gagnon, 2017). 

Microsatellite repeat number varies widely from human to human. Microsatellites are difficult 

to replicate: replicative polymerases are prone to slip at repetitive sequences, leading to 

annealing of parental and daughter strands at the wrong place (Hughes & Queller, 1993). This 

generates an indel loop where the un-annealed nucleotides bulge out from the DNA backbone, 

which is detected by the MMR pathway (Martín-López & Fishel, 2013). Correction of the indel 
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loop leads to maintenance of the number of repeats of the microsatellite. When MMR is 

deficient, these replication-associated insertions or deletions are maintained and propagated 

to the daughter cells, where they may then undergo further alteration in length. The changing 

of microsatellite number between cell divisions is known as microsatellite instability (MSI). MSI 

is a common occurrence in several subtypes of cancer, with around 15% of colorectal cancers 

displaying MSI (Hampel et al., 2005). MSI can be divided further into MSI-low and MSI-high, 

with MSI-high cells showing a higher number of unstable loci compared to MSI-low cells 

(Boland et al., 1998). Microsatellite instability is referred to as a “hypermutated” state due to 

the high occurrence of mutations.  

Mutations in the POLE (polymerase ε) and POLD1 (polymerase δ) genes also lead to a 

hypermutated phenotype in cells, and are associated with colorectal and endometrial cancer 

(Strauss & Pursell, 2023). However, the mutational landscape caused by POLE or POLD1 

mutation differ significantly to those in MSI cells. Firstly, cancer cells with POLE/ POLD1 

mutation are generally microsatellite stable (MSS) (though tumours with dual mutations in 

MMR and POLE/ POLD1 have been identified) (Chung et al., 2021; Muzny et al., 2012; Strauss 

& Pursell, 2023). Secondly, the mutation rate in POLE/ POLD1-mutated cancers is significantly 

higher than in MSI cells (>100 mutations vs >10 mutations per megabase of DNA, respectively) 

(Barbari & Shcherbakova, 2017; Chung et al., 2021; Strauss & Pursell, 2023; Xing et al., 2022). 

Thirdly, the mutational signature differs between cells with MSI and cells with POLE/ POLD1 

mutations. POLE/ POLD1 mutations lead to an increase in the incidence of specific single 

nucleotide substitutions at distinct trinucleotide sequences (Chung et al., 2021; Strauss & 

Pursell, 2023).  
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1.5.2 WRN synthetic lethality with mismatch repair deficiency 

Synthetic lethality describes the phenomenon where the combined loss or alteration of two 

proteins causes cell death, whereas either event alone does not. This indicates a promising 

opportunity to exploit synthetic lethality to selectively kill cancer cells due to the propensity 

for cancer cells to possess mutations, exhibit oncogene dependency, and have altered cellular 

pathways. Identifying synthetic lethal interactions in cancer cells opens new areas of 

therapeutic potential. Targeting synthetic lethal relationships has already been used in patients 

for the treatment of BRCA-deficient cancers with PARP inhibitors (Lord & Ashworth, 2017).  

Analysis of data from two large-scale CRISPR knockout/ shRNA knockdown screens in cancer 

cell lines revealed that WRN loss is synthetic lethal with MMR deficiency (Chan et al., 2019; 

Kategaya et al., 2019; Lieb et al., 2019; McDonald et al., 2017; Meyers et al., 2017). Sensitivity 

to WRN depletion corresponds to the severity of MSI in the 51 MSI cell lines represented across 

the two studies, whereas viability of 541 MSS cell lines is not affected (Chan et al., 2019; 

Kategaya et al., 2019; Lieb et al., 2019). The majority of the MSI cell lines in the studies are of 

colorectal, endometrial, gastric and ovarian origin, and all exhibit WRN dependency (Chan et 

al., 2019; Kategaya et al., 2019; Lieb et al., 2019). Loss of cell viability in WRN-depleted MSI 

cells can be rescued by complementation with wild-type or exonuclease-dead WRN 

constructs, but not ATPase/ helicase-dead WRN, implicating WRN helicase activity specifically 

in the synthetic lethal relationship (Chan et al., 2019; Kategaya et al., 2019; Lieb et al., 2019; 

Newman et al., 2021). Interestingly, restoring MMR proficiency to MSI cells does not fully 

rescue cell viability after WRN depletion, suggesting that the genetic changes caused by MMR 

deficiency are irreversible (Chan et al., 2019; Kategaya et al., 2019; Lieb et al., 2019). Similarly, 
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transient depletion of WRN and MLH1 or MSH3 does not lead to cell death in MSS cells, 

indicating that an intermediate step is required for WRN dependency to develop in MMR-

deficient cells (Lieb et al., 2019). MSI cells depleted of WRN exhibit an increase in DSBs, 

chromatin bridges, lagging chromosomes, micronuclei and broken chromosomes, and a 

decrease in cells in S phase (Chan et al., 2019; Kategaya et al., 2019; Lieb et al., 2019). 

Intriguingly, telomere-specific defects are not seen in WRN-depleted MSI cells, suggesting that 

the role of WRN in telomere maintenance does not drive the synthetic lethal relationship 

(Chan et al., 2019). p53-mediated apoptosis is induced in MSI cells after WRN depletion, 

though cell death is also seen in p53-depleted or p53-mutant MSI cells (Chan et al., 2019; 

Kategaya et al., 2019; Lieb et al., 2019).  

A report by van Wietmarschen et al. describes that knockout of MLH1 or MSH2 fails to sensitise 

human primary stomach epithelial cells to WRN loss after four months of continuous culture. 

This finding strengthens the hypothesis that the synthetic lethal relationship between WRN 

loss and MMR deficiency requires the development of downstream genomic events (van 

Wietmarschen et al., 2020). The authors observe widespread DSBs and complete chromosome 

shattering (chromothripsis) in WRN-depleted MSI colorectal cancer cells. Analysis of the 

genomic location of DSBs in WRN-depleted MSI cells reveals that DSBs occur at extended (TA)n 

microsatellites with tandem repeats of 25+ units, with extensive end resection occurring 

around the breaks. DSBs are only seen at ~ 8% of the almost 70,000 TA repeats in the genome, 

indicating that only a subset of TA repeats forms DSBs in WRN-depleted MSI cells. The TA 

repeats associated with DSB formation are longer and contain fewer interruptions, suggesting 

that (TA)n repeat number and purity is linked to DSB formation after WRN depletion. DSB 

formation at TA repeats is suppressed by depletion of MUS81 or SLX4, indicating that DSBs 
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result from cleavage of stalled replication forks. Repetitive sequences are predicted to form 

thermodynamically favourable cruciform or hairpin structures, contributing to difficulty in 

replication (Bowater et al., 2022). The authors suggest that extended (TA)n tracts in MSI-high 

cells form highly stable cruciform structures that block the replication machinery, requiring 

WRN helicase activity to rescue replication and prevent DSB formation (figure 1.10).  

Building on the hypothesis that extended TA repeats form DNA cruciforms that are cleaved in 

WRN-depleted MSI cells, Mengoli et al. interrogated the effects of MMR proteins and WRN at 

cruciform structures in vitro (Mengoli et al., 2023). The researchers utilised a plasmid carrying 

an EcoRI restriction site flanked by non-TA inverted repeats, placing the restriction site at the 

single-stranded loop of the cruciform arm and thus rendering it unable to be cleaved by EcoRI. 

The effect of WRN and MMR proteins on cruciform formation was subsequently assessed by 

looking at the ratio of EcoRI-resistant (cruciform) to EcoRI-digested (non-cruciform) DNA 

products. Incubation of the DNA substrate with ATPase-proficient WRN leads to an EcoRI 

digestion product, indicating that the cruciform has been unwound by WRN. This activity is 

enhanced by co-incubation with RPA. Another construct with 23 TA repeats flanking the EcoRI 

site has a high propensity to spontaneously form cruciform DNA. Incubation with WRN leads 

to less efficient unwinding compared to the first substrate, implying that the TA cruciform 

rapidly re-forms after WRN unwinding. The MSH2-MSH6 and MSH2-MSH3 complexes are also 

able to unwind the TA cruciform substrate, as are MLH1-PMS2 and MLH1-MLH3, to a lesser 

extent. However, this unwinding is independent of ATP hydrolysis or RPA stimulation, implying 

use of a different cruciform-unwinding mechanism to that used by WRN. The authors theorise 

that the MMR complexes may stabilise the dsDNA structure over the cruciform, thus favouring 

the dsDNA form produced from spontaneous unfolding of the dynamic cruciform. Co- 
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Figure 1.10: Development of WRN dependence and consequences of WRN loss. 

a) MMR pathway deficiency can lead to MSI, where repetitive microsatellite sequences expand or 

contract due to replication errors. If TA repeats expand to a critical length, it is thought that the DNA 

folds into cruciform secondary structure, which relies on WRN unwinding to allow the replication fork 

to progress. b) Loss of WRN helicase function is thought to lead to fork stalling at cruciform-forming TA 

repeats, leading to MUS81 cleavage and DSB formation. Chromothripsis occurs, and cells die from p53-

mediated apoptosis or non-p53-mediated cell death. 

 

incubation of the TA cruciform substrate with WRN and MMR complexes synergistically 

enhances cruciform unwinding, independently of WRN ATPase/ helicase activity. Curiously, 

A B 
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BLM is also capable of unwinding the TA-containing cruciform, yet is dispensable in vivo for 

survival of MSI cells. These data suggest that some other physiological property of WRN 

beyond cruciform unwinding, such as localisation to stalled replication forks at cruciforms, is 

unique and necessary for survival of MSI cells. 

A study by Zong et al. examined the effects of acute WRN depletion by PROTAC-mediated 

degradation on cell division and death in MSI colorectal and ovarian cells (Zong et al., 2023). 

DSB formation and ATM activation are detected within two hours of WRN degradation, but 

cells continue replication. Cells then accumulate in G2, with RAD51 and 53BP1 foci observed. 

Subsequent rounds of cell division lead to increased numbers of 53BP1 bodies, mitotic defects 

and chromosomal abnormalities. Most cells proceed through two to three rounds of cell 

division before dying. A CRISPR knockout screen identified three genes (IPKK, c19orf43 and 

p53) that were enriched in WRN-depleted MSI cells, suggesting that loss of these genes could 

confer resistance to WRN depletion. However, co-depletion of WRN and any of these genes 

does not significantly rescue cell viability. MSI cells are sensitive to low-dose ATR inhibition 

compared to MSS cells, and combination with partial WRN depletion leads to additive 

hypersensitivity, suggesting the possibility of combination therapy with WRN and ATR 

inhibition in patients.  

Picco et al. analysed 55 MSI colorectal cancer cell lines and organoids to assess whether 

previous chemotherapy treatment and resistance affects WRN dependency (Picco et al., 2021). 

Depletion of WRN in treatment-resistant MSI cancer cells leads to cell death, suggesting that 

strategies employed by cancer cells to overcome chemotherapy and immunotherapy do not 

lead to resistance to WRN targeting.  
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 1.5.3 Current treatments for microsatellite unstable cancers 

Until recently, MSI cancers had been treated similarly to MSS cancers, with a standard regimen 

of platinum-based chemotherapy (oxaliplatin combined with 5-fluorouracil) (Chau & 

Cunningham, 2009). Oxaliplatin is a derivative of cisplatin, and both induce inter- and intra-

strand crosslinks and DNA-protein crosslinks through inducing DNA-platinum adducts (Faivre 

et al., 2003). However, most cancers progress within a year of this treatment (Choucair et al., 

2021). New advances in MSI cancer treatment have shown that immune checkpoint inhibitors 

(ICIs) have therapeutic potential in patients with MMR-deficient, MSI-high tumours.  

Polymerase slippage and microsatellite expansion/ contraction due to MMR deficiency can 

result in the generation of frame-shift mutations in protein-coding genes. This can result in 

novel, mutated proteins that are digested by the proteasome and presented via HLA/ MHC on 

the cell surface of an MSI tumour cell (Choucair et al., 2021). These unnatural peptides can be 

recognised by T cells and activate the innate immune system to destroy the cancer cells 

(Choucair et al., 2021). Cancers evade the immune system in several ways, for example by 

overexpressing immune checkpoint ligands such as PD-L1 that act to dampen the immune 

response and prevent cancer cell apoptosis (Llosa et al., 2015). ICIs such as pembrolizumab 

and nivolumab are monoclonal antibodies that bind to and block PD-L1 to encourage T cell 

activation and cytotoxicity (André et al., 2020; Le et al., 2015; Llosa et al., 2015; Overman et 

al., 2017). ICI treatment response is associated with increased tumour mutational burden. In 

a phase II trial of pembrolizumab, 40% of patients with MSI colorectal cancer showed 

responses vs 0% of patients with MSS colorectal cancer (Le et al., 2015). Patients with MSI 

cancers treated with pembrolizumab showed improved survival and disease-free progression 
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in phase III trials when compared to patients treated with chemotherapy treatment only 

(André et al., 2020; Le et al., 2015, 2017). Nivolumab has also showed promising efficacy in 

trials (Overman et al., 2017). Pembrolizumab is the first anti-cancer treatment to be approved 

in the USA based on cancer biomarkers alone rather than location of the tumour. 

Despite these recent advancements, less than half of patients with MSI cancers respond to ICI 

treatment. Targeted treatment of MSI cancers through small molecule inhibition of WRN could 

represent an effective therapy option, with no resistance mechanisms as yet identified. More 

research is needed to better understand the mechanisms behind WRN synthetic lethality in 

MSI cancers and how to target these cancers effectively to improve patient survival and 

disease-free progression.  

 

1.6 USP50 in replication 

USP50 is a member of the ubiquitin-specific protease (USP) family of deubiquitinating enzymes 

(DUBs), which remove ubiquitin from target proteins with wide-ranging cellular effects 

including influencing protein localisation and proteasomal degradation (Cruz et al., 2021). The 

USP family are cysteine proteases due to the presence of a cysteine residue in the catalytic 

triad that is critical for DUB activity, which is common to the majority of USPs (Snyder and 

Silva). The catalytic triad is composed of a cysteine, histidine and asparagine/ aspartic acid 

residue (Quesada et al., 2004; Snyder & Silva, 2021). However, USP50 lacks the asparagine/ 

aspartic acid residue and the downstream C-terminal region found in other USP family 

members (Quesada et al., 2004). USP50 showed no enzymatic activity on a ubiquitin 

recombinant substrate, indicating that the incomplete catalytic triad of USP50 renders it 
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inactive (Quesada et al., 2004). USP50 is a poorly annotated gene, with a short N-terminal 

stretch of DNA followed by the identified, truncated USP domain containing the incomplete 

catalytic triad, which spans the rest of the USP50 gene length (uniprot.org; Q70EL3) (figure 

1.11a). The USP domain in active USP family members contains multiple ubiquitin binding 

motifs and is able to cleave the isopeptide bond linking ubiquitin to target proteins (or to 

another ubiquitin molecule) (Snyder & Silva, 2021). The USP50 gene is located on chromosome 

15 and lies head-to-head and partially overlapping with another USP, USP8 (ncbi.nlm.nih.gov; 

gene 373509). Proteins that have been demonstrated to physically interact with USP50 include 

HSP90 (Aressy et al., 2010), ASC, NLRP3 (J. Y. Lee et al., 2017), WEE1, KU70, HnRPNH3, FHL2 

(Cai et al., 2018), and ACE2 (Zuo et al., 2023). USP50 has been implicated in control of the G2/ 

M checkpoint (Aressy et al., 2010), inflammasome regulation (Jiang et al., 2024; J. Y. Lee et al., 

2017; Zhao et al., 2024), erythropoiesis (Cai et al., 2018), and SARS-CoV-2 infection (Zuo et al., 

2023). 

USP50 has been identified as having an important role in the cellular response to HU-induced 

RS in two screens of deubiquitinases (DUBs) (Butler et al., 2012; Yuan et al., 2014), suggesting 

that USP50 has an important role in the replication stress response. Previous work in our 

laboratory using the DNA fibre assay showed that depletion of USP50 led to a decrease in 

ongoing replication forks and an increase in stalled replication forks (figure 1.11b). USP50 

depletion led to an increase in the DNA DSB marker 53BP1 in S phase cells, suggesting that 

USP50 prevents DSB formation during replication (figure 1.11c). These S phase DSBs in USP50-

depleted cells could be rescued by co-depletion of the structure-specific endonuclease 

MUS81, implying that USP50 prevents stalled replication forks from being cleaved into DSBs  
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Figure 1.11 

a) Annotated domains of the USP50 protein. The USP domain spans from amino acids 44 to 339. 

Residue isoleucine 141 is highlighted. 

b) 1st label terminations were examined using the DNA fibre assay in HeLa cells treated with shRNA 

targeting USP50. shUSP50 expression was induced with IPTG; untreated cells were given vehicle 

(water). Results are from 3 independent repeats, with n >200 fibres per condition, per repeat. Bars 

indicate the mean, error bars are standard error of mean (SEM). Performed by Dr Helen Stone. 

c) 53BP1 foci were examined using IF in EdU-negative and EdU-positive HeLa cells with USP50 

depletion. shUSP50 expression was induced with IPTG; untreated cells were given vehicle (water). 

Results are from 2 independent repeats, with n >100 cells per condition, per repeat. Red lines indicate 

the mean, error bars are SEM. Performed by Dr Helen Stone. 

d) 53BP1 foci were examined using IF in EdU-positive HeLa cells with USP50 and MUS81 depletion. 

shUSP50 expression was induced with IPTG; untreated cells were given vehicle (water). Transfection 

control was with siRNA targeting Luciferase. Results are from 3 independent experiments, with n >100 

cells per condition, per repeat. Red bars indicate the mean, error bars are SEM. Performed by Dr Helen 

Stone. 

e) Immunoprecipitation of FLAG epitopes from HeLa cells expressing FLAG-USP50 or I141R-FLAG-

USP50 and Myc-Ub, probed for FLAG and Myc (left) and quantification (right) of Myc-Ub from 3 

independent experiments, and normalised to both Myc-Ub and FLAG-USP50 expression in the whole 

cell lysate. Red bars indicate mean, error bars are SEM. Performed by Dr Hannah Mackay. 

f) 1st label terminations were examined using the DNA fibre assay in HeLa cells treated with shRNA 

targeting USP50 and complemented with FLAG-USP50 (left) or I141R-FLAG-USP50 (right) or uninduced 

(-). shUSP50 expression was induced with IPTG; untreated cells were given vehicle (water). Results are 
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from 3 independent repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean, error 

bars are SEM. Performed by Dr Hannah Mackay. 

g) 53BP1 foci were examined using IF in EdU-positive HeLa cells treated with shRNA targeting USP50 

and complemented with FLAG-USP50 or I141R-FLAG-USP50. shUSP50 expression was induced with 

IPTG; untreated cells were given vehicle (water). Data is from 3 independent experiments (n>150 cells 

per condition). Red bars indicate the mean, error bars are SEM. Performed by Dr Hannah Mackay. 

h) 53PB1 foci were examined using IF in EdU-positive HeLa cells with USP50 and WRN depletion. 

shUSP50 expression was induced with IPTG; untreated cells were given vehicle (water). Transfection 

control was with siRNA targeting Luciferase. Results are from 3 independent experiments, with n >100 

cells per condition, per repeat. Red bars indicate the mean, error bars are SEM. Statistical analysis done 

with unpaired two-tailed t-test; *= p≤0.05. Performed by Dr Helen Stone.  

 

(figure 1.11d). USP50 is predicted to bind to ubiquitin at the putative ubiquitin binding face 

located near isoleucine 141, and this residue is highly conserved evolutionarily. Previous 

results from our laboratory suggest that USP50 binds ubiquitin via isoleucine 141, as a mutant 

USP50 protein with arginine at position 141 shows reduced ubiquitin binding (figure 1.11e). 

Interestingly, this function of USP50 appears to be critical for its roles in promoting ongoing 

replication and suppressing replication-associated DSBs, as expression of a USP50 mutant with 

a substituted arginine residue at position 141 fails to rescue these phenotypes in USP50-

depleted cells (figure 1.11f, g). 

To test which pathways USP50 might be involved in, co-depletions were performed with 

proteins with similar roles in preventing DSB formation, and it was observed that USP50 and 

the RECQ helicase/ exonuclease WRN were epistatic in DSB formation (figure 1.11h). It is not 
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currently clear whether USP50 and WRN interact physically, as well as functionally. Previous 

work in the laboratory suggested that USP50 acts epistatically to WRN in the prevention of 

replication-associated DSBs, indicating a role in replication fork progression and genomic 

stability. This thesis explores the relationship between WRN and USP50 during replication. 

 

1.6.1 Thesis aims 

1) Investigate the relationship between USP50 and WRN in unperturbed replication and 

replication stress 

2) Identify potential roles of USP50 in MSI cells with WRN synthetic lethality 

3) Analyse consequences of USP50 loss on genome stability 
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2 Materials and Methods 

2.1 Molecular biology  

2.1.1 Bacterial transformation 

Fifty ng plasmid or 5 μl ligation mix was added to 50 μl E.coli NEB5α competent cells (New 

England Biolabs; C2987I) on ice and mixed gently by tapping. The transformation mixture was 

incubated on ice for 30 mins, then heated at 42°C for 45 seconds, and then returned to ice for 

5 mins. Five hundred μl SOC outgrowth media (New England Biolabs; B9020) was added and 

the cells were incubated at 37°C with shaking at 600 rpm for 1 hour. Cells were plated onto 

agar (Sigma Aldrich; L7025) plates containing 100 μg/ml ampicillin (MP Biomedicals; 190146) 

and incubated in a standing incubator overnight at 37°C. 

 

2.1.2 Plasmid DNA purification 

A single colony was picked and grown overnight in 5 ml (miniprep) or 200 ml (maxiprep) LB-

broth (Melford; L24066) containing 100 μg/ml ampicillin at 37°C at 200 rpm. Cultures were 

spun at 4100 g for 15 mins and the supernatant was poured off. DNA was extracted from the 

bacterial pellet according to the GenElute (Sigma Aldrich; PLN10) or QIAprep (Qiagen; 27104, 

12963) Miniprep or Maxiprep kit instructions.  

 

2.1.3 DNA quantification 
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DNA concentration was quantified using a Nanodrop 2000 machine. A blank measurement 

was taken using elution buffer. A 1.5 μl sample was loaded onto the machine and the DNA-50 

programme was used to determine concentration. 

 

2.1.4 Guide RNA (gRNA) design 

To design the CRISPR gRNA sequences, the USP50 gene sequence and flanking upstream 

sequence was obtained from Ensembl (ensembl.org/index.html), and all protospacer adjacent 

motifs (PAM) (GG and CC motifs) and corresponding cut sites within 30 nucleotides of the edit 

site were noted. gRNA sequences were identified from the corresponding PAM, and on-target 

and off-target effects of each were predicted using the Integrated DNA Technologies gRNA 

design checking software (eu.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE). 

The two best-scoring gRNAs were commercially cloned into the pX459 vector, which uses the 

U6 promoter. The U6 terminator minimum consensus sequence is TTTT, so any TTTT 

sequences in the gRNA or resulting from cloning must be silently mutated to avoid premature 

transcription termination. 

 

2.1.5 Double stranded homology directed repair (HDR) template design 

The flanking 500 bp of the USP50 gene start site were obtained from Ensembl as before, and 

the chosen gRNA sites and PAM sequences highlighted. To avoid cutting of the HDR template 

by Cas9, the PAM sites or gRNA-binding sites were silently mutated. The 3x FLAG-tag sequence 

contains three repeats of the FLAG-tag sequence. To avoid recombination within the HDR 
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template, each FLAG-tag sequence was silently mutated. The HDR template was reduced to 

under 500 bp for higher efficiency of transfection. The construct was synthesised and cloned 

by GenScript. 

 

2.1.6 Genomic DNA (gDNA) extraction 

Once cells were confluent in a 6 well dish, media was removed, the cells washed twice with 

PBS (Sigma Aldrich; P4417) and 200 μl trypsin added. Once cells were detached, they were 

transferred to an Eppendorf tube and spun at 13,000 g for 5 mins to pellet the cells. The 

supernatant was removed and 100 μl Tail buffer (Viagen Biotech; 101-T) added and mixed to 

lyse the cells. One unit of proteinase K (Thermo Fisher; 11501515) was added to the cell 

suspension and incubated at 55°C for 1 hour. The proteinase K was then denatured by 

incubation at 75°C for 10 mins.  

 

2.1.7 gDNA screening 

PCR was set up with a forward primer annealing to the CRISPR plasmid sequence and a reverse 

primer annealing to genomic DNA downstream of the edit site, to identify clones which had 

incorporated the CRISPR edit into the genome. The PCR was run on an agarose gel and clones 

which produced a band of correct molecular weight were chosen for further screening. PCR 

products from successful clones were purified using a QIAquick PCR purification kit and were 

ligated into the pJET1.2/blunt vector using the CloneJET PCR cloning kit (Thermo Fisher; K1231) 

according to the manufacturer’s instructions. The ligation mixture was transformed as before. 
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Twelve to fifteen individual bacterial colonies were picked, grown and the DNA extracted and 

sent for sequencing to confirm the presence of the CRISPR edit in the original clone. 

