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 Abstract 
 

Genomes are constantly subjected to various genotoxic stresses that can cause DNA 

damage, which, if unrepaired, can lead to cancer or cell death. To counteract this 

threat, cells have evolved a network of pathways that resolve DNA damage, termed 

DNA damage response (DDR). These crucial pathways and the interactions between 

them are regulated by post-translational modifications, including poly(ADP-

ribosyl)ation, which is carried out by poly(ADP-ribose) polymerases (PARPs). PARP1 

and PARP2 play important roles in the regulation of base damage repair. BER, one of 

the key base damage repair pathways, has been extensively studied, however, its 

regulation and crosstalk with alternative pathways resolving DNA base lesions is not 

fully understood. This work aims to identify novel factors contributing to base 

damage repair and assess their relationship with PARPs.  

 

Using a genome-wide CRISPR-Cas9 screen, we identified KEAP1 as a potential novel 

factor in alkylation base damage repair. KEAP1 acts as a substrate adaptor for the 

KEAP1-CUL3-RBX1 E3 ubiquitin ligase complex and had not been previously 

implicated in base damage repair. To validate the screen, we generated KEAP1-

deficient cell lines using genome editing. We found that loss of KEAP1 increases 

cellular sensitivity to the alkylating agent MMS. We determined that all of the KEAP1 

domains necessary for its function in the E3 ubiquitin ligase complex are also 

required for it to convey tolerance to MMS-induced damage. Disruption of KEAP1 is 

not epistatic with inhibition of repair through BER or direct repair, suggesting that 

KEAP1 acts in an alternative base damage repair pathway. Following damage, KEAP1 
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is recruited to chromatin in a PARP1-dependent manner. Interestingly, loss of KEAP1 

results in chromatin enrichment of PARP1 and PARP2 when exposed to MMS. We 

also identify a novel synthetic lethal interaction between KEAP1-deficiency and PARP 

inhibition, which could have therapeutic potential in the treatment of KEAP1-

deficient tumours.   
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1. Introduction 

1.1 DNA damage repair 

Cells are constantly exposed to environmental and endogenous stress factors 

causing DNA damage. To counteract these genotoxic stresses, cells have developed a 

multitude of pathways that repair various types of DNA damage, which together 

constitute a network of DNA damage response (DDR). Cooperation and partial 

redundancies between these pathways in the resolution of lesions are key factors in 

the successful maintenance of genome integrity. DNA damage can be caused 

endogenously, for example triggered by hydrolytic reactions of DNA with water or 

oxidative reactions with reactive oxygen species (ROS), or it can be induced by 

exogenous factors, such as UV and ionising radiation, and chemical agents 

(Chatterjee and Walker, 2017). Both endogenous and environmental factors can give 

rise to a variety of DNA damage types. The main focus of this thesis will be alkylation 

DNA base damage.  

 

1.2 Alkylation damage repair 

1.2.1 Sources of alkylation damage 

Base damage is the most commonly occurring DNA lesion and results from a 

chemical modification, such as hydrolysis, oxidation, deamination or alkylation of the 

nucleotide base, or from formation of a bulky base adduct (Bauer et al., 2015). 
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Although alkylation is not the most common among the different types of DNA base 

damage, it can be highly mutagenic (Drabløs et al., 2004). Methyl groups can be 

transferred from the electrophilic donor to the ring nitrogen or exocyclic oxygen 

atoms of the DNA bases and have the potential to generate 12 different lesions (Fu 

et al., 2012; Wyatt and Pittman, 2006). 

 

Alkylation damage can have endogenous or exogenous causes. Endogenous 

alkylation damage derives from the activity of metabolic enzymes (Nay and 

O'Connor, 2013). In particular, the family of S-adenosyl methionine (SAM) 

methyltransferase enzymes, which serve as a methyl donor in over 40 metabolic 

reactions, may play a significant role, but the detailed mechanisms are not 

thoroughly characterised (Cantoni, 1953; Soll et al., 2017). Exogenous alkylation 

agents are present environmentally as nitrosoureas producing mostly O-alkylation, 

or as methanesulfonates resulting mainly in N-alkylation (Nay and O'Connor, 2013). 

Another group of exogenous alkylating agents are chemotherapeutic drugs. 

Alkylating drugs were used in clinic as the first class of cancer therapy and are still  

important in the treatment of some cancers (Drabløs et al., 2004). Most of them are 

monofunctional methylating agents, bifunctional alkylating agents or 

chloroethylating agents (Kondo et al., 2010). Methyl methanesulfonate (MMS) has 

been used in research for many years to study the effects of alkylation DNA damage 

in cells (Lundin, 2005).  
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1.2.2 DNA damage induced by MMS and mechanisms of repair 

MMS is a monofunctional alkylating agent which displays high affinity to nitrogen in 

purines and pyrimidines, inducing a range of methyl base adducts, with N7-

methylguanine contributing to 84% of the mutations, followed by N3-methyladenine 

(8.5%) and N3-methylguanine (1.2%) (Nikolova et al., 2010). Unlike N3-

methyladenine and N3-methylguanine, N7-methylguanine does not block 

replication, but also leads to a potentially mutagenic apurinic (AP) site (Nikolova et 

al., 2010). O6-methylguanine constitutes only a small share (0.3%) of MMS-induced 

mutations and is resolved through O6-methylguanine-DNA methyltransferase 

(MGMT) (Kondo et al., 2010). Although O-alkylation is more mutagenic than N-

alkylation, both types of modification are cytotoxic and genotoxic (Nay and 

O'Connor, 2013). Alkylated purines tend to be highly unstable, which results in a 

spontaneous depurination (Izumi and Mellon, 2021).  

 

MMS has also been implicated in the formation of double strand breaks (DSBs), 

which are normally resolved through homologous recombination (HR) repair  

(Nikolova et al., 2010). Despite the reports that the observed DSBs are in fact 

artefacts attributed to the instability of methylated DNA when exposed to heat 

(Lundin, 2005), substantial evidence has been gathered from multiple other studies, 

including from our group, that supports the emergence of DSBs as an indirect effect 

of MMS treatment (Ensminger et al., 2014; Nikolova et al., 2010; Ronson et al., 

2018). These DSBs are caused by collision of progressing replication forks with an 

unresolved single strand break (SSB) intermediate of BER (Ensminger et al., 2014; 
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Shiu et al., 2020). Accumulation of the DSB marker yH2AX foci in S-phase cells after 

MMS treatment is inhibited in the case of early BER disruption or DNA synthesis 

prevention, demonstrating the yH2AX foci are not directly induced by the alkylated 

bases and proving a requirement for active replication to generate DSBs from BER 

intermediates after alkylation damage (Ronson et al., 2018). 

 

Base damage induced by MMS and other alkylating agents can be resolved by 

several DNA damage repair pathways. The specific route of repair can be 

preferentially chosen depending on the type of base modification, but often these 

pathways are partially redundant, providing alternative lesion resolution scenarios to 

prevent mutagenesis. Below we will review the main pathways of alkylation base 

damage repair.  

 

1.2.2.1 MGMT-mediated direct lesion repair  

Direct lesion repair removes alkylation damage from the DNA base without the 

requirement for a nucleotide template and it does not cleave the DNA backbone 

(Nay and O'Connor, 2013). Methylguanine DNA methyltransferase (MGMT) 

facilitates the removal O6-methylguanine (O6-meG) and O4-methylthymine (O6-meT) 

in a single step reaction by accepting the alkyl adduct from the base oxygen onto its 

cysteine residue (Figure 1.1; Verbeek et al., 2008; Yu et al., 2020). Being able to 

facilitate only one methyltransferase reaction, MGMT acts as a ‘suicide’ enzyme and 

after accepting the alkyl group, it is ubiquitylated and targeted for proteasomal  
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Figure 1.1 Schematic demonstrating the activity of MGMT in direct repair of alkylation base 
damage. MGMT facilitates the transfer of the methyl group from O6-meG and O6-meT onto its 
reactive Cys145, here marked in lime green. Reprinted from Nay and O’Connor, 2013.  
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degradation (Mitra, 2007; Srivenugopal et al., 1996). MGMT can bind to both 

double-stranded and single-stranded DNA though its DNA binding channel and helix-

turn-helix (HTH) DNA binding motif (Nay and O'Connor, 2013). This C-terminal region 

also contains the active site with its cysteine motif (-PCHR-) and residues that 

facilitate the alkyl group transfer to Cys145 (Crone and Pegg, 1993; Nay and 

O'Connor, 2013). 

 

Although the O6-meG adducts are generally stable when not removed by MGMT, 

they are extremely mutagenic, as they can lead to G:C to A:T mutations (Soll et al., 

2017). Therefore, targeting the MGMT activity provides an attractive opportunity to 

potentiate the effect of alkylating drugs on cancer cells. The expression status of 

MGMT is an important consideration in choosing cancer treatments, as the activity 

of this enzyme contributes to chemoresistance to alkylating drugs (Yu et al., 2020). In 

particular, hypermethylation of the CpG islands within the MGMT promoter 

decreases the expression level of the protein, which correlates with longer survival 

of glioblastoma patients treated with a combination of radiotherapy and the 

alkylating drug temozolomide (Hegi et al., 2005). Glioblastoma tumours with 

unmethylated MGMT promoter display resistance to temozolomide (TMZ), resulting 

from the active removal of methyl adducts from the DNA bases by MGMT (Rivera et 

al., 2010). Although the epigenetic status of MGMT can serve as a predictor of the 

TMZ response, a reversal of methylation of the MGMT promoter and acquisition of 

drug resistance upon initial TMZ treatment has been observed in some patients, 

leading to tumour recurrence (Park et al., 2012). This highlights the need to develop 

fail-safe strategies to control the MGMT activity in clinical setting. Clinical studies 
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involving O6-benzylguanine (O6BG) and O6-(4-bromothenyl) guanine (O6BTG), the 

two O6-meG analogues that act as pseudosubstrates for MGMT and thereby inhibit 

its activity, have shown promising results in sensitising cells to treatment with TMZ 

(Quinn et al., 2005; Ranson et al., 2006). However, later clinical studies determined 

that treatment with the O6-meG analogues increases the risk of cerebrospinal fluid 

leak, brain infection and leads to myelosuppression, which prevented the approval 

of these drugs for use in clinic (Quinn et al., 2009; Ranson et al., 2006). 

 

1.2.2.2 ALKBH-mediated direct lesion reversal 

The mammalian alpha-ketoglutarate-dependent dioxygenase alkB homolog (ALKBH) 

family includes nine proteins, three of which (ALKB1-3) can remove alkyl adducts 

from DNA bases (Gutierrez and O’Connor, 2021). ALKBH1 is a mitochondrial protein, 

but ALKBH2 and ALKBH3 are localised to the nucleus, where they can facilitate the 

repair of dsDNA and ssDNA, mostly removing 1-methyladenine (1-meA) and 3-

methylcytosine (3-meC) adducts (Falnes, 2004; Westbye et al., 2008). The 1-meA and 

3-meC adducts can pose a hindrance for replication and transcription progression, as 

well as lead to A:T transversions and C:T transitions, it is therefore important to 

repair these lesions in a timely manner (Gutierrez and O’Connor, 2021).  

 

The human ALKBH proteins are characterised by highly conserved secondary 

structure. They also possess a catalytic core comprised of the double-stranded β-

helix (DSBH), the nucleotide recognition lid (NRL) and the N-terminal extension (NTE) 

(Nay and O'Connor, 2013). Additionally to the conserved catalytic region, three  
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Figure 1.2 ALKBH-mediated repair of 1-meA and 3-meC adducts. The repair mediated by 
ALKBH2/3 is a reaction consisting of several steps. The conversion of α-ketoglutarate to 
succinate, and requires oxygen and Fe(II), releasing CO2. The repair to normal base releases 
formaldehyde. Reprinted from Gutierrez and O’Connor, 2021. 
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distinctive motifs localised on ALKBH2 are responsible for increasing the binding to 

both DNA strands, enabling efficient repair on dsDNA (Yang et al., 2008). To facilitate 

binding to ssDNA, ALKBH3 domain organisation that allows for higher degree of DNA 

backbone manipulation (Nay and O'Connor, 2013). 

Contrary to MGMT, the ALKBH family proteins are not ‘suicide’ enzymes and each 

molecule can perform numerous repair rounds. However, the repair of 1-meA or 3-

meC is a multistep reaction (Figure 1.2; Gutierrez and O’Connor, 2021). It involves 

the conversion of α-ketoglutarate to succinate, and restoration to undamaged base, 

releasing formaldehyde (Begley and Samson, 2003). 

 

1.2.2.3 Base excision repair 

Base excision repair (BER) is the main pathway through which a wide range of base 

damage is repaired. BER is a multistep pathway that can resolve small, non-bulky 

lesions, such as oxidation, deamination and methylation of the DNA bases and is 

mostly active during the G1 phase (Krokan and Bjoras, 2013). The repair is initiated 

by one of the 11 lesion-specific glycosylases which recognises and removes the 

damaged base (Chatterjee and Walker, 2017). The DNA glycosylases can be either 

monofunctional, such as UNG1 and the methyl purine glycosylase (MPG), which 

recognises alkylation damage, or bifunctional with an additional β-lyase activity, like 

NTHL1 and NEIL1/2 (Krokan and Bjoras, 2013). Depending on whether the abasic site 

was created by a monofunctional or a bifunctional glycosylase, it is channeled to be 

processed either by the short-patch BER or the long-patch BER, respectively (Figure 

1.3; Dianov and Hübscher, 2013).  
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Figure 1.3 Simplified schematic of base excision repair through short-patch and long-patch 
pathway. DNA glycosylase detects the base damage and removes the base. The resulting abasic 
site is recognized by APE1, which cleaves the DNA backbone, generating a single nucleotide gap. 
This gives rise to a SSB, which is detected by PARP1, the major sensor of SSBs. PARP1 activation 
and subsequent PARylation recruits other repair factors to the lesion, such as XRCC1. The SSB can 
be resolved through a short-patch or a long-patch repair pathway. Adapted from Caldecott, 2008.  
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Monofunctional glycosylases remove the damaged base, producing an abasic (AP) 

site, which requires further processing by the apurinic/apyrimidinic endonuclease 1 

(APE1) that cleaves the DNA backbone generating a deoxyribose phosphate (dRP) 5’ 

end. The bifunctional glycosylases remove the base and incise the DNA backbone 

through their lyase activity, producing a 3’ phosphate or a 3’ α,β-unsaturated 

aldehyde end (Figure 1.4). The single strand break following phosphodiester bond 

cleavage is detected by the SSB sensor PARP1. Upon binding to the SSB, PARP1 

becomes activated and synthesizes poly(ADP-ribose) chains (PAR), modifying itself 

and other DDR proteins at the lesion. This modification facilitates recruitment of 

downstream PAR-binding repair factors, such as the scaffolding factor X-ray repair 

cross complementing protein 1 (XRCC1) and polymerase β (Polβ) (Caldecott et al., 

1996). Polβ then tailors the 5’-dRP end produced by the APE1 endonuclease through 

its 5’-dRP lyase activity and fills the single nucleotide gap. The short-patch repair is 

completed through ligation of DNA by a complex of DNA ligase 3 (LIG3) and XRCC1 

(Almeida and Sobol, 2007). However, the DNA ends resulting from the lyase activity 

of bifunctional glycosylases are converted to 3’-OH by APE1 in the case of 

3’phosphate, or by polynucleotide kinase 3’-phosphatase (PNKP) for the 3’α,β-

unsaturated aldehyde (Coquelle et al., 2011; McNeill et al., 2020). In the long-patch 

repair pathway Polβ synthesizes a DNA polymer, which then displaces the strand, 

creating a flap (Akbari et al., 2008). In the final step of the long-patch repair, the flap 

endonuclease 1 (FEN1) in a complex with proliferating cell nuclear antigen (PCNA) 

removes the flap and the ligation is completed by LIG1 (Craggs et al., 2014). 
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Figure 1.4 Known human DNA glycosylases and their substrates. DNA glycosylases can be 
either monofunctional and catalyse the excision of the base, or bifunctional with an additional AP lyse 
activity that allows for the DNA backbone cleavage leading to a single strand break. When a 
glycosylase can act either as mono- or bifunctional, the most common mode of function was marked 
in bold. A – adenine, C – cytosine, T – thymine, G – guanine, 5-FU - 5-fluorouracil, 5-HMU - 5-
hydroxymethyluracil, 3meA - 3-methyladenine, 3meG - 3-methylguanine, 7meG - 7-methylguanine, 
Hx – hypoxanthine, 8-oxoG - 8-oxoguanine, Fapy – formamidopyrimidine, 5-HC -5-hydroxycytosine, 
5-HU -5-hydroxyuracil, Sp – spirominodihydantoin, Gh – guaninohydantoin. Adapted from Krokan and 
Bjoras, 2013. 
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1.2.2.4 Replication-coupled DNA base damage repair 

Unresolved DNA damage can act as an obstacle for the replisome. Replication-

coupled repair mechanisms help cells overcome these challenges and ensure 

replication forks progression. Although most base damage does not prevent the 

progression of the replicative CMG helicase, it can pause the polymerases, leading to 

replisome uncoupling (Cortez, 2019). Base methylation, base oxidation and abasic 

sites constitute some of the most frequent replisome obstacles among the various 

kinds of DNA base damage, even though they are not bulky adducts which are also 

well-known to hinder replication (Brickner et al., 2019; Cortez, 2019). 

 

Lesions that are not repaired in a timely manner, and therefore collide with 

replication forks, induce different replication-coupled repair mechanisms depending 

on the DNA strand where the damage is located (Figure 1.5). Base damage on the 

lagging strand can induce the stalling of primase Polα and Polδ, but efficient Polα 

repriming prevents the stalling of replication forks (Bainbridge et al., 2021; Quinet 

and Vindigni, 2018). The resulting ssDNA gaps are thought to be filled by translesion 

bypass polymerases after the completion of replication.   

 

In contrast to lesions on the lagging strand, those on the leading strand present 

greater potential for replisome blocking and lead to the uncoupling of replication  

forks (Cortez, 2019). However, cells have developed several strategies to either 

bypass or repair DNA damage encountered by replication forks on the leading 

strand. Repriming DNA synthesis on the leading strand with a specialised PrimPol is 
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Figure 1.5 Schematic demonstrating the different response of replication-coupled repair mechanisms to 
base damage in the lagging strand and in the leading strand. A. Base damage on the lagging strand usually 
escapes replication stalling due to the activity of primase Polα. B. Base lesions in the leading strand cause the 
uncoupling of replisome and is repaired or tolerated by employing translesion synthesis, repriming by PrimPol 
or fork reversal. C. Legend of graphic symbols. Adapted from Cortez, 2019.  
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possible following the uncoupling of the CMG helicase and the polymerase, allowing 

lesion skipping (Mourón et al., 2013). The resulting single-strand DNA (ssDNA) gap 

can be further resolved through an error-prone or an error-free mechanism. The 

ssDNA gap could be filled by the low-fidelity bypass polymerases in translesion DNA 

synthesis (TLS) using the damaged DNA strand as a template, and potentially leading 

to a mutation (Cortez, 2019; Sale et al., 2012). The lesion could also be resolved in an 

error-free mode through template switching (TS). Template switching uses the 

nascent sister DNA strand to extend the newly synthesised strand (Ashour and 

Mosammaparast, 2021a). Replication forks stalled by a lesion on the leading strand 

can also migrate backward to create the so called ‘chicken foot’ structure (Berti and 

Vindigni, 2016). This three-way forks junction reanneals the two newly synthesised 

strands, protecting the ssDNA and providing more time for repair pathways to 

resolve the lesion ahead of it (Ashour and Mosammaparast, 2021a).  

 

As discussed above, alkylation base damage can be resolved through multiple 

pathways – for example, direct repair, base excision repair, and replication-coupled 

repair – which provide cells with several resolution scenarios depending on the type 

of lesion and the cell cycle context. The regulation of these partially redundant 

pathways and the crosstalk between them remains to be better understood.  
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1.3 PARPs and alkylation DNA damage repair 

1.3.1 ADP-ribosylation in DNA damage response 

The DNA damage response (DDR) constitutes a network of pathways that enable 

smooth and efficient repair of DNA lesions. In transcriptionally silent chromatin, DNA 

is densely packaged around nucleosomes and organised into ‘beads on a string’ 

fibres, then into higher levels of fibres and fractal globules, which then form 

chromosomes (Hübner et al., 2013). In order to be able to resolve the lesion, the 

DDR factors require physical access to the site of damage, made possible by local 

chromatin decondensation. Moreover, successful repair of DNA damage requires a 

high degree of spatiotemporal organisation of the DDR factors involved. Proteins 

involved in the DNA damage repair need to not only be able to access the site of 

lesion, but to do so at the right time. Importantly, the localisation to the site of 

damage is transient and the DDR proteins disassociate from chromatin after having 

fulfilled their role, which facilitates the recruitment of downstream factors and the 

repair pathway progression (Adamson et al., 2012; Li and Yu, 2015). To a large 

extent, these processes are mediated and regulated by post-translational 

modifications (PTMs), such as phosphorylation, ubiquitylation, sumoylation and 

ADP-ribosylation. ADP-ribosylation plays a significant role in base damage resolution 

and is required for an efficient lesion repair. Therefore, this section will focus on the 

mechanism and the roles of ADP-ribosylation in DDR.  
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ADP-ribosylation is carried out by ADP-ribosyl transferases, which are also known as 

poly(ADP-ribose) polymerases (PARPs). PARPs have the ability to transfer the ADP-

ribose moiety from bound nicotinamide adenine nucleotide (NAD+) to a target 

protein (Hoch and Polo, 2020). ADP-ribosylation can involve the modification of the 

target molecule either with a single mono(ADP-ribose) unit (MARylation), or with a 

linear or branched chain of poly(ADP-ribose), called PARylation. PARylation plays a 

crucial role in sensing DNA damage, activating DDR pathways and facilitating repair 

(Li and Yu, 2015).  

 

PARylation of proteins associated with chromatin can induce chromatin 

decondensation, facilitating repair (Ciccarone et al., 2017). PARP1 has been shown to 

induce uncoiling of nucleosomal DNA after binding to a double-strand break in close 

proximity to a nucleosome, an effect which was reversed upon auto-PARylation of 

PARP1 (Sultanov et al., 2017). The negative charge of the PAR modification induces 

disassembly of nucleosomes and relaxation of chromatin (Messner and Hottiger, 

2011). The PARylation of histones is a crucial step in the DDR, as it causes the initial 

chromatin decondensation, which is then enhanced by recruitment of additional 

PAR-dependent chromatin remodellers (Andronikou and Rottenberg, 2021). 

 

Moreover, PARylation plays a prominent role in orchestrating  the process of protein 

recruitment to the lesion (Brown and Jackson, 2015; Gunn et al., 2016). Activated 

PARP1 auto-PARylates itself and the resulting poly(ADP-ribose) modifications are 

recognised by proteins containing a PAR-recognition domain (Ray Chaudhuri and 

Nussenzweig, 2017). Such target proteins bind noncovalently to the PAR chains and 
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as a result they are recruited to the site of damage (Krietsch et al., 2013). Several 

classes of PAR-binding domains have been identified, including the PAR-binding zinc 

finger (PBZ) domain, the PAR-binding motif (PBM), the WWE domain, the 

Macrodomain, the BRCT domain and the forkhead-associated (FHA) domain (Wei 

and Yu, 2016). Various PAR-recognising domains display different interaction modes 

with PAR. For example, the PBZ domain binds to two consecutive ADP-ribose 

moieties, while the WWE domain binds to iso-ADP-ribose and the Macrodomain 

recognises the terminal ADP-ribose (Ahel et al., 2009; Isogai et al., 2010; Teloni and 

Altmeyer, 2016; Wang et al., 2012). The scaffolding protein XRCC1 is a core factor in 

SSB repair and it is recruited to the single-strand break by PARP1 or PARP2 in a PAR-

dependent manner (Hanzlikova et al., 2017). The binding of XRCC1 to PAR is 

mediated by the BRCT domain of XRCC1, which is also responsible for binding to 

DNA, and both of these interactions are necessary for efficient SSB repair (Polo et al., 

2019). Another important factor recruited to the PAR moieties on activated PARP1 is 

the chromatin remodeller ALC1, which binds PAR through its C-terminal 

Macrodomain and catalyses nucleosome sliding (Ahel et al., 2009; Andronikou and 

Rottenberg, 2021). The PBZ domain, which is less frequently found in mammalian 

proteins, enables the DNA-repair histone chaperone APLF to recognise and bind PAR 

(Mehrotra et al., 2011). While numerous DDR proteins with PARP-dependent 

chromatin recruitment pattern have been identified, others likely remain to be 

uncovered. 
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1.3.2 DNA-dependant PARPs 

Poly(ADP-ribose) polymerases (PARPs) constitute a superfamily of 17 proteins which 

can catalyse the transfer of the ADP-ribose, which derives from NAD+, onto itself or 

other proteins (Liu et al., 2017). Despite the name of the superfamily, most PARPs 

are mono(ADP-ribosyl) transferases and can modify their targets with a single unit of 

ADP-ribose. Only PARP1, PARP2, PARP4 and PARP5 have the ability to synthesise 

poly(ADP-ribose) chains (PAR), which can be either linear or branched, depending on 

the enzyme (Kamaletdinova et al., 2019; Zarkovic et al., 2018). However, the 

superfamily is defined by a sequence homology within the C-terminal catalytic 

domain (Hottiger et al., 2010). The founding member of the family, PARP1, was 

discovered in 1963 in Paul Mandel’s laboratory following the observation of rapid 

NAD+ consumption and synthesis of a new polyadenylic acid after the exposure of 

cells to alkylation agents (Chambon et al., 1963; Drew, 2015). For many years PARP1 

was assumed to be a protein with unique abilities to sense and signal DNA damage, 

solely responsible for cellular ADP-ribosylation. However, the observation of 

retained ability to synthesise poly(ADP-ribose) chains in PARP1-deficient mouse 

embryonic fibroblasts, together with the identification of two PARP1-homologues in 

Arabidopsis thaliana, suggested an additional PARP factor might be present in 

mammals (Lepiniec et al., 1995; Shieh et al., 1998). This eventually led to the 

discovery of murine and human PARP2 through a search based on the similarity with 

the catalytic domain of the A. thaliana poly(ADP-ribose) polymerase, APP (Amé et 

al., 1999). Shortly after that, an expressed sequence tag (EST) library screen based 
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on the similarity to the catalytic domain of human PARP1 revealed another member 

of the family, PARP3 (Johansson, 1999). 

 

PARP1, together with PARP2 and PARP3, form a subclass of DNA-dependent PARPs 

which require the binding to specific DNA structures to become activated. An 

estimated 90% of PARylation is conducted by PARP1, with PARP2 being the second 

dominant PARylating factor (Beck et al., 2014). PARP3 cannot synthesise PAR chains, 

but modifies its target via the addition of a mono(ADP-ribose) unit (Zarkovic et al., 

2018).  

 

PARP1 binds to specific DNA damage sites, such as SSBs, DSBs, overhangs or hairpins, 

through zinc finger domains ZFI and ZFII, both located in the N-terminal domain. ZFII 

also plays an important role in the activation of PARP1 after binding to DNA (Figure 

1.6, Kamaletdinova et al., 2019). PARP1 also possesses an automodification domain 

with subdomain BRCT and flanking regions, a WGR domain, and a highly conserved 

C-terminal catalytic domain (CAT) comprised of a helical subdomain (HD) and ADP-

ribosyl transferase (ART) subdomain (van Beek et al., 2021). The BRCT domain is 

crucial for protein-protein interactions and WGR plays an important role in DNA-

dependent activation (Kamaletdinova et al., 2019). The ART domain contains the 

NAD+ acceptor site and the HD allosterically controls the binding capabilities of the 

ART domain (van Beek et al., 2021). Although PARP2 and PARP3 do not possess the 

N-terminal zinc finger domain, they can bind to 5’phosphorylated DNA breaks 

through the WGR domain (van Beek et al., 2021; Zarkovic et al., 2018). It has been 

demonstrated using information derived from crystal structures of PARP1 at a 
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Figure 1.6 Schematic comparison of the domain organization of the DNA-dependent PARPs. ZFI - zinc finger I, 
ZFII - zinc finger II, ZFIII - zinc finger III, NLS - nuclear localization signal, BRCT - BRCA1 C-terminal. The catalytic 
domain contains the NAD+ acceptor site and residues important for PAR synthesis. Adapted from 
Kamaletdinova et al., 2019.  
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double strand break, that upon binding to the DNA damage site by ZFI and ZFII, the 

ZFIII and WGR interact with the minor groove of the DSB, facilitating contact 

between domains (Langelier et al., 2012). This interaction induces conformational 

changes in the HD, triggering the catalytic activation of PARP1 (Langelier et al., 

2012). This allosteric regulation mechanism is partly shared with PARP2 and PARP3 

as well, where the destabilisation of HD results from the binding of WGR domain to 

DNA (Langelier et al., 2014). Subsequently, catalytically activated PARP1 and PARP2 

synthesise PAR chains that can be long and branched and are covalently bound to 

the target proteins (Ray Chaudhuri and Nussenzweig, 2017). The targets of this 

modification can be PARP itself, other DDR proteins or histones. PARP1 and PARP2 

have the ability modify their targets by PARylation, as well as by MARylation, and 

they both preferentially modify their own aspartate and glutamate residues 

(Rudolph et al., 2021b). However, interaction of PARP1/2 with HPF1 (histone 

PARylation factor 1) redirects the target residue specificity to serine and promotes 

transPARylation of histones over autoPARylation (Bonfiglio et al., 2017; Gibbs-

Seymour et al., 2016; Suskiewicz et al., 2020). The ADP-ribosylation of serine 

residues strictly requires HPF1 and constitutes the majority of DNA damage-induced 

ADP-ribosylation occurring in mammalian cells (Bonfiglio et al., 2017; Palazzo et al., 

2018). As mentioned previously, PARP3 can only transfer mono(ADP-ribose) units 

onto its targets, potentially due to an absent D-loop in its donor site (van Beek et al., 

2021). 

 

PARylation is a rapid process, occurring within seconds of DNA damage (Ray 

Chaudhuri and Nussenzweig, 2017). After the DNA lesion is resolved, the PAR chains 
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are promptly removed from the modified proteins by (ADP-ribosyl)hydrolases. 

