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Abstract

The ever-expanding utility of cryoelectron microscopy (cryo-EM) has enabled resolving
architectures of protein complexes that were once considered beyond reach1–3. However,
DNA damage-associated protein complexes pose unique challenges due to their pronounced
flexibility and intrinsic disorder, which render them poorly defined even by advanced
in silico machine-learning-based structural predictions4. Such complexes denote high-
priority but structurally elusive targets, necessitating careful purification and experimental
structure determination.

One such complex is the SLX4-scaffolded nuclease complex (SMX) comprising the
DNA nucleases XPF-ERCC1, MUS81-EME1 and SLX1. This complex is profoundly
implicated in cancer5, ageing6, and Fanconi anaemia (FA)7 - diseases intricately linked
to DNA damage and repair mechanisms. SLX4 serves as a platform for recruiting these
nucleases and coordinates the resolution of diverse DNA lesions, particularly interstrand
crosslinks (ICLs), which are among the most cytotoxic forms of DNA damage8. The
structural characterisation of the SMX complex remains a critical and ambitious objective
of this project. Furthermore, endogenous causative agents generating ICLs in cells remain
an area of active investigation.

This work contributes to the growing evidence implicating formaldehyde as a key
endogenous source of ICLs, supporting its intrinsic connection to aldehyde toxicity and
the Fanconi anaemia pathway9. This study further proposes that the accumulation of
formaldehyde during epigenetic reprogramming may represent a significant source of
ICLs, potentially contributing to the differentiation defects observed in the blood lineages
of patients with FA10. In parallel, CRISPR-Cas9-targeted disruption of SLX1 and XPF
was undertaken to determine biological roles and genetic interactions underlying their loss.
Moreover, significant efforts were made toward the homogeneous purification of SMX,
employing multi-pronged expression systems to address obstacles in achieving stability and
functionality. Given challenges associated with purifying the entire complex, functional
studies on sub-complexes and investigations into novel interactions of SLX4 provide
valuable insights into the post-translational modifications regulating SLX4’s association
with MUS81-EME1 and other DNA repair factors. The ultimate goal of these efforts is to
obtain high-quality SMX suitable for structural characterisation by cryo-EM, advancing
understanding of its molecular architecture and biological roles.
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1.1 | Genome stability

"It has not escaped our notice that the specific pairing we have postulated immediately

suggests a possible copying mechanism for the genetic material."- while appended casually

like a footnote to Watson and Crick’s proposed structure of DNA11, the notion that DNA

1



Chapter 1. Introduction

duplication carried the genetic information between generations also necessitated its

integrity. Any DNA modifications encountered in a cell’s lifespan, rendering the code

unreadable, present a risk to its progeny if inherited. Therefore, protecting DNA’s fidelity

in living cells is an essential process continually antagonised through exposure to damaging

sources, whether exogenous or endogenous. Robust, redundant and efficient DNA repair

pathways have evolved in all domains of life in this relentless battle against genomic

assaults. These pathways are collectively known as the DNA damage response (DDR) and

include hundreds of proteins that sense, signal, and repair specific DNA lesions.

1.2 | Damage to DNA

A simplistic view of DNA repair might suggest that a predetermined pathway is perfectly

adapted to correct any single DNA lesion. Often and for many insults, this can be true,

yet emerging evidence highlights the significant crosstalk, redundancy, and contextuality

that repairing DNA actually requires. Despite this, the frequency and estimated toxicity of

different lesions vary (Table 1.1), and these numbers can be reflected in the complexity of

repair pathways dedicated to repairing each lesion (Figure 1.1). It appears that the greater

the ramifications of a particular form of DNA damage to a cell, the greater the need to

dedicate more genes to its repair. For example, relatively common depurination events

(estimated to occur 12,000 times per cell per day12) are repaired in a manner that requires

three main genes within the base excision repair (BER) pathway (though redundancy exists

with other genes). Meanwhile, the repair of up to only 10 crosslinks per cell per day13

accounts for a pathway that requires at least 23 genes of the Fanconi anaemia pathway14.

Perhaps what is better reflected in pathway complexity is the difficulty encountered in

resolving the chemistry that defines a DNA injury. An ICL requires more chemical steps

to return the original underlying DNA sequence, while a depurinated base (at a minimum)

requires only base excision, single-nucleotide replacement and religation (Section 1.3.1).

Damage to one of the two DNA strands endangers cells through the possible introduc-

tion of point mutations or small insertions/deletions (indels), which can alter critical protein

sequence or expression. It can be argued that the damage to DNA isn’t the fatal issue –

it’s how that damage is encountered by DNA-engaging machinery. Nevertheless, given

that DNA is mostly non-coding, why is a cell unable to ignore the lesion and allow minor
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modifications to pass? Based on a frequency of 70,000 lesions per day12, transcription

alone would encounter 350-700 lesions per cell in some way. The remaining 99% of

lesions would obstruct replication and signal towards DNA repair machinery. However,

tolerance is still an intrinsic safeguard against DNA damage (Figure 1.1). Equally, these

lesions can impair replicative and transcriptional polymerases, hampering regular cell

functions and preventing these cells from propagating.

All cells encounter a basal level of endogenous DNA damage due to normal cellular

processes that impart damage as a by-product of their typical function (Figure 1.1).

However, cells are usually adept at overcoming these assaults when in steady state.

DNA is, nevertheless, also hit with environment-dependent exogenous sources of damage.

This exogenous damage can be further divided into typical physiological damage, i.e. a

source that stresses the average cell of a healthy individual, such as UV damage, and

unnatural sources of damage, i.e. what afflicts unique cells in a particular context, such

as chemotherapeutic agents.

Damage Examples Estimated frequency (per cell per
day)

Damaged base 8-oxo-G 2,800 (ref12)
Single-strand break 55,000 (ref12)
Mismatch DNA replication

errors
30,000-30 million (assuming
10−4 −10−7 proof-reading
polymerase error rates (ref15))

Intrastrand crosslinks UV-induced pho-
todimers

unknown, in the order of 100,000
from sunlight (ref16)

Double-strand break 25 (ref12)
Interstrand crosslink unknown, perhaps up to 10 (ref13)
DNA-protein crosslinks 15,000-135,000 (ref17)

Table 1.1 | Estimate DNA damage frequencies.

1.2.1 | Exogenous lesions

DNA lesions can be generated from electromagnetic radiation sources, which are capable

of energising particular atoms within DNA or activating nearby molecules that can then

react with DNA. Ingested or inhaled sources of DNA-damaging agents also form a notable

portion of the damage repertoire encountered by an individual. Such sources vary, arising
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from components of seemingly innocuous ingested food chemicals or by, for example, the

administration of drugs either clinically or recreationally. Proximity to various microbial

agents can also endanger cells through genotoxicity.

The average cell is hit with a continual bombardment of high-energy particles capable

of damaging DNA. Low-level exposure to ultraviolet radiation (UV), in the form of UV-B

(290-320 nm)18, reaches individuals despite the ozone layer limiting their transmission to

the Earth’s surface19. Serendipitously for molecular biologists quantifying nucleic acid

concentrations, DNA (and RNA) absorb maximally at 260 nm20, and through absorption

can result in the promotion of states favouring formation of e.g. cyclobutane pyrimidine

dimers and 6-4 pyrimidine photoproducts, both well-described intrastrand crosslinks21,22.

With somewhat lower incidence, some interstrand crosslinks can also form from UV

radiation23. Ionising radiation (IR) also delivers significant energy to DNA, but crucially

imparts enough energy to detach electrons from DNA, and therefore ionise24. Most

humans sustain non-trivial annual IR exposure through cosmic rays25,26 and a steady

stream of α-particles radiating from decaying soil radon27,28. Radiated photons (x-rays,

gamma rays) exert their ionising effects indirectly through the release of β -particles,

capable of ionising DNA24. Ionisation, occurring directly through the absorption of such

β -particles or via oxidative radicals through indirect radiolysis, can induce multiple DNA

lesions, including double-strand breaks (DSBs), SSBs, and base lesions such as 8-oxo-G

or depurination/depyrimidation events29. Clustered damage, defined as more than one

lesion per helical turn, is challenging to revert and is often left unrepaired and accounts for

the unique effects of acute radiation exposure30,31. In a strictly dose-dependent manner,

exposure to either radiation form increases cancer risk32.

Carcinogenic chemical elements appear ever increasingly in our daily lives, and as

such, an appreciable number of exogenous toxins in the environment are ingested or

inhaled, harming DNA. Ingested toxins, such as mycotoxins, further add to the DNA

damage burden. Aflatoxin B1, a potent mycotoxin produced by Aspergillus species

growing on poorly stored crops like peanuts and maize, induces guanine adducts in DNA33.

These lesions lead to characteristic G:C to T:A transversions, which are hallmarks of

hepatocellular carcinoma34. Tobacco smoke, a significant source of polycyclic aromatic

hydrocarbons (PAHs), delivers highly mutagenic compounds that form DNA adducts,
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disrupt repair processes, and increase mutation rates35. Many chemotherapeutic agents

were initially developed as wartime poisons and later repurposed at far lower doses to

exploit the vulnerabilities of rapidly dividing cancer cells36. Alkylating agents, like

cyclophosphamide, and platinum-based drugs, such as cisplatin, create DNA crosslinks

that cancer cells often cannot repair due to dysfunctional DDR37. Similarly, topoisomerase

inhibitors like doxorubicin induce strand breaks that can overwhelm the repair machinery of

cancer cells38. While effective, these agents usually have significant side effects, including

mutagenesis and secondary malignancies, necessitating ongoing research to refine their

administration39. The contribution of physical extremes, such as hypoxia (low oxygen

levels) and low temperatures, is less understood but increasingly recognised to contribute to

DNA damage. Hypoxia, for example, can impair DNA repair by limiting ATP-dependent

processes and increasing oxidative stress40. Cold environments may indirectly contribute to

DNA damage by altering cellular repair capacity and increasing the production of reactive

oxygen species during reoxygenation events following cold-induced ischaemia41.

1.2.2 | Endogenous DNA damage

One of the notable threats to the genome is the presence of reactive oxygen species

(ROS); toxic byproducts of a cell’s indispensable need for catabolism. Superoxide

anions, hydrogen peroxide and hydroxyl radicals (O2
–•, H2O2, •OH) can escape from

the electron transport chain during oxidative phosphorylation42 but are counteracted by

cellular reductants like the thiol-containing glutathione43. Indiscriminate oxidation is the

great danger of ROS. For example, hydroxylation (by •OH) of the C8 position within the

purine ring of guanine forms 8-oxoguanine (8-oxo-G)44, which base pairs erroneously with

adenine using a Hoogsteen edge when in the ‘syn’ conformation (otherwise ‘anti’ when

base-pairing with cytosine). This base-pairing results in a G>T transversion substitution

in the following division45.

An understated source of endogenous DNA lesions, albeit a promising avenue for

future research, is the microbiome46. Emerging evidence suggests that microbiota-

derived genotoxins contribute to unique mutational signatures, predominantly in colorectal

cancers47,48. Consisting of two electrophilic cyclopropane warheads, colibactin, widely

produced by the Enterobacteriaceae family (which includes commensal Escherichia coli),
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can single-strand alkylate or even crosslink DNA strands, akin to the nucleophilic attack of

N3 amines on adenine/guanine by carcinogenic nitrogen mustards (HN1-3)49–51. Assays

of DNA damage on plasmids allowed researchers to identify damage patterns resulting

from released compounds of 18 phylogenetically diverse isolates from inflammatory

bowel disease patients52. Here, DNase-like damage fragments and alkylations were

abundant, while some ICLs were also observed52. Interestingly, a strategy used by certain

microorganisms to eliminate competitors in their microenvironment is the production

of genotoxic agents, such as cordycepin, which effectively function as antibiotics53.

This represents an interesting evolutionary strategy where DNA is deliberately targeted,

highlighting the importance of genome stability and drawing parallels with the use of

these agents as anti-cancer drugs.

Imperfect replication represents another source of endogenous DNA damage. Standard

replicative polymerases misincorporate bases every 105 (0.1 Mbp)15. Difficult-to-replicate

regions, such as repetitive segments at centromeres and telomeres, or common fragile sites

(CFSs) can slow replication forks. CFSs are especially susceptible to breakage in mitosis,

a phenomenon which is exploited to study the response to replication stress through the

administration of hydroxyurea or aphidicolin54,55.

Epigenetic remodelling, particularly during processes such as cellular differentiation

or transcriptional reactivation, is increasingly recognised as another potential source of

DNA damage. A key contributor to this is the demethylation of proteins such as histones,

catalysed by enzymes like LSD1 (KDM1A) and members of the Jumonji C (JmjC) domain-

containing demethylase family56,57. These enzymes remove methyl groups from lysine

residues on histones via oxidative reactions, producing formaldehyde as a by-product56.

In normal physiological settings, this formaldehyde is rapidly detoxified by aldehyde-

processing enzymes such as ADH558. However, during periods of extensive epigenetic

reprogramming, such as stem cell differentiation, the cumulative release of formaldehyde

might exceed detoxification capacity59, potentially resulting in the formation of genotoxic

lesions like DNA-protein crosslinks (DPCs) or ICLs.
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1.2.3 | Replication stress

A source of DNA fragility comes from imperfect cellular responses to replication stress.

In its simplest form, replication stress is defined by an uncoupling of the replicative

DNA helicase and polymerase60,61 and multiple scenarios are capable of forcing this

uncoupling. DNA-trapped proteins (Section 1.3.6.1), such as PARP162 or TOP163,64, or

DNA secondary structures (e.g. G-quadruplexes, formed by the Hoogsteen-type base

pairing of stretches of guanines65) can present obstacles to replication. Similarly, impeding

transcriptional machinery can cause a replication fork to stall66,67. Hydroxyurea (HU)68,69

and aphidicolin (APH, a natural metabolite of the fungus Cephalosporium aphidicola70)

are routinely used to elicit artificial replication stress. HU inhibits ribonucleotide reductase,

decreasing dNTP levels to a replication-limiting level71, while APH directly blocks the

activity of B-family DNA polymerases72. This replication stress is marked by replication

fork-stalling events that fall short of the activity of DNA helicases, manifesting as extended

ssDNA tracts that quickly become coated by replication protein A (RPA)73. An ATR-

CHK1 axis (Section 1.3.4.4) coordinates a replication stress response (RSR) for the

stabilisation and restart of a replication fork74–76. Where RSR fails, forks collapse

and an overburden of ssDNA tracts exhaust the cell’s RPA pool, creating deprotected

stretches of ssDNA that are vulnerable to nucleolytic digestion77,78. This culminates in

replication catastrophe, but it can be mitigated through a delicate balancing act between

fork remodelling and degradation.

Replication fork stabilisation and restart The accurate restart or stabilisation of stalled

replication forks is crucial to maintain genome integrity. The key step in restarting

replication forks is their reversal, which forms a transient four-way junction structure79,80.

This regressed fork allows parental strands to reanneal, unveiling the newly synthesised

strand for hybridisation and forming an overall four-way junction reminiscent of a Holliday

junction, referred to as a ‘chicken-foot’ structure81. The annealed daughter strands of

a reversed fork mimic a one-ended DSB, and their protection is paramount to prevent

erroneous nuclease activity82–85. The delay offered by a stabilised fork structure allows

time for the original replication-blocking lesion to be removed before either restart or

a template-switching-based bypass mechanism86. Some persistent stalled forks can be
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processed into DSBs by MUS81-EME1 to facilitate homologous recombination (HR)-

mediated fork-restart87,88 (Section 1.4.5.1). Combined single-molecule DNA fibre and

electron microscopy approaches82,85,89 have elucidated how the translocase activities

of SMARCAL1 and ZRANB3 can enact fork remodelling, the former sensing RPA-

coated ssDNA tracts90 and the latter relying on polyubiquitylation of PCNA by HLTF89.

RAD5491,92 and FANCM93,94 can catalyse fork reversal in vitro and may be redundant with

other SWI/SNF family translocases. Many HR and DDR factors contribute secondarily

towards fork protection. RAD51 promotes reversal and coats ssDNA strands to prevent

nucleolytic attack of reverted arms95–98. In particular, the MRE11 nuclease is implicated in

generating nicks that create substrates for further cleavage by MUS81, although this activity

is censured through BRCA2-stabilised, RAD51 nucleofilament formation99. Several

separation-of-function mutants distinguish HR-competent, but fork protection-deficient

variants of BRCA2 (such as S3291A96,100,101) and even BRCA1102, highlighting how

these functions have been modularised through evolution. Several of the FA pathway genes

beyond BRCA1 (FANCS), BRCA2 (FANCD1), and RAD51 (FANCR) also moonlight

in the protection of stressed replication forks. Unlike cells deficient for other members

of the FA pathway, the depletion of FANCD2 is required for resistance to HU. However,

this requirement is independent of its monoubiquitylation by the core complex, despite

the observation that it is monoubiquitylated upon HU treatment103. S-phase-specific

interactions have also been described between FANCD2 and BRCA1/RAD51104, and

FANCD2 helps conserve fork stability during BRCA1/2-deficiency105,106. FANCD2

interacts with MCM proteins and restrains DNA synthesis in HU/APH-based replication

stress107. FANCD2, within a complex including FANCI, forms a strong nucleoprotein

lock around dsDNA1,108,109, and this might be recapitulated in cells binding to reversed

replication forks, preventing their MRE11- or DNA2-dependent degradation.

Transcription-replication conflicts (TRCs) An unfortunate consequence of cellular

complexity for dividing cells is that transcription and replication often come into direct

conflict. Origins of replication, by design, frequently overlap with promoters initiating

transcription, as regions with higher AT content reduce the energy burden required for

double-stranded DNA melting110. This dual functionality introduces the potential for

collisions between the two processes, either head-on, where the replication machinery
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meets the transcription complex from the opposite direction, or co-directionally, where

replication machinery catches up to an actively transcribing RNA polymerase II (RNA pol

II/RNAPII)111. While it has been hypothesised that transcription might aid replication by

pre-melting DNA, evidence suggests this relationship is more disruptive than synergistic,

particularly under conditions of genomic stress112.

A major disruption to replication is the formation of R-loops, which occur when the

nascent RNA hybridises with the template DNA strand, displacing the non-transcribed

strand as ssDNA113. R-loops are particularly hazardous because the exposed ssDNA is

highly susceptible to mutagenic insults, including oxidative damage and spontaneous base

deamination114,115. The displaced strand can also fold into non-canonical secondary struc-

tures such as G-quadruplexes (G4s), which can stall replication and transcription machinery,

exacerbating genomic instability and requiring RTEL1 for their unwinding116. The Fanconi

anaemia-related FANCJ helicase is also capable of unwinding G4 structures117–119, which

is required for replication fork progression, while other FA proteins have been implicated

in preventing R-loops and genomic instability caused by TRC120,121. R-loops have been

implicated in promoting replication fork collapse and triggering DNA damage signalling

pathways, including those regulated by the Fanconi anaemia (FA) pathway122. Another

significant challenge arising from concurrent transcription and replication is torsional

stress. As replication and transcription progress, they generate supercoiling in the DNA

ahead of the fork or transcription complex123. Positive supercoiling can impede both

processes, while negative supercoiling behind the replication fork can promote R-loop

formation124,125. Topoisomerases alleviate torsional stress by introducing transient breaks

in DNA, but their failure or dysregulation can lead to fork stalling, DSBs, and chromosomal

rearrangements126. The exposure of the non-transcribed strand during R-loop formation

presents further challenges. Extruded ssDNA is particularly vulnerable to nucleases

and other genotoxic agents, leading to increased mutation rates or fork collapse127. In

resolving these conflicts effectively, cells maintain genomic integrity while supporting

the high demands of replication and transcription, particularly in proliferative tissues

and during development.
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Figure 1.1 | Overview of DNA damage and repair pathways. DNA damage arises from various
endogenous and exogenous sources, including ultraviolet (UV) radiation, ionising radiation (IR), chemical
agents, cellular processes, and microbial toxins. These insults lead to diverse types of DNA lesions,
such as damaged bases, single-strand breaks, mismatches, intrastrand crosslinks, double-strand breaks,
ICLs, and DPCs. To maintain genomic integrity, cells employ specialised DNA repair pathways: base
excision repair (BER) mainly for repair of damaged bases, mismatch repair (MMR), nucleotide excision
repair (NER) for bulky adducts and intrastrand crosslinks, homologous recombination (HR) and non-
homologous end joining (NHEJ) for double-strand breaks, the Fanconi anaemia (FA) pathway for ICLs,
and DPC repair (DPCR). Failure to repair damage effectively can result in checkpoint activation, leading
to cell cycle arrest or apoptosis, thereby preventing the propagation of damaged DNA.
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1.3 | The DDR

Though individual repair pathways cannot be mapped 1:1 to a given DNA lesion, we

can delineate pathways by the most common type of lesion they would usually repair.

How lesions arise and the ‘classical’ pathway that enacts their resolution is summarised

in Figure 1.1. Though not a strict mandate, the major events of most repair pathways

can be thought of as a sequential checklist. The first stage often involves some ‘sensing‘

mechanism, stressing the problem-at-hand to signal amplifiers, exemplified by the ATM

and ATR kinases128 (Section 1.3.4.4). Sensing, in turn, recruits effectors of the various

pathways, where a certain number of ‘pre-processing‘ steps are usually required; an

example within NHEJ involves the action of nucleases Artemis and polymerases pol λ ,

pol µ , or TDT (DNTT) in processing non-ligatable DNA ends at a DSB such that they

are compatible with the action of DNA ligases (Section 1.3.4.1)129. Pre-processing might

also represent more considerable structural changes like the homology search and strand

invasion performed by RAD51 in HR (Section 1.3.4) or the remodelling of ICL-converged

replication forks to a chicken-foot structure by FANCM (Section 1.3.5). Many pathways,

however, converge on some later ‘synthesis‘ step; inevitably, several nucleotides are lost

from the duplex during upstream repair, and polymerases are necessary to fill these gaps.

A final ‘ligation‘ step covalently links the backbone.

1.3.1 | Base excision repair

While generally considered a milder lesion, base modifications (such as those arising

from DNA alkylation), if unresolved, alter the pattern of hydrogen bonding between bases

of opposite strands, possibly directing the incorporation of an incorrect base during the

next round of DNA replication130,131.

Direct reversal is a quick fix for some of these lesions - DNA alkyltransferases can

catalyse the removal of alkylation products. Of these, MGMT covalently displaces the

alkylation on guanosine at the O6 position, rendering itself unavailable for further catalysis,

and thereby being referred to as a suicide enzyme132. This is a particularly costly process

to the cell, since immediate turnover by the proteasomal machinery133 is required, but it

demonstrates a preference for eliminating these lesions quickly. Where a base modification
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blocks replication, a monoubiquitylation switch in the replicative clamp PCNA occurring

at K164 in human PCNA can direct polymerase switching from the high-fidelity pol δ

or pol ε to more error-prone, but bypass-competent, Y-family translesion polymerases

such as REV1134, pol η134–136, pol κ136,137, pol ι135. This switch effectively delays the

issue so that a compensatory pathway can resolve the modification at a less critical

cell cycle stage138.

One pathway, base excision repair (Figure 1.2), engages DNA glycosylases as sensors

that scan the genome for alkylated bases and are triggered by minor distortions of the DNA

helix139. Lesion verification by base-flipping (bending of DNA such that a base is flipped

out of the helix) is a common mechanism for all DNA glycosylases140,141. Damaged

bases are processed by cleavage of the N-glycosidic bond141–143 tethering the base to the

DNA backbone so that an abasic (AP) site forms. An AP endonuclease further processes

these AP sites into a single-strand break with 3′ OH group and 5′ deoxyribose phosphate

(dRP) termini144,145. When bifunctional glycosylases are employed, an additional AP lyase

activity cleaves the strand to either give single-strand breaks of 3′ α ,β -unsaturated aldehyde

with a phosphate (PUA)/5′ phosphate (through the β -elimination reaction of OGG1 or

NTH1) or 3′ phosphate/5′ phosphate (from the β and δ elimination by NEILs)146–148.

In all cases, the product of APE1 or bifunctional glycosylases requires end cleaning to

generate ligatable 3′ OH and 5′ phosphate: the repair polymerase, pol β , with its intrinsic

dRP lyase activity, can purge 5′-dRP149; APE1 can remove 3′ blocking PUA ends150–152;

and polynucleotide kinase (PNK) can remove a 3′ phosphate153,154. A base, however,

is still missing, and at this point, BER diverges into a short-patch (or single-nucleotide,

SP-BER) or long-patch (LP-BER) branch155. The polymerase, pol β , usually favouring

SP-BER, fails to repair oxidised dRPs, instead being covalently trapped at these DNA

sites156. Therefore, long-patch repair is adopted157. The arrival of canonical replication

machinery can promote LP-BER158,159; PCNA coordinates the polymerases pol δ or pol

ε to fill-in the gap and even extend beyond it, displacing a small 5′-flap which like that

in Okazaki fragment maturation, can be cleaved by PCNA-recruited FEN1160,161. DNA

ligase I (LIG1) ligates the resulting single-strand nick162,163. In SP-BER, single-nucleotide

gap filling by pol β is followed by ligation, predominantly performed by LIG3, a handover

that is likely coordinated by the LIG3-scaffold, XRCC1164–166.
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Figure 1.2 | Schematic representation of the base excision repair (BER) pathway. Non-bulky
DNA lesions are recognised and excised by DNA glycosylases, which generate an abasic (AP) site. If a
single-strand break is introduced, glycosylase AP-lyase or polynucleotide kinase phosphatase (PNKP)
processes the lesion. AP endonuclease cleaves the AP site, generating a substrate for downstream
repair. Two sub-pathways, short-patch BER and long-patch BER, then resolve the lesion. In short-patch
BER, DNA polymerase β (pol β ) inserts a single nucleotide, and XRCC1-LIG3 ligates the ensuing nick.
Long-patch BER involves longer extension by DNA polymerase δ/ε (pol δ/ε), supported by PCNA,
which displaces the damaged strand to create a 5’ flap. FEN1 cleaves the flap, and LIG1 seals the nick
to complete repair.

1.3.1.1 | Single-strand break repair

Single-strand break repair can be considered a component of the BER pathway since

modified bases are channelled towards an SSB. SSBs also arise from sugar damage, i.e.

where ROS can fracture oxidised deoxyribose167. The abortive activity of topoisomerase

(TOP1), forced by collision with RNA pol II or proximity to other lesions, creates a TOP1-

linked SSB (TOP1-SSB). These SSBs are immediately sensed by PARP1, activating it and

stimulating the swift accumulation of repair factors, especially XRCC1168,169. Activation

and recruitment of other repair factors depend on poly(ADP-ribose) (PAR) polymerisation

(also termed PARylation) on PARP1 itself, as well as on other factors in the vicinity.

Poly(ADP-ribose) glycohydrolase (PARG) restores PARP1 to its de-ribosylated state

and is key for recycling PARP1 for ensuing rounds of SSB detection170. PARylation is
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an NAD+-dependent process171, indirectly requiring ATP and therefore can be a taxing

process for the cell, sometimes leading to necrosis38.

1.3.1.2 | Ribonucleotide excision repair

The genome is afflicted with the accidental incorporation of ribonucleotides into DNA by

replicative DNA polymerases, for example, yeast pol ε , at an alarming maximal rate of 1

every 1,250 bp172,173. This establishes embedded ribonucleotides as the most abundant

form of DNA lesion. Replicative DNA polymerases correctly incorporate a deoxyribonu-

cleotide 104/105 fold over ribonucleotides, but a 36-190 fold higher concentration of

ribonucleotides gives rise to this misincorporation rate173. The consequence of embedded

ribonucleotides is that its 2′ hydroxyl risks DNA backbone cleavage, endangering genome

stability. A unique repair pathway, ribonucleotide excision repair (RER), has evolved

to alleviate this ‘ribo-damage’. RER is initiated through an incision by RNase H2 of

ribonucleotide-embedded dsDNA, which releases ends - 3′ hydroxyl on one end, and 5′

phosphate ribonucleotide on the other172,174,175 - that resemble intermediates processed by

factors involved in Okazaki fragment maturation, which typically expel 5′-RNA-terminated

DNA flaps. With the 3′ OH in place, pol δ , or less efficiently, pol ε , can perform DNA

synthesis, leading to strand displacement and creating the flap resembling an Okazaki

fragment structure173. Such a structure is an ideal substrate for removal by FEN1 or

EXO1176. A DNA ligase, most commonly LIG1, then seals the remaining nick174.

1.3.2 | Mismatch repair

The fundamental role of mismatch repair (MMR) is to correct misincorporations that

have escaped polymerase proofreading. The failure of mismatch repair (MMR) captures

a specific hallmark of cancer biology: genomic instability through the disruption of

microsatellites (also known as microsatellite instability or MSI)177,178. Microsatellites are

a catch-all term for the ∼3% of the eukaryotic genome consisting of repetitive sequences179.

As a result of the sequence, there can be considerable diversity in the length of these repeats

within a population and even between alleles within an individual. They may exist as

mononucleotide repeats, such as poly(A) tracts180. Tandem repeats of dinucleotides

also exist, such as the (TA)n repeats whose expansion confers significant stalling of
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replication forks from a propensity of long TA stretches to form non-B DNA cruciform

structures181. Tandem repeats can consist of larger nucleotide repeats; the expansion of

repeats consisting of three nucleotides causes trinucleotide repeat disorders182, exemplified

by (CGG)n repeats in fragile X syndrome183 or (CAG)n repeats in Huntington’s184,185.

Such repeats may have arisen and propagated throughout evolution due to the slippage of

these sequences during replication. However, a few also comprise certain protein repeat

domains, such as armadillo repeats186. The restoration of these common base mismatches

is so crucial that the mismatch repair mechanisms are essential even in E. coli, where

genes mutS, mutL, mutH and uvrD were implicated early in MMR research187,188. Through

comparative genomics, the homologous system in eukaryotes was elucidated189,190. Human

MutS and MutL heterodimers (MutLα: PMS2-MLH1, and MutSα - MSH2-MSH6; or

MutLα-MutSβ (MSH2-MSH3) or MLH1/MLH3-MutSβ ) translocate away from detected

mismatches and generate a nick on the DNA191 lesion-side oriented from PCNA, which

helps guide the repair of the newly synthesised strand192,193. EXO1 then excises the nicked

strand in a 5′-3′ direction past the mismatch194,195. This action is likely redundant with the

proof-reading exonuclease functions of pol ε and pol δ 196, but together, allows PCNA-pol

δ to complete DNA re-synthesis and LIG1 to ligate the remaining nick197,198.

1.3.3 | Nucleotide excision repair (NER)

NER is uniquely agnostic to a great variety of structurally distinct DNA lesions. One branch

of NER, global genome NER (GG-NER), engages UV-DDB proteins to scan the genome

for distortions to the DNA helix199, while the other, transcription-coupled NER (TC-NER),

is triggered by RNA pol II stalling at a lesion on the template strand200 (Figure 1.3).

In GG-NER, XPC stabilised alongside UV excision repair protein RAD23 homolog

B (RAD23B)201 and centrin 2 (CETN2)202,203, continually browses DNA for signs of

DNA adducts through distortions to the regular helix, unveiling ssDNA zones that can

be bound103,204. This is aided by a complex of DDB1 and DDB2 (the UV-DDB or UV

radiation-DNA damage-binding protein complex), which acts as an additional damage-

recognition factor by encouraging the binding of XPC205,206, especially to minimally

distorting cyclobutane-pyrimidine dimers (CPD)207,208. As the XPC complex binds

damage, RAD23B dissociates, perhaps unveiling an XPC DNA-binding interface that
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ensures the formation of the damage complex209. TFIIH is a transcription initiation and

excision repair complex consisting of ten protein subunits210, providing a binding surface

to XPC211. Two TFIIH-resident DNA helicases with opposing polarities, XPB (ERCC3)

and XPD (ERCC2)212, expand a stretch of ssDNA to form an NER bubble, which allows

for damage verification by XPD213,214, aided by XPA215. The 5′-3′ unwinding activity

of XPD is a vital step in NER, and its XPA-assisted activity scans for helicase-blocking

lesions216, in a mechanism defined by undamaged ssDNA passing freely through its

internal channel but halting at damaged DNA214,217,218. Where XPD doesn’t detect any

damage, NER may be aborted214, and XPA assists in damage verification by sensing

ssDNA nucleotides with altered chemistry215. The CDK-activating subcomplex (CAK) of

TFIIH is solely a transcription initiation factor, which is released by association with XPA

and XPG upon its recruitment219, essential for de-repressing CAK-dependent inhibition

of XPD helicase activity220.

1.3.3.1 | Transcription-coupled NER

Encountering inefficiently repaired lesions (such as CPDs, even despite UV-DDB activity)

can stall replication, eventually leading to DSBs. Yet, damage tolerance mechanisms, such

as template switching during HR (Section 1.3.4.2) and/or lesion bypass, alleviate these

scenarios138. However, unlike in polymerase switching, RNA pol II cannot be switched to

enact a bypass for helix-distorting lesions, and such a mechanism comes at the cost of a

mistranscribed mRNA222,223. Hence, where RNA pol II has stalled, TC-NER machinery

promotes the essential activity that repairs the intervening damage and reinstates RNA

pol II transcriptional activity. This process is incomplete in individuals with Cockayne

syndrome224. Cockayne syndrome factors CSA (ERCC8) and CSB (ERCC6) are recruited

to a lesion-stalled RNA pol II through a constitutive engagement with elongating RNA

pol II225. Lesion-stalling, in turn, amasses core NER factors, except for GG-NER-specific

proteins, UV-DDB and XPC, but additionally including TC-NER-specific UVSSA (UV-

stimulated scaffold protein A), USP7 (ubiquitin-specific-processing protease 7), XAB2

(XPA-binding protein 2; SYF1) and HMGN1 (high mobility group nucleosome-binding

domain-containing protein 1)226. Despite typical repair of oxidative damage by BER

(Section 1.3.1) and RNA pol II’s ability to continue past oxidised bases227, CSB has an
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Figure 1.3 | Mechanisms of global genome (GG-NER) and transcription-coupled nucleotide
excision repair (TC-NER). Nucleotide excision repair (NER) addresses bulky DNA lesions, such as
UV-induced pyrimidine dimers, through two sub-pathways. GG-NER is initiated by lesion recognition
through UV-DDB (DDB1 and DDB2), XPC, and RAD23B, which probe DNA for damage, eventually
triggering the recruitment of additional repair factors after lesion verification by UV-DDB. For TC-NER,
activated by RNA polymerase II (RNA pol II) stalling at transcription-blocking lesions. CSB, CSA, and
other TC-NER factors facilitate RNA pol II backtracking and recruit the repair machinery. In both
pathways, TFIIH, containing XPB and XPD, unwinds the DNA around the lesion, forming a repair
bubble. XPA and RPA stabilise the bubble, while XPF-ERCC1 and XPG create 5’ and 3’ nicks around
the lesion, respectively. The damaged strand is excised, leaving a gap, which is primed for gap filling by
DNA polymerase δ/ε in coordination with PCNA, and ligation follows. Adapted from221.
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NER-unique feature in accumulating at sites of local oxidative damage, in a transcription-

dependent manner, suggesting a subset of lesions are sensed by BER, fruitlessly recruit

TC-NER only to continue being repaired by BER instead228,229. Perhaps a more global and

diverse transcription-coupled repair system exists, coalescing parts of BER and NER221.

RNA pol II occupancy of the transcribed strand envelopes ∼35 nucleotides230, abro-

gating the NER core machinery’s access to the lesion. Models enabling access to NER

machinery included backtracking, dissociation or even degradation of RNA pol II. A

precedent exists for RNA pol II backtracking since, during initiation, backtracking is

used to license productive transcription231. While backtracking hasn’t yet been directly

supported, CSB, CSA and ELOF1 direct the ubiquitylation of RNA pol II’s RPB1 subunit

at K1268232,233, channelling towards the degradation of a persistently stalled RNA pol II234,

which is considered a last resort. The more favourable scenario involves the dissociation

of RNA pol II by TFIIH, possibly through its ATP-dependent remodelling functions. The

active state of TFIIH is promoted by remodelling functions of STK19235.

The ability to abort NER prevents the formation of undesirable and irreversible DNA

alterations. It follows, however, that a commitment to completing the pathway must

proceed from any point where strands are incised, pivotal in preventing the lasting presence

of toxic intermediates. Within the bubble structure formed, the ds-ss discontinuity is a

prime substrate for incision 5′ to the lesion by the structure-selective endonuclease XPF

(alongside its obligate partner, ERCC1)236–239. A second incision 3′ to the lesion by

XPG, recruited by TFIIH240 or independently, removes a 22-30 nt stretch containing the

damaged nucleotide221. Herein, PCNA-RFC, DNA pol δ and ε , or DNA pol κ , govern gap

filling, and either LIG1 or XRCC1-LIG3 seals the remaining nick to complete NER241,242.

Assembly of XPA, XPG and RPA at NER lesions is a prerequisite for the accurate

coordination of incisions; XPA is regarded as a principal orchestrator of NER, binding

almost all NER proteins, while RPA correctly orientates XPF and XPG239. Furthermore, it

has been suggested that the XPF-ERCC1 5′ incision can instigate DNA synthesis, filling

the intervening gap, even before XPG’s cut on the 3′ side236. In this scenario, the extrusion

of a 5′-flap might even create an improved substrate for XPG and also prevent excessive

accumulation of ssDNA gaps, triggering disproportionate damage signalling243.

It is important to note that NER deficiency results in complex disorders. Where GG-

NER alone is perturbed, i.e. in XP-C (deficiency in XPC), individuals are singularly
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predisposed to only slight photo-aversion, perhaps reflective of the greater diversity in

lesion recognition of TC-NER244. Other XP patients with defects in proteins beyond the

GG/TC branch point within NER suffer from any light exposure, with a concomitant

substantial increase in the likelihood of skin cancer244. Some XP patients are also

burdened with progressive neurological degeneration, usually where a more severe NER

deficiency presides (i.e. XP-A)245,246. While the brain is not exposed to UV radiation,

the progressive nature of the disease suggests an inability to repair ongoing endogenous

damage, perhaps such as oxidative damage247. In post-mitotic neurons, such unrepaired

damage can impair regular function and lead to cell death248. Neurological degeneration

and physical abnormalities, alongside classical NER-deficient photosensitivity, distinguish

Cockayne syndrome (CS)249. Here, CSA and, in particular, CSB deficiencies likely result

in a significant transcription-coupled repair defect, which has a disproportionately negative

impact on cells with greater transcriptional output, such as neurons250. Given neurons

impose a greater metabolic demand, increased release of ROS can create bulky DNA

lesions, evading repair in CS patients251.

1.3.4 | DSB repair

A consequence of double-strand breaks (DSBS) is their analogy to the ends of chro-

mosomes. A discontinuous chromosome is capable of gross genomic rearrangements

that materially alter a cell’s genotype and can lead to apoptosis. Therefore, robust and

varied DSB repair pathways defend against the persistence of these breaks. Where a

DSB is encountered, two solutions are employed: the first immediately re-ligates the two

ends together, and the other copies around the break using a homologous template. The

former process is termed non-homologous end-joining (NHEJ) and actively competes for

DSBs with the latter pathway, termed homologous recombination (HR). Emerging work

suggests redundancy with other sub-pathways, usually arising from a failure to repair

by NHEJ or HR252. The fate of a DSB’s resolution can be considered to fall within a

decision tree, taking inputs of the cell cycle stage and the presence/absence of various

factors253 (Figure 1.4). For example, it appears that the two major DSB repair pathways

are repressed during mitosis since any attempt to repair via classical NHEJ or HR in

mitosis is potentially disastrous to the cell, with end-to-end fusions of chromosomes and
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chromosome exchanges/lagging chromosomes being particularly detrimental consequences

of doing so254,255. Additionally, the chromatin context and other regulatory factors govern

the preference of HR for S and G2, where a sister chromatid is available256. Conversely,

cNHEJ appears to function through most of the remaining cell cycle257.

1.3.4.1 | Non-homologous end-joining

Classical NHEJ (cNHEJ), distinguished from alternative end-joining (Section 1.3.4.3), is

the primary pathway of DSB repair, rejoining two DNA breaks agnostic of the sequence at

these ends. Early insights into the mechanisms of this pathway in mammals arose from

studying V(D)J recombination or class-switch recombination (CSR) during lymphocyte

development258,259. cNHEJ is a process intrinsic to the repair of the programmed DSBs

that occur during these immune repertoire diversifying processes260,261.

Ku70-Ku80 (XRCC5-XRCC6), an abundant nuclear heterodimer binding immediately

to each end of a two-ended DSB262,263 is a crucial instigator of cNHEJ. The dimer, with

high affinity for blunt DNA ends or those with short ssDNA overhangs, both shields

the two ends and fulfils a landing-pad role, recruiting DNA-dependent protein kinase

catalytic subunit (DNA-PKcs), DNA ligase IV (LIG4), and additional XRCC4, XRCC4-

like factor (XLF) and paralogue of XRCC4 and XLF (PAXX)264–266. The supernumerary

factors here appear as redundant scaffolding factors for LIG4 stabilisation, but XRCC4

is essential267. The transition from a long-range to a short-range synapse bridging

two DSB ends has been proposed and later characterised structurally262,268. The long-

range synaptic complex, with DNA ends more than 100 Å apart, is contorted through a

combination of the Ku heterodimer, DNA-PKcs, LIG4, XRCC4 and XLF (Figure 1.4)268.

Transitioning to the short-range synaptic complex requires XLF, XRCC4-LIG4 (though

not its catalytic function) and the kinase activity of DNA-PKcs. However, this resembles a

dynamic process where long-range to short-range transition cycles might precede cNHEJ

processing269. A DNA-PKcs autophosphorylation trigger switches its role from end

protection to processing128. Structures of this synaptic complex suggest that positioning

two DNA-PKcs across the DSB gap allows for autophosphorylation in trans270. Artemis

(SNM1C; gene DCLRE1C), a 5′-3′ exonuclease bound and phosphorylated by DNA-PKcs,

processes DNA ends, extricating them of non-ligatable DNA aberrations and together with
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pol λ and pol µ , ensures DNA end compatibility271. The activity of these end-processing

factors is restricted to the short-range synaptic complex, and Artemis is considered to lock

DNA-PK in a kinase-inactive state270. Artemis can regenerate blunted ends where a DSB

already contains an overhang, which can occur from non-blunt breaks or where resection

has started. This serves to re-engage Ku70-Ku80, which may have fallen off at DSBs

with lengthy ssDNA tails, thereby recommitting a DSB through repair by cNHEJ253,272.

Analogously, fill-in can be achieved at resected DSB ends by a complex of CTC1, STN1

and TEN1 (CST)-pol α-primase (PRIM1, PRIM2)273. This complex is controlled by the

NHEJ-promoting 53BP1 axis involving RIF1 and its associated shieldin complex (SHLD1-

3 and REV7)274. To the detriment of the cell, however, trimming or filling in nucleotides to

renew Ku binding promotes mutational repair, a significant consequence of cNHEJ that is

fortunately advantageous to the generation of knockouts by CRISPR-Cas9275. DNA-PKcs

phosphorylation, auto- and/or via the multifunctional DDR kinase ATM is critical for

Ku70-Ku80 affinity and disassembly following ligation128,276,277.

The MRE11-RAD50-NBS1 (MRN) complex has multifaceted roles in processing

DSBs, mainly contributing to the progression of HR278. However, Mre11 mutant mice,

lacking entirely the MRN complex, showcase a severe CSR defect279. MRN could promote

cNHEJ by abridging distant breaks280 or, using its 3′-5′ exonuclease activity, partially

processing DNA termini with 3′ blocking lesions281. However, it might instead reflect

some limited resection by MRE11, promoting MMEJ (Section 1.3.4.3).

1.3.4.2 | Homologous recombination

The other major pathway to resolve DSBs is HR. HR, through faithful copying of a template,

usually ensures no unwanted nucleotide deletions/insertions are introduced. Exhaustive

links between HR genes and cancer predisposition showcase how HR deficiency can guide

genomic instability, a hallmark of cancer282,283. By chance, it is the prevalence within

certain cancers for HR deficiency (i.e. the 15% of ovarian cancers harbour BRCA1/2

mutations) that has permitted the success of drugs that overload tumours with unrepairable

DSBs284. HR culminates in the loading of RAD51 to generate an ssDNA-RAD51 oligomer

filament, equipped with a homology searching function285. For suitably long ssDNA tracts

to exist, HR either relies on resecting blunt DNA ends or that an ssDNA gap of sufficient
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Figure 1.4 | Major double-strand break repair pathways. Double-strand breaks (DSBs) in
DNA are repaired through distinct pathways based on end processing and sequence homology. During
non-homologous end joining (NHEJ), DNA ends are recognised by the Ku70/80 heterodimer, followed
immediately by DNA-PKcs, which phosphorylate and activate downstream repair factors. Of these,
Artemis, pol λ/µ , PNKP and TDP1 prepare the DNA ends for ligation by the XRCC4-LIG4-XLF-PAXX
complex. Ku70/80 binding can instead be followed by MRE11-NBS1-RAD50 (MRN) binding, which,
alongside BRCA1-assisted CtIP, performs short-range resection. The switch to long-range resection
involves either the 5′-3′ exonuclease activity of EXO1 or 3′-flap excision by DNA2 of WRN/BLM-unwound
DNA. RPA immediately coats and stabilises single-stranded DNA, which is displaced by RAD51 in a
manner dependent on BRCA1-BRCA2-PALB2 for filament assembly. RAD51 mediates homology search
and strand invasion, which is followed by pol δ displacement synthesis that can either continue to the
end of the chromosome in conservative break-induced replication (BIR) or lead to the capture of the
second end, forming a double Holliday junction (dHJ). In some cases, synthesis leads to strand annealing
to the second end, referred to as synthesis-dependent strand annealing (SDSA), which results in the
non-crossover resolution of a DSB. For second-end capture, the resulting dHJ is dissolved by the branch
migration of BLM and strand disentanglement by TOP3A of the BLM-TOP3A-RMI1-RMI2 (BTR)
complex. Occasionally, dHJs are resolved through either symmetric nuclease cuts by GEN1 (which leads
to crossovers) or asymmetric incisions by the SLX4-scaffolded MUS81-EME1 or SLX1. After short-range
resection, uncovered short homologies can instead be annealed and stabilised by RAD52, with fill-in
synthesis dependent on DNA polymerase θ , also facilitating alignment and ligation of broken ends.
In single-strand annealing, which occurs as RAD51 becomes limiting, RAD52 aids the annealing of
uncovered homologous repeats at the resected ends. A 3′-flap is extruded and cleaved by XPF-ERCC1,
with ligation following to restore dsDNA, albeit with loss of repeat sequences.

length persists during replication286,287. The latter scenario partly describes HR’s close

connection to the rate of replication - HR-deficient cells have reduced replication fork

speed288. In any case, DNA end resection is an obligatory licensing step for HR.

Eukaryotic end resection begins with the endonuclease activity of loaded MRN, which

also serves a vital signalling role by activating another major DSB kinase, ATM128,289,290.

Evidence points towards MRE11 nicking, up to 300 nucleotides upstream, the strand that

leads to a 5′ terminus of a DSB, a particularly important process where the end is blocked,

such as in the presence of TOP1-trapped cleavage complexes (Section 1.3.6.1)291–293. A

3′-5′ exonuclease function extends the initial nick towards the DNA break, effectively

forging ‘short-range’ resection. CtBP-interacting protein (CtIP; RBBP8), facilitated

by the BRCA-A complex294, is stimulated by DNA end blocking through e.g. Ku70-

Ku80, RPA or nucleosomes, and is required for efficient short-range resection by MRE11,

which is thought to displace Ku70-Ku80295–298. A combination of activities mediates

long-range resection to liberate a long 3′ ssDNA tail: 5′-3′ exonuclease activity of

EXO1299,300; unwinding from the 5′ termini by Bloom syndrome helicase (BLM) or

Werner helicase (WRN), freeing a 5′-flap structure to which DNA2 can excise through

endonuclease activity301–303.
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A vast excess of an ssDNA binding complex, replication protein A (RPA; consisting of

a trimer of RPA1-3) guarantees that any free ssDNA stretches are immediately coated and

protected from annealing to other DNA and/or forming internal secondary structures304.

In this protective role, however, RPA is a barrier to the loading of RAD51, and this

displacement must be enforced by recombination ‘mediators’305,306. Rad52, in yeast, is

the key recombination mediator307, with BRCA2 having an equivalent role in vertebrates,

competing with RPA for binding to ssDNA306. BRCA2 constitutively binds the 26S

proteasome complex subunit DSS1 (SEM1), RAD51 monomers, and BRCA1-BARD1

via PALB2 (partner and localiser of BRCA2)308. The necessity of BRCA1 to HR, and

the viability of organisms in itself309, is multifaceted, being involved in coupling initial

CtIP stimulation294 to the mediation of RAD51 loading alongside PALB2-BRCA2310 and

stimulation of the homology search function of RAD51311. Once formed, the stability of

the nucleofilament of RAD51 and ssDNA is not settled, and multiple regulatory activities

stabilising and disrupting this filament optimise HR efficiency while restraining homology

search to appropriate genome regions. RAD51-ssDNA performs homology search by

invading duplex DNA and facilitating base-pairing with complementary sequences312.

Through a three-stranded helix intermediate, sufficient base-pairing stabilises the synapse

and forms a displacement loop313.

The appropriate RAD51-mediated synapse is a node with several distinct outcomes.

The primary pathway, synthesis-dependent strand annealing (SDSA), elicits invasion of

only one end of a two-ended DSB, while the second remains passive but resected314,315.

Strand displacement to the passive resected second end allows displacement of the

template strand316. Evidence is lacking on how the asymmetry between two DNA

ends is established. In yeast, mutants lacking MRX or Sae2 (CtIP homolog) show

asymmetric resection of IR-induced DSBs, suggesting MRX/MRN may control invading-

non-invading strand interactions317. Without forming a Holliday junction, SDSA remains

a non-crossover pathway, suppressing the extent of gene conversion. A secondary branch

of D-loop processing is predominant in meiosis, where the resected second end captures

the region displaced in the D-loop, forming an entangled DNA structure referred to as

a double Holliday junction (dHJ)318,319. The resolution of a dHJ requires the action of

structure-specific endonucleases. GEN1, or the dimeric MUS81-EME1 (likely within
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a complex with SLX4) can separately make opposing incisions to disentangle the dHJ,

but sometimes with crossover events where asymmetric nicks occur320–324. Dissolution,

instead, avoids crossovers. Here, branch migration of the two HJs towards each other leads

to a hemicatenated intermediate, which can be dissolved through topoisomerases. Housing

a ssDNA-specific type IA topoisomerase, TOPIIIα , the dissolvase complex (BTR) also

includes the branch-migrating RecQ helicase, BLM325 and structural proteins RMI1-RMI2.

The study of shorter model substrates to identify mechanisms has obscured the influence

of nucleosomes in this process. Still, with the advent of 1.8 kb DNA morphed into

dHJs, it has recently been demonstrated that chromatin inhibits GEN1- or SMX-dependent

resolution while permitting BTR-mediated dissolution318. Failure to disentangle these joint

intermediate molecules can subvert HR into a pathway of continual error-prone replicative

recombination - faulty re-engagement of the second end or displacing the nascent strand

promotes uncontrolled migration of the D-loop bubble through a chromosome - this process

is named break-induced replication, a conservative DNA synthesis process entailing long-

tract gene conversion that can lead to a gross loss of heterozygosity (LOH)326,327.

1.3.4.3 | Alternative DSB repair pathways

Where RAD51 loading is faulty, or its strand invasion function does not result in pro-

ductive HR, an opportunity arises for error-prone pathways such as MMEJ or single-

strand annealing (SSA). Resection unveils chance sections of limited homology at the

remaining 3′ overhangs.

Microhomology-mediated end-joining (MMEJ) MMEJ, or sometimes alternative end-

joining (aEJ), is, despite its name, devoid of the key end-joining factors, DNA-PKcs,

Ku, or LIG4, and is initiated through the generation of short single-strand overhangs by

MRE11 and CtIP328,329. Microhomologies at the breakpoint, defined as 5-25 base pairs of

complementarity though most commonly 4-6 bp, anneal with the help of the polymerase

pol θ , encoded by the pol θ gene330–335, which also displaces protective RPA from 3′

ssDNA overhangs336. pol θ , with reported helicase-like activity331, may then also stabilise

the synapsis between the ends337. After annealing of internal homologies, APEX2 and

FEN1 cleave the extruded 3′-flaps338,339 while pol θ extends these intermediates340,341 and

XRCC1-LIG3 completes end-joining342. While pol θ is a central cog in MMEJ, it is also its
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erroneous synthesis that confers MMEJ mutational hallmarks341. Its recruitment to DSBs is

mitosis-constricted; RHINO, an interacting partner of the 9-1-1 complex (RAD9A-RAD1-

HUS1), only assembles in mitosis via polo-like kinase 1 (PLK1) phosphorylation343.

Single-strand annealing (SSA) Homologous 3′ ends can anneal in a RAD51-independent

manner when extensive resection reveals underlying repeat sequences, such as those found

at tandem repeats344,345. This annealing activity results in the displacement of the DNA

sequences located 3′ to the annealed repetitions (usually 29-400 bp in length346) into

flap structures, leading to the loss of these intervening DNA sequences. Consequently,

single-strand annealing (SSA) is inherently error-prone. This pathway also requires the

disassembly of RPA from the 3′ tails to allow the two ends to anneal. In yeast, the

displacement of RPA is mediated by the SSA-essential factor RAD52, however as the key

RAD51-mediator, RAD52 might promote either HR or SSA. In mammals, the derivation

of BRCA2 to fulfil RAD51 loading requirements frees RAD52 for a predominant role

in SSA. However, RAD59346 and FANCA, alongside FANCG, have been implicated in

SSA347. Given the association of SSA with the loss of intervening repeat sequences, it

is conceivable that this pathway evolved to counteract repeat expansions348. However,

deleted DNA sequences can come at an appreciable cost. The observed correlation between

high RAD52 expression and poorer outcomes in human cancers suggests that SSA may

accelerate genome instability, thereby driving cancer progression349.

The non-homologous 3′ ends flanking annealed stretches generate 3′-flaps that require

removal. In yeast, this removal is catalysed by the Rad1XPF-Rad10ERCC1 complex350,

with assistance from the flap-stabilising MSH2-MSH3 complex351. In mammalian cells,

RAD52 directly recruits the XPF-ERCC1 complex352,353, whereas in yeast, Saw1 facilitates

the connection between these components354. The gap-filling step likely involves the

activities of polymerases δ , ζ , or θ , although the exact polymerase responsible remains

undetermined355–358. Similarly, the specific ligase involved in sealing the repaired DNA

ends has yet to be identified358.

26



Chapter 1. Introduction

Drugging the alternative DSB repair pathways The synthetic lethality of pol θ loss

in HR/NHEJ deficiency359 suggests MMEJ as simply a backup pathway acting where

preferred DSB repair is unavailable. However, recent evidence supports the claim that

MMEJ is a first-line repair route for certain DSBs360. Alongside NHEJ, MMEJ promotes

the random integration of foreign DNA into the genome and aids in the repair of CRISPR-

Cas9-induced DSBs at certain loci361,362. Where RHINO was discovered as a crucial

MMEJ factor, it was also noted that mitotic MMEJ is necessary for the resolution

of DSBs originating from and escaping repair during S phase343. While considerably

mutagenic, MMEJ and SSA alleviate possible structural rearrangements in DNA caused

by DSBs and are necessary for the survival of cells lacking sufficient HR and NHEJ,

providing a key synthetic lethal relationship explored in clinical trials of pol θ or RAD52

inhibitors363,364. The efficacy of pol θ inhibitors was showcased through its specific

targeting of BRCA-deficient tumours, synergy with PARPi, and ability to eliminate

certain PARPi resistant tumours365.

1.3.4.4 | DSB signalling

At its most fundamental level, signalling around DNA double-strand breaks (DSBs) can be

divided into three overlapping cascades, each mediated by one of the apical kinases of the

phosphoinositide 3-kinase (PI3K)-related kinase (PIKK) family128. Activation of these

kinases—ATM, ATR, and DNA-PKcs—coordinates an intricate phosphoproteome that

regulates processes such as DNA repair, cell cycle control, DNA replication, transcription,

RNA metabolism, senescence, and apoptosis366. At DSBs destined for classical non-

homologous end joining (cNHEJ), Ku-bound DSBs recruit and activate DNA-PKcs128,367.

Conversely, in contexts favouring homologous recombination (HR), the MRN complex

recruits and activates ATM via an interaction with NBS1289,290. At sites with extensive

single-stranded DNA (ssDNA), such as resected DSBs or stalled replication forks, ATR

is recruited by its binding partner ATRIP to RPA-coated ssDNA368.

ATM, once activated by the MRN complex, phosphorylates the histone variant H2AX

at serine 139, producing γH2AX, a critical marker for DSB signalling and repair369. A

positive feedback loop amplifies this signal: MDC1 binds phosphorylated H2AX via its

BRCT domain370 and is stabilised on chromatin by ATM-dependent phosphorylation at
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threonine 4371,372. This, in turn, recruits MRN through interactions with NBS1, locally

amplifying ATM signalling. γH2AX domains extend sufficiently to enable detection of

DSBs by γH2AX foci visualised through microscopy373 or chromatin immunoprecipitation

(ChIP), which has revealed γH2AX tracks spanning more than 20 Mb374. ATM phospho-

rylates CHK2 at multiple sites, notably threonine 68375, and CHK2 further phosphorylates

p53 at serine 15, promoting the transcription of the CDK inhibitor p21. This inhibits

the Cyclin A/E-CDK2 complex, preventing entry into S phase376. At ssDNA regions

surrounding a DSB or stalled replication fork, RPA recruits ATR via ATRIP368. ATR

activation requires cofactors such as ETAA1 or TopBP1, the latter of which involves the 9-1-

1 clamp complex in its activation of ATR377. Through an ATR-CHK1-CDC25A axis, ATR

regulates the DNA damage-dependent restriction of mitotic entry. ATR phosphorylates

CHK1 at serines 317 and 345378, and this activated CHK1 targets CDC25A for proteasomal

degradation, thereby preventing the removal of inhibitory phosphate groups on WEE1 and

PKMYT1379. This inhibition allows these kinases to phosphorylate and inactivate mitotic

CDKs (CDK1 and CDK2), halting the cell cycle380,381. ATR also prevents replication

fork collapse under conditions of replication stress by restraining replication origin firing,

conserving nucleotide pools, and preventing the exhaustion of repair factors such as RPA61.

Furthermore, ATR-dependent upregulation of RRM2 increases nucleotide availability382.

Repair pathway choice at DSBs is tightly regulated by the cell cycle stage to maintain

genomic stability. Key regulators 53BP1 and BRCA1 act antagonistically, with 53BP1

promoting NHEJ and suppressing HR, while BRCA1 promotes HR by countering 53BP1’s

end-protective activities. 53BP1 recruits PTIP and RIF1 following ATM-dependent

phosphorylation383,384, whereas BRCA1 suppresses these activities through multiple

mechanisms, including CDK1-dependent phosphorylation of CtIP, which prevents RIF1

recruitment. Both factors localise to ionising radiation-induced foci, but S phase foci

exhibit BRCA1 accumulation and 53BP1 exclusion385. This exclusion may involve

BRCA1-dependent ubiquitylation of H2A, recruiting SMARCAD1 to antagonise 53BP1 or

destabilising RIF1 binding. The interplay between 53BP1 and BRCA1 is further modulated

by a methylation switch on histone H4. 53BP1 binds the H4K20me1 and H4K20me2 marks

found on ‘old’ histones, which are more abundant in G1-phase chromatin, whereas BARD1

(a BRCA1 binding partner) recognises non-methylated H4 found in post-replicative
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chromatin386–388. This 53BP1-BRCA1 dynamic switch allows repair pathway choice

to align with cell cycle stage, ensuring appropriate genomic maintenance, explaining

why the deletion of 53BP1 rescues the HR defect of Brca1 mutant cells389 and PARPi

sensitivity390. Besides BRCA1/2 reversion mutations391, any strategy that dampens NHEJ

(e.g. LIG3 loss392 or loss of Shieldin393–396), restoring the balance between HR and NHEJ

in BRCA1-deficient cells, results in resistance towards PARPi.

