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TIP60: 60kDa Tat-interactive protein 

transcriptase 
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tracRNA: transactivating RNA 

TRITC: Tetramethylrhodamine 

Trp: Tryptophan 

Tyr: Tyrosine 
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Val: Valine 

WB: Western Blot 
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F 
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Complementing 1/4 

ZC3H14: Zinc finger CCCH-type 

containing 14 
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ɔH2AX: phosphorylated H2AX 
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Abstract  

The primary goal of all organisms is to pass down intact genetic information to the next 

generation, despite mutagenic threats from both endogenous and exogenous sources. To 

prevent accumulation of DNA damage, cells have developed complex mechanisms that 

detect and respond to different forms of lesions. These complex pathways are collectively 

called the DNA damage response (DDR).  

Impaired responses to DNA damage drive oncogenesis, neurodegeneration, and 

immunodeficiencies. Both DNA damaging agents and drugs which target specific repair 

proteins are a mainstay of modern current therapeutic approaches. Thus, to understand 

the aetiology of disease, the impact of current therapeutic interventions, and to develop 

further precision medicines, it is vital to understand the complex series of pathways 

involved in the DDR.  

One of the major protein kinases involved in signal transduction within the cellsô response 

to double strand breaks (DSBs) is Ataxia-telangiectasia mutated (ATM). Previous 

research from Prof. Noel Lowndesô laboratory identified a zinc-finger protein, ZC3H14, 

as a DNA damage-dependent ATM-interacting partner. This is an unexpected interaction 

as ZC3H14ôs canonical roles are in mRNA processing, including regulation of poly(A) 

tail length and mRNA nuclear export. Similarly to ATM and other DDR proteins, 

ZC3H14 has both neurological and links to cancer when it its function is impaired. This 

novel data implicates ZC3H14 in the DDR, as well as placing it in a disease-critical 

pathway. 

Unpublished data has placed ZC3H14 in the óEarlyô response to DSBs, which occurs 

minutes after break formation. Cells lacking ZC3H14 showed striking repair defects: cells 

become sensitive to ionising radiation (IR); depletion of ZC3H14 results in a persistent 

increase in the damage markers ɔH2AX foci and ATM-pS1981; and knockdown of 

ZC3H14 ablated irradiation-induced foci (IRIF) of óEarlyô DNA damage response 

proteins downstream of MDC1. In addition, ZC3H14 co-immunoprecipitated with both 

ATM and MDC1. Preliminary data suggests that ZC3H14 is more involved in NHEJ than 

HR, despite its placement in the response upstream of pathway choice.  

Here, we aim to deepen our understanding of the role of ZC3H14 in the DDR using 

bioinformatic, cellular and molecular geology, and biochemical methodology. We 

generated ZC3H14KO cells, allowing us to study the placement of ZC3H14 in the DDR 

pathway, and to confirm the defect of DDR protein recruitment via independent methods. 
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These cells show an increase in endogenous damage and impaired foci formation. We 

designed GFP-ZC3H14 domain mutants that truncate the N-terminal PWI-like domain or 

the five tandem C-terminal zinc finger domains in order to explore the mechanisms of 

these domains on ZC3H14ôs role in repair. We were able to determine that ZC3H14 is a 

damage-specific substrate of ATM, and that it localises in proximity to damage-activated 

ATM-pS1981 in vivo. Despite these interactions, we were unable to visualise ZC3H14 at 

damage foci, and hypothesise that due to ZC3H14ôs heavy localisation to nuclear 

speckles, there may be only a subset of ZC3H14 at the speckleôs periphery that is 

phosphorylated and responsive to damage. As well, ZC3H14 has a large intrinsically 

disordered domain which could contribute to its localisation. Interestingly, we used the 

newly released AlphaFold3 server to predict that ZC3H14 could contain a disorder-to-

order region which has an alpha-helixes rich folded structure in the presence of DNA and 

other DDR proteins, but not nuclear speckle proteins. All of this points to a damage-

activated phosphorylated form of ZC3H14 which has some as-yet unsolved role at DSBs. 