PCR reaction:  

Constituent Concentration Volume (μl) 

GoTaq Green master mix 2x 10 

Forward primer 10 μM 1 

Reverse primer 10 μM 1 

Template DNA - 1 

Nuclease-free water - 7 

 

Step Temperature (°C) Time (mins) Cycles 

Initial denaturation 95 5 1 

Denaturation 95 1  

35 Anneal 60 0.5 

Extension 72 1 

Final extension 72 5 1 

Hold 4 Infinite - 

 

2.1.8 Gel electrophoresis 

A 1% agarose gel was prepared by mixing 1 g agarose (Sigma Aldrich; A9539) per 100 ml 1x 

TAE buffer and heating in a microwave until the agarose had dissolved. Ethidium bromide 

(1:50,000) (BioRad; 1610433) was added to the 1% agarose solution. Gels were run with 1kb 

plus DNA ladder (Thermo Fisher; 10787018) for 30 mins at 120 volts. DNA was visualised in a 

GeneFlash UV transilluminator (Syngene). 
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2.1.9 Gel extraction 

DNA run on an agarose gel was visualised using a UV transilluminator and excised. DNA was 

extracted using the QIAquick gel extraction kit (Qiagen; 28706X4) following manufacturer’s 

instructions. 

 

2.1.10 DNA sequencing 

DNA was diluted to 100 μM and 5 μl sample sent to Source Bioscience with 5 μl primers per 

reaction at 5 μM. Sequencing data was analysed using SeqMan and Chromas software. 

 

2.2 Protein biology 

2.2.1 SDS-PAGE 

Polyacrylamide gels were made up according to the recipe below. Acrylamide percentage was 

chosen based on protein size. Gels were made in BioRad gel pouring equipment. 

Resolving layer 

(10ml) 

6% 8% 10% 12% 

Water (ml) 5.3 4.6 4 3.3 

30% Acrylamide (ml) 2 2.7 3.3 4 

1.5 M Tris pH 8.8 

(ml) 

2.5 2.5 2.5 2.5 

10% SDS (ml) 0.1 0.1 0.1 0.1 

10% APS (ml) 0.1 0.1 0.1 0.1 

TEMED (ml) 0.01 0.01 0.01 0.01 
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Stacking layer (1ml) 5% 

Water (ml) 0.68 

30% Acrylamide (ml) 0.17 

1M Tris pH 6.8 (ml) 0.13 

10% SDS (ml) 0.01 

10% APS (ml) 0.01 

TEMED (ml) 0.001 

 

Cells were harvested in 4x sample buffer, sonicated 3 times for 10 seconds, and boiled for 5 

mins at 95°C. Polyacrylamide gels were run at 180 volts until the dye front had run to the 

bottom of the gel. PageRuler Plus prestained protein ladder (Thermo Fisher; 26619) was run 

alongside samples to ascertain molecular weight. 

 

2.2.2 Western blotting 

Proteins were transferred onto methanol-soaked PVDF membranes (Thermo Fisher; 88518) in 

1x transfer buffer (20% methanol) at 100 volts for 2 hours. Membranes were blocked in 5% 

milk (Marvel) in PBST for 30 mins, then primary antibodies in 5% milk were added and 

incubated overnight at 4°C. Membranes were washed 3 times in PBST for 5 mins, then 

secondary antibodies in 5% milk were added and incubated at room temperature for 1 hour. 

Membranes were washed 3 times in PBST for 5 mins, then incubated with ECL (GeneFlow; 20-

500-500B) at room temperature for 1 min. In a dark room, X-ray sensitive films (Scientific 

Laboratory Supplies; MOL-7016) were exposed to the membrane and developed in a Konica-

Minolta SRX-101A medical film processor. Constitutively expressed proteins were used as 

loading controls. Protein signal was analysed in ImageJ. 
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2.3 Cell biology 

2.3.1 Tissue culture 

All colorectal cancer cell lines were sourced from Professor Andrew Beggs, University of 

Birmingham. 

Cell line RRID Microsatellite 

status 

Growth medium 

HT29 CVCL_0320 Stable McCoy’s 5A medium + 10% FBS + 1% PenStrep 

HT55 CVCL_1294 Stable MEM + 20% FBS + 2 mM L-glutamine + 1% 

NEAA + 1% PenStrep 

C80 CVCL_5249 Stable Iscove’s medium + 10% FBS + 2 mM L-

glutamine + 1% PenStrep 

HCT116 CVCL_0291 Unstable McCoy’s 5A medium + 10% FBS + 1% PenStrep 

RKO CVCL_0504 Unstable MEM + 10% FBS + 2 mM L-glutamine + 1% 

PenStrep 

LS411N CVCL_1385 Unstable RPMI + 10% FBS + 1% PenStrep 

 

HeLa cells were grown in DMEM + 10% tetracycline-free FBS + 1% PenStrep. 

Capan-1 cells were grown in DMEM + 20% FBS + 1% PenStrep. 

All cell lines were maintained in T75 flasks at 37°C and 5% CO2. 

 

2.3.2 siRNA transfection 

siRNA was transfected using DharmaFECT 1 (Horizon Discovery; T-2001-03). Per ml of media, 

0.1-0.3 µl siRNA (100 µM) was mixed gently in 25 µl OptiMEMTM (Thermo Fisher; 31985070). 
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In a separate tube, 1 µl DharmaFECT 1 was mixed gently in 25 µl OptiMEMTM. The two mixtures 

were combined, mixed gently, and incubated at room temperature for 20-25 mins before 

adding slowly to the cell media and mixed by swirling. 

In HeLa and HCT116 cells, 10 nM siRNA was used. In HT29 cells, 30 nM siRNA was used. In 

HT55, C80, RKO and LS411N cells, 30 nM siRNA was added on two consecutive days (60 nM 

siRNA total). 

 

2.3.3 CRISPR cell line generation 

Flp-InTM HeLa cells were chosen for CRISPR editing. On day 0, 1x106 low passage cells were 

plated into 10 cm dishes. On day 1, 250 µl OptiMEM, 5 µg pX459 and 5 µg HDR template were 

mixed gently. In a separate tube, 125 µl of OptiMEM and 30 µl FuGENE6 (Promega; E2691) 

were mixed gently. The two mixes were combined, mixed gently and incubated at room 

temperature for 15 mins. The transfection mixture was added directly to cells and mixed 

gently. On day 4, cells were pulsed for 24 hours with 3 µg/ml puromycin. On day 7, cells were 

collected and plated out at low densities for single colony isolation, screening and cell line 

establishment. gDNA was extracted and screened by PCR as described. 

 

2.3.4 Stable cell line generation 

The pcDNA5/FRT/TO-EGFP-WRN WT, E84A and K577M plasmids were synthesised by 

GenScript and include siRNA resistance to WRN exon 9 and exon 17 siRNA. 
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Flp-InTM HeLa cells were transfected using FuGENE6 (Promega; E2691) with pcDNA5/FRT/TO-

EGFP-WRN variants and pOG44 in a 4:1 plasmid: FuGENE6 ratio ratio. On day 0, 1x106 low 

passage cells were plated into 10 cm dishes. On day 1, 100 µl OptiMEMTM, 5 µg 

pcDNA5/FRT/TO-EGFP-WRN and 1 µg pOG44 were mixed gently. In a separate tube, 100 µl of 

OptiMEMTM and 24 µl FuGENE6 (Promega; E2691) were mixed gently. The two mixtures were 

combined, mixed gently and incubated at room temperature for 15 mins. The transfection 

mixture was added directly to cells and mixed gently. On day 2, the media was removed and 

replaced with fresh media. On day 4, 100 µg/ml hygromycin was added to the media. 

Successfully transfected clones were selected with hygromycin until the untransfected control 

cells had died (10-14 days). Expression of siRNA-resistant inducible genes was confirmed by 

Western blot after incubation with 2 µg/ml doxycycline (Sigma Aldrich; D9891) for 72 hours. 

 

2.3.5 Plasmid transfection 

The pcDNA5/FRT/TO-FLAG-USP50 plasmid with resistance to USP50 #5 and #7 siRNA was 

synthesised by GenScript. FuGENE6 (Promega; E2691) was used to transfect DNA plasmids into 

cells at a 4:1 plasmid: FuGENE6 ratio. Per ml of media, 1 µg of pcDNA5/FRT/TO-FLAG-USP50 

plasmid was mixed with 25 µl OptiMEMTM (Thermo Fisher; 31985070). In a separate tube, 4 µl 

FuGENE6 was mixed gently in 25 µl OptiMEMTM. The two mixtures were combined, mixed 

gently, and incubated at room temperature for 15 mins before adding slowly to the cell media 

and mixed by swirling.  

 

2.3.6 Inducible shRNA expression 
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Flp-InTM HeLa cells expressing IPTG-inducible (Promega; V395A) shRNA targeting USP50 were 

obtained from Dr Helen Stone.  

 

2.3.7 Immunofluorescence staining 

Cells were plated in 24 well plates on 13 mm circular glass coverslips. Cells were treated 

according to the specific experiment, then fixed with 4% PFA. For EdU labelling of S phase cells, 

cells were incubated with 10 µM EdU for 10-15 mins prior to fixation with 4% PFA. Once fixed, 

cells were permeabilised with 0.5% Triton-X100 in PBS for 15 mins, then blocked using 10% 

FBS in PBS for 20 mins. EdU was labelled with Alexa Fluor 647 azide using Click-IT technology: 

cells were incubated with the Click-IT reaction mix for 30 mins at room temperature in the 

dark. Cells were washed with PBST and incubated with blocking solution for 40 mins, then 

incubated with primary antibody for 1 hr at room temperature in blocking solution. Cells were 

then washed 3 times with PBST before being incubated for 1 hour with Alexa Fluor 488 

antibody. Cells were washed 3 times in PBST and DNA was stained using Hoechst at 1:20,000 

for 5 mins. Cells were washed 3 times in PBST, fixed for 10 mins in 4% PFA, and washed 2 times 

in PBS. Coverslips were mounted onto SuperFrost microscope slides with mounting medium. 

Cells were imaged using a 100x oil immersion lens. Foci were analysed using LASX software. 

Overall nuclear fluorescence was analysed using ImageJ. 

 

2.3.8 DNA fibre labelling 
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Cells were seeded in 6 well plates and treated according to the specific experiment. Cells were 

incubated at 37°C with 25 μM CldU (Sigma Aldrich; C6891) and then with 250 μM CO2-

equilibrated IdU (Sigma Aldrich; I7125) according to the experimental design. Cells were 

washed twice with ice-cold PBS, trypsinised and resuspended in PBS to a cell density of 50x104 

cells/ ml. Two μl of cells was spotted at the top of a SuperFrost microscope slide and left to 

partially dry. Seven μl of fibre spreading buffer was mixed with the sample and incubated for 

2 mins. Slides were gradually tilted to spread the liquid drop to the bottom, then left to dry for 

2 mins. Slides were fixed in 3:1 methanol: acetic acid for 10 mins then left to air-dry. Dried 

slides were stored at 4°C in the dark.  

 

2.3.9 Fibre immunostaining 

Slides were washed twice for 5 mins with dH2O and rinsed with 2.5 M HCl before incubation 

with 2.5 M HCl for 1 hour 15 mins. Slides were then rinsed twice with PBS and washed twice 

for 5 mins in blocking solution (PBS, 1% BSA, 0.1% Tween20). Slides were incubated for 30 mins 

in blocking solution. Slides were incubated with 130 μl of primary antibodies in blocking 

solution (1:2000 rat anti-BrdU [anti-CldU] [Abcam; ab6326] and 1:500 mouse anti-BrdU [anti-

IdU] [BD Biosciences; 347580]). Slides were covered with large coverslips and incubated for 1 

hour. Slides were rinsed 3 times with PBS and fixed with 4% PFA for 10 mins. Slides were then 

incubated with blocking solution for 1 min, 5 mins and 25 mins. Slides were incubated with 

130 μl of secondary antibodies in blocking solution (1:500 anti-rat Alexa Fluor 555 [Invitrogen; 

A21434] and 1:500 anti-mouse Alexa Fluor 488 [Invitrogen; A21202]) with a coverslip on each 

slide, protected from light, for 2 hours. Slides were rinsed 3 times with PBS and incubated with 
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blocking solution for 1 min, 5 mins and 25 mins. Slides were rinsed 2 times with PBS and left 

to air-dry. Mounting medium (Thermo Fisher; 10622689) was applied, and the slides were 

covered with coverslips and allowed to air-dry. Slides were stored at 4°C in the dark.  

 

2.3.10 Fibre scoring and analysis 

Slides were imaged using a 40x oil immersion lens and green and red channels. One channel 

was used to identify regions for image acquisition to minimise bias. Images were taken across 

the length of the slide with two slides were imaged per condition. Fibres were analysed using 

ImageJ software.  

 

2.3.11 Clonogenic survival assay 

Cells were seeded in 24 well plates and treated according to the specific experiment. Cells 

were plated out in 6 well plates at a low density (300-1000 cells per well, depending on plating 

efficiency). Plates were incubated for 7-14 days at 37°C, 5% CO2 until colonies of 50+ cells 

formed. Colonies were stained using 1% methylene blue (Sigma Aldrich; 66719) or 0.5% crystal 

violet (Acros; 405831000) and counted. Alternatively, cells were plated into 24 well plates at a 

low density, incubated as before and stained with 0.5% crystal violet. The plates were 

thoroughly washed to remove unbound crystal violet, left to dry, and resuspended in 3:1 

methanol: acetic acid. Resuspended crystal violet was measured on a plate reader at 595 nm. 

 

2.3.12 Cell viability assay 
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Cells were seeded in 24 well plates and treated according to the specific experiment. Cells 

were plated out in 24 well plates at a low density. Plates were incubated for 5-10 days at 37°C, 

5% CO2 until siNTC-treated wells were around 50% confluent. Media was removed and 

replaced with fresh media with 10% resazurin (Scientific Laboratory Supplies; 199303-5G) and 

incubated at 37°C, 5% CO2 for 2 hours. Plates were shaken gently to mix the media. Absorbance 

was measured on a Varioskan plate reader at 570 and 600nm, and fluorescence was measured 

on an Enspire multimode plate reader (Perkin Elmer) with excitation at 560nm and emission 

at 590nm.  

 

2.3.13 Broken String Biosciences double strand break site mapping 

HeLa cells were plated into 24 well plates and treated with siRNA for 72 hours. Cells were 

harvested and counted. One hundred and twenty thousand cells were plated onto poly-L-

lysine-coated 96 well plates. Once cells had attached to the plate, 100 μl of 8% methanol-free 

PFA (Thermo Scientific, 28908) was slowly added to the cells and incubated at room 

temperature for 10 mins. The liquid was then removed and the cells washed twice with 1x PBS. 

Two hundred μl PBS was added to the cells, and the plate was sealed with an adherent plate 

seal and stored at 4°C before shipping to Broken String Biosciences for INDUCE-seq analysis. 

Data was analysed using Galaxy and Integrative Genome Viewer. 

 

2.4 Microscopy 
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IF staining was imaged using the Leica DM6000B microscope using an HBO lamp with 100W 

mercury short arc UV bulb light source and four filter cubes, A4, L5, N3 and Y5, which produce 

excitations at wavelengths 360, 488, 555 and 647 nm respectively. 

 

2.5 Chromatin fractionation 

Cells were harvested and kept on ice at all times. Cells were pelleted in a cold centrifuge at 

500x g for 5 mins. Supernatant was removed and the pellet was resuspended in 500 µl PBS. 

Fifty µl of resuspended cells was separated into a new tube and kept as the whole cell extract. 

Cells were spun at 500x g for 5 minutes, the supernatant was discarded and the pellet was 

resuspended in 500 µl cold sucrose buffer. Triton-X100 was added to 0.3% of final volume. The 

samples were vortexed 3x for 5 seconds. The cells were spun at 500x g for 5 mins, and the 

supernatant was transferred into a separate tube and kept as the cytoplasmic fraction. The 

pellet was resuspended in 200 µl NETN buffer. Cells were incubated on ice for 30 mins. Cells 

were spun at 1700x g for 5 mins, and the supernatant was transferred to a separate tube and 

kept as the nuclear soluble fraction. The pellet was resuspended in 200 µl NETN buffer as the 

chromatin fraction. 

 

2.6 Buffers 

1x SDS running buffer: 10% 10x Tris/ glycine/ SDS in 90% dH2O. 

1x transfer buffer: 10% 10x Tris/ glycine, 20% methanol, 70% dH2O. 
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4x SDS sample buffer: 8% SDS, 40% glycerol, 0.2 M Tris-HCl pH 6.8, 5% β-mercaptoethanol, 6 

M urea, bromophenol blue. 

Click-IT reaction mix: 10 μM biotin azide, 10 mM sodium ascorbate, 1 mM CuSO4 in PBS 

Crystal violet: 0.5% crystal violet, 49.5% dH2O, 50% methanol. 

Fibre fixative: 75% methanol, 25% glacial acetic acid. 

Fibre spreading buffer: 200 mM Tris pH 7.4, 50 mM EDTA, 0.5% SDS. 

Methylene blue: 1% methylene blue, 49% dH2O, 50% ethanol. 

NETN buffer: 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.5% NP-40, protease 

inhibitor. 

PBS: 1 PBS tablet (Sigma Aldrich) in 200ml dH2O. 

PBST: PBS + 0.1% Tween 20. 

Sucrose buffer: 10 mM Tris-HCl pH 7.5, 20 mM KCl, 250 mM sucrose, 2.5 mM MgCl2, protease 

inhibitor. 

 

2.7 Primer sequences 

Primer name Sequence Purpose 

Forward primer 1 CAACCCAGTAACAGTGTCTCA CRISPR screening 

Forward primer 2 TCTCTGGAGCCTAATCTTTCTA CRISPR screening 

Int for 1 GATCATGATGGTGACTACAAGG CRISPR screening 

Int for 2 GACATTGATTACAAAGACGATGA CRISPR screening 
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Rev 1 TCTCGGATTTTTCTTTCCATAT CRISPR screening 

Rev 2 TGGGGCTCCATGAGAC CRISPR screening 

Rev 3 CAAGCTACTTGACACAGGTTC CRISPR screening 

Rev 4 GAGGATTATGCAGGTATCATG CRISPR screening 

 

2.8 siRNA sequences 

Target Sequence 

Luciferase (NTC) CUUACGCUGAGUACUUCGA 

MUS81 ex 1 ACGCGCUUCGUAUUUCAGA 

MUS81 ex 13 GCAGGAGCCAUCAAGAAUA 

RECQL4 ACCUCGAUUCCAUUAUCAUUU 

RECQL5 GAGGAGAAGGUCCCUGUAAUU 

SMARCAL1 Dharmacon On-targetPLUS SMARTpool L-013058-00-0005 

USP50 #5 UAUGAUACCCUUCCAGUUA  

USP50 #7 CUACCCAGCAUUUACGAAA 

WRN ex 11 AUACGUAACUCCAGAAUAC 

WRN ex 9 GAGGGUUUCUAUCUUACUA 

 

2.9 gRNA sequences 

Name Sequence 

gRNA 3 ATAGAAGCAAAAGTCCAACG 

gRNA 7 TAGATATCGAAGTCATCTGC 

 

2.10 Antibodies 
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Target Animal Supplier Code RRID Assay Dilution 

53BP1 Rabbit Abcam ab36823 AB_722497 IF 1:1000 

Abraxas Rabbit Novus 

Biologicals 

NBP2-

38356 

- WB 1:1000 

Alexa Fluor 647 

azide 

- Thermo 

Fisher 

A10277 - IF 1:2000 

ATM Rabbit Abcam ab199726 - WB 1:1000 

BARD1 Rabbit Abcam ab226854 - WB 1:1000 

BrdU (CldU) Rat Abcam ab6326 AB_305426 Fibres 1:2000 

BrdU (IdU) Mouse BD 

Biosciences 

347580 AB_10015219 Fibres 1:500 

EXO1 Rabbit Abcam ab155553 - WB 1:1000 

FANCD2 Rabbit Abcam ab108928 AB_10862535 WB 1:1000 

FEN1 Rabbit Abcam ab17994 AB_444168 WB 1:1000 

FLAG (M2) Mouse Sigma Aldrich F1804 AB_262044 WB, 

IF 

1:500 

GAPDH Mouse Abcam ab8245 AB_2107448 WB 1:5000 

H3 Rabbit Abcam ab1791 AB_302613 WB 1:1000 

HUS1 Rabbit Proteintech 11223-1-AP - WB 1:1000 

MUS81 Mouse Novus 

Biologicals 

NB100-

2064 

AB_2147134 WB 1:1000 

PALB2 Rabbit Bethyl 

Laboratories 

A301-246A - WB 1:1000 

PCNA Mouse Santa Cruz PC-10 - WB 1:1000 

PIN1 Mouse R&D Systems MAB2294 AB_2163944 WB 1:1000 

RAD51 Rabbit Millipore PC130 AB_569857 WB 1:2000 

RFWD3 Rabbit Abcam ab138030 AB_2687568 WB 1:1000 

RNF168 Rabbit Abcam ab367 - WB 1:1000 

RPA32 Mouse Abcam ab2175 - WB 1:1000 
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Vinculin Rabbit Abcam ab129002 AB_11144129 WB 1:2000 

WRN Mouse Novus 

Biologicals 

H00007486-

M09 

AB_830410 WB 1:1000 

α mouse Alexa 

Fluor 488 

Donkey Thermo 

Fisher 

A21202 AB_2762823 Fibres 1:500 

α mouse Alexa 

Fluor 488 

Donkey Thermo 

Fisher 

A21206 AB_2535792 IF 1:5000 

α mouse HRP Rabbit Agilent P0161 AB_2687969 WB 1:5000 

α rabbit HRP Swine Agilent P0217 AB_2728719 WB 1:5000 

α rat Alexa Fluor 

555 

Goat Thermo 

Fisher 

A21434 AB_2535855 Fibres 1:500 

α-tubulin Mouse Santa Cruz sc-5286 AB_628411 WB 1:1000 

β-actin Rabbit Abcam ab115777  AB_10899528 WB 1:5000 

γ-H2AX Mouse Abcam ab22551 AB_447150 IF 1:1000 

 

2.11 Chemicals 

Name Activity Concentration Supplier CAS number 

B02 RAD51 inhibitor 0.25-10 µM Sigma Aldrich 1290541-46-6 

CldU Thymidine analogue 25 μM Sigma Aldrich 50-90-8 

EdU Thymidine analogue 10 μM Thermo Fisher 61135-33-9 

Hydroxyurea RNR inhibitor 1-5 mM Alfa Aesar 127-07-1 

IdU Thymidine analogue 250 μM Sigma Aldrich 54-42-2 

KU-55933 ATM inhibitor 1-10 µM Abcam ab120637 

NSC 617145 WRN helicase 

inhibitor 

250 nM Sigma Aldrich 203115-63-3 

VE-821 ATR inhibitor 0.1-1 µM Selleck 58007 
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2.12 Statistical methods 

All statistical tests, unless indicated otherwise, used an unpaired two-tailed t-test. n.s.= not 

significant, * = p≤0.05, ** = p≤0.01, *** = p≤0.001, **** = p≤0.0001.  
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3 USP50 regulates WRN at ongoing and stalled forks 

 

3.1 Introduction 

Faithful DNA replication is paramount for ensuring the preservation of the genome and 

avoiding potentially deleterious mutations or loss of genomic material. Cells have evolved 

several pathways for promoting error-free replication and repair of DNA after damage. The 

replication fork encounters many obstacles from exogenous and endogenous sources, 

including UV damage, ICLs, G-quadruplexes and DNA-RNA hybrids (Macheret & Halazonetis, 

2015). There is significant overlap between the RS response and DNA repair and the proteins 

that participate in these processes, highlighting the importance of replication to cell viability 

(Tye et al., 2021). 

Previous work carried out in the laboratory identified USP50 as an inactive DUB with roles in 

the RS response. Using the DNA fibre assay, it was seen that depletion of USP50 led to a 

decrease in ongoing replication forks and an increase in stalled replication forks, without 

affecting the firing of new replication origins (figure 1.11b). USP50 depletion led to an increase 

in the DNA DSB marker 53BP1 in S phase cells, suggesting that USP50 prevents DSB formation 

during replication (figure 1.11c). These S phase DSBs in USP50-depleted cells could be rescued 

by co-depletion of the structure-specific endonuclease MUS81, implying that USP50 prevents 

stalled replication forks from being cleaved into DSBs (figure 1.11d). To test which pathways 

USP50 might be involved in, co-depletions were performed with proteins with similar roles in 

preventing DSB formation, and it was observed that USP50 and the RECQ helicase/ 

exonuclease WRN were epistatic in DSB formation (figure 1.11h). 



80 
 

WRN is a multifunctional enzyme with roles in DNA replication, repair and gene expression 

regulation. WRN associates with many other replication and repair proteins such as ATR, BLM, 

KU70, MRE11, NBS1, RAD50, PCNA and RPA (Lachapelle et al., 2011). During replication, WRN 

has roles in prevention of fork stalling, restart of stalled forks and protection of nascent DNA 

at reversed forks. Given previous data suggesting that USP50 and WRN are epistatic in DSB 

formation in S phase cells, and evidence that USP50 promotes ongoing replication, we 

wondered whether USP50 and WRN collaborate in other aspects of replication.  