1.3.5 | ICL repair

ICLs arise from the covalent linking of the two strands of duplex DNA and represent

a particularly hazardous form of DNA damage8. The danger ensues from the block to

essential homeostatic processes, transcription and replication, since the strands cannot

be separated for reading by polymerases. Crosslinking can arise endogenously from

reactive aldehydes or lipid peroxidation byproducts397 and exogenously from exposure to

bifunctional alkylating agents such as mitomycin C, cisplatin, or psoralen398. The unique

structure of ICLs poses significant challenges to the cell, as repair requires the coordinated

action of multiple DNA repair pathways. During S phase, a replication-coupled repair

mechanism dominates and is initiated by stalling of replication forks at the crosslink

site399. This process involves the Fanconi anaemia (FA) pathway, which orchestrates lesion

recognition, nucleolytic incisions on either side of the crosslink, and subsequent translesion

synthesis (TLS) across the adduct400. HR is then employed to restore genomic integrity.

The consequence of mis-repaired crosslinks can result in chromosomal instability, cell

cycle arrest, or apoptosis, underlining the importance of efficient ICL repair for genomic

maintenance. Aberrations in ICL repair mechanisms are associated with several human

diseases, including Fanconi anaemia, and contribute to the cytotoxicity of crosslinking

chemotherapeutics used in cancer treatment401.

1.3.5.1 | ICL repair deficiency in the disease, Fanconi anaemia

In 1927, Guido Fanconi reported three brothers presenting with symptoms resembling a

pernicious anaemia402,403. A generation of DNA discoveries passed before Fanconi himself

hypothesised that these symptoms arose from an underlying chromosomal instability404.

By then, such conditions were aptly referred to as Fanconi’s anaemia (hereafter FA). Others

29



Chapter 1. Introduction

then highlighted a key consolidating characteristic of FA, sensitivity to chemicals capable

of covalently crosslinking the two strands of DNA. Notably, mitomycin C (MMC)- or

diepoxybutane (DEB) caused instability of FA patient cells and chromosome breakage

events therein, later adopted as the gold-standard diagnostic test for suspected FA cases405.

Therefore, FA was deemed a pathology of inefficient ICL repair, distinguished by bone

marrow failure10, skin irregularities406 and decreased fertility407, perhaps caused by the

faster accumulation of replication errors in these rapidly-dividing tissues. Since the cloning

of FANCC in 1992, genetic dissection of FA has culminated in the discovery of, now,

23 FA complementation groups from FANCA to FANCW and encompass various stages

of classical ICL repair400 (Table 1.2).

1.3.5.2 | Classical model of ICL repair

Studies using plasmids containing site-specific cisplatin-induced ICLs in Xenopus laevis

egg extracts have been foundational in elucidating the mechanisms of replication-coupled

ICL repair. Current consensus suggests that ICL repair is intrinsically linked to DNA

replication, ensuring that the intermediate breaks, which are unavoidable during repair, are

addressed in a way that maintains genomic fidelity (Figure 1.5). Due to their topology,

the repair of ICLs necessitates the generation of DNA breaks as an integral part of the

process. Repair is initiated when two replication forks converge at the ICL399, although

whether this mechanism applies universally, particularly in cells with greater inter-origin

distances (∼100 kb408) compared to the size of plasmids used in experimental systems (5-6

kb399), remains debated400. TRAIP is an E3 ubiquitin ligase central to the DDR, such that

its loss is lethal and mutations lead to primordial dwarfism409,410. In the context of ICL

repair, when replisomes converge, TRAIP dictates pathway choice by depositing ubiquitin

chains ahead of the leading replisome, especially on the upstream CMG helicase411.

The glycosylase, NEIL3, can cleave either the N-glycosyl bond of an abasic site or

psoralen ICL, effectively unhooking the ICL and denoting a likely preferred pathway

that avoids the need for the entire FA pathway, which can be recombinogenic in part

due to the unavoidable generation of one- or two-ended DSBs412. TRAIP promotes

repair by NEIL3, through deposition of short ubiquitin chains on CMG sufficient for

NEIL3 recruitment411. The chemistry of the lesion might render the ICL refractory
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FA group Alias Function

FANCA FA core complex, part of "AG20" subcomplex
FANCB FA core complex, part of "BL100" subcomplex
FANCC FA core complex, part of "CEF" subcomplex
FANCD1 BRCA2 Homologous recombination, promotes RAD51 fila-

ment formation
FANCD2 Monoubiquitylated by FA core complex, part of "ID2"

complex
FANCE FA core complex, part of "CEF" subcomplex
FANCF FA core complex, part of "CEF" subcomplex
FANCG XRCC9 FA core complex, part of "AG20" subcomplex
FANCI Monoubiquitylated by FA core complex, part of "ID2"

complex
FANCJ BRIP1 DNA helicase
FANCL FA core complex, part of "BL100" subcomplex, E3

ubiquitin ligase
FANCM Recruitment of FA core complex, DNA:RNA helicase

activity
FANCN PALB2 Homologous recombination, interacting with BRCA1

and BRCA2
FANCO RAD51C Homologous recombination
FANCP SLX4 Nuclease scaffold for XPF-dependent ICL unhooking
FANCQ ERCC4, XPF Nuclease responsible for primary incision
FANCR RAD51 Homologous recombination
FANCS BRCA1 Homologous recombination, promotes RAD51 fila-

ment formation
FANCT UBE2T E2 ubiquitin-conjugating enzyme
FANCU XRCC2 Homologous recombination
FANCV REV7 Translesion synthesis
FANCW RFWD3 E3 ubiquitin ligase for turnover of RAD51

Table 1.2 | Summary of FA complementation groups, gene aliases, and functions.

to NEIL3 glycosylase activity413, and where it (tries and) fails, TRAIP continues to

lengthen the ubiquitin chain on CMG, eventually leading to its unloading by the p97

ATPase414. The unloading of the CMG helicase creates sufficient space for the leading

strand polymerases to approach within one nucleotide of the ICL399,415 and for one fork

to undergo reversal, which generates a chicken-foot structure that protects the stalled

replication fork416. The enzyme responsible for fork reversal and whether fork reversal is

a prerequisite for ICL repair remains contentious to date. However, FANCM, alongside

its partner FAAP24 is recruited to DNA crosslinks and stabilised by histone-fold proteins

MHF1 and MFH2417–419 and demonstrates fork reversal activity in vitro94. Either through
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establishing the reversed fork structure or as a direct protein platform, the FANCM complex

facilitates the recruitment of secondary FA proteins420. These secondary proteins form

the FA core complex, composed of subcomplexes AG20 (FANCA, FANCG, FAAP20),

BL100 (FANCB, FANCL, FAAP100), and CEF (FANCC, FANCE, FANCF)421. The core

complex is responsible for recruiting and orienting FANCT (UBE2T), an E2 ubiquitin

ligase, which associates with the FANCL E3 ubiquitin ligase that catalyses the conjugation

of ubiquitin molecules to the tertiary FA proteins FANCI and FANCD2, collectively

referred to as the D2-I complex422–427. The monoubiquitylation of FANCD2 at K561

is essential for ICL repair428, while the monoubiquitylation of FANCI at K523 plays a

regulatory role protecting the deubiquitylation of FANCD2 by USP1-UAF1429–432. FANCI

is phosphorylated by ATR433. The ubiquitylated ID2 complex accumulates in foci that

colocalise with recombination machinery and was initially believed to directly recruit the

effectors required for repair and damage bypass104,434,435. D2-I binds and diffuses on

dsDNA as a locked sliding clamp when FANCD2 is monoubiquitylated1–3,108,109,430,436,437

but stalls at ssDNA-dsDNA junctions438, such as the structures present when replication

forks stall at an ICL. ATR primes the D2-I complex for ubiquitylation by phosphorylating

FANCI at S558, S561 and T567433. The ubiquitylated residues of FANCI and FANCD2

could provide simple landing platforms for the recruitment of XPF (FANCQ) via SLX4

(FANCP), which contains two ubiquitin-binding UBZ domains (Section 1.4.4). While this

notion was assumed for a number of years, the burial of a necessary hydrophobic patch,

which includes I44 of ubiquitin, prevents engagement by ubiquitin-binding motifs1,109.

Instead, the sliding clamp of FANCD2-FANCI likely protects intermediate structures, like

reversed forks, until SLX4-XPF is recruited by some other means439. The UHRF1 scaffold

protein has been reported to sense ICLs and recruit XPF-ERCC1 and MUS81-EME1,

independently of D2-I and SLX4440.

However it may be recruited, XPF and its obligate partner ERCC1, introduces an

incision 5′ to the ICL, similar to XPF-ERCC1’s role in NER435,441–443. The classical

X-shaped DNA structure present at ICL-converged forks is not a typical XPF substrate

due to the lack of dsDNA sequence at the junction435,444. Therefore, fork reversal might

be a critical step in permitting XPF incision. However, the nuclease responsible for the

complementary 3′ incision remains unidentified. Of the candidates, SNM1A appears the
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most likely, based on its ability to digest ICL-containing substrates in vitro, its epistatic

relationship with XPF in response to mitomycin C (MMC), and evidence linking DCLRE1A

(encoding SNM1A) to FA genes in CRISPR screens445,446. Potential redundancy with

other nucleases, such as FAN1 or SNM1B, which share similar nuclease polarities, might

explain the moderate sensitivity of SNM1A-depleted cells to crosslinking agents447,448.

Once the ICL is unhooked in this replication-associated FA mechanism, the intermedi-

ary structures remaining undergo divergent forms of repair. On the 5′ side of the crosslink,

leading strand polymerases halt one nucleotide short of the unhooked ICL, with a gap

extending to the downstream Okazaki fragment generated by the lagging strand polymerase.

The polymerase(s) responsible for bypassing the unhooked ICL and incorporating a

nucleotide opposite an ICL has yet to be definitively identified. TLS polymerases, such

as REV1 and REV7 (MAD2L2 but also FANCV or pol ζ when complexed with REV3),

are implicated in this step, as a product of their established roles in FA and lesion

bypass449–451. On the unhooked strand, where nuclease incisions have generated a two-

ended DSB, homologous recombination (HR) is the primary repair mechanism during

S phase. This reliance on HR likely explains why conventional HR factors, including

RAD51 and its associated loading factors BRCA1, BRCA2, PALB2, and the RAD51

paralogue complex BCDX2 complex components RAD51C and XRCC2, are categorised

as FA complementation groups (FANCR, FANCS, FANCD1, FANCN, and FANCO,

respectively)452,453. Additionally, the E3 ubiquitin ligase RFWD3 (FANCW)454 and the

3′-5′ DNA helicase BRIP1 (FANCJ)455, both HR-associated factors, are implicated in FA.

The final repair step involves resolving the residual mono-adduct remaining on one

strand of the replicated DNA456. In Xenopus egg extracts, most of these mono-adducts

persist indefinitely449. However, full resolution likely involves a combination of NER

and/or BER, with the choice of pathway depending on the specific crosslink457.

1.3.5.3 | Alternatives to the converging forks model of ICL repair

DNA combing experiments in human cells suggested that single replication forks passed

through 60% of ICLs, conflicting with the converging forks model of ICL repair in

egg extracts458. This process, ‘traverse’ is dependent on the ATPase activity of the

FANCM complex (with MHF1-MFH2, but not FAAP24), ATR, FANCD2459, and the
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Figure 1.5 | The repair of interstrand crosslinks by the Fanconi anaemia pathway. Interstrand
crosslinks (ICLs) block replication fork progression, triggering a coordinated repair process. When the
replisome encounters an ICL, the CMG helicase stalls ahead of the leading strand PCNA-pol δ . Stalling
recruits TRAIP, which polyubiquitylates and targets p97 to remove CMG from the replisome, allowing
the approach of leading strand forks to the -1 position relative to the crosslink. Fork reversal may be
carried out by FANCM-FAAP24-MHF1-MHF2, leading to the recruitment of the FA core complex, which
monoubiquitylates each subunit of the FANCD2-FANCI heterodimer. In some manner, this promotes
the recruitment of the SLX4-XPF-ERCC1 complex. This complex incises the DNA to the 5′ flank of
the ICL, and unhooking ensues via some unknown mechanism but likely through the action of SNM1A
or SLX1 or FAN1. Translesion synthesis bypasses the lesion, filling the gap left by the unhooking step
and the remaining adduct may be resolved by base excision repair (BER) or nucleotide excision repair
(NER). The remaining double-strand break is repaired by homologous recombination.

BLM helicase460. Traverse involves GINS displacement from the CMG helicase at

ICLs, which is regulated by ATR phosphorylation of FANCM459. It is possible that

the dissociation of GINS permits the CMG ring to open such that it can bypass an ICL

block, even though GINS is not required for traverse of CMG through a DPC461. Even

in traverse, SLX4 and XPF are required for unhooking462, and the ensuing mechanisms

for resolution are likely identical.

1.3.6 | DNA-protein crosslink (DPC) repair

While the above forms of damage showcase some form of grouped chemical identity,

DNA damage, where proteins are covalently crosslinked to DNA (a DPC), comprises a

diverse and heterogeneous set of DNA lesions. The DNA component, the chemical

nature of the crosslink, and the exact type of protein tethered can vary greatly and

distinguishing these variations is a key contributor to determining the precise mechanism

adopted for DPC repair463.

1.3.6.1 | Forms of DPCs

It is believed four major DNA-varying DPCs can form in cells. Endogenous DPCs

can frequently occur on dsDNA from aldehydes persisting through catabolism. As an

example, the Schiff base intermediate that materialises during a formaldehyde-induced

crosslink can be attacked, instead of an opposing DNA base amine, by nucleophiles

within basic amino acids such as arginine or lysine, or those of cysteine, histidine or

tryptophan464. An important note on the ability of aldehydes to crosslink DNA is that this

likely represents a minority of all aldehyde crosslinking events - instead, protein-protein
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crosslinks, unencumbered by the need to disassemble Watson-Crick base pairing, are

probably more readily formed465. This places an asterisk on attributing the cytotoxicity

of aldehydes to a defective DNA repair phenotype. Chemotherapeutics can also generate

artificial DPCs. Cisplatin and nitrogen mustards are suggested to induce DPCs, and cells

deficient in the main DPC-removal pathway (e.g. that involving SPRTN) show sensitivity

to cisplatin, implicating a fraction of this drug’s chemotoxicity stems from the generation

of DPCs466,467. The enzyme DNMT1 senses and corrects hypomethylated DNA regions,

especially following DNA replication468. Incorporating a cytosine analogue, 5-aza-dC,

traps DNMT1 behind the replication fork by preventing its β -elimination after DNMT1

methylates the daughter strand469. Radiation, such as UV and IR, also contribute to DPCs,

especially in low-oxygen environments. Under hypoxic conditions that define certain solid

tumours, IR-induced DNA radicals, usually channelled towards DNA decomposition under

normoxic conditions, promote crosslink formation470.

Despite identical chemistries underlying the crosslinks and an equal (if not higher)

propensity for their formation, protein crosslinks on single-stranded DNA present a

very unique substrate for repair. In some instances, DPC formation is actively pre-

ferred over erroneous processing, such as where a thiazoline link bonds HMCES (5-

hydroxymethylcytosine (5hmC) binding, ES-cell specific) to abasic sites on ssDNA471,472.

Where proteins enzymatically act on DNA, they may be covalently crosslinked as part

of their catalytic cycle. Torsional stress that builds during transcription or replication is

alleviated through the action of topoisomerases, which rely on a covalent link to DNA such

that tangled strands (after an SSB in the case of TOP1)473 or duplexes (after a DSB for

TOP2)474 can be weaved through one another to ensure their disentanglement. Vicinal DNA

lesions or the action of intercalating agents like camptothecin or topotecan can displace the

5′ hydroxyl that otherwise would release the TOP1-DNA phosphotyrosine link, thereby

trapping the enzyme474,475. This trapped TOP1 is referred to as a TOP1 cleavage complex

(TOP1cc) and can be deconstructed through tyrosyl-DNA phosphodiesterase 1 (TDP1),

which is mutated in a rare autosomal neurodegenerative disorder, SCAN1 (spinocerebellar

ataxia with axonal neuropathy) marked by TOP1cc accumulation in cells476. These

TOP1ccs exemplify a class of DPCs that are bordered by an SSB. Enzymes with AP lyase

activity (Section 1.3.1), like pol β can become crosslinked in their pursuit of AP site
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repair477. Similarly, PARP1s can be crosslinked to abasic sites, which might partly explain

the efficacy of PARP inhibitors in the clinic, as PARPi showcases a continuum of differing

trapping abilities478. The final class of DPCs concerns where proteins are tethered adjacent

to a double-strand break. TOP2 homodimers induce opposing breaks, forming a covalent

bond with both 5′ ends while disentangling dsDNA before release479. The re-ligation of

both these nicks is prevented by dsDNA intercalating agents like etoposide and doxorubicin,

forming TOP2 cleavage complexes (TOP2cc), which can be relieved by TDP2480,481. The

germ-cell-specific meiotic recombinase, SPO11, is also vulnerable to forming equivalent

SPO11 cleavage complexes (SPO11ccs), that are programmatically removed by the MRN

complex482,483. Though defining only a limited subset of nevertheless critical cells, it was

observed that ATM loss in mice accumulates SPO11ccs, ultimately requiring an MRN-

independent DPC removal pathway482. Attributable to their heterogeneity, the repair of

DPCs is also divided into many pathways and genes. The study and understanding of DPC

repair draw helpful analogies to ICL repair in how they were discovered and classified.

1.3.6.2 | Replication-coupled DPC repair

It is a reasonable assumption that the barrier of DPCs to DNA replication (and transcription)

might mean that some form of coupling might exist between these pathways and their

repair. Like many breakthroughs in ICL repair, Xenopus egg extracts were able to

reconstruct DPC repair in a cell-free system and provided evidence that a conservative

proteolytic mechanism was stimulated by DNA replication, without any hint of replisome

disassembly nor DSB generation484. Concurrently, the first DPC protease, Wss1 (SPRTN

in humans) was discovered in yeast, and exhibited proteolysis of ssDNA-bound proteins485.

Inactivating mutations in SPRTN are lethal for cells and hypomorphs in the germline and

result in Ruijs-Aalfs syndrome, a progeria associated with genomic instability486. DPCs

accumulate, culminating in further genome instability, through the disabling of replication

forks487. The stimulation of DPC proteolysis, by SPRTN and/or the proteasome, is initiated

by the stalling of CMG at the trapped protein, which triggers ubiquitylation of the protein

adduct by TRAIP488,489, promoting CMG bypass (assisted by the helicase, RTEL1) while

also encouraging the recruitment of the proteasome461. TRAIP can also ubiquitylate an

opposing CMG when forks converge on an ICL to either recruit the NEIL3 glycosylase
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DNA-protein crosslink approach
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Figure 1.6 | Replication-coupled proteolysis of DNA-protein crosslinks (DPCs). DPCs present
a substantial barrier to replication fork progression, and their repair is tightly coupled to replisome
engagement. Upon encountering a DPC, the CMG helicase stalls, which triggers polyubiquitylation of
the adducted protein by TRAIP. This event is aided by the accessory helicase RTEL1, which promotes
fork progression past the lesion. Ubiquitylated DPCs are subsequently recognised by the proteasome or
processed by SPRTN, which is activated upon the approach of a DNA polymerase and requires proximity
to a DNA junction and interaction with PCNA for its activity. Both pathways function to degrade the
protein adduct into a short peptide remnant, enabling TLS polymerases to bypass the lesion and allow
CMG-polymerase recoupling and excision repair.
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capable of unhooking certain ICLs or to initiate CMG removal via p97, which is a critical

step in activating the Fanconi anaemia pathway411 (Figure 1.6).

While ubiquitylation enhances SPRTN-proteolysis of the protein adduct, it is not totally

necessary for this action, and SPRTN can degrade non-ubiquitylated DPCs, though at a

reduced rate490. Where rapid recycling of non-covalent DNA-bound proteins, especially

of the replisome, can be tolerated due to the abundance of these components (PCNA,

polymerases, RPA), the CMG helicase requires timely licensing and activation and cannot

be replaced like-for-like if processed unencumbered by SPRTN463. What protects from this

event is that SPRTN requires a DNA polymerase to approach within a few nucleotides of

the adduct, which also ensures leading and lagging strands are treated equally where DPCs

persist490. It is an interaction between SPRTN and ubiquitylated PCNA via its PIP and

UBZ domains that confines SPRTN activity only during the polymerase approach491. The

prevailing theory is that SPRTN acts as the key protease, minimising the protein footprint of

a DPC to a short peptide adduct that is amenable for CMG bypass490. The proteasome acts

to back up this function by dealing with DPCs that are inaccessible to SPRTN proteolysis,

like those with shielded ssDNA, which is a determinant of SPRTN activity492. Additional

backup proteases include the DDI1/2, which targets polyubiquitylated DPCs493, and the

serine protease FAM111A, which safeguards productive fork progression in a manner

dependent on its trypsin-like protease domain and involves interaction with PCNA and

DNA494. Replication-associated DPC repair involves the combined efforts of enzymes

acting either downstream of CMG to promote replication fork progression (TRAIP/RTEL1)

or those acting behind to guarantee that gaps are filled in (SPRTN/REV1).

1.3.6.3 | Replication-independent DPC repair

NER deficiency is associated with some mild formaldehyde sensitivity, possibly suggesting

NER promotes the removal of protein adducts on dsDNA (though could also hint at the

generation of archetypal NER substrates)495,496. Within a cell-free system, however, NER

is incapable of acting on DPCs of full protein-DNA links but instead can excise DNA with

a short peptide attached (less than 10-15 kDa in size)497,498. It is plausible to conclude,

then, that NER acts on the DNA-peptide scar abandoned by DPC proteolysis via SPRTN or

the proteasome. Interestingly, only TC-NER components CSA and CSB, and not GG-NER
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components XPC, CETN2, XAB2, DDB1 or RAD23A, reflect sensitivity to formalde-

hyde in various CRISPR-KO screens (Figure 3.1)446,499,500. While the understanding

of transcription-coupled DPC repair remains in its early phases, analogy to TC-NER is

likely relevant given recently reported reliance on CSA and CSB501–504. However, in

these contexts, NER itself was dispensable501,503.

In the case of TOP1ccs, it is proposed that trapped TOP1 is targeted for SUMOylation-

dependent ubiquitylation via K48-linked chains, which subsequently directs the complex

for proteolysis by either the proteasome or SPRTN505. The previously mentioned TDP1

enzyme then resolves the crosslink, leaving behind a 3′ phosphate that can be processed

by PNKP, thereby allowing single-strand break (SSB) repair machinery to complete

the repair506. There is also evidence suggesting that XPF-ERCC1 may incise around

TOP1ccs to remove the adduct507. These mechanisms illustrate how canonical single-

stranded DNA (ssDNA) repair pathways, such as NER and BER, can take over once the

bulky protein adduct is removed or reduced to a more manageable substrate. For DPC

sequestering both DNA strands, as in the case of TOP2cc or SPO11cc, canonical double-

strand break (DSB) repair pathways are employed. In TOP2cc repair, TOP2 trapping

induces SUMOylation via ZATT, promoting the recruitment of TDP2508, which is capable

of resolving crosslinks tethering TOP2 to double-stranded DNA. This action generates

readily ligatable DNA ends that are subsequently processed by non-homologous end

joining (NHEJ) machinery482. Additionally, the MRN complex provides endonuclease

activity that is enhanced in the presence of protein adducts at 5′ DNA ends, enabling

cleavage around either TOP2ccs or SPO11ccs482. The choice of DSB repair pathway may

depend on whether the TOP2/SPO11ccs are engaged by MRN (promoting homologous

recombination, HR) or by TDP2 (promoting NHEJ)463,509. DPC repair involves specialised

mechanisms tailored to the nature of the crosslink and its associated DNA context. These

pathways ensure that bulky protein adducts are efficiently resolved, leaving behind either

a small protein scar or DNA break that canonical ssDNA or DSB repair pathways can

repair to restore genome integrity.
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1.4 | The SMX complex

1.4.1 | History of the SLX4 scaffold

Slx4 and its principal protein partner Slx1 were first identified as equally indispensable fac-

tors for the viability of budding yeast Saccharomyces cerevisiae lacking Sgs1BLM, the yeast

homolog of BLM510. Following this, in Schizosaccharomyces pombe, a stable interaction

between Slx1 and Slx4 was shown to be crucial for viability given Rqh1FANCM loss511.

These epistatic relationships with helicases implicated Slx4-Slx1 in the resolution of joint

DNA molecules, formed during replication and homologous recombination512. Additional

nuclease binding partners for Slx4, Rad1XPF-Rad10ERCC1 and Mus81-Mms4EME1, were

then discovered in yeast and these interactions were also confirmed for their human

orthologues513–517. XPF-ERCC1 and MUS81-EME1 share a catalytic domain with

common PD-(D/E)XK motifs, found within the nuclease-active proteins XPF and MUS81,

respectively, while ERCC1 and EME1 play vital structural roles518. In contrast, SLX1’s

activity is more closely related to the GIY-YIG motif-containing homing endonucleases519.

Comparing SLX4 domains throughout evolution provides a glimpse into the notable

accessory factors, and hence binding sequences, that SLX4 has acquired (Figure 1.7).

S. pombe expresses the most minimal SLX4 scaffold, hosting only an interaction with Slx1

through its conserved C-terminal domain (CCD), despite also possessing a SAP domain511.

This minimal unit is only 419 amino acids long, less than a quarter of that in humans and

just over half the size of S. cerevisiae Slx4 (Figure 1.7). The first stage of evolutionary

acquisition is an N-terminal domain that governs interaction with Rad1XPF-Rad10ERCC1.

The MUS312-MEI9 interaction-like region (MLR), spanning 500-558 in human SLX4, has

not been annotated in S. cerevisiae Slx4, but given Slx4’s ability to interact with Rad1XPF-

Rad10ERCC1, in a manner that is mutually exclusive with Slx1, it is likely that origins of

the MLR domain are laid therein515. The function of equipping Rad1XPF-Rad10ERCC1 to

Slx4’s arsenal is to aid the repair of DSBs via single-strand annealing (SSA) by stimulating

the excision of 3′-flap overhangs by Rad1XPF-Rad10ERCC1520. The SAP domains of

S. cerevisiae or S. pombe do not directly bind to Mus81, as in metazoan, hinting that this

function evolved later, but the SAP domain is required for accurate processing of 5′-flap

DNA by Slx1 and is implicated in binding DNA itself521.
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Figure 1.7 | Domain organisation of SLX4 orthologues across eukaryotes. The domain
organisation of SLX4 orthologues across eukaryotes, adapted from522. All SLX4 orthologues are
shown to scale with their lengths given to the right, and aligned residue boundaries for domains are
shown. Abbreviations for domains: UBZ4, ubiquitin-binding zinc finger type 4; MLR, MUS312-MEI9
interaction-like region; BTB, Broad-Complex, Tramtrack and Bric a Brac; TBM, TRF2-binding motif;
SIM, SUMO-interacting motif; SAP, SAF-A/B, Acinus and PIAS; CCD, conserved C-terminal domain.
Organism names and their corresponding UniProt accession codes are as follows: Homo sapiens SLX4
= Q8IY92, Mus musculus = Q6P1D7, X. laevis = A0A8J0TU46, Drosophila melanogaster SLX4 =
Q9VS48, S. cerevisiae = Q12098, S. pombe = Q9P6M0.

A further acquisition within the N-terminus of SLX4 was the evolution of an oligomeri-

sation domain named the ‘BTB’ (Bric-a-brac, Tramtrack and Broad complex) domain,

bestowing SLX4 a homodimerisation ability523. This dimerisation surface is saturated

with hydrophobicity and likely means that all BTB-domain containing SLX4 orthologues

are inherently dimeric to bury this hydrophobicity away from the solvent in cells. The

BTB domain is necessary for forming SLX4 foci, e.g. at telomeres, with dimerisation-

inactivating mutations detrimental to telomeric integrity523. The BTB domain is also

required for efficient ICL repair, likely through a role in the appropriate binding of

XPF523,524. However, the details of this interaction have not yet been determined and the

BTB domain, though not necessarily dimerisation, is dispensable for ICL repair in one

Xenopus egg extract system525. A missense mutation of a highly conserved residue in the

BTB domain, G700R, has been associated with breast cancer, though in rare cases526. A

final tool that evolved into SLX4’s repertoire is the ability to bind ubiquitin or SUMO.

Though research has only recently tackled the functional impact of this feature, it has

been suggested that binding these related but disparate protein modifications funnels SLX4

42



Chapter 1. Introduction

and its associated binding partners into different repair pathways527. The N-terminal

UBZ4 domains are critical for ICL repair and contribute to HR intermediate processing443

(Section 1.4.5.1). The SUMO-interacting motifs (SIMs) forming part of the long linker

that splits the ordered domains at the N- and C-termini are also involved in ICL repair

but have been more fundamentally associated with a general response to replication

stress and telomeric localisation528–530. Which SUMOylated or ubiquitylated factors

SLX4 binds through these domains have not yet been determined. However, the SIMs

also confer an interaction with the SUMO E2 conjugating enzyme UBC9531. SLX4 is

associated with E3 SUMO ligase activity and drives SUMOylation of XPF and itself

in vivo, in a manner requiring the SIMs and BTB domain for this activity531. Whether

this is an intrinsic SLX4 activity or whether it accompanies an E3 ligase requires further

investigation. SUMOylation of SLX4 has been shown to be promoted by NIP45, which

aids the complex to target DNA catenanes into DSBs leading to the activation of the

G2 damage checkpoint532. There are no links between S. cerevisiae Slx4 and SUMO

or ubiquitin, but the S. pombe Slx1 protein has been shown to interact with SUMO via

a conserved SIM, though the function of this interaction is poorly understood533. In

S. cerevisiae, the SUMOylation of Slx4’s binding partner, Saw1, forms a loop back to

Slx4 via Slx1534. In HR, SLX4 is foremost involved in recruiting and influencing its

associated nucleases to interact with 3′-flaps, or more complex D-loop and Holliday

junction structures535. Emerging evidence points to yeast Slx4’s involvement in end

resection at DSBs (Section 1.3.4.2), even independent of any SSE partner536,537.

SLX4 deficiency is not lethal in mice538–541 nor in humans7,524,542, but is incompatible

with viability in chicken DT40 cells442. As with the depletion of essential HR genes,

including RAD51, SLX4-deficient cells accumulate in G2 and show gross chromosomal

instability, which is amplified by IR442. The essentiality of SLX4 in this context is not

due to improper formation of an SLX4-MUS81 complex, since DT40 cells lack MUS81,

but could be due to an association with XPF, also an essential gene in DT40 cells543. Full

SLX4 knockout by CRISPR-Cas9 has not been achieved in many cancer cell lines despite

efforts, and targeting the deletion of exons 2-15 of Slx4 in mES cells resulted in only

Slx4−/+ clones despite an expected homozygous knockout rate of 5%, further suggesting

the essentiality of SLX4544. SLX4 also trends towards essential in most cell lines within

the CRISPR DepMap database, with a median gene effect of -0.3.
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1.4.2 | SMX in SSA

In SSA, Slx4 is only recruited after Rad52-dependent displacement of a 3′-flap520,545 but

is not critical for S. cerevisiae Rad1XPF-Rad10ERCC1 recruitment520. Instead, Saw1 fulfils

this function by stimulating Rad1XPF-Rad10ERCC1 activity on 3′-flap substrates354,520,

and the link between Slx4-Slx1 and Saw1 might, therefore, indicate that Slx4 indirectly

recruits Rad1XPF-Rad10ERCC1 in this manner. It is feasible that evolution streamlined this

approach, bringing together the separate functions of S. cerevisiae Slx4 and Saw1 to a

larger SLX4 unit capable of recruiting XPF-ERCC1 while also constitutively interacting

with SLX1. The progression of SSA is licensed by Slx4 phosphorylation at T113 by

Mec1ATR or Tel1ATM, and deficiency of these factors or expression of Slx4 phosphorylation-

defective mutants impairs SSA545. Msh2-Msh3 is a well-established factor in SSA546,

stabilising annealed DNA intermediates during SSA, and interactions between human

SLX4 and MSH2-MSH3 point further towards SLX4’s role in SSA323,547–549. However,

this interaction, now mapped to an N-terminal SHIP box of SLX4 (residues 210-220),

is necessary for efficient MMR, though is dispensable for ICL repair550. This complex,

MutSβ , also appears to stimulate HJ resolution by the SMX complex through its interaction

with SLX4549,551.

1.4.3 | SMX in HR

The consequence of lacking the BTR (BLM-TOP3A-RMI1-RMI2) complex that typically

‘dissolves’ the HR intermediary Holliday junction structure is to rely more heavily on

nuclease-based ‘resolvases’ (Section 1.3.4.2). BTR loss is causative of Bloom syndrome,

and patient-derived cells cannot then also lose resolvases552. HJ resolution in somatic

cells is reliant on SLX4 and SLX1/MUS81, or GEN1, with GEN1 generating symmetric

nicks on opposing strands like that for bacterial resolvases553. The SLX4 machinery

appears to undertake a more complex procedure for dHJ resolution. An SLX1 nick on

one strand is followed by an opposing second cut by MUS81323,324,540,554. Different

partners of SLX4 are involved in different species for this precise role: the MUS312

(D. melanogaster orthologue of SLX4) interacts with the XPF orthologue MEI9 in the

generation of meiotic crossovers555, which is not reliant on MUS81556. In Caenorhabditis
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elegans, SLX4’s orthologue HIM-18 alongside any of its SSEs, XPF-1, SLX1-1, or

MUS81-1, carries out the processing of recombination intermediates557–559. Despite

this involvement in resolving meiotic crossovers, an SLX1 anti-crossover role has been

described at centromeres560. In S. cerevisiae, Mlh1-Mlh3 endonucleases primarily process

meiotic recombination intermediates, but some part of this task is carried out by Slx1-

Slx4561–564. The influence of SMX in epistatic HJ processes was identified by specific

observed phenotypes;321,540,554,558,559,565 depleting SLX1 or MUS81 individually in Bloom

syndrome cells reduces cell viability to a lesser extent than co-depletion, or sole depletion

of SLX4554 and in BLM-depleted cells that are deficient for SLX4 (FA-P), expression of

SLX4∆SAP or SLX4∆CCD partially complements the reduction in SCEs565, which together

hint at non-epistasis in HJ resolution. The specific chromosome abnormality phenotype

observed in FA-P cells lacking BLM or GEN1 are due to improperly processed HJs since it

can be rescued by expressing bacterial RusA HJ resolvase, just as expression of SLX4∆SAP

or SLX4∆CCD rescues565. The epistasis implied here does not disqualify these enzymes

from acting on different substrates; however, genetic studies were followed up on by insect

cell-purified SMX complexes. In this work, SMX was purified separately as SLX1-SLX4,

MUS81-EME1, and XPF-ERCC1 and combined to evaluate their activities on model

DNA structures. XPF was concluded to provide a more favourable SMX architecture for

catalysis of HJ, but be non-catalytic otherwise324. However, in a purified biochemical

system, certain in vivo contexts may be insufficiently modelled. Indeed, the SLX4-XPF

interaction is not required for the survival of BLM-deficient cells nor contributes to the

high SCE rate of certain SLX4 deficiencies565. It is the responsibility of SLX1 and

MUS81 to enact the ‘nick, counternick’ mechanism for HJ resolution324. That only higher

eukaryotes employ this nick-counternick mechanism, wherein MUS81 relies on SLX1 to

perform an initial incision, is a matter of concern. S. pombe only uses Mus81-Eme1 for HJ

resolution in the absence of Yen1566,567, while Mus81-Mms4EME1 and Yen1 contribute to

HJ resolution in S. cerevisiae568–570. Besides the work involving recombinantly-purified

SLX1 mixed with MUS81-EME1 outside of cells324, no involvement of lower eukaryotic

SLX1 orthologues in HJ resolution has been described. There is loose evidence that SLX1

can act as a resolvase by itself, perhaps acting in place of MUS81-EME1, if required.

The bacterially-produced SLX1-SLX4CCD complex can resolve HJs in vitro, and in a
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manner that generates symmetric nicks capable of rapid religatation323,513. The lack of

full-length Slx4 in these preparations is a cause for concern, however, and limits certain

interpretations of both full-length or human SLX4 activities, where other protein-protein

interactions might influence the precise activities of SLX1. Insect cell-purified full-length

SLX1-SLX4 is a promiscuous HJ nuclease, sometimes even cleaving a whole arm of an

HJ554, but whether the N-terminal extension and even the MLR present a misfolded and

structurally distinct SLX4 that prevents its true folding around an HJ is plausible. The

ultimate goal would be to express SMX as a whole entity fully, reconstituting the activities

of XPF, MUS81, and SLX1 in near-native folds around SLX4 (Section 1.7). The study

of mixed insect cell-purified SMX is a step towards this ideal reconstitution, but the lack

of co-folding might transform the complex away from what exists in vivo324. SMX is

likely not a fully assembled complex throughout the cell cycle. By visualising proximity-

ligated foci between XPF and MUS81, progressive increases in the assembly of SMX have

been inferred for cells transitioning from G2 to early mitosis, which decreases again from

anaphase571. This limits complete SMX assembly to a short window, up to 45 min in length,

despite constant subunit expression throughout the cell cycle and therefore points away

from proteasomal control of SMX, towards one of cell-cycle-dependent post-translational

modifications571. In yeast, the association of Mus81-Mms4EME1 is strictly cell-cycle

regulated, peaking in G2/M phases that require efficient HJ resolution. Mms4EME1 is

phosphorylated by both Cdc28CDK1/2 and Cdc5PLK1, resulting in stimulation of its HJ-

resolving activity570,572–574. S. pombe Eme1 is instead phosphorylated by Cdc2CDK1 and

Rad3ATR, likely to prime the nuclease in a DNA-damage dependent fashion to achieve

full activation575. Therefore, the restriction of MUS81 activity is achieved by overcoming

cell cycle and DNA damage criteria, and this regulatory mechanism is critical for the

survival of Rqh1BLM-deficient cells575. What has been corroborated for human cells

is that EME1 phosphorylation by CDK1 and PLK1 increases its resolvase activity on

Holliday junctions from MUS81 immunoprecipitates570, and promotes its interaction with

SLX4554,565. Whether EME1 phosphorylation contributes to increased HJ resolution in

human cells or how this would play out mechanistically is still unclear. However, MUS81

activity is contingent on CDK1-mediated phosphorylation of SLX4’s SAP domain that

drives its association with MUS81576. A recent report highlights the 10-fold increase
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in affinity of the MUS81-EME1 interacting region (MIR) of SLX4 towards MUS81 by

CDK1-dependent phosphorylation of residues within this SAP domain, T1544, T1561, and

T1571577,578. The study also showed that phosphomimetic mutations increased the affinity

of an SLX4-MIR peptide towards MUS81-EME1577,578. Reciprocal phosphorylation of

MUS81 occurs, restricted to mitosis and suppressed in S phase, at S87 by CK2, which

enhances its interaction with SLX4 and confers the activation of MUS81577,579. Despite

this, insect cell-purified MUS81 and SLX4 interact when co-expressed, and the interaction

does appear in Y2H experiments, though extra in vivo partners of SLX4 might serve

to deplete this MUS81 interaction.

1.4.4 | SMX in ICL repair

As described earlier (Section 1.3.5.2), SLX4 and XPF are critical components of the

FA pathway. Rad1XPF-Rad10ERCC1 facilitates replication-coupled ICL repair via NER

in G1 and replication-coupled, NER-independent mechanisms in S/G2 where it relies

on interactions with Rpa1, Saw1, and Slx4580. After identifying SLX4’s tandem UBZ4

domains513, its function was easily presumed to be a pivotal link between upstream

monoubiquitylation of FANCD2/FANCI581 and downstream XPF-mediated SLX4-aided

FA progression435. Partial deletion of UBZ4-1 and entire deletion of UBZ4-2 in patients

were associated with ICL hypersensitivity and chromosomal aberrations7,582. Deleting

the SLX4 UBZ4 domain in chicken DT40 cells prevents recruitment to ICL-induced

damage foci and hypersensitises to crosslinking agents442. Deleting the tandem UBZ4

domain removes co-immunoprecipitation of monoubiquitylated FANCD2442, and the

recruitment of SLX4-XPF-ERCC1 is dependent on FANCD2 monoubiquitylation in

Xenopus egg extracts during ICL repair435. A direct interaction, however, has been

contested. SLX4’s UBZ4 domains preferentially bind to K63-linked polyubiquitin chains

over single ubiquitin molecules like those attached to FANCD2 during ICL repair7,443.

Likewise, SLX4 recruitment to laser-induced ICL damage is not prevented in FANCD2-

deficient cells443. There also exists a non-epistatic connection between deletion of the

SLX4UBZ and FANCC in DT40 cells, and laser-striped SLX4 recruitment to ICLs is

independent of ubiquitin E3 ligases RNF8, RAD18, BRCA1442. In most of these works,

however, the use of hypomorphic FANCD2 mutants means that some residual FANCD2
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monoubiquitylation might permit SLX4 recruitment. Whether SLX4 directly binds a

separate ubiquitylated entity (or entities) during ICL repair warrants further study, but

SLX4-dispensable recruitment of XPF to ICLs by UHRF1 has been described440. Recently,

a siRNA-screening approach with a GFP-tagged N-terminal SLX4 fragment (SLX4-N,

1-900) identified RNF168 as essential for MMC-induced SLX4 foci formation, which

colocalise with RNF168 foci583. Laser-induced ICL recruitment of SLX4 depends on

RNF168, and SLX4 and RNF168 show epistasis towards MMC treatment583. Overall, this

study suggests the identity governing SLX4 recruitment to ICLs might be histone H2A,

which is known to be ubiquitylated by RNF168 at K13/K15583,584.

Despite no concrete attribution of how SLX4 is recruited to ICLs, its bona fide

interaction with XPF-ERCC1 is undisputedly essential400,585. The MLR domain of

SLX4 is essential in evading sensitivity to crosslinking agents and mediates the XPF

interaction524,538, with point mutations later identified that eliminated XPF-SLX4 in-

teraction spanning 500 to 558 of SLX4531,586 - FLW531 and FY546 are necessary for

binding to XPF. XPF depletion in SLX4-deficient FA cells does not further perturb

sensitivity to MMC524, and complementation of Slx4−/− MEFs with a point mutant

unable to interact with XPF worsens the chromosomal instability arising from MMC

treatment586. Redundant routes for XPF recruitment have been described, such as via the

UHRF1 scaffold, in a manner independent of SLX4440, thus explaining how SLX4 absence

is preferable to the expression of an SLX4 variant that fails to recruit XPF productively.

SLX4 therefore recruits XPF-ERCC1 to either single replication forks or convergent forks,

stalling at an ICL435,587 and also enhances unhooking of an ICL by XPF-ERCC1-mediated

incision(s)435,541. The precise position of this incision has been reported on the leading

strand template 3′ to the ICL541,588 but also 5′ to the ICL444,589. This 5′ cut is stimulated

by RPA and suggested to introduce an entry point for the 5′-3′ exonuclease, SNM1A,

which is capable of digestion through an ICL444,445. Supposing an exonuclease carries out

the complete unhooking step, it is also possible that the SNM1A-related SNM1B/Apollo

exonuclease can fulfil this function, as it has been shown to digest 5′ to 3′ through an

ICL590, which corroborates an immunoprecipitation-based interaction observed between

SLX4 and Apollo591. Dual incision, which would be sufficient for total unhooking,

has, however, been suggested for XPF-ERCC1588,589, in a manner heavily influenced by
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SLX4541. SLX4 depletion in Xenopus egg extracts inhibits unhooking incisions and overall

replication-coupled ICL repair, with a transient interaction between the BTB domain of

SLX4 and XPF required to place XPF-ERCC1 appropriately relative to the ICL435,587.

In NER, the role of the second incision falls upon a second nuclease, XPG, and it is yet

unclear whether in vivo, unhooking requires a second cut by e.g. SLX1 or FAN1, though

SLX1 is not required for ICL repair in Xenopus egg extracts525.

Mus81−/− and Eme1−/− mES cells are susceptible to crosslinking agents592–595, but

this level of sensitivity is only a fraction of that of Ercc1−/− cells594, and MUS81’s protec-

tive role against crosslinking agents is not dependent on an interaction with SLX4540,596.

SLX4’s SAP domain is not critical for resistance to ICLs, and MUS81 does not play

a part in the replication-coupled ICL repair in Xenopus egg extracts435. However, in

HCT116 MUS81−/− cells, an SLX4-binding mutant of MUS81 could not rescue MMC

hypersensitivity596. It is possible to infer that the role of MUS81 in these genetic

susceptibilities towards crosslinking agents is a consequence of a reduced proficiency

in HJ resolution, which forms part of the eventual resolution of ICLs via HR. Nevertheless,

DSBs caused by unhooking were found to be dependent on MUS81 when XPF-ERCC1

and SLX4 were depleted, perhaps suggesting this 3′-flap endonuclease can compensate

for its related XPF counterpart445. SLX1 also appears necessary for ICL repair in MEFs

in a manner not dependent on any HJ cleavage activity, given that SLX1 is not required

for increased SCE formation by ICLs540. Still, human cells require MUS81-EME1 and

SLX1, but not XPF, for elevated SCEs induced by cisplatin treatment554 or MMC565. It is

noteworthy that the majority of crosslinking agents used in these studies are promiscuous,

generating mono-adducts at least as frequently as they might crosslink597. Therefore,

the observed phenotypes might instead reflect MUS81-EME1 and SLX1 acting on forks

that have been stalled by ssDNA adducts.

1.4.5 | The supernumerary functions of SLX4

1.4.5.1 | Replication stress response

Camptothecin-induced trapping of TOP1 generates DSBs that replication forks encounter

and are stalled at598. SLX4 is intrinsically linked in this process323,517, dependent

on its association with MUS81, and to a lesser extent, SLX1524. Such dependencies
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suggest MUS81 cleavage of toxic replication fork intermediates occurs following TOP1cc

collisions599,600, while the partial reliance on SLX1 possibly reflects the requirement of HJ

processing after HR restarts replication forks. Abraxas, as part of the BRCA1-A complex,

limits the build-up of single-ended DSBs arising from SLX4/MUS81 activity at TOP1cc-

stalled replication forks and does so by counteracting K63-linked polyubiquitylation601.

More recently, the Tus-Ter replication fork barrier developed by Scully and colleagues was

applied to understand how SLX4 contributes to their resolution544. It is SLX4’s interaction

with XPF in this particular context, and not MUS81-EME1 nor SLX1, that is required

for HR at DNA-protein stalled replication forks and SLX4-XPF cleavage also launches

the induction of long-tract gene conversion by BIR from a DSB544. The requirement of

SLX4-XPF was also needed for further downstream DDR factor recruitment at forks stalled

by LacI binding to lacO arrays602. The SIMs of SLX4 play a part in permitting cleavage

of CPT-induced replication intermediates529, and these motifs are suggested to explain

the observed presence of SLX4 at replisomes by iPOND (isolation of proteins on nascent

DNA) experiments603. Mutating SIMs also diminishes HU-induced DSB formation531

and prevents RNF4-dependent condensation of SLX4, which can also be observed for

the SLX4F708R dimerisation-mutant604. ATR inhibits the RAD18 monoubiquitylation of

PCNA through phosphorylation near a PIP box, which prevents SLX4 recruitment to

ub-PCNA and limits excessive stressed fork processing by SLX4-associated nucleases605.

MUS81-mediated DSBs are critical for replication fork restart83,594,606,607 and therefore

SLX4 contributes to DSBs after HU treatment531,608. While it is often difficult to attribute

which exact complex of MUS81 (whether alongside EME1 or EME2) enacts particular

functions, it is clear that MUS81 is incapable of catalysis without one of the two partners.

Nevertheless, the specific MUS81-EME2 complex appears more relevant at HU-stalled fork

processing83,607. A BRCA1/SLX4-MUS81 complex has been attributed to the formation

of DSBs in HCT116 cells treated with HU609, which might be bridged by a BARD1-

MUS81 interaction axis involving a phosphorylated BARD1 ‘MUSIC’ motif, which has

been connected to the resolution of joint molecules as a backup to BLM610. PLK1 kinase

activity has been shown to regulate SLX4’s interaction with MUS81554,576,609. The nature

of SLX4-dependent (/MUS81-dependent) DSBs at replication forks is not always to the

benefit of a cell; SLX4 or MUS81 depletion provides resistance to HU531,611. HU treatment
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in combination with an ATR inhibitor results in further replication stress, DNA breaks and

longer ssDNA tracts due to the derepression of origin firing78. In this study, breaks are

created depending on SLX4, yet somehow not MUS81 nor XPF/SLX1. However, this may

reflect redundancy between the three SLX4-scaffolded nucleases612. In Candida albicans,

Slx4 deletion did not sensitise cells to HU but did to MMS613, conflicting with the reports

in human cells. In ATR-deficient cells, aphidicolin-induced DSBs are partly dependent on

SLX4614, downstream of RNF4-dependent E3 ubiquitin ligase activity and activation of

the AURORA-PLK1 pathway, which might serve to enhance the SLX4-MUS81 interaction

or help remodel forks such that they are more appropriate substrates for SLX4 nucleases.

To further this hypothesis, FANCM depletion reduces the enrichment of SLX4-MUS81

observed in RAD51C-deficient cells at stalled forks after HU treatment615. Contrastingly,

both SLX4, MUS81 and their mutual interaction are required for the DSBs that arise from

HU-treated cells following CHK1 inhibition608. Yet, another study prescribes the response

to replication stress to SLX1-SLX4 and XPF, but not MUS81616. Many interpretations

surrounding SLX4-scaffolded nucleases and their impact on the replication stress response

are currently conflicting, though they are likely to reflect compositional heterogeneity

and redundancy between nucleases.

The action of several helicases such as SMARCAL182,617, FANCM94, ZRANB389,

and FBH1611 can enact the reversal of stalled forks generating a more suitable substrate

for MUS81 cleavage324. Indeed, MUS81 can incise reversed forks following Cyclin

E/CDC25A overexpression-induced replicative stress618 or in HU-treated BRCA2-deficient

cells83. An established prerequisite for MUS81-dependent cleavage of reversed replication

forks is the first exonucleolytic activity by MRE11 to trim annealed nascent strands into a

ssDNA tail83,619. MRE11-dependent degradation of reversed forks contributes to MUS81-

dependent cleavage in cells absent of fork-protective BRCA1/BRCA2, which loads RAD51

on ssDNA tails within reversed forks to protect them from nuclease digestion88. The ability

of SLX4-MUS81 to produce DSBs means stalled replication forks sit on a knife’s edge

regarding cell viability: cleavage either aids fork revival where sufficient DSB repair

machinery is available or forces their collapse and degradation otherwise.

SLX4 and MUS81 promote the survival of BRCA2-deficient cancer cells by initiating

MiDAS by MUS81 DSB generation620. An alternative EZH2 (the catalytic component of
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the polycomb repressive complex 2; PRC2)-MUS81 interaction promotes the enrichment

of MUS81 at chromatin but impairs the viability of BRCA2-deficient cells621. WEE1

inhibition, through premature entry into mitosis and excessive origin firing, can manifest

replication stress, which leads to DSBs and DNA damage in a manner dependent on

SLX4 and MUS81-EME1 as well as MUS81-EME2576,622. The DNA damage in this

context is a total pulverisation of chromosomes, referred to as chromothripsis, which,

along with a phenotype of premature entry into mitosis, is prevented by depletion of SLX4,

MUS81 or EME2576. WEE1 inhibition of CDK1 and PLK1 activity might prevent the

association of MUS81 with SLX4, limiting the contribution of MUS81 to chromothripsis

in this scenario576.

1.4.5.2 | Dampening of cell cycle checkpoint signalling by SLX4

An interplay between yeast Slx4 and two BRCT-containing scaffold proteins, Rtt107PTIP

and Dpb11TopBP1 has revealed pivotal roles for Slx4 in the replication stress response,

governed by phosphorylation and various protein-protein interactions527. These inter-

actions enable Slx4 to restrain Rad53CHK2 activation while simultaneously promoting

Mec1ATR signalling623,624. In response to methyl methanesulfonate (MMS)-induced DNA

damage, Slx4 forms a ternary complex with Rtt107PTIP and Dpb11TopBP1, stabilised by

the recognition of H2A phosphorylation at S129 (equivalent to γH2AX) and Ddc1RAD9

phosphorylation at T602625. Ddc1RAD9, Rad17RAD1 and Mec3HUS1 combine to form

the PCNA-like sliding clamp that bears homology to the human 9-1-1 complex com-

posed of RAD9-RAD1-HUS1626. This Rtt107PTIP–Slx4–Dpb11TopBP1 complex dampens

Rad53CHK2 activation by competing with Rad953BP1 for binding to Dpb11TopBP1, thereby

limiting Rad53CHK2 hyperphosphorylation and mitigating its toxic effects on cell cycle

progression and DNA repair627,628. Notably, Slx4 contributes to long-range DNA end

resection (>10 kb) by displacing Rad953BP1, a molecular barrier to resection, and alleviates

Rad53CHK2-mediated inhibition of DNA repair factors such as Exo1536,537. An Rtt107PTIP-

Mms22MMS2L axis appears to act redundantly with in the displacement of Rad953BP1 from

chromatin for the dampening of checkpoint activation629.

In addition to its regulatory roles in Rad53CHK2 signalling, Slx4 facilitates Mec1ATR ac-

tivation behind stressed replication forks. Through the Rtt107PTIP–Slx4–Dpb11TopBP1–Ddc1RAD9
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complex, Slx4 enhances Mec1ATR-dependent phosphorylation of its own components and

downstream targets, promoting checkpoint signalling while allowing timely activation of

the Mus81–Mms4EME1 endonuclease for joint molecule (JM) resolution625,628. These

regulatory interactions are mediated by phosphorylation of Slx4 and Mms4EME1 by

Cdc28CDK1/2 and Cdc5PLK1, which stimulate Mus81–Mms4EME1 enzymatic activity in

G2/M573,630. Importantly, Slx4’s role in JM resolution and SSA repair is independent of

its Rad953BP1 competition function, relying instead on its coordination of endonucleases

such as Rad1XPF-Rad10ERCC1515,545. Together, these findings underscore Slx4’s dual

role in checkpoint regulation and DNA repair, balancing replication stress responses to

maintain genomic stability while facilitating DNA repair and replication restart. Insights

from yeast studies provide a framework for understanding similar mechanisms in human

SLX4-TopBP1 interactions, which is also regulated by phosphorylation of SLX4 at T1260

by CDK1628, though so far the only attribution of this link reflects SLX4-MUS81’s

role in MiDAS631.

1.4.5.3 | Mitotic DNA synthesis (MiDAS)

Even with low-level aphidicolin leading to minimal replication stress, under-replicated

CFSs (Section 1.2.2) persist into mitosis, requiring MUS81-EME1 for their breakage

and subsequent repair. SLX4 colocalises to mitotic foci, and its depletion results in

anaphase bridges, micronuclei and 53BP1 bodies in the following G1, hallmarks of CFS

instability529,531,632. SLX4 forms foci in mitotic cells that colocalise with FANCD2 foci

and recruits XPF-ERCC1 and MUS81-EME1531,632. Cleavage by SLX4 nucleases is

not sufficient for genome stability, despite permitting chromatid separation at mitosis,

since under-replication precedes instability in subsequent cell cycles. However, the breaks

generated by SLX4-MUS81-EME1 prime a mitotic DNA synthesis process termed MiDAS,

which is required for CFS maintenance632. Mechanistically, MiDAS resembles a break-

induced replication (BIR) activity, requiring RAD52 and POLD3632,633. MiDAS or BIR-

like conservative replication also applies at some telomeres and is referred to as alternative

lengthening of telomeres (ALT), which maintains the repeat length of telomeres in a

subset of cancer cells that do not reactivate telomerase634,635. SLX4’s recruitment to CFSs

might involve TopBP1, which also promotes MiDAS alongside generally maintaining
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damaged chromatin through mitosis until more favourable repair environments in the next

G1636,637. In MSI cancers, repetitive sequences like TA repeats frequently stall replication

forks such that these sequences can restructure into cruciforms, vulnerable to cleavage by

SLX1-SLX4638 or SLX4-MUS81-EME1181. Despite the overlapping characteristics of

CFSs with rare, fragile sites (RFSs), the specific induction of RFSs at the FRAXA locus by

folate deprivation is resolved by a form of MiDAS dependent on POLD3, but in this case,

also RAD51 and SLX1639. This dependency was not observed for MUS81 nor XPF but

did require SLX4639 and may reflect the at-baseline requirement of SLX1 in cells.

1.4.5.4 | SLX4 at telomeres

Telomeres, repetitive DNA sequences at chromosome ends, assemble the shelterin complex

to protect chromosomes from degradation, illegitimate repair, and checkpoint activation640.

Telomere shortening during replication leads to senescence, although cancer cells evade this

by reactivating telomerase or using the ALT pathway, a recombination-based mechanism641.

SLX4’s role at telomeres emerged from its identification as a binding partner of TRF2, a key

shelterin component323,513,517. TRF2 facilitates T-loop formation, shielding telomeres from

ATM activation and end-processing enzymes, but must also regulate T-loop dismantlement

during replication. SLX4, with SLX1 and MUS81-EME1, contributes to this disassembly,

balancing telomere protection with replication642,643. SLX4 acts as a negative regulator

of telomere length by mediating T-loop processing to generate T-circles and promoting

telomeric homologous recombination (HR) events, such as sister chromatid exchanges (T-

SCEs)644,645. In ALT cells, SLX4 is recruited to telomeres via TRF2, with its localisation

correlating with telomere length and peaking in late S-phase645–647. TRF2, using its TRFH

dimerisation domain, recruits SLX4 via a short linear TRF2-binding motif (TBM), which is

crucial for SLX4’s telomeric functions, including recruiting its associated SSEs like SLX1,

XPF-ERCC1, and MUS81–EME1523,644. Interestingly, SLX1 is essential for preventing

telomere elongation and replication-induced fragility, particularly in ALT cells643,645.

Mouse SLX4 lacks this TBM, but somatic cells in mice do not repress telomerase648 and

may, therefore, be less reliant on TRF2-dependent telomere maintenance pathways or

avoid the recruitment of nucleases to extending and thus deprotected telomeres.

SLX4 prevents telomeric fragility and dysfunction-induced foci (TIFs) in both ALT- and

telomerase-positive cells. SLX4 deficiency leads to telomere fragility, particularly in cells
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with long telomeres or replication stress-prone regions like CFSs as discussed earlier643,646.

In ALT-positive cells, SLX4 depletion reduces T-SCEs and increases telomere dysfunction-

induced foci formation, effects not rescued by mutants unable to bind TRF2 or SLX1645.

TRF2 further protects telomeres by inhibiting PARP1 and SLX4 recruitment, preventing

excessive telomere attrition and T-circle excision649–651. In mice, where SLX4 lacks the

TBM, telomere protection involves alternative mechanisms, such as PARP1-mediated

recruitment of SLX4 under dysfunctional conditions652. Functional interactions between

SLX4, its SSEs, and helicases like RTEL1 and BLM are critical for telomere stability.

RTEL1, recruited by TRF2 in S-phase, prevents T-loop excision by SLX4-associated

nucleases and maintains telomere replication fidelity653,654. POLD3-dependent, BIR-like

ALT to extend telomeres is promoted by BLM dissolution of recombination intermediates

but opposed by SLX4-dependent T-loop processing, leading to limiting of ALT markers like

APBs and C-circles645,655. In SMARCAL1-deficient cells, SLX4 contributes to telomeric

damage and C-circle formation, highlighting distinct mechanisms of SLX4 action in

telomerase-positiveversus ALT contexts656,657. An ATR cascade inhibiting a RAD18-

dependent PCNA-SLX4 interaction limits SLX4 accumulation at telomeres and preserves

ALT telomere stability605. However, independent of either CSB or SLX4, XPF-ERCC1 is

recruited to telomeres, for the instigation of break-induced lengthening of telomeres, de-

pendent on the formation of RNA:DNA hybrids at these ALT telomeres called TERRA658.

An SLX4-dependent SLX1 break has also been found to initiate BIR at telomeres, leading

to fragile telomeres659. Therefore, different instances demand the action of each of the

SSEs scaffolded by SLX4. Nevertheless, SLX4 plays a dual role in telomere regulation,

acting as a mediator of T-loop dismantlement and a suppressor of excessive telomere

processing. These functions underscore its importance in telomere length homeostasis,

replication stress responses, and genome stability in ALT and telomerase-positive cells.

1.4.5.5 | Additional roles of SLX4 and its nucleases

An emerging aspect of XPF function does not require scaffolding by SLX4. R-loops

can present a distinctive DNA damage scenario, but are perilous when the RNA:DNA

helicase syntaxin (SETX) or BRCA1 are depleted, resulting in the release of DNA

hybrids into the cytoplasm. These cytosol-expelled dsDNA triggers cGAS-immunogenic
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signalling and eventual cell death660 and cleavage by XPF and XPG are determinants of

this pathway660. Conflictingly, however, an association between RTEL1 and SLX4 co-

localises to transcribing RNA pol II, promoting FANCD2 co-localisation, in a yet-unclear

mechanism that promotes the resolution of replication-transcription conflicts661, and also

MiDAS at G-quadruplex-associated R-loops116. Beyond the DNA damage response, SLX4

has surprising annotations within the literature relating to immunity and retrotransposition.