Removal of the PAR chains is a crucial final step of the signalling cascade, which 

prevents the trapping of the proteins bound to PAR at the site of DNA damage 

(Kassab et al., 2020). Because of the heterogeneous nature of bonds within the PAR 

chains, dePARylation involves the degradation of the linear linkage between two 

ADPr units, as well as the hydrolysis of the branch point between two ADPr units, 

and the cleavage of the terminal amino acyl-ADP-ribosyl bond (Rack et al., 2021). 

The two main hydrolases participating in the degradation of ADP-ribosylation 

modifications of serine, which is the primary acceptor of ADPr in DDR, are poly(ADP-

ribose)glycohydrolase (PARG) and (ADP-ribosyl)hydrolase 3 (ARH3) (Rack et al., 

2020). While PARG can degrade both the linear and the branched linkages in the PAR 

chain, it is unable to remove the terminal ADP-ribose unit bound to the serine of the 

modified protein (Slade et al., 2011). However, this seryl-ADP-ribosyl linkage can be 

cleaved by ARH3, which is the only known enzyme with the ability to remove 

MARylation of serines (Fontana et al., 2017; Rack et al., 2021). Removal of the 

proximal ADP-ribose moiety from aspartate or glutamate of the acceptor protein 

requires the activity of other hydrolases, such as TARG1 or MacroD1/2 (Kassab et al., 

2020). The cooperation of appropriate hydrolases is necessary for effective DNA 

damage repair and any mutations leading to accumulation of PAR can be 

catastrophic to cell survival (Ray Chaudhuri and Nussenzweig, 2017; Zhou et al., 

2010).   
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1.3.3 PARPs and BER 

PARP1 is a sensor of single strand breaks (SSBs), both those originating directly, for 

example as a result of exposure to UV, gamma-irradiation, or reactive oxygen 

species (ROS), and those arising during BER as a result of endonuclease activity 

(Caldecott, 2008; Lankinen et al., 1996; Pogozelski and Tullius, 1998). However, the 

important role of PARP1 in BER was not immediately clear in the early studies in this 

field. Although PARP1-deficient murine cells exhibited high sensitivity to treatment 

with an alkylating agent N-methyl-N-nitrosourea, another study reported that mouse 

embryonic fibroblasts efficiently repair base damage in the absence of PARP1 (de 

Murcia et al., 1997; Vodenicharov et al., 2000). Reports of the lack of requirement 

for PARP to reconstitute BER in vitro also seemed to support the thesis that PARP1 is 

dispensable for that pathway (Pascucci et al., 2002).  

 

A possible explanation of these observations was offered by the discovery that cells 

derived from PARP1-/- mice synthesised poly(ADP-ribose) chains identical to those 

synthesised by PARP1 when exposed to an alkylating agent (Shieh et al., 1998). This 

indicated another factor must be present that carries out PARylation in response to 

base damage in the absence of PARP1. The subsequent discovery of PARP2 and its 

similarities with the PARylation abilities of PARP1 prompted a hypothesis of 

redundancy between the two proteins in alkylation DNA damage repair (Amé et al., 

1999). Moreover, combined deficiency in PARP1 and PARP2 resulted in embryonic 

lethality in mice, indicating redundancy of these two proteins (Menissier de Murcia, 

2003). In contrast to parp1D and parp2D cells, parp1/2D cells exposed to MMS 
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displayed a significant rise in SSB levels compared to wild-type cells, indicating 

redundancy in resolution of SSBs resulting from BER processing (Ronson et al., 2018).  

 

PARP1 and PARP2 act redundantly in facilitating the progression of BER by recruiting 

the scaffolding protein XRCC1 to the SSBs (El-Khamisy, 2003). XRCC1 recognises and 

non-covalently binds to PAR through its BRCT motif (Polo et al., 2019). XRCC1 is 

recruited to chromatin in the absence of either PARP1 or PARP2 following H2O2 

exposure, but no XRRC1 recruitment was observed were neither of the PARP 

proteins were present (Hanzlikova et al., 2017). PARylation by either PARP1 or 

PARP2 also induces the localisation to chromatin of the chromatin remodeller ALC1 

containing a Macrodomain (Lehmann et al., 2017). ALC1 promotes chromatin 

decondensation, providing access to the lesion for other repair factors (Ooi et al., 

2021). Chromatin relaxation induced by modification of histones can further 

facilitate the binding of BER factors to the site of damage, such as reported 

PARylation of histones by PARP1 or PARP2 requiring an interaction with histone 

PARylation factor 1 (HPF1) (Rudolph et al., 2021a).  

 

1.3.4 PARPs and replication fork reversal in alkylation damage 

repair 

PARP1 also plays a role in regulation of fork reversal, one of the replication-coupled 

repair mechanisms that can contribute to resolution of alkylation base damage (Ray 

Chaudhuri et al., 2012). PARylation by PARP1 has an inhibitory effect on the RECQ1 

helicase activity (Berti et al., 2013). PARylation of RECQ1 prevents untimely fork 
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restart and stabilises the forks in the reversed state, allowing for the repair to be 

carried out and avoiding replication run-off that can result in DSBs (Berti and 

Vindigni, 2016). The activity of PARP1 at the reversed replication fork can be 

inhibited by the E3 ubiquitin ligase MDM2. Ubiquitylation by MDM2 targets PARP1 

for proteasomal degradation, which in turn results in replication fork progression 

(Giansanti et al., 2022).  

 

1.4 PARP inhibitors 

Given the important role of PARPs in DNA damage repair, it is not surprising that 

they are active targets of therapeutics. Poly(ADP-ribose) polymerase inhibitors 

(PARPi) are nicotinamide analogues competing with NAD+ in binding the active site 

of PARP, thereby suppressing its catalytic activity (Yi et al., 2019). PARP inhibition 

was first observed as an effect of nicotinamide and thymidine treatment over five 

decades ago (Preiss et al., 1971). Although a number of PARP inhibitors were 

identified in the following years, it was not until 2014 that olaparib became the first 

of these drugs to be approved for use in clinic (Kaufman et al., 2015; Terada et al., 

1979). Since then, several more PARPi have been developed and approved for cancer 

treatments. Olaparib has been approved for the treatment of ovarian, breast, 

pancreatic and prostate cancers (Kindler et al., 2022; Mateo et al., 2020; Tutt et al., 

2021). Rucaparib has been approved for use in patients with ovarian and prostate 

cancers (Abida et al., 2020; Ledermann et al., 2020). Talazoparib has been approved 

for treatment of breast cancer and niraparib for maintenance of ovarian, fallopian 

tube and peritoneal cancers (González-Martín et al., 2019; Litton et al., 2018). There 
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are ongoing clinical trials involving the use of PARPi, also in combination with other 

drugs, to treat numerous other types of cancer (Topatana et al., 2020). 

 

1.4.1 Synthetic lethality  

The term synthetic lethality describes an event in which a concurrent functional loss 

of two genes leads to cell death, while the loss of just one of the genes is tolerated 

by the cell and allows its viability (Yi et al., 2019). The idea of synthetic lethality was 

first developed based on the outcome of simultaneous mutations in two genes in 

Drosophila in 1922 and later extensively studied in yeast (Bridges, 1922; Nijman, 

2011). At the beginning of the 21st century, uncovering synthetic lethal interactions 

involving known cancer mutations became a focus of interest (Kaelin, 2005). 

Identifying such relationships was attractive as it would provide a possible 

pharmacological target for specific mutation-tailored cancer therapies. The discovery 

of synthetic lethal interaction between BRCA1/2 deficiency and PARP inhibition in 

2005 by two independent groups presented new opportunities in designing 

treatment strategies that would kill specifically BRCA1- or BRCA2-deficient tumours 

(Bryant et al., 2005; Farmer et al., 2005). These reports laid the foundation for 

developing the first PARP inhibitor, olaparib, to be used in clinic, as well as the later 

approved for patient treatment rucaparib (Drew, 2015). Two more PARPi, niraparib 

and talazoparib, were approved for clinical use in 2017 and 2018, respectively (Rose 

et al., 2020).  
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The drug-gene synthetic lethality induced by PARP inhibitors in BRCA1/2-deficient 

cells relies on the presence of mutations causing impaired homologous 

recombination repair (HR). While the tumour suppressor genes BRCA1 and BRCA2 

are essential for HR, a concept of BRCAness has been developed, which is defined as 

a defect in HR that mimics BRCA1/2 deficiency in sensitivity to PARPi (Byrum et al., 

2019). Therefore, other factors that regulate BRCA1/2 expression or their function in 

HR may lead to synthetic lethality with PARPi. Recently, the definition of BRCAness 

has been expanded to include defects in replication fork protection, as well as DNA 

damage checkpoint proteins and kinases, such as CDK12, which promote BRCA1/2 

function in HR (Byrum et al., 2019). Such a revised understanding of BRCAness may 

broaden the range of possible gene deficiencies that could be exploited by 

therapeutic strategies involving PARP inhibition.  

 

1.4.2 Possible mechanisms driving the cytotoxicity of PARP 

inhibition 

Despite extensive research involving PARP inhibitors, the exact mechanism 

responsible for their synthetic lethality with certain cancer mutations has not yet 

been established. The first reports of synthetic lethality between PARPi and BRCA1/2 

deficiency proposed that the observed cytotoxicity of this relationship stems from 

accumulation of DNA single strand breaks due to PARP inhibition (Bryant et al., 2005; 

Farmer et al., 2005). During DNA synthesis, replication forks encountering these SSBs 

would stall and collapse, giving rise to double strand breaks. Without functional HR, 

DSBs would be repaired via non-homologous end joining (NHEJ), which is more 
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error-prone and more likely to result in genomic instability (Patel et al., 2011). This 

model was questioned by a later study, which demonstrated PARP inhibition did not 

lead to an increase in the level of SSBs in HR-defective cells (Gottipati et al., 2010; 

Rose et al., 2020). Additionally, depletion of XRCC1, which is an important SSB repair 

factor, did not result in increased sensitivity to PARP1 depletion (Nazarkina et al., 

2007; Patel et al., 2011). 

 

The observation that PARP inhibition is more cytotoxic than PARP depletion 

indicated that an additional mechanism might contribute to the synthetic lethal 

interaction of PARP inhibitors with HR (Murai et al., 2012). It was proposed that after 

having bound the inhibitors to the NAD+-binding domain, PARPs’ ability to auto- 

PARylate is lost and they become trapped on the DNA (Figure 1.7; Rose et al., 2020; 

Shen et al., 2013). However, the trapping is not directly caused by the inhibition of 

the PARylation activity of PARP. Through binding to its helical domain, specific PARPi 

have different effect on the allostery of PARP1, and can either promote allosteric 

retention, be allosterically neutral, or promote allosteric release (Zandarashvili et al., 

2020). Interestingly, olaparib and talazoparib were found to be allosterically neutral, 

while other data indicate that talazoparib has the highest trapping potential among 

the clinically-approved PARPi, followed in its trapping potency by niraparib, olaparib 

and rucaparib, and lastly, the low-trapping veliparib (Blessing et al., 2020; Pommier 

et al., 2016; Zandarashvili et al., 2020). This could suggest that the PARP trapping 

abilities of these inhibitors are driven mostly by inhibition of the auto-PARylation-

dependent release mechanism. PARPs trapped at the site of DNA damage provide 

obstacles which cannot be bypassed by replication forks, resulting in the rise of 
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Figure 1.7 Schematic demonstrating the PARP-trapping model of synthetic lethality between 
PARPi and HR deficiency. After binding to the inhibitor, PARP loses its ability to autoPARylate and 
becomes trapped on the DNA. Trapped PARP becomes an obstacle for the replication forks, leading 
to rise in DSBs, which can be resolved by HR in HR-proficient cells, or by error-prone NHEJ in HR-
deficient cells., often resulting in genomic instability.  
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DSBs, which in HR-deficient cells reliant on NHEJ leads to genomic instability (Farmer 

et al., 2005; Murai et al., 2012). Although the cytotoxic effect of PARP trapping at the 

site of damage is well documented, it is still unclear how much it contributes to the 

synthetic lethality with HR (Adamowicz et al., 2021; Juhász et al., 2020). Several 

PARPi are successfully used in treatments against BRCA-mutated ovarian and breast 

cancer, among other (Topatana et al., 2020).  However, PARP trapping by PARPi has 

a cytotoxic effect both on cancer and on healthy bone marrow cells, calling into 

question the therapeutic application of inhibitors with high trapping potency 

(Hopkins et al., 2019). 

 

Another mechanism that might contribute to the cytotoxicity of PARP inhibition is 

the stalling of replication forks. PARP1 is required at stalled replication forks to 

promote MRE11-mediated restart (Berti et al., 2013; Bryant et al., 2009). 

Furthermore, PARP1 stabilises the replication forks at BER intermediates to prevent 

nucleolytic resection, acting redundantly with PARP2 (Ronson et al., 2018). PARP1 

and PARP2 are also redundant in directly promoting BER through signalling DNA 

damage and recruiting DDR factors to the lesion (Ronson et al., 2018). Despite these 

redundancies between PARP1 and PARP2, this relationship does not apply to 

synthetic lethality with HR, which depends largely on the loss of PARP1 (Ronson et 

al., 2018). The absence of catalytically active PARP prevents replication forks restart 

and leads to uncontrolled nucleolytic resection at the stalled forks. If replication 

forks are unable to restart and are not stabilised, they collapse, which can result in 

the formation of DSBs (Cortez, 2015). DSBs can also arise from the collision of 
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replication forks with an unresolved SSB (Berti and Vindigni, 2016). The resulting 

DSBs cannot be repaired in an error-free manner without functional HR, which can 

explain the synthetic lethality of PARP inhibition in HR-deficient cells (Rose et al., 

2020). Moreover, this effect is further exacerbated by the inhibitor-induced trapping 

of PARPs at the lesion, which provides an obstacle for the replication machinery, 

leading to forks collapse and emergence of DSBs (Murai et al., 2012). 

 

Additionally, upregulation of NHEJ in cells with defective HR might play a part in the 

synthetic lethality between PARP inhibition and BRCA-deficiency. DSBs can be 

repaired either by an error-free HR pathway using an intact homologous DNA 

template, or through an error-prone NHEJ. When the repair of DSBs through HR is 

not possible, cells become overly reliant on NHEJ, which can lead to an increased 

mutational burden and by itself is sufficient to cause cell death (Scully et al., 2019). 

PARP inhibition promotes the requirement for NHEJ phosphorylation of DNA-PK 

targets, which results in NHEJ upregulation (Patel et al., 2011). Moreover, depletion 

of Ku80, which is required for NHEJ, alleviated the cytotoxicity of PARPi in BRCA2 

deficient cells (Patel et al., 2011). Although these are appealing arguments for the 

role of NHEJ upregulation in the synthetic lethality of PARPi with HR deficiency, 

opposing conclusions can be drawn from the reports of additive cytotoxic effect of 

combined DNA-PK and PARP inhibition in HR-deficient cells (Fok et al., 2019; Rose et 

al., 2020). 

 

However, the recently proposed model of replication gaps driving PARPi cytotoxicity 

challenges the validity of the previously considered mechanisms. A recent study 
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demonstrated that instead of slowing down or stalling DNA replication, PARP 

inhibition resulted in acceleration of the replication fork progression by 40% (Maya-

Mendoza et al., 2018). The initial interpretation of this finding suggested that 

catalytically inactive PARP1 fails to promote fork reversal, leading to a replication 

runoff of the unrestrained forks and, subsequently, to the rise of DSBs (Maya-

Mendoza et al., 2018; Quinet and Vindigni, 2018). Alternatively, Cong et al.  

hypothesised that the PARPi-induced high speed replication results in the 

accumulation of replication-associated ssDNA gaps, which is synthetic lethal in 

BRCA1/2-deficient cells due to the role BRCA proteins play in preventing replication-

associated gaps, and to the PARP1 participation in Okazaki fragment processing 

(Cong et al., 2019). Indeed, an accumulation of ssDNA gaps was observed in BRCA1-

RAD51-deficient cells exposed to PARPi, leading to synthetic lethal interaction 

caused by the combination of defects in Okazaki fragment processing (OFP) and in 

replication gap suppression (Cong et al., 2021). This model is further supported by 

the sensitivity of BRCA1-deficient cells to inhibition of OFP and ssDNA binding by 

RPA, resulting in exposed gaps, and this sensitivity can be rescued by the loss of 

53BP1 which restores OFP (Cong et al., 2021). Moreover, the resistance to PARP 

inhibition correlates with gap suppression (Cong et al., 2021). This newly proposed 

model of replication-associated gaps- driven PARPi cytotoxicity provides an 

opportunity to explore potential strategies for overcoming PARPi resistance 

emerging in some cancer cells. It could also lead to expansion of the potential 

tumour targets for PARPi therapy beyond those exhibiting a defect in HR.  
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Despite the fact that PARPi are safely and effectively used in cancer treatment, what 

drives the synthetic lethality with HR remains to be determined. Possibly, more than 

one of the described mechanisms is a contributing factor. Further investigation into 

the foundation of this synthetic lethal relationship is needed and has the potential to 

reduce the side effects experienced by patients treated with PARPi and possibly 

expand the patient population that might benefit from PARPi therapy. Similarly, 

identification of other factors that work together with PARPs in DDR and may exhibit 

synthetic lethal phenotypes may also offer therapeutic potential.  

 

1.5 KEAP1 

1.5.1 KEAP1 functions as a substrate adaptor for E3 ubiquitin 

ligase regulating the activity of NRF2 

KEAP1 (Kelch-like ECH-associated protein 1) was discovered in 1999 by Yamamoto 

and colleagues as the negative regulator of the transcription factor NRF2 (Itoh et al., 

1999). It is a highly conserved, 624-amino-acid-long protein rich in cysteines (Figure 

1.8; Dayalan Naidu and Dinkova-Kostova, 2020). KEAP1 is a sensor for endogenous 

and exogenous oxidants and electrophiles, which inhibit its activity and cause NRF2 

accumulation (Itoh et al., 1999). NRF2 then translocates to the nucleus, where it 

upregulates the transcription of cytoprotective genes by binding to antioxidant 

responsive elements (AREs) or electrophilic responsive elements (EpREs) (Reddy, 

2008).  
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Figure 1.8 KEAP1 is a highly conserved, cysteine-rich protein. Pairwise sequence alignment of human and 
murine KEAP1 using EMBOSS Needle indicates 94.1 % identity and 97.3 % similarity between amino acid 
residues. A period (.) indicates conservation between amino acid groups exhibiting weakly similar properties. A 
colon (:) indicates conservation between amino acid groups exhibiting strongly similar properties. A vertical 
slash (|) indicates identical amino acids.  
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Figure 1.9 Schematic representation of the KEAP1-CUL3-RBX1 complex (depicted as a monomer) and its 
interactions with NRF2 both in basal and in stressed state. In the basal state NRF2 is ubiquitinated by the E3 
ligase and degraded by the proteasome. In the presence of oxidative stress, the NRF2 ubiquitination is 
inhibited and the trapped NRF2 saturates the KEAP1 binding sites. This allows for newly translated NRF2 to 
escape the KEAP1-dependent ubiquitination and proteasomal degradation. NRF2 translocates to the nucleus, 
where it upregulates ARE-dependent cytoprotective gene expression. N8 depicts neddylation by NEDD8. 
Adapted from Baird and Yamamoto, 2020. 
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KEAP1 is a component of a multimeric Cullin-RING ubiquitin ligase (CRL). It forms a 

complex with Cullin3 (CUL3) and the RING protein RBX1, where KEAP1 combines the 

roles of both the substrate recognition and the adapter protein (Dinkova-Kostova et 

al., 2017). RBX1 facilitates the ubiquitin transfer from an E2-ubiquitin conjugating 

enzyme to the E3 ubiquitin ligase complex, while CUL3 serves as a scaffold 

connecting KEAP1 and RBX1 (Baird and Yamamoto, 2020). Under normal conditions  

Figure 1.9), the complex positions the NRF2-bound KEAP1 and the E2-bound RBX1 in 

a configuration that enables the ubiquitylation of NRF2 (Baird and Yamamoto, 2020). 

Repetitive rounds of ubiquitination and attachment of polyubiquitin chain of at least  

four ubiquitins linked through their Lys48 residues targets NRF2 for degradation by 

the 26S proteasome (Pierce et al., 2009).  

 

1.5.2 Structural organisation of the KEAP1 protein  

KEAP1 belongs to the BTB-Kelch protein family characterised by the presence of the 

BTB domain and the Kelch domain (Kopacz et al., 2020). Structurally, the KEAP1 

protein is comprised of five different regions (Figure 1.10), namely the N-terminal 

region (residues 1-49), the BTB domain (residues 50-179), the intervening region 

(IVR, residues 180-314), the Kelch domain (residues 327-611) and the C-terminal 

region (residues 612-624) (Dinkova-Kostova et al., 2017). 

 

The BTB domain is an evolutionary conserved region named after the Drosophila 

melanogaster proteins Broad-Complex, Tramtrack and Bric a brac, where it was first 

discovered, and since identified in the proteins of various organisms, such as  
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Figure 1.10 A. Organisation of domains within human KEAP1 with indicated locations of its cysteine 
residues. B. The crystal structure of the BTB domains (PDB ID: 4CXI) of the KEAP1 molecules forming 
a dimer. Each of the two monomers is marked with a different colour. C. The crystal structure of the 
Kelch domain of KEAP1 (PDB ID: 2FLU), showing the six propeller blades. D. Model of the predicted 
complete KEAP1 homodimer structure. The structure of the KLHL11 BTB and BACK domains (PDB ID: 
313N) was used to model the BTB and IVR domains of KEAP1. The Kelch domain of KEAP1 is shown in 
complex with either the ETGE motif (PDB ID: 2FLU) or the DLG motif (PDB ID: 3WN7). The cysteine 
residues of the human KEAP1 have been modelled onto the KLHL11 structure. The inset shows the 
highly reactive Cys151 (PDB ID: 4CXI) surrounded by basic residues. Reprinted from Dinkova-Kostova 
et al., 2017. 



 47 

poxvirus, zebra fish, mouse and human (Chaharbakhshi and Jemc, 2016). 

Structurally, the BTB domain of KEAP1 consists of six α-helices organized in α-helical 

hairpins and of three β-strands organized in a β-sheet (Cleasby et al., 2014). The BTB 

domain is a protein-protein interaction motif, facilitating homo- and 

heterodimerization and multimerization (Bardwell and Treisman, 1994). In KEAP1 

specifically, the BTB domain is responsible for its homodimerization (Zipper and 

Mulcahy, 2002). The BTB domain in KEAP1 is also necessary for its binding to CUL3 

(Furukawa and Xiong, 2005).  

 

The structure of the IVR in KEAP1, also known as the BACK domain, has not been 

solved to date. However, the known structures of the BACK domains of KLHL3 and 

KLHL11 exhibit an extended helical organization, which is thought to play a role in  

the correct positioning of the Kelch domain (Canning et al., 2013; Dinkova-Kostova et 

al., 2017; Ji and Privé, 2013). The AI-based protein structure prediction with 

Alphafold proposes a model (PDB ID: Q14145 and PDB ID: A0A024R7C0) of the IVR as 

six α-helices loosely organized in α-helical hairpins (Jumper et al., 2021; Varadi et al., 

2022). A “3-box” motif at the N-terminus of the IVR creates a hydrophobic groove 

and, together with BTB domain, is critical for CUL3 binding (Yamamoto et al., 2018). 

 

The C-terminal Kelch domain of KEAP1 contains six repeats of the Kelch motif, 

forming a six-bladed β-propeller (Dinkova-Kostova et al., 2017). While the regions of 

Kelch domain maintaining its structural organization are highly conserved, the 

sequences of Kelch repeats vary between different KLHL proteins belonging to BTB-

Kelch family, and it is thought that those differences are responsible for substrate 
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specificity (Dhanoa et al., 2013; Kopacz et al., 2020). The Kelch domain is required for 

KEAP1 interaction with all its known substrates, such as NRF2, PALB2 or 

Marburgvirus’ VP24 (Itoh et al., 1999; Orthwein et al., 2015; Page et al., 2014). The 

Kelch domain shows a high affinity to the ETGE motif and a lower affinity to the DLG 

motif, both of which are found in the Neh2 domain of NRF2 (Yamamoto et al., 2018). 

 

Like all CRLs based around CUL3, the KEAP1-CUL3-RBX1 ubiquitin ligase functions as 

a homodimer, which is a feature unique among the superfamily of CRLs and crucial 

for its mode of action (Dinkova-Kostova et al., 2017; McMahon et al., 2006; Tong et 

al., 2006). The assembly of the complex is dependent on the homodimerization 

between the BTB domains of two KEAP1 molecules (Choo and Hagen, 2012). This 

interaction is necessary and sufficient for the dimerization of the two KEAP1-bound 

CUL3 proteins through their WH-B domains (Choo and Hagen, 2012). Although the 

structure of the KEAP1-CUL3-RBX1 complex has not been solved to date, this model 

of structural interactions within the complex is supported by single particle electron 

microscopy imaging of a mouse KEAP1 dimer, which demonstrated a structure of 

two spheres (Kelch domains and IVR) joined together by stems (BTB domains) in a 

cherry-like fashion (Canning et al., 2015; Ogura et al., 2010). Analysis of the CryoEM 

data revealed that the distance between the two Kelch domains of the homodimer 

matches the length of the ETGE- and DLG-containing Neh2 domain of NRF2, 

suggesting that KEAP1 homodimer binds to the two motifs of a single NRF2 molecule 

(Canning et al., 2015). Solving the structures of the KEAP1 BTB domain and Kelch 

domain – either with a truncated NRF2 peptide or without the ligand – further 

elucidated the nature of the protein interactions within the complex (Cleasby et al., 
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2014; Li et al., 2004; Lo et al., 2006). Moreover, biochemical data demonstrates that 

the KEAP1 homodimer interacts with two distinct binding sites of a single NRF2 

molecule (Genschik et al., 2013; McMahon et al., 2006). These findings gave the 

foundation for developing the model of ‘hinge-and-latch’ mechanism of binding 

NRF2 by KEAP1 (Tong et al., 2007). This model proposes that in order for NRF2 to 

become positioned in a way that enables its ubiquitination, the KEAP1 dimer must 

bind both to its ETGE motif (‘hinge’) and to its DLG motif (‘latch’) displaying a 200-

fold lower affinity than ETGE (Dinkova-Kostova et al., 2017). Finally, neddylation of 

CUL3 reconfigures the KEAP1-CUL3-RBX1 complex so that the associated E2 complex 

is positioned in spatial proximity of NRF2, which facilitates the transfer of ubiquitin 

onto NRF2 (Dinkova-Kostova et al., 2017). 

 

1.5.3 KEAP1 in HR  

The relationship with NRF2 is the most thoroughly studied of KEAP1 interactions. 

However, KEAP1 has been reported to interact with over 20 other proteins, in many 

cases recognising a variation of the ETGE or, less frequently, the DLG motif of its 

target (Kopacz et al., 2020). Its functions extend beyond targeting substrates for 

proteasomal degradation and it has been implicated in regulating various cellular 

processes, such as S-nitrosylation or actin cytoskeleton organisation (Kopacz et al., 

2019; Velichkova et al., 2002). Notably, KEAP1 plays a role in suppression of 

homologous recombination in G1 cells by inhibiting the PALB2-BRCA1 interaction 

(Orthwein et al., 2015). BRCA1 promotes the DNA resection at the DSB, which results 

in ssDNA and enables strand invasion (Densham and Morris, 2019). Through the 

interaction with PALB2, BRCA1 recruits BRCA2 and RAD51 to DSBs and allows the 
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repair through homologous recombination (Orthwein et al., 2015; Zhang et al., 

2009). Through its Kelch domain, KEAP1 binds to the ETGE motif on PALB2 (Ma et al., 

2012). PALB2 competes with NRF2 for binding to KEAP1, therefore promoting NRF2 

accumulation and leading to a decrease in the level of the reactive oxygen species 

(Ma et al., 2012). KEAP1-CUL3-RBX1 E3 ligase ubiquitinates BRCA2-bound PALB2, 

which prevents it from interacting with BRCA1 and hinders homologous 

recombination (Orthwein et al., 2015). The PALB2-KEAP1 interaction is not cell cycle 

dependent, but the KEAP1-mediated ubiquitination of PALB2 is counteracted by 

USP11, a deubiquitylase regulated by cell cycle (Orthwein et al., 2015; Schoenfeld et 

al., 2004). A rapid turnover of USP11 in G1 allows efficient PALB2 ubiquitination by 

KEAP1 and results in HR suppression during G1 (Orthwein et al., 2015). 

 

1.5.4 KEAP1 is a cysteine-based stress sensor 

Although KEAP1 was identified as the negative regulator of NRF2 in 1999, its 

existence had been predicted over a decade earlier by Paul Talalay, who 

hypothesised that a protein with reactive cysteines would act as a sensor for small-

molecule inducers of the phase 2 response (Talalay et al., 1988). Soon after the 

discovery of KEAP1 and its role in NRF2 regulation, researchers’ attention was drawn 

to the cysteine residues of KEAP1 and the protein quickly became the ideal 

candidate for the inducer sensor (Dinkova-Kostova et al., 2017; Sekhar et al., 2010). 

The 27 cysteines contained in human KEAP1 make up 4.33 % of all its amino acids, 

which is nearly twice the ratio observed in an average human protein (2.26 %) 

(Kopacz et al., 2020; Miseta and Csutora, 2000). Ten of these cysteines are 

surrounded by basic amino acids, which lowers the pKa of the cysteine and increases 
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its reactivity (Dayalan Naidu and Dinkova-Kostova, 2020). Arguably the most reactive 

of cysteines in KEAP1, Cys151, is surrounded by five basic amino acids (His129, 

Lys131, Arg135, Lys150 and His154), which are positioned in its structural proximity 

(McMahon et al., 2006). A triple mutation of these residues to Lys131Met, 

Arg135Met and Lys150Met resulted in the inability of Cys151 to sense the 

electrophiles it normally recognises (McMahon et al., 2010). 