The aims of this chapter are to identify pathways where USP50 and WRN are epistatic, in order 

to better understand the relationship between these two proteins in replication. WRN is a well-

known and important protein in DNA replication and repair, so learning more about how it is 

regulated is of benefit. USP50 is a poorly understood protein and lacks ubiquitin protease 

function, unlike other members of the USP family. Understanding how this inactive USP exerts 

its influence in cells could provide further insights into the mode of action of active and inactive 

DUBs. 
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3.2 3xFLAG-tagged USP50 HeLa cells engineered using homology-directed CRISPR 

USP50 is expressed at very low levels in several tissues, and our laboratory has not been able 

to detect endogenous USP50 expression with a variety of antibodies. The generation of a 

stable HeLa cell line expressing doxycycline-inducible FLAG-USP50 has allowed the study of 

interactions between USP50 and other proteins, for example through FLAG-

immunoprecipitation and the proximity ligation assay with anti-FLAG antibodies. A caveat of 

this approach is that the doxycycline-induced expression of USP50 is orders of magnitude 

higher than the expression of endogenous protein. This could influence cellular phenotypes in 

a way that does not reflect physiological conditions.  

To address this problem, we used HDR CRISPR to engineer a HeLa cell line with a 3xFLAG-tag 

at the N-terminus of USP50. HDR CRISPR works through creating a DSB with Cas9 at a known 

locus, and simultaneously transfecting cells with DNA carrying the desired insert sequence 

flanked by homology to the upstream and downstream sequence at the cut. If the cell repairs 

the DSB through HR and uses the transfected DNA as a homology template, the cell will repair 

the DSB and introduce the inserted sequence at the DSB. To generate the edited cell line, HeLa 

cells were transfected with a plasmid encoding the Cas9 enzyme and gRNA sequence, and with 

the HDR template (figure 3.1a, b). Individual cells were isolated and grown, and PCR and 

sequencing was used to determine the approximate ratio of edited to unedited alleles in the 

HeLa cells, as well as the presence of introduced mutations. Of 270 clones tested, five HeLa 

clones tested positive for the 3x FLAG-tag DNA sequence by sequencing, however four of the 

five had mutations up- or downstream of the edit site, resulting in a mutant protein. Clone 22 

did not have any mutations detected and was predicted to have around one in five USP50 
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alleles tagged with FLAG-tag. This suggests that this particular HeLa clone has five USP50 

alleles, one of which was successfully FLAG-tagged using HDR-CRISPR. Clone 22 HeLa cells 

were plated and treated with siRNA targeting USP50 and were examined using Western 

blotting and IF for FLAG-tag (figure 3.1c-e). No FLAG-USP50 signal, or reduction in signal with 

USP50 depletion, was detected in clone 22 by Western blotting or IF. This suggests that the 

expression of FLAG-USP50 in the HeLa cells is too low to detect FLAG-tag expression by 

Western blotting or IF.  
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Figure 3.1 

a) Schematic of the CRISPR workflow. 

b) Diagram of the CRISPR site and HDR template. 
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c) Western blot showing FLAG-tag expression after 72 hours of treatment with siRNA targeting USP50 

in HeLa CRISPR cells. USP50 expression was induced with doxycycline; control cells were treated with 

vehicle. Transfection control was with siRNA targeting Luciferase.  

d) FLAG-tag expression was examined using IF in HeLa CRISPR cell lines with USP50 depletion. 

Transfection control was with siRNA targeting Luciferase. Representative images shown. 

e) FLAG-tag expression was examined using IF in HeLa CRISPR cell lines with USP50 depletion. 

Transfection control was with siRNA targeting Luciferase. Results are from 1 repeat, with n >100 cells 

per condition. Black lines indicate the mean. A.U.= arbitrary units.  
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3.3 USP50-deficient cells are not hypersensitive to UV treatment 

When a replication fork stalls due to a lesion on the leading strand, TLS may be employed to 

allow replication to quickly continue without the generation of potentially deadly DSBs. The 

use of TLS polymerases reduces fork reversal, fork collapse, and the generation of single-strand 

gaps during RS (Nayak et al., 2020). UV-induced DNA damage is repaired primarily by NER, but 

during S phase, unrepaired lesions are bypassed using TLS (Yang, 2011). TLS is initiated by the 

monoubiquitination of PCNA by the E3 ubiquitin ligase RAD18 (Yoon et al., 2012). 

We saw previously that USP50 depletion led to an increase in fork stalling and DSBs (figure 

1.11b, c), suggesting a role for USP50 in DDT. We therefore wondered whether USP50 may 

have a role in promoting TLS and lesion bypass. To test this, HeLa cells were treated with siRNA 

targeting USP50, then exposed to increasing doses of UV-C radiation. Cells were then plated 

out at a low density and left to grow into colonies, then stained and counted. RAD18 

knockdown was used as a positive control for UV sensitivity. Western blotting for RAD18 to 

check the level of protein depletion was unsuccessful, possibly because RAD18 is 

endogenously expressed at low levels. Despite this, cells treated with siRNA targeting RAD18 

were hypersensitive to UV treatment compared to NTC siRNA-treated cells. Cells depleted of 

USP50 were not hypersensitive to UV treatment compared to siNTC-treated cells (figure 3.2a). 

This indicates that USP50 does not promote TLS to overcome UV-induced DNA damage. 
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Figure 3.2 

a) Cell survival was measured using the clonogenic survival assay. HeLa cells were treated for 72 hours 

with siRNA targeting USP50 and RAD18, then exposed to increasing doses of UV radiation (joules/ 

metre2). Transfection control was with siRNA targeting Luciferase. Results are from 3 independent 

repeats. Points indicate the mean, error bars are SEM. Statistical analysis done with two-way ANOVA; 

ns= not significant, *= p≤0.05. 
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3.4 USP50 acts to prevent fork stalling before MUS81 cleavage of stalled replication forks 

Previous unpublished work using the DNA fibre assay showed that depleting USP50 led to an 

increase in the levels of replication fork stalling (figure 1.11b). We also saw that depleting 

USP50 led to an increase in DSBs in S phase cells, but that co-depletion of MUS81 rescued 

53BP1 foci levels to that seen in untreated cells (figure 1.11d). These data suggest that the 

DSBs formed when USP50 is depleted are the product of MUS81 cleavage of stalled replication 

forks. Given this, we asked ourselves whether USP50 acts before or after MUS81 cleavage to 

prevent replication fork stalling, using the DNA fibre assay. HeLa cells were treated with shRNA 

targeting USP50 and siRNA targeting MUS81 for 72 hours before labelling with CldU and IdU 

nucleotide analogues (figure 3.3a, b). CldU and IdU were added sequentially for 20 minutes 

each before cells were harvested and DNA fibres were spread and stained. The replication 

structures shown in figure 3.3c were counted. 

In USP50-depleted cells there was a significant increase in the proportion of stalled forks, in 

accordance with previous experiments. MUS81 depletion alone did not affect fork stalling 

levels compared to cells treated with NTC siRNA. When USP50 and MUS81 were co-depleted, 

the levels of stalled forks were comparable to those in USP50-depleted cells (figure 3.3d). This 

data indicates that abolishing MUS81 cleavage of stalled forks does not affect fork stalling in 

USP50-depleted cells. This suggests that the role of USP50 in promoting ongoing replication 

and preventing fork stalling occurs before MUS81-mediated cleavage of stalled forks into DSBs. 
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Figure 3.3 

a) Western blot showing MUS81 protein levels after 72 hours of treatment with sh/ siRNA targeting 

MUS81 and USP50 in HeLa cells. shUSP50 expression was induced with IPTG; control cells were 

treated with vehicle. Transfection control was with siRNA targeting Luciferase. 

 



90 
 

b) Schematic of the DNA fibre assay. HeLa cells were treated with sh/ siRNA targeting USP50 and MUS81 

for 72 hours before incubation with CldU and IdU for 20 minutes each. 

c) Schematic of the DNA fibre assay. Cells are incubated sequentially with the nucleotide analogues 

CldU and IdU, which are incorporated into replicating DNA. The five types of structures shown were 

counted. 

d) 1st label terminations were examined using the DNA fibre assay in HeLa cells treated with siRNA 

targeting MUS81 and shRNA targeting USP50. shUSP50 expression was induced with IPTG; control 

cells were treated with vehicle. Transfection control was with siRNA targeting Luciferase. Results are 

from 3 independent repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean, 

error bars are SEM. Statistical analysis done with unpaired two-tailed t-test; ns= not significant, **= 

p≤0.01.  
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3.5 WRN depletion/ inhibition rescues fork stalling in USP50-depleted cells 

Previous work by the Morris group showed that cells depleted of USP50 have a higher 

proportion of stalled forks and an increase in S phase DSBs (figure 1.11b, c). We also saw that 

co-depletion of USP50 and WRN led to a reduction in the number of 53BP1 foci in cells (7.0 

average foci in USP50-depleted cells vs 5.4 average foci in USP50- and WRN-depleted cells) 

(figure 1.11h). WRN has known roles in replication fork progression and protecting forks from 

stalling, both in untreated cells and cells treated with RS inducers (Palermo et al., 2016; 

Rodríguez-López et al., 2002; Sidorova et al., 2008). Similar to USP50, WRN prevents DSB 

formation in S phase cells (Franchitto et al., 2008). Given these data, we wondered how USP50 

and WRN co-depletion would affect replication fork dynamics using the DNA fibre assay. HeLa 

cells were treated with siRNA targeting USP50 and WRN (figure 3.4a) before labelling (figure 

3.4b). USP50 or WRN depletion alone caused an increase in 1st label terminations compared 

to cells treated with NTC siRNA (figure 3.4c). Surprisingly, co-depletion of USP50 and WRN 

restored the level of 1st label terminations to that seen in untreated cells. This result bears 

similarity to the reduction in 53BP1 foci levels seen with USP50 and WRN co-depletion in EdU-

positive cells observed previously (figure 1.11h).  

A commercially available small molecule inhibitor of WRN, NSC 617145, is reported to 

specifically inhibit WRN helicase activity in vitro, through disrupting ATPase activity without 

affecting exonuclease activity, and with minimal effects on other helicases (Aggarwal et al., 

2013). To test the specificity of the WRN inhibitor (WRNi), we combined WRN siRNA 

knockdown and WRN inhibition and looked at fork stalling using the DNA fibre assay. A 

concentration of 250 nM NSC 617145 was chosen as this dose has been previously reported 
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to induce DSBs in HeLa cells (Aggarwal et al., 2013). HeLa cells were treated with siRNA 

targeting WRN for 72 hours, and NSC 617145 at 250 nM for 24 hours prior to labelling (figure 

3.4d, e). Depletion of WRN caused an increase in 1st label terminations, as did treatment with 

the WRNi to a comparable degree (19.7% vs 20.2% respectively). The combination of WRN 

depletion and WRNi treatment did not significantly alter the proportion of stalled forks 

compared to either treatment alone (figure 3.4f). This suggests that WRNi treatment leads to 

fork stalling due to its effects on WRN activity, rather than off-target effects. This data supports 

previous literature demonstrating the specificity of NSC 617145 to WRN. 

Having observed a restoration of fork stalling levels in HeLa cells when co-depleting USP50 and 

WRN, we wondered whether treatment with NSC 617145 would affect replication fork stalling 

in USP50-depleted cells. HeLa cells were treated with siRNA targeting USP50 and WRNi at 250 

nM for 72 hours before labelling (figure 3.5g). WRNi treatment alone caused an increase in 1st 

label terminations, as seen before. Intriguingly, the combination of USP50 depletion and WRNi 

treatment rescued fork stalling levels to that seen in cells treated with NTC siRNA and vehicle 

(9.5% vs 10.6% respectively) (figure 3.4h). This result is comparable to the effect seen with 

siRNA depletion of WRN, indicating that when USP50 is depleted, WRN depletion or helicase 

inhibition causes the increase in stalled forks to be restored.  
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Figure 3.4 

a) Western blot showing WRN protein levels after 72 hours of treatment with siRNA targeting WRN and 

USP50 in HeLa cells. Transfection control was with siRNA targeting Luciferase. 

b) Schematic of the DNA fibre assay. HeLa cells were treated with siRNA targeting USP50 and WRN for 

72 hours before incubation with CldU and IdU for 20 minutes each. 

c) 1st label terminations were examined using the DNA fibre assay in HeLa cells treated with siRNA 

targeting USP50 and WRN. Transfection control was with siRNA targeting Luciferase. Results are from 

3 independent repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean, error bars 

are SEM. Statistical analysis done with unpaired two-tailed t-test; ns= not significant, **= p≤0.01, ***= 

p≤0.001. 

d) Schematic of the DNA fibre assay. HeLa cells were treated with siRNA targeting WRN for 72 hours 

and 250 nM WRNi for 24 hours before incubation with CldU and IdU. 

e) Western blot showing WRN protein levels after 72 hours of treatment with siRNA targeting USP50 

and 24 hours of WRNi treatment in HeLa cells. Transfection control was with siRNA targeting Luciferase. 

Control cells were treated with vehicle (DMSO). 

f) 1st label terminations were examined using the DNA fibre assay in HeLa cells treated with siRNA 

targeting WRN and 250 nM WRNi. Transfection control was with siRNA targeting Luciferase. Control 

cells were treated with vehicle (DMSO). Results are from 3 independent repeats, with n >200 fibres per 

condition, per repeat. Bars indicate the mean, error bars are SEM. Statistical analysis done with 

unpaired two-tailed t-test; ns= not significant, *= p≤0.05, **= p≤0.01. 

g) Schematic of the DNA fibre assay. HeLa cells were treated with siRNA targeting USP50 and 250 nM 

WRNi for 72 hours before incubation with CldU and IdU. 
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h) 1st label terminations were examined using the DNA fibre assay in HeLa cells treated with siRNA 

targeting USP50 and 250 nM WRNi. Transfection control was with siRNA targeting Luciferase. Control 

cells were treated with vehicle (DMSO). Results are from 3 independent repeats, with n >200 fibres per 

condition, per repeat. Bars indicate the mean, error bars are SEM. Statistical analysis done with 

unpaired two-tailed t-test; ns= not significant, *= p≤0.05, ***= p≤0.001.  
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3.6 Both enzymatic activities of WRN are needed to rescue fork stalling in USP50-depleted 

cells 

WRN is a member of the RECQ family of ATP-driven helicases, with diverse roles in DNA repair 

and replication (Croteau et al., 2014). WRN is the only member of the RECQ helicase family to 

also possess exonuclease activity (Shen & Loeb, 2000). In addition, WRN has known non-

enzymatic roles, including DNA binding, protecting reversed forks from MRE11-dependent 

degradation, and removal of camptothecin-induced lesions (P. Gupta et al., 2022; Kamath-Loeb 

et al., 2012; Su et al., 2014). Given the similarity in substrates between the helicase and 

exonuclease domains, it is thought to be likely that the two enzymatic activities of WRN co-

ordinate to process DNA structures (Opresko et al., 2004). 

Previous data (figure 3.4g) implicated WRN helicase activity in causing fork stalling in USP50-

depleted cells, however the potential role for exonuclease activity was not explored due to 

lack of an exonuclease-specific inhibitor. To answer this question, we generated HeLa FlpIn cell 

lines stably expressing doxycycline-inducible, siRNA-resistant, GFP-tagged WRN constructs: 

wild-type, exonuclease-dead (E84A) and helicase-dead (K577M). To test for expression of the 

WRN constructs, HeLa cells were treated with siRNA targeting WRN and doxycycline for 72 

hours, then analysed by Western blotting. The samples showed strong expression of the GFP-

tagged WRN constructs in each stable cell line, with each WRN construct showing expression 

levels higher than the endogenous WRN protein (figure 3.5a). 

We used the DNA fibre assay in the stable cell lines to assess the effect of expression of the 

WRN constructs on fork stalling in cells depleted of USP50 and/ or WRN. Cells were treated 

with siRNA targeting USP50 or WRN and doxycycline for 72 hours (figure 3.5b), with empty 
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HeLa FlpIn cells used as a control cell line. As seen before, depleting WRN led to increased fork 

stalling compared to untreated cells, which was rescued upon expression of the wild-type WRN 

construct (figure 3.5c). Interestingly, neither the helicase-dead nor exonuclease-dead WRN 

constructs could reduce the levels of stalled forks in WRN-depleted cells. In cells depleted of 

USP50 and WRN, expression of wild-type WRN unexpectedly rescued fork stalling levels, 

whereas expression of either the helicase-dead or exonuclease-dead WRN constructs did not 

(figure 3.5d). This result is intriguing as it suggests that when USP50 is depleted, either loss of 

WRN or expression of exogenous wild-type WRN rescues fork stalling, which appears to be 

contradictory. This could potentially be explained by the observation that the expression of 

exogenous WRN is much higher than that of endogenous WRN, meaning that the WRN defect 

seen in USP50-depleted cells could be overcome by overexpressing WRN beyond endogenous 

levels. 

Given this possible WRN overexpression-driven phenotype, we wondered whether the effect 

on fork stalling in cells expressing either WRN mutant was due to the lack of one enzymatic 

activity, or the excess activity of the intact enzymatic function due to increased protein levels. 

To address this question, we generated another stable HeLa FlpIn cell line expressing 

doxycycline-inducible WRN with both K577M and E84A point mutations, rendering the 

resulting protein both helicase- and exonuclease-dead. We refer to this mutant as enzymatic-

dead (ed) WRN. Western blotting of cells treated with doxycycline for 72 hours showed that 

the edWRN mutant was expressed (figure 3.5e). We repeated the DNA fibre assay in these 

cells as before to investigate the effect of non-enzymatic WRN expression on replication fork 

stalling. As before, in empty HeLa cells the co-depletion of USP50 and WRN rescued fork 

stalling levels. In cells depleted of WRN, expression of edWRN was not able to reduce stalled 
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fork numbers. Nor was the edWRN mutant able to rescue fork stalling in cells depleted of both 

USP50 and WRN (figure 3.5f). These results suggest that in cells depleted of WRN, only wild-

type WRN can rescue fork stalling. On a background of USP50 and WRN co-depletion, the 

overexpression of wild-type WRN restored levels of fork stalling to that seen in untreated cells, 

unlike the overexpression of helicase- dead, exonuclease-dead WRN or enzymatic-dead WRN. 

Again, this implies that both enzymatic functions of WRN are needed to rescue fork stalling 

when USP50 is depleted, and that overexpression of wild-type WRN can overcome the 

replication defect caused by WRN activity in cells lacking USP50.  
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Figure 3.5 

a) Western blot showing WRN protein levels after 72 hours of treatment with siRNA targeting WRN 

and doxycycline in HeLa FlpIn stable cells. GFP-WRN expression was induced with doxycycline; control 

cells were treated with vehicle. Transfection control was with siRNA targeting Luciferase. S.e.= short 

exposure, l.e.= long exposure. 

b) Schematic of the DNA fibre assay. HeLa FlpIn cells were treated with siRNA targeting USP50 or WRN 

and doxycycline for 72 hours before incubation with CldU and IdU for 20 minutes each. 

c) 1st label terminations were examined using the DNA fibre assay in HeLa FlpIn stable cells treated with 

siRNA targeting WRN, and doxycycline. GFP-WRN expression was induced with doxycycline; control 

cells were treated with vehicle. Transfection control was with siRNA targeting Luciferase. WT= wild-

type, KM= helicase-dead (K577M), EA= exonuclease-dead (E84A). Results are from 3 independent 

repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean, error bars are SEM. 

Statistical analysis done with unpaired two-tailed t-test; ns= not significant, *= p≤0.05, **= p≤0.01. 

d) 1st label terminations were examined using the DNA fibre assay in HeLa FlpIn stable cells treated 

with siRNA targeting USP50 and WRN, and doxycycline. GFP-WRN expression was induced with 

doxycycline; control cells were treated with vehicle. Transfection control was with siRNA targeting 

Luciferase. WT= wild-type, KM= helicase-dead (K577M), EA= exonuclease-dead (E84A). Results are 

from 3 independent repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean, error 

bars are SEM. Statistical analysis done with unpaired two-tailed t-test; ns= not significant, *= p≤0.05. 

e) Western blot showing WRN protein levels after 72 hours of treatment with siRNA targeting WRN and 

doxycycline in HeLa FlpIn stable cells. 

f) 1st label terminations were examined using the DNA fibre assay in HeLa FlpIn stable cells treated with 

siRNA targeting USP50 and WRN, and doxycycline. ed= enzymatic dead (K577M/ E84A). GFP-WRN 
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expression was induced with doxycycline; control cells were treated with vehicle. Transfection control 

was with siRNA targeting Luciferase. Results are from 3 independent repeats, with n >200 fibres per 

condition, per repeat. Bars indicate the mean, error bars are SEM. Statistical analysis done with 

unpaired two-tailed t-test; ns= not significant, *= p≤0.05, **= p≤0.01. 
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3.7 Targeting USP50 and WRN together rescues formation of DSBs in replicating cells 

WRN has known roles in preventing the formation of DSBs. WRN is a target of ATM and ATR, 

and accumulates at stalled forks to prevent collapse into DSBs (Ammazzalorso et al., 2010). 

WRN also has roles in DSB repair: WRN loss leads to a defect in NHEJ and HR repair (Saintigny 

et al., 2002; Shamanna et al., 2016), and WRN-depleted cells are sensitive to DNA-damaging 

drugs (Ammazzalorso et al., 2010; Imamura et al., 2002; Yannone et al., 2001; Zecevic et al., 

2009). 53BP1 and γ-H2AX foci are frequently used as markers for DSBs (A. Gupta et al., 2014; 

Kuo & Yang, 2008).  

Given data showing that USP50 depletion led to the increased formation of 53BP1 foci in S 

phase cells (figure 1.11c), we wanted to confirm this data with another marker of DSBs. HeLa 

cells plated onto coverslips were treated with siRNA targeting USP50 for 72 hours, then cells 

were pulsed with the nucleotide analogue EdU for 15 minutes to label replicating cells. Cells 

were fixed and γ-H2AX foci were examined using IF (figure 3.6a). The number of γ-H2AX foci 

per non-replicating cell increased from an average of 2.6 foci in untreated cells to 3.1 foci per 

cell in USP50-depleted cells, an increase of 19% (figure 3.6b). The average foci numbers in 

USP50-depleted cells increased by 84% to 5.7 foci per cell in S phase USP50-depleted cells, 

which agrees with our previous finding that USP50 depletion leads to an increase in primarily 

S phase DSBs. 

Next, we wanted to examine how USP50 and WRN influence DSB formation. We had previously 

seen that co-depletion of USP50 and WRN did not have an additive effect on 53BP1 foci 

formation, and in fact led to a small but significant reduction in average foci numbers (figure 

1.11h). We decided to test whether the WRNi NSC 617145 affects DSB formation in USP50-
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depleted cells. HeLa cells plated onto coverslips were treated with siRNA targeting USP50 and 

NSC 617145 at 250 nM for 72 hours, then cells were pulsed with EdU for 15 minutes. Cells 

were fixed and 53BP1 foci were examined using IF (figure 3.6c, d). As seen before, replicating 

cells depleted of USP50 had a higher number of 53BP1 foci, though the effect seen was less 

dramatic than previously observed (3.8 vs 2.6 average foci per cell respectively). Treatment 

with the WRNi led to an increase in 53BP1 foci from 2.6 to 5.8 average foci per cell, consistent 

with evidence that losing WRN helicase activity contributes to DSB formation. Depletion of 

USP50 in combination with WRNi treatment reduced levels of 53BP1 foci compared with WRNi 

treatment alone to 3.1 foci per cell (figure 3.6d), suggesting that the DSBs formed upon WRN 

helicase inhibition are in part caused by USP50 activity during replication, or vice versa.  
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Figure 3.6 

a) Representative images of γ-H2AX foci and EdU-labelled HeLa cells. 

b) γ-H2AX foci were examined using IF in HeLa cells with USP50 depletion and EdU labelling. 

Transfection control was with siRNA targeting Luciferase. Results are from 3 independent repeats, with 

n >50 cells per condition, per repeat. Red lines indicate the mean, error bars are SEM. Statistical analysis 

done with unpaired two-tailed t-test; ns= not significant, **= p≤0.01.  
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c) 53BP1 foci were examined using IF in EdU-positive HeLa cells with USP50 depletion and WRNi 

treatment. Transfection control was with siRNA targeting Luciferase. Control cells were treated with 

vehicle (DMSO). Representative images shown. 

d) 53BP1 foci were examined using IF in EdU-positive HeLa cells with USP50 depletion and WRNi 

treatment. Transfection control was with siRNA targeting Luciferase. Control cells were treated with 

vehicle (DMSO). Results are from 3 independent repeats, with n >50 cells per condition, per repeat. 