In the context of HIV infection, SLX4 is hijacked by the HIV-1 accessory protein Vpr to

induce G2/M cell cycle arrest and escape the innate immune response662. Vpr interacts

with MUS81-EME1 and XPF-ERCC1 within the SLX4 complex, facilitating premature

activation of the SLX4 complex, potentially targeting replication intermediates662. SLX4

also binds viral DNA and promotes its nucleolytic degradation to restrain innate immune

sensing, with SLX4 deficiency linked to enhanced cytosolic accumulation of nucleic acids

sensed by the cGAS-STING pathway663. Furthermore, SLX4 and MUS81 were shown

to limit LINE-1 retrotransposition and inflammatory signalling, suggesting their role in

maintaining genomic stability and suppressing chronic inflammation663. Recombinant

SLX4-XPF-ERCC1 cleaves intermediates of retrotransposition, and loss of XPF-ERCC1

enhances LINE-1 retrotransposition664. Protection against retrotransposition during early

development, where transcriptional silencing is weakened, might well contribute to toxic

phenotypes of Fanconi anaemia in development.

1.4.6 | SLX4IP

SLX4IP is present only in vertebrates and was initially identified through mass spectrometry

as co-immunoprecipitating with SLX1 and SLX4, though its structure and precise roles

remain incompletely understood323. SLX4IP has a well-ordered N-terminus, composed

of α-helices and anti-parallel β -sheets, and a highly disordered C-terminus, which, akin

to SLX4, contains three hypothesised SIMs, although these motifs are critical for its

interaction with SLX44,665–667. It directly interacts with SLX4, primarily through SLX4’s

MLR domain, which also binds XPF, raising the possibility of mutually exclusive or

cooperative interactions between SLX4IP and XPF within the SMX complexes547,668. This

interaction may stabilise the macromolecular complex, as SLX4IP’s stability decreases

in the absence of SLX4 or XPF547. SLX4IP plays a critical role in the repair of ICLs
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in non-ALT cells. Its disruption in HEK293 cells leads to hypersensitivity to MMC, but

not to UV or IR or camptothecin, indicating a specific role in ICL repair547. Given its

interactions with SLX4 and XPF, SLX4IP may stabilise the SLX1-SLX4-XPF-ERCC1

complex or assist in substrate positioning within the XPF-ERCC1 active site. This

hypothesis aligns with observations that SLX4IP disruption modestly reduces crosslink

unhooking efficiency in vivo547. SLX4IP may also modulate nuclease activities of the

SMX complexes on downstream recombination intermediates, such as HJs, which warrants

further investigation.

In ALT-positive cells, SLX4IP emerges as a regulator of the telomeric proteome. It

correlates with SUMOylation of telomeric proteins like RAP1 and XPF and facilitates

interactions between SLX4 and PIAS1, an E3 SUMO ligase669. SLX4IP-mediated

SUMOylation of RAP1 modulates NF-κB signalling by promoting RAP1’s interaction with

the IKK complex, leading to nuclear translocation of NF-κ and activation of oncogenic

pathways669,670. This regulation also influences Notch signalling and represses genes

such as TERT, ATRX, and DAXX, hallmarks of ALT669. Interestingly, SLX4IP balances

endonuclease and helicase activity at recombining telomeres, mediating the resolution

via SLX4 and dissolution via BLM668. SLX4IP depletion exacerbates ALT phenotypes,

increasing markers such as ALT-associated promyelocytic leukaemia bodies (APBs),

telomere length heterogeneity, and telomeric DNA damage while reducing productive

telomere maintenance667,668. Its roles in stabilising SLX4-containing complexes, modulat-

ing SUMOylation, and mediating interactions with helicases and endonucleases highlight

its importance in genomic stability and telomere dynamics. Further studies are needed to

elucidate its structural features, substrate specificity, and impact on DNA repair and

recombination intermediates.

1.4.7 | Structural aspects of SLX4 and its nucleases

The current structural landscape of the SMX complex is summarised in Figure (Sec-

tion 1.8). While significant progress has been made in the last decade, structural coverage

encompasses an estimated 63% of all SMX proteins (51% if only mammalian homologs

are considered) with particular shortcomings in structural data on SLX4, mammalian or

otherwise (Figure 1.8b, top left panel) and mammalian SLX1 (Figure 1.8b, top right panel).
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Figure 1.8 | The SMX complex and prior structural information. a, Domain organisation map
of SMX adapted from ref324. Domains listed: UBZ – ubiquitin binding Zn finger; MLR – MUS312-MEI9
interaction-like region; BTB – broad complex, tramtrack and bric-a-brac; SAP – SAF-A/B, Acinus
and PIAS; CCD – C-terminal conserved. DEAH SF2 - DEAH box containing superfamily 2; ERCC4
– excision repair cross-complementation group 4 catalytic domain; HhH2 – dual helix-hairpin-helix;
GIY-YIG – GIY-YIG motif-containing nuclease domain of SLX1; RING – really interesting new gene Zn
finger domain; WH – winged helix domain. Arrows indicate interacting regions, * denotes key catalytic
residues. b, Structural coverage of the SMX complex. Mapped sequences of prior structural data for
each SMX protein (and EME2) component in the PDB, aligned to the human protein sequence by the
Biopython package function localxx. Black lines indicate human structures, with orthologues in other
greys, as shown.

1.4.7.1 | The sparsely annotated architecture of SLX4

SLX4, much like the long-sought BRCA1 complexes or RAD51 paralogues (recently

resolved structurally671), exemplifies a largely unstructured protein with multiple inter-

action partners critical for its stability and function. The structural characterisation of

SLX4 remains limited, with only a few small, ordered, and highly conserved domains

identified within its 1834 amino acid length. Notably, the BTB domain, essential for

SLX4’s nuclear localisation and foci formation, particularly at telomeres, has been

resolved as a homodimer523. This structure revealed key contact residues, F681 and

F708, critical for dimerisation and highlighted a buried hydrophobic surface, suggesting

that homodimerisation might stabilise this region in cells, as no other oligomeric states

were observed523. Interestingly, an unpublished crystal structure (PDB: 4UYI) reports a

homotrimeric BTB domain. However, these findings may be influenced by crystal packing

artefacts and might not fully represent the oligomeric state within cells. Additional insights

come from the yeast Slx4, where the CCD forms a complex with Slx1, revealing how

this region engages one dsDNA arm of a 5′ DNA flap. Furthermore, work by Wyatt

and colleagues demonstrated how the SAP domain of SLX4 alleviates an autoinhibitory

interaction with the N-terminal HhH motif of MUS81324. Phosphorylation of the SAP

domain was shown to induce structural compaction, enhancing its affinity for MUS81577.

Together, these findings highlight SLX4’s modular architecture and its dynamic and

intrinsically disordered nature as a scaffold in DNA repair.

Inspection of AlphaFold’s predictions for SLX4, or SLX4-nuclease(s) complexes

expectedly offers little insight beyond what has been deposited in the PDB. A prediction

of all components at equal stoichiometry highlights all established/theorised interactions

(Figure 1.9a, b): 1, the GIY-YIG and RING domains of SLX1 and SLX4’s CCD; 2,
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the N-HhH domain of MUS81 and SLX4’s SAP domain; 3, regions of XPF’s SF2

helicase-like domain and ERCC4 domain and SLX4’s MLR domain. A weaker interaction

(AlphaBridge i-score of 0.45, usual cutoff 0.5) predicted between the ERCC1 HhH domain

and SLX4’s UBZ4 domain could suggest a novel point of XPF-ERCC1 regulation. While

showing an overall compact fold and what appears to be interfaces between unexpected

interactors (Figure 1.9c, e.g. between ERCC1 in orange and EME1 in light green), there

is generally low confidence (pLDDT) in the majority of SLX4’s structure and these

non-canonical interfaces score poorly in overall PAE (Figure 1.9a), highlighting how

experimental structural information is still indispensable for SLX4, even in the age of

artificial intelligence-driven structure prediction.

1.4.7.2 | SLX1

SLX1 is a unique SLX4-guided structure-selective endonuclease, distinguished by its

polarity in DNA incision. Unlike XPF and MUS81, which exhibit 3′-flap endonuclease

activity, cleaving double-stranded DNA to produce 3′-ended single-stranded DNA (ssDNA)

flaps, SLX1 harbours oppositely orientated 5′-flap endonuclease activity. This specificity

is crucial for processing diverse DNA structures during replication, recombination, and

repair. SLX1 comprises two key domains: the N-terminal GIY-YIG endonuclease domain

(residues 13-89) and the C-terminal RING/FYVE/PHD-type zinc finger domain (residues

184-253)522. The GIY-YIG domain features compact "GIY" and "YIG" motifs, coordinated

by a central arginine and C-terminal glutamate critical for divalent metal ion binding and

catalytic activity519. ANKLE1, another member of the GIY-YIG nuclease family, shares

structural features with SLX1 and plays roles in DNA damage repair, particularly in

chromatin bridge cleavage during mitosis, mitochondrial DNA cleavage, and activation

of mitophagy and STAT1 signalling672,673. However, the functional parallels between

ANKLE1 and SLX1 remain largely unexplored. Structural studies of yeast homologs

of human SLX1 provide insights into the organisation of the GIY-YIG domain, which

comprises a network of five β -sheets surrounded by α-helices. The conserved GIY-YIG

hairpin, formed between β1 and β2 strands, and catalytic residues — an arginine in α1 and

glutamate in α2 — are central to its nuclease activity517,540. Comparative fungi structures

reveal differences in domain organisation where a β -hairpin between β4 and β5 is present
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Figure 1.9 | AlphaFold3 prediction of the SMX complex. a, Per-residue predicted aligned error
(PAE) for the top-ranked (based on average pLDDT) models of SLX4-SLX1-MUS81-EME1-XPF-ERCC1
(SMX) from AlphaFold3. b, Circos plot highlighting AlphaBridge-predicted interaction interfaces between
SMX components using the model from a. c, Structural model of SMX using AlphaFold3. SLX4 is
shown as a surface (purple) to highlight how each of XPF-ERCC1 (red-orange), MUS81-EME1 (greens)
and SLX1 (blue) individually interact with SLX4. d, Contact map highlighting notable buried surface
area between SMX components. Nodes reflect each component with their chain ID labelled. The
edges between nodes are solid where chain-chain interfaces bury ≥ 300 Å2, and dotted where the buried
surface area is < half of the greatest interacting area.
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in apo forms of Slx1 but absent in Slx4-bound complexes, suggesting conformational

changes upon Slx4 binding. A notable feature in the structure of Slx1 is a long α-helix

that scaffolds the GIY-YIG and RING finger domains (Figure 1.10), with varying lengths

observed in different fungi species. This variation’s impact on Slx1 function remains

unclear and warrants further investigation, especially since human SLX1 replaces this

region with a long disordered sequence. The RING finger domain consists of α-helices

and β -sheets with two zinc ions. Unlike RING domains in E3 ubiquitin ligases, SLX1’s

RING domain likely stabilises its interaction with SLX4 or mediates homodimerisation

in the absence of SLX4517. In Candida glabrata, Slx1 forms a stable homodimer in

the absence of Slx4, partially blocking nuclease activity by obstructing the active site.

Prevailing theories suggest that Slx4’s orientation presents a competitive opportunity for

heterodimerisation instead. The dimerisation of Slx1 may reflect a fundamental principle

of folding that necessitates the burial of polar surfaces, potentially leading to proteasomal

degradation if SLX1 is forced to remain as a monomer without Slx4. A plant (Arabidopsis

thaliana) SLX1-like homolog, AtHIGLE, cleaves branched DNA substrates in vitro but

without an SLX4 homolog and unlike the C. glabrata SLX1, exists as a functionally

active dimer able to produce two symmetric nicks around a HJ674. Monomerisation can

be achieved by removing AtHIGLE’s C-terminal region, which enhances and changes

the nature of nicking674. However, in human cells, SLX4 is required for SLX1 stability,

discrediting theories of regulation through homodimerisation527. SLX1’s exhibition of

nuclease activity on various DNA substrates, including replication forks, splayed arms, 5′

and 3′-flaps, and Holliday junctions, is reliant on DNA binding by three positively charged

sites. Site I residues in α1 helix bind dsDNA near the branchpoint, critical for substrate

positioning675,676. The second site is located in the crucial glutamate-containing helix and

interacts with ssDNA in a manner essential for catalytic activity675. The final site involves

the GIY-YIG hairpin loop and other structural elements, ensuring catalysis occurs only

when the DNA is correctly aligned676. Mutations in Sites I and II impair DNA binding

and catalytic activity, highlighting their cooperative roles in DNA incision521.

A key challenge with structural models of SLX1 is the discrepancy between its

perceived in vitro activity and the placement of active site residues on model substrates.

In vitro, the primary cleavage product is typically an incision between the 3rd and 4th
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Figure 1.10 | Structures of Slx1-Slx4 in an apo and substrate-bound form. The overall structure
of S. cerevisiae Slx1-Slx4CCD in apo (left, PDB: 7CQ3) and 5′-flap-bound (right, PDB: 7CQ4) forms.
The long α6 helix of Slx1 is highlighted.

nucleotide 3′ of the ss/dsDNA junction. Mechanistically, it was proposed that SLX1’s

action might resemble that of the Hpy188I restrictase, where the tyrosine residue in the

GIY motif (specific residue in human SLX1 is to be confirmed) serves as a general base for

activating a nucleophilic water molecule675,677. SLX1-SLX4 is a unique structure-selective

endonuclease capable of cleaving various branched DNA structures. This versatility is

critical for maintaining genome stability, playing roles in responding to replication stress,

regulating telomere function, and participating in several DNA repair pathways, including

homologous recombination and ICL repair.

1.4.7.3 | The common folds of MUS81-EME1/2 and XPF-ERCC1

As an obligate heterodimer, XPF-ERCC1 dimerises through helix-hairpin-helix motifs

(HhH2), similar to MUS81-EME1. The N-terminal region of the SLX4 scaffold interacts

63



Chapter 1. Introduction

with XPF-ERCC1 via its MLR513,586, enabling replication-coupled ICL repair as part of

the FA pathway. SLX4 enhances the nucleolytic activity of XPF-ERCC1 towards fork-like

structures, especially containing an ICL435. XPF comprises a helicase-like domain at

its N-terminus, which links to the HhH domain through the central catalytic, excision

repair cross complementation group 4 (ERCC4) endonuclease domain678. This ERCC4

domain carries the critical catalytic residues within its central β3 and β4 strands that make

up the GDXnERKX3D motif, which is similar to the PDXn(E/D)XK motif that define

catalysis in type II restriction endonucleases679. Though ERCC1 doesn’t participate in

catalysis, it also adopts a central ERCC4-like domain, though the 725ERKSISD residues

that are present in XPF are mutated to 139LFLSLRY in ERCC1680. This is a feature of

the other two human complexes that also make use of ERCC4-like domains. MUS81,

with catalytic residues intact, contains an ERCC4 domain, and so do both of its binding

partners, EME1 and EME2681. Like ERCC1, catalytic residues in the ERCC4-like fold of

EME1/2 have become non-functional. Though the overall domain structure also applies,

the FANCM-FAAP24 complex breaks the asymmetric catalytic/non-catalytic heterodimer

rule that pertains to XPF/MUS81 complexes. Both FANCM and FAAP24 have lost

catalytic residues, though the divergence in FANCM is comparatively minimal, maintaining
1864ERRSQSE in this motif682. Despite not all three complexes showing characteristic

3′-flap-like nuclease activity, they all show an affinity for binding junction-containing DNA

structures680. Unsurprisingly, the major domains of XPF/MUS81 employ helicase-like

domains, since helicases can capture both dsDNA and ssDNA at some point in their

catalytic cycles, which are often reversible683.

XPF Structures of archaeal homologs of XPF, such as the Pyrococcus furiosus or

Aeropyrum pernix Hef, form homodimers, providing valuable context to the evolutionary

origins of ERCC4 domain-containing heterodimers684,685. DNA binding appears to

compact the overall structure into an active conformation685. The HhH domain makes

significant contacts with DNA, as it does in a Sulfolobus solfataricus XPF homolog686, and

a linker between the HhH domain and the ERCC4 domain facilitates domain movement to

enable recognition and cleavage. The flexibility in this linker also allows the formation of

an asymmetric dimer where one protomer is catalytically active, mimicking XPF-ERCC1

heterodimers. The structural model suggests that the branched DNA substrate binds the
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HhH domain dimer in two orientations with linker flexion activating one nuclease domain

to cleave the 3′ overhang686. Importantly, two separate sites engage the upstream duplex

and ssDNA regions individually, but their orthogonal positioning necessitates a 90◦ bend

at the junction, which is likely encouraged in cells by the stabilisation of TFIIH/XPA in

NER687 or SLX4 in the FA pathway686. It is possible FANCM’s supposed remodelling

of converged forks into a chicken-foot structure also promotes distorting to ∼90◦ at the

ssDNA/dsDNA junction to facilitate XPF binding and cleavage688.

Both the archaeal Hef proteins and human FANCM contain functional superfamily 2

(SF2) DEAH domains. Functional helicase activity in the equivalent domains of human

XPF and MUS81 due to missing residues that bind and hydrolyse ATP689,690, but the Hef

helicase domain combines and enhances the endonuclease activity on fork structures691.

Nevertheless, the DEAH-like domains in XPF and MUS81 contain a pair of classical

RecA-like folds that enact DNA translocation, separated by an α-helical domain692. While

inactive, deleting the helicase domain severely reduces the cleavage activity of XPF but

does not change the substrate-specificity profile in vitro693.

For human homologs, structures of the HhH domains of XPF and ERCC1 alone

highlight how while both participate in heterodimerisation, only the HhH domain of

ERCC1 binds dsDNA694–696. One set of full-length structures of XPF-ERCC1 was also

made available more recently by the Neil McDonald group. These show XPF-ERCC1 in

an auto-inhibited conformation whereby XPF’s helical domain conceals the HhH domain

of ERCC1 and precludes access to XPF’s catalytic site696. In this state, XPF’s HhH and

ERCC1’s ERCC4-like domain are fully solvent-accessible and able to interact with their

predicted ssDNA region. With DNA bound, XPF’s SF2 domain disassembles, which

releases the HhH domains of XPF and ERCC1, and these domains can then coat the minor

groove of the junction-adjacent dsDNA duplex696, though primarily through interactions

of ERCC1694,695. This state resembles the DNA-bound structures of Mus81-Eme1697

and A. pernix XPF686, highlighting the compaction of the XPF/MUS81 HhH domains

against ERCC4-like domains of ERCC1/EME1. Displacement of the HhH domains

uncovers the dsDNA-binding surface of ERCC1’s Hhh domain and properly synergises

both ss- and dsDNA-binding activities of ERCC1 by compacting the overall ERCC4-HhH

fold696. However, the autoinhibitory apo state may be an artefact alleviated in cells through
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Figure 1.11 | Structures of XPF-ERCC1 in apo and substrate-bound forms. The overall
structure of H. sapiens XPF-ERCC1 by cryoelectron microscopy in apo (left, PDB: 6SXA) and dsDNA-
bound (right, PDB: 6SXB) forms. Upon substrate binding, the movement of the ERCC1 HhH domain
away from the XPF SF2 helicase domain is shown by an arrow.

the licensing/activation of XPF-ERCC1 by SLX4 for ICL repair, or XPA for NER. A

surprising finding was that XPF-ERCC1 preparations were abundantly constituted of a

heterotetrameric state, which could not be resolved with improvement beyond 14 Å696.

MUS81 Mus81 was identified through its cooperation with Rad54, a recombination/repair

protein, in S. cerevisiae and the checkpoint kinase Cds1CHK2 in S. pombe566,698,699, while

its human counterpart was later discovered through homology searches700. MUS81

features separated HhH motifs at its N- and C-termini, with the C-terminal region also

containing a pseudo-HhH motif whose functionality remains unclear701,702. The MUS81

ERCC4 nuclease domain also consists of a GDXnERKX3D motif with the sequence
333ERKRLDD in MUS81. The non-catalytic partners, EME1 and EME2 in humans

or Mms4/Eme1 in S. cerevisiae/S. pombe, also contain HhH motifs, contributing to
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DNA binding and substrate specificity607,703. Biochemical studies have shown that

MUS81 complexes preferentially cleave 3′-flap, replication fork, and nicked Holliday

junction (nHJ) substrates, while intact Holliday junctions, splayed-arm DNA, and 5′-

flaps are poor substrates, distinguishing MUS81 from other XPF family members like

XPF-ERCC1697,704. Mechanistically, MUS81-EME1 and MUS81-EME2 introduce nicks

near the branch points of 3′-flap structures, with nicking efficiencies influenced by the

proximity of the 5′ terminus to the junction607. MUS81-EME2 was seen to showcase

unique promiscuity lacking for MUS81-EME1 in cleaving 5′-flaps607,704, but a follow-up

study describes indistinguishable substrate, albeit requiring a nearly 10-fold greater molar

ratio of enzyme:substrate705. A well-conserved winged helix domain (WH) differentiates

MUS81 from other ERCC4-fold paralogues, which is necessary for meiotic recombination

and DNA damage tolerance by impacting MUS81-EME1 cleavage patterns and overall

activity703. MUS81-EME1 experiences substrate-induced conformational changes that

include a hydrophobic wedge separating pre- and post-nick duplex DNA and binding

pocket, which engages the 5′-nicked end. This facilitates the sharp bending of 3′-flap

DNA and precise strand alignment at the active site697. A structure of MUS81-EME2

aligns well with the MUS81-EME1 structures705.

MUS81 interacts with the SLX4 scaffold through the SAP domain of SLX4, which

extends from residues 1560 to 1605, N-terminal only to the CCD that binds SLX1.

In vitro, SLX4 influences MUS81 through stimulation of its catalytic activity and by

expanding its substrate range323,324. It is believed that MUS81’s involvement in SMX

is confined to a perhaps transiently formed tri-nuclease complex with SLX1 and XPF-

ERCC1324. The current model describes that full SMX formation occurs predominantly

in mitosis324. SLX4 SAP’s affinity for MUS81 grows 10-fold when phosphorylated by

the mitotic CDK1 kinase577, while phosphorylation of MUS81’s N-HhH domain by CK2

is a prerequisite for disassembly of this autoinhibitory loop such that SLX4 can bind320.

Six predicted CDK1 target sites, of which three (T1544, T1561, T1571) were confirmed,

in SLX4’s SAP domain are vital for interaction with MUS81, while phosphorylation of

a single site, S87, in MUS81 determines interaction with SLX4577. Phosphorylation of

S87 has been observed to increase steadily when cells are exposed to replication stress

and while they progress through G2 into prophase, though disappearing sharply during
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metaphase579. Presumably, this is a means to ensure no metaphase intermediates are

cleaved prematurely. The untimely SMX formation, through inhibition of the CDK1-

inactivating WEE1 kinase or genetic modification of Cdk1, leads to gross chromosomal

instability and chromothripsis579. A phosphomimetic MUS81, S87D, phenocopies the

harmful effects of premature SMX assembly579.

1.5 | Background of particular methods in this study

Advancements in high-throughput sequencing technologies and CRISPR-Cas9 systems

have transformed the study of DNA damage and repair, offering unprecedented precision in

mapping damage and dissecting the genetic underpinnings of repair pathways. Sequencing-

based DNA repair assays leverage the ability to locate and quantify DNA damage,

mutations, and repair intermediates across the genome. CRISPR-Cas9-based genetic

screens extend these capabilities by systematically perturbing genes involved in DNA

damage response pathways706. The simplicity and versatility of CRISPR technologies

have revolutionised forward and reverse genetic approaches, allowing genome-wide

identification of genes critical for repair processes under diverse conditions. These screens

have been instrumental in elucidating repair mechanisms, identifying synthetic lethal

interactions, and uncovering potential therapeutic targets, especially in the context of

cancer and genome instability.

1.5.1 | Sequencing-based DNA repair assays

In an age of ever-decreasing high-throughput sequencing costs, even assessment of DNA-

damaging events can be measured by genomic studies, strengthening the findings of

classical techniques evaluating bulk DNA damage. The locations of these adducts can

be highly informative, assisting in understanding the precise mechanisms that govern

how the damage forms and the molecular details of their repair. Initial forays into

this field of ‘adductomics’ meant inferring where damage lies through whole genome

sequencing and characterising the scars that define lesions after repair or replication. These

scars were termed mutational signatures and have been painstakingly annotated over the

decades707,708; as a notable example, cigarette smoke defines a particular signature that
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displays gross pulmonary C>T and C>G mutations, possibly due to overactive APOBEC

deaminase action from inflammatory reactions that arise in response to particulates709.

Mutational hotspots and signatures have thus been well-defined for many genotoxins

and those appearing from particular neoplasms707. As noted earlier, it is not the damage

but how a cell sees that damage that defines most aspects of the underlying biology.

Consequently, while DNA damage can be scattered (albeit with some occasional sequence

specificity), their interactions with replication, transcription and DNA repair machinery

influence how they are distributed through the genome710.

Many methods exist to quantitatively assess DNA damage beyond classical phenotypic

studies focusing on cytotoxicity. The comet assay measures the total abundance of DSBs

through single-cell electrophoresis, though it can be adapted for SSBs and ICLs by first

denaturing genomic DNA with or without ex vivo ionising radiation, respectively711.

Mass spectrometric (MS) methods are considered the most sensitive for deciphering

what particular damage is present in DNA. As an example, given that 100 different

oxidative marks exist, the resolution offered by MS methods is key to deciphering

damage beyond e.g. ‘oxidative damage’712. However, MS techniques are often very

involved with significant preparation steps, surpassing the resources of many laboratories

and providing no information on the location of adducts. Proxies for the presence

of damage, e.g. through immunochemical means, are ubiquitously used - damage is

often quantified by Western blotting, flow cytometry, or immunofluorescence. In the

latter, the intensity or number of punctate foci of damage-specific markers, such as

γH2AX713, 53BP1714 or phospho-RPA2715, can be probed. These proxies have been

adapted to more ‘omic’ methods, mapping the location of particular damage across the

genome. Chromatin immunoprecipitation (ChIP) and sequencing (ChIP-seq) studies of

γH2AX have been performed to identify the locations of DSBs and how this damage-

associated chromatin mark is propagated during damage sensing374,716. Damaged DNA

immunoprecipitation (DDIP) is a catch-all term for using antibodies to pull down specified

damage - a CPD-specific antibody can immunoprecipitate UV-induced damage and

demonstrate the exceptionally high frequency of CPDs at telomeric sequences717. Enzymes

fulfil a vital role in some sequencing techniques. T4 endonuclease acts as a cyclopyrimidine

dimer-specific glycosylase, cleaving the phosphodiester bond between an intrastrand
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crosslink and generating a strand break and in an antiquated approach, quantifying

intrastrand crosslinks after UV damage involved Southern blotting of genomic DNA

to compare the patterns of bands after treatment of genomic DNA with and without

T4 endonuclease V (T4endoV)718. Instead, ligating adaptors to end-repaired fragments

and cleaving with T4 endoV/APE1 permits an NGS approach for the identification of

hypothesis-free intrastrand crosslink regions (CPD-seq)719,720. The practice whereby

broken DNA acts as a starting point for adaptor ligation has proved fortuitous in break

mapping. The first method to find locations of DSBs was BLESS (breaks labelling,

enrichment on streptavidin and next-generation sequencing), which involved the labelling

of in situ breaks after formaldehyde fixation and enrichment of broken DNA fragments on

streptavidin before sequencing721. The technique was used to map aphidicolin-sensitive

regions and highlight the many off-target DSBs produced by CRISPR-Cas9721. In efforts to

circumvent the high background and lack of information regarding the structure of the DNA

ends, the Nussenzweig lab developed END-seq722,723, improving upon BLESS through

the embedding of living cells in agarose plugs to limit high background artificial breaks

in DNA caused by mechanical shearing during lysis or even more pertinently, through

damage caused by formaldehyde during fixation722. With END-seq, or other similar DSB

mapping techniques, DSB landscapes can readily be transformed into mapping SSBs

instead by simply adding an enzymatic step that cleaves all ssDNA breaks into DSBs. This

is achieved through the S1 nuclease, which cleaves gapped dsDNA into ends amenable for

END-seq724. This technique unveiled the presence of non-B DNA cruciform structures

that form from TA repeats, which accumulate in cancer cell lines with MSI724.

Given that other forms of DNA damage are often funnelled through SSBs or DSBs as

an intermediary step in their repair, identifying the location of DNA breaks can, in effect,

be a proxy for the location of most other breaks. Therefore, with well-timed END-seq or

S1-END-seq, it may be possible to map snapshots of any damage and their repair outcomes.

Incorporating nucleotides capable of immobilisation has materially impacted techniques

looking to map regions of synthesis. EdU incorporation, instead of thymidine, means that

streptavidin can pull down DNA fragments after click-biotinylation of the EdU725. This

discovery has meant that regions undergoing DNA replication can be mapped precisely,

and following this on with precise timings after e.g. G1 arrest has meant that origins of
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replication could be mapped726. Similarly, regions prone to MiDAS can be identified by a

similar approach by collecting only mitotic cells (via mitotic shake-off) and sequencing

EdU incorporated regions - sites of MiDAS were, as expected, enriched at all known

CFSs727. It was observed that leading and lagging strand synthesis were not coupled

during MiDAS, hinting further that the form of synthesis occurring in mitosis is a form

of conservative break-induced replication727. The Nussenzweig group also developed an

orthogonal method to view DNA damage in a highly specialised context. Where cells can

be constrained to only G1, like in post-mitotic neurons or imatinib-induced G1-arrested

Abelson pre-B cells, EdU incorporation via DNA synthesis only occurs in the context of

repair728. Combined with S1 END-seq, the technique revealed how neurons accumulate

SSBs, especially at neuronal enhancers or sites of DNA demethylation, requiring PARP1-

and XRCC1-dependent SSB repair728. The theme of mapping DNA breaks has also allowed

adaptation to the mapping of other DNA features, such as misincorporated bases like

ribonucleotides. Recombinant RNase H2 treatment will cleave at embedded ribonucleotide

loci, permitting mapping through a break-repair-sequencing technique like BLESS; this

technique has been termed emRibo-seq729.

1.5.2 | CRISPR-Cas9-based genetic screens

For many decades now, understanding protein molecular function has relied heavily on the

alternating use of forward and reverse genetics730. Forward genetics, described simply,

defines genotypes from phenotypes. How this worked in practice entailed random mutage-

nesis followed by phenotypic selection and genotyping of isolated mutants that conferred

a particular phenotype. In the complementary reverse genetics model, arguably far more

prevalent and relevant in this age, genes that lack defined phenotypic characterisation

are perturbed, and phenotypes are then designated. Matched isogenic pairs of cell lines

are crucial for this paradigm of cell biology, and comparisons between WT and gene-

disrupted (loss via knockout or depletion via knockdown) allow a critical understanding

of a gene’s molecular function, its role in disease and its potential as a therapeutic target.

What unites reverse and forward genetics are high-throughput screening approaches, such

as through genome-wide sequencing731 or large-scale proteomics732. These strategies

can be particularly helpful in understanding vulnerable protein targets, identifying key
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disease biomarkers or establishing the parameters of therapeutic success. CRISPR-Cas9

strategies have revolutionised both branches of performing these experiments in higher

eukaryotes. The barrier to the generation of genetic knockouts has been greatly lowered

by CRISPR-Cas9’s simplicity, compared to previously inflexible technologies such as

TALENs (transcription activator-like effector nucleases) or Zinc-finger nucleases733,734.

Whereas these older techniques necessitated precise protein design to target genomic

loci735, the Cas9 nuclease targets a DSB at loci specified by a single guide RNA (sgRNA)

sequence, which can readily be programmed akin to knockdown via siRNA or shRNA,

though now offering total knockout733. One caveat to CRISPR-based gene targeting is the

requirement of an adjacent NGG sequence named the protospacer adjacent motif (PAM),

but given the incidence of this sequence being 1 in 16, this is generally not a significant

barrier. The specified DSB can lead to the formation of indels when repaired by the

mutagenic NHEJ pathway, occasionally arising in frameshifts that inevitably introduce

stop codons. If, instead, an edit is required, the DSB can be chosen in a manner that

promotes invasion into a user-provided DNA template with sufficient homology to trigger

HR but harbouring the required mutation736. This method allows the introduction of

specified mutations or endogenous gene tagging. CRISPR-Cas9 technologies have now

surpassed far beyond the induction of a simple DSB. Fusing modular units to Cas9 has

expanded its scope to a near-unlimited range of uses. Inactivating either the RuvC domain

through D10A, or the HNH domain through H840A, converts Cas9 into a nickase (nCas9)

capable of nicking either the sgRNA-targeted or the non-target PAM strand, respectively737.

Inactivating both domains creates a nuclease-dead Cas9 (dCas9), and any fused proteins

could, therefore, be targeted to a sgRNA-specified locus without Cas9 enacting any DNA

breaks738. Early applications fused dCas9 to various effector proteins listed below:

1. Base editors, e.g. APOBEC, allowed the introduction of specific point mutations739.

2. Transcriptional activators e.g. VP64-p65 - termed CRISPRa740–742.

3. Transcriptional repressors, e.g. KRAB - termed CRISPRi (interference)743.

4. Fluorescent reporters, e.g. EGFP744.
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5. Reverse transcriptase, e.g. MLLV-RT to copy mutations from an extended sgRNA

(pegRNA) into the genome - termed prime editing745.

Screens have long been a part of advancing biological research, especially concerning

DNA damage and repair. RNAi-based phenotypic screens were instrumental in a range

of discoveries, including PARPi284, cisplatin746 and mitomycin C747-sensitising factors.

In these screens, different siRNAs or shRNAs were introduced into physically separate

cell populations and their phenotypes were read out in a medium-to-high-throughput

fashion, such as fluorimetry in a 96-well plate format748. What restricts this approach is

the limited number of genes available for testing, the potential off-target risk of RNAi

and the only partial reduction in gene expression748. Since only a single complementary

sgRNA specifies a CRISPR-Cas9 target, the potential of CRISPR-Cas9 technologies

far surpasses the ability of RNAi-based screens. Supposing a population of cells is

created such that each cell contains a different sgRNA, perhaps targeting a single gene,

it is possible to understand how the loss of any targeted gene affects fitness in various

conditions. Using CRISPR knockout (CRISPR-KO) screens, a core and cell-line specific

essentialome was generated749, now available as a database in the CRISPR DepMap750.

CRISPR-KO screens were soon adapted and complemented by CRISPRi and CRISPRa

technologies, which adopt sgRNAs targeting the promoters of various genes751. Given

that CRISPR-KO screens are predicated on the ability of DNA repair itself, e.g. the

NHEJ machinery, to affect inactivating mutations in genes, the use of CRISPRi offers a

more justifiable alternative for studies of DNA repair751. However, screens within DNA

repair are now ubiquitous. They are usually present in two varieties: one uses paired

mutant and WT cell lines, and the differences in surviving sgRNAs are compared; another

compares the surviving sgRNAs where a drug is applied compared to untreated or its

vehicle. Both types of screens have been used to draw an understanding of the PARP

inhibition paradigm. PARP KO cells or PARPi using olaparib/talazoparib were compared

by CRISPR-KO screens, and their differences were studied, showing that the BER and

SSB repair factor, XRCC1, strongly sensitises to PARPi but promotes survival in PARP1

loss752. In BRCA1/2-deficient cells, CRISPR-KO screens were used to understand their

hypersensitivity to PARPi, pulling out well-known factors, loss of which confers resistance,

such as 53BP1 and RIF1, but also identified a key NHEJ-promoting complex referred
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to as Shieldin, consisting of genes SHLD1-3 that drive PARPi resistance394,396. A more

recent screen aimed to examine the mechanisms cells can resort to when deprived of

functional NHEJ and HR, through loss of LIG4 and BRCA2, respectively, which identified

the 9-1-1 complex and its interacting partner RHINO as key MMEJ factors343. The study

also described the physiological impact of MMEJ in mitosis-persisting DSBs, potentially

shedding light on the synthetic lethal relationship between the MMEJ POLQ gene and

BRCA1/2343. This further impacts the clinic as it helps explain the efficacy of POLQ

inhibitors alongside PARPi. The genetic response of RPE-1 TP53−/− cells was evaluated

under a CRISPR-KO screen against 27 genotoxic agents, which provided a landscape of

genetic determinants that govern cytotoxicity446. One significant caveat in genome-wide

CRISPR-KO screens is the p53 status of cells, which can limit the survival of Cas9-

mediated DSBs by sensing and inducing apoptosis when this occurs753 but can be avoided

by use of cell lines with mutant or knockout TP53, with the caveat this does also produce

intrinsic changes to the DNA damage response.

The classical CRISPR-KO screen involves packaging lentiviruses with plasmids

containing a distinct sgRNA sequence per lentivirus. Within the ensuing pool of packaged

lentiviruses, multiple sgRNAs are encoded for each target gene to average off-target effects

and variation in editing efficiencies. The screen can be performed in cells stably expressing

Cas9, circumventing the need for Cas9 to be included in the plasmid of each lentivirus;

however, many libraries also encode Cas9. The TKOv3 library754,755 expresses Cas9

within each lentiviral construct. A low multiplicity of infection ensures that each cell

is infected with only one sgRNA-lentiviral particle. A coverage of 200 or 500 is often

adopted for each sgRNA to ensure depletion/enrichment events are identifiable. Since

sgRNAs act as a unique barcode, but the plasmids encoding them are otherwise invariant,

a single PCR can amplify around the sgRNA, and each is sequenced. Once a stably

integrated population of cells is established, an initial timepoint (t0) sample is harvested

to account for the initial library representation, and time points are taken throughout the

screen, lasting at least 15 divisions, such that even slower turnover proteins can be depleted.

The sgRNAs which have been lost are compared to those that make up the initial t0 sample,

with under-represented sgRNAs denoting essential genes combating a perturbation, while

any enrichment suggests genes that promote survival.
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1.6 | Outstanding questions and contextual frame-
work

In the expanse of DNA-damaging events, ICLs are uniquely cytotoxic lesions that com-

pletely obstruct DNA replication and transcription, requiring complex and often replication-

coupled repair pathways for their resolution (see Section 1.3.5). While much of our

mechanistic understanding of ICL repair has been shaped by studies using exogenous

agents such as mitomycin C448, cisplatin756, and psoralens589, the nature and repair of

endogenous crosslinks remain far less well defined. This gap in knowledge is significant

given the evolutionary conservation and complexity of the FA repair pathway, suggesting

a persistent physiological need to resolve such damage. Among the most compelling

candidates for endogenous ICLs are small, reactive aldehydes, particularly formaldehyde

and acetaldehyde, generated through diverse cellular processes9,10. Formaldehyde, in

particular, is released during histone demethylation and is tightly associated with epigenetic

reprogramming events, which occur during differentiation and development. If not

properly detoxified, formaldehyde can form DPCs495 or even direct ICLs757, leading

to replication fork stalling and genome instability. One outstanding question explored

in this thesis is whether endogenous aldehydes are a physiologically significant source

of ICLs, particularly in stem or progenitor cells undergoing differentiation. During

such transitions, bursts of formaldehyde from histone demethylation could render the

genome vulnerable, especially if aldehyde detoxification (e.g., via ADH5/ALDH2) or

FA-mediated ICL repair mechanisms are overwhelmed or deficient59. Conversely, the

consequences of formaldehyde damage in post-mitotic cells are also of interest. While

such cells are not actively replicating and typically show low FA pathway activity, they

remain epigenetically dynamic. In neurons, for example, synaptic plasticity involves local

histone demethylation758, which could transiently increase formaldehyde levels. Whether

formaldehyde-induced lesions accumulate in such cells and how they are resolved, perhaps

via transcription-coupled nucleotide excision repair (TC-NER)756, remains unclear.

In addition to aldehydes, other endogenous metabolites may contribute to crosslinking

lesions. Products of lipid peroxidation, ROS, and spontaneous oxidation or deamination

can all yield DNA adducts that result in strand-crosslinking. These structurally diverse

lesions may not all engage classical FA repair, raising the possibility that other complexes
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such as SMX (Section 1.4), traditionally linked to replication-coupled ICL resolution,

may function more broadly in alternative repair contexts, including transcription-coupled

or post-replicative settings.

Addressing these questions is central to the goals of this thesis. The project investigates

the interplay between aldehyde metabolism, endogenous ICL formation, and DNA repair

through a combination of cellular and structural approaches. Specifically, the work seeks

to understand: what biochemical and cellular strategies can improve purification and

structural analysis of the SMX complex; whether knockout models of SMX components

(XPF and SLX1) can provide insight into the biological consequences of SMX dysfunction;

and whether differentiation-induced formaldehyde generation is a major contributor to

the genomic instability seen in diseases like Fanconi anaemia. Moreover, it explores

whether this instability stems from the replication burden of stem cell proliferation or from

formaldehyde release during the reprogramming that accompanies differentiation. Finally,

the overarching aim is to better define the architectural and functional properties of the

SMX complex, which has long eluded even low-resolution structural characterisation. A

full understanding of its dynamic assembly and nuclease coordination could provide key

mechanistic insights into ICL resolution and suggest therapeutic strategies for targeting

genome instability in cancer and rare genetic disorders.

1.7 | Aims

Structurally, there is limited information available on the individual components and

full assemblies of the SMX (SLX4-MUS81-XPF) complex. High-resolution structures

of full-length SLX1-SLX4 or SLX4-MUS81 complexes do not currently exist but are

necessary to understand the molecular mechanisms of their catalysis. However, obtaining

such structures is challenging due to the inherent flexibility and lack of any well-defined

structure in SLX4, which appears to form dynamic and transient interactions with its

partner nucleases. While genetic data provide insights into the roles of SMX in DNA

repair, the structural basis for its assembly and function remains poorly understood. One

central question is whether ICL repair constitutes a primary physiological role of the SMX

complex and if the deficiency in this pathway accounts for the reduced fitness observed

in SMX-null cells or patients with inactivating SLX4 mutations. Chapter 3 examines
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whether aldehydes generated during epigenetic reprogramming can induce crosslinks that

require either detoxification or resolution via ICL repair pathways. By elucidating the

interplay between aldehyde metabolism and DNA repair, this chapter aims to shed light on

how endogenous aldehydes contribute to genome instability and whether SMX complex

activity is required to mitigate this damage.

To further understand SMX biology, Chapter 4 focuses on developing CRISPR-Cas9

knockout models targeting XPF and SLX1 in human cells. These models provide a

platform to study how individual components of the SMX complex contribute to DNA

repair processes. Additionally, paired wild-type (WT) and knockout (KO) cell lines

were subjected to CRISPR-Cas9 screens in the presence of crosslinking agents. This

approach seeks to identify synthetic lethal interactions and uncover additional pathways

that compensate for the loss of SMX components. These studies aim to reveal the genetic

networks underlying SMX function and inform potential therapeutic strategies for targeting

DNA repair deficiencies in cancer. Chapter 5 addresses the paucity of structural data

that has hindered mechanistic understanding and drug development targeting SLX4 and

its associated nucleases. Structural characterisation of SLX4 remains a fundamentally

challenging endeavour, as evidenced by the limited annotation provided by even cutting-

edge predictive tools like AlphaFold (Figure 1.9). To attempt to overcome these challenges,

this project adopted a multi-faceted approach, including the expression and purification

of chimaeric SMX complexes from insect cells, mouse SMX complexes from insect cells

and mammalian cells and finally, human complexes expressed in mammalian cells. These

efforts move towards the eventual end goal of a full-length SMX structure. Alongside this,

preliminary functional assays on tractable sub-complexes were completed to corroborate

and identify the post-translational modifications (PTMs) critical for SMX assembly

and function. Mechanistic biochemistry has already revealed insights into the roles of

PTMs in SMX complex stability and activity. These modifications may regulate the

dynamic assembly of SMX in response to cellular needs, particularly under conditions

of DNA damage stress.

Overall, this project combines genetic, structural, and biochemical approaches to

advance our understanding of the SMX complex and its contributions to DNA repair,

genome stability, and potential therapeutic interventions.
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2.1 | Experimental model and subject details

2.1.1 | Human cancer cell lines

Human cell lines (RPE-1, 293FT, HeLa, A549, U2OS, HAP1) were grown in DMEM

containing 4.5 g/l D-glucose and 110 mg/l sodium pyruvate (ThermoFisher Scientific,

Gibco), supplemented with 10% fetal bovine serum (FBS; Gibco, A5256701), and

100 U/ml penicillin, 100 U/ml streptomycin (P/S; Gibco, 15140). HT-29 cell lines were

grown in RPMI 1640 (Gibco, 21875), supplemented with 10% FBS and P/S as above.

All above cells were cultured at 37 °C in a humidified atmosphere with 5% CO2, with

routine trypsin-lifted (TrypLE; Gibco, 12604) passaging when up to 90% confluency was

reached. Expi293F cells (Gibco, A14527) were cultured in Expi293 Expression Medium

(Gibco, A14351), at 8% CO2 under 75% humidity with 120 rpm shaking rate to maintain

suspension, or as adherent cells in a static incubator with 5% CO2 and 100% humidity in

FreeStyle 293 Expression Medium (Gibco, 12338) with 10% FBS. Mycoplasma testing

was routinely performed on all cell lines using the MycoAlert Mycoplasma Detection Kit

(Lonza, LT07-318), according to the manufacturer’s instructions.

2.1.2 | iPSC culture

Induced pluripotent stem (iPS) cells used were available in the Nussenzweig group and

described in detail previously759,760. Low-passage iPS cells were cultured in 10 ml sterile-

filtered Essential 8 Medium (E8, A1517001, including E8 supplement) in a Matrigel

hESC-Qualified Matrix (Corning, 354277)-coated 10 cm dish. Routine passaging was

done at 80% confluency; cells were washed with Dulbecco’s phosphate-buffered saline

(DPBS; Corning, 21-031-CV) prior to Accutase (Innovative Cell Technologies, AT104)

treatment for 5-7 min at 37 °C. Accutase was quenched with 5 ml of DPBS and collected

in a 15 ml conical tube; cells were rinsed with another 5 ml of DPBS before centrifugation

at 300 g, 5 min. The supernatant was aspirated, and cells were resuspended in 5 ml

DPBS and counted using acridine orange and propidium iodide (AOPI; VWR, 89139-110
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& 89411-112) staining. 5-10×106 cells were seeded on a Matrigel-coated 10 cm dish

with 10 ml of E8 containing 10 nM Y-27632 dihydrochloride (ROCK inhibitor, ROCKi;

Selleckchem, S1049). Media containing ROCKi was aspirated the next day and replaced

with E8; E8 was changed daily.

2.1.2.1 | iPSC differentiation into i3Neurons

iPS cell differentiation was followed as previously described728, with an outline provided

here. On day 0, 20×106 iPS cells were plated onto a 15 cm plate in N2 medium (KnockOut

DMEM/F12; Gibco, 12660) containing N2 supplement (Gibco, 17502), 1× GlutaMAX

(Gibco, 35050), 1× MEM non-essential amino acids (NEAA; Gibco, 11140), 10 µM

ROCKi, and 2 µg/ml doxycycline (Clontech, 631311), with medium replaced each of

the next two days. On day 3, cells were re-plated on dishes coated with 0.1 mg/ml

poly-L-ornithine (PLO; Sigma-Aldrich, P3655) in i3Neuron medium: BrainPhys medium

(STEMCELL Technologies, 05790), supplemented with 1× B27 Supplement (Gibco,

A3582801), 10 ng/ml BDNF (PeproTech, 450-02), 10 ng/ml NT-3 (PeproTech, 450-03),

1 mg/ml mouse laminin (Sigma-Aldrich, L2020), and 2 µg/ml doxycycline. Half-medium

changes were carried out on day 6, before the collection of cell samples on day 7.

2.1.3 | Insect cells

Spodoptera frugiperda (Sf9) and Trichoplusia ni (BTI-TN-5B1-4, Hi5) were cultured in

Sf-900 II serum-free medium (Gibco, 10902) and ExpressFive serum-free medium (Gibco,

10486), at 27 °C in ambient CO2, respectively.

2.1.4 | Bacterial strains

For screening of plasmids generated by all cloning methods, besides Gateway cloning,

Stellar Competent E. coli (TAKARA, 636763), MAX Efficiency DH5α Competent E. coli

(DH5α; Invitrogen, 18258012) and 10-beta Competent E. coli (10-beta; NEB, C3019)

were transformed. Routine plasmid propagation was achieved by transforming 10-beta

or DH5α . Gateway-cloned vectors were transformed into One Shot ccdB Survival 2 T1R

Competent Cells (Invitrogen, A10460). For the generation of bacmids, MAX Efficiency

DH10Bac Competent E. coli (Gibco, 10361012) or DH10EMBacY Competent E. coli
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(Geneva Biotech) were transformed. BL21 DE3 pLysS E. coli (Invitrogen, C6060) was

transformed for the expression of recombinant proteins in bacteria (Section 2.3.3.3).

2.2 | Molecular biology

2.2.1 | Restriction digestion and ligation cloning

PCR amplification of an insert was performed to add unique restriction enzyme sites

to either end so that they contain compatible sticky ends with the target vector. The

target vector was either amplified by PCR, adding these same restriction enzyme sites

or digested with the two restriction enzymes if the sites were already present. Following

digestion with these enzymes and gel-purification, the cut insert was mixed with the

linearised target vector (after thermosensitive alkaline phosphatase (TSAP; Promega,

M9910) treatment), and ligated using T4 DNA ligase (TAKARA, 2011B) according to

manufacturer’s instructions, before transformation.

2.2.2 | InFusion HD cloning

PCR amplification of a target was performed to add flanking regions with 20 bp overlap

with the target vector, which was amplified by PCR such that these homology regions

would be at the ends of the linearised vector. This was sometimes also achieved through

digestion with restriction enzyme(s). Both amplified/cut insert/vector of the expected

size were excised from a 2% agarose gel, purified using Monarch kit Monarch DNA

Gel Extraction Kit (NEB, T1020) and then combined with InFusion Snap Assembly

(TAKARA, 638947), as per manufacturer’s instructions.

2.2.3 | Golden Gate Assembly

For CRISPR-Cas9 sgRNA plasmids: pX458, pX458-mRuby2, pX459; sgRNAs were

introduced by BbsI-targeted Golden Gate assembly. For chosen sgRNA sequences

copied as DNA, a G was placed at the start unless the sgRNA already consisted of

a G at the 5′ end. Oligonucleotides (sequences outlined below) were ordered with 5′

phosphates and annealed:
5′ CACC G sgRNA-sequence
3′ C sgRNA-complement CCCA
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Golden Gate reactions were performed by mixing annealed oligonucleotides with pX458

or pX459 vectors alongside T4 DNA ligase (NEB, M0202) and BbsI (NEB, R3539) and

incubated for 10 cycles of 5 min at 37 °C and 10 min at 16 °C, before a final round

of 37 °C for 1 h with the addition of fresh BbsI. Products were transformed into 10-

beta Competent E. coli.

2.2.4 | Gateway cloning

An LR recombination reaction was performed by mixing 100 ng of the attL-containing

entry clone plasmids and 300 ng attR-containing destination vectors (pCDNA6.2-V5-

PL-DEST) and incubating with LR Clonase II mix (ThermoFisher Scientific, 11791)

as per manufacturer’s instructions.

2.2.5 | Site-directed mutagenesis

Site-directed mutagenesis was performed with long-range PCR reactions using CloneAmp

HiFi PCR Premix (TAKARA, 639298) as per manufacturer’s instructions. PCR products

were run on a 2% agarose gel, excised and purified using Monarch® DNA Gel Extraction

Kit, then treated with KLD enzyme mix (NEB, M0554) and transformed into 10-beta

Competent E. coli.

2.2.6 | Plasmids and cloning protocols

Plasmids were cloned as detailed below, and all plasmids used in this study are summarised

in Table A.1. In general, plasmids were either cloned through the design of synthetic genes

within an intermediate vector, or as gene fragments, which were then PCR-amplified with

homology to a destination vector and finally InFusion-cloned using these homology arms.

Unless otherwise stated above, cloning reaction products were transformed into DH5α

Competent E. coli or 10-beta Competent E. coli, with colonies selected on appropriate

antibiotics: 50 µg/ml kanamycin (Sigma-Aldrich, K4000), 100 µg/ml carbenicillin (Ther-

moFisher Scientific, 10438923), 20 µg/ml gentamicin (Sigma-Aldrich, G1264), 50 µg/ml

spectinomycin (Sigma-Aldrich, S4014), 10 µg/ml tetracycline (Sigma-Aldrich, T7660).

Plasmids were extracted from colonies by miniprep (Qiagen, 27104) and sequence-verified
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by Sanger sequencing/whole-plasmid nanopore sequencing (Source BioScience). Where

required, plasmids were isolated from 200 ml LB cultures using the GenElute HP Plasmid

DNA Maxiprep Kit (Sigma-Aldrich, NA0310).

2.2.7 | Insect cells plasmids

2.2.7.1 | Chimaeric SMX plasmids

The cDNA sequences for X. laevis (x) SLX4, xXPF, H. sapiens (h) ERCC1 were previously

cloned into pDONR, meanwhile hMUS81, hEME1, xSLX1 was cloned into pAceBac1

(gifts of Dr. Denis Ptchelkine) and used to generate pKL-PBac:χSXE. Firstly, a platform

was designed and synthesised into pUC57mini (GenScript) that consisted of TEV protease

cleavage sites, separated by restriction enzyme sites, SalI-SpeI, XbaI-SphI, BamHI-

XhoI, and flanked by BstEII-RsrII. From the above plasmids, the xSLX4 sequence was

amplified, including Sal1-SpeI sites, xXPF sequence was amplified, including XbaI-SphI,

and hERCC1 was amplified, including BamHI-XhoI and all sequentially cloned into the

pKL-PBac backbone by restriction enzyme digestion-ligation cloning. pAceBac1:χEMS

was previously cloned by Dr. Denis Ptchelkine.

2.2.7.2 | Mouse SMX plasmids

Peptide sequences for M. musculus SLX4, XPF, ERCC1, MUS81, EME1, and SLX1 were

reverse-translated, and codon-optimised (SnapGene) for S. fruigiperda and constructed

as synthetic genes (GenScript) to be cloned by InFusion into pAceBac1 containing an

N-terminal tobacco-etch virus (TEV) protease (TEVP) sequence (gift from Dr. Abimael

Cruz-Migoni). This cloning was achieved by including pAceBac1 homologous regions

flanking the synthetic genes using primers 81-82 to form pAceBac1:mSXE (SLX4-XPF-

ERCC1) and pAceBac1:mEMS (EME1-MUS81-SLX1).

Plasmid pFastBac-Dual:mSXE,EMS was cloned as follows: Plasmid pAceBac1:mSXE

was PCR-amplified using primers 265-266 and pFastBac-Dual was PCR-amplified using

primers 261-262 and the two were combined alongside a synthetic gene encompassing

a Halo-tag with homology to immediately upstream of mXPF (GenScript) by InFusion

cloning. This intermediate was amplified with primers 263-264 and combined with

pAceBac1:mEMS amplified using primers 270-271 by InFusion cloning. This generated

pFastBac-Dual:mSXE,EMS.
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Variations to mouse SMX plasmids SLX4’s central disordered region was predicted

based on sequence alignments and domain mapping to encompass 759-1252 (Figure 1.7),

which was deleted in pAceBac1 by site-directed mutagenesis using primers 75-76 to

form pAceBac1:mS∆XE.

Nuclease-inactive mutants XPFD706A, MUS81D307A, and SLX1R38A,E79A were made

through site-directed mutagenesis using primers 39-40, 112-113, 43-44 (for R38A) and 45-

46 (for E79A), respectively (yielding pAceBac1:mSXD706AE and pAceBac1:mS∆XD706AE,

pAceBac1:mEMD307AS and pAceBac1:mEMSR38A,E79A). Plasmid pAceBac1:mEMD307ASR38A,E79A

was generated from pAceBac1:mEMSR38A,E79A using primers 112-113.

2.2.7.3 | Human SMX plasmids

Plasmids with a pTLCV2 backbone, containing fluorescent markers, were provided as

a gift by Prof. Ying Dong - these include the fluorescent markers TagBFP, mCherry,

and EGFP, all downstream of an IRES2 sequence that follows a multiple cloning site

(MCS). pTLCV2:MCS-mOrange2 was generated by synthesising a mOrange2 (H. sapiens

codon-optimised) gene fragment (Twist Bioscience) containing overhangs with homology

to pTLCV2:MCS-mCherry, which was amplified by PCR using primers 253-254, and

combined together by InFusion cloning. Similarly, pTLCV2:MCS-BirA-TagBFP was

generated by synthesising BirA (H. sapiens codon-optimised) gene fragment (Twist

Bioscience) containing overhangs with homology to pTLCV2:MCS-TagBFP, which was

amplified by PCR using primers 255-256, and combined by InFusion cloning.

Where gene fragments were used (for the hSLX4-hSLX1, hMUS81-hEME1, and

hXPF-hERCC1 constructs below), the full desired insert protein sequence was reverse-

translated in silico with H. sapiens codon-optimisation, and the resulting DNA sequence

was split up into fragments <1800 bp if the required recombinant sequence was longer

than the maximum available synthesising fragment by Twist (>1800 bp). These split

recombinant sequences each included 15-20 bp homology to the next fragment, and

the first and final fragments consisted of 20 bp homology to the appropriate destination

vector. All target vectors were amplified by PCR using primers 257-258 and inserts

combined by InFusion cloning:

1. pTLCV2:hXE,BirA-TagBFP
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• hXPF-P2A-hERCC1-3c-AviTag-t-His6 fragments were cloned into pTLCV2:MCS-

BirA-TagBFP

2. pTLCV2:hSS-EGFP

• SF-t-hSLX4 fragments were cloned into pTLCV2:MCS-EGFP

• hSLX1 fragment was cloned into this intermediate plasmid

3. pTLCV2:hME,mCherry

• hMUS81-T2A-HA-HaloTag-t-hEME1 fragments were cloned into pTLCV2:MCS-

mCherry

4. pTLCV2:SLX4IP-mOrange2

• A His6-SUMO-hSLX4IP fragment was cloned into pTLCV2:MCS-mOrange2

For transient overexpression plasmids, synthetic genes encoding hMUS81-T2A-HA-

HaloTag-hEME1 were re-synthesised and cloned into pTwistCMV-Puro by Twist Bio-

science to form pTwistCMV-Puro:hME. To generate pCDNA3.1-Hygro:hSS, the sequence

spanning SF-t-hSLX4-IRES2-SLX1-t-EGFP from pTLCV2:hSS-EGFP was subcloned

into pCDNA3.1-Hygro (GenScript). For pCDNA3.1-Zeo:hXE, the sequence spanning

hXPF-P2A-hERCC1-3c-AviTag-t-His6 was subcloned into pCDNA3.1-Zeo (GenScript).

Mutations D705A in XPF, D706A in MUS81, and E41A;R82A in SLX1 were generated

by the site-directed mutagenesis service provided by GenScript.

2.2.7.4 | Bacterial cell plasmids

GFP and mCherry nanobody plasmids Peptide sequences for the GFP-binding frag-

ment of a single-chain camelid antibody (nanobody)761, and an mCherry-binding nanobody762

were reverse-translated with E. coli codon optimisation, and cloned from a synthetic gene

into pET28a (Twist bioscience) using NcoI and XhoI for restriction digest-ligation cloning

to generate pET28a:GFP-Nb and pET28a:mCherry-Nb, respectively.
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2.2.7.5 | Human cells plasmids

CRISPR-Cas9 and sgRNA plasmids CRISPR-Cas9 knockout of ERCC4 required

plasmids: pX458:sgERCC4-1 and pX458-mRuby2:sgERCC4-2. These were generated

by Golden Gate assembly using BbsI, to introduce sgRNAs: CAACACGCAGCCGGCCGAGG,

and GTACTCCAGCAGCGGCGCCA, respectively, which, together, directed partial deletion of

ERCC4 exon 1, resulting in a frameshift. Note: cloning of sgRNAs into these plasmids

was performed by Dr. Philip Hublitz.