This role is likely in regulating the recruitment of MDC1 or RNF8, but could also have 

to do with phase separation of IRIF condensates, or provide a link between mRNA 

processing and DNA repair.  

The project aims to characterize a novel role for a zinc-finger protein, ZC3H14, in the 

DNA damage response (DDR): its interactions with Ataxia-telangiectasia mutated 

(ATM), its effect on cell survival, its impact on formation of irradiation-induced foci 

(IRIF), its mechanism of action, and its signature in human diseases. ZC3H14 has not 

been previously implicated in DNA repair. Many proteins within this pathway can be 

targeted for synthetic lethality, to be taken advantage of  both for molecular tools for 

further study, and for druggable targets with the advent of personalised medicines. 
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Chapter 1: Introduction  

I. The DNA Damage Response 

i.  The Physiological Importance of DNA Repair  

Human cells exhibit an estimated 70,000 DNA lesions per cell per day (Lindahl, 1993; 

Lindahl and Barnes, 2000; Hoeijmakers, 2009; Tubbs and Nussenzweig, 2017; Dasovich 

and Leung, 2023). The prevalence of these potentially mutagenic events necessitates a 

network of complex biological pathways which respond to various forms of DNA damage 

in order to preserve genomic integrity (Lindahl and Barnes, 2000; Jackson, 2002). These 

collective responses are called the DNA damage response (DDR), and encompass the 

damage sensing, signal transduction, and repair of these DNA lesions (Wang et al., 2021). 

Repair can result in multiple cell fates, including repair of the damage, cell cycle arrest, 

senescence, and apoptosis (Jackson and Bartek, 2009). The nuanced regulation of these 

responses is essential to avoid events ranging in severity from point mutations to 

chromothripsis (Jackson, 2002; Forment et al., 2012; Kieffer and Lowndes, 2022).  

The study of these mechanisms of repair is applicable to a wide field of scientific study 

of human health; many diseases, including immunological and neurological disorders, as 

well as cancers, are based on the accumulation of DNA damage (Jackson and Bartek, 

2009; Alhmoud et al., 2020; Farmer et al., 2020; Groelly et al., 2023). Cancers, as a 

disease, are perhaps the most studied link to DNA damage, as the dichotomy of cancer 

biology is that DNA damage is both causative and therapeutic. This means that although 

damage and mutation to certain genes promote oncogenesis, many cancer treatments are 

based on further damaging the DNA in such a manner that normal cells are able to repair 

their DNA, while the cancerous cells cannot recover (Torgovnick and Schumacher, 

2015). For example, both chemo- and radiotherapy are based on DNA damaging agents, 

either chemical or radiation, respectively. A justification for investigating the DNA 

damage response is that effective disease treatments cannot be developed if the 

underlying biological mechanisms of DNA repair, as it is used both in healthy and 

cancerous cells, is not understood.  

Precision medicine includes innovative strategies that take an individualôs genes, 

environment, and lifestyle into account when designing therapeutic approaches 

(Vogelstein et al., 2013; Duan et al., 2024). For example, if the patient has cancer, then 

knowing the patientôs mutational signature could direct the choice of which drug to use. 



Chapter 1: Introduction 

18 

 

An example of this is inhibition of the enzyme Poly (ADP-ribose) polymerase (PARP) in 

BRCA1/2 deficient cancers (Helleday, 2011; Murai et al., 2012; De Lorenzo et al., 2013; 

Bourton et al., 2017; Kim et al., 2020; Rose et al., 2020).  

The sources of DNA damage can be either endogenous or exogenous. Interestingly, DNA 

damage arising from normal metabolism, such as errors that arise during DNA 

metabolism or that occur due to chemical attack by metabolic by-products, cause a higher 

percentage of disease-driving mutations than do exogenous sources such as 

environmental chemicals or radiation (Tomasetti and Vogelstein, 2015). Because there 

are many sources of DNA damage, there are also many types of damage ( 

Figure 1). These include, but are not limited to: incorrect hydrogen-bonding between 

bases, cytosine deamination, abasic sites, oxidation of guanine to 8-oxoguanine, addition 

of bulky adducts, inter- or intra-strand cross-links, and damage to the sugar-phosphate 

backbone (Lindahl, 1993; Lindahl and Barnes, 2000; Jackson and Bartek, 2009).  