Red lines indicate the mean, error bars are SEM. Statistical analysis done with unpaired two-tailed t-

test; ns= not significant, **= p≤0.01, ****= p≤0.0001. 
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3.8 Co-depletion of USP50 and WRN does not rescue cell survival in HeLa cells 

We previously saw that depletion or inhibition of WRN led to accumulation of DSBs in HeLa 

cells (figure 1.11c, figure 3.6d). DSBs are the most lethal form of DNA break, and a single 

unrepaired DSB in yeast cells can lead to cell death (Featherstone & Jackson, 1999). WRN loss 

has been reported to affect cell proliferation and survival: cells isolated from WS patients have 

reduced proliferative potential and a higher rate of apoptosis (Pichierri et al., 2001), and WS 

cells induce apoptosis hours quicker than non-WS cells after a short treatment with 

camptothecin (Pichierri et al., 2001). 

Given previous data suggesting that co-depletion of USP50 and WRN had a rescue effect on 

fork stalling and DSB formation, we investigated whether co-depletion could be beneficial for 

cell survival using the clonogenic survival assay. HeLa cells were treated with siRNA targeting 

USP50 and WRN, and cells were plated out at a low density and left to grow into colonies, then 

stained and counted. USP50 or WRN depletion alone caused 7.7% and 22.0% of cells to die 

respectively. When USP50 and WRN were co-depleted there was a trend towards increased 

cell death, with 31.4% cell death, though the difference in cell survival between the co-

depletion and either single depletion was not statistically significant (figure 3.7a). This suggests 

that despite appearing to improve potentially harmful events such as replication fork stalling 

and DSB formation, depleting both USP50 and WRN does not improve cell survival.   
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Figure 3.7 

a) Cell survival was measured using the clonogenic survival assay. HeLa cells were treated for 72 hours 

with siRNA targeting USP50 and WRN. Transfection control was with siRNA targeting Luciferase. Results 

are from 3 independent repeats. Bars indicate the mean, error bars are SEM. Statistical analysis done 

with unpaired two-tailed t-test; ns= not significant, *= p≤0.05, ***= p≤0.001.  
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3.9 USP50 regulates WRN localisation to chromatin after hydroxyurea treatment 

WRN is localised to the nucleolus in unstressed conditions (Gray et al., 1998; Marciniak et al., 

1998; Yankiwski et al., 2000). Several post-translational modifications regulate the shuttling of 

WRN between the nucleolus and nucleus after DNA damage or RS, including acetylation, 

phosphorylation and SUMOylation (Cheng et al., 2003; Lee et al., 2015; Woods et al., 2004). 

DNA-PKCS phosphorylates WRN after DSB formation after IR, bleomycin or 4NQO treatment 

(Karmakar et al., 2002; Yannone et al., 2001). ATR phosphorylates WRN after treatment with 

HU, CPT, MMC and UV (Ammazzalorso et al., 2010; Su et al., 2016). ATM phosphorylates WRN 

after replication stress (Ammazzalorso et al., 2010), and CDK1 phosphorylates WRN after 

etoposide treatment (Palermo et al., 2016). WRN is acetylated by p300/ CBP after MMC 

treatment (K. Li et al., 2010). Once in the nucleoplasm, WRN congregates at sites of DNA 

damage and replicative stress (Li et al., 2008; Zecevic et al., 2009). 

We asked whether USP50 could be regulating WRN through localisation to cellular 

compartments, and whether this could explain the phenotypes previously seen. To address 

this question, HeLa cells were treated with siRNA targeting USP50 for 72 hours before the cells 

were harvested and separated into cytoplasmic, nuclear and chromatin-enriched fractions. 

The samples were then analysed by Western blot. As seen in figure 3.8a, the cellular 

compartments were separated well, with α-tubulin seen in only the whole cell extract and 

cytoplasmic fraction, and histone H3 found only in whole cell extract and chromatin fraction, 

as expected. In the whole cell extract and chromatin fraction, USP50 depletion did not affect 

levels of WRN protein (figure 3.8b, lane 1 vs 2; lane 5 vs 6). The experiment was repeated with 

the addition of a 3-hour treatment with 5 mM HU to induce fork stalling and RS (Koç et al., 
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2004). Interestingly, USP50 depletion in HU-treated cells led to a 50.3% reduction of WRN at 

chromatin, but not in the whole cell extract (figure 3.8c, lane 1 vs 2 of WCE blot; lane 1 vs 2 of 

chromatin blot). This effect was seen again in a second biological repeat (data not shown). 

The WRNi NSC 617145 has been reported to alter WRN protein levels and localisation through 

promoting WRN proteasomal degradation and trapping WRN protein on chromatin (Aggarwal 

et al., 2013). To test how WRNi treatment and USP50 depletion could affect WRN at chromatin, 

we repeated the cell fractionation protocol as before, with the addition of 24-hour WRNi 

treatment at 250 nM. In untreated cells, WRNi treatment did not affect WRN protein levels in 

the whole cell extract or chromatin fraction, contrasting with previous reports (figure 3.8b, 

lane 1 vs 3; lane 5 vs 7). After HU treatment, WRNi treatment did not affect WRN levels in the 

whole cell extract (figure 3.8c, lane 1 vs 3). However, in HU-treated cells depleted of USP50, 

the addition of WRNi led to higher levels of WRN in the chromatin fraction compared to USP50-

depleted cells (figure 3.8c, lane 2 vs 4 of chromatin blot; 49.7% vs 89.2%). This indicates that 

WRNi treatment counteracts the loss of WRN at chromatin when USP50 is depleted, perhaps 

by trapping WRN on chromatin as previously reported.   
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Figure 3.8 

a) Western blot showing cytoplasmic and chromatin markers in cellular fractions. WCE= whole cell 

extract. 

b) Western blot showing WRN protein levels after 72 hours of treatment with siRNA targeting USP50 

and 250 nM WRNi for 24 hours in HeLa cells. Transfection control was with siRNA targeting Luciferase. 

Control cells were treated with vehicle (DMSO). WCE= whole cell extract. Experiment was performed 

twice; images shown are representative of the effect seen. 

c) Western blot showing WRN protein levels after 72 hours of treatment with siRNA targeting USP50, 

250 nM WRNi for 24 hours, and 5 mM HU for 3 hours in HeLa cells. Transfection control was with siRNA 

targeting Luciferase. Control cells were treated with vehicle (DMSO). Numbers below H3 loading 

controls show relative WRN signal normalised to untreated cells and loading control from one 
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experiment. WCE= whole cell extract. Experiment was performed twice; images shown are 

representative of the effect seen. 
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3.10 WRN and USP50 operate in the same pathway to restart stalled forks after hydroxyurea 

treatment 

WRN has known roles in restarting stalled replication forks. It has been reported that WRN co-

ordinates with the nuclease/ helicase DNA2 to promote fork restart, a process that relies on 

WRN ATPase/ helicase activity and DNA2 nuclease activity (Thangavel et al., 2015). Depletion 

of WRN or DNA2 leads to a replication fork restart defect after HU treatment, and the two 

proteins are epistatic with one another in fork restart assays (Franchitto et al., 2008; Thangavel 

et al., 2015). 

We wondered whether USP50 has a role in fork restart, and if so, whether it is epistatic with 

WRN. A modified version of the DNA fibre assay was used where cells are incubated with CldU 

for 30 minutes, incubated with HU for 3 hours, then incubated with IdU for 1 hour before 

harvesting (figure 3.9a). Replication forks that restarted after HU treatment will have 

incorporated both CldU and IdU labels into the DNA tract, whereas forks that did not restart 

will only have CldU incorporated. New origins that fired after HU treatment will only have the 

IdU label. 

Previous unpublished data from the laboratory showed that depletion of USP50 led to an 

increase in stalled forks (7.7% in untreated cells to 13.7%) (figure 3.9b). As reported previously, 

WRN depletion also led to a decrease in the proportion of restarted forks to a similar level of 

that seen in USP50 depletion (13.0% vs 13.7% respectively), supporting evidence that WRN 

promotes fork restart. Interestingly, when USP50 and WRN were co-depleted the proportion 

of stalled forks did not change compared to either depletion alone. Together this data implies 
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that USP50 has an important role in replication fork restart after arrest, and that it operates in 

the same pathway as WRN in this regard. 

We then asked whether WRN helicase activity specifically is epistatic with USP50 in promoting 

fork restart. To test this, the DNA fibre assay was repeated with USP50 siRNA depletion and 

WRNi treatment at 250 nM for 24 hours before incubation with CldU, HU and IdU (figure 3.9a). 

As seen before, depletion of USP50 led to an increase in the proportion of stalled/ unrestarted 

forks after HU treatment (24.3% vs 16.8% in untreated cells). Interestingly, WRNi treatment 

did not alter the proportion of restarted or stalled forks (15.0% vs 16.8% in untreated cells). 

Co-treatment of USP50 depletion and WRN helicase inhibition did not affect fork restart 

compared to USP50 depletion alone (figure 3.9c). This result suggests that the helicase 

function of WRN is not involved in replication fork restart, contradicting previous reports 

(Franchitto et al., 2008; Thangavel et al., 2015).  
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Figure 3.9 

a) Schematic of the DNA fibre assay. HeLa cells were treated with siRNA targeting USP50 for 72 hours 

and 250 nM WRNi for 24 hours before incubation with CldU, 5 mM HU and IdU. 

b) Stalled forks were examined using the DNA fibre assay in HeLa cells treated with shRNA targeting 

USP50 and siRNA targeting WRN. shUSP50 expression was induced with IPTG; control cells were treated 

with vehicle. Transfection control was with siRNA targeting Luciferase. Results are from 3 independent 

repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean, error bars are SEM. 
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Statistical analysis done with unpaired two-tailed t-test; ns= not significant. Performed by Dr Hannah 

Mackay. 

c) Stalled forks were examined using the DNA fibre assay in HeLa cells treated with siRNA targeting 

USP50 and treated with 250 nM WRNi for 24 hours. Transfection control was with siRNA targeting 

Luciferase. Control cells were treated with vehicle (DMSO). Results are from 3 independent repeats, 

with n >100 fibres per condition, per repeat. Bars indicate the mean, error bars are SEM. Statistical 

analysis done with unpaired two-tailed t-test; ns= not significant, **= p≤0.01. 
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3.11 Replication fork progression during hydroxyurea treatment is promoted by USP50 and 

WRN 

Replication fork reversal is an important protective feature that is essential for ensuring 

genomic integrity (Poole & Cortez, 2017). The halting of replication fork progression through 

fork reversal allows time for the cell to remove the replication impediment, upon which the 

reversed fork can be restarted. If the fork is restarted in a timely manner, this pathway avoids 

the generation of a replication-associated DSB (Qiu et al., 2021). Several enzymes have been 

reported to catalyse fork reversal in vivo, including SMARCAL1 (Tye et al., 2021). There is 

evidence that WRN can regress forks in vitro and may have the ability to do so in vivo as well 

(Iannascoli et al., 2015; Machwe et al., 2006, 2007).  

We wondered whether USP50 and WRN affect the ability of replication forks to progress during 

RS conditions, which could indicate an effect on fork reversal. We used a modified version of 

the DNA fibre assay to address this question. In this version of the assay, cells were incubated 

with CldU for 30 minutes, then with IdU and 5 mM HU together for 3 hours before cells were 

harvested (figure 3.10a). The length of the IdU tract was compared to the length of the CldU 

tract to determine how far the replication fork was able to travel during HU treatment before 

it stopped, while controlling for effect of the treatment on fork speeds. SMARCAL1 depletion 

was used as a positive control of inhibition of fork reversal (figure 3.10b). Cells depleted of 

SMARCAL1 showed an increase in IdU: CldU tract length from 0.14 to 0.2, indicating that 

replication forks travelled further on average during HU treatment compared to the NTC 

condition (figure 3.10c). 
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To measure the effect of USP50 and WRN on fork progression during HU treatment, HeLa cells 

were plated and treated with siRNA targeting USP50 and WRN and with WRNi at 250 nM for 

24 hours prior to incubation with CldU, IdU and HU (figure 3.10d). Depletion of USP50 led to 

an increase in the IdU: CldU ratio compared to cells treated with NTC siRNA (0.28 vs 0.21 

respectively), indicating that the replication forks travelled further in the presence of HU when 

USP50 was depleted. Depletion of WRN also led to an increase in the IdU: CldU ratio, to a 

greater extent than with USP50 depletion (0.33 vs 0.28 respectively), indicating a greater effect 

of WRN on the ability of forks to progress during HU treatment. The combination of USP50 

and WRN depletion reduced the IdU: CldU ratio compared to either depletion alone (0.25), 

though did not rescue fully back to levels seen in untreated cells. WRNi treatment had a similar 

effect to WRN knockdown, with an increase in length of replication fork progression during HU 

block (0.33). Combining WRNi and USP50 depletion led to a slight decrease in IdU: CldU ratio 

to 0.28, similar to that seen in the condition with co-depletion of USP50 and WRN. This data 

suggests that during HU-induced RS, WRN and USP50 encourage active replication forks to 

stop travelling, possibly by encouraging fork reversal.  
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Figure 3.10 

a) Schematic of the DNA fibre assay. HeLa cells were treated with siRNA targeting SMARCAL1, USP50 

and WRN for 72 hours, and 250 nM WRNi for 24 hours, before incubation with CldU, IdU and 5 mM 

HU. 

b) Western blot showing SMARCAL1 protein levels after 72 hours of treatment with siRNA targeting 

SMARCAL1 in HeLa cells. Transfection control was with siRNA targeting Luciferase. Performed by Dr 

Hannah Mackay. 
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c) IdU: CldU lengths were examined using the DNA fibre assay in HeLa cells treated with siRNA targeting 

SMARCAL1. Transfection control was with siRNA targeting Luciferase. Results are from 2 independent 

repeats, with n >100 fibres per condition, per repeat. Red lines indicate the mean, error bars are SEM. 

Statistical analysis done with unpaired two-tailed t-test; ****= p≤0.0001. 

d) IdU: CldU lengths were examined using the DNA fibre assay in HeLa cells treated with siRNA targeting 

USP50 and WRN, and 250 nM WRNi for 24 hours. Transfection control was with siRNA targeting 

Luciferase. Control cells were treated with vehicle (DMSO). Results are from 3 independent repeats, 

with n >100 fibres per condition, per repeat. Bars indicate the mean, error bars are SEM. Statistical 

analysis done with unpaired two-tailed t-test; **= p≤0.01, ****= p≤0.0001. 
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3.12 RECQL4 and RECQL5 can compensate for loss of WRN and USP50 to rescue stalled 

replication forks 

WRN is a member of the RECQ family of helicases, along with RECQL1, BLM, RECQL4 and 

RECQL5. The RECQ helicases share a conserved ATPase/ helicase domain, zinc-binding region, 

RQC domain and NLS (Croteau et al., 2014). BLM and WRN also share a conserved HRDC 

domain (Croteau et al., 2014). The RECQ helicases share many DNA replication and repair 

substrates and have several similar roles. Despite sharing protein domains and substrates, it is 

thought that the RECQ helicases cannot compensate for each other when one is missing or 

mutated (Kitano, 2014).  

Previous work in the laboratory using the DNA fibre assay looked at the role of BLM, RECQL1, 

RECQL4 and RECQL5 in fork restart when USP50 is depleted. We saw that neither BLM nor 

RECQL1 depletion improved fork restart in USP50-depleted cells. However, RECQL4 or RECQL5 

depletion could rescue the fork restart defect seen in USP50-depleted cells (figure 3.11a, b). 

We were curious to see whether the other RECQ helicases behaved similarly to WRN in the 

context of USP50 depletion and replication fork stalling in untreated cells. We used the DNA 

fibre assay to look at replication fork stalling with USP50 and RECQL4 or RECQL5 co-depletion. 

HeLa cells were plated and treated with siRNA targeting USP50, WRN, RECQL4 and RECQL5, 

then incubated with CldU and IdU for 20 minutes each before harvesting (figure 3.11c, d). As 

seen before, depletion of USP50 or WRN alone led to an increase in 1st label terminations, and 

the co-depletion of both rescued 1st label terminations back to levels seen in untreated cells. 

Depletion of RECQL4 alone caused a small increase in 1st label terminations (figure 3.11e). 

Interestingly, USP50 and RECQL4 co-depletion rescued 1st label terminations to untreated 
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levels. When RECQL4 was depleted on top of USP50 and WRN, the proportion of 1st label 

terminations increased, suggesting that when USP50 and WRN are depleted, RECQL4 acts to 

suppress fork stalling. RECQL5 depletion alone caused an increase in 1st label terminations 

(figure 3.11f). Similar to RECQL4, co-depletion of USP50 and RECQL5 rescued 1st label 

terminations. Co-depletion of USP50, WRN and RECQL5 led to an increase in 1st label 

terminations. Together, this data suggests that when USP50 is depleted, the increase in 1st 

label terminations can be rescued by depleting either WRN, RECQL4 or RECQL5. When USP50 

and WRN are depleted, depleting either RECQL4 or RECQL5 in addition causes 1st label 

terminations to increase, suggesting that RECQL4 or RECQL5 promote fork progression in the 

absence of USP50 and WRN, perhaps acting together.  
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Figure 3.11 

a) Stalled forks were examined using the DNA fibre assay in HeLa cells treated with sh/ siRNA 

targeting USP50 and RECQL4, and 5 mM HU. shUSP50 expression was induced with IPTG; control cells 
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were treated with vehicle. Transfection control was with siRNA targeting Luciferase. Results are from 

3 independent repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean and error 

bars are SEM. Statistical analysis done with unpaired two-tailed t-test; **= p≤0.01. Performed by Dr 

Hannah Mackay. 

b) Stalled forks were examined using the DNA fibre assay in HeLa cells treated with sh/ siRNA targeting 

USP50 and RECQL5, and 5 mM HU. shUSP50 expression was induced with IPTG; control cells were 

treated with vehicle. Transfection control was with siRNA targeting Luciferase. Results are from 3 

independent repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean and error 

bars are SEM. Statistical analysis done with unpaired two-tailed t-test; **= p≤0.01. Performed by Dr 

Hannah Mackay. 

c) Schematic of the DNA fibre assay. HeLa cells were treated with siRNA targeting USP50, WRN, RECQL4 

and RECQL5 for 72 hours before incubation with CldU and IdU for 20 minutes each. 

d) Western blot showing RECQL4 and RECQL5 protein levels after 72 hours of treatment with siRNA 

targeting RECQL4 and RECQL5 in HeLa cells. Performed by Dr Hannah Mackay. 

e) 1st label terminations were examined using the DNA fibre assay in HeLa cells treated with siRNA 

targeting USP50, WRN and RECQL4. Transfection control was with siRNA targeting Luciferase. Results 

are from 3 independent repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean, 

error bars are SEM. Statistical analysis done with unpaired two-tailed t-test; ns= not significant, *= 

p≤0.05, **= p≤0.01. 

f) 1st label terminations were examined using the DNA fibre assay in HeLa cells treated with siRNA 

targeting USP50, WRN and RECQL5. Transfection control was with siRNA targeting Luciferase. Results 

are from 3 independent repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean, 

error bars are SEM. Statistical analysis done with unpaired two-tailed t-test; ns= not significant, *= 

p≤0.05. 
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3.13 Discussion 

Replication fork progression and recovery after RS is key to avoid deleterious consequences 

such as DSB formation, incomplete replication and mutations. USP50, a poorly understood 

inactive DUB, was previously shown in the laboratory to have a role in the RS response, with 

evidence that it was epistatic with WRN in certain aspects of replication. WRN has known roles 

in DNA replication and repair, but its possible relationship with USP50 is unexplored. In this 

chapter, we shed light on the specific areas of replication that USP50 and WRN are involved in, 

and assessed cellular consequences of loss of the USP50-WRN axis in HeLa cells. 

A possible source of the MUS81-dependent DSBs seen in USP50-depleted cells is the 

nucleolytic processing by MUS81 of stalled replication forks to aid HR-mediated repair. Having 

seen that MUS81 depletion on top of USP50 depletion reversed the increase in 53BP foci, I 

used the DNA fibre assay to assess whether USP50 acts before or after MUS81 in preventing 

replication fork stalling. Co-depletion of MUS81 and USP50 had no effect on fork stalling 

compared to USP50-depleted cells, suggesting that MUS81 processing of stalled replication 

forks occurs after USP50 action at the replication fork, meaning that USP50 plays an earlier 

role in promotion of fork progression. This data implicates USP50 in preventing the formation 

of DNA structures that are MUS81 cleavage substrates. USP50 could therefore play a role in 

any or several of the processes occurring between a progressing replication fork and a 

persistently stalled fork, e.g. in supporting the replication machinery, clearing replication 

impediments ahead of the fork, fork reversal to generate a structure that can be cleaved by 

MUS81, prevention of fork restart, or inhibition of DDT mechanisms. Loss of any of these 

processes could potentially explain the increase in stalled forks and MUS81-dependent DSB 
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formation seen. We saw that USP50-depleted cells were not hypersensitive to UV radiation, 

suggesting that USP50 is not involved in TLS-driven DDT. Further experiments would be needed 

to elucidate which process or processes USP50 is involved in that promote fork progression, 

and whether this is direct or indirect. It would be interesting to analyse interactors of USP50 

to identify whether any components of the replication fork complex associate with USP50. 

Similarly, it would be useful to know which, if any, physical DNA lesions cause stalling of 

replication forks in the absence of USP50. Combining USP50 depletion with inducers of specific 

types of DNA damage and analysing the effect on fork stalling could be one way to address this 

question. 

The DNA fibre assay was used to assess the relationship between USP50 and WRN in 

preventing fork stalling. As reported by other groups, WRN depletion/ inhibition led to an 

increase in stalled replication forks. Surprisingly, we found that co-depletion of USP50 and 

WRN rescued the fork stalling defect seen with either depletion alone. This result suggests that 

in the absence of USP50, WRN activity contributes to increased fork stalling, and vice versa. 

Intriguingly, treating cells with the small molecule inhibitor NSC 617145 to inhibit WRN 

helicase activity had a similar effect on fork stalling in USP50-depleted cells, leading to a 

decrease in stalled forks to levels seen in untreated cells. The effects of the inhibitor treatment 

seem to be specific to WRN activity, as combining WRN knockdown with WRN inhibitor 

treatment did not exacerbate stalled fork levels. This implies that the fork stalling seen in 

WRNi-treated cells is indeed due to WRN inhibition and not an off-target effect. This 

observation strengthens the finding that WRN activity has a deleterious effect on fork stalling 

in the absence of USP50, and points towards the helicase function of WRN specifically. 
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To corroborate this, stable cell lines expressing doxycycline-inducible WRN constructs were 

utilised to examine the effect of WRN enzymatic mutants on fork stalling, in the presence and 

absence of USP50. Using the DNA fibre assay again, we saw that when WRN was depleted, 

only the exogenous expression of wild-type WRN could rescue the increase in fork stalling. 

Unexpectedly, in USP50-depleted cells both the loss and exogenous expression of wild-type 

WRN rescued the increase in fork stalling seen upon USP50 depletion. This result appears 

contradictory as it implies that when USP50 is lost, either loss of WRN or restoration of WRN 

can rescue fork stalling. A possible explanation for this phenotype is that the protein levels of 

exogenous WRN are higher than endogenous WRN, and overexpression of WRN behaves 

differently to endogenous WRN expression in that it can rescue the fork stalling defect in 

USP50-depleted cells. This would imply that WRN protein levels are critical to determining the 

outcomes of progressing forks when USP50 is depleted, perhaps through increased enzymatic 

activity at the replication fork due to increased WRN protein, or through the increased 

localisation/ presence of a WRN binding partner. Another explanation for the rescue of stalled 

forks seen in USP50-depleted, exogenous WRN-expressing cells is that the exogenous WRN 

construct used behaves differently to wild-type WRN and therefore affects fork stalling 

differently. However in cells depleted of WRN, expression of the wild-type WRN construct was 

able to rescue fork stalling, thus behaving at least in this scenario as wild-type WRN. 

Given that the effect of WRN on fork stalling appeared to depend at least in part on WRN 

cellular levels, we wondered whether the phenotype seen when helicase-dead or 

exonuclease-dead WRN was expressed was due to the loss of the mutated enzymatic activity, 

or instead the over-activity of the intact enzymatic activity due to increased WRN protein at 

replication forks. To test for this, we created a fourth WRN construct with two point mutations, 
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rendering both helicase and exonuclease activities dead. This double mutant should therefore 

have lost all enzymatic activity, but should still retain non-enzymatic WRN functions. Using the 

DNA fibre assay to assess fork stalling, we saw that enzymatic-dead WRN could not rescue fork 

stalling in WRN-depleted or USP50- and WRN-depleted cells. Together, these DNA fibre assay 

experiments suggest that when USP50 is depleted, the helicase and exonuclease functions of 

WRN act together to cause fork stalling. When both helicase and exonuclease activity is lost, 

fork stalling levels are reduced. The use of stable cell lines expressing WRN constructs is useful 

for assessing the impact of WRN mutations on cellular phenotypes. A drawback of the system 

is that expression of the inducible protein may not match that of the endogenous protein, 

which may affect phenotypes in unexpected ways. Expression levels can also vary between 

exogenous constructs, which risks conflating the effect of a mutation with the expression level 

of the construct. Identification and isolation of clones with comparable levels of exogenous 

and endogenous WRN expression could address this issue. 