For CRISPR-Cas9 knockout of SLX1, plasmids below were generated through BbsI-

dependent Golden Gate assembly of pX458 with sgRNA sequences shown:

1. pX458:sgSLX1-ex1-1: GTACCGGGGCCGCGTCTACG

2. pX458:sgSLX1-ex1-2: CGTAGACGCGGCCCCGGTAC

3. pX458:sgSLX1-int1-1: CATCTCCGCGGCGGAACTCA

4. pX458:sgSLX1-int1-2: GGGCTGCGACAGGGACATCA

5. pX458-mRuby:sgSLX1-int3-1: AGAGCCATCCATTCCTCGGG

6. pX458-mRuby:sgSLX1-int3-2: TAGAGCCATCCATTCCTCGG

For CRISPR-Cas9 knock-in at the N-terminus of SLX1, the plasmid pX459:sgSLX1-

N1 was required, wherein a sgRNA targeting the start codon (AAGGCCCGATGGGTCCCGCG)

was introduced by Golden Gate assembly. Four donor sequences were designed in this

study - each included the same 750 bp homology on either side of the SLX1 (LH and

RH donor sequences). Donor 1, pMA:SLX1donor1, designed to add EGFP-P2A-FKBP-

TwinStrep to the SLX1 reading frame, made use of a H. sapiens codon-optimised sequence

that was synthesised and cloned into pMA (Invitrogen). Donor 2, pCDNA6.2-V5-PL-

DEST:SLX1donor2, designed to add BleoR-P2A-EGFP-T2A-FKBP-SF-t to the SLX1

reading frame, made use of a H. sapiens codon-optimised sequence that was synthesised

and cloned into pTwistENTR (Twist Bioscience), which was then Gateway cloned into

pCDNA6.2-V5-PL-DEST. Donor 3, pCI-Neo:SLX1donor3, designed to add BleoR-EGFP-

P2A-HA-HA-FKBP to the SLX1 reading frame, made use of a H. sapiens codon-optimised

sequence that was synthesised and cloned into pCI-Neo using XbaI and MfeI, so that the
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CMV promoter was lost (GenScript). Donor 4, pcDNA3.1-Zeo:SLX1donor4, designed

to add HA-HA-3×FLAG-HiBiT-HaloTag-t to the SLX1 reading frame, made use of a

H. sapiens codon-optimised sequence that was synthesised and cloned into pCDNA3.1-

Zeo, in a reverse orientation to the CMV promoter (Invitrogen).

Plasmids for immunoprecipitation pCDNA5-FRTTO expressing EGFP-hSLX4 (pCDNA5-

FRTTO:EGFP-hSLX4), and their derived truncation mutants (pCDNA5-FRTTO:EGFP-

hSLX4(D1), pCDNA5-FRTTO:EGFP-hSLX4(D2), pCDNA5-FRTTO:EGFP-hSLX4(D3),

pCDNA5-FRTTO:EGFP-hSLX4(D4), , pCDNA5-FRTTO:EGFP-hSLX4(∆SAP), pCDNA5-

FRTTO:EGFP-hSLX4(∆SBD)) were provided as a gift by Dr. Kaima Tsukada. pTLCV2

expressing EGFP-hSLX4 doxycycline-inducible control (pTLCV2:EGFP-hSLX4) was

also provided as a gift by Dr. Kaima Tsukada.

CRISPRf plasmids Plasmids for the site-specific generation of formaldehyde (Sec-

tion 3.5) were generated as follows from the pLenti-tetON:KRAB-dCas9-DHFR backbone763.

Sequences for H. sapiens ADH1B and ADH1G were codon-optimised for H. sapiens cell

expression and synthesised with the inclusion of 20 bp homology regions at either end,

and cloned into pUC57mini (GenScript). The synthetic genes were PCR-amplified from

these plasmids using primers 240-241 and 242-243, for ADH1B and ADH1G, respectively

and gel-purified. For LSD1-dCas9 fusion, LSD1 from plasmid pX330a:dCas9-LSD1764

was PCR-amplified using primers 244-245 and gel-purified. The backbone vector, pLenti-

tetON:KRAB-dCas9-DHFR, was PCR-amplified using primers 238-239 and gel-purified.

Each insert, (ADH1B, ADH1G, or LSD1) was mixed with the amplified vector and

cloned via InFusion cloning to generate pLenti-tetON:ADH1B-dCas9-DHFR, pLenti-

tetON:ADH1G-dCas9-DHFR, and pLenti-tetON:LSD1-dCas9-DHFR, respectively.

Table 2.1 | Primer Sequences Used in the Study.

ID Long Name Type Sequence

39 MmXPF-D706A-fw Mutagenesis CGT GGT ATC GCT ATC GAG
CCT GTG

40 MmXPF-D706A-rv Mutagenesis ACG GTG GAT CAG GGA AGG

Continued on the next page...
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ID Long Name Type Sequence

43 MmSLX1-R38A-fw Mutagenesis CCC TGC TCG TGC TGT GCG
TCA GC

44 MmSLX1-R38A-rv Mutagenesis TTC ACG GTG AAA CCC ACG
45 MmSLX1-E79A-fw Mutagenesis CTG CGT TTC GCT TGG GCT

TGG CAG CAC
46 MmSLX1-E79A-rv Mutagenesis AGC AGC CAC AGC GGA AGG
75 P21_SLX4_del759-

1253_fw1
Mutagenesis CAC TCC CCT GGT CTG GGT

ACC ACC
76 P21_SLX4_del759-

1253_rv1
Mutagenesis GTC CTG AGC CTC AGC CTT

ACC AGC
81 SXEsyn-InF_rv Mutagenesis GTA GGC CTT TGA ATT TTA

ACG AGG CAC CTT CAG GAA
AGG C

82 SXEsyn-InF_fw Mutagenesis CCT GAC TGG GCT GGT AAG
GCT G

112 MmMUS81-D307A-
fw2

Mutagenesis CTT TCG TGT GGG TGG CTC
AGG AG

113 MmMUS81-D307A-
rv2

Mutagenesis CAC CCA CGT GCA GCT TAC
GC

261 pFD_RS1-2_f Mutagenesis CCT ACG TCG ACG AGC TCA
CTA G

262 pFD_RS1-2_r Mutagenesis CCT TTG AAT TCC GCG CGC
263 pFD_RS3-4_f Mutagenesis CTG CTA GCA CCA TGG CTC G
264 pFD_RS3-4_r Mutagenesis CTG ATG CAT AGC ATG CGG

TAC CG
265 pA1_SX_InF-pFD_f Mutagenesis GTC CGA AGC GCG CGG AAT

TCA AAG GAT GGG AGG CGA
ATC CCT CTT CAA AG

266 pA1_SX_InF-pFD_r Mutagenesis CCT TGG ACA CCA TAG AGT
CGA CAC CGG AAC

270 pA1_TEVP_EMS_InF-
pFD_r

Mutagenesis CCC GGT ACC GCA TGC TAT
GCA TCA GCT TTG AAT TCT
TAT TAA TGG TGA TGG TGA
TGG TGA

271 pA1_EMS_InF-pFD_f Mutagenesis GGA TCT CGA GCC ATG GTG
CTA GCA GAT GGC TCT GCG
TCG TC

182 BOLA2-f1 KO Screening GCG GCT CAA CTC ACC ACA T
185 SLX1-ex2-r1 KO Screening GAA GCC GTG CAC GAC GAG

Continued on the next page...
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ID Long Name Type Sequence

204 ADH5ko_5-f1 KO Screening GGC CAA ACC CCT CAT TTT
AGC

206 ADH5ko_3-r1 KO Screening TTG TGG CAT TTC AAC CGG
TT

208 ALDH2ko_5-f1 KO Screening TGA CCT TGG TCC ATT TCC
CA

210 ALDH2ko_3-r1 KO Screening ACA AGC TGA AGA GGA GGG
AC

246 CRISPRi_ki_f1 KO Screening CCG TAC CAC TTC CTA CCC
TC

247 CRISPRi_ki_r1 KO Screening CGT TGG GCA GGT TCT TAT
CG

319 V3_2_F Library CTG CGT GCG CCA ATT CTG
320 V3_1_R2 Library AGA ACC GGT CCT GTG TTC

TG
322 D706_R Library CAA GCA GAA GAC GGC ATA

CGA GAT ACG AAT TCG TGA
CTG GAG TTC AGA CGT GTG
CTC TTC CGA TCT ACT TGC
TAT TTC TAG CTC TAA AAC

323 D705_R Library CAA GCA GAA GAC GGC ATA
CGA GAT TTC TGA ATG TGA
CTG GAG TTC AGA CGT GTG
CTC TTC CGA TCT ACT TGC
TAT TTC TAG CTC TAA AAC

325 D702_R Library CAA GCA GAA GAC GGC ATA
CGA GAT TCT CCG GAG TGA
CTG GAG TTC AGA CGT GTG
CTC TTC CGA TCT ACT TGC
TAT TTC TAG CTC TAA AAC

326 D701_R Library CAA GCA GAA GAC GGC ATA
CGA GAT CGA GTA ATG TGA
CTG GAG TTC AGA CGT GTG
CTC TTC CGA TCT ACT TGC
TAT TTC TAG CTC TAA AAC

329 D504_F Library AAT GAT ACG GCG ACC ACC
GAG ATC TAC ACG GCT CTG
AAC ACT CTT TCC CTA CAC
GAC GCT CTT CCG ATC TGC
ATT GTG GAA AGG ACG AAA
CAC CG

Continued on the next page...

89



Chapter 2. Materials and methods

ID Long Name Type Sequence

330 D503_F Library AAT GAT ACG GCG ACC ACC
GAG ATC TAC ACC CTA TCC
TAC ACT CTT TCC CTA CAC
GAC GCT CTT CCG ATC TCG
TTG TGG AAA GGA CGA AAC
ACC G

331 D502_F Library AAT GAT ACG GCG ACC ACC
GAG ATC TAC ACA TAG AGG
CAC ACT CTT TCC CTA CAC
GAC GCT CTT CCG ATC TAT
TGT GGA AAG GAC GAA ACA
CCG

332 D501_F Library AAT GAT ACG GCG ACC ACC
GAG ATC TAC ACT ATA GCC
TAC ACT CTT TCC CTA CAC
GAC GCT CTT CCG ATC TTT
GTG GAA AGG ACG AAA CAC
CG

2.3 | Cell biology methods

2.3.1 | Generation of cell lines

2.3.1.1 | Generation of ERCC4 knockout cell lines

3×105 A549, HT-29, and U2OS cells were seeded in each well of a 12-well plate. The

next day, 2.7 µg of pX458:sgERCC4-ex1fw and pX458-mRuby:sgERCC4-ex1rv were

transfected by Lipofectamine 3000 (Invitrogen, L3000), as per manufacturer’s instruction.

Medium was replaced the following day, and cells were allowed to grow for another day.

Cells were sorted using a FACSAria Fusion Flow Cytometer (FACS; BD Biosciences)

for EGFP and mRuby2 expression into single wells of a 96-well plate and grown in

medium supplemented with an additional 10% FBS. Once a sizable colony had grown,

cells were expanded to a 24-well plate, then a T75 dish, before freezing (freezing stocks

were made by passage 4 at the latest). From the initial 96-well plate, genomic DNA was

extracted using QuickExtract DNA Extraction Solution (Lucigen, QE09050) as per the

manufacturer’s instructions. PCR was performed with primers 276-277 using MyTaq

HS Red Mix (Bioline, BIO-25048), with cycling conditions: 95 °C 2 min, 30× cycles
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of 95 °C 15 s, 60 °C 15 s, 72 °C 30 s (for 2 kb product), and a final extension of 72

°C 2 min. Products of clones showing a putative knockout band were purified using

a QIAquick PCR Purification Kit (Qiagen, 28104), and verified by Sanger sequencing

(Source BioScience). Western blotting was performed to verify the loss of expression of

XPF. Note: HT-29 and A549 ∆ERCC4 cells were generated by Dr. Ceren Yalaz. U2OS

∆ERCC4 cells were generated by Dr. Sanja Brolih.

2.3.1.2 | Generation of SLX1 knockout cell lines

4×105 RPE-1, RPE-1 TP53−/−, HAP1 and 293FT cells were seeded in each well of a

6-well plate with 2 ml of medium. The next day, 1 µg of pX458:sgSLX1-int1-1 and pX458-

mRuby2:sgSLX1-int3-1 were transfected using Lipofectamine 3000. Media was replaced

24 h later, and cells were sorted two days later by FACS for EGFP and mRuby2 expression

and plated as single cells into a 96-well plate containing media with 20% FBS. As above,

clones were expanded, genomic DNA was extracted for PCR (using primers 334-336),

and PCR-positive clones were maintained and frozen by passage 4. For confirmation by

Western blotting, cells were harvested from a confluent 150 mm dish and either lysed via

RIPA or processed for nuclear extracts and probed for SLX1.

2.3.1.3 | Generation of SLX1 knock-in cell lines

3×105 RPE-1 cells were seeded in each well of a 6-well plate. The following day,

2.7 µg of pX459:sgSLX1-N1, or pX459 (control) alongside 2.7 µg of pTwistENTR donor

sequence were transfected by Lipofectamine 3000. For the transfection of a sgRNA:Cas9

ribonucleoprotein (RNP), chemically protected sgSLX1-N (AAGGCCCGAUGGGUCCCGCG,

Synthego) and SpCas9 2NLS (Synthego) were transfected by Lipofectamine CRISPRMAX

Cas9 transfection reagent (Invitrogen, CMAX00). Medium was replaced 24 h later

and supplemented with 10 µg/ml puromycin (Gibco, A1113803) and 3 µM DNA-PKi

(Nu7441; SelleckChem, KU-57788) to promote homology-directed repair events; the high

concentration of puromycin required for selection was due to partial resistance of RPE-1

cells to puromycin through their hTERT-immortalisation, which was transduced along-

side a hygromycin (partial redundancy with puromycin) resistance-containing pGRN15

plasmid765,766. After 4 days of puromycin selection, the media was replaced without

91



Chapter 2. Materials and methods

puromycin but containing a starting dose of 100 µg/ml zeocin. After a further 3 days under

minimal zeocin selection, the media was replaced with 200 µg/ml zeocin. After another

week of zeocin selection (media containing 200 µg/ml zeocin replenished every 3 days),

cells were sorted by FACS for GFP expression into single wells of a 96-well plate and

grown as clones. Colonies from wells were expanded as above (Section 2.3.1.1) and frozen

by passage 4. Genomic DNA was extracted as in (Section 2.3.1.1); with PCR performed

using primers 182-185 or 284-285 (longer-range). PCR reactions containing a band

corresponding to the expected knock-in size were purified using QIAquick PCR Purification

Kit and verified by Sanger sequencing. To confirm knock-in by Western blotting, an 80%

confluent well of a 6-well plate was grown overnight with or without dTag-13 (Sigma-

Aldrich, SML2601), and expression of SLX1 was visualised by FLAG immunoblot.

2.3.1.4 | Generation of CRISPRi cell lines

For generation of CRISPRi cell lines (dox-inducibly expressing KRAB-dCas9) in HT-29

and HT-29 ∆ERCC4, 1 ml of lentivirus expressing dCas9-KRAB (addgene: 167935) was

added to 5×106 cells, seeded in a 6-well plate 24 h prior. Media containing lentivirus was

replaced with DMEM + 10% FBS + P/S, and cells returned to 37 °C for two further days.

The resulting population was single-cell sorted for RFP+ cells and grown in DMEM +

20% FBS + P/S until colonies formed. Colonies were then expanded and simultaneously

split for genomic DNA extraction, where PCRs were performed using primers 246-247,

to verify the presence of the dCas9-KRAB construct. PCR-positive clones were then

confirmed by Western blotting for HA after overnight treatment with 2 µg/ml doxycycline

and 50 nM trimethoprim (TMP).

2.3.1.5 | Generation of ADH5−/− and ALDH2−/− iPSCs

For the generation of ADH5−/− or ALDH2−/− iPSCs, 90 pmol of sgRNAs (chemically

protected, from Synthego, Table 2.2) were mixed with 80 pmol Cas9 protein (gift of Dr. Raj

Chari), and the RNP reaction was incubated at room temperature for 10 min and then stored

on ice until electroporation. iPSCs were lifted from 10 cm dishes as per routine passaging

(Section 2.1.2), and 5×105 cells per nucleofection were pelleted by centrifugation (300

g, 5 min, room temperature) and the supernatant removed. Cell pellets were resuspended
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in 5 ml DMEM + F12 (Gibco, 11320), centrifuged, cell pellet washed twice with 5 ml

OptiMEM. This final cell pellet was resuspended in 100 µl OptiMEM and mixed with

the RNP mix as above and followed by careful transfer to a nucleofection cuvette. Cells

were electroporated using an Amaxa Nuclefector II machine, program X-001, and the

electroporated cells were immediately seeded on a 6-well plate pre-coated with Matrigel

and containing 2 ml of E8 + ROCKi at a density of 1000 cells per well. The remaining cells

from the electroporated mix were seeded in another Matrigel-coated well to account for the

editing efficiency of the total population. ROCKi was removed by replacing the media with

E8 the next day. Single-cell-derived colonies were picked and expanded into a 12-well

plate, then a 6-well plate and finally a 10 cm dish before freezing using CELLBANKER®

1 Serum Containing Freezing Media (amsbio, 11888). Genomic DNA was extracted from

clones using the DNeasy Blood & Tissue Kit (Qiagen, 69504) and screened by PCR using

primers 204-206 and 208-210 for ADH5 and ALDH2, respectively, for the desired genomic

deletion and verified by Sanger sequencing (ACGT).

sgADH5-1 AUCCAUCGAAUUACCUCCAA
sgADH5-2 UGGUCUGGGAGGAGUCGGAU

sgALDH2-1 AUCCUCGGCUACAUCAACAC
sgALDH2-2 UCCCCGUGUUGAUGUAGCCG

ADH5

ALDH2

Table 2.2 | Sequences of sgRNAs for generation of ADH5 and ALDH2 knockouts in iPS
cells.

2.3.2 | Cell culture techniques

2.3.2.1 | Transient transfection

Plasmids were transfected using Lipofectamine 2000 (Invitrogen, 11668027) as per the

manufacturer’s instructions.

2.3.2.2 | Lentivirus production and stable cell generation

For the assembly of lentiviruses, plasmids pHDM-Hgpm2 (SV40 GagPol, Addgene:

164441), pHDM-VSV-G (USVG, Addgene: 164440), pRC-CMV-Rev1b (Rev, Addgene:

164443), pHDM-Tat1b (Tat, Addgene: 164442) and the lentiviral transfer vector were used

to transfect, at a ratio of 1:1:2:1:5, 4×106 293FT cells in 10 cm dishes, using Lipofectamine
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2000 (Invitrogen, 11668027) as per manufacturer’s instruction. Cell culture medium

was replaced 4 h after transfection with media containing P/S. Viral supernatants were

harvested 48 h after transfection, filtered through a 0.45 µm filter (ThermoFisher Scientific,

15216869), and used immediately for transduction or frozen and stored at -80 °C until use.

For transduction, cells were plated to reach 50% confluency the next day, without P/S,

in 10 cm culture dishes and 1 ml of viral supernatant was added. Following another 24

h, culture media was replaced with media containing P/S, and selected with antibiotics,

puromycin (Gibco, A11138) or G418 sulfate (Gibco, 10131035), where appropriate. FACS

was used to select cells for EGFP or RFP expression, and sorted into a heterogeneous

stable population or as single cells into wells of a 96-well plate.

2.3.2.3 | Freezing cell stocks

For the cryopreservation of cell lines, trypsinised cells were resuspended in freezing media

(90% FBS, 10% DMSO) and transferred to cryotubes. Cells were slowly frozen in a

pool of isopropanol to -80 °C and transferred to a liquid nitrogen tank for longer-term

storage. To defrost cell lines, cryotubes were thawed quickly, centrifuged for 5 min, 500 g

to remove DMSO, and plated in a T25 or T75 flask with fresh culture medium.

2.3.2.4 | Genetic screens using CRISPR-Cas9

120×106 HT-29 and HT-29 ∆ERCC4 cells, seeded at 10×106 cells per 15 cm dish, were

independently transduced with the lentiviral TKOv3 library749,755 at an MOI of 0.3, to

initiate a library coverage of >500×. The TKOv3 library contains 71090 sgRNAs targeting

18056 genes, with approximately five sgRNAs per gene. Puromycin was added the next

day, to a final concentration of 2 µg/ml, for the selection of positive transductants, which

was maintained for a further two days; this was considered the initial time point (t0). Cells

were then subcultured every 3-5 days until t22 (day 22), maintaining a library coverage

of >500× and collecting 35×106 cells (t3, t6, t9, t14, t18). For all screens, SJG-136

treatments were applied according to the previous evaluation of LD20 concentration in

uninfected HT-29 cells treated for 3 days. A total of 35×106 cells were frozen at t22 for

gDNA extraction, storing pellets at -80 °C. Screens were performed in biological duplicates.

DNA was extracted and prepared for Illumina sequencing as described (Section 2.5.4).
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2.3.2.5 | Cell synchronisation

Cells were arrested in the G2/M phase through the addition of 0.1 µg/ml (unless otherwise

stated) nocodazole (Sigma-Aldrich, SML1665) for 16 h.

2.3.2.6 | RNA interference

Cells were seeded at a density of 2×106 cells/ml and treated immediately with 20 nM

siRNA using Lipofectamine RNAiMAX (Invitrogen, 13778) according to the manufac-

turer’s instructions. Cells were forward transfected with 20 nM siRNA the next day and

harvested/reseeded 24-48 h later. The siRNAs used are described in Table 2.3:

siRNA Description Type Catalog
No.

Sequences

siMUS81 ON-
TARGETplus
Human
MUS81 siRNA
SMARTpool,
Dharmacon

Pool L-016143-
01-0005

CAGCCCUGGUGGAUCGAUA,
CAUUAAGUGUGGGCGUCUA,
UGACCCACACGGUGCGCAA,
CUCAGGAGCCCGAGUGAUA

siSLX1-
1

ON-
TARGETplus
Human
SLX1 siRNA
SMARTpool,
Dharmacon

Pool L-034933-
01-0005

GCUAAGGGCCCAUGUGAUC,
CAGAAUUAGAAGAGGCACA,
GGACACUGAGAAAGAAGUA,
GCUGGAGACCUGAUCCUCA

siSLX1-
2

Chemically
protected RNA
oligonucleotide,
ThermoFisher
Scientific

Single N/A UGGACAGACCUGCUGGAGAUU

siBRCA1 ON-
TARGETplus
Human
BRCA1 siRNA
SMARTpool,
Dharmacon

Pool L-003461-
00-0020

CAACAUGCCCACAGAUCAA,
CCAAAGCGAGCAAGAGAAU,
UGAUAAAGCUCCAGCAGGA,
GAAGGAGCUUUCAUCAUUC

Table 2.3 | siRNAs used in the study.
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2.3.2.7 | Incucyte growth assays

Cells were seeded as technical replicates of 3000 cells per well of a 96-well plate. Images

were acquired at 20× magnification every 3 h, and the resulting percentage confluencies

were quantified using Incucyte ZOOM 2018A software (Essen Bioscience). Doubling

times were calculated in GraphPad Prism V.8 using the exponential growth equation.

2.3.2.8 | Colony survival experiments

Unless otherwise stated, for each biological repeat, 1000 cells were seeded in a 10 cm

dish in triplicate for each different condition. Drug concentrations and treatments are

outlined below (Section 2.3.2.10). 10-14 days following treatment, the growth medium

was removed, cells were washed with PBS, and stained with Coomassie staining solution

(0.1% Coomassie, 7% acetic acid, 50% methanol) for 30 min, followed by washing with

ddH2O and air-drying before scanning. The number of colonies was counted using a

ColCount colony counter (Oxford Optronix). Representative dishes were selected for

visualisation in Figures 3.3c, 3.7a, 4.7c, 4.8c.

2.3.2.9 | Resazurin/CellTiter-Glo cell viability assays

For each biological repeat, 300 cells per well were seeded in a 96-well clear-well plate

with n = 6 technical repeats for each condition (n = 12 for untreated controls). Drug

concentrations and treatments are outlined below (Section 2.3.2.10). 8 days following

treatment, growth medium was replaced with a phenol-red-free version of the medium

supplemented with 10 µg/ml resazurin, and cells incubated for 2-4 h until untreated

control wells became a pink colour. Relative fluorescence at Ex/Em 530-560/590 nm was

measured using a CLARIOstar plate reader (BMG LABTECH).

For CellTiter-Glo 2.0 (CTG) cell viability assays, cells were instead seeded at a

density of 500 cells per well in a 96-well white plate (655083, Greiner). After 8-10 days

following treatment, the medium was replaced with CTG, diluted 1 in 10 in PBS, and

plates were shaken vigorously for 10 min before luminescence was measured using a

CLARIOstar plate reader.
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2.3.2.10 | Drug treatments

In general, cells were treated 16 h following seeding for both colony survival experiments

and resazurin/CTG assays. For siRNA-treated cells re-seeded for a survival experiment,

drug treatment was completed within 6-8 h of re-seeding. Unless otherwise stated within

figure legends, cell treatments were as follows for cell viability/clonogenic assays. Cisplatin

(CDDP, Teva pharmaceutical industries Ltd., Eastbourne UK Cat 51642169), formulated

as a stock at 3.3 mM, was applied for 4 h before medium was replaced for the remainder

of the assay. Trabectedin (Cambridge Bioscience, 34662-1 mg-CAY), diluted to a stock

of 1 mM in DMSO, was applied for 2 h before medium was replaced for the remainder

of the assay. ADH5 inhibitor, N6022 (Cayman, 21269), diluted in DMSO to a stock

concentration of 50 mM; doxycycline (ThermoFisher Scientific, D9891), diluted in DMSO

to a stock concentration of 50 mg/ml; formaldehyde (ThermoFisher Scientific, 28906),

diluted fresh for each use in PBS to a stock concentration of 5 mM; olaparib (SelleckChem,

S1060), diluted in DMSO to a stock concentration of 10 mM; were all applied continuously

for the duration of the assay.

2.3.3 | Protein expression

2.3.3.1 | Baculovirus generation and amplification

Bacmid DNA and baculoviruses for insect cell-expressing plasmids were generated as

described767. In brief, bacmid DNA was prepared by transforming DH10Bac Competent

E. coli with 0.1 µg of the respective plasmid DNA with backbone pAceBac1 or pKL-

PBac. Transformants were selected through blue(black)-white screening on LB-agar

plates containing kanamycin, tetracyline, and gentamicin (Section 2.2.6) with 0.3 g/l

S-gal, 0.03 g/l isopropyl β -D-1-thiogalactopyranoside (IPTG), 0.5 g/l ammonium citrate.

Alkaline lysis of bacteria was followed by isopropanol precipitation of bacmid DNA,

which were washed in 70% ethanol and resuspended in TE (10 mM Tris-HCl (pH 8),

1 mM EDTA) and used immediately or stored for <1 month at -20 °C. P0 baculovirus

was generated through transfection of 5×106 Sf9 cells with ∼50 µg of bacmid DNA using

Cellfectin II (Gibco, 10362) – transfections were performed in T25 flasks; 20 µl of bacmid

DNA (concentration range 1-4 µg/µl) was diluted with 10 µl Cellfectin II in 1 ml of SF900

II media, incubated for 30 min, and then added dropwise to cells. The transfection mix
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was removed 4 h later and replaced with SF900 II medium. P1 baculovirus was harvested

96 h post-transfection by centrifugation of the growth medium (700 g, 5 min, 4 °C) and

supplementing with 10% FBS. To generate P1 virus, 15×106 Sf9 cells in a T75 flask were

infected with 1 ml of P0 virus, and P2 virus was harvested as above 72 h later. This same

procedure, but using 30×106 Sf9 cells in a T175 flask, was repeated to generate P2, and

sometimes P3/P4 viruses. All baculoviruses were protected from light and stored at 4 °C

for <2 months; P0 virus aliquots were stored at -80 °C for <1 year.

2.3.3.2 | Protein expression in insect cells

Sf9 or HiFive cells cultured in suspension were diluted to a density of 2×106 cells/ml,

infected with 1/100 (v/v) of either P3 or P4 baculovirus and incubated for 48-72 h. Cells

were harvested by centrifugation (1500 g, 10 min, 4 °C), washed with cold PBS, centrifuged

again and snap-frozen in dry ice prior to storage at -80 °C until purification.

2.3.3.3 | Protein expression in bacteria

For expression of GFP and mCherry nanobodies, plasmids were transformed into BL21

DE3 pLysS (Invitrogen, C6060) transformed with either pET28a:GFP-Nb or pET28a:mCherry-

Nb. The genotype of this strain is: E. coli F− ompT hsdSB (rB− , mB−) gal dcm (DE3)

pLysE(CamR). Starter cultures from several colonies were grown together in LB containing

50 µg/ml kanamycin overnight at 37 °C with shaking - glycerol stocks were generated the

next day in 30% glycerol, stored at -80 °C. 10 ml of starter culture was used to inoculate

2 l of LB containing antibiotic and grown at 37 °C with shaking, until an OD600 of 0.6-0.8

was reached. Cultures were cooled to 4 °C for 30 min prior to the addition of 0.5 mM

IPTG (Sigma-Aldrich, I6758) for expression overnight at 18 °C for 16-20 h. Cells were

harvested by centrifugation 6,000 g, 30 min, 4 °C and pellets frozen in dry ice before

storing at -80 °C. Frozen pellets were used for purification within a month.

2.3.3.4 | Protein expression in mammalian cells

Expi293F cells were seeded at a density of 1.2×106 cells/ml on day 0. The following

day, when density was estimated to be ∼2.4×106 cells/ml, PEI-transfection mix was

formulated as follows: tube A containing 60 µg/ml polyethyleneimine (stock at 2 mg/ml
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PEI, ThermoFisher Scientific, 043896.01) and 1/20th (of culture) volume of OptiMEM

was mixed with 1 µg (per ml of culture) plasmid in the same volume of OptiMEM. This

mixture was added dropwise to Expi293F cells while swirling and cells returned to the

shaking incubator. On day 2, 3.5 mM valproic acid (Sigma-Aldrich, P4543), and 1/100 v/v

NEAA (Gibco, 11140) was added. Expressions were harvested either on day 3 or day 4 by

centrifugation at 700 g for 15 min, resuspension in PBS (Gibco, 10010), centrifugation

again and freezing in dry ice and storing at -80 °C until use.

2.4 | Protein methods

2.4.1 | Protein purifications of SMX and SLX4-containing com-
plexes

For all SMX preparations (and derivatives like SLX4-C, including the various species

preparations), after expression in insect cells as above (Section 2.3.3.2), thawed cell pellets

were resuspended in buffer MS-L (20 mM HEPES-KOH (pH 8), 750 mM NaCl, 1 mM

MgCl2, 0.05% CHAPS, 0.5 mM TCEP) supplemented with 1× cOmplete mini EDTA-

free cocktail (Roche, 11836170001) and 1 mM PMSF (ThermoFisher Scientific, 36978).

Cells were lysed by sonication while on ice (30 s on, 1 min off, 3 min total on, 30%

amplitude; Branson SFX550) and cell debris cleared by centrifugation (48,250 g, 1 h, 4

°C). The supernatant was incubated for 2 h at 4 °C with Strep-Tactin Sepharose beads

(IBA Lifesciences) or StrepTrap HP 5 mL (Cytiva) equilibrated with buffer MS-L. Beads

were then washed with buffer MS-L for >10 bead volumes, and bound protein was eluted

with buffer MS-L + 2.5 mM desthiobiotin (IBA Lifesciences, 2-1000-002). Eluant was

concentrated, unless otherwise stated, and loaded onto a Superose 6 Increase 10/300 GL

(Cytiva) in buffer G (20 mM HEPES-KOH (pH 8), 150 mM NaCl, 1 mM MgCl2, 0.5 mM

TCEP). Peak elutions were pooled and concentrated and final concentrations determined

by Nanodrop/Bradford assay (Bio-Rad, 5000111), before freezing in liquid nitrogen or

dry ice and storing at -80 °C. Some buffers were adjusted between different preparations

but any changes are stated for each experiment.
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2.4.1.1 | GFP and mCherry nanobody purification and conjugation
to agarose beads

Pellets of BL21(DE3) cells overexpressing GFP-Nb and mCherry-Nb (Section 2.3.3.3)

were thawed, resuspended in buffer LNB (50 mM sodium phosphate (pH 7.5), 300 mM

NaCl, 10% glycerol, 2 mM MgCl2, 1 mM PMSF, 25 U/ml benzonase (Millipore, 70746),

5 mM imidazole), lysed by sonication (40% amplitude, 5 min total, 10 s on/20 s off).

Lysed cells were centrifuged at 47,500 g, 1 h, 4 °C, filtered through 0.45 µm cutoff

filters and loaded onto TALON metal affinity resin (635653, TAKARA), equilibrated

with buffer WNB (50 mM Na-phosphate (pH 7.5), 300 mM NaCl, 10% glycerol, 5 mM

imidazole) and incubated with shaking for 1 h at 4 °C. Resin was washed with 10 bead

volumes of buffer WNB and eluted with buffer WNB containing 160 mM imidazole.

Eluted protein was concentrated and loaded onto a Superdex 75 Increase 10/300 GL

(GE Healthcare), equilibrated with buffer NB-G (50 mM sodium phosphate (pH 7.5),

150 mM NaCl). Peak GFB-Nb or mCherry-Nb fractions were concentrated, flash-frozen

in liquid nitrogen and stored at -80 °C.

Conjugation of purified nanobodies to sepharose beads GFP and mCherry nanobodies

were immobilised on sepharose beads through NHS-sepharose coupling, according to

the manufacturer’s instruction. Briefly, NHS-activated sepharose 4FF (Cytiva, 170906)

was washed with 1 mM HCl and then equilibrated with buffer NB-G. After draining the

solution, 34 mg of nanobody was added in a final 15 ml volume of buffer NB-G and the

beads/nanobody mix rocked for 4 h at 4 °C, then 2 h at room temperature, and finally

overnight at 4 °C. Unbound nanobody was collected by adding extra buffer NB-G. The

remaining resin was washed with blocking buffer (50 mM sodium phosphate (pH 7.5),

200 mM NaCl, 200 mM ethanolamine) and kept in blocking buffer for 24 h at 4 °C. The

resin was then washed and stored in 20% ethanol at 4 °C until use.

2.4.2 | Protein analysis methods

2.4.2.1 | Flow cytometry

For cell cycle analysis, the cell culture medium was supplemented with EdU (Invitrogen,

A10044) at 10 µM for the final 15 min of culture. Cells were then harvested by centrifu-

gation at 700 g, 5 min, 4 °C (after trypsinisation where appropriate), washed with PBS
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and centrifuged again, ensuring that only a maximum of 1×107 cells were processed.

Cells were fixed by dropwise addition of ice-cold 70% ethanol while vortexing and either

processed immediately or stored at -20 °C for up to 1 month. Cells were washed with

1% BSA in PBS (PBS-BSA), then permeabilised in 0.5% Triton X-100 in PBS for 20

min, and washed twice in PBS-BSA. Click reactions were performed for 45 min in the

dark with 100 µl/sample of a cocktail made up of 1× Click-iT reaction buffer (Invitrogen,

C10276), 4 mM CuSO4, 10 µM AF647-picolyl-azide (Jena Bioscience, CLK-1300) and

1× Click-iT additive (Invitrogen, C10276). The cocktail was removed by centrifugation

and the cell pellet was washed in PBS, before adding 200 µl/sample of PBS containing

1 µg/ml 4,6-diamidino-2-phenylindole (DAPI; BD, 564907) and incubating a further 10

min in the dark. Flow cytometry data was acquired using an Attune NxT (ThermoFisher

Scientific) flow cytometer and analysed using FlowJo 10.10.

2.4.2.2 | Cell lysis for IP/Western blotting

For harvesting a whole cell extract, cells were washed with PBS, harvested by trypsini-

sation, washed again with PBS and centrifuged (1500 g, 10 min, 4 °C). Cells were then

resuspended in buffer NLB (50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM MgCl2,

10% glycerol, 5 mM NaF, 0.2% NP-40, 1× protease inhibitor cocktail) supplemented

with 25 U/ml benzonase, incubated for 5 min, and an equal volume of buffer SLB

(62.5 mM Tris-HCl (pH 7.5), 10% glycerol, 2% SDS, 25 mM TCEP) added. Samples were

subsequently boiled for 5 min, and centrifuged (20,000 g, 10 min, 4 °C). The supernatant

was used as a cell extract, with protein concentration estimated by Nanodrop.

To obtain nuclear and cytoplasmic extracts, cells were harvested as above. Cell pellets

were then lysed by hypotonic lysis for 20 min at 4 °C in 5× pellet volume of buffer HLB

(50 mM Tris-HCl (pH 7.5), 10 mM NaCl, 10% Glycerol, 1.5 mM MgCl2, 0.5 mM TCEP,

Halt Protease and Phosphatase inhibitor cocktail (ThermoFisher Scientific, 78440), 1 mM

PMSF). The cytoplasmic fraction was extracted as the supernatant after centrifugation

(2,000 g, 5 min, 4 °C) with the pellet washed once in cold PBS and centrifuged again. This

nuclear pellet was resuspended in buffer NEB (50 mM Tris-HCl (pH 8), 10% Glycerol,

0.5 mM TCEP, Halt Protease and Phosphatase inhibitor cocktail (ThermoFisher Scientific,

78440), 0.5% NP-40, 10 units benzonase/100 µl buffer, 2 mM MgCl2), incubated on ice
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for 20 min, then NaCl added to 400 mM and incubated for a further 10 min on ice. Any

remaining debris was then removed by centrifugation (20,000 g, 20 min, 4 °C).

All extracts were used immediately or stored at -20 °C for <1 month before use.

2.4.2.3 | Immunoprecipitations

For the preparation of lysates for immunoprecipitations, cell pellets were washed in PBS,

and lysed in RIPA (ThermoFisher Scientific, 89900), supplemented with Halt Protease

and Phosphatase inhibitor cocktail, 1 mM PMSF, and unless otherwise specified 25 U/ml

benzonase, for 45 min on ice. Lysates were then cleared by centrifugation at 20,000 g,

10 min, 4 °C, collecting the supernatant. The protein concentration was determined by

use of the Pierce BCA Protein Assay Kit (ThermoFisher Scientific, 23225) and lysate

concentrations normalised by dilution in buffer IPbase (40 mM HEPES-KOH (pH 8), 5%

glycerol, 2 mM MgCl2, 0.5 mM TCEP, 0.05% NP-40) containing 150 mM NaCl. GFPTrap

magnetic agarose beads (ChromoTek, GTMA) were washed once in PBS, then 1% BSA in

PBS with end-to-end mixing for 10 min at room temperature, then washed twice in buffer

IPbase + 150 mM NaCl. Normalised lysate was then incubated with 12.5 µl of washed

GFPTrap beads for 2 h with end-to-end mixing at 4 °C. Bound beads were washed thrice

in successive buffers of IPbase containing 150 mM, then 250 mM and finally 500 mM.

Elution was performed in a mix of 1× SDS sample buffer (ThermoFisher Scientific,

NP0007), with 1× reducing agent (ThermoFisher Scientific, NP0009) and boiling for 5

min before SDS-PAGE analysis. Immunoprecipitations using Halo-tag magnetic beads

(Promega, G7281) and Strep-Tactin XT magnetic beads (IBA Lifesciences, 2-5090-002)

were performed as above. Halo-tagged proteins do not themselves elute from the beads

due to a covalent linkage, but other bound proteins can still be visualised. For in vitro

biotinylation of Halo-tagged protein (Figure 5.13), normalised lysate in RIPA/buffer IPbase

+ 150 mM NaCl was incubated with HaloTag PEG Biotin Ligand (Promega, G8591) at a

final concentration of 1 µM for 4 h at 4 °C, then added to Dynabeads MyOne Streptavidin

C1 (Invitrogen, 65001) and processed as above.
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2.4.2.4 | Immunofluorescence of dCas9-LSD1 cells

106 RPE-1 FRT TP53−/− dCas9-LDS1 cells were seeded in 10 cm Petri dishes in DMEM

10% FBS 1× PenStrep. 4 hours after seeding, the Cas9 system was induced with 2 µg/ml

doxycycline and 50 nM TMP or non-induced with corresponding controls (DMSO, water).

The following day, 24 hours after seeding, cells were nucleofected. Briefly, cells were

harvested, counted and 1.5×106 cells were nucleofected in P3 solution and in the presence

– or not – of 20 pmol of gRNA (sgTelomeres: TAGGGTTAGGGTTAGGGTTA, sgPDXDC1

promoter: TGGTTGTAGCGTCATCGCAG, Synthego), using programme EA-104. Cells were

then re-seeded in a 12-well ibidi slide (ibidi, 81201) (6000 cells per well) in inducing

or non-inducing medium. 24 hours after nucleofection, cells were fixed with 4% (w/v)

paraformaldehyde (PFA) in PBS for 10 min at RT and washed 3 times in PBS. PFA-fixed

cells were permeabilised in 0.5% Triton X-100 in PBS for 5 min at RT and washed 3 times

in PBS. Cells were then incubated with blocking buffer (10% goat serum, 2% BSA, in PBS)

for 30 min at RT and then incubated for one hour at RT with γH2AX antibody (Millipore

05-636) diluted 1:6000 in blocking buffer. Cells were washed once in 0.1% Triton X-100

in PBS, twice in PBS, and incubated with anti-mouse Alexa Fluor 568 diluted 1:1000 in

blocking buffer for 45 min at RT. After washing once in 0.1% Triton X-100 in PBS, twice

in PBS, cells were incubated for 20 min at RT in DAPI (1 µg/ml) in PBS, washed a final

time twice in PBS and mounted with Prolong Gold (Invitrogen, P36930) coverslips. Images

were acquired using a Cell Discoverer 7 (Zeiss) with a 50× water immersion lens. Image

processing and analysis were carried out using the provided microscope software (Zen).

2.4.2.5 | Western blotting

Proteins were resolved by PAGE through a NuPAGE 4-12% Bis-Tris gels and transferred

to a 0.45 µm PVDF (Millipore, IPVH00010) membrane in transfer buffer (25 mM Tris,

190 mM glycine, 20% methanol), overnight at 35 V at 4 °C. Membranes were dried for

1 h at room temperature, re-activated in 100% methanol, blocked for 1 h in either 5%

milk + tris-buffered saline (TBS) or 5% BSA-TBS at room temperature, with rocking.

Membranes were then incubated with primary antibodies, diluted in 1% BSA or milk in

TBST (TBS containing 0.1% Tween) overnight at 4 °C with rocking. Membranes were

washed three times in TBST for 10 min each at room temperature and then incubated
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Antigen Supplier Species Cat. No. Dilution

ADH5 Proteintech Rabbit 11051-1-AP 1/1000
β -Actin Sigma-Aldrich Mouse A3854 1/5000
β -Tubulin Sigma-Aldrich Mouse T4026 1/1000
BARD1 Bethyl Lab Rabbit A300-263A 1/4000
BRCA1 Santa Cruz Mouse sc-6954 1/200
CHK1 Santa Cruz Mouse sc-8408 1/1000
CHK1 pS345 Cell Signalling Technology Rabbit 2348 1/1000
EME1 Novus Mouse NBP2-50386 1/1000
ERCC1 Santa Cruz Mouse sc-17809 1/250
FANCJ Sigma-Aldrich Rabbit B1310 1/1000
FLAG Sigma-Aldrich Mouse F1804 1/2000
GAPDH Cell Signalling Technology Rabbit 3683 1/2000
GFP TAKARA Mouse 632381 1/4000
H3 pS10 Abcam Mouse ab14955 1/5000
HA Santa Cruz Mouse sc-57592 1/1000
His-tag BioLegend Mouse 652503 1/2000
Histone H2AX Novus Rabbit NB100-383 1/5000
Histone H2AX pS139 Cell Signalling Technology Rabbit 2577 1/5000
Histone H3 Proteintech Rabbit 17168-1-AP 1/5000
Ku80 Cell Signalling Technology Rabbit 2753 1/1000
MSH2 Santa Cruz Mouse sc-376384 1/500
MUC2 Invitrogen Mouse MA5-12345 1/1000
P53 Santa Cruz Mouse sc-126 1/3000
PCNA Santa Cruz Mouse sc-56 1/500
RPA32 Millipore Mouse NA18 1/2000
SLX1 Proteintech Rabbit 21158-I-AP 1/500
SLX4 Bethyl Lab Rabbit A302-270A 1/1000
SLX4IP Bethyl Lab Rabbit A304-994A-M 1/1000
SNM1A Bethyl Lab Rabbit A303-747A 1/2000
TRF2 Novus Rabbit NB110-57130 1/2000
XPF Bethyl Lab Rabbit A301-315A 1/1000

Anti-mouse-HRP Agilent Goat P044701-2 1/2000
Anti-rabbit-HRP Agilent Goat P044801-2 1/2000

Table 2.4 | Antibodies used in the study.

104



Chapter 2. Materials and methods

with HRP-conjugated secondary antibodies diluted in TBST for 2 h at room temperature.

Membranes were rewashed three times in TBST for 10 min each at room temperature.

Membranes were imaged through chemiluminescence after incubation with SuperSignal

West Pico PLUS Chemiluminescent substrate (ThermoFisher Scientific, 34580), and

imaged on an iBright FL1000.

Antibodies used are summarised in Table 2.4.

2.5 | Nucleic acid methods

2.5.1 | Nuclease assays

To anneal DNAs, appropriate oligonucleotides (Table 2.5) were annealed in buffer A

(10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM EDTA) to a final concentration of

1 µM by incubating at 100 °C for 3 min before slow cooling to room temperature.

Reactions were assembled with two-fold serial dilutions of protein and a final concentration

of 10 nM DNA substrate (as in Table 2.5) in buffer N (25 mM HEPES-KOH (pH 8),

40 mM NaCl, 10% glycerol, 0.5 mM DTT, 5 mg/ml BSA, 5 mM MnCl2). Reaction

mixtures were incubated at 37 °C for 1 h, then quenched with the addition of 0.5

volume of buffer S (95% formamide (v/v), 10 mM EDTA, 0.25% bromophenol blue),

and analysed by 20% denaturing polyacrylamide gel electrophoresis (PAGE), containing

40% 19:1 acrylamide:bis-acrylamide (BioRad, 1610144) with 7 M Urea (VWR Chemicals,

28877.292) in 1×Tris-borate EDTA (TBE), run at 525 V for 1.25 h. Gels were scanned

using a Typhoon 9400 (GE).

2.5.2 | Reverse transcription quantitative polymerase chain re-
action (RT-qPCR)

For gene expression analysis, cells were washed in PBS and lysed in buffer RLT (Qiagen)

before RNA was isolated using the RNeasy Mini Kit (Qiagen, 74104). After quantification

of RNA via nanodrop, 1 µg RNA was treated with 0.2 U of DNase I (NEB, M0303)

for 30 min at 37 °C. cDNA was generated using SuperScript IV Reverse Transcriptase

(ThermoFisher Scientific, 18090) as per the manufacturer’s instructions using Oligo(dT)20

primer (ThermoFisher Scientific, 18418020) and diluted to a final volume of 200 µl
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Oligo Sequence Label
1 ATA AAT ATT TTT TAT TAA TAA TAG ATC ACC TTT CTT TCT CTT

CTC CCC TT
3′-Cy5.5

2 TTC CCC TCC TCT CCT TCC TTC CTG ATC TAT TAT TAA TAA AAA
ATA TTT AT

3 AAG GGG AGA AGA GAA AGA AAG G
4 GGA AGG AAG GAG AGG AGG GGA A
5 TCC GTC CTA GGA AGG GGC TGC TAC CGG AAG 5′-Cy5.5
6 CTT CCG GTA GCA GCC TGA GCG GTG GTT GAA
7 TTC AAC CAC CGC TCA ACT CAA ACT GCA GCT
8 AGA CTG CAG TTG AGT CCT TCC TAG GAC GGA

Table 2.5 | Oligonucleotide sequences used in the study and structures formed from their
combination.

Structure name Structure Oligos used

Simple fork
5’

1 + 2

5′-flap
5’

1 + 2 + 4

Replication fork
5’

1 + 2 + 3 + 4

Holliday
junction

5’

5 + 6 + 7 + 8

Table 2.6 | Oligonucleotide combinations to generate DNA structures.
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in nuclease-free water. For each biological repeat, four technical repeat qPCRs were

performed in a QuantStudio3 (ThermoFisher Scientific) using TaqMan Gene Expression

Assay kits with probes SLX1A (TaqMan, Hs00225232_m1, exons 3-4) and SLX1B (TaqMan,

Hs02341353_g1, exons 4-5) controlling for the expression of GAPDH (Taqman FAM-

MGB, Hs02786624_g1, exon 8).

2.5.3 | SAR-seq library preparation

SAR-seq was performed as described728. i3Neurons were treated with the following

compounds: SJG-136 (1 nM), formaldehyde (100 µM), formaldehyde + ADH5i (N6022

at 10 µM; Cayman, 21269-25 mg-CAY), were included in the medium along with 20 µM

EdU 18 h before harvesting. Cells were washed with PBS, lifted with accutase for 5 min,

collected in PBS and pelleted at 200 g for 5 min before resuspending in 0.1% BSA in PBS.

Ice-cold methanol (final concentration of 80%) was added dropwise with slow vortexing

and samples were kept on ice for 20 min, and stored at -20 °C until processing.

Cells were then washed in PBS, permeabilised with 0.2% Triton X-100 in PBS for

10 min on ice, washed in PBS and then incubated in Click-iT cocktail (made up of

3 mM copper sulfate, 50 µM biotin azide (ThermoFisher Scientific, B10184), 1× Click-iT

additive (ThermoFisher Scientific, C10424)) for 2 h with shaking. Cells were then washed

in PBS, lysed in 50 mM Tris-HCl (pH 8) with 1% SDS and proteinase K overnight at

37 °C. DNA was extracted through precipitation via phenol:chloroform:isoamyl alcohol

(25:24:1 v/v, Invitrogen, 15593031), and 2.5 volumes of ethanol and 1/10th volume sodium

acetate. DNA pellets were resuspended in TE buffer and sheared to 150-200 bp fragments

using a Covaris S220 sonicator at 10% duty cycle, 175 peak incident power, 200 cycles

per burst, for 240 s. DNA was then again precipitated with the ethanol/sodium acetate

mix as above, before resuspending in TE buffer. Biotinylated EdU DNA fragments were

immobilised by adding an equal volume of DNA in TE buffer to MyOne Streptavidin C1

beads (ThermoFisher Scientific, 650-01), which were washed with wash buffer (10 mM

Tris-HCl (pH 8), 1 mM EDTA, 1 M NaCl, 0.1% Tween20) and resuspended in 2× wash

buffer. Dynabeads were incubated at 24 °C with shaking for 30 min, then washed three

times in 1 ml of wash buffer, twice in 1 ml EB, and once in 1 ml of 1× T4 DNA ligase

buffer (NEB, B0202). Dynabeads were resuspended in 50 µl of end-repair reaction mix
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(1× T4 DNA ligase buffer, 0.4 mM dNTPs, 2.7 U T4 DNA polymerase (NEB, M0203),

9 U T4 polynucleotide kinase (NEB, M0201), and 1 U Klenow fragment (NEB, M0210))

and incubated at 24 °C with shaking for 30 min. Dynabeads were washed further in

1 ml wash buffer, twice in 1 ml EB, and once in 1 ml 1× NEBuffer 2 (NEB, B7002) and

resuspended in 50 µl A-tailing reaction mix (1× dA-tailing buffer (NEB, B6059) and 20 U

Klenow fragment exo- (NEB, M0212)), with incubation at 37 °C with shaking for 30

min. Dynabeads were washed once in 1 ml NEBuffer 2 and resuspended in 115 µl ligation

reaction mix (1× Quick Ligase buffer (NEB, B6058), 6000 U Quick Ligase (NEB, M2200),

5 nM annealed TruSeq truncated adaptor) and incubated at 25 °C with shaking for 20 min.

Ligation reactions were stopped by adding 50 mM EDTA and Dynabeads were then washed

three times in 1 ml wash buffer, three times in 1 ml EB and resuspended in 8 µl EB + 10 µl

2x Kapa HiFi HotStart Ready Mix (Kapa Biosciences, 07958927001). Primers (10 mM)

5′-CAAGCAGAAGACGGCATACGAGATXXXXXXGTGACTGG AGTTCAGACGTGTGCTCTTCCGATCT and

5′-AATGATACGGCGA CCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T (asterisk

indicates a phosphothiorate bond and a NNNNNN TruSeq index sequence) were added with

37 µl PCR reaction mix (20 µl 2× Kapa HiFI HotStart Ready Mix, 17 µl H2O) for a final

volume of 60 µl. DNA was amplified using a programme of 45 s at 98 °C, 15 cycles of 15

min at 98 °C, 30 s 63 °C, 30 s 72 °C, and final extension of 5 min at 72 °C. PCR products

were magnetically separated from Dynabeads and cleaned with 1.8× volume AMPure

Beads XP (Beckman Coulter, A63880). These PCR products were run on 2% agarose

gels, with 150-200 bp bands excised and purified using the QIAquick gel extraction kit

(Qiagen, 28704). Library concentrations were quantified by KAPA Library Quantification

Kit for Illumina Platforms (Kapa Biosystems) and normalised to 2 nM before sequencing

using an Illumina NextSeq 500/550 (75 bp single read) kit.

2.5.4 | Library preparation for CRISPR-Cas9 genetic screens

A CRISPR-KO screen in HT-29 cells was performed as follows, but is an ongoing experi-

ment, and the results have not yet been analysed for inclusion within any results chapter.

Total genomic DNA (gDNA) from 3.5×106 cells was isolated using the QIAamp Blood

Maxi Kit (Qiagen, 51194), and concentrated to >500 ng/µl through ethanol precipitation.

Total gDNA content was quantified by Qubit BR assay (ThermoFisher Scientific, Q33265)
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and diluted to 300 ng/µl. To establish the relative quantities of genetic modifications that

each cell possessed, a 128 bp region of the stably integrated lentiviral cassette consisting

of the sgRNA was PCR-amplified using Q5 Mastermix Next Ultra II (New England

Biolabs, Cat M5044L) with primers 319-320: V3_2_F: 5′-CTGCGTGCGCCAATTCTG, reverse:

V3_1_R2: 5′-AGAACCGGTCCTGTGTTCTG, as part of PCR-1. For each sample, 35 x 50 µl

PCR reactions were performed. For each sample, the PCR products of each reaction were

pooled, and 5 µl was run on a 2% agarose gel to confirm successful amplification. A second

PCR reaction containing i5 and i7 multiplexing barcodes was carried out, with dual primers

uniquely identifying each sample (Table 2.7). For each sample, 4 x 50 µl PCR reactions

were performed. Again, all reactions for each sample were pooled and purified using the

QIAquick PCR cleanup kit (Qiagen, 28104) eluting in 30 µl, which was all subsequently

run on a preparative 2% agarose gel. Bands corresponding to a 206 bp product were excised

and purified using the QIAquick gel extraction kit, the eluant of which was further purified

through the QIAquick PCR cleanup kit. The quality of these final PCR products was

established by D1000 ScreenTape kit (Agilent) and quantified by Qubit BR assay. Sample

PCR products were multiplexed at equal molar ratios (4 nM). The amplified sgRNA

sequences and indices were sequenced on an Illumina NextSeq500/550 kit as described

previously768. Sequencing was performed by Dr. Timothy Rostrom at the WIMM.

Sample Experiment i5 index i5 primer ID i7 index i7 primer ID
HT-29 day 0 A D_501 332 D_701 326
HT-29 ∆ERCC4 day 0 A D_501 332 D_702 325
HT-29 day 0 B D_502 331 D_705 323
HT-29 ∆ERCC4 day 0 B D_502 331 D_701 326
HT-29 day 22 A D_503 330 D_701 326
HT-29 ∆ERCC4 day 22 A D_503 330 D_706 322
HT-29 day 22 B D_504 329 D_705 323
HT-29 ∆ERCC4 day 22 B D_504 329 D_702 325
HT-29 day 22 + SJG-136 A D_501 332 D_705 323
HT-29 ∆ERCC4 day 22 + SJG-136 A D_502 331 D_706 322

Table 2.7 | Primer indices used for next-generation sequencing of CRISPR-Cas9 screens.
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2.5.5 | Biophysical methods

2.5.6 | Cryoelectron microscopy (cryo-EM)

Purified chimaeric SMX complex preparations, diluted in glycerol-free buffer (50 mM

Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM TCEP) were prepared for EM using conventional

negative staining protocol769 with 0.2% uranyl acetate and imaged at room temperature

on a Tecnai T12 electron microscope operated at 120 kV. Images were recorded at a

magnification of 68,000× and defocus 50-5000 µm on a Gatan CCD camera. For purified

mouse SMX, protein was thawed and immediately buffer-exchanged into a MSG-/sucrose-

free buffer (20 mM HEPES-KOH (pH 8), 250 mM NaCl, 2 mM MgCl2) using Zeba

Spin Desalting Columns (ThermoFisher Scientific, 89877) and prepared on Quantifoil

R 1.2/1.3 300 mesh Cu/Au (Quantifoil), which were glow-discharged PELCO easiGlow

GlowDischarge system (Ted Pella Inc., USA) for 60 seconds. Glow-discharged grids were

frozen in liquid ethane using an FEI Vitrobot Mark IV (ThermoFisher Scientific) under

4 °C and 100% relative humidity. The blot force was -2 and blot time was 2 s.

2.6 | Quantification and statistical analysis

2.6.1 | Single-particle analysis

A total of 26 micrographs were collected for purification products χSMX, imported to

Relion-3.1 for manual-particle-picking after CTF-correction, where 1397 particles were

picked. 2D class averaging and generation of an initial model was completed in Relion-

3770, with visualisation of final 3D models in ChimeraX771.

2.6.2 | SAR-seq data processing

SAR-seq reads were aligned to the reference genome (hg19) using bowtie with the

specified parameters -n 2 -l 50 -m 1772. The resulting alignment files as .sam format

were converted into .bam format and sorted using the view and sort functions within

Samtools773. To further process the data, the sorted .bam files were transformed into the

.bed format using the command bamToBed (v.2.29.2) from Bedtools774. For intensity
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comparison analysis, mitochondrial reads were excluded from the SAR-seq dataset. Note:

the analysis of SAR-seq data was performed by Dr. William Nathan.

2.6.3 | Colony survival assays

Colony numbers were automatically quantified using the ColCount program, with parame-

ters tailored to the specific methods for each cell line. To account for variations in plating

efficiency, the counts were normalised to untreated controls. For each cell type, condition,

and drug dosage, the mean value of three technical replicates was calculated. Additionally,

the reported data represent the mean ± standard deviation (s.d.) from three biological

replicates (n = 3), unless otherwise specified in figure legends.

2.6.4 | Resazurin/Cell-Titer Glo

The mean of 3-6 technical repeats after subtraction of background relative fluorescence

was reported as the value for a single biological repeat. Unless otherwise stated, three

biological repeats were performed for each experiment.

2.6.5 | RT-qPCR

Raw Ct values were obtained from QuantStudio analysis software and analysed through the

2−∆∆Ct method and are reported as relative gene expression compared to the GAPDH con-

trol.

2.6.6 | Accession of online databases

The following resources/databases were used in this study: For predicting the correl-

ative effects of CRISPR-KO based knockouts in various cell lines, expression, and

copy number data were retrieved from the DepMap portal and were accessed through

https://depmap.org/portal/. Analysis of the genetic landscape of sensitivity towards

various DNA-damaging drugs was accessed from https://durocher.shinyapps.io/

GenotoxicScreens/. PhosphositePlus was used to identify any annotated PTMs on vari-

ous protein sequences and accessed from https://www.phosphosite.org/homeAction.

action. The Johannes Walter lab’s protein prediction tool was used to identify paired
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interactions within the DDR and was accessed from https://predictomes.org/775.

Protein predictions were made using AlphaFold https://alphafoldserver.com/, and

the AlphaBridge tool (https://alpha-bridge.eu/) was used to identify protein-protein

interfaces between chains. AlphaFold outputs were plotted using an in-house script

to map domains onto the heatmap obtained from an average predicted aligned error

for all five models.

2.6.7 | Statistical methods and reproducibility

All experiments, unless otherwise stated in figure legends (relating to screening experi-

ments) are representative of three repeats. For any survival experiment, including statistical

significance testing, data points represent the mean of biological repeats, each comprising

≥3 technical repeats. Unless otherwise stated, error bars indicate the mean ± standard

deviation. Statistical tests were performed using GraphPad Prism or in R using the rstatix

package, with statistical tests detailed further in figure legends.

