Investigating the cellular role of the
deubiquitylating enzyme ZUP1, a novel
player in the DNA damage response

Matthew James Drake
Department of Biochemistry
Merton College
University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy
Hilary Term 2023



To past and future Dr Drakes



“Iam a part of all that  have met;

Yet all experience is an arch wherethro'

Gleams that untravell'd world whose margin fades
For ever and forever when I move.

How dull it is to pause, to make an end,

To rust unburnish'd, not to shine in use!

As tho' to breathe were life! Life piled on life

Were all too little, and of one to me

Little remains: but every hour is saved

From that eternal silence, something more,

A bringer of new things; and vile it were

For some three suns to store and hoard myself,
And this gray spirit yearning in desire

To follow knowledge like a sinking star,

Beyond the utmost bound of human thought.” (18-32)

From “Ulysses” — Alfred, Lord Tennyson



Acknowledgements

I would firstly like to extend my sincerest thanks to Dr Ian Gibbs-Seymour for his
supervision, guidance, and support throughout my DPhil. Your knowledge and advice
have been invaluable resources, and it has been a pleasure being part of your lab these

past 4 years.

I would additionally like to thank Martin Attwood, Ben Foster, Kay Chong and the
other members of the Gibbs-Seymour lab. It has been an honour to chip away at the coal

face of science with you.

I also extend my thanks to the members of the Ebner lab who provided help and

guidance for the CRISPR screen that constitutes Chapter 5 of this thesis.

My thanks also to the denizens of 46 Chilswell Road and 7 Bartlemas Road whom I
had the distinct honour of sharing a house and friendship with during my time in

Oxford.

A mention also to the members of Merton College Boat Club who gave me a reason
to see the world at 5:30 am on crisp Oxford mornings and without whom this thesis
would likely have been finished years earlier! You are all gentlemen of ambition and

character and I salute you.

A mention and thanks also to the siblings Josh, Guy, and Gemma. One of us had to

do it... you're welcome!

My love and thanks also to my partner in crime Issy, with whom I've had the best

time sharing this journey with. You and I contra mundum.

Lastly, a special thanks to my parents Tony and Susie, without whose support, love,

and fine example none of this would be possible.



Declaration of authorship

I confirm that the work conducted for this thesis is entirely my own unless otherwise
acknowledged and has not been submitted for any other degree.
Matthew Drake

April 2023



Abstract

The DNA damage response (DDR) is a network of interrelated signal transduction
pathways that identify and repair DNA lesions to maintain genome integrity. To
coordinate the DDR, cells use post-translational modifications (PTMs) such as ubiquitin
to modify and control protein fate and function. Importantly, ubiquitin signalling is a
dynamic modification that can be edited or removed from substrates by
deubiquitylating enzymes (DUBs). ZUP1 was recently discovered as the founding
member of a new DUB class with selectivity against long K63-linked ubiquitin chains
and a putative, but poorly defined, role in the DDR. This thesis aimed to improve our
understanding of the cellular role of ZUP1 and define which DDR pathway(s) it
functions in. To this end, I generated monoclonal ZUP1 knockout (KO) cell lines using
CRISPR-Cas9 gene editing and found that these cells were sensitive to genotoxins that
induce replication-coupled DNA damage, with hypersensitivity to the interstrand
crosslinking agent mitomycin C (MMC), and the PARP inhibitors olaparib and
talazoparib. Using the high-content immunofluorescence microscopy technique of
quantitative image-based cytometry (QIBC), I then analysed the dynamics of key factors
at stressed DNA replication forks and demonstrated that excess generation of ssDNA
and persistence of RPA and RAD51 foci underlie the sensitivity of ZUP1 KO cells to
MMC. Lastly, I investigated the chemogenetic interactors of ZUP1 in response to MMC
in an unbiased manner using genome-wide CRISPR-Cas9 screening and identified
potential synergistic interactions between ZUP1 and the factors BRCA2 and HELQ.
Collectively, my results suggest that ZUP1 is a novel player in the response to

replication-coupled DNA damage and provides new insight into its cellular roles.
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Chapter 1 - Introduction

In the introductory sections below I outline the major pathways of the DNA damage
response (DDR) (Figure 1), consider how its orchestration relies on dynamic post-
translation modifications, and review how the powerful new technique of genome-wide
clustered regularly interspaced short palindromic repeats (CRISPR) screening has
allowed for a deeper understanding of the DDR. Lastly, I introduce the recently
discovered deubiquitylating enzyme (DUB) zinc finger containing ubiquitin peptidase 1
(ZUP1), anovel player in the cellular response to replication-coupled DNA damage and

the focus of this thesis.

1.1. Major pathways of the DNA damage response

1.1.1. Mismatch repair

During replication of the eukaryotic genome DNA polymerases occasionally
incorporate an incorrect nucleotide that is not immediately repaired by the 3' to 5'
exonuclease proofreading activity of DNA polymerase (POL) d or POLg, resulting in a
base mismatch (Kunkel, 2009). Larger insertion or deletion (indel) mutations can also be
generated at repetitive genome sequences, such as microsatellite regions, that cause
strand slippage due to the aberrant dissociation and reannealing of template and primer
strands at the incorrect repeat (Kunkel, 1993). Cells have therefore evolved an efficient
mismatch repair (MMR) pathway to restore instances of incorrectly paired DNA bases
that counteracts mutagenesis and maintains sequence fidelity (Kunkel and Erie, 2015).
In mammalian cells the MMR pathway is initiated by the recognition of a mismatched
lesion by the MSH2-MSH6 (MutSa) or MSH2-MSH3 (MutS@) heterodimer complexes
which recognise 1-2 basepair (bp) mismatches or larger indels respectively (Acharya et

al., 1996; Gradia et al., 1997; Palombo et al., 1996). MutSa or MutS@ complexes then

3
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recruits the MLH1-PMS2 (MutLa) or MLH1-MLH3 (MutLp) heterodimers which
together form a sliding clamp structure that undergoes an adenosine triphosphate
(ATP)-dependent conformational change allowing it to translocate away from the
mismatch site (Li and Modrich, 1995; Lipkin et al., 2000). When a migrating MutS-MutL
clamp encounters proliferating cell nuclear antigen (PCNA) and replication factor C
(RFC) at a nearby replisome the endonucleoltyic activity of MutL is activated, and a nick
is generated in the strand bearing the mismatch (Kadyrov et al., 2006; Pluciennik et al.,
2010). The exonuclease 1 (EXO1) enzyme can then bind and degrade the strand in the 5'
to 3' direction to remove the region containing a mismatch (Tran et al., 2004). POLd then
fills in the resulting gap with the correct nucleotides and the fragment is ligated to the
rest of the DNA by DNA ligase 1 (LIG1), thereby restoring the accurate sequence

(Longley et al., 1997).
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Figure 1. Sources of DNA damage and the major DNA repair pathways

Cells routinely encounter a wide range of DNA damage that is induced by a diverse
array of endogenous and exogenous agents requiring dedicated pathways to repair
specific lesion types. The major forms of DNA damage and the cellular pathways
employed to combat each type of damage are depicted. Shown in blue boxes are the key
factors that constitute each pathway. Figure created using BioRender.com with reference

to (Awwad et al., 2023).
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1.1.2. Base excision repair

In addition to the incorrect incorporation of nucleotides during replication, DNA
bases can also sustain a wide array of damage from endogenous and exogenous sources,
typically involving oxidation, alkylation, or deamination, that pose a threat to genome
integrity (Hoeijmakers, 2009). Some forms of damage can be directly reversed by the
action of a single enzyme such as the photolyase reversal of ultraviolet (UV) light-
induced photolesions, alkyltransferase reversal of O-alkylated DNA damage, and the
dioxygenase reversal of N-alkylated base adducts (Yi and He, 2013). However, some
forms of damaged DNA bases are not amenable to direct chemical reversal and instead
require removal and replacement with undamaged bases. The base excision repair (BER)
pathway exists to combat this damage and can remove and replace small, non-helix-
distorting lesions (Beard et al., 2019). Central to the BER pathway are a suite of DNA
glycosylases that can recognise a diverse range of damaged bases and cleave the N-
glycosidic bond connecting a base to the sugar-phosphate backbone of DNA, leaving an
abasic (AP) site (Krokan and Bjoras, 2013). The DNA backbone located 5’ to the AP site
is then incised by AP-endonuclease 1 (APE1) creating a single-strand break (SSB) with
3"-hydroxyl (3'-OH) and 5'-deoxyribose phosphate (5'-dRP) termini (Hegde et al., 2008).
The BER pathway then proceeds with the steps of DNA end processing, gap filling
synthesis, and end ligation which are discussed in further detail in section 1.1.5.3 on SSB
repair. For SSBs arising as a result of BER, gap filling commonly involves the insertion
of a single missing nucleotide in a process known as ‘short-patch repair’, but can involve
the FEN1-mediated displacement of 5'-nucleotides and synthesis of a longer stretch of
DNA in a process known as ‘long-patch repair’ (Caldecott, 2014; Klungland and Lindahl,

1997).
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1.1.3. Ribonucleotide excision repair

To faithfully copy DNA templates, replicative DNA polymerases must distinguish
between deoxyribonucleotide triphosphate (ANTP) and ribonucleotide triphosphate
(rNTP) precursors that differ solely by the presence of a 2"-hydroxyl (2'-OH) moiety on
the ribose of rNTPs (Klein, 2017). The problem is compounded by the presence of a much
higher concentration of rNTPs relative to dNTPs in the available nuclear pool (Traut,
1994). While the replicative DNA polymerases (POLa, POLd, POLe) display a relatively
high fidelity for dNTPs due to a conserved tyrosine residue in their active site that acts
as a steric block to the 2'-OH group of rNTPs, ribonucleotides are still misincorporated
into replicating DNA at an estimated rate of approximately 1 in 1,000 (Nick McElhinny
et al., 2010b). Misincorporated ribonucleotides have a significant impact on DNA's
structure and stability and can interfere with the processes of transcription and
replication (Jaishree et al., 1993; Nick McElhinny et al., 2010a). The inbuilt proofreading
activity of replicative DNA polymerases is ineffective at removing aberrantly
incorporated ribonucleotides, therefore cells have evolved dedicated molecular
pathways known as ribonucleotide excision repair (RER) pathways to perform this

function (Clausen et al., 2013; Kellner and Luke, 2020).

1.1.3.1. RNAse H2 pathway

The primary RER pathway utilises RN Ase H2 to cleave and remove misincorporated
ribonucleotides (Sparks et al., 2012). RN Ase H2 makes an incision in the phosphodiester
backbone at the 5’ junction of the RNA component of a DNA-RNA hybrid creating a
nick with 3'-OH and 5'-phosphate (5'-P) termini. The 3'-OH then acts as a primer for
POL® or POLe which perform strand displacement synthesis that creates a 5’ flap

structure containing the aberrant ribonucleotide. The flap is then cleaved by the
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endonuclease activity of flap structure-specific endonuclease 1 (FEN1) or EXO1 and the

remaining nick is sealed by LIG1 (Sparks et al., 2012).
1.1.3.2. TOP1 pathway

While the RN Ase H2 pathway is an error-free mechanism for removing embedded
ribonucleotides, a less common error-prone backup pathway involving topoisomerase 1
(TOP1) can be used in RN Ase H2's absence (Williams et al., 2013). The TOP1 pathway
involves the formation of a covalent complex (TOP1cc) between the active site tyrosine
of TOP1 and the 3'-phosphate (3'-P) of an incorporated ribonucleotide in a manner
analogous to its physiological role in nicking unmodified DNA to relieve torsional stress.
While TOP1 can readily seal nicks when bound to normal DNA, the 2-OH of a
ribonucleotide is liable to attack the phospho-tryosyl bond of the TOP1cc forming a 2',3"-
cyclic phosphate moiety that is not amenable to ligation (Sekiguchi and Shuman, 1997).
Repair of this intermediate can proceed via secondary engagement of TOP1 upstream of
the nick and error-free proteolysis and end processing by tyrosyl-DNA
phosphodiesterase 1 (TDP1) as discussed below in section 1.1.7.5; or may result in strand
slippage realignment and re-ligation resulting in a 2-5 bp deletion (Sparks and Burgers,
2015). Interestingly, it was discovered in genome-wide CRISPR screens for sensitisers to
the poly (ADP-ribose) polymerase (PARP) inhibitor olaparib that loss of genes encoding
RNAse H2 resulted in increased sensitivity to PARP inhibition (Zimmermann et al.,
2018). The author’s demonstrated that the basis for this sensitivity was increased reliance
on the TOP1 RER pathway in RNAse H2’s absence, which yields a greater degree of

PARP trapping lesions that interrupt DNA replication and cause genome instability.
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1.1.4. Nucleotide excision repair

Nucleotide excision repair (NER) is a versatile repair pathway that counteracts a
wide array of chemically and structurally diverse helix distorting lesions that are not
readily repaired by BER (Scharer, 2013). Two broad subpathways of NER exist, termed
global-genome NER (GG-NER) and transcription-coupled NER (TC-NER) that differ in
their recognition of DNA damage but share common downstream processing steps

(Figure 2) (Marteijn et al., 2014).

1.1.4.1. GG-NER

In the GG-NER pathway the damage sensor protein xeroderma pigmentosum (XP),
complementation group C (XPC) in complex with RAD23 homolog B (RAD23B) and
Centrin 2 (CETN2) probes the genome until it encounters a helix distorting lesion (Shell
et al.,, 2013). Importantly, this recognition does not involve direct contact with the lesion
and instead relies on sensing DNA structural destabilisation which allows the GG-NER
system to identify a heterogenous set of chemically distinct lesion types (Chen et al.,
2015). For certain lesion types that don’t cause major helix distortion, however,
recognition is aided by the UV DNA damage binding (UV-DDB) complex which makes
direct contact with lesions (Sugasawa et al., 2005). Following damage recognition XPC
then recruits the transcription factor II H (TFIIH) complex which mediates the
downstream repair processes (Yokoi et al., 2000). TFIIH comprises a 7-subunit core
complex two of which, XPB and XPD, possess helicase activity that unwinds the DNA
duplex to create a repair bubble surrounding the lesion site (Fan et al., 2006). XPD
together with the factor XPA, which binds altered nucleotides, plays an important role
in lesion verification to ensure that the NER machinery is correctly targeted sites of

damaged DNA (Mathieu et al., 2013). Replication protein A (RPA) is also recruited to
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the repair bubble and binds single-stranded DNA (ssDNA) on the undamaged strand to
protect it and direct incision to the opposite strand (de Laat et al., 1998). XPA plays an
additional role in recruiting the XPF-excision repair cross-complementation group 1
(ERCC1) and XPG structure-specific nucleases that perform dual incision of the
damaged strand 5" and 3’ of the lesion site respectively to generate a ~24-32 nucleotide
excised region (Tsodikov et al., 2007). The resulting gap is then filled in by POLd, POLe,
or POLk and the nicks are finally sealed by either LIG1 or DNA ligase 3 (LIG3) (Ogi et

al., 2010).

1.1.4.2. TC-NER

In the TC-NER subpathway, helix distorting damage is recognised when RNA
polymerase II (RNAPII) stalls at a lesion site during transcription extension (Vermeulen
and Fousteri, 2013). Stalling of RNAPII stabilises its interaction with Cockayne
Syndrome group B (CSB) which in turn promotes the stepwise recruitment of Cockayne
Syndrome group A (CSA) and the UV Stimulated Scaffold Protein A (UVSSA)/Ubiquitin
Specific Peptidase 7 (USP7) complex (van den Heuvel et al., 2021). CSA forms the
substrate recognition subunit of the CLR4¢ E3 ligase which contributes to the
ubiquitylation of the largest RNAPII subunit RPB1 at K1268 and stimulates the binding
of UVSSA (Nakazawa et al., 2020). UVSSA then recruits the TFIIH complex which
facilitates the downstream repair steps as in GG-NER described above (van der Weegen
et al., 2020). The CLR4%* complex also orchestrates chromatin remodelling events that
are thought to allow RNAPII to ‘backtrack” from lesion sites and provide access to

subsequent repair machinery (Fousteri and Mullenders, 2008).
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Figure 2. GG-NER and TC-NER nucleotide excision repair pathways

a, left) Lesion recognition in GG-NER relies on the damage sensor XPC in complex with
CETN2 and RAD23B which continually probe the genome for helix-distorting lesions. a,
right) TC-NER lesions are recognised when RNAPII stalls during transcription
elongation at a distorting lesion. b, left) In GG-NER Damage recognition can be aided
by UV-DDB at certain lesions that do not cause extensive helix distortion. b, right)
RNAPII stalling increases its association with CSB and UVSSA-USP?. ¢, right) This in
turn results in recruitment of CSA which mediates the processing steps required for
backtracking of RNAPII and recruitment of TFIIH. ¢, left) In GG-NER recruitment of
TFIIH is mediated by XPC following damage recognition. d) Both NER pathways then
proceed according to the same steps of XPB and XPD helicase unwinding of a repair
bubble surrounding the lesion site followed by XPA mediated lesion verification while
the undamaged strand is stabilised by RPA binding. e) XPF-ERCC1 and XPG structure
specific nucleases are then recruited marking a “point of no return” and make incisions
5"and 3’ to the lesion respectively. f-h) The resulting 24-32 nucleotide fragment is then
excised, and the intervening gap is filled in and ligated by POLJ, POL¢, or POLk and
LIG1 or LIG3 respectively. Figure created using BioRender.com with reference to

(Marteijn et al., 2014).
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1.1.5. Single strand break repair

Single-strand breaks (SSBs) are one of the most common DNA lesions experienced
by cells (Lindahl, 1993). SSBs can arise spontaneously due to oxidative attack of the DNA
sugar-phosphate backbone by reactive oxygen species (ROS), or as a reaction
intermediate or product of certain DNA repair pathways or metabolic processes such as
BER or topoisomerase processing respectively (Caldecott, 2020; Demple and Harrison,
1994; Pommier et al., 2016). SSBs that are not repaired pose a challenge to transcription
by blocking RNA polymerases and can also stall DNA replication forks, which can lead
to the generation of far more cytotoxic double-strand break (DSB) lesions (Caldecott,
2014; Caldecott, 2022). Cells have therefore evolved molecular pathways to rapidly

detect and repair SSBs which proceed via the following steps.
1.1.5.1. SSB detection

PARP enzymes are the primary molecular sensors of SSBs which, when activated,
catalyse the transfer of adenosine diphosphate (ADP)-ribose moieties from NAD* to
target proteins (Eisemann and Pascal, 2020). PARP1 and PARP2 catalyse the addition of
multiple ADP-ribose subunits in a process known as poly ADP-ribosylation
(PARylation), while PARP3 commonly modifies target proteins with a mono-ADP-
ribose group (Gibson and Kraus, 2012; Grundy et al., 2016). Synthesis of PAR chains is
one of the earliest events in SSB repair that signals the presence of damage and acts as a
platform for the recruitment of subsequent repair factors (Ciccia and Elledge, 2010).
PARylation is a reversible and highly dynamic process due to the activities of poly (ADP-
ribose) glycohydrolase (PARG), which degrades PAR chains, and ADP-ribosyl
hydrolases such as (ADP-ribosyl) hydrolase 3 (ARH3), which removes residual mono-

ADP-ribose modifications (Pascal and Ellenberger, 2015; Rack et al., 2020). Importantly,
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rather than acting simply as a negative regulator of SSB repair the activity of PARG is
thought to fully remove PAR chains and allow for subsequent rounds of synthesis to
occur (Davidovic et al., 2001). PARP1 engagement at sites of DNA damage itself is
regulated, with the E3 ligases CHFR and TRIP12 being suggested to bind auto-
PARylated, and thus active, PARP1 and catalyse its polyubiquitylation leading to its
proteasomal turnover (Gatti et al, 2020; Liu et al, 2013). X-ray repair cross-
complementing protein 1 (XRCC1) has additionally been suggested to prevent excessive
PARP1 engagement during DNA repair therefore mitigating the cytotoxic consequences
of PARP trapping (Demin et al., 2021). Indeed, a key function of PARylation is to recruit
the XRCC1 protein which acts as a scaffold to interact with and directly recruit most of
the factors required for SSB repair (El-Khamisy et al., 2003). XRCC1 is recruited via a
direct interaction of its BRCA1 C-terminal (BRCT) domain with PAR chains (Breslin et

al,, 2015).
1.1.5.2. Chromatin remodelling

One important consequence of PARP enzyme activity for SSB repair is the
remodelling of the chromatin environment to facilitate repair (Ray Chaudhuri and
Nussenzweig, 2017). PARylation of histones following PARP activation can directly
reduce chromatin compaction as well as recruit various chromatin remodelling enzymes
that lead to the relaxation of the local chromatin environment (de Murcia et al., 1986;
Zong et al., 2022). It is thought that the loosening of the chromatin architecture
surrounding a SSB facilitates the access of factors required for efficient repair (Caldecott,
2022). PARPs also play a role in transcription regulation through modification of
chromatin compaction and by direct PARylation of factors that control RNA polymerase

elongation, such as negative elongation factor (NELF) components. These modifications
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lead to context-dependent impacts on transcription rates which may help to avoid
conflicts between the SSB repair and transcription machineries (Gibson et al., 2016;

Matveeva et al., 2019).

1.1.5.3. DNA end processing

The generation of SSBs by ROS can notably result in aberrant 3'-P or 3'-
phosphoglycolate (3'-PG) termini which must be converted back to conventional 3'-OH
and 5'-P moieties prior to gap filling and DNA ligation (Caldecott, 2008). 3'-P residues
are dephosphorylated by polynucleotide kinase-phosphatase (PNKP) which is recruited
and activated by interacting with XRCC1 (Breslin and Caldecott, 2009; Whitehouse et al.,
2001). 3'-PG termini on the other hand are processed by APE1 (Parsons et al., 2004). SSBs
that arise due to the abortive activity of TOP1 yield a 5-OH moiety and 3’-phospho-
tyrosyl covalently linked to TOP1 itself (Caldecott, 2022). Repair of these SSBs involves
the proteasomal degradation of trapped TOP1 leaving a small residual peptide which is
removed by TDP1 or AP-endonuclease 2 (APE2), followed by restoration of canonical 3'-
OH and 5'-P groups by PNKP (Alvarez-Quilon et al., 2020; Kalasova et al., 2020; Plo et
al., 2003; Sun et al., 2020b). The generation of SSBs during BER can also generate
unproductive 5-dRP termini as mentioned above, which are processed by the apurinic
or apyrimidinic (AP) lyase activity of POLf (Matsumoto and Kim, 1995). Finally,
abortive attempts to re-ligate SSBs can yield 5-adenosine monophosphate (5'-AMP)

termini which are removed by the aprataxin (APTX) enzyme (Ahel et al., 2006).
1.1.5.4. DNA gap filling and ligation

Once normal DNA ends are restored, SSB repair proceeds with the filling of the
intervening gap by DNA polymerases. POL{ is the polymerase primarily involved in

gap filling during SSB repair (Prasad et al., 1998). The last step of SSB repair restores the

15



Chapter 1 - Introduction

undamaged DNA sequence via the ligation of the remaining DNA nick by either LIG3

or LIG1 (Cappelli et al., 1997; Ho and Satoh, 2003).
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1.1.6. Interstrand crosslink repair

The covalent linking of DNA bases on separate strands to form an interstrand
crosslink (ICL) is a significant source of cytotoxicity due to the disruption of
physiological DNA transactions such as transcription and DNA replication (Deans and
West, 2011). A diverse set of bifunctional crosslinking agents with both endogenous and
exogenous sources can result in ICL formation (Semlow and Walter, 2021). Reactive
metabolites such as acetaldehyde, formaldehyde and nitric oxide can be endogenous
sources of ICLs, while the ability to form ICLs is exploited by exogenous
chemotherapeutic agents such as cisplatin and mitomycin C (MMC) (Semlow and
Walter, 2021). ICLs can also form between the commonly occurring DNA lesion of an
AP site and a reactive amine contained within a nucleobase on the opposing strand (Price
et al., 2014). Two major pathways exist for replication-coupled ICL repair — a Nei like
DNA glycosylase 3 (NEIL3) glycosylase dependent pathway and a canonical pathway
dependent on 22 FANC gene products so called because mutations in these genes cause
the genome instability syndrome Fanconi anaemia (FA) (Kottemann and
Smogorzewska, 2013; Semlow et al., 2016). Four categories of FANC proteins have been
proposed that classify them based on their functional characteristics as depicted in Table

1 (Semlow and Walter, 2021).
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Table 1. List of FANC proteins

Number Group FANC protein
1 1 M
2 A
3 B
4 C
5 E
6 2 F
7 G
8 L
9 T
10 D2
11 J I
12 P
13 Q
14 D1
15 @)
16 R
17 4 U
18 N
19 S
20 J
21 4
22 A%

Adapted from (Semlow and Walter, 2021).

Alias

SLX4
XPF
BRCA2
RAD51C
RAD51
XRCC2
PALB2
BRCA1
BRIP1
RFWD3
REV7

Function
DNA translocase

E3 ubiquitin ligase for ID
complex

ID complex

XPF-binding protein
Endonuclease (NER)

Recombination

DNA Helicase
E3 ubiquitin ligase
TLS polymerase
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1.1.6.1. Fanconi anaemia pathway

The currently accepted model for FA pathway repair initially requires the
convergence of two replication forks that stall at the site of an ICL (Figure 3) (Zhang et
al., 2015). This model is preferred over a single fork mechanism as it allows cells to
distinguish a permanent ICL lesion from a more transient replication block, such as a
non-covalent stably bound protein that might temporarily arrest one fork but not
ultimately require the engagement of FA repair factors (Semlow and Walter, 2021). The
convergence of replication forks activates the E3 ubiquitin ligase TRAF interacting
protein (TRAIP), which catalyses the polyubiquitylation of the replicative CMG helicase
complex (comprising CDC45, MCM2-7, and GINS) (Wu et al., 2019). Long chain K48-
linked polyubiquitylated CMG is then targeted for unloading from chromatin by the
p97/vasolin-containing protein (VCP) ‘segregase’” complex (Fullbright et al., 2016).
Unloading of CMG from chromatin also facilitates the reversal of one of the converged
forks (Amunugama et al., 2018). Interestingly, it has also been shown that in some
instances the CMG helicase is able to traverse an ICL blocking lesion rather than being
unloaded, in a process dependent on the ATPase activity of FANCM and the repriming
ability of primase and DNA directed polymerase (PRIMPOL) (Gonzalez-Acosta et al.,
2021; Huang et al., 2013). Importantly, however, it has been suggested that the DNA
structures resulting from either fork convergence or CMG traversal present a similar X-
shaped structure that are both funnelled into the same downstream repair processes
(Huang et al., 2013).

The initial stages of this pathway require FANCM which binds a diverse set of
stressed replication fork structures and mediates the recruitment of the FA core complex

(Deans and West, 2009). The FA core complex in turn recruits the FANCD2-FANCI (ID)
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complex and acts as an E3 ligase through the catalytic domain contained in FANCL to
promote ID ubiquitylation in conjunction with the E2 conjugating enzyme FANCT
(UBE2T) (Alpi et al., 2008; Longerich et al., 2009). The unmodified ID complex is
maintained as an open trough-like structure that requires conformational remodelling
to reveal the lysine residues targeted for ubiquitylation which are buried in the N-
terminal interface of the ID heterodimer (Alcon et al., 2020). Mechanistically this occurs
when the ID complex binds the FA core complex which facilitates its partial closure
around DNA by rotating the C-terminal domains of FANCD2 and FANCI towards each
other (Wang et al., 2021). The phosphorylation of FANCI by the ataxia telangiectasia and
Rad3 related (ATR) kinase has also been shown to be important for the conformational
shift from open to closed structure of the ID complex that promotes it ubiquitylation
(Sijacki et al., 2022). ATR phosphorylation and DNA binding leads to the full closure of
the ID complex exposing K561 on the FANCD2 N-terminus which can now be
ubiquitylated causing a subsequent conformational change that locks the ID complex in
position around DNA (Wang et al., 2020). This conformational change additionally
exposes K523 on FANCI allowing for its ubiquitylation which then prevents excessive
deubiquitylation of FANCD2-Ub by the DUB Ubiquitin Specific Peptidase 1 (USP1)
(Lemonidis et al., 2023; van Twest et al., 2017). The dynamic control of ID ubiquitylation
is important for ICL repair as revealed by the fact that cells deficient for USP1 display
sensitivity to crosslinking agents (Oestergaard et al., 2007). A key function of the
ubiquitylated ID complex is to promote ICL unhooking from one of the DNA strands by
recruiting endonucleases that make incisions in the phosphodiester DNA backbone
either side of an ICL. This is achieved by recruiting the scaffolding protein FANCP
(SLX4) which in turn contacts the structure specific flap nuclease XPF-ERCC1 that incises

the DNA backbone upstream of an ICL (Klein Douwel et al., 2014). The candidate
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nuclease proposed to make the 3’ incision the other side of the ICL is SNM1A, but there
may be some functional redundancy with FAN1, SLX1, or MUS81 nucleases (Semlow
and Walter, 2021).

Following ICL unhooking the FA pathway employs the translesion DNA
synthesis (TLS) polymerases REV1 or POLC to both insert a nucleotide opposite an
unhooked ICL and to perform DNA synthesis to extend the leading strand past the ICL
lesion (Budzowska et al., 2015; Roy and Scharer, 2016). Once extended, the lefthand
leading strand is then ligated to an Okazaki fragment generated by the righthand
converging fork (Roy and Scharer, 2016). The two-ended DSB on the opposite strand
generated by ICL unhooking is then repaired by homologous recombination (HR) using
the canonical molecular machinery (see section 1.1.8.4) (Long et al., 2011). TLS and HR
restore intact DNA strands but leaves the unhooked ICL adduct attached to the DNA
strand that was not incised. This monoadduct is therefore thought to be repaired by a

downstream NER pathway (Muniandy et al., 2010).

1.1.6.2. NEIL3 pathway

An alternative ICL repair pathway that processes a subset of lesions is the NEIL3
pathway which, instead of incising the phosphodiester backbone of DNA, directly
cleaves the N-glycosyl bond that constitutes the ICL itself (Figure 3) (Semlow et al.,
2016). This pathway therefore circumvents the generation a potentially deleterious DSB
but is precluded from acting on certain ICL lesions that significantly distort DNA, such
as those induced by cisplatin, which must be repaired by the FA pathway (Huang et al.,
1995). NEIL3 has therefore predominantly been seen to process the simpler ICLs arising
from psoralen treatment or AP lesions (Semlow et al., 2016). The NEIL3 pathway is

initiated upon replication fork convergence on an ICL in a similar manner to the FA
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pathway. However, whereas the FA pathway requires p97/VCP-mediated CMG
unloading triggered by extensive long chain polyubiquitylation, short ubiquitin (Ub)
chains are sufficient to engage NEIL3 via its NPL4-type zinc finger (NZF) ubiquitin-
binding domain (UBD) (Wu et al., 2019). NEIL3 catalysed cleavage of an ICL yields an
AP site that is filled in by the action of a TLS polymerase such as REV1-POLC
(Budzowska et al., 2015). The relative simplicity of the NEIL3 pathway compared to the
FA pathway and its requirement for shorter CMG polyUDb chains means it is the initially
prioritised ICL repair pathway. However, if NEIL3 cannot process an ICL lesion, Ub
chains on CMG are extended by TRAIP and repair is directed to the FA pathway (Wu et

al., 2019).
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Figure 3. Fanconi anaemia and NEIL3-dependent ICL repair pathways

a-f) Depicts the fork convergence model of FA pathway repair of ICLs which is driven
by the TRAIP-dependent ubiquitylation of the CMG helicase with long Ub chains. The
pink and green arrowheads in panel e) indicate the location of the ICL unhooking
incisions made in the phosphodiester backbone by XPF-ERCC1-SLX4 and SNMI1A
structure specific nucleases. f) following ICL unhooking the FA pathway proceeds with
TLS and HR to repair the resulting ssDNA gap (downstream TLS and HR steps are not
depicted here). g-1) Depicts the NEIL3 ICL repair pathway that is triggered by shorter
chain ubiquitylation of CMG following replication fork convergence. In contrast to the
FA pathway, NEIL3 directly cleaves the N-glycosl bond of an ICL itself depicted by the
blue arrowhead in panel h), preventing the need to generate a deleterious DSB. i) If
NIEL3 is not able repair an ICL, ubiquitin accumulates on the CMG helicase and repair
is channelled towards the FA pathway instead. Figure created using BioRender.com

with reference to (Semlow and Walter, 2021).
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1.1.7. DNA-protein crosslink repair

Covalent DNA-protein crosslinks (DPCs) are bulky lesions that pose a significant
threat to genome integrity and cell viability as their size impairs processes that must
traverse DNA such as transcription and DNA replication (Weickert and Stingele, 2022).
Some DPCs can be adaptive, however, such as that formed between 5-
hydroxymethylcytosine binding, ES cell specific (HMCES) and an AP site which shields
it during DNA replication (Mohni et al., 2019). DPCs are heterogenous in nature but can
be broadly classified into three categories based on the origin of their formation -
enzymatic DPCs, non-enzymatic DPCs, and DPC-like trapped proteins — which are

described in more detail below (Stingele et al., 2017).
1.1.7.1. Enzymatic DPCs

Enzymatic DPCs form when a covalent reaction intermediate is stabilised between
DNA and a processing enzyme, prominent examples of which are TOP1, topoisomerase
2 (TOP2), and DNA-methyltransferase 1 (DNMT1) (Stingele and Jentsch, 2015). This can
occur spontaneously or through the action of targeted therapeutic molecules.

TOP1 relieves the torsional stress in DNA molecules created during transcription or
replication by generating a nick in one of the DNA strands allowing it to relax by freely
rotating and then ligating the break together again (Pommier et al., 2016). TOP1 is
covalently linked to the 3’ end of the nicked DNA strand via its active site tyrosine
residue in a transient intermediate known as the TOP1cc that persists until the SSB is re-
ligated, at which point TOP1 is released (Champoux, 2001). Any process that prevents
re-ligation, however, traps TOP1 as a covalent DNA bound intermediate thereby
generating a stable DPC. For example, the TOP1 inhibitor camptothecin and its

derivatives topotecan and irinotecan stabilise the TOP1cc by intercalating at the TOP1-
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DNA interface, while the release of TOP1 can also be prevented by naturally occurring
DNA lesions that cause a distortion in the DNA molecular structure (Liu et al., 2000a;
Pommier, 2006; Pourquier et al., 1997).

Stabilisation of TOP2’s reaction intermediate similarly leads to the formation of a
DPC. Conversely, however, TOP2 acts as a homodimer to create nicks in opposing DNA
strands thereby generating a DSB with 5’ ends covalently bound by TOP2 (Chen et al.,
2013). This allows superhelical tension to be relieved by passing another DNA strand
through this gap. Several commonly used chemotherapeutic agents such as etoposide
and doxorubicin can stabilise the transient TOP2 covalent complex thereby generating a
DPC (Nitiss, 2009).

Cytotoxic DPCs can also be formed with the methyltransferase DNMT1 when cells
are treated with the cytosine analogue 5-aza-2'-deoxycytidine (5-aza-dC), which acts as
a pseudosubstrate for DNMT1 and traps its covalent reaction intermediate during

methylation (Maslov et al., 2012).

1.1.7.2. Non-enzymatic DPCs

In addition to enzymatic sources of DPCs, potentially any protein in the vicinity of
DNA can become covalently trapped due to the action of a crosslinking agent, which can
have an endogenous or exogenous origin (Weickert and Stingele, 2022). Endogenous
sources of crosslinking agents include acetaldehyde produced during ethanol
metabolism, metabolically produced formaldehyde, and ROS which generate reactive
free radical species (Barker et al., 2005; O'Brien et al., 2005). Exogenous crosslinkers
include the commonly used platinum-based therapeutic agents cisplatin, carboplatin,

and oxaliplatin, which in addition to ICL formation can generate DPCs (Chvalova et al.,
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2007). Additionally, DPCs are formed by UV light and ionising radiation (IR) especially

under hypoxic conditions (Zhang et al., 1995).
1.1.7.3. DPC-like trapped proteins

A final category of DPCs are those induced by PARP inhibitors (PARPi) such as
olaparib, talazoparib, niraparib and rucaparib which trap PARP enzymes on DNA
(Murai et al., 2012). While trapped PARP enzymes are not bona fide DPCs since they lack
a covalent linkage to DNA, they nevertheless are bound tightly enough to be
functionally equivalent and impose the same consequences on transcription and
replication (Stingele et al., 2017). Significantly, trapping of PARP has been suggested to
be a key mediator of PARPi efficacy with the cytotoxic effect of the different inhibitors
correlating with their trapping efficiency (Hopkins et al., 2015).