 

Figure 1: DNA damaging agents, types of DNA lesions, and repair pathways. DNA damaging agents 

are listed at the top of the figure, with the type of lesions that they cause listed above the DNA stand, with 

damaged sites highlighted in red. Below the DNA is the repair pathway that generally repairs these types 

of lesions. There is overlap between these repair pathways and there are multiple pathways listed below a 

lesion if there are different types of repair. Replication errors can result in incorrect base insertion, and 

incorrect hydrogen bonding, and are repaired by mismatch repair. DNA replication stress, DNA hydrolysis, 

and alkylating agents can lead to cytosine deamination, abasic sites, and depyrimidation or depurination 

events; these are repaired by short- or long-patch base excision repair, or alkylation damage repair. 

Polycyclic aromatic hydrocarbons, UV light, X-rays, and chemotherapeutics can all cause oxidation of 

guanine to 8-oxoG, addition of bulky adducts, inter- or intra strand crosslinks. These are repaired by 

pathways including nucleotide excision repair, interstrand cross-link repair (also called the Fanconi Anemia 

pathway), and can be bypassed by Translesion synthesis. Breaks to the sugar-phosphate backbone can occur 

by ionizing radiation, oxygen radicals, chemotherapeutics, replication run-off, or a scheduled form of break 

formation as in apoptosis or V(D)J recombination. Single strand breaks can be repaired by single strand 

break repair, while double strand breaks can be repaired by fast- or slow-kinetic canonical non-homologous 

end joining, homologous recombination (gene conversion), alternative end joining, single strand annealing, 

or break induced replication.  
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Interestingly, one of the most common forms of DNA damage may be the 

misincorporation of ribonucleotides due the number of events that occurs, as well as 

faulty ribonucleotide excision repair (RER)  (Kellner and Luke, 2020). There is a higher 

concentration of ribonucleoside triphosphate (rNTPs) than deoxyribonucleotide 

triphosphate (dNTPs) in cells, which is 30- to 200-fold higher in budding yeast, with 

similar fold differences confirmed in vivo (Nick McElhinny et al., 2010). The result is 

that there is about one rNTPs erroneously incorporated per 6,500 bases (Lujan et al., 

2013). These then affect the processivity of the DNA polymerases, and contribute to DNA 

instability if not repaired by RER.  

Each type of DNA lesion is repaired by a set of proteins that detect and repair that unique 

form of damage in a generally stepwise pathway (Figure 2). Common repair pathways 

include mismatch repair (MMR, which repairs incorrect base pairing), nucleotide 

excision repair (NER, which repairs bulky adducts), base excision repair (BER, which 

repairs base damage), and interstrand crosslink repair (ICL, which repairs chemically 

cross-linked DNA). Damage to the sugar-phosphate backbone can be either single 

stranded or double stranded, and therefore repaired by either single strand break repair 

(SSB repair) or double strand break repair (DSB repair). The focus of this thesis is further 

investigating DSB repair, but a basic therefore repaired by either single strand break 

repair (SSB repair) or double strand break repair (DSB repair). The focus of this thesis is 

further investigating DSB repair, but a basic understanding of all types of damage helps 

foster a deeper understanding of what gives rise to a DSB, as well as the multi-

functionality of many DNA repair proteins.  