112

https://predictomes.org/
https://alphafoldserver.com/
https://alpha-bridge.eu/


3 | Systems to study formaldehyde-
induced DNA damage

Contents

3.1 Source of endogenous lesions requiring the FA pathway . . . . . . . 113
3.2 Generating an aldehyde-sensitive differentiation model system . . . 117

3.2.1 iPS cell knockout of ADH5 and ALDH2 . . . . . . . . . . . . . 117
3.3 Mapping the DNA breaks generated by formaldehyde . . . . . . . . 123
3.4 An alternative model for differentiation in the cancer cell line HT-29 124
3.5 Induction of formaldehyde at defined genomic loci . . . . . . . . . . 128
3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

3.1 | Source of endogenous lesions requiring the FA
pathway

A causative agent for age-associated DNA damage phenotypes has recently been attributed

to endogenous aldehydes, which are capable of forming DNA crosslinks and other

genotoxic lesions757. These lesions are particularly relevant in the context of DNA repair-

deficient models such as the Ercc1−/∆ mouse, which remarkably recapitulates hallmarks

of premature ageing776,777. If these features were solely reflective of a nucleotide excision

repair (NER) defect, it would imply that UV-induced lesions are the primary drivers of

such degeneration. However, this explanation is insufficient to account for systemic ageing

phenotypes in internal tissues with negligible UV exposure. A broader model involves

endogenous DNA lesions that either require NER or implicate other repair pathways, such

as interstrand crosslink (ICL) repair via the Fanconi anaemia (FA) pathway. XPF-ERCC1’s

central role in both NER and ICL repair may therefore underlie the observed progeroid
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Figure 3.1 | Formaldehyde detoxification involves catabolism and the FA pathway. a,
The biochemical pathway of formaldehyde metabolism, catalysed by ADH5 and ALDH2, converting
formaldehyde to formate through intermediate S-hydroxymethyl glutathione. b, Meta-analysis of genetic
screening data highlighting ADH5 and DNA repair genes (e.g., FANCA, ERCC8) as significant hits
across multiple CRISPR-Cas9 knockout screens for formaldehyde sensitivity. Volcano plots and ranked
gene scores are adapted from Zhao et al. (ref499), Olivieri et al. (ref446), and Gao et al. (ref500) and
indicate key genes associated with formaldehyde sensitivity. c, Overlap analysis of critical genes identified
across datasets. The UpSet plot reveals the intersection of genes involved in formaldehyde resistance,
emphasising ADH5, ESD, ERCC8, and FANCA.

syndromes in these mice and potentially reflect a broader class of homeostatic lesions

not limited to canonical NER substrates.

Endogenous aldehydes, particularly formaldehyde, have emerged as potent sources

of such genome damage. Detoxification of formaldehyde is governed by enzymes

such as ADH5 and ALDH2 (Figure 3.1a), which have been repeatedly identified in

CRISPR-Cas9 screens as key determinants of cellular resistance to formaldehyde-induced

toxicity9,778,779. ADH5 loss sensitises cells to formaldehyde, while genes involved in
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both aldehyde detoxification and DNA repair, including FANCA, FANCG, and ERCC8,

are consistently implicated across five independent formaldehyde-focused CRISPR-Cas9

screens446,499,500 (Figure 3.1b, c). Interestingly, ALDH2 does not consistently appear as

a hit, potentially due to redundancy with other mitochondrial aldehyde dehydrogenases

or reflecting tissue-specific roles.

A clear physiological correlate of aldehyde-induced genome damage is seen in Fanconi

anaemia (FA), a rare disorder of bone marrow failure (BMF) and developmental defects

linked to ICL repair deficiency. In Fancc−/− mice, many haematologic features of

human FA are absent under baseline conditions, despite cellular hypersensitivity to

DNA crosslinking agents such as mitomycin C (MMC)780–782. However, BMF can

be induced in these mice through acute or chronic MMC exposure783, underscoring

the context-specific vulnerability of haematopoietic stem and progenitor cells (HSPCs).

In human FA patients, the CD34+ compartment is depleted, suggesting impaired stem

cell maintenance or proliferative capacity784. ALDH2 is essential for the viability of

Fancd2−/− embryos, and while heterozygous Aldh2+/− mothers can sustain development

of Fancd2−/− Aldh2−/− offspring, such double-deficient mice exhibit spontaneous BMF

highly reminiscent of human FA785.

Traditionally, failure of the haematopoietic system in FA has been attributed to the

high replicative output of HSCs, rendering them sensitive to replication-associated ICLs

(Figure 3.2a, top inset). Indeed, the FA pathway has been implicated in the resolution

of replication stress786,787. However, an emerging model proposes that differentiation,

rather than proliferation, represents a critical window of susceptibility59,401,788. Epigenetic

reprogramming during haematopoietic lineage commitment involves extensive chromatin

remodelling, including the activity of histone demethylases such as LSD1789. These

enzymes generate formaldehyde as a by-product of demethylation reactions, potentially

leading to DNA crosslinking events precisely at the time when aldehyde detoxification

and ICL repair are most essential (Figure 3.2a, bottom inset). Another possibility is that

haematopoietic reprogramming includes a burst of transcriptional stress, with R-loop-

derived damage reliant on aspects of the FA pathway790. This model posits that progenitor

differentiation, driven by transcriptional rewiring, exposes cells to endogenous formalde-

hyde in a repair-deficient FA context, thereby exacerbating BMF (Figure 3.2a). Such a
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domain-containing demethylases use Fe(II) and α-ketoglutarate as cofactors to hydroxylate mono- to
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perspective reframes the pathophysiology of FA as a disorder of disrupted differentiation,

driven by aldehyde accumulation during chromatin remodelling, and further implicates

FA proteins as key guardians of differentiation-linked genome integrity.

While formaldehyde release is a well-characterised consequence of histone demethy-

lation, particularly through the enzymatic activity of LSD1/2 and members of the Ju-

monji domain-containing demethylase family (Figure 3.2b)57, it remains unclear whether

formaldehyde persists at sufficient concentrations or for a sufficient duration within the

nuclear environment to induce covalent ICLs in vivo. Furthermore, the chemical feasibility

of such crosslinking events under physiological conditions remains to be established. To

directly assess whether the FA pathway is critical during differentiation, and whether

formaldehyde generated through epigenetic reprogramming can indeed crosslink DNA,

a multi-pronged strategy was employed. First, a stem cell model was established using
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aldehyde-detoxification-deficient cells to determine whether such cells are particularly

vulnerable during differentiation, especially in the context of a dysfunctional Fanconi

anaemia pathway. Second, a sequencing-based approach (SAR-seq)728 was adopted

to map sites of DNA repair activity genome-wide and evaluate whether formaldehyde

generates a repair footprint consistent with known interstrand crosslinking agents. Finally,

a synthetic approach was used to direct histone demethylase activity to specific genomic

loci using CRISPR-Cas9, enabling the interrogation of whether such targeted enzy-

matic activity induces localised DNA damage in a manner consistent with formaldehyde-

dependent genotoxicity.

3.2 | Generating an aldehyde-sensitive differentiation
model system

3.2.1 | iPS cell knockout of ADH5 and ALDH2

In addressing whether epigenetic reprogramming might prove a source of endogenous

formaldehyde, a hypothesis was proposed that stem cells unable to clear formaldehyde

(e.g. deficient in ALDH2 or ADH5) would exhibit impaired differentiation or present

increased markers of DNA damage during the differentiation process. To explore this,

a collaboration with Andre Nussenzweig’s laboratory was undertaken, leveraging their

infrastructure and expertise with induced pluripotent stem cells (iPS cells). The aim

was to generate ADH5−/− and ALDH2−/− iPS cells capable of differentiating into post-

mitotic glutamatergic cortical neurons (i3Neurons or i3N)728,759,760. This system offers

two advantages that are beneficial for this study. Generation of neural progenitor cells,

which are precursors to mature neurons, typically spans 21-30 days791, while active mature

neurons require an additional month for differentiation from NPCs792. The iPS cells

(referred to as illW iPSCs) doxycycline-inducibly express neurogenin-2 integrated into the

safe-harbour AAVS1 locus, which aids the rapid conversion of iPS cells to neurons in a

simple, two-step protocol requiring only six days759. Partial differentiation is achieved on

Matrigel, after which re-plating onto dishes coated with poly-L-ornithine (PLO) completes

neuronal maturation (Figure 3.6a)760, as detailed further in methods (Section 2.1.2.1). This

offers greater throughput in experimentation and accelerates any epigenetic change-induced

117



Chapter 3. Systems to study formaldehyde-induced DNA damage

genome damage due to the comparatively faster differentiation rate. It was reasoned that

the large-scale epigenetic changes occurring during this rapid differentiation793 could be

a significant source of DNA-damaging aldehydes.

These iPS cells have also previously been engineered to express dCas9-KRAB728,

enabling CRISPR interference (CRISPRi) screens to identify determinants of differenti-

ation efficiency. However, this integrated and constitutively expressing dCas9-KRAB

prevents delivery of Cas9/sgRNA in plasmid form for any CRISPR-based knockout

strategies, lest to not risk any further integrations or interference between the two systems.

Therefore, to generate ADH5−/− or ALDH2−/− iPS cells, sgRNAs were introduced

as synthetic gRNA/Cas9 ribonucleoprotein (RNP) complexes (Section 2.3.1.5). For

targeting of ADH5, sgRNAs creating a 1590 bp deletion between exons 6 and 7 were used

(Figure 3.3a). Critical residues of ADH5 are encoded within exons 7 and 8, and mutations

c.832C p.A278P or c.966delG p.W322* lead to aplastic anaemia, mental retardation, and

short stature and microcephaly (dwarfism), also known as AMeD syndrome, a defect

of formaldehyde clearance778. It was therefore concluded that disruption of the reading

frame before these residues should result in a functional ADH5 knockout despite the

likely expression of half of the protein sequence. These sgRNAs were also chosen

unbiasedly from an unpublished sgRNA library to minimise off-target effects (personal

communications: Dr. Raj Chari). PCR around the cut sites was carried out (amplifying a 2.7

kb product in WT and a 1.1 kb product where the expected deletion was made) to estimate

the efficiency of synthetic sgRNAs (Synthego), and confirmed that the combination of the

two sgRNAs cut the ADH5 gene in 70% of the bulk nucleofected iPS cells (Figure 3.3b).

Since only a small deletion in the ALDH2 gene was expected (Figure 3.4a), it was

challenging to observe a PCR product size shift that could be visualised by electrophoresis

during screening. Instead, PCR products from each colony, amplifying around the cut sites,

were mixed with an equal amount of WT PCR product and a SURVEYOR-like assay was

performed to search for any mismatches between the sequence in each colony and WT.

The SURVEYOR assay involves melting of PCR-amplified DNA and random re-annealing

such that some DNA duplexes contain mismatches from CRISPR-Cas9-dependent genome

edits. T7 endonuclease I then cleaves any non-perfectly matched DNA, and the presence

of fragmented PCR products is therefore an estimate of editing efficiency. For ALDH2,
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the sgRNAs cut at a lower efficiency as measured by the SURVEYOR assay, with an

estimated 25% efficiency (Figure 3.4b). Furthermore, to confirm the functional impact of

using the sgRNAs, a colony survival assay was performed on illW iPS cells, pre-treated

with sgADH5, sgALDH2 and Cas9 alone. It appeared that iPS cells nucleofected with

sgADH5 were more sensitive to formaldehyde than compared to those nucleofected with

Cas9 alone or sgALDH2 (Figure 3.3c). However, as a preliminary verification experiment,

this represented only a single biological repeat.
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Figure 3.3 | Generation of ADH5−/− iPS cells. a, Schematic of the ADH5 gene editing strategy
using two sgRNAs targeting exons 6 and 7 to induce a 1590 bp deletion. b, Validation of editing efficiency
of the two sgRNAs used. iPS cells were nucleofected with sgADH5, and sgALDH2/no sgRNA as controls,
and PCR was performed across the cut site to identify the proportion of cells with edited ADH5. c,
Formaldehyde sensitivity assay comparing no sgRNA-Cas9-, sgADH5 -, and sgALDH2 -nucleofected iPS
cells, revealing reduced colony survival in sgADH5 cells exposed to 50 µM formaldehyde. d, Colony
screening by PCR for ADH5−/− clones, demonstrating the presence of the expected deletion in clones
A4, B6, C5, D1 (upper panel), and D3, D6 (lower panel). e, Sanger sequencing of representative
ADH5−/− clones (A4, B6, D3, D6) confirming the precise 1590 bp deletion. f, Western blot analysis
showing loss of ADH5 protein expression in knockout clones (A4, B6, C5, D1, D3, D6); the expected
band for ADH5 is marked.
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3.2.1.1 | ADH5 knockout

After nucleofection of iPS cells with both ADH5-targeting sgRNAs and Cas9, clones were

manually picked and expanded. After genomic DNA extraction, PCR was performed as

above to identify exon 6-7 deletion, which amplifies a 2.7 kb product in WT, and a 1.1

kb product where the expected deletion was made (Figure 3.3a). Of 30 single-cell clones

expanded after nucleofection with sgADH5, six clones were obtained with an expected

deletion of 1590 bp within ADH5 (Figure 3.3d). Clones A4, B6, D3, D6 appeared to

be homozygous for the mutant allele of ADH5 (Figure 3.3d) and Sanger sequencing of

the products of these PCRs showed deletions across the 1.6 kb sequence, though not all

presented with the same cut sites and clone D3 appeared to be heterozygous despite a

single PCR band (Figure 3.3e). ADH5 protein status could not be definitively determined

due to the presence of several non-specific bands by Western blotting. However, each

of the six clones A4, B6, C5, D1, D3 and D6 appeared to lose the expected band at

39 kDa (Figure 3.3f).

3.2.1.2 | ALDH2 knockout

34 clones were expanded from the pool of iPS cells nucleofected with sgALDH2. Of

these, six colonies were picked containing mismatches (Figure 3.4c), and two of these

were sequence-verified to have homozygous indels that result in premature stop codons

(Figure 3.4d). Both of these clones reflected cutting by only one of the sgRNAs used,

sgALDH2-1. In clone C3, the ALDH2 ORF mistranslates from N375 and reads a premature

stop at 393 (Figure 3.4d, middle panel). In clone D2, a N375K mutation is read until a

premature stop also at 393 (Figure 3.4d, lower panel). Western blotting was performed

to probe the loss of ALDH2, but there were, again, too many non-specific bands visible,

hampering the identification of ALDH2 loss (data not shown).

3.2.1.3 | Functional characterisation of ADH5−/− and ALDH2−/−

iPS cell clones

Short-term viability assays were carried out to verify the sensitivity of knockout clones to

formaldehyde. By Western blotting, the most likely ADH5−/− iPS cell clone, A4, showed

no sensitivity to formaldehyde alone or with ADH5 inhibitor (ADH5i) (Figure 3.5a). Of
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Figure 3.4 | Generation of ALDH2−/− iPS cells. (a) Schematic of the ALDH2 gene editing
strategy employing sgRNAs targeting exon 10, leading to small indels at the targeted site. b, PCR
analysis confirming ALDH2 editing in illW iPSCs, with the expected 0.5 kb amplicon and validation of
indels by the SURVEYOR assay. c, Screening of ALDH2 -edited clones (A1, B3, C3, C1, D4, D2) by
PCR. PCR products from each clone were melted and annealed to WT PCR products and cleaved with
T7 endonuclease I (T7EI), showing distinct cuts for edited alleles in each clone. d, Sanger sequencing of
wild-type (WT) and representative ALDH2−/− clones (C3 and D2), highlighting a single base insertion
leading to a frameshift that results in a premature stop codon. Clone C3 contains an insertion (p.N375G
and p.T376YfsX17), while clone D2 shows another insertion (p.N375KfsX17).
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Figure 3.5 | Characterisation of ADH5−/− and ALDH2−/− iPS cells. a, Dose-response curve
showing cell viability in wild-type (illW) and ADH5 knockout (illW ADH5−/− A4) cells treated for 3 days
with increasing concentrations of formaldehyde ± 10 µM ADH5 inhibitor (ADH5i). b, Dose-response
curve for wild-type (illW) and illW ALDH2−/− C3 and D2 cells treated for 3 days with formaldehyde
± ADH5i. c, Quantification of γH2AX intensity in wild-type and ADH5−/− after differentiation into
i3N and then exposed for 18 h to varying concentrations of formaldehyde (FA), the DNA cross-linking
agent SJG-136 (1 nM), or cisplatin (1 µM), represented mean of n = 1 biological repeat. Statistical
significance was determined using a Kruskal-Wallis test with post-hoc Dunn’s multiple comparisons test
- comparisons between ADH5−/− and WT for each condition were carried out.

ALDH2−/− iPS cell clones, D2 showed only the slightest sensitivity to formaldehyde, with

viability at 60% of WT iPS cells at the highest dose of 120 µM, but clone C3 did not

recapitulate this phenotype (Figure 3.5b). It is possible that these clones do not represent

true ALDH2 knockouts since the sgRNAs chosen are a considerable distance into the gene.

It is also possible that ALDH2 loss alone is sufficient to observe notable formaldehyde

sensitivity, given redundant and non-mitochondrial aldehyde detoxifiers such as ADH5,

perhaps especially in a pluripotent cell state. To this end, we included an ADH5 inhibitor

(N6022) and checked viability with increasing formaldehyde. Clone D2, though again not
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clone C3, showed an increased sensitivity to formaldehyde compared to WT (Figure 3.5b).

Reasoning that these short-term assays were insufficient to separate differences in via-

bility to formaldehyde between WT and aldehyde-detoxifying-deficient iPS cells, γH2AX

abundance was measured to determine whether any increased damage was observed in

ADH5−/− cells. As a proof-of-principle, neurons were observed to have elevated γH2AX

intensity when treated with SJG-136 or cisplatin for a period of 18 hours (Figure 3.5c).

Unfortunately, however, WT and ADH5−/− A4 i3Ns had comparable levels of γH2AX,

and no difference was observed under treatment with 100 µM formaldehyde or even up to

500 µM formaldehyde, despite induction of damage at this concentration (Section 3.5c).

3.3 | Mapping the DNA breaks generated by formalde-
hyde

Alongside generating these models, an orthogonal experiment set out to identify the

chemical nature of formaldehyde damage to DNA. SJG-136 is a potent crosslinking agent

and is considered to generate solely ICLs794. SAR-seq can map sites of DNA repair

associated with DNA synthesis (Section 1.5.1). DNA polymerisation strictly reflects repair

synthesis in post-mitotic neurons that have escaped replication — the incorporation of

EdU, therefore, charts regions of the genome undergoing repair-associated replication

(Figure 3.6a). Treatment of i3N with SJG-136 results in SAR-seq peaks that localise

to genes (Figure 3.6c, d). Such a pattern does not dictate that crosslinks only form at

gene bodies but that any repair-associated DNA synthesis is localised at genes. The

replication observed also shows the pronounced role of transcription-coupled crosslink

repair in dealing with crosslinks in a non-FA-dependent pathway (Figure 3.6c, d). These

results were used as a benchmark to compare treatment with formaldehyde, such that

if formaldehyde acts as a source of interstrand crosslinking lesions, a similar SAR-seq

pattern would be observed. The total DNA content within the amplified SAR library can

measure the overall damage caused by an agent. Treatment of i3Ns with methanol caused

no apparent enrichment in overall SAR library content as seen for treatment with SJG-136

(Figure 3.6b). At the same time, there was a slight increase in SAR library abundance

when i3Ns were treated with formaldehyde, which was enhanced in the presence of ADH5i
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(Figure 3.6b). After high-throughput sequencing of prepared SAR libraries, formaldehyde

treatment appeared not to result in the typified enrichment pattern seen for SJG-136

crosslinking (Figure 3.6c, d). However, formaldehyde alongside ADH5i was more akin to

SJG-136 treatment and showed more notable SAR peaks at gene bodies (Figure 3.6c, d).
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Figure 3.6 | SAR-seq comparisons of formaldehyde treatment with a potent crosslinker,
SJG-136. a, Timeline of illW iPS cells differentiation to i3Neurons and SAR-seq experimental setup.
Cells were differentiated from illW iPSCs, and glutamatergic i3Neurons at d7 were exposed to indicated
conditions (100 µM formaldehyde (HCHO), 100 µM HCHO + 10 µM ADH5 inhibitor (ADH5i), 1 nM
SJG-136, 0.1% methanol (MeOH)) alongside 10 µM EdU for 18 h prior to harvesting. b, Validation of
SAR library preparation for i3Ns under different treatments, showing amplified SAR library products. c,
SAR-seq coverage tracks depicting enrichment at exons within chromosome 1 (88.5–92.5 Mb region,
hg19). d, Heat maps of SAR-seq signal for 0.5 kb on either side of gene boundaries in i3Neurons,
ordered by RNA-seq TPKM728.

3.4 | An alternative model for differentiation in the
cancer cell line HT-29

The observations that formaldehyde exposure results in an ICL-like repair signature

prompted further investigation into whether differentiation itself, rather than proliferation,

might represent a state of increased vulnerability to DNA damage in the absence of repair

factors such as XPF. While iPSCs represent a powerful system for probing this hypothesis,

particularly due to the physiological relevance of their differentiation trajectories, time
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constraints within the collaborating laboratory limited the extent of experiments conducted

in that system. It would also be valuable in future studies to determine whether aldehyde-

induced genotoxicity during differentiation is a generalisable phenomenon across multiple

lineages beyond the haematopoietic system.

Fortunately, an observation made while performing colony survival studies of HT-29

WT and ∆ERCC4 cells (further detailed in chapter 4.1) was that the growth of HT-29

in DMEM resulted in colonies that were different in morphology and were only weakly

attached to the plate such that colonies would become detached even with careful PBS

washes (Figure 3.7a, c). Based on this characteristic, colony formation numbers after

plating in DMEM were significantly reduced compared to plating in RPMI (Figure 3.7b).

For the specific purpose of colony survival assays, a switch to RPMI solved this issue

entirely, and colonies could be maintained and stained well (Figure 3.7a, b). This

observation prompted a further look into the unique characteristics of HT-29 cells that

govern this difference. HT-29 cells are a human colon adenocarcinoma cell line, which is

phenotypically stem-like under standard growth conditions795. Treatment with forskolin,

colchicine, nocodazole and taxol induces the differentiation and apoptosis of HT-29 cells795.

The differentiated phenotype resembles mature intestinal cells with a strict monolayer

formed that holds tight junctions between cells, akin to an apical brush border796.

One report describes how HT-29 differentiation can be obtained through a simple

switch of growth medium from RPMI to DMEM797, likely explaining the different staining

proficiencies when grown in the two mediums. The switch from RPMI to DMEM resulted

in a different morphology of HT-29 cells, which appear to form more epithelial-shaped

cells within colonies (Figure 3.7c). Furthermore, the expression of the goblet cell-specific,

MUC2 marker798, increased when HT-29 cells were cultured in DMEM (Figure 3.7d),

and this induction was observed from day 2 in DMEM (Figure 3.7d). Therefore, as with

the iPSC study (Section 3.2), whether differentiation is slowed or leads to increased

DNA damage, especially in the context of XPF loss, could be studied in this more

tractable HT-29 model system.

While the expression of MUC2 increased gradually over 5 days of incubation in

DMEM for HT-29 cells, the overall level of MUC2 expression was markedly less in HT-29

∆ERCC4 cells (Figure 3.8a). In the presence of ADH5i, the effect on MUC2 expression
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Figure 3.7 | Differentiation of HT-29 cells. a, Colony formation assay showing significantly
reduced colony staining in HT-29 cells cultured in DMEM compared to RPMI. b, Quantification of
plating efficiency for HT-29 cells in RPMI and DMEM media, represented as mean ± s.d. of n = 3
biological replicates, each consisting of three technical replicates. Statistical significance was determined
using a two-tailed, paired t-test. c, Phase-contrast microscopy images of HT-29 cells cultured in RPMI or
DMEM over four days, illustrating distinct morphological differences and reduced proliferation in DMEM.
Scale bar: 100 µm. Epithelial-like morphology, which is different to the expected HT-29 morphology, is
highlighted by white triangles. d, Western blot analysis of MUC2 protein expression over five days of
culture in RPMI or DMEM.

in HT-29 ∆ERCC4 cells was even more pronounced, while having little effect in WT

cells (Figure 3.8b). DMEM conditions also support higher overall maximal confluencies

compared to RPMI in HT-29 WT cells, and the increased maximal confluency is not

affected by the presence of ADH5i (Figure 3.8c, left panel). Maximal confluency of

HT-29 ∆ERCC4 cells in DMEM is, however, affected by the presence of ADH5i but not

when cultured in RPMI (Figure 3.8c, right panel). The overall growth rate, measured by

the area under the curve (AUC) of Figure 3.8c, is significantly lower in the presence of

ADH5i only for XPF-depleted HT-29 cells in DMEM (Figure 3.8d). These data reflect

how differentiation (occurring in DMEM) is diminished and leads to reduced colony
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Figure 3.8 | Loss of XPF hampers HT-29 differentiation into goblet cells, with indications
of increased DNA damage. a, Western blot analysis of MUC2 expression in wild-type (WT) and
∆ERCC4 HT-29 cells cultured in RPMI or DMEM media over five days. b, Western blot analysis of WT
and ∆ERCC4 HT-29 cells cultured in DMEM with or without 25 µM ADH5 inhibitor (ADH5i) for four
days. c, Cell confluence analysis of WT and ∆ERCC4 HT-29 cells grown in RPMI or DMEM media
over 8 days, with or without 25 µM ADH5i. Each curve represents the mean ± s.d. of n = 3 biological
replicates, each consisting of 4 technical replicates. d, Quantification of the area under the curve (AUC)
for cell confluence data in c, represented as the mean ± s.d. of the n = 3 biological replication as per c.
Point shape represents matched experiments in order: circle, square, triangle. Statistical significance was
determined by Brown-Forsythe and Welch ANOVA tests, with post-hoc Dunnett’s T3 test for multiple
comparisons. Comparisons made as follows: For each of WT and ∆ERCC4 cells, RPMI vs RPMI +
ADH5i, and DMEM vs DMEM + ADH5i.
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outgrowth where XPF is absent. This phenotype is exacerbated by ADH5 inhibition.

These experiments suggest that epigenetic remodelling during differentiation is a source

of endogenous, DNA-crosslinking formaldehyde, requiring the action of ADH5 for

detoxification or XPF failing that.

3.5 | Induction of formaldehyde at defined genomic
loci

The studies described above rely on the ability to differentiate cells and monitor their

phenotypes. An alternative approach to investigate the effects of endogenous aldehydes in

DNA ICL repair involves generating crosslinking agents in situ. This method would employ

a system that enzymatically releases a crosslinking agent, such as formaldehyde, to create

DNA ICLs at specified genomic locations. The precise targeted release of these crosslinking

agents to defined genomic regions can be achieved using the CRISPR-Cas9 system.

Aldehydes are capable of crosslinking DNA and are generated in direct proximity to

DNA during the reversal of certain histone marks799. Histone demethylation proceeds

via the release of formaldehyde molecules, and therefore, likely increases the local

concentration of DNA-proximal formaldehyde800. Given this hypothesis, does the fusion

of a histone demethylase to dCas9 prove sufficient for a local formaldehyde concentration

capable of forming DNA adducts? Can this system then be evolved to exploit further DNA-

damaging chemistries? As an example, does the fusion of an alcohol dehydrogenase release

formaldehyde or acetaldehyde if a cell is burdened with an excess of methanol or ethanol?

It is foreseeable that such a system can be adapted to ‘activate’ a harmless pro-drug near a

target genomic locus by a dCas9-fused enzyme, which might open an interesting avenue for

therapeutics. As a start, however, constructs were designed that would fuse dCas9 to LSD1,

a H3K4me1/2 demethylase (Figure 3.9a)801,802. Alongside the androgen receptor, AR,

LSD1 can also demethylate the repressive H3K9 methyl marks803 and reportedly catalyses

the demethylation of non-histone substrates such as DNMT1 and p53804. The fusion was

also considered with a DNA demethylase such as TET1. However, the DNA demethylation

pathway appears to avoid the generation of reactive aldehydes, instead opting to shuttle

formaldehyde through formate, which is then resolved by BER (Section 1.3.1)805. Thus, a

DNA demethylase-dCas9 fusion would not be effective in generating isolated aldehydes.

128



Chapter 3. Systems to study formaldehyde-induced DNA damage

dCas9

ADH1B/GsgRNA
Methanol

Formaldehyde
dCas9

LSD1
sgRNA H3K4me1/2

Formaldehyde

N
CH3H3C

H3K4me1/2
H3C

dCas9 RFPADH1B
HA T2A

DHFR Tet-On
tetO EF-1α

hADH1G

dCas9 RFPLSD1
HA T2A

DHFR Tet-On
tetO EF-1α

dCas9 RFPADH1G
HA T2A

DHFR Tet-On
tetO EF-1α

a

c

b

Figure 3.9 | Design of dCas9-based systems for formaldehyde induction near the genome. a,
Schematic of the dCas9-LSD1 system, designed to target formaldehyde-induced H3K4 methylation sites.
LSD1 demethylates H3K4me1/2 to release formaldehyde801. b, Schematic of the dCas9-ADH1B/G
system, engineered to produce formaldehyde from methanol via the enzymatic activity of ADH1B or
ADH1G, enabling modulation of intracellular formaldehyde levels. c, Genetic constructs for dCas9 systems
under tetO promoter regulation. Constructs include LSD1-dCas9, ADH1B-dCas9, and ADH1G-dCas9
fusions, with DHFR (dihydrofolate reductase), and EF-1α-driven RFP-Tet-On to control expression
from the tetO array.

However, the enzymatic activity of alcohol dehydrogenases as the fused target was

considered. Alcohol dehydrogenases cofactor with NAD+ to aid the oxidation of toxic

alcohols to aldehydes and ketones806. Seven genes encode human ADHs, which all exist

as dimers807. The predominant ADH belongs to class 1 (of five evolutionary ADH classes),

and is encoded by genes ADH1A, ADH1B and ADH1C, which produce α , β , and γ subunits,

respectively807,808. The remaining ADH classes, II to V, are encoded by genes ADH4,

ADH5, ADH7 and ADH6, respectively807. These genes enable humans to metabolise

and tolerate alcoholic beverages. However, their evolutionary derivation likely originates

from processing alcohol traces in either food or that which is produced by fermentation

within some gut bacteria. The substrate specificity of ADHs is comparatively relaxed809,

ceding to even the complex alcohol retinol, which is oxidised to retinal and then retinoic

acid, an agonist influencing gene expression changes810. This enzymatic promiscuity is

vital in enabling this study as fused ADHs could accept and convert the simplest alcohol,

methanol, to formaldehyde (Figure 3.9b)811,812. As a candidate for the fusion to dCas9, at

first, orthologues of ADHs from other species were considered, such as equine ADH1E,
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Figure 3.10 | Regulation of dCas9 fusion protein expression in RPE-1 cells. a, Western blot
analysis of ADH1B-dCas9 and LSD1-dCas9 expression (HA) in wild-type (WT) and TP53−/− RPE-1
cells treated with 2 µg/ml Doxycycline (Dox) and 50 nM trimethoprim (TMP). b, Experimental timeline
illustrating the induction (“time on”) and washout (“time off”) of Dox/TMP treatment in RPE-1 cells.
Cells were harvested at defined intervals for analysis. c, Western blot analysis of KRAB-dCas9 (HA)
expression in RPE-1 TP53−/− cells during "time off" and "time on" phases. d, Western blot analysis of
LSD1-dCas9 (HA) expression in RPE-1 TP53−/− cells during "time off" and "time on" phases, showing
similar regulation dynamics as KRAB-dCas9.

which has been extensively studied813,814. However, a suggestion was made that the human

ADH1B and ADH1G enzymes have greater efficiency for methanol oxidation (personal

communication with Prof. Bryce Plapp, University of Iowa) (Figure 3.9b). As part of

design considerations, it was envisioned that a constitutively expressing dCas9-fusion

system would allow time for adaptation in the cells to local increases in formaldehyde,

perhaps leading to the development of tolerance mechanisms that hinder these studies.

Instead, an inducible system was chosen. However, any low-level expression of the fused

construct could result in the same adaptive changes over time, which ruled out the use of

a Dox-inducible TetON system alone; leaky expression has been noted for this system

due to the presence of tetracycline in medium (though, this could be prevented by the use

of tetracycline-free medium)815,816. A solution is offered by a construct from the Emma

Rawlins group, who developed a dual-inducible CRISPRi system (KRAB-dCas), which

combines Dox-inducible TetON with a small-molecule (trimethoprim, TMP)-targeted

degron, DHFR, offering robust and well-controlled induction763.

In these lentiviral constructs, KRAB was replaced with genes encoding LSD1, ADH1B,

and ADH1G (Figure 3.9b). Lentiviruses produced from these constructs were transduced
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into RPE-1 cells, single-cell sorted for TagRFP+ (Appendix B.1, Figure B.1), and grown

as single colonies. No colonies could be expanded further from ADH1G-dCas9 transduced

cells, but several were obtained for ADH1B-dCas9 and LSD1-dCas9. Of these, clones were

maintained and verified for the Dox- and TMP-inducible expression of the dCas9-fusion,

which could be monitored by Western blotting for HA (Figure 3.9b). ADH1B-dCas9 cells

were obtained in a WT RPE-1 background (clone 14), and in TP53−/− cells (clones 14

and 15), while LSD1-dCas9 cells were obtained in WT RPE-1 cells (clones 3 and 8, only

shown in Figure 3.10a), and in TP53−/− cells (clones 4 and 7) (Figure 3.10a). Despite

having established clones of RPE-1 cells that can inducibly express ADH1B-dCas9, from

this point, the LSD1-dCas9 cells were chosen for further study. This was to ensure that a

more physiologically relevant system could be developed first. Given that LSD1, and not

ADH1B, exerts its catalytic function more in the vicinity of DNA under normal physiology,

LSD1-dCas9 provides a better model of how formaldehyde might be generated near and

crosslink DNA. To identify the minimum time required for Dox/TMP-based induction of

or degradation of the fusion construct, LSD1-dCas9 expression was monitored by Western

blotting for HA after varying lengths of Dox/TMP treatment and Dox/TMP wash-off

(Figure 3.10b, c). Similar to RPE-1 TP53−/− cells expressing KRAB-dCas9 (as a control),

Dox and TMP induces expression of the dCas9-fusion in as little as 4 h, though its presence

lingers for a further 16 h after wash-off (Figure 3.10c, d).

Initially, general DNA damage was visualised through the induction of γH2AX as

measured by Western blotting. In two separate RPE-1 LSD1-dCas9 clones (clones 3 and 8)

and one RPE-1 TP53−/− LSD1-dCas9 clone, no induction of γH2AX was observed after

induction of fusion construct expression for 24 h (Figure 3.11a). This was an expected

but necessary verification to ensure that, without sgRNA-dependent targeting to particular

loci, the expressed LSD1-dCas9 could not result in DNA damage alone. It is worth noting

that there was a slight increase in p53 within the WT RPE-1 cells when induced for the

expression of LSD1-dCas9 (Figure 3.11a). However, the RPE-1 TP53−/− LSD1-dCas9

were used from this point forward. This cell line, and the parental RPE-1 TP53−/−

were nucleofected with synthetic RNAs resulting in expression of sgRNAs targeting the

promoter region of PDXDC1 and telomeres. Induction of LSD1-dCas9 expression in cells

nucleofected with sgPDXDC1-promoter and sgTelomeres resulted in increased γH2AX
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Figure 3.11 | Analysis of DNA damage response in RPE-1 LSD1-dCas9 cells following
targeted induction. a, Western blot analysis of HA-tagged LSD1-dCas9 in wild-type (WT) and
TP53−/− RPE-1 cells treated with 2 µg/ml Doxycycline (Dox) and 50 nM trimethoprim (TMP) for
LSD1-dCas9 induction. b, Quantification of cells with ≥1 large γH2AX foci under indicated conditions.
Recruitment of LSD1-dCas9 to the PDXDC1 promoter or telomeres significantly increases DNA damage
marker formation compared to untreated controls. c, Immunofluorescence images of γH2AX foci in
individual RPE-1 cells targeting the PDXDC1 promoter or telomeres following Dox/TMP treatment. d,
Lower magnification immunofluorescence images highlighting γH2AX foci formation at the PDXDC1
promoter and telomeres after Dox/TMP treatment. Arrowheads indicate foci.
Note: Data represented in b, c, d was collected and presented by Dr. Mélissa Thomas
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foci only when cells were treated with Dox/TMP to induce LSD1-dCas9 expression

(Figure 3.11b, c, d). This was a preliminary result proving that the induction of DNA

damage is achievable through this system.

3.6 | Discussion

The work in this chapter represents the beginnings of various strategies to tackle one

underlying hypothesis: formaldehyde, created during epigenetic reprogramming, generates

crosslinked DNA requiring the FA pathway for its repair.

Use of iPS cells as a model for differentiation The underlying aim of this project was to

exacerbate the toxicity of any formaldehyde that is created during the differentiation of iPS

cells to i3Ns. Loss of ADH5 or ALDH2 removes a frontline defence against formaldehyde

toxicity, hence the aim of knocking these genes out in iPS cells. Clones were obtained

for both cell lines, which were sequence-verified to be genetically deleted as expected

(Figure 3.3, Figure 3.4). In ADH5−/− clones, this deletion results in truncation of ADH5

prior to key catalytic residues at the C-terminus of ADH5. However, one ADH5−/−

iPS clone, A4, was not sensitive to formaldehyde, as was expected (Figure 3.5). This

might reflect redundancy between ADH5 and other formaldehyde detoxifiers, such as

ALDH2. Mice showcase significant postnatal lethality only when both Adh5 and Aldh2

are deleted9. Furthermore, in the ALDH2−/− iPS cells, only one clone showed slight

sensitivity to formaldehyde that was increased further with the inclusion of ADH5 inhibitor.

It is possible, however, that targeting so far into the body of this gene provides sufficient

enzymatic activity for protection against formaldehyde. Future work using this clone

alongside an ADH5 inhibitor might best resemble a detoxifying defect in these cell lines.

If this project were followed up, a first experiment to perform would be to determine if this

ALDH2−/− D2 clone is less able to effectively differentiate into glutamatergic neurons, in

the presence or absence of ADH5i, compared to WT iPS cells. The proposed experiment

herein would measure the viability of neurons or the proportion of cells expressing post-

mitotic neuronal markers, such as NeuN (RBFOX3), after the usual differentiation process.

This would be followed up by the disruption of the FA pathway, namely, disruption of

XPF-ERCC1, which is believed to be an essential second line in the protection against

differentiation-induced formaldehyde increases.
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HT-29 cell differentiation efficiency is lower in XPF-null cells As an alternative

differentiation model, HT-29 cells offer a simple system capable of differentiating through

a change in growth medium from RPMI to DMEM (Figure 3.7). It was observed that the

loss of XPF, especially in the presence of ADH5i, results in the abrogation of the goblet

cell marker, MUC2, suggesting that differentiation is inhibited when key formaldehyde

detoxifiers are absent (Figure 3.8). This initial evidence could be improved by employing

flow cytometry or RT-qPCR to determine quantifiable levels of MUC2 during this process.

What remains to be determined is whether complementation of XPF would rescue such a

phenotype and, furthermore, if a nuclease-dead mutant of XPF does not. Following the

induction of any DNA damage as cells attempt to differentiate could be achieved through

immunofluorescence for γH2AX or 53BP1, and is an ongoing experiment.

A tuneable system for the generation of in situ formaldehdye This study provides

a foundational approach for employing dCas9-fusion systems to enzymatically generate

formaldehyde and other reactive aldehydes in proximity to DNA, offering a novel method

to study the impact of endogenous aldehydes on DNA ICL repair and cellular stress. By

leveraging the precise targeting ability of CRISPR-dCas9, this system aims to create a

robust and physiologically relevant model for investigating aldehyde-induced DNA damage

and its downstream consequences. The successful generation of LSD1-dCas9 and ADH1B-

dCas9 inducible constructs highlights the potential for exploiting enzymatic activity to

localise aldehyde generation. LSD1, a histone demethylase, was chosen for its natural

role in formaldehyde release during histone modification, while ADH1B was considered

for its ability to oxidise methanol to formaldehyde (Figure 3.9). The use of inducible

systems minimises adaptive cellular responses to basal aldehyde levels, preserving the

integrity of the experimental model. A critical observation was the absence of DNA

damage upon untargeted expression of LSD1-dCas9, indicating that the system requires

locus-specific sgRNA guidance to induce detectable DNA damage, such as γH2AX foci

(Figure 3.11). However, γH2AX induction at the PDXDC1 promoter and telomeres

supports the hypothesis that local aldehyde concentrations can effectively disrupt DNA

integrity. Confirmation that the observed DNA damage represents bona fide ICLs remains

a critical avenue for future work. Immunofluorescence-based methods may provide

additional evidence, particularly through colocalisation of γH2AX with markers such as
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HMCES, EXO1, RPA, and MRE11, which are enriched at sites of ICL repair (unpublished

observations, personal communication with Prof. Jean-Yves Masson). These readouts

offer a practical approach for inferring ICL formation at a cellular level. Alternatively, a

reporter assay could be developed to provide a more direct and functionally informative

measure of ICL-induced repair. One proposed strategy involves adapting existing HR

reporter systems817, by integrating a dCas9-LSD1 target site within a disrupted GFP

coding sequence. If an ICL forms within the target site, successful repair by HR using

a homologous donor template would restore GFP expression, distinguishing ICL repair

events from other forms of damage, such as protein-DNA crosslinks or base lesions,

which are unlikely to result in functional gene correction. Such approaches would offer

important mechanistic insight into the specificity and repair consequences of aldehyde-

induced DNA damage in this system.

While expanding upon these preliminary studies for LSD1-dCas9 fusions warrants

immediate follow-up, other avenues for future experiments can enhance and expand the

utility of this system. Additional orthologues or mutant variants of ADH orthologues might

create systems with higher specificity and efficiency in producing reactive aldehydes and

reducing potential off-target effects. As a therapeutic avenue, investigating the ability of

dCas9-fused enzymes to activate prodrugs near specific genomic loci could be explored,

paving the way for targeted therapeutic interventions. Alternative regulation of dCas9-

fusion expression, such as through optogenetics, might allow for higher spatial precision.

It is foreseeable that genome-wide screens can be performed with this system to identify

loci most sensitive to aldehyde-induced DNA damage, providing insights into vulnerable

regions of the genome and their resolution by the FA pathway or ICL repair more generally.

Concluding remarks The study establishes three platforms for studying aldehyde-

induced DNA damage and crosslink repair. While preliminary results validate two of

these approaches (the HT-29 differentiation model and the inducible LSD1-dCas9 fusion

system), expansion of the work on HT-29s and exploration of broader chemistries for

LSD1-dCas9 are essential to realise the potential of these studies. The LSD1-dCas9 system

not only provides a powerful tool for basic research but also holds promise for developing

innovative therapeutic strategies that exploit targeted DNA damage. By bridging enzymatic

chemistry with precise genomic targeting, this approach offers a new lens through which
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to investigate the interplay between endogenous aldehydes or other DNA-damaging agents

and DNA repair mechanisms.
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The exploration of DNA repair mechanisms often begins with targeted genetic modifica-

tions to probe the roles of specific proteins and reveal vulnerabilities in their absence. This

chapter focuses on efforts to create knockout and knock-in models for two pivotal DNA re-

pair nucleases: XPF, the critical component of NER and ICL repair, and SLX1, a structure-

specific endonuclease central to the resolution of DNA recombination intermediates521.

These studies aim to uncover the consequences of nuclease loss, aiming to identify their

genetic interactions and evaluate their potential as targets for therapeutic exploitation. By

developing knockout models, this work intends to provide insight into the compensatory

mechanisms and vulnerabilities associated with the absence of these nucleases, offering

a framework for understanding their diverse roles in maintaining genome stability and

addressing unresolved questions about their biological functions. The subsequent sections

detail the rationale, methods, and findings surrounding the generation and analysis of XPF

and SLX1 knockout cell lines, including their sensitivities to DNA-damaging agents and

hypothesis-driven genetic dependencies. The study also establishes cell lines for the later

undertaking of CRISPR-KO screens to determine synthetic sickness/lethality with SLX1

or XPF, for which some initial steps have been taken.
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4.1 | XPF knockouts and functional studies

XPF-ERCC1 activity is most commonly associated with the repair of UV-induced bulky

DNA adducts, such as cyclobutane pyrimidine dimers and 6,4-photoproducts, through

its key role in the coordinated action of the nucleotide excision repair (NER) machinery

(Section 1.3.3). The incision of DNA 5’ to the lesion, mediated by XPF-ERCC1, precedes

a complementary 3’ incision by the related nuclease XPG, leading to the excision of the

damaged DNA segment. This role underpins the alias XPF for the ERCC4 gene, since,

when mutated, it is most notably linked to xeroderma pigmentosum (XP), a condition

characterised by heightened sensitivity to UV radiation, as well as increased prevalence

of certain cancers.

Mutations in ERCC4 or the gene encoding its heterodimeric partner ERCC1 result in a

broad and complex array of phenotypes. In addition to its role in NER, XPF-ERCC1 is also

implicated in (ICL repair) repair and SSA repair of double-strand breaks353. Consequently,

the functional loss of this nuclease complex has diverse and severe consequences, with

human patients exhibiting XP, Cockayne syndrome, cerebro-oculo-facio-skeletal (COFS)

syndrome, and/or Fanconi anaemia (FA), depending on the specific mutation818. As

noted earlier (Section 3.1), the complete loss of Ercc1 in mice mirrors the full spectrum

of age-related phenotypes, including extreme progeria. The Ercc1−/∆ genotype, associ-

ated with a drastically reduced lifespan of just a few months, manifests with profound

neurodegeneration and other hallmark symptoms of premature ageing776,777. Using Cre-

loxP technology, Niedernhofer and colleagues conditionally deleted Ercc1 in specific

tissues, revealing that localised loss of ERCC1 and XPF consistently induced symptoms

of premature ageing across multiple organs.

Patient mutations in XPF are predominantly missense, though frameshift mutations

resulting in truncated and destabilised protein variants have also been reported. In XP

patients, these mutations often lead to diminished endonuclease activity, resulting in a

milder phenotype primarily characterised by skin cancers in later life. However, rarer

cases of XPF-null mutations have been linked to severe neurological complications. For

example, a patient with XFE progeroid syndrome, CALIF1010, embodies rare reports

of CS-like phenotypes without XP caused by biallelic mutations in ERCC4. Despite

pronounced sensitivity to interstrand crosslinking agents, this patient did not exhibit UV
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sensitivity819. The phenotype closely resembled that of Ercc1−/− or Ercc4m/m mouse

models of progeria820. The identification of XPF as the defective factor in a subset of FA

patients explains its designation as FANCQ, one of the 23 FA complementation groups.

Similarly, SLX4 is designated as FANCP due to its critical role in recruiting XPF-ERCC1

to sites of interstrand crosslinks (ICLs) (Section 1.4.4). These findings highlight the

multifaceted roles of XPF-ERCC1 in maintaining genomic stability and underscore its

importance in a wide range of DNA repair pathways.

Homologs of XPF containing the ERCC4 fold have evolutionary origins dating back to

early eukaryotes. Prokaryotes and yeast rely on rudimentary forms of NER to repair both

bulky adducts and ICLs, indicating that XPF-like functions may have become specialised

in metazoans to coordinate NER and FA pathway activities. Further studies are needed to

elucidate the evolutionary changes in XPF domains and their impact on pathway regulation.

Recent work by Mulderrig and Garaycoechea generated XPF-null HAP1 cells, providing a

model to explore XPF functions. siRNA-mediated depletion of XPF has also been effective

and has confirmed the heightened sensitivity of XPF-deficient cells to crosslinking agents

such as acetaldehyde, mitomycin C, and cisplatin. Notably, this sensitivity exceeds that

of cells lacking only NER (e.g., XPA-null), FA pathway components (e.g., FANCL-null),

or both. An exception was observed with formaldehyde, where XPF-null cells exhibited

sensitivity comparable to Xpa−/− Fancl−/− cells, suggesting that formaldehyde-induced

lesions directly engage both pathways.

The enhanced sensitivity of XPF-null cells to crosslinking agents indicates that XPF-

ERCC1 functions beyond its established roles in NER and the FA pathway. One possibility

is that XPF-ERCC1 participates in multiple stages of FA-mediated ICL repair. Alter-

natively, the absence of XPF-ERCC1 may lead to deregulated activity of compensatory

nucleases, resulting in lethal DNA damage. Another hypothesis involves a parallel, FA-

independent pathway, potentially involving the nuclease SNM1A, which is epistatic with

XPF-ERCC1. Emerging evidence also implicates XPF-ERCC1 in transcriptional regulation

via CTCF recruitment, as XPF and XPG endonuclease activities are required for CTCF

localisation to chromatin821. The interplay between XPF, NER, and transcription-coupled

repair (TCR) pathways adds further complexity. For example, the combination of CSB

and XPA deficiencies results in progeroid phenotypes, although XPA single mutants,
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intrinsically defective for both global-genome and transcription-coupled NER, suggest

the existence of a non-NER TCR pathway. This hypothetical pathway may contribute

to resolving the sensitivity disparities observed in XPF-null cells, warranting further

investigation. Testing the effects of Ercc1−/− and Csbm/m double mutants could provide

insights into these interactions.

To better understand XPF-ERCC1 function and identify vulnerabilities, the creation

of XPF-null cell lines is essential. These cell lines enable the investigation of drug

sensitivities and synthetic lethal interactions, as well as the performance of CRISPR-Cas9

genetic screens to uncover pathway dependencies. Two strategies are particularly relevant

for such screens: comparing knockout cells to wild-type cells to identify compensatory

pathways, and comparing wild-type cells to those expressing enzymatically inactive XPF,

which potentially more closely mimics pharmacological inhibition. Nuclease-inactive

XPF variants, such as D705A, are valuable tools for these studies. The D705A mutation

disrupts the conserved PDXn(E/D)XK catalytic motif and has been used extensively in

biochemical assays324. However, engineering this mutation using CRISPR-Cas9 presents

challenges due to the lack of proximal sgRNA targets and limitations of current base

editing technologies. An alternative approach involves generating XPF-null cells and

complementing them with nuclease-inactive XPF under a weak promoter to approximate

physiological expression. This approach is constrained by potential cellular adaptation

to XPF loss before complementation. The use of degrons for targeted XPF degradation

offers a promising solution, but was beyond the scope of the current study. Despite these

challenges, the generation of XPF-null cell lines represents a critical first step toward

dissecting XPF-ERCC1 function and evaluating the therapeutic potential of targeting this

complex in cancer treatment. A precedent exists for targeting nucleases in DNA repair,

as highlighted by the development of MUS81 inhibitors822, underscoring the rationale

for pursuing similar strategies for XPF inhibition.

Efforts to inhibit this structure-specific endonuclease have explored diverse strategies,

including direct targeting of its catalytic activity and disruption of essential protein-protein

interactions. For example, studies have identified small-molecule inhibitors that impair

XPF-ERCC1 endonuclease activity, enhancing the efficacy of DNA-damaging agents such

as cisplatin823,824. Computational approaches have also facilitated the design of inhibitors
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that destabilise the interaction between ERCC1 and XPF, as well as between ERCC1 and

XPA, which is critical for the NER pathway825. Despite these advancements, challenges

remain in targeting ERCC1-XPF selectively due to its dual roles in genome maintenance.

Broad inhibition of the complex risks impairing both NER and ICL repair, potentially

exacerbating genomic instability and toxicity. Consequently, there is growing interest

in strategies that achieve a separation of function, selectively disrupting XPF’s role in

one repair pathway while preserving others. Such approaches aim to balance therapeutic

efficacy with the minimisation of off-target effects, offering a more nuanced means of

enhancing the activity of DNA-damaging agents in cancer treatment.

4.1.1 | Knockouts of XPF in multiple cell lines

Previous work in the group had already established U2OS ∆ERCC4 cells. These were

made by sgRNAs targeting exon 1 - one cutting ∼31 bp into the first exon of ERCC4, and

the other in the first intron to delete a fragment of 168 bp (Figure 4.1a). With these same

sgRNAs, ERCC4 was targeted in HT-29 and A549 cells, and two clones were recovered

that were characterised and used in this work (knockout generation was completed by

Dr. Ceren Yalaz). These XPF-null clones were verified (and re-verified for U2OS ∆ERCC4)

by PCR, where the same deletion was observed for the three cell lines (Figure 4.1b).

Sanger sequencing also revealed all clones contained the same deletion, of 169 bp, which

leads to a frameshift, causing premature termination at codon 20 (Figure 4.1d). XPF

deletion was observed in these knockout clones and resulted in the expected instability

of ERCC1 (Figure 4.1c).

4.1.2 | Sensitivities of XPF-null cells

The response of XPF-null cells to cisplatin, UV and MMC has been studied extensively,

effectively describing the range of XPF function in NER and ICL repair826. To further

validate these knockouts, and also understand the impact of XPF’s contribution to the repair

of formaldehyde damage and replication stress, cell viability assays were performed in

the presence of increasing concentrations of formaldehyde, olaparib and SJG-136. These

agents are suspected to generate damage that engages the FA pathway and ICL repair or

replication fork stability. It was considered that HT-29 cells may display more divergent
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Figure 4.1 | Generation and validation of ERCC4 knockouts in human cell lines. a, Schematic
of the ERCC4 gene highlighting the targeted region using two sgRNAs (sgERCC4 -2 and sgERCC4 -1)
designed to induce a 168 bp deletion within exon 1. The wild-type (ERCC4+) allele is depicted with
its original sequence, while the edited allele (ERCC4∆) shows the excised region. b, PCR validation
of the ERCC4∆ allele in U2OS, HT-29, and A549 cells. Products from the 276-277 PCR primer set
confirm the presence of the 421 bp fragment in wild-type cells and the 253 bp fragment in knockout
cells. c, Western blot analysis of XPF and ERCC1 protein levels in wild-type (WT) and ∆ERCC4 cells.
d, Representative Sanger sequencing chromatograms of the ERCC4 target region in U2OS wild-type
and ∆ERCC4 cells. The deletion event in ∆ERCC4 cells results in a 169 bp deletion that creates a
frameshift mutation, leading to a premature stop at codon 20.
Note: U2OS CRISPR-Cas9 knockout cells were generated by Dr. Sanja Brolih. A549 and HT-29
CRISPR-Cas9 knockout cells were generated by Dr. Ceren Yalaz.

phenotypes compared to A549 and U2OS, which are both p53-proficient, while HT-29

cells harbour an inactivating R273H mutation in p53827. Expectedly, the ∆ERCC4 cells

were sensitive to formaldehyde, olaparib, and SJG-136 in U2OS and HT-29 (Figure 4.2b-g,

Figure 4.3b-g) although they were only sensitive to formaldehyde in A549 (Figure 4.4b-

g). However, in the latter’s case, the substantial variability observed in the data likely

precludes the identification of statistically robust biological interpretations, although the

overall pattern of sensitivity can be seen (Figure 4.4b-g). A colony survival assay was
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Figure 4.2 | Survival analysis of U2OS ∆ERCC4 cells following siRNA depletion of MUS81
or BRCA1 and treatment with DNA damaging agents. a, Western blot analysis confirming
siRNA-mediated depletion of MUS81 and BRCA1 in wild-type (WT) and ∆ERCC4 U2OS cells. b, c, d,
Survival of the indicated ∆ERCC4 U2OS cells grown for 8 days in the presence of the indicated doses of
formaldehyde (b), olaparib (c) and SJG-136 (d). Viability by resazurin is shown as the mean ± s.d.
percentage relative to untreated cells for that condition, for n ≥ 3 biological experiments of n ≥ 4
technical repeats. e, f, g, The area under curve (AUC) for each condition in b, c, d is represented as
mean ± s.d. of n ≥ 3 biological experiments (indicated by number of points). Point shape represents
matched experiments in order; circle, square, triangle, diamond. Statistical significance was determined
by Brown-Forsythe and Welch ANOVA tests, with post-hoc Dunnett’s T3 test for multiple comparisons.
Comparisons made as follows: For each siRNA treatment, WT vs ∆ERCC4 ; for each WT or ∆ERCC4
cell line, siCtrl vs siMUS81 and siCtrl vs siBRCA1 and siMUS81 vs siBRCA1.
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Figure 4.3 | Survival analysis of HT-29 ∆ERCC4 cells following siRNA depletion of MUS81
or BRCA1 and treatment with DNA damaging agents. a, Western blot analysis confirming
siRNA-mediated depletion of MUS81 and BRCA1 in wild-type (WT) and HT-29 ∆ERCC4 cells. b, c,
d, Survival of the indicated HT-29 ∆ERCC4 cells grown for 8 days in the presence of the indicated
doses of formaldehyde (b), olaparib (c) and SJG-136 (d). Viability by resazurin is shown as the mean ±
s.d. percentage relative to untreated cells for that condition, for n ≥ 3 biological experiments of n ≥ 4
technical repeats. e, f, g, The area under curve (AUC) for each condition in b, c, d is represented as
mean ± s.d. of n ≥ 3 biological experiments (indicated by number of points). Point shape represents
matched experiments in order: circle, square, triangle, diamond. Statistical significance was determined
by Brown-Forsythe and Welch ANOVA tests, with post-hoc Dunnett’s T3 test for multiple comparisons.
Comparisons made as follows: For each siRNA treatment, WT vs ∆ERCC4 ; for each WT or ∆ERCC4
cell line, siCtrl vs siMUS81 and siCtrl vs siBRCA1 and siMUS81 vs siBRCA1.
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therefore performed to confirm whether this pattern of sensitivity is due to a particular quirk

of XPF biology in A549 cells. It was suspected that genetic interactions between MUS81

or BRCA1 could influence some of the differential sensitivities of ∆ERCC4 cells, and

performed these cell viability assays after depletion of MUS81 or BRCA1 and compared

these results to siCtrl after confirmation of depletion by Western blotting (Figure 4.2a,

Figure 4.3a, Figure 4.4a). In chicken DT40 cells, XPF is essential, with complete loss

resulting in lethality543. Notably, DT40 cells lack an orthologue for MUS81, suggesting

that the essentiality of XPF in this model may reflect a compensatory role in processing

replication-associated DNA damage normally resolved by MUS81. Supporting this,

expression of human MUS81 in DT40 cells can rescue XPF loss, indicating overlapping

or compensatory functions between these nucleases543. This implies that the synthetic

relationship between XPF and MUS81 may be relevant in human cells as well, particularly

under conditions of genotoxic stress. For this analysis, it is more suitable to look at

individual cell lines at a time. In U2OS cells, depletion of MUS81 or BRCA1 sensitises

WT cells to formaldehyde and SJG-136 but does not further increase sensitivity in ∆ERCC4

cells (Figure 4.2b, d, e, g). While XPF loss sensitises cells to olaparib, it is exacerbated

by the depletion of MUS81 or BRCA1 (Figure 4.2c, f), which is recapitulated in HT-29

cells (Figure 4.3c, f). Increased sensitivity to SJG-136 upon XPF loss was observed for

both U2OS (Figure 4.2d, g) and HT-29 (Figure 4.3d, g) cells, but could not be statistically

interpreted for A549 cells (Figure 4.4d, g).

4.1.2.1 | Response of XPF-null cells to trabectedin

Trabectedin is a uniquely promising therapeutic agent that differs from conventional

DNA-targeting drugs by exhibiting greater toxicity in cells with functional DNA repair

pathways828,829. This counterintuitive mechanism presents potential for targeting chemore-

sistant or repair-proficient tumour populations during chemotherapy or radiotherapy.

Derived from the sea squirt Ecteinascidia turbinata, trabectedin binds the minor groove of

DNA and forms covalent adducts at the N2 position of guanine. Notably, cells deficient in

transcription-coupled nucleotide excision repair (TC-NER) exhibit resistance to trabectedin,

implying that the lesion becomes more cytotoxic upon recognition and processing by TC-

NER446,830. Trabectedin induces a shallow bend in the DNA duplex and is preferentially
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Figure 4.4 | Survival analysis of A549 ∆ERCC4 cells following siRNA depletion of MUS81
or BRCA1 and treatment with DNA damaging agents. a, Western blot analysis confirming
siRNA-mediated depletion of MUS81 and BRCA1 in wild-type (WT) and A549 ∆ERCC4 cells. b, c, d,
Survival of the indicated A549 ∆ERCC4 cells grown for 8 days in the presence of the indicated doses of
formaldehyde (b), olaparib (c) and SJG-136 (d). Viability by resazurin is shown as the mean ± s.d.
percentage relative to untreated cells for that condition, for n ≥ 3 biological experiments of n ≥ 4
technical repeats. e, f, g, The area under curve (AUC) for each condition in b, c, d is represented as
mean ± s.d. of n ≥ 3 biological experiments (indicated by number of points). Point shape represents
matched experiments in order: circle, square, triangle, diamond. Statistical significance was determined
by Brown-Forsythe and Welch ANOVA tests, with post-hoc Dunnett’s T3 test for multiple comparisons.
Comparisons made as follows: For each siRNA treatment, WT vs ∆ERCC4 ; for each WT or ∆ERCC4
cell line, siCtrl vs siMUS81 and siCtrl vs siBRCA1 and siMUS81 vs siBRCA1.
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processed by TC-NER rather than global genome NER (GG-NER), likely due to its ability

to stabilise the DNA helix and impede GG-NER recognition831. A recent mechanistic

study showed that trabectedin lesions are processed by XPF but not XPG during TC-NER,

enabling the first mapping of XPF-specific incisions at these sites832. These findings

suggest XPF may exhibit minor sequence specificity and that single-strand breaks (SSBs)

generated by XPF contribute significantly to trabectedin’s cytotoxicity. Accumulated

SSBs may resemble or be converted into double-strand breaks (DSBs) during replication,

especially when DSB repair is impaired.