Cells have evolved a wide range of repair pathways that target each of the three
components of a DPC that allow them to respond to the diverse range of crosslinked
proteins (Kuhbacher and Duxin, 2020). These broadly involve hydrolysis of the DNA-
protein crosslink itself, nuclease-dependent repair, and protease-dependent repair

described below.
1.1.7.4. Protease-mediated repair

The protease-mediated repair of DPCs is initiated when a translocating replicative
CMG helicase encounters a trapped protein on the leading strand, causing it to stall (Fu
et al., 2011). Stalling of CMG triggers the polyubiquitylation of the DPC by the E3 ligase
TRAIP which promotes its bypass (Larsen et al., 2019). Bypass of the DPC by CMG is
facilitated by the 5’ to 3’ helicase regulator of telomere elongation helicase 1 (RTEL1)
which is thought to travel along the undamaged lagging strand and unwind DNA

downstream of the DPC (Sparks et al., 2019). The precise molecular details of CMG
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bypass are incompletely understood, but may involve the opening of a side channel in
the hexameric ring structure of its minichromosome maintenance (MCM)2-7 subunit to
allow the DPC to pass through. The bypass of CMG uncouples the replication machinery
since replicative polymerases cannot bypass a DPC in the same fashion, resulting in
extended ssDNA creation which is rapidly bound by RPA (Duxin et al., 2014). This
ssDNA bound RPA then recruits the E3 ligase ring finger and WD repeat domain
3 (RFWD3) which further ubiquitylates the DPC stimulating its degradation (Gallina et
al., 2021). RFWD3 also ubiquitylates surrounding factors which contributes to the
recruitment of TLS polymerases required for the latter stages of DPC repair (Gallina et
al., 2021). In order to facilitate downstream repair processes the trapped protein must be
‘debulked’” through proteolytic degradation carried out predominantly by the
overlapping functions of the SPRTN protease and proteasome-mediated degradation
(Larsen et al., 2019). Other proteases have also been implicated in DPC debulking such
as the PCNA-interacting serine protease FAMI111A, which has been shown to be
important for removing trapped PARP1 and TOP1 enzymes (Kojima et al., 2020). SPRTN
protease activity is promoted by the presence of a ssDNA-dsDNA junction provided by
a stalled replication fork, while proteasomal degradation requires DPC
polyubiquitylation (Reinking et al., 2020). More recently, it has been reported that the
SPTRN-mediated cleavage of a DPC is facilitated by the unfolding of the protein adduct
by the FANC] helicase (also known as BRIP1) (Yaneva et al., 2023). Proteolysis reduces
the size of a DPC allowing access by the TLS machinery to perform DNA synthesis across
the remaining linked peptide. FANC] has also been shown to facilitate TLS even when

DPC degradation is blocked (Yaneva et al., 2023).
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1.1.7.5. Repair by DPC hydrolysis

Two enzymes, TDP1 and TDP2, have evolved specifically to deal with the DPCs that
form during the abortive action of TOP1 and TOP2 respectively, by cleaving the
phosphodiester bond between a DNA terminus and the active site tyrosine residue of a
TOP enzyme (Pommier et al., 2014). The tyrosyl-DNA linkage that TDP1 acts on is
occluded by the bulk of the TOP1 enzyme and therefore requires processing to gain
access (Lin et al., 2008). Degradation occurs by initial small ubiquitin-like modifier
(SUMO)ylation followed by polyubiquitylation by a SUMO-targeted E3 ligase such as
RNF4 which triggers proteasomal cleavage (Liu et al., 2021; Sun et al., 2020a). TDP1 then
hydrolyses the tyrosyl-DNA phosphodiester bond creating a SSB whose repair occurs
according to the pathway describe in section 1.1.5 above. The bonds between DNA and
a trapped TOP2 dimer occur on the 5’ ends of DNA which are cleaved by TDP2 (Cortes
Ledesma et al., 2009). Proteasomal degradation of TOP2 also occurs following
SUMOylation and polyubiquitylation as for TOP1, but accessory factors such as the
SUMO E3 ligase ZATT can also remodel the TOP2 DPC to allow access by TDP2 (Gao et
al., 2014; Schellenberg et al., 2017). Cleavage by TDP2 generates a DSB with canonical 5'-
P termini that can be ligated by the classical NHE] repair pathway described in section

1.1.8.1 (Gomez-Herreros et al., 2013).
1.1.7.6. Nucleolytic repair

Classical DSB repair nucleases such as the MRN nuclease complex (composed of
MRE11-RAD50-NBS1) can be repurposed for DPC repair (Neale et al., 2005). Protein
adducts at the end of DNA stimulate the activity of MRN and this stimulation appears
to be independent of the nature of the DPC (Deshpande et al., 2016). MRN activity is

restricted to DNA ends by a ring-to-rod conformational transition whereby the MRE11
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nuclease moves through the ring formed by two RAD50 subunit coiled coil domains
which locks it in place next to a DPC and stimulates its nucleolytic activity (Kashammer
et al., 2019). A nick is made on one DNA strand which is then resected in the 3' to 5’
direction, at which point a second endonucleolytic incision is made to generate a DSB
that frees the DPC adduct and allows for repair by canonical DSB repair mechanisms

(Hoa et al., 2016).
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1.1.8. Double strand break repair

While SSBs occur relatively commonly in cells, the generation of DSBs, while rarer,
pose a far more cytotoxic threat (Tounekti et al., 2001). Indeed it is thought that a single
unrepaired DSB is sufficient to lead to the death of a cell (Trenner and Sartori, 2019).
Numerous repair pathways, therefore, have evolved to combat DSB formation and

preserve genomic integrity which are reviewed below (Figure 4).
1.1.8.1. Non-homologous end joining

The two major pathways of DSB repair are classical non-homologous end joining
(NHEJ) and HR. NHE] repairs the majority of DSBs in mammalian cells and is the
favoured repair pathway throughout G1 and G2 phase of the cell cycle, while HR is used
in S and G2 phase when there is the presence of actively replicating chromosomes and
sister chromatids (Beucher et al., 2009; Karanam et al., 2012). NHE] is deprioritised
during S phase as repair of one-ended DSBs, resulting from collapsed replication forks,
can result in deleterious chromosomal rearrangements by ligating DNA ends from
different chromosomes (Scully et al., 2019). NHE] has traditionally been seen as an error
prone repair mechanism that leads to the formation of indel mutations due to the lack of
an intact homologous template, a fact that is exploited by CRISPR-Cas9 gene editing
(Hsu et al., 2014; Nambiar et al., 2022). However, it has been suggested that NHE] is
actually a highly accurate and efficient process, with indel formation being accounted
for by the requirement to process some chemically and structurally incompatible ends
rather than an inherent feature of the NHE] machinery (Betermier et al., 2014).

NHE] is initiated by the binding of DSB ends by the Ku70/80 heterodimer, a toroidal
ring-shaped structural complex that wraps around DNA (Mahaney et al., 2009; Walker

et al,, 2001). Ku70/80 predominantly provides a platform for the recruitment and
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activation of downstream NHE] repair factors, but also acts to protect DSB ends from
unwinding and resection by helicases and nucleases respectively (Ciccia and Elledge,
2010). The Ku70/80 heterodimer loads and activates the catalytic subunit of the
phosphatidylinositol 3-kinase-related kinase (PIKK) DNA-dependent protein kinase
(DNA-PK) (DNA-PKcs) forming a large holoenzyme that tethers broken DNA ends and
promotes synapse formation (Graham et al., 2016). DNA-PKcs is autophosphorylated
following binding to DSB ends which promotes the formation of short-range synaptic
complexes that allow for the re-ligation of DNA ends (Graham et al., 2016).
Autophosphorylation has also been shown to promote DNA-PKcs dissociation from the
Ku70/80 heterodimer and may serve as a way to promote DNA-PK complex disassembly
from DNA ends to allow access by end processing factors such as ARTEMIS (Dobbs et
al., 2010; Hammel et al., 2010). Autophosphorylation at different residue clusters on
DNA-PKcs has also been suggested to control the extent of end processing at DSB ends
and therefore the choice between NHE] and HR pathways; with phosphorylation at the
T2609 “ABCDE” cluster exerting a stimulatory effect while phosphorylation of the S2056
“PQR” cluster prevents excessive end processing (Jiang et al., 2015; Shrivastav et al.,
2008).

Ligation of DNA ends is carried out by DNA ligase 4 (LIG4) in conjunction with its
stable binding partner X-ray repair cross-complementing protein 4 (XRCC4) (Critchlow
et al., 1997; Grawunder et al., 1997). Ligation is also promoted by the interactions of the
core NHE] factors XRCC4-like factor (XLF) and paralog of XRCC4 and XLF (PAXX),
which play a partly redundant role as demonstrated by a synthetic lethal interaction
between the two proteins (Ahnesorg et al., 2006; Balmus et al., 2016; Lescale et al., 2016;
Ochi et al., 2015). DSB ends that are not immediately amenable to ligation can be

processed by NHE] accessory factors such the nuclease ARTEMIS to trim incompatible
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ends, POLu and POLA to add nucleotides, and TDP1 and PNKP to process modified

nucleotides that block ligation (Zhao et al., 2020).
1.1.8.2. Alternative end joining

Cells also employ an alternative form of NHE] (alt-EJ) which utilises distinct
molecular machinery (i.e. not requiring Ku, XRCC4, or LIG4) that can be used as a
backup repair mechanism if classical NHE] fails or in cells with an NHE] deficiency (Sfeir
and Symington, 2015). Alt-EJ also encompasses the pathways of microhomology-
mediated end joining (MME]) and DNA polymerase-theta(POLO)-mediated end joining
(TME]), but in eukaryotic cells an overall definition has been suggested to satisfy the
following criteria: end joining that is independent of classical NHE] machinery, utilises
resected 3" overhangs, favours the presence of short microhomologies flanking the DSB
site, and predominantly engages POLO (Ramsden et al., 2022). The reliance of alt-EJ
pathways on POLO and the observed depletion of microhomology associated deletions
that typically define MME] in POLO-deficient cells has led to some authors arguing for
these pathways to be subsumed under the TME] term (Wyatt et al., 2016). However, for
clarity the process will be described as alt-E]J for the remainder of this section.

Repair of a DSB by alt-E] proceeds according to the stages of DNA end recognition,
end pairing and microhomology search, trimming of non-homologous tails, DNA
synthesis from microhomology regions, and resolution. Processing of DSB ends by
nucleases such as MRN or CtIP is required for the initiation of alt-EJ and is one of the
factors that shifts pathway choice away from NHE] and towards alt-EJ or HR repair
(Truong et al., 2013; Xie et al., 2009). In mammals it has been suggested that resected
overhangs of ~30-70 nucleotides promotes the choice of alt-E] over NHE] (Wyatt et al.,

2016). ssDNA regions of resected ends are bound by the RPA complex which removes
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secondary structure from ssDNA and prevents the annealing of homologous regions
contained within overhangs themselves (Deng et al.,, 2015). RPA thus imposes an
inhibitory barrier to alt-E] progression which is overcome by the activity of the helicase-
like HelD domain of POLO which functions to displace RPA from ssDNA and allow for
the subsequent stages of end pairing and microhomology search (Mateos-Gomez et al.,
2017). Interestingly, HMCES may also play a role in the RPA removal stage as it was
shown to bind to ssDNA overhangs and promote alt-E]J (Shukla et al., 2020). The activity
of PARP1 has also been implicated in the recruitment of alt-EJ factors and synapse
formation between DSB ends in experiments in mammalian cells deficient in classical
NHE] components (Audebert et al.,, 2004, Mansour et al., 2010; Wang et al., 2006).
Interestingly, FANCD2 has also been shown to promote the recruitment of POLO to sites
of DSBs and repair via alt-E] in a BRCA1/2 deficient, and therefore HR deficient,
background (Kais et al., 2016).

Following displacement of RPA by POLO HelD activity, 3’ overhangs are paired and
if microhomology regions are present within the overhangs they are annealed. Studies
in vitro and in mammalian cells have demonstrated that alt-E]J is completed efficiently
when regions of microhomology are 3 bp or longer and are located within 15 nucleotides
of the DSB end (Carvajal-Garcia et al., 2020; He and Yang, 2018). The incidence of such
microhomologies is expected to be quite common, however, with a theoretical frequency
of 93% in break site flanking regions comprised of random 15 bp sequences (Carvajal-
Garcia et al., 2020). Since regions of microhomology are unlikely to be located at the
proximal ends of 3' overhangs their pairing often results in non-homologous
overhanging flaps which must be removed for efficient alt-E] (Ramsden et al., 2022).
Candidate nucleases for this function include the 3’ nuclease contained in the PolD

domain of POLO which would allow spatiotemporal coupling of its nuclease activity to
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its subsequent DNA synthesis activity, or the 3’ flap endonuclease complex XPF-ERCC1,
deficiency of which has been seen to reduce alt-E] in mammalian cells (Bennardo et al.,
2008; Zahn et al., 2015).

The single-strand regions surrounding annealed microhomology regions are filled
in by the action of POLO’s PolD domain which possesses template-dependent, low
processivity, error-prone polymerase activity (Arana et al., 2008; Hogg et al., 2011). It is
thought that POLO activity alone is insufficient to complete the gap-filling synthesis
required for alt-E] and other more highly processive polymerases such as POLd are
therefore employed to complete this step (Layer et al., 2020). The final ligation step of
alt-EJ that resolves the DSB is thought to predominantly be carried out by LIG3 with

LIG1 functioning as a backup enzyme (Masani et al., 2016; Simsek et al., 2011).
1.1.8.3. Single strand annealing

An additional pathway for repairing DSBs is single-strand annealing (SSA) that,
similarly to alt-EJ, involves the formation of a synapse between broken DNA ends via
the annealing of homologous regions that flank the break site. Repair via SSA proceeds
along broadly similar lines to alt-E]J involving the steps of DSB end resection, annealing
of homologous regions flanking the break site, removal of 3’ flaps, gap filling DNA
synthesis, and ligation to seal nicks (Bhargava et al., 2016). SSA differs from alt-EJ,
however, in the extent of end resection that initiates the pathway, the nature of the
homologous repeats used, and the factors that are engaged in the respective pathways.
A key difference between the two pathways is the use of longer regions of homology in
SSA compared to alt-EJ, with direct repeats of ~30-400 bp being using in SSA compared
to just ~3 bp in alt-EJ (Lin et al., 1984; Sugawara et al., 2000). The choice of pathway

between SSA and alt-E] pathways is therefore partly driven by the extent of end resection
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that occurs at a DSB, with SSA requiring a greater level of resection to reveal the larger
homologous regions required for its annealing step (Symington, 2016). Interestingly,
disruption of PARP signalling via inhibition with olaparib showed no effect on SSA,
while a marked decrease in alt-E] was observed, suggesting a distinct role for PARP in
the latter pathway as discussed above (Howard et al., 2015). Conversely, a key mediator
of homology annealing and synapse formation in SSA is RAD52, whose function is
largely dispensable in alt-E] (Bhargava et al., 2016; Van Dyck et al., 1999). RAD52 also
stimulates the activity of the XPF-ERCC1 3’ flap nuclease complex, which functions to
remove the unannealed, non-homologous sequences flanking the break site in a similar
manner to alt-EJ and which is required for efficient completion of SSA (Al-Minawi et al.,
2008; Motycka et al., 2004). After processing of 3’ flaps the SSA pathway completes by
gap filling DNA synthesis and ligation of DNA ends to seal nicks. However, these stages
remain less well characterised than the terminal stages of alt-E] with the precise factors
utilised currently unknown. Various authors have hypothesised that POLd and LIG1
utilised in alt-E]J are potential candidates for the functions of gap filling and end ligation
respectively in SSA (McVey et al.,, 2016; Vu et al., 2022).

A factor that exerts an inhibitory effect on the annealing of complementary ssDNA
by RAD52 is RAD51 which thereby limits SSA and promotes repair via HR as described
below (Wu et al.,, 2008). Like the HR pathway, SSA also requires the resection of DSB
ends so it is likely that this pathway is restricted to S/G2 phase when the cyclin-
dependent kinase (CDK) controlled nucleases responsible for end resection, such as
CtIP, are active (Huertas and Jackson, 2009). It is possible that the SSA pathway therefore
functions during S phase when there is active resection, but not always the presence of
a sister chromatid required for efficient HR repair (Bhargava et al., 2016; Johnson and

Jasin, 2000). Interestingly, while repair of replication-independent DSBs via SSA is
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obligatorily error-prone due to the removal of the intervening sequence between
homologous repeats, it has been suggested that SSA repair at stalled replication forks
may in fact be error-free. This is proposed to be because stalled replication forks have a
tendency to generate tandem duplications via the aberrant restart of replication which
can result in the end-on-end joining of sequences duplicated by converging replication
forks by NHE]J (Willis et al., 2017). Therefore, the action of SSA to anneal tandem
duplications and remove the intervening sequence reverts aberrantly duplicated

sequences to their original form and maintains genomic fidelity (Scully et al., 2019).
1.1.8.4. Homologous recombination repair

In contrast to the end joining pathways described above, repair of DSBs via HR
involves the templated repair from an intact homologous DNA molecule allowing for
the potentially error-free resolution of damage (Takata et al., 1998). In somatic cells the
sister chromatid is preferentially used as the recombination template due to its close
physical alignment and sequence identity, which prevents the loss of heterozygosity that
would occur if the homologous chromosome of a diploid cell was used (Kadyk and
Hartwell, 1992). The initial step of HR is the 5 to 3’ resection of DSB ends to generate 3’
ssDNA overhangs that serve as a platform for the downstream formation of RAD51
nucleoprotein filaments that mediate the HR-defining features of template duplex DNA
strand invasion and homology search (San Filippo et al., 2008). End resection is initiated
in a ‘short-range’ process by the MRN complex which generates a nick on the 5'-
terminated strand up to 300400 bp away from the break site and then utilises 3’ to 5’
exonuclease activity to extend this resection back to the DSB site (Symington, 2016).
Localisation of MRN to DSB sites also activates the ataxia-telangiectasia mutated (ATM)

kinase which serves as an apical coordinator of the DSB repair response (Dupre et al.,
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2006; Lee and Paull, 2004). A crucial cofactor of MRN, required for efficient ‘short-range’
resection, is CtIP which additionally tethers resection activity, and thus HR, to S/G2
phase of the cell cycle due to its requirement to be activated by phosphorylation by CDKs
(Huertas and Jackson, 2009; Sartori et al., 2007). CtIP phosphorylation by ATM is also
required for resection in human cells (Wang et al., 2013). A consequence of the 3’ to 5’
exonuclease activity of MRN is to strip bound proteins from 3’ ssDNA overhangs
allowing for access by downstream HR factors. It is thought that MRN—-CtIP mediated
short-range resection also helps to remove the NHE] factor Ku70/80 from DSB ends,
thereby channelling repair towards the HR pathway (Chanut et al., 2016).

After initial short-range resection, longer-range unwinding and resection of the 5’
strand is carried out by the partially overlapping functions of the EXO1 and DNA2
nucleases and Bloom Syndrome RecQ-like helicase (BLM) and Werner Syndrome RecQ-
like helicase (WRN) helicases to generate long 3’ ssDNA overhangs (Gravel et al., 2008;
Mimitou and Symington, 2008; Nimonkar et al., 2011; Sturzenegger et al., 2014; Zhu et
al., 2008). While not strictly necessary for the progression of HR, it is thought that long-
range resection is important to ensure the accurate pairing of repetitive sequences to
sister chromatid templates and to promote robust activation of ATR by regions of RPA-
coated ssDNA that prevents premature entry into mitosis (Chung et al., 2010).
Accordingly, the 3’ ssDNA tail generated by end resection is rapidly bound by the
heterotrimeric RPA complex composed of RPA1, RPA2, and RPA3, which removes
secondary structures from the ssDNA and prevents premature metabolism or off-target
interactions with the resected end (Ciccia and Elledge, 2010; Wold, 1997).

The next stage of HR involves the displacement of RPA by RAD51 to form a dynamic
nucleoprotein filament that subsequently mediates the homology search for an

appropriate repair template (Benson et al., 1994; West, 2003). To overcome the barrier to
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ssDNA access imposed by the higher affinity binding of RPA, RAD51 binding requires
the concerted action of breast cancer 1 (BRCA1)-BRCA1l-associated RING domain 1
(BARD1), partner and localizer of BRCA2 (PALB2), and breast cancer 2 (BRCA2)
(Tarsounas and Sung, 2020). BRCA1-BARD1, through its interaction with PALB2,
functions to recruit BRCA2 whose interaction with ssDNA and RAD51 monomers
tacilitates nucleofilament formation by competing with RPA for ssDNA binding (Jensen
et al., 2010; Sy et al., 2009; Thorslund et al.,, 2010; Zhang et al., 2009). The BRCA2
associated factor DSS1 has also been shown to promote the exchange of RPA for RAD51
on ssDNA (Zhao et al., 2015). The dual roles of BRCA1 in promoting end resection
(discussed below) and RAD51 nucleofilament assembly suggest that BRCAI
functionally couples these processes to ensure the timely loading of RAD51 (Chen et al.,
2018). RAD51 nucleofilaments, also known as “presynaptic complexes’, perform the
central functions of homology search and strand invasion in HR and their assembly is a
dynamic process that is tightly regulated by the action of mediator proteins that promote
nucleofilament assembly and anti-recombinogenic helicases that disrupt RAD51 binding
(Heyer et al., 2010). While the precise mechanism of homology search is still
uncharacterised it is thought that presynaptic complexes make multiple temporary
contacts and randomly probe targets in the genome until a homologous region is
identified (Renkawitz et al., 2014). This process is aided by the observed increase in
mobility of broken DNA ends (Mine-Hattab and Rothstein, 2012). Once RADb51
nucleofilaments invade the duplex DNA of an homologous template they facilitate the
base pairing to complimentary sequences forming a heteroduplex ‘synaptic complex” in
a process that is promoted by an additional function of BRCA1-BARD1 (Zhao et al.,
2017). Stabilisation of the synaptic complex resulting from sufficient base pairing with

the invading strand leads to the formation of a displacement loop (D-loop) in the
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homologous template creating a heteroduplex region of DNA (San Filippo et al., 2008).
D-loops are further stabilised by RPA binding to the displaced ssDNA and removal of
RADS51 from heteroduplex DNA by the translocase RAD54 (Eggler et al., 2002; Wright
and Heyer, 2014).

Following D-looop formation, the 3’ end of the invading strand can then act to prime
DNA synthesis using the invaded sister chromatid DNA as a template in a process
known as gene conversion, which allows for the maintenance of gene sequence fidelity
(McVey etal., 2016). Itis thought that POLD is the key polymerase that carries out nascent
strand synthesis during HR, but TLS polymerases such as POLn have also been
implicated to a lesser degree (Sneeden et al, 2013). Experiments performed in
Drosophilia and yeast suggest that DNA synthesis is regulated by multiple rounds of
RAD51-mediated strand invasion, short DNA synthesis, and displacement of the D-
loop, thereby limiting the extent of gene conversion (McVey et al., 2004; Smith et al.,
2007). The resolution of D-loop structures can occur via various pathways that are
considered below.

Synthesis-dependent strand annealing (SDSA) is the predominant repair pathway in
somatic cells and occurs when the invading strand of a D-loop is displaced following
synthesis and the nascent strand anneals with the second end of the DSB (Sung and
Klein, 2006). Since no Holliday junction is formed, SDSA is therefore a conservative
pathway that precludes the possibility of crossover events.

In contrast to SDSA, the canonical HR repair pathway, which functions chiefly
during meiosis, involves the capture of the second DSB end by the D-loop and formation
of a double Holliday junction (dHJ) structure, which can then be resolved by three
distinct pathways that result in crossover or non-crossover events (Duckett et al., 1988;

West et al., 2015). The first, preferentially utilised pathway, is a ‘dissolution” mechanism
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that utilises the BTR complex (comprising BLM, TOP3a, RMI1, and RMI2) that mediates
the convergent branch migration of the two HJs and decatenation without the generation
of crossover events (Bizard and Hickson, 2014; Wu and Hickson, 2003). The remaining
two pathways are nucleolytic pathways that employ the structure specific nucleases
SLX1-SLX4-MUS81-EME1 (SLX-MUS complex) or GENI to create asymmetric or
symmetric incisions respectively in the dH]J structure and resolve breaks in a way that
can either lead to crossover or non-crossover events (Rass et al., 2010; Sarbajna et al.,
2014; Wyatt et al., 2013).

A third pathway for restoring DSBs is break-induced replication (BIR) which usually
occurs when there is a lack of a second DSB end, such as that results from a collapsed
and broken replication fork (Sakofsky and Malkova, 2017). BIR results in unrestrained
nascent strand synthesis which proceeds via a migrating bubble mechanism resulting in
conservative DNA synthesis that can run the whole length of the template to the
telomere ends (Saini et al., 2013). BIR is a highly inaccurate and mutagenic process that
can lead to the loss of heterozygosity of the regions downstream of a DSB and so is not

favoured in most instances when there is a second DSB end present (Deem et al., 2011).
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Figure 4. Double-strand break repair pathways

The choice of DSB repair pathway depends on cell cycle dependent factors and the extent
of DNA end resection at a break site. a) The majority of DSBs are repaired by the NHE]
pathway, which is active throughout most of the cell cycle and involves the direct
ligation of broken DNA ends by XRCC4-LIG4 together with XLF or PAXX following
end recognition by the Ku70/80 heterodimer. b) DSB repair pathways dependent on

homology-directed repair are initiated by MRN—-CtIP resection which is restricted to S-
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phase of the cell cycle. f) This short-range resection is sufficient to promote POLO driven
alt-NHE] which relies on very small (=3 bp) regions of microhomology to facilitate
strand annealing. ¢) Alternatively, BLM-DNA2 helicase-nuclease and EXO1 nuclease
may promote longer range resection to generate ssDNA overhangs that are bound by
RPA and facilitate d) HR repair and e) SSA that requires more extensive regions of
homology. d) In HR repair the generation of RAD51 nucleofilaments, aided by the
actions of BRCA1, PALB2, and BRCAZ2, facilitates strand invasion and homology search
in a sister chromatid that can be utilises as a repair template to restore the accurate DNA
sequence. e) RAD52 on other hand facilitates the pairing of homologous regions found
near a break site on the same strand of DNA which restore integrity but results in the
deletion of sequences that intervene regions of homology. Figure created using

BioRender.com with reference to (Groelly et al., 2023).

1.1.8.5. Choice of repair pathway

A key determinant in the choice between NHE] and HR pathways is the initiation of
DNA end resection which is driven in part by the competing actions of BRCA1-BARD1
and p53-binding protein 1 (53BP1), which act to promote and antagonise DSB end
resection respectively (Cejka and Symington, 2021; Scully et al., 2019). The engagement
of these factors has been shown to depend on the chromatin context of a DSB with
BARD1 and 53BP1 being readers of histone H2A lysine 15 (H2AK15) ubiquitylation and
histone H4 lysine 20 (H4K20) methylation status. 53BP1 binds H2AK15Ub, laid down by
RNF168, and H4K20me2 where it recruits RIF1 and REV7, SHLD1, SHLD2 and SHLD3

that make up the ‘shieldin” complex which inhibits end resection by the binding of

43



Chapter 1 - Introduction

SHLD2 to ssDNA via oligonucleotide/oligosaccharide binding (OB)-fold domains
(Botuyan et al., 2006; Fradet-Turcotte et al., 2013; Noordermeer et al., 2018). Resection is
also countered by the 53BP1-dependent fill-in DNA synthesis by POLa that limits the
amount of ssDNA generated at a DSB and therefore inhibits RAD51 filament assembly
(Mirman et al., 2022; Paiano et al., 2021). BRCA1 is similarly recruited to DSB sites
through its binding partner BARD1 which binds to RNF168-dependent H2AK15Ub via
a BRCT-domain-associated ubiquitin-dependent recruitment (BUDR) motif (Becker et
al.,, 2021; Krais et al., 2021). Crucially, however, BARDI1 recognises unmethylated H4K20
rather that its di-methylated counterpart found in mature chromatin, which restricts
BRCA1-BARD1 recruitment to nascent chromatin in proximity to active replication forks
(Nakamura et al., 2019). These chromatin marks together maintain NHE] as the default
repair pathway through most of interphase, but preference the use of HR in the repair
of broken replication forks when the use of NHE] to repair one-ended breaks would
create toxic chromosomal translocations (Balmus et al., 2019). Interestingly, recruitment
of both BRCA1-BARD1 and 53BP1 is inhibited during mitosis therefore requiring the
engagement of other factors to safeguard DSBs during mitosis (Blackford and Stucki,
2020). Accordingly, it was discovered that TOPBP1 is recruited to DSB sites during
mitosis by an interaction with casein kinase 2 (CK2) phosphorylated mediator of DNA
damage checkpoint 1 (MDC1) and together with cellular inhibitor of PP2A (CIP2A)
forms filamentous structures that bridge DSB sites to tether broken chromosomes
together to ensure correct segregation until breaks can be repaired in the next G1 phase
(Leimbacher et al., 2019). Since CK2 phosphorylation of MDC1 is not cell-cycle
dependent, an additional function of CIP2A is to specifically enforce recruitment of

TOPBP1 during mitosis (Adam et al., 2021; De Marco Zompit et al., 2022).
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1.1.8.6. HELQ

A protein with an emerging role in the repair of DSBs is the ATP-dependent 5’ to 3’
helicase POLQ-like helicase (HELQ) (Takata et al., 2013). Loss of the HELQ gene results
in ICL sensitivity and infertility in mice and predisposes cells to become cancerous
(Adelman et al., 2013). HELQ was found to possess strand annealing capability in
addition to its helicase activity that facilitates the pairing of complementary sequences
and therefore promotes the processes of SSA, MME], and the SDSA mode of HR (Kamp
et al,, 2021). Indeed, genetic perturbation of HELQ in cells led to the persistence of
RAD?51 foci following treatment with the ICL inducing agent MMC, and reduced repair
via SSA and MME] in reporter assays (Adelman et al., 2013; Anand et al., 2022). The
activity of HELQ was shown to be regulated by the contrasting actions of RPA and
RADS51 which promote its strand annealing and helicase actions respectively (Anand et
al., 2022). From a mechanistic point of view HELQ is thought to capture RPA coated
ssDNA and displace RPA to facilitate its binding to complementary sequences (Jenkins
et al., 2021). More recently HELQ was shown to physically interact with the POLD
subunit of POLd and restrain DNA synthesis during HR repair, thereby limiting the
extent of long tract gene conversion (LTGC) and DNA duplication thus promoting
genome stability (He et al., 2023). Interestingly, HELQ was identified as a synergistic
interactor of the homologous recombination factor with OB-fold (HROB) which is
proposed to act as a loader for the MCM8-MCM9 helicase complex that functions in a
post-synaptic process during HR, possibly by facilitating D-loop migration (Hustedt et
al.,, 2019). This positions HELQ as a mediator of strand annealing processes downstream
of RAD51 nucleofilament formation that functions redundantly with the HROB-MCMS8-

MCMD9 axis.
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1.2. The replication stress response

One of the most significant threats to genome stability is posed by lesions that lead
to the stalling of replication forks (Ciccia and Elledge, 2010). Replication fork stalling
falls under the broader category of replication stress, which is defined as any process
that causes a deviation from physiological replication fork progression and is caused by
a wide range of genotoxic lesion types with endogenous and exogenous sources (Saxena
and Zou, 2022). Endogenous sources of fork stalling lesions include the misincorporation
of ribonucleotides into replicating DNA, ssDNA gaps, AP sites, transcription-replication
conflicts, RNA-DNA hybrids, DPCs, presence of DNA secondary structures such as G-
quadruplexes, depletion of dNTP nucleotide pools, oncogene driven increases in
replication origin firing, and the presence of inherently hard-to-replicate regions within
the genome (Zeman and Cimprich, 2014). Exogenous sources of fork stalling lesions
include genotoxic chemotherapeutic agents that cause ICL formation such as cisplatin
and MMC, topoisomerase inhibitors such as camptothecin or topotecan, alkylating
agents, or antimetabolites (Ceccaldi et al., 2016; Kuhbacher and Duxin, 2020). Exogenous
physical sources such as IR and UV light can also produce genotoxic insults which lead
to SSB or DSBs, or pyrimidine dimers and 6-4 photoproducts respectively (Ciccia and
Elledge, 2010). Altogether it is estimated that a typical cell may experience up to 10°
spontaneous lesions a day, some of which impose replication stress inducing lesions
(Hoeijmakers, 2009). Moreover, it has been shown that replication stress is higher in
cancer and pre-cancer cells and is a leading cause of genomic instability and
tumorigenesis (Gaillard et al., 2015). To combat replication stress, cells have evolved an
intricate network of pathways known as DNA damage tolerance (DDT) pathways (Sale,

2012). Importantly, DDT pathways are regulated and dynamically controlled by post-
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translational modifications (PTMs), with ubiquitylation and phosphorylation being

central modifiers (Mirsanaye et al., 2021).

1.2.1. The role of ATR

ATR is the apical PIKK kinase which coordinates the response to replication stress in
cells (Saldivar et al., 2017). In contrast to the ATM and DNA-PK kinases, loss of ATR is
embryonic lethal reflecting its role in responding to a wider range of genotoxic stress
(Brown and Baltimore, 2000). The response of ATR centres on processes that generate
ssDNA (Zou and Elledge, 2003). The encounter of certain lesions by the replisome leads
to replication fork stalling and can lead to the functional uncoupling of the CMG helicase
and replicative DNA polymerases due to the discrepancy in the ability of the two
machineries to bypass lesions (Figure 5) (Byun et al., 2005). While this imposes less of a
burden for lagging strand synthesis due to the ability to reprime and synthesise Okazaki
fragments when a fork stalls; on the leading strand the continued procession of the CMG
helicase without the concomitant activity of DNA polymerases leads to the generation
of large sections of ssDNA (Taylor and Yeeles, 2019). It is thought, however, that certain
lesion types such as ICLs may not lead to significant replisome uncoupling if they stall
both the helicase and polymerase functions. Rather ssDNA may be generated following
fork reversal, a process when nascent DNA strands anneal together to form a four-way
junction, which is susceptible to nucleolytic resection (Neelsen and Lopes, 2015;
Thangavel et al., 2015). In either case, the ssDNA generated is rapidly bound by the RPA
complex which possesses multiple OB-fold domains that allow it to make high-affinity
(Ka = 1019 contacts with ssDNA (Fanning et al., 2006; Kim et al., 1994). RPA bound

ssDNA then acts as a platform to recruit ATR via its obligate binding partner ATR
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interacting protein (ATRIP) (Zou and Elledge, 2003). ATR activity at sites of DNA
damage is then stimulated by two separate factors, TOPBP1 and ETAA1. TOPBP1 is
recruited to ssSDNA-dsDNA junctions via an interaction with the RAD9-RAD1-HUS1
(9-1-1) clamp complex and contacts ATR-ATRIP via an ATR activating domain (AAD)
to stimulate its activity (Delacroix et al., 2007; Kumagai et al., 2006). ETAA1, on the other
hand, is recruited via a direct interaction with RPA and similarly activates ATR via an
AAD domain (Bass et al., 2016; Haahr et al., 2016). Once activated, ATR phosphorylates
a multitude of targets to promote cell cycle arrest, suppress global origin firing while
promoting local dormant origin firing, stimulate dNTP synthesis, and stabilise and

facilitate repair and restart of damaged replication forks (Saldivar et al., 2017).
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Figure 5. Uncoupling of replication forks

a) During normal replication in eukaryotic cells the parental template DNA is unwound
by the CMG helicase complex, and DNA is replicated by the coupled action of a
replicative polymerase (POLd or POLe). This occurs continuously on the leading strand
through the action of POLe but requires repeated priming and engagement of POLS to
generate discontinuous Okazaki fragments on the lagging strand. b) When a replisome
encounters certain types of DNA lesions (indicated by the red triangle) it can result in
the selective stalling of the replicative polymerase, while the CMG helicase is able to
traverse the lesion and continue unwinding the DNA. Whilst on the lagging strand the
inherently discontinuous nature of DNA synthesis can circumvent a polymerase stalling
lesion, on the leading strand this often leads to the aberrant generation of long stretches
of ssDNA that is bound and protected by RPA. Figure created using BioRender.com with

reference to (Cybulla and Vindigni, 2023).
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1.2.1.1. Cell cycle arrest

A central target of ATR phosphorylation is the protein checkpoint kinase 1 (CHK1)
which promotes its activation. Activated CHK1 in turn phosphorylates the CDC25A
phosphatase, promoting its proteasomal degradation, and thereby preventing its
removal of inhibitory phosphorylation marks from CDK1 and CDK2 (Liu et al., 2000b;
Mailand et al., 2000). CHK1 also exerts its cell cycle arrest function by activating the
WEEL1 kinase which promotes the inhibitory phosphorylation of CDK1 (Harvey et al.,
2005; Lee et al., 2001).The inhibition of CDK1 and CDK2 prevents cells from passing the
G2-M and S-G2 cell cycle checkpoints, respectively, resulting in cell cycle arrest and
allowing time for DNA repair before entry into mitosis (Boutros et al., 2006; Zhao et al.,

2002).
1.2.1.2. Regulation of origin firing and dNTP pools

Another central function of the ATR-CHKT1 axis in response to replication stress is
to suppress the firing of replication origins (Saldivar et al., 2017). Origin firing is a two-
step process that involves the licencing of origins in G1 by the loading of the pre-
replication complex (pre-RC) followed by activation of replicative helicase function in S-
phase by loading of the pre-initiation complex (pre-IC) (Fragkos et al., 2015). The pre-RC
is partly made up by the origin recognition complex (ORC), the licencing factor CDT1,
and the hexameric replicative helicase MCM2-7; while the pre-IC complex includes
CDC45, Treslin, the GINS complex, TOPBP1, DDK kinase (also known as DBF4-CDC?),
CDKs, and a replicative polymerase (Fragkos et al., 2015). Importantly, the recruitment
of the pre-IC is dependent on phosphorylation events carried out by DDK and CDK
kinases, while helicase activation requires CDC45 binding. The CHK1-mediated cascade

leading to CDK1 inhibition described above therefore is one way that ATR activation
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suppresses origin firing (Katsuno et al., 2009). CHK1 has also been shown to directly
phosphorylate Treslin, which disrupts its recruitment of CDC45 and thereby limits
origin firing (Guo et al,, 2015). An additional mechanism whereby ATR suppresses
origin firing is its phosphorylation of the MLL methyltransferase which promotes its
stabilisation leading to methylation of histone H3 Lys 4 (H3K4me), which is inhibitory
to CDC45 loading at nearby replication origins (Liu et al., 2010).

A notable feature of ATR’s control of origin firing during replication stress is its
inhibition of origin firing globally, while facilitating local dormant origin firing (Ge and
Blow, 2010). Replication in eukaryotes occurs in clusters of licenced origins termed
‘replication factories” where only a fraction of origins will fire at one time while the
others remain dormant (Hozak and Cook, 1994). It is thought therefore that ATR’s
promotion of dormant origin firing at sites close to a stalled fork allows completion of
replication within these regions, while suppression of global dormant origin firing
ensures that further fork stalling is prevented (Yekezare et al., 2013). The key role of ATR
was demonstrated in experiments where ATR was inhibited in conditions of replication
stress, which was shown to lead to excess ssDNA formation due to unscheduled origin
firing resulting in depletion of the nuclear pool of RPA and ultimately leading to
‘replication catastrophe” and loss of cell viability (Toledo et al., 2013). Another important
function of ATR in response to DNA damage is to upregulate ribonucleoside-
diphosphate reductase subunit M2 (RRM2), which is responsible for the production of
dNTPs from ribonucleotides, thereby maintaining a sufficient nuclear pool of dNTPs for

use in replication and repair (D'Angiolella et al., 2012).
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1.2.2. Lesion bypass by TLS or TS

One process that cells employ to bypass fork stalling lesions is to use low fidelity TLS
polymerases (REV1, POLC, POLk, POLn, and POLu) that are permissive to damaged
templates and allow DNA synthesis to traverse a blocking lesion (Waters et al., 2009).
While this allows DNA replication to proceed, TLS polymerases are inherently
mutagenic and lack 3’ to 5’ proofreading activity, which leads to the accumulation of
mutations that can drive tumorigenesis (Sale, 2013). Regulation of TLS is achieved by
monoubiquitylation of PCNA by RAD18 following DNA damage, which specifically
recruits TLS polymerases since they mostly possess both PCN A-interacting protein (PIP)
box and UBD motifs (Choe and Moldovan, 2017). Recruitment of RAD18 to lesion sites
has also been shown to depend on an interaction with RPA (Huttner and Ulrich, 2008).
Interestingly, a more recent study using Xenopus egg extracts has implicated RFWD3 in
the K63-linked polyubiquitylation of PCNA at stalled forks and shown that this activity
promotes TLS (Gallina et al., 2021). This stands in contrast to the previously accepted
model based on experiments performed in yeast cells whereby K63-linked
polyubiquitylation of PCNA drives lesion bypass via an alternative template switching
(TS) mechanism (Chiu et al., 2006). In TS the stalled nascent strand is thought to utilise
the newly generated sister chromatid as a repair template in a manner akin to HR repair
(Branzei and Szakal, 2016). In yeast K63-linked polyubiquitylation of PCNA is catalysed
by the E3 ligase Rad5 (Giannattasio et al., 2014; Hoege et al., 2002). However, the human
orthologues of Rad5, HLTF and SHPRH, have only been shown to polyubiquitylate
PCNA in vitro, and residual PCNA polyubiquitylation is observed in HLTF and SHPRH

null cells which are also not sensitive to DNA damage (Krijger et al., 2011; Motegi et al.,
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2008). TS may therefore be more complex in higher eukaryotes, and further research is

required to identify the factors involved in PCNA polyubiquitylation.