 

The cysteine residues of KEAP1 are targeted by oxidants and electrophiles, which can 

lead to a multitude of different modifications. The variety of inducers and 

redundancy between the cysteines in response to them makes it challenging to 

decipher the intricacies of the cysteine code of stress-sensing in KEAP1. The 

discrepancy in conclusions due to differences in human and murine KEAP1 cysteine 

sensor adds to the confusion (Sekhar et al., 2010). However, four different cysteine 

sensors recognising a wide range of inducers have been identified in KEAP1 (Baird 

and Yamamoto, 2020). There have been efforts to classify the inducers based on 

their cysteine preference (Figure 1.11). Cys151 is the target of class I inducers, such 

as bardoxolone, the isothiocyanate sulforaphane (SFN), the alkylating agent 

iodocetamide (IAA), tetr-butyl hydroquinone (tBHQ) and diethylmateate (DEM) and 

more (Baird and Yamamoto, 2020; Dayalan Naidu and Dinkova-Kostova, 2020). 

Prostaglandin 15d-PGJ2 exclusively modifies Cys288 and is currently the only known 

class II inducer (Saito et al., 2016). Class III inducers target either Cys151, Cys273 or 

Cys288 and include 4-hydroxynonenal (4-HNE), nitro-oleic acid and arsenite (Saito et 

al., 2016). Class IV inducers, such as cadmium or zinc chloride and H2O2, are 

recognised by a fail-safe sensor comprised of Cys226, Cys613 and Cys622/Cys624  



 52 

 
 
 
 

 
 
 

Figure 1.11 Schematic of different classes of NRF2 inducers. Classification is based on the preference 
for interacting with specific cysteine stress sensors within KEAP1. Adapted from Baird and Yamamoto, 
2020. 
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(Baird and Yamamoto, 2020; Suzuki et al., 2019). Study in an 11-cysteine mutant of 

murine KEAP1 suggests the existence of another, yet unidentified, cysteine sensor 

targeted by PGA2 (Suzuki et al., 2019). 

 

Upon modification by a cysteine-reactive inducer, KEAP1 becomes inactive, which 

results in NRF2 escaping ubiquitination and degradation. There has been speculation 

about the mechanism of this inhibition, some proposing that KEAP1 thiol-group 

modifications lead to disassociation of CUL3 (Cleasby et al., 2014). This model of 

KEAP1 inhibition was supported by the observation that Cys151Trp mutation 

disrupts CUL3 binding and results in constitutive NRF2 activation, and assumed that 

inducer binding leads to the same outcome (Cleasby et al., 2014). However, the 

disassociation of CUL3 and KEAP1 is a process happening on the scale of hours, while 

NRF2 becomes activated within 15 minutes after KEAP1 modification by inducers 

(Baird and Yamamoto, 2020; McMahon et al., 2003). Moreover, the crystal structure 

of BTB domain of KEAP1 does not place Cys151 in the vicinity of the CUL3 binding 

site (PDB ID 5NLB). Together, these data suggest that cysteine modifications by the 

inducers do not lead to the disassociation of NRF2 from KEAP1, but instead inhibit 

the E3 ligase activity of the KEAP1-CUL3-RBX1 complex with bound NRF2 (Eggler et 

al., 2005). Subsequently, NRF2 becomes ‘trapped’ by KEAP1, as it is neither 

ubiquitinated nor released, and acts as a suicide substrate saturating the binding 

sites of cysteine-modified KEAP1 (Baird and Yamamoto, 2020). When KEAP1 

becomes saturated, freshly translated NRF2 can freely translocate to the nucleus, 

where it drives the upregulation of ARE-dependant gene expression (Baird and 

Yamamoto, 2020; Kwak et al., 2002). 
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Several models describing the fate of KEAP1 post-cysteine-modification have been 

proposed (Dinkova-Kostova et al., 2017). Observed KEAP1 polyubiquitination 

coinciding with NRF2 activation and accumulation prompted a model in which 

cysteine residues modification induces a shift of CUL3-dependent ubiquitination 

from NRF2 to KEAP1 (Hong et al., 2005). Alternatively, it has been suggested that 

KEAP1 is degraded through p62-dependent autophagy in a process that aids the 

recovery of KEAP1 after the modifications introduced by the inducers (Dinkova-

Kostova et al., 2017; Taguchi et al., 2012). However, more research is needed to gain 

insight into this process. 

 

1.5.5 KEAP1 in cancer 

Large scale genomic sequencing of cancer samples have identified KEAP1 alterations 

in 3.43 % of all cancers, with missense mutations being the most common (AACR 

Project GENIE Consortium, 2017). The highest prevalence of KEAP1 mutation was 

observed in non-small cell lung cancer (NSCLC) at 13.48 %, followed by 

cholangiocarcinoma (5.56 %), hepatobiliary cancer (4.92 %), head and neck cancer 

(4.08 %) and endometrial cancer (3.83 %) (Figure 1.12; Weinstein et al., 2013). The 

mutation of KEAP1 in NSCLC was first reported in 2006, followed two years later by 

the report of NRF2 mutation (Padmanabhan et al., 2006; Shibata et al., 2008). While 

nonsynonymous mutations, abolishing the function of the KEAP-CUL3-RBX1 

complex, were identified throughout the coding region of KEAP1, mutations of NRF2 

were largely constrained to the regions encoding the KEAP1-binding ETGE and DLG  
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Figure 1.12 Nonsynonymous mutations in KEAP1 are prevalent in a number of 
cancers. Data from The Pan-Cancer Atlas demonstrate the frequency of KEAP1 genetic 
alterations in different cancers. The results shown in the figire are in whole based upon the 
data generated by the TCGA Research Network: www.cancer.gov/tcga.  
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motifs (Yamamoto et al., 2018). Therefore, observed cancer mutations in the KEAP1-

NRF2 system prevent NRF2 degradation and lead to constitutive activation of NRF2 

signalling. Subsequent NRF2-induced transcription of cytoprotective genes provides 

cancer cells exposed to anticancer drugs with a survival advantage, with persistent 

NRF2 activation driving drug resistance and malignancy (Taguchi et al., 2011). KEAP1-

deficiency confers resistance to topoisomerase II poisons used widely as 

chemotherapeutics, such as doxorubicin and etoposide (Wijdeven et al., 2015). 

KEAP1 mutations were also found to be a negative prognostic for outcomes of 

treatment with immune checkpoint inhibitors (ICIs) used as anticancer drugs (Chen 

et al., 2020; Cordeiro de Lima et al., 2022; Di Federico et al., 2021). It has recently 

been shown that the resistance to ICI treatment in lung cancers can be caused by 

suppression of type I interferon signalling in KEAP1-deficient cells, leading to 

immune evasion (Marzio et al., 2022). Profiling tumours for KEAP1 mutations can 

prevent patients from undergoing ineffective treatment and help choose therapeutic 

strategies to which they might be more responsive (Wijdeven et al., 2015). However, 

KEAP1 mutations have a negative prognostic value for survival of cancer patients 

(Chen et al., 2020).  

 

Given the prevalence and consequences of KEAP1 mutations in cancer, there has 

been a focus on developing novel therapeutic approaches. Recent report identifies a 

synthetic lethal interaction between KEAP1-deficiency and inhibition of the ATM 

(Ataxia-telangiectasia mutated) kinase inhibition both in vitro and in vivo (Li et al., 

2023). Moreover, transcript levels of KEAP1 and ATM correlated inversely across the 

TCGA PanCancer dataset of tumours (Li et al., 2023). This novel synthetic lethal 
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relationship provides an opportunity to exploit the KEAP1-deficiency of the tumour 

by targeted therapy with ATM inhibitors. Currently, three ATM inhibitors are 

undergoing phase I of clinical trials in cancer patients and if successful, could 

potentially be employed in the future to treat KEAP1-deficient tumours (Li et al., 

2023). Possibly, more synthetic lethal relationships remain to be uncovered and can 

strengthen the efforts to develop targeted therapies for cancer patients with KEAP1 

mutations. 

 

1.6  Aims 

Although the major repair pathways resolving DNA base damage have been 

extensively studied, much remains to be uncovered. Base damage repair pathways 

display some redundancies; however, it is not fully understood how the specific 

pathway to resolve the lesion is determined. Moreover, within the one pathway 

there can be different routes that the lesion can be processed through, involving 

different enzymes, as in the case of short-patch and long-patch BER. Post-

translational modifications play a crucial role in the regulation of cellular processes, 

including DDR, where PARylation is a prominent factor in coordinating repair. 

Numerous repair proteins that are recruited to the lesion through binding PAR, or 

are PARylated themselves to modulate their function, have been identified. 

However, there are likely still unknown factors that interact with PARPs and might 

contribute to regulation of base damage repair. 
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We were therefore motivated to identify any novel factors that participate in the 

repair of DNA base damage caused by alkylation. Secondly, we aimed to characterise 

the mechanism of action of this newly identified repair factor. Thirdly, we wished to 

determine in which repair pathway it is involved. Lastly, our goal was to explore the 

relationship of the novel repair factor with PARPs.  
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2. Materials and methods 

2.1 Materials 

2.1.1 Buffers 

 
Phosphate Buffered Saline (PBS) 

10 mM phosphate buffer 

2.7 mM KCl 

137 mM NaCl 

 

DNA loading dye 

0.25 % bromophenol blue 

40 % sucrose 

 

TBS-T 

2.48 mM Tris-Cl 

137 mM NaCl 

(pH 7.4) 

0.2 % Tween-20 
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SDS Loading Buffer 

25 mM Tris-Cl (pH 6.8) 

10 % glycerol 

0.125 % bromophenol blue 

2 % SDS  

80 mM DTT 

 

SDS-PAGE Running Buffer 

25 mM Tris-Cl 

192 mM glycine 

0.1 % SDS 

 

SDS-PAGE Transfer Buffer 

25 mM Tris-Cl 

192 mM glycine 

20 % methanol 

 

DNA Extraction Buffer 

10 mM Tris-Cl (pH 8.0) 

25 mM NaCl 

1 mM EDTA 

200 µg/ml proteinase K 
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TAE 

40 mM Tris-Cl 

20 mM acetic acid 

1 mM EDTA 

(pH 8.2) 

 

Chromatin Extraction Buffer 1 

10 mM Tris-Cl (pH 7.5) 

150 mM NaCl 

1.5 mM MgCl2 

0.34 M sucrose 

10 % glycerol 

1 mM DTT 

0.1 % Triton X-100 

 

Chromatin Extraction Buffer 2 

3 mM EDTA 

0.2 mM EGTA 

1 mM DTT 

LB Agar 

1.5 % agar 

1 % bactotryptone 

0.5 % yeast extract 

85 mM NaCl 
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LB Broth 

1 % bactotryptone 

0.5 % yeast extract 

85 mM NaCl 

 

2.2 Oligonucleotide sequences 

2.2.1 gRNA sequences 

guide RNA name Sequence (5'->3') 
gRNA_A CCAGCAACGAAATCGGGAGA 
gRNA_a CGAATGACATCGGGCCGGAG 
gRNA_B TAGCCGCGTGGTCCGAGTCG 
gRNA_b TGACCCGAATGACATCGGGC 

 
 

2.2.2 PCR primer sequences 

                 Screening primers for keap1D 

Primer name Sequence (5'->3') 
KEAP1 screening primer Forward TGTGCTCTCTCCCCTCCAG 
KEAP1 screening primer Reverse CGGTGCATCCTGGTACTTGA 
outside' primer Forward CCAAGGTAAGGCAGGAATCTC 
outside' primer Reverse ATGATTCCCGCTTTGGACTTC 
inside' primer 1 Forward TGTGCTCTCTCCCCTCCAG 
inside' primer 1 Reverse CGGTGCATCCTGGTACTTGA 
inside' primer 2 Forward AGGTTGATCAGGTCGGGGAA 
inside' primer 2 Reverse TGAGCACTCGTCCATCCCTG 
primer A Forward AATTTTCCCTAGATCCTGCGGC 
primer A Reverse TTGGTTGTCGGTTGGGGAGC 
primer B Forward CCAAGGTAAGGCAGGAATCTC 
primer B Reverse TCACCATGACTAAGCAGAGCC 
primer a Forward GCTTTTGCATCTCACAGCTGC 
primer b Reverse ATGATTCCCGCTTTGGACTTC 
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                 Sequencing primers for keap1D 

Primer name Sequence (5'->3') 
mid_KEAP1 seq 500_Forward TCCGTGCCTGCAGTGACTTC 
mid_KEAP1 seq 1000_Forward CTTCCGACAGTCGCTCAGC 
mid_KEAP1 seq 1500_Forward TCACAGCAATGAACACCATCC 

 

    Cloning primers  
  

Primer name Sequence (5'->3') 

KEAP1_cloning_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCatgcagccagatcccaggcc 

KEAP1_cloning_R GGGGACCACTTTGTACAAGAAAGCTGGGTTCTAacaggtacagttctgctggtc 
attB F KEAP1_KELCH-
less GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGCCAGATCCCAGGcc 
attB R KEAP1_KELCH-
less GGGGACCACTTTGTACAAGAAAGCTGGGTTTCACGTGGGCTTGTGCAGggtg 

attB F KEAP1_BTB-less GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGACCCCAGCAATGCCatcg 

attB R KEAP1_BTB-less GGGGACCACTTTGTACAAGAAAGCTGGGTTTCAACAGGTACAGTTCTGCTGGTC 

attB R KEAP1_Cysless GGGGACCACTTTGTACAAGAAAGCTGGGTTCTAtcagctggtgctgttctgctggtca 

attB R KEAP1 GGGGACCACTTTGTACAAGAAAGCTGGGTTCTAtcaacaggtacagttctgctgg 
 
 
 

2.3 Methods 

2.3.1 Cell culture 

Both U2OS cells and RPE-1 cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) with high glucose and supplemented with 10 % fetal bovine serum 

(FBS), 2 % L-glutamine and 1 % penicillin/streptomycin. Confluency between 10-80 % 

was maintained throughout the culture with passages every 2-3 days. We used 

Eurofins cell line authentication service to confirm cell line identities by STR profiling.  

 

To obtain protein depletion using siRNA transfection, cells were plated in a 6-well 

plate at a density of 3x105 in an antibiotic-free culture medium. The following day, 
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cells were transfected with the specified siRNA concentration (50-75 nM) using 

Dharmafect-1 (Dharmacon). The transfection was repeated the following day and 24 

hours later, antibiotic-free medium was replenished and cells were allowed to 

recover for 2 days before any experiments were performed. Pools of four siRNA 

sequences (Dharmacon) were used to deplete each targeted protein, and they were 

either siGENOME (KEAP1) or ON-TARGET plus (CUL3, BRCA1).  

 

2.3.2 Generation of KEAP1 domain mutants 

Amino acid residues 1-179 were removed to create the KEAP1DBTB mutant and 

residues 315-624 were removed for the KEAP1DKELCH mutant. This was achieved by 

amplifying only a partial sequence of KEAP1 cDNA, designing PCR primers that omit 

the terminal domain sequences. Each of the truncated cDNA sequences was then 

cloned into a lentiviral vector p580 and tagged on the N-terminus with FLAG-tag and 

HA-tag using the Gateway system. The S3H4 mutant was generated by synthesizing 

the cDNA with the help of Source BioScience and cloning it into a lentiviral system 

like described for the KEAP1DBTB and KEAP1DKELCH mutants. The 11Cys-less mutant 

cDNA was synthesized with the help of Source BioScience, cloned into a lentiviral 

vector p580 and tagged on the N-terminus with FLAG-tag and HA-tag using the 

Gateway system. The presence of the 11-Cys-less cDNA sequence in the final 

construct was confirmed by sequencing.  
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2.3.3 Production of lentivirus and lentiviral infection 

293T cells were plated in antibiotic-free medium in a 10 cm dish at a density of 4x106 

and transfected 24 hours later with a lentiviral expression plasmid p580 and four 

plasmids encoding the tat gene, the gag-pol genes, the VSV-g envelope gene and the 

rev gene of the HIV-1 based system (the plasmids were a kind gift of Ross Chapman). 

The following morning, the transfection medium was removed, cells were washed 

with PBS and supplemented with complete culture medium. The medium containing 

the virus was collected 48 and 72 hours after the transfection, and filtered through a 

sterile 0.45 µm syringe filter (Fisher Scientific). 

 

The viral titres were assessed by infecting wild-type RPE-1 cells seeded at low 

density with serial dilutions of the virus and selecting them with 2 µg/ml puromycin 

for 10 days, after which the cells were fixed and number of surviving colonies was 

counted. RPE-1 cells were seeded at a 1x106 density in a 10 cm diameter dish. The 

following morning cells were infected using antibiotic-free medium, polybrene 

(Sigma-Aldrich) and a volume of virus-containing medium calculated based on the 

titre. After 8 hours of infection, the medium was removed, cells were washed with 

PBS and incubated overnight in fresh medium, before a 10-day-long selection regime 

with 2 µg/ml puromycin. Expression of the constructs was confirmed by Western 

blotting. 

 



 66 

2.3.4 DNA extraction and PCR 

To extract genomic DNA, cells were suspended in DNA extraction buffer and 

incubated at 65°C for 30 minutes, and after that at 95°C for 2 minutes. The PCRBIO 

Taq polymerase (PCR Biosystems) was used in screening PCRs, whereas the PCRBIO 

HiFi polymerase (PCR Biosystems) were used for subsequent cloning or sequencing 

of the PCR product.  

 
 

2.3.5 Protein extract preparation 

Whole-cell protein extracts were obtained by washing cells with PBS, pelleting them, 

resuspending in SDS loading buffer and boiling for 10 minutes.  

 

Chromatin extracts were obtained by washing cells with ice-cold PBS, pelleting and 

incubating with chromatin extraction buffer 1 for 10 minutes on ice. Cells were then 

centrifuged at 3500 rcf, washed and incubated on ice with chromatin extraction 

buffer 2 for 30 minutes. After centrifuging at 17,000 rcf, the supernatant was 

discarded, and the pellet was resuspended in SDS loading buffer and boiled for 10 

minutes.  

 

2.3.6 Western blotting 

Protein samples were analysed using SDS-polyacrylamide gel electrophoresis (SDS-

PAGE). In-house prepared single percentage polyacrylamide gels were subjected to 

160 V. Protein band sizes were assessed relating to a prestained protein ladder 

(PageRuler Plus, Fermentas). Transfer of proteins to a PVDF membrane (0.45 µm 
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pores, Millipore) pretreated with methanol was conducted in cold SDS-PAGE transfer 

buffer at 100 V for 90 minutes. The membranes were blocked in 5 % milk in TBS-T for 

1 hour at room temperature, then incubated with primary antibody overnight at 4°C. 

Membranes were washed three times with TBS-T and incubated with secondary 

antibody for 1 hour. After three TBS-T washes, the membranes were incubated with 

Immobilon Western HRP substrate (Millipore) and imaged using Oddysey Fc Imager 

(LI-COR Biosciences). Images were analysed using Image Studio™ Lite software.  

 

Primary antibodies used in described experiments: 

Antibody  Species  Source  Catalogue 

number 

Working 

dilution 

CUL3 rabbit, polyclonal Bethyl A301-108A 1:1000 

NRF2 mouse, 

monoclonal 

Santa Cruz Sc-365949 1:500 

KEAP1* mouse, 

monoclonal 

Proteintech 60027-1-Ig 1:1000 

KEAP1 rabbit, polyclonal Abcam ab139729 1:1000 

PARP1 mouse, 

monoclonal 

Biorad MCA1522G 1:1000 

PARP2 mouse, 

monoclonal 

Enzo ALX-809-639-L001 1:50 

XRCC1 rabbit, monoclonal Abcam ab134056 1:1000 
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APEX-1 mouse, 

monoclonal 

Abcam ab194 1:2000 

gH2AX rabbit, monoclonal Abcam ab11174 1:2000 

Rad51 rabbit, polyclonal A gift from F. 

Esashi 

7946 1:1000 

HA rabbit, monoclonal Cell Signaling 

Technology 

37245 1:1000 

H3 rabbit, monoclonal Abcam ab176842 1:2000 

Poly(ADP-

ribose) 

protein linked to 

rabbit Fc domain 

Millipore MABE1031 1:2000 

Actin mouse, 

monoclonal 

Santa Cruz sc-47778 1:2000 

 

*The immunogen for the monoclonal anti-KEAP1 antibody #60027-1-Ig is the KEAP1 

fusion protein Ag0779, encompassing the 325-624 amino acid residues encoded by 

KEAP1. 

 

Secondary antibodies used in described experiments: 

Antibody  Species  Source  Working dilution 

anti-mouse HRP rabbit DAKO 1:10000 

anti-rabbit HRP swine DAKO 1:10000 
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2.3.7 Clonogenic survival assay 

Cells were trypsinised, counted and plated in a 6-well plate at a density of 400 cells 

per well to adhere overnight. The following day, cells were treated with DNA 

damaging agents or inhibitors, after which they were washed twice with PBS and 

supplemented with fresh medium. In case of MMS (Sigma-Aldrich) treatment, cells 

were exposed to the drug for 1 hour. For the sensitivity assays in keap1D5F and 

keap1D8C cells, MMS treatment was repeated on day 1, day 3 and day 5 after 

plating. Olaparib (Cambridge Bioscience) treatment was conducted for 24 hours with 

a range of concentrations. For combined olaparib and MMS treatment, cells were 

pre-treated with 10 µM olaparib for 1 hour before MMS addition and then incubated 

with olaparib for further 24 hours after the MMS exposure. In case of combined 

lucanthone (Selleckchem) and MMS treatment, cells were pre-treated with 4 µM 

lucanthone for 2 hours before 1-hour-long MMS treatment and incubated with 

lucanthone for further 24 hours. For O6-benzylguanine (O6-BG, Santa Cruz 

Biotechnology) combined with MMS treatment, cells were incubated with 10 µM 

O6-BG for 1 hour prior to MMS treatment, after which O6-BG was added to the fresh 

medium and left for the whole duration of the culture. All of the combined 

treatments with MMS and one of the above inhibitors were repeated three times 

within 48-hour-long intervals in experiments focusing on keap1D5F and keap1D8C 

cells. In experiments involving Rad51 inhibition, cells were incubated with a range of 

B02 (Sigma) concentrations for 48 hours. 
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Following 10-12 days of culture, cells were washed with PBS and fixed with cold (-

20°C) methanol for 20 minutes at -20°C. Methanol was then removed and cells were 

incubated for 20 minutes at room temperature with 0.5 % crystal violet (Sigma 

Aldrich). After washing with water and drying, colonies larger than 50 cells were 

counted in each well and survival rate for various drug concentrations was calculated 

relative to the untreated condition.  

 

2.3.8 Statistical analysis 

Two-tailed Student’s t-test and 2-way ANOVA were used to determine statistical 

significance. 
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3. Characterisation of KEAP1 as a novel 
MMS-tolerance factor 

3.1 Introduction 

3.1.1 Resolving base damage 

Base lesions are the most frequent type of DNA damage and can result from various 

chemical modifications, such as oxidation, deamination, alkylation and hydrolysis 

(Bauer et al., 2015). Although less common than the other modifications, alkylation 

is the most mutagenic (Drabløs et al., 2004). Cells have developed numerous 

strategies for resolving base damage and can employ different pathways depending 

on the nature of the lesion. Alkylation resulting in O6-methylguanine and O4-

methylthymine can be removed by MGMT through direct reversal repair (Mishina et 

al., 2008). Some alkyl modifications to the bases, as well as AP-sites, can be bypassed 

by polymerase kappa in translesion synthesis to enable continued replication (Stern 

et al., 2019). Base excision repair is the main pathway through which base damage of 

various nature is resolved and it involves multiple players (Krokan and Bjoras, 2013). 

MMS is a model methylating agent which largely gives rise to base damage 

recognised by BER, although it also induces base modifications that can be resolved 

by direct repair or replication-coupled repair (Chatterjee and Walker, 2017). 
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Despite our extensive knowledge of the major base damage repair pathways, much 

remains to be uncovered. One of the questions to be answered is how a specific 

base damage repair pathway is chosen. There are likely yet unidentified players 

involved which navigate the resolution of the lesion and steer it through one of the 

redundant pathways. For example, it is unclear what factors determine whether the 

DNA at the lesion is cleaved by a lyase or an endonuclease, and subsequently 

whether the base damage is resolved through the short patch or the long patch BER 

(Bauer et al., 2015). Although several distinct base damage repair pathways have 

been characterised, they do not function in isolation from one another. Interactions 

between the components of different pathways, known as pathway crosstalk, are 

crucial for the coordination of DNA damage repair (Limpose et al., 2017). These 

interactions are often dependent on and regulated by post-translational 

modifications (Limpose et al., 2017). While a number of base damage repair proteins 

have been shown to undergo post-translational modifications, such as the 

sumoylation of the G:T-mismatch glycosylase TDG, the biological significance of 

these modifications is often unknown (Limpose et al., 2017). Elucidating the 

complexity of the pathway crosstalk would provide us with a better understanding of 

how the repair of different types of base damage is regulated. Additionally, unknown 

alternative pathways might contribute to the base damage repair.  
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3.1.2 PARP1 and PARP2 act redundantly in BER but not in 

SSBR 

The redundant nature of the PARP1 and PARP2 relationship was first implied by the 

observation that mice lacking Parp1 and Parp2 do not survive embryonic 

development (Menissier de Murcia, 2003). Moreover, the roles of PARP1 and PARP2 

in recruiting XRCC1 to single-strand breaks have a certain degree of overlap 

(Hanzlikova et al., 2018). In line with the previous findings, recent work from our 

group has demonstrated that PARP1 and PARP2 have two related but independent 

roles in response to MMS-induced DNA damage - not only do PARP1 and PARP2 act 

redundantly in promoting strand ligation in BER, but they also stabilise replication 

forks at BER intermediates (Ronson et al., 2018). Interestingly, although PARP1 and 

PARP2 are redundant in resolving SSBs stemming from BER intermediates after MMS 

treatment, this redundancy was not observed in repair of SSBs of a different origin, 

that were induced directly by hydrogen peroxide (Ronson et al., 2018). This 

discrepancy in PARPs dynamic between resolution of two seemingly similar DNA 

lesions, hinted at an additional role of PARP1 and PARP2 that contributes to the 

repair of MMS-induced damage (Ronson et al., 2018). Research from our group has 

shown that PARP1 and PARP2 act redundantly stabilising Rad51 at stalled replication 

forks and preventing DSB formation as a result of collision with SSBs intermediates 

of BER (Ronson et al., 2018).  

 

Taken together, these observations point to potential redundant roles of PARP1 and 

PARP2 in base damage tolerance pathways throughout the cell cycle. This, in turn, 
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raises the possibility that additional pathway or factors remain to be identified that 

promote tolerance to DNA base damage. The advent of genome-wide genetic 

screens using CRISPR/Cas9 provides an ideal mechanism to address this important 

question.  

 

3.2 Aims 

Research from our group has recently demonstrated that PARP1 and PARP2 act 

redundantly in BER, allowing cells to withstand the toxicity of the DNA alkylating 

agent methane methylsulfonate (MMS) (Ronson et al., 2018). We were interested to 

uncover novel players that might be involved in the BER pathway that could 

potentially interact with either PARP1 or PARP2 to resolve base damage. We 

employed genome-wide CRISPR-Cas9 dropout screen to look for genes conveying 

MMS tolerance. Among the top ten hits were several proteins already known to 

resolve base damage through direct reversal repair, translesion synthesis or base 

excision repair. However, we also identified a potential new role of KEAP1 in repair 

of MMS-induced damage. The aim of this chapter is to validate the hits of the 

CRISPR-Cas9 screen and verify KEAP1 as a novel MMS-tolerance factor.  
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3.3 Characterisation of novel genes required for tolerance to 

MMS 

3.3.1 CRISPR genome-wide screen for genes whose absence 

sensitises cells to MMS 

 
We set out to identify novel proteins that might play a role in base damage repair. 

With the help from the Target Discovery Institute at the University of Oxford, we 

conducted a pooled genome-wide CRISPR-Cas9 knock-out screen paired with MMS 

treatment (Figure 3.1 – Ronson and Jones, unpublished data).  

 

Using single-guide RNAs (sgRNAs) to direct the Cas9 nuclease to a specific genomic 

sequence complementary to the 5’ terminus of the sgRNA, CRISPR-Cas9 system 

enables precise genome editing in mammalian cells (Li et al., 2014; Ran et al., 2013). 

The double-strand break created at a specific site by Cas9 is then repaired by non-

homologous end-joining (NHEJ), which introduces insertions and deletions (Ran et 

al., 2013). This often leads to a frameshift mutation and results in a gene knockout. 

The CRISPR-Cas9 technology can be used to knock out one or several genes, but has 

also been adapted as CRISPR-Cas9 lentiviral libraries, which together with high-

throughput sequencing enables positive and negative selection genome-wide 

knockout screens (Li et al., 2014). 
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U2OS cells were transduced with a virus created using the Toronto KnockOut gRNA 

library v3 (TKOv3), which expresses Cas9 and 70,948 guides targeting 18,053 protein-

coding genes (Hart et al., 2017). Following the transduction, cells were selected with 

2 μg/ml puromycin for seven days to allow for incorporation of the lentiviral 

construct into the genome of the cell, which results in a stable expression of the 

sgRNAs. U2OS cells were then treated with 0.6 mM MMS for 1 hour to introduce 

base damage. After three days of recovery, samples were collected and processed 

using high-throughput DNA sequencing. MAGeCK pipeline was used to determine if 

there is a statistically significant decrease in abundance of each sgRNA in treated 

samples relative to control, quantified by a depletion score (Li et al., 2014). All 

18,053 genes were ranked according to this metric, with the lowest scores in this 

drop-out screen corresponding to genes that are most likely to play a role in repair 

of MMS-induced damage (Figure 3.1).  

 

Among the top ten hits were proteins known to be involved in base damage repair. 