However, the precise mechanism of trabectedin resistance in TC-NER-deficient cells

remains unresolved. It is unclear whether lesions are tolerated or redirected into alternative

DNA damage response (DDR) pathways in the absence of XPF. To investigate this, viability

assays were performed examining the effect of trabectedin in cells depleted of MUS81

or BRCA1 in the context of XPF loss, using A549 and U2OS cell lines. When TC-NER

engages a trabectedin lesion, the resultant cytotoxic intermediate may stall transcription and,

during S-phase, lead to replication stress. This, in turn, could necessitate the involvement of

homologous recombination (HR) and structure-specific endonucleases such as MUS81 and

XPF. Thus, testing whether MUS81 or BRCA1 loss exacerbates trabectedin sensitivity in

XPF-deficient cells could clarify whether these factors function in a shared or compensatory

repair axis bridging TC-NER and HR. These experiments aimed to elucidate whether

alternative repair mechanisms mitigate trabectedin-induced damage in the absence of XPF.

Attempts to extend these studies into HT-29 cells were limited by narrow therapeutic

windows of trabectedin, which made it difficult to resolve differential sensitivities between

wild-type and XPF-deficient cells. As a result, HT-29 data were excluded from the analysis.

Consistent with the transcription-coupled nucleotide excision repair (TC-NER)-specific

toxicity of trabectedin, loss of XPF conferred resistance to trabectedin, irrespective of

the depletion of MUS81 or BRCA1 (Figure 4.5a-d). It was hypothesised that BRCA1

depletion in wild-type (WT) cells, but not in ∆ERCC4 cells, would increase sensitivity to

trabectedin due to the accumulation of single-strand breaks (SSBs) requiring homologous

recombination (HR) in the subsequent S phase. However, this effect was not observed

in either A549 or U2OS cell lines (Figure 4.5a-d). Instead, in both cell lines, BRCA1

depletion—and MUS81 depletion in the case of A549 cells—significantly reduced viability
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Figure 4.5 | Survival analysis of U2OS and A549 ∆ERCC4 cells following siRNA depletion of
MUS81 or BRCA1 and treatment with trabectedin. a, c, Survival of U2OS (a) and A549 (c) WT
and ∆ERCC4 cells grown for 8 days in the presence of the indicated doses of trabectedin. Viability by
resazurin is shown as the mean ± s.d. percentage relative to untreated cells for that condition, for n =
3 biological experiments of n ≥ 4 technical repeats. b, d, The area under the curve (AUC) for each
condition in a and c is represented as mean ± s.d. of n = 3 biological experiments (indicated by number
of points). Point shape represents matched experiments in order: circle, square, triangle. Statistical
significance was determined by Brown-Forsythe and Welch ANOVA tests, with post-hoc Dunnett’s
T3 test for multiple comparisons. Comparisons made as follows: For each siRNA treatment, WT vs
∆ERCC4 ; for each WT or ∆ERCC4 cell line, siCtrl vs siMUS81 and siCtrl vs siBRCA1 and siMUS81 vs
siBRCA1.

in ∆ERCC4 cells in response to trabectedin (Figure 4.5b, d). These results suggest that

alternative mechanisms or interactions may underlie trabectedin resistance and toxicity

in the context of XPF deficiency.

While these low-throughput genetic interaction studies and observations of toxicity

to DNA damage-related agents provide initial insights into XPF activity, further detailed

mechanistic studies are required to fully elucidate these pathways. These experiments

serve as a precursor to a genome-wide CRISPR-KO screen aimed at identifying genetic

interactors of XPF. Although the CRISPR-KO screen was conducted, technical challenges

in the high-throughput sequencing of surviving sgRNAs prevented the identification of

ERCC4-interacting genes. A repeat of library preparation and sequencing is currently
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in progress to resolve these issues.

4.2 | Genetic disruption of SLX1

The SLX1 protein is encoded by two genes within humans, SLX1A and SLX1B. These genes

reside on chromosome 16, 762 kb apart (hereafter, reference to the gene SLX1 includes

both genes). SLX1, at least in vitro, is a promiscuous nuclease with almost no apparent

preference for any defined DNA structure, despite historical characterisation as a 5′-flap

endonuclease of the human structure-selective endonucleases585. Beyond implications

of functions in concert with or redundant with MUS81 and XPF, via its interaction with

SLX4, only a handful of SLX1-unique responsibilities have been described. Beyond

HJ resolution (Section 1.4.3, some studies point to SLX1’s involvement in the initiation

of MiDAS at CFSs638, or rare fragile sites such as at the FRAXA locus639. Disruption

of Slx1 in mice does not result in lethality540. Both Slx1+/− and Slx1−/− mice are

born at Mendelian frequencies, exhibit no significant developmental defects, and are

fertile540. In this study, SLX1 protein was undetectable in mouse embryonic fibroblast

(MEF) extracts from these knockout mice. The targeted Cre-loxP-dependent deletion

of exon 1 (Figure 4.6a), potentially coupled with nonsense-mediated decay (NMD), is

expected to ablate SLX1 translation. However, an alternative translation initiation site

within exon 2 (methionine at position 62, M62) could theoretically yield a truncated 23.6

kDa form of SLX1 (Figure 4.6a). This hypothetical product could escape detection

on Western blots due to overlapping nonspecific bands observed with several SLX1

antibodies tested (Figure 4.6b).

Phenotypically, SLX1-null MEFs exhibited partial sensitivity to mitomycin C (MMC)

and nitrogen mustard (HN-2), phenotypes that were rescued by overexpression of wild-type

(WT), but not nuclease-inactive, SLX1540. If a truncated form of SLX1 were expressed

in these cells, it could potentially act as a dysfunctional hypomorph, consistent with

the observed phenotypes. To date, the literature indicates the generation of only one

SLX1 knockout cell line. In Chan et al. (2017833), a sgRNA (GAGCTTGTTCCGAAGCAAGC)

targeted exon 1 of SLX1 in Flp-In T-Rex 293 cells. Sequencing revealed clones with

an 11 bp deletion, an 8 bp deletion, or a 73 bp insertion (Figure 4.6a). Given the

triplication of chromosome 16 in the parental 293 cells834, these clones likely contained
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six alleles. In silico simulations of these alleles suggested potential dominant-negative

effects due to truncated proteins. The 11 bp and 8 bp deletions were predicted to produce

truncated products of approximately 8.2 and 8.3 kDa, respectively, while the 73 bp insertion

(sequence unspecified) might yield an 11.5 kDa mutant product. Despite these predictions,

one clone used for further studies confirmed the absence of SLX1 by Western blot. This

clone demonstrated no synthetic lethality upon depletion of GEN1. However, concurrent

MUS81 and GEN1 depletion resulted in G2 arrest and a pronounced survival defect833.
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4.2.1 | Depletion of SLX1 associates with sickness where p53
is functional

If the depletion of SLX1 described in previous literature is incomplete due to expression

of a hypomorphic gene product, its non-essentiality is worth re-addressing. An initial

approach, therefore, involved the depletion of SLX1 through RNA interference (RNAi).

During the initial stages of this project, no suitable antibody against SLX1 was available;

trials of α-SLX1 antibodies from MRC PPU in Dundee (S778C sheep) and various Abcam

α-SLX1 antibodies (ab68807, ab182501) were attempted. However, later, it was found that

the Proteintech αSLX1 antibody gave the clearest SLX1 signal by Western blot and was

adopted for future experiments. Initial knockdown trials in U2OS using two siRNAs against

SLX1 were, at the protein level, inconclusive as to SLX1 knockdown status, especially

given the quicker-exposing non-specific bands (Figure 4.7a). Nevertheless, siSLX1 #1

appeared most effective in SLX1 knockdown (Figure 4.7a). Compared to the addition of a

non-targeting siRNA control (siCtrl), SLX1, and to a lesser extent MUS81, knockdown

resulted in reduced colony outgrowth (Figure 4.7b, c). When improved Western blotting

procedures for SLX1 were later adopted, SLX1 depletion using siSLX1 #1 was apparent in

three cell lines tested, RPE-1, RPE-1 TP53−/− and HAP1 (Figure 4.8a). Colony outgrowth

was markedly reduced when SLX1 was depleted in RPE-1 (Figure 4.8b, left panel,

Figure 4.8c), and to a lesser extent in HAP1 (Figure 4.8b, right panel, Figure 4.8c), but

no change was visible for RPE-1 TP53−/− cells (Figure 4.8b, middle panel, Figure 4.8c).

These relationships link SLX1 depletion to p53-mediated cell death, implicating SLX1 in

essential homeostatic processes. To confirm the effective depletion, the colony survival

of siSLX1-depleted cells with increasing MMC was tested. No notable difference was

observed for MMC sensitivity in SLX1-depleted cells (Figure 4.8d).

The observed loss in fitness of SLX1-depleted cells suggests a critical role for SLX1

in the viability of cancer cell lines. Notably, SLX1 is absent from the CRISPR DepMap

database750, likely due to its omission from the TKOv3 lentiviral CRISPR-KO library755.

One potential explanation for the absence of SLX1 data in CRISPR-KO screens is that

SLX1 is essential enough to result in the retention of viable sgRNAs, thus precluding its

detection in knockout experiments. However, another plausible factor is the presence of

an ancestral segmental duplication in human chromosome 16, resulting in SLX1 being
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Figure 4.8 | SLX1 knockdown impacts colony survival in RPE-1, RPE-1 TP53−/−, and
HAP1 cells. a, Western blot analysis confirming siRNA-mediated depletion of SLX1 in RPE-1, RPE-1
TP53−/−, and HAP1 cells. b, Quantification of colony survival relative to siCtrl-treated cells, as mean
± s.d. from n = 3 independent experiments (indicated as circle, square, and diamond). Statistical
significance was determined by one-way ANOVA with post-hoc Dunnett’s test, with comparisons between
siCtrl and siSLX1 for each cell line. c, Representative images of colony formation assays for siCtrl
and siSLX1-treated conditions across cell lines as in c. d, Colony survival dose-response curves of
RPE-1, RPE-1 TP53−/−, and HAP1 cells treated with mitomycin C (MMC) following siCtrl or siSLX1
transfection. Data are presented as mean ± s.d. from n = 3 independent experiments.

encoded by two highly homologous genes: SLX1A and SLX1B. The two paralogues exhibit

an extraordinary 99.7% sequence homology, even when analysed using long-read nanopore

sequencing approaches (Figure 4.9a). This remarkable similarity highlights a potential

selective evolutionary advantage for the preservation of these duplicates. However, the

genes are located within a 600 kb cluster known as the BP4–BP5′ region, which includes

other near-identical gene pairs such as BOLA2A/B and SULT1A3/4. This genomic region

is characterised by significant sequence homology and exhibits copy-number variations

that have been linked to autism spectrum disorder835. With near-perfect homology, most

algorithms that generate sgRNA libraries for their eventual use in screens would exclude

sgRNAs in this region due to the perception that binding to either paralogue locus suggests

‘off-target’ binding. Indeed, like SLX1 genes, the paralogues SULT1A3 and SULT1A4, and
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Figure 4.9 | Analysis of SLX1 gene structure, expression, and copy number. a, Schematic
representation of the human SLX1 gene, highlighting exons (blue boxes), intronic regions, and genomic
differences in hg19/hg38 and T2T assemblies. Positions of the observed single-nucleotide variants
between SLX1A and SLX1B for each genome assembly are indicated. b, Correlation of SLX1A and SLX1B
transcript expression (log2(TPM+1)) across CCLE cell lines, obtained from the CRISPR DepMap750.
In-house cell lines are labelled. c, Correlation of SLX1A and SLX1B diploid copy numbers across CCLE
cell lines. In-house cell lines are labelled.

NPIPB12 and NPIPB13 are also totally absent in any of the CRISPR DepMap models.

However, of the BOLA2 paralogues, BOLA2A, but not BOLA2B, appears in the CRISPR

GeCKO model, while SMG1P2 and SMG1P5 appear in the RNAi model within CRISPR

DepMap. Nevertheless, chronic loss of SLX1 might confer some toxicity in certain cell

lines, yet the mechanisms that govern progress to eventual cell death are largely unexplored.

4.2.2 | Knockout of SLX1

Although potential challenges to cell viability could complicate efforts to generate SLX1-

null cells, initial attempts focused on deleting SLX1 in various cell lines before considering

a more complex degron-based approach. To identify suitable cell lines for this purpose,

CRISPR DepMap data were consulted, evaluating both SLX1 expression levels and

absolute copy number. Analysis revealed that the expression of SLX1A consistently

exceeded that of SLX1B across all tested cell lines (Figure 4.9b), with a notable 4.3
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Figure 4.10 | Generation and screening of SLX1 knockout clones across multiple cell lines. a,
Schematic representation of the SLX1A/B loci, indicating the positions of sgRNAs (sgSLX1 -1 - 6) and
the expected deletion (SLX1∆). PCR amplicons used for screening (SLX1∗ and SLX1∆) are indicated
with their expected product sizes. b, SURVEYOR assay analysis to determine editing efficiency of
sgRNAs targeting SLX1 in 293FT cells, with the expected 1.5 kb amplicon cleaved by T7 endonuclease
I (T7EI) where editing has occurred. Input for the T7EI reaction is shown in the upper panel.

log2(TPM+1) difference. This disparity is likely attributable to a bias in sequencing read

alignment favouring SLX1A over SLX1B. However, this bias was not observed for other

duplicated genes within the same genomic region, such as NPIPB12 versus NPIPB13 or

SULT1A4 versus SULT1A3 (data not shown). Despite the alignment bias, SLX1 expression

was detectable in multiple in-house cell lines (Figure 4.9b). However, copy number data

were available for only a subset of these lines. Cell lines A549 and HT29 were initially

considered but ultimately excluded due to the presence of three copies of each SLX1 gene,

requiring a total of six editing events to achieve complete knockout (Figure 4.9c). To

address these challenges, RPE-1, U2OS, 293FT, and HAP1 cell lines were selected for

subsequent experiments. RPE-1, a non-cancerous model predicted to be diploid, was

chosen to ensure a manageable number of editing targets. 293FT was selected for its

high transfection efficiency, facilitating genome editing. Finally, HAP1, predicted to have

a single copy of each SLX1A and SLX1B, was prioritised to maximise the likelihood of

achieving complete SLX1 knockout.
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As discussed earlier, targeting exon 1 of the SLX1 genes does not offer a reliable

knockout strategy and risks a haplosufficient SLX1 gene product. Therefore, we focused

on deleting downstream exons. Exon 2 deletion alone circumvents any risk of a downstream

start codon rescuing SLX1 fragment expression, but the https://crispor.gi.ucsc.edu/ tool

did not predict any high-efficiency sgRNAs in its downstream intron (intron 2). Therefore,

sgRNAs targeting intron 3, alongside complementary sgRNAs targeting intron 1, were

sought. This combination of sgRNAs leads to the excision of both exons 2 and 3, a deletion

which is not divisible by three and, when skipped, results in a premature stop codon in

exon 4. The predicted product of this editing is SLX1 frameshifted from W63, with a

premature stop codon introduced 14 amino acids later (p.E64MfsX14). Four sgRNAs

upstream of exon 2 (two in exon 1 and two in intron 1) were selected and cloned into

pX458, and two sgRNAs (in intron 3) were cloned into pX458-mRuby2 (Section 2.2.7.5)

(Figure 4.10a). A SURVEYOR assay was conducted to validate the efficacy of each sgRNA,

identifying sgRNA-3 (intron 1) and sgRNA-5 (intron 3) as the most efficient pair of guides

(Figure 4.10b), and these were subsequently used for knockout attempts. We introduced

this sgRNA combination into all cell lines and sorted double-positive GFP+/mRuby+ cells

(Appendix B.2, Figure B.2). Double-positive cells could be sorted for both RPE-1and

RPE-1 TP53−/− cells, although the RPE-1 cells did not yield any colonies, and the RPE-1

TP53−/− colonies rapidly deteriorated upon expansion beyond a 96-well plate and could

not be further propagated. For 293FT, 7 colonies were recovered from a total of 288

seeded single cells (Figure 4.11d). In HAP1, 34 colonies were recovered from 288 single

cells (Figure 4.11d). Some colonies failed to expand at various stages in the protocol of

splitting from a 96-well plate to a 24-well plate to a T25 flask to a T175 flask (for freezing);

the number of clones expanded is summarised in Figure 4.11d. Clones from 293FT and

HAP1s were confirmed to contain SLX1 edited alleles by PCR, some with no obvious

presence of the WT allele (Figure 4.11b, c). Clones 1 and 5 in 293FTs, and clones 17, 21,

32, 37 and 48 in HAP1s were confirmed to contain a deletion of SLX1 exons 2 and 3 by

Sanger sequencing (data for HAP1 WT vs ∆SLX1 37 shown in Figure 4.12a, b).

As with knockdown trials of SLX1, Western blotting for SLX1 has resulted in varying

degrees of success and provided inconsistent results even for repeats of identical blots.

Nevertheless, proving that the obtained clones were knockouts at the protein level was
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Figure 4.12 | Validation of SLX1 knockout clones through Sanger sequencing, Western blot
and RT-qPCR analysis. a, b, Sanger sequencing of HAP1 wild-type (WT) and a representative ∆SLX1
clone (37), deletion of intervening sequence between cut sites of sgSLX1 -3 and sgSLX1 -5 at intron 1 (a)
and intron 3 (b). c, d, Whole cell extract Western blot analysis of ∆SLX1 and wild-type (WT) 293FT
(c) and HAP1 (d) clones. e, f, Nuclear extract Western blot analysis of ∆SLX1 and wild-type (WT)
293FT (e) and HAP1 (f) clones. g, h, RT-qPCR analysis of SLX1A and SLX1B mRNA expression in
293FT (g) and HAP1 (h) clones, normalised to GAPDH expression. Error bars represent mean ± s.d.
of three technical replicates per condition.
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attempted by Western blot. A first pass resulted in no apparent bands fully disappearing

in the clones (data not shown) - this was concerning, but given no WT band was present

in the PCRs, adaptations were made to Western blotting protocols. Firstly, optimisation

of antibody dilutions and blocking conditions was tried using cells with knockdown

of SLX1 as in Figure 4.8. Unfortunately, this could also not be reproducibly repeated.

Instead, nuclear extracts of cells more definitively identified clones without SLX1 for

293FT (Figure 4.12e) and HAP1 (Figure 4.12f). In these clones, SLX4 expression was

not uniformly affected consistently, with some knockout clones expressing no SLX4

(HAP1 ∆SLX1 17, 32), while some others expressed less SLX4 (293FT ∆SLX1 1, 5) or

were mostly unaffected (HAP1 ∆SLX1 37, 48 (Figure 4.12f). Clones 1 and 5 for 293FT

and clones 17, 32, 37 and 48 for HAP1 were expanded for further analysis as likely

being null for SLX1. HAP1 clone 26 was also maintained as a likely mixed allele clone

(Figure 4.11c). Of these clones, RT-qPCRs were performed and allowed further validation

of knockout status. All Western blot-confirmed clones had near-undetectable levels of

SLX1 mRNA (except for 293FT ∆SLX1 clone 5) by a probe set for ’SLX1A’, but only

showing greatly reduced SLX1 mRNA using a second probe set designated for ’SLX1B’

(Figure 4.12g, h). This discrepancy is likely due to the loss of exon 3 by design, which

would allow detection by the TaqMan probes against ’SLX1B’ (detects exons 4 and 5), but

not by the probes against ’SLX1A’ (detects exons 3-4; 2.5.2). Some minimal detection

of SLX1 mRNA by both probe sets in HAP1 clone 26 confirmed that this clone likely

includes an intact SLX1 allele (Figure 4.12g, h).

4.2.2.1 | Viability assays of SLX1 knockout clones

Viability assays were used to map the sensitivity profiles of the 293FT and HAP1 ∆SLX1

clones compared to WT, however, instead of the resazurin assay, end-point viability

was measured by ATP anabolism via CellTiter-Glo. Agreeing with previous work540,

the loss of SLX1 sensitises cells to crosslinking chemotherapeutics like cisplatin, SJG-

136 and MMC in all HAP1 ∆SLX1 clones, except for the haploinsufficient 26 clone

(Figure 4.13i, j, l, m, n, p) and 293FT ∆SLX1 clone 1, but not 5 (Figure 4.13a, b, d,

e, f, h). The lack of MMC-sensitivity in 293FT ∆SLX1 clone 5 might reflect some

minimal SLX1 expression observed by RT-qPCR (Figure 4.12g). SLX1 loss also sensitised
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Figure 4.13 | Survival analysis of ∆SLX1 clones following treatment with DNA-damaging
agents. a-d, Quantification of cell viability assays of wild-type (WT) and ∆SLX1 293FT clones (clones
1 and 5) treated with cisplatin (a), mitomycin C (MMC, b), olaparib (c), and SJG-136 (d). Viability
was measured using resazurin fluorescence after 8 days and is presented as mean ± s.d. relative to
untreated cells for n ≥ 3 biological replicates with n ≥ 4 technical repeats. e-h, Area under curve (AUC)
for the survival curves in a-d, represented as mean ± s.d. of n = 3 biological replicates. Statistical
significance was determined using one-way ANOVA with Dunnett’s T3 multiple comparisons test, with
comparisons between WT and ∆SLX1 clones for each condition. i-l, Quantification of cell viability
assays of WT and ∆SLX1 HAP1 clones (clones 17, 26, 32, 37, and 48) treated with cisplatin (i), MMC
(j), olaparib (k), and SJG-136 (l). Viability was measured as in a-d. m-p, AUC for the survival curves
in i-l, represented as mean ± s.d. of n = 3 biological replicates. Statistical significance was determined
using one-way ANOVA with Dunnett’s T3 multiple comparisons test, with comparisons between WT
and ∆SLX1 clones for each condition. Individual clones are indicated by their clone ID.

HAP1 ∆SLX1 clones, but not 26, to olaparib (Figure 4.13j, n). This was recapitulated in

293FT ∆SLX1 clone 1, but not clone 5 (Figure 4.13c, g). To verify that the sensitivities

observed for the representative HAP1 ∆SLX1 37 and 293FT ∆SLX1 1 clones was due

to SLX1 loss, Dox-inducible GFP-SLX1 was complemented back into these cells by

generation of a stable heterogeneous population after sorting Dox-induced GFP+ cells

(Appendix B.3, Figure B.3; Appendix B.4, Figure B.4). Dox-induced expression of

GFP-SLX1 in established complemented populations was confirmed by Western blot for

HAP1 (Figure 4.14b), and 293FT (Figure 4.14b). SLX4 expression appeared reduced in

HAP1 ∆SLX1 37, which was restored under Dox-treatment of iGFP-SLX1-transduced

cells but not iGFP-EV-transduced cells, although overall protein loading in HAP1 ∆SLX1

37 transduced with iGFP-EV cells was also reduced (Figure 4.14b).

In 293FT ∆SLX1 1, re-expression of SLX1 partially reversed the sensitivities observed

against olaparib (Figure 4.15c, g) and SJG-136 (Figure 4.15d, h). A similar pattern was

observed for cisplatin and MMC complementation but did not meet statistical significance

(Figure 4.15a, b, e, f). In contrast, HAP1 ∆SLX1 37 sensitivity to all drugs was not rescued

by expression of GFP-SLX1 (Figure 4.15i-p).

4.2.3 | SLX1 degron knock-in

Given the challenges associated with obtaining RPE-1 SLX1 knockout clones (Section 4.2.2,

as well as the inconsistencies in restoring viability to genotoxic agents when attempting

complementation of the HAP1 and 293FT SLX1 knockout clones, an alternative strategy

was therefore attempted to establish a CRISPR-KO screening model in RPE-1 cells. This is
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Figure 4.14 | Complementation of ∆SLX1 clones with inducible GFP-SLX1. a, Nuclear
extract Western blot analysis of 293FT WT and ∆SLX1 clone 1 transduced with inducible GFP-SLX1
(iGFP-SLX1) or GFP-empty vector (iGFP EV). Cells were either untreated or treated with doxycycline
(Dox) to induce GFP-SLX1 expression overnight. b, Western blot analysis of HAP1 WT and ∆SLX1
clone 37 transduced and treated as in a.

comparable to those utilised in the DNA damage response (DDR) field446,500, and involved

employing a degron-based knock-in approach.

4.2.3.1 | Design considerations for an SLX1 knock-in strategy

Within the 762 kb separating the two SLX1 paralogues, approximately 31 protein-coding

genes and several miRNAs are encoded. Following the duplication of the BOLA2-SLX1-

SULT1A gene segment in humans, positive selection bias has prevented neutral drift

between these homologous regions (Figure 4.9a). Although this duplication is rare, it

poses significant challenges to achieving targeted knockout of SLX1. In pursuit of an

inducible method to abrogate SLX1, the Cre-loxP system was initially considered for

controlled excision of a critical exon, such as exons 2 and 3 as identified in 4.2.2. Deletion

of these exons would introduce a frameshift, generating a premature stop codon, with no

downstream start codon capable of rescuing hypomorphic SLX1 expression. However,

this approach was ultimately abandoned due to the risk of removing the 0.7 Mb genomic

region intervening between the loxP sites of SLX1A and SLX1B during Cre-mediated

recombination. Such an event would excise all intervening genes, thereby confounding

studies specific to SLX1. To circumvent these challenges, attention shifted to the acute
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Figure 4.15 | Survival analysis of complemented ∆SLX1 clones following treatment with
DNA-damaging agents. a-d, Quantification of cell viability assays of wild-type (WT), ∆SLX1 293FT
clone 1, and ∆SLX1 clone 1 complemented with GFP-SLX1 (+GFP-SLX1) treated with cisplatin
(a), mitomycin C (MMC, b), olaparib (c), and SJG-136 (d). Viability was measured using resazurin
fluorescence after 8 days and is presented as mean ± s.d. relative to untreated cells for n ≥ 3 biological
replicates with n ≥ 4 technical repeats. e-h, Area under curve (AUC) for the survival curves in a-d,
represented as mean ± s.d. of biological replicates. Statistical significance was determined using one-way
ANOVA with Dunnett’s T3 multiple comparisons test, with comparisons between WT, ∆SLX1, and
∆SLX1+GFP-SLX1 for each condition. i-l, Quantification of cell viability assays of WT, ∆SLX1 HAP1
clone 37, and ∆SLX1 clone 37 complemented with GFP-SLX1 (+GFP-SLX1) treated with cisplatin (i),
MMC (j), olaparib (k), and SJG-136 (l). Viability was measured as in a-d. m-p, AUC for the survival
curves in i-l, represented as mean ± s.d. of biological replicates. Statistical significance was determined
using one-way ANOVA with Dunnett’s T3 multiple comparisons test, with comparisons between WT,
∆SLX1, and ∆SLX1+GFP-SLX1 for each condition.

degradation of SLX1, which offers an opportunity to study its essentiality without allowing

cells to adapt to a permanent genetic change, as might occur with CRISPR-Cas9 knockout

approaches. A degron-based system enables rapid and controlled modulation of SLX1

protein abundance, facilitating the investigation of both acute and chronic loss of SLX1.

The FKBP/dTag system was selected due to its minimal genetic footprint—requiring

a single transgene knock-in—and its relatively small size (12 kDa), which minimises

disruption to the already small SLX1 protein product836. This proteolysis targeting

chimaera (PROTAC) system was designed to integrate the FKBP12F36V degron domain

in-frame with either the N-terminus or C-terminus of SLX1 at its endogenous loci using

CRISPR-Cas9-mediated knock-in. However, modifications to the sequence of either SLX1

paralogue immediately upstream of the start codon risk disrupting the promoter regions

of the adjacent BOLA2 and BOLA2B genes, which are encoded on the antisense strand

and have promoters located within the first few exons of their respective adjacent SLX1

genes (Figure 4.16a). Similarly, incorporating a dTag construct at the C-terminus of

SLX1 could interfere with the promoter regions of the downstream SULT1A3/4 genes

(Figure 4.16a). Tagging the N-terminus was settled on after modelling the putative fusion

constructs in AlphaFold, which showed that the specific N-terminal tags were moderately

more flexible/free (data not shown).

Thus, since SLX1 knock-out models could not be generated in RPE-1 cells (Fig-

ure 4.11d), a degron knock-in was instead designed to tag the N-terminus of SLX1 in

this cell line. Initially, a strategy involving the co-transfection of a synthetic sgRNA/Cas9

ribonucleoprotein (RNP) complex with a plasmid donor template was employed (see
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Figure 4.16 | Targeting strategy and screening for FKBP-SF SLX1 in RPE-1 cells. a, Genomic
location of SLX1A on chromosome 16, flanked by the neighbouring BOLA2B and SULT1A3 genes.
The region is near-perfectly identical to its homologous region upstream in chromosome 16, consisting
of SLX1B, BOLA2 and SULT1A4. b, Schematic representation of the SLX1A/B loci and the sgRNA
(sgSLX1 -N) target sites used for homology-directed repair (HDR). Expected amplicons for wild-type
(SLX1+) and targeted (FKBP−SFSLX1) alleles are shown. c, Design of the donor construct for HDR,
containing BleoR-P2A-EGFP-T2A-FKBP, and a TwinStrep-FLAG (SF) tag flanked by homology arms
for integration at the SLX1A/B locus. d, PCR validation of HDR events in 293FT cells transfected
with sgSLX1 -N and the donor plasmid. Products corresponding to SLX1+ and FKBP−SFSLX1 alleles
are indicated. e, PCR screening of single-cell-derived RPE-1 clones for FKBP−SFSLX1 integration using
the 182-185 amplicon. Clones progressing for further validation are highlighted in green. f, PCR to
ensure donor plasmid integration did not occur into selected RPE-1 FKBP−SFSLX1 clones using primers
targeting EGFP and the M13 reverse sequence. The ‘donor plasmid’ lane refers to PCR amplification
of genomic DNA purified from RPE-1 cells transiently transfected with only the donor plasmid. g,
PCR validation of RPE-1 FKBP−SFSLX1 knock-in in clones using the longer 284-285 amplicon. WT and
FKBP−SFSLX1 alleles are shown for comparison.

Methods). This template included a bleomycin (zeocin)-resistance gene in-frame with

SLX1, enabling selection through zeocin treatment after editing events occurred. The

remaining insert sequence consists of a P2A-separated EGFP, then a T2A-separated

FKBP12F36V degron fused to an SF tag (Figure 4.16b, c). However, no surviving cells

were observed following zeocin selection (data not shown), and a SURVEYOR assay

indicated that transfection of the sgRNA/Cas9 RNP failed to induce cutting at the SLX1

start codon (Figure 4.16d). However, cutting at the SLX1 gene could be observed when

RPE-1 cells were transfected with a plasmid expressing the same sgRNA (Figure 4.16d).

This plasmid also enabled selection via puromycin (a PuroR gene is located downstream

of Cas9). This revised strategy incorporated puromycin selection for the sgRNA-Cas9

plasmid prior to zeocin treatment and sorting for EGFP+ cells, which indicated successful

editing of at least one allele. Sorting of cells that were EGFP+ required identification

of a population with signal only slightly above background, likely due to the minimal

expression of SLX1 (Appendix B.5, Figure B.5). Over 60 clones were recovered, and

PCR analysis around the start codon revealed that most clones carried the desired knock-

in edit, with some displaying only the knock-in SLX1 PCR product and no WT alleles

(Figure 4.16e). Sanger sequencing confirmed that five clones (3, 4, 6, 10, 28) possessed

the correct knock-in edit. Primers designed for colony screening by PCR targeted regions

within the left and right homology arms of the donor plasmid (Figure 4.16b), which

raises the concerns that knock-in alleles observed by PCR might instead represent random

integration events. PCR using primers annealing to the plasmid itself, including M13rv
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Figure 4.17 | Validation of FKBP-SF SLX1 expression in RPE-1 cells and functional impact of
dTag-13-induced degradation. a, Western blot analysis of whole-cell lysates from RPE-1 FKBP−SFSLX1
clones treated with or without 1 1 µM dTag-13. b, Western blot analysis of RPE-1 FKBP−SFSLX1 clones
transiently transfected with GFP-SLX4 or GFP-EV ± 1 µM dTag-13. c, Quantification of cell viability
assay of RPE-1 WT, heterozygous, and FKBP−SFSLX1 clones 3 and 6 treated with increasing doses of
the DNA crosslinking agent SJG-136 ± 1 µM dTag-13, representing mean ± s.d. of n = 2 biological
repeats, each consisting of three technical repeats.

(which would not be part of a successful knock-in event), showed that clones 3, 4, 6,

and 28 had no such random integration PCR product, while DNA from RPE-1 cells

transiently transfected with the donor plasmid and clone 10 showed a strong PCR product

(Figure 4.16f). Further verification with primers annealing upstream of the 5′ homology

region, and within the promoter of BOLA2B, showed that clones 3, 4, 6, 10, and 28 all

produced a single knock-in amplicon, while WT RPE-1 and mixed allele (het.) clone

22 displayed the WT amplicon (Figure 4.16g).

The poor specificity of commercial antibodies for SLX1 significantly hindered the

detection of knock-in events at the protein level (Figure 4.17a). Western blotting attempts

to detect FLAG, Strep, or FKBP-tagged SLX1 in clones were largely unsuccessful
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(Figure 4.17a). FLAG expression in presumed knock-in clones was undetectable, necessi-

tating further validation to confirm the functionality of dTag-inducible SLX1 degradation.

This detection challenge was attributed to the relatively low expression levels of SLX1,

particularly in RPE-1 cells (Figure 4.9b). Insights from prior studies (detailed in later

chapters 5, 5.4.2; Figure 5.20d) suggested that overexpression of GFP-SLX4 could

enhance SLX1 expression, thereby improving the detection of SLX1 wild-type (WT)

and knock-in bands. SLX4 WT has been shown to increase SLX1 expression, while a

mutant version incapable of interacting with SLX1, MUS81-EME1, and XPF-ERCC1

(SLX4529FLW>A,1577EL>AA,C1805R), does not661. This overexpression effect was observed

only with GFP-SLX4 and not GFP alone (Figure 4.17b).

In clones 3 and 6, GFP-SLX4 overexpression revealed an FKBP−SFSLX1 band in the

absence of the WT SLX1 band (Figure 4.17b). Longer blot exposures under GFP empty

vector (GFP-EV) overexpression allowed better resolution of the WT and FKBP−SFSLX1

bands (Figure 4.16b). Treatment with dTag-13 overnight appeared to reduce, though not

completely eliminate, FKBP−SFSLX1 expression, particularly in clone 3, while WT SLX1

remained unaffected (Figure 4.17b). To validate these clones further, cell viability was

assessed against increasing concentrations of SJG-136, which can distinguish SLX1 loss

in HAP1 and 293FT cells (Figure 4.17c). With dTag-13 treatment, clone 6, and to a

lesser extent clone 3, displayed increased sensitivity to SJG-136 (Figure 4.17c), correlating

with the degree of FKBP−SFSLX1 degradation (Figure 4.17b). Although these experiments

provided preliminary validation, they did not conclusively demonstrate the complete

degradation of SLX1 by dTag-13. Consequently, experiments using these cell lines were

placed on hold due to the inability to confirm definitive SLX1 degradation.

4.3 | Discussion

This study aimed to elucidate the roles of XPF and SLX1 in maintaining genomic

stability, with a focus on their individual contributions to DNA repair pathways. Through

the generation of knockout and knock-in cell lines, the findings highlight the complex-

ities of targeting these nucleases for therapeutic purposes and reveal hints into their

biological functions.
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XPF knockouts: implications for DNA repair and synthetic lethality XPF-ERCC1 is

pivotal for the repair of a diverse array of DNA lesions, spanning NER, ICL repair, and

single-strand annealing (SSA). The extreme sensitivity of XPF-null cells to crosslinking

agents like SJG-136 underscores its critical roles in the FA pathway, while also agreeing

with previous work using MMC or cisplatin826. Interestingly, the sensitivity profile of

XPF-null cells varied across cell lines, with U2OS cells displaying greater sensitivity to

ICL-inducing agents than HT-29 cells, likely reflecting intrinsic differences in p53 status

and DNA damage response (DDR) mechanisms (Figure 4.2, Figure 4.3). Formaldehyde

sensitivity was also marked in these cells, in agreement with previous work of HAP1

XPF− cells837. In this work, the loss of NER and FA (XPA−) explains the cytotoxicity of

XPF− cells towards formaldehyde. However, only in HT-29 cells, depletion of MUS81

and BRCA1 compounded formaldehyde sensitivity in ∆ERCC4 cells (Figure 4.3b, e). The

precise nature of this formaldehyde defect in HT-29 cells specifically requires further work,

though it may reflect the relative stemness of HT-29 cells observed in Chapter 3. The

comparison of viability between A549 wild-type (WT) and ∆ERCC4 cells revealed much

greater variability in all measurements of viability, suggesting increased heterogeneity

in metabolic output. This observation warrants further investigation to determine the

underlying causes of such variability and its implications for cellular function. The work

here also corroborated the resistance observed for XPF-null cells towards the TC-NER

poison, trabectedin (Figure 4.5). Loss of XPF resulted in resistance to trabectedin, while

the depletion of BRCA1 (in U2OS) and either BRCA1 or MUS81 (in A549) exacerbated

the toxicity of this agent only in the context of ∆ERCC4. One explanation for this is

that the abortive NER DNA break generated by XPF at trabectedin lesions is eventually

repaired mostly by a non-HR pathway, but that an unengaged (at least by NER) trabectedin

lesion requires HR when cells eventually reach S phase. An extension of this work,

including an NHEJ inhibitor (DNA-PKcs inhibitor) or depletion of NHEJ factors, might

shed light on whether this is the case.

SLX1 Knockouts: Independent Roles and Genetic Dependencies SLX1, traditionally

characterised as a structure-selective endonuclease, was investigated in isolation from its

interactions with other SSEs, such as MUS81 and XPF. The study demonstrated that SLX1-

null cells exhibit partial sensitivity to ICL-inducing agents, consistent with their established
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role in resolving recombination intermediates. Additionally, knockdown and knockout

experiments revealed synthetic sickness in p53-proficient cells (Figure 4.8), implicating

SLX1 in some essential homeostatic processes. This observation aligns with earlier studies

suggesting a role for SLX1 in maintaining genome stability under replicative stress, albeit

in fission yeast511. Efforts to generate SLX1-null clones highlighted the challenges posed

by its genomic duplication, with SLX1A and SLX1B exhibiting near-identical sequences.

The use of CRISPR-Cas9 to target these paralogues proved effective in generating HAP1

and 293FT clones, though incomplete editing or retention of functional alleles was observed

in some instances (Figure 4.11, Figure 4.12). Complementation with inducible GFP-SLX1

partially restored sensitivity to DNA-damaging agents only in 293FT ∆SLX1 cells and not

their counterpart in HAP1 (Figure 4.14). While it is challenging to reconcile the contrasting

results in these two cell lines, it perhaps suggests that achieving the correct dosage of SLX1

is key, with the HAP1 cells more sensitive to the higher expression levels of SLX1 obtained

on complementation. Further validation of SLX1 knockout status could be achieved by

functional assays. HJ resolution defects after IR are phenotypically described by increased

SCEs and synthetic sickness with MUS81/GEN1(511,833.

In light of retrieving no knockout clones of SLX1 in RPE-1 cells, either WT or p53-

deficient, endogenous tagging of SLX1 with a degron was designed and initiated. After

some careful development, the knock-in strategy resulted in the construction of RPE-1 cells

with an N-terminal FKBP-SF fusion, allowing protein degradation with dTag-13836. While

some minimal SLX1 degradation was eventually visible by Western blotting (Figure 4.17),

this partial loss does not capture the knockout status sought for further study. The primary

goal of creating these lines is to enable their use in CRISPR-KO screens that identify

the precise functional role of SLX1 through its genetic interactions. Given the relatively

limited knowledge of SLX1 cellular biology, especially in human cells and especially

compared to its associated MUS81 and XPF nucleases, a screen like that proposed here is

likely the most helpful way to glean insights as to homeostatic SLX1 functions. Performing

a similar screen was also the fundamental reason for generating XPF-null cells, though

in this case, the experiments are nearer to completion (Sections 2.3.2.4, 2.5.4).
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Challenges in Functional Validation and Future Directions The poor detectability of

SLX1 protein due to its low expression levels posed a significant challenge for validation.

While Western blotting and RT-qPCR provided partial confirmation of knockouts, future

efforts could benefit from the use of more specific tags detectable even with minimal

expression. A second knock-in construct (SLX1 knock-in v2) was designed to address

the limitations of the single SF tag, which proved inadequate for detection by Western

blotting. This version incorporated a BleoR-EGFP fusion upstream of a P2A sequence

to facilitate both antibiotic selection and cell sorting for knock-in events. Additionally, it

included a double HA tag fused to FKBP-V for inducible degradation. However, attempts

to use this construct in RPE-1, RPE-1 TP53−/−, and HAP1 cells were unsuccessful,

as zeocin selection caused unexpected cell death, and surviving cells were not GFP+

(data not shown). A third construct was subsequently designed, incorporating a multi-

functional Halo-tag. The Halo-tag enables fluorescent cell sorting through conjugation

with a Janelia fluor chloroalkane and facilitates SLX1 degradation via the HaloPROTAC

system. HaloPROTAC3 covalently links the Halo-tagged protein to the von Hippel-

Lindau (VHL) E3 ubiquitin ligase complex, promoting proteasomal degradation838. This

approach, representing ongoing work beyond the scope of this project, offers a promising

alternative for future studies aiming to achieve precise and controlled degradation of SLX1.

Additionally, the variability in the sensitivity of SLX1-null clones to DNA-damaging

agents suggests a need for more robust experimental systems, such as degron-based

approaches for conditional protein depletion. The development of a Halo-tag-based SLX1

degron construct represents a promising avenue for achieving precise and controlled SLX1

degradation, facilitating the study of both acute and chronic loss of function.

Concluding Remarks This study provides insight into the individual roles of XPF and

SLX1 in DNA repair and highlights the complexities of targeting these nucleases for

therapeutic purposes. The generation of knockout and knock-in cell lines, combined with

functional and genetic interaction studies, lays the groundwork for future investigations

into the biological functions and therapeutic potential of these nucleases. Further studies

are needed to refine strategies for selective targeting, such as achieving separation-of-

function inhibition, and to explore the broader implications of nuclease loss in genome

stability and cancer therapy.
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Achieving high-quality purifications of the SMX complex has been a long-standing aim

of the McHugh Lab; as such, a short summary of purification trials performed by colleagues

before and during my DPhil and their shortcomings are presented here. Firstly, single-gene

expression constructs of individual human SMX components (full-length) were co-infected

as baculoviruses into insect cells, but the preparations therein suffered from limited protein

yield and reproducibility. Secondly, a MultiBac approach839 was adopted for subcomplexes

SLX1-SLX4, MUS81-EME1, and XPF-ERCC1 as three separate baculoviruses. In this

case, all components were stably expressed, but mixing components did not yield tractable

combined complexes, neither suitable for structural biology nor proven to form a single
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complex by size exclusion chromatography. When this was done, some subcomplexes

showed non-aggregate co-elution on size exclusion chromatography (SEC), suggesting

stronger interactions: SLX4C (comprising SLX4-SLX1-MUS81-EME1) was obtained in

overlapping fractions of SEC and electron microscopy showed unique and homogeneous

particles. Third, using the MultiBac system, all six proteins were contained in a single

plasmid and, hence, a single baculovirus. With this system, expression of all components

was uneven, and affinity purification resulted in elutions dominated by the tagged SLX4.

Thus, the main aim of the work presented here was to establish an expression and

purification system for full-length SMX that ensures equal stoichiometry of all components.

The polyprotein approach, adopted by many viruses, was chosen here to promote equal

expression and immediate co-translational folding of the complex’s constituent proteins

before release of the subunits through cleavage by an upstream-encoded TEV protease840.

Initially, a human-frog (Hs-Xl, denoted with h and x before the gene name, hereafter)

chimaeric (χ) version of the complex was expressed and purified. The mouse homologues

(denoted with ‘m’ before the gene) were then also expressed due to the observed success of

mouse N-terminal SLX4-XPF-ERCC1 purifications by colleagues and the shorter length

of the central disordered region compared to other vertebrate homologues (Figure 1.7,

which was truncated yet further to aid future studies. Lastly, attention was turned to the

purification of human SMX, in this case expressed in mammalian 293F-derivative cells.

The constructs used throughout this work and how they were cloned are summarised

in Methods (Section 2.2.6).

5.1 | Purification of a chimaeric SMX complex

The first strategy attempted to purify the SMX complex was that of a human-frog chimaeric

complex. The rationale behind the use of X. laevis homologues of these proteins is due to

their use in pioneering functional studies of interstrand crosslink (ICL) repair performed

by the Knipscheer group. Their work has found that the behaviour of these proteins

is radically different from that of their human homologues: they are far less prone to

aggregation and are mostly produced in a soluble single-state form, making them well-

suited for structural applications. The H. sapiens or X. laevis only versions of XPF-ERCC1
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Figure 5.1 | Schematic representation of χSMX constructs and subunits. a, Diagram of the
expression constructs used for the co-expression of χSMX complex subunits. The constructs include
xSLX4 fused to an N-terminal TEV protease cleavage site and a TwinStrep-FLAG tag (SF), xXPF linked
to hERCC1 and an ECFP tag, and individual constructs for hEME1, hMUS81, and xSLX1. Each subunit
is under the control of the polyhedrin promoter, with His-tags included for purification where indicated.
b, Theoretical molecular weights and domain organisation of each SMX subunit. The subunits are
colour-coded to match their respective constructs in a, with TEV protease cleavage sites and His-tags
highlighted. The full SMX complex includes components ranging from 33 kDa (xSLX1) to 201 kDa
(xSLX4).

could not be purified well due to expression and solubility issues, but the chimaeric xXPF-

hERCC1 formed a stable complex and could be readily purified435. Thus, the chimaeric

full-length complex was also settled on based on the insolubility and poor expression

of H. sapiens-only or X. laevis-only complexes.

A workflow was designed to purify the SMX complex and assess its composition,

solubility, enzymatic activity, and structural integrity to facilitate structural and functional

studies. Constructs were engineered to enable co-expression of the individual subunits

and to be compatible with affinity purification. Variations in buffer composition were

tested across three separate trials to optimise purification. The quality of preparations was

evaluated using Coomassie-stained SDS-PAGE, mass spectrometry, solubility and size

exclusion chromatography, nuclease assays, and negative-stain electron microscopy where

possible. The aim was to balance protein yield, solubility, and enzymatic functionality

while minimising contaminants and aggregation.

5.1.1 | Purification 1 of χSMX

Human and Xenopus SLX4 share 31% sequence identity across the full-length protein

and are predicted to retain all domains required for interaction with XPF-ERCC1 (MLR),

MUS81-EME1 (SAP), and SLX1 (CCD) (Appendix B.6, Figure B.6). Xenopus SLX4 also

contains conserved BTB and UBZ4 motifs but lacks identifiable SIMs or a TRF2-binding
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Figure 5.2 | First expression and purification of the χSMX complex from insect cells. a,
Workflow for the expression and purification of the χSMX complex. The complex was expressed in
HiFive insect cells and purified using StrepTrap HP affinity chromatography followed by size-exclusion
chromatography (SEC). b, SDS-PAGE analysis of StrepTrap purification fractions. Lane L: cell lysate;
W1 and W2: wash fractions; E1-E5: elution fractions. SLX4, XPF, and SLX4 degradation products
(*SLX4) are indicated were verified by in-gel tryptic digest mass spectrometry (MS). c, Western blotting
of pooled elution fractions (E2 + E3) to probe for the presence of MUS81 and ERCC1, confirming the
presence of these subunits in the eluted complex. d, Size exclusion chromatogram (Superose 6 Increase
10/300 GL) showing OD280 absorbance. Arrows indicate the peaks of protein standards used to define
molecular weight ranges, with fractions collected for analysis by SDS-PAGE in e. e, SDS-PAGE analysis
of SEC fractions as indicated by grey shading in the chromatogram.

motif (TBM) (Figure 1.7); however, these features are not expected to compromise its

ability to associate with a semi-human SMX complex.

The constructs for expression of χSMX were split such that one baculovirus would

express SLX4-XPF-ERCC1 as a single ORF, fragmented into the constituent chains

through cleavage of internal sites by TEV protease, expressed upstream within the same

ORF (Figure 5.1a, upper panel). Human MUS81 and EME1, and Xenopus SLX1 were
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expressed from a second baculovirus under the MultiBac approach. After confirmation

of individual baculovirus transduction of insect cells during the viral amplification stage

(Section 2.3.3.1), expressions were carried out in HiFive insect cells by co-transduction of

both viruses. The first preparation involved recirculating clarified lysate over a StrepTrap

HP column and eluting with desthiobiotin (Figure 5.2a). Elutions from StrepTrap contained

mass-spectrometry-verified SLX4 and XPF (Figure 5.2b), while the presence of ERCC1

and MUS81 could be confirmed by Western blotting (Figure 5.2c), however, the presence

of components SLX1 and EME1 could not be confirmed. Nevertheless, the SEC profile

showed that the majority of this elution was aggregated (Figure 5.2d), and no protein

signal was observed in the range expected for the size of the SMX complex (∼0.5 MDa

for a monomer). SDS-PAGE did not appear to show that any of the smaller-sized peak

fractions contained SLX4 or other components (Figure 5.2e).

5.1.2 | Purification 2 of χSMX

To improve the aggregation issues from the first purification, MgCl2, KCl and CHAPS

were included in the base buffer and used from lysis onwards. The protocol was followed

in an otherwise similar manner (Figure 5.3a). Elutions from StrepTrap were similar to

the first purification, with only SLX4 and XPF distinguishable by in-gel tryptic digest

mass spectrometry, but with the ERCC1 band visible (Figure 5.3b). SEC profile of the

elution showed a faint peak close to the expected complex size, though most of the

complex was still aggregated (Figure 5.3c). A faint band could be observed for SLX4 only,

despite concentrating these fractions ten-fold (Figure 5.3d). Screening of this preparation

on negative stain (uranyl acetate) cryoelectron microscopy showed very heterogeneous

particles of varying sizes (Figure 5.3e).

5.1.3 | Purification 3 of χSMX

The third purification was also similar to purification 2 but with the change involving

performing ‘scouting’ runs for SEC, which avoided the requirement to concentrate the

StrepTrap elutions (Figure 5.4a). Once again, StrepTrap elutions contained SLX4, XPF

and ERCC1 and mass spectrometry confirmed the presence of MUS81, EME1 and SLX1.

Tubulin, as per previous preparations of SMX, appeared as a contaminating band324
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Figure 5.3 | Second expression and purification of the χSMX complex from insect cells. a,
Workflow for the expression and purification of the χSMX complex. The complex was expressed in
HiFive insect cells and purified using StrepTrap HP affinity chromatography followed by size-exclusion
chromatography (SEC). Purification included Buffer L2 supplemented with MgCl2, KCl, and CHAPS. b,
SDS-PAGE analysis of StrepTrap purification fractions. Lane Ins: insoluble fraction of insect cell lysis;
L: soluble lysate; FT: flow-through after loading on StrepTrap; W1 and W2: wash fractions; E1-E3:
elution fractions. SLX4 and XPF bands were verified by mass spectrometry (MS). c, Size-exclusion
chromatogram (Superose 6 Increase 10/300 GL) showing OD280 absorbance. Arrows indicate molecular
weight standards, and grey-shaded regions denote collected fractions. d, SDS-PAGE analysis of SEC
fractions from the grey-shaded regions in c, showing the weak presence of SLX4 after elution. e, Electron
microscopy (EM) visualisation of SLX4-XPF complexes stained with uranyl acetate. Scale bar: 200 nm.
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(Figure 5.4b). Under SEC, each run consisted of a smaller aggregation peak compared

to the expected complex size peak (Figure 5.4c), and concentrating this fraction showed

that all components were present, though faintly (Figure 5.4d, e).

From this purification, ∼13.5 µg of χSMX complex was recovered. Enzymatic assays

were employed for each purification, but only this third preparation displayed any notable

activity. In corroboration with previous findings541, XPF-ERCC1 activity on a simple

fork and 5′-flap increases greatly when co-purified with an N-terminal fragment of SLX4

(encompassing 173-947 of SLX4) - complex referred to as "mini-SLX4" (Figure 5.5a).

Purified χSMX was more active than XPF-ERCC1 alone but less active than mini-SLX4

(Figure 5.5a, b). However, possible combined cleavage activities of both MUS81 and XPF

prevent definitive conclusions about whether the full-length SMX complex specifically

enhances XPF activity alone. On a 3′ flap substrate, the co-purification of SLX4C-SLX1

with MUS81-EME1, termed SLX4-C, increases cleavage activity compared to MUS81-

EME1 alone (Figure 5.4c). Again, χSMX was more active than MUS81-EME1 alone

but less active than SLX4-C (Figure 5.4c), only showing cleavage at 40 nM. This activity

profile was recapitulated for an intact Holliday junction (HJ) substrate, where χSMX

was again only active at 40 nM (Figure 5.4d).

Micrographs of negative-stained χSMX showed improved homogeneity of particles

compared to the second preparation (Figure 5.6a); however, the modal particle size was

estimated to be 3 MDa, though a minor projection of ∼0.6 MDa was closer to the estimated

0.5 MDa mass for χSMX (Figure 5.6b). Two-dimensional class averages indicated an

extended SMX conformation (Figure 5.6c), possibly reflecting the absence of a DNA

substrate that could compact the complex. A 3D model derived from these data revealed

an elongated, cylindrical structure with curved edges (Figure 5.6d). The estimated volume

(∼1.5 MDa) of this model suggested the presence of a trimeric SMX complex. It is,

however, unlikely that this processing represents a uniquely identified oligomerisation

state of SMX. In this case, the molecule, though somewhat as expected, appeared very

flexible in most class averages. Classes are also very blurry and most likely average out

different conformations or oligomerisation states. Refinement of this structure with further

negative stain EM data, and improvement of resolution with cryo-EM data would benefit

deciphering the real organisation of SSEs in this volume. For now, the volume serves as
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Figure 5.4 | Third expression and purification of the χSMX complex from insect cells. a,
Workflow for the expression and purification of the χSMX complex. The complex was expressed in
HiFive insect cells, purified using StrepTrap HP affinity chromatography, and further processed with a
"scouting" size-exclusion chromatography (SEC) step. "Scouting" refers to the sequential injection of a
large-volume sample in multiple individual size exclusion chromatography (SEC) runs. Elution fractions
from each run are pooled, allowing collection of the entire sample, and therefore avoiding extensive
concentration of the input sample beforehand. Purification used Buffer L2 supplemented with MgCl2,
KCl, and CHAPS as per purification 2. b, SDS-PAGE analysis of StrepTrap purification fractions. Lane
L: lysate loaded onto the StrepTrap column; FT: flow-through after loading; W1–W3: wash fractions;
E1–E4: elution fractions. SLX4, and additional associated subunits (XPF, EME1, MUS81, ERCC1,
SLX1) were identified by mass spectrometry (MS). The contaminant Tubulin was also identified by MS.
c, Size-exclusion chromatogram (Superose 6 Increase 10/300 GL) showing OD280 absorbance with peaks
corresponding to molecular weight ranges as before. Grey-shaded regions indicate fractions collected
for analysis in d. d, SDS-PAGE analysis of SEC fractions from the indicated grey-shaded regions in c,
highlighting the elution profile of the χSMX complex. e, Detailed SDS-PAGE of a pooled fraction from
SEC, concentrated 20 fold, demonstrating the co-purification of SLX4, XPF, MUS81, EME1, ERCC1,
and SLX1.

178



Chapter 5. Purifications of SMX

χSMX

0.6 5 40

XPF-ERCC1

0.6 5 40

SLX4N-XPF-ERCC1

1.3 5 40 (nM)

5’

5’

−

χSMX

0.6 5 40

XPF-ERCC1

0.6 5 40

SLX4N-XPF-ERCC1

1.3 5 40 (nM)−

MUS81-EME1

10 40−

SLX4C-SLX1
MUS81-EME1

10 40−

χSMX

10 40−

Cy5.5 - simple fork

Cy5.5 - 5’-flap

5’

5’

(nM)

MUS81-EME1

10 40−

SLX4C-SLX1
MUS81-EME1

10 40−

χSMX

10 40− (nM)

5’

5’

Cy5.5 - replication fork Cy5.5 - HJ

5’

5’

a

c d

b

Figure 5.5 | Biochemical activity assays of the χSMX complex and other sub-complexes.
a, Endonuclease cleavage of a Cy5.5-labelled simple fork was verified via a gel-based assay. Substrate
processing was assessed with the incubation of two-fold increasing concentrations (0.6125 to 40 nM) of
human XPF-ERCC1, human "mini-SLX4" or SLX4N-XPF-ERCC1 (SLX4173−947), and χSMX, with 10
nM DNA substrate for 1 h at 37 °C. b, Endonuclease cleavage of a Cy5.5-labelled 5′-flap was verified
via a gel-based assay. Substrate processing was assessed with the incubation of two-fold increasing
concentrations (0.6125 to 40 nM) of human XPF-ERCC1, human "mini-SLX4" or SLX4N-XPF-ERCC1
(SLX4173−947), and χSMX, with 10 nM DNA substrate for 1 h at 37 °C. c, Endonuclease cleavage of a
Cy5.5-labelled replication fork was verified via a gel-based assay. Substrate processing was assessed with
the incubation of two-fold increasing concentrations (10 to 40 nM) of human MUS81-EME1, human
"SLX4-C" or SLX4C-SLX1-MUS81-EME1 (SLX41535−1834), and χSMX, with 10 nM DNA substrate for
1 h at 37 °C. d, Endonuclease cleavage of a Cy5.5-labelled intact Holliday junction (HJ) was verified
via a gel-based assay. Substrate processing was assessed with the incubation of two-fold increasing
concentrations (10 to 40 nM) of human MUS81-EME1, human "SLX4-C" or SLX4C-SLX1-MUS81-EME1
(SLX41535−1834), and χSMX, with 10 nM DNA substrate for 1 h at 37 °C. In all cases, χSMX refers to
that purified from Figure 5.4e and reaction products were resolved on a 20% polyacrylamide denaturing
gel, and fluorescence visualised.
Note: the purification of SLX4-C, XPF-ERCC1, MUS81-EME1, and mini-SLX4 was performed previously
by Dr. Denis Ptchelkine and Dr. Abimael Cruz-Migoni.
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an encouraging initial discovery that can direct future EM data analysis, especially as a

3D reference for model generation. Attempts to refine these models through cryoelectron

microscopy screening of purified χSMX were unsuccessful.

χSMX

200 nm

180°

a b

c

d

Figure 5.6 | Electron microscopy of purified χSMX complex. a, Representative negative-stain
cryoelectron microscopy (EM) micrograph of the χSMX complex stained with uranyl acetate. Individual
particles are visible, with a scale bar indicating 200 nm. b, Radius-molecular weight plot derived from the
average size of particles from a and other micrographs obtained for χSMX. Molecular weight estimates
are plotted against the radius, with observed radii and corresponding molecular weights shown for 6 nm
(632.0 kDa), 10 nm (3079.0 kDa), and 16 nm (12870.0 kDa), modal particle sizes from the histogram.
c, Representative two-dimensional class averages obtained from EM images. d, Three-dimensional
electron density map of the 2D class averages in c, also shown after a 180° rotation in the right panel.

To address the challenges associated with co-infection or the combination of lysates

from separate baculovirus transductions, a single baculoviral construct was pursued to

deliver the chimaeric SMX components. Attempts to achieve this using the MultiBac

system were unsuccessful due to difficulties in obtaining the correct clones. As an

alternative, the constructs were designed and cloned into a dual-promoter baculoviral

vector, pFastBac-Dual.
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In the new system, the constructs included ‘T-SXE’ (TEV protease, xSLX4, xXPF,

hERCC1) under the polyhedrin promoter and ‘EMS’ (hEME1, hMUS81, xSLX1) under

the p10 promoter, transcribed in opposite directions from a central point in the plasmid.