1.2.3. Fork reversal and restart

A widespread response to replication stress is the re-annealing of nascent daughter
strands to form a four-way fork structure in a process known as fork reversal (Zellweger
et al, 2015). Initially regarded as a pathological consequence of replication fork
destabilisation, fork reversal is now thought to be an important mechanism to promote
genome stability by slowing down replication progression under conditions of
replication stress and potentially promoting error-free repair pathways such as TS (Qiu
etal., 2021). Fork reversal in human cells is mediated by three main translocase enzymes:
SMARCAL1, HLTF, and ZRANB3, which possess distinct functional domains and have
been shown to be exhibit different DNA substrate preferences (Berti et al., 2020; Bhat and
Cortez, 2018). ZRANB3 is recruited to stalled forks by an interaction with K63-
polyubiquitylated PCNA through bivalent PIP box and UBD domains in a manner
analogous to the recruitment of TLS polymerases (Ciccia et al., 2012; Vujanovic et al.,
2017). HLTF, conversely, is recruited via a direct interaction of its HIRAN domain with
the free 3'-OH of a reversed fork (Kile et al., 2015). SMARCAL, meanwhile, is localised
to reversed forks by an interaction with RPA (Bhat et al., 2015). Another central player
in the formation of reversed forks is the RAD51 recombinase. RAD51 is proposed to
promote the initial stages of fork reversal independent of BRCA2 strand exchange
activity, while a second step involving the formation of “metastable” nucleofilaments (i.e.
discontinuous, interspersed with RPA) that protects reversed forks from nucleolytic

attack requires BRCA2 (Kolinjivadi et al., 2017; Mijic et al., 2017; Quinet et al., 2017b).
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BRCA2 activity has been shown to limit the excessive nucleolytic degradation of
reversed forks by MRE11 and EXOI1 (Schlacher et al., 2011). Interestingly, in BRCA2
deficient cells reversed forks can still be rescued through a BIR-like mechanism that
relies on processing by the MUS81 nuclease and DNA synthesis by POLD3 (Lemacon et
al., 2017). RAD51 filament loading is also balanced by several accessory factors including
FBH1, RECQ5 and RADX (Berti et al., 2020; Fugger et al., 2015). Fork reversal is further
regulated by ATR which catalyses the inhibitory phosphorylation of SMARCALI1
thereby preventing excessive fork reversal (Couch et al., 2013).

Once a lesion has been repaired at least two distinct pathways can restart replication
from reversed forks. The first involves RECQ1 which restores an active three-way fork
structure through branch migration. Importantly, this process is transiently inhibited by
PARP1 catalysed PARylation which signals the presence of DNA damage and allows
fork restart to occur only in the context of a repaired template (Berti et al., 2013). A second
fork restart pathway utilises unwinding and control nucleolytic processing by WRN and

DNAZ? to restore the classical thee-way fork architecture (Thangavel et al., 2015).

1.2.4. Repriming

An additional mechanism employed by cells to counteract fork stalling lesions on
the leading strand is to restart DN A synthesis by repriming downstream of the damaged
site. PRIMPOL catalyses the repriming of DNA synthesis downstream of a lesion site on
the leading strand in a manner analogous to the formation of Okazaki fragments on the
lagging strand; a function previously thought to be exclusive to prokaryotes and lower
eukaryotes (Bianchi et al., 2013; Mouron et al., 2013). PRIMPOL is recruited to stalled

forks via an interaction with RPA, which also serves to stimulate its primase activity
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(Guilliam et al., 2017). CHK1 has also recently been shown to phosphorylate PRIMPOL
to promote its repriming activity in a further example of the ATR axis’ coordination of
the replication stress response (Mehta et al.,, 2022). PRIMPOL repriming has been
suggested to compete with fork reversal and is activated under conditions when fork
reversal is impaired, such as cells depleted of fork reversal factors (e.g. RADS5I,
SMARCAL1, HTLF) or with BRCA1/2 deficiency (Bai et al., 2020; Quinet et al., 2020;
Vallerga et al., 2015). The repriming process leaves ssDNA gaps that must be filled in by
TLS or TS mechanisms with these repair processes being carried out in G2 and S-phase
respectively (Tirman et al., 2021). Deficiency in gap filling mechanisms leads to the
accumulation of ssDNA gaps that are susceptible to nucleolytic cleavage and conversion
to DSBs (Cong et al., 2021). Interestingly, the accumulation of ssDNA gaps following
REV1-PolC- mediated TLS inhibition has been shown to mediate the sensitivity to PARPi
in BRCA1/2 deficient cells defective for HR repair (Panzarino et al., 2021; Taglialatela et
al., 2021). Similarly, loss of LIG3 in a BRCA1-deficient background has been shown to
result in MRE11-mediated ssDNA gaps that enhance the sensitivity to PARPi (Paes Dias

etal., 2021).

1.2.5. RPA phosphorylation

As seen above, a central factor in the cellular response to replication stress is the RPA
complex. Importantly, coordination of RPA’s function is dependent on its PTM by
modifications such as phosphorylation, SUMOylation, and ubiquitylation (Marechal
and Zou, 2015). RPA is subject to extensive phosphorylation at multiple serine/threonine
residues throughout the complex (Marechal and Zou, 2015). While the RPA1 subunit has

also been seen to be phosphorylated, most phosphorylation events occur on the N-

55



Chapter 1 - Introduction

terminus of RPA2 (Byrne and Oakley, 2019). During a normal, unperturbed cell cycle
RPA2 is phosphorylated at 523 and S29 by CDKs in S-phase and mitosis respectively,
which is thought to promote cell cycle progression (Din et al., 1990; Stephan et al., 2009).
In response to DNA damage RPA2 is hyperphosphorylated on four key residues located
in its N-terminus: S4/58, S33, and T21 (Liu et al., 2012). This phosphorylation is carried
out by the three apical DDR PIKK kinases: ATM, ATR, and DNA-PK. While there is
substantial crosstalk between their kinase activities, S33 is thought to be primarily
phosphorylated by ATR, while S4/S8 phosphorylation is mostly catalysed by DNA-PK
with some input from ATM (Liu et al., 2012). The exact phosphorylation patterns appear
to be genotoxin specific, however, with T21 phosphorylation seen to be dependent on all
three PIKKs in turn, contingent on which DNA damaging agent was used to induce
damage (Block et al., 2004). RPA2 phosphorylation following DNA damage has also
been suggested to be sequential and synergistic with modification of 523 and 529
‘priming’ cells for phosphorylation of S33, which facilitates the subsequent
phosphorylation of 54/8 and T21 only in the hyperphosphorylated state (Anantha et al.,
2007). While the role of RPA phosphorylation in the DNA damage response is complex
and multifaceted, a few key functions are considered below.

Firstly, it was found using phospho-mimetic RPA mutants that phosphorylated
RPA’s (pRPA) interaction with active replication centres was impaired (Vassin et al.,
2004). Phosphorylation of RPA therefore potentially mediates a shift away from
replicative processes to DNA repair processes to allow lesions to be fixed before DNA is
duplicated. To this end pRPA has also been implicated in replication stress checkpoint
activation, which may additionally be potentiated by the Ub-mediated ‘feedforward’
loop described in section 1.3.2. (Ashley et al., 2014; Olson et al., 2006). Consistent with

pRPA’s role in shifting cellular processes from replication to repair, it has also been
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directly implicated in numerous repair processes. For example, pRPA was shown to aid
the recruitment of PALB2, and by extension BRCA2, to sites of replication stress and
therefore mediate their replication fork protection functions (Murphy et al., 2014). The
phosphorylation status of RPA has also been suggested to play a role in HR repair with
context dependent effects on the promotion of RAD51 nucleofilament assembly and
progression of HR (Marechal and Zou, 2015). Notably, the dynamics of RPA
phosphorylation are important since a dephosphorylation step by the PP4 or PP2A
phosphatases was shown to be required for efficient HR repair following replication
stress (Feng et al., 2009; Lee et al., 2010). Interestingly, it was recently demonstrated in
BRCA-deficient cells that RPA phosphorylation facilitates the alternative RAD52-
mediated loading of RAD51 on ssDNA to form nucleofilaments, a function usually
carried out by BRCA2 (Carley et al., 2022). The mechanistic basis for exchange of RPA
by RAD51 may also be explained by the finding in a recent single-molecule imaging
study that the coordination of RPA for ssDNA is reduced by phosphorylation at S33,
therefore potentially facilitating its displacement (Yin et al., 2021). A separate single-
molecule imaging study also proposed that RPA phosphorylation inhibits DNA end
resection by altering its interaction with BLM helicase, which usually stimulates
resection by EXO1 or DNA2 (Soniat et al., 2019). Phosphorylation of RPA was seen to
stimulate BLM’s intrinsic strand-switching activity which reduces its helicase activity
and thereby limits end resection (Soniat et al., 2019). Taken together, the data considered
above suggests a wide range of roles for RPA phosphorylation in the cell’s response to
replication stress that is reflective of RPAs role as a signalling and recruitment platform

on ssDNA.
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1.3. Ubiquitylation in the DDR

The coordination and regulation of DDR pathways is driven by the PTM of protein
factors with modifications such as phosphorylation, PARylation, SUMOylation, and
ubiquitylation as seen in the examples given in the sections above (Dantuma and van
Attikum, 2016). Ubiquitylation in particular has emerged as a key post-translational
mediator of the replication stress response (Yates and Marechal, 2018). Ub is a 76-amino-
acid polypeptide that can be covalently appended to target proteins via a sequential
enzymatic cascade involving El ubiquitin-activating enzymes, E2 Ub conjugating
enzymes, and E3 Ub ligases (Figure 6) (Oh et al., 2018). Classically, Ub is added to a
target protein via an isopeptide bond formed between the ¢ amino group of a lysine
residue within the substrate and the C-terminal glycine carboxy group of ubiquitin.
However, ubiquitylation targeted to non-canonical residues such as cysteine, serine,
threonine, and methionine has also been reported in more recent studies (Kelsall, 2022).
Ub can be appended to a target either as a single moiety in a process known as
monoubiquitylation, or via repeated conjugation at seven internal lysine residues or its
N-terminal methionine can form polyUb chains of different length and linkage type
which drive distinct signalling outcomes (Swatek and Komander, 2016). In addition to
homotypic polyUb chains formed of Ub subunits linked by the same internal residue,
heterotypic chains can also be formed where linkage types are either ‘mixed” but still
form a linear chain, or ‘branched” whereby additional side chains are formed on pre-
existing chains (French et al., 2021; Yau and Rape, 2016).

The complexity of Ub signalling is further compounded by PTM of Ub subunits
themselves with modifications such as phosphorylation, acetylation or ADP-

ribosylation (Song and Luo, 2019). The astonishing variety of Ub chain architecture
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constitutes a “ubiquitin code’ that can be read by hundreds of proteins possessing UBDs
which drive a diverse range of functional outcomes (Komander and Rape, 2012; Rahighi
and Dikic, 2012). Classical examples of the divergent functional outcomes driven by
distinct Ub chain architecture is the targeting for 26S proteasomal degradation by K11,
K48, or K11/K48 branched chains, and the non-proteolytic regulation of protein-protein
interaction driven by K63-linked polyubiquitylation (Oh et al., 2018). A key feature of
ubiquitylation is that it is a reversible and highly dynamic modification. This is enforced
by the class of proteases known as DUBs which catalyse the cleavage and disassembly
of Ub chains, and also process Ub precursors to maintain a sufficient pool of free Ub
(Clague et al., 2019; Grou et al., 2015). The ubiquitin code is thus coordinated by a set of
‘writer’ E1, E2, and E3 ligase proteins, ‘reader’ UBD-containing effector proteins, and
‘eraser’ DUB proteins prominent examples of which that function in the replication

stress response are given in Table 2 adapted from (Mirsanaye et al., 2021).

1.3.1. PCNA and CMG ubiquitylation

As discussed in section 1.2.2 and 1.2.3 the ubiquitylation of PCNA is one of the
central coordinators of the replication stress response. Classically, E3 ligase RAD18-
dependent monoubiquitylation is thought to drive TLS factor recruitment, while K63-
linked polyubiquitylation by HLTF or SHPRH is thought to promote TS; although K63-
linked polyubiquitylation by REWD3 has more recently been shown to promote TLS as
well (Choe and Moldovan, 2017; Gallina et al., 2021). As mentioned, K63-linked
polyubiquitylation of PCNA also promotes the recruitment of the translocase ZRANB3
which stabilises stalled forks, facilitates fork reversal and limits excessive HR (Vujanovic

etal., 2017). The Werner helicase interacting protein 1 (WRNIP1) has also been shown to
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be recruited to sites of replication stress by ubiquitylated PCNA and play a role in fork
stabilisation and restart by stabilising RAD51 nucleofilaments (Kanu et al., 2016; Leuzzi
et al., 2016). Additionally, the FANCD2/FANCI-associated nuclease 1 (FAN1) has also
been demonstrated to be recruited to stalled forks via RAD18-mediated PCNA-Ub via a
previously uncharacterised PIP motif together with its ubiquitin binding zinc finger
(UBZ) domain (Porro et al.,, 2017). FAN1 was shown to promote fork stability in a
BRCAZ2-independent manner. Importantly, PCNA monoubiquitylation is maintained as
a reversible modification by the DUB USP1 which intriguingly was found to be
autocleaved upon UV damage to allow PCNA-Ub to accumulate and promote repair
(Huang et al., 2006). Notably, however, there has not been a DUB reported in the
literature that cleaves K63-linked polyubiquitin on PCNA.

In addition to the TRAIP-mediated ubiquitylation of CMG during DPC and ICL
repair as discussed above in sections 1.1.6 and 1.1.7.4, CMG is also polyubiquitylated
with K48-linked chains during replication termination to promote its unloading from
chromatin. In higher eukaryotes, upon replication fork convergence, the MCM?7 subunit
of CMG is modified with K48-linked Ub chains by the E3 ligase CRL2'®R! which targets
it for removal by the p97/VCP ‘segregase’ complex (Dewar et al., 2017). Interestingly, a
backup TRAIP-dependent pathway also mediates the ubiquitylation and p97/VCP-
mediated disassembly of CMG complexes that have not been removed during mitosis

(Sonneville et al., 2019).
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Figure 6. The ubiquitylation cascade

Dynamic ubiquitylation signalling is mediated through the actions of so-called writer,
reader, and eraser classes of proteins. The writer class comprises the enzymes that
perform the ubiquitylation cascade that transfers Ub to a target protein. a) First, a Ub
moleculeis attached to an E1 ubiquitin-activating enzyme in an ATP-dependent manner.
b) The Ub is then transferred to an E2 ubiquitin-conjugating enzyme. ¢) Transfer to a
target protein is then catalysed by E3 Ub ligase enzymes which can either facilitate the
direct transfer of Ub from E2 enzyme to a target in the case of the RING E3 class of ligases

or form a transient thioester linkage before transferring Ub in the case of HECT E3
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ligases. d) The vast number of E3 ligases allows for a wide range of targets to be modified
with many different Ub linkage architectures which can be decoded by a diverse set of
proteins containing UBDs to drive distinct functional outcomes. The three main proteins
(PCNA, RPA, and CMG) that Ub is articulated on during replication stress are depicted
in the central box. e) Importantly, ubiquitylation is maintained as a reversible and highly
dynamic modification through the action of DUB enzymes. The relative number of
members of each class of protein is shown in red. Figure created using BioRender.com

with reference to (Mirsanaye et al., 2021).

1.3.2. RPA ubiquitylation

The ubiquitylation of RPA has emerged as an important regulator of its function
during the replication stress response (Davies et al., 2008; Mirsanaye et al., 2021). Two
candidate E3 ligases, RFWD3 and pre-mRNA processing factor 19 (PRP19), have been
proposed to be predominantly responsible for RPA ubiquitylation. RFWD3 was initially
reported to be recruited to sites of DNA damage and make direct physical contact with
RPA (Gong and Chen, 2011; Liu et al., 2011). A quantitative proteomics approach by the
Elledge lab then demonstrated that the chromatin-bound RPA complex was
ubiquitylated at multiple sites in an RFWD3 dependent manner (Elia et al., 2015). This
ubiquitylation was induced by UV radiation, camptothecin, hydroxyurea, and
aphidicolin, but not IR treatment, suggesting that RFWD3 ubiquitylation activity is
stimulated by stalled replication forks. REFWD3 catalysed ubiquitylation was found to be
non-proteolytic but was important for promoting HR and replication fork restart (Elia et

al., 2015). A subsequent study by Inano et al., demonstrated RFWD3 polyubiquitylates
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both RPA and RAD51 and that knockout (KO) of RFWD3 leads to the persistence of
RPA2 and RADS5I1 foci following MMC-induced DNA damage (Inano et al., 2017).
Mechanistically it was shown that RFWD3 may promote chromatin extraction of RPA2
and RAD51 by the p97/VCP ‘segregase’” complex as protein turnover was drastically
impaired following siRNA knockdown of RFWD3 or p97/VCP; or by expression of a
ubiquitylation deficient RPA2-5KR substitute. The impairment of RPA and RAD51
turnover following RFWD3 depletion was suggested to impair the loading of
downstream HR factors (Inano et al., 2017). From a clinical point of view RFWD3 has
also been shown to be important for the repair of ICLs and mutations that disrupt its
interaction with RPA have been found in patients with Fanconi anaemia, thereby leading
to its annotation as the FA gene FANCW (Feeney et al., 2017; Knies et al., 2017). More
recently, RFWD3 has been shown to promote more promiscuous ubiquitylation of
ssDNA associated proteins at fork stalling lesions (Gallina et al., 2021). This includes the
polyubiquitylation of PCNA that promotes gap filling TLS across a fork stalling lesion
as discussed in sections 1.1.8.4 and 1.2.2.

In contrast to REWD3, K63-linked polyubiquitylation of RPA2 by PRP19 is proposed
to function in a ‘feedforward” loop whereby ubiquitylation promotes the
phosphorylation of RPA2 by recruiting ATRIP, the obligate binding partner of the ATR
kinase (Marechal et al.,, 2014). This in turn drives further PRP19 recruitment to
phosphorylated RPA through an interaction via a positively charged binding pocket in
PRP19, which thereby reinforces the ATR activation cycle (Dubois et al., 2017). The
ubiquitylation of RPA by PRP19 remains less well characterised than RFWD3's activity,
however, and is brought into question by the finding that siRNAs used to knockdown
PRP19 expression concomitantly impair the expression of His-tagged Ub constructs used

to immunoprecipitate ubiquitylated RPA from cells (Elia et al., 2015). A third E3 ligase,
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HERC?2, has also been reported to influence RPA2 ubiquitylation and phosphorylation

at 533, however the mechanistic details of this interaction await a more comprehensive

elucidation (Lai et al., 2019).

Table 2. Writers, readers, and erasers of ubiquitylation at stressed replication

forks

Factor

TRAIP

RFWD3
RADI18
HLTF

SHPRH
CRI2LRRI

FANCL
RNF168

FBH1

PRP19
HERC2

TLS polymerases
ZRANB3
p97/vVCP
WRNIP

SPRTN

26S proteasome

Function

Writers
Ubiquitylates stalled CMG at helicase-blocking lesions to
coordinate repair pathway choice between FA and NEIL3 pathways
Ubiquitylates ssDNA-bound RPA complexes in a non-proteolytic
manner to promote DNA damage bypass and fork restart;
polyubiquitylates PCNA to promote TLS
Monoubiquitylates PCNA to stimulate TLS
Promotes PCNA polyubiquitylation to promote error-free fork
restart. Recognizes free 3'-OH ends in DNA and catalyses fork
reversal
Promotes PCNA polyubiquitylation
Ubiquitylates MCM?7 to promote p97/VCP-dependent CMG
unloading upon fork convergence during replication termination
Component of the FA core complex that monoubiquitylates
FANCD2 and FANCI in conjunction with the E2 enzyme UBE2T
Ubiquitylates H2A-type histones on K13 and K15 to promote
recruitment of 53BP1, RNF169, and the BRCA1-A complex
Accumulates at stalled forks and functions as a negative regulator
of HR by disrupting RAD51 nucleofilaments
Contributes to RPA ubiquitylation upon DNA damage
May also contribute to RPA ubiquitylation

Readers
Interacts with monoubiquitylated PCNA and enable error-prone
replication past DNA lesions due to their permissive active sites
Translocase that recognizes K63-polyubiquitylated PCNA and
promotes fork reversal
Recognize ubiquitylated client proteins to promote their
displacement from replication forks
Accumulates at stalled forks via binding to ubiquitylated PCNA
and stabilizes RAD51 nucleofilaments
Promotes replication-coupled DPC proteolysis by recognizing
ubiquitylated factors at DPC sites
Recognizes and proteolytically degrades ubiquitylated DPCs

64



Chapter 1 - Introduction

53BP1

NEIL3

FAN1

uspP7

USP1
VCPIP1

ZUP1

Function

Reader of RNF168-dependent H2A(X) ubiquitylation that protects
stalled or reversed forks from nucleolytic degradation by MRE11
Glycosylase that recognizes short Ub chains on CMG and directly
cleaves ICLs
Recruited to monoubiquitylated PCNA to prevent replication fork
collapse in a BRCA2-independent manner

Erasers
Deubiquitylates SUMOylated proteins at unstressed forks to
prevent their displacement from the replisome. Deubiquitylates
SPRTN
Deubiquitylates monoubiquitylated FANCD2 and PCNA
Reverses SPRTN monoubiquitylation to promote its chromatin
access
Recognizes and deubiquitylates long K63-linked Ub chains at
replication stress sites

Adapted from (Mirsanaye et al., 2021).
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1.4. Genome-wide CRISPR screening

1.4.1. CRISPR-Cas9 gene editing

The advent of CRISPR-based gene editing technologies has proved to be a watershed
moment for the field of functional genomics and has greatly enhanced the ability to
efficiently modify and study gene function (Cong et al., 2013; Jinek et al., 2012; Mali et
al., 2013). Prior to the development of CRISPR-based systems, targeted gene editing was
performed using engineered programmable zinc finger nucleases (ZFNs) or
transcription activator-like effector nucleases (TALENSs) that make contact to specific
DNA sequences through modular DNA-binding domains (Carroll, 2011; Joung and
Sander, 2013). While these approaches marked a significant advance in site-specific
genome editing capability, the requirement for customised protein engineering to target
each new genetic locus severely hampered their versatility and throughput (Gaj et al.,
2013). In contrast, the CRISPR system utilizes an RNA-guided CRISPR associated (Cas)
DNA endonuclease allowing for exact modulation of targeting sequences making it a
highly programmable and efficient gene editing technology (Doudna and Charpentier,
2014). The CRISPR-Cas components are derived from the prokaryotic adaptive immune
system where they normally bind and cleave foreign nucleic acid sequences (from
viruses or mobile genetic elements) and encode fragments of those sequences in their
native genome as a form of immune ‘memory’ (Makarova et al., 2006). The components
that make up the most widely adopted CRISPR-Cas9 system are a CRISPR RNA (crRNA)
that is complementary in sequence to the target DNA, and a trans-activating crRNA
(tracrRNA) that acts as a scaffold for a Cas9 nuclease which contains two nuclease
domains that make incisions in opposing DNA strands at a target site to yield a DSB

(Barrangou et al., 2007). In engineered CRISPR-Cas9 systems for use in eukaryotic cells
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the crRNA and tracrRNA are artificially fused to yield a single guide RNA (sgRNA),
enhancing its ease of use and efficiency (Jinek et al., 2012). Importantly, CRISPR-Cas9
can be targeted to any 20-nucleotide sequence that precedes a defined 3-nucleotide
protospacer adjacent motif (PAM) (‘NGG’ for the commonly used Streptococcus pyogenes
derived Cas9), meaning a vast genomic sequence space can be queried (Doudna and
Charpentier, 2014). Moreover, rationally engineered Cas9 variants have been developed
with altered or reduced requirements for a PAM sequence, thereby virtually removing

the constraint on possible target sequences (Walton et al., 2020).

1.4.2. RNAIi screens

Prior to the advent of CRISPR-based technologies, genome-scale functional genomic
screens in mammalian cells were enabled by the use of RNA interference (RNAi)
approaches (Boutros and Ahringer, 2008). Genome-wide RNAi screens utilise a library
of encoded short-hairpin RNA (shRNA) or short interfering RNA (siRNA) sequences
that direct the cell’s endogenous RNA-induced silencing complex (RISC) to degrade a
target messenger RNA (mRNA) and prevent its translation (Dykxhoorn et al., 2003).
While multiple siRNA and shRNA libraries have been developed that allow the parallel
targeting of many thousands of genes, their use has largely been superseded by CRISPR-
based approaches due to several key limitations (Boettcher and McManus, 2015). Firstly,
since RNAi functions at the transcript level, the knockdown of gene expression can be
incomplete in some instances and result in confounding hypomorphic phenotypes that
do not reflect full KO at the gene level (Boettcher and McManus, 2015). Secondly, RNAi
suffers from off-target effects partly driven by the microRNA (miRNA)-like targeting of
3'-untranslated regions through partial sequence complementarity to these regions

(Jackson et al., 2003). Additionally, expression of exogenous siRNAs and shRNAs can
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overwhelm the endogenous miRNA system, leading to unintended perturbation of gene
expression on a broader scale (Khan et al., 2009). A prominent example of RNAi’s off-
target effects came from a genome-wide RNAi screen designed to identify regulators of
HR repair which found off-target depletion of RAD51 to be a commonly occurring false
positive hit (Adamson et al., 2012). Nonetheless, RNAi screens have provided major
advances in the DNA repair field and have helped to identify factors such as USP1 that
deubiquitylates the FANCI-FANCD2 complex, and RNF168 which ubiquitylates
histones to drive the recruitment of BRCA1-BARD1 and 53BP1 as discussed in sections

1.1.6.1 and 1.1.8.5 respectively (Doil et al., 2009; Nijman et al., 2005).

1.4.3. CRISPR knockout screens

The ease of specifying CRISPR target sites solely by changing the sequence of
sgRNAs, coupled with the efficiency and specificity of Cas nucleases, led to the
development of genome-scale sgRNA libraries which allow every gene in the genome to
be targeted in parallel (Shalem et al., 2014). Genome-wide CRISPR screens are therefore
a powerful new way to unbiasedly interrogate gene function at the genome scale and
have proved a fruitful way to discover previously unknown pathways and molecular
mechanisms that drive a given biological process or phenotype (Bock et al., 2022).
CRISPR screens can be performed in arrayed format whereby guides targeting
individual genes are physically separated by treating them in different wells of a multi-
well plate (Metzakopian et al., 2017). This format is useful when coupling gene
perturbations to direct phenotypic read-outs such as those monitored via microscopy or
proteomic profiling. However, the scale and throughput of screens can be enhanced by
performing genome-wide screens in pooled format whereby an sgRNA library is used

to transduce cells in bulk at a low multiplicity of infection (MOI) such that individual
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cells receive a single sgRNA vector targeting a particular gene (Aregger et al., 2019).
Since sgRNA libraries are typically introduced via lentiviral transduction, the vectors
integrate into the host genome and the identity of the targeting sequence can be
distinguished in individual cells by high-throughput next-generation sequencing (NGS)
(Aregger et al., 2019). This, moreover, provides a method to quantify the fitness impacts
of a particular gene KO in a population of cells as NGS read counts are directly
proportional to the abundance of integrated sgRNA cassettes, which will increase or
decrease depending on whether the gene they target confers a selective advantage or
disadvantage (Bodapati et al., 2020).

A widely used sgRNA library in genome-wide CRISPR KO screens is the Toronto
KnockOut version 3 (TKOv3) library. The TKOv3 library is a one-component lentiviral
encoded library that expresses Cas9 concomitantly with four sequence-optimised
sgRNAs for each of the 18,053 protein-coding genes in the genome for a total of 71,090
guides (Hart et al., 2017). The library was designed by analysing sgRNAs targeting core
essential genes from six previously conducted CRISPR KO screens to generate a
‘sequence score’ metric by comparing the incidence of nucleotides at each position in the
sgRNA’s 20-nucleotide sequence between the three best performing guides and three
worst performing guides for a given gene (Hart et al., 2017). This metric was then used
to score all possible Cas9 guides for protein-coding genes, with the four highest scoring
guides for each gene being chosen. Smaller-scale targeted libraries have also been
developed to perturb a set of functionally-linked genes such as those developed to
specifically target known DDR genes (Su et al., 2020).

A notable achievement of pooled CRISPR KO screens has been the identification of
a consensus set of 1,580 core essential genes across multiple cell lines that are required

for cell viability (Hart et al., 2015). This represents a roughly 4-fold increase in the
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number of essential genes discovered relative to similarly conceived RNAi screens
(Vizeacoumar et al., 2013). CRISPR screens have also been indispensable to elucidate the
response of cancer cells to genotoxic insults (Awwad et al., 2023). The format of these
screens can either involve treating cells with a low dose of genotoxin to identify gene
KOs that further sensitise cells, or a high dose to determine which genes mediate
resistance to a particular genotoxin (MacLeod et al., 2022). The power of this approach
was demonstrated in a recent study that catalogued 31 genome-scale CRISPR
chemogenetic screens using 27 different genotoxic agents to identify a set of 890 genes

that mediate cancer cell vulnerabilities to DNA damaging drugs (Olivieri et al., 2020).
1.4.4. Synthetic lethality

While great strides have been made to understand the response of cancer cells to
monogenic perturbation, significant promise is also held by exploiting pairwise or
combinatorial approaches to uncover interactions of multiple genes (Awwad et al,,
2023). The DDR is a highly interrelated network of pathways with often redundant
backup mechanisms to repair the same type of damage to ensure genomic stability is
maintained (Ciccia and Elledge, 2010). However, genomic instability is one of the
hallmarks of cancer cells and is often caused by a deficiency in one or more DNA repair
pathways in these cells (Hanahan and Weinberg, 2011). The increased reliance on the
remaining repair pathways for cell viability offers an exciting opportunity to specifically
target cancer cells while preserving healthy cells possessing the full complement of DNA
repair pathways (Curtin, 2012). This approach underlies the concept of synthetic
lethality whereby targeting genes in redundant pathways individually does not impact
viability, while concomitant targeting of both pathways results in cell death (Figure 7).

The classical example of a synthetic lethal interaction is between PARP enzymes and
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BRCA1 and BRCA2 (Lord and Ashworth, 2017). As described in the sections above,
BRCA1 and BRCAZ2 function to promote error-free repair via HR but are often mutated
in breast and ovarian cancers. Inhibition of PARP enzymes by small molecule inhibitors
causes trapping of PARP proteins on DNA which results in replication fork stalling and
collapse when these lesions are encountered. In normal cells collapsed replication forks
can be repaired by HR, while in BRCA1/2 deficient backgrounds this option is not open
leading to cell death. Interestingly, emerging evidence also points to a role for excessive
ssDNA gap generation resulting from defective Okazaki fragment processing in BRCA
deficient cells as a mediator of PARPi synthetic lethality (Cong et al., 2021). Many other
synthetic lethal interactions to genotoxic agents have now been defined including the
RNAse H2 synthetic lethality with PARPi and HROB synthetic lethality with HELQ
discussed earlier in this introduction. Indeed, the concept of synthetic lethality holds
great clinical promise to target genes that confer resistance to existing therapies and to
personalise drugs based on specific vulnerabilities in each patient’s tumour cells (O'Neil

etal., 2017).
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Normal cells Normal cells Cancer cells
Gere A Gene B Gene A Gere B Gere A Gene B
(mutated)
Cell survival Cell survival Cell death

Figure 7. Synthetic lethality

In healthy cells perturbation of individual genes in parallel redundant pathways by
mutation or small molecule inhibition does not affect cell viability. However, in cancer
cells mutations in one of the pathways makes the cells reliant on the remaining gene and
therefore perturbation of that gene function by chemical or genetic means results in loss

of viability. Figure created using BioRender.com with reference to (Rehman et al., 2010).
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1.5. Discovery of ZUP1

The discovery of ZUP1 was reported in 2018 by four independent groups who found
it to constitute a novel class of DUB that lacks sequence homology to any existing class
of enzyme (Haahr et al., 2018; Hermanns et al., 2018; Hewings et al., 2018; Kwasna et al.,
2018). ZUP1 was discovered concomitantly using activity-based probes, which bind to
the active site of DUBs via a thiol moiety, and by in silico bioinformatic searches for
uncharacterized proteins bearing conserved UBD motifs. The ZUP1 peptidase domain
was originally annotated as zinc finger with UFM1-specific peptidase domain (ZUFSP),
due to its adoption of a similar fold structure to the ubiquitin-fold modifier 1 (UFM1)-
specific protease (UFSP) class of proteins. However, sequence and structural analysis
found that ZUP1 lacked the traditional catalytic histidine residue of UFSP family
proteins, and furthermore could not react with a propargylated UFM1 probe, while
readily being able to react with a propargylated Ub probe (Hermanns et al., 2018;
Hewings et al., 2018). ZUP1 was also shown to specifically liberate the fluorophore 7-
amino-4-methylcoumarin (AMC) from Ub-AMC fusions, but not other ubiquitin-like
modifier (UBL) proteins such as SUMO1, SUMO2, NEDDS, ISG15 or LC3A (Hermanns
etal., 2018). These data therefore reclassified ZUP1 as a DUB rather than a UFSP enzyme.
Interestingly, in contrast to most existing DUBs, which display little Ub chain specificity,
ZUP1 was shown in vitro to selectively cleave long K63-linked Ub chains (Haahr et al.,
2018). This chain architecture predominantly drives non-proteolytic signalling and
protein—protein interactions (Chen and Sun, 2009).

ZUP1 is a multidomain protein with a C-terminal peptidase domain responsible for
its catalytic function (Figure 8) (Kwasna et al., 2018). However, this domain alone cannot

cleave Ub chains and requires several additional domains for optimal function. These
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include a helix-turn-helix motif denoted as the a2/3 domain which the Gibbs-Seymour
lab has demonstrated to be required for both ZUP1’s DUB activity and for its interaction
with the RPA complex (Foster et al., 2023). Several UBDs are also required for optimal
Ub cleavage. Directly adjacent to the «2/3 domain is a UBD termed the ZUP1 helical arm
(ZHA), which provides the distal S1 binding site for Ub by interacting with its Ile44
patch. This is followed by a motif interacting with ubiquitin (MIU) domain that is
proposed to constitute the S2 binding site for K63-linked polyUb chains. ZUP1 also
contains four zinc finger domains (ZnFs), the fourth of which is termed the ubiquitin
binding zinc finger (UBZ) domain and plays a significant role in overall polyUb binding
by ZUPL1.

Excitingly, preliminary mass-spectrometry interaction studies showed ZUP1 to
interact with several DDR-related proteins, intimating a role in this process (Hermanns
et al., 2018). Most notably an association with RPA was reported. Indeed, the Gibbs-
Seymour lab has demonstrated a direct interaction of ZUP1 with RPA in vitro and in vivo
with a stimulatory effect on its DUB activity upon binding (Foster et al., 2023). ZUP1 was
also shown to localise to sites of DNA damage induced by laser micro-irradiation or site-
specific FokI nuclease induced double strand breaks (Haahr et al., 2018; Kwasna et al.,
2018). Unpublished work from the Gibbs-Seymour lab has also shown that ZUP1
localises to a DNA replication block formed by tamoxifen-induced lac repressor (LacR)
binding to chromosomally integrated lac operator (LacO) repeats (I.G.-S. personal
communication; unpublished). Hewings et al. additionally reported that levels of K63-
linked ubiquitylated RPA1 and RPA2 were enriched in ZUP1 siRNA knockdown cell
extracts immunoprecipitated with a linkage-specific Ub antibody (Hewings et al., 2018).
Notably, K63-linked Ub chains were also significantly enriched in ZUP1 knockdown

cells at LacO/LacR array replication blocks, suggesting the presence of ZUP1 specific
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substrates at sites of replication stress (Haahr et al., 2018). Our lab has also demonstrated
an interaction of ZUP1 with PCNA and shown that ubiquitylation of PCNA is
consistently elevated in cells lacking ZUP1 following DNA damage (I.G.-S. personal
communication; unpublished). Many aspects of ZUP1 function, however, remain
uncharacterised with some of the outstanding questions that have yet to be addressed
including:
1) What are the consequences of permanent ablation of the ZUPI1 gene using
CRISPR-Cas9 gene editing?
2) Which DNA repair pathway(s) does ZUP1 function in?
3) How is ZUP1 recruited to sites of DNA damage?
4) What is the complement of ZUP1 binding partners and how is its activity
regulated?
5) Finally, while RPA and PCNA are implicated as targets of ZUP1 DUB activity,

the bona fide substrate(s) of ZUP1 have yet to be conclusively determined.

This DPhil project therefore seeks to build on the early work presented above to
elucidate the cellular function of ZUP1 and characterise its role in promoting genome

stability.
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Figure 8. Crystal structure and domain architecture of ZUP1

(A) Structure of crystallisable portion of ZUP1 (amino acid residues 236-578) in complex
with propargylated ubiquitin (PDB ID = 6FGE). Crystal structure was generated in
PyMol.

(B) Schematic domain boundary for ZUP1 with amino acid demarcations. The location

of the catalytic cysteine (C360) within the C78 peptidase domain shown in red.
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1.6.

1)

2)

Structure of thesis

In Chapter 3 of this thesis, I describe the generation of ZUP1 KO clones using
CRISPR-Cas9 gene editing and demonstrate that these clones are complete KOs
at the gene and protein level. I then use a semiquantitative RT-PCR approach to
investigate the expression of previously poorly characterised ZUP1 isoforms and
show that no residual splice variants are expressed in ZUP1 KO cells. I then
define the sensitivity of ZUP1 KO clones to a range of genotoxic agents to identify
the DNA repair pathway(s) that ZUP1 functions in. I also perform an initial
characterisation of DDR marker activation in ZUP1 KO cells in response to DNA
damage using immunoblotting. Finally, I describe the generation of ZUP1
complemented rescue cell lines and assess the extent to which they can reverse
the phenotypic defects observed in ZUP1 KO cells.

In Chapter 4, I perform experiments using a high-content immunofluorescence
imaging technique known as quantitative image-based cytometry (QIBC) to
characterise the chromatin-loading dynamics of important DNA repair factors
that are ubiquitylated in response to DNA damage. Using QIBC I demonstrate
that ZUP1 KO cells display persistent chromatin-bound RPA2 and RAD51 in
response to MMC-induced ICL lesions and reveal the underlying basis for this
phenotype is the excessive generation of ssDNA in the absence of ZUP1. I also
use QIBC to characterise the hyperphosphorylation of RPA2 in ZUP1 KO cells in
response to MMC and use an siRNA screen to investigate potential factors that

mediate this effect.
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3) In Chapter 5, I conduct parallel genome-wide CRISPR-Cas9 dropout screens in
wild type (WT) and ZUP1 KO cells to identify factors that mediate sensitivity to
MMC. This data set identifies putative synergistic and suppressor interactors of
ZUP1 and sheds light on the pathways that function in parallel to ZUP1. In this
Chapter I additionally utilise two-colour competitive growth assays to validate
selected hits from the CRISPR screen which suggest bona fide synergistic

interactions between ZUP1 and HELQ and BRCA2 in response to MMC.
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2.1. Materials

See Appendix A — Appendix H for a full list of reagents and resources used in this study.

2.2. Cell culture

Parental human osteosarcoma U-2 OS (U20S; ATCC HTB-96) and embryonic kidney
293T (ATCC CRL-3216) cell lines were acquired from ATCC. U20S ZUP1 KO cells were
generated using CRISPR-Cas9 genome editing as part of this study (see below). U20S
pLenti-PGK-Hygro-Empty vector (EV), U20S pLenti-PGK-Hygro-ZUP1(WT), U20S
ZUP1 KO pLenti-PGK-Hygro-EV, U20S ZUP1 KO pLenti-PGK-Hygro-ZUP1(WT),
U20S ZUP1 KO pLenti-PGK-Hygro-ZUP1(C360R), and U20S ZUP1 KO pLenti-PGK-
Hygro-ZUP1(Aa2/3) complementation cell lines were generated as part of this study (see
below). U20S LentiCas9-Blast and U20S ZUP1 KO LentiCas9-Blast stably expressing
FLAG-Cas9 were additionally created as part of this study (see below). Cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) with high glucose,
GlutaMax supplement, pyruvate, and supplemented with 10% foetal bovine serum (FBS;
Gibco) filtered through a 0.45 um Millex-HP syringe filter (Merck-Millipore). Cells were
grown under standard conditions of 37°C and 5% CO: with passaging performed by
detaching cells using TrypLE (Gibco). All cell lines were mycoplasma negative and were

tested every 3—4 months using the MycoAlert detection kit (Lonza).
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2.3. Molecular cloning

Cloning of sgRNA constructs for CRISPR-Cas9 gene editing of the ZUP1 locus was
performed based on the Zhang Lab protocol (Ran et al., 2013). sgRNA sequences were
designed using the CHOPCHOP and CRISPOR online tools to target exon 2 and exon 6
of ZUP1 respectively (Concordet and Haeussler, 2018; Labun et al., 2019). sgRNA
sequences were inserted into the pSpCas9(BB)-2A-Puro (PX459) V2.0 vector expressing
WT SpCas9 via restriction cloning with Bbsl digestion and transformation of One Shot
Stbl3 Chemically Competent E. coli (Thermo Fisher). Plasmid DNA was extracted from
bacteria using a PureLink HiPure Plasmid Filter Maxiprep Kit (Thermo Fisher). Correct
cloning and integration into parental vectors were confirmed by analytic gel
electrophoresis and Sanger sequencing.