The RECQ helicases have similar cellular roles but are not thought to be able to compensate 

for each other when one is missing. Despite this, we were curious to see whether USP50 

affected other RECQ helicases and if so, whether this was related to the USP50-WRN axis. We 

used the DNA fibre assay to assess the impact of RECQL4 and RECQL5 depletion combined 

with USP50 depletion. RECQL4 or RECQL5 depletion rescued the increase in 1st label 

terminations in USP50-depleted cells, mirroring the effect seen with USP50 and WRN 

depletion. However, the additional depletion of WRN caused 1st label terminations to increase 

again. This data implies that when USP50 is depleted, the subsequent increase in stalled forks 

is due to WRN/ RECQL4/ RECQL5 activity, as depleting any of these helicases rescues fork 

stalling back to levels of untreated cells. This could point to a dysregulation of these RECQ 
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helicases when USP50 is depleted that contributes to fork stalling, perhaps through an 

alteration in protein levels, activity or binding partners. Given that when USP50 and WRN are 

depleted, RECQL4 or RECQL5 depletion causes an increase in fork stalling again, this could 

indicate that both RECQL4 and RECQL5 need to act together to compensate for loss of WRN 

and USP50.  

The observation that depletion of RECQL4 or RECQL5 reverses the rescue in fork stalling with 

USP50 and WRN depletion suggests that RECQL4 and RECQL5 can compensate for WRN 

depletion to restore fork progression. Which roles of RECQL4 and RECQL5 could be responsible 

for restoration of replication when USP50 and WRN are lost? RECQL4 has important roles in 

control of replication initiation, and RECQL4 knockout is embryonic lethal in mice (Luong & 

Bernstein, 2021; Smeets et al., 2014). RECQL4 localises to replication origins and interacts with 

components of the CMG helicase to promote stabilisation and activation (Luong & Bernstein, 

2021; Masai, 2011; Sangrithi et al., 2005). RECQL4 fine-tunes replication initiation through 

interactions with and control of APC/C (Xu et al., 2023). Loss of RECQL4 leads to destabilisation 

of the CMG helicase and a decrease in DNA synthesis (Arora et al., 2016; Im et al., 2009). 

RECQL5 has roles in replication and transcription, particularly in preventing TRCs. RECQL5 is 

thought to suppress TRCs by limiting transcription elongation and transcription machinery 

stalling (Saponaro et al., 2014; Urban et al., 2016). RECQL5 helicase activity promotes PCNA 

ubiquitination and unloading at TRCs, allowing the transcription machinery to proceed (Urban 

et al., 2016). RECQL5 acts at CFSs to remove RAD51 filaments, promoting MUS81 cleavage and 

subsequent fork restart (Di Marco et al., 2017). RECQL5 interacts with WRN, especially during 

replication stress, and stimulates WRN helicase activity (Popuri et al., 2013). In the absence of 

WRN, RECQL5 is retained at DSBs for longer and is required for replication progression, DSB 
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repair and cell survival, especially after HU treatment (Popuri et al., 2013). It is possible that 

RECQL4 and RECQL5 co-operate in the absence of USP50 and WRN to promote replication by 

promoting origin firing to rescue stalled forks and encouraging fork restart through MUS81 

cleavage. Further experiments are needed to confirm this hypothesis. 

We had previously seen that depletion of USP50 led to an increase in 53BP1 foci in S phase 

cells. To corroborate this, the experiment was repeated with immunostaining for another DSB 

and replication stress marker, γ-H2AX, in S phase cells (Katsube et al., 2014). We observed that 

loss of USP50 led to an increase in γ-H2AX foci in replicating cells, strengthening the theory 

that USP50 protects cells from replication stress and prevents replication-associated DSBs. 

Furthermore, analysis of 53BP1 foci in S phase cells revealed that depletion of USP50 and WRNi 

treatment led to a reduction in 53BP1 foci compared to WRNi treatment alone, indicating that 

the increase in DSBs upon loss of WRN helicase activity can be reduced by losing USP50 (and 

vice versa). It is known that stalled replication forks can be converted to DSBs through the 

nucleolytic activity of MUS81, necessitating repair by HR. Paired with the DNA fibre assay data 

showing that co-depletion or inhibition of USP50 and WRN rescues fork stalling, this could 

infer that the reduction in stalled forks corresponds to at least a partial reduction in broken 

replication forks and DSB formation. Replication-associated DSBs can be repaired by HR, but 

the replication machinery is disassembled, and replication is completed by a converging 

replication fork. Broken forks can also be repaired by microhomology-mediated end joining, a 

highly mutagenic process (Cannan & Pederson, 2016). DSBs impact on cell survival, as a single 

unrepaired DSB can cause cell death due to chromosome mis-segregation and the initiation of 

apoptosis. We used the clonogenic survival assay to assess the impact of USP50 and WRN 

depletion on cellular viability. USP50 and WRN co-depletion neither improved nor had an 
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additive effect on cell survival, highlighting a discrepancy between DSB levels and cell viability. 

This data therefore suggests that roles of USP50 and WRN unrelated to DSB formation have an 

impact on cell survival. WRN has many functions, so WRN depletion affects many pathways in 

the cell, with corresponding effects on cellular viability. 

We know little about how USP50 may exert its cellular roles. Previous data from the laboratory 

suggests that USP50 binds ubiquitin but cannot catalyse its removal from proteins, rendering 

it an inactive DUB. The ubiquitin-binding activity of USP50 seems to be important for most 

phenotypes observed with USP50 depletion by our group, as a mutant USP50 construct 

deficient in ubiquitin binding is not able to rescue fork stalling, DSB formation and other 

phenotypes seen with USP50 depletion. Outside of this function, little is known about USP50 

activity. There are many ways that USP50 could affect WRN activity in the assays used: USP50 

could affect WRN enzymatic activity, or could indirectly affect WRN through interactions with 

WRN partners. It could affect WRN localisation or interaction with proteins, or regulate WRN 

degradation. We had previously seen that knockdown of USP50 did not affect WRN protein 

levels in whole cell extracts, however we wondered whether USP50 regulated WRN 

localisation to cellular compartments. To answer this question, we fractionated cells into 

cytoplasm, nucleoplasm and chromatin fractions. In cells treated with siRNA targeting USP50, 

WRN levels were not altered in either WCE or in the chromatin fraction. However, when we 

combined USP50 depletion with 5 mM HU treatment for 3 hours to stall replication forks and 

induce RS, the amount of WRN in the chromatin fraction was reduced by 50% compared to 

NTC-treated cells with HU. This result suggests that when cells are experiencing RS, USP50 

regulates localisation of WRN to the chromatin and to sites of stress/ damage, through an as 

yet unknown mechanism. It also suggests that there is a switch in function of USP50 regarding 
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WRN in untreated versus replicatively stressed cells, or possibly at unstressed versus stressed/ 

stalled forks. The WRNi NSC 617145 has been reported to affect WRN protein levels in two 

ways: lowering WRN protein levels through protein degradation, and “trapping” WRN on 

chromatin. We were curious to see how USP50 depletion and WRNi treatment might affect 

WRN levels at chromatin, so USP50 depletion was combined with 24-hour WRNi treatment at 

250 nM. In untreated cells, WRNi treatment alone or in combination with USP50 depletion did 

not appear to affect the amount of WRN either in whole cell extracts or in chromatin fractions, 

contrary to previous reports. When combined with a 3-hour treatment of 5 mM HU to induce 

RS, WRNi treatment restored WRN levels at chromatin in USP50-depleted cells, suggesting that 

loss of USP50-dependent WRN localisation to stalled forks can be overcome by WRNi 

treatment. This could be through a mechanism of WRN “trapping” on chromatin as was 

previously described, and could also imply that USP50 may specifically promote WRN 

retention or inhibit WRN removal from chromatin. 

Given the potential for a switch in USP50 activity upon HU treatment, we decided to delve 

deeper into the roles of USP50 and WRN at stalled replication forks. We used a variation of the 

standard DNA fibre assay labelling scheme to specifically look at whether USP50 and WRN 

affect the ability of replication forks to restart after HU-induced stalling. We saw that USP50 

depletion led to a decrease in restarted forks and an increase in stalled forks, indicating that 

USP50 plays an important role in fork restart after HU-induced stalling. Interestingly, treatment 

with WRNi did not affect the ability of stalled forks to restart, with or without USP50 depletion. 

This could imply that WRN helicase activity is not needed for fork restart, contrary to previous 

reports. We had previously seen that WRN depletion led to a decreased ability of forks to 

restart, and that this was epistatic with USP50 depletion. Together these data could indicate 
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that WRN does have roles in fork restart related to USP50, but that helicase activity is not 

involved in this, thus implicating exonuclease or a non-enzymatic function of WRN in fork 

restart. As we saw previously, USP50 depletion in combination with HU treatment leads to a 

loss of WRN at chromatin, but WRNi treatment reverses this and restores WRN at chromatin. 

Therefore the WRN protein levels at the stalled forks in the USP50-depleted, WRNi-treated 

cells could be equivalent to endogenous WRN levels. If a non-enzymatic function of WRN is 

involved in fork restart in USP50-depleted cells, treating with the WRNi may not affect this 

ability due to antagonising the effects of USP50 depletion on WRN levels. It is interesting to 

note that co-depletion of USP50 and WRN rescues fork stalling in untreated but not HU-treated 

cells. This could indicate that while RECQL4 and RECQL5 are able to rescue ongoing fork 

progression in the absence of USP50 and WRN, they are not able to restart HU-stalled 

replication forks. This suggests that the ability of RECQL4-RECQL5 to compensate for WRN loss 

in USP50-depleted cells is limited to ongoing replication only. 

When a replication fork encounters an obstacle or is unable to progress, it reverses to form a 

four-way structure. This is in order to protect nascent DNA from degradation by nucleases such 

as MRE11 and EXO1, which are capable of long-range resection and could cause loss of 

genomic material. Fork reversal is regulated by RECQL1, and a number of fork-remodelling 

proteins are thought to be able to regress replication forks in vivo, including SMARCAL1. WRN 

and BLM are among helicases able to regress model forks in in vitro assays. We wondered 

whether USP50 may influence the ability of forks to reverse in a WRN-dependent or WRN-

independent manner, and whether this could explain the defect in fork restart seen previously 

upon USP50 depletion. To answer this question, we performed another variation of the DNA 

fibre assay to measure how far replication forks travel during HU treatment. Cells were treated 
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with siRNA and WRNi, then pulsed with CldU for 30 minutes, then incubated with 5 mM HU 

and IdU for 3 hours. The length of the IdU tract was compared to the CldU tract length to 

obtain a ratio, and to internally control for the effect of treatment on fork speed. A decrease 

in the ratio could indicate that forks stop travelling sooner during an HU block, and an increase 

in the ratio could indicate that forks are travelling further and not reversing. In untreated cells, 

the length of the IdU tract was much shorter than the CldU tract despite the pulse being six 

times longer, indicating that the HU treatment was effective at slowing or stalling replication 

forks. SMARCAL1 knockdown was used as a positive control, and we observed an increase in 

the IdU: CldU ratio compared to NTC-treated cells, indicating that forks were travelling further 

during HU treatment than in untreated cells. When USP50 was depleted, the IdU: CldU ratio 

increased, and WRN depletion led to a greater increase in IdU: CldU length. This could indicate 

that when USP50 or WRN is depleted, replication forks were able to travel further during HU 

treatment, and could indicate that fork reversal was inhibited by loss of these proteins. This 

could indicate a role for USP50 and WRN in promoting fork reversal during RS. Co-depletion of 

USP50 and WRN reduced the IdU: CldU ratio to near-untreated levels, implying that in the 

absence of USP50, WRN activity causes forks to travel further during HU treatment, and vice 

versa. We know that USP50 depletion during HU treatment causes WRN levels to decrease on 

chromatin, so the effect could be caused by a lack of adequate WRN levels at the replication 

fork. When WRNi was added to the cells, the IdU: CldU ratio increased to a similar degree to 

the WRN depletion condition, suggesting that WRN helicase activity is involved in producing 

this phenotype. The combination of USP50 depletion and WRN inhibitor treatment did not 

increase the IdU: CldU ratio beyond that of USP50-depleted cells only. We saw previously that 

WRNi treatment restored WRN to chromatin when USP50 was depleted, implying that the 
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effect of the WRNi here was due to inhibition of helicase activity rather than altered protein 

levels. 

 

3.14 Experimental limitations 

DNA fibre assay: 

The DNA fibre assay was employed heavily in this chapter to assess how USP50 and WRN affect 

replication dynamics. Several limitations and drawbacks to the DNA fibre exist. There is innate 

variability in how the DNA fibres spread, e.g. depending on the angle of the microscope slide 

during spreading. While this should not affect the analysis of replication structures, it can affect 

measurement of fork length/ speed. Use of an automated spreading method, such as DNA 

combing, can help limit the variability between experimental repeats and conditions. Secondly, 

resolution of the fluorescent signal is poor, meaning that subtle differences of a few hundred 

base pairs of DNA may not be detected/ measurable (Quinet et al., 2017). This will 

disproportionately affect shorter fibres, such as when measuring CldU: IdU lengths during HU 

treatment, where the IdU tract length is significantly shorter than the CldU label, and therefore 

subject to a higher level of variability. Thirdly, when analysing fork stalling/ restart, careful 

consideration is needed when deciding which DNA structures to count. Fork stalling can lead 

to the firing of new replication origins in order to rescue replication, which manifests as an 

increase in IdU/ green-only labels. Including these structures in the DNA fibre analysis could 

mask a change in the proportion of other structures. Finally, IdU has been reported to induce 

DNA damage in cells (C. Li et al., 2024; Rosina et al., 2019), so “endogenous” levels of fork 

stalling in untreated cells may be affected by cellular sensitivity to IdU.  
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Specifically regarding the DNA fibre methodologies employed in this chapter, interpretation of 

the results obtained from the assay is limited because the assay does not inform on why 

replication forks have stalled. When looking at fork restart after HU treatment, forks were only 

analysed one hour post-release from HU, providing a snapshot of the number of forks that 

have/ have not restarted in this time. However, the efficiency of fork restart was not analysed 

here. Measurement of IdU length of restarted forks would give insight into this. Further, it was 

not shown whether the forks in USP50- or WRN-depleted cells had delayed or defective 

restart. A time-course showing level of fork restart after several hours of HU treatment could 

shed light on whether the forks eventually all restarted, or whether there were stalled forks 

that were unable to be restarted. When analysing CldU: IdU tract lengths, the data provides 

only a snapshot of length of the IdU tract in cells during HU treatment. However we do not 

know whether this is due to slowing of replication during HU treatment, or whether the forks 

have truly stopped moving. A time-course over several hours could reveal whether forks 

continue to move after 3 hours of HU treatment, or whether they stop before 3 hours and do 

not progress any further. However due to poor resolution of the technique, very short fibres 

are harder to measure accurately, and this could influence the validity of any results seen. 

 

Immunofluorescence: 

As mentioned previously, γ-H2AX is a marker of DNA damage and replication stress, so 

examining γ-H2AX foci in S-phase cells means that both DSBs and replication stress are likely 

to cause γ-H2AX foci formation (Katsube et al., 2014). The IF experiments in this chapter 

represent a snapshot of DSBs in the cell, but do not offer information on how USP50 and WRN 
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depletion/ inhibition affect repair dynamics. A time-course of 53BP1 foci after DNA damage 

with USP50 or WRN depletion could offer information on how these proteins affect repair 

dynamics, and therefore whether the increase in 53BP1 and γ-H2AX foci seen in USP50-

depleted cells is due to an increase in DSBs or a delay in their repair. In addition, pre-extraction 

of cells with CSK buffer or similar can reduce nuclear staining while retaining chromatin-bound 

protein signal, leading to reduced background fluorescence and better distinction of foci. 

 

Clonogenic survival assay: 

The clonogenic survival assay offers vital information on the impact of cellular treatments on 

the ability of cells to form colonies. However, the assay does not provide data on how the cells 

die, or whether cells that fail to form colonies have died or are senescent.  

 

Western blot: 

The Western bot does not provide information on why protein levels are altered. Protein levels 

are affected by many factors, including protein degradation and changes in transcription. 

 

WRN addback expression system: 

Introducing genes with the ability to be inducibly expressed allows the researcher to deplete 

the endogenous protein, replace it with an altered version of the protein, and examine how 

this affects cellular phenotypes. In this chapter, we introduced variants of the WRN gene into 
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FlpInTM cells assess how loss of WRN enzymatic functions affect fork stalling. However, a 

drawback to the assay is that expression level of the protein cannot generally be controlled, 

and overexpression of a protein compared to endogenous expression can lead to unexpected 

phenotypes. It is possible to screen individual clones to find one with comparable expression 

of the exogenous gene, but this takes extra work and time.  

 

3.15 Future experiments 

Given the uncovering of a USP50-WRN-RECQL4-RECQL5 axis in replication, we would be 

interested to conduct further experiments to learn more about how the RECQ helicases are 

able to compensate for each other, and how USP50 regulates this process. 

 

1) Does rescue of fork stalling with USP50 depletion and WRN inhibition depend on 

RECQL4/ RECQL5? 

We have shown that USP50 and WRN co-depletion or inhibition rescues the increase in fork 

stalling seen with either condition alone (figure 3.5c, h). RECQL4 and RECQL5 appear to be 

responsible for this rescue when WRN is depleted, but we don’t know if they are capable of 

restoring replication when WRN is inhibited. To test this, we would repeat the DNA fibre assay 

to look at levels of stalled forks with USP50 depletion and WRNi treatment, with additional 

knockdown of RECQL4 or RECQL5. 

 



138 
 

2) Does rescue of fork stalling when USP50 and WRN are co-depleted depend on co-

operation of RECQL4 and RECQL5?  

We saw previously (figure 3.12e, f) that when USP50 and WRN are co-depleted, the reduction 

in fork stalling can be reversed by depleting RECQL4 or RECQL5. This suggests that both may 

be required to rescue fork progression in cells co-depleted of USP50 and WRN. To test this, we 

would repeat the DNA fibre assay with USP50, WRN, RECQL4 and RECQL5 co-depletion. We 

would expect the fork stalling levels to remain increased, indicating that RECQL4 and RECQL5 

co-operate together to rescue fork progression in the absence of USP50 and WRN. 

 

3) Does rescue of fork stalling with USP50 and WRN co-depletion depend on RECQL4/ 

RECQL5 helicase activity? 

It would be interesting to see whether the helicase activity of RECQL4 or RECQL5 is required 

for the rescue in fork progression seen with USP50 and WRN co-depletion (figure 3.12e and f). 

To test this, we could generate constructs of the RECQL4 and RECQL5 genes with mutations in 

the ATPase/ helicase domain to eliminate helicase function. RECQL4 helicase function can be 

abolished by mutating K508 to a methionine (Rossi et al., 2010), and RECQL5 can be rendered 

helicase-dead through substitution of K58 to an arginine residue (Garcia et al., 2004). 

Repeating the DNA fibre assay in stable cell lines expressing inducible RECQL4 or RECQL5 

constructs would provide insights into the importance of the helicase activities of these 

proteins in the USP50-WRN-RECQL4-RECQL5 axis. 
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4) Do RECQL4/ RECQL5 rescue DSB formation in USP50- and WRN-depleted cells? 

We wonder whether RECQL4 and RECQL5 can also suppress DSB formation when USP50 and 

WRN are depleted. We would use IF to examine levels of DSB markers in cells depleted of 

USP50, WRN and RECQL4/ 5. 

 

5) Does USP50 depletion affect RECQL4/ RECQL5 localisation to chromatin? 

We previously used chromatin fractionation to determine that USP50 promotes WRN 

localisation/ retention to chromatin after HU treatment (figure 3.9c). It would be interesting 

to test whether USP50 also regulates the localisation of RECQL4 and RECQL5 to chromatin, and 

whether this is further affected by WRN co-depletion. We would repeat the chromatin 

fractionation protocol on cells depleted of USP50 and WRN, with and without HU treatment, 

and probe for RECQL4 and RECQL5.  

 

6) Can the effects of USP50 depletion be phenocopied by partial loss of WRN? 

As previously shown, USP50 depletion leads to a reduction in WRN on chromatin after HU 

treatment (figure 3.9c). This could suggest that USP50 is required for WRN to localise to stalled 

forks. We wonder whether the cellular effects of USP50 loss could be phenocopied by partial 

depletion, but not complete loss, of WRN. To test this, we would titrate siRNA targeting WRN 

into cells to identify a concentration of siRNA that results in a 50% loss of WRN. We would then 

examine how this level of WRN depletion affects fork stalling, fork restart and DSB formation 

using the DNA fibre assay and IF.  
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7) Can the effects of USP50 depletion be rescued by overexpression of RECQL4/ RECQL5? 

We saw previously that overexpression of wild-type WRN rescued fork stalling in USP50-

depleted cells (figure 3.6d). We therefore hypothesise that the effects of loss of USP50 are due 

to partial loss of WRN, and that complete loss of WRN allows RECQL4 and RECQL5 to rescue 

fork progression. We wonder whether combining USP50 depletion with RECQL4 and RECQL5 

overexpression would rescue fork stalling by promoting RECQL4/ RECQL5-dependent fork 

progression. We would perform the DNA fibre assay in cells depleted of USP50, inducibly 

overexpress RECQL4 and RECQL5, and examine levels of stalled forks. 
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4 USP50 and WRN in replication in MSS vs MSI cells 

 

4.1 Introduction 

The concept of synthetic lethality describes the phenomenon where the mutation or alteration 

of two genes leads to cell death, but either mutation/ alteration alone can be tolerated 

(Topatana et al., 2020). Cancers by nature carry mutations and can be highly prone to acquiring 

further alterations. WRN loss was recently discovered to be a synthetic lethal target in a subset 

of cancers with MMR pathway mutation and subsequent high levels of MSI. Microsatellites are 

short, repetitive sequences of DNA, with the repeating unit being between one and six 

nucleotides long (Garrido-Ramos, 2017), and represent around 3% of the human genome 

(Eckert & Hile, 2009). Microsatellites are present in every chromosome, are distributed non-

randomly and have roles in gene expression (Vieira et al., 2016). Microsatellite length is 

intrinsically hypermutable as the replication machinery can slip at highly repetitive regions, 

leading to over- or under-replication of microsatellite repeats (Hughes & Queller, 1993; Martín-

López & Fishel, 2013). The resulting unpaired nucleotides form extrahelical loops which are 

detected and corrected by the MMR pathway (Martín-López & Fishel, 2013). In the absence of 

a functional MMR pathway through mutation or inactivation of MLH1, MLH3, MSH2, MSH3, 

MSH6 or PMS2, the indel is maintained, leading to a change in the microsatellite length 

(Pećina-Šlaus et al., 2020). Over many cell cycles, the microsatellites can expand or contract 

dramatically (known as MSI-high). The WRN-MSI synthetic lethality arises due to expansion of 

TA microsatellite repeats specifically (van Wietmarschen et al., 2020). It is thought that when 

TA repeats are long enough, the DNA forms a secondary structure known as cruciform DNA. 
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When MSI-high cells with expanded TA repeats lose WRN helicase activity, DSBs form at TA 

repeats and chromosome shattering occurs, leading to cell death (van Wietmarschen et al., 

2020). It is therefore hypothesised that WRN helicase is required to unwind the cruciform 

structures to allow replication to proceed, and the failure to do so leads to replication fork 

stalling, DSB formation and subsequent cell death. 

We had previously seen that USP50 and WRN have a close relationship in promoting 

replication fork progression and preventing DSBs during replication in HeLa cells, which are 

microsatellite stable (MSS) and of cervical origin. We wanted to investigate whether USP50 

behaves differently in cells with high MSI, and how cellular WRN dependency could affect the 

USP50-WRN axis. MSI has been found in many cancer types, and is particularly common in 

colorectal, gastric and ovarian cancers, representing around 15% of all colorectal cancers (Kim 

et al., 2013). Lynch syndrome is a disease caused by mutations in the MMR pathway, and 

patients have a high lifetime risk of developing colorectal cancer (Dominguez-Valentin et al., 

2020; Niv, 2007). We therefore selected a panel of colorectal cancer cell lines with MSS or MSI-

high to examine the roles of USP50 and WRN in cells with a background of WRN dependency. 
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4.2 Optimisation of siRNA transfection in a panel of colorectal cancer cell lines with and 

without WRN dependency 

We wanted to use a panel of cancer cell lines to study the USP50-WRN axis in the context of 

WRN dependency. We utilised data from the Cancer Dependency Map (depmap.org/portal/) 

to assess WRN dependency in colorectal cancer cell lines, as MMR deficiency and 

microsatellite instability is common in cancers of the gastric system. Six colorectal cancer cell 

lines were chosen, three with a high dependency on WRN (HCT116, RKO and LS411N [MSI]), 

and three with low WRN dependency (HT29, HT55 and C80 [MSS]) (figure 4.1a). 

Cell lines vary in transfection efficiency, so we tested the efficacy of siRNA-mediated WRN 

depletion in the cell line panel. The aim was to obtain a comparable level of protein knockdown 

in each cell line, to allow better comparison of data between cell lines. To achieve this, cells 

were plated and treated with increasing concentrations of siRNA targeting WRN for 72 hours 

before cells were harvested. Lysates were analysed by Western blot to assess WRN protein 

levels (figure 4.1b). We observed that individual cell lines needed different concentrations of 

siRNA to achieve a consistent and effective level of protein reduction across the cell line panel.  