SLX4 was tagged with a twin-Strep-FLAG tag to enable purification using Strep-Tactin

resin. Additionally, ECFP and mCherry2 tags were incorporated in-frame at the end of

each open reading frame (ORF), linked by a TEV protease site. This facilitates monitoring

of transfection, transduction, and expression efficiency during baculovirus generation,

amplification, and initial expression trials. The difficulties encountered in achieving

proper cloning and the complexities of working with a multi-species chimaeric construct

ultimately led to a reassessment of the approach. Given the non-physiological nature of

combining subunits from different species, further pursuit of this strategy was deemed

impractical. Consequently, the focus shifted to alternative approaches that could better

address these technical and biological limitations.

5.2 | Expression and purification of mouse SMX

Though the chimaeric SMX complex could be purified to adequate homogeneity, mouse

homologues of these proteins present a more human-relevant model to decipher the

mechanisms of action and circumvent any concerns regarding coalescing several species

subunits. Concurrently, colleagues found that the purification of a subcomplex of mouse

SMX (termed miniSX, containing SLX4’s N-terminus (1-764), XPF and ERCC1) yielded

more homogeneous, non-aggregated protein than its human or human/frog chimaeric

counterpart. Furthermore, the central disordered region of mouse SLX4 and overall SLX4

is shortest in mice, 25 kDa smaller than human (Figure 1.7, upper panel). Following

this, M. musculus SLX4, XPF, ERCC1 was cloned as a single ORF yielding one TEV-

cleavable polyprotein (Figure 5.7a, upper panel; 2.2.7.2). EME1, MUS81, and SLX1

were cloned into a separate vector in a similar fashion, producing a separate single

polyprotein (Figure 5.7a, lower panel). Baculoviruses expressing these two separate

polyproteins were created through transfection of Sf9 insect cells, and used to transduce

further populations of either Sf9 or HiFive insect cells (Section 2.3.3.1) to increase viral

titres through amplification and for final expression, where transduced cells were harvested.
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5.2.1 | Test purification of Strep-tagged mSMX from insect cells

An initial test expression was conducted to establish the presence of mSMX in insect cells

infected with combinations of two viruses for each polyprotein. SLX4 was expressed

and eluted after loading onto Strep-Tactin XT 4Flow resin, which implied at least the

presence of Strep-tag-bearing ERCC1 and its obligate heterodimer XPF, though XPF-

ERCC1 could not be visualised by SDS-PAGE (Figure 5.7c). By SEC analysis, SLX4

appeared to be present in a separate complex to XPF and TwinStep-FLAG (SF)-ERCC1

(Figure 5.7d, e, f), despite co-eluting from the Strep-Tactin resin. The size of the peak

containing SLX4 here also corresponds to a size far greater than a monomer of SLX4,

and more likely to be a tetramer of SLX4.

5.2.2 | Expression and purification of mS∆centralMX from insect
cells

The expression of full-length mSLX4 suggested potential issues with co-folding alongside

XPF and ERCC1. It was hypothesised that deleting the central region of mSLX4 could

enhance expression and eliminate the need for cofactors that might complicate SLX4 purifi-

cation (Figure 5.7g, h). This central deletion, spanning residues 759–1252 (Section 2.2.7.2),

was designed to address this issue. Deletion of this extended, largely disordered region

may enhance expression by promoting a more stable and compact SLX4 fold. Addi-

tionally, deletion of the intravening SUMO-interacting motifs (SIMs) was considered

beneficial, as these motifs may contribute to protein condensate formation604, potentially

impeding overexpression or promoting insolubility. In these plasmids, nuclease-inactive

mutations were introduced in XPF (D706A), MUS81 (D307A), and SLX1 (R38A,E79A)

to facilitate the expression of later complexes with various combinations of inactive

nucleases (Section 2.2.7.2).

To generate the truncated SMX complex, baculoviruses were produced as previously

described. During the amplification of these baculoviruses, the correct expression of the

SMX complex was monitored via FLAG (tracking ERCC1 of the "SXE" component) and

His-tag (tracking SLX1 of the "EMS" component) (Figure 5.8a) abundance by Western

blot. For purification, the SXE and EMS components were expressed separately in insect

cells and combined prior to cell lysis (Figure 5.8a). Initial affinity purification using
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Figure 5.7 | Design and expression trial of mouse SMX constructs. a, Schematic of the mouse
SMX construct including mSLX4, mXPF, and mERCC1. Domains are tagged with TEV protease sites
(TEVP), a TwinStrep-FLAG Tag (SF), and a His10 tag for purification. b, The corresponding molecular
weights are shown for each component (mSLX4: 174 kDa, mXPF: 106 kDa, mERCC1: 38 kDa). c,
SDS-PAGE analysis of StrepTrap purification of mSLX4-containing constructs as in a, b. Lane L:
lysate; FT: flow-through after loading onto the StrepTrap column; W: wash fraction; E: elution fraction.
SLX4 is observed in the elution fraction. d, Size exclusion chromatography (SEC) profile (Superose 6
Increase 10/300 GL) of StrepTrap elution. Arrows indicate molecular weight standards, and grey-shaded
regions denote collected fractions. e,f, SDS-PAGE analysis of SEC fractions from the grey-shaded
regions in d, with Western blotting for XPF and ERCC1 in f. g, Schematic of an alternative construct,
mSLX4∆central-mXPF-mERCC1, featuring a deletion of the central region of mSLX4. Domains are
similarly tagged, and molecular weights are provided on the right panel.
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Figure 5.8 | Expression and purification of mS∆centralMX components and assembly analysis.
a, Western blot analysis of mS∆centralMX components expressed in Sf9 cells during the final baculovirus
amplification to confirm expression of mSLX4-XPF-ERCC1 (SXE) by anti-FLAG and anti-ERCC1 and
EME1-MUS81-SLX1 (EMS) by anti-His-tag. Nuclease-inactive containing variants of the baculovirus
are also shown; SX*E - (XPFD706A); EM*S - MUS81D307A); EMS* - SLX1R38A,E79A. b, Workflow for
the expression and purification of mS∆centralMX components. The complex was expressed in HiFive
insect cells, purified using Strep-Tactin XT resin, and subjected to size-exclusion chromatography (SEC).
c, SDS-PAGE analysis of Strep-Tactin purification fractions, stained with Coomassie. Lane L: lysate;
FT: flow-through; W1-W2: wash fractions; E1-E4: elution fractions. The final elution fraction (E4),
concentrated 40-fold, highlights the enrichment of SLX4, XPF, and ERCC1. d, Western blotting of
Strep-Tactin elutions using anti-FLAG and anti-His, confirming the presence of SF-ERCC1 and SLX1-His
in the Strep-Tactin elutions. e, SEC profile (Superose 6 Increase 10/300 GL) showing OD280 (black) and
OD260 (red) absorbance profiles of mS∆centralMX purification. Peaks correspond to distinct molecular
weight populations. f, Coomassie-stained SDS-PAGE analysis of purified SLX4-C (SLX1, SLX4C, MUS81,
and EME1) complex, which was run on the same size exclusion chromatography method as e. g, SEC
profile (Superose 6 Increase 10/300 GL) showing OD280 of SLX4-C under various buffer conditions,
including the addition of monosodium glutamate (MSG) or sucrose, or a combination of both. Grey
arrows denote molecular weight standards.

SF-tagged ERCC1 with Strep-Tactin resin yielded a small amount of the SMX components

detectable by SDS-PAGE, with clear bands for SLX4 and XPF (Figure 5.8c). However,

EMS components were only identified or their presence inferred through Western blotting

against the His-tag (Figure 5.8d).

Size-exclusion chromatography (SEC) of 40× concentrated Strep-Tactin eluates did

not reveal any significant peaks (Figure 5.8e). A subsequent purification trial produced

similar results (data not shown), but a noticeable peak was observed during a wash step
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using 6 M guanidinium hydrochloride, suggesting that some protein material had attached

to the column. Given that the nucleases of SMX bind nucleic acids, it is possible that the

complex might interact with the sugar-based Superose columns, mimicking DNA-binding

interactions with ribose sugars. To address this issue, it was suggested that including

additives that either neutralise the basic charge of DNA-binding proteins or quench the

resin might aid the progression of the protein complex through the column (personal

communication with Prof. Alex Vecchio, University of Nebraska–Lincoln). With limited

mSMX samples available, testing whether these additives could alleviate issues at the SEC

stage was achieved by purifying the C-terminal SLX4 complex (SLX4-C), which consisted

of human SLX41535−1834, SLX1, MUS81 and EME1, previously purified by Dr. Abimael

Cruz-Migoni (Figure 5.8f). When the C-terminal SLX4 complex was run independently on

a Superose 6 column, no peak corresponding to the expected molecular size (∼190 kDa)

was observed. The addition of 200 mM monosodium glutamate (MSG) slightly improved

peak detection (∼14.5 mL), while 10% sucrose significantly increased the predicted band

intensity, both with and without 200 mM MSG (Figure 5.8g). However, these additives

pose challenges for downstream cryo-EM applications, where simple buffers are preferred,

as small molecules such as sucrose and MSG can increase background scattering.

Despite these limitations, the subsequent purification adopted these additives after

Strep-Tactin elution (Figure 5.9a). Once again, mSLX4, mXPF, and mERCC1 were

observed in the elutions from Strep-Tactin (Figure 5.9b, c). This time, 10% sucrose was

included during SEC and resulted in two small peaks at 13 mL (peak 1) and 15.5 mL

(peak 2) (Figure 5.9d). Concentrating each peak approximately 20-fold and analysing

them via SDS-PAGE revealed that only the second peak contained SMX components,

comprising solely the SXE constituents (Figure 5.9e, f). Western blotting indicated that

His-tagged SLX1 was absent, suggesting that the EMS subunits did not co-purify with

SXE (Figure 5.9f, lower panel). The purified SXE complex demonstrated endonuclease

activity on a simple fork substrate (Figure 5.9g). The lack of EMS subunits may reflect

issues stemming from the deletion of the SLX4 central region or, more plausibly, that

split expressions in separate insect cell populations hinder proper co-folding and assembly

of the complete SMX complex.

To address co-folding challenges, a co-infection strategy was implemented, where

SXE and EMS viruses were simultaneously transduced into the same cell population. This
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Figure 5.9 | Expression and purification of mS∆centralMX complexes with buffer optimisation
and structural analysis. a, Workflow for the expression and purification of mS∆centralMX complexes.
SXE mSLX4∆central-mXPF-mERCC1) and EMS (mEME1-mMUS81-mSLX1) were expressed in HiFive
insect cells, purified using Strep-Tactin resin, and subjected to SEC in Buffer GF2 supplemented with
MSG and sucrose. b, SDS-PAGE analysis of Strep-Tactin fractions. Lane L: lysate; FT: flow-through;
W1-W3: wash fractions; E: elution; Ec: concentrated elution fraction. c, Western blot analysis of
Strep-Tactin purification fractions using anti-SLX4, anti-FLAG, and anti-His-tag, confirming the presence
of SF-mERCC1 and mSLX1-His in elution fractions. d, SEC chromatogram (Superose 6 Increase 10/300
GL) showing OD280 (black) and OD260 (red) absorbance profiles for mS∆centralMX. Peaks 1 and 2, shaded
grey, correspond to distinct protein fractions collected for analysis. Grey arrows denote molecular weight
standards. e, SDS-PAGE of Peak 1 and Peak 2 fractions from SEC, showing enrichment of mSLX4,
mXPF, and mERCC1. f, Western blot of Peak 2 from SEC in e, probing for the presence of FLAG
(mERCC1) and His-tag (SLX1). g, Endonuclease cleavage of a Cy5.5-labelled simple fork was verified
via a gel-based assay. Substrate processing was assessed with the incubation of two-fold increasing
concentrations (20 to 80 nM) of human XPF-ERCC1, and peak 1 elution from e, with 10 nM DNA
substrate for 1 h at 37 °C. Reaction products were then resolved on a 20% polyacrylamide denaturing
gel, and fluorescence visualised. h, Cryo-EM micrograph of purified mS∆centralMX complexes. Scale bar:
30 nm. i, Representative 2D class averages obtained from cryo-EM, showing distinct structural features
of the mS∆centralMX complex in various orientations, with corresponding class resolutions.
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approach aimed to facilitate proper SMX assembly through multiple gene expressions

within the same cellular environment. However, as in previous trials, Strep affinity

eluates contained only SXE components (data not shown). While isolating the SXE

complex was not the primary goal of the project, the arrangement and orientation of the

XPF-ERCC1 heterodimer by SLX4 remain of significant interest. Preliminary cryo-EM

investigations were conducted using vitrified mSXE particles (Figure 5.9h). Reference-

free 2D classification yielded particle averages suggesting partial two-fold symmetry,

though heterogeneity was evident in the micrographs and projections (Figure 5.9h, i).

Some degree of particle denaturation or aggregation was also observed, raising concerns

about sample stability, especially given that vitrification required a fast buffer exchange

to remove MSG and sucrose (Section 2.5.6).

5.2.3 | Expression of mS∆centralMX in insect cells from a single
baculovirus

Since co-infection did not achieve whole SMX assembly, it was reasoned that placing

all genes on a single baculovirus plasmid might be more effective. To this end, the SXE

open reading frame (ORF), including an upstream TEV protease and a Halo-tag upstream

of XPF, and EGFP upstream of ERCC1, was cloned into pFastBac-Dual — a plasmid

containing a p10 promoter adjacent to an oppositely oriented polyhedrin promoter841.

The EMS ORF sequence was then cloned downstream of the p10 promoter, enabling

single-baculovirus expression of both complexes (Figure 5.10a,b).

The inclusion of an EGFP tag for ERCC1 provided a two-fold benefit: it enabled

monitoring of the real-time fluorescence levels of cells, which ought to correlate with

expression levels, and it facilitated purification. This modification allowed for more

efficient validation and amplification of baculoviruses, replacing the need for Western

blotting at each stage with fluorescence-based confirmation of transduction and viral

particle amplification. A test expression was conducted to compare the effects of 48-hour

and 72-hour transduction periods on complex assembly and subsequent large-scale purifi-

cation (Figure 5.10c). No significant differences in expression levels were observed when

assessing EGFP fluorescence after 48 or 72 hours (Figure 5.10d). However, after incubation
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Figure 5.10 | Expression and first purification of mS∆centralMX under a single baculovirus. a,
Schematic representation of the mS∆centralMX construct used for single-baculovirus transduction of Sf9
insect cells. Components include mSLX1-His10, mMUS81, mEME1, mSLX4∆central, mXPF-Halo, and
mERCC1-EGFP-SF. b, Expected molecular weights of individual components and their fluorescent or
affinity tags. SF - TwinStrep-FLAG; His - His10-tag; TEVP - TEV protease; orange hexagons represent
TEV protease cleavage sites. c, Workflow for the expression and purification of mS∆centralMX in Sf9
cells, comparing 48 h and 72 h post-infection expression times. Purification included affinity purification
using Strep-Tactin resin and size exclusion chromatography (SEC). d, Fluorescent imaging of Sf9 cell
pellets expressing mS∆centralMX visualising EGFP (mERCC1) expression through the Alexa Fluor 488
channel (AF488) and under white epi-illumination. e, SDS-PAGE analysis of Strep-Tactin purification
fractions. FT: flow-through; W: wash fractions; E1-E2: elution fractions. f, Western blot analysis of
Strep-Tactin purification fractions probing for SLX4, FLAG (mERCC1) and His-tag (mSLX1). g, SEC
(Superdex 200 Increase 5/150 GL) chromatogram showing OD280 (black) and OD254 (red) absorbance
profiles of Strep-Tactin eluted mS∆centralMX. Shaded regions correspond to the elution fractions analysed
in subsequent SDS-PAGE and Western blot experiments. h, SDS-PAGE analysis of SEC fractions from
the shaded region in g. i, Western blot analysis of SEC fractions using antibodies against SLX4, FLAG
(mERCC1), and His-tag (mSLX1), confirming the assembly of mS∆centralMX components in the eluted
fractions.
Note: The protein purification presented here was carried out by Dr. William Foster.

with Strep-Tactin resin, the 72-hour transduction sample yielded significantly higher protein

content, with mS∆centralMX components discernible by SDS-PAGE alone (Figure 5.10e).

Western blotting confirmed that mSLX4∆central, ERCC1, and SLX1 were present at

higher concentrations in the 72-hour transduction eluates (Figure 5.10f). Analytical size-

exclusion chromatography (SEC) of the Strep-Tactin eluate from the 72-hour transduction

revealed polydisperse protein content (Figure 5.10g, h). Surprisingly, Western blotting

demonstrated that larger complexes contained mSLX4∆central, while mSLX1 was predomi-

nantly confined to smaller complexes (Figure 5.10i, upper and lower panels). ERCC1, and

by association XPF, were present throughout the peaks but accumulated more significantly

in the larger complexes (Figure 5.10i), middle panel). MUS81 and EME1 were not probed

in this preparation due to insufficient material. Despite being a preliminary purification, the

high expression levels of SLX1 and ERCC1 were promising for the scope of this system,

however understanding why mSLX1 and mSLX4 were not present in similar-sized species

requires further study. Complexes from the central region of the SEC profile (Figure 5.10g,

h, i), where SLX1, ERCC1, and SLX4 overlapped (∼1.7 mL), were further concentrated

and frozen for subsequent enzymatic activity assays and cryo-EM screening.
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5.3 | Expression and purification of human SLX4-
scaffolded complexes from mammalian cells

The expression of human protein complexes in insect cells, while widely used due to

the scalability and ease of baculovirus-mediated transduction, often fails to replicate the

exact nature of human native folding, specific post-translational modifications (PTMs),

and interactions found in mammalian systems. This has been particularly evident in the

case of complex multi-protein assemblies such as the SMX complex, where attempts to

express human components in insect cells have been met with limited success. Insect

cells can accommodate the expression of large protein complexes, and are capable of

depositing PTMs, such as phosphorylation, ubiquitylation, and glycosylation, which is a

key rationale for their use over bacterial expression systems. However, these PTMs, which

are often essential for the proper folding and functionality of these proteins842 can be

deposited inaccurately in ectopically expressed proteins. This limitation presents a strong

justification for exploring human mammalian cell expression systems as a viable alternative.

Another benefit to mammalian cell expression is the shorter experimental timeline between

plasmid and protein expression - while requiring, at minimum, 10 days for baculovirus

amplification, transient transfection of mammalian cells can be performed immediately

once sufficient plasmid is available. However, transient transfection for large-scale protein

expression using commercial transfection reagents such as Lipofectamine is not financially

feasible in the long term. Therefore, after establishing an Expi293F culture system, the

transfection efficiency of Lipofectamine was compared to that of polyethyleneimine (PEI).

PEI-transfection resulted in a comparable if not more significant proportion of GFP+ cells,

allowing the use of this system for larger-scale mammalian SMX expressions (Appendix

B.7, Figure B.7). Therefore, human SMX genes were cloned into plasmids with expression

under the cytomegalovirus (CMV) promoter and further detailed in 2.2.7.3; these plasmids

were sub-cloned from pTLCV2 plasmids generated in 5.3.4. In this case, the SLX1 and

SLX4 genes were brought together into one plasmid (‘SS’), since insights from mouse

SMX purifications suggested that the stability/expression of SLX1 was dependent on

simultaneous co-expression of SLX4 (Figure 5.11a). Naturally, XPF and ERCC1 were

grouped on a second plasmid (‘XE’), while MUS81 and EME1 (‘ME’) were cloned into

a third plasmid (Figure 5.11a). Different affinity tags were placed on almost all genes
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to expand options for purification: SLX4 was fused to an SF tag, SLX1 was fused to

EGFP, ERCC1 was fused to an Avi-His10 that can be biotinylated by the presence of a

downstream BirA gene, EME1 was fused to HA-Halo (Figure 5.11a). The SF tag allows

purification by Strep-Tactin resin as adopted for mouse SMX 5.2.1. However, there are

further options made available by the remaining tags: biotinylated ERCC1-Avi-His can be

purified either through XPF or via the His-tag. This also enables future purifications of

individual subunits or sub-complexes. For example, deletion of SLX4’s N-terminus in the

SS plasmid could be co-transfected with the ‘ME’ plasmid to express human SLX4-C in

Expi293F cells. Alternatively, a form of ‘mini-SLX4’ can be expressed by co-transfection

of a C-terminal SLX4/SLX1 gene-deleted ‘SS’ plasmid alongside ‘XE’.

5.3.1 | Exploring an advantage of Expi293F cells as an expression
system

Another benefit from using human cell lines for expression is the option of treating cells

before harvest with agents known to influence the regulation of human SMX subunits.

G2/M confined CDK1-cyclin B activity adds phosphate groups at SLX4’s MUS81-

binding region within the SAP domain, specifically at T1544, T1561, and T1571577,578.

Phosphorylation of these residues increases the affinity of this short SLX4 peptide towards

MUS81-EME1. This highlights the benefit of using a system that recapitulates PTMs

perfectly. In Expi293F cells, human CDK1 can phosphorylate SLX4, increasing the

strength of its association with MUS81-EME1 and likely improving protein preparation

yields, especially if cells are synchronised in G2/M. Human cells can be robustly arrested in

G2/M through overnight treatment with nocodazole, and to confirm that this was possible

with suspension Expi293F cells, varying concentrations of nocodazole were tested to

monitor arrest. Cell cycle analysis showed that G2/M synchronisation was achieved only

at a concentration of 250 ng/ml, five times the concentration suggested for adherent human

cancer cell lines843 (Figure 5.11b, c). Treatment with higher concentrations of nocodazole

did not further increase the fraction of cells in G2/M (Figure 5.11b, c). It is worth noting

that insect cells and other expression systems can also be synchronised in G2/M but require

a far greater drug concentration, and this process is far less efficient (see section later).
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Figure 5.11 | Design of human SMX constructs and flow cytometry analysis of nocodazole-
induced G2/M arrest. a, Schematic representation of hSMX components designed for mammalian
expression under CMV promoters. Constructs include SF-hSLX4 with hSLX1-EGFP co-expressed after
an internal ribosome entry site (IRES), hXPF and hERCC1-Avi-His10 (co-expressed with a P2A peptide
linker) with BirA-TagBFP co-expressed after an IRES, and hMUS81-hEME1 (co-expressed via T2A).
Tags include SF - TwinStrep-FLAG; His - His10; Avi - biotinylation tag; Halo - HaloTag. The molecular
weights of individual components and their tags are indicated in kilodaltons (kDa) on the right panel. b,
Cell cycle analysis of Expi293F cells treated with increasing concentrations of nocodazole (0–1000 ng/ml)
for 16 h to induce G2/M arrest. Cells were stained with DAPI for DNA content and EdU for S-phase
detection. Representative density plots of AF647-EdU versus DAPI signal are shown for each condition.
c, Quantification of the percentage of cells in G2/M phase based on the flow cytometry profiles shown
in d
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5.3.2 | Transient transfections of SMX in Expi293F cells

The expression and purification of the SMX complex in Expi293F mammalian cells

highlighted several challenges associated with toxicity and protein assembly. Observations

during initial experiments suggested that overexpression of SMX components could

significantly reduce cell viability post-transfection. Therefore cell counts were quantified

through the transfection protocol and showed that equal transfection of plasmids encoding

SMX components in Expi293F cells resulted in reduced viable cell numbers compared to

an empty EGFP vector control, particularly when overexpressing the entire SMX complex

or the SLX4-SLX1 (‘S’) subcomplex (Figure 5.12a). Viability dropped by approximately

50% under these conditions, underscoring the cytotoxic impact of SMX overexpression.

Monitoring cell growth over time further revealed that SMX overexpression had minimal

impact within the first 48 hours, but by 72 hours, growth was hampered by approximately

30% relative to EGFP control transfections (Figure 5.12b, upper panel). In contrast, the

transfection of SMX subunits with nuclease-inactive variants: SLX1E41A,R82A, XPFD705A

MUS81D307A (S*M*X*) maintained viability during expression compared to enzymat-

ically active SMX (Figure 5.12b, lower panel).

These findings guided subsequent approaches in two key ways. First, expressions were

limited to 48 hours post-transfection to minimise cytotoxic effects while still allowing

sufficient protein production. Second, the potential for controlled, inducible expression

systems was considered as a means to mitigate toxicity, balancing cell viability with

adequate SMX expression. However, with transient transfection of all combinations of

SMX subunits, Western blot analysis confirmed the expression of all SMX components

in Expi293F cells as transfected, although a slight reduction in SLX4 and SLX1 levels

was observed when expressing the entire SMX complex (Figure 5.12c). With a GFP

immunoprecipitate (using home-made GFP nanobody-conjugated agarose beads) of these

expressions, SLX4 and SLX1-EGFP could be observed where ‘S’ was expressed, missing in

untransfected Expi293F cells (Figure 5.12d), confirmed by Western blotting (Figure 5.12e).

XPF and ERCC1 were observed in SX and SMX expressions by SDS-PAGE (Figure 5.12d),

though Western blotting only confirmed ERCC1 presence by SMX immunoprecipitate (Fig-

ure 5.12e). MUS81-EME1 was seen as expected in SM and SMX, confirmed by Western

blotting (Figure 5.12d, e). Purification trials using various affinity tags and bead systems
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were performed to identify optimal methods for isolating SMX components. In expressions

of SMX compared to GFP alone, no significantly increased expression/immunoprecipitate

of SLX4 nor XPF was observed beyond 2 days post-transfection, nor with the treatment of

nocodazole (Figure 5.12f). In all these immunoprecipitates, however, many contaminating

proteins were present, likely attributed to the poorer quality of nanobodies from our

preparations compared to commercial GFP nanobody-conjugated beads (ChromoTek; used

hereafter). To identify the best strategy for affinity purification of SMX, three different tags

were immunoprecipitated (Strep-tag on SLX4, GFP on SLX1 and biotinylated ERCC1)

using their counterpart beads and boiled to release bound proteins. SMX and S*M*X*

appeared to best bind to the Strep-tag as the greatest yield of SMX components was

obtained from this affinity purification, with this likely representing the most appropriate

strategy for future purifications.

5.3.3 | Purification of human MUS81-EME1 by transient trans-
fection in Expi293F cells

To assess the versatility of the Halo-tag system for purification, the SLX4-C complex

(comprising SLX41535−1834, SLX1, MUS81, and EME1) was expressed in Expi293F cells

and applied to magnetic Halo-tag capture beads (Section 2.4.2.3). Elution from Halo-tag

beads requires proteolytic cleavage, as the Halo-tag forms a covalent bond to the beads.

Halo-tagged TEV protease was used for cleavage, releasing SLX4-C components while

remaining bound to the beads themselves, thereby eliminating the need for downstream

TEV protease removal. The efficiency of TEV protease cleavage was evaluated by splitting

the beads into three fractions: pre-cleavage boiled beads, TEV protease elution, and post-

cleavage boiled beads following washing. TEV protease was also run on SDS-PAGE at

the same concentration used in the reaction, to determine the fraction of TEV protease

that remains bound to the beads. Boiling the beads before TEV cleavage released MUS81,

while TEV cleavage successfully eluted EME1 (Figure 5.13c, d) and MUS81 (Figure 5.13c,

e). The identities of MUS81 and cleaved EME1 were confirmed by mass spectrometry

(Figure 5.13c). However, some MUS81 and EME1 (though separated from the Halo-tag)

remained attached to the beads, as boiling the post-cleavage beads released additional

quantities of these proteins (Figure 5.13c, e). TEV protease largely remained bound to
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the beads due to its own Halo-tag, as indicated by SDS-PAGE (Figure 5.13c). Despite

the successful expression of SLX1 and SLX4 (Figure 5.13d, e), these components did not

co-elute with MUS81 and EME1, suggesting incomplete complex formation. While the

absence of SLX4 co-elution was unexpected, the successful purification of MUS81-EME1

through this method was encouraging, particularly as previous attempts using insect cell

expression systems had proven challenging.

To determine whether immunoprecipitation using alternative tags could enable co-

purification of SLX4 components, additional preparations were conducted using both

SLX4-C and the C-terminal complex with full-length SLX4 (SLX4-SLX1-MUS81-EME1)
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Figure 5.12 | Transient expression, immunoprecipitation, and cell viability assays for human
SMX components in Expi293F cells. a, Cell viability of Expi293F cells transfected with 10 µg of GFP
alone, individual SMX components (S, M, X), or their combinations (SM, SX, SMX) to a total of 10 µg of
all plasmids. Cells were transfected using PEI, and viability was measured as a percentage of GFP-positive
cells after 2 days post-transfection. Error bars denote SD from n = 3 biological repeats, each a mean of
three technical measurements. A repeated-measures (RM) one-way ANOVA with Geisser-Greenhouse
correction followed by a Holm-Sidak posthoc multiple comparison test was used to calculate significance
and only p < 0.05 is shown. b, Growth curves of Expi293F cells transfected with 10 µg GFP alone or
SMX components to a total of 10 µg of all plasmids, with or without nocodazole (Noc). Top: GFP
and SMX with and without nocodazole; Bottom: SMX versus nuclease-dead SLX1, MUS81 and XPF
mutants (S*M*X*). Arrows indicate transfection and enhancer addition. Cell growth was monitored over
four days post-seeding. Error bars denote SD from n = 3 biological repeats. c, Western blot analysis of
lysates from Expi293F cells expressing individual (S: SLX4-SLX1, M: MUS81-EME1, X: XPF-ERCC1) or
combined SMX components, probed for SLX4, SLX1, MUS81, EME1, XPF, ERCC1, and β -actin as a
loading control. d, Immunoprecipitation (IP) of GFP-tagged proteins from Expi293F cells expressing
SMX components. SDS-PAGE confirms the presence of SMX subunits in immunoprecipitated complexes.
e, Western blot analysis of immunoprecipitated complexes from d, probing for SLX4, SLX1, MUS81,
EME1, XPF, and ERCC1 to confirm SMX assembly. f, GFP IP of SMX components from Expi293F
cells transfected with SMX or GFP alone comparing immunoprecipitates from expressions harvested 1-3
days post-transfection, and including 250 ng/ml nocodazole for 24 h in the last lane (3+N). SDS-PAGE
confirms the co-presence of SMX subunits (SF-SLX4, XPF, SLX1-GFP) in the immunoprecipitated
complexes. g, Strep-tag, GFP, and biotin IP of SMX components from Expi293F cells expressing SMX
components. SDS-PAGE confirms the presence of SMX subunits (SF-SLX4, MUS81, SLX1-GFP, EME1,
XPF, and ERCC1) across the different IP methods. In the case of biotin IP, expression of SMX or
S*M*X* included 10 µM biotin for the final 24 h to induce biotinylation of ERCC1-Avi.

(Figure 5.13a, b). Expression of all components was confirmed, except for SLX4-C, which

was inferred by its presence in immunoprecipitates (Figure 5.13f). The experiment was

performed with and without nocodazole treatment to induce G2/M arrest, which had no

discernible effect on the expression of any subunit (Figure 5.13f), in agreement with

constant steady-state expression of SMX subunits571. SLX4 was pulled down using its

Strep-tag, SLX1 through its GFP tag, and EME1 by biotinylating its Halo-tag with a

HaloTag PEG-biotin ligand, followed by capture with streptavidin Dynabeads. Strep-

tag pull-down of SLX4 enriched SLX4-C subunits, though EME1 was largely absent

as determined by Western blotting (Figure 5.13g). In contrast, immunoprecipitation via

SLX1-GFP resulted in co-purification of all components, as shown by Western blotting

(Figure 5.13h). Halo-tag-based pull-down of EME1 did not appreciably co-elute SLX1

or SLX4 (Figure 5.13i). This may be attributed to insufficient elution of EME1, as no

SLX4-C or full SLX4 complex subunits were visible by SDS-PAGE in this preparation

(Figure 5.13g, h, lower panel), unlike the GFP or Strep pull-downs (Figure 5.13i, lower

panel). These experiments also sought to evaluate whether nocodazole-induced G2/M

arrest altered the phosphorylation patterns of SLX4-C or full-length SLX4 complexes.
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No significant band shifts indicative of altered phosphorylation were observed for either

SLX4-C or SLX4-SLX1-MUS81-EME1 under nocodazole treatment (Figures 5.13g–i).

These results suggested that nocodazole treatment does not affect the post-translational

modification or assembly of SLX4 complexes.

5.3.4 | Generating stable cell lines inducibly expressing SMX

A strategy was developed to generate Expi293F cells capable of inducibly expressing

SMX components, either as individual subunits or as an entire stable complex in one cell

line. The pTLCV2 plasmid served as the backbone for this inducible system, initially

designed for Cas9 expression844 but recently adapted for the expression of multi-subunit

protein complexes845. Each subunit was cloned upstream of an IRES2 sequence, which

facilitated the expression of a second open reading frame (ORF) encoding one of four

fluorescent markers (Figure 5.14a). Additionally, the system incorporated puromycin

resistance coupled to a Tet-On element, enabling selection of efficiently transduced cells

and inducible control over SMX complex expression. This framework was employed to

construct plasmids for human SMX subunits, which were codon-optimised, synthesised,

and assembled into various pTLCV2 plasmids (Figure 5.14a, see 2.2.7.3). Backbone

constructs were generously provided by Professor Yin Dong (University of Oxford), with

pTLCV2_mOrange2 generated in this study (Section 2.2.7.3). Due to concerns arising from

mouse SMX preparations (Section 5.2.1), where splitting SLX4 and SLX1 adversely af-

fected SLX1 expression, these genes were co-expressed on a single plasmid. Specifically, a

construct was designed with N-terminally SF-tagged SLX4 and C-terminally EGFP-tagged

SLX1, separated by an IRES2 sequence, referred to as ‘pTLCV2_SS-EGFP’. Similarly,

MUS81 and HA-Halo-EME1 were separated by a P2A sequence and co-expressed with

mCherry downstream of an IRES2 (‘pTLCV2_ME-mCherry2’). XPF and ERCC1-Avi-His

were cloned with an internal P2A sequence, upstream of an IRES2 containing a BirA-

TagBFP2 fusion, in ‘pTLCV2_XE-BFP’. Additionally, SLX4IP tagged with SUMO was

cloned upstream of an IRES2-separated mOrange2 (‘pTLCV2_SLX4IP-mOrange2’). A

GFP-tagged SLX4 construct was included as a gift from Dr. Kaima Tsukada. Given the

inherent toxicity observed with overexpression of SMX subcomplexes (Figure 5.12a, b),

the inducible system was expected to provide a more controlled expression environment,
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Figure 5.13 | Expression and purification of hSLX4C-SLX1, hMUS81-EME1 complexes from
Expi293F cells. a, Schematic representation of hSLX4C-SLX1 and hMUS81-EME1 constructs used
for mammalian expression under CMV promoters. Constructs include SF-hSLX4C co-expressed with
hSLX1-EGFP (IRES), and hMUS81 co-expressed with HA-Halo-hEME1 (via T2A). b, Molecular weights
of individual components and tags. SF - TwinStrep-FLAG; Halo - Halo-tag; TEVP - TEV protease
cleavage site. c, SDS-PAGE of Halo-tag purification fractions for hMUS81-EME1. Fractions include
insoluble lysate (Ins.), flow-through (F1), washes (W1-W2), and elution fractions without (boil) or with
TEV protease cleavage (+T elution) or boiled Halo beads post-TEV protease (+T boil). TEV protease
at the concentration used for elution is loaded as a control (TEVp). d, Western blot analysis of hMUS81-
EME1 purification fractions probing for EME1 (HA-Halo-EME1) and FLAG-tag. e, Western blot analysis
of eluted Halo fractions showing EME1, MUS81, and SLX1 subunits. f-i, Immunoprecipitation (IP)
experiments in Expi293F cells. f, Western blot analysis of input lysates for SLX4, EME1, MUS81,
SLX1, and H3. g, Strep-tag IP showing the presence of SLX4, MUS81-EME1, and SLX1. h, GFP IP
confirming SLX4-SLX1 and MUS81-EME1 interactions. i, Biotin IP demonstrating interactions among
SF-SLX4, MUS81-EME1, and EGFP-SLX1. SDS-PAGE gels below each blot confirm the presence of
protein complexes.

yielding a higher number of viable and expressing cells, albeit with likely reduced SMX

expression. The process for creating a stable, inducible cell line is outlined in Figure 5.14b.

As proof of principle, Expi293F cells inducibly expressing SLX4IP were established.

Suspension Expi293F cells were adapted to adherent growth in Freestyle 293F medium

(based on personal communication with Prof. Yin Dong and our own medium tests,

data not shown) and transduced with lentivirus carrying ‘pTLCV2_SLX4IP-mOrange2’

(Figure 5.14b). Transductants were selected using increasing concentrations of puromycin,

and cells expressing SLX4IP-mOrange2 were enriched by fluorescence-activated cell

sorting (FACS) following doxycycline (Dox) induction (Figure 5.14c). Approximately

1% of transductants displayed leaky, non-Dox-induced expression of mOrange2, which

increased to ∼15% upon Dox treatment (Figure 5.14c). This leaky expression may

result from trace levels of tetracycline contamination in fetal bovine serum (FBS) used

in the adherent culture medium, however this issue would be resolved when cells are

switched to suspension culture in medium that does not require FBS. A sorted population

of Dox-responsive cells was expanded and frozen for future experiments. Expression of

SLX4IP in response to Dox was evaluated for this heterogeneous population. Cells were

treated with Dox for 24 hours, and mOrange2 fluorescence was used to quickly assess

expression quality by visualising a fraction of the harvested pellet (Figure 5.14d). Western

blotting further confirmed Dox-induced SLX4IP expression in these cells (Figure 5.14e).

The successful inducible expression of SLX4IP provides a foundation for extending this

approach to the full SMX complex.
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Figure 5.14 | Design of inducible hSLX4IP and hSMX constructs for generation of inducibly-
expression cell lines. a, Schematic representation of hSLX4IP and hSMX constructs under Tet-On
expression systems for mammalian expression. Components include SF-hSLX4 co-expressed with hSLX1-
EGFP (IRES), hXPF-hERCC1 (co-expressed via P2A and Avi/His10 tags), Halo-hMUS81 co-expressed
with hEME1-mCherry2 (via T2A), and His-SUMO-hSLX4IP-mOrange2 (IRES). Tet-On systems allow
doxycycline-inducible expression, with puromycin resistance (PuroR) for selection. b, Workflow for
generating stable Expi293F cell lines. Cells were seeded in six-well plates as adherent cells, transduced
with lentiviral constructs, and subjected to increasing puromycin selection (5–15 µg/mL) over 12 days.
Fluorescence-sorted populations were expanded and adapted to suspension culture. Constructs for
transduction are colour-coded as indicated. c, Fluorescence-activated cell sorting (FACS) of Expi293F
cells expressing Dox-inducible His-SUMO-hSLX4IP and mOrange2. Representative density plots show
expression of mOrange2 in transduced cells with Dox induction. d, Fluorescence imaging of Expi293F
cells expressing His-SUMO-hSLX4IP-mOrange2, visualised using the Alexa Fluor 555 (AF555) filter for
mOrange2 and under white epi-illumination. e, Western blot analysis confirming doxycycline-inducible
expression of His-SUMO-hSLX4IP in Expi293F cells, probed with anti-His and anti-H3 antibodies.
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To establish an inducible expression system for SLX4, a pTLCV2 plasmid encoding

EGFP-SLX4 under a Tet-ON-responsive promoter was utilised (Figure 5.15a, b). Initial

transduction followed by puromycin selection and sorting for EGFP expression revealed

some leaky expression (∼1%), which increased to 13% upon Dox treatment (Figure 5.15b).

After enrichment, the sorted population was grown, frozen, and subsequently induced

with Dox for 24 hours to assess expression. Fluorescence imaging of harvested cell

pellets confirmed the presence of EGFP-SLX4 (Figure 5.15c). To determine the effects

of SLX4 overexpression, cell viability assays were performed. Expi293F cells inducibly

overexpressing SLX4 exhibited reduced viability in the presence of Dox compared to cells

inducibly expressing SLX4IP or GFP alone, although this pronounced sensitivity was

observed in long-term treatments (Figure 5.15d). This supported the development of this

inducible system, where Dox concentrations could be optimised to balance expression

levels with cell viability. Additionally, shorter transient expression periods were suggested

as a strategy to mitigate toxicity. Using Dox concentrations of 1 µg/ml and 1 µg/ml,

GFP-SLX4 was successfully overexpressed after overnight treatment, though showing no

pronounced effect of Dox-doseage (Figure 5.15e). While minor induction of SLX1 and

XPF was observed, no significant changes in the expression of other SMX components were

detected (Figure 5.15e). GFP immunoprecipitation under standard conditions successfully

enriched SMX components, including SLX4, SLX1, XPF, and SLX4IP, but not EME1

(Figure 5.15f). This lack of EME1 detection may be attributed to the limitations of

the antibody used, which is overcome when specifically overexpressing MUS81-EME1

(Figure 5.12e). To optimise expression conditions, cells were treated with nocodazole

to induce G2/M arrest and/or SJG-136 to induce crosslinking damage, hypothesised to

stabilise the SMX complex. However, neither treatment significantly altered complex

assembly or yield (Figure 5.15f). A portion of the GFP immunoprecipitate was incubated

with a fork substrate to test for nuclease activity, but no activity was observed (Figure 5.15g).

Future efforts using larger culture volumes, akin to methods employed for purifying

human adult muscle-type nicotinic receptors845, may improve the yield and quality of

SMX components by this system.

Following the successful expression and immunoprecipitation of SLX4, the next

objective was to establish cell lines expressing combinations of SMX components. Ini-

tially, a sequential transduction and sorting strategy was considered, but to expedite the
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Figure 5.15 | Inducible expression and functional analysis of GFP-hSLX4 in Expi293F cells.
a, Schematic representation of the GFP-hSLX4 inducible construct. GFP-hSLX4 is expressed under the
control of a doxycycline-inducible tetO promoter with EF-1α driving constitutive expression of puromycin
resistance (PuroR). The predicted molecular weight of GFP-hSLX4 is 227 kDa. b, Fluorescence-
activated cell sorting (FACS) of Expi293F cells transduced with the GFP-hSLX4 construct, with or
without doxycycline (+/- Dox). GFP fluorescence indicates successful induction of GFP-hSLX4 expression.
NT: non-transduced control. c, Fluorescent imaging of cell pellets under white epi-illumination and Alexa
Fluor 488 (AF488) channel, showing GFP fluorescence in doxycycline-treated cells. d, Dose-response
survival analysis of Expi293F cells Dox-inducibly expressing GFP-hSLX4, hSLX4IP, or an empty vector
(iEV). Cells were treated with increasing concentrations of doxycycline for 6 days after treatment, and
survival was normalised to untreated controls. Error bars represent the mean ± SD of n = 3 biological
repeats, each of 3 technical repeats. e, Western blot analysis of GFP-hSLX4 expression and its associated
proteins in Expi293F cells treated with 1 or 2 µg/mL doxycycline. f, Immunoprecipitation (IP) of GFP-
hSLX4 in Expi293F cells treated with 1 or 2 µg/mL doxycycline, with or without nocodazole or SJG-136.
Western blotting confirms the interaction of GFP-hSLX4 with XPF, ERCC1, MUS81, EME1, SLX1,
and SLX4IP. g, Endonuclease cleavage of a Cy5.5-labelled simple fork was examined via a gel-based
assay. Substrate processing was assessed with the incubation of 1/10th of GFP immunoprecipitates
from f with 10 nM DNA substrate for 1 h at 37 °C. Reaction products were then resolved on a 20%
polyacrylamide denaturing gel, and fluorescence visualised.
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process, combinations of lentiviruses were co-transduced into Expi293F cells. Cell lines

expressing combinations of particular SMX components of interest were generated: ‘iXE’

(XPF-ERCC1), ‘iSS-ME’ (SLX4-SLX1 with MUS81-EME1), and ‘iSMX’ (entire SMX

complex, including XPF-ERCC1, SLX4-SLX1, and MUS81-EME1). Immunofluorescence

microscopy confirmed Dox-inducible expression of BFP (iXE), EGFP and mCherry2 (iSS-

ME), and BFP, EGFP, and mCherry2 (iSMX) (Figure 5.16a). FACS analysis demonstrated

44.6% of live cells expressing BFP in the iXE population (Figure 5.16b). Although a

similar fraction of cells appeared to be BFP+ in iSS-ME-transduced cells, which are not

expected to express BFP, this was attributed to overlapping spectral signals between EGFP

and BFP. In iSS-ME-transduced cells, EGFP+/mCherry2+ cells accounted for 0.23% of

live cells, forming the required population for iSS-ME (Figure 5.16b, upper layer panel 2).

For iSMX, triple-positive (BFP+/EGFP+/mCherry2+) cells comprised 2.7% of cells that

were mCherry2+/EGFP+ (0.006% of all live cells) (Figure 5.16b, middle panel).

The establishment of these inducible cell lines is at a preliminary stage, with frozen

stocks prepared for future experiments. Confirmation of subunit expression via Western

blotting remains pending, but the inducible system offers promising potential for large-

scale SMX complex expression in Expi293F cells. Induced expression in larger culture

volumes represents a feasible next step in advancing this methodology.

5.4 | Exploring regulation of SLX4 sub-complexes

5.4.1 | Phosphorylation of SLX4 by CDK1-cyclin B

SMX assembly is tightly regulated throughout the cell cycle, with assembly occurring

transiently during G2 to early mitosis before disassembling in anaphase. This regulation is

mediated by cell-cycle-dependent post-translational modifications rather than variations in

subunit expression571. In yeast, Mus81-Mms4EME1 activity peaks during G2/M, driven

by phosphorylation by Cdc28CDK1/2 and Cdc5PLK1, which enhances Holliday junction

(HJ) resolution572,573. Similarly, Eme1 phosphorylation by Cdc2CDK1 and Rad3ATR is

DNA damage-dependent, providing tight regulation of nuclease activity575. In human cells,

phosphorylation of EME1 by CDK1 and PLK1 increases resolvase activity and promotes

interaction with SLX4554,565, although its precise role in HJ resolution remains unclear.
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Figure 5.16 | Expi293F cell lines for inducible expression of hSMX components. a, Fluorescence
imaging of Expi293F cells transduced with inducible constructs for XPF-ERCC1 (iX), SLX4-SLX1-
MUS81-EME1 (iSM), or complete (iSMX) hSMX complexes. Fluorescent tags include EGFP for SS
(hSLX4/hSLX1), BFP for XE (hXPF/hERCC1), and mCherry2 for ME (hMUS81/hEME1). Cells were
treated with or without 2 µg/ml doxycycline (±Dox) to induce expression. Scale bar: 500 µm. b, Flow
cytometry analysis of Expi293F cells transduced with inducible hSMX components. Top panels show
mCherry2 versus EGFP fluorescence, and bottom panels show TagBFP versus EGFP fluorescence, for
cells expressing combinations of iXE, iSS + iME, and iSS + iME + iXE. The right-most panel highlights
the detection of triple-positive cells (EGFP, TagBFP, and mCherry2) indicative of the full iSMX complex;
the mCherry2+/EGFP+ double-positive cells in iSS + iME + iXE were gated into the population seen
in the middle right panel, denoted by the arrow.
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CDK1 phosphorylation of SLX4’s SAP domain (T1544, T1561, T1571) significantly

enhances MUS81 interaction by increasing binding affinity ten-fold577,578, with phospho-

mimetic mutants further supporting this effect578. Additionally, MUS81 is phosphorylated

at S87 by CK2 during mitosis, promoting its interaction with SLX4579. Given previous

successful purifications of SLX4-C (comprising the SLX1- and MUS81-interacting C-

terminal region of SLX4 along with SLX1, MUS81, and EME1, Figure 5.8f), it is feasible

to investigate whether similar phosphorylation events occur in larger SLX4 peptides

that include SLX1.

To evaluate phosphorylation changes in Sf9 insect cells overexpressing SLX4-C,

experiments were conducted under conditions that aimed to synchronise cells in G2/M.

While Sf9 cells have been reported to arrest in G2/M following nocodazole treatment,

significantly higher concentrations are required compared to human cells846. Partial G2/M

synchronisation was achieved using 10 µg/ml nocodazole—200-fold greater than the

standard dose for human cells—although robust arrest was not observed (Figure 5.17a,

b). Sf9 cells were subsequently transduced with a baculovirus encoding SLX4-C (Fig-

ure 5.17c), with nocodazole added during the final 24 hours of expression. Phosphorylation

of histone H3 at serine 10 (H3 pS10), a marker of mitotic chromosome condensation

and transcriptional activation, increased at the highest nocodazole dose in uninfected

cells (Figure 5.17d). Notably, H3 pS10 levels were markedly elevated in all conditions

for baculovirus-infected Sf9 cells, possibly reflecting transcriptional activation driven by

baculovirus expression. Despite indications that partial G2/M arrest may be achievable

in Sf9 cells, no significant changes were observed in SLX4-C subunit expression, post-

translational modification (PTM) status, or pulldown yields (Figure 5.17d). Purified SLX4-

C was subsequently incubated with recombinant CDK1–cyclin B to assess phosphorylation

changes. CDK1–cyclin B treatment induced a mobility shift in SLX4 on SDS-PAGE,

indicative of phosphorylation (Figure 5.17e). This mobility shift was reversed by λ -

phosphatase (λ -PPase) treatment, with the SLX4 band migrating beyond its untreated

position, suggesting partial phosphorylation of SLX4 in insect cells prior to purification

(Figure 5.17e, f). This observation may reflect a subset of Sf9 cells in mitosis harboring

active CDK1. EME1 displayed a similar mobility shift pattern, whereas SLX1 and

MUS81 did not (Figure 5.17e, f).
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Mass spectrometry confirmed that CDK1–cyclin B phosphorylated SLX4 at T1561

and T1571 but did not identify phosphorylation at T1544 (Figure 5.17g), a site previously

reported577. Although SDS-PAGE analysis revealed a mobility shift in untreated SLX4-C

compared with SLX4-C treated with λ -PPase, no phosphorylated SLX4 peptides were

detected in this state (Figure 5.17g, upper right panel). Multiple phosphorylation sites were

identified on EME1, with minor changes observed following CDK1–cyclin B treatment,

despite a notable band shift in SDS-PAGE for treated EME1 (Figure 5.17e, g). Future

experiments will explore whether these phosphorylation events influence the nuclease

activity of SLX4-C and their potential impact on SLX1.

5.4.2 | Exploring binding partners of SLX4 reveals an interaction
with FANCJ

SLX4 is implicated in a broad spectrum of biological processes, largely mediated by

interactions with its canonical binding partners. While these interactions are well-validated

biochemically, their specific roles in defined biological contexts remain unclear. Telomeric

accumulation of polyubiquitylated PCNA recruits SLX4, a means to trigger BIR at

telomeres through nuclease incision847. If a direct PCNA interaction stabilises SLX4

at chromatin, then it follows that the inclusion of PCNA in SMX preparations may stabilise

the complex, making it more structurally tractable. A recent study suggested that SLX4 is

recruited to stalled replication forks by recognising RAD18-mediated monoubiquitylation

of PCNA, a process negatively regulated by ATR phosphorylation of RAD18605. This

ATR-dependent phosphorylation is thought to act as a gatekeeping mechanism, restricting

SLX4 accumulation at stalled forks and thus preventing fork collapse driven by SLX1

nuclease activity605. Furthermore, the study proposed that this regulatory mechanism also

limits SLX4 recruitment to telomeres in ALT-positive cells, safeguarding these structures

from nuclease-induced instability605.

Putative PCNA-interacting peptide (PIP box) motifs within SLX4 were identified in

the study by searching through the SLX4 sequence. However, these sequences deviate

from the canonical PIP box consensus (Qxxψxx(FY)(FY), ψ denoting a hydrophobic

amino acid), with SLX4’s putative PIP box sequences including 54LCASFFQRVKK,
204RTAQLVLQRMQ, and 267AVALTLQQEFA. Structurally, this raised concerns, since
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Figure 5.17 | Phosphorylation analysis of SLX4-C following nocodazole treatment or CDK1-
cyclin B activation. a, Cell cycle analysis of Sf9 cells treated with 0, 1, or 10 µg/mL nocodazole for
16 h. Cells were stained with DAPI for DNA content and Alexa Fluor 647 (AF647)-EdU for S-phase
detection. Representative density plots of AF647-EdU versus DAPI signal are shown. b, Quantification
of the percentage of cells in G1, S, and G2/M phases based on flow cytometry profiles shown in a.
Data represent mean ± SD of n = 3 biological repeats. c, Schematic representation of the SLX4-C
construct expressed in Sf9 cells, including hEME1, hMUS81, xSLX1, and hSLX4C. Molecular weights
of individual components are shown in kilodaltons (kDa). d, Western blot analysis of Sf9 cell lysates
(Input) and Strep-Tactin pull-downs of SLX4-C following treatment with increasing concentrations of
nocodazole (0–10 µg/mL). Probing was performed for MUS81, EME1, FLAG (hSLX4C), SLX1, and
H3.3pS10 is present as a marker of mitotic progression. e, Silver stain analysis of SLX4-C complex treated
with CDK1-cyclin B kinase and λ -phosphatase for 1 h to assess phosphorylation status. f, Western
blot analysis of SLX4-C phosphorylation by band shift, using anti-MUS81, anti-EME1, anti-FLAG (for
SLX4), and anti-SLX1 antibodies. g, Mass spectrometry analysis of phosphorylated peptides identified in
EME1, MUS81, SLX1, and SLX4C before (top) and after (bottom) CDK1-cyclin B treatment. Detected
phosphorylation sites are mapped to their respective protein domains.
Note: CDK1-cyclin B/λ -PPase treatment and mass spectrometry was performed by Dr. Abimael
Cruz-Migoni.

the folds of these sub-optimal PIP boxes are unlikely to resemble other PIP box mo-

tifs, prompting an analysis of AlphaFold models for these SLX4 peptides in complex

with PCNA. This was performed alongside a well-characterised PIP box-containing

peptide from p21/CDKN1A as a reference848. The peptides 54LCASFFQRVKK and
204RTAQLVLQRMQ from SLX4 displayed markedly different folds around PCNA com-

pared to the p21 PIP box, while the 267AVALTLQQEFA peptide exhibited a moderate

degree of structural overlap with p21 (Figure 5.18a, b). However, the confidence scores

for the positioning of all three SLX4 peptides were insufficient for AlphaFold to identify

a reliable interaction using the AlphaBridge tool (Figure 5.18c). In contrast, the p21

peptide formed a clear and expected interaction interface with PCNA as predicted by

AlphaFold/AlphaBridge (Figure 5.18c). Additionally, the study’s reliance on 1% formalde-

hyde crosslinking prior to cell lysis in co-immunoprecipitation experiments raises concerns

about artificial stabilisation of the interactions. To further investigate the potential inter-

action between SLX4 and PCNA, co-immunoprecipitation experiments were performed

using GFP-tagged SLX4. Only a very minor fraction of PCNA could be detected in the

GFP-SLX4 immunoprecipitate, requiring extended exposure for visualisation, regardless of

whether PCNA was ubiquitylated or unmodified (Figure 5.18d). In a separate experiment,

however, no PCNA was observed in the GFP-SLX4 immunoprecipitate using a shorter

exposure time. This inconsistency between the two co-immunoprecipitation experiments

may suggest that this interaction is weak or difficult to capture. In contrast, SNM1A
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overexpression robustly induced PCNA monoubiquitylation, as expected849, and SNM1A

successfully pulled down both ubiquitylated and unmodified forms of PCNA, confirming

the interaction between SNM1A and PCNA and serving as a positive control, showing

that PCNA could be pulled down under these experimental conditions (Figure 5.18e).

These findings raise significant doubts about a direct interaction between SLX4 and PCNA

under the tested conditions605. Further studies are needed to determine whether the

proposed interaction occurs under physiological conditions or whether additional factors

or experimental conditions are required to facilitate this binding.

Direct physical or functional interactions between SLX4 and FANCJ remain largely

unexplored, despite both proteins being implicated in the Fanconi anaemia (FA) pathway.

FA complementation group J can be caused by biallelic mutations in FANCJ, but the stage

at which FANCJ acts within the FA pathway has been suggested to involve its interaction

with BRCA1, and hence is connected to HR851,852. However, its distinct function in

HR is loosely defined, and its resolution of G4 DNA structures through its helicase

activity and stabilisation of microsatellites appear as HR-independent responsibilities.

DNA ICLs are processed in a manner that depends on FANCJ’s helicase activity and

interaction with MLH1853. The FANCJ interactome also includes RPA854, BLM855,

TOPBP1856 and CtIP857. Furthermore, FANCJ is actively required for SPRTN-dependent

DPC proteolysis, promoting the replicative bypass of protein barriers either covalently

or non-covalently attached to DNA858.

The nature of their connection within this pathway remains unclear. Recent advances

in machine learning and structural prediction, such as AlphaFold, have been employed to

predict binary interactions within the DNA damage response (DDR)775. Among SLX4’s

established interactors, including XPF, SLX1, MSH2, and RTEL1, FANCJ has emerged

as a notable candidate (Figure 5.19a). The predicted SLX4-FANCJ interaction features

an extensive buried interface, indicating a potentially significant functional relationship

(Figure 5.19b, c). High-throughput proximity biotinylation studies further corroborate

this interaction, identifying FANCJ as a key component of the SLX4 interactome859.

Additionally, analysis of the CRISPR DepMap database750 highlights FANCJ as the third-

highest co-dependent gene with SLX4, following XPF and FANCI (Figure 5.19e). In

reverse, SLX4 ranks as the 14th-most co-dependent gene for FANCJ. These co-dependence
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Figure 5.18 | SLX4-PCNA interactions revealed through structural modeling and co-
immunoprecipitation. a, Structural model of the PCNA homotrimer, highlighting the binding regions
of SLX4 (green, magenta, and blue) and p21 (orange) with PCNA. The boxed region indicates the
detailed view shown in b. b, Close-up view of the SLX4 and p21 binding motifs interacting with
PCNA. SLX454−64, SLX4204−214, SLX4267−278, and p21141−151 are color-coded, highlighting their binding
positions relative to the PCNA interface. c, Circos plots showing the predicted interaction networks of
SLX454−64 (green), SLX4204−214 (magenta), SLX4267−278 (blue), and p21141−151 (orange) with PCNA
by AlphaBridge tool850. Lines indicate the interaction strength and specific contact residues. d, Co-
immunoprecipitation (IP) of GFP-tagged SLX4 in 293FT cells demonstrates binding to endogenous
PCNA. e, Co-IP of GFP-tagged SLX4 or SNM1A with PCNA in 293FT cells. The presence of acetylated
PCNA (PCNAAcK164) is highlighted in the IP fractions.
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metrics, derived from Pearson correlations of knockout effects across diverse cell lines,

suggest a degree of epistatic interaction between the two genes, warranting further

investigation into their biological interplay.

Immunoprecipitation experiments using GFP-tagged SLX4 were conducted to inves-

tigate its interaction with FANCJ, with GFP-BRCA1 serving as a positive control860.

GFP-SLX4 successfully pulled down several of its known interactors. However, MUS81

and SLX4IP were absent under all immunoprecipitation conditions (Figure 5.20b), despite

being well-documented binding partners of SLX4577,668. Conversely, both MSH2 and

TRF2 were consistently identified in GFP-SLX4 immunoprecipitates (Figure 5.20b). The

absence of MUS81 and SLX4IP in these experiments is likely attributable to the high-salt

wash conditions used in the protocol, which disrupt transient interactions. In contrast, the

SLX4-FANCJ interaction remained stable under these stringent conditions (Figure 5.20c).

Notably, SLX4 co-precipitated a higher-molecular-weight form of FANCJ, potentially

indicative of a post-translationally modified variant not enriched by BRCA1 (Figure 5.20c).

To assess whether the SLX4-FANCJ interaction was mediated by BRCA1, immuno-

precipitations were repeated in 293FT cells following BRCA1 knockdown. BRCA1

was effectively depleted using siRNA (Figure 5.20d). Interestingly, BRCA1 depletion

diminished the SLX4-dependent increase in SLX1 expression (Figure 5.20d). This

relationship may reflect a mutual stabilisation of BRCA1 and SLX4 complexes, potentially

mediated by the bridging function of BARD1610. However, FANCJ continued to co-purify

with GFP-SLX4, albeit to a lesser extent, indicating that the SLX4-FANCJ interaction

occurs independently of BRCA1.

The predicted interaction between SLX4 and FANCJ is suggested to involve a spe-

cific β -sheet within the BTB domain of SLX4 and an antiparallel β -sheet in FANCJ

(Figure 5.19d). To map the interaction site within SLX4, truncation mutants of GFP-

tagged SLX4 were expressed and analysed through co-immunoprecipitation experiments

(Figure 5.21a). The expression of these GFP-SLX4 truncations was uneven across experi-

ments, complicating the interpretation of interaction losses with FANCJ (Figure 5.21b).