Cloning of lentiGuide-Puro parental vector constructs bearing GFP and mCherry
sequences for use in two-colour competitive growth assays was carried out using HiFi
DNA assembly. GFP and mCherry inserts were designed with a 3x SV40 nuclear
localisation signal (NLS) tag and a P2A protease site for cleavage of the GFP/mCherry-
3xNLS from the downstream puromycin N-acetyltransferase protein. GFP/mCherry-
3xNLS-P2A vector inserts were ordered as synthetic oligonucleotide constructs. The
lentiGuide-Puro target vector was linearised via PCR using lentiGuide-Puro_FWD and
lentiGuide-Puro_REV  primers. GFP/mCherry-3xNLS-P2A synthetic oligonucleotide
inserts were linearised with GFP-3xNLS-P2A_FWD + GFP-3xNLS-P2A_REV and
mCherry-3xNLS-P2A_FWD + mCherry-3xNLS-P2A_REV primers respectively. HiFi
assembly was then performed using NEBuilder HiFi DNA Assembly Master Mix (New
England Biolabs) with 100 ng of vector mass and a 2:1 insert:vector ratio. Assembled

products were then used to transform One Shot Stbl3 Chemically Competent E. coli
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(Thermo Fisher) and plasmid DNA was extracted from bacteria using a PureLink HiPure
Plasmid Filter Maxiprep Kit (Thermo Fisher). Correct cloning and integration into
parental vectors were confirmed by analytic gel electrophoresis and Sanger sequencing.

Cloning of lentiGuide-Puro-EGFP/mCherry-NLS constructs bearing sgRNA
sequences targeting genes of interest (GOI) from the genome-wide CRISPR-Cas9 screen
was performed using restriction digest with BsmBI according to the Zhang Lab protocol
(Sanjana et al., 2014). sgRNAs targeting HELQ, NEIL3, BRCA2, BRIP1/FANC] and LacZ
non-targeting control were designed with the CRISPick online tool (Doench et al., 2016).
Assembled vectors were used to transform Stbl3 cells and plasmid DNA extracted via
Maxiprep as above with correct cloning and integration into parental vectors confirmed
by analytic gel electrophoresis and Sanger sequencing.

Generation of untagged, constitutively expressed ZUP1 constructs for use in
complementation assays was achieved via the Gateway LR recombination reaction of
pDONR221 entry clones bearing ZUP1(WT), ZUP1(C360R), and ZUP1(Aa2/3) sequences
into a pLenti-PGK-Hygro DEST destination vector. LR reactions were performed using
Gateway LR Clonase II Enzyme Mix (Thermo Fisher) according to the manufacturer’s
instructions. Stbl3 cells were transformed, Maxipreps performed, and correct cloning
confirmed by analytic gel electrophoresis and Sanger sequencing as described above. See

Appendix F for primer sequences.

2.4. Generation of ZUP1 CRISPR-Cas9 knockout cells

Knockout of the ZUP1 gene in U20S cells was achieved by transfection with single
guide RNA (sgRNA) (sgZUP1_Ex2_1; targeting exon 2) and (sgZUP1_Ex6_2 +
sgZUP1_Ex6_3; flanking exon 6) cloned into the pSpCas9(BB)-2A-Puro (PX459) V2.0

vector using BbslI restriction digestion. Cells were plated in 60 mm dishes at a density of
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2.5 x 10° cells per dish and allowed to settle overnight. Cells were then transfected using
the TransIT-LT1 reagent (Mirus) according to the manufacturer’s protocol with the
volume of reagents listed in the table below. A 30-minute (mins) incubation time was

used for the DNA-lipid particle formation step.

Table 3. TransIT-LT1 transfection reagent volumes

Reagent Volume
DMEM media 5.0 ml
OptiME 500 pl
Plasmid DNA (1 ug/ul) 2.5 ul each
TransIT-LT1 Reagent 15 ul

After 24 hours (h) cells were split into 10 cm dishes. After a further 24 h cells were
then selected using 2 pg/ml puromycin (Gibco). Puromycin selection was limited to 24
h to minimise the chance of PX459 vector integration into the genome. 5 days after
selection cells were plated as single cells in 96-well plates via the limiting dilution
method. After ~7 days plate wells were scored for the presence of single colonies via
manual visual assessment with a light microscope. Approximately 18 days after plating,
wells with single colonies were split into corresponding wells of two 24-well plates for
screening via PCR and immunoblot and for the generation of cryopreserved stocks.
Individual clones were then screened via PCR (described below), immunoblotting, and
ICE analysis (Synthego) of Sanger sequencing traces from sgRNA targeting sites. Clones
with successful KO of ZUP1 were selected for further characterisation with 3x
independent clones for each sgRNA targeting strategy (exon 2 alone, exon 6 alone, and
both exon 2/6) being represented in this study. Most experiments were performed using

ZUP1 exon2/6 KO clones 38 and 62 (referred to as C38 and C62).
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2.5. Immunoblotting

Cells were lysed on ice with Triton-X100 lysis buffer (50 mM Tris-HCl pH 8.0,
100mM NaCl, 1% Triton X-100) supplemented with DTT (Thermo Fisher; 1 mM),
protease inhibitor cocktail (Sigma-Aldrich; 1 mM), sodium orthovanadate (Sigma-
Aldrich; 0.1 mM), N-Ethylmaleimide (Sigma-Aldrich; 5 mM), sodium fluoride (Sigma-
Aldrich; 1 mM), B-Glycerophosphate (Sigma-Aldrich; 10 mM), and 5 mM MgCl.. The
lysates were incubated with 0.2% Benzonase nuclease (Sigma-Aldrich) for 20 mins at 4°C
with rotation, centrifuged at 13,000 x g for 10 mins at 4°C, and then the supernatants
were collected to fresh tubes. Protein concentrations were then determined using the
Bradford Protein Assay (Bio-Rad). A normalised quantity of each sample was made up
in 1x NuPAGE LDS sample buffer (Thermo Fisher) and samples were heated to 95°C for
5 min. Proteins were then resolved on appropriate NuPAGE Bis-Tris gels (6%, 8%, or 4—
12%) run in NuPAGE MOPS SDS running buffer (Thermo Fisher), and transferred onto
nitrocellulose or PVDF membranes (Bio-Rad) using the 30 mins setting on the Trans-Blot
Turbo Transfer System (Bio-Rad). The membranes were blocked in 5% non-fat dried
milk (Marvel) in Tris-buffered saline (TBS) with 0.1% Tween 20 for 1 h at room
temperature with shaking. Membranes were then incubated overnight with primary
antibodies at 4°C with gentle shaking followed by 1 h incubation with HRP-conjugated
secondary anti-mouse or anti-rabbit antibodies at room temperature with gentle
shaking. Blots were developed by incubating membranes with freshly reconstituted ECL
substrate (Clarity, Bio-Rad; or Pierce, Thermo Fisher) and exposing to Amersham
hyperfilm ECL films (GE Healthcare). Where indicated blots were stripped with ReBlot

Plus solution (Sigma-Aldrich) and re-probed with a loading control antibody.
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2.6. PCR screening of ZUP1 KO clones

A polymerase chain reaction (PCR) screening strategy was devised to identify
successful ZUP1 exon 6 KO clones as described in Figure 9 using the following method.
Genomic DNA (gDNA) was extracted from potential KO clones by the addition of
QuickExtract DNA Solution (Lucigen) directly to plate wells that had been rinsed twice
with phosphate buffered saline (PBS). Lysates were transferred to Eppendorf tubes,
vortexed for 15 s, heated to 65°C for 6 min, vortexed for a further 15 s, then heated to
95°C for 2 min. Two separate PCRs were performed to amplify so called long and short
fragment regions surrounding exon 6 of ZUP1 using the conditions listed in Table 4 and
Table 5 below. The primers ZUP1_Ex6_ FWD_1 + ZUP1_Ex6_REV_1 and
ZUP1_Ex6_FWD_1+ ZUP1_Ex6_REV_2 were used to amplify long and short fragments
respectively. 5 pl of each PCR product was run on a 1.2% agarose gel and visualised
using the ChemiDoc XRS+ system (Bio-Rad) with Image Lab software v6.1. See

Appendix F for primer sequences.

Table 4. PCR reaction components for KO screen

Component 25 ul Reaction  Final Concentration
Q5 High-Fidelity 2X Master Mix (NEB) 12.5 pl 1X

10 uM Forward Primer 1.25 ul 0.5 uM

10 uM Reverse Primer 1.25 pl 0.5 uM

Template DNA (100 ng/pl) 1l 100 ng
Nuclease-Free Water to 25 ul -

Table 5. PCR cycling conditions for KO screen

Step Temperature Time

Initial Denaturation 98°C 30 seconds
98°C 10 seconds

35 Cycles 64 or 63°C! 30 seconds
72°C 30 seconds/kb

Final Extension 72°C 2 mins

Hold 4°C o
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164°C for long fragment 63°C for short fragment

2.7. Sanger sequencing

gDNA extracted from putative ZUP1 KO clones were amplified using primers
spanning the exon 2 and exon 6 regions using the conditions described above using
ZUP1_Ex2_FWD_1 + ZUP1_Ex2_REV_1 and ZUP1_Ex6_FWD_1 + ZUP1_Ex6_REV_1
primers. Samples were then submitted for Sanger sequencing by Source BioScience
using forward primers from each respective PCR reaction. See Appendix F for primer

sequences.

2.8. Semi-quantitative RT-PCR

Total RNA was extracted from U20S WT and ZUP1 KO cells using the Purelink RNA
mini kit (Thermo Fisher) according to the manufacturer’s protocol. gDNA was then
digested using the ezDNase kit (Thermo Fisher) according to the manufacturer’s
protocol. mRNA was then converted to cDNA using the SuperScript IV first-strand
synthesis system (Thermo Fisher) with oligo d(T)z primer according to the
manufacturer’s protocol using 2.5 ug of RNA as input for each reaction. Positive and
negative (no reverse transcription) reactions from the kit were also performed for quality
control. Cleavage of specific ZUP1 isoforms was then performed by splitting the sample
into separate reactions and incubating with a synthetic deoxyoligonucleotide
complementary to the intended exon containing a unique restriction site
(ZUP1_Ex2_Cleavage + Scal, ZUP1_Ex3_Cleavage + Ndel, ZUP1_Ex7_Cleavage + Nsil).
The mixture was heated at 94°C for 2 min, 85°C for 15 min, 70°C for 15 min, 55°C for 15
min, and room temperature for 15 min. 1 pl of appropriate restriction endonuclease was

then added, and samples were incubated at 37°C for 30 mins. Samples were then
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amplified via PCR using ZUP1_Ex1_FWD_1 + ZUP1_Ex6_REV_3 primers and 10 pl of
each product run on a 1.2% agarose gel and visualised using the ChemiDoc XRS5+ system

(Bio-Rad) with Image Lab software v6.1. See Appendix F for primer sequences.

2.9. Serial passage proliferation analysis

U20S WT and three independent ZUP1 KO clones were seeded into 10 cm dishes at
a density of 200,000 cells with two technical replicate dishes per cell line. Cells were
collected, counted, and re-plated at 200,000 cells per well at 72 h intervals. Cell counting
was performing using a CellDrop Automated Cell Counter (DeNovix) with triplicate
readings being taken and averaged for each sample. The doubling time for each cell line

was calculated using the formulae below:

log,o(Final cell number) — log,o(Cell number plated)
log10(2)

Number of generations =

Time elapsed

Doubling time = -
number of generations

Calculation of doubling time was performed for cell numbers at each interval and the

values were averaged to generate a mean doubling time for each cell line.

2.10. Drugs used in clonogenic survival assays

The following drugs were used in clonogenic survival assays: cisplatin (Sigma-
Aldrich; Made up as a Img/ml stock in 0.9% NaCl), formaldehyde (Thermo Fisher; 16%
methanol-free stock), mitomycin C (MMC) (Sigma-Aldrich; made up as a 1 mM stock in

DMSO), olaparib (Enzo Life Sciences; made up as a 10 mM stock in DMSO), talazoparib
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(Selleck Chemicals; made up as a 10 mM stock in DMSO), hydroxurea (Sigma-Aldrich;
made up as a 1 M stock in RN Ase free water), topotecan (Tocris; made up as a 10 mM

stock in nuclease-free water), AZD6738 (ApexBio; made up as a 10 mM stock in DMSO).

2.11. Clonogenic survival assay

Clonogenic survival assays were performed according to a modified version of the
Franken et al. protocol (Franken et al., 2006). Cells were seeded in triplicate into 6-well
plates at an empirically determined density to yield ~150 colonies per well in an
untreated condition (180-310 cells depending on cell line) in drug-free medium or
medium containing an appropriate concentration of drug. Cells were either treated
continuously without media change for 14 d (cisplatin, formaldehyde), for 24 h followed
by growth in drug free media for 13 d (MMC, hydroxyurea, topotecan), or continuously
with drug replacement every 3 d for 14 d (olaparib, talazoparib, ATRi). Cells were grown
under standard conditions of 5% CO: and 37°C. At the experimental endpoint media
was removed from plates, cells were washed twice with PBS with excess PBS removed
by an aspirator, and ~2 ml of 0.5% crystal violet solution in 25% methanol was added to
each well and incubated at room temperature for ~30 min. Crystal violet solution was
then removed using a strippette and plates were washed by submerging in water and
inverting three times, and then left to dry on Whatman paper. Plates were then imaged
and counted manually using a Counter-Pen (VWR). The surviving fraction (SF) of cells
was calculated using the formulae below where PE is the plating efficiency of untreated

cells.

PE — no.of colonies formed x 100%
" no.of cells seeded 0
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no.of colonies formed after treatment

SF = no.of cells seeded X PE

2.12. Packaging of lentiviral vectors

Lentiviral vectors used to generate ZUP1 complementation cell lines (pLenti-PGK-
Hygro_7ZUP1, pLenti-PGK-Hygro_ZUP1 (C360R), pLenti-PGK-Hygro_ZUP1 (Aa2/3))
and Cas9 stable cells (lentiCas9-Blast and pKLV2-BFP/GFP reporter) were packaged
using pMD2.G envelope and psPAX2 packaging plasmids according to the following
protocol. HEK293T cells were plated in 10 cm dishes at a density of 6 x 10° cells per dish.
The following day the appropriate lentiviral vector was transfected together with
packaging and envelope plasmids using the TransIT-LT1 transfection reagent (Mirus)
according to the manufacturer’s instructions. Media was replaced with fresh DMEM 24
h post-transfection. After a further 24 h lentivirus containing media was collected from
dishes, centrifuged at 200 x g for 5 mins at 4°C, and filtered through a 0.45 uM Millex-
HP syringe filter (Merck-Millipore). Lentivirus was then aliquoted and stored at -80°C

until use.

2.13. Generation of rescue cell lines

For complementation assays U20S WT and ZUP1 KO cell lines were transduced
with pLenti-PGK-Hygro vectors bearing the following ZUP1 variants: ZUP1 WT,
ZUP1(C360R), ZUP1(Aa2/3). Parental cell lines (WT or ZUP1 KO) were plated in 6-well
plates at a density of 2 x 10*cells per well. 24 h later cells were transduced with the
appropriate packaged lentiviral vector at an empirically determined MOI of 1.0. After 24
h lentivirus containing media was removed and replaced with fresh DMEM and cells

were cultured for a further 24 h. Cells were then selected with 500 pg/ml hygromycin
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(Thermo Fisher) for 72 h until all untransduced cells had died. Cells were maintained as
a pool in the presence of 150 ug/ml hygromycin. Expression of ZUP1 and ZUP1 variants

was verified by immunoblotting.

2.14. Quantitative image-based cytometry (QIBC)

Cells were seeded coverslips in 35 mm dishes at an appropriate density and allowed
to settle overnight. The following day coverslips were moved into individual wells of 6-
well plates and treated according to the treatment scheme indicated. At the relevant
endpoint growth medium was removed and coverslips were rinsed with PBS. A pre-
extraction step was performed by incubated coverslips in PBS 0.2% Triton X-100 on ice
for 3 mins. Coverslips were then rinsed twice with PBS and cells were fixed using 4%
formaldehyde in PBS for 15 mins at room temperature followed by a further three wash
steps with PBS. Coverslips were then blocked in 1% BSA in PBS for 45 min. Coverslips
were then incubated with the appropriate dilution of primary antibody in 1% BSA/PBS
for 2 h at room temperature, washed three times with PBS 0.01% Tween 20 for 5 mins
each, and incubated with the appropriate secondary antibody in 1% BSA/PBS buffer
containing 4’,6-Diamidino-2-Phenylindole Dihydrochloride (DAPL 0.5 pg/mL; Thermo
Fisher) for 1 hour at room temperature protected from light. Coverslips were then
washed a final three times with PBS 0.01% Tween 20 for 5 mins each followed by two
wash steps in distilled water and then dried on Whatman paper. When coverslips were
completely dry, they were mounted on glass slides using 8 ul Mowiol (Sigma-Aldrich).

Images were captured using an Olympus ScanR inverted microscope system
equipped with an IX83 inverted motorized frame with Z-drift control, Semrock
DAPI/FITC/Cy3/Cy5 Quad LED filter set, sCMOS Hamamatsu Orca Fusion B Camera

(Pixel size on chip 6.5 um, Array size, 2304 x 2304 pixels or 5.3M pixels, FOV 14.976 mm
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x 14.976 mm). An Olympus 20x UPLXAPO Air/Dry objective was used (NA 0.80, WD
0.6 mm, CC 0.17 mm). The light sources were Lumencor SPECTRA X Light Engine
Independent LEDs (Violet 395/25 295 mW, Yellow 575/25 310 mW, Red 640/30 231 mW)
used at 100% power. Identical exposure times were used for all samples within one
experiment. For each sample, a grid of 7x7 fields of view were captured using the
SCANR Acquisition Software (v3.2.0) under non-saturating conditions yielding a total
of 3,000-7,000 nuclei per condition.

Images were analysed using the Olympus ScanR Image Analysis Software
(v3.2.0). An automated background correction was performed for each colour channel
separately. Segmentation of nuclei and foci was performed using the in-built object
detection module based on intensity and size inclusion criteria with nuclei treated as the
primary object and foci as the secondary object. Analysis results tables with parameters
of interest (mean and total intensities of fluorescence channels, object area, foci counts
etc.) were then exported and analysed and visualised using TIBCO Spotfire Software

(v12.2.0).

2.15. Native-BrdU assay

Cells were seeded onto coverslips in growth medium containing 15 uM 5-Bromo-2'-
deoxyuridine (BrdU) in 35 mm dishes and allowed to settle overnight. The following
morning coverslips were transferred to individual wells of a 6-well plate and either left
untreated or treated with 50 nM MMC. All cells were maintained in media containing
15 uM BrdU for the duration of the experiment. Media in MMC treated wells was rinsed
out and replaced with fresh drug-free media after 24 h. Coverslips were then pre-
extracted, fixed, and stained with relevant antibodies according to the identical

procedure laid out in section 2.14 except the primary antibody incubation was
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performed overnight at 4°C. Images and analysis were also carried out in the same

tashion as for QIBC experiments described above.

2.16. siRNA knockdown

Gene knockdown with siRNA was achieved via reverse transfection with
SMARTpool ON-TARGETplus siRNAs (Dharmacon) using Lipofectamine RNAIMAX
transfection reagent (Thermo Fisher). For time course experiments siRNA transfection
was performed 24 h prior to the addition of MMC. The following siRNAs were used at
a concentration of 20 nM: siTOPBP1, siETAA1, siRFWD3. ON-TARGETplus Non-

targeting Control Pool siRNA was used as a negative control.

2.17. Genome-wide CRISPR-Cas9 screen

The genome-wide CRISPR-Cas9 MMC sensitivity screen was performed using a
modified version of the Olivieri and Durocher protocol (Olivieri and Durocher, 2021).
U20S WT and U20S ZUP1 KO cells were plated in 33x T175 flasks each at a density of
3 x 10° cells per flask to yield a 422-fold library coverage. The following day cells were
transduced with the LCV2::TKOv3 single-component lentiviral library at a low MOI of
0.3 determined empirically for each cell line with 8 pg/ml polybrene used to aid
transduction efficiency. Growth media was replaced 24 h after transduction and after a
further 24 h cells were selected by the addition of 2 pg/ml puromycin. Puromycin
selection was continued for 72 h whereupon cells were passaged, and 30 x 10¢ cells were
replated per condition to maintain 422x library coverage. Additionally, a cell pellet of 30
x 10° cells was collected for each cell line and considered as the day 0 (T0) initial time
point. Cells were then subcultured in drug-free media on days 3 and 6 (T3 and T6) at

which point they were split into technical duplicate populations that were either left
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untreated or treated with an empirically determined lethal dose, 20% (LD20) of MMC
(10 nM for WT; 2.5 nM for ZUP1 KO). Cells were then subcultured every 3 days (at T9,
T12, and T15) with or without MMC with 30 x 10¢ cells replated for each condition until
the experimental endpoint at day 18 (T18). At this stage cell pellets of 30 x 10°¢ cells were
collected and frozen at -80°C for each replicate.

Genomic DNA was extracted from pellets collected at TO and T18 using the Wizard
Genomic DNA Purification Kit (Promega) with RNA digestion performed using
PureLink RNase A (Thermo Fisher). Genome-integrated sgRNA sequences were
amplified from gDNA by PCR using NEBNext Ultra II Q5 Master Mix (New England
Biolabs) with PCR1_LCV2_FWD and PCR1_LCV2_REV primers. A second PCR reaction
was then performed to attach Illumina TruSeq adapters and i7 multiplexing barcodes
using a pool of 9 staggered forward primers (PCR2_FWD_01-09) and a unique reverse
primer for each sample containing the i7 barcode (PCR2_REV_01-13; primers 4, 10, and
11 were not used). PCR2 products were gel purified using a QIAquick Gel Extraction Kit
(QIAGEN) and run through a QIAquick PCR purification column (QIAGEN) before
being pooled and sequenced via next-generation sequencing (NGS) on an Illumina
NovaSeq 6000. See Appendix F for primer sequences.

The raw FASTQ NGS output files were trimmed using the Cutadapt v4.1 script to
leave the 20 bp regions corresponding to integrated sgRNA sequences (Martin, 2011).
The trimmed products from each flow cell corresponding to the same sample were
concatenated using the “cat’ zsh shell command on a mac terminal. Trimmed reads were
then assigned to the relevant sgRNA in the TKOv3 library and a read count matrix
generated using the MAGeCK v0.5.9 algorithm (Li et al., 2014). To identify genes
required for survival in the presence of MMC in each cell line, normalised gene fold

change scores (NormZ) were calculated from the read count matrix using the DrugZ
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algorithm (Colic et al., 2019). A NormZ value of <-3.0 was applied as a cut-off for
significant hits as had been used previously in a published genome-wide MMC

sensitivity screen (Schubert et al., 2022).

2.18. Gene ontology enrichment and network interaction

analysis

Gene ontology (GO) enrichment analysis was performed for the top hits from U20S
WT and ZUP1 KO cells (NormZ <-3.0) using the PANTHER v17.0 statistical
overrepresentation test for Biological Process Complete annotated terms using Fisher’s
Exact test with Bonferroni correction for multiple testing (Mi et al., 2019).

Gene network analysis was performed using STRINGdb v11.5 with a full STRING
network analysis (both functional and physical interactions) performed with an
interaction threshold score of 0.400 (Szklarczyk et al., 2019). Networks were exported as

a vector graphic image and figures edited in Adobe Illustrator.

2.19. Generation of Cas9 stable cell lines

U20S WT and ZUP1 KO cells were plated in 6-well plates at a density of 2x10* cell
per plate. 24 h later cells were transduced with packaged lentiCas9-Blast lentiviral vector
at an empirically determined MOI of 1.0. After 24 h lentivirus containing media was
removed and replaced with fresh DMEM and cells were cultured for a further 24 h. Cells
were selected with 15 pg/ml blasticidin (Thermo Fisher) for 7 days until all untransduced
cells had died and maintained in 3 ug/ml blasticidin thereafter. Cells were then
separated into single cell clones via the limiting dilution method described above for KO
cell generation. Once single colonies were obtained, they were screened for FLAG-Cas9

by immunoblotting and clones with roughly equal expression levels were chosen for WT
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and ZUP1 KO cells. Cas9 activity was assessed by transducing Cas9 stable cells and
parental controls with the pKLV2-BFP/GFP reporter and measuring the GFP:BFP
fluorescence ratio. The pKLV2 reporter bears an sgRNA targeting GFP while BFP acts as
an internal control so by measuring the GFP:BFP fluorescence ratio a measure of Cas9’s
activity is obtained. U20S lentiCas9 C4 and ZUP1 KO lentiCas9 C5 were chosen to
perform two-colour competitive growth assays with as they had very similar FLAG-
Cas9 expression and displayed a lack of GFP fluorescence when transduced with the

pKLV2 reporter.

2.20. Two-colour competitive growth assay

Two-colour competitive growth assays were performed with sgRNA targeting the
following GOIs: HELQ, NEIL3, BRCA2, and BRIP1/FANC] with LacZ serving as a
negative control. U20S WT and ZUP1 KO cells stably expressing Cas9 were transduced
with either lentiGuide-Puro-mCherry-NLS-sgLacZ or lentiGuide-Puro-GFP-NLS-sg GOI
at an empirically determined MOI of 1.0. 24 h after transduction growth media was
replaced with fresh media and cells were cultured for a further 24 h. Cells were then
selected with 2 ug/ml puromycin (Gibco) for 72 h. At this stage mCherry-sgLacZ control
and GFP-sgGOI cells were mixed in a 1:1 ratio (10,000 cells each) and plated in 12-well
plate format in drug-free media or in media containing 2.5 nM MMC (i.e., the LD20 dose
for ZUP1 KO cells). Live cell fluorescence imaging of GFP and mCherry signals was
carried out ~6 h after initial plating to generate baseline t=0 readings. Cells were then
imaged and passaged every 3 days for 18 days. Images were captured using an Olympus
ScanR inverted microscope system (see section 2.14 for detail) equipped with a 4x
UPLXAPO Air/Dry objective (NA 0.16, WD 13 mm) and a temperature, CO> and

humidity environmental control chamber set to 37°C and 5% COz. For each sample, a
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grid of 2x2 fields of view were captured using the SCANR Acquisition Software (v3.2.0).
The focal plane was determined with the software autofocus tool using the transmission
light channel, while GFP and mCherry fluorescence was captured using the FITC and
Cy3 colour channels respectively. The number of GFP and mCherry positive nuclei was
calculated by running sequential pipelines in the Olympus ScanR Image Analysis
Software (v3.2.0) to segment nuclei as the main object in the FITC channel followed by

the mCherry channel.
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3.3.4. Rescue of ZUP1 KO phenotypes and issues with partial rescue. . . . .. 132

3.1. Introduction

The initial investigations of ZUP1 cellular function utilised siRNA knockdown to
study the phenotypic consequences of its depletion (Haahr et al., 2018; Hewings et al.,
2018; Kwasna et al., 2018). A clonogenic survival assay using a single ZUP1 targeting
siRNA showed that these cells were sensitive to IR and camptothecin treatment (Kwasna
et al., 2018). Additionally, in unchallenged cells depleted of ZUP1 levels of chromatin-
bound 53BP1 and YH2AX were observed to be higher than in WT cells, suggesting a
higher rate of spontaneous DNA damage (Kwasna et al., 2018). The elevated number of
53BP1 foci could also be rescued by doxycline inducible expression of siRNA-resistant
WT ZUP1 but not ZUP1 with a catalytic inactivating C360S mutation. Haahr et al.
demonstrated that ZUP1 siRNA knockdown cells had an increased number of
micronuclei when treated with aphidicolin, hydroxyurea, or camptothecin and showed
that a greater proportion of micronuclei resulting from camptothecin treatment were
positive for RPA2 foci relative to cells stably expressing siRNA-resistant GFP-tagged
ZUP1 (Haahr et al., 2018). The same study also used a cell line bearing a single artificial
lac operator (LacO) array bound by mCherry-tagged lac repressor (LacR) to induce a site-
specific replication block. Using this model system, the authors demonstrated that levels
of K63-linked Ub were elevated at this site-specific replication block when ZUP1 was
depleted with siRNA. This finding was extended by the Hewings et al. study which

found K63-linked ubiquitylated RPA1 and RPA2 to be substantially enriched following
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K63-linked Ub immunoprecipitation in HEK293T cells treated with hydroxurea and
depleted of ZUP1 using siRNA knockdown (Hewings et al., 2018).

Taken together, these preliminary findings strongly suggest a role for ZUP1 in
regulating K63-linked ubiquitin dynamics at stressed replication forks. However, a
caveat to these studies is that they all relied on siRNA knockdown to study the
consequences of ZUP loss which, as detailed in Chapter 1, can suffer from off-target
effects and incomplete depletion of the target protein. Based on these initial findings, the
initial aim of my DPhil project was to generate ZUP1 KO cell lines using CRISPR-Cas9
gene editing to allow the first detailed analysis of the cellular phenotypes associated with

complete ZUP1 loss.
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3.2. Results

3.2.1. Generation of isoform-specific and catalytically inactive

ZUP1 knockouts

The ZUP1 gene sequence is made up of ten exons with the contribution of each to
the protein sequence depicted in Figure 9A. ZUP1’s catalytic cysteine C360 is encoded
by exon 6 of its gene sequence, while the remaining two residues (H491 and D512) that
make up its catalytic triad are encoded by exon 9. There are additionally five distinct
predicted ZUP1 isoforms expressed within cells (isoforms A, B, C, D, and E) whose
individual functions are unknown and have not been characterised. Importantly, the
major bioinformatics databases give disparate predictions for functional ZUP1 isoforms
with Ensembl predicting only two protein coding isoforms, while the NCBI AceView
and NIH RefSeq databases predict four; potentially suggesting the presence of five
sperate isoforms between them (Cunningham et al., 2022; O'Leary et al., 2016; Thierry-
Mieg and Thierry-Mieg, 2006). Different sgRNA targeting strategies were therefore
tested to determine the most effective approach to generate complete ZUP1 KOs that
lack expression of all known isoforms (Figure 9C). The U20S cell line was chosen to
generate KOs in as it is a well-established, genetically tractable model cancer cell line
used in the DNA repair field and is amenable to microscopic analysis due to its cellular
morphology. After transfection of Cas9-sgRNA plasmids and brief puromycin selection,
single-cell cloning was performed to yield monoclonal cell lines for each targeting
approach. KO clones were screened by immunoblotting using a custom anti-ZUP1
antibody generated by the Gibbs-Seymour lab, which demonstrated far greater
specificity than commercially available antibodies and with which I was able to identify

the major isoforms of the protein. The antibody was generated by immunising mice with
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full-length human ZUP1, and the epitope was mapped to the a2/3 domain by screening
a deletion series of recombinant ZUP1 fragments by immunoblotting, which showed a
loss of signal for the delta-a2/3 ZUP1 construct (data not shown). See Appendix A for
antibody details.

The initial KO approach involved targeting ZUP1 exon 2 with a single sgRNA to
generate a frameshift indel mutation early in the gene sequence leading to nonsense
mediated decay of the resulting transcripts. This approach resulted in the almost
complete loss of the two main isoforms of the protein (denoted as A and B), but an
immunoreactive band corresponding to the predicted size of ZUP1 isoform C was still
observed by immunoblotting (Figure 9B; lanes 3-5). This is likely because exon 2 is not
included in isoform C’s spliced mRNA sequence and can still form functional protein
when exon 2 is disrupted via a frameshift mutation.

As an alternative approach, the catalytic cysteine-containing exon 6 was therefore
targeted since all predicted isoforms contain this exon and any residual protein would,
by definition, not retain catalytic function. Exon 6 was targeted using a dual guide
approach with intronic sgRNAs flanking the entire exon region so that this sequence
would be entirely excised from the ZUPI gene sequence (Figure 9C; middle panel).
While this approach abolished all bands corresponding to predicted ZUP1 isoforms on
an immunoblot (Figure 9B; lanes 7-9), a band corresponding to the truncated form of
isoform A (i.e. missing exon 6) was observed in all three representative KO clones tested
(indicated by red arrowhead in Figure 9B). While this truncated protein would not carry
any DUB catalytic function due to the absence of its catalytic cysteine, it is possible that
it could carry out a scaffolding or protein-protein interaction function within cells and
maintain some, perhaps dominant negative, physiological function. Additionally, a very

faint band, possibly corresponding to the predicted size of isoform A, was still observed.
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Therefore, a multi-guide approach was ultimately taken to target both exon 2 and
exon 6 to cause a frameshift early in the gene sequence as well as excise the entire region
conveying ZUP1’s catalytic function (Figure 9C; bottom panel). Double exon 2/6 KOs
were generated sequentially by targeting exon 6 in the pre-existing ZUP1 KO Exon 2
Clone 2 background. As shown in Figure 9B lanes 11-13, this approach yielded KO clones
completely lacking any observable ZUP1 protein expression for isoforms A, B, or C. The
absence of isoform D/E, however, could not be conclusively shown via immunoblotting
leading to the subsequent sequence validation presented below. The independent
double exon 2/6 KO clones C38 and C62 are predominantly used throughout this thesis

to characterise the cellular effects of ZUP1’s absence.
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Figure 9. Generation of ZUP1 CRISPR-Cas9 knockout cell lines

(A) Schematic representation of ZUP1’s gene and protein domain architecture and
predicted isoform variants. Exons that contribute to the protein sequence of each isoform
are highlighted in grey. The catalytic cysteine (C360) is shown in red within the C78
peptidase domain.

(B) Anti-ZUP1 immunoblot showing U20S WT and representative clonal ZUP1
CRISPR-Cas9 KO cell lines for each of the sgRNA targeting strategies depicted in panel
C. Blue arrowhead (») indicates possible monoubiquitinated ZUP1 species. Red
arrowhead (») indicates truncated ZUP1 species resulting from deletion of exon 6. Grey
asterisk (*) Indicates non-specific band.

(C) Schematic showing multi-guide approach to generate full CRISPR-Cas9 ZUP1 Kos.
(Upper panel) Depicts the initial single guide approach taken to target exon 2 to generate
a frameshift mutation disrupting the downstream gene sequence. (Middle panel) Shows
a dual guide approach with sgRNAs flanking exon 6 of ZUP1 containing its catalytic
cysteine residue. (Lower panel) Outlines the approach taken to target both exon 2 and

exon 6 of ZUP1 to yield a complete KO with no residual protein expression.
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3.2.2. Sequence confirmation of ZUP1 knockout

To confirm ZUP1 KO at the gene level the relevant regions surrounding exon 2 and
6 were amplified by PCR and sequenced via Sanger sequencing. Sequence traces for the
exon 2 region revealed the presence of indels dependent on the identity of the sgRNA
used to generate the KO (Figure 10A). Various sgRNAs were tested with resulting indels
ranging from a small deletion to a single nucleotide insertion (Figure 10A). Exon 2 KO
clones were additionally screened using the interference of CRISPR edits (ICE) algorithm
and cell lines demonstrating the presence of a frameshift mutation in 100% of the
monoclonal population were selected, as shown for the representative clones depicted
in Figure 10B. Exon 6 KO clones were all screened via a PCR strategy using primers
flanking the exon 6 region as shown in Figure 10D. Representative WT (+/+),
heterozygous KO (+/-), and homozygous KO (-/-) cells screened via this approach are
shown in Figure 10C. It should be noted that U20S cells are karyotypically abnormal
with chromosome counts in the hypertriploid range, so the notation used here may not
reflect the true copy number of alleles present in cells. Rather they reflect the presence
or absence of WT or truncated alleles amplified by the PCR strategy depicted in Figure
10D. Clonal cells selected for being homozygous exon 6 KOs via the PCR screening
strategy were then sequenced via Sanger sequencing and the resulting traces aligned to
the ZUP1 genome sequence (Figure 10E). These alignments confirmed that ZUP1 KO
cells created using the dual-guide approach to excise exon 6 completely lacked this gene

region, while retaining the rest of the gene sequence.
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Figure 10. Sequence confirmation of ZUP1 knockout

(A) Alignment of Sanger sequencing traces from representative exon 2 KO clones
showing the position of the sgRNA binding site and PAM sequence. The resulting indel
is highlighted in red in the aligned sequence.

(B) ICE analysis of three representative exon 2 KO clones indicating the prevalence of
indel mutations within the clonal population and the proportion of indels resulting in a
frameshift mutation denoted as KO.

(C) Agarose gel showing PCR screening using exon 6 flanking primers described in
panel D. Representative WT (+/+), heterozygous deletion (+/-) and homozygous deletion
(-/-) mutants are shown.

(D) Schematic of PCR strategy used to screen ZUP1 exon 6 KO clones. Genomic DNA
was isolated from clones and two PCR reactions were performed for each designated as
long-fragment and short-fragment reactions. The long-fragment PCR used primers
flanking the exon 6 region which results in a band of 873 kb (1) for an intact ZUP1
sequence or a band of 423 kb (3) if the region between the two sgRNAs has been excised.
The short fragment reaction utilised a forward primer preceding exon 6 and a reverse
primer internal to exon 6. For intact gene sequences this yields a band of 563 kb (2) or no
product in the case of CRISPR edited sequences.

(E) Sequence alignment of the ZUP1 exon 6 region for representative KO clones edited

with sgRNAs targeting exon 6 alone or in conjunction with an sgRNA targeting exon 2.
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3.2.3. Analysis of ZUP1 mRNA expression

The Ensembl and NCBI AceView databases were searched to identify predicted
isoforms for ZUP1. This revealed four predicted protein coding isoforms from NCBI
Aceview (A, B, C and D) and two from Ensembl (A and E) (Figure 11). The expected
sizes for the given isoforms are as follows: isoform A = 66.0 kDa, isoform B = 61.6 kDa,
isoform C =43.8 kDa, isoform D =30.5 kDa, isoform E = 32.3 kDa. However, the observed
size of each isoform appears slightly differently when resolved by SDS-PAGE as seen in
Figure 9B, as ZUP1 migrates a bit faster than expected on the gel. Nevertheless, bands
clearly corresponding to the size of isoforms A, B, and C can be seen via immunoblot
using the Gibbs-Seymour lab’s custom mouse monoclonal ZUP1 antibody, while a very
faint band similar in size to the predicted weights of isoform D or E may also be present
(Figure 9B). Given that residual isoform expression was observed following CRISPR-
Cas9 KO of exon 2 and 6 individually, I developed a semiquantitative RT-PCR strategy
to identify which isoforms are expressed at transcript level in cells and to confirm that
all predicted isoforms are absent in double exon 2/6 KOs (Figure 11). This strategy was
based on a previously published RT-PCR method that demonstrated the amplification
of low-abundance alternatively spliced mRNA variants by incorporating a cleavage step
with exon-specific primers containing a restriction endonuclease site to degrade more
highly expressed isoforms prior to PCR amplification (Wang et al., 2008). The workflow
for this strategy is outlined in Figure 11B. Briefly, RNA was extracted from cells and total
mRNA converted to cDNA using oligo dT primers that bind the poly-A tail of mature
mRNA molecules. In separate reactions, specific ZUP1 isoforms were then degraded via
restriction digestion using exon-specific primers containing a unique restriction site. By

targeting exons unique to specific isoforms these transcripts could be depleted allowing
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for the amplification of specific lower abundance isoforms. PCR was then performed
using a forward primer contained in exon 1 and a reverse primer in exon 6 which are
found in all predicted transcript variants. The expected pattern of bands for this
semiquantitative RT-PCR approach with cDNA extracted from WT cells is shown with
a simulated gel in Figure 11C. With no cleavage of specific isoform transcripts RT-PCR
products for isoform A and C should be distinguishable at 1211 bp and 637 bp
respectively, while the products for isoform B, D and E run at a similar size of 1042-1100
bp.