144 
 

 



145 
 

Figure 4.1 

a) DepMap data was analysed for WRN dependency in colorectal cancer cell lines. Relevant cell lines 

are highlighted. 

b) Western blot showing WRN protein levels after 72 hours of treatment with siRNA targeting WRN in 

colorectal cancer cell lines. Transfection control was with siRNA targeting Luciferase. 
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4.3 WRN-dependent MSI cells are not hypersensitive to USP50 depletion compared to MSS 

cells 

Analysis of DepMap data suggested that the cell lines in our panel consisted of three highly 

WRN-dependent MSI cell lines, and three MSS cell lines with low or no WRN dependency. 

Given the previously characterised relationship between USP50 and WRN, we wondered 

whether cell lines dependent on WRN for survival were also selectively sensitive to USP50 

depletion. To test this, cells were plated out and treated with siRNA targeting USP50 and WRN 

for 48 hours, then plated out at low density and incubated for 7-14 days to grow into colonies. 

We saw that USP50 depletion led to a similar level of cell death in MSS cell lines (3.9 - 25.5%) 

compared to MSI cell lines (18.0 - 25.7%) (figure 4.2a). In cells depleted of WRN, we saw that 

MSI cells exhibited higher levels of cell death (89.8 - 90.8%) compared to MSS cells (19.4 - 

37.6%), confirming the DepMap data and previous findings (Chan et al., 2019; Kategaya et al., 

2019; Lieb et al., 2019). When USP50 and WRN were co-depleted, there was no appreciable 

difference in impact on survival between MSS and MSI cell lines. HT29 (MSS) cells and RKO 

(MSI) cells both showed a trend towards increased survival with USP50 and WRN co-depletion 

compared to WRN depletion alone, though this was not statistically significant. 

LS411N cells are not compatible with the clonogenic survival assay due to their growth 

characteristics. To assess cell viability in this cell line, and to confirm the results using the 

clonogenic survival assay in the other cell lines, cell viability was assessed using the alamarBlue 

assay. As before, cells were plated out and treated with siRNA targeting USP50 and WRN for 

48 hours before cells were plated at a low density and incubated for 7-14 days. Cell viability 

was measured by incubating cells with alamarBlue and measuring fluorescence as a readout 
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of cell viability. As before, USP50 depletion did not lead to loss of viability in MSI cells 

compared to MSS cells (figure 4.2b). WRN depletion led to a significant reduction in cell 

viability in the MSI cell lines HCT116 and RKO as seen before, but LS411N (MSI) cells did not 

appear to be sensitive to WRN depletion, in contrast with DepMap data and previous findings 

(Hao et al., 2022).   
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Figure 4.2 

a) Cell survival was measured using the clonogenic survival assay and crystal violet staining. Colorectal 

cancer cells were treated for 72 hours with siRNA targeting USP50 and WRN. Transfection control was 

with siRNA targeting Luciferase. Results are from 3 independent repeats. Bars indicate the mean, error 

bars are SEM. Statistical analysis done with unpaired two-tailed t-test; ns= not significant, *= p≤0.05, 

**= p≤0.01, ***= p≤0.001, ****= p≤0.0001. 

b) Cell viability was measured using the alamarBlue viability assay. Colorectal cancer cells were treated 

for 72 hours with siRNA targeting USP50 and WRN. Transfection control was with siRNA targeting 

Luciferase. Results are from 3 independent repeats. Bars indicate the mean, error bars are SEM. 

Statistical analysis done with unpaired two-tailed t-test; ns= not significant, *= p≤0.05, **= p≤0.01, 

***= p≤0.001, ****= p≤0.0001.  
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4.4 Co-depletion of USP50 and WRN does not rescue fork stalling in MSI cells 

Previous data from HeLa cells, which are MSS, suggested that co-depletion of USP50 and WRN 

led to a decrease in stalled forks compared to either depletion alone (figure 3.5c). We were 

curious to see whether USP50 and WRN would affect fork stalling differently in MSS vs MSI 

cells. The DNA fibre assay was used to assess fork stalling in MSS and MSI cells treated with 

siRNA targeting USP50 and WRN for 72 hours before incubation with CldU and IdU for 20 

minutes each (figure 4.3a). In all six cell lines tested, USP50 depletion led to an increase in 1st 

label terminations, as did WRN depletion (figure 4.3b). We expected to see a higher level of 

fork stalling in WRN-depleted MSI cells compared to MSS cells, due to the hypothesis that WRN 

depletion leads to fork stalling and DSBs at (TA)n repeats. Surprisingly, WRN depletion in the 

MSI cells led to a comparable increase in the level of stalled forks (65.2 – 89.3% increase) to 

MSS cells (49.2 – 114% increase). In the three MSS cell lines, co-depletion of USP50 and WRN 

led to a reduction in stalled forks comparable to levels in untreated cells, similar to the results 

seen in HeLa cells. In contrast, in the three MSI cell lines, co-depletion of USP50 and WRN did 

not reduce stalled fork numbers. This suggests that the USP50-WRN axis is different in MSS vs 

MSI cells. 
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Figure 4.3 

a) Schematic of the DNA fibre assay. Colorectal cancer cells were treated with siRNA targeting USP50 

and WRN for 72 hours before incubation with CldU and IdU for 20 minutes each. 

b) 1st label terminations were examined using the DNA fibre assay in colorectal cancer cells treated 

with siRNA targeting USP50 and WRN. Transfection control was with siRNA targeting Luciferase. Results 

are from 3 independent repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean, 
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error bars are SEM. Statistical analysis done with unpaired two-tailed t-test; ns= not significant, *= 

p≤0.05. 
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4.5 Depletion of USP50 combined with WRN helicase inhibition does not rescue fork stalling 

in MSI cells 

MSI cells are dependent on the helicase function of WRN specifically, as complementing WRN-

depleted MSI cells with helicase-dead WRN fails to rescue cell death (Chan et al., 2019; 

Kategaya et al., 2019; Lieb et al., 2019). We were curious to see whether the microsatellite 

status of the cells would influence fork stalling after WRN helicase inhibition. HT29 (MSS) cells 

and HCT116 (MSI) cells were plated out and treated with siRNA targeting USP50 and 250 nM 

WRNi for 72 hours, then incubated with CldU and IdU for 20 minutes each (figure 4.4a). 

Analysis of stalled forks revealed that WRNi treatment alone led to an increase in stalled forks 

in both cell lines to a similar degree (figure 4.4b). In the MSS cell line HT29, the combination 

of USP50 depletion and WRNi led to a trend towards a reduction in stalled forks compared to 

either condition alone, though was not statistically significant. In the MSI cell line HCT116, the 

combination of USP50 depletion and WRNi treatment did not reduce the levels of stalled forks, 

suggesting that the microsatellite status of the cell influences fork stalling in response to 

disruption of the USP50-WRN axis through WRN inhibition.  
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Figure 4.4 

a) Schematic of the DNA fibre assay. Colorectal cancer cells were treated with siRNA targeting USP50 

and 250 nM WRNi before incubation with CldU and IdU for 20 minutes each. 

b) 1st label terminations were examined using the DNA fibre assay in colorectal cancer cells treated 

with siRNA targeting USP50 and 250 nM WRNi. Transfection control was with siRNA targeting 

Luciferase. Control cells were treated with vehicle (DMSO). Results are from 3 independent repeats, 

with n >200 fibres per condition, per repeat. Bars indicate the mean, error bars are SEM. Statistical 

analysis done with unpaired two-tailed t-test; ns= not significant, *= p≤0.05, **= p≤0.01. 
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4.6 WRN depletion inhibits fork restart more severely in MSI vs MSS cells 

WRN has known roles in restarting stalled forks, as previously described. We saw before that 

USP50 and WRN were epistatic in promoting fork restart in HeLa cells (figure 3.10b). Given the 

surprising observation that WRN depletion or inhibition led to comparable levels of fork 

stalling in MSS vs MSI cells, we wondered whether WRN depletion may instead lead to a 

pronounced fork restart defect in MSI cells. HT29 (MSS) and HCT116 (MSI) cells were treated 

with siRNA targeting USP50 and WRN for 72 hours, then incubated with CldU for 30 minutes, 

5 mM HU for 3 hours, and IdU for one hour to allow time for stalled forks to restart (figure 

4.5a). Analysis of restarted and stalled forks indicated that USP50 depletion led to an increase 

in stalled forks in both cell lines (55.1% in HT29, 31.5% in HCT116) (figure 4.5b). When WRN 

was depleted, both cell lines showed an increase in stalled forks, but the increase was higher 

in the HCT116 MSI cell line (52.0% in HT29 vs 67.3% in HCT116). In both cell lines, the 

combination of USP50 and WRN depletion did not lead to a further increase in stalled forks, 

suggesting that USP50 and WRN are epistatic in fork restart in both cell lines.  
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Figure 4.5 

a) Schematic of the DNA fibre assay. Colorectal cancer cells were treated with siRNA targeting USP50 

and WRN for 72 hours before incubation with CldU, HU and IdU.  

b) Stalled forks were examined using the DNA fibre assay in colorectal cancer cells treated with siRNA 

targeting USP50 and WRN. Transfection control was with siRNA targeting Luciferase. Results are from 

3 independent repeats, with n >200 fibres per condition, per repeat. Bars indicate the mean, error 

bars are SEM. Statistical analysis done with unpaired two-tailed t-test; ns= not significant, *= p≤0.05, 

**= p≤0.01. 
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4.7 Co-depletion of USP50 and WRN affects fork progression during HU treatment differently 

in MSS vs MSI cells 

Fork reversal is critical in protecting replication forks and allowing them to restart. Given the 

fork restart defect in HCT116 (MSI) cells when depleted of WRN, we wondered how USP50 

and WRN might affect fork progression during HU incubation. We used a modified version of 

the DNA fibre assay, where HT29 (MSS) and HCT116 (MSI) cells were plated and treated with 

siRNA targeting USP50 and WRN for 72 hours. Cells were then incubated with CldU for 30 

minutes, then 5 mM HU and IdU together for 3 hours (figure 4.6a). The length of the IdU tract 

was compared to the CldU tract to control for any effects on fork speed. SMARCAL1 knockdown 

was used as a positive control. We saw that depletion of SMARCAL1, which catalyses fork 

reversal, led to an increase in IdU: CldU ratio in both cell lines, indicating that forks were 

travelling further during HU block, possibly due to fork reversal being inhibited (figure 4.6b). 

When USP50 was depleted, the IdU: CldU ratio increased in HT29 (MSS) cells (0.21 to 0.24), 

but did not change in HCT116 (MSI) cells (figure 4.6c). WRN depletion led to an increase in the 

IdU: CldU ratio in HT29 (MSS) cells (0.21 to 0.25), but did affect HCT116 (MSI) cells. When 

USP50 and WRN were co-depleted, the IdU: CldU ratio was comparable to that of untreated 

cells in HT29 (MSS) cells, but led to an increase in HCT116 (MSI) cells (0.24 to 0.29). This 

indicates that USP50 and WRN affect the ability of replication forks to progress differently in 

the two cell lines, when depleted alone and together.  



158 
 

 

Figure 4.6 

a) Schematic of the DNA fibre assay. Colorectal cancer cells were treated with siRNA targeting USP50 

and WRN for 72 hours before incubation with CldU, IdU and HU. 
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b) IdU: CldU lengths were examined using the DNA fibre assay in colorectal cancer cells treated with 

siRNA targeting SMARCAL1. Transfection control was with siRNA targeting Luciferase. Results are from 

2 independent repeats, with n >100 fibres per condition, per repeat. Red lines indicate the mean, 

error bars are SEM. Statistical analysis done with unpaired two-tailed t-test; ns= not significant, *= 

p≤0.05, **= p≤0.01, ***= p≤0.001, ****= p≤0.0001. 

c) IdU: CldU lengths were examined using the DNA fibre assay in colorectal cancer cells treated with 

siRNA targeting USP50 and WRN, and 250 nM WRNi. Transfection control was with siRNA targeting 

Luciferase. Control cells were treated with vehicle (DMSO). Results are from 3 independent repeats, 

with n >100 fibres per condition, per repeat. Red lines indicate the mean, error bars are SEM. 

Statistical analysis done with unpaired two-tailed t-test; ns= not significant, *= p≤0.05, **= p≤0.01, 

***= p≤0.001, ****= p≤0.0001. 
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4.8 MSI cells are sensitive to USP50 overexpression 

We previously saw that USP50 and WRN co-depletion affected cell survival/ viability differently 

across the colorectal cancer cell line panel, independent of microsatellite status (figure 4.3a, 

b). In HT29 (MSS) and RKO (MSI) cells, we saw that depleting USP50 improved cell survival 

slightly in WRN-depleted cells. Analysis of immunohistochemistry data on proteinatlas.org 

suggests that in liver, testicular, renal and urothelial cancers, medium to high expression of 

USP50 is observed, though the data is considered unreliable due to poor correlation with RNA 

transcript data. We wondered how overexpression of USP50 would affect cell survival in a 

panel of colorectal cancer cells and whether it would reverse the phenotype seen. To test this, 

cells were plated and treated with siRNA targeting WRN, and transfected with a plasmid 

encoding FLAG-USP50 (wild-type) to induce transient expression of USP50. After 48 hours, 

cells were plated out at a low density and incubated for 7-12 days to grow into colonies from 

single cells. Western blotting was performed from samples harvested 72 hours after 

transfection to assess protein levels, and showed detectable expression of FLAG-USP50 in each 

cell line, with HCT116 displaying a relatively higher level of overexpression (figure 4.7a). 

Overexpression of USP50 led to 13% cell death (though not statistically significant) in HT29 

(MSS) cells, 22% cell death in HCT116 (MSI) cells, and 46% cell death in RKO (MSI) cells (figure 

4.7b). As seen before, WRN depletion led to considerable cell death in the MSI cell lines (>90%) 

compared to MSS cells. Depletion of WRN and overexpression of USP50 did not affect cell 

survival in HT29 (MSS) cells. 

Due to the high level of cell death in WRN-depleted MSI cells, it was difficult to discern subtle 

differences in cell survival with USP50 overexpression, so a higher number of cells were plated 
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out to assess impact on cell survival (figure 4.7c). In HCT116 (MSI) cells, the combination of 

USP50 overexpression and WRN depletion did not cause a further increase in cell death 

compared to WRN depletion alone. In contrast, in RKO (MSI) cells the overexpression of USP50 

led to further cell death in WRN-depleted cells. Together, these results indicate that USP50 

overexpression leads to cell death in all three cell lines tested, highlighting the need for this 

lowly-expressed protein to be regulated at the protein level to avoid toxic effects. The two MSI 

cell lines, particularly RKO cells, exhibited increased cell death after USP50 overexpression 

compared to the MSS HT29 cells, perhaps suggesting that higher USP50 protein expression is 

especially toxic in MSI cells. RKO cells experienced increased cell death with USP50 

overexpression than with depletion, suggesting that excessive USP50 activity or presence 

causes worse outcomes than loss of the protein. Having previously seen a mild rescue in cell 

survival in HT29 (MSS) and RKO (MSI) cells, we saw that this effect was reversed upon 

overexpression of USP50, strengthening the previous findings.  
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Figure 4.7 

a) Western blot showing FLAG-USP50 protein levels 72 hours after transfection with FLAG-USP50 

plasmid in colorectal cancer cells. USP50 expression was induced by plasmid transfection; control 

cells were transfected with empty plasmid. s.e.= short exposure, l.e.= long exposure. 

b) Cell survival was measured using the clonogenic survival assay. Colorectal cancer cells were 

transfected with FLAG-USP50 plasmid and treated with siRNA targeting WRN for 72 hours. USP50 

expression was induced by plasmid transfection; control cells were transfected with empty plasmid. 

Transfection control was with siRNA targeting Luciferase. Results are from 3 independent repeats. 

Bars indicate the mean, error bars are SEM. Statistical analysis done with unpaired two-tailed t-test; 

ns= not significant, *= p≤0.05, ***= p≤0.001, ****= p≤0.0001. 

c) Cell survival was measured using the clonogenic survival assay. Colorectal cancer cells were 

transfected with FLAG-USP50 plasmid and treated with siRNA targeting WRN for 72 hours. USP50 

expression was induced by plasmid transfection; control cells were transfected with empty plasmid. 

Transfection control was with siRNA targeting Luciferase. Results are from 3 independent repeats. Bars 

indicate the mean, error bars are SEM. Statistical analysis done with unpaired two-tailed t-test; ns= not 

significant, ***= p≤0.001. 
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4.9 MSI cells are not hypersensitive to WRN helicase inhibition compared to MSS cells 

It has previously been shown that losing the helicase function of WRN led to induction of DSBs, 

chromosome shattering and cell death in MSI cell lines (Chan et al., 2019; Kategaya et al., 2019; 

Lieb et al., 2019). Targeting WRN helicase activity in MSI cancers could therefore be of 

therapeutic interest. Given the availability of a WRN helicase inhibitor, we wondered whether 

our panel of MSI cells were hypersensitive to WRNi treatment, and whether this could be a 

potential therapeutic for the treatment of MSI cancers. To test this, MSS and MSI cells were 

plated out and treated with increasing doses of WRNi for 72 hours, then left to grow until 

untreated cells were near confluency (figure 4.8a). Cell viability was measured using the 

alamarBlue assay. Surprisingly, there was no discernible difference in cell viability between 

MSS and MSI cells at the doses of WRNi tested.  

We thought it possible that a 72-hour treatment with the WRNi was not long enough to see 

hypersensitivity in the MSI cell lines. WRN knockdown led to significant cell death in HCT116 

and RKO (both MSI) cell lines, but it is unclear how long the depletion of WRN persists in these 

cells. It is possible that WRN loss/ inhibition needs several cell cycles to start inducing 

irreversible cell death in MSI cells. To test this hypothesis, cells were plated and treated with 

increasing doses of WRNi for 7 days, and cell viability was measured through the alamarBlue 

assay or staining with crystal violet. HeLa and Capan-1 cells were included to allow comparison 

between cell of non-colorectal origin. To our surprise, we again saw no hypersensitivity in the 

MSI cells to WRNi treatment compared to MSS cells (figure 4.8b). Together, these results show 

that while WRN depletion or genetic loss of helicase function leads to increased cell death in 

MSI vs MSS cells, inhibition of helicase function with NSC 617145 does not.  
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Figure 4.8 

a) Cell viability was measured using alamarBlue. Colorectal cancer cells were treated with increasing 

concentrations of NSC 617145 for 72 hours. Control cells were treated with vehicle (DMSO). Results 

are from 3 independent repeats. Dots indicate the mean, error bars are SEM.  

b) Cell viability was measured using alamarBlue (top graph), and cell survival was measured using 

crystal violet staining (bottom graph). Colorectal cancer cells, HeLa and Capan-1 cells were treated 

with increasing concentrations of NSC 617145 for 7 days. Control cells were treated with vehicle 

(DMSO). Results are from 3 independent repeats. Dots indicate the mean, error bars are SEM.  
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4.10 WRN depletion, but not inhibition, leads to loss of DNA repair proteins in MSI cells 

WRN has known roles in gene regulation, and the helicase function of WRN is thought to be 

involved in this process. Hundreds of proteins show altered expression when WRN is depleted 

or knocked out (Tian et al., 2022). Given that WRN depletion seems to show different 

phenotypes in MSS vs MSI cells, we wondered whether WRN depletion or inhibition may affect 

gene expression differently between the two cell groups. We focused on DNA replication and 

repair proteins, as a key step in cell death of WRN-depleted MSI cells is the induction of DSBs 

and subsequent chromothripsis. Cells were plated out and treated with siRNA targeting WRN 

and a low or high dose of WRNi for 72 hours, then harvested and analysed by Western blotting. 

Protein signal was quantified and normalised to both GAPDH loading and protein levels in 

untreated cells. WRN depletion was effective in all cell lines (figure 4.9a, e). WRN depletion led 

to a significant reduction in many DNA damage-related proteins in HCT116 and RKO (MSI) cells, 

including BARD1, RAD51, MUS81, RPA32, FEN1, HUS1, PIN1, EXO1 and RNF168 (to varying 

degrees between cell lines) compared to HT29 and HT55 (MSS) cells. PCNA levels were not 

reduced after WRN depletion, and RFWD3 levels remained constant or increased across the 

cell lines. ATM levels were reduced in HT29 (MSS) cells but increased in RKO (MSI) cells. 

Interestingly, 72-hour WRN helicase inhibitor treatment at 250 nM did not affect protein levels 

in the same way as WRN depletion (figure 4.9b, e). WRNi treatment did not broadly affect 

WRN protein levels in the cells, except in RKO (MSI) cells, where a reduction in WRN signal was 

observed. EXO1 and PALB2 levels were also slightly reduced in RKO (MSI) cells. In HT29 (MSS) 

cells, BARD1, RAD51, PIN1, HUS1, RFWD3, Abraxas, PALB2 and PCNA levels were increased. In 

HT55 (MSS) cells, PIN1 levels were reduced. In HCT116 (MSI) cells, BARD1, MUS81, RNF168, 
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PALB2 and FANCD2 levels were increased. ATM levels were reduced in HT29 (MSS) cells, as 

seen with WRN depletion. 

In cells treated with a higher dose of NSC 617145 (1 μM for 72 hours), WRN protein levels were 

reduced in HT29 (MSS) and RKO (MSI) cells (figure 4.9c, e). In HT29 (MSS) cells, BARD1, RAD51, 

PIN1, HUS1, RFWD3, Abraxas and PCNA levels were increased, and ATM levels were lower, 

similar to the lower dose of WRNi tested. In HT55 (MSS) cells, BARD1 and RFWD3 levels were 

increased. In HCT116 (MSI) cells, BARD1, MUS81, RNF168 and FANCD2 levels were increased, 

and RFWD3 levels were decreased. In RKO (MSI) cells, EXO1, PALB2 and RNF168 levels were 

lower, and ATM levels were increased. 

We previously saw that of the MSI cell lines tested, HCT116 and RKO cells exhibited high levels 

of cell death after WRN depletion, whereas only 19.3% of LS411N cells died. While possible 

that this is due to lower efficiency of siRNA transfection and reduced WRN depletion in these 

cells, we theorised that LS411N (MSI) cells may be less sensitive to WRN depletion due to intact 

expression of DNA repair and replication genes. To test this, we treated LS411N (MSI) cells to 

siRNA targeting WRN for 72 hours, then collected lysates and analysed protein levels via 

Western blotting as before (figure 4.10d, e). WRN depletion was effective, and we saw that in 

the panel of genes tested, none were reduced in cells depleted of WRN, unlike in HCT116 and 

RKO (MSI) cells. We collated the relative signal for each protein in each cell line, and plotted 

the data in order of sensitivity to WRN depletion as measured by alamarBlue reduction (figure 

4.9f). HT29 and HT55 (MSS) were the least sensitive cell lines, with 93.1% and 82.8% average 

viability respectively. Of the MSI cells, 80.7% of LS411N cells were viable after WRN depletion, 

and RKO and HCT116 cells were the most sensitive to WRN depletion, with 29.9% and 29.5% 
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average viability respectively. In WRN-depleted HT29 (MSS), HT55 (MSS) and LS411N (MSI) 

cells, the average relative protein signal for all proteins was 124.4%, 99.9% and 130.9% 

respectively. In the WRN-sensitive MSI cells RKO and HCT116, the average relative protein 

signal for all proteins was 57.1% and 48.5%. Together this indicates that loss of DNA repair 

proteins is associated with cell death in WRN-depleted MSI cells.  
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Figure 4.9 

a) Western blotting for DNA repair and replication-associated proteins was performed and quantified 

in colorectal cancer cells treated with siRNA targeting WRN for 72 hours, normalised to a loading 

control and the signal in cells treated with siRNA targeting NTC. Transfection control was with siRNA 

targeting Luciferase. The dotted line represents the quantified protein signal in untreated cells (100%). 

Numbers above bars refer to the quantity measured. A.U.= arbitrary units. Dark purple= MSS, light 

purple= MSI cell lines. 
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b) Western blotting for DNA repair and replication-associated proteins was performed and quantified 

in colorectal cancer cells treated with 250 nM NSC 617145 for 72 hours, normalised to a loading control 

and the signal in vehicle-treated cells. Control cells were treated with vehicle (DMSO). The dotted line 
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represents the quantified protein signal in untreated cells (100%). Numbers above bars refer to the 

quantity measured. A.U.= arbitrary units. Dark purple= MSS, light purple= MSI cell lines. 
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c) Western blotting for DNA repair and replication-associated proteins was performed and quantified 

in colorectal cancer cells treated with 1 μM NSC 617145 for 72 hours, normalised to a loading control 

and the signal in vehicle-treated cells. Control cells were treated with vehicle (DMSO). The dotted line 
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represents the quantified protein signal in untreated cells (100%). Numbers above bars refer to the 

quantity measured. A.U.= arbitrary units. Dark purple= MSS, light purple= MSI cell lines. 
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d) Western blotting for DNA repair and replication-associated proteins was performed and quantified 

in LS411N (MSI) cells treated with siRNA targeting WRN for 72 hours, normalised to a loading control 

and the signal in cells treated with siRNA targeting NTC. Transfection control was with siRNA targeting 

Luciferase. The dotted line represents the quantified protein signal in untreated cells (100%). Numbers 

above bars refer to the quantity measured. A.U.= arbitrary units.  

e) Western blot data for each cell line was plotted in order of sensitivity to WRN depletion, with HT29 

(MSS) cells being the least sensitive and HCT116 (MSI) cells being the most sensitive. Transfection 

control was with siRNA targeting Luciferase. Each protein shown is represented by a unique symbol. 