In later sections more detail will be given on the nuances of the DNA damage response, 

but here we describe an overview of the pathways (Figure 2 and see page 31). The 

damaging event (red), can cause different types of damage (orange), which are repaired 

by specific repair pathways (yellow). However, most types of damage can become single 

strand breaks (SSBs) if not repaired correctly, which can also become double strand 

breaks (DSBs) due to replication run-off or further incorrect repair. In response to DSBs, 

the focus of this study, there is an Immediate-Early response within seconds, Early 

response within minutes, Late response in hours, and finally repair. The major DSB repair 

pathways are canonical non-homologous end joining (cNHEJ, sometimes also termed 

classical NHEJ) and or homologous recombination (HR). These repair responses can lead 

to further downstream responses, including growth arrest, senescence, and apoptosis, if 

repair is unsuccessful (Figure 2 and see page 31).  
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Figure 2: An overview of types of DNA damage and repair pathways. The Immediate-Early, Early, and 

Late stages of the DSB response are indicated in the boxes. (A) Mismatched nucleotides or DNA damage 

(orange boxes) can be divided into five categories and directed towards the repair pathways as indicated 

(yellow). Any form of damage can become SSBs or DSBs if not repaired correctly. (B) Strand breaks, 

either SSBs or DSB, have a PARP/PARylation response. In the Immediate-Early response, the 

PARP/PARylation can facilitate recruitment of KU70/80 and MRN to some DSBs. If the break is easily 

ligatable, fast-kinetic cNHEJ (blue) repairs the damage within the Immediate-Early response without any 

requirement for PARylation, processing or ATM-dependent signalling. (C) If the break requires processing 

prior to repair, the Early response is activated. This includes ATM-dependent signalling which requires 

dynamic chromatin remodelling. The Early response culminates in the ubiquitination of H2A(X)K15. How 

chromatin events and CK2 activation tie into these processes remains unclear. (D) The Late response 

includes 53BP1 and BRCA1-BARD1 as óreadersô of the H2A(X) ubiquitin mark as well as the methylation 

state of H4K20. The Late response occurs prior to pathway choice and includes an intricate balance of end-

resection vs. end-protection machinery. (EïI) Downstream repair pathways (blue) with decision points 

between pathways (green). Slow-kinetic cNHEJ and GC are high-fidelity repairs, while Alt-EJ, BIR, and 

SSA, are mutagenic and result when repair machinery is not available. Key proteins discussed are in grey. 

Note that ATR is not included, nor are cell fates other than repair (Adapted from Kieffer and Lowndes, 

2022).  

 

ii. Physiological Implications of DNA damage and 

repair  

The central dogma of biology revolves around the tenants of DNA being transcribed into 

mRNA, and translated into protein. The human genome is made up of over 3.05Gbp  

nucleotides, which encode an estimated 63,494 genes, 19,969 of which are protein-coding 

(Nurk et al., 2022). These genes are differentially spliced into 233,615 RNAs, 86,245 of 

which are protein-coding mRNAs (Nurk et al., 2022). Not all DNA and RNA function 
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become proteins as their end product. DNA has multiple other roles other than encoding 

genes, such as encoding ribosomal RNA (rRNA), regulating the expression of genes, and 

maintaining the structural integrity of the nucleus and its substructures. Likewise, not all 

RNA is messenger RNA (mRNA); there are ribosomal RNAs (rRNAs), transfer 

RNAs(tRNAs), long non-coding RNAs, microRNAs, and ribozymes which all enable a 

wide variety of biological functions (Ganser et al., 2019).  

In a genome that contains over 3.05x109 nucleotides, it is important to maintain the 

integrity of the DNA. There are approximately 38 trillion cells in the human body (Sender 

et al., 2016), and each of those cells undergoes an estimated 70,000 DNA damaging 

events per day, most from natural or endogenous sources such as sunlight and metabolism 

(Lindahl, 1993; Lindahl and Barnes, 2000; Hoeijmakers, 2009; Tubbs and Nussenzweig, 

2017; Dasovich and Leung, 2023). Damage to DNA can result in mutations to proteins, 

or dysregulation of mRNA levels, or whole genome instability. A consequence of DNA 

damage is the cellôs complex response to repair it, in order to avoid the many diseases 

that can arise from damage.   

Diseases linked to DNA damage include immune disorders, neurological diseases, and 

cancers (Jackson and Bartek, 2009). In order to understand why such a wide variety of 

disease phenotypes all arise from the same root causeðincorrect DNA repairðit is 

important to know the major pathways of DNA repair (see page 17 and pages 40-48).   