The actual resulting pattern from WT cDNA, seen in Figure 11D lane 3, shows bands
corresponding to isoform A and isoforms B, D or E, but not isoform C. This may be due
to the low abundance of isoform C transcript its PCR amplification is outcompeted by
higher abundance transcripts. By targeting all other isoforms with an exon 2 specific
cleavage primer, a product corresponding to the expected size of isoform C could indeed
be observed (Figure 11D; lane 4). A faint residual band corresponding to isoform A is
still present in lane 4 possibly reflecting incomplete digestion of the isoform A transcript.
A specific product corresponding to the expected size of isoform B could also be
observed when all other transcripts were depleted with a cleavage primer targeting exon
3 (Figure 11D; lane 5). To distinguish between isoform D and E, predicted by the NCBI
AceView and Ensembl databases respectively, a cleavage primer was used to target exon
7 that is found in all transcripts except isoform E. Therefore, if a PCR product was
obtained this should correspond to isoform E. Products were indeed observed from this
amplification (Figure 11D; lane 4), however, the banding pattern resembled that of un-
cleaved templates, possibly suggesting incomplete digestion of transcripts. Importantly,
however, no products are observed when amplifying cDNA extracted from ZUP1 KO

cells suggesting that these are complete KOs at the transcript level. While not
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conclusively ruling out the presence of low abundance expression of isoform D or E at
the transcript level, the semiquantitative RT-PCR data together with immunoblot and
sequence data robustly characterise CRISPR-Cas9 cell lines as ZUP1 null at transcript

and protein level.
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Figure 11. Identification of ZUP1 isoforms by semiquantitative RT-PCR

(A) Schematic diagram of the ZUP1 gene sequence with predicted ZUP1 isoforms. Exons
that contribute to the protein sequence of each isoform is highlighted in blue.

(B) Schematic of ZUP1 isoform mRNA sequences with predicted size of PCR products
resulting from amplification with a forward primer within exon 1 and reverse primer
within exon 6.

(C) Simulated agarose gel showing expected band pattern resulting from the PCR
amplification described in panel B. The expected band pattern for PCRs pre-treated with
a restriction enzyme and oligonucleotide primer specific to exon 2, 3, or 7 and containing
a unique restriction site are shown. The resulting PCR amplification should amplify only
those isoforms that do not contain the exon targeted by the relevant cleavage primer.
(D) Actual band pattern observed from PCRs performed on cDNA derived from
representative U20S WT and ZUP1 KO Exon2/6 cells. The coloured asterisks indicate
the relevant ZUP1 isoform. Grey asterisks indicate the presence of a non-specific band
not correlated to any expected band sizes. A positive and negative control reaction with
and without the addition of reverse transcriptase on a model substrate are included in
lanes 11 and 12. Data presented here for C38 ZUP1 KO cells, but additionally performed

for C62 clone used throughout this thesis.
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3.2.4. ZUP1 is not required for unperturbed cell proliferation

Given that ZUP1 KO cells are viable and don’t display any gross morphological
abnormalities, an assessment of their proliferation rates was undertaken to generate a
first approximation of the impact of ZUP1 loss on cellular fitness. This was achieved by
a serial passage proliferation assay under standard conditions to compare the
unchallenged growth rate of three independent U20S ZUP1 KO clones to their WT
counterparts (Figure 12). Cells were grown under normal conditions and were counted
and passaged every 3 days. This analysis revealed that ZUP1 KO cells are fully viable
but display a moderately impaired proliferation rate compared to WT cells. The
doubling time for WT U20S cells was calculated to be 25.7 h while the doubling time for
ZUP1 KO clones ranged from 29.2-32.2 h. These data confirm that under standard
conditions ZUP1 is a non-essential gene as has been reported previously (Tsherniak et
al., 2017). However, given the indications from the initial publications that ZUP1 plays
a role in the DNA damage response, more severe phenotypic defects of ZUP1 KO cells

may only be revealed following damage to their DNA.
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Figure 12. Serial passage growth rate analysis of U20S ZUP1 KO cells

(A) Serial passage proliferation analysis of untreated U20S ZUP1 KO cell lines in
comparison to WT cells. Every 3 days cells were passaged and counted and replated at
a density of 200,000 cells per dish. Each data point is representative of n=2 biological
replicates with each repeat consisting of 3 technical replicates. Error bars indicate SEM.

(B) Average double times for each indicated cell line. Doubling times were calculated
for each passage and averaged across the three passages performed. Error bars indicate
SEM. Asterisks indicate significance as calculated by one-way ANOVA with Dunnett’s

multiple comparisons test (** p<0.005; *** p<0.0005).
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3.2.5. ZUP1 is required for cellular resistance to replication-

coupled DNA damage

To determine whether ZUP1 plays a role in the DDR and to identify which DNA
repair pathway(s) it functions in, the viability of KO cells was assessed in response to a
suite of genotoxic agents that cause a wide range of distinct types of DNA damage.
Hypersensitivity of ZUP1 KO cells to a particular lesion type would therefore suggest a
dysfunction in a specific repair pathway of the DDR. The clonogenic survival assay is
the gold standard used to assess the viability of cultured cells following insult to their
genomic integrity (Franken et al., 2006). It assesses the ability of cells to grow from single
cells to form a colony of many cells and is a measure of the proportion of cells that retain
the ability to divide indefinitely following genotoxic insult. Clonogenic survival assays
were therefore performed to assess the sensitivity of ZUP1 KO clones relative to their
WT counterparts in response to cisplatin, formaldehyde, MMC, olaparip, talazoparib,
hydroxyurea, topotecan, and the ATR inhibitor AZD6738. The mode of action and DNA
lesion type induced by these agents are summarised in Table 6. The results of these
clonogenic survival assays revealed ZUP1 KO clones to be significantly hypersensitive
to genotoxic agents that cause replication-coupled DNA damage (Figure 13). ZUP1 KO
cells were seen to be particularly hypersensitive to the interstrand crosslinking agent
MMC and the PARP inhibitors talazoparib and olaparib, while some degree of
sensitivity was seen against all agents tested except hydroxyurea (Table 6). It is
interesting to note that cell death following talazoparib treatment was achieved at lower
molarity than for olaparib treatment. Talazoparib has been shown to possess stronger
PARP trapping activity than olaparib while inhibiting PARP catalytic activity to a similar

extent, which suggests that PARP trapping may be a key mediator of cytotoxicity in
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U20S cells (Hopkins et al., 2015). However, ZUP1 KO cells showed similar sensitivity
relative to WT cells when treated with talazoparib or olaparib. This could suggest that
the additional hypersensitivity of ZUP1 KO cells to PARPi is mediated by an effect
distinct from their PARP trapping activity, such as the recently described correlation of
PARPi lethality with excessive ssDNA generation resulting from defective Okazaki
fragment processing (Cong et al., 2021). Therefore, if ZUP1 loss leads to excessive ssDNA
generation this could confer the observed sensitivity to PARPi.

Notably, no significant hypersensitivity of ZUP1 KO cells relative to WT cells was
observed following treatment with hydroxurea. This may suggest that ZUP1 responds
to fork blocking lesions rather than just fork stalling, or that the cytotoxicity of
hydroxyurea is mediated by a mechanism of action distinct from its canonical fork
stalling effect at the concentrations used in this assay (Figure 13F). It should also be noted
that although the ZUP1 KO clones tested showed a broadly similar pattern of sensitivity
to the same agents, variability was observed between the clones in response to some
DNA damaging drugs. For the purposes of this DPhil thesis MMC was chosen for
further investigation as ZUP1 KO cells displayed the greatest sensitivity to this agent.
Further studies investigating the response to PARPi and ATRi treatment, however,

would undoubtedly be of interest.
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Figure 13. Assessment of U20S ZUP1 KO DNA damage sensitivities by

clonogenic survival assay

Quantification and representative well images of clonogenic survival assays of U20S
WT and two independent ZUP1 KO cell lines performed with the indicated DNA
damaging agents and treatment schedule. (A) Cisplatin chronic treatment. (B)
Formaldehyde chronic treatment. (C) MMC acute treatment for 24 h. (D) Olaparib
chronic treatment with drug change every 3 days. (E) Talazoparib chronic treatment
with drug change every 3 days. (F) Hydroxyurea acute treatment for 24 h. (G) Topotecan
acute treatment for 24 h. (H) ATRi (AZD6738) chronic treatment with drug change every
3 days. Each data point is representative of n=3 biological replicates with each replicate
comprising 3 x technical replicate wells for each drug concentration. Clonogenic survival
assays were carried out in conjunction with Kay Chong from the Gibbs-Seymour lab.
Asterisks indicate significance as calculated by a two-way ANOVA with Dunnett’s
multiple comparisons test (* p<0.05; ** p<0.005; *** p<0.0005; *** p<0.00005). Error bars

indicate SEM.
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Table 6. Summary of sensitivities to DNA damaging agents

Drug
MMC

Talazoparib
Olaparib

Cisplatin

ATRi
(AZD6738)

Formaldehyde

Toptotecan

Hydroxyurea

Treatment scheme

24 h acute
Continuous with
replacement every 3 d
Continuous with
replacement every 3 d

Continuous

Continuous with
replacement every 3 d

Continuous

24 h acute

24 h acute

Mode of action

DNA interstrand crosslinks
PARP inhibition/Increased

trapping on DNA

PARP inhibition/trapping on

DNA

DNA interstrand/intrastrand

crosslinks
ATR inhibition —

unscheduled origin firing,

loss of replication fork
protection

DNA protein crosslinks

Topoisomerase I inhibitor/

trapping on DNA

dNTP synthesis inhibition —

fork stalling

Sensitivity

+++

+++

+++

++

++
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3.2.6. ZUP1 suppresses RPA hyperphosphorylation in response to
ICLs

To further investigate the basis for ZUP1 KO cell's hypersensitivity to MMC, an
immunoblot assay was carried out to monitor the activation of key DNA damage
response markers following treatment with a sublethal dose of MMC (Figure 14). Cells
were treated for a period of 24 h with 50 nM MMC to allow for all cells to enter S-phase
so that the replication machinery of all cells would encounter ICL lesions introduced by
MMC DNA damage. MMC was then washed out and fresh media supplied to cells and
timepoints were taken to monitor the recovery of cells (Figure 14A). These data indicate
that there is no apparent defect in the activation of FANCD2 or CHK1 by ubiquitylation
or phosphorylation respectively in ZUP1 KO cells. No major alteration in the levels of
unmodified FANCD2 or CHK1 markers was observed in ZUP1 KO cells either. There
was, however, a substantially marked increase in RPA2 phosphorylation at S4/8, S33,
and T21 in ZUP1 KO cells that persisted for a longer duration relative to their WT
counterparts. RPA2 phosphorylation in WT cells peaked at 32 h after addition of MMC
and began to recover towards baseline after this time. In ZUP1 KO cells, however, RPA2
phosphorylation continued to accumulate up to 48 h following MMC treatment and
remained substantially elevated relative to WT at 72 h. These results suggest ICL repair
is defective in cells following ZUP1 loss, and indicate that ZUP1 may function

downstream, or parallel to, the activation of FANCD2 and CHK1.
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Figure 14. Immunoblot analysis of key DNA damage response factors in

response to ICLs

(A) Schematic of MMC treatment time course and timepoint collection. Cells were
treated with 50 nM MMC. Protein lysates were generated fresh at each timepoint and
kept at -80°C until sample preparation.

(B) Immunoblot analysis of ZUP1 KO cells following recovery from MMC treatment

using the indicated antibodies.
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3.2.7. ZUP1 complemented cells show a trend towards rescue of

RPA hyperphosphorylation and MMC sensitivity

Following the discovery of genotoxin hypersensitivity and hyperphosphorylation of
RPA following MMC treatment in ZUP1 KO cells, my next aim was to determine
whether these effects were mediated specifically by loss of ZUP1 by performing
complementation experiments with exogenously expressed ZUPI. Rescue cell lines
stably expressing exogenous ZUP1 constructs were therefore generated by transducing
cells with lentiviral vectors expressing ZUP1 via promoters of different strength (PGK
or CMV). The lentiviral vector utilising a PGK promotor was ultimately chosen as this
resulted in ZUP1 expression most closely matching endogenous expression, whereas
CMYV promoter vectors greatly overexpressed ZUP1 (data not shown). Rescue cell lines
were tested as pools and were not separated into monoclonal populations since it was
reasoned that a distribution of ZUP1 expression levels among clones would be observed.
Therefore, bias could be introduced by selecting clones that showed a desired
phenotype. Looking at the whole pooled population would therefore give a less biased,
more robust indication of whether re-expression of ZUP1 was able to rescue phenotypic
defects. Initial rescue cells lines were created in a WT or ZUP1 KO background via
transduction with a lentiviral vector expressing WT ZUP1 or an EV control (Figure 15).
This ensured that rescue cells were compared to cell lines that underwent the same

selection process for stable integration of the pLenti-PGK-Hygro vector.

122



Chapter 3 - Results

A ° WT D 0nM 5nM  75nM 10nM  15nM  20nM
° AZUP1 C38 = _
L) WT + EV i
% WT + ZUP1 :
[ ] AZUP1 C38 + EV g
MHK) e AZUP1C38 + ZUP1 :
g7 | - — > a— e—— Vinculin
— —
i ZUP1
51 + e
39 — — -
et Sl
U-2 0s
B
Plate cells +MMC -MMC
l l T Recovery
_>| ;l 1#
-16hr  Ohr 24 hr 48 hr s
Fmmmmmmmmm == - =
Take timepoints [
2
=]
Cc ? 14{eWT+EV
Untreated +MMC 24hr +MMC 48hr = WT + ZUP1
° [} e WT + EV = KO +EV
o ° ° WT + ZUP1 o4 L KO+ 2UP . '
° ° ° AZUP1 C38 + EV 0 5 . 19 15 20
M{K) ° o ® AZUP1C38 +ZUP1 Mitomycin C [nM]
| Vineul
97 — D P e e = e e e o e e — - /NCUNIN
3 7 PRPA2 (T21)
D e L i B B =G
39 —
- “% -« w» »|— pRPA2 (S4/8)
39 R .
W% S B% & s wm W s — PRPA2 (S33)

Figure 15. Initial rescue of RPA hyperphosphorylation and MMC sensitivity

in ZUP1 KO cells

(A) Immunoblot to show rescue of ZUP1 expression in pooled ZUP1 KO U20S cells
using lentiviral encoded constructs expressed via a PGK promoter.

(B) MMC treatment schematic to test for rescue of RPA hyperphosphorylation.

(C) Immunoblot analysis of RPA phosphorylation following the MMC time course

depicted in panel B.
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(D) Representative well images from MMC clonogenic survival assay. Cells were treated
with MMC chronically for 14 days.
(E) Quantification of colony survival following MMC treatment. Data points are from a

single biological replicate with 3x technical repeat wells used for each concentration.

Although the pLenti-PGK-Hygro vector was chosen as expression construct due to
most closely matching endogenous levels of ZUP1, immunoblot confirmation still
revealed ZUP1 to be expressed ~5-fold higher than endogenous levels (Figure 15A). An
initial immunoblot assay to monitor RPA2 phosphorylation at S4/8, 533, and T21
following recovery from MMC-induced damage revealed ZUP1 rescue cells to show a
reduced level of phosphorylation of all three residues compared to their matched EV
counterparts (Figure 15C). There was no apparent additional effect on RPA
phosphorylation of ZUP1 expression in a WT background. ZUP1 rescue cells also
showed almost complete rescue of sensitivity to MMC assessed by clonogenic survival
assay (Figure 15D-E). However, these findings are caveated by the fact that these
experiments constituted a single biological replicate as they were intended as an initial
characterisation before generating re-expression cells lines using ZUP1 mutants for
comparison. Following the initial promise of phenotypic rescue by WT ZUP1
complementation, cell lines were cryogenically stored, and additional rescue cell lines
were generated bearing mutations in ZUP1 to determine the molecular basis for ZUP1’s
physiological function. These included variants bearing a mutation in the catalytic
cysteine (C360R) and a deletion of the a2/3 region responsible for ZUP1’s interaction
with the RPA complex as well as for binding Ub chains (Figure 16A). Full-scale (n=3)

immunoblot and clonogenic survival rescue experiments were then performed using
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these cell lines as well as thawed stocks of cryopreserved WT and EV recues cell lines
(Figure 16). These experiments, however, did not show a significant rescue of RPA
hyperphosphorylation or reduction in sensitivity to MMC in ZUP1 KO complemented
with WT ZUP1. However, a trend towards reduction in MMC sensitivity was observed
in ZUP1 KO complemented with WT ZUP1 cells relative to KO cells complemented with
EV, C360R or Aa2/3 protein. No additional increased viability or reduction in RPA

phosphorylation was observed in WT cells complemented with ZUP1 protein.
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Figure 16. Second round rescue of RPA hyperphosphorylation and MMC
sensitivity in ZUP1 KO cells

(A) Immunoblot to show rescue of ZUP1 expression in pooled ZUP1 KO U20S cells
using lentiviral encoded constructs expressed via a PGK promoter. Pooled cell lines re-
expressing WT ZUP1 and ZUP1 containing C360R, and Aa2/3 mutations were generated
as indicated. Rabbit polyclonal anti-ZUP1 antibody is used to visualise re-expression of
the Aa2/3-ZUP1 construct as the binding site for the monoclonal mouse antibody is
located in the a2/3 region.

(B) MMC treatment schematic. Cells were treated with 50 nM MMC.

(©) Immunoblot analysis of RPA phosphorylation following MMC time course depicted
in panel B.

(D) Representative well images from MMC clonogenic survival assay. Cells were treated
with MMC chronically for 14 days.

(E) Quantification of colony survival following MMC treatment. Data points are from
n=3 biological replicates with 3x technical repeat wells used for each concentration. Error
bars indicate SEM. Statistical difference was calculated using a two-way ANOVA with
Dunnett’s multiple comparison test. Cell lines and treatment timepoints without a
significant difference relative to WT are denoted as ‘ns’ while all other data points

showed a significant difference.
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3.3. Discussion

3.3.1. Challenges of creating full ZUP1 knockouts

This chapter describes the successful generation of complete ZUP1 KO U20S cell
lines at the transcript and protein level using a multi-guide CRISPR-Cas9 approach. The
process of creating these cell lines highlights the importance of robustly validating KOs
and empirically determining the expression of splice variants for less well characterised
genes such as ZUPI. I used immunoblotting and a PCR amplification strategy to
demonstrate that ZUP1 KO cells completely lacked protein expression and used a
semiquantitative RT-PCR approach to investigate the expression of alternative ZUP1
splice isoforms. Using this approach, I was able to show that the three main predicted
protein coding isoforms (A, B, and C) are expressed in WT cells but are completely
absent in ZUP1 KO cells. While the identification of a band corresponding to the smaller
isoforms of D or E was less conclusive in WT cells, there was importantly no RT-PCR
product obtained for either of these isoforms in ZUP1 KO cells. Additionally, no bands
are observed on an immunoblot that correlate perfectly to the predicted size of isoform
D or E (a faint band is seen at ~39 kDa while the predicted size is ~30 and ~32 kDa
respectively), perhaps suggesting that these are non-translated isoforms or extremely
low abundance. In future it will be interesting to investigate whether the different ZUP1
splice isoforms perform distinct functions in cells. This could be addressed by using
selectively targeted KOs, for example by comparing the phenotypes of exon 2 targeted
KOs, which still express isoform C, with full exon 2/6 KOs. It would also be important
to create ZUP1 KOs in a more karyotypically normal cell line such as RPE1 to determine

if the phenotypic consequences of ZUP1 absence are context-dependent on aneuploidy.

128



Chapter 3 - Results

3.3.2. Significance of observed genotoxin sensitivities

In unchallenged conditions U20S ZUP1 KO cells were found to be fully viable whilst
displaying a modestly increased doubling time. This is in accordance with the
suggestion from the papers describing ZUP1’s discovery that it is a regulatory protein
that functions in the DNA damage response but is not required for normal physiological
function. The slightly increased doubling time in unchallenged conditions could reflect
the higher rate of spontaneous DNA damage that was previously reported for ZUP1
siRNA knockdown cells (Kwasna et al., 2018). Here, I have additionally demonstrated
that ZUP1 KO are hypersensitive to a broad array of genotoxic agents with significant
sensitivity seen against MMC, talazoparib, cisplatin, olaparib, ATRi (AZD6738),
formaldehyde, and topotecan for at least some drug concentrations. The only agent to
which ZUP1 KO cells showed no significant hypersensitivity relative to WT cells was
hydroxyurea. Given the overlapping function of DNA repair factors involved in the
DDR and the crosstalk and redundancy between pathways it may be expected that ZUP1
KO cells would be sensitive to multiple DNA damaging agents. This is compounded by
the fact that DNA damaging agents can generate heterogenous DNA lesion types. For
example formaldehyde causes DNA protein crosslinks as well as DNA interstrand
crosslinks (Grafstrom et al., 1983). These considerations suggest that ZUP1 may function
in a downstream repair process common to multiple repair pathways that respond to
distinct lesion types. Notably, all the genotoxins that ZUP1 KO cells are sensitive to cause
replication stress; MMC and cisplatin by generating ICLs that impede replication forks;
formaldehyde, topotecan, talazoparib, and olaparib by generating DPCs or DPC-like
lesions which similarly block replication fork progression; and ATRi by causing

unscheduled origin firing leading to excessive ssDNA generation and RPA exhaustion.
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ZUP1 may therefore function in a repair process common to multiple sources of
replication stress such as lesion bypass and fork reversal, or may be involved in the
downstream repair of DSBs that result from extended replication fork stalling (Cortez,
2019).

Given ZUP1 KO cells hypersensitivity to replication stress inducing agents it is
surprising that no sensitivity was observed to hydroxyurea. Lack of sensitivity, however,
may be due to hydroxyurea’s cytotoxic activity being mediated through its reported
generation of ROS rather than its canonical function as an antimetabolite that inhibits
ribonucleotide reductase leading to replication fork stalling (Kapor et al., 2021). The
relatively high dose of HU used to induce cell death (30 mM highest dose) suggests
significant ROS species would be generated which would likely generate DNA base
damage and require BER or NER repair pathways to ameliorate this damage. The similar
levels of sensitivity seen between WT and ZUP1 KO cells may therefore suggest that
ZUP1 is not required for the BER or NER pathways. This, however, remains speculative
and would require further experiments to elucidate. It will additionally be important in
future to define ZUP1 KO cell sensitivity to replication-independent sources of DNA
damage such as IR or UV light-induced damage to comprehensively demonstrate
whether the repair defect in the absence of ZUP1 is specific for replication-coupled DNA
repair.

An additional aspect of ZUP1 KO cell lines that should be considered is the clonal
variability seen between independent KO clones. This clonal variation in genotoxin
sensitivities could indicate a lack of a true isogenic background between clones, possibly
due to compensatory mutations that arise following CRISPR-Cas9 editing. Despite this
clonal variability, however, the data presented in this section robustly identify ZUP1 as

a factor contributing to the efficient response to DNA damage. To address the problem
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of clonal variability possible future targeting strategies could include the CRISPR-
mediated knock-in of a degron tag at the ZUP1 locus that would allow for inducible
targeted protein degradation of ZUP1 and possibly circumvent issues of compensatory

mutations that arise when knocking out the gene itself (Bondeson et al., 2022).
3.3.3. Speculation on RPA hyperphosphorylation phenotype

A major finding of this chapter was the observation of hyperphosphorylation of
RPA2 following MMC-induced DNA damage in ZUP1 KO cells. This observation,
coupled with the apparently normal CHK1 phosphorylation and FANCD2
ubiquitylation relative to WT cells may suggest that ZUP1 functions downstream, or
parallel to, CHK1 and FANCD2-FANCI activation pathways. Importantly, the
substrates of ZUP1 have yet to be conclusively verified, although an initial publication
showed increased RPA polyubiquitylation upon ZUP1 siRNA depletion following DNA
damage, and the Gibbs-Seymour lab has demonstrated increased PCNA
polyubiquitylation in ZUP1 KO cells following damage (Hewings et al., 2018). It can be
speculated that failure to de-modify K63-linked Ub on one of these substrates may
interfere with ICL repair such that increased ssDNA is generated which is bound by RPA
and phosphorylated. Alternatively, if RPA is a true substrate of ZUP1 the
hyperphosphorylation observed following ZUP1 loss may predominantly be driven by
the consequences of excess RPA ubiquitylation. As discussed in the introduction RPA
ubiquitylation has been proposed to promote a feedforward loop driving further ATR-
mediated phosphorylation of RPA (see sections 1.2.5 and 1.3.2). RPA ubiquitylation and
phosphorylation have also been suggested to promote the timely removal of RPA from
ssDNA to allow for downstream repair processes to occur (Feeney et al., 2017). If ZUP1

impacts the dynamics of RPA ubiquitylation and phosphorylation at stalled replication

131



Chapter 3 - Results

forks this may interfere with its timely extraction from chromatin and thereby disrupt
downstream repair processes such as HR. In Chapter 4, I build on these observations
and utilise a high-content immunofluorescence imaging approach to analyse the
chromatin-loading dynamics of RPA and other important repair factors at ICL lesions

induced by MMC treatment.

3.3.4. Rescue of ZUP1 KO phenotypes and issues with partial

rescue

The complementation of ZUP1 KO with exogenous WT ZUP1 presented in this
chapter showed initial promise of rescue of MMC hypersensitivity and reverse of RPA
hyperphosphorylation in proof-of-concept experiments. However, a larger-scale
experiment comparing additional ZUP1 variants, failed to demonstrate significant
rescue of these phenotypes. The following possible reasons could account for the lack of
phenotypic rescue observed in full-scale experiments. Firstly, silencing of ZUP1
expression following cryopreservation and thawing of cells may have occurred,
although immunoblot verification of ZUP1 expression was performed immediately
prior to starting the first full-scale rescue experiments (Figure 16A). The long timescale
of clonogenic survival assays and the time needed to perform biological repeats,
however, could mean that ZUP1 expression is lost over time. Secondly, it may be that
exogenous ZUP1 expression does not match endogenous levels sufficiently closely to
preserve physiological function. Rescue of phenotypes may, therefore, not be a binary
that merely requires the presence of ZUP1 protein, but rather requires a specific level of
DUB activity to perform its physiological function. A third consideration is that the
balance between the different isoforms of ZUP1 may also be important which would not

be recapitulated by exogenous expression of ZUP1 via a plasmid construct bearing only
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the full-length form of the protein. Additionally, the correct post-translational
modifications regulating ZUP1 function may not be correctly appended when not
expressed at endogenous levels. Our lab has demonstrated that ZUP1 itself is
ubiquitylated in response to DNA damage, which may be important for its physiological
function (I.G.-S. personal communication; unpublished). Finally, the rescue experiments
performed as part of this thesis cannot rule out the possibility of additional off-target
mutations created during CRISPR-Cas9 editing of the ZUP1 locus. Nevertheless, the use
of multiple monoclonal ZUP1 KO cell lines in the experiments performed in this chapter

still strongly suggest a role for ZUP1 in the repair of replication-coupled DNA damage.
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4.1. Introduction

In this chapter, I further characterise the phenotypic defects seen in ZUP1 KO cells
using quantitative image-based cytometry (QIBC) to analyse the dynamics of key DDR
factors following MMC-induced damage. QIBC utilises automated, multichannel, high-
content, widefield immunofluorescence microscopy to generate cytometry-like outputs
from fixed samples (Toledo et al., 2017; Toledo et al., 2013). This approach allows the
visualisation of an entire population of cells with single-cell resolution and permits the
multiplexing of antibodies in different fluorescent colour channels to simultaneously
monitor the dynamics of multiple targets of interest. A key consideration for antibody
multiplexing is that primary antibodies must be raised in different species to allow
specific binding by secondary antibodies, but otherwise essentially any factor for which
suitable antibodies exist can be studied. The ScanR software used to perform QIBC
segments individual nuclei based on a DAPI nuclear counterstain channel and can
associate sub-objects, based on multiplexed antibodies in different colour channels, to
each parental nucleus. By using appropriate markers, a population of cells can therefore
be stratified into different subpopulations, such as cell cycle phase, and the temporal and
spatial dynamics of factors of interest can be tracked. Since QIBC uses fixed samples,

processing steps can also be utilised to specifically visualise chromatin-bound

135



Chapter 4 - Results

substrates. This involves a pre-extraction step prior to fixation whereby nuclei are
permeabilised with 0.2% Triton X-100 buffer and soluble, non-chromatin-bound proteins
are washed away leaving only insoluble cellular components such as chromatin. The
visualisation of DNA repair factors with fluorescently tagged antibodies under these
conditions reveals discrete subnuclear foci, which represent specific sites of DNA
damage that can be used to monitor the recruitment of different repair factors
(Rothkamm et al., 2015).

The aim of this chapter was to use QIBC analysis to characterise the impact of ZUP1
loss on the major ubiquitylation targets at stressed replication forks: PCNA, RPA,
RAD51, and the MCM helicase complex. Ubiquitylation of these factors at stressed
replication forks have previously been shown to be important for distinct repair
outcomes as covered in the Introduction. Monoubiquitylation of PCNA by RAD18 is
important for recruiting TLS polymerases (Choe and Moldovan, 2017).
Polyubiquitylation of PCNA by RFWD3 has also been proposed to be important for
lesion bypass by TLS as this process is impaired in the absence of RFWD3 (Gallina et al.,
2021). RFWD3-mediated ubiquitylation of RPA and RAD51 has also been suggested to
facilitate their extraction from chromatin by p97/VCP and allow efficient HR repair to
proceed (Feeney et al., 2017). Polyubiquitylation of MCM by TRAIP has been shown to
be important drive the ICL repair pathway decision tree between the NEIL3 pathway
and the FA pathway, depending on the length of ubiquitylation. Long Ub chains on
MCM drives its p97/VCP-mediated disassembly from chromatin allowing for
engagement of FA pathway factors, whilst short Ub chains are sufficient for NEIL3
recruitment without the need for removal of MCM (Wu et al., 2019). The Gibbs-Seymour
lab has demonstrated that ZUP1 interacts directly with the RPA complex both in vitro

and in vivo, which functions to activate ZUP1 DUB activity (Foster et al., 2023).
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Furthermore, FLAG-ZUP1 is able to co-immunoprecipitate the MCM complex and
PCNA from cells, as demonstrated by mass spectrometry and immunoblotting (L.G.-S.
personal communication; unpublished). Importantly, the Gibbs-Seymour lab have
found that PCNA polyubiquitylation is increased after MMC treatment in ZUP1 KO
cells, suggesting that ZUP1 is the first cellular DUB for PCNA polyubiquitylation (I.G.-
S. personal communication; unpublished). There is, therefore, an emerging role for
ZUP1 in mediating ubiquitylation dynamics at stressed replication forks through key
factors that mediate DNA repair. This chapter seeks to investigate the consequences of
disrupting these dynamics by studying the recruitment of the aforementioned factors to

sites of MMC-induced ICL lesions using QIBC in WT and ZUP1 KO cells.
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4.2. Results

4.2.1. ZUP1 prevents G2 phase arrest following MMC-induced
DNA damage

The first QIBC experiment I conducted utilised multiplexed co-immunostaining for
PCNA and RPA2 with a DAPI nuclear counterstain to monitor their dynamics following
recovery from MMC-induced DNA damage over a 72 h treatment time course in U20S
WT cells and two independent ZUP1 KO clones (Figure 17A). DAPI nuclear staining and
PCNA immunostaining allowed cells to be stratified by cell cycle phase (Figure 17C).
PCNA acts as the sliding clamp during DNA replication and therefore cells positive for
chromatin-bound PCNA can be assumed to be in S-phase as previously reported
(Schonenberger et al., 2015). The intensity of DAPI nuclear staining is directly correlated
to a cell’s DNA content and therefore can be used to determine which cells are in G1-
phase (2n DNA content) or G2-phase (4n DNA content) (Figure 17D). This experiment
revealed that the distribution of untreated cells across the cell cycle was similar for U20S
WT and ZUP1 KO cells (Figure 17E; first column). Following treatment with MMC both
WT and ZUP1 KO cells stalled in G2-phase of the cell cycle as has been well established
for MMC treated cells in the existing literature (Kang et al., 2001). After release into
untreated growth medium WT cells began to recover and start cycling through the cell
cycle. By 72 h the peak associated with G1-phase cells increased substantially relative to
G2-phase suggesting a more cells were actively dividing (Figure 17E; last column). A
greater proportion of ZUP1 KO cells, however, remained stalled in G2-phase implying
a defect in DNA repair (Figure 17E).

The Spotfire analysis software was then used to gate cells according to their cell cycle

phase as shown in the representative example in Figure 17D. This allowed the precise
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proportion of cells in each cell cycle phase to be quantified across the MMC treatment
time course (Figure 17F). These data confirm that a greater proportion of cells remained
stalled in G2 phase in ZUP1 KO cells compared to WT cells (62.6% and 48.0% in clone 38
and 62 respectively compared to 35.7% in WT at 72 h post MMC treatment).
Additionally, fewer cells entered S-phase in ZUP1 KO cells compared to WT cells (13.4%
and 17.9% in clone 38 and 62 respectively compared to 35.0% in WT at 72 h post MMC
treatment). The activity of ZUP1 is therefore revealed to be important to prevent cells

from arresting in G2 phase following DNA damage.
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Figure 17. QIBC analysis of PCNA and RPA2 chromatin loading dynamics

over an MMC treatment time course

(A) MMC treatment schematic. Cells were treated with 50 nM MMC.

(B) Representative immunofluorescence images from QIBC assay with PCNA and
RPA2 co-immunostain. Images show a random selection of nuclei chosen automatically
using the ScanR software.

(C) QIBC plot of U20S WT and ZUP1 KO cells immunostained for chromatin-bound
PCNA and RPA2 following treatment with MMC. DNA was counterstained with DAPI.
Soluble non-chromatin-bound proteins were removed prior to immunostaining via a
pre-extraction step with 0.2% Triton X-100 buffer. A.U. arbitrary units. Approximately
5,000 cells were imaged per condition. Data is representative of n=2 biological replicates.
(D) Example PCNA vs DAPI QIBC plot showing segmentation strategy to stratify cells
based on cell cycle phase. DAPI content was used to determine cells in G1 (2n) or G2 (4n)
phase of the cell cycle, while cells that were positive for PCNA had active replication
complexes and were cycling through S-phase of the cell cycle.

(E) Histogram showing distribution throughout the cell cycle of U20S WT and ZUP1
KO cells treated with MMC. Graph plots total DAPI as a proxy for DNA content vs the
binned count. Data is representative of n=2 biological replicates.

(F) Quantification of proportion of cells in each phase of the cell cycle from QIBC assay
using gating strategy outlined in panel D. Data is representative of n=2 biological

replicates.
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4.2.2. ZUP1 KO cells accumulate chromatin-bound RPA2 in S/G2

phase

The multiplexed PCNA and RPA2 experiment described above also allowed for the
dynamics of RPA2 chromatin loading to be studied across the cell cycle in response to
MMC treatment. These data revealed that RPA2 was loaded onto chromatin in late S-
phase and G2-phase (Figure 17B-C). The ScanR analysis software was then used to
quantify the total fluorescence intensity of immunostained chromatin-bound RPA2, and
the number of discrete RPA2 foci in S/G2 phase nuclei (Figure 18). These data revealed
that both total intensity and number of foci were substantially elevated in ZUP1 KO cells
relative to WT cells following MMC treatment and persisted for a longer duration
(Figure 18). The baseline mean total intensity and number of RPA2 foci in untreated WT
and ZUP1 KO cells were, however, very similar suggesting that no additional
spontaneous DNA damage is generated in the absence of ZUP1 under unchallenged
conditions. Mirroring the dynamics of RPA2 phosphorylation observed in immunoblot
experiments, RPA2 loading in WT cells peaked at 32 h following MMC treatment and
decreased towards baseline thereafter. In ZUP1 KO cells, however, RPA2 loading
peaked at 48 h and remained elevated compared to WT at 72 h. These data suggest that
they hyperphosphorylation of RPA2 in ZUP1 KO cells reflects an increase in chromatin-
loaded RPA following DNA damage rather than merely an increase in phosphorylation

of an existing chromatin-bound fraction.
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Figure 18. Quantification of QIBC analysis of PCNA and RPA2 chromatin

loading dynamics over MMC treatment time course

(A) Plot of total RPA2 intensity per nucleus in S- or G2-phase of the cell cycle over MMC
treatment time course. Cells were gated to include only those in 2/G2 phase according
to the example in Figure 17D. Horizontal black lines indicate the mean across all
included cells for a given treatment. Data is representative of n=2 biological replicates.

(B) Quantification of mean total RPA2 intensity across all included cells for a given
treatment in panel A. Calculation of SEM yield error bars too small to be visualized on

this scale for all data points.
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(C) Plot of number of RPA2 foci per nucleus in S- or G2-phase of the cell cycle over MMC
treatment time course. Foci were segmented as secondary objects using a ScanR analysis
pipeline and then associated with their parental nucleus following segmentation using
the DAPI channel as the primary object. Horizontal black lines indicate the mean across
all included cells for a given treatment. Data is representative of n=2 biological replicates.
(D) Quantification of mean number of RPA2 foci across all included cells for a given
treatment in panel C. Calculation of SEM yield error bars too small to be visualized on

this scale for all data points.
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4.2.3. Chromatin-bound RPA2 is hyperphosphorylated in S/G2
phase in ZUP1 KO cells

QIBC assays were next used to assess the dynamics of RPA2 phosphorylation
following MMC-induced damage. Antibodies against pRPA2 T21, S4/8 and S33 were
first tested for use in QIBC assays (data not shown). The anti-pRPA2-T21 antibody was
found to be not suitable for immunofluorescence experiments since it also binds to the
unmodified version of RPA2 (observed as a lower band at 32 kDa on immunoblots), and
therefore could not distinguish between the species via immunofluorescence
microscopy. The anti-pRPA2-54/8 antibody yielded phospho-specific labelling but
displayed a poor dynamic range of signal intensity. pRPA2-533 was therefore chosen as
the phosphorylation marker as this antibody showed specific labelling and resulted in
the best dynamic range out of the antibodies tested. It additionally can be used as a proxy
for other pRPA2 markers as they were all observed to increase following MMC-induced
damage via immunoblot (Figure 14). pPRPA2-S33 is also reported to be predominantly
phosphorylated by ATR and is therefore a key marker for replication stress as discussed
in section 1.2.5. QIBC experiments were performed with multiplexed RPA2 and pRPA2-
S33 antibodies to determine which sub-population of chromatin-bound RPA2 is
phosphorylated in response to MMC. Cells were treated according to the same MMC
time course used in the above experiment (Figure 19A). QIBC plots revealed that pRPA2-
S33 accumulated in S/G2-phase cells following MMC damage and both total intensity
and number of foci were elevated and persisted for longer in ZUP1 KO cells compared
to WT counterparts, commensurate with the immunoblot data presented in Chapter 3
(Figure 19). Baseline phosphorylation levels and number of foci were again seen to be

similar in untreated WT and ZUP1 KO cells. It additionally doesn’t appear that pRPA2-
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S33 are inherited by daughter cells as phosphorylation is restricted to S/G2 phase cells,

suggesting that the ICL lesion site must be repaired before cells enter mitosis.
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Figure 19. QIBC analysis of RPA2 and pRPA2-5S33 chromatin loading

dynamics over a time course following MMC-induced DNA damage

(A) MMC treatment schematic. Cells were treated with 50 nM MMC.