Red lines represent the average relative signal of all proteins tested. Dark purple= MSS, light purple= 

MSI cell lines.  
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4.11 DNA damage respone inhibition does not sensitise MSI cells to WRN helicase inhibition 

compared to MSS cells 

Combination therapy, where more than one drug is given at the same time, is a popular and 

effective strategy in cancer treatment. Combining multiple agents together can enhance 

efficacy of single agents, and can reduce the ability of the cell to use back-up pathways if 

multiple pathways are targeted at once (Mokhtari et al., 2017).  

Given previous data suggesting that WRN depletion is associated with loss of several other 

DNA damage response proteins in MSI cells specifically, we wondered whether loss of DDR 

proteins was a facet of the synthetic lethal relationship between WRN loss and MSI-high cell 

death. We also wondered whether the lack of hypersensitivity in MSI cells to WRNi treatment 

was due to intact DDR protein levels, and whether inhibiting WRN helicase activity and the 

DDR simultaneously could sensitise MSI cells to WRNi treatment. To test this, HT29 (MSS) and 

HCT116 (MSI) cells were plated at a low density in 6 well plates and treated with B02 (RAD51 

inhibitor), KU-55933 (ATM inhibitor) and VE-821 (ATR inhibitor), then incubated for 7-12 days. 

HT29 and HCT116 had broadly similar sensitivities to each single agent (figure 4.10a). A dose 

was chosen for each cell line and individual inhibitor that gave 20-30% cell death (figure 4.10b), 

and this inhibitor concentration was combined with increasing doses of WRNi to assess 

whether combined treatment led to increased sensitivity to WRNi in the cell lines tested. To 

our surprise, treatment with ATM, ATR or RAD51 inhibitors did not sensitise either of the cell 

lines to WRNi, indicating a lack of synergy and cytotoxicity with these drug combinations and 

at the treatment conditions tested (figure 4.10c). Co-treatment of B02 (RAD51 inhibitor) and 

10 μM WRNi improved survival in HT29 (MSS) cells compared to WRNi treatment alone.  
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Figure 4.10 

a) Cell survival was measured using the clonogenic survival assay with crystal violet staining. HT29 and 

HCT116 cells were treated with increasing concentrations of B02, KU-55933 and VE-821. Control cells 

were treated with vehicle (DMSO). Results are from at least 3 independent repeats. Dots indicate the 

mean, error bars are SEM. Statistical analysis done with two-way ANOVA; ns= not significant. 

b) Cell survival was measured using the clonogenic survival assay with crystal violet staining. HT29 and 

HCT116 were treated with a single dose of B02 (1 µM in both cell lines), KU-55933 (2.5 and 1.5 µM 

respectively) and VE-821 (125 and 200 nM respectively). Control cells were treated with vehicle 

(DMSO). Results are from at least 3 independent repeats. Bars indicate the mean, error bars are SEM. 

The dotted line represents survival in untreated cells (100%). 

c) Cell survival was measured using the clonogenic survival assay with crystal violet staining. HT29 and 

HCT116 cells were treated with a fixed dose of B02 (1 µM in both cell lines), KU-55933 (2.5 and 1.5 µM 

respectively) and VE-821 (125 and 200 nM respectively) and increasing concentrations of NSC 617145 

(WRNi). Results are from at least 3 independent repeats. Control cells were treated with vehicle 

(DMSO). Dots indicate the mean, error bars are SEM. Statistical analysis done with two-way ANOVA; 

ns= not significant. 
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4.12 Discussion 

We previously saw that USP50 and WRN were epistatic in various aspects of replication in HeLa 

cells, including fork stalling and restart, fork progression during HU treatment, and DSB 

prevention. WRN loss was recently discovered to be a synthetic lethal target in a subset of 

MMR-deficient, MSI-high cancer cells, leading us to wonder whether a background of WRN 

dependency would affect the relationship between USP50 and WRN. A panel of six colorectal 

cancer cell lines, three with WRN dependency and three without, were used to assess how 

USP50 and WRN influence replication fork dynamics in MSI-high cells, and to explore the 

synthetic lethal mechanism further. It is worth noting that the MSI cell line HCT116 carries the 

KRAS G13D mutation (Shirasawa et al., 1993), which is associated with upregulated autophagy 

and tumour survival (Guo et al., 2011). 

Having optimised siRNA transfection in the cell line panel to ensure effective and comparable 

protein depletion, we first established that USP50 loss does not lead to a high level of cell 

death in MSI cells compared to MSS cells, unlike WRN depletion. This result implies that USP50 

is not a synthetic lethal target in MSI-high cancers, and that the role of WRN in preventing cell 

death in MSI-high cells is independent of its shared roles with USP50. We were surprised that 

while the MSI cell lines HCT116 and RKO exhibited high cell death after WRN depletion, LS411N 

cells did not, in contrast with DepMap data and its designation as an MSI-high cell line. MSI-

high cancer cells are highly mutagenic, and previous reports suggest that WRN dependency 

develops in MSI-high cells over an extended period of time and many cell divisions (van 

Wietmarschen et al., 2020). It is possible that the strain of LS411N cells used in our 

experiments has been in culture for less time than other strains, and thus has not developed 
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WRN dependency yet. MSI cell death after WRN depletion is mediated by p53, and p53 

mutation may rescue cell death (Hao et al., 2022). LS411N cells have a documented p53 

mutation (Y126*), which paradoxically has been reported to produce near-full length protein 

due to alternative splicing, with intact ability to induce apoptosis (Makarov et al., 2017). It is 

possible that our strain of LS411N has developed another p53 mutation that inactivates pro-

apoptotic activity, leading to resistance to WRN depletion. However, another report noted that 

combined depletion of WRN and p53 did not rescue cell death in MSI cells (Zong et al., 2023), 

so this hypothesis warrants further study. 

Despite differences in response to WRN loss amongst the three MSI cell lines tested, analysis 

of fork stalling revealed that USP50 and WRN co-depletion did not rescue the proportion of 

stalled forks in all three MSI cell lines, unlike in MSS cells. This suggests that despite not being 

sensitive to loss of WRN, LS411N cells behave similarly to HCT116 and RKO (MSI) cells in the 

context of fork stalling when USP50 and WRN are co-depleted. This could imply that the failure 

to rescue stalled forks is not related to WRN dependency, but rather another factor which the 

three MSI cell lines have in common, for example MMR deficiency or other MSI-related 

mutations. Previous reports suggested that WRN helicase activity was indispensable for 

allowing the replication machinery to traverse cruciform structures at (TA)n repeats, so we 

were surprised that WRN depletion or inhibition did not affect fork stalling to a greater extent 

in MSI cells compared to MSS cells. It is possible that the number of cruciform-forming (TA)n 

repeats in the genomes of MSI cells is too low to have a substantial impact on overall levels of 

fork stalling, whilst being sufficient in number to cause chromothripsis and cell death after DSB 

formation. It is also possible that the role of WRN during replication of cruciform DNA 

structures is not the prevention of fork stalling at (TA)n repeats. 
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In our search for replication problems arising in MSI cells after WRN loss, we used the DNA 

fibre assay to assess fork restart in MSS and MSI cells after HU treatment. We saw that while 

HCT116 (MSI) cells had a slightly higher basal level of unrestarted forks, WRN depletion led to 

a greater increase in stalled forks compared to HT29 cells. This could indicate that rather than 

having a primary role in preventing fork stalling at (TA)n repeats in MSI cells, WRN could be 

acting to ensure fork restart at these sites to prevent the formation of toxic DSBs. USP50 

depletion led to a fork restart defect in both cell lines, and co-depletion of USP50 and WRN 

did not rescue or exacerbate the proportion of stalled forks, indicating that in both MSS and 

MSI cells, USP50 and WRN are epistatic in fork restart. USP50 depletion did not increase fork 

stalling levels to the same extent as WRN depletion in MSI cells however, suggesting that WRN 

operates in USP50-dependent and -independent fork restart pathways in MSI cells. 

Examination of IdU incorporation during HU treatment revealed that WRN or USP50 depletion 

led to longer tract lengths in HT29 (MSS) cells, indicating that replication forks travelled further 

during HU treatment when either protein was depleted. In contrast, USP50 or WRN depletion 

in HCT116 (MSI) cells did not have any effect on IdU: CldU ratio, suggesting that either 

depletion alone does not affect the ability of replication forks to continue progressing during 

HU treatment. Co-depletion of USP50 and WRN in HT29 (MSS) cells reduced the IdU: CldU to 

an intermediate level, whereas in HCT116 (MSI) cells, this treatment led to an increase in IdU: 

CldU ratio, highlighting another difference in phenotypes between MSS and MSI cells. 

WRN has the potential to be a good drug target: it has enzymatic function that can be targeted, 

and patients with WS typically take several decades to display the ageing phenotypes and 

cancer incidence related to loss of WRN activity (Koshizaka et al., 2020). We were therefore 

curious to see how the WRN helicase inhibitor NSC 617145 would affect MSI cell viability. We 
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were surprised to observe that treatment with increasing doses of NSC 617145 for 72 hours 

or seven days did not result in increased cell death in MSI cells compared to MSS cells. HCT116 

and RKO (MSI) cells are both hypersensitive to WRN depletion, but not to WRN helicase 

inhibition, which raises the question of why WRN helicase inhibition with NSC 617145 fails to 

phenocopy expression of helicase-dead WRN (Chan et al., 2019; Kategaya et al., 2019; Lieb et 

al., 2019). The highest dose of WRNi used resulted in significant cell death in each cell line 

studied, suggesting that the inhibitor concentration was high enough to cause loss of viability 

in cells. The K577M mutation in WRN targets the ATPase activity of WRN, and WRN helicase 

activity relies on ATP hydrolysis. It could theoretically be possible that a separate role of WRN 

ATP hydrolysis exists outside of driving helicase activity, and that this role is responsible for 

preventing DSBs at (TA)n repeats and subsequent cell death. It is also possible that NSC 617145 

mimics WRN helicase inhibition in in vitro helicase assays without directly inhibiting helicase 

activity, and therefore does not recapitulate helicase-dead WRN expression in MSI cells. 

Regardless of the reason, NSC 617145 does not appear to be a small molecule capable of 

selectively killing WRN-dependent MSI cancer cells, and other candidates or approaches are 

needed to address this as-yet unmet clinical need. 

WRN-depleted HCT116 (MSI) cells exhibited a pronounced fork restart defect but no change 

in fork progression during HU, which is potentially indicative of a lack of effect on fork reversal. 

Given the known roles of WRN in gene expression regulation, we wondered whether WRN loss 

was affecting protein levels of DNA damage and replication-associated proteins in MSI cells. 

Western blotting revealed reductions of various protein levels in MSI but not MSS cells when 

WRN was depleted. These changes in protein levels correlated with cell death in WRN-

depleted MSI cells, with HCT116 and RKO being highly sensitive to WRN loss and exhibiting 
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loss or reduction of several DNA damage/ replication proteins. In contrast, HT29 and HT55 

(MSS) cells and LS411N (MSI but not WRN-dependent) cells did not show overall changes in 

protein levels after WRN depletion. WRN inhibition with either a low or high dose of NSC 

617145 did not affect protein levels in the same way as WRN depletion, indicating a divergence 

in cellular effects between WRN depletion and inhibition. A limitation of using Western 

blotting as a readout of protein levels is that the reason for changes in protein levels is not 

delineated: the loss of DDR proteins in WRN-depleted MSI cells could be due to changes in 

gene expression or increased protein degradation. Further study is therefore needed to assess 

whether loss of WRN affects protein levels at the mRNA level, and whether this depends on 

WRN ATPase/ helicase activity. 

MSI cells are highly mutagenic by nature, and genes containing or located near repetitive 

regions can be affected by the contraction or expansion of microsatellites. It is thought that 

these secondary gene mutations are the drivers of carcinogenesis in MMR-deficient cells 

(Gaymes et al., 2013). Genes commonly affected by microsatellite length alteration include 

BLM, CHK1, RAD50 and MRE11 (Duval et al., 2002). MRE11 intron 4 contains an extended tract 

of thymines that encourages correct splicing. In MSI cells, shortening of the polyT tract can 

lead to incorrect splicing and expression of a mutant or truncated MRE11 protein, affecting 

protein expression, nuclease activity and binding to NBS1 and RAD50 (Giannini et al., 2004). A 

mutant allele of MRE11 found in HCT116 (MSI) cells was reported to act in a dominant-

negative manner through retaining DNA binding ability but lacking nuclease activity, thus 

impeding replication fork restart (Wen et al., 2008). HCT116 was also reported to carry a 

RAD50 mutation, and RKO and LS411N (MSI) cells have also been reported to harbour MRE11 

and RAD50 mutations (Li et al., 2004; Vilar et al., 2008). Loss of MRE11 reduces HR efficiency 
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in cells, and loss of the MRN complex impedes fork restart (Bruhn et al., 2014; Shimizu et al., 

2020; Syed & Tainer, 2018). Loss or impairment of MRE11 and RAD50, and subsequent reduced 

recruitment of NBS1, sensitises MSI cells to PARP inhibitor treatment, presumably through the 

exploitation of incompetent HR (Gaymes et al., 2013; Vilar et al., 2011). MUS81 and EXO1 

nucleases co-operate to produce 3’ ssDNA overhangs to produce substrates suitable for HR 

repair (Liu & Kong, 2020). Loss or impairment of MRE11 combined with EXO1 loss after WRN 

depletion in MSI cells could therefore further impede the ability of these cells to perform HR 

to repair DSBs. MRE11 protein levels were not examined in MSS and MSI cells in this thesis as 

Western blots obtained with our MRE11 antibody were of poor quality, so further study is 

needed to test these hypotheses. 

WRN depletion in MSI cells also led to reductions in the levels of BARD1, RAD51, MUS81 and 

RPA. BARD1 forms an obligate heterodimer with BRCA1 that is essential for BRCA1 E3 ubiquitin 

ligase activity. Loss of BARD1 in MSI cells after WRN depletion could therefore lead to 

concurrent loss of BRCA1 protein, impaired HR repair, and defective fork restart. RPA binds 

ssDNA at stalled replication forks and protects it from nucleolytic degradation. RAD51 

displaces RPA to initiate strand invasion in fork restart, so loss of these proteins could abrogate 

replication restart, lead to exposed ssDNA, and lead to replication fork collapse and replication-

associated DSBs in MSI cells. It was previously shown that DSB formation in WRN-depleted 

MSI cells was dependent on the action of MUS81 (Wietmarschen et al., 2020), yet we observed 

loss of MUS81 expression in MSI cells after 72 hours of WRN depletion (figure 4.9f). Zong et 

al. observed DSB formation within two hours of WRN depletion (Zong et al., 2023), so it is 

possible that MUS81-dependent DSB formation occurs only in a short window after WRN 

depletion in MSI cells, before MUS81 expression is lost. Loss of MUS81 could also affect the 
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ability of persistently stalled forks to restart via HR. The concurrent losses of WRN, the MRN 

complex, EXO1, BARD1/ BRCA1, RPA, RAD51 and MUS81 could therefore result in stalled 

replication forks at (TA)n repeats that cannot be restarted or repaired by HR, leading to 

persistent DSBs, chromothripsis and cell death. This model could explain why WRN helicase 

inhibition does not induce cell death specifically in MSI cells compared to WRN depletion, as 

RAD51, BARD1, RPA and EXO1 protein levels were not affected to the same degree after 72-

hour treatment with NSC 617145 at 1 µM. It is therefore possible that WRN depletion leads to 

cell death only when combined with loss of HR-mediated fork restart/ repair, and that 

restoration of HR competency in these cells could reverse cell death. This could also explain 

why LS411N (MSI) cells are not hypersensitive to WRN depletion, as WRN depletion did not 

lead to a reduction in BARD1, RAD51, RPA or PALB2 protein levels. Interestingly, the only 

protein tested that increased after WRN depletion in HCT116 (MSI) cells was RFWD3, an E3 

ubiquitin ligase that promotes ICL repair and TLS. The increase in RFWD3 protein levels in 

WRN-depleted MSI cells could represent an (unsuccessful) attempt to use a back-up pathway 

to rescue replication and prevent cell death. Further repeats and experiments are needed to 

verify these findings. 

To test the hypothesis that both WRN helicase activity and HR competency need to be lost to 

induce cell death in p53-competent MSI cells, we tested the effect of combining WRNi 

treatment with DDR inhibition in MSS and MSI cells. Both HT29 (MSS) and HCT116 (MSI) cell 

lines showed similar sensitivities to increasing concentrations of RAD51, ATM or ATR inhibitors. 

This finding was surprising given that HCT116 cells reportedly lack functional MRE11 activity 

and therefore may be defective in HR repair. Treatment with a fixed dose of DDR inhibitor to 

induce mild cell death (20-40%) did not sensitise HCT116 (MSI) cells to increasing 
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concentrations of WRNi compared to HT29 (MSS) cells. This result contrasts with a previous 

report demonstrating additive effects on cell survival of targeting WRN and ATR together, 

though a key difference is that WRN was depleted by use of PROTAC in this study (Zong et al., 

2023). This result suggests that the loss of one component of the DDR is not sufficient to 

sensitise MSI cells to WRNi treatment, and that a combination of DDR inhibitors may be 

needed. In HT29 (MSS) cells, combining RAD51 inhibition with high-dose WRN inhibition 

improved cell survival compared to WRNi treatment alone, suggesting that inappropriate 

RAD51 activity contributes to cell death when WRN is inhibited in these cells. Western blotting 

revealed that WRN depletion and inhibition led to an increase in RAD51 protein levels in HT29 

cells, which may contribute to RAD51-mediated toxicity. 

There are still many questions to be answered regarding WRN synthetic lethality in MSI-high 

cells. It is currently not known why some MSI cell lines exhibit expansion of (TA)n repeats 

specifically, and whether the expansion and contraction of distinct microsatellites is affected 

by type or severity of MMR mutation or other background genetic factors. An intriguing aspect 

of WRN synthetic lethality is the observation that WS patients are predisposed to developing 

cancer, but that theoretically an MMR-deficient, MSI cancer in WS patients would not be able 

to develop significantly expanded (TA)n tracts, as the lack of functional WRN in these cells 

would lead to cell death. Another interesting observation is that germline MMR deficiency, 

known as Lynch syndrome, is caused by mutation or loss of canonical MMR proteins. Lynch-

like syndrome phenocopies Lynch syndrome, but is caused by a non-MMR mutation that 

subsequently affects the MMR pathway. A patient presenting with synchronous endometrial 

and ovarian cancer was recently found to have Lynch-like syndrome linked to WRN mutation 

that led to undetectable MLH1 and PMS2 protein expression (Kamburova et al., 2023). Lynch-
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like syndrome with WRN mutation would theoretically not be able to develop extended (TA)n 

tracts and cruciform DNA due to lack of functional WRN and subsequent cell death. 

 

4.13 Future experiments 

Several questions remain regarding the roles of USP50 and WRN in MSS and MSI cells.  

 

1) Is loss of DDR proteins in MSI cells dependent on loss of WRN helicase activity? 

We observed that in WRN-sensitive MSI cells, WRN depletion led to loss of several proteins 

involved in the DDR (figure 4.9a). We did not observe this effect when MSI cells were treated 

with WRNi. Given that the helicase function of WRN is critical for MSI cell survival, we wonder 

whether WRN helicase activity is also needed to maintain DDR protein expression. To test this, 

we would deplete WRN in the colorectal cancer cell lines and transfect cells with siRNA-

resistant wild-type, helicase-dead and exonuclease-dead WRN constructs. We would perform 

Western blotting as before to examine how expression of the WRN constructs affects DDR 

protein expression in the MSS and MSI cell lines. 

 

2) What is the mechanism of loss of DDR proteins in WRN-depleted MSI cells? 

In this chapter we saw that depletion of WRN led to loss of several key DDR proteins in MSI 

cells exclusively (figure 4.9a). However, we do not know how this occurs. Protein levels are 

affected by many factors, such as transcriptional regulation, protein translation, and 
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proteasomal degradation. Elucidating the mechanism behind the loss of DDR proteins in WRN-

depleted MSI cells would allow us to study why this process does not happen in MSS cells. It 

could also inform us of potential resistance mechanisms that could emerge after WRN 

inhibition or degradation in MSI cancers. It would be interesting to deplete WRN and treat cells 

with an inhibitor of the ubiquitin-mediated proteasomal pathway, such as the VCP/ p97 

inhibitor CB-5083 (Le Moigne et al., 2017), and observe whether DDR protein levels are 

restored. Alternatively, reverse transcription qPCR could be employed to look for changes in 

gene expression in MSI cells after WRN depletion. 

 

3) Does restoration of DDR proteins rescue cell survival in WRN-depleted MSI cells? 

We observed an association between sensitivity to WRN depletion and reduction in DDR 

protein levels (figure 4.9f). We wonder whether restoring the levels of certain DDR proteins 

would rescue or improve survival of WRN-depleted MSI cells. We would test this by depleting 

WRN in MSI cells and transfecting with constructs expressing DDR proteins. We would then 

perform clonogenic survival assays and Western blotting to link survival to DDR protein 

restoration. If DDR protein loss in WRN-depleted MSI cells is mediated by ubiquitination and 

proteasomal degradation, this approach may not result in restoration of DDR protein levels.  

 

4) Are RECQL4 and RECQL5 responsible for rescue of replication progression in USP50- 

and WRN-depleted MSS cells? 



193 
 

In chapter 3 we saw that RECQL4 or RECQL5 depletion reverses the restoration of replication 

progression in USP50- and WRN-depleted HeLa cells (figure 3.12e, f). We observed that USP50 

and WRN co-depletion rescues fork stalling levels in MSS cells, but not MSI cells (figure 4.3b). 

We wonder whether the USP50-WRN-RECQL4-RECQL5 axis is active in MSS colorectal cancer 

cells. To test this, we would repeat the DNA fibre assay to look at fork stalling with USP50, WRN 

and RECQL4/ 5 depletion. 
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5. USP50 suppresses or promotes DSB formation depending on genomic location 

 

5.1 Introduction 

Genome stability is constantly threatened by DNA lesions from endogenous and exogenous 

sources (Wang & Lindahl, 2016). The DDR protects DNA from alteration and loss in order to 

preserve genetic information and prevent mutation and disease (Ekundayo & Bleichert, 2019; 

Wang & Lindahl, 2016). DSBs are the most dangerous lesion, and several pathways exist to 

repair these and prevent alteration or loss of the genetic code, or cell death (Scully et al., 

2019). However, in limited circumstances DSBs are induced by cells and serve an important 

physiological role, for example in V(D)J recombination and fork restart (Kondratick et al., 2021; 

Libri et al., 2022).  

Knowing the location and number of DSBs occurring in cells can give useful information on 

hotspots of genomic instability, effects of DNA-damaging agents, and roles of proteins in DSB 

formation. Several techniques exist to map DSBs in cells. INDUCE-seq is a method of 

determining the number and genomic location of DSBs in cells, without using a PCR 

amplification step (Dobbs et al., 2022). This avoids biases arising from sequences with variable 

ability to be amplified by PCR (Dobbs et al., 2022). Each sequencing read generated by INDUCE-

seq represents one DSB. 

We previously observed that depletion of USP50 in HeLa cells leads to an increase in 

replication-associated DSBs, as measured by IF for 53BP1 (figure 3.7d). An increase in γ-H2AX 

foci was also observed upon USP50 depletion, which indicates replication stress and DSBs 

(figure 3.7b). However, this approach does not give any information on where or how these 
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DSBs occur. We used INDUCE-seq to map DSBs in HeLa cells with and without USP50 depletion 

to examine how USP50 functions to prevent the formation of DSBs. 
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5.2 USP50 depletion leads to an overall increase in INDUCE-seq reads 

INDUCE-seq detects the number and genomic position of DSBs in a sample of fixed cells (Dobbs 

et al., 2022). We used INDUCE-seq to examine DSBs in HeLa cells with or without USP50 

depletion. Cells were plated and treated with siRNA targeting USP50 or NTC for 72 hours. 

120,000 cells were fixed onto poly-L-lysine-coated wells of a 24 well plate. The fixed cell 

samples were processed by Broken String Biosciences for DNA library preparation and 

sequencing (figure 5.1a). Sequencing reads generated by the INDUCE-seq protocol were 

processed and returned as BAM, SAM and BED files for analysis. The reads generated by 

INDUCE-seq are around 70-80 nucleotides long, meaning that DSBs are mapped precisely to 

the genome. 