Immune responses use similar proteins and pathways to some DNA damage pathway; the 

plasticity of the immune response within lymphocytes allows an almost limitless 

assembly of antigen-binding domains in through scheduled chromosomal breakage and 

re-joining (Roth, 2014).. These pathways use several unique proteins, such as RAG1/2, 

and many of the proteins present in NHEJ in a complex form of DNA breaking and repair 

called V/DJ recombination. This name arises from the so-called V (Variable), D 

(Diversity), and J (Joining) pathway. This pathway uses scheduled DSBs to create 

randomised gene sequences, which will be translated into unique protein structure. 

Because proteins including KU70/80, DNA-PKcs, ATM, Artemis, XRCC4, and LIGIV 

are involved in both scheduled and unscheduled repair, the immune response is 

intrinsically linked to DNA damage (Bredemeyer et al., 2006; Roth, 2014; Zhang et al., 

2024). Immune disorder like lymphoid neoplasms arise because of the improper 

regulation of this scheduled form of breaking and repair (Halper-Stromberg et al., 2013).  

Neurological diseases arise differently. For example, DNA damage has been implicated 

in diseases such as Huntingtonôs disease, which is caused by the expansion of CAG 
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repeats (cytosine-adenine-guanine) (Massey and Jones, 2018). How expansion of these 

repeats drives the neurological symptoms is incompletely understood, but DDR pathways 

such as mismatch repair have been implicated (Iyer & Pluciennik, 2021; McMurray, 

2010). Another neurological disease, Ataxia telangiectasia (A-T), is caused by direct 

mutation of the DNA damage repair protein ATM (Burger et al., 2019). Because ATM is 

at the head of DSB signalling, if it is mutated, damage repair cannot proceed via either of 

the two major types of DSB repair (NHEJ and HR), resulting in the neurological defects. 

Patients with A-T are also predisposed to cancer (see page 53).  

Many cancers are linked to DNA damage, as DNA damage can cause mutations or 

dysregulation of tumour suppressor genes and oncogenes (Alhmoud et al., 2020; Groelly 

et al., 2023; Hoeijmakers, 2009; Tubbs & Nussenzweig, 2017). The DDR encompasses a 

wide range of pathways which respond to many types of DNA damage ( 

Figure 1, Figure 2; and Gartner and Engebrecht, 2022). The goal of the DDR is to 

preserve genomic integrity, achieved by repairing the DNA damage when possible, and 

sometimes leading to growth arrest to allow more time for repair (Miermont et al., 2019). 

When repair is not possible, proteins within the DDR drive the cell towards senescence 

or apoptosis (Collado et al., 2007; Morton et al., 2010; Wong, 2011). These different cell 

fates in response to DNA damaging events prevent accumulation of mutations which can 

lead to oncogenesis. In oncogenesis, there are generally five to ten driver mutations 

required before a cell becomes cancerous; mutations to proto-oncogenes or tumour 

suppressors are often among those that lead to uncontrolled cell growth (Porta-Pardo et 

al., 2020). These mutations can also lead to evasion of senescence and apoptotic pathways 

(Collado et al., 2007; Morton et al., 2010; Wong, 2011). The rapid division of the cancer 

cells cause DNA damage that healthy cells would respond to by repair or cell death. 

Instead, cancer cells repair the damage by the more mutagenic DDR pathways in order to 

maintain a semblance of genomic integrity (Weinberg, 2014). The study of these 

pathways is important to cancer research, as an understanding will allow for development 

of precision medicines based on genetic profiling and targeted ontology (Vogelstein et 

al., 2013; Duan et al., 2024). Many new treatments are based on these targeted drugs. For 

example, the PARP1 inhibitor Olaparib is used in in BRCA1/2 mutated breast and ovarian 

cancer treatments, as the synthetic lethality of both PARP1 inhibition and BRCA1/2 loss 

results in cell death (Griguolo et al., 2018). 