(B) Representative immunofluorescence images from QIBC assay with RPA2 and
pRPA2-533 co-immunostain. Images show a random selection of nuclei chosen
automatically using the ScanR software.

(C) QIBC plot of U20S WT and ZUP1 KO cells immunostained for chromatin-bound
RPA2 and pRPA2-S33 following treatment with MMC. DNA was counterstained with
DAPI. Soluble non-chromatin-bound proteins were removed prior to immunostaining
via a pre-extraction step with 0.2% Triton X-100 buffer. A.U. arbitrary units. Roughly
5,000 cells were imaged per condition. Data is representative of n=2 biological replicates.
(D) Plot of total pRPA2-533 intensity per nucleus in S- or G2-phase of the cell cycle over
MMC treatment time course. Cells were gated to include only those in 2/G2 phase.
Horizontal black lines indicate the mean across all included cells for a given treatment.
Data is representative of n=2 biological replicates.

(E) Quantification of mean total pRPA2-533 intensity across all included cells for a given
treatment in panel D.

(F) Plot of number of pRPA2-533 foci per nucleus in S- or G2-phase of the cell cycle over
MMC treatment time course. Foci were segmented as secondary objects using a ScanR
analysis pipeline and then associated with their parental nucleus following
segmentation using the DAPI channel as the primary object. Horizontal black lines
indicate the mean across all included cells for a given treatment. Data is representative

of n=2 biological replicates.
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(G) Quantification of mean number of pRPA2-533 foci across all included cells for a
given treatment in panel F. Calculation of SEM yield error bars too small to be visualized

on this scale for all data points.
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4.2.4. A synergistic effect on RPA phosphorylation is observed
upon siRNA depletion of the E3 ligase RFWD3 in ZUP1 KO cells

I next used a QIBC assay to perform an siRNA screen of potential factors responsible
for RPA hyperphosphorylation after MMC damage in ZUP1 KO cells (Figure 20). It was
reasoned that ZUP1 may function in a pathway that regulates the factors responsible for
ATR kinase activation, and hence result in hyperphosphorylation of ATR when absent.
To this end the MMC-induced phosphorylation of RPA2 at S33 was monitored in U20S
WT and ZUP1 KO cells in which TOPBP1, ETAA1, and RFWD3 were knocked down
using siRNA (Figure 20A). As mentioned in introduction section 1.2.1, TOPBP1 and
ETAALI are the co-factors that activate the ATR kinase. TOPBP1 binds RPA coated
ssDNA at ssDNA-dsDNA junctions together with the 9-1-1 clamp which then recruits
and activates ATR-ATRIP, whilst ETAA1 interacts directly with RPA and stimulates
ATR activity (Delacroix et al., 2007; Haahr et al., 2016). The E3 ligase REFEWD3 was also
targeted as the ubiquitylation of RPA2 has been proposed to drive a feedforward loop
resulting in its increased phosphorylation as described in section 1.3.2. Therefore,
reduction in RPA2 Ub by knocking down RFWD3 may limit the excess RPA2
phosphorylation observed in ZUP1 KO cells.

This experiment revealed that knockdown of REWD3, TOPBP1 and ETAA1 do not
cause significant spontaneous RPA2 phosphorylation at S33 in the absence of DNA
damage. The established pattern of hyperphosphorylation of RPA2-S33 was also
observed in ZUP1 KO relative to WT cells transfected with non-targeting siRNA (siNT)
following MMC-induced DNA damage (Figure 20A; column 3+4). This pattern was also
broadly similar for cells in which ETAA1 is knocked down, with a slight additional

increase in RPA2 phosphorylation observed in ZUP1 KO cells (Figure 20A; column
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15+16). This may suggest that ATR activation by ETAA1 does not play a significant role
in RPA2 phosphorylation following MMC damage and ATR is instead activated by
TOPBP1. Surprisingly, however, the knockdown of TOPBP1 greatly increased pRPA2-
S33 following MMC treatment to a similar extent in both WT and ZUP1 KO cells. This
may be explained by the fact that TOPBP1 is an essential gene and plays multifaceted
cellular roles ranging from ATR activation, replication origin licencing, HR repair, and
protection of DNA damage during mitosis. It may be therefore that its knockdown leads
to indirect pleiotropic consequences that lead to increased replication stress and RPA
phosphorylation by other pathways (Wardlaw et al., 2014). Indeed, a similar increase in
RPA2 phosphorylation has previously been reported in response to cisplatin treatment
in TOPBP1 deficient cells (Obayashi et al., 2021). It should also be noted that although
phosphorylation of RPA at S33 has been reported to be predominantly driven by ATR,
the impact of ATM or DNA-PK was not directly assessed in this experiment and
therefore could be contributing to the observed hyperphosphorylation in response to
MMC (Liu et al., 2012).

Interestingly, the knockdown of RFWD3 also greatly increased RPA
phosphorylation in ZUP1 KO cells following MMC damage, while RFWD3 knockdown
in WT cells only led to a level of RPA phosphorylation comparable to that observed in
ZUP1 KO cells treated with non-targeting siRNA. This finding seems to disconfirm the
proposed feedforward loop model between RPA ubiquitylation and phosphorylation.
While the model is consistent with ZUP1 KO leading to greater RPA2 phosphorylation
if RPA-Ub is a substrate for ZUP1, it does not account for the synergistic effect seen with
RFWD3 knockdown. This finding could instead reflect that RFWD3 and ZUP1 function
in parallel pathways to repair ICLs and the absence of both leads to increased replication

stress and elevated DDR kinase activation to signal the presence of DNA damage.
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Figure 20. siRNA screen of factors affecting RPA phosphorylation following
MMC-induced DNA damage

(A) siRNA treatment schematic. The indicated siRNAs were used to reverse transfect
U20S WT or ZUP1 KO cells at a concentration of 20 nM. 24 h later 50 nM MMC was
added to relevant wells and cells were cultured for a further 24 h. Growth media was
then replaced, and cells allowed to recover for 8 hrs. Coverslips were then fixed with a
pre-extraction step using 0.2% Triton X-100 buffer to remove soluble non-chromatin-
bound proteins.

(B) QIBC plot of total pRPA2-S33 foci intensity for each given treatment. Horizontal
black lines indicate the mean across all included cells for a given treatment. Data is

representative of a single biological replicate.
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4.2.5. RPA hyperphosphorylation at S33 in ZUP1 KO cells

following RFWD3 knockdown is predominantly driven by ATR

The surprising finding that siRNA knockdown of TOPBP1 and RFEWD3 cause greatly
elevated MMC-induced RPA2 phosphorylation led to the further investigation for the
basis of this effect. As described in the introduction the three DDR PIKK kinases ATR,
ATM, and DNA-PK all mediate RPA2 phosphorylation in response to DNA damage
with significant interplay and crosstalk reported between their kinase activities (section
1.2.5). Since the hypothesis that knockdown of TOPBP1 and RFWD3 would reverse the
ATR mediated hyperphosphorylation of RPA2 in ZUP1 KO cells was disconfirmed by
the above experiment, a QIBC experiment was performed to investigate whether the
excessive phosphorylation observed following their knockdown was due to the
compensatory activity of one of the other PIKK kinases (Figure 21). This experiment
utilised kinase-specific small molecule inhibitors of ATR, ATM, and DNA-PK to assess
their individual contributions to the MMC-induced hyperphosphorylation or RPA2
observed in ZUP1 KO cells following knockdown of RFWD3 and TOPBP1 (Figure 21A).
Inhibition of the ATR kinase led to the greatest decrease in RPA2-S33 phosphorylation
following MMC-induced DNA damage in RFWD3 knockdown ZUP1 KO cells. ATRi
reduced phosphorylation levels close to levels observed in siNT MMC treated cells. A
small impact on phosphorylation levels was also observed in cells treated with ATMi,
while DNA-PKi had no discernible impact on RPA2-S33 phosphorylation. Conversely,
TOPBP1 knockdown cells showed a much greater impact of ATMi on phosphorylation
levels following MMC damage, while a substantial decrease was still observed following
ATRi treatment. A small reduction in phosphorylation was also observed following

DNA-PKi treatment. This shift to ATM and DNA-PK driven phosphorylation is
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consistent with a pleiotropic effect of TOPBP1 knockdown resulting in additional DDR
pathway activation. These data suggest that in TOPBP1 knockdown cells, while ATR
still carries out some RPA phosphorylation (possibly via the ETAA1 activation axis),

ATM and DNA-PK compensate to perform RPA phosphorylation.
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Figure 21. Assessment of DDR kinase inhibition of RPA phosphorylation

following depletion of factors with siRNA

(A) siRNA and DDRi treatment schematic. The indicated siRNAs were used to reverse
transfect U20S ZUP1 KO cells at a concentration of 20 nM. 24 h later 50 nM MMC was
added to relevant wells and cells were cultured for a further 24 h. Growth media was
then replaced, and cells allowed to recover for 8 hrs. For the final hour the indicated
kinase inhibitors were added to the growth media (5 uM ATRi, 10 uM ATMi or DNA-
PKi). Coverslips were then fixed with a pre-extraction step using 0.2% Triton X-100
buffer to remove soluble non-chromatin-bound proteins.

(B) QIBC plot of total pRPA2-S33 foci intensity for each given treatment. Horizontal
black lines indicate the mean across all included cells for a given treatment. Data is
representative of a single biological replicate.

(C) QIBC plot of number of pRPA2-533 foci for each given treatment. Horizontal black
lines indicate the mean across all included cells for a given treatment. Data is

representative of a single biological replicate.
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4.2.6. RAD51 accumulates on chromatin to a greater degree in

ZUP1 KO cells following MMC DNA damage

Following the finding that excessive RPA2 loading and phosphorylation occurs in
ZUP1 KO cells treated with MMC, I next investigated if this defect had an impact on
RADS51 recombinase loading. Given that RPA must be displaced from ssDNA to allow
RADS51 binding it was hypothesised that the defective removal of RPA2 in ZUP1 KO
cells may impact the ability of RAD51 to bind ssDNA and form nucleofilaments.
Alternatively, it has previously been reported that cells in which RPA and RADb51
ubiquitylation is disrupted by knocking out the E3 ligase RFWD3 show persistent RPA
and RAD51 foci following MMC damage (Inano et al., 2017). Loss of ZUP1 may therefore
similarly impede the clearance of both markers following MMC damage by disrupting
ubiquitylation dynamics at ICL lesions. A QIBC assay using multiplexed antibodies
against RAD51 and RPA2 was therefore performed to study their chromatin loading
dynamics following MMC-induced damage (Figure 22). The resolution of RAD51
immunostaining did not allow for discrete foci to be resolved and segmented using the
ScanR software, but the levels of chromatin-loaded RAD51 could be monitored by the
total fluorescence intensity in pre-extracted cells. In U20S WT cells RAD51 was found
to accumulate on chromatin following MMC DNA damage (Figure 22). The dynamics of
RAD51 chromatin loading, however, differed from RPA2 with peak RAD51 loaded in
WT cells 48 h after DNA damage was induced rather than at 32 h observed for RPA2.
This aligns with the known function of RAD51 replacing the RPA complex on ssDNA to
facilitate strand invasion and repair via HR as discussed in the Introduction (West, 2003).
Interestingly, ZUP1 KO cells showed elevated and persistent RAD51 chromatin loading

relative to WT cells, while loading also peaked later relative to RPA2. Notably, while
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chromatin-bound RAD51 had begun to decrease at 72 h in WT cells, in ZUP1 KO cells
RADS51 loading continued to increase at 72 h. Interestingly, these data reflect the same
clearance defects of RPA2 and RAD51 observed in RFWD3 KO cells (Inano et al., 2017).
An additional intriguing observation was that the baseline levels of RAD51 were
elevated in ZUP1 KO cells relative to WT cells, which was consistent across n=2
biological replicates (Figure 22D-E). Finally, the relative levels between ZUP1 KO and
WT cells of RPA2 loading in RAD51 co-immunostain experiments were consistent with
the pattern observed with PCNA co-immunostain demonstrating that this is a robust

and reproducible phenotype (Figure 22F-G).
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Figure 22. QIBC analysis of RPA2 and RAD51 chromatin loading dynamics

over a time course following MMC-induced DNA damage

(A) MMC treatment schematic. Cells were treated with 50 nM MMC.

(B) Representative immunofluorescence images from QIBC assay with RPA2 and
RAD51 co-immunostain. Images show a random selection of nuclei chosen
automatically using the ScanR software.

(C) QIBC plot of U20S WT and ZUP1 KO cells immunostained for chromatin-bound
RPA2 and RAD51 following treatment with MMC. DNA was counterstained with DAPI.
Soluble non-chromatin-bound proteins were removed prior to immunostaining via a
pre-extraction step with 0.2% Triton X-100 buffer. A.U. arbitrary units. Roughly 5,000
cells were imaged per condition. Data is representative of n=2 biological replicates.

(D) Plot of total RADS51 intensity per nucleus in S- or G2-phase of the cell cycle over
MMC treatment time course. Cells were gated to include only those in 2/G2 phase.
Horizontal black lines indicate the mean across all included cells for a given treatment.
Data is representative of n=2 biological replicates.

(E) Quantification of mean total RAD51 intensity across all included cells for a given
treatment in panel D.

(F) Plot of total RPA2 intensity per nucleus in S- or G2-phase of the cell cycle over MMC
treatment time course. Horizontal black lines indicate the mean across all included cells
for a given treatment. Data is representative of n=2 biological replicates.

(G) Quantification of mean total RPA2 intensity across all included cells for a given
treatment in panel A. Calculation of SEM yield error bars too small to be visualized on

this scale for all data points.
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4.2.7. Mean MCM3 loading is not substantially altered in ZUP1
KO cells

QIBC experiments were next performed to determine the chromatin loading
dynamics of the MCM2-7 helicase in response to MMC DNA damage in WT and ZUP1
KO cells (Figure 23). A primary antibody against the MCM3 subunit of the MCM2-7
helicase was used as initial labelling tests with various MCM subunit specific antibodies
revealed it to have the best dynamic range of fluorescence intensity in QIBC experiments
(data not shown). Experiments were performed using the same MMC treatment
timecourse as above with an MCM3 and PCNA co-immunostain (Figure 23A).
Interestingly, in both WT and ZUP1 KO cells the loading of MCM3 was seen to increase
following MMC damage and remain elevated for the duration of the time course (Figure
24A-B). This increase in MCM loading following DNA damage could potentially reflect
the licencing of new origins in response to DNA damage. The total intensity of MCM3
staining per nucleus was the highest in G2-phase cells with moderately increased levels
seen in ZUP1 KO cells relative to WT cells (Figure 23C and Figure 24A-B). However, it
was also observed that the average area of nuclei was substantially elevated in MMC
treated ZUP1 KO cells, reflective of their increased stalling in G2 phase and failure to
divide and cycle through S-phase as quickly as WT cells following DNA damage (Figure
24E-F). Therefore, the increased total fluorescence intensity of MCM3 per nucleus of
ZUP1 KO cells, which integrates the intensity over the whole nucleus, is likely a
reflection of this larger nuclear area. By comparing the mean fluorescence intensity on
the other hand, which averages the intensity over a nucleus, the values are in fact seen
to be very similar between WT and ZUP1 KO cells (Figure 24C-D). The mean

fluorescence intensity per nucleus was greatest in G1 and early S-phase following MMC
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damage reflecting the role of the MCM helicase in licencing new replication origins in
theses phases (Figure 23D). These data, therefore, suggest that ZUP1 DUB activity does

not play a major role in regulating the chromatin loading dynamics of the MCM helicase.
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Figure 23. QIBC analysis of PCNA and MCM3 chromatin loading dynamics

over a time course following MMC-induced DNA damage

(A) MMC treatment schematic. Cells were treated with 50 nM MMC.

(B) Representative immunofluorescence images from QIBC assay with PCNA and
MCM3 co-immunostain. Images show a random selection of nuclei chosen automatically
using the ScanR software.

(C) QIBC plot of U20S WT and ZUP1 KO cells immunostained for chromatin-bound
PCNA and MCMS3 following treatment with MMC. DNA was counterstained with
DAPI. The total fluorescence intensity of MCM3 bound antibodies is shown using the
colour scale indicated. Soluble non-chromatin-bound proteins were removed prior to
immunostaining via a pre-extraction step with 0.2% Triton X-100 buffer. A.U. arbitrary
units. Roughly 5,000 cells were imaged per condition. Data is representative of n=2
biological replicates.

(D) QIBC plot of mean PCNA intensity vs total DAPI intensity per nucleus with mean
fluorescence intensity of MCM3 shown using the colour scale indicated.

(E) QIBC plot of mean MCM3 intensity vs total DAPI intensity per nucleus with mean

fluorescence intensity of PCNA shown using the colour scale indicated.
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Figure 24. Quantification of QIBC analysis of PCNA and MCM3 chromatin

loading dynamics over a time course following MMC-induced DNA damage

(A) Plot of total MCM3 intensity per nucleus in S- or G2-phase of the cell cycle over
MMC treatment time course. Horizontal black lines indicate the mean across all included
cells for a given treatment. Data is representative of n=2 biological replicates.

(B) Quantification of mean total MCM3 intensity across all included cells for a given
treatment in panel A. Calculation of SEM yield error bars too small to be visualized on
this scale for all data points.

(O) Plot of mean MCM3 intensity per nucleus in S- or G2-phase of the cell cycle over
MMC treatment time course. Horizontal black lines indicate the mean across all included
cells for a given treatment. Data is representative of n=2 biological replicates.

(D) Quantification of mean total MCM3 intensity across all included cells for a given
treatment in panel (C). Calculation of SEM yield error bars too small to be visualized on
this scale for all data points.

(E) Plot of area per nucleus in S- or G2-phase of the cell cycle over MMC treatment time
course. Horizontal black lines indicate the mean across all included cells for a given
treatment. Data is representative of n=2 biological replicates.

(F) Quantification of mean area per cell for a given treatment in panel E. Calculation of

SEM yield error bars too small to be visualized on this scale for all data points.
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4.2.8. Excessive ssDNA is generated in ZUP1 KO cells following
MMC DNA damage

It was hypothesised that the increased loading of RPA2 and RAD51 onto chromatin
in ZUP1 KO cells could either be a result of an increased number of molecules loaded at
existing ssDNA or could reflect the underlying generation of excess ssDNA itself. To
determine whether the underlying basis for increased loading of RPA2 and RAD51 was
due to the increased formation of ssDNA, a QIBC experiment was performed using the
native BrdU assay (Figure 25). The native BrdU assay utilises an antibody specific to the
thymidine analogue BrdU. BrdU is incorporated into the DNA of replicating cells and
tixed samples are then immunostained using an anti-BrdU antibody. This antibody can
only access incorporated BrdU in single strand regions of DNA and is occluded from
binding BrdU in dsDNA (Figure 25B). The assay is carried out under non-denaturing
conditions to preserve the native structure of DNA and only reveal ssDNA regions that
result from endogenous cellular processes such as the response to DNA damage. A
native BrdU assay was carried out according to the schematic depicted in Figure 25A.
Cells were co-immunostained with anti-BrdU and RPA1 antibodies to determine if
chromatin-bound RPA corresponds to regions of ssDNA. This assay revealed that the
baseline amount of ssDNA in WT and ZUP1 KO cells were similar, as evidenced by the
native BrdU staining (Figure 25C-H; first column). Total intensity and number of BrdU
positive foci, however, were substantially increased in ZUP1 KO cells relative to WT
cells following MMC-induced DNA damage (Figure 25E-H). The intensity of BrdU
staining also correlated to the intensity of RPA1 staining (Figure 25D). These data

strongly suggest that the basis for the observed phenotype of elevated chromatin-loaded
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Figure 25. QIBC native BrdU assay for ssDNA identification over time course

following MMC-induced DNA damage

(A) Native BrdU assay and MMC treatment schematic. Cells were plated on coverslips
in media containing 15 uM BrdU and cultured with BrdU for the duration of the
experiment. 24 h later cells were treated with 50 nM MMC. MMC was washed out and
replaced with fresh media containing BrdU 24 h following MMC treatment. Coverslips
were fixed with a pre-extraction step at the timepoints indicated. Following
immunostaining with relevant antibodies cells were imaged with an Olympus ScanR
widefield immunofluorescence microscope. Antibodies were incubated under non-
denaturing conditions to visualize native regions of ssDNA formed due to MMC-
induced DNA damage.

(B) Native BrdU assay schematic. The assay utilises an antibody specific to the
thymidine analogue BrdU. BrdUis supplied in the growth media and is incorporated
into cell’s replicating DNA. The anti-BrdU antibody can only access and bind
incorporated BrdU in single strand regions of DNA such as those generated following
DNA damage.

(C) Representative immunofluorescence images from native BrdU QIBC assay with
RPA1 and BrdU co-immunostain. Images show a random selection of nuclei chosen
automatically using the ScanR software.

(D) QIBC plot of U20S WT and ZUP1 KO cells immunostained for chromatin-bound
RPA1 and ssDNA regions incorporating BrdU following treatment with MMC. DNA
was counterstained with DAPI. Soluble non-chromatin-bound proteins were removed
prior to immunostaining via a pre-extraction step with 0.2% Triton X-100 buffer. A.U.
arbitrary units. Roughly 5,000 cells were imaged per condition. Data is representative of

n=2 biological replicates.
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(E) Plot of total BrdU intensity per nucleus in S- or G2-phase of the cell cycle over MMC
treatment time course. Cells were gated to include only those in 2/G2 phase. Horizontal
black lines indicate the mean across all included cells for a given treatment. Data is
representative of n=2 biological replicates.

(F) Quantification of mean total BrdU intensity across all included cells for a given
treatment in panel D.

(G) Plot of number of BrdU foci per nucleus in S- or G2-phase of the cell cycle over MMC
treatment time course. Cells were gated to include only those in 2/G2 phase according
to the example in Figure 17D. Horizontal black lines indicate the mean across all
included cells for a given treatment. Data is representative of n=2 biological replicates.
(H) Quantification of mean number of BrdU foci across all included cells for a given
treatment in panel A. Calculation of SEM yield error bars too small to be visualized on

this scale for all data points.
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4.2.9. No additive effect on RPA loading is observed following p97

inhibitor treatment in ZUP1 KO cells

A final aspect of excess RPA loading that I investigated was whether the p97/VCP
ATPase plays a role in extracting RPA from chromatin following MMC damage, as has
been reported for RFWD3 KO cells (Inano et al., 2017). ZUP1 has been shown by the
Gibbs-Seymour lab to interact with the p97/VCP ATPase which acts as a ‘segregase’ to
remove ubiquitylated substrates from chromatin as discussed in the introduction (I.G.-
S. personal communication; unpublished). Therefore, a possible hypothesis for the
excess loading of RPA onto chromatin in ZUP1 KO cells could be that ZUP1 has some
role in directing the removal of RPA from chromatin by p97/VCP. In the absence of ZUP1
this function may be impaired and RPA not as efficiently removed from ssDNA. An
exploratory QIBC experiment was performed to test this hypothesis by inhibiting p97 in
WT and ZUP1 KO cells after inducing DNA damage with MMC as described in the
schematic in Figure 26A. Cells were then co-immunostained for PCNA and RPA2
markers to allow the visualisation of RPA2 chromatin loading throughout the cell cycle.
These data revealed that no substantial increase in RPA2 loading was observed
following p97 inhibitor (p97i) treatment without prior induction of DNA damage by
MMC in both WT and ZUP1 KO cells (Figure 26D-E). However, in WT cells the loading
of RPA2 on chromatin was substantially increased by p97i treatment during an 8-hour
recovery following 24-hour treatment with MMC (Figure 26). This is consistent with an
impaired ability to extract chromatin-bound RPA loaded at sites of DNA damage. It
should be caveated that while the concentration of p97 inhibitor used (NMS873) was in
line with previous publications, this experiment lacked a true positive control for

inhibitor activity.
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Interestingly, while the number of discrete RPA2 foci did increase slightly following
p97i treatment, the proportionate increase relative to sole MMC treatment was observed
to be smaller than the increase in total RPA2 fluorescence intensity (~10% increase vs
~23% increase; Figure 26D-E; compare column means for column 2 and 4 between
subpanels D and E). This may suggest that p97i leads to only a modest increase in new
discrete sites of DNA damage, while the removal of RPA2 already bound at lesion sites
is impaired, accounting for the proportionally larger increase in total fluorescence
intensity observed. Notably, in contrast to WT cells, there was no additional increase in
chromatin-loaded RPA2 in MMC and p97i treated ZUP1 KO cells. This could suggest
that ZUP1 and p97/VCP do indeed function in an epistatic pathway(s) that facilitates the
removal of RPA2 from chromatin. It should be noted, however, that this is a preliminary
n=1 experiment as time constraints limited additional biological repeats, so drawing
robust conclusions is difficult from this data. Nevertheless, the data presented suggests

an interesting future avenue of research.
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Figure 26. QIBC assessment of p97i on RPA2 chromatin loading following
MMC-induced DNA damage

(A) p97i and MMC treatment schematic. Cells were plated on coverslips and allowed to
settle overnight. Cells were then either treated with 50 nM MMC or left untreated for 24
h. MMC containing media was then removed and replaced with fresh media or media
containing 5 uM p97i (NMS873) as appropriate. Cells were then cultured for a further 8
h and then coverslips were fixed with a pre-extraction step.

(B) Representative immunofluorescence images from MMC/p97i QIBC assay with
PCNA and RPA2 co-immunostain. Images show a random selection of nuclei chosen

automatically using the ScanR software.
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(C) QIBC plot of U20S WT and ZUP1 KO cells immunostained for chromatin-bound
PCNA and RPA2 following treatment with MMC and/or p97i. A.U. arbitrary units.
Approximately 5,000 cells were imaged per condition. Data is representative of a single
biological replicate.

(D) QIBC plot of total RPA2 intensity per nucleus. Horizontal black lines indicate the
mean across all included cells for a given treatment. Data is representative of a single
biological replicate.

(E) QIBC plot of number of RPA2 foci per nucleus. Horizontal black lines indicate the
mean across all included cells for a given treatment. Data is representative of a single

biological replicate.
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4.3. Discussion

4.3.1. Significance of RPA2 and RADS51 persistence following
MMC damage

This chapter sought to elucidate the impact of ZUP1 loss on the chromatin
recruitment dynamics of the major DNA repair factors that are ubiquitylated in the
replication stress response. This investigation was greatly assisted using the high-
content immunofluorescence imaging approach of QIBC which allowed for the data-rich
monitoring of repair factors with single-cell resolution. The first major finding of this
chapter was that chromatin-bound RPA2 and RAD51 are substantially elevated and
persistent in ZUP1 KO cells relative to WT cells in response to MMC. Interestingly, more
discrete RPA2 foci as well as higher fluorescence intensity were observed in ZUP1 KO
cells following DNA damage suggesting that additional sites of DNA damage occurred.
The increased total intensity of factors is partly driven by increased arrest in G2 phase
of ZUP1 KO cells leading to larger nuclear morphology compared to WT, but foci
segmentation of RPA2 and pRPA2-S33 markers also demonstrate that cells also have an
increased and sustained number of foci following MMC damage. This finding could be
explained by the following reasons. Firstly, sites of MMC-induced damage may be
repaired less efficiently in ZUP1 KO cells resulting in greater accumulation of ssDNA
and RPA2 binding. Secondly, a dysfunction in repair signalling or regulation of factors
could result in increased generation of ssDNA during the repair process. For example,
dysfunction of the ATR signalling axis could lead to increased unscheduled origin firing
resulting in more replication forks running into ICLs imposed by MMC-induced

damage. Alternatively, ZUP1 could regulate a nuclease or helicase involved in DNA
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repair which could aberrantly lead to increased ssDNA generation in its absence as
discussed below.

Notably, the phenotypic consequences of ZUP1 absence are reminiscent of the
reported effects of MMC treatment in RFWD3 KO cells, which also display persistence
of RPA2 and RAD?51 foci (Inano et al., 2017). The RFWD3 mediated ubiquitylation of
RPA2 and RAD51 has been suggested to target it for removal by p97/VCP. In this chapter
I presented similar proof-of-concept data that demonstrated an impairment of RPA2
extraction from chromatin following p97i in WT cells, but no additional defect on
extraction in ZUP1 KO cells. It is therefore tempting to speculate that the ubiquitylation
dynamics of RPA2 are disrupted when ZUP1 is lost and RPA2 is not as efficiently
targeted for extraction from chromatin by p97/VCP. This, however, will require further
investigation and it will be important to confirm whether ubiquitylated RPA2 is a
substrate for ZUP1, which has not yet been conclusively shown despite early suggestions
in the initial publications describing ZUP1’s discovery (Hewings et al., 2018). Turnover
of RPA2 and RADS51 proteins themselves could be monitored in future experiments
using fluorescence recovery after photobleaching by transiently transfecting
fluorescently tagged RPA2 or RAD51 proteins in a WT or ZUP1 KO background and
monitoring their recruitment to chromatin. This technique was previously used to
demonstrate that knockdown of RFWD3 resulted in reduced turnover of RPA2 and
RAD?51 at photobleached sites, so it would therefore be interesting to see if ZUP1 loss
recapitulated this phenotype (Inano et al., 2017).

A potential caveat to the above experiments was the use of PCNA to stratify cell cycle
phase in response to ICL lesions, as it is itself modified and acts as a signalling platform
following DNA damage. Although a robust pattern of excessive RPA and RAD51

loading was established in ZUP1 KO cells, future experiments could utilise EAU
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incorporation and Cyclin A immunostaining to stratify cells in S or G2/M phase
respectively to independently confirm the cell cycle distribution observed in PCNA

stained experiments above.

4.3.2. Significance of RPA2 hyperphosphorylation in ZUP1 KO

cells

In this chapter I uncovered a synergistic effect on MMC-induced RPA2
phosphorylation when both ZUP1 and RFWD3 are absent. Interestingly, it has
previously been reported that RPA2 phosphorylation in RFWD3 KO cells is increased
after MMC treatment, but decreased after hydroxyurea treatment relative to WT cells
(Inano et al., 2017). This is suggestive of RFWD3'’s specific role in ICL repair and the
synergistic effect on RPA2 phosphorylation in ZUP1 KO cells shown in this chapter may
therefore suggest that ZUP1 and RFWD3 function is parallel pathways during ICL
repair, rather than an epistatic pathway. This chapter also investigated the impact of
knocking down the ATR activating proteins TOPBP1 and ETAA1 on MMC-induced
RPA2 phosphorylation in ZUP1 KO cells. Whilst knockdown of ETAA1 did not result in
a significant impact on phosphorylation levels, the knockdown of TOPBP1 surprisingly
led to greatly elevated RPA2 phosphorylation, which was epistatic with ZUP1. This
experiment therefore could not reveal if ZUP1 mediates RPA2 phosphorylation via
regulation of TOPBP1 as the phosphorylation phenotype was confounded by the
pleiotropic consequences of knocking down TOPBP1. Additionally, the significant
impact on cell viability as a result of TOPBP1 knockdown precluded an assessment of
the redundancy between TOPBP1 and ETAAT1 activation of ATR, as double knockdown
of these factors was not feasible in ZUP1 KO cells. In future the generation of a

separation of function mutants of TOPBP1 and ETAA1 in which the ATR activating
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domain (AAD) is mutated, but other functional domains are kept intact, could be used
to determine whether their ATR activating function is important for the excess RPA2
phosphorylation observed in ZUP1 KO cells (Kumagai et al., 2006).

A possible alternative hypothesis that could account for the elevated RPA2
phosphorylation is that it arises as a secondary concentration-dependent consequence of
excess ssDNA in ZUP1 KO cells. A recent single-molecule imaging study proposed a
diffusion driven model for ATR activation whereby DNA damage that causes excessive
ssDNA bound by RPA increases the local concentration of RPA-ATR interactions
leading to a higher probability of ATR activation and subsequent phosphorylation of
RPA (Yin et al., 2021). This model therefore can explain increased RPA phosphorylation
in ZUP1 KO cells without necessitating any alteration of the intrinsic activity of ATR. If
ZUP1 activity prevents excess generation of ssDNA, as I have demonstrated in this
chapter using the native BrdU assay, loss of ZUP1 may therefore result in increased
concentration dependent activation of ATR. Interestingly, the aforementioned study also
demonstrated that the local activity of ATR driven by diffusion mediated contacts with
RPA was independent of the global activation of the CHK1 axis, which may explain why
CHK1 phosphorylation was not found to be substantially different between WT and

ZUP1 KO cells as shown in Figure 14.

4.3.3. Possible mechanistic basis for excess ssSDNA generation in

ZUP1 KO cells

The use of the native BrdU assay demonstrated that the underlying basis for elevated
RPA2 and RADS51 loading in ZUP1 KO cells is due to the excess generation of ssDNA
following MMC damage. This, coupled with the possible defect in p97/VCP-mediated

extraction of these factors, may explain their persistence on chromatin following DNA
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damage. Increased ssDNA generation could perhaps reflect a defect in gap filling by TLS
polymerases in ZUP1 KO cells during ICL repair. This possibility is suggested by the
fact that ubiquitylation of PCNA directs the recruitment of TLS polymerases and the
Gibbs-Seymour lab’s finding that PCN A polyubiquitylation is elevated in ZUP1 KO cells
(Choe and Moldovan, 2017). Moreover, disruption of PCNA ubiquitylation by depleting
RFWD3 has been shown to drastically impair TLS at ICL lesions (Gallina et al., 2021).
Given the similarity in RPA2 and RADS51 persistence phenotypes between RFEWD3 and
ZUP1 KO cells it would therefore be interesting to investigate if excess ssDNA in ZUP1
KO cells is a result of a TLS defect. This would help address whether excessive
ubiquitylation during replication-coupled DNA repair is a loss-of-function (e.g. reduced
access to specific TLS polymerases at DNA lesions that causes persistent ssDNA gaps)
or gain-of-function effect (e.g. inappropriate use of certain TLS polymerases that creates
ssDNA). To test this, future experiments could use a genetic approach to deplete or
knockout the TLS polymerases and associated factors (e.g. POLk, POLn, POLi, REV1-
POLC), as well as the RPA-interacting primase PRIMPOL in WT or ZUP1 KO
backgrounds and repeat the QIBC analyses above (Mouron et al., 2013; Waters et al.,
2009). Alternatively, the recently available REV1 inhibitor JH-RE-06 could be used to
inhibit TLS (Wojtaszek et al., 2019). If appropriate antibodies are available, the dynamics
of these factors themselves could be monitored using QIBC. If the data identifies a clear
candidate(s) that produces the hyper ssDNA in ZUP1 KO cells, it would then be
appropriate to reconstitute the bypass step in vitro to allow a more detailed mechanistic
investigation of this Ub-dependent reaction in light of ZUP1 regulation.

Increased ssDNA could also result from altered regulation of specific replication fork
structures such as reversed replication forks. There are limited proposed readers of

PCNA polyUb including ZRANB3, WRNIP1, and potentially FANT1 (Ciccia et al., 2012;
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Leuzzi et al., 2016; Porro et al., 2017). ZRANB3 is recruited to K63-linked PCNA polyUb
and mediates fork reversal to confer a protective function at stalled replication forks and
thereby limits the accumulation of ssDNA (Neelsen and Lopes, 2015). More recently, it
has been demonstrated that RFWD3-dependent PCNA ubiquitylation is responsible for
ZRANBS3 recruitment to stalled forks and subsequent fork reversal (Moore et al., 2023).
If PCNA deubiquitylation is disrupted by loss of ZUP1, as the Gibbs-Seymour lab have
demonstrated, ZRANB3 fork reversal activity may be hyper-activated and reversed fork
structures may then be more vulnerable to the generation of excessive ssDNA. Indeed,
collaborators of our lab have utilised the ZUP1 KO cells I generated in this study in DNA
fiber assays to reveal that cells possess a fork degradation phenotype that is rescued by
loss of ZRANB3 (I.G-S. personal communication; unpublished). Interestingly, it has
previously been shown that in BRCAZ2 deficient cells, reversed fork structures are targets
of nucleolytic degradation due to the lack of stable RAD51 nucleofilament formation in
BRCAZ2’s absence (Mijic et al., 2017). It has also been shown that in BRCA2-deficient cells,
stalled forks accumulated phosphorylated and ubiquitylated RPA which was dependent
on RFWD3 E3 ligase activity and SMARCAL1 fork remodelling activity (Duan et al.,
2020). The disruption of normal RPA and RAD51 dynamics following loss of ZUP1 DUB
activity, as demonstrated in this chapter, may therefore similarly result in reversed fork
vulnerability to nucleolytic degradation.

To elucidate the basis for excess ssDNA generation in ZUP1 KO cells in response to
MMC damage, a future avenue of research could be to conduct a targeted siRNA or
CRISPR-based screen of fork reversal factors, helicases, and nucleases that may be
aberrantly regulated in ZUP1’s absence. The native BrdU assay could be used as a

readout to determine if the knockout of any factor can reverse the excessive ssDNA
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observed in ZUP1 KO cells, which would suggest a regulatory role for ZUP1 in the

functioning of that factor.
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5.1. Introduction

The work presented in this thesis thus far demonstrates that loss of ZUP1 has
important consequences for the dynamics of RPA and RAD51 at challenged replication
forks, which results in hypersensitivity to genotoxic agents that impose fork stalling
lesions. These results relied on hypothesis-driven experimentation stemming from the
initial finding of genotoxin sensitivity and RPA hyperphosphorylation in ZUP1 KO cells.
While these data have generated some important observations of the phenotypic defects
of ZUP1 KO cells, their targeted approach has not addressed the full scope of possible
pathways and genetic interactors of ZUP1 in response to genotoxic insult. In this chapter
I now turn to pooled genome-wide CRISPR-Cas9 KO screening to comprehensively
assess the set of genes that confer sensitivity or resistance to MMC treated cells in ZUP1’s
absence to identify the molecular pathways that function redundantly to respond to and
repair ICL lesions. Genome-wide screening provides a powerful, unbiased approach to
assess ZUP1’s chemogenetic interactors in response to MMC, which generates an
important resource for hypothesis generation and future research.