The top hit was MGMT which removes the alkyl group from O6-alkylguanine and O4-

alkylthymine in a sacrificial manner through direct reversal repair (Drabløs et al., 

2004; Mishina et al., 2008). The translesion synthesis DNA polymerase kappa, which 

allows replication to bypass damage in the minor groove of DNA, including abasic 

sites, was identified as the third hit (Stern et al., 2019). Among the top ten hits were 

also proteins functioning in base excision repair, such as the AP-endonuclease APEX1 

which cleaves the phosphodiester DNA backbone, generating a single-nucleotide 

gap; PARP1 which recognises the SSB and recruits other DNA repair factors to the 

lesion; the scaffold protein XRCC1 stabilising the DNA at the site of lesion; DNA  
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Figure 3.1 Genome-wide CRISPR-Cas9 loss-of-function screen identified genes whose inactivation could 
confer MMS sensitivity. U2OS cells were transduced with a TKOv3 human genome library and treated with 
MMS. Sequencing of the surviving cells and analysis yielded a list of genes whose absence resulted in dropout 
from the cell population. The second top hit is KEAP1 (Ronson and Jones, unpublished data). 
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polymerase beta crucial for the gap-filling DNA synthesis; and the chromatin-

remodelling DNA helicase ALC1 which makes the lesions accessible for the DNA 

damage repair machinery (Blessing et al., 2020; Kim and Wilson, 2012). The fact that 

these proteins are all involved in relevant DNA repair pathways serves as proof for 

the validity of the screen.  

 

In addition to established SSBR proteins, as the second-ranking hit the screen also 

identified a novel gene, KEAP1, which is required for MMS tolerance (Figure 3.1). 

KEAP1 is a substrate adaptor for CUL3-RING ubiquitin E3 ligase, which plays an 

important role in oxidative stress response by regulating the proteasomal 

degradation of NRF2 (Kobayashi et al., 2004). KEAP1 uses a sophisticated cysteine 

sensor mechanism to detect various types of NRF2 inducers. KEAP1 has also been 

reported to block DNA repair by homologous recombination in the G1 phase by 

ubiquitylating PALB2 and preventing BRCA1 interaction (Suzuki et al., 2019; 

Orthwein et al., 2015). However, it has not been implicated in base damage repair. 

Given that KEAP1 was the second top hit of the screen and that it plays a role in 

homologous repair, we hypothesised that the protein might be involved in BER or an 

alternative base damage repair pathway. 

 

3.3.2 KEAP1 depletion is not sufficient to reconstitute the 

MMS sensitivity observed in the CRISPR screen 

In order to validate the findings of the CRISPR-Cas9 knockout screen, we set out to 

deplete KEAP1 in U2OS cells using siRNA. To establish conditions to deplete the 

expression of KEAP1 using siRNA, we selected two commercially available antibodies 



 79 

against human KEAP1 (Abcam and Proteintech), which allowed us to detect KEAP1 

by Western blotting (Figure 3.2). Accordingly, whole cell extract samples were 

collected at different time points after the siRNA transfection and analysed by 

Western blotting. KEAP1 has been reported to migrate as two protein bands in 

polyacrylamide gels (~76 kDa and 70 kDa). These represent the full-length KEAP1 

isoform and its shorter isoform, most likely resulting from a post-translational 

proteolytic removal of a ~8 kDa polypeptide from the N-terminus (Qiu et al., 2018). 

Only one of the tested antibodies (Proteintech) recognised the two isoforms of 

KEAP1 (Figure 3.2 A). The expression of the two KEAP1 isoforms, as observed via 

Western blotting, was also lower in the samples transfected with siKEAP1 as 

compared to non-targeting siRNA 24 hours and 72 hours after the second 

transfection. However, 48 hours after transfection, expression of KEAP1 in the 

siKEAP1-trasfected cells increased to levels similar to those seen in control. Three 

different siRNA concentrations were tested and all of them were sufficient for KEAP1 

knockdown (Figure 3.2A, top and bottom KEAP1 panels). Although there were 

considerable issues with the consistency of actin signal imaging, this experiment 

enabled us to assess the specificity of the tested antibodies and to define the 

conditions required for a successful KEAP1 depletion. Having established the 

conditions to deplete KEAP1, we wished to assess whether this sensitises cells to 

MMS. To achieve this, U2OS cells were transfected with siRNA targeting KEAP1 and 

treated with MMS for one hour, then cell viability was assessed in a colony survival 

assay. As previously described, parp1D cells are sensitive to MMS-induced damage 

(Ronson et al., 2018). However, no increase in MMS sensitivity was observed in 

KEAP1-depleted cells compared to control (Figure 3.3C). As demonstrated by 
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Figure 3.2 Optimisation of KEAP1 depletion and testing of KEAP1 antibodies. U2OS cells were transfected 
with different concentrations of siRNA (50 nM, 75 nM, 100 nM), either non-targeting (siCTRL) or targeting 
KEAP1 (siKEAP1). Transfection was repeated twice with a 24 hour incubation period. Whole cell extract 
samples were collected at 24, 48 and 72 hours after the second transfection and the efficiency of KEAP1 
depletion was analysed by Western blotting. AT the same time, two commercial antibodies against KEAP1 
were tested: A. Proteintech antibody and B. Abcam antibody.  
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Figure 3.3 Depletion of KEAP1 is insufficient to sensitise cells to MMS. U2OS cells were transfected with 75 
nM siRNA, either non-targeting (siCTRL) or targeting KEAP1 (siKEAP1). Transfection was repeated twice with a 
24 hour incubation period. A. 24 hours after the second transfection, cells were seeded at low density with 
fresh medium and a whole cell extract sample was collected for analysis by Western blotting. B. Another 
whole cell extract sample for Western blotting was collected at 48 hours after the second transfection. C. 48 
hours after the second transfection, cells were treated for 1 hour with MMS, washed twice with PBS, allowed 
to recover in fresh medium and cultured for 10-12 days to be assessed in a clonogenic survival assay. When 
surviving fraction equals 0, data points are not shown on the graph. Error bars indicate the standard error of 
three experimental replicates. Statistical significance tested with two-way ANOVA.  
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Western blotting, the KEAP1 depletion was not consistent across the three 

replicates. Moreover, we observe a relatively fast recovery of KEAP1 expression (48 

hours after siRNA transfection), which might explain the lack of sensitivity to MMS in 

the colony survival assay (Figure 3.3 B). The presence of KEAP1, even when the 

expression levels are lower than in wild-type cells, seems to be sufficient to facilitate 

the repair of the DNA damage introduced by the alkylating agent MMS. 

 

3.3.3 Generation of cell lines with disrupted KEAP1 

3.3.3.1 Designing the KEAP1 knockout strategy and 

screening 

In order to confirm whether KEAP1 plays a role in resolving damages to the DNA 

induced by MMS, we proceeded to test this hypothesis using KEAP1 deficient cells. 

Therefore, we employed CRISPR-Cas9 genome editing technology to disrupt KEAP1 

in U2OS and RPE-1 cells. KEAP1 is encoded by a 19,622 bp DNA sequence consisting 

of six exons and five introns (Figure 3.4, www.ncbi.nlm.nih.gov). Out of ten reported 

splicing variants of KEAP1, two give rise to the same full-length, 624-amino-acid-long 

KEAP1 isoform (www.uniprot.org). An alternatively spliced transcript variant missing 

the fourth and the fifth exons results in the expression of a 444-amino-acid-long 

KEAP1 isoform, which has been reported in the highly-metastatic human hepatoma 

cells and at low levels in several other cell lines (Kopacz et al., 2020; Qiu et al., 2018). 

Six other potential isoform sequences have been computationally mapped, although 

none of them have been reported to occur naturally (www.uniprot.org). 
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Initially, in collaboration with Joey Riepsaame from the Genome Engineering Oxford, 

we designed a strategy aiming at removing a splicing donor or acceptor site, as well 

as part of an early exon shared by all known isoforms. By not only removing a part of 

the first protein-coding exon, but also disrupting splicing, this approach would 

ensure that the protein would not be expressed in a truncated form, for example as 

a result of exon skipping (Mou et al., 2017).   

 

Two sets of RNA guides (gRNAs) targeting either the intron or the exon boundaries of 

exon 2 were cloned into the pX459 vector. Vector pX459 contains two expression 

cassettes, one for a human codon-optimized Cas9 and one for the single gRNA, as 

well as ampicillin and puromycin resistance cassettes allowing for selection of 

bacteria and mammalian cell lines, respectively (Ran et al., 2013). U2OS cells were 

then transfected with one of the plasmid pairs and subsequently selected with 

puromycin for 24 hours, which should allow for enrichment of transfected cells in 

the population, while preventing the plasmid from being incorporated into the 

genome due to selection pressure. After recovering for 48 hours, cells were plated 

into 96-well plates using single cell FACS sorting to generate clonal lines. When the 

U2OS cells reached confluence, the clones were screened for mutations by PCR and 

Western blotting (data not shown). Surprisingly, we were not able to identify a single 

knockout cell line, despite having tested almost 400 clones. This could possibly be 

the result of low incision efficiency of the chosen gRNAs. 

 

To address the possible issue of cutting efficiency, we modified our strategy to 

introduce the Cas9 cuts at the two extremities of the KEAP1 gene and remove  
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Figure 3.4 Designing the CRISPR-Cas9 knockout strategy. Gene structure of KEAP1. Rectangles symbolise 
exons, connecting lines symbolise introns. Coding sequence is marked as blue-filled rectangles. RNA guides 
were used in a combination of two pairs, each pair marked with a different colour.  
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almost the entire protein coding sequence (Figure 3.4). We designed two new pairs 

of gRNAs using the Desktop Genetics CRISPR Design Software DESKGEN 

(www.deskgen.com). The gRNAs were scored by the software and selected for the 

highest target specificity and lowest possibility of off-target activity genome-wide. 

We selected two pairs of RNA guides (pair gRNA_Aa and pair gRNA_Bb) (Figure 3.4) 

and cloned them into the pX459 vector as described earlier. Next, to test the 

hypothesis that KEAP1 might be essential in U2OS, we transfected U2OS cells and 

RPE-1 cells in parallel with the two different pairs of guides, selected cells with 

puromycin for 24 hours and plated them as single cell clones in a 96-well plate using 

a FACS cell sorter. After the cells reached confluency, they were passaged. The 

remainder of the cells were transferred to a fresh 96-well plate and DNA extraction 

was performed in the plate, followed by a PCR screening for loss of KEAP1 (Figure 

3.5). 

 
 

In the initial screen for gene disruption event, two PCR reactions were performed in 

parallel on DNA extracted from each sample. KEAP1 screening targeted the region of 

KEAP1 that would be missing in a CRISPR/Cas9 edited cell. As a control for DNA 

extraction quality, another PCR reaction was performed in parallel, using primers 

targeting a region within C16orf4 and previously tested in our laboratory under the 

same conditions (Figure 3.5). Based on the lack of PCR product, we were able to 

identify three clones of RPE-1 cells (5H, 5F, 8C) as potential candidates for a 

successful KEAP1 deletion (Figure 3.5). Interestingly, out of 392 U2OS cells plated 

after transfection and puromycin selection, only three survived and they still  
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Figure 3.5 Screening for KEAP1 knockouts. PCR with primers targeting a region within the KEAP1 gene was 
performed as an initial screen. Pictured are the three clones for which the PCR resulted in no product. As a 
positive control, PCR with primers targeting another gene was performed on the same matrix DNA.  
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expressed KEAP1, as tested by Western blotting (data not shown). All the figures 

describing generation of the knockout cell lines feature only RPE-1 cells. To verify 

whether the candidate clonal cell lines are true knockouts, the cell lines were 

expanded and DNA was extracted from a larger number of cells, using a more 

elaborate DNA extraction protocol which yields product of higher quality. Next, each 

of the clones was tested in PCR reactions using several different primer pairs (Figure 

3.6 A, Figure 3.7 A). As predicted, the ‘outside’ primer pair gave rise to no product in 

the wild-type DNA, which was caused by the sequence between the primers being 

too long (nearly 18 kbp) to be amplified in a PCR reaction (Figure 3.6 B). PCR reaction 

using the same ‘outside’ primers resulted in DNA products for clones keap1D5F and 

keap1D8C, confirming that they lost the edited region of KEAP1. When using ‘inside’ 

primers, the opposite was true – the PCR reaction yielded no product in the 

keap1D5F and keap1D8C clones that were missing the targeted sequence, but did 

result in DNA amplification in the wild-type sample. Interestingly, keap1D5H 

exhibited a wild-type-like profile in both instances, suggesting it retained at least a 

large part of the gene. 

 

To further verify the knockouts, we performed PCR reactions with primer pair A, B or 

a/b, flanking the respective individual Cas9 cut sites (Figure 3.7 A). In case of the 

edited KEAP1 fragment being removed, one primer of each pair would not be able to 

anneal and start the DNA synthesis, which would result in no PCR product. This 

prediction was true for clones keap1D5F and keap1D8C (Figure 3.7 B). In clone 

keap1D5H however, the PCR reaction at both Cas9 cut sites resulted in DNA product 

which differed in size from that observed in the wild-type sample. Together with the   
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Figure 3.6 Verification of loss of KEAP1 gene. A. PCR was performed using primers either targeting the portion 
of the KEAP1 gene removed by CRISPR-Cas9, or flanking the region to be removed by CRISPR-Cas9, as shown in 
the schematic. F – forward; R – reverse. B. PCR products of different sizes were separated on an agarose gel 
and imaged. The dashed line indicates where images originating from two different agarose gels were joined.   
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Figure 3.7 Verification of loss of KEAP1 gene. A. PCR was performed using primers flanking the predicted Cas9 
cut sites, as shown in the schematic. B. PCR products of different sizes were separated on an agarose gel and 
imaged. The presented image is a single agarose gel. The dashed lines indicate where the image was cropped 
and lanes with additional samples were removed for clarity. 
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fact that the ‘inside’ primers gave rise to a wild-type-like product (Figure 3.6), this 

suggests that while clone keap1D5H retained most of the KEAP1 sequence, there are 

indels present at the sites targeted by Cas9. If the indels at the 5’ terminus lead to a 

frameshift mutation, this would prevent the protein expression and result in a 

knockout.  

 

In order to confirm the loss of KEAP1 in clones keap1D5F and keap1D8C, and to 

understand the nature of indels in clone keap1D5H, Sanger sequencing was 

performed on the PCR products described above (Figure 3.8). In line with the PCR 

observations, sequencing data revealed that clones keap1D5F and keap1D8C lost 

nearly the entire protein-coding sequence of KEAP1, with small indels present at the 

cut sites targeted by Cas9 (Figure 3.8 A, refer to schematic in Figure 3.4). 

Interestingly, a 219 bp fragment from the wild-type KEAP1 sequence was inserted in 

the opposite orientation in one of the keap1D5F alleles ( 

Figure 3.8 A). In clone keap1D5H the targeted gene sequence was retained, however 

there are indels present at both Cas9 cleavage sites ( 

Figure 3.8 B). At the 5’ terminus, a 191 bp insertion and a 154 bp deletion were 

identified upstream of the cleavage site, which results is a frameshift mutation and, 

due to its location upstream of the coding sequence, prevents KEAP1 protein 

expression. At the 3’ terminus of KEAP1, a 771 bp insertion and a 1 bp deletion are 

present downstream of the cleavage site. Moreover, Western blotting confirmed 

that the three described keap1D clones are true knockouts and do not express the 

KEAP1 protein (Figure 3.9). 
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Figure 3.8 Verification of keap1D cell lines through sequencing. Sanger sequencing was performed on PCR 
products described earlier. A. Sequencing confirmed that a large portion (around 17.8 kbp) of KEAP1 gene was 
deleted from the genome of clones keap1D5F and keap1D8C. Predicted Cas9 cut sites are marked with red 
arrows; dotted line symbolises the wild-type sequence not detailed in the schematic; the dashed line 
symbolises the deleted wild-type sequence; green box marks a 219 bp fragment of wild-type sequence 
inserted into one of keap1D5F alleles. B. Sequencing revealed that clone keap1D5H retained most of the wild-
type sequence. However, there are insertions (green) and deletions (red) present at the Cas9 cut sites which 
cause a frameshift mutation. Clone keap1D5H does not display a different sequence that could be attributed 
to another allele, which suggests the sequence modification on both alleles is identical. 
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Figure 3.9 Verification of the keap1D cell lines on protein level. Whole cell extracts obtained from the three 
keap1D cell lines were tested for KEAP1 presence using Western blotting. The Proteintech anti-KEAP1 antibody 
(60027-1-Ig) was used to detect KEAP1 here and in all subsequent Western blotting data. The blue arrow 
indicated the double band of KEAP1.  
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3.3.3.2 Functional validation of keap1D cell lines – NRF2 

stabilization  

Perhaps the best understood role of KEAP1 is as the negative regulator of cellular 

levels of the antioxidant transcription factor NRF2 (Yamamoto et al., 1999). Under 

homeostatic conditions, KEAP1 acts as a substrate adaptor for the CUL3-based E3 

ubiquitin ligase that ubiquitinates NRF2 and targets it for proteasomal degradation 

(Hayes at al., 2014). KEAP1 is inactivated by electrophilic NRF2 inducers modifying its 

highly reactive cysteine residues that prevent its interaction with NRF2 (Dinkova-

Kostova et al. 2017). The disruption of the KEAP1-NRF2 interaction prevents NRF2 

from being ubiquitinated and targeted for proteasomal degradation, leading to its 

accumulation in the cytoplasm (Dayalan Naidu et al., 2020). Having escaped 

degradation, NRF2 translocates to the nucleus, forms a heterodimer with a small 

musculoaponeurotic fibrosarcoma (sMAF) protein and binds to promoters 

containing antioxidant response elements (ARE), regulating the expression of over 

250 genes (Dodson et al., 2019; Baird et al., 2020; Dayalan Naidu et al., 2020).  

 

Depletion of KEAP1 using siRNA stabilises cellular NRF2 and causes its robust nuclear 

accumulation (Ashino et al., 2016). To validate keap1D cell lines, we tested whether 

they display elevated cellular levels of NRF2. Whole cell extracts and chromatin-

enriched nuclear fractions were prepared from wild-type and keap1D cell lines and 

analysed for NRF2 levels using Western blotting. Both cellular and chromatin-bound 

NRF2 levels in all three keap1D cell lines were elevated (Figure 3.10), which results 

from a cellular shortage of KEAP1. Although it cannot be ruled out that a  
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Figure 3.10 Loss of KEAP1 stabilises cellular levels of NRF2. Whole cell extracts and chromatin-enriched 
fraction samples were prepared from wild type RPE-1 cells and three keap1D cell lines. The samples were 
analysed by Western blotting with indicated antibodies.  
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heterozygous KEAP1 knockout could also lead to elevated NRF2 levels due to 

haploinsufficiency, this data together with the sequencing results described in the 

previous section provide validation of the created keap1D clones. 

 

3.3.3.3 RPE-1 keap1D cell lines show variable sensitivity to 

MMS 

Having established several keap1D cell lines, we next tested the output of the gene 

disruption on the ability of cells to tolerate MMS. In order to achieve this, the three 

RPE-1 keap1D cell lines were treated with a range of MMS concentrations for 1 hour 

and cell survival was analysed in a clonogenic sensitivity assay (Figure 3.11). Wild 

type RPE-1 cells and parp1D U2OS cells were included in the experiment as a 

negative and positive control, respectively.  

 

All three keap1D cell lines exhibit statistically significant sensitivity to MMS 

treatment, although the severity of phenotype differed between the clones (Figure 

3.11). While clones keap1D5F and keap1D8C showed a milder sensitivity profile, 

keap1D5H was more affected by MMS. It is unclear why keap1D5H is more sensitive 

to MMS than keap1D5F and keap1D8C, although one possibility is that an additional 

mutation might be responsible for the higher MMS sensitivity of keap1D5H. 

Nevertheless, our data clearly point to a requirement for KEAP1 in cell tolerance of 

DNA base damage induced by MMS.  
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        A 
 

 
 
 
 

          B 

 
 

Figure 3.11 Loss of KEAP1 results in variable sensitivity to MMS. A.Wild type RPE-1 cells and three keap1D 
cell lines were seeded at low density and were treated for 1 hour with MMS on the next day, then washed 
twice with PBS, allowed to recover in fresh medium and cultured for 10-12 days to be assessed in a clonogenic 
survival assay. When surviving fraction equals 0, data points are not shown on the graph. Error bars indicate 
the standard error of three experimental replicates. Statistical significance was tested with two-way ANOVA. 
B. Colony forming abilities vary slightly between the keap1D cell lines and the wild-type cells. Number of 
colonies formed in the untreated condition was counted and the average for each cell line was plotted. Error 
bars indicate the standard error of three experimental replicates. Statistical significance was tested with 
Student’s t-test. 
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Given the variability in phenotype achieved by knocking out KEAP1, we wished to 

confirm that the observed sensitivity to MMS is dependent on KEAP1 gene by 

rescuing the phenotype by expression of recombinant KEAP1. KEAP1 cDNA sequence 

was cloned into a lentiviral vector and tagged on the N-terminus with FLAG-tag and 

HA-tag using the Gateway system (Figure 3.12 A). Each of the keap1D cell lines, as 

well as the wild-type parental cell line, were infected with either a lentiviral 

construct encoding a wild-type FLAG-HA-KEAP1 (+ KEAP1), or with an ‘empty’ 

construct (EV). A prolonged puromycin selection ensured that any cells that did not 

incorporate the construct into their genome were eliminated from the heterogenous 

cell population. Expression of the FLAG-HA-KEAP1 construct was then confirmed by 

Western blotting (Figure 3.12 B). 

 

Next, we used the complemented cell lines and empty vector control cell lines to 

perform an MMS clonogenic sensitivity assay. As expected, expression of the wild-

type KEAP1 rescued the phenotype of all three keap1D cell lines, but to various 

degrees (Figure 3.13, Figure 3.14). The milder phenotype profiles of keap1D5F and 

keap1D8C cell lines were fully rescued (Figure 3.14). However, the more severe 

phenotype of keap1D5H was only partially rescued by expression of recombinant 

KEAP1, further supporting the notion that an additional mutation, which contributes 

to MMS sensitivity, had occurred in this cell line (Figure 3.13). Nevertheless, the 

ability to reduce the sensitivity of clone keap1D5H to MMS by expression of KEAP1 

confirms a requirement for this gene in MMS tolerance.  
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Figure 3.12 KEAP1 was re-expressed in keap1D cell lines. A. Wild-type KEAP1 cDNA was cloned into p580 
vector and tagged with FLAG and HA tags on the N-terminus. B, C. Re-expression of exogenous FLAG-HA-
KEAP1 in wild-type RPE-1 and in keap1D was confirmed by Western blotting. 
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Figure 3.13 Re-expression of KEAP1 in keap1D5H partially rescues the mutant phenotype. Wild type RPE-1 
cells and keap1D5H cells were transduced either with an empty vector or with vector expressing wild type 
KEAP1 and selected with puromycin. The established heterogenic cell lines were seeded at low density and 
treated for 1 hour with MMS on the next day, then washed twice with PBS, allowed to recover in fresh 
medium and cultured for 10-12 days to be assessed in a clonogenic survival assay. Error bars indicate the 
standard error of three experimental replicates. Statistical significance was tested with two-way ANOVA. 

 

 

Figure 3.14 Re-expression of KEAP1 in keap1D5F and keap1D8C rescues the mutant phenotype. Wild type 
RPE-1 cells, keap1D5F and keap1D8C cells were transduced either with an empty vector or with vector 
expressing wild type KEAP1 and selected with puromycin. The established heterogenic cell lines were seeded 
at low density and treated for 1 hour with MMS on the next day, then washed twice with PBS, allowed to 
recover in fresh medium and cultured for 10-12 days to be assessed in a clonogenic survival assay. Error bars 
indicate the standard error of three experimental replicates. Statistical significance was tested with two-way 
ANOVA. 
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Although most studies report using one acute treatment to investigate MMS-

induced damage, chronic low-dose treatment has been shown to result in a 

comparable cell sensitivity as measured by colony formation assay (Shiu et al., 2020). 

Moreover, a study in Saccharomyces cerevisiae described phenotypes for S-phase 

DNA damage checkpoint mutants that were only revealed by sublethal chronic MMS 

treatment (Murakami-Sekimata et al., 2010). The subtle, although significant 

sensitivity of keap1D cell lines to MMS prompted us to investigate whether an 

adjustment of the MMS treatment regime might exacerbate the observed 

phenotype. In particular, we wondered if repeated MMS treatments, resulting in 

accumulative base damage and increased mutational burden, would have a different 

effect on cells than one acute exposure. 

 

Wild-type, keap1D5F and keap1D8C cells, either with re-expressed FLAG-HA-KEAP1 

or with empty vector, were treated with a range of MMS concentrations. Cells were 

exposed to MMS three times at 0, 48 and 96 hours and each treatment lasted for 1 

hour. Cell viability was assessed in a colony survival assay (Figure 3.15, Figure 3.16). 

The data shown in the two graphs originated from one dataset and is split in two 

figures for clarity. Repeated MMS doses increase the sensitivity of keap1D5F and 

keap1D8C cells, while allowing for this phenotype to be rescued by introduction of 

wild-type KEAP1 into the cell. This suggests that the role of KEAP1 in resolving base 

damage might be more prominent in the presence of severely accumulated 

mutations. Arguably, its novel role could be executed through base excision repair or 

an alternative base damage repair pathway.  
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Figure 3.15 Exposure to chronic base damage exacerbates the phenotype observed in keap1D5F, while 
allowing its rescue by re-expression of KEAP1. Wild type RPE-1 cells and keap1D5F cells were transduced 
either with an empty vector or with vector expressing wild type KEAP1 and selected with puromycin. A. The 
established heterogenic cell lines were seeded at low density and treated for 1 hour with MMS on the next 
day, then washed twice with PBS and allowed to recover in fresh medium for 48 hours. The treatment was 
repeated two more times – 48 hours and 96 hours after the first treatment. The cells were cultured for a total 
of 10-12 days to be assessed in a clonogenic survival assay. Error bars indicate the standard error of three 
experimental replicates. Statistical significance was tested with two-way ANOVA. B. Schematic representation 
of the chronic MMS dosage strategy. 
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B 

 

Figure 3.16 Exposure to chronic base damage exacerbates the phenotype observed in keap1D8C, while 
allowing its rescue by re-expression of KEAP1. Wild type RPE-1 cells and keap1D8C cells were transduced 
either with an empty vector or with vector expressing wild type KEAP1 and selected with puromycin. A. The 
established heterogenic cell lines were seeded at low density and treated for 1 hour with MMS on the next 
day, then washed twice with PBS and allowed to recover in fresh medium for 48 hours. The treatment was 
repeated two more times – 48 hours and 96 hours after the first treatment. The cells were cultured for a total 
of 10-12 days to be assessed in a clonogenic survival assay. Error bars indicate the standard error of three 
experimental replicates. Statistical significance was tested with two-way ANOVA. B. Schematic representation 
of the chronic MMS dosage strategy. 
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3.4 Discussion 

In this chapter, we have described a genome-wide CRISPR-Cas9 knockout screen for 

genes that confer MMS tolerance. We were able to confirm the credibility of the 

screen by detecting, as high-ranking hits, several proteins known to be involved in 

tolerance to DNA base damage, including MGMT and components of the BER 

pathway (Figure 3.1). Most importantly, by identifying KEAP1 as the second-top hit 

in the screen, we uncovered a novel factor required for the cellular response to 

MMS-induced damage. Although it might be tempting to conclude that KEAP1 plays 

a role in BER, more research is needed to confirm that possibility and we will explore 

this in later chapters. KEAP1 could also act through another pathway which resolves 

base damage, such as direct reversal repair or replication-coupled repair (Cortez, 

2019; Mishina et al., 2008). MMS produces a wide range of various types of damage, 

methylating not only DNA, but also RNA and protein (Kaufmann, 2015; Lee et al., 

2007). It has been suggested that resistance to MMS could also rely on expression of 

proteins possessing the ability to degrade other proteins that were damaged by 

MMS-induced modifications (Burgis and Samson, 2007; Kaufmann, 2015). KEAP1 acts 

as a ubiquitin ligase in a complex with RBX1-CUL3, targeting its substrate proteins for 

degradation by 26S proteasome, so it would be possible for KEAP1 to play a similar 

role in MMS damage-induced response (Kobayashi et al., 2004). It is also possible 

that KEAP1 could be acting in some other pathway which resolves MMS-induced 

DNA damage. 
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We attempted to replicate the results of the screen by depleting KEAP1 in U2OS cells 

and testing the cell viability in response to MMS (Figure 3.2, Figure 3.3). 

Unfortunately, we were not able to confirm the findings of the CRISPR screen, as 

KEAP1-depleted cells did not display any greater sensitivity to MMS than wild-type 

cells. This could be explained by the difficulty of obtaining a true knockdown of 

KEAP1 in U2OS or maintaining the knockdown long enough for it to have an effect on 

colony survival assay (Figure 3.2). KEAP1 depletion seems to be ineffective especially 

at later time points (48 – 72 hours post-transfection), which coincides with MMS 

treatment. Incomplete KEAP1 depletion when encountering genotoxic stress could 

potentially still lead to sufficient response to MMS-induced damage, which would be 

observed as lack of sensitivity to the alkylating agent.  

 

We successfully generated three independent RPE-1 keap1D cell lines and in all 

instances we were able to reconstitute the MMS sensitivity observed in the CRIPSR-

Cas9 screen (Figure 3.11). This data serves as a validation of the screen and once 

again points to KEAP1 as a novel player in MMS-induced DNA damage response. 

Interestingly, there were differences in the severity of phenotype between the 

clones, with clones keap1D5F and keap1D8C being less sensitive than clone 

keap1D5H. However, this is not uncommon and one potential explanation could be 

clonal variation. Importantly, all of the keap1D cell lines had elevated cellular levels 

of NRF2, which is not directed for degradation in the absence of KEAP1 (Ashino et al., 

2016). Moreover, the MMS sensitivity of keap1D5H was partially complemented, 

confirming that KEAP1 is required at least to some extent for MMS tolerance in this 

clone (Figure 3.13). The observed phenotype of increased MMS sensitivity of keap1D 
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cells was fully rescued by expression of FLAG-HA-KEAP1 in clones keap1D5F and 

keap1D8C (Figure 3.14). This data suggests a possible unknown mutation in clone 

keap1D5H that has an additive effect on MMS sensitivity. It would also explain why 

clone keap1D5H exhibits a stronger sensitivity to MMS treatment compared with the 

two other clones (Figure 3.11). 

 

Although single, acute MMS treatment seems to be the gold standard in the field for 

investigating base damage (Fox and Fox, 1967; Lee et al., 2007; Ronson et al., 2018), 

some studies have reported encouraging results when opting for a chronic, lower 

dosage treatment (Murakami-Sekimata et al., 2010; Shiu et al., 2020). Differences in 

cell response to these two treatment regimens could reflect the differences in how 

cells process acute DNA damage versus accumulated, persistent mutations. These 

two situations could potentially activate different pathways or repair mechanisms. 