There are several common examples of cancers arising from mutation to DSBR proteins. 

The aforementioned mutation to BRCA1 in breast cancers is one example, in which cells 
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with mutant BRCA1/2 must rely on cNHEJ repair, instead of HR repair (Murai et al., 

2012; Rose et al., 2020). p53 mutation is another well-known example a protein heavily 

involved in the response to DNA damage, and it is mutated in roughly half of all cancers; 

however, there are over 120,000 publications which have explored its roles, and there is 

not clear understanding of its roles as a tumour suppressor or in its other pleotropic roles 

(Oren and Prives, 2024). Another example is that in addition to the A-T phenotype 

previously mentioned,  ATM mutations also lead to cancer disposition (Ziv et al., 1997; 

Kühne et al., 2004; Choi et al., 2016; Waskiewicz et al., 2021). 

While defects in DDR components can provide cancerous cells with a growth advantage, 

allowing them to survive and proliferate despite replication stress and genomic instability, 

these defects also make the cancer cells more dependent on certain DDR pathways, and 

therefore more vulnerable to synthetic lethal strategies (Weber and Ryan, 2015). All of 

the PIKK kinases (see details on page 23) have inhibitors which target their specific 

pathways, including DNA-PKcs (Zhao et al., 2006), ATM (Rainey et al., 2008a; Golding 

et al., 2012), ATR (Fokas et al., 2012; Pires et al., 2012; Huntoon et al., 2013), and their 

downstream pathways proteins including CHK1 and CHK2 (Mitchell et al., 2010; 

Riesterer et al., 2011). New methods of screening drugs against the DDR-specific PIKKs 

are relevant to the development of drugs for either mono or combinatorial therapies 

(Shaik and Kirubakaran, 2020).  

 

iii. The PIKK Kinases 

As seen when major DDR proteins are mutated, there are many disease phenotypes that 

occur. There are both cancer, immunological, and neurological disease when the signally 

of these pathways breaks down (see page 20). Majority of the signalling pathways are 

controlled by the PIKK kinases, or the phosphatidylinositol 3-kinase (PI3K)-related 

kinases (Savitsky et al., 1995; Ziv et al., 1997; Khanna et al., 2001; Shiloh, 2003; Falck 

et al., 2005; Maréchal and Zou, 2013a; Choi et al., 2016; Burger et al., 2019). The PIKK 

family includes DNA-PKcs, ATR, ATM, SMG1, TRRAP, and mTOR. Of these, DNA-

PKcs, ATR, and ATM play important roles in the DNA damage response. Despite being 

named for lipid targets (the phosphatidylinositols), the DDR specific PIKK kinases 

canonically target SQ/TQ sites on target proteins (Lempiäinen and Halazonetis, 2009). 

ATR, DNA-PKcs, and ATM kinases are pivotal in their respective pathways. Although 

there is overlap between these pathways, ATR is generally linked to replication stress, 
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DNA-PKcs to easily ligated DSBs repaired by NHEJ, and ATM to DSBs repaired by 

either NHEJ or HR.  

As discussed in the previous section, there is a direct link between mutation of the PIKK 

kinases to cancers and other human diseases (see page 20). In fact, ATM and ATR have 

an estimated 4000 mutations that are associated with cancer (Waskiewicz et al., 2021). 

Mutation to the PIKK kinases result in A-T when ATM is mutated, Seckel syndrome in 

ATR, and a radiosensitive T-B-severe combined immunodeficiency (SCID) when DNA-

PKcs is mutated (Van Der Burg et al., 2009; Weber and Ryan, 2015; Alhmoud et al., 2020; 

Groelly et al., 2023). There are many genetic vulnerabilities that occur when the DNA 

damage response is inhibited, and the proteins that are often targeted are the PIKK kinase 

(Wang et al., 2021). Study of these proteinsðon a structural and mechanistic basisðis 

important to understanding their regulation of the DDR.  

The PIKKs can be structurally broken down into a HEAT repeat region, FAT domain, 

Kinase domain, and FATC domain