Multiple genome-scale CRISPR-Cas9 KO libraries have been designed for use in
pooled screens in human cells including the GeCKOv2, Brunello, Sabatini, Yusa, and

TKOv3 libraries (Doench et al., 2016; Hart et al., 2017; Sanjana et al., 2014; Tzelepis et al.,
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2016; Wang et al., 2015). These libraries differ in their targeting scope, number of sgRNAs
used to target each gene, and the vector components that encode each library (Table 7).
Given the labour and resource intensive nature of CRISPR screening there is often a
trade-off between the efficiency and feasibility of a screen, and the targeting of each gene
with many individual sgRNAs to yield statistically robust data. Newer generation
libraries such as the Brunello and TKOv3 libraries use sequence-optimised sgRNAs
based on functional validation and benchmarking against previous libraries to reduce
the number of guides required to still allow robust identification of hit genes (Sanson et
al., 2018). The process for sequence optimisation of the TKOv3 is described in section
1.4.3 of the introduction. The functional validation of the sequence optimised TKOv3
library found that the ability to identify essential genes was enhanced by only <5% when
more than four sgRNAs were used per gene (Hart et al., 2017). Additionally, a meta-
analysis of previous CRISPR screen data found that the use of more than two
experimental replicates only marginally increased the discovery rate of core essential
genes (Hart et al., 2017). The TKOv3 library was therefore chosen to perform the CRISPR

screen in this chapter since:

1. It is a one-component system and allows targeting of genes with a single
lentiviral transduction.

2. It is one of the most efficient libraries and only requires four sgRNAs per gene
for robust hit identification.

3. It has been widely adopted and well validated in previous studies for the

identification of synergistic and suppressor genetic interactors.
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Table 7. Characteristics of commonly used human genome-wide CRISPR KO

libraries
library GeCKOv2 Brunello  Sabatini  Yusa TKOv3
# of vectors 2 lor2 1 2 1
target scope ;Zilcr;gdi?; coding coding coding  coding
# genes targeted 20,914 19,114 18,663 18,009 18,056
sgRNAs per gene 6 4 10 5 4
total sgRNAs 122,411 76,441 187,535 90,709 71,090

The screen performed as part of this thesis was designed to identify genes whose KO
either confers sensitivity or resistance to MMC. This design relies on the concept of
synergistic and suppressor interactors whereby the KO of a hit gene in ZUP1 KO cells
exposed to MMC confers a selective disadvantage or advantage respectively, but the
targeting of the gene alone in a WT background does not significantly impact cell
viability. The screen was therefore conducted as two parallel pooled CRISPR KO
dropout screens in U20S WT and ZUP1 KO cells. A key consideration of dropout
screening is that the library coverage (i.e. the number of cells bearing a copy of each
unique sgRNA in the library) should be maintained at a sufficiently high level to allow
for statistically robust identification of depleted or enriched guides. A minimum
coverage of 200x to 500x is therefore usually recommended and has generated robust
results in previous dropout screens (Colic et al., 2019; Doench, 2018).

The ability of CRISPR screens to identify genes that confer sensitivity or resistance
to a drug relies on the quantification of the abundance of integrated lentiviral sgRNA
vectors using NGS. This in turn necessitates the use of robust bioinformatics tools to
statistically analyse the representation of individual guides and determine their fold-
change relative to non-targeting control sgRNAs and compare treatment conditions to

identify hit genes. In this chapter, I used the widely adopted model-based analysis of
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genome-wide CRISPR/Cas9 knockout (MaGECK) algorithm to determine sgRNA read
counts from the different timepoints and treatment conditions (Li et al., 2014). I then
used the DrugZ algorithm, which has been specifically designed to identify synergistic
and suppressor chemogenetic interactions from CRISPR screens, to calculate normalised
fold-change scores (normZ) for each gene between MMC-treated and untreated
conditions (Colic et al., 2019). These algorithms therefore allow the robust and well-
validated identification of synergistic and suppressor interactors.

To date there have been relatively few CRISPR screens conducted to assess the
cellular response to MMC. A CRISPR-Cas9 based screen using a focused library
targeting 365 DDR-associated genes identified 35 genes whose loss sensitised 293A cells
to MMC, with genes mainly functioning in the FA and HR pathways (Su et al., 2020). A
genome-wide CRISPR-Cas9 resistance screen utilising the GeCKO library was also
reported, which demonstrated a synthetic viable interaction between BLM helicase and
FANCC of the FA core complex in response to MMC (Moder et al.,, 2017). To my
knowledge the only study reporting a genome-wide CRISPR-Cas9 dropout screen in
response to MMC is the Schubert et al. study which used the TKOv3 library in RPE1 cells
to identify SCAI as a factor important for the error-free repair of MMC-induced ICL
lesions (Schubert et al., 2022). Notably, MMC was not included in the Olivieri et al. study
of 31 genome-scale CRISPR screens that sought to define a comprehensive genetic map
of the response to DNA damage in RPE1 cells (Olivieri et al., 2020). The genome-wide
screen presented here therefore constitutes an important contribution to our
understanding of the cellular response to MMC-induced damage in aneuploid U20S
cells and identifies novel chemogenetic interactors of ZUP1 that mediate the response to

ICL lesions.
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5.2. Results

5.2.1. Design of genome-wide CRISPR-Cas9 MMC dropout screen

Based on the data from Chapter 3, a genome-wide CRISPR-Cas9 dropout screen was
designed to assess the function of ZUP1 in the repair of MMC-induced DNA damage in
an unbiased manner. The goal of the screen was to determine the chemogenetic
interactors of ZUP1 that confer either sensitivity or resistance to MMC. Two parallel
screens were performed in U20S WT and ZUP1 KO cells using the TKOv3 sgRNA
lentiviral library (Figure 27). WT and ZUP1 KO cells were split into treatment groups in
which cells were either left untreated or treated with a lethal dose of MMC that killed
20% of cells (i.e., the LD20 dose), which was determined empirically for each cell line.
Each treatment condition was performed as a technical replicate, which has previously
been shown to allow statistically robust identification of hit genes (Colic et al., 2019).
Cells were cultured for 12 days after the addition of MMC with passaging and
replenishment of drug containing media performed every 3 days. At the screen endpoint
genomic DNA was extracted from cells and NGS sequencing libraries prepared via two
sequential PCR steps. Samples were sequenced using a NovaSeq 6000 and read count
values were generated for each gene using the MAGeCK Count algorithm. NormZ
scores for each gene were then computed using the DrugZ algorithm, which reflect the

fold change in treated cells relative to their untreated counterparts.
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Figure 27. Schematic design of genome-wide CRISPR-Cas9 dropout screen
with MMC

U20S WT and ZUP1 KO clone 38 cells were plated at the density required for ~422x
library coverage. Lentiviral packaged human genome-wide CRISPR-Cas9 KO library
(TKOV3) containing 70,948 guides (4 guides/gene) targeting 18,053 protein-coding genes
as used to transduce cells as a MOI of 0.3. Positively sgRNA transduced cells were
selected by puromycin and cells were allowed to recover for two passages. Each cell line
was then split into treatment arms and treated with an LD20 dose of MMC, calculated
individually for WT and KO cells, or left untreated with 2x technical replicates for each
treatment arm. Cells were then cultured for a further 12 days with cell passage and drug
replacement every 3 days. Genomic DNA was then extracted from samples and two
rounds of PCR were performed to first amplify sgRNA cassettes and then attach
[llumina sequencing primers. Next generation sequencing was then performed using an
[llumina NovaSeq 6000 and sgRNA copy numbers calculated using the MAGeCK v0.5.9
algorithm. The DrugZ algorithm was then used to calculate normZ scores for WT and
KO untreated and treated cells to determine synergistic hits. Figure created using

BioRender.com.
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5.2.2. Optimisation of parameters for genome-wide CRISPR-Cas9

screen

To ensure the successful execution of the CRISPR screen, I first optimised the
relevant parameters presented in Figure 28. The tolerance of cells to Polybrene
(hexadimethrine bromide) was determined using the resazurin fluorometric assay that
monitors the reduction of the non-fluorescent blue dye resazurin to a red fluorescent
product (resorufin) by the mitochondrial respiratory chain in cells (O'Brien et al., 2000).
The fluorescence output is therefore directly proportional to the number of living cells
and can be used as a proxy for cell viability. Polybrene is a cationic polymer that
neutralises the charge repulsion on the cell surface and can be used to improve
transduction efficiency of lentiviral virions. Polybrene can, however, be toxic to cells at
higher concentrations so the highest concentration of 8 pg/ml resulting in no
perturbation of cell viability was chosen for use in transduction of the TKOv3 library
(Figure 28A).

The TKOV3 library is encoded using the lentiCRISPRv2 plasmid backbone which
allows for selection of positively transduced cells via a puromycin resistance
determinant. The sensitivity of un-transduced cells to puromycin was therefore
empirically determined to identify the dose required to kill all cells that do not contain
a copy of the TKOv3 plasmid. The lowest dose that resulted in complete cell death (2
ug/ml) was chosen (Figure 28B).

To ensure that each cell is infected with a single copy of the TKOv3 vector alow MOI
of 0.3 was used for transduction of the lentiviral library. The MOI was titred using the
resazurin cell viability assay on cells transduced with different volumes of TKOv3

packaged lentiviral particles and selected with 2 pug/ml puromycin. The proportion of
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surviving cells at each concentration was plotted and linear regressions performed to
interpolate the volume of virus required for 30% cell survival (Figure 28F).

The resazurin cell viability assay was also used to derive a preliminary estimate of
the LD20 dose for MMC in U20S WT and ZUP1 KO cells. Cells were plated in 12-well
format and treated with the indicated dose of MMC in Figure 28C for 3 days when the
fluorescence reading was taken. The linear portion of this dose response curve was
plotted Figure 28D and a linear regression performed to extrapolate the MMC
concentration resulting in 20% cell death. This provided a rough estimate of the LD20
dose as ~100 nM for ZUP1 KO cells and ~200 nM for WT cells. A dose-response
experiment was additionally performed using cell confluence as a measure of cell
viability as determined by plate imaging using an Incucyte live-cell imaging system.
Cells were plated in 12-well plates and treated with the indicated concentration of MMC
for 3 days at which point plates were then imaged, and confluence determined (Figure
28E). This experiment indicated that the estimated LD20 dose was substantially lower
than that calculated using the resazurin assay. Interestingly the cell confluence
experiment revealed a biphasic dose response curve whereby confluence initially drops
off, but then plateaus before decreasing towards total cell death at the highest
concentrations tested. This perhaps reflects a cytostatic effect of MMC at lower
concentrations while a full cytotoxic effect is observed at higher concentrations.

The resazurin and cell confluency experiments produced a large discrepancy in LD20
estimates (~10-200 nM MMC) and could further be confounded by the difference in plate
format of 12-well plates compared to the T175 flask format used in the full-scale screen.
Additionally, it has been shown that cell viability can diminish over the treatment course
of a drug with repeated passages (Olivieri and Durocher, 2021). For example, a drug

causing 20% cell death at day 3 could result in 40% cell death by the screen endpoint at
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day 12. The aim, therefore, was to identify the LD20 dose at the treatment endpoint. To
obviate these factors, a serial passage dose-response experiment mimicking the
treatment time course of the full-scale screen was performed using T175 flasks with a
direct cell number readout measured using a haemocytometer. A dose range of 5-150
nM MMC was chosen to be tested as indicated in Figure 28G. These data revealed that
cell viability did indeed tend to drop off over the course of the experiment, while the
higher doses of 75 nM and 150 nM lead to almost complete cell death by day 6. This
serial passage experiment revealed that the lowest dose tested (5 nM) was closest to an
LD20 dose for both WT and ZUP1 KO cells with WT survival just above the LD20 and
ZUP1 KO survival just below the LD20 level.

Taking these above parameters into account, a final pilot screen using TKOv3
transduced cells was performed to confirm the appropriate MMC dose (Figure 28).
Single T175 flasks of WT cells were treated with either 10 or 15 nM MMC, while ZUP1
KO cells were treated with 2.5 or 5 nM MMC. Cells were passaged and counted every 3
days and the proportion of surviving cells was calculated relative to an untreated control
flask of either WT or ZUP1 KO cells. These data identified 10 nM for WT and 2.5 nM for
ZUP1 KO cells to be the dose resulting in 20% cell death of the respective cell lines by
day 12 in TKOv3 transduced cells.

The full-scale screen was then carried out using the conditions determined above
using a cell number to ensure that the coverage of the TKOv3 library was maintained at
422x throughout the screen. 100 million cells were therefore transduced for each cell line
since 100,000,000 cells x 0.3 MOI = 30,000,000 cells, and 30,000,000 cells + ~71,000
sgRNAs in the TKOv3 library = ~422x coverage. 30 million cells were replated at each

passage to maintain the 422-fold library coverage. Cell pellets were collected at TO to
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allow determination of dropout of essential genes, and at T18 to identify genes that either

confer a selective advantage or disadvantage.
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Figure 28. Optimisation of parameters for genome-wide CRISPR-Cas9

dropout screen

(A) The tolerance of cells to the indicated doses of polybrene was determined by
quantifying cell viability using the resazurin fluorometric assay in 12-well plate format.
8 ug/ml polybrene was chosen as the dose for use TKOv3 library transduction as no
observable impact on cell viability was noted at this concentration.

(B) Puromycin sensitivity was determined using the resazurin fluorometric assay in
U20S WT cells in 12-well plate format. 2 pug/ml was chosen as the lowest dose that
resulted in complete cell death across all initial plating densities.

(C) MMC full dose response curves for U20S WT and ZUP1 KO cells using the resazurin
fluorometric assay. Cell survival was normalized against resazurin readings from
untreated wells. The target LD20 dose is indicated by dotted red line.

(D) Linear portion of resazurin MMC dose response curve with linear curve fit
regression applied. The target LD20 dose is indicated by dotted red line.

(E) MMC dose response using Incucyte confluency-based readout of cell viability. Cell
survival was normalised to untreated cells.

(F) TKOv3 lentiviral library titre was performed using the resazurin fluorometric assay.
U20S WT and ZUP1 KO cells were transduced with the indicated volume of packaged
lentivirus and cells were selected using 2 ug/ml puromycin. Trendlines represent linear
regression used to interpolate the lentiviral volume required for 30% cell survival
indicated with the red dotted line. TKOv3 library packing was performed by the Ebner
lab.

(G) Full scale MMC dose response in T175 flask format using haemocytometer cell
counting readout of cell survival. Untransduced U20S WT and ZUP1 KO cells were

cultured in the presence of the indicated MMC dose and cells counted and passaged at
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3-day intervals. Percentage survival was normalized to an untreated control flask at each
timepoint. Drug concentrations were discontinued if they resulted in greater cell death
than required for a flask’s seeding density.

(H) Pilot screen to identify appropriate drug concentration for use in full scale CRISPR
screen. A single flask for each indicated treatment condition was transduced with
TKOv3 lentiviral library and cultured according to the schematic for the full-scale screen
in Figure 27. Cell numbers were calculated at each passage and the surviving fraction

normalized to an untreated control at each timepoint.
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5.2.3. Preparation of NGS library for genome-wide screen

NGS sequencing libraries were prepared from gDNA extracted from T0O and T18 cell
pellets. Two sequential PCRs were performed to firstly amplify the TKOv3 sgRNA
cassette from each cell and then attach i5 and i7 [llumina sequencing adapters to the 5’
and 3’ ends of the amplicon respectively. These reactions are referred to as PCR1 and
PCR2 respectively below (Figure 29). PCR1 reactions were carried out in 96-well format
using 3.5 pg of template gDNA per reaction, with the required number of reactions
performed to amplify the total amount of gDNA extracted from each sample to
maximise library coverage. To ensure this coverage was at least 422-fold the following
calculation was performed to determine if all samples met the minimum requirement.
Given the weight of a diploid human genome is ~6.5 pg and there are ~71,100 sgRNAs
in the TKOv3 library then the amount of gRNA required for 1x library coverage is 0.46
ug. Therefore, for a 422x coverage 194 ug sample gDNA is required constituting 56
individual PCR1 reactions if each reaction requires 3.5 ug. All samples met this
minimum requirement, but the entire sample was processed in each case to maximise
coverage and improve statistical analysis of enriched or depleted guides. An analytic gel
of PCR1 products showed an amplicon of the correct size for each sample and negative
control PCRI1 reactions without gDNA template revealed no off target or contaminant
amplification (Figure 30A; water controls not shown). PCR2 reactions were then
performed to attach Illumina sequencing adaptors as depicted schematically in Figure
29B. Forward primers were included as a pool of nine primers containing spacers of
different lengths to create a stagger. This allows for greater sequence diversity in each
NGS sequencing reaction resulting in increased sequencing fidelity. A unique reverse

primer containing a DNA barcode was used for each separate sample to allow for read
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deconvolution and identification of the relevant parental template following sequencing.
PCR2 reactions successfully yielded an amplicon of correct size, but a smear and off
target bands were observed as has been reported by previous groups for PCR2 reactions
(Figure 30B). A gel extraction was therefore performed to isolate the band of correct size
(211 bp) and a PCR clean-up column purification was run to remove any contaminating
guanidine salt from the QG buffer used in the gel extraction. Samples were run on an
analytic gel which confirmed the presence of a single band at 211 bp (Figure 30C).
NanoDrop quantification of gel extracted samples before and after PCR clean-up also
revealed that this step improved the A260/280 and A260/230 ratios to within the
acceptable range, suggesting samples were of high quality and were not contaminated
with protein or excess salts (i.e. 260/280 = 1.8-2.0, 260/230 > 2.00) (Table 8 and Table 9).
Purified samples were then pooled and sequenced via NGS using a NovaSeq 6000

(Illumina).
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Figure 29. Schematic overview of NGS library preparation by PCR for
CRISPR screen analysis

EF-1a core promoter 598 bp

(A) Schematic of PCR1 reaction used to amplify integrated sgRNA cassettes. The TKOv3

library is based on the lentiCRISPRv2 backbone plasmid and forward and reverse

primers are located in the promoter regions as depicted.

(B) Schematic of PCR2 reaction used to attach Illumina sequencing adapters to

amplified sgRNA cassette templates. Forward primers were included as a pool of nine

primers containing spacers of different lengths to create a stagger as shown. This allows

for greater sequence diversity in each NGS sequencing reaction resulting in increased

sequencing fidelity. A unique reverse primer containing a DNA barcode is used for each

sample to allow for read deconvolution following sequencing.

194



Chapter 5 - Results

3. WT +MMC R1
4. WT +MMC R2
5. WT Untreated R1!
6. WT Untreated R2
7.KO+MMCR1 |
8.KO+MMCR2 !

9. KO Untreated R1 :

c [Gel Extracted PCR 2} 110. KO Untreated
Kb 1 2 3 4 5 6 7 8 9 10

Figure 30. PCRs for generation of NGS library

(A) Agarose gel of PCR1 amplified sgRNA regions from CRISPR-Cas9 screen samples
showing successful amplification of product at the expected 598 bp size.

(B) Agarose gel or PCR2 amplified product with main band corresponding expected 211
bp size for sgRNA region.

(C) Agarose gel of gel purified PCR2 showing isolation of 211 bp product corresponding

to specific lllumina adaptor region.
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Table 8. NanoDrop quantification of gel extracted PCR2 samples

Sample

O 0 NI O U1 i WO N =

—_
e}

Table 9. NanoDrop quantification of PCR clean-up purified NGS samples

Sample

O 00 NI O U i W N -

—_
(@]

Contents

WT TO

KO To

WT +MMC R1
WT +MMC R2
WT Untreated R1
WT Untreated R2
KO +MMC R1
KO +MMC R2
KO Untreated R1
KO Untreated R2

Contents

WT TO

KO TO

WT +MMC R1
WT +MMC R2
WT Untreated R1
WT Untreated R2
KO +MMC R1
KO +MMC R2
KO Untreated R1
KO Untreated R2

Concentration (ng/ul)
124.4
196.9
143.5
108.9
175.8
145.6
112.1
144.3
137.0
142.0

Concentration (ng/pl)
70.6
167.8
118.7
79.8
144.4
123.1
77.1
113
104.6
112.2

260/280
1.83
1.85
1.86
1.86
1.83
1.85
1.88
1.89
1.87
1.87

260/280
1.92
1.89
1.85
1.94
1.87
1.86
1.87
1.86
1.88
1.87

260/230
0.29
0.36
0.36
0.24
0.30
0.37
0.23
0.32
0.26
0.29

260/230
2.82
249
2.14
212
2.14
2.14
2.03
2.13
2.15
2.08
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5.2.4. Genome-wide CRISPR-Cas9 MMC sensitivity screen reveals
putative synergistic and suppressor genetic interactors of

ZUr1

Following the generation of read count matrices from NGS FASTQ output files using
the MaGECK count algorithm, gene level depletion scores (normZ) were calculated for
WT and ZUP1 KO cells using the drugZ algorithm. The ranked normZ scores for each
gene are presented for each cell line individually, and in comparison, to one another in
Figure 31. These data reveal the significant depletion (normZ <-3.0) of many factors in
the FA pathway (FANCD2, RAD18, RFWD3, RTEL1, C170rf70/FAAP100), HR pathway
(MCMS8, MCM9), and NER pathway (ERCC5/XPG, ERCC8/CSA, GTF2H5) that are
common to both WT and ZUP1 KO cells. FAN1 was also one of the most substantially
depleted factors in WT cells while also showing moderate depletion in ZUP1 KO cells
that did not quite reach the normZ cut-off score (normZ = -2.79). The identification of
these factors validates the screening approach and demonstrates that it can successfully
identify factors involved in ICL repair. Similar factors were also identified in a previous
group’s genome-wide sensitivity screen performed in RPE-1 p53¥© cells which identified
KEAP1 as the most significantly depleted gene as well as identifying the factor SCAI as
a substantially depleted gene (Schubert et al., 2022). SCAI and KEAP1 were also the two
most significantly depleted sgRNAs in both WT and ZUP1 KO cells in my screen and
provides further confirmation of the screen’s validity.

The enrichment of WT and ZUP1 KO cells transduced with sgRNA targeting NQO1
also validates the success of the screen as NQO1 encodes a two-electron reductase that
reduces the prodrug form of MMC into active electrophilic metabolites that cause ICLs

(Siegel et al., 1992). Knockout of the NQO1 gene therefore means MMC stays in its less
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harmful parent compound form and is not able to cause substantial DNA damage,
giving these cells a selective advantage and leading to their enrichment.

Excitingly, the comparison of normZ scores between WT and ZUP1 KO cell lines also
revealed the presence of several outlier genes that were either depleted or enriched to a
greater degree in the absence of ZUP1 (Figure 31C). These genes therefore potentially
constitute synergistic and suppressor interactors of ZUP1 respectively. The most
immediately interesting hit genes that were selected for further validation as part of this
thesis are shown in bold in Figure 31. Hits were chosen for validation by two-colour
competitive growth assay based on their high level of depletion or enrichment in ZUP1
KO cells relative to WT cells, as well as on a hypothesis driven basis. BRIP1/FANC] was
chosen as the most significantly depleted gene in ZUP1 KO cells that wasn’t also
represented in the top depleted genes (normZ <-3.0) in WT cells. BRCA2 and HELQ also
had normZ scores below -3.0 in ZUP1 KO but not WT cells and were additionally
selected on a hypothesis-driven basis with the reasoning that they may function in a
parallel pathway to protect excess ssDNA generation following MMC damage as
presented in the previous chapter.

NEIL3 was chosen for further characterisation as ZUP1 KO cells targeted with
sgINEIL3 were substantially enriched over their WT counterparts (normZ 1.95 vs -1.26
respectively). As described in the introduction, NEIL3 is a glycosylase that can cleave
DNA ICLs to generate an AP site that is bypassed by the action of error prone TLS
polymerases (Semlow et al., 2016). Alternatively, the phosphodiester bonds that
surround an ICL can be cleaved by FA complex proteins generating a DSB that is
repaired via HR and allowing for higher fidelity repair. The protein TRAIP was
demonstrated to regulate the pathway choice between NEIL3 and the FA complex by

ubiquitylating the CMG replicative helicase when replication forks converge on an ICL,
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with short Ub chains recruiting NEIL3 while longer chains led to unloading of CMG by
p97/VCP which enables repair via the FA pathway (Figure 3) (Wu et al., 2019). The
HMCES protein was shown to be recruited to replication forks via an interaction with
PCNA and to ‘shield” AP sites by forming a DPC which protects lesions from the action
of error prone TLS polymerases and endonucleases (Mohni et al., 2019). Interestingly, it
was found that siRNA knockdown of the DUB USP1 which causes increased PCNA
ubiquitylation led to inhibition of HMCES recruitment to damaged DNA (Mohni et al.,
2019). The Gibbs-Seymour lab has demonstrated that PCNA ubiquitylation is
consistently elevated following DNA damage in ZUP1 KO cells (I.G.-S. personal
communication; unpublished). It is possible, therefore, that HMCES recruitment to sites
of DNA damage is impaired in ZUP1 KO cells. An interesting hypothesis, therefore, is
that ZUP1 promotes pathway choice away from NEIL3 towards the FA pathway. Loss
of ZUP1 then results in increased use of the NEIL3 glycosylase, but since PCNA
ubiquitylation is higher in ZUP1 KO cells HMCES recruitment is decreased, and its AP
site protective function is potentially diminished resulting in a deleterious unprotected
NEIL3-induced AP site. Consequently, KO of NEIL3 in ZUP1 KO cells could shift the
pathway choice back in favour of the FA complex and provide a selective advantage to
cells leading to their accumulation. This hypothesis, however, remains highly
speculative and will require substantial future research to clarify, but does provide a
proof of concept for the utility of the genome-wide screen performed as part of this thesis

to inform the investigation of future targets.
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Figure 31. Results of genome-wide CRISPR-Cas9 MMC sensitivity dropout

screen

(A) Plot of normZ score vs. gene rank from screen in U20S WT cells. NormZ scores were
calculated using the DrugZ algorithm. The top sensitising genes are labelled with red
data points with the top 20 most significant hits named in rank order. The top suppressor
genes are labelled with blue data points. Data is representative of n=2 technical

replicates.

200



Chapter 5 - Results

(B) Plot of normZ score vs. gene rank from screen in U20S ZUP1 KO cells with data
presented as in A. Data is representative of n=2 technical replicates.

(©) Plot of normZ scores for U20S WT vs ZUP1 KO cells treated with MMC calculated
using the drugZ algorithm. A gene’s normZ score reflects the fold change in abundance
of all four sgRNAs for a given gene in MMC treated cells relative to untreated cells with
a lower score indicating greater sensitivity to MMC. Genes lying close to the blue dotted
line (x=y) are those that are equally depleted or enriched in WT and ZUP1 KO cells.
Synergistic genes are ones whose normZ scores skew more negatively in ZUP1 KO cells
than in WT cells and are located further from the central blue line. BRIP1/FANC]J, BRCA2
and HELQ (highlighted in bold with red data points) were selected for further validation
as potential synergistic interactors of interest. Suppressor genes on the other hand are
ones that result in increased cell viability and skew more positively in ZUP1 KO cells
relative to WT cells. NEIL3 (highlighted in bold with blue data point) was selected for
further validation as a possible suppressor gene of interest. Data is representative of n=2
technical replicates. The cell culture for the CRISPR screen was performed by me and

Sneha Anand of the Ebner lab.
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5.2.5. Gene ontology enrichment analysis reveals depletion of

specific networks in ZUP1 KO cells

Fourteen of the most significantly depleted gene hits (normZ <-3.0) identified were
shared between MMC sensitivity screens performed in U20S WT and ZUP1 KO cells.
There were 54 and 56 genes identified with a normZ <-3.0 for WT and ZUP1 KO
respectively (Figure 32A). This indicates that a substantial portion of the top hits from
each screen were unique to their respective cell line, suggesting the possibility of
identifying specific pathway involvement in ZUP1’s absence. GO enrichment analysis
of the most significantly depleted gene hits (normZ <-3.0) performed using the
PANTHER database revealed the biological pathways implicated in response to MMC-
induced DNA damage (Figure 32). The GO term with most substantial fold-enrichment
in both WT and ZUP1 KO cells was ICL repair, which is consistent with response to
MMC and provides further validation of the screens utility in specifically identifying
pathways required for MMC-induced DNA damage. Other GO terms, centred on the
cellular response to DNA damage, were commonly enriched in WT and KO cells (i.e.
nucleotide excision repair, recombinational repair, DNA repair, nucleotide excision
repair). Intriguingly, GO analysis revealed some terms that were specifically enriched in
ZUP1 KO cells suggesting a possible redundant function in that pathway. Specifically,
GO terms for DNA duplex unwinding, DNA geometric change, and DNA conformation
change were found in the top 20 most enriched GO terms for the top hits (normZ <-3.0)
in ZUP1 KO cells, but were not found in enriched GO terms for WT cells. The genes
represented by these terms were MCM8, MCM9, HELQ, BRIP1/FANC], RAD54L, and

RTEL with HELQ, BRIP1/FANCJ and RAD54L uniquely found in the top depleted genes
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in ZUP1 KO cells. These findings therefore provide an intimation of cellular processes

in which ZUP1 functions in response to MMC-induced DNA damage.
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Figure 32. Gene ontology enrichment analysis of genome-wide CRISPR-Cas9

MMC sensitivity screen hits

(A) Venn diagram of top hits (normZ score < -3.0) in U20S WT and ZUP1 KO cells.

(B) GO enrichment analysis of the top hits (normZ score < -3.0) depleted in U20S WT
cells in the MMC genome-wide sensitivity screen. The top 20 significantly enriched GO
terms using the Biological Process Complete annotation data set are shown. GO analysis
was performed using the PANTHER (version 17.0) overrepresentation test using
Fisher’s Exact test with Bonferroni correction for multiple testing. Value along the x-axis
indicates the fold enrichment relative to the whole genome reference set of genes. Circle
size indicates the number of hit genes represented in each GO term. Colour scale
represents negative log of p-value. DSB, double-strand break; GO, gene ontology.

(C) GO enrichment analysis of the top hits (normZ score < -3.0) depleted in U20S ZUP1

KO cells calculated as described above for WT cells.
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Figure 33. Network analysis of genome-wide CRISPR-Cas9 MMC sensitivity

screen hits

(A) STRING network analysis of interactions between highly depleted hits (normZ <-
3.0) from U20S WT MMC sensitivity screen. Nodes are coloured by selected high
confidence biological process GO (strength > 1.00; FDR <1x10°). Connection edges
represent protein-protein associations (not necessarily direct physical binding) and the
thickness of the connection indicate the strength of evidence associated with a particular
interaction.

(B) Asin panel A but for highly depleted hits (normZ <-3.0) from U20S ZUP1 KO MMC

sensitivity screen.
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5.2.6. Two-colour competitive growth assay validation of CRISPR

screen hits

Selected hits from the CRISPR screen were chosen for validation by two-colour
competitive growth assay as described above in section 5.2.4. This assay measures the
proliferation of a population of cells targeted with a GOI-specific sgRNA coupled to GFP
expression relative to a control population of cells targeting with a non-targeting control
sgRNA coupled to mCherry expression (Figure 34). HELQ, BRCA2 and FAN]J/BRIP1
were chosen as putative synergistic interactors of ZUP1, while NEIL3 was chosen as a
potential mediator of resistance to MMC. Independent sgRNAs targeting these factors
were designed that were distinct from those used in the TKOv3 library. An EV control
was also used to compare the effects of MMC treatment in WT and ZUP1 KO cells.
Clonal U20S WT and ZUP1 KO cells stably expressing Cas9 were generated for use in
two-colour assays as described in the methods section 2.19. Clones expressing similar
Cas9 protein levels were selected for WT and ZUP1 KO cells (Figure 35A). These clones
were then used to perform competitive growth assays with the sgRNA constructs

described above.
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Figure 34. Schematic design of two-colour competitive growth assay

Schematic workflow of two-colour competitive growth assay for CRISPR screen hit
validation. U20S WT or ZUP1 KO cells stably expressing Cas9 were transduced with a
lentiviral vector expressing an sgRNA targeting a GOI together with EGFP, or a control
sgRNA targeting lacZ coupled with mCherry. Transduced cells were selected with
puromycin and then EGFP and mCherry expressing cells were mixed in a 1:1 ratio. Cells
were then treated with an LD20 dose of MMC or left untreated and imaged over time to
quantify the proportion of EGFP and mCherry expressing cells. Figure created using

BioRender.com.
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These data revealed that U20S WT and ZUP1 KO cells transduced with EV GFP
constructs displayed broadly similar patterns in response to MMC treatment. Both cell
lines showed a decreased GFP:mCherry fluorescence ratio at most timepoints in
response to MMC treatment as expected. Fluorescence ratios were, however, relatively
stable from day 3 to day 18 with a slight decrease over time. This is contrasted to cells
targeted with sgBRIP1-GFP constructs which showed a marked decrease in
GFP:mCherry fluorescence ratios over time in untreated conditions, indicating that KO
of the BRIP1/FANC] gene leads to loss of cell viability. Additionally, in response to MMC
both WT and ZUP1 KO showed a strong loss of viability with almost all targeted cells
outcompeted by non-targeting lacZ-mCherry control cells by the experimental endpoint.
This validates BRIP1/FANC]J as a top hit in response to MMC. However, there was no
apparent additive effect on cell viability when BRIP1/FANC] was knocked out in the
ZUP1 KO background relative to WT. Further work is therefore required to understand
whether BRIP1/FANC] is a true synergistic interactor of ZUP1.

In contrast, two-colour competitive growth assays for HELQ and BRCA2 provide
support for a synergistic interaction with ZUP1. For untreated cells targeted with HELQ
and BRCA2 sgRNAs the GFP:mCherry ratio also substantially decreased over time
suggesting a deficit in cell viability under unchallenged conditions. Notably, however,
cells targeted with either sgHELQ or sgBRCA2 showed an additional loss of viability
when targeted in ZUP1 KO cells relative to WT cells when treated with MMC. While
these data constitute a single biological repeat performed as a technical duplicate and
should be treated as a proof-of-concept at this stage, they nevertheless lend support to
the notion that HELQ and BRCA?2 are bona fide synergistic interactors of ZUP1.

Competitive growth assays were also used to test the hypothesis that loss of NEIL3

confers resistance to MMC in ZUP1 KO cells. Knockout of NEIL3 in WT cells had no
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major impact on cell viability, while in ZUP1 KO cells it led to a gradual decrease in
GFP:mCherry ratios over time. Interestingly, no additional loss of viability was seen in
either background when treated with MMC as was observed for EV control cells.
Knockout of NEIL3, however, did not confer a selective advantage to ZUP1 KO relative
to WT cells. It remains unconfirmed, therefore, whether targeting NEIL3 mediates
resistance in ZUP1’s absence in response to MMC. Additionally, NEIL3 was selected on
a hypothesis driven basis rather than it being one of the most significantly enriched hits
which highlights the necessity for rigorous hit validation following CRISPR screens. It
should also be noted that the experimental set up of this CRISPR screen is more suited
to identifying sensitising interactions due to the use of an LD20 dose of MMC. In future
it would be useful to instead conduct a resistance screen with an LD80 dose of MMC to

more robustly identify genes whose loss confers resistance in ZUP1 KO cells.
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Figure 35. Two-colour competitive growth assay results

(A) Immunoblot to show generation of stable Cas9 expressing clonal cell lines in a U20S
WT of ZUP1 KO background. WT clone 4 and KO clone 5 were chosen to perform the
two-colour competitive growth assay since they expressed Cas9 to a similar extent.

(B) Two-colour competitive growth assay results with indicated sgRNAs targeting GOI
from the genome-wide CRISPR-Cas9 screen. The fluorescence ratio was normalized
against the ratio of GFP:mCherry positive cells at day 0. The data is representative of a
single biological replicate performed using 2x technical replicate wells.

(C) Representative widefield fluorescence microscopy images showing GFP and
mCherry positive expressing cells. The number of positive cells in each case was

calculated using an Olympus ScanR analysis pipeline.
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5.3. Discussion

5.3.1. Summary of results

In this chapter I carried out parallel pooled genome-wide CRISPR-Cas9 dropout
screens in U20S WT and ZUP1 KO cell lines to identify genes whose depletion
specifically confers sensitivity or resistance to MMC-induced ICL lesions in the absence
of ZUP1. The aim of this approach was to identify the set of synergistic and suppressor
genetic interactors of ZUP1 to deepen our knowledge of the potential DNA repair
pathway(s) that ZUP1 functions parallel to. I have demonstrated that the screens
performed in U20S WT and ZUP1 KO cells were successfully able to identify hit genes
from the FA, NER, and HR pathways that have previously been well validated for the
repair of MMC-induced ICLs (Su et al., 2020). Excitingly, I additionally uncovered genes
that were substantially more depleted or enriched in ZUP1 KO cells relative to WT and
thus constitute putative synergistic or suppressor chemogenetic interactors of ZUP1 in
response to MMC damage. I also carried out proof-of-concept validation by two-colour
competitive growth assay of three selected synergistic hits (BRIP1/FANC], BRCA2,
HELQ) and one suppressor hit (NEIL3). The results of this validation supports the notion
that BRCA2 and HELQ are synergistic interactors of ZUP1, but did not show a
synergistic or suppressor effect for independently designed sgRNAs targeting
BRIP1/FANC] or NEIL3 respectively. While the BRIP1/FANC] synergistic interaction
with ZUP1 was not confirmed by the two-colour competitive growth assay performed
in this chapter, it would be useful to validate this interaction further using additional
independently designed sgRNAs. BRIP1/FANC] has been shown to suppress the
formation of ssDNA gaps following replication stress and thereby confer resistance to

PARPi. While resistant to PARPi, FANCJ] KO cells were still seen to be sensitive to
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cisplatin, MMC, and camptothecin (Cong et al., 2021). It would therefore be interesting
to investigate whether depletion of BRIP1/FANC] suppresses the excess formation of
ssDNA in ZUP1 KO cells and determine if this depletion reverses the hypersensitivity
of ZUP1 KO cells to PARPi shown in chapter 3. It should also be noted that the
identification of false positives from CRISPR screens has been reported in previous
studies and highlights the importance of complementary validation of hits as I have
performed via two-colour competitive growth assay (Bock et al., 2022).

An additional aspect of my screen that should be considered is that the U20S cell
line in which it was performed is wild type for the tumour suppressor p53 (Oshima et
al., 2007). CRISPR-Cas9 genome editing has been shown to induce a p53-mediated DNA
damage apoptotic response that reduces the sensitivity of screens and impacts the ability
to identify significant hits (Bowden et al., 2020; Haapaniemi et al., 2018). Although
previous CRISPR screens conducted in parallel p53 WT and p53 KO cell lines
demonstrated that robust screen performance could be achieved in p53 WT cells given
optimal screen design, it will be important in future to validate hits from my screen in a

p53 null background such as p53¥© RPE1 cells.