Interestingly, exposing Saccharomyces cerevisiae to chronic low doses of MMS 

revealed that mutations in S-phase checkpoint proteins result in increased reliance 

on translesion synthesis, while in the case of acute treatment the damage was 

resolved mostly through the BER pathway (Barbour et al., 2006; Murakami-Sekimata 

et al., 2010). Detangling the intricacies of the relationship between MMS dosage and 

cellular response could benefit us with a better understanding of the effect of 

environmental alkylating agents, such as those present in tobacco smoke (Drabløs et 

al., 2004). Moreover, since many important cancer drugs are alkylating agents, 

better comprehension of the repair processes they induce could improve the 

treatment available to patients and reduce the side effects (Middleton and 

Margison, 2003). In our observation, repeated MMS exposure increased the 
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sensitivity of clones keap1D5F and keap1D8C to the treatment, while allowing for a 

full phenotype rescue with expression of exogenous FLAG-HA-KEAP1 (Figure 3.15, 

Figure 3.16). This data suggests that repeated exposure to MMS increases the 

mutational burden and pressure on the DNA damage response system that KEAP1 

acts through.  

 

In this chapter, we identified and validated KEAP1 as a novel factor required for 

tolerance of MMS-induced DNA damage. In the following chapters we will explore its 

mechanism of action, pathway placement and relationship with PARPs in the context 

of MMS tolerance.  
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4. Understanding the KEAP1 mechanism 
of action in the context of MMS-
induced damage 

4.1 Introduction  

4.1.1 KEAP1 interacts with CUL3 to form an E3 ubiquitin ligase 

complex 

Cullin-RING ligases (CRLs) are a superfamily of highly conserved multimeric ubiquitin 

ligases (E3s) consisting of a scaffolding cullin protein, a catalytic subunit RING protein 

(RBX1 or RBX2), an adaptor and a substrate-recognising protein (Genschik et al., 

2013; Sun et al., 2020). The subfamily of CRL3 contains Cullin-3 (CUL3), the RING 

protein RBX1 and a BTB domain protein which acts both as a substrate receptor and 

an adaptor (Pintard et al., 2003; Xu et al., 2003). One of the substrate adaptor 

proteins that form an E3 complex with CUL3-RBX1 is KEAP1 (Taguchi et al., 2011). 

 

CUL3 is highly conserved and present in all eukaryotes. As part of CRL3 complex, 

CUL3 plays an important role in the regulation of various stress, developmental and 

cellular responses by facilitating ubiquitylation of substrate proteins, targeting them 

for proteasomal degradation (Genschik et al., 2013). Upon binding of the N-terminal 

domain of CUL3 to the BTB domain of the substrate adaptor KEAP1 and the 

formation of a E3 ubiquitin ligase complex with RBX1, the transcription factor NRF2 
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becomes ubiquitylated and is destined for proteasomal degradation (Cullinan et al., 

2004; Dayalan Naidu and Dinkova-Kostova, 2020; Kobayashi et al., 2004). To date, all 

known cellular functions of KEAP1 are carried out as part of the CUL3-based 

ubiquitin ligase complex, suggesting this might also be true for any novel roles of 

KEAP1. 

 

4.1.2 KEAP1 domains and their functions 

KEAP1 functions as a substrate adaptor in the KEAP1-CUL3-RBX1 E3 ubiquitin ligase, 

recognising and positioning the substate to enable the transfer of ubiquitin onto the 

target protein (Dinkova-Kostova et al., 2017). Constituting an interface for protein-

protein interactions, it contains binding sequences for its partners and targets. 

KEAP1 contains three functional domains: N-terminal BTB domain, intervening 

region (IVR) and C-terminal Kelch domain, which are described in detail in section 1.5 

(Itoh et al., 1999). As all members of BTB-Kelch protein family, KEAP1 binds to CUL3 

through its BTB domain, which is required for this interaction (Dayalan Naidu and 

Dinkova-Kostova, 2020; Furukawa and Xiong, 2005). A truncated KEAP1 lacking the 

BTB domain is unable to bind to CUL3, which prevents the assembly of the KEAP1-

CUL3-RBX1 ligase and results in accumulation of NRF2 that is not targeted for 

degradation (Furukawa and Xiong, 2005; Kobayashi et al., 2004). Similarly, CUL3 

binding can be abolished by introducing a triple alanine substitution mutations 

(V123A, I125A, G127A) in the third β-sheet and a double alanine substitution 

(M161A, G127A) in the fourth α-helix of KEAP1 (Furukawa and Xiong, 2005). These 

residues correspond with the regions of an adaptor protein SKP1 that directly 

interact with CUL1 and are thought to be the platform for KEAP1-CUL3 interaction  



 109 

(Furukawa and Xiong, 2005). Importantly, the 3-box sequence at the N-terminal end 

of the IVR is also required for KEAP1 binding to CUL3 (Canning et al., 2013). In 

addition to mediating the CUL3 interaction, the BTB domain is also necessary for 

KEAP1 homodimerisation (Zipper and Mulcahy, 2002). Specifically, S104 within the 

BTB domain seems to play a crucial role, as its mutation to an alanine disrupts 

homodimerisation and leads to nuclear NRF2 accumulation (Dayalan Naidu and 

Dinkova-Kostova, 2020; Zipper and Mulcahy, 2002). The N-terminal Kelch domain is 

required for substrate binding and allows the KEAP1 homodimer to bind to ETGE and 

DLG motifs of NRF2 (Dinkova-Kostova et al., 2017). Binding to NRF2 through the 

Kelch domain is independent of other elements of the E3-ligase complex (Furukawa 

and Xiong, 2005). The Kelch domain is also necessary for the interaction of KEAP1 

with PALB2 through its ETGE motif to suppress HR in G1 cells (Ma et al., 2012; 

Orthwein et al., 2015). 

 

Although our knowledge about the functional significance of specific mutations 

within the KEAP1 domains has been advancing, there are still areas that need to be 

explored. For example, the regions responsible for KEAP1 homodimerisation and for 

binding CUL3 are partially overlapping, making it challenging to separate those 

functions. To date, the structures of the IVR domain or the complete KEAP1-CUL3-

RBX1 complex have not been solved, leaving room for speculation about the exact 

spatial organisation and residue interactions within the complex. In the context of 

KEAP1-dependent MMS tolerance we observed, it would be interesting to 

understand which domains are crucial for this new role. Understanding the domain 

requirement in this context could clarify whether KEAP1 acts as an E3 ligase in 
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complex with CUL3 to confer MMS tolerance or if its ability to bind to a substrate 

through Kelch domain is necessary for this function.  

 

4.1.3 The cysteine-based stress sensing system of KEAP1  

The cysteine stress sensor system is central to the role of KEAP1 as NRF2 regulator 

(Dayalan Naidu and Dinkova-Kostova, 2020). It allows KEAP1 to recognise and 

respond to various NRF2 inducers through its highly reactive thiol groups, which can 

be modified by oxidants and electrophiles (Dinkova-Kostova et al., 2017). Among the 

27 cysteines in the human KEAP1, there are differences in the reactivity and in the 

response to different types of inducers (Dayalan Naidu and Dinkova-Kostova, 2020). 

Observed redundancy in response to those inducers between certain cysteine 

residues, such as any combination of Cys226, Cys613 and Cys622/Cys624 in mouse 

KEAP1 forming a disulfide bond when exposed to H2O2, make it a challenge to 

untangle this sophisticated sensor network (Suzuki et al., 2019). 

 

In a recent study, Suzuki and colleagues generated a mouse KEAP1 mutant lacking 11 

cysteine residues, which made it unresponsive to most of NRF2 inducers, but still 

able to target NRF2 for ubiquitination and degradation (Suzuki et al., 2019). 

Importantly, in the generation of this mutant any cysteine substitutions that resulted 

in either an inability to bind CUL3 or that interfered with the ability to ubiquitylate 

NRF2 under basal conditions were identified and excluded (Suzuki et al., 2019). The 

resulting KEAP111Cys-less mutant constitutes a promising model for testing whether a 

specific compound reacts with some of the most reactive cysteine residues of KEAP1 
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(Suzuki et al., 2019). We therefore hypothesise that the cysteine sensor might play 

an important part in the mechanism through which KEAP1 recognises and responds 

to MMS-induced damage. A reactive cysteine is also a characteristic of MGMT, the 

‘suicide’ enzyme repairing alkylation base damage through direct reversal. MGMT 

removes the alkyl adduct from the modified oxygen molecule of O6-meG or O4-meT 

and transfers it to its Cys145 residue, becoming inactive (Gutierrez and O’Connor, 

2021). It is tempting to speculate that the reactive cysteine residues of KEAP1 could 

accept alkyl groups from damaged bases in a similar mechanism.  

 

4.2 Aims 

Our data from the CRISPR-Cas9 screen point to KEAP1 as a novel factor in conferring 

tolerance to MMS-induced damage. We confirmed this finding by a series of 

clonogenic sensitivity assay analyses of KEAP1-deficient cells. In this chapter, we will 

aim to understand the mechanism responsible for the KEAP1-dependant tolerance 

of MMS-induced DNA damage.  

 

Given the role of KEAP1 as the substrate adaptor in the E3 ubiquitin ligase complex it 

forms with CUL3 and RBX1, we hypothesise that KEAP1 might also act as a CUL3-

based ubiquitin ligase to confer the MMS tolerance. Therefore, loss of CUL3 should 

lead to MMS-sensitivity, similar to KEAP1-deficiency. We will test the requirement 

for CUL3 for the repair of alkylation damage by siRNA-mediated CUL3 depletion and 

subsequent assessment of the effect this has on the cell sensitivity to MMS. Next, we 

will aim to understand the domain requirement of KEAP1 for its role in MMS-
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induced damage repair, which might inform possible mechanism of its action. We 

will address this question by creation of domain mutants and testing their ability to 

confer MMS tolerance. KEAP1 is a cysteine-rich protein which recognises NRF2 

inducers through its reactive cysteine residues. We hypothesise that these reactive 

residues might facilitate the recognition and possibly removal of alkyl groups from 

modified DNA bases, analogously to MGMT-mediated direct repair. We aim to assess 

this possibility by generating a KEAP1 mutant with 11 of its reactive cysteines 

inactivated, and examining its ability to rescue the MMS-sensitivity phenotype in 

keap1D cells.  

 

4.3 KEAP1 interaction with CUL3 in the context of MMS 

sensitivity 

The dependence of KEAP1 on binding CUL3 to form a functional E3 ligase prompted 

us to hypothesise that CUL3 depletion might sensitise cells to MMS in the same way 

that loss of KEAP1 did in the CRISPR-Cas9 screen (Chapter 3, Figure 3.1). To address 

this question, we set out to deplete CUL3 in U2OS cells and assess their viability in 

response to MMS treatment through a colony forming assay.  

 

Initially, we optimised the conditions for CUL3 depletion using siRNA transfection in 

U2OS cells. Cells were transfected with three different concentrations of siCUL3 and 

whole cell extract samples were collected 24, 48 and 72 hours after the addition of  
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Figure 4.1 Optimisation of CUL3 depletion. U2OS cells were transfected with different concentrations (50 nM, 
75 nM, 100 nM) of siRNA, either non-targeting (siCTRL) or targeting CUL3 (siCUL3). Transfection was repeated 
twice with a 24-hour-long incubation period. Whole cell extract samples for analysis by Western blotting were 
collected at 24 hours, 48 hours and 72 hours after the second transfection. 
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siRNA to the media. Depletion of CUL3 is stable and robust under all tested 

conditions, as shown by Western blotting (Figure 4.1). 

 

Having established conditions to effectively deplete CUL3, U2OS cells transfected 

with 50 nM siCUL3 were seeded at low density and treated with MMS for 1 hour. 

After 10-12 days of culture, cell viability in response to MMS was assessed in a 

colony-forming assay (Figure 4.2). Compared to control, CUL3-depleted U2OS cells 

are more sensitive to MMS-induced DNA damage, suggesting that CUL3 is involved in 

the resolution of base damage. KEAP1 functions as part of an E3 complex with CUL3-

RBX1, hence depletion of CUL3 would impede the formation of the complex and 

disrupt the KEAP1 function (Canning et al., 2015). This data, together with our 

previous results, suggests that KEAP1 and CUL3 might be acting together in repair of 

alkylation base damage. However, to verify this hypothesis, further experiments are 

required, including epistatic analysis of the relationship between KEAP1 and CUL3 in 

the context of MMS exposure. 

 

The keap1D cell lines we created are based on RPE-1 cell line, hence we chose to 

replicate the experiment testing the effect of CUL3 depletion MMS sensitivity in this 

cell line. The same transfection and MMS treatment conditions were used as those 

previously applied to U2OS cells. After 10-12 days of culture, cell viability in response 

to MMS was assessed in a colony-forming assay. However, we did not observe 

increased sensitivity to MMS in siCUL3-transfected RPE-1 cells (Figure 4.3 A). This  
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Figure 4.2 Depletion of CUL3 sensitises U2OS cells to MMS. U2OS cells were transfected with 50 nM 
siRNA, either non-targeting (siCTRL) or targeting CUL3 (siCUL3). Transfection was repeated twice with 
a 24 hour incubation period. 24 hours after the second transfection, cells were seeded at low density. 
The following day, they were treated for 1 hour with MMS, washed twice with PBS, allowed to 
recover in fresh medium and cultured for 10-12 days to be assessed in a clonogenic survival assay. 
When surviving fraction equals 0, data points are not shown on the graph. Error bars indicate the 
standard error of three experimental replicates. Statistical significance was tested with two-way 
ANOVA.  
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Figure 4.3 Depletion of CUL3 in RPE-1 cells is insufficient to sensitise cells to MMS. RPE-1 cells were 
transfected with 50 nM siRNA, either non-targeting (siCTRL) or targeting CUL3 (siCUL3). Transfection 
was repeated twice with a 24 hour incubation period. A. 24 hours after the second transfection, cells 
were seeded at low density. The following day, they were treated for 1 hour with MMS, washed twice 
with PBS, allowed to recover in fresh medium and cultured for 10-12 days to be assessed in a 
clonogenic survival assay. When surviving fraction equals 0, data points are not shown on the graph. 
Error bars indicate the standard error of three experimental replicates. Statistical significance was 
tested with two-way ANOVA. B. At the time of treatment, whole cell extract samples were collected 
and later analysed by Western blotting. 
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could be explained by the inefficacy of CUL3 depletion in that cell line, as shown by 

Western blotting (Figure 4.3 B). 

 

4.4 Generation of KEAP1 mutants: a mutated cysteine stress 

sensor and three domain mutants  

KEAP1 interacts with its substrates, such as NRF2, and with CUL3 through its binding 

domains. The cysteine sensor enables KEAP1 to recognise and respond to NRF2 

inducers (Suzuki et al., 2019). We wished to further investigate the requirement for 

the KEAP1 domains and its cysteine sensor in response to MMS-induced base 

damage. To be able to explore the mechanism behind the KEAP1-dependent MMS 

tolerance, we generated constructs of mutant KEAP1 and expressed them in the 

keap1D5F and keap1D8C cell lines (Figure 4.4, Figure 4.5).  

 

To address the question of domain requirement, we deleted the N-terminal BTB 

domain (1-179 amino acid residues) responsible for KEAP1 homodimerisation and 

binding to CUL3, and the Kelch domain (315-624 amino acid residues) responsible for 

substrate binding, creating KEAP1DBTB and KEAP1DKELCH, respectively (Figure 4.4; Baird 

and Yamamoto, 2020; Furukawa and Xiong, 2005; Zipper and Mulcahy, 2002). 

Additionally, we targeted the amino acid residues within the BTB domain that are 

analogous to the residues in another BTB-domain protein, SKP1, directly interacting 

with CUL1 (Furukawa and Xiong, 2005). This 5 amino acid substitution (Val123Ala, 

Ile125Ala, Gly127Ala, Met161Ala, Tyr162Ala), reported under the name S3H4, has  
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Figure 4.4 Schematic of KEAP1 mutants with truncation or amino acid substitution within the BTB and Kelch 
domain, and the KEAP1 11Cys-less mutant. Introduced amino acid substitutions have been marked. NTR – N-
terminal region; BTB – Broad-Complex, Tramtrack and Bric a brac domain; IVR – intervening region; KELCH – 
Kelch domain; CTR – C-terminal region.. Schematic domain structure of wild-type KEAP1 compared with 
introduced mutations. NTR – N-terminal region; BTB – Broad-Complex, Tramtrack and Bric a brac domain; IVR 
– intervening region; KELCH – Kelch domain; CTR – C-terminal region. 
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been shown to disrupt the ability of KEAP1 to bind CUL3 (Figure 1.10; Furukawa and 

Xiong, 2005).  

 

To test whether the cysteine sensor system of KEAP1 could play a role in the 

response to MMS-induced damage, we generated a human KEAP1 construct with 11 

mutated cysteines, as has been previously tested in a mouse model (Figure 4.4; 

Suzuki et al., 2019). These 11 residue substitutions (Cys151Ser, Cys226Ser, 

Cys257Ser, Cys273Trp, Cys288Glu, Cys319Ser, Cys434Ser, Cys489Ser, Cys613Ser, 

Cys622Ser, Cys624Ser) prevent the recognition of and response to most known 

inducers of NRF2, while not impeding the ability of KEAP1 to ubiquitinate NRF2 and 

target it for degradation (Suzuki et al., 2019). Cys273 was substituted to tryptophan 

and Cys288 was substituted to glutamic acid to avoid the loss of ability to repress 

NRF2 accumulation induced by other substitutions at these residues (Saito et al., 

2016; Suzuki et al., 2019).  

 

Next, keap1D5H and keap1D8C cell lines were infected with the lentiviral constructs 

of mutant KEAP1: FLAG-HA-KEAP1DBTB (+DBTB), FLAG-HA-KEAP1DKELCH (+DKELCH), 

FLAG-HA-KEAP1S3H4 (+S3H4) or FLAG-HA-KEAP111Cys-less (+11Cys-less). We chose these 

two cell lines to enable comparison between one that exhibits a higher sensitivity to 

MMS (keap1D5H) and one with a lower sensitivity (keap1D8C). Cells were selected 

with puromycin for a week to ensure the incorporation of the construct into the 

genome and resulting in a heterogenous population of cells expressing the KEAP1 

mutant. Expression of all four mutant KEAP1 constructs was confirmed by Western  
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Figure 4.5 Agarose gel image of mutant KEAP1 cDNA sequences. KEAP1DBTB and KEAP1DKELCH mutants were 
obtained by PCR using primers that omit the domain being truncated. KEAP1S3H4 and KEAP111Cys-less were 
synthesized with the help of Source BioScience and amplified by PCR. attB flanking sites compatible with the 
Gateway cloning system were introduced to all the mutant inserts at this stage. 
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Figure 4.6 Domain mutants and amino acid substitution mutants of KEAP1 were re-expressed in 
keap1D cell lines. Re-expression of exogenous FLAG-HA-tagged KEAP1 mutants was confirmed by 
Western blotting. 

 

 

  

 
Figure 4.7 Influence of KEAP1 mutations on NRF2 accumulation tested by Western blotting. The 
expression levels of NRF2 in the KEAP1 domain mutants and in the 11Cys-less mutant were compared 
via Western blotting.   
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blotting (Figure 4.6). Interestingly, cell lines expressing mutants KEAP1DBTB, 

KEAP1DKELCH, KEAP1S3H4 and KEAP111Cys-less display NRF2 expression levels similar to 

cell lines infected with wild-type KEAP1 and lower than in cells carrying an empty 

vector (Figure 4.7). In the presence of functional KEAP1, the cellular levels of NRF2 

are lower than in KEAP1-deficient cells due to NRF2 being targeted for proteasomal 

degradation. On the other hand, genetic disruption of KEAP1 leads to NRF2 

accumulation. This might suggest that the generated KEAP1 mutants retain some 

functionality of the wild-type protein in regards of NRF2 ubiquitylation. In the case of 

KEAP111Cys-less, retaining the ability to ubiquitylate NRF2 is an important indication 

that despite the mutations affecting recognition of NRF2 inducers, the protein 

remains functional, which allows the investigation of the effect of the cysteine 

sensor system alone. In keap1D5H, detectable levels of NRF2 suggest that the 11Cys-

less mutant is capable of targeting NRF2 for proteasomal degradation. However, in 

keap1D8C expressing KEAP111Cys-less the NRF2 level is increased compared to the cell 

line with re-expressed wild-type KEAP1, although lower than in keap1D8C (Figure 

4.7). This might suggest that the keap1D8C cell line expressing the 11Cys-less mutant 

is not fully functional in regard to NRF2 degradation.  

 
 

4.5 Role of KEAP1 domains in MMS-induced damage 

response 

In order to understand the mechanism through which KEAP1 contributes to MMS 

tolerance in cells, it is crucial to investigate which of its domains are required for this 
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function. Considering that KEAP1 interacts with CUL3 as a substrate adaptor in the 

CRL3 complex and that our experiments in CUL3-depleted cells suggest CUL3 might 

play a role in KEAP1-dependent MMS tolerance, we decided to test whether the 

MMS-protective function of KEAP1 would be affected in the absence of the CUL3-

binding BTB domain. However, the BTB domain is also responsible for KEAP1 

homodimerisation. In order to untangle the effects of inhibiting the two functions of 

the domain, we resolved to also investigate the effect of a mutation of the five 

amino acids within the BTB domain suspected to constitute the CUL3 binding 

interface. We were also interested whether disruption of the substrate binding Kelch 

domain would impair the ability of KEAP1 to mitigate the effects of MMS toxicity. 

We earlier generated constructs of mutant KEAP1 and expressed them in the 

keap1D5F and keap1D8C cell lines, which will allow us to address these questions. 

 

To this end, we performed clonogenic sensitivity assays on keap1D5H and keap1D8C 

cell lines expressing the three different KEAP1 mutants (Figure 4.8, Figure 4.9). Cells 

plated at low density were exposed to treatment with different MMS 

concentrations. Consistently with the drug treatment regime we employed in the 

previous chapter, keap1D5H was treated with MMS one time for 1 hour, while 

keap1D8C was treated with MMS three times every 48 hours, each time for 1 hour. 

Sensitivity to MMS was assessed by analysing the colony survival rates after 10-12 

days of culture. The experiments were performed independently in keap1D5H and 

keap1D8C and show similar results. While exogenous expression of wild-type KEAP1   
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Figure 4.8 Disruptions of BTB or KELCH domain affect result in increased sensitivity to MMS 
observed in keap1D5H cell line. Cell line keap1D5H was transduced with KEAP1DBTB, KEAP1DKELCH or 
KEAP1S3H4 mutants and selected with puromycin. The established heterogenic cell line was seeded at 
low density and treated for 1 hour with MMS on the next day, then washed twice with PBS, allowed 
to recover in fresh medium and cultured for 10-12 days to be assessed in a clonogenic survival assay. 
Wild-type RPE-1 and keap1D5H expressing an empty vector or with vector expressing wild type KEAP 
were used as controls. Error bars indicate the standard error of three experimental replicates. 
Statistical significance tested using two-way ANOVA.  
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Figure 4.9 Disruptions of BTB or KELCH domain affect result in increased sensitivity to MMS 
observed in keap1D8C cell line. Cell line keap1D8C was transduced with KEAP1DBTB, KEAP1DKELCH or 
KEAP1S3H4 mutants and selected with puromycin. A. The established heterogenic cell line was seeded 
at low density and treated for 1 hour with MMS on the next day, then washed twice with PBS and 
allowed to recover in fresh medium for 48 hours. The treatment was repeated two more times – 48 
hours and 96 hours after the first treatment. The cells were cultured for a total of 10-12 days to be 
assessed in a clonogenic survival assay. Wild-type RPE-1 and keap1D8C expressing an empty vector or 
with vector expressing wild type KEAP were used as controls. Error bars indicate the standard error of 
three experimental replicates. Statistical significance tested using two-way ANOVA. B. Schematic 
representation of the chronic MMS dosage strategy. 
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rescues the MMS-sensitivity fully in keap1D8C and partially in keap1D5H, mutants 

KEAP1DBTB, KEAP1DKELCH and KEAP1S3H4 fail to do so. Increased sensitivity to the drug 

in cells expressing KEAP1 with either truncated BTB domain or with mutations of 

suspected CUL3-binding region within the BTB domain demonstrates the necessity 

for functional BTB domain to enable the protective role of KEAP1 in presence of 

MMS-induced damage. This data suggests that, in the context of MMS tolerance, 

KEAP1 might function as part of the CRL3 complex. Moreover, these results indicate 

that Kelch domain is also required for KEAP1 to mitigate the impact of MMS toxicity 

on cells. As Kelch domain contains substrate binding motifs, the loss of function in 

KEAP1DKELCH implies that KEAP1 executes its MMS-protective role by binding to a 

downstream protein, potentially a substrate for ubiquitylation.   

 

4.6 Role of the cysteine sensor system of KEAP1 in MMS-

induced DNA damage response 

Given the ability of KEAP1 to sense various stress inducers through its cysteine 

residues, we hypothesised it is also possible that this sensor system might be at play 

in recognising MMS-induced damage (Dinkova-Kostova et al., 2002). Alkylating 

agents are highly electrophilic and able to modify cysteines forming irreversible 

covalent bonds, which positions MMS as a potential candidate for inducer of the 

cysteine sensor system (Dinkova-Kostova et al., 2002). We speculated that the 

recognition of MMS as a stressor by the reactive cysteines on KEAP1 could modulate 

its function. In this hypothetical model, KEAP1 would recognise MMS and respond to 
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it either by ubiquitylation of DDR proteins, acting as part of the CRL complex, or by 

signalling the damage in another CRL-independent manner.  

 

In order to assess whether the substituted cysteine residues play a role in KEAP1-

dependent MMS tolerance, clonogenic sensitivity assays were performed on 

keap1D5H and keap1D8C cell lines expressing the KEAP111Cys-less  mutant (Figure 4.10, 

Figure 4.11). Cells were plated at low density and treated with a range of MMS 

concentrations. Cell line keap1D5H was exposed to MMS one time for 1 hour, while 

keap1D8C was treated with MMS three times at 48-hour intervals, each time for 1 

hour, consistent with experiments we described in the previous chapter. After 10-12 

days of culture, cell viability was assessed by analysing the colony survival rates. The 

two experiments were performed independently in keap1D5H and keap1D8C. 

Interestingly, the KEAP111Cys-less mutant rescued the phenotype in both cases, 

suggesting that the substituted 11 cysteine residues do not take part in KEAP1 

response to MMS.   
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Figure 4.10 Mutation of 11 reactive cysteines in KEAP1 does not result in increased sensitivity of 
keap1D5H to MMS. Cell line keap1D5H was transduced with KEAP111Cys-less mutant and selected with 
puromycin. The established heterogenic cell line was seeded at low density and treated for 1 hour 
with MMS on the next day, then washed twice with PBS, allowed to recover in fresh medium and 
cultured for 10-12 days to be assessed in a clonogenic survival assay. Wild-type RPE-1 and keap1D5H 
expressing an empty vector or with vector expressing wild type KEAP were used as controls. Error 
bars indicate the standard error of three experimental replicates. Statistical significance tested using 
two-way ANOVA.  
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Figure 4.11 Mutation of 11 reactive cysteines in KEAP1 does not result in increased sensitivity of 
keap1D8C to MMS. Cell line keap1D8C was transduced with KEAP111Cys-less mutant and selected with 
puromycin. The established heterogenic cell line was seeded at low density and treated for 1 hour 
with MMS on the next day, then washed twice with PBS and allowed to recover in fresh medium for 
48 hours. The treatment was repeated two more times – 48 hours and 96 hours after the first 
treatment. The cells were cultured for a total of 10-12 days to be assessed in a clonogenic survival 
assay. Wild-type RPE-1 and keap1D8C expressing an empty vector or with vector expressing wild type 
KEAP were used as controls. Error bars indicate the standard error of three experimental replicates. 
Statistical significance tested using two-way ANOVA. B. Schematic representation of the chronic MMS 
dosage strategy. 
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4.7 Discussion 

In this chapter, we explored the mechanism through which KEAP1 conveys tolerance 

to MMS. First, we investigated whether CUL3, a protein known to interact with 

KEAP1 as components of E3 ubiquitin ligase complex, is also involved in response to 

MMS-induced damage repair. Dependence of MMS tolerance on CUL3 would 

suggest that the role of KEAP1 in this context is carried our as KEAP1-CUL3-RBX1 

ligase. Next, we explored the domain requirement for the function of KEAP1 in the 

context of MMS-induced damage repair by completely removing or introducing 

mutations within BTB and Kelch domains. Lastly, we tested the hypothesis that this 

novel function of KEAP1 might be dependent on its cysteine stress sensor. In this 

model, MMS would transfer an alkyl group onto one or more reactive cysteine 

residues and inactivate or modify the function of KEAP1.  

 

Ubiquitylation is a post-translational modification which plays an important role in 

regulation of DNA damage repair pathways, for example, many of BER proteins are 

ubiquitylated (Carter and Parsons, 2018). However, often the ubiquitin ligase 

responsible for the modification of a specific repair factor, or even the functional 

impact of such PTM, remain unknown. Knowing that KEAP1 functions as a CUL3-

based ubiquitin ligase, we wondered whether the KEAP1-dependent MMS tolerance 

might involve ubiquitylation and be also dependent on CUL3 (Cullinan et al., 2004). 

We therefore depleted CUL3 in U2OS cells and tested cell viability in response to 

MMS (Figure 4.1, Figure 4.2). As predicted based on its crucial interaction with 

KEAP1, CUL3 knockdown sensitised cells to MMS. Although we did not observe MMS 
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sensitivity in CUL3-depleted RPE-1 cells, taking into account the efficiency of the 

knockdown, this is not surprising (Figure 4.3). RPE-1 cells are often more difficult to 

transfect than for example U2OS, which can result in less efficient knockdown. This 

data would suggest that whichever pathway KEAP1 functions through in the context 

of MMS-induced damage repair, it might play its role as part of the E3 ubiquitin 

ligase complex with CUL3. Epistatic analysis of KEAP1 and CUL3 in the context of 

MMS treatment could test this hypothesis. However, we were not able to address 

this possibility due to the inefficient CUL3 depletion in our RPE-1-derived keap1D cell 

lines (data not shown). Given the current knowledge about the CUL3-RING ubiquitin 

ligase, we could hypothesise that KEAP1 could regulate MMS-induced DNA damage 

response by targeting proteins at the site of damage or certain transcription factors 

for degradation (Kobayashi et al., 2004). Alternatively, KEAP1 could suppress a 

protein-protein interaction through ubiquitylation, similarly as it does in the case of 

PALB2 and BRCA1 (Orthwein et al., 2015).  