Analysis of sequencing reads in Galaxy (usegalaxy.org; Afgan et al., 2022) revealed that in NTC-

depleted cells there were a total of 567,594 reads, and in USP50-depleted cells there were 

781,481 reads (excluding reads mapped to the mitochondrial genome; figure 5.1b). This 

represents an increase of 37.7% in the number of DSBs when USP50 is depleted, assuming that 

equal numbers of cells were processed in both conditions. We previously saw that depleting 

USP50 led to a 19% increase in γ-H2AX foci in non-replicating cells, and an 84% increase in S 

phase cells (figure 3.7a, b). The cells submitted for INDUCE-seq analysis were not synchronised 

or enriched for any phase of the cell cycle, and therefore represent a mixed population of cell 

phases. Combining the IF data from non-S phase and S phase cells revealed that USP50 

depletion leads to an increase in γ-H2AX foci from 2.9 to 4.1 average foci per cell (figure 5.1c), 

representing an increase of 41.4%. The increase in INDUCE-seq reads upon USP50 depletion 
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correlates with the IF data. Taken together, these data strengthen our theory that USP50 

suppresses the formation of DSBs.  
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Figure 5.1 

a) Schematic of the INDUCE-seq workflow. Cells are treated, fixed and permeabilised. Exposed DSBs 

are labelled via ligation to a P5 sequencing adapter. The genomic DNA is then extracted and 

fragmented, and the DNA ends are end-prepared and labelled through ligation to a half-functional P7 

adapter. The DNA fragments are applied to an Illumina flow cell. Only DNA fragments labelled with the 

P5 adapter bind to the flow cell, and the non-functional DNA fragments are washed away. The P5- and 

P7-ligated DNA fragments are sequenced. Adapted from (Dobbs et al., 2022). 

b) Number of INDUCE-seq reads in HeLa cells with or without USP50 depletion. 

c) γ-H2AX foci were examined using IF in HeLa cells with USP50 depletion. Transfection control was 

with siRNA targeting Luciferase. Results are from 3 independent repeats, with n >100 cells per 

condition, per repeat. Red lines indicate the mean, error bars are SEM. Statistical analysis done with 

unpaired two-tailed t-test; ***= p≤0.001. 
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5.3 Recurrent INDUCE-seq reads are enriched or lost upon USP50 depletion in a locus-

dependent manner 

We previously observed that USP50 depletion led to an increase in INDUCE-seq reads in HeLa 

cells (figure 5.1b). We wanted to ascertain whether the increase in INDUCE-seq reads after 

USP50 depletion was specific to certain areas of the genome or was distributed generally. 

INDUCE-seq reads for NTC- and USP50-depleted cells were aligned to the human genome 

(chm13 2.0; Nurk et al., 2022) using the ‘BowTie2’ feature in Galaxy (Langmead & Salzberg, 

2012). The positions and number of reads across the whole human genome were visualised in 

Integrative Genome Viewer (igv.org; Thorvaldsdóttir et al., 2013) (figure 5.2a). The locations of 

sequencing reads across the genome are broadly similar. For example, a large peak of DSBs 

was observed at chromosome 5 in NTC- and USP50-depleted cells, spanning the entire length 

of the short arm of the chromosome. 

We were curious to see how many INDUCE-seq reads were unique to USP50-depleted cells, in 

order to eliminate “shared” DSBs occurring in both samples and focus on breaks specifically 

caused by USP50 depletion. To this end, we ran the ‘Subtract’ tool in Galaxy to subtract shared 

reads, and the Intersect Intervals tool to subtract overlapping reads between the two samples. 

These tools returned 760,000+ INDUCE-seq reads that were unique to the USP50-depleted 

cells (out of a total of 781,481 reads), indicating that the vast majority of breaks in the samples 

are not overlapping or identical, but are stochastic. This implies that while USP50 depletion 

leads to an overall increase in breaks, most of the breaks occurring in the cells are randomly 

distributed. However, upon closer inspection of identical or overlapping INDUCE-seq reads, 

which represent recurrent DSBs, differences are observed between cells treated with siRNA 
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targeting NTC and USP50. We observed that at the ASTN1 gene on chromosome 1, 30 near-

identical reads/ breaks were detected in untreated cells compared to one read in USP50-

depleted cells (figure 5.2b). Conversely, an intergenic region at chromosome 3p11.2 showed 0 

breaks in untreated cells, and 9 identical breaks in USP50-depleted cells (figure 5.2c). This 

suggests that while the majority of “extra” DSBs caused by USP50 depletion are stochastic, 

individual loci in the genome are susceptible to enrichment or loss of DSBs. 
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Figure 5.2 

a) INDUCE-seq reads from untreated and USP50-depleted cells were aligned to the human genome and 

visualised in Integrative Genome Viewer. Blue lines represent INDUCE-seq reads. 

b) Visualisation of INDUCE-seq reads in HeLa cells with USP50 depletion at ASTN1 gene on chromosome 

1. Blue lines represent individual INDUCE-seq reads. 

c) Visualisation of INDUCE-seq reads in HeLa cells with USP50 depletion at an intergenic region of 

chromosome 3p11.2. Blue lines represent individual INDUCE-seq reads. 
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5.4 USP50 loss has mixed effects on numbers of breaks at common fragile sites 

CFSs are large genomics regions that are prone to fork stalling, DSB formation and deletion in 

conditions of RS and DNA damage (LeTallec et al., 2013; Li & Wu, 2020). We were curious to 

see whether USP50 depletion affects the numbers of breaks occurring at CFSs. We used the 

‘Intersect Intervals’ tool in Galaxy to align INDUCE-seq reads from cells treated with siRNA 

targeting NTC and USP50 with CFSs, to analyse the numbers of DSBs at each CFS in the human 

genome. Human CFS locations were identified from the HumCFS database 

(webs.iiitd.edu.in/raghava/humcfs/chrom.html; (Kumar et al., 2019)). In NTC-depleted cells 

we identified 204,689 reads that overlapped with CFSs, compared to 279,252 in USP50-

depleted cells. This represents an increase of 36.4% when USP50 is depleted, similar to the 

overall increase in DSBs at all genomic regions (37.7%; figure 5.1b). We then examined each 

individual CFS to determine whether some were more susceptible to breakage than others 

when USP50 is depleted (figure 5.3a). The fold change in breaks between USP50-depleted and 

untreated cells was calculated and plotted from lowest to highest, excluding CFSs with fewer 

than 100 reads. We saw that 20 CFSs had fold changes lower than one standard deviation (SD) 

(0.0732) from the overall fold change (1.364), and 18 had a higher fold change than one SD 

above the overall fold change. The fold changes ranged from 1.18 for FRA1C to 1.57 for 

FRA12A. FRA1C therefore saw a relative reduction in DSBs, and FRA12A saw a relative increase 

in DSBs when compared to overall breaks. This suggests that USP50 has mixed and unique 

effects on different CFSs in the human genome. 

 

 



205 
 

 

Figure 5.3 

a) INDUCE-seq reads from untreated and USP50-depleted cells were mapped against CFSs. The fold 

change of reads from USP50-depleted: NTC-depleted samples was calculated and plotted from lowest 

to highest. CFSs with <100 reads were excluded for confidence. Dotted lines represent overall fold 

change ± one SD. 
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5.5 USP50 loss has mixed effects on numbers of breaks at very large genes 

Very large genes (VLGs) represent a challenge to the replication machinery due to an increased 

chance of TRCs (LeTallec et al., 2013). Indeed, many VLGs are found within CFSs, and may 

contribute to the likelihood of these regions to break (LeTallec et al., 2013). We examined how 

USP50 depletion affects DSB formation at VLGs. We compiled a list of the top 49 VLGs in the 

human genome as reported by Guide to the Human Genome (cshlp.org/) (where a VLG is 

defined as containing an annotated untranslated region and encoding a transcript), and 

identified their genomic locations using Integrative Genome Viewer. We then used the 

‘Intersect Intervals’ tool on Galaxy to determine number of breaks at these genes in USP50-

depleted and untreated cells. We identified 11,871 and 16,303 INDUCE-seq reads in untreated 

and USP50-depleted cells respectively, representing an increase of 37.3% when USP50 is 

depleted. Looking at the fold change in DSBs at individual VLGs, we saw that 6 genes had lower 

fold changes, and 10 had higher fold changes, than the overall fold change ± one SD (0.12) 

(figure 5.4a). The lowest fold change was 1.05 seen in the IL1RAPL2 gene, and the highest fold 

change was 1.59 for the AGBL4 gene. This suggests that USP50 has varying effects on individual 

VLGs, but is unlikely to contribute to DSB formation at these regions overall. 
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Very large genes 

Figure 5.4 

a) INDUCE-seq reads from untreated and USP50-depleted cells were mapped against VLGs. The fold 

change of reads from siUSP50: siNTC samples was calculated and plotted from lowest to highest. All 

VLGs analysed had >100 reads in both conditions. Dotted lines represent overall fold change ± one SD. 
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5.6 USP50 affects proximity of breaks to transcription start sites 

We previously saw that USP50 and WRN are epistatic in fork stalling and restart (figure 3.5c, 

3.10b). WRN also has known roles in transcription (Balajee et al., 1999; Mizutani et al., 2015; 

Shiratori et al., 2002). TRCs are a known source of RS, leading to fork stalling and DSBs (García-

Muse & Aguilera, 2016). We were interested to see whether USP50 affects DSB formation at 

transcription start sites (TSS). We identified TSSs and examined windows of 1kb up- and down-

stream of the TSS to capture breaks occurring near these sites (Yamashita et al., 2011). We 

used the ‘ClosestBED’ tool in Galaxy to examine the distances between INDUCE-seq reads and 

TSS windows. Of the 39,616 TSSs analysed, we identified 42,809 and 45,045 close or 

overlapping reads in untreated and USP50-depleted cells respectively, representing an 

increase of 5.2% when USP50 is depleted. This suggests that USP50 depletion leads to a 

modest increase in DSBs at TSSs compared to the rest of the genome. We analysed the 

distances of each proximal read from the TSS windows, and saw that the distances were 

reduced in USP50-depleted cells (figure 5.5a). This implies that when USP50 is depleted, DSBs 

occur nearer TSS windows and are suppressed at further distances. 
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Figure 5.5 

a) Distances of INDUCE-seq reads in HeLa cells depleted of USP50 from TSS windows were plotted. 

27,626 reads in siNTC-treated cells were compared to 24,369 reads from siUSP50-treated cells. The box 

represents median, 25th and 75th percentiles. Whiskers represent minimum and maximum values. 
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5.7 Discussion 

DSBs are highly toxic lesions that threaten cell viability and long-term health of organisms. 

Several repair pathways have evolved to repair DSBs, highlighting the importance of 

eliminating this type of damage. We had previously seen that USP50 depletion leads to an 

increase in DSBs, especially in S phase cells, and that these breaks were the result of MUS81 

cleavage (figure 3.1b, c). In this chapter we utilised a new method of analysing location and 

number of DSBs called INDUCE-seq. INDUCE-seq was performed on NTC- and USP50-depleted 

HeLa cells to examine how USP50 contributes to DSB formation and whether specific genomic 

features are susceptible to breakage. This could enable us to better understand how USP50 

suppresses DSB formation and inform future experiments. 

INDUCE-seq processing of cell samples results in sequencing reads of 70-80 nucleotides in 

length, with one read reported to represent one DSB. The technique can therefore be used to 

analyse DSBs that occur at the same site in the same sample. This allows the examination of 

sites prone to breakage, as well as stochastic DSBs. We saw that USP50 depletion led to a 

37.7% increase in INDUCE-seq reads in HeLa cells (figure 5.1b), in good agreement with γ-H2AX 

IF data (figure 5.1c). This result affirms the finding that USP50 depletion leads to a small but 

significant increase in DSBs. Of the 781,481 breaks detected in USP50-depleted cells, 760,000+ 

did not overlap with reads from the untreated cells, suggesting that the majority of breaks 

occurring in both samples are stochastic and sequence-independent. Given the short length 

of the sequencing reads, it is possible that larger, break-prone genomic features could produce 

several non-overlapping INDUCE-seq reads. It is therefore not surprising that the vast majority 

of reads in the samples do not overlap. 
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Visualisation of the DSBs over the whole genome in Integrative Genome Viewer revealed that 

the landscape of reads is broadly similar in untreated and USP50-depleted cells. Several peaks 

of reads are seen across the genome in both samples, for example in chromosome 1, 10 and 

18. However, closer examination reveals that these peaks are located at regions of the genome 

with unknown sequence, often near centromeres or telomeres. It is likely that the INDUCE-seq 

reads are artificially grouped together at these genomic locations of repetitive DNA sequences, 

thus hindering further analysis of these sites. Interestingly, we noted a broad peak of DSBs 

spanning the entire length of the short arm of chromosome 5 in both untreated and USP50-

depleted cells at regions with defined sequence, indicating a propensity for breaks to form in 

this region in HeLa cells. Partial loss of chromosome 5p in gametogenesis leads to Cri-du-chat 

syndrome, one of the most common chromosomal abnormalities found in newborns 

(Rodríguez-Caballero et al., 2010). The large number of breaks mapped to chromosome 5p 

could indicate that this chromosome arm is particularly prone to DSB formation, which could 

result in chromosomal rearrangements or loss of segments. 

Whilst the majority of breaks in both samples appear stochastic in nature, we identified several 

areas of recurrent breaks that showed loss or enrichment when USP50 was depleted. We 

identified 30 almost identical, overlapping breaks at the ASTN1 gene on chromosome 1 in 

untreated cells. In USP50-depleted cells, the same region produced only one read, suggesting 

that USP50 promotes breakage at this site in untreated cells. Alternatively, an intergenic region 

of chromosome 3 exhibited 0 breaks in untreated cells and 9 breaks upon USP50 depletion, 

implying that USP50 suppresses break formation at this site in untreated cells. This could 

suggest that USP50 promotes DSB formation at certain sites while protecting others, through 
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an unknown mechanism. Deeper analysis of the sequence and features of these two regions 

could reveal reasons for the difference in DSB formation at these sites with USP50 depletion. 

We were curious to see whether USP50 is involved in protecting CFSs from breakage. CFSs are 

prone to replication fork stalling and formation of DSBs for several reasons, including high AT 

content, secondary structure formation, TRCs at VLGs, lack of replication origins, and late 

replication (Li & Wu, 2020). CFSs were identified and mapped from HumCFS, and the number 

of INDUCE-seq reads that overlapped with these regions was calculated using Galaxy. We 

found that the number of breaks at CFSs increased by 36.4% upon USP50 depletion, which 

closely matches the overall increase in breaks (37.7%). This suggests that USP50 depletion 

does not cause a change in DSB formation at CFSs in general. Upon examination of individual 

CFSs, we observed that each CFS exhibited an increase in DSBs in USP50-depleted cells. 

Interestingly, 38 sites showed a fold change in DSBs lower or higher than one SD away from 

the overall fold change between untreated and USP50-depleted cells. This suggests that these 

sites exhibit significantly fewer or greater DSBs than expected upon USP50 depletion, though 

the reason for this remains unclear. Particular genomic features that are present in some CFSs 

but not others may contribute to their likelihood to form DSBs when USP50 is depleted, thus 

warranting further analysis. 

VLGs are hotspots for replication fork stalling and DSB formation due to the increased 

likelihood of TRCs (García-Muse & Aguilera, 2016). We wanted to examine whether USP50 is 

involved in DSB formation at VLGs, which could point towards a role in preventing TRCs. To this 

end, we identified the genomic locations of 49 VLGs and analysed the numbers of reads at 

each gene in untreated and USP50-depleted cells. The number of breaks at all VLGs increased 
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by 37.3% upon USP50 depletion, closely resembling the overall increase in INDUCE-seq reads 

in USP50-depleted cells. This implies that VLGs are not particularly prone to forming DSBs 

compared to the rest of the genome when USP50 is depleted. Examination of individual VLGs 

revealed that 16 VLGs showed a DSB fold change lower or higher that one SD from the overall 

fold change with USP50 depletion. These sites therefore exhibited fewer or more breaks than 

would be expected based on the overall increase in breaks at VLGs and across the whole 

genome. The reason for this however remains unknown. 

Finally, we examined DSBs at TSSs in untreated and USP50-depleted cells. We looked at 

genomic windows 1kb upstream and downstream of the TSS to capture breaks appearing near 

these sites. We then asked how many breaks were occurring in or near this window. We found 

that upon USP50 depletion, the number of DSBs at or near TSSs increased by 5.2%, which is 

lower than the overall increase in breaks of 37.7%. Examination of the distances between DSBs 

and TSS windows revealed that DSBs in USP50-depleted cells were closer to the TSS windows 

than in cells treated with siRNA targeted to NTC. This suggests that in untreated cells, USP50 

acts to promote DSB formation outside TSS windows. We wonder whether this could imply a 

role for USP50 in promoting transcription, thus generating TRCs and DSBs.  

 

5.8 Future experiments 

In this chapter we used a bioinformatics approach to examine DSB formation in HeLa cells 

depleted of USP50. Little is known about how USP50 prevents the formation of replication-

associated DSBs, so we used INDUCE-seq to assess the association of genomic features with 

DSB formation in USP50-depleted cells. It would be of interest to experimentally validate these 



214 
 

findings and explore the mechanisms of USP50-mediated prevention of replication-associated 

DSBs in further detail. 

 

1) Are other genomic features associated with DSB formation after USP50 depletion? 

In this chapter we probed the number of DSBs occurring in USP50-depleted cells at chosen 

genomic features, such as CFSs, VLGs and TSSs. It would be interesting to expand the list of 

genomic features tested, and include features such as G-quadruplex-forming DNA sequences, 

transcription termination sites, and chromatin marks. 

 

2) Does USP50 promote transcription? 

In this chapter we observed that DSBs occurring proximal to TSS windows are under-

represented in USP50-depleted cells (figure 5.5a), suggesting that USP50 may have a role in 

transcription. It would therefore be interesting to experimentally confirm this novel role for 

USP50 in transcription using a single-molecule optical tweezers assay to measure RNA 

polymerase II movement along DNA with and without USP50.  

 

3) Does WRN affect USP50-dependent DSBs at TSSs? 

We saw in chapter 3 that depletion of USP50 or WRN leads to an increase in DSBs, which is 

rescued upon co-depletion of both (figure 3.1d, 3.7d). It would be interesting to repeat 
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INDUCE-seq with cells treated with siRNA targeting USP50 and WRN to investigate whether 

WRN regulates the formation of these TSS window-proximal breaks. 
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6. General discussion 

Previous work in the laboratory had identified USP50 as an inactive DUB with roles in 

promoting replication fork progression and preventing replication-associated, MUS81-

dependent DSBs (figure 1.11b-d). Analysis of DSB markers in S phase cells showed that USP50 

and WRN co-depletion rescued DSB formation, suggesting a relationship between these two 

proteins in replication (figure 1.11h). WRN has many known roles in replication, including 

preventing fork stalling, restarting reversed forks, and telomere replication (Rodríguez-López 

et al., 2002; Saharia et al., 2010; Sidorova et al., 2008; Thangavel et al., 2015). WRN has also 

recently emerged as a synthetic lethal target in MSI cancers (Chan et al., 2019; Kategaya et al., 

2019; Lieb et al., 2019), so learning more about the roles and regulation of WRN are of 

scientific and clinical interest. We were interested to further investigate the relationship 

between USP50 and WRN, and elucidate the mechanisms behind the rescue in replication fork 

progression seen when both are depleted. The aims of this thesis were to further examine the 

relationship between USP50 and WRN in replication and RS, learn more about WRN as a 

synthetic lethal target, and elucidate possible mechanisms of action for USP50. 

Knowing that DSB formation in USP50-depleted cells is dependent on MUS81, we looked at 

replication fork stalling and saw that MUS81 depletion does not affect fork stalling in USP50-

depleted cells, suggesting that USP50 acts before MUS81 cleavage to prevent replication fork 

stalling (figure 3.4d). We then depleted WRN and observed an increase in fork stalling, which 

was reversed upon co-depletion with USP50 (figure 3.5c). A similar effect was seen when 

combining USP50 with inhibition of WRN helicase with the small molecule NSC 617145 (figure 

3.5h). This effect was specific to WRN helicase inhibition, as the combination of WRN depletion 
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and WRN inhibition did not cause levels of stalled forks to change (figure 3.5f). This suggested 

to us that when USP50 was depleted, WRN helicase activity caused an increase in stalled forks. 

We used stable HeLa cell lines expressing doxycycline-inducible, GFP-tagged WRN constructs, 

and found that only wild-type WRN rescued fork stalling in USP50-depleted cells, pointing 

towards a role for both enzymatic activities of WRN in restoring replication progression. 

Previous literature has pinpointed the helicase function of WRN as being involved in replication 

fork restart, so the identification of exonuclease function in this process contradicts current 

and established ideas in our understanding of the roles of WRN. 

Using chromatin fractionation, we observed that USP50 depletion leads to a 50.3% reduction 

in WRN at chromatin in HU-treated cells, suggesting that USP50 helps localise WRN to stalled 

forks. Combined with the DNA fibre data, we hypothesise that WRN levels at the replication 

fork are critical for determining fork progression and success. Fork stalling in USP50-depleted 

cells could result from a loss of WRN at replication forks, which is rescued upon restoration of 

WRN at forks through inducible overexpression. The observation that knockdown of WRN also 

rescues fork progression suggested to us the existence of a back-up pathway of replication 

progression that was suppressed when WRN was fully or partially localised to stalled forks, but 

activated when WRN was removed. Indeed, RECQL4 and RECQL5 were identified as critical for 

restoring replication fork progression in the absence of USP50 and WRN, suggesting that 

RECQL4 and RECQL5 co-operate to provide a back-up pathway for WRN in replication (figure 

6.1a). This finding is novel as there are no previous reports showing that RECQ helicases can 

act as a substitute when one is absent, or a method for co-ordinating the recruitment or 

activity of the RECQ helicases on DNA. We showed that USP50 influences WRN localisation to 

chromatin after HU-induced replication stress, suggesting that USP50 may act as a regulator  
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Figure 6.1a 

An illustration of the hypothesised mechanism behind the USP50-WRN-RECQL4-RECQL5 axis. 1) In 

normal cells, USP50 recruits WRN to stalled forks to aid replication progression. WRN inhibits 

inappropriate use of RECQL4 and RECQL5. 2) USP50 depletion results in a reduction in WRN at stalled 

forks, leading to inappropriate use of RECQL4 and RECQL5 and replication fork stalling. 3) Wild-type 

WRN overexpression rescues fork stalling in USP50-depleted cells through increased presence at 

replication forks and inhibition of inappropriate use of RECQL4 and RECQL5. 4) In the absence of USP50 

and WRN, RECQL4 and RECQL5 co-operate to restore replication progression. Created with 

BioRender.com. 
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and co-ordinator of multiple RECQ helicases at stalled replication forks. It is possible that the 

defects in replication-associated processes such as fork stalling and collapse into DSBs seen in 

cells isolated from Werner syndrome patients would be worsened if RECQL4 or RECQL5 were 

unavailable, as we showed that RECQL4-RECQL5 may be able to act as a back-up pathway to 

rescue ongoing replication in the absence of WRN. Indeed, RECQL5 has been found to be 

enriched at sites of DNA damage in WS cells and promotes cell survival (Popuri et al., 2013). It 

would be interesting to investigate whether there are any WS patients with concurrent RECQL4 

or RECQL5 mutations, or whether tumours in WS patients are competent for RECQL4 and 

RECQL5. 

Moving into colorectal cancer cell lines, we observed a similar effect on fork stalling upon 

USP50 and WRN co-depletion in MSS cells, but not MSI cells. This result suggested to us that 

WRN-dependent MSI cells are wired differently to MSS cells. This could be due to faulty MMR-

induced mutations in microsatellite-containing genes of MSI cells. HCT116 (MSI) cells have a 

reported RECQL1 frameshift mutation, and RKO (MSI) cells have a reported RECQL5 point 

mutation (depmap.org). None of the MSS cells used in this thesis contain known mutations in 

RECQ helicases, including HeLa cells. It is therefore also possible that mutations in the other 

RECQ helicases prevent rescue of replication progression in the absence of USP50 and WRN. 

Western blotting in the colorectal cancer cell lines showed that WRN depletion led to the loss 

of several DDR proteins in WRN-sensitive MSI cells only. This could also help explain the 

differences seen between WRN-depleted MSS and MSI cells, as the effects seen may not be a 

direct effect of WRN loss, but could be due to loss of EXO1, RAD51, BARD1 or any of the other 

proteins affected by WRN depletion. We found no differences in cell survival or viability 

between MSS and MSI cells after treatment with the WRNi NSC 617145, which could indicate 
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that this small molecule inhibitor may not be an effective treatment for patients with an MSI-

high tumour in the clinic, and that alternative WRN-targeting therapies are needed to better 

treat patient with MSI-high tumours. 

In chapter 5 we examined locations and numbers of DSBs occurring in siNTC- and siUSP50-

treated cells and observed a loss of DSBs proximal to TSSs when USP50 was depleted. This 

provides an exciting opportunity to investigate a potential, unexpected role for USP50 in 

transcription, which could help us to understand the roles of USP50 better. We hypothesise 

that USP50 promotes TRCs through encouraging transcription progression, and that loss of 

USP50 leads to a reduction in transcription, TRCs and subsequent DSBs near TSSs. 

Together these data point towards a primary role for USP50 and WRN in promoting ongoing 

replication in MSS cells, with RECQL4 and RECQL5 providing a back-up pathway to rescue fork 

stalling. 
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