5.3.2. Hyper ssDNA generation in ZUP1 KO cells promotes

dependency on DNA processing enzymes

A major finding of this chapter is the synergistic chemogenetic interaction between
BRCA2 and HELQ, and ZUP1 in response to MMC-induced DNA damage. Interestingly,
these two genes have functions in processing ssDNA intermediates during ICL repair
and suggest that loss of ZUP1 creates a dependency on ssDNA processing enzymes that

leads to synergistic sensitivity when both are lost.
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5.3.2.1. BRCA2 and ZUP1 synergistic genetic interaction

As noted in the previous chapter, BRCA2 confers an important replication fork
protective function by promoting stable RAD51 nucleofilament formation that limits
excessive nucleolytic degradation (Mijic et al., 2017). In BRCA2 proficient cells, stalled
and reversed forks undergo controlled resection by MRE11, CtIP, DNA2, and EXO1
nucleases to promote HR repair and fork restart (Thangavel et al., 2015). When BRCA2
is absent, however, extensive uncontrolled resection occurs at reversed forks that can
lead to their collapse and result in DSB formation (Lemacon et al., 2017). Interestingly it
was reported that inactivation of the fork remodelling translocases SMARCAL1, HLTF,
and ZRANB3 in BRCA-deficient cells restores replication fork stability and prevents
excessive nucleolytic degradation (Taglialatela et al., 2017). A recent paper has also
demonstrated that REWD3-mediated ubiquitylation of PCNA promotes the recruitment
of ZRANBS3 to stalled replication forks to facilitate their remodelling and shown that in
BRCAZ2 deficient cells RFWD3 is epistatic with ZRANB3 and restores fork stability when
lost (Moore et al., 2023). Since we have shown in the Gibbs-Seymour lab that PCNA
ubiquitylation is elevated in ZUP1 KO cells, this may lead to excess ZRANB3 recruitment
leading to the increased generation of reversed fork structures that are susceptible to
nucleolytic attack. In support of this, unpublished data from a collaborating group has
shown using DNA fiber assays that ZUP1 KO cells exhibit a fork degradation phenotype
which, notably, is rescued when ZRANB3 is depleted (I.G.-S. personal communication;
unpublished). This nucleolytic degradation may therefore be exacerbated in BRCA2
deficient cells leading to the observed synergistic effect between ZUP1 and BRCA2. A
potential counter argument to this is a recent study utilising BRCA2 separation of

function mutants in which regions corresponding to its fork protection or HR repair are
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separately ablated to show that sensitivity to cisplatin and olaparib depends on HR
proficiency rather than fork protection proficiency (Lim et al., 2023). In contrast, another
study compared BARD1 mutants with intact HR but deficient fork protection to BRCA1
mutants with impaired HR and fork protection, and showed similar sensitivity between
the two to MMC, but less significant sensitivity of the BARD1 mutant to Olaparib (Billing
etal., 2018). It will be important in future, therefore, to confirm whether ZUP1 sensitivity
to different genotoxins is mediated by a fork protection or HR repair defect.
Interestingly, the FAN1 nuclease has also been reported to be recruited to
ubiquitylated PCNA following replication fork stalling and to limit DNA synthesis and
promote fork stability by a mechanism that is independent of BRCA2 (Porro et al., 2017).
Intriguingly, in my CRISPR screen sgRNAs targeting FAN1 were substantially more
depleted in WT cells (normZ = -6.03) compared to ZUP1 KO cells (normZ = -2.79),
possibly indicating an epistatic interaction with ZUP1 (Figure 31). It would therefore be
interesting to investigate this interaction further to validate whether FAN1 and ZUP1
are true epistatic interactors with regard to MMC sensitivity, ssDNA generation, and

fork degradation.
5.3.2.2. HELQ and ZUP1 synergistic genetic interaction

The second putative ZUP1 synergistic interaction that I discovered in this thesis is
with the HELQ helicase. As described in introductory section 1.1.8.6, HELQ possesses 3'
to 5' helicase activity and a ssDNA strand annealing function that promotes repair of
ICL lesions by SSA and MME]. It has been shown to be recruited to damage sites via
RPA and then displace RPA to promote the annealing of complementary sequences to
facilitate repair (Jenkins et al., 2021). HELQ also has recently been shown to possess

ssDNA annealing functionality that promotes HR and is important for ICL repair
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(Anand et al., 2022). The finding in this chapter that concomitant loss of HELQ and ZUP1
exacerbates MMC sensitivity suggests that ZUP1 functions in a parallel pathway to
HELQ. Notably, HELQ deficiency leads to some of the same phenotypic consequences
as ZUP1 KO, with genetic perturbation of the HELQ gene in cells leading to the
persistence of RAD51 foci following ICLs induced by MMC (Adelman et al., 2013; Anand
et al., 2022). It is possible that HELQ strand annealing activity therefore limits excessive
ssDNA at ICL lesions sites. It is plausible, then, that ZUP1 functions in a parallel
pathway to limit excessive ssDNA at challenged replication forks and it will be
important in future to define ZUP1’s complement of functionally interacting proteins
that mediate this fork protection capability.

The Durocher lab has previously reported a synergistic interaction between HROB
(C170rt53) and HELQ in response to cisplatin-induced ICLs (Hustedt et al., 2019). This
study suggested that HROB acts to recruit the MCM8-MCM9 helicase complex to
promote D-loop bubble migration during the DNA synthesis step of HR repair, and
speculated that HELQ may also promote bubble migration via its 3' to 5' helicase activity.
Interestingly, the study also reported that double HROB and HELQ KOs were still viable
and retained residual HR activity, indicating the presence of additional pathways that
support DNA synthesis during HR. Notably, while a synergistic interaction was seen
between ZUP1 and HELQ in my CRISPR screen data, there was no additional sensitivity
observed for cells targeted with sgRNA against C170r53/HROB (normZ =-1.91 and -3.42
for KO and WT cells respectively) or MCMS8 (normZ = -6.08 and -6.74 respectively) or
MCM9 (normZ = -4.41 and -4.15 respectively). These findings therefore leave open the
possibility that ZUP1 functions in an epistatic manner to HROB-MCM8-MCMO9.

In trying to understand the genetic interaction between ZUP1 and BRCA2 described

above, it may be instructive to consider the synthetic lethal interaction between the WRN
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helicase and cells with an MMR deficiency (Behan et al., 2019). Deficient MMR leads to
microsatellite instability characterised by largescale expansion of nucleotide repeats that
distort the secondary structure of DNA and stall replication forks. In these cells, WRN
unwinds and processes the secondary structure formations at microsatellite regions to
promote physiological DNA transactions (Chan et al., 2019). However, when WRN is
lost these structures are susceptible to nucleolytic attack by the MUS81 nuclease that
leads to chromosome shattering and cell death (van Wietmarschen et al., 2020). In the
future, it will therefore be important to investigate whether aberrant nucleolytic
processing occurs by nucleases such as MUSS81 in double ZUP1 KOs with loss of the

DNA processing factors identified here such as HELQ and BRIP/FANC].

5.3.3. Possible reasons why ZUP1 targeting sgRNAs are not

depleted in screen performed in WT cells

An aspect of my CRISPR screen data that should be addressed is why ZUP1 targeting
sgRNAs are not significantly depleted from the screen performed in WT cells. The
normZ score for ZUP1 from the screen performed in WT cells was -0.73, indicative of a
mild depletion, but not in line with the hypersensitivity to MMC I have demonstrated
tor ZUP1 KO cells in Chapter 3. ZUP1 was also not found to be significantly depleted in
the previously reported genome-wide CRISPR-Cas9 MMC sensitivity screen that
utilised the TKOv3 library (Schubert et al., 2022). A potential explanation for this is that
the ZUP1 sgRNAs used in TKOv3 library may not all result in full KO of the ZUP1
protein. The four ZUP1-specific TKOv3 library guides target exon 2, 3, 4, and 7
respectively which would mean that only the sgRNA targeting exon 4 is common to all
predicted isoforms as shown in Figure 9 of Chapter 3. The presence of hypomorphic KOs

may therefore mean that the true ICL repair dysfunction of ZUP1 KO cells is not revealed
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by the guides used in the TKOv3 library. The lack of dropout of ZUP1 in my and
previous genome-wide CRISPR screens highlights an important limitation that must be
considered for genome-scale CRISPR KO libraries. The design of sgRNAs for these
libraries often follows a heuristic approach with rules governing their design such as:
40-70% GC content, no off-target hits with up to two mismatches in sgRNA sequence,
no common restriction site sequences, no common SNPs in PAM sequence. In the case
of the TKOvV3 library this was coupled with a ‘sequence score” to identify optimised
sequences based on sgRNAs used in previous screens (Hart et al., 2017). While in general
this approach yields a specific and robust sgRNA library, it lacks functional
characterisation for each sgRNA selected so may not yield complete KO for less well
characterised proteins such as ZUP1. I have shown that KO of ZUP1 required extensive
empirical determination of the best sgRNA targeting strategy to yield a complete KO of
the mRNA and protein due to the presence of additional splice variants, which would
not have been achieved by a purely rational design approach using existing genomics
databases. To investigate the lack of dropout of TKOv3 guides in future, a two-colour
competitive growth assay could be conducted to compare WT cells targeted with the
ZUP1 specific sgRNAs from the TKOv3 library with cells targeted with the guides

designed as part of this thesis.

5.3.4. Conclusion

In conclusion, this chapter presents the successful use of genome-wide CRISPR
screening to identify HELQ and BRCAZ2 as synergistic interactors of ZUP1 in response
to MMC-induced ICL lesions. Coupled with the finding in Chapter 4 that ZUP1 loss
results in aberrant generation of ssDNA following MMC-induced damage and

consequent disruption of RPA and RAD51 dynamics this data positions ZUP1 as an
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important player in the cellular response to replication-coupled DNA damage. The
CRISPR screen data I generated also constitutes a valuable resource to deepen our
understanding of ICL repair and may inform the design of therapeutic targeting
strategies in future by exploiting the novel genetic vulnerabilities I have uncovered.

It will also be important to expand the scope of lesion types that are investigated to
determine if the basis for hypersensitivity to the genotoxins tested in Chapter 3 is due to
excess formation of ssDNA gaps as observed for MMC treated cells. This will be
particularly interesting in the context of the striking sensitivity I observed for ZUP1 KO
cells to PARPis given the recent paradigm that is merging that ssDNA gap generation
underlies the sensitivity of cells to PARP inhibitors (Cong et al., 2021). Moreover, given
the synergistic interaction between ZUP1 and BRCA?2 identified in this chapter, it would
be useful to create single and double CRISPR-Cas9 knockout cell lines of these genes to
analyse epistasis with regard to ssDNA gap generation following PARPi treatment. This
could be done in the karyotypically normal RPE-1 p53K© background that has recently
been generated by the Gibbs-Seymour lab to determine whether hypersensitivity to
genotoxins extends past the aneuploid U20S background used to generate knockout in

this study (I.G.-S. personal communication).
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Chapter 6 - Discussion

6.1. Summary of results

The aim of my thesis was to deepen our understanding of the cellular role of the
recently discovered DUB ZUP1. This intriguing protein constitutes a novel class of
enzyme which, to date, has a poorly characterised role in the DDR. Prior to this thesis
ZUP1 was characterised as having specific DUB activity against long K63-linked Ub
chains, it was shown to be recruited to sites of DNA damage, and RNAi-mediated ZUP1
depleted cells were shown to have elevated levels of endogenous DNA damage and to
be sensitive to a limited selection of genotoxic agents (Haahr et al., 2018; Hermanns et
al., 2018; Hewings et al.,, 2018; Kwasna et al., 2018). The Gibbs-Seymour lab have
subsequently shown that ZUP1 interacts directly with the major ssDNA-binding protein
in cells, the RPA complex, and that its K63-linked DUB activity is greatly enhanced upon
binding (Foster et al., 2023). Moreover, unpublished data from the lab has demonstrated
that in ZUP1 KO cells PCNA polyubiquitylation levels are elevated following MMC
treatment (I.G.-S. personal communication; unpublished). However, it remained unclear
which DNA repair pathway(s) ZUP1 functioned in and a detailed investigation of the
consequences of permanent ZUP1 loss in cells had not been performed, limiting our
mechanistic understanding of its function.

In Chapter 3, I generated the first reported full monoclonal U20S CRISPR-Cas9
ZUP1 knockout cell lines and used a semiquantitative RT-PCR approach to investigate
ZUP1 isoform expression to develop an sgRNA targeting strategy to yield loss of all
predicted splice variants. I then utilised these cells to reveal that in the absence of ZUP1
cells are hypersensitive to genotoxic agents that cause replication-coupled DNA
damage, i.e. agents that cause ICLs, DPCs, or DPC-like lesions, as well as unscheduled

origin firing. I also demonstrated that ZUP1 functions downstream, or parallel to, CHK1
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and FANCD?2 activation and that RPA2 is hyperphosphorylated following ICL lesion
damage. These novel phenotypes in ZUP1 KO cells could also be rescued in initial
complementation assays with re-expression of ZUP1 WT cDNA, although more work is
required to extend this observation. In Chapter 4, using QIBC I discovered that ZUP1 is
required to limit ssDNA formation following MMC-induced damage and that RPA and
RAD51 accumulate on chromatin in the absence of ZUP1. I also utilised a small molecule
inhibitor of the p97/VCP ‘segregase’ which suggests that ZUP1 may function in an
epistatic manner to p97/VCP to promote the removal of RPA from chromatin following
MMC-induced damage. I also surprisingly found that knockdown of the E3 ligase
RFWD3 in ZUP1 KO cells leads to a synergistic effect on RPA phosphorylation following
DNA damage. Together, these findings have provided the first insight into the
mechanistic steps at which ZUP1 might function during ICL repair, while further work
is required to establish the precise molecular basis for ZUP1’s activity in cells. Finally, in
Chapter 5, I performed the first genome-wide CRISPR-Cas9 screens to reveal the gene
products required for survival in ZUP1 KO cells. These results suggest that ZUP1 KO
cells rely on several DNA processing enzymes, TLS factors, and HR factors for survival,
indicating that the elevated ssDNA produced in ZUP1 KO cells creates a dependency on
these factors. Excitingly, some of these might be therapeutically actionable, for example,
the synergistic interaction I identified between BRCA2 and ZUP1 could constitute a
novel cancer cell vulnerability that could be exploited by targeting ZUP1 in BRCA2-

deficient cancers.
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6.2. Model of ZUP1 function in replication-coupled DNA

repair

Taken together the results presented in this thesis suggest a role for ZUP1 in the
response to replication-coupled DNA damage via a mechanism, or mechanisms, that
limit the generation of ssDNA and/or promotes the timely removal of the RPA complex
and RADS51 from chromatin. Based on these results I present a hypothetical model of
ZUP1 function in replication-coupled DNA repair that details possible roles for ZUP1 in
specific pathway steps, as described below. The sections below correspond to the

numbered boxes in Figure 36.

6.2.1. ZUP1 may function in RPA phosphorylation ubiquitylation

feedforward loop

A first hypothesis for ZUP1’s role in replication-coupled DNA repair is that it may
regulate the proposed feedforward loop that drives RPA ubiquitylation and
phosphorylation described in section 1.3.2 of the Introduction. In this model
ubiquitylation of RPA by PRP19 or RFWD3 promotes the recruitment of ATR through
its obligate binding partner ATRIP, presumably via an interaction with K63-linked Ub
chains on RPA (Marechal et al., 2014). This facilitates phosphorylation of RPA which in
turn enhances the recruitment of PRP19 leading to repeated cycles of ubiquitylation and
phosphorylation (Dubois et al., 2017). The finding in Chapter 3 of this thesis that RPA2
is hyperphosphorylated in ZUP1 KO cells following MMC damage may therefore
suggest that ZUP1 plays a role in regulating the feedforward ubiquitylation
phosphorylation loop by limiting RPA ubiquitylation. This is supported by evidence

showing that the RPA complex is modified with K63-linked Ub chains in ZUP1 siRNA-
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mediated knockdown cells (Hewings et al., 2018). ZUP1 may therefore prevent
recruitment and hyperactivation of the ATR-ATRIP complex, limiting RPA complex
phosphorylation. As a counter argument against this, I did not observe
hyperphosphorylated CHK1 in ZUP1 KO cells in response to MMC damage, suggesting
there is not a general hyperactivation of ATR-ATRIP. Analysis of ATR-ATRIP foci is
technically challenging, and unfortunately several antibodies failed to detect ATRIP foci.
Thus, endogenous tagging or cDNA-mediated over-expression would be required to
monitor ATR-ATRIP foci in WT vs ZUP1 KO cells to assess if there is increased
chromatin loading of the complex. It's also possible that the proposed feedforward loop
is not robust as a model, and that RPA ubiquitylation has a different function. Indeed,
chromatin mass spectrometry (CHROMASS) experiments using ICL substrates did not
identify PRP19 as a major interactor of damaged chromatin (Gallina et al., 2021; Raschle
et al., 2015). Moreover, central to this model, ATR-ATRIP or an interacting partner of the
complex needs the ability to bind K63-linked Ub chains. However, evidence for this is
currently lacking, and cryo-EM structures of the ATR-ATRIP complex do not reveal an
obvious ubiquitin binding motif within the complex (Rao et al., 2018). Whilst the precise
role for RPA ubiquitylation and phosphorylation requires further research to be
confirmed, it is possible that the dynamics of these PTMs are important for the timely
removal of RPA from ssDNA to promote HR repair as proposed by the Inano et al. study

(Inano et al., 2017).
6.2.2. ZUP1 may regulate replication fork repriming

A second hypothesis, given the excess ssDNA generated in ZUP1 KO cells following
MMC-induced ICL lesions, could be that ZUP1 activity may regulate fork repriming by

PRIMPOL. PRIMPOL is recruited to sites of replication stress via an interaction through
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RPA, so ZUP1 could impact its recruitment by regulating RPA chromatin binding
dynamics (Guilliam et al., 2017). Therefore, loss of ZUP1 could lead to unrestrained
repriming activity and accumulation of ssDNA gaps which could account for the excess
ssDNA and concomitant chromatin-bound RPA2 and RAD51, as shown in Chapter 4.
Depletion of PRIMPOL in ZUP1 KO cells would be the next step to assess this
hypothesis. Alternatively, replication fork repriming by PRIMPOL has been shown to
compete with fork reversal so an opposite explanation is that an increase in fork reversal
occurs in the absence of ZUP1, which may reduce repriming activity but generate an
excess of reversed fork structures which are susceptible to nucleolytic attack, as
discussed below (Quinet et al., 2021). This is supported by the unpublished data from
our collaborating group that shows that ZUP1 KO cells exhibit a fork degradation

phenotype (I.G.-S. personal communication; unpublished).
6.2.3. ZUP1 may regulate replication fork reversal

A compelling hypothesis is that ZUP1 may regulate the recruitment of the fork
remodelling enzyme ZRANB3 by counteracting PCNA K63-linked polyubiquitylation.
This mechanism would ensure that excessive reversed fork structures are limited, which
may therefore prevent nucleolytic attack. As detailed in discussion section 5.3.2.1 of
Chapter 5 this hypothesis may also account for the synergistic interaction of ZUP1 and
BRCAZ2 which provides a protective function to reversed forks, which may consequently
be prone to nucleolytic attack when absent. Given the unpublished fork degradation
phenotype in ZUP1 KO cells and its rescue by loss of ZRANB3, an important follow-up
experiment would be to use the DNA fiber assay to additionally investigate replication
fork dynamics in ZUP1 KO cells following loss or SMARCAL1, HLTF, and PRIMPOL to

determine if this effect is mediated specifically by ZRANB3. The DNA fiber assay
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permits the microscopic visualisation of replication forks at single-molecule resolution
by pulse labelling nascent DNA through the incorporation of the thymidine analogues
5-iodo-2"-deoxyuridine (IdU) and 5-chloro-2'-deoxyuridine (CldU) which can be
immunostained in different colour channels (Quinet et al.,, 2017a). By sequentially
labelling DNA with IdU and CldU with an intervening genotoxin treatment, the
dynamics of forks in response to replication stress can be monitored. This assay will be
key to distinguish between the hypotheses detailed here and investigate ZUP1

regulation of fork reversal, repriming, or TLS.
6.2.4. ZUP1 may regulate TLS

ZUP1 may alternatively play a role in the regulation of TLS polymerase or associated
factor recruitment by counteracting RFEWD3-mediated ubiquitylation at stalled forks.
The precise PCNA Ub linkage type that promotes TLS requires further investigation as
it has classically been thought that PCNA monoubiquitylation promotes TLS, while
polyubiquitylation promotes TS (Mirsanaye et al., 2021). Whilst there is good evidence
for this mechanism in yeast, this model has recently been questioned by evidence
demonstrating the importance of RFWD3-mediated PCNA polyubiquitylation in
Xenopus extracts and human cells, with RFWD3 loss causing a TLS defect when a model
substrate containing a DN A-protein crosslinks is replicated in Xenopus extracts (Gallina
et al., 2021). It will therefore be important in the future to investigate if there is a TLS
defect in ZUP1 KO cells. One could envisage that hyper PCNA polyubiquitination in
ZUP1 KO cells might either impair usage of the correct TLS polymerase by blocking
access to the lesion and/or may prolong retention of TLS polymerases, preventing bypass
across the lesion and subsequent gap filling. If this were the case, then perhaps

PRIMPOL re-primes synthesis, causing a ssDNA gap as described above. Genetic
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abrogation of the TLS polymerases in ZUP1 KO cells, either alone or together with
PRIMPOL depletion, could therefore be used to start to unravel these potential

hypotheses.
6.2.5. ZUP1 may regulate TS

By limiting PCNA polyubiquitylation ZUP1 could also play a role in regulating the
TS repair pathway. TS has been cast as an error-free fork restart mechanism as it involves
copying genetic information from an in-tact strand and does not require error-prone TLS
polymerases. A technique such as REPAIR-Seq could therefore be utilised in future to
map the sequence outcomes of targeted DSBs in WT and ZUP1 KO cells to determine if
ZUP1 alters the fidelity of repair and therefore provide an insight into which pathway is

utilised (Hussmann et al., 2021).

6.2.6. ZUP1 may promote timely removal of RPA and RAD51

A final hypothesis is that ZUP1 may play a role in regulating HR repair by regulating
DNA end resection or by promoting the timely removal of ubiquitylated RPA from
ssDNA. This latter function has been proposed to be reliant on p97/VCP-mediated
extraction from chromatin (Inano et al., 2017). I have shown that there is no additive
effect on RPA chromatin loading with p97i treatment in ZUP1 KO cells, which suggests
a possible epistatic interaction between ZUP1 and p97/VCP. Although a simplistic model
would suggest that RPA polyubiquitylation promotes chromatin-extraction by p97/VCP
and therefore ZUP1 would limit extraction, it may be that more complex branched or
mixed chain architectures are involved and ZUP1 DUB activity does not merely function
as a binary negative regulator. Alternatively, the timing of deubiquitylation may be

important for efficient RPA removal and HR progression. Given ZUP1’s potential impact
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on HR efficiency, another critical area for future experiments will be to functionally
assess the impact of ZUP1 loss on DDR pathway choice using reporter assays for specific
repair pathways. Fluorescent reporter constructs have been designed for the main
pathways of DSB repair (NHE], HR, SSA, MME]) whereby a disrupted fluorescent
protein sequence is reconstituted if a specific repair pathway is used by cells (van de
Kooij and van Attikum, 2021). The reporter constructs for these pathways could
therefore be transfected into WT and ZUP1 KO cells and the fluorescence output
measured to determine the efficiency of each repair pathway and whether it is impacted

by loss of ZUP1.

Overall, the data presented in this thesis significantly advances our understanding
of ZUP1 in the DDR and forms the foundation for future approaches to further delineate

the mechanisms of its functions in cells.
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Figure 36. Model for ZUP1 function in replication-coupled DNA damage

repair

Figure depicts potential steps in which ZUP1 may play a role in the repair of replication-
associated DNA damage. The pathways depicted represent some of the key factors but
do not show all steps and factors involved. The pathway contained in the purple box
broadly corresponds to the steps of the FA pathway of ICL repair while the other steps
pictured correspond to other steps in the response to fork uncoupling lesions in which
ZUP1 may function. The numbered blue boxes suggest steps in which ZUP1 activity may
play a role based on the data produced in this thesis. Figure created using

BioRender.com
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Appendix A. Primary antibodies

Antibody
ZUP1

ZUP1
Vinculin-HRP
RPA2 (pT21)
RPA2 (pS4/8)
RPA2 (pS33)
FANCD2
CHK1

pCHKI1 (5317)
FLAG-HRP
RPA2

PCNA
MCM3
RAD51

RPA1

BrdU

Species
Mouse

Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Rabbit
Mouse
Rabbit
Mouse
Mouse
Rabbit
Mouse
Rabbit
Rabbit
Mouse

Clonality
Monoclonal

Polyclonal
Monoclonal
Monoclonal
Polyclonal
Polyclonal
Polyclonal
Monoclonal
Monoclonal
Monoclonal
Monoclonal
Polyclonal
Monoclonal
Monoclonal
Monoclonal
Monoclonal

Dilution WB

1:750

1:1,000
1:10,000
1:5,000
1:5,000
1:5,000
1:1,000
1:1,000
1:1,000
1:10,000
n/a

n/a

n/a

n/a

n/a

n/a

Dilution IF

n/a

n/a
n/a
1:500
1:500
1:2,000
n/a
n/a
n/a
n/a
1:500
1:500
1:500
1:500
1:1,000
1:200

Source
DC Biosciences

Cambridge Bioscience
Santa Cruz Biotechnology
Abcam

Cambridge Bioscience
Cambridge Bioscience
Novus Biologicals

Cell Signaling Technology
Cell Signaling Technology
Sigma-Aldrich (Merck)
Abcam

Abcam

Santa Cruz Biotechnology
Abcam

Abcam

GE Healthcare

Appendices

RRID

n/a

AB_10960887
AB_1131294
AB_10860648
AB_210547
AB_2180847
AB_10002867
AB_2080320
AB_2783865
AB_439702
AB_302873
AB_444313
n/a
AB_2722613
AB_1603759
AB_2314032

Identifier
Custom from
DCB-GTA-1972
project
HPA044426
sc-73614-HRP
ab109394
A300-245A
A300-246A
NB100-182
2360S

12302S

A8592

ab2175
ab18197
$c-390480
ab133534
ab79398
GERPN202
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Appendix B. Secondary antibodies

Antibody

Anti-mouse HRP
Anti-rabbit HRP
Anti-mouse Alexa Fluor 488
Anti-rabbit Alexa Fluor 488
Anti-mouse Alexa Fluor 555
Anti-rabbit Alexa Fluor 555

Species
Donkey
Donkey
Donkey
Donkey
Donkey
Donkey

Clonality

Polyclonal
Polyclonal
Polyclonal
Polyclonal
Polyclonal
Polyclonal

Dilution IB Dilution IF Source

1:2,000 n/a
1:2,000 n/a
n/a 1:500
n/a 1:500
n/a 1:500
n/a 1:500

Appendix C. Chemicals, peptides, and recombinant proteins

Reagent or resource

Dulbecco's Modified Eagle Medium

Fetal Bovine Serum

TrypLE Express Enzyme (1X), phenol red
Opti-MEM Reduced Serum Medium
TransIT-LT1 Transfection Reagent

Puromycin Dihydrochloride (10 mg/ml)
FastDigest Bbsl (Bpil)

FastDigest BsmBI (Esp3I)

Hygromycin B (50 mg/mL)

UltraPure 1M Tris-HCI, pH 8.0

Triton X-100
Dithiothreitol (DTT)

Source

Gibco

Gibco

Gibco

Gibco

Mirus

Gibco

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich (Merck)
Thermo Fisher Scientific

Jackson ImmunoResearch
Jackson ImmunoResearch
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Identifier
31966047
10270106
12605010
51985026
MIR 2300
A1113803
10569110
10620301
10687010
15568025
T8787
10578170

RRID

AB_2340770
AB_10015282

AB_141607

AB_2535792
AB_2536180

AB_162543

Identifier

715-035-150-]JIR
711-035-152-]JIR

A21202
A21206
A31570
A31572
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Reagent or resource

Protease Inhibitor Cocktail

Sodium Orthovanadate

N-Ethylmaleimide (NEM)

Sodium fluoride (NaF)

B-Glycerophosphate

Benzonase Nuclease

NuPAGE LDS Sample Buffer (4X)

NuPAGE 4-12% Bis-Tris Midi Protein Gels, 26-well
NuPAGE 8% Bis-Tris Midi Protein Gels, 26-well
NuPAGE MOPS SDS Running Buffer (20X)
Trans-Blot Turbo Midi Nitrocellulose Transfer Packs
Trans-Blot Turbo Midi PVDF Transfer Packs
TWEEN 20

Clarity Western ECL Substrate

Pierce ECL Western Blotting Substrate

Amersham Hyperfilm ECL

ReBlot Plus Strong Antibody Stripping Solution, 10x
QuickExtract DNA Extraction Solution

Q5 High-Fidelity 2X Master Mix

SuperScript IV First-Strand Synthesis System with
ezDNase Enzyme

UltraPure Agarose

cis-Diammineplatinum(II) dichloride (cisplatin)
Pierce 16% Formaldehyde (w/v), Methanol-free
MMC from Streptomyces caespitosus

Olaparib

Talazoparib

Source

Sigma-Aldrich (Merck)
Sigma-Aldrich (Merck)
Sigma-Aldrich (Merck)
Sigma-Aldrich (Merck)
Sigma-Aldrich (Merck)
Sigma-Aldrich (Merck)
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Bio-Rad

Bio-Rad

Sigma-Aldrich (Merck)
Bio-Rad

Thermo Fisher Scientific
GE Healthcare
Sigma-Aldrich (Merck)
Lucigen

New England Biolabs

Thermo Fisher Scientific

Thermo Fisher Scientific
Sigma-Aldrich (Merck)
Thermo Fisher Scientific
Sigma-Aldrich (Merck)
Enzo Life Sciences
Selleck Chemicals

Identifier
P2714

S6508

E1271

201154
G9422
E1014-5KU
NP0008
WG1403BOX
WG1003BOX
NP0001
1704159
1704157
P1379
1705061
32209
28-9068-37
2504
QE09050
MO0492L

18091150

16500100

P4394

28906

M4287
LKT-04402-M005
57048
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Reagent or resource

Hydroxyurea

Topotecan hydrochloride

AZD6738 (ATRi)

NMS-873 (p97i)

Crystal Violet

Blasticidin S HCI (10 mg/mL)

MOWIOL 4-88 Reagent
5-Bromo-2'-deoxyuridine (BrdU)
Lipofectamine RNAIMAX Transfection Reagent
NEBuilder HiFi DNA Assembly Master Mix
Gateway LR Clonase II Enzyme Mix
Wizard Genomic DNA Purification Kit
PureLink RNase A

NEBNext Ultra II Q5 Master Mix

Source

Sigma-Aldrich (Merck)
Tocris

ApexBio

Selleck Chemicals
Sigma-Aldrich (Merck)
Thermo Fisher Scientific
Sigma-Aldrich (Merck)
Sigma-Aldrich (Merck)
Thermo Fisher Scientific
New England Biolabs
Thermo Fisher Scientific
Promega

Thermo Fisher Scientific
New England Biolabs

Identifier
H8627
4562/50
B6007
S7285
C0775
A1113903
475904
B9285
13778075
E2621S
11791020
A1120
12091021
MO0544
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Appendix D. Experimental models

Reagent or resource Source Identifier
U20S ATCC HTB-96
U20S ZzUP1 KO This study n/a

U20S pLenti-PGK-Hygro EV This study n/a

U20S pLenti-PGK-Hygro ZUP1 WT This study n/a

U20S ZUP1 KO pLenti-PGK-Hygro EV This study n/a

U20S ZUP1 KO pLenti-PGK-Hygro ZUP1 WT This study n/a

U20S ZUP1 KO pLenti-PGK-Hygro ZUP1 C360R This study n/a

U20S ZUP1 KO pLenti-PGK-Hygro ZUP1 Aa2/3 This study n/a

U20S lentiCas9-Blast This study n/a

U20S ZUP1 KO lentiCas9-Blast This study n/a
HEK293T ATCC CRL-3216

Appendix E. Oligonucleotides

Reagent or resource Source Identifier

TOPBP1 (SMARTpool: ON-TARGETplus) Horizon Discovery L-012358-00-0005
ETAA1 (SMARTpool: ON-TARGETplus) Horizon Discovery L-021193-01-0005
RFWD3 (SMARTpool: ON-TARGETplus) Horizon Discovery L-017095-00-0005

CTRL (ON-TARGETplus Non-targeting Control Pool) Horizon Discovery D-001810-10-20
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Appendix F. Primer sequences

Reagent or resource
sgZUP1_Ex2_1
sgZUP1_Ex6_2
sgZUP1_Ex6_3
ZUP1_Ex6_FWD_1
ZUP1_Ex6_REV_1
ZUP1_Ex6_REV_2
ZUP1_Ex6_Seq_ FWD
ZUP1_Ex2_FWD_1
ZUP1_Ex2_REV_1
ZUP1_Ex2_Cleavage_1
ZUP1_Ex3_Cleavage_1
ZUP1_Ex7_Cleavage_1
ZUP1_Ex1_FWD_1
ZUP1_Ex6_REV_3
sgHELQ

sgINEIL3

sgBRCA2

sgBRIP1

sglacZ
lentiGuide-Puro_FWD
lentiGuide-Puro_REV
GFP-NLS-P2A_FWD
GFP-NLS-P2A_REV

mCherry-NLS-P2A_FWD
mCherry-NLS-P2A_REV

Sequence

TCCAGCCTGACCGAAATAAA
AACAGTTGTACTTTATGTGC
TATGTACTCGGGGAACTTITA
ATTGGGAGCAAATTGATTAAGACTG
GCCCCCTGAGGATCAAAAC
CAGATGACAAGTTCAGAGTACTAG
CTTGGACTGTAGTAACAAGC
AATCCAGCGTTAAAGACCAAGT
GAGTCCAGGACAGTCCAGATGC
ACCTGACTAAAGATAGTACTTTAAAACATGAACc
CCTATGTGTGGGCTCATATGTACAAATTACCAcc
TCTATGATTGAAGATGCATGGAAGGAAGGTTTcc
TCAGTCATCAGGCCAGGAGA
ACCACAACCCCAACCTTTGT
TTATCTCTTACCTTCGAGC
ATGGATCAGAACGTATTGCC
GTCTACCTGACCAATCGATG
AGTTACCGACTACCTCAGGA
CCCGAATCTCTATCGTGCGG

tectggaccg ACCGAGTACAAGCCCACG
tagaaccggtGGTGGCCGTACGTCACGA
tacggccaccACCGGTTCTAGAGCGCTG
tgtactcggtCGGTCCAGGATTCTCITCG
tacggccaccACCGGTTCTAGAGCGCTG

tgtactcggt CGGTCCAGGATTCTCTTCG
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Reagent or resource Sequence
PCR1_LCV2_FWD GAGGGCCTATTTCCCATGATTC
PCR1_LCV2_REV GTTGCGAAAAAGAACGTTCACGG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG

PCR2_FWD_01
- -0 ACGCTCTTCCGATCTttcttgtggaaaggacgaaacaccg
PCR2 FWD 02 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG
- B ACGCTCTTCCGATCTattcttgtggaaaggacgaaacaccg
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG
PCR2_FWD_03
ACGCTCTTCCGATCTgattcttgtggaaaggacgaaacaccg
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG
PCR2_FWD_04
ACGCTCTTCCGATCTcgattcttgtggaaaggacgaaacaccg
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG
PCR2_FWD_05
ACGCTCTTCCGATCTtcgattcttgtggaaaggacgaaacaccg
PCR2 FWD 06 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG
- B ACGCTCTTCCGATCTatcgattcttgtggaaaggacgaaacaccg
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG
PCR2_FWD_07
ACGCTCTTCCGATCTgatcgattcttgtggaaaggacgaaacaccg
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG
PCR2_FWD_08
ACGCTCTTCCGATCTcgatcgattcttgtggaaaggacgaaacaccg
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG
PCR2_FWD_09
ACGCTCTTCCGATCTacgatcgattcttgtggaaaggacgaaacaccg
PCR2 REV 01 CAAGCAGAAGACGGCATACGAGATAAGTAGAGGTGACTGGA
- T GTTCAGACGTGTGCTCTTCCGATCT cggactagccttattttaacttge
PCR2 REV 02 CAAGCAGAAGACGGCATACGAGATACACGATCGTGACTGGAG
-~ TTCAGACGTGTGCTCTTCCGATCTcggactagccttattttaacttgce
PCR2 REV 03 CAAGCAGAAGACGGCATACGAGATCGCGCGGTGTGACTGGAG
- T TTCAGACGTGTGCTCTTCCGATCTcggactagccttattttaacttgce
PCR2 REV 05 CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAG

TTCAGACGTGTGCTCTTCCGATCTcggactagccttattttaacttgce
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Reagent or resource
PCR2_REV_06
PCR2_REV_07
PCR2_REV_08
PCR2_REV_09
PCR2_REV_12

PCR2_REV_13

Sequence
CAAGCAGAAGACGGCATACGAGATTCCTTGGTGTGACTGGAG
TTCAGACGTGTGCTCTITCCGATCTcggactagccttattttaacttgce
CAAGCAGAAGACGGCATACGAGATAACGCATTGTGACTGGAG
TTCAGACGTGTGCTCTITCCGATCTcggactagccttattttaacttgce
CAAGCAGAAGACGGCATACGAGATACAGGTATGTGACTGGAG
TTCAGACGTGTGCTCTITCCGATCTcggactagccttattttaacttgce
CAAGCAGAAGACGGCATACGAGATAGGTAAGGGTGACTGGA
GTTCAGACGTGTGCTCTITCCGATCTcggactagcecttattttaacttge
CAAGCAGAAGACGGCATACGAGATAGGTCGCAGTGACTGGAG
TTCAGACGTGTGCTCTITCCGATCTcggactagccttattttaacttgce
CAAGCAGAAGACGGCATACGAGATTTACGCACGTGACTGGAG
TTCAGACGTGTGCTCTTCCGATCTcggactagccttattttaacttgce
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Appendix G. Recombinant DNA

Reagent or resource
pSpCas9(BB)-2A-Puro (PX459) V2.0
PX459 sgZUP1_Exon 2_#1

PX459 sgZUP1_Exon 6_#2

PX459 sgZUP1_Exon 6_#3

pMD2.G

psPAX2

pLenti-PGK-Hygro_ZUP1
pLenti-PGK-Hygro_ZUP1(C360R)
pLenti-PGK-Hygro_ZUP1(Aa2/3)
lentiCas9-Blast
pKLV2-U6gRNA5(gGFP)-PGKBFP2AGFP-W
lentiGuide-Puro
lentiGuide-Puro-EGFP-NLS
lentiGuide-Puro-mCherry-NLS
lentiGuide-Puro-EGFP-NLS_sgHELQ
lentiGuide-Puro-EGFP-NLS_sgNEIL3
lentiGuide-Puro-EGFP-NLS_sgBRCA2
lentiGuide-Puro-EGFP-NLS_sgBRIP1
lentiGuide-Puro-mCherry-NLS_sglLacZ
LCV2:TKOv3

Source
Addgene
This study
This study
This study
Addgene
Addgene
This study
This study
This study
Addgene
Addgene
Addgene
This study
This study
This study
This study
This study
This study
This study
Addgene

Identifier
62988
n/a
n/a
n/a
12259
12260
n/a
n/a
n/a
52962
67980
52963
n/a
n/a
n/a
n/a
n/a
n/a
n/a
90294
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Appendix H. Software and algorithms

Reagent or resource

Image Lab Software V6.1

ICE

CHOPCHOP
CRISPOR

CRISPick

Prism v9.5.1

TIBCO Spottire v12.2.0

ScanR Acquisition Software 3.2.0
ScanR Image Analysis Software 3.2.0

Cutadapt v4.1
MAGeCK v0.5.9
DrugZ

PANTHER v17.0
STRINGdb v11.5
Adobe Illustrator v27.2

Adobe Photoshop v24.1.1

Source

Bio-Rad

Synthego

Valen Lab

Haeussler Lab

Broad Institute
Graphpad

TIBCO

Olympus Lifesciences
Olympus Lifesciences
Marcel Martin

Li Lab

Hart Lab

Gene Ontology
String Consortium
Adobe

Adobe

URL
https://www.bio-rad.com/en-uk/product/image-lab-software?ID=KRE6’5E8Z
https://ice.synthego.com/#/

https://chopchop.cbu.uib.no
http://crispor.tefor.net

https://portals.broadinstitute.org/gppx/crispick/public

https://www.graphpad.com/scientific-software/prism/

https://www.tibco.com/products/tibco-spotfire

https://www.olympus-lifescience.com/en/microscopes/inverted/scanr/

https://www.olympus-lifescience.com/en/microscopes/inverted/scanr/
https://cutadapt.readthedocs.io/en/stable/
https://sourceforge.net/p/mageck/wiki/Home/
https://github.com/hart-lab/drugz

http://geneontology.org

https://string-db.org

https://www.adobe.com/uk/products/illustrator/

https://www.adobe.com/uk/products/photoshop/
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