 
Next, we investigated the impact of disrupting different domains of KEAP1 on its 

ability to confer MMS tolerance. We have successfully expressed truncated domain 

mutants KEAP1DBTB and KEAP1DKELCH, as well as an amino acid substitution mutant 

KEAP1S3H4, in keap1D5H and keap1D8C cell lines. Colony survival assays once again 

confirmed that keap1D cell lines are sensitive to MMS and that this phenotype can 

be complemented by expression of wild-type KEAP1. In both tested cell lines, 

mutants KEAP1DBTB, KEAP1DKELCH and KEAP1S3H4 were unable to complement the MMS 

sensitivity phenotype (Figure 4.8, Figure 4.9). These data point to both BTB and Kelch 

domain playing crucial parts in the mechanism through which KEAP1 is involved in 
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MMS-induced damage response. The BTB domain is necessary for both KEAP1 

homodimerisation and its binding to CUL3 (Baird and Yamamoto, 2020). The 

incapability of the KEAP1DBTB mutant to rescue the MMS-sensitivity phenotype 

supports the hypothesis that BTB domain is required for KEAP1 to confer MMS 

tolerance. However, separating the two functions of this domain is not trivial. In a 

study in murine KEAP1 a region critical for homodimerisation (amino acids 96-100) 

was substituted from the original HKVVL sequence to five alanines and co-expressed 

with a differentially tagged wild-type KEAP1 in keap1D 293T cells (Suzuki et al., 

2011). The two co-expressed proteins failed to dimerise, similarly as observed in the 

case of deleting the entire BTB domain (Suzuki et al., 2011). Moreover, transgenic 

mice expressing solely the KEAP1mutHKVVL were subject to juvenile mortality, as is the 

case for Keap1-null mice (Suzuki et al., 2011). Although this proves how crucial the 

KEAP1 dimerization is for its function in vivo, the study does not address whether 

binding to CUL3 has been affected. Other research focuses solely on the requirement 

for BTB domain to enable the interaction between KEAP1 and CUL3 (Furukawa and 

Xiong, 2005). The same study reported that KEAP1S3H4 with mutations introduced 

specifically at the predicted interaction sites with CUL3 makes the mutant KEAP1 

unable to bind to this protein, however the effect on homodimerisation was not 

tested (Furukawa and Xiong, 2005). We have shown that KEAP1S3H4 mutation leads 

to a loss of function important for MMS tolerance (Figure 4.8, Figure 3.14). This 

could be solely the result of inability to bind CUL3, although we cannot exclude the 

possibility that homodimerization is also disrupted in the KEAP1S3H4 mutant. Perhaps 

this question could be further addressed in keap1D cells by expressing KEAP1 protein 

with C151W mutation, which significantly decreases CUL3 binding and leads to 
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consecutive NRF2 activation, and by testing the viability after MMS exposure (Eggler 

et al., 2009; Kobayashi et al., 2009). Structure analysis of the C151W mutant 

suggests that its BTB homodimerization interface is not disrupted, however no 

functional studies have tested that hypothesis (Cleasby et al., 2014). 

 

While the structure of the CUL3-KEAP1-NRF2 complex has not been solved to date, 

the structures of BTB and Kelch domains have been determined and guide the 

current understanding of the structural basis of KEAP1 interactions with its targets, 

and specifically with NRF2 (Canning et al., 2013; Cleasby et al., 2014; Li et al., 2004). 

KEAP1 needs to form a homodimer and bind through the two Kelch domains to both 

ETGE and DLG motifs on NRF2 in order for NRF2 to be ubiquitylated and degraded by 

the proteosome (Horie et al., 2021). Disruption of CUL3 binding ultimately also 

results in the KEAP1 inability to target NRF2 for degradation (Furukawa and Xiong, 

2005). Regardless of the exact dynamics of the CUL3-KEAP1 complex assembly and 

whether disrupting KEAP1 homodimerisation affects CUL3 biding and vice versa, our 

data from MMS sensitivity assays in KEAP1DBTB and KEAP1S3H4 mutants indicates that 

KEAP1 is likely to act as part of the ubiquitin E3 ligase complex in the context of 

MMS-induced damage. This could be further confirmed by epistatic analysis of 

KEAP1 and CUL3 in response to MMS. As KEAP1 binds all of its known target proteins 

through its Kelch domain, we were interested whether deleting this domain has any 

impact on the MMS sensitivity (Kopacz et al., 2020; Li et al., 2004; Orthwein et al., 

2015). KEAP1DKELCH mutant does not complement the MMS sensitivity in RPE-1 

keap1D cells, suggesting that also in this context KEAP1 regulates another key 

protein through interaction with Kelch domain. The Kelch domain binds to specific 
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ETGE and DLG interaction motifs on target proteins (Kopacz et al., 2020). Screening 

proteins for these conserved motifs and their variations could help identify the 

partner of KEAP1 in response to MMS.  

 

MGMT repair methylated DNA bases directly by transferring the alkyl group onto its 

reactive cysteine residue (Gutierrez and O’Connor, 2021). Our data indicates that 

KEAP1 plays a role in alkylation damage repair and it is also known to possess a 

cysteine stress sensor, whose reactive cysteine residues can accept alkyl groups 

(Suzuki et al., 2019). We therefore hypothesised that the reactive cysteines of KEAP1 

might remove alkyl groups from damaged bases in a manner similar to MGMT. To 

address the possible role of the cysteine sensor in resolving MMS-induced damage 

by KEAP1, we expressed KEAP111Cys-less in keap1D cells and assessed their viability 

when exposed to MMS (Suzuki et al., 2019). Interestingly, this mutation did not 

affect the ability of KEAP1 to complement the MMS sensitivity phenotype (Figure 

4.10, Figure 4.11). Given the electrophilic properties of MMS and the fact that other 

alkylating agents are known to modify the cysteines on KEAP1 and modulate its 

function, this result was unexpected (Dayalan Naidu and Dinkova-Kostova, 2020). 

However, there are important factors to consider that offer an explanation for this 

observation and do not exclude the possibility that the cysteine code plays a role in 

KEAP1 response to MMS.  

 

Importantly, the substitutions we introduced in the KEAP111Cys-less mutant we 

generated were based on research in murine model (Suzuki et al., 2019). While the 

mutated cysteines might be some of the most reactive in murine KEAP1, that may 
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not be true for the human protein (Suzuki et al., 2019). The reactivity of the cysteine 

residues differs significantly between the human and mouse KEAP1 (Sekhar et al., 

2010). For example, N-iodoacetyl-N-biotinylhexylenedoamine (IAB) adducts murine 

KEAP1 at its highly reactive Cys273, but the reactivity of the same cysteine residue in 

human KEAP1 is decidedly lower in side-by-side comparison (Sekhar et al., 2010;  

Xiong Y, Liebler DC and Freeman M, unpublished results). In contrast, human KEAP1 

readily forms adducts at Cys489 when exposed to dexamethasone (DEX), while this 

reagent does not adduct the same residue in murine KEAP1 (Dinkova-Kostova et al., 

2002; Liebler et al., 2006; Sekhar et al., 2010). However, much remains unknown 

about the differences in cysteine reactivity between the two species in response to 

specific reagents.  

 

It is then not unlikely that in the KEAP111Cys-less mutant the key cysteines for sensing 

MMS-induced damage remain active and enable the mutant to react to this damage 

in an undisturbed manner. While it is possible that in the context of MMS KEAP1 acts 

through mechanisms independent from the cysteine sensor, to unequivocally 

exclude this possibility more research is needed. Systematic mutation of each of the 

27 cysteine residues, alone and in combinations, could lead to generation of a more 

appropriate human equivalent of the in the murine KEAP111Cys-less mutant, with all 

the crucial cysteines inactive while retaining its ability to target NRF2 for degradation 

under basal conditions. Such approach could contribute substantially to our current 

understanding of the KEAP1 cysteine code. 
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In this chapter we demonstrated that CUL3, a functional partner of KEAP1, is 

required for protection of U2OS cells from MMS-induced damage. We also created 

KEAP1 domain mutants in order to test whether they are required for MMS 

tolerance. We demonstrated that the BTB domain crucial for KEAP1 dimerization and 

its binding to CUL3 is necessary for the role KEAP1 plays in conferring tolerance to 

MMS-induced damage. Similarly, mutation of the predicted KEAP1 interface for 

interaction with CUL3 results in greater cellular sensitivity to MMS, supporting the 

notion that the interaction with CUL3 is required for KEAP1 function in this context. 

We showed that loss of the Kelch domain also increased the sensitivity of cells to 

MMS compared with wild-type KEAP1, suggesting the requirement for the 

interaction with the target protein for this newly described role of KEAP1. 

Interestingly, and contrary to our hypothesis, mutation of the 11 reactive cysteine 

residues in KEAP1 did not impair its function in response to MMS-induced DNA 

damage, suggesting the cysteine sensor is not required for this novel role of KEAP1. 

Taken together, these data suggest that the function of KEAP1 in the context of 

MMS tolerance might be executed through its interaction with CUL3 as part of the 

E3 ligase complex and also point to the importance of substrate binding capability. 

Our results imply that the cysteine sensor code might not play a part in the response 

to MMS-induced damage or the sensor for alkylation introduced by MMS might lie 

outside of the 11 cysteine residues tested in our approach. In the following chapters 

we will address the question of which pathway KEAP1 might act through in this role. 
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5. Identifying the pathway that KEAP1 
regulates to combat MMS-induced 
damage 

5.1 Introduction 

5.1.1 KEAP1 and resolution of alkylation base damage – the 

missing puzzle pieces 

Our results have demonstrated that KEAP1 plays an important role in the tolerance 

of MMS-induced DNA damage. We have shown that both the BTB and the Kelch 

domains are required for this novel function of KEAP1. Moreover, our data suggests 

that KEAP1 carries out its role in MMS-induced damage response as part of the 

CUL3-based ubiquitin ligase. What remains to be uncovered is the pathway through 

which KEAP1 might act in the context of MMS-induced damage resolution. Alkylation 

damage to DNA bases is largely resolved by two main pathways – direct repair or 

BER (Wyatt and Pittman, 2006). Although both of these pathways have been 

extensively studied and are well understood, areas for further research exist in both. 

It would be tempting to speculate that KEAP1 could be involved in either DR or BER, 

and perhaps play a role in some of the lesser understood aspects of these pathways.  

 

Direct repair in human cells is performed by MGMT, a suicide enzyme which 

chemically reverses the DNA base adduct in a one-step reaction (Yu et al., 2020). 
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After transferring the alkyl group onto its reactive cysteine residues, MGMT becomes 

inactive and is targeted for ubiquitylation-dependent proteasomal degradation 

(Hwang et al., 2009). Given the repair itself is performed solely by the MGMT 

methyltransferase and no other proteins need to be recruited to the lesion to 

participate in this elegantly simple process, we have a substantial understanding of 

this repair mechanism. However, a recent study has reported the requirement for 

PARP-mediated PARylation of MGMT in resolution of TMZ-induced methylation DNA 

damage, which highlights the need to further research the regulation of MGMT (Wu 

et al., 2021). It is possible that more factors or perhaps other post-translational 

modifications are involved in this process.   

 

Base excision repair pathway plays an important role in resolution of alkylation 

damage. In contrast to direct repair, BER involves a number of different proteins 

coordinating at the site of lesion. Although numerous studies, including from our 

group, have furthered our understanding of how BER is regulated at the enzymatic 

level, the complexity of the BER pathway still presents some unanswered questions 

and possible focus areas for future research. A number of proteins involved in BER 

undergo various post-translational modifications (PTMs) that can modify their 

functions, which contributes to the pathway regulation. Among other PTMs, 

ubiquitylation by E3 ubiquitin ligases plays a significant role in BER, regulating 

cellular protein levels, compartmental localisation or enzymatic activity (Carter and 

Parsons, 2018). Most of the BER proteins are known to be ubiquitylated, including 

DNA glycosylases UNG, SMUG and NEIL1, as well as the endonuclease APE1, the SSBs 

processor PARP1, the DNA polymerase β, XRCC1 and multiple other factors (Busso et 
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al., 2009; Carter and Parsons, 2018; Edmonds et al., 2017; Parsons et al., 2009; 

Schröfelbauer et al., 2005; Wang et al., 2008; Wei et al., 2013). The fact that E3 

ubiquitin ligases contribute to controlling all stages of BER through modifying their 

targets, highlights the importance of understanding the intricacies of this mechanism 

of pathway regulation. Although several specific E3 ubiquitin ligases involved in BER 

have been identified, others remain to be uncovered. Moreover, some proteins, 

such as NEIL1, might be targeted by more than one E3 ligase (Edmonds et al., 2017). 

Evaluation of the relevance of ubiquitylation in the context of BER pathway 

regulation provides an interesting area for future research.  

 
 

5.2 Aims 

Our results have demonstrated that KEAP1 plays an important role in the tolerance 

of MMS-induced DNA damage. Previous findings, including some from our group, 

have highlighted the importance of PARP proteins participating in resolving DNA 

damage induced by MMS (Pommier et al., 2016; Ronson et al., 2018). The fact that 

both of these proteins respond to the same type of DNA lesions has prompted us to 

hypothesise that KEAP1 might be dependent on PARP1 in response to MMS-induced 

DNA lesions. To test this hypothesis, we first investigated the recruitment of KEAP1 

to the site of damage. Next, we explore whether the observed chromatin 

enrichment of KEAP1 is regulated by PARP1. Lastly, we aim to identify the pathway 

that KEAP1 acts through in the context of resolving MMS-induced DNA damage. 

Using specific inhibitors, we probe the relationship of KEAP1 with protein factors 
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involved in known PARP1-dependent base damage repair pathways, looking for 

potential epistatic relationships. 

 
 

5.3 KEAP1 is recruited to chromatin in response to MMS  

5.3.1 KEAP1 is enriched in chromatin after MMS treatment  

Following DNA damage, chromatin undergoes structural relaxation and proteins 

involved in the DNA damage repair are recruited to the site of lesion. We therefore 

hypothesised that if KEAP1 is involved in the repair of MMS-induced DNA damage, it 

would be recruited to the chromatin after exposure to MMS. To test this, we treated 

U2OS cells with 2 mM MMS for 1 hour and then allowed them to recover for 1-6 

hours, as described previously by our group (Ronson et al., 2018). After the recovery, 

the cells were collected and either processed for whole cell extract or subjected to 

cell fractionation to isolate the chromatin-enriched fraction. These samples were 

then analysed via Western blotting for the KEAP1 protein signal levels. Indeed, we 

observed an enrichment of KEAP1 in the chromatin fraction after 2 hours of post- 

MMS recovery (Figure 5.1). This enrichment appears to be transient, which suggests 

KEAP1 might be recruited to chromatin to fulfil a specific function at the site of 

damage, after which it disassociates from the chromatin. This data supports our 

hypothesis and indicates that KEAP1 might be recruited to the site of MMS-induced 

DNA damage.  
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Figure 5.1 KEAP1 in enriched in the chromatin fraction of U2OS cells after 1 hour of MMS treatment with 
recovery. U2OS cells were treated with 2 mM MMS for 1 hour and then allowed to recover for 1-6 hours. Cell 
fractionation was then performed on collected cells. Whole-cell extracts (WCE) and chromatin-enriched 
fractions were then compared for KEAP1 signal via Western blotting. UT – untreated sample; 1h, 2h, 3h, 6h – 
number of hours of recovery after MMS removal. 

 
 
 

 
Figure 5.2 KEAP1 in enriched in the chromatin fraction of U2OS cells after MMS treatment. U2OS cells were 
treated with 2 mM MMS for 1-4 hours. Cell fractionation was then performed on collected cells. Whole-cell 
extracts (WCE) and chromatin-enriched fractions were then compared for KEAP1 signal via Western blotting. 
UT – untreated sample; 1h, 2h, 4h – duration of MMS treatment. 
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Next, we wished to explore whether this observation remains true when cells are 

subjected to MMS continuously, without recovery. We employed a slightly different 

MMS treatment regime and incubated U2OS cells with 2 mM MMS for longer times 

(1-4 hours) without allowing them to recover from the stress, as opposed to the 1-

hour-long incubation with MMS and varied recovery times in the experiment 

discussed above. Cells were harvested immediately following the incubation and 

processed as described above. Western blot analysis of the samples reveals slight 

KEAP1 enrichment in the chromatin after just 1 hour of treatment, with the level of 

detectable KEAP1 in the chromatin peaking at 2 hours of treatment (Figure 5.2). 

Again, we observed that at later time points the presence of KEAP1 in the chromatin 

fraction is negligible, which might suggest its disassociation from the site of damage, 

presumably after having fulfilled its DNA damage-related function. 

 

5.3.2 KEAP1 recruitment to chromatin is dependent on PARP1 

As demonstrated by our results, KEAP1 plays a role in the repair of MMS-induced 

DNA damage, a process in which PARPs have been implicated (Pommier et al., 2016; 

Ronson et al., 2018). This prompted us to hypothesise that KEAP1 might be regulated 

by PARPs in the context of conveying MMS tolerance. To address this possibility, we 

tested the effect of PARP inhibitor olaparib on KEAP1 chromatin enrichment after 

MMS treatment. U2OS cells were incubated with 10 µM olaparib for 24 hours prior 

to MMS treatment for 1 hour. Cells were then allowed to recover for 1 hour in fresh 

media containing olaparib, after which they were harvested and processed for 

whole-cell extracts or cell fractionation to obtain the chromatin-enriched fraction. 
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Western blot imaging and analysis of the samples demonstrated that KEAP1 

recruitment to chromatin after MMS exposure is hindered in the presence of 

olaparib (Figure 5.3). In contrast, in control sample a strong KEAP1 protein band was 

detected after MMS exposure. This data indicates that the recruitment of KEAP1 to 

chromatin following MMS treatment is PARP-dependent, suggesting KEAP1 might 

function through one of the PARP-dependent base damage repair pathways, such as 

BER or MGMT-mediated direct repair (Horton et al., 2014; Reynolds et al., 2015; Wu 

et al., 2021).  

 

Olaparib has been reported to inhibit the activity of PARP1, PARP2 and PARP3 (Min 

and Im, 2020). However, it is estimated that at least 90 % of cellular PARylation 

activity in response to DNA damage is carried out by PARP1 (Kamaletdinova et al., 

2019). We therefore chose to determine whether the response of KEAP1 to MMS-

induced damage is regulated by PARP1, the most prominent member of the PARP 

protein family and known to be an important player in DDR (Ray Chaudhuri and 

Nussenzweig, 2017). To this end, an assay testing chromatin enrichment of KEAP1 

was performed in MMS-treated wild-type and parp1D U2OS cells. Cells were treated 

with 2 mM MMS for 90 minutes and harvested for whole-cell and chromatin fraction 

extraction immediately after the treatment. Subsequent Western blotting analysis 

revealed inhibition of the MMS-induced KEAP1 recruitment to chromatin in parp1D 

cells, as opposed to wild-type cells, which exhibited pronounced KEAP1 enrichment 

(Figure 5.4). Together, these data demonstrate that the recruitment of KEAP1 to the 

DNA damage site following MMS exposure is dependent on PARP1. This in turn  
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Figure 5.3 KEAP1 recruitment to chromatin is PARP-dependent. U2OS cells incubated with olaparib 
(or DMSO as negative control) were treated with 2 mM MMS for 1 hour, then left to recover without 
MMS for 1 hour and collected for cell fractionation. Whole-cell extracts (WCE) and chromatin-
enriched samples were analysed by Western blotting for KEAP1 signal.  
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Figure 5.4 KEAP1 recruitment to chromatin is dependent on PARP1. Wild-type and parp1D U2OS 
cells were treated with 2 mM MMS for 90 minutes, then collected for cell fractionation. Whole-cell 
extracts (WCE) and chromatin-enriched samples were analysed by Western blotting for KEAP1 signal. 
UT – untreated sample.  
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suggests that in the context of MMS-induced damage, KEAP1 might act through a 

PARP1-dependent base damage repair pathway. 

 

5.4 Loss of KEAP1 is not epistatic with MGMT inhibition in the 

context of MMS sensitivity  

Given the observed PARP-dependency of KEAP1 in the context of MMS-induced 

damage tolerance, we wished to establish whether it acts through a PARP-

dependent base damage repair pathway, such as MGMT-mediated direct repair or 

BER (Horton et al., 2014; Reynolds et al., 2015; Wu et al., 2021).  

 

Direct repair of base damage by MGMT is dependent on PARP (Wu et al., 2021). 

PARylation of MGMT is required for its binding to chromatin, facilitating the removal 

of O6-methylguanine (Wu et al., 2021). Therefore, we hypothesised that KEAP1 

might be involved in MGMT-mediated direct repair. To explore this possibility, we 

set out to assess whether lack of KEAP1 and inhibition of MGMT are additive, or if 

the relationship was epistatic in terms of allowing cells to tolerate exposure to MMS. 

We used the MGMT activity inhibitor O6-benzylguanine (O6-BG) to block the 

resolution of alkylated base damage through direct repair. O6-benzylguanine works 

as a pseudosubstrate inhibitor for MGMT, transferring its benzyl group onto an 

active cysteine on MGMT (Dolan et al., 1990; Pegg et al., 1993). Previous studies 

indicate exposing cells to 10 µM O6-BG causes a >95 % inhibition of the MGMT DNA 

damage repair activity (Liang et al., 2020). Using this as a guide, we optimised the 

treatment regime, testing the effect of three different concentrations of O6-BG (5 
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µM, 10 µM, 15 µM) combined with 1-hour MMS treatment on wild-type RPE-1 cells 

cultured for colony survival assay (Figure 5.5).  

 

While all tested O6-BG concentrations sensitised cells to MMS compared to control, 

the 10 µM O6-BG treatment was chosen for the subsequent experiments. This 

decision was based on the fact that while the optimisation was performed on wild-

type cells and 10 µM O6-BG was sufficient to observe sensitisation to MMS, the 

KEAP1-deficient cell lines are less viable in colony forming assays compared to the 

wild-type. Therefore, we wished to avoid too strong of an effect of O6-BG treatment 

alone in keap1D, which could potentially make it difficult to analyse the data of 

combined O6-BG and MMS treatment in keap1D. 

 

Next, keap1D5H and wild-type RPE-1 cells were seeded at low density and either 

pre-treated with 10 µM O6-BG prior to 1-hour exposure to a range of MMS 

concentrations, or simply treated with MMS without the MGMT inhibitor. After the 

MMS removal, cells were either cultured with O6-BG or without it, and survival ratio 

compared to wild-type was assessed through a colony forming assay (Figure 5.6). 

While MMS alone had a profound effect on the survival of keap1D5H cells, the 

combination with O6-BG treatment lowered the survival rate even further.  
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Figure 5.5 Optimisation of MGMT inhibition with O6-benzylguanine treatment. RPE-1 wild-type cells 
seeded at low density were incubated with three different O6-benzylguanine (O6-BG) concentrations 
and then treated for 1 hour with a range of MMS concentrations. After 12 days of culture, the cell 
viability was assessed based on the colony number. The data shown represents optimisation of 
conditions with n=1. 
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Figure 5.6 KEAP1 deletion is additive with MGMT inhibition in keap1D5H cell line. Wild-type RPE-1 
and keap1D5H cells seeded at low density were pre-incubated with 10 μM O6-benzylguanine for 1 
hour and treated for 1 hour with a range of MMS concentrations. After 12 days of culture with O6-BG 
in the medium, the cell viability was assessed based on the colony number; n=3. When surviving 
fraction equals 0, data points are not shown on the graph. Statistical significance was assessed by a 2-
way ANOVA test.  
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(Figure 5.6). These results clearly demonstrate an additive effect of lack of KEAP1 

gene and inhibition of MGMT activity in the keap1D5H cells, indicating they are not 

epistatic. 

 

In order to confirm this observation in keap1D5F and keap1D8C, the combined MMS 

and O6-BG treatment regimen was modified to create chronic DNA damage stress, 

as described in chapter 3. Cells were pre-treated with 10 µM O6-BG before being 

exposed to MMS for 1 hour. The MMS treatment was repeated three times, 48 

hours apart, and O6-BG was present throughout the culture for colony survival 

assay. The control cells were treated repeatedly with MMS but with omission of O6-

BG. Colony survival rate compared to the wild-type cells was assessed after 12 days 

of culture (Figure 5.7). Under the described conditions, both keap1D5F and 

keap1D8C were sensitive to MMS treatment without the inhibitor. Upon combining 

of MMS with inhibition of MGMT activity, the number of viable colonies decreased 

further (Figure 5.7).  

 

These data suggest that the relationship between KEAP1 and MGMT is not epistatic. 

The effects of loss of function of KEAP1 and MGMT on cells exposed to alkylation 

damage by MMS are additive. This indicates the two proteins act through 

independent pathways responding to alkylation DNA damage and conferring 

tolerance to MMS.  
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B 

 

 

 
Figure 5.7 KEAP1 deletion is additive with MGMT inhibition in conditions of chronic DNA damage. 
A. Cell lines keap1D5F, keap1D8C and wild-type RPE-1 cells seeded at low density were pre-incubated 
with 10 μM O6-benzylguanine for 1 hour and treated for 1 hour with a range of MMS concentrations. 
The MMS treatment was repeated three times within 48-hour intervals. After 12 days of culture with 
O6-BG in the medium, the cell viability was assessed based on the colony number; n=3. When 
surviving fraction equals 0, data points are not shown on the graph. Statistical significance was 
assessed by a 2-way ANOVA test. B. Schematic representation of the chronic MMS dosage strategy 
combined with O6-BG treatment.  
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5.5 Loss of KEAP1 is not epistatic with APE1 inhibition in the 

context of MMS sensitivity  

 
Base excision repair is one of the main pathways of repairing alkylation damage to 

DNA (Ray Chaudhuri and Nussenzweig, 2017). Moreover, PARP1 together with 

PARP2 play a role in promoting resolution of DNA base damage through BER (Ronson 

et al., 2018). We hypothesized that considering its PARP-dependent chromatin 

recruitment upon alkylation damage, KEAP1 might be involved in BER.  

 

We therefore sought to inhibit DNA damage repair through BER and test whether 

loss of KEAP1 would have an additive effect on cell survival following MMS exposure, 

or if KEAP1 deletion and BER inhibition are epistatic. We chose APE1 as the inhibition 

target, as this is the primary endonuclease enzyme acting in the early stages of BER 

which recognises the apurinic/apyrimidinic (AP) sites and cleaves them to create 3’-

OH ends necessary for DNA synthesis (Izumi and Mellon, 2021). To disrupt APE1, we 

exploited lucanthone (LUCA), a DNA intercalator that inhibits APE1 lyase activity 

through a direct protein binding and without affecting its redox activity (Luo and 

Kelley, 2004; Naidu et al., 2011). To test whether inhibition of BER with lucanthone 

would further sensitise keap1D cells to MMS, we adjusted the conditions described 

by Luo and Kelley, 2004, involving 2 hours of pre-treatment with lucanthone 

followed by a 1-hour treatment with MMS (Figure 5.8). The lucanthone treatment in 

the conditions following Luo and Kelly, 2004 did not have an effect on the cell 
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Figure 5.8 Optimisation of BER inhibition with lucanthone. A - Lucanthone removed post-treatment.  
RPE-1 wild-type cells seeded at low density were incubated with three different lucanthone (LUCA) 
concentrations for 2 hours and then treated for 1 hour with a range of MMS concentrations. After the 
MMS treatment, the growth medium was changed to one not containing lucanthone. After 12 days of 
culture, the cell viability was assessed based on the colony number. The data shown represents 
optimisation of conditions with n=1. B - Low MMS concentrations and incubation with lucanthone 
post-treatment. RPE-1 wild-type cells seeded at low density were incubated with three different 
lucanthone (LUCA) concentrations for 2 hours and then treated for 1 hour with a range of low MMS 
concentrations. After the MMS treatment, the growth medium was refreshed and cells were 
incubated with lucanthone for another 24 hours. After 12 days of culture, the cell viability was 
assessed based on the colony number. The data shown represents optimisation of conditions with 
n=1. C - High MMS concentrations and incubation with lucanthone post-treatment. RPE-1 wild-type 
cells seeded at low density were incubated with three different lucanthone (LUCA) concentrations for 
2 hours and then treated for 1 hour with a range of high MMS concentrations. After the MMS 
treatment, the growth medium was refreshed and cells were incubated with lucanthone for another 
24 hours. After 12 days of culture, the cell viability was assessed based on the colony number. The 
data shown represents optimisation of conditions with n=1. 
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survival (Figure 5.8 A). We then lowered the concentration of MMS and added a 24-

hour-long incubation with lucanthone post-MMS, which also did not impact the cell 

viability (Figure 5.8 B). Finally, we increased the range of MMS concentrations to the 

starting point and combined it with the 24 hours of post-MMS lucanthone 

treatment, which allowed us to observe the impact of both drugs on the cell viability 

(Figure 5.8 C).  

 

To investigate whether the relationship between KEAP1 and APE1 is epistatic, wild-

type and keap1D5H RPE-1 cells were plated at low density and treated with 4 µM 

lucanthone for 2 hours, after which they were exposed to MMS for 1 hour and 

incubated for another 24 hours with lucanthone to ensure a continuous APE1 

inhibition. After 12 days of culture, the survival ratio was evaluated through colony 

forming assay. When exposed both to the APE1 inhibitor and MMS, the keap1D5H 

cells showed greater sensitivity than to the MMS treatment alone (Figure 5.9). The 

effects of KEAP1 deletion and APE1 inhibition on keap1D5H sensitivity to MMS are 

additive and not epistatic, which suggests that KEAP1 does not act in BER. 