Nonetheless, the data provided insights into how different regions of SLX4 influence

cellular tolerance to its overexpression. The epitope of the SLX4 antibody used in this

study was mapped to the C-terminal region (residues 1489-1834) of SLX4, but outside the
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Figure 5.19 | Predicted interaction and functional dependency between SLX4 and FANCJ.
a, SPOC classifier analysis775 ranking SLX4-interacting proteins based on predicted agreement scores
and the average number of structural models. FANCJ and MUS81 are highlighted as top interactors,
alongside ERCC4 (XPF) and EME1. b, Contact map of predicted interactions between SLX4 and FANCJ
generated by structural modelling via AlphaFold, with domains annotated. Key regions of interest include
SLX4BTB (purple) with FANCJ (gold). c, Structural model of the SLX4-FANCJ complex. SLX4BTB is
shown in purple, and FANCJ in gold. The boxed regions highlight interfaces 1 and 2, further detailed
in d. d, Close-up views of interface 1 (left) and interface 2 (right). Interface 1 involves interactions
between SLX4 residues 726FSAVED731 and FANCJ residues 6SEYTIG11. Interface 2 highlights contacts
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mapping the Pearson correlation coefficient (x-axis) with statistical significance (-log10(P)) for functional
co-dependencies of SLX4 in the CRISPR DepMap750.
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Figure 5.20 | SLX4 co-immunoprecipitation analysis in 293FT cells reveals interactions with
DNA repair factors. a, Co-immunoprecipitation (IP) of GFP-SLX4 and GFP-BRCA1 in 293FT cells
with or without 10 µM cisplatin treatment. Western blotting of input and GFP-IP fractions indicates that
GFP-SLX4 specifically co-precipitates with BRCA1. b, SLX4 IP analysis probing for interacting proteins
including SLX1, MUS81, XPF, MSH2, and TRF2. Input and GFP-IP fractions demonstrate robust SLX4
interactions with canonical SMX complex partners and telomere-associated protein TRF2. c, Western
blot of FANCJ and BARD1 in GFP-SLX4 and GFP-BRCA1 IP fractions. Co-immunoprecipitation with
GFP-SLX4 supports interactions with FANCJ, while both FANCJ and BARD1 are enriched in GFP-
BRCA1 IP fractions. d, Co-immunoprecipitation of GFP-SLX4 in 293FT cells treated with nocodazole
(to induce G2/M arrest) or BRCA1 siRNA knockdown. Western blotting reveals that SLX4 interactions
with BRCA1 and FANCJ are modulated under these conditions, highlighting cell-cycle-dependent and
BRCA1-dependent interactions.
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SAP or CCD domains (Figure 5.21b). As expected, the interaction between SLX4 and XPF

was abolished when the UBZ and MLR domains were deleted, confirming their necessity

for this interaction (Figure 5.21b). Interestingly, a higher-molecular-weight variant of XPF

was observed in immunoprecipitates of the D1 (lacking residues 1-559) and D3 (lacking

residues 1093-1488) SLX4 truncation mutants (Figure 5.21b). This higher-weight XPF

species was particularly enriched in the D3 GFP-SLX4 immunoprecipitate, which lacks

the SUMO-interacting motifs (SIMs) (Figure 5.21b). These findings suggest a potential

role for the SIMs of SLX4 in regulating putative post-translational modification of XPF.

The interaction between SLX4 and SLX1 was disrupted in both the D4 GFP-SLX4 mutant

(lacking residues 1489-1834) and SLX4∆CCD (Figure 5.21b), corroborating the importance

of these regions for SLX1 binding554,565. Notably, the FANCJ-SLX4 interaction persisted

across all truncation mutants tested (Figure 5.21a, b). The stability of the FANCJ-

SLX4 binding could indicate the involvement of multiple interaction sites or an indirect

association facilitated by other domains. Further biochemical and structural studies will be

required to delineate the precise molecular determinants underpinning this interaction.

5.5 | Discussion

The study presents the progress that has been made in understanding the best strategies for

purification and characterisation of SMX complexes and the interactions of SLX4 with

DNA repair proteins, highlighting both advances and challenges in these areas. Previous

attempts to purify SMX complexes faced challenges such as low yields, aggregation,

and imbalances in subunit stoichiometry, even when using MultiBac and single-gene

expression systems. The polyprotein strategy, which facilitates co-translational folding,

showed promise in improving expression and solubility, but did not wholly resolve issues

related to the stability of specific subunits. This instability and inconsistent expression

underscores the inherent complexity of assembling and stabilising this large multi-protein

complex (Figures 5.1–5.4).

Further trials with mouse homologues of SMX revealed advantages over the human and

chimaeric constructs, including reduced aggregation and higher yields. However, even with

mouse SMX, the separate expression of polyproteins resulted in incomplete complexes.

Interestingly, SUMO-interacting motifs (SIMs) within SLX4 have been implicated in
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Figure 5.21 | Mapping SLX4 domains required for interactions with FANCJ and SLX1 in
293FT cells. a, Schematic representation of SLX4 truncation constructs highlighting key functional
domains, including UBZ4 (ubiquitin-binding zinc finger 4), MLR (MUS81-LIG4 interaction region), BTB
(broad-complex, tramtrack, bric-à-brac), TBM (Tel1-BRCT motif), SIM (SUMO-interacting motifs
1–3), SAP (SAF-A/B, Acinus, and PIAS), and CCD (coiled-coil domain). Specific truncation constructs,
including SLX4(D1 - ∆1−559), SLX4(D2 - ∆560−1092), SLX4(D3 - ∆1093−1488), SLX4(D4 -
∆1489−1834), SLX4∆SAP, and SLX4∆CCD, are depicted to illustrate the retained and deleted regions.
b, Co-immunoprecipitation (IP) analysis of GFP-tagged SLX4 truncation constructs expressed in 293FT
cells. Western blot analysis of input and GFP-IP fractions shows that FANCJ interacts primarily with
full-length SLX4, while deletion of specific domains alters this interaction. SLX1 and XPF interactions
remain robust across multiple truncations, with input and IP fractions probed for GFP, SLX4, FANCJ,
XPF, and SLX1. Ponceau staining is included as a loading control for total protein.
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regulating post-translational modifications of certain subunits, such as XPF (Figure 5.21),

which might complicate the decision to delete the central disordered region of SLX4.

This finding suggests a potential avenue for improving complex stability, perhaps through

the deletion of regions in SLX4 that otherwise regulate SMX subunits (Figures 5.7–5.9).

Using a single-baculovirus approach might help resolve some of these assembly challenges,

and further investigation into the role of SLX4’s central domain and SIMs in subunit

interactions could yield additional valuable insights.

To address limitations of insect-cell systems, the expression of human SMX complexes

was explored in mammalian Expi293F cells. Transient transfections demonstrated that

expression of the full SMX complex reduced cell viability, particularly with enzymatically-

active forms (Figure 5.12). This toxicity suggested that the expression of nuclease-dead

variants and shorter expression windows may help balance protein yield with cell survival.

Despite these challenges, key SMX components were successfully expressed, purified, and

characterised (Figure 5.12, 5.13). However, treatments such as nocodazole-induced cell

cycle arrest or DNA damage induction did not significantly enhance complex assembly

or yield, suggesting that SMX assembly may be independent of such interventions

(Figures 5.11–5.12). Moving forward, inducible expression systems and stable cell lines

represent promising strategies for scaling up protein production while mitigating toxicity,

an important step to yield sufficient material for structural characterisation.

A pivotal aspect of this work was the detailed characterisation of SLX4’s interactions

with its binding partners and of its post-translational modifications. SLX4’s phosphoryla-

tion by CDK1-cyclin B at specific residues, T1561 and T1571, was observed in a complex

that includes MUS81 and SLX1 (Figure 5.17). This is in agreement with, but expands

upon observations of similar phosphorylation within a shorter SLX4 peptide without

SLX1577. Meanwhile, co-immunoprecipitation and structural modelling identified a stable

and previously unexplored interaction between SLX4 and FANCJ. Notably, this interaction

persisted even after BRCA1 depletion, suggesting a direct and BRCA1-independent

binding mechanism (Figures 5.19–5.21). These experiments were also carried out in

the presence of benzonase, suggesting this interaction is not mediated via nucleic acids.

While the physiological role of this interaction remains to be determined, characterising

this will be the focus of future work. To confirm the validity of this interaction, future
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initial experiments will involve carrying out reciprocal co-immunoprecipitations using

over-expressed FANCJ.

Overall, the findings presented in this chapter advance our understanding of SMX

complex assembly and SLX4’s functional network while highlighting the challenges

associated with purifying and stabilising these complexes. Further work is needed to refine

expression and purification systems, explore the biochemical and structural determinants

of SLX4-FANCJ interactions, and elucidate the role of post-translational modifications in

regulating SMX nuclease activity. The insights gained from this study pave the way for

deeper investigations into the role of SMX complexes in DNA repair and replication

stress responses.
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This study explored the biological roles of SLX4 and its associated structure-specific

endonucleases, particularly SLX1 and XPF, as well as their interactions with formaldehyde-

induced DNA damage. This research aimed to address questions spanning structural,

biochemical, and cellular perspectives, providing new insights into aldehyde biology

and the broader context of DNA repair pathways. The timeline of this thesis broadly

followed a progression from biochemical to cellular studies. The early years were primarily

dedicated to the design and cloning of constructs aimed at purifying the SMX complex,

beginning with chimaeric assemblies, followed by murine constructs in the second year,

and culminating in efforts to express the human complex in the final year. Recognising

the significant technical challenges involved in achieving structural characterisation of

SMX, a parallel stream of work, as in chapter 4, emerged in the third year focused on cell

biology, particularly the functional analysis of XPF and SLX1. Around this time, new

experimental directions were explored to investigate how formaldehyde impacts DNA

crosslinking and the Fanconi anaemia pathway. Collaborative projects to address these

questions, which are detailed in chapter 3, were also initiated during the third year and

continued alongside ongoing expression and purification work.
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6.1 | Insights into Aldehyde Biology and Formalde-
hyde Damage

A major objective of this thesis was to establish tools to study endogenous aldehyde

biology, hypothesising that aldehydes, likely generated during processes such as epigenetic

reprogramming, could form DNA interstrand crosslinks (ICLs) that require detoxification

or repair through pathways involving FA proteins and XPF. To investigate this, a model

using induced pluripotent stem (iPS) cells was developed, as these can be differentiated

into neurons, a process expected to release high levels of formaldehyde. Despite sequence-

verified generation of ADH5−/− and ALDH2−/− clones, functional assays revealed no

detectable increase in formaldehyde sensitivity or DNA damage markers like γH2AX,

though given a short time in the collaborating lab, many of these experiments represent

single biological repeats (Figure 3.5). One concern regarding these studies is that the gene

deletions generated were not complete knockouts, however, it is also possible that some

redundancy in detoxification pathways conceals the expected phenotypes. No induction of

γH2AX was observed in iPSC-derived neurons lacking ADH5. This absence may indicate

that any DNA damage from aldehyde accumulation had already been resolved by the time

differentiation was complete. A more informative approach would be to assess whether the

differentiation process itself is impaired in these knockout cells, potentially through the

additional use of an ADH5 inhibitor (ADH5i). Alternatively, monitoring DNA damage,

such as γH2AX induction, at various stages of differentiation could provide insight into

whether aldehyde-induced genomic instability occurs during the differentiation process.

This strategy would offer a clearer understanding of the temporal relationship between

aldehyde metabolism, DNA damage, and cellular differentiation.

Further studies mapped formaldehyde-induced DNA damage to identify specific

hotspots and compared these patterns to known crosslinking agents such as SJG-136. The

damage signature in post-mitotic cells defined by crosslinking agents is repair-associated

synthesis at gene bodies, specifically on the transcribed strand, showcasing a mostly

uncharacterised transcription-coupled ICL repair pathway. The interstrand crosslinking

efficiency of a range of drugs tested in neurons is associated with the strength of this

particular transcription-associated damage signature; it is most well-observed in treatment

with SJG-136 (a drug that predominantly creates ICLs), less so with cisplatin (which
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generates only a few ICLs compared to other lesions); and almost entirely lost with

illudin S, which generates single-strand adducts (unpublished results from collaborator

Dr. William Nathan). SJG-136 crosslinks link two strands via N3-position of guanines

within the minor groove at consensus sequences of GATC/CTAG and therefore produce

minimally distorting lesions that fail to engage any GG-NER, therefore explaining the

reliance on transcription-coupled repair861. These findings indicated that formaldehyde

alone did not create hotspots analogous to SJG-136. However, when combined with

ADH5 inhibition, formaldehyde exhibited a pattern consistent with crosslink formation

(Figure 3.6). This concept aligns well with findings from the Patel group, who have

proposed a two-tiered protection mechanism against formaldehyde, via catabolism of

aldehydes by ADH5/ALDH2 or failing that, the repair of aldehyde-induced crosslinks9,757.

The broader relevance of formaldehyde-induced DNA damage differs significantly

between post-mitotic and rapidly dividing cells, primarily due to the varying metabolic

and repair environments. As discussed in chapter 3, one major endogenous source of

formaldehyde is histone demethylation, a process that becomes particularly prominent

during epigenetic reprogramming associated with cellular differentiation. In post-mitotic

cells, such as terminally differentiated neurons, large-scale reprogramming events are

generally considered absent, and thus, the release of formaldehyde through these mecha-

nisms is expected to be minimal. Moreover, the FA pathway-dependent repair of general

and formaldehyde-induced ICLs is predominantly active during S phase. However, some

emerging evidence suggests that post-mitotic neurons are not necessarily protected from

this formaldehyde-related genotoxicity. Neuronal plasticity, a key feature of learning and

memory, is underpinned by dynamic epigenetic changes, including histone demethylation

events that could plausibly generate bursts of local formaldehyde758. How such DNA

damage is resolved in the absence of replication-coupled repair pathways remains largely

unknown. Some studies have proposed that transcription-coupled repair mechanisms,

particularly those involving CSB, may operate in neurons to resolve these lesions via an

NER-like pathway756. Unlike in eukaryotes, where ICL repair often requires replication-

coupled processes, bacterial systems predominantly rely on NER for the resolution of

these lesions862. The genotoxic impact of formaldehyde in neurons is supported by murine

studies showing that the neurological phenotypes associated with Cockayne syndrome
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(CS) only manifest when CSB loss is combined with the deletion of the formaldehyde-

detoxifying ADH558. This synergy suggests that formaldehyde-induced lesions accumulate

in neurons and that their repair becomes dependent on CSB-mediated processes. Fur-

thermore, the high metabolic demand of the brain imposes a substantial requirement for

reactive oxygen species (ROS) scavenging. As formaldehyde can react with glutathione and

deplete antioxidant defences, impaired aldehyde clearance may exacerbate oxidative stress,

indirectly increasing genotoxicity and the need for DNA repair863. Together, these findings

imply that although the sources and pathways of formaldehyde damage differ between cell

types, both post-mitotic and proliferative cells are vulnerable in distinct but biologically

significant ways. Importantly, this mechanism may have implications for specific cancer

types. Cancers arising in tissues with high turnover or frequent differentiation, such as the

haematopoietic system or intestinal epithelium, may be particularly vulnerable to aldehyde-

induced genome instability. As above, Fanconi anaemia, which prominently features bone

marrow failure and predisposition to myeloid malignancies, provides a strong example

where aldehyde-induced damage during differentiation may be causative864. Understanding

the interplay between differentiation, aldehyde metabolism, and DNA repair may therefore

offer new perspectives on tumour biology and potential therapeutic vulnerabilities.

HT-29 colorectal cancer cells provided another tractable model for studying aldehyde-

induced damage during differentiation. In agreement with previous research795,797, HT-29

cells can be differentiated into goblet cells through a simple medium change from RPMI to

DMEM (Figure 3.7). Crucially, XPF-deficient cells showed reduced expression of MUC2,

a goblet cell marker, which was further exacerbated by ADH5 inhibition (Figure 3.8).

These findings imply that epigenetic remodelling during differentiation generates aldehyde-

mediated crosslinks, which, in the absence of two-tier protection (XPF-deficiency and

ADH5 inhibition)9, impede proper differentiation. Another explanation may be that the

clonal expansion of the HT-29 ∆ERCC4 rendered this particular population of cells less

stem-like, while the parental WT cells were not as recently derived from a single-cell

clone. These experiments could be repeated in other verified HT-29 ∆ERCC4 clones to

verify there are no clonal effects. Furthermore, more quantitative methods could be used

to support these findings, perhaps employing MUC2 flow cytometry or searching for DNA

damage markers during the differentiation process using IF.
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An alternative strategy for studying formaldehyde-induced crosslinking damage was

developed that bypassed differentiation by directly engineering a system capable of

releasing formaldehyde near DNA through the targeted activity of histone demethylases at

specific genomic loci. Initial results demonstrated successful inducible expression and the

induction of DNA damage at targeted promoters and telomeres, marked by γH2AX foci

(Figure 3.11). This system represents a promising tool for investigating the contributions

of endogenous aldehydes to genome instability and the role of XPF-mediated repair

pathways in mitigating this damage. While the observed link between formaldehyde

generation and XPF activity suggests the possibility of formaldehyde generating ICLs,

another plausible explanation is the formation of DNA-protein crosslinks (DPCs). XPF

may play a role in repairing these protein scars on DNA through a nucleotide excision

repair (NER)-like pathway865. Determining whether ICLs or DPCs are predominantly

implicated in the studies presented in this chapter remains a challenge. One potential

approach is the alkaline comet assay; however, in the inducible LSD1-dCas9 system, the

limited number of genomic loci targeted may render ICL detection difficult. Alternatively,

genomic tools such as S1-END-seq (to identify XPF-dependent nicks at ICLs) could

be employed, with careful timing of damage events during specific cell cycle phases or

through the knockdown of key DPC repair proteins like SPRTN, to ascertain whether

DPC repair is involved. Additionally, Prof. Jean-Yves Masson’s group has developed

immunofluorescence-based methods for inferring the presence of ICLs by probing for the

colocalisation of γH2AX with repair proteins such as MRE11, RPA, HMCES, and EXO1.

This approach is currently being implemented as part of ongoing collaborative work to

elucidate the nature of the lesions generated in this system.

6.2 | Towards understanding XPF’s genetic interac-
tions

XPF-ERCC1 is a cornerstone of DNA damage repair, performing decisive incisions during

nucleotide excision repair (NER) and ICL repair pathways. Patients with ERCC4 mutations

display diverse phenotypes, ranging from Xeroderma pigmentosum to Fanconi anaemia,

emphasising its broad functionality. This study generated U2OS, A549, and HT-29 XPF-

deficient cell lines (Figure 4.1) and evaluated their sensitivity to DNA-damaging agents
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that have been less well characterised in an XPF-ERCC1-deficient context, including

formaldehyde, SJG-136, and olaparib (Figure 4.2, Figure 4.3, Figure 4.4). The particular

sensitivities were assayed alongside MUS81 and BRCA1 depletion, in efforts to better

understand whether repair of these lesions by XPF occurred in the context of a pathway

that also employed some form of HR.

The loss of XPF conferred resistance to trabectedin, consistent with this drug’s

dependence on transcription-coupled NER (TC-NER). Unexpectedly, BRCA1 depletion

specifically reduced viability in XPF-deficient cells exposed to trabectedin (Figure 4.5),

suggesting that trabectedin lesions not engaged by XPF are later substrates for HR, or

that they can lead to replication stress, requiring BRCA1. Nevertheless, these cell lines

confirmed expected functional phenotypes of XPF loss - extreme sensitivity towards

crosslinking agents, formaldehyde and SJG-136, less pronounced but definitive sensitivity

towards olaparib, although in a manner independent of MUS81/BRCA1. This validation

provided sufficient confidence in the cell lines to perform a first CRISPR-KO screen to

identify targets of XPF synthetic sickness/lethality (Sections 2.3.2.4, 2.5.4).

6.3 | Deletion of SLX1 in human cell lines

Despite its role within the SMX complex, SLX1 remains poorly characterised. Preliminary

RNA interference experiments indicated that SLX1 depletion reduces colony outgrowth

in p53-proficient cell lines, suggesting a role in cellular homeostasis mediated by a p53-

dependent pathway (Figure 4.8). Efforts to generate SLX1-knockout cell lines revealed

challenges due to its genomic context, characterised by near-identical paralogues (SLX1A

and SLX1B). This aspect of SLX1 biology is especially unexplored, with genomics

focusing on the other genes within this cluster, namely BOLA2 in describing associations

with haematological traits/anaemia and the copy number variations that strongly predict

autism835. While this is a reasonable avenue of research since BOLA2 is involved in the

maturation of iron-sulfur proteins866, the intrinsic link between the FA pathway/ICL repair

might also be explained through SLX1 changes during expansions of this cluster. Further

links between neurodevelopmental conditions and SLX1 have been reported in the form of

the requirement of SLX1 in enabling pathological expansion of trinucleotide repeats at the

FRAXA locus through a MiDAS pathway639. What mechanistic role SLX1 plays in these
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nucleotide repeat regulating processes, or if these associations are indirectly caused by

perturbation to the genomic context around SLX1 genes, requires attention. Nevertheless,

targeting exons 2 and 3 via CRISPR-Cas9 produced putative knockouts in HAP1 and 293FT

cells, which were validated by Sanger sequencing, RT-qPCR, and following extensive

antibody optimisation and probing of nuclear extracts, Western blotting (Figure 4.11,

Figure 4.12). Viability assays demonstrated variable responses to DNA-damaging agents,

verifying functional knockout with MMC511 (Figure 4.13. Sensitivity to cisplatin and

SJG-136 was expected, implicating SLX1 in contributing to ICL repair. The identity of the

nuclease responsible for the complementary nick to XPF that facilitates the ‘unhooking’ of

an ICL has been the subject of ongoing debate and investigation400. SNM1A’s epistasis

with XPF strongly hints at its contribution to unhooking445, but whether similar epistasis

exists for SLX1 is an obvious outstanding experiment. It is conceivable that SLX1 is

well-placed and capable of completing this reaction, given its notable promiscuity675

and obligate heterodimerisation with SLX4, which is already involved in recruiting XPF

to ICLs435. The sensitivity of SLX1-null clones towards ICL-inducing agents suggests

that, at least in some manner, SLX1 is involved in this process. Complementation with

inducible GFP-SLX1 partially restored sensitivity in 293FT cells but not in HAP1 cells

(Figure 4.15). There are a few explanations that can be considered to explain these

differences. First, and most plausibly, the continuous drug treatment (apart from cisplatin)

adopted for these assays might mean that DNA damage outlasts the re-expression of SLX1

by doxycycline. Replenishment of doxycycline or removal of drug treatment after 24 h

may help to mitigate this issue. Alternatively, SLX1 overexpression (Figure 4.14) may be

particularly toxic in HAP1 cells. One driving factor between these cell line differences

could be their relative cell volumes. In yeast, aneuploidy, causing proteomic imbalance,

results in hypo-osmotic-like stress features867. In smaller cells, artificial overexpression

could create similar imbalances relating to unexpected toxicity. Lastly, the observed

phenotypes may represent non-targeted editing of genomic loci beyond just SLX1 loss

or reflect impairment to nearby genes, such as BOLA2.

Since no RPE-1 cells with SLX1 deletion could be expanded and given the issues of

complementation in HAP1 cells, inducible degradation of SLX1 was sought. As with

knockouts, the genome organisation of SLX1 and the existence of paralogues made many
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knock-in strategies, such as Cre-Lox systems, impractical and instead, a degron knock-

in approach was established. The minimally-disruptive FKBP tag (owing to its smaller

size compared to other degrons) was knocked into the SLX1 gene to tag its N-terminus,

and clones were obtained with all alleles edited by knock-in events (Figure 4.16. Low

native expression of SLX1, and the poor detectability of a single FLAG tag (or TwinStrep)

meant that confirming knock-in and degradation at the protein level was challenging,

requiring the transient overexpression of SLX4 to maximise differences in SLX1 protein

stability upon dTag-13 addition between WT and knock-in clones (Figure 4.17). In one

clone, RPE-1 FKBP−SFSLX1 6, depletion of SLX1 was mostly achieved upon dTag-13

addition and resulted in some sensitivity to SJG-136, akin to the HAP1 and 293FT SLX1

knockout cells (Figure 4.17). The fusion construct, including FKBP, has been redesigned

to include tags with better low-expression detection (pCI-Neo:SLX1donor3, includes the

HA epitope tag) and also swapped to invoke the multiple uses of the Halo-tag (pcDNA3.1-

Zeo:SLX1donor4), which can be chemically linked to a fluorophore to permit cell sorting

and can result in the ligand-induced degradation of its fusion, SLX1, as with FKBP.

6.4 | Working towards structural characterisation of
the SMX complex

The structural characterisation of the SMX complex remains a long-standing goal, offering

insights into SLX4‘s scaffolding mechanisms and the activity of its associated nucleases.

High-resolution structures would improve understanding of the effect of disease mutations,

especially in Fanconi anaemia, and aid drug discovery. The work in this thesis embraced

many different strategies for purification, focusing ultimately on the promising utility of the

human Expi293F suspension culture system (Figure 5.12) and with one particular mouse

SMX construct (Section 5.2). Initial efforts using a human-frog chimaeric SMX complex

faced issues of aggregation and subunit loss (Figure 5.2), and although refinements to

purification protocols improved particle homogeneity and activity (Figure 5.4, Figure 5.5,

Figure 5.6), challenges persisted due to the complex’s intrinsic flexibility and disordered

regions. Furthermore, the non-physiological nature of a multi-species hybrid remained

a concern during the project.

225



Chapter 6. Discussion

Shifting to murine SMX complexes provided a more tractable system due to their

smaller disordered region in the central segment of SLX4. Attempts to co-express SXE

and EMS components in insect cells revealed incomplete complex assembly, favouring

the N-terminal subunits only and prompting a transition to a single-baculovirus system

(Figure 5.8, Figure 5.9). The most significant barrier to complete SMX assembly was

the unforeseen issue of expressing SLX1 from a separate plasmid/baculovirus to SLX4,

as SLX4 is absolutely required for SLX1 stability540. With lytic baculoviruses, even

under co-infection, given recommendations to ensure that the multiplicity of infection

does not exceed 1, it is rare that an individual cell would be transduced with each plasmid.

So, SLX1 stability would likely be compromised where it is expressed independently.

Options exist to generate multi-baculovirus constructs from the individual pAceBac1

plasmids ‘SXE’ and ‘EMS’ through recombination839. The biGBac system is another

option, allowing for ‘mix and match’ of genes as needed once set up correctly868. This

system has been helpful in the purification and structural characterisation of several

multi-protein complexes, such as APC/C869 and the RAD51 paralogue complex671. In

the interest of time, a single pFastBac-Dual vector was cloned, consisting of all murine

SMX components. The resulting construct showed promise, with improved yields and

stoichiometry (Figure 5.10), but further optimisation is required.

Insect cells have proven to be a useful tool for the purification of certain mammalian

proteins due to their recapitulation of post-translational modifications, however this is not

always perfectly faithful. The additional in vitro phosphorylation of the insect cell-purified

C-terminal SLX4 subunits (SLX4-C) by CDK1-cyclin B suggests that insect cells fail

to add all phosphorylation marks to the SMX subunits (Figure 5.17). The development

of mammalian expression systems allowed for better recapitulation of post-translational

modifications (PTMs) and native conditions. The SMX complex genes were cloned

into three separate plasmids, each incorporating distinct affinity tags on the proteins to

streamline downstream purification and enable clear visualisation via immunoblotting.

Transient transfections revealed that overexpression of SMX components significantly

reduced cell viability, prompting the need to optimise transfection conditions and explore

alternative expression systems (Figure 5.12). To minimise cytotoxic effects, transfection

times were limited, and inducible expression systems were investigated as a more controlled

226



Chapter 6. Discussion

approach. Initial attempts to purify the complex using homemade GFP nanobody beads

yielded suboptimal results, with preparations exhibiting contamination and bead quality

inferior to commercially available alternatives (Figure 5.12). Further testing revealed

that Strep-tagged beads provided the most consistent results, and these were identified

as the preferred option for future experiments.

Given the challenges posed by potential toxicity, inducible cell lines were developed

as a more feasible solution. A proof-of-concept inducible SLX4IP expressing cell line

was successfully generated, demonstrating robust induction upon doxycycline treatment

(Figure 5.14). Subsequently, an inducible SLX4 expressing line was created; however,

its expression did not significantly enhance the levels of other SMX components, and

nuclease activity on a model SMX substrate remained undetectable (Figure 5.15). To

address this limitation, efforts were redirected towards creating combinatorial inducible

systems. Preliminary work included generating and freezing triple-positive cell populations

that express all SMX subunits in units of two (Figure 5.14, Figure 5.16), though the

initial number of these cells was extremely low. Further optimisation, including re-

sorting and expansion of these populations, will be required to achieve sufficient protein

yields for downstream experiments.

Phosphorylation of SLX4 and EME1 was observed in insect cell preparations, with

native phosphorylation levels further enhanced upon the addition of CDK1. This phospho-

rylation was completely reversed by treatment with λ -phosphatase and mass spectrometry

identified, in agreement with previous work577, a cluster of two phosphorylation sites

on SLX4 at residues 1561 and 1571. The novelty in the repetition of this notable work

is that these same phosphorylation marks are present in a larger complex of C-terminal

SLX4, which also consists of SLX1. Whether these PTMs influence the activity of SLX1

is something that can be ascertained biochemically. Additionally, the cellular relevance

of these sites warrants further investigation. Potential studies could include generating

phospho-mimetic (e.g., S1561D/S1571D) or phospho-null (e.g., S1561A/S1571A) SLX4

mutants to assess changes in SMX complex activity, stability, or cellular localisation.

A study has recently proposed an interaction between PCNA and SLX4605, but this

hypothesis appears questionable based on AlphaFold modelling and the poor consensus of

putative SLX4 ‘PIP boxes’ to verified PIP boxes (Figure 5.18). The predicted structural
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alignment and a co-immunoprecipitation performed with GFP-SLX4 suggest that any

interaction, if present, is likely weak or transient. In contrast, an interaction between

SLX4 and FANCJ appears more plausible, especially given their demonstrated mutual co-

dependency in various repair pathways. Experimental data indicate a stable SLX4-FANCJ

interaction, which persists even under high salt wash conditions, suggesting a strong and

biologically meaningful direct association (Figure 5.20). Notably, co-immunoprecipitation

assays revealed that SLX4 associates with a higher molecular weight form of FANCJ,

potentially reflecting post-translational modifications such as phosphorylation, ubiqui-

tylation, or acetylation on FANCJ that is recognised by SLX4. Unfortunately, efforts

to map the SLX4 domain responsible for FANCJ binding using truncation mutants did

not disrupt the interaction, suggesting the involvement of multiple redundant binding

sites or the mediation of this interaction by co-factors within a larger protein complex

(Figure 5.21). These findings highlight the complexity of SLX4’s scaffold function and

its ability to integrate various repair pathways.

Future studies should aim to identify the precise regions of this interaction, potentially

through crosslinking mass spectrometry or more confined mutational analysis of both

proteins. The higher molecular weight form of FANCJ may result from post-translational

modifications (PTMs), such as phosphorylation at T1133 and S990, which mediate

interactions with TopBP1 and BRCA1, respectively, or acetylation at K1249870. To

confirm this, these sites could be mutated to non-modifiable residues (e.g., alanine or

arginine substitutions) to determine whether the higher molecular weight band disappears.

Mass spectrometry could further identify specific modifications, providing insights into

how PTMs regulate FANCJ’s activity, interactions, and role in DNA repair processes. The

link between two key processes in the FA pathway, the monoubiquitylation and stabilisation

of FANCD2-FANCI and the recruitment of SLX4-XPF-ERCC1 for the primary incision,

has yet to be coupled by compelling evidence (Section 1.4.4). FANCJ might represent a

missing piece in this picture. It can be hypothesised that FANCD2-FANCI stabilisation

on dsDNA prevents the helicase activity of FANCJ, which is likely recruited early to

ICLs by its association with the replicative machinery through MMR complexes455,853,

which might otherwise cause its dissociation after catalysis. This retention of FANCJ

might then be a key recruitment signal for SLX4-XPF. Assaying the recruitment of SLX4
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to ICLs in FANCJ-null cells, or where SLX4-binding-deficient mutants can be created,

could shed light on this hypothesis.

6.5 | Implications and future directions

One significant lesson learned from the expression of recombinant proteins using baculovirus-

transduced insect cells is the notable variability in per-expression protein yield. Incorporat-

ing a downstream, in-frame fluorescent reporter (adopted for mouse SMX constructs) can

significantly enhance the ability to monitor harvest quality. However, the inclusion of such

tags requires careful consideration of the payload size. For the SMX complex, which has a

total expression payload exceeding 500 kDa, the addition of a 27 kDa fluorescent tag is

unlikely to introduce substantial challenges. Balancing these design factors is essential

for optimising recombinant protein expression systems. Future structural studies may

focus on stabilising the SMX complex, potentially through the incorporation of post-

translational modification (PTM) mimetics or binding partners, to enable high-resolution

characterisation. Investigating the interactions of SLX4 with FANCJ and other proteins

could provide critical insights into their biological functions and therapeutic potential.

Nonetheless, it is conceivable that the SMX complex is intrinsically too disordered to

yield well-defined single particles suitable for structure reconstruction. Should this be the

case, refining purifications to isolate more tractable subcomplexes remains a worthwhile

endeavour, offering valuable mechanistic insights into the cellular functions of SLX4

and the broader SMX complex.

The generation of XPF- and SLX1-deficient cell lines, alongside their proficient coun-

terparts, is intended to facilitate CRISPR-based screens to identify factors genetically linked

to these components. While CRISPR screens are often regarded as hypothesis-independent

and exploratory in nature, their application is particularly relevant in this context. For

SLX1, many phenotypes are likely masked by functional redundancy with other, more

highly expressed nucleases. For XPF-deficient cells, ongoing screens can be complemented

by validation experiments involving knockdown approaches. To this end, HT-29 wild-type

and ∆ERCC4 lines expressing KRAB-dCas9 for CRISPR interference (CRISPRi)-based

knockdown have been developed, ensuring robust experimental validation of candidate hits.

The creation of a verified SLX1 degron-fusion cell line will enable CRISPR screens and
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provide additional understanding of SLX1 biology. This approach is particularly significant

given that SLX1 loss appears to induce cell death in a p53-dependent manner (Figure 4.8).

Employing degron systems in both p53-proficient and p53-deficient cell lines could reveal

the underlying mechanisms of this dependency and identify pathways contributing to

SLX1-associated vulnerabilities. Further investigation into the specific vulnerabilities of

SLX1-deficient or degron-targeted cells can be conducted using established techniques.

For example, fluorescent reporter systems can elucidate potential defects in homologous

recombination (HR), non-homologous end joining (NHEJ), or other double-strand break

(DSB) repair pathways871,872. Additionally, comet assays could determine whether lesions

persist in these cells and provide insights into the nature of these lesions, including

the potential for unresolved crosslinks873,874. These complementary approaches will

contribute to a comprehensive understanding of the genetic and functional landscape

associated with XPF and SLX1 deficiencies.

The inducible formaldehyde generation system holds significant potential for establish-

ing formaldehyde as an in vivo interstrand crosslinking agent. If this system can reliably

generate ICLs, it would enable studies examining the differential impact of ICLs on the

leading versus lagging strands during replication and aid in understanding mechanisms

of ICL bypass399,449. For instance, guide RNAs targeting regions near a mapped origin

of replication could help delineate strand-specific repair pathways, akin to recent work

employing nicking Cas9 to study the same relationships for SSB repair875,876. Further

functionalities of the system could include switching the dCas9 component to a nicking

Cas9, allowing the generation of single-strand nicks around formaldehyde-generated

lesions that could be evaluated for their dependency on XPF for repair. This would offer

insights into whether the absence of XPF impacts the repair of nick-primed crosslinks

differently from intact crosslinks. It may also aid identification of which nuclease performs

the 5′ incision, or whether XPF itself does this. Additionally, CRISPR-based genetic

screens could be employed to identify genomic regions where formaldehyde-induced

crosslinks are particularly difficult to repair, potentially leading to elevated cytotoxicity.

This approach could be especially informative in the context of transformed cells, providing

insights into vulnerabilities that might be therapeutically exploited. Moreover, the system

offers avenues for this therapeutic repurposing, such as swapping the catalytic domain of
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the histone demethylase with enzymes capable of activating DNA-damaging prodrugs at

specific genomic loci. This could facilitate precision-targeted approaches to generate or

amplify DNA damage, contributing to the development of innovative therapeutic strategies.
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Table A.1 | Details of plasmids used. The plasmids used and how they were cloned are listed here. Within the ORF1-3 descriptions, any Lx sequence refers to a
linker of x length. Other abbreviations: TEVP - TEV protease; t - TEV protease cleavage site; ECFP - enhanced cyan fluorescent protein; SF - TwinStrep-FLAG tag;
T2A/P2A - self-cleaving peptide sequence; PuroR - puromycin resistance cassette; HygroR - hygromycin resistance cassette; BleoR - bleomycin/zeocin resistance
cassette; rrTA-Advanced - mutant Tet repressor fused to minimal F-type transcriptional activation domain from VP16 protein; SUMO - SUMO-tag, consisting
of a Ulp1 protease cleavage site; GFP-Nb - GFP nanobody; mCherry-Nb - mCherry nanobody; FKBP - FK506 binding protein; HA - hemagglutinin-tag; HiBiT -
small 11-amino acid, epitope tag able to produce a bioluminescent signal when bound to LgBiT877; KRAB - Kruppel associated box; eDHFR - E. coli dihydrofolate
reductase.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P1 pKLPBac:χSXE Insect polyhedrin
1. L4-TEVP-L12-t
2. SF-L6-xSLX4-L8-t
3. L11-xXPF-L8-t
4. L11-hERCC1-L9-t
5. ECFP

Chimaeric
SLX4-
XPF-ERCC1
expression as
polyprotein
with TEV
protease
(TEVP)

This
study

P2 pAceBac1:χEMS Insect polyhedrin
x3

2-His6-L10-t-L1-hEME1 hMUS81 xSLX1-His6 Chimaeric
His6-EME1,
MUS81,
SLX1-His6
expression
each under
individual
polyhedrin
promoter

Gift of
Dr. Denis
Ptchelkine
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P3 pAceBac1:mSXE Insect polyhedrin
1. TEVP-tL11-mSLX4-L8-

t
2. L10-mXPF-L8-t
3. L1-SF-L8-mERCC1

Mouse
SLX4-
XPF-ERCC1
expression as
polyprotein
with TEV
protease
(TEVP)

This
study

P4 pAceBac1:mS∆XE Insect polyhedrin
1. TEVP-t
2. L11-mSLX4∆759−1252-

L8-t
3. L10-mXPF-L8-t
4. L1-SF-L8-mERCC1

Mouse
SLX4∆-
XPF-ERCC1
expression as
polyprotein
with TEV
protease
(TEVP)

This
study

P5 pAceBac1:mEMS Insect polyhedrin
1. TEVP-t
2. L11-mEME1-L5-t
3. L8-mMUS81-L5-t
4. L7-mSLX1-L3-His10

Mouse
EME1-
MUS81-
SLX1
expression as
polyprotein
with TEV
protease
(TEVP)

This
study
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P6 pFastBac-
Dual:mSXE,EMS

Insect polyhedrin
(ORF1), p10
(ORF2)

1. L2TEVP-L5-t
2. L11-mSLX4∆759−1252-

L8-t
3. L12-mXPF-L10-

HaloTag-L4-t
4. L1-SF-L4-EGFP-L2-3c-

L2-mERCC1

1. mEME1-L5-t
2. L8-mMUS81-L5-t
3. L7-mSLX1-L3-

His10

Dual mouse
SLX4-XPF-
ERCC1
and EME1-
MUS81-
SLX1
expression as
polyproteins
from
opposing
promoters,
polyhedrin
and p10

This
study

P7 pEGFP-C1 Mammalian CMV EGFP GFP empty
vector (EV)

Gift of
Dr. Lon-
nie Swift

P8 pX459 Mammalian U6 (ORF1),
CMV en-
hancer/chicken
β -actin

3xFLAG-SpCas9-
T2A-PuroR

Empty
pX459

ref.736
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P9 pX459:sgSLX1-N1 Mammalian U6 (ORF1),
CMV en-
hancer/chicken
β -actin

sgSLX1-N [GAAGGCCC-
GATGGGTCCCGCG]

3xFLAG-SpCas9-
T2A-PuroR

pX459
expressing
sgRNA
targeting
N-terminus
of SLX1

This
study

P10 pX458 Mammalian U6 (ORF1),
CMV en-
hancer/chicken
β -actin

3xFLAG-SpCas9-
T2A-EGFP

Empty
pX458

Gift of
Dr. Philip
Hublitz

P11 pX458:sgSLX1-ex1-1 Mammalian U6 (ORF1),
CMV en-
hancer/chicken
β -actin

sgSLX1-ex1-1
[GTACCGGGGC-
CGCGTCTACG]

3xFLAG-SpCas9-
T2A-EGFP

pX458
expressing
sgRNA
targeting
exon 1 of
SLX1 #1

This
study

P12 pX458:sgSLX1-ex1-2 Mammalian U6 (ORF1),
CMV en-
hancer/chicken
β -actin

sgSLX1-ex1-2
[CGTAGACGCGGC-
CCCGGTAC]

3xFLAG-SpCas9-
T2A-EGFP

pX458
expressing
sgRNA
targeting
exon 1 of
SLX1 #2

This
study

237



A
ppendix

A
.

A
dditionalTables

Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P13 pX458:sgSLX1-int1-1 Mammalian U6 (ORF1),
CMV en-
hancer/chicken
β -actin

sgSLX1-int1-1 [CATCTC-
CGCGGCGGAACTCA]

3xFLAG-SpCas9-
T2A-EGFP

pX458
expressing
sgRNA
targeting
intron 1 of
SLX1 #1

This
study

P14 pX458:sgSLX1-int1-2 Mammalian U6 (ORF1),
CMV en-
hancer/chicken
β -actin

sgSLX1-int1-2 [GGGCT-
GCGACAGGGA-
CATCA]

3xFLAG-SpCas9-
T2A-EGFP

pX458
expressing
sgRNA
targeting
intron 1 of
SLX1 #2

This
study

P15 pX458-mRuby2:sgSLX1-
int3-1

Mammalian U6 (ORF1),
CMV en-
hancer/chicken
β -actin

sgSLX1-int3-1 [AGAGC-
CATCCATTCCTCGGG]

3xFLAG-SpCas9-
T2A-mRuby2

pX458
expressing
sgRNA
targeting
intron 3 of
SLX1 #1

This
study

P16 pX458-mRuby2:sgSLX1-
int3-2

Mammalian U6 (ORF1),
CMV en-
hancer/chicken
β -actin

sgSLX1-int3-2 [TAGAGC-
CATCCATTCCTCGG]

3xFLAG-SpCas9-
T2A-mRuby2

pX458
expressing
sgRNA
targeting
intron 3 of
SLX1 #2

This
study
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P17 pX458:sgERCC4-1 Mammalian U6 (ORF1),
CMV en-
hancer/chicken
β -actin

sgERCC4-ex1fw
[CAACACGCAGC-
CGGCCGAGG]

3xFLAG-SpCas9-
T2A-EGFP

pX458
expressing
sgRNA
targeting
exon 1 of
ERCC4 +
strand

Gift of
Dr. Philip
Hublitz

P18 pX458-
mRuby2:sgERCC4-2

Mammalian U6 (ORF1),
CMV en-
hancer/chicken
β -actin

sgERCC4-ex1rv
[GTACTCCAGCAGCG-
GCGCCA]

3xFLAG-SpCas9-
T2A-mRuby2

pX458
expressing
sgRNA
targeting
exon 1 of
ERCC4 -
strand

Gift of
Dr. Philip
Hublitz

P19 pTwistCMV-Puro:hME Mammalian CMV, UbC
(ORF2) 1. hMUS81-L3-T2A

2. L1-HA-L2-HaloTag-L3-
t-hEME1

PuroR pTwistCMV-
Puro
expressing
human
MUS81 and
EME1 for
transient
expression in
mammalian
cells

Twist
Bio-
science
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P20 pCDNA3.1-Hygro:hSS Mammalian CMV;
IRES2
between
ORF1-
2, SV40
(ORF3)

L1-SF-L6-t-hSLX4 L8-hSLX1-L4-t-
EGFP

HygroR pCDNA3.1-
Hygro
expressing
human
SLX4 and
SLX1 for
transient
expression in
mammalian
cells

GenScript

P21 pCDNA3.1-Zeo:hXE Mammalian CMV;
IRES2
between
ORF1-2

1. hXPF-L7-P2A
2. L5-hERCC1-L8-3c-L1-

AviTag-L2-t-L7-His6

L7-BirA-L9-
TagBFP

BleoR pCDNA3.1-
Zeo
expressing
human XPF
and ERCC1
for transient
expression in
mammalian
cells

GenScript240
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P22 pTLCV2:MCS Mammalian tight TRE
promoter;
IRES2
between
ORF1-2,
EF-1α core
(ORF2)

1. PuroR-L3-P2A
2. rtTA-Advanced

pTLCV2
backbone
plasmid, no
fluorescent
marker

Gift of
Prof. Yin
Dong

P23 pTLCV2:MCS-TagBFP Mammalian tight TRE
promoter;
IRES2
between
ORF1-2,
EF-1α core
(ORF2)

TagBFP pTLCV2
backbone
plasmid,
TagBFP after
IRES2

Gift of
Prof. Yin
Dong

P24 pTLCV2:MCS-mCherry Mammalian tight TRE
promoter;
IRES2
between
ORF1-2,
EF-1α core
(ORF2)

mCherry pTLCV2
backbone
plasmid,
mCherry
after IRES2

Gift of
Prof. Yin
Dong
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P25 pTLCV2:MCS-EGFP Mammalian tight TRE
promoter;
IRES2
between
ORF1-2,
EF-1α core
(ORF2)

EGFP as above for
pTLCV2:MCS

pTLCV2
backbone
plasmid,
EGFP after
IRES2

Gift of
Prof. Yin
Dong

P26 pTLCV2:MCS-
mOrange2

Mammalian tight TRE
promoter;
IRES2
between
ORF1-2,
EF-1α core
(ORF2)

mOrange2 as above for
pTLCV2:MCS

pTLCV2
backbone
plasmid,
mOrange2
after IRES2

This
study

P27 pTLCV2:MCS-BirA-
TagBFP

Mammalian tight TRE
promoter;
IRES2
between
ORF1-2,
EF-1α core
(ORF2)

L7-BirA-L9-TagBFP as above for
pTLCV2:MCS

pTLCV2
backbone
plasmid,
BirA-
TagBFP after
IRES2

This
study
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P28 pTLCV2:hXE,BirA-
TagBFP

Mammalian tight TRE
promoter;
IRES2
between
ORF1-2,
EF-1α core
(ORF2)

1. hXPF-L7-P2A
2. L5-hERCC1-L8-3c-L1-

AviTag-L2-t-L7-His6

L7-BirA-L9-
TagBFP

as above for
pTLCV2:MCS

pTLCV2
lentiviral
vector for
doxycycline-
inducible
human XPF
and ERCC1
expression in
mammalian
cells, BirA-
TagBFP after
IRES2

This
study

P29 pTLCV2:hSS-EGFP Mammalian tight TRE
promoter;
IRES2
between
ORF1-2,
EF-1α core
(ORF2)

L1-SF-L6-t-hSLX4 L8-hSLX1-L4-t-
EGFP

as above for
pTLCV2:MCS

pTLCV2
lentiviral
vector for
doxycycline-
inducible
human
SLX4
and SLX1
expression in
mammalian
cells

This
study
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P30 pTLCV2:hME,mCherry Mammalian tight TRE
promoter;
IRES2
between
ORF1-2,
EF-1α core
(ORF2)

1. hMUS81-L3-T2A
2. L1-HA-L2-HaloTag-L3-

t-hEME1

L7-mCherry as above for
pTLCV2:MCS

pTLCV2
lentiviral
vector for
doxycycline-
inducible
human
MUS81
and EME1
expression in
mammalian
cells

This
study

P31 pTLCV2:SLX4IP-
mOrange2

Mammalian tight TRE
promoter;
IRES2
between
ORF1-2,
EF-1α core
(ORF2)

L2-His6-L4-SUMO-L8-
hSLX4IP

L7-mOrange2 as above for
pTLCV2:MCS

pTLCV2
lentiviral
vector for
doxycycline-
inducible
human
SLX4IP
expression in
mammalian
cells

This
study
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P32 pAceBac1:mSXD706AE Insect polyhedrin
1. TEVP-t
2. L11-mSLX4-L8-t
3. L10-mXPFD706A-L8-t
4. L1-SF-L8-mERCC1

Mouse
SLX4∆-
XPFD706A-
ERCC1
expression as
polyprotein
with TEV
protease
(TEVP)

This
study

P33 pAceBac1:mS∆XD706AE Insect polyhedrin
1. TEVP-t
2. L11-mSLX4∆759−1252-

L8-t
3. L10-mXPFD706A-L8-t
4. L1-SF-L8-mERCC1

Mouse
SLX4∆-
XPFD706A-
ERCC1
expression as
polyprotein
with TEV
protease
(TEVP)

This
study245
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P34 pAceBac1:mEMD307AS Insect polyhedrin
1. TEVP-t
2. L11-mEME1-L5-t
3. L8-mMUS81D307A-L5-t
4. L7-mSLX1-L3-His10

Mouse
EME1-
MUS81D307A-
SLX1
expression as
polyprotein
with TEV
protease
(TEVP)

This
study

P35 pAceBac1:
mEMSR38A,E79A

Insect polyhedrin
1. TEVP-t
2. L11-mEME1-L5-t
3. L8-mMUS81-L5-t
4. L7-mSLX1R38A,E79A-L3-

His10

Mouse
EME1-
MUS81-
SLX1R38A,E79A

expression as
polyprotein
with TEV
protease
(TEVP)

This
study246
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P36 pAceBac1:
mEMD307ASR38A,E79A

Insect polyhedrin
1. TEVP-t
2. L11-mEME1-L5-t
3. L8-mMUS81D307A-L5-t
4. L7-mSLX1R38A,E79A-L3-

His10

Mouse
EME1-
MUS81D307A-
SLX1R38A,E79A

expression as
polyprotein
with TEV
protease
(TEVP)

This
study

P37 pET28a:GFP-Nb Bacterial T7 L3-GFP-Nb-L4-His6 pET28a
expression
of GFP
nanobody

This
study

P38 pET28a:mCherry-Nb Bacterial T7 L3-mCherry-Nb-L3-His6 pET28a
expression
of mCherry
nanobody

This
study

P39 pMA:SLX1donor1 Mammalian T7 (not in
use)

SLX1LHdonor-EGFP-L5-
P2A-L4-FKBP-L7-Twin-
Strep-SLX1RHdonor

Plasmid
donor for
SLX1 FKBP
knock-in #1

Invitrogen
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P40 pCDNA6.2-V5-PL-
DEST:SLX1donor2

Mammalian T7 (not in
use)

SLX1LHdonor-BleoR-
L3-P2A-EGFP-L2-
T2A-L4-FKBP-L5-SF-t-
SLX1RHdonor

Plasmid
donor for
SLX1 FKBP
knock-in #2

This
study

P41 pCI-Neo:SLX1donor3 Mammalian SLX1LHdonor-BleoR-L5-
EGFP-L2-P2A-L2-HA-
HA-L3-HiBiT-L2-FKBP-
L8-SLX1RHdonor

Plasmid
donor for
SLX1 FKBP
knock-in #3

GenScript

P42 pcDNA3.1-
Zeo:SLX1donor4

Mammalian CMV (in op-
posite direc-
tion to read-
ing frame)

SLX1LHdonor-HA-
HA-L4-3xFLAG-L5-
HiBiT-HaloTag-L4-t-L2-
SLX1Rhdonor

Plasmid
donor
for SLX1
HaloTag
knock-in #4

Invitrogen

P43 pCDNA5-FRTTO:EGFP-
hSLX4

Mammalian CMV EGFP-L4-hSLX4 Plasmid for
transient
overex-
pression
of EGFP-
hSLX4

Gift of
Dr. Kaima
Tsukada
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P44 pCDNA5-FRTTO:EGFP-
hSLX4(D1)

Mammalian CMV EGFP-L4-hSLX4∆2−559 Plasmid for
transient
overex-
pression
of EGFP-
hSLX4(D1)

Gift of
Dr. Kaima
Tsukada

P45 pCDNA5-FRTTO:EGFP-
hSLX4(D2)

Mammalian CMV EGFP-L4-
hSLX4∆560−1092

Plasmid for
transient
overex-
pression
of EGFP-
hSLX4(D2)

Gift of
Dr. Kaima
Tsukada

P46 pCDNA5-FRTTO:EGFP-
hSLX4(D3)

Mammalian CMV EGFP-L4-
hSLX4∆1093−1488

Plasmid for
transient
overex-
pression
of EGFP-
hSLX4(D3)

Gift of
Dr. Kaima
Tsukada

P47 pCDNA5-FRTTO:EGFP-
hSLX4(D4)

Mammalian CMV EGFP-L4-
hSLX4∆1489−1834

Plasmid for
transient
overex-
pression
of EGFP-
hSLX4(D4)

Gift of
Dr. Kaima
Tsukada
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P48 pCDNA5-FRTTO:EGFP-
hSLX4(∆SAP)

Mammalian CMV EGFP-L4-
hSLX4∆1538−1618

Plasmid for
transient
overex-
pression
of EGFP-
hSLX4(∆SAP)

Gift of
Dr. Kaima
Tsukada

P49 pCDNA5-FRTTO:EGFP-
hSLX4∆SBD

Mammalian CMV EGFP-L4-
hSLX4∆1733−1820

Plasmid for
transient
overex-
pression
of EGFP-
hSLX4(∆SBD)

Gift of
Dr. Kaima
Tsukada

P50 pTLCV2:EGFP-hSLX4 Mammalian tight TRE
promoter;
IRES2
between
ORF1-2,
EF-1α core
(ORF2)

EGFP-L5-
hSLX4∆1733−1820

as above for
pTLCV2:MCS

pTLCV2
lentiviral
vector for
doxycycline-
inducible
human
SLX4
expression in
mammalian
cells

Gift of
Dr. Kaima
Tsukada
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P51 pLenti-tetON:KRAB-
dCas9-DHFR

Mammalian tight TRE
promoter
(ORF1),
EF-1α core
(ORF2)

L10-KRAB-L7-dCas9-L1-
HA-L6-SV40NLS-L2-
SV40NLS-L7-eDHFR

TagRFP-L2-T2A-
Tet-ON 3G

Lentiviral for
doxycycline-
inducible
expression
of KRAB-
dCas9
(CRISPRi),
also
controlled
by degron
from E. coli
DHFR
which can
be stabilised
by trimetho-
prim

Addgene:
167935,
ref763

P52 pX330a:dCas9-LSD1 Mammalian CMV,
chicken
β -actin
(ORF1)

L1-SV40NLS-L3-
Cas9m4-L4-SV40NLS-
L7-hLSD1

Backbone
plasmid for
subcloning
of human
LSD1
sequence

Addgene:
92362,
ref764
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P53 pLenti-tetON:ADH1B-
dCas9-DHFR

Mammalian tight TRE
promoter
(ORF1),
EF-1α core
(ORF2)

L10-hADH1B-L7-dCas9-
L1-HA-L6-SV40NLS-L2-
SV40NLS-L7-eDHFR

TagRFP-L2-T2A-
Tet-ON 3G

Lentiviral for
doxycycline-
inducible
expression
of ADH1B-
dCas9
(CRISPRf),
also
controlled
by degron
from E. coli
DHFR
which can
be stabilised
by trimetho-
prim

This
study
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P54 pLenti-tetON:ADH1G-
dCas9-DHFR

Mammalian tight TRE
promoter
(ORF1),
EF-1α core
(ORF2)

L10-hADH1G-L7-dCas9-
L1-HA-L6-SV40NLS-L2-
SV40NLS-L7-eDHFR

TagRFP-L2-T2A-
Tet-ON 3G

Lentiviral for
doxycycline-
inducible
expression
of ADH1G-
dCas9
(CRISPRf),
also
controlled
by degron
from E. coli
DHFR
which can
be stabilised
by trimetho-
prim

This
study
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Table A.1 continued: Details of plasmids used.

ID Name System Promoter ORF1 ORF2 ORF3 Notes Source

P55 pLenti-tetON:LSD1-
dCas9-DHFR

Mammalian tight TRE
promoter
(ORF1),
EF-1α core
(ORF2)

L10-hLSD1-L7-dCas9-
L1-HA-L6-SV40NLS-L2-
SV40NLS-L7-eDHFR

TagRFP-L2-T2A-
Tet-ON 3G

Lentiviral for
doxycycline-
inducible
expression
of LSD1-
dCas9
(CRISPRf),
also
controlled
by degron
from E. coli
DHFR
which can
be stabilised
by trimetho-
prim

This
study

254



B | Additional Figures

B.1 | Generation of CRISPRf (LSD1-dCas9/ADH1G-
dCas9) by lentiviral transduction-FACS

BD FACSDiva 9.4 BD FACSDiva 9.4

R
P

E
-1

− LSD1-dCas9 ADH1G-dCas9

R
P

E
-1 TP

53
-/-

mOrange

Ta
gR

FP

Figure B.1 | Single-cell sorting of LSD1-dCas9 and ADH1G-dCas9-transduced cells. Cells
were transduced with lentivirus expressing ADH1G-dCas9 or LSD1-dCas9, sorted by tagRFP.
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Appendix B. Additional Figures

B.2 | Generation of SLX1 knockouts by transfection
of RPE-1, RPE-1 TP53−/−, HAP1 and 293FT
cells with sgSLX1

Figure B.2 | Single-cell sorting by FACS of RPE-1, RPE-1 TP53−/−, HAP1 and 293FT for
SLX1 knockout generation. Cells transfected with sgSLX1 -3 (GFP) and sgSLX1 -5 (mRuby2) were
single-cell sorted for double-positive GFP+ and mRuby2+ cells by FACS.
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Appendix B. Additional Figures

B.3 | Generation of GFP-SLX1 complemented (and
GFP-EV) transduced populations in 293FT ∆SLX1
1 cells.

Figure B.3 | Heterogenous population sorting by FACS of 293FT ∆SLX1 1 for GFP-SLX1
complementation. Cells were transduced with lentivirus for the Dox-inducible expression of GFP-EV
and GFP-SLX1 and population-sorted by FACS for GFP expression after overnight treatment with
2 µg/ml of Dox.
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Appendix B. Additional Figures

B.4 | Generation of GFP-SLX1 complemented (and
GFP-EV) transduced populations in HAP1 ∆SLX1
37 cells.

Figure B.4 | Heterogenous population sorting by FACS of HAP1 ∆SLX1 37 for GFP-SLX1
complementation. Cells were transduced with lentivirus for the Dox-inducible expression of GFP-EV
and GFP-SLX1 and population-sorted by FACS for GFP expression after overnight treatment with
2 µg/ml of Dox.
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Appendix B. Additional Figures

B.5 | FACS of RPE-1 cells for SLX1 knock-in.

RPE-1

EGFP+
EGFP+

EGFP+

sgEV + donor
1.6%

sgSLX1-N + donor
13.1%

NT
0%

autofluorescence

E
G

FP

Figure B.5 | Single-cell sorting by FACS of RPE-1 cells for SLX1 knock-in generation. Cells
were transfected with sgSLX1 -N and donor plasmid pCDNA6.2-V5-PL-DEST:SLX1donor2, before
gradual zeocin selection and later single-cell sorted for GFP+ cells by FACS (FACS in this case collected
the off-diagonal GFP+ cells, that are interpreted as minimally fluorescent above any background
fluorescence).
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Appendix B. Additional Figures

B.6 | Human and Xenopus SLX4 sequence alignment

Figure B.6 | Human-Xenopus SLX4 sequence alignment. Sequence alignment of human and
Xenopus SLX4 orthologues. Sequences were aligned using the parasail pairwise semi-global alignment
tool (https://github.com/jeffdaily/parasail) and visualised using the pyMSAviz 0.5.0 package
(https://github.com/jeffdaily/parasail). Domain boundaries corresponding to the human
sequence are highlighted.
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Appendix B. Additional Figures

B.7 | PEI transfection efficiency

Figure B.7 | Comparison of transfection efficiency between lipofectamine and PEI. Expi293F
cells were transfected with pEGFP-C1 using lipofectamine 2000 or polyethylenimine (PEI) and harvested
next day for analysis of EGFP expression by flow cytometry.
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