 

To confirm this conclusion, we wished to replicate this observation in the two 

keap1D cell lines exhibiting a milder MMS sensitivity phenotype. We therefore 

adjusted the combined MMS and lucanthone treatment regimen to introduce 

conditions of chronic DNA damage stress, as described in the earlier chapters. Cell 

lines keap1D5F and keap1D8C were analysed via a colony survival assay, however 

the combined lucanthone and MMS treatment was repeated three times, with 48 

hours of intervals between the drug administrations. Indeed, both keap1D5F and  
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Figure 5.9 KEAP1 deletion is not epistatic with BER inhibition in keap1D5H. Wild-type RPE-1 and 
keap1D5H cells seeded at low density were incubated with 4 μM lucanthone for 2 hours and the 
treated for 1 hour with a range of MMS concentrations. After removing MMS from the medium, cells 
were incubated with lucanthone for further 24 hours. After 12 days of culture, the cell viability was 
assessed based on the colony number; n=3. Statistical significance was assessed by a 2-way ANOVA 
test. 
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Figure 5.10 KEAP1 deletion is not epistatic with BER inhibition in conditions of chronic DNA damage. 
A. Cell lines keap1D5F, keap1D8C and wild-type RPE-1 cells seeded at low density were incubated 
with 4 μM lucanthone for 2 hours prior to a 1-hour treatment with a range of MMS concentrations. 
After removing MMS from the medium, cells were incubated with lucanthone for further 24 hours. 
The combined MMS and lucanthone treatment was repeated three times within 48 hour intervals. 
After 12 days of culture, the cell viability was assessed based on the colony number; n=3. When 
surviving fraction equals 0, data points are not shown on the graph. Statistical significance was 
assessed by a 2-way ANOVA test. B. Schematic representation of the chronic MMS dosage strategy 
combined with lucanthone (LUCA) treatment.  
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keap1D8C displayed sensitivity to the repeated MMS treatment alone (Figure 5.10). 

Addition of lucanthone combined with the MMS exposure amplified the sensitivity, 

which points to an additive effect of loss of KEAP1 and APE1. Taken together, these 

data indicate that KEAP1 and APE1 do not act through the same pathway in response 

to alkylation base damage. Instead, these factors seem to be involved in two 

independent processes resolving damage induced by MMS. 

 

5.6 Discussion 

Recruitment to the site of damage is a common characteristic of proteins involved in 

DNA damage recognition, signalling and repair. Having established KEAP1 plays a 

role in the resolution of MMS-induced damage, we wished to confirm its subcellular 

localisation in response to damage. Employing cell fractionation, we observed that 

KEAP1 localises to chromatin post-MMS exposure in U2OS cells (Figure 5.1, Figure 

5.2). A pattern of a transient recruitment of KEAP1 to chromatin between two- and 

three-hours post-MMS exposure was identified. The transiency of KEAP1 chromatin 

enrichment is consistent with the dogma that repair factors need to disassociate 

from DNA after having fulfilled their role, which provides the downstream repair 

proteins with access to the lesion and enables the DNA repair to proceed smoothly.  

 

Moreover, we have shown that the recruitment of KEAP1 to chromatin in response 

to MMS exposure is inhibited in the presence of olaparib, indicating PARP-

dependency. KEAP1 enrichment in chromatin was also inhibited in cells lacking 

PARP1, confirming that it is in fact dependent on PARP1 and not an artefact of the 
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inhibitor activity. This PARP1-dependent chromatin recruitment of KEAP1 in the 

context of MMS is in line with the fact that PARP1 is involved in BER, one of the main 

pathways resolving alkylation base damage, and that it has been implicated in the 

regulation of direct repair of alkylation damage by MGMT. Upon binding to SSBs 

resulting from BER processing, PARP1 becomes activated and auto-PARylates itself, 

which facilitates the recruitment of XRCC1 to the lesion (El-Khamisy, 2003). 

Although, unlike XRCC1, KEAP1 lacks PAR-binding domains, there are other possible 

recruitment mechanisms that could be at play. We hypothesize that KEAP1 might be 

recruited to the lesion in a PARP-dependent manner by interacting with downstream 

repair proteins. We speculate that KEAP1 might be involved in regulation of base 

damage repair by ubiquitylation of DDR proteins at the site of damage. Although in 

human cells the overwhelming majority of poly(ADP-ribose) polymerase activity (85-

90%) is carried out by PARP1, there is also evidence of redundancy between PARP1 

and PARP2 in BER coordination, including in interaction with XRCC1 (Hoch and Polo, 

2020; Ronson et al., 2018; Vasil’eva et al., 2021). Therefore, we cannot exclude the 

possibility that PARP2 is also involved in facilitating the accumulation of KEAP1 in 

chromatin following MMS exposure, and that it might also be partially redundant 

with PARP1 in that function. However, further research in parp2D and parp1/2D cells 

is needed to address this issue.  

 

Next, we proceeded to assess which of the base damage repair pathways KEAP1 

might participate in. As mentioned above, alkylation base damage is mainly resolved 

by BER, as well as by MGMT-mediated repair (Soll et al., 2017). PARP1 is known to be 

involved in BER and recently it has been reported that PARylation of MGMT by 
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PARP1 is required for repair of TMZ-induced methylation damage in glioblastoma 

(Masson et al., 1998; Wu et al., 2021). Having demonstrated that the recruitment of 

KEAP1 to chromatin in response to MMS-induced damage is dependent on PARP1, 

we hypothesised that KEAP1 might be involved in either BER or direct repair through 

MGMT. However, the epistatic analysis we performed with the use of pathway 

inhibitors suggests otherwise. Loss of KEAP1 and MGMT inhibition are not epistatic, 

indicating they work through different pathways. In the case of epistatic analysis of 

KEAP1 deletion and BER inhibition, we used an inhibitor targeting APE1, which is an 

enzyme responsible for one of the early stages of the pathway, preceding the 

assembly of the repair factors at the resulting SSB, including PARP1.  

 

There are several possible interpretations for the lack of observed epistasis between 

APE1 inhibition and KEAP1 deletion. Firstly, it can be argued that KEAP1 might carry 

out its function in BER at an earlier step of the pathway. For example, it could 

regulate BER by ubiquitylating one of the DNA glycosylases. MPG, the human 

glycosylase required for removal of methylated bases, has been shown to interact 

with E3 ubiquitin ligases UHRF1 and UHRF3 (Carter and Parsons, 2018; Montaldo et 

al., 2019). However, there is no evidence to date that MPG is regulated by 

ubiquitylation. Additionally, both the timing of KEAP1 recruitment to chromatin and 

its dependence on PARP1 described in this chapter provide an argument against 

KEAP1 involvement in the initiating stage of BER.  

 

Another scenario to consider is the participation of KEAP1 in base damage repair 

through an APE1-independent BER subpathway. NEIL1 and NEIL2 are DNA 
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glycosylase/AP lyases producing DNA incisions with 3’ phosphate ends, which cannot 

be removed by APE1 and instead require PNKP activity (Fortini and Dogliotti, 2007; 

Wiederhold et al., 2004). While both NEIL1 and NEIL2 display a preference for 

oxidated bases regarding their DNA glycosylase activity, it has been suggested that 

the NEIL1/PNKP subpathway participates in the repair of AP sites produced by other 

DNA glycosylases, allowing to bypass the APE1 requirement for efficient BER 

(Wiederhold et al., 2004). It has been reported that PNKP-deficient cells are more 

sensitive to MMS, indicating the NEIL1/PNKP subpathway provides some redundancy 

with classical BER in resolution of alkylation base damage (S. Mitra and Kaina, 1993; 

Wiederhold et al., 2004). Furthermore, NEIL1 is known to bind PARP1 and stimulate 

its poly(ADP-ribosyl)ation activity (Hegde et al., 2012; Noren Hooten et al., 2012). 

KEAP1 could potentially interact with the NEIL1/PNKP subpathway downstream of 

PARP1. However, considering the increased MMS sensitivity of keap1D cells with 

undisturbed BER, as described in previous chapters, such a scenario seems rather 

unlikely. If KEAP1 did in fact participate in MMS-induced damage resolution through 

the NEIL1/PNKP subpathway, then in the context of repair of alkylation base damage 

in the presence of functional MPG the keap1D phenotype would be masked by 

redundancy with classical BER. 

 

Furthermore, it is possible that KEAP1 might convey the MMS tolerance by 

participating in replication-coupled repair. These replication stress response 

mechanisms enable the replication fork to overcome the hindrance of unresolved 

lesions, including base damage. Importantly, PARP1 has been implicated in the 

regulation of one of these pathways, namely the fork reversal (Ray Chaudhuri et al., 



 162 

2012). PARP1 prevents the fork restart and stabilises the reversed replication forks 

(Berti et al., 2013). It is tempting to speculate that KEAP1 could participate in fork 

reversal regulation via an interaction downstream of PARP1. However, it has been 

recently reported that PARP1 activity at reversed replication fork is inhibited upon 

ubiquitylation by an E3 ubiquitin ligase MDM2, which promotes PARP1 degradation 

and replication fork progression (Giansanti et al., 2022). Although not completely 

excluding such scenario, this finding would argue against KEAP1 directly 

ubiquitylating PARP1 in the context of reversed fork in a manner similar to MDM2. 

While it is not uncommon for a protein to be targeted by more than one ubiquitin 

ligase, this study demonstrates that ubiquitylation of PARP1 at a perturbed 

replication fork counteracts the repair of the damage by fork reversal inhibition. 

PARP1 also interacts with PCNA, a critical factor in DNA replication and replication-

associated processes (Boehm et al., 2016; Prosperi and Scovassi, 2013). PCNA mono- 

and polyubiquitylation plays a crucial role in determining between translesion 

synthesis (TLS) and template switching (TS) pathways (Kanao and Masutani, 2017). 

PCNA monoubiquitylation triggers TLS, while polyubiquitylation promotes repair 

through TS and fork reversal (Ashour and Mosammaparast, 2021b; Kannouche et al., 

2004; Vujanovic et al., 2017). While the E3 ubiquitin ligases HLTF and SHPRH are 

responsible for PCNA polyubiquitylation in mammalian cells, polyubiquitylated PCNA 

is still present in Hltf/Shprh double-deficient mouse embryonic fibroblasts (Krijger et 

al., 2011; Seelinger and Otterlei, 2020). Thus, another E3 ligase must be involved in 

PCNA polyubiquitylation (Qiu et al., 2021). KEAP1 could hypothetically play that role 

in a PARP1-dependent manner. However, more research is necessary to evaluate the 

possible role of KEAP1 in replication-coupled repair. 
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Finally, KEAP1 could be contributing to the resolution of MMS-induced DNA damage 

through another, yet unknown pathway. Recent research has identified a novel 

alkylation-specific damage repair pathway relying on an E3 ubiquitin ligase (Brickner 

et al., 2017a). Ubiquitin signalling is sensed by the ASCC complex, which induces 

recruitment of alkylation repair enzymes ALKBH3 and ASCC3 (Brickner et al., 2017b). 

Given the well-established function of KEAP1 as a ubiquitin ligase substrate adaptor, 

it is tempting to hypothesise that KEAP1 could also regulate a novel alkylation 

damage repair pathway through ubiquitylation.  

 

In this chapter, we demonstrated that KEAP1 is enriched in chromatin following 

MMS exposure. This is supporting the evidence for the role KEAP1 plays in MMS-

induced DNA damage repair, which was presented in previous chapters.  Moreover, 

we showed that the recruitment of KEAP1 to chromatin is dependent on PARP1, 

which is also known to be involved in response to MMS damage. Next, we probed 

whether in this context KEAP1 might act through one of the main pathways 

responsible for resolution of alkylation base damage, namely direct repair by MGMT 

or through BER. However, after having conducted epistatic analysis using pathway 

inhibitors, we propose that KEAP1 is likely involved in an alternative pathway 

resolving base damage.  
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6. KEAP1 relationship with PARP 
inhibitors and PARP trapping 

6.1 Introduction 

6.1.1 Synthetic lethal relationship between PARP inhibition 

and HR deficiency 

KEAP1 is required for tolerance of MMS-induced damage (Chapter 3). Although 

identifying the pathway that KEAP1 functions in to carry out this novel role has 

proved challenging, our data demonstrates a critical requirement for PARP1 in the 

recruitment of KEAP1 to chromatin following MMS exposure. Loss of PARP1 or PARP 

inhibition are synthetic lethal with defective homologous recombination (HR) repair 

(Bryant et al., 2005; Farmer et al., 2005; Ronson et al., 2018). Although PARP 

inhibition was initially found to be synthetic lethal with BRCA1/2 deficiency, it has 

been demonstrated that this relationship extends to BRCAness, which describes 

mutations mimicking BRCA1/2 deficiency (Byrum et al., 2019). While the consensus 

on the exact mechanism responsible for the synthetic lethal interaction between 

PARP inhibition and BRCAness is yet to be reached, it is understood that the 

cytotoxicity results from functional loss of two partially redundant DNA damage 

repair pathways. Considering the PARP1-dependent chromatin enrichment of KEAP1, 

we hypothesise that loss of KEAP1, similar to PARP1 loss or inhibition, might be 

synthetic lethal with defective HR. 
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6.1.2 Synthetic lethality and PARP ‘anti-trappers’  

Counterintuitively, PARP inhibition is also synthetic lethal with the loss of certain 

PARP1-dependent factors. PARP inhibition by either olaparib or veliparib results in 

hypersensitivity in Polβ-deficient and in XRCC1-deficient cells (Horton et al., 2014). 

Both XRCC1 and Polβ function in BER pathway in a PARP1-dependent manner 

(Campalans et al., 2013; Sukhanova et al., 2010). Moreover, loss of the chromatin 

remodeler ALC1, whose activation relies on binding through its macrodomain to 

PARP1-synthetised PAR chains, is also synthetic lethal with PARP inhibition (Blessing 

et al., 2020; Ooi et al., 2021).  

 

Synthetic lethality between two factors acting in the same pathway, as opposed to 

two different pathways as is the case for PARPi and BRCA1/2 deficiency, may seem 

contradictory. However, recent reports have demonstrated that PARP trapping plays 

an important role in those synthetic lethal relationships. Blessing et al. found that 

cells deficient in ALC1 display retention of PARP2, but not PARP1, at the DNA 

damage sites (Blessing et al., 2020). This effect was potentiated by the trapping 

properties of PARPi, and the PARP2 retention in chromatin in ALC1-deficient cells 

was reversed upon re-expression of wild-type ALC1, proving that ALC1 is necessary 

for the release of PARP2 from chromatin (Blessing et al., 2020). In line with the 

model of PARP trapping driving the synthetic lethal interaction between BRCA 

deficiency and PARPi, the anti-trapping function of ALC1 provides an explanation for 

the synthetic lethal interaction between ALC1-deficiency and defective HR (Hewitt et 

al., 2021). Another study published later that month reported that ALC1 is required 
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for the removal of inactive PARP1 from chromatin, demonstrating that ALC-deficient 

cells display increased levels of PARP1 trapping, which is enhanced in the presence 

of PARPi (Juhász et al., 2020). A different group has shown that XRCC1 prevents 

endogenous PARP1 trapping and SSB accumulation during BER (Demin et al., 2021). 

Interestingly, loss of XRCC1 results in PARP1 trapping after exposure to MMS with or 

without PARP inhibition, but no trapping was observed when treated with PARPi 

KU0058948 only (Demin et al., 2021). The newly described roles of ALC1 and XRCC1 

as PARP ‘anti-trappers’ provide an explanation of the synthetic lethal interaction 

with trapping PARPi, such as olaparib (Murai et al., 2012; Rose et al., 2020). Taken 

together, these reports suggest an alternative scenario is possible, where the loss of 

PARP1-dependent KEAP1 would be synthetic lethal with PARP inhibition, and KEAP1 

could function as a PARP1 ‘anti-trapper’.   

 
6.2 Aims 

KEAP1 is required for tolerance of MMS-induced damage and is recruited to 

chromatin in a PARP-dependent manner following MMS exposure. Given this PARP1-

dependence and the known synthetic lethal relationship between PARP inhibition 

and HR, we hypothesise that loss of KEAP1 is also synthetic lethal with HR disruption. 

In this chapter we will investigate the effect of BRCA1 depletion and Rad51 inhibition 

on the survival of keap1D cells to test this hypothesis. Taking into account the 

synthetic lethality between PARPi and loss of PARP-dependent factors recently 

shown to function as PARP ‘anti-trappers’, we will also consider possible cytotoxic 

interaction between KEAP1-deficiency and PARPi. We hypothesise that alternatively, 
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KEAP1 could assist PARP1 removal from DNA damage sites. This will be addressed by 

examining the relationship between KEAP1 loss and PARP inhibition, as well as by 

analysis of poly(ADP-ribosyl)ation changes and PARP trapping in the chromatin of 

keap1D cells.  

 
 

6.3 KEAP1 deletion is not synthetic lethal with HR  

Considering PARP1 is required to recruit KEAP1 to sites of MMS-induced damage, we 

wanted to test whether the loss of KEAP1 is synthetic lethal with HR. Using siRNA, 

we depleted one of the critical HR factors, BRCA1, both in wild-type RPE-1, keap1D 

and parp1D cells. The cells were then seeded at low density, cultured for 10-12 days 

and analysed for the number of surviving colonies (Figure 6.1). Interestingly, we did 

not observe a negative effect of BRCA1 depletion on the survival rate of keap1D 

cells. It is worth noting, however, that the cell line we used as a positive control, 

parp1D54 (RPE-1-derived PARP1-deficient clonal cell line described by Ronson et al., 

2018), showed only a mild sensitivity to BRCA1 depletion that is not statistically 

significant. Given the well documented synthetic lethal relationship between 

impaired HR and PARP1 loss or inhibition, we were expecting a more prominent 

synthetic killing effect on the parp1D cells (Fong et al., 2009; Ronson et al., 2018). 

Although we confirmed the BRCA1 depletion via Western blotting, this cell line 

behaviour makes the data difficult to interpret.  
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Figure 6.1 KEAP1 deletion is not synthetic lethal with BRCA1 depletion. RPE-1 cells were transfected with 50 
nM siRNA, either non-targeting (siCTRL) or targeting BRCA1 (siBRCA1). Transfection was repeated twice with a 
24 hour incubation period. 24 hours after the second transfection, cells were seeded at low density and 
cultured for 10-12 days to be assessed in a clonogenic survival assay. Values shown are average numbers of 
colonies relative to WT siCTRL, collected from three independent experiments. 
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To further explore the question of synthetic lethality between the loss of KEAP1 and 

impaired HR, we employed the Rad51 inhibitor B02. Rad51 is a crucial factor for HR, 

as it binds to single stranded DNA and participates in the formation of  

nucleofilament, promoting DNA strand exchange (Huang et al., 2012). The B02 

inhibitor prevents Rad51 binding to DNA, disrupting HR, and has been shown to 

result in synthetic lethality when combined with PARP1 loss (Huang et al., 2012; 

Ronson et al., 2018). We inhibited Rad51 using a range of B02 concentrations in wild-

type and keap1D RPE-1 cell lines and compared cell survival in a colony formation 

assay (Figure 6.2). Again, we did not observe lower viability in any of the KEAP1-

deficient cell lines, which indicates there is no synthetic lethal relationship between 

KEAP1 loss and Rad51 inhibition. However, also in this experiment the control cell 

line parp1D54 did not behave as predicted and exhibited no sensitivity to Rad51 

inhibition. While our group had previously successfully demonstrated synthetic 

lethal interaction between Rad51 inhibition and PARP1-deficiency, those 

experiments were performed using parp1D U2OS cell lines, which are not suitable as 

a control for the RPE-1-derived keap1D cells (Ronson et al., 2018). Although a 

reliable positive control is an issue that should be corrected in future experiments, 

we did not observe any synthetic lethal interaction between KEAP1 loss and HR 

disruption in repeated experiments.  

 

6.4 KEAP1 deletion is synthetic lethal with PARP inhibition 

Disruption of the PARP1-dependent chromatin remodeller ALC1 has recently been 

shown to cause cells to become hypersensitive to PARP inhibitors   
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Figure 6.2 KEAP1 deletion is not synthetic lethal with Rad51 inhibition. RPE-1 cells were seeded at low 
density were incubated with B02 for 48 hours. After 12 days of culture, the cell viability was assessed based on 
the colony number; n=3. Statistical significance was tested with two-way ANOVA. 
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(Blessing et al., 2020). XRCC1 deficiency also results in hypersensitivity to PARP 

inhibition (Horton et al., 2014). Given that we observed the dependence of KEAP1 on 

PARP1 in the recruitment to chromatin, we hypothesised that disruption of KEAP1, 

similarly to ALC1 and XRCC1, might be synthetic lethal with PARP inhibition. To test 

this hypothesis, we assessed the cytotoxicity of KEAP1 gene disruption and olaparib 

treatment. Wild-type RPE-1 and keap1D cell lines were treated with various 

concentrations of olaparib for 24 hours and cell survival was assessed through a 

colony formation assay (Figure 6.3). As a positive control for synthetic lethality, RPE-

1 wild-type cells were depleted of BRCA2 using siRNA and then treated with olaparib 

along with the other cell lines. Interestingly, two of the KEAP1-deficient cell lines, 

keap1D5H and keap1D8C, were sensitive to olaparib, suggesting a synthetic lethal 

interaction between KEAP1 deficiency and PARP inhibition. Variability in olaparib 

sensitivity between the keap1D cell lines, including a weaker phenotype for clone 

keap1D5F, could be possibly attributed to clonal variation, and it is not uncommon 

to observe some phenotypic differences between CRISPR-Cas9 knockout clones.  

 

To confirm the observed synthetic lethal interaction between KEAP1 deficiency and 

PARP inhibition, clonogenic survival assays were repeated using 5H and 8C keap1D 

cell lines with re-expressed wild-type KEAP1. Wild-type RPE-1, keap1D5H and 

keap1D8C cells, carrying either an empty vector of expressing wild-type KEAP1, were 

treated with increasing olaparib concentrations and assessed for cell viability 

through a colony forming assay (Figure 6.4). Both keap1D5H and keap1D8C 

transduced with an empty vector display olaparib sensitivity comparable with or 

more severe than BRCA2-deficient cells. However, the olaparib sensitivity phenotype  
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Figure 6.3 Loss of KEAP1 is synthetic lethal with PARP inhibition. Cell lines keap1D5F, keap1D5H, keap1D8C, 
wild-type RPE-1 cells and BRCA2 knockdown RPE-1 cells were seeded at low density were incubated with 
olaparib for 24 hours. After 12 days of culture, the cell viability was assessed based on the colony number; 
n=3. Statistical significance tested via two-way ANOVA. 
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Figure 6.4 Sensitivity to PARP inhibition is complemented upon re-expression of KEAP1 in keap1Δ8C but not 
in keap1Δ5H. Cell lines keap1D5H, keap1D8C and wild-type RPE-1 cells, transduceded either with an empty 
vector (EV) or with a vector encoding HA-Flag-KEAP1 (+KEAP1), were seeded at low density were incubated 
with olaparib for 24 hours. BRCA2 knockdown RPE-1 cells were used as a positive control and treated in the 
same way. After 12 days of culture, the cell viability was assessed based on the colony number. Datasets were 
split for clarity and the graphs illustrate the olaparib effect on A. keap1D5H cells B. keap1D8C cells; n=3. 
Statistical significance tested via two-way ANOVA. 
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is complemented upon re-expression of KEAP1 in keap1D8C, but not in keap1D5H. It 

is worth noting that the keap1D5H cell line also exhibits a more severe MMS 

sensitivity compared to keap1D8C and keap1D5F, and unlike the other keap1D cell 

lines, the MMS sensitivity phenotype is only partially complemented in the 

keap1D5H clone. This again suggests that the keap1D cell line might carry an 

additional mutation that exacerbates its sensitivity to DNA damage beyond the 

effect of KEAP1 loss. However, the hypersensitivity to PARP inhibition observed in 

both 5H and 8C clones of keap1D cell lines, together with complementation of this 

phenotype in the 8C clone in the presence of wild-type KEAP1, suggest a possible 

synthetic lethality between KEAP1 deficiency and PARP inhibition. 

 

6.5 KEAP1 domain requirement for PARPi tolerance 

Having established that loss of KEAP1 and PARP inhibition are synthetic lethal and 

that re-expression of wild-type KEAP1 complemented this phenotype in keap1D8C 

cells, we set out to determine which of the KEAP1 domains is required to convey 

olaparib tolerance. To address this question, we performed clonogenic survival 

assays to assess the olaparib sensitivity of keap1D8C cells either lacking KEAP1, or 

with re-expressed wild-type KEAP1 or mutant KEAP1 proteins (Figure 6.5). The 

mutant KEAP1 constructs included the domain mutants KEAP1DBTB, KEAP1DKELCH and 

KEAP1S3H4, as well as the mutant of highly reactive cysteines, KEAP111Cys-less, which 

were described in detail in Chapter 4. In line with the previous result, loss of KEAP1 

was synthetic lethal with PARP inhibition, while re-expression of wild-type KEAP1 

rescued that phenotype. Consistent with what we observed in the case of MMS-  
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Figure 6.5 All domains of KEAP1 are required to complement olaparib sensitivity. Cell lines keap1D8C 
expressing either mutant proteins KEAP1DBTB, KEAP1DKELCH, KEAP1S3H4 and KEAP111Cys-less or wild-type KEAP1, or 
expressing an empty vector, were seeded at low density and incubated with olaparib for 24 hours. After 12 
days of culture, the cell viability was assessed based on the colony number; n=3. Statistical significance was 
tested with two-way ANOVA. 
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induced damage tolerance, each of the three mutations within KEAP1 domains 

results in the inability of the protein to complement the phenotype of olaparib 

sensitivity. This indicates the functional importance of both the BTB and the Kelch 

domains in PARP inhibition tolerance.  

 

Interestingly, the reactive cysteines mutant KEAP111Cys-less failed to rescue the 

olaparib sensitivity phenotype of the keap1D8C cell line (Figure 6.5). This data 

demonstrates the requirement for one or more of the mutated cysteine residues 

and suggests that the cysteine sensor mechanism of KEAP1 might play a role in 

conveying tolerance to PARP inhibition. Intriguingly, this observation is in contrast to 

the KEAP111Cys-less mutant complementing the MMS sensitivity in keap1D8C and 

keap1D5H cells on par with the wild-type KEAP1 (Figure 4.10, Figure 4.11). Thus, it is 

likely that conveying tolerance to MMS-induced damage and to PARP inhibition are 

two novel, but separate, functions of KEAP1.  

 

6.6 PARP trapping in keap1Δ cells 

In addition to inhibiting the catalytic activity of PARPs, olaparib also traps PARP1 and 

PARP2 bound to the damaged DNA, which contributes to the inhibitor’s toxicity 

(Murai et al., 2012). Given the trapping properties of olaparib, it is tempting to 

speculate that the PARP inhibition-induced toxicity observed upon loss of KEAP1 

results from PARP accumulation at the site of DNA damage. Our results 

demonstrating PARP1-dependent recruitment of KEAP1 to chromatin, together with 

recent reports of ALC1 and XRCC1 acting as PARP anti-trappers, prompted us to 
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hypothesise that KEAP1 might contribute to resolution of MMS-induced damage by 

removing PARP from the site of DNA lesion (Blessing et al., 2020; Demin et al., 2021). 

To test this hypothesis, we examined the retention of PARPs in chromatin of KEAP1-

deficient cells. 

 

To explore the impact of KEAP1 loss on PARP trapping and activity, we first examined 

the changes to the poly(ADP-ribosyl)ation pattern in keap1D5H cells exposed to DNA 

damage by MMS. Cells were treated with 1.5 mM MMS for 1 hour and allowed 1-6 

hours of recovery, then collected and processed for whole-cell extracts and cell 

fractionation. The protein samples of the whole-cell extract and the chromatin 

fraction were analysed for the intensity of the poly(ADP-ribosyl)ation signal by 

Western blotting (Figure 6.6). The level of poly(ADP-ribosyl)ation 0-3 hours after 

MMS exposure is higher both in the whole-cell extracts and in the chromatin fraction 

of keap1D5H cells compared to wild-type. This elevated level of poly(ADP-

ribosyl)ation in KEAP1-deficient cells could result from hyperactivation of PARPs due 

to increased level of DNA damage. Alternatively, chromatin retention of activated 

PARPs might cause the observed increase in poly(ADP-ribosyl)ation.  

 
Next, we examined the recruitment of PARP1 and PARP2 to chromatin in KEAP1-

deficient cells. Wild-type RPE-1 and keap1D5H cells were treated with 1.5 mM MMS 

for 1 hour and allowed to recover for 1-6 hours, after which they were harvested 

and processed for cell fractionation. Whole cell extracts and the chromatin-enriched 

fractions were analysed for specific protein signals by Western blotting (Figure 6.7  
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Figure 6.6 Loss of KEAP1 results in elevated levels of poly(ADP-ribosyl)ation in response to MMS exposure. 
Wild-type RPE-1 and keap1D5H cells were treated with 1.5 mM MMS for 1 hour, then harvested at different 
recovery time points and processed for cell fractionation. A. Level of poly(ADP-ribosyl)ation of proteins in the 
whole cell extracts (WCE) and in the chromatin-enriched fraction was assessed via Western blotting. The signal 
from anti-panADP-ribose antibody was quantified and shown as B. relative to the actin signal for WCE and C. 
relative to the H3 signal for the chromatin fraction; n=1.  
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A). Strikingly, while the chromatin-bound level of PARP1 in wild-type cells peaked at 

1 hour post-treatment, in the KEAP1-deficient cells we observed chromatin retention 

of PARP1 into the sixth hour post-treatment. However, at lower levels, the 

chromatin retention of PARP2 was also observed in MMS-treated keap1D cells. 

Moreover, an accumulation of XRCC1 and increased levels of γH2AX can be observed 

in the chromatin fraction of the KEAP1-deficient cell line in response to MMS, 

indicating accumulating DNA damage. The signal intensities for chromatin-bound 

PARP1 and PARP2 from three independent experiments were measured using 

ImageStudioLite software and plotted as relative to the H3 signal intensity (Figure 

6.7 B, C). This quantitative analysis confirmed the observed PARP1 and PARP2 

retention in chromatin in KEAP1-deficient cells in response to MMS-induced 

damage.  

 

One intriguing interpretation of the data in this chapter is that KEAP1 deficiency 

results in the retention of PARP1 and PARP2 in chromatin when exposed to DNA 

damage, an effect which can be exacerbated by the PARP-trapping quality of 

olaparib. Alternatively, the increased levels of poly(ADP-ribosyl)ation and increased 

recruitment of PARP1 and PARP2 to chromatin could be explained by the 

accumulation of DNA damage due to defective DNA damage repair in KEAP1-

deficient cells. 
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Figure 6.7 Loss of KEAP1 results in PARP retention in chromatin. Wild-type RPE-1 and keap1D5H cells were 
treated with 1.5 mM MMS for 1 hour, then harvested at different recovery time points and processed for cell 
fractionation. A. Protein expression levels in the whole cell extracts (WCE) and in the chromatin-enriched 
fraction were assessed via Western blotting. Signal intensity relative to H3 was measured across three 
independent experiments and plotted for chromatin-bound B. PARP1 and C. PARP2; n=3.  
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6.7 Discussion 

In this chapter, we explored the relationships of KEAP1 with factors that are known 

to be synthetic lethal with PARP inhibition. Since it is known that PARP inhibition is 

synthetic lethal with several PARP-dependent factors, we also considered that loss of 

KEAP1 might lead to hypersensitivity when combined with PARPi. This was 

motivated by the PARP1-dependency of KEAP1 in recruitment to chromatin 

following MMS exposure that we demonstrated earlier.  

 

First, we tested whether KEAP1-deficiency, analogously to PARP1 loss or inhibition, 

would result in hypersensitivity when combined with deficient HR. However, neither 

BRCA1 depletion nor inhibition of Rad51 led to increased sensitivity of keap1D cells. 

These results indicate there is no synthetic lethal interaction between KEAP1 loss 

and HR deficiency. Of note, this would be in support of our data from Chapter 5, 

where we demonstrated that KEAP1 does not act through the canonical BER 

pathway. However, these conclusions should be approached with caution due to the 

abnormal behaviour of the RPE-1-derived parp1D54 control cell line, which exhibited 

mild to none synthetic lethal effect with HR disruption. While our group has 

demonstrated synthetic lethal interaction with Rad51 inhibition in PARP1-deficient 

U2OS-derived cell lines, similar experiments were not performed using the parp1D54 

cell line outside of the work described in this thesis (Ronson et al., 2018). The 

parp1D54 cell line was confirmed to be truly PARP1-deficient through sequencing 

and Western blotting, and similarly to the U2OS-derived cell line it exhibits increased 

MMS sensitivity and elevated Rad51 foci in response to MMS in XRCC1-depleted 
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background (Ronson et al., 2018). It is possible that an off-target Cas9 activity 

resulted in a mutation or chromosomal rearrangement which affects the cell line 

phenotype in the context of B02 inhibition. An alternative positive control for 

synthetic lethality between PARP1-deficiency and HR disruption for future 

experiments could be inhibition of PARP1 in wild-type RPE-1 cells by olaparib, 

combined with HR disruption.  

 

Having concluded that loss of KEAP1 is not synthetic lethal with HR deficiency, we 

addressed the possibility that it might be instead synthetic lethal with PARP 

inhibition. Indeed, the keap1D5H and keap1D8C cell lines are sensitive to olaparib. 

This cytotoxic effect was reverted upon re-expression of wild-type KEAP1 in the 8C 

but not in the 5H keap1D cell line. Although the lack of phenotype complementation 

in the keap1D5H clone suggests a certain amount of caution in drawing conclusions, 

the rescue of clone 8C is statistically significant. This data advocates for a synthetic 

lethal interaction between KEAP1 deficiency and PARP inhibition. Given the fact that 

KEAP1 recruitment to chromatin is dependent on PARP1, this relationship might 

seem counterintuitive. However, it would be in line with deficiencies of other PARP-

dependent DNA damage repair factors, such as XRCC1 and ALC1, being synthetic 

lethal with PARP inhibition (Blessing et al., 2020; Horton et al., 2014). Both ALC1 and 

XRCC1 have recently been described as PARP ‘anti-trappers’ (Blessing et al., 2020; 

Demin et al., 2021). It is therefore tempting to speculate that after being recruited to 

chromatin in a PARP1-dependent manner, KEAP1 might similarly play a role in 

removing bound PARPs from DNA damage sites. In accordance with this model, 

PARPi would exacerbate PARP trapping which cannot be removed in the absence of 
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KEAP1, and therefore lead to hypersensitivity. However, a previous study reported a 

different effect of PARP inhibition on KEAP1-deificient cells (Orthwein et al., 2015). 

In contrast to our data, Orthwein et al. observed resistance to olaparib upon 

deletion of KEAP1 in 293T cells (Orthwein et al., 2015). This discrepancy could be a 

result of genetic differences between cell lines. Unfortunately, the cell line used in 

the 2015 study by Orthwein et al. was unavailable upon request as it had been lost, 

therefore we were not able to use it to test our findings.  

 

We have found that both the BTB and the Kelch domains are required for KEAP1 to 

protect against the cytotoxic effect of PARP inhibition. This is in agreement with our 

previous observation of the requirement for both of these domains in conferring 

MMS tolerance. While the BTB domain of KEAP1 is required for homodimerisation 

and to enable binding to CUL3, the Kelch domain is necessary for binding to the 

substrates (Baird and Yamamoto, 2020; Tian et al., 2018). This would therefore 

indicate that in the context of preventing the cytotoxic effect of PARPi, similarly as in 

the context of MMS tolerance, KEAP1 might be acting as an E3-ubiquitin ligase 

complex.  

 

In contrast to our data in the context of MMS-induced damage, the KEAP111Cys-less 

mutant failed to complement the phenotype of hypersensitivity to PARPi in KEAP1-

deficient cells. This indicates that the cysteine stress sensor is required for the 

protective function of KEAP1 against PARPi. We could speculate that the small 

molecule PARP inhibitor, olaparib, might be an inducer recognised by the cysteine 

sensor. Following the model of NRF2 inducers, this would then trigger inactivation of 
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KEAP1 and prevent ubiquitylation of its substrate. However, it is unclear why 

inhibiting ubiquitylation of the KEAP1 substrate in the context of PARP inhibition 

would be protective, while KEAP1 loss leading to permanent ubiquitylation evasion 

by the substrate would result in synthetic lethality.  

 

Given the hypersensitivity to PARPi observed in the keap1D cells, we next explored 

the hypothesis that KEAP1 might be a PARP ‘anti-trapper’. We set out by assessing 

the changes in poly(ADP-ribosyl)ation between wild-type and keap1D cells. 

Interestingly, gene disruption of KEAP1 increased the level of poly(ADP-ribosyl)ation 

in the chromatin-enriched fraction post-MMS treatment. Similar observation was 

made in the case of ALC-1 deficient cells treated with hydrogen peroxide (Blessing et 

al., 2020). 

 

Lastly, we compared the chromatin-bound levels of PARP1 and PARP2 in wild-type 

and KEAP1-deficient cells exposed to MMS. We observed chromatin retention of 

both PARP1 and PARP2 in the absence of KEAP1. MMS treatment resulted in 

increased accumulation of XRCC1 and yH2AX in the chromatin fraction of keap1D 

cells, similarly as observed in ALC1-deficient cells in response to damage (Blessing et 

al., 2020). The enrichment of PARP1 and PARP2 in chromatin in the absence of 

KEAP1 resembles reports from research on ALC1-deficiency and XRCC1-deficiency in 

the context of PARP-trapping (Blessing et al., 2020; Demin et al., 2021; Juhász et al., 

2020).  
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Although it is tempting to speculate that KEAP1 could function as a PARP ‘anti-

trapper’, further research is required to test this hypothesis. It is possible that the 

observed PARP1 and PARP2 chromatin enrichment in KEAP1-deficient cells is not 

caused by an increase in PARP trapping. Instead, it could be the result of DNA 

damage accumulation due to impaired repair of alkylation base damage in KEAP1-

deficient cells. Live-cell imaging of fluorescently tagged PARP1 and PARP2 following 

laser microirradiation of keap1D cells could reveal the kinetic dynamic of the 

recruitment of PARPs to DNA lesions. Immunofluorescence staining of PARP1 and 

PARP2 in keap1D cells at different time points following exposure to MMS could also 

determine whether KEAP1 deficiency induces PARP1/2 retention in chromatin. DNA 

SSBs detection using alkaline comet assay could quantify the damage resulting from 

impaired base damage repair in KEAP1-deficient cells. The synthetic lethal 

interaction we uncovered between PARPi and KEAP1 deficiency could have potential 

implications on cancer therapy. KEAP1 mutations leading to loss of function have 

been identified in various types of cancer, including endometrial cancer, 

hepatocellular carcinoma, head and neck cancer, and more, with the highest 

prevalence of KEAP1 mutations in non-small cell lung cancer (Chen et al., 2020). 

PARPi treatment could have potential benefits for targeted therapy of cancer cells 

harbouring KEAP1 mutations.  

 

Taken together, the increased poly(ADP-ribosyl)ation and chromatin retention of 

activated PARP1 and PARP2 in keap1D cells induced by MMS indicate that KEAP1 

plays a role in removing PARP1 and PARP2 from DNA damage sites. The synthetic 

lethality of PARP inhibition and KEAP1 deficiency supports a model in which KEAP1 is 
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required for the release of DNA-bound PARPs. Our results suggest that KEAP1 might 

confer its protective role against PARP trapping as part of the E3 ubiquitin ligase 

complex. We could therefore imagine a model in which KEAP1 assists in releasing 

PARPs from DNA damage sites either through direct ubiquitylation of PARPs or by 

modifying the activity of some downstream factors that in turn remove PARPs 

trapped on DNA.  
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7. General discussion 

The work presented in this thesis identified and characterised a novel factor involved 

in the repair of DNA base damage. Specifically, to identify potential candidate 

proteins, we performed a genome-wide CRISP-Cas9 dropout screen for genes 

required for MMS tolerance. Among the ten top hits were factors already known to 

be involved in BER and SSBR, lending validity to the screen. Importantly, however, 

the second-ranking gene was KEAP1, which encodes a protein that acts as part of an 

E3 ubiquitin ligase complex and had not been previously implicated in repair of 

MMS-induced DNA damage.  

 

To confirm that KEAP1 conveys MMS tolerance, we generated RPE-1 keap1D cell 

lines and performed a series of assays to characterise the role of KEAP1 in base 

damage repair. In agreement with the screen results, the keap1D cells are sensitive 

to MMS treatment as measured by a colony survival assay and that phenotype was 

complemented by re-expression of wild-type KEAP1. This confirms the validity of the 

screen and demonstrates that KEAP1 plays a role in response to MMS-induced DNA 

damage. Interestingly, two out of the three generated keap1D cell lines were only 

mildly sensitive to a single dose of MMS but exhibit a more dramatic sensitivity when 

exposed repeatedly to lower MMS concentrations. Literature reports of studies in 

Saccharomyces cerevisiae with defective S-phase checkpoint proteins indicate that 

acute MMS exposure might trigger damage preferentially resolved through BER, 

while damage induced by chronic low doses of MMS relies more on translesion 
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synthesis (Barbour et al., 2006; Murakami-Sekimata et al., 2010). This would suggest 

that KEAP1 might participate in resolution of persistent DNA damage resulting from 

chronic, low-level exposure to the alkylating agent, and could act through a pathway 

other than BER. The increased mutational pressure caused by repeated MMS 

exposure bears resemblance to chronic exposure to environmental alkylating agents 

or certain cancer treatments, which signals a potential clinical significance to 

understanding the role of KEAP1 in this context.  

 

We next investigated the mechanism through which KEAP1 conveys resistance to 

MMS. Ubiquitylation plays an important role in DNA damage response and 

modulation of the repair pathways. Protein ubiquitylation is known to facilitate the 

recruitment of repair factors to chromatin, as well as determine the choice between 

alternative repair pathways, as in the case of monoubiquitylated PCNA promoting 

the error-prone TLS, in contrast to polyubiquitylated PCNA driving repair through 

template switching (Cohn and D’Andrea, 2008). Numerous BER proteins are 

ubiquitylated, although much remains to be uncovered about the E3 ubiquitin 

ligases involved in the regulation of this pathway (Carter and Parsons, 2018). 

Interestingly, it was also proposed that factors driving the degradation of proteins 

damaged by alkylation could confer resistance to MMS (Burgis and Samson, 2007; 

Kaufmann, 2015). Given the well-defined role of KEAP1 as part of the ubiquitin ligase 

complex that can target other proteins for proteasomal degradation, we considered 

the possibility that it might function as part of the same complex in the context of 

DNA base damage repair. Depletion of CUL3 sensitises U2OS cells to MMS 

treatment. Because CUL3 is required for the assembly of the E3 ligase complex with 
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KEAP1 and RBX1, this suggests that KEAP1 might act as a ubiquitin ligase in the 

context of MMS tolerance (Canning et al., 2015). Epistatic analysis of the relationship 

between KEAP1 and CUL3 would be required to test this possibility. However, CUL3-

depleted RPE-1 cells display no MMS sensitivity, which puts that conclusion into 

question. It is important to note, though, that the inconsistency in the MMS 

sensitivity phenotype following CUL3-depletion could be due to the intrinsic 

differences between cancer and non-cancer cell lines. CUL3 also did not score high in 

the CRISPR-Cas9 screen for genes that relay MMS tolerance, which further casts 

doubt on the requirement for assembly of the KEAP1-CUL3-RBX1 complex for 

effective base damage repair. Based on these results, the role of CUL3 in conveying 

MMS tolerance as part of the ubiquitin complex with KEAP1 remains unclear and 

could be further investigated by disrupting CUL3 in the wild-type and in keap1D 

background and comparing the MMS sensitivity.  

 

We also assessed the domain requirement for the role KEAP1 plays in DNA base 

damage repair. We found that both the BTB and the Kelch domains are required for 

KEAP1 to confer MMS tolerance, as disruptions of either of these domains resulted 

in the inability to complement the MMS sensitivity phenotype caused by KEAP1 

deficiency. The BTB domain is required for the homodimerisation of KEAP1 and for 

the binding of CUL3, while the Kelch domain is necessary to bind the ETGE and DLG 

motifs on the known KEAP1 substrates (Baird and Yamamoto, 2020; Horie et al., 

2021). Our data indicates that these functions are crucial for the role of KEAP1 

response to MMS-induced DNA damage. Both of these domains are required for 

KEAP1 to perform as part of the E3 ubiquitin ligase complex, providing another 
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argument for the ubiquitin ligase substrate adaptor role of KEAP1 to be vital for 

conveying MMS tolerance (Furukawa and Xiong, 2005; Itoh et al., 1999; Page et al., 

2014). This is further supported by our observation that the KEAP1S3H4 mutant, 

where we substituted the amino acids at the predicted CUL3-binding site within the 

BTB domain, was also unable to rescue the MMS sensitivity phenotype in keap1D 

cells (Furukawa and Xiong, 2005). Moreover, the KEAP1-CUL3-RBX1 ubiquitin ligase 

complex was reported to suppress the DNA repair through HR in G1 cells by 

ubiquitylation of PALB2, which prevents its interaction with BRCA1 (Orthwein et al., 

2015). Recent research from Nima Mosammaparast’s laboratory identified a 

previously unknown ubiquitin-dependent repair pathway specific to alkylation 

damage (Brickner et al., 2017b). In this pathway, K63-linked polyubiquitylation signal 

produced by RNF113A E3 ligase is recognised by ASCC2 and drives the assembly of 

the ASCC complex at the damage site, which then recruits alkylation repair enzymes 

ALKBH3 and ASCC3 to the lesion (Brickner et al., 2017b). These findings 

demonstrating the existence of alkylation damage repair-specific pathway that is 

dependent on ubiquitin, prompt us to consider the possibility that a similar repair 

mechanism might be regulated by the KEAP1 E3 ubiquitin ligase complex. Although 

KEAP1 induced primarily the K48-linked polyubiquitylation which targets substrate 

for proteasomal degradation, it is also capable of producing the K63-linked 

polyubiquitin chains, that regulate proteasome-independent pathways (Ohtake et 

al., 2018; Reichard et al., 2016). Therefore, we propose that KEAP1 might be involved 

in the regulation of DNA base damage repair either by recruiting repair factors to the 

lesion by producing ubiquitin signal, or by modulating functions or protein levels of 

repair factors through ubiquitylation. However, further research is needed to 
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determine this hypothesis and the potential participation of CUL3 and RBX1 in the 

KEAP1-dependent alkylation damage repair. Investigation of KEAP1 foci formation 

following MMS-induced DNA damage and their co-localisation with polyubiquitin 

signal and CUL3/RBX1 could offer some more insight. Immunoprecipitation or 

pulldown of KEAP1 after MMS exposure and mass spectrometry analysis could help 

identify potential interactions required for the repair of alkylation damage.  

 

Using its reactive cysteine sensor, KEAP1 can recognise specific small-molecule 

inducers (Suzuki et al., 2019). We hypothesised that the cysteine sensor might also 

play a role in recognition of MMS damage by KEAP1. However, re-expression of the 

KEAP111Cys-less mutant with substitutions within the highly reactive cysteines fully 

restored the MMS-tolerance in KEAP1-deficient cells. This indicates that the mutated 

residues are not required for the role of KEAP1 in alkylation base damage repair. On 

the other hand, out of the 27 cysteines within KEAP1, we only mutated 11 highly 

reactive residues, which does not exhaust all the possibilities for MMS recognition by 

the remaining cysteines. Moreover, there are known redundancies between the 

residues within the cysteine stress sensor system of KEAP1, and likely more to be 

uncovered (Sekhar et al., 2010). Additionally, there are significant differences in 

reactivity of corresponding cysteine residues between human and murine KEAP1 

(Sekhar et al., 2010). We introduced into human KEAP1 the same cysteine mutations 

that have been shown to affect the cysteine sensor in murine KEAP1, which could 

have a different effect on the reactivity of the sensor system depending on the 

species (Suzuki et al., 2019). Moreover, the KEAP111Cys-less mutant in the original study 

was selected to sense H2O2 and its ability to recognise cysteine alkylation by 
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methylating agents, or MMS in particular, was not assessed (Suzuki et al., 2019). 

Although the KEAP111Cys-less mutant rescued the MMS sensitivity phenotype similarly 

to wild-type KEAP1, it does not exclude the possibility that the cysteine sensor 

system is involved in recognition of methylation damage and enabling DNA damage 

repair. 

 

Following MMS exposure, KEAP1 becomes enriched in the chromatin fraction, 

indicating recruitment to the sites of damage. We also found this recruitment to be 

PARP1-dependent, which prompted us to hypothesize that KEAP1 might function 

through one of the PARP1-dependent base damage repair pathways. However, no 

PAR-binding domains that could facilitate PARP1-driven recruitment have been 

identified in KEAP1. Instead, KEAP1 contains the Kelch domain which binds the 

ETGE/DLG motifs on target proteins (Tong et al., 2006). Therefore, it is tempting to 

speculate that through these motifs, KEAP1 could bind factors acting downstream of 

PARP1 in the repair pathway and be recruited to the site of damage as a result of this 

interaction.   

 

The two main pathways that resolve the majority of alkylation base damage are BER 

and direct repair by MGMT, and both of these pathways depend on PARP1 (Carter 

and Parsons, 2016; Mishina et al., 2008; Soll et al., 2017). The role of PARP1 in 

recruiting XRCC1 to SSBs that arise from BER processing has been well established, 

and recently it has been reported that the repair of TMZ-induced damage in 

glioblastoma requires PARylation of MGMT by PARP1 (Masson et al., 1998; Wu et al., 

2021). Surprisingly, our data indicate that KEAP1 deficiency is not epistatic with the 
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inhibition of either MGMT or the crucial BER enzyme APE1, and therefore it most 

likely does not function within either of these two pathways (Fishel and Kelley, 

2007). Although it cannot be ruled out that KEAP1 acts through an APE1-

independent NEIL1/PNKP-driven subpathway, we argue that functional classical BER 

would mask any defect in the redundant subpathway and likely no MMS sensitivity 

would be observed in the keap1D cells (Sankar Mitra and Kaina, 1993; Wiederhold et 

al., 2004). We therefore hypothesise that KEAP1 might be involved in one of the 

replication-coupled repair mechanisms. Considering that PARP1 is required to 

stabilise the reversed replication fork and prevents untimely fork restart, a PARP1-

dependent role of KEAP1 in regulation of fork reversal would be possible (Berti et al., 

2013). The requirement for BTB and Kelch domains to convey MMS tolerance 

demonstrated earlier, as well as the MMS sensitivity observed in CUL3-depleted 

U2OS cells, suggest KEAP1 would likely function in this context as an E3 ubiquitin 

ligase. Ubiquitylation by MDM2 has been reported to regulate the role of PARP1 at 

the reversed replication fork, leading to proteasomal degradation of PARP1 and 

promoting fork progression (Giansanti et al., 2022). We could hypothesise that 

KEAP1 could possibly contribute to that regulation of reversed replication forks, 

perhaps acting redundantly with MDM2. What seems to be a more appealing 

possibility is the probable involvement of KEAP1 in the determination between two 

other mechanisms of replication-coupled repair, namely translesion synthesis and 

template switching. Mono- and polyubiquitylation of PCNA is a crucial factor in this 

decision-making process and while two E3 ubiquitin ligases responsible for PCNA 

polyubiquitylation have been identified, there is an indication that an additional 

ubiquitin ligase might be involved (Kanao and Masutani, 2017; Krijger et al., 2011; 
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Qiu et al., 2021; Seelinger and Otterlei, 2020). Moreover, PCNA interacts directly 

with PARP1 (Prosperi and Scovassi, 2013). Therefore, it could be hypothesised that 

KEAP1 polyubiquitylates PCNA after being recruited to the lesion in a PARP1-

dependent manner, promoting repair through template switching. However, further 

research is needed to verify these hypotheses.  

 

We also established that there is no synthetic lethal interaction between KEAP1 

deficiency and defective HR, despite the PARP1-dependancy of KEAP1. Surprisingly, a 

synthetic lethal interaction between KEAP1 deficiency and PARP inhibition was 

identified. We were able to reverse the cytotoxic effect of this interaction by 

reintroduction of wild-type KEAP1, indicating that in addition to its role in conveying 

MMS tolerance as demonstrated earlier, KEAP1 is also a cytoprotective factor 

against PARPi. However, this is in contrast to reported KEAP1 deletion in 293T cells 

resulting in resistance to olaparib treatment (Orthwein et al., 2015). On the other 

hand, our data also indicates that both the BTB and the Kelch domains are necessary 

for PARPi tolerance, suggesting that the PARPi-protective role of KEAP1 might 

depend on its ability to form a functional ubiquitin ligase complex. Interestingly, 

substitutions of the highly reactive cysteines in KEAP111Cys-less mutant prevented 

complementation of the PARPi sensitivity phenotype in KEAP1-deficient cells. This 

demonstrates that, in contrast to its role in MMS tolerance, the cysteine-based 

stress sensor system of KEAP1 is required for resistance to PARPi. The 

complementation of MMS sensitivity phenotype by KEAP111Cys-less also proves that 

this mutant is functional and can form the ubiquitin ligase complex with CUL3. It is 

tempting to speculate that the highly reactive cysteines of KEAP1 could recognise 
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olaparib similarly to numerous already identified inducers (Baird and Yamamoto, 

2020).  

 

Synthetic lethal interaction between a deficiency in a PARP-dependent factor and 

PARPi might seem counterintuitive, however, it is not unprecedented. Recent 

reports portray XRCC1 and ALC1, both PARP1-dependent SSBR factors, as PARP ‘anti-

trappers’, required for release of PARPs from DNA lesions (Blessing et al., 2020; 

Demin et al., 2021; Juhász et al., 2020). Both ALC1 and XRCC1 deficiencies are also 

synthetic lethal with PARP inhibition (Blessing et al., 2020; Horton et al., 2014). 

These similarities with KEAP1 prompted us to hypothesise that counteracting PARP 

trapping by KEAP1 might be the mechanism that drives synthetic lethality of PARPi in 

KEAP1-deficient cells. As predicted, we observed chromatin retention of PARP1 and 

PARP2 in keap1D cells following MMS treatment. The level of poly(ADP-ribosyl)ation, 

as well as XRCC1 and yH2AX, was also increased in the chromatin fraction of KEAP1-

deificient cells after MMS exposure. This is in line with the observations of ALC1-

deficient cells undergoing MMS treatment, supporting the hypothesis of KEAP1 as a 

PARP anti-trapper (Blessing et al., 2020). However, the enrichment of PARP in the 

chromatin and increased poly(ADP-ribosyl)ation could alternatively be interpreted as 

increased DNA damage resulting from introducing alkylation base damage in the 

absence of KEAP1 leading to defective repair, but not necessarily evidence of PARP 

trapping. To distinguish between these two situations, further experiments would be 

required. Live-cell imaging of laser microirradiation-induced PARP trapping in 

keap1D cells or immunofluorescence staining of endogenous PARPs following MMS-

induced damage in KEAP1-deficient cells could provide us with a better 
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understanding of the kinetics of PARP retention and release from sites of damage in 

the absence of KEAP1. 

 

Concurrently with the completion of the experimental work presented in this thesis, 

another group reported synthetic lethal relationship between PARPi and KEAP1 

deficiency and the mechanism driving the lethality, allowing us to revise the 

interpretation of our data presented above in light of the new information. In their 

work, Marzio et al. identify EMSY (EMSY transcriptional repressor, BRCA2 

interacting) as a novel ubiquitylation substrate for KEAP1 (Marzio et al., 2022). In the 

absence of KEAP1, EMSY escapes proteasomal degradation and its accumulation 

inhibits BRCA2 activity, inducing a BRCAness phenotype (Marzio et al., 2022). The 

EMSY-induced inhibition of HR repair provides an explanation for the lack of 

synthetic lethal relationship between defective HR and KEAP deficiency in our 

experiments. More importantly, the BRCAness phenotype of the KEAP1-deficient 

leads to synthetic lethal interaction with PARPi, in line with our observations from 

colony survival assays (Marzio et al., 2022). Our data demonstrating the requirement 

for both BTB and Kelch domain to confer PARPi tolerance are in agreement with the 

degradation of EMSY by the KEAP1 ubiquitin ligase. The study by Marzio et al. does 

not disprove our results indicating the requirement for the cysteine sensor of KEAP1 

for its PARPi-protective role. However, the uncovered mechanism driving the 

synthetic lethal relationship between KEAP1 deficiency and PARPi does not support 

our initial interpretation of this data. We previously hypothesised that KEAP1 might 

recognise small molecule PARPi through its cysteine sensor and, similarly as upon 

binding the NRF2 inducers, lose the ability to ubiquitylate its substrate, upregulating 
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cellular levels of a hypothetical PARPi-protective factor. When confronted with the 

mentioned study, this hypothesis seems unlikely, given that it is the effective 

proteasomal degradation of EMSY that reverses the PARPi sensitivity (Marzio et al., 

2022). We also suggested that PARP1/2 trapping in chromatin in the absence of 

KEAP1 might contribute to the synthetic lethal interaction. This could be further 

addressed by comparing the kinetics of PARP1/2 chromatin retention between 

keap1D, EMSYD, keap1/EMSYD and wild-type cells. 

 

In summary, this thesis uncovered at least two novel roles of KEAP1. Firstly, we 

identify KEAP1 as a novel factor involved in the DNA base damage repair. We 

propose that KEAP1 might convey the tolerance to alkylation damage as part of the 

KEAP1-CUL3-RBX1 ubiquitin ligase complex. The presented data indicates that KEAP1 

is recruited to DNA lesions in a PARP-dependent manner. We hypothesise that upon 

recruitment, KEAP1 polyubiquitylates other repair proteins, either modifying their 

function or regulating their cellular levels by targeting them from proteasomal 

degradation (Figure 7.1). KEAP1 is not involved in regulation of BER or direct repair 

through MGMT, but we propose it might play a role in replication-coupled repair. 

Further research into the exact mechanism behind KEAP1 function in base damage 

repair can help understand the regulation network of DNA damage repair pathways. 

Ubiquitylation is a common post-translational modification and its impact on DNA 

damage repair cannot be underestimated. Secondly, we uncovered a new synthetic 

lethal relationship between PARP inhibition and KEAP1 deficiency. While we did not 

identify the mechanism behind this interaction, a study published concurrently with 

the experimental work presented in this thesis being finalised, described that loss of  
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Figure 7.1 Proposed model of KEAP1 functions in response to alkylation base damage. 
KEAP1 is recruited to the site of DNA lesion in a PARP1-dependent manner. It likely modifies 
other repair proteins by ubiquitylation, either regulating their cellular levels or modifying their 
function in the repair of base damage, likely through replication-coupled repair or other 
unknown pathway. KEAP1 might play a role in the release of PARP1/2 from chromatin upon 
alkylation damage.  
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the KEAP1 ubiquitin ligase drives accumulation of its substrate EMSY, resulting in 

inhibition of the HR repair and sensitisation of cells to PARPi (Marzio et al., 2022). 

We therefore conclude that the synthetic lethal interaction between the KEAP1 

deficiency and PARPi is driven by the BRCAness phenotype induced by the 

accumulation of undegraded EMSY (Marzio et al., 2022). Thirdly, we propose KEAP1 

deficiency enhances PARP trapping at the DNA lesions, resulting in genomic 

instability and cell death. Our data suggest KEAP1 enables the release of PARP1 and 

PARP2 from the sites of damage, and that this anti-trapping role of KEAP1 depends 

on its ability to form the ubiquitin ligase complex and on the cysteine sensor system. 

It is unclear whether the PARP anti-trapping activity of KEAP1 could be involved in 

the same mechanism that is responsible for the tolerance of alkylation damage, or if 

these are in fact two separate functions of KEAP1 in DNA damage repair. Similarly, 

PARP trapping in KEAP1-deficient cells could potentiate the effect of the synthetic 

lethal interaction resulting from EMSY accumulation. 

 

Importantly, the novel synthetic lethal interaction between KEAP1 deficiency and 

PARPi presents a new potential opportunity for expanding the use of PARP inhibitors 

in clinic. Orthotopically transplanted KEAP1-deficient lung tumour exhibited PARPi-

sensitivity and correlated with increased survival in mice, offering a promising 

outlook on future research aiming to employ this synthetic lethal relationship in 

clinic (Marzio et al., 2022). Developing a therapeutical strategy targeting the KEAP1-

deficient NSCLCs could have an important positive impact on the patients suffering 

from cancers with high prevalence of KEAP1 mutations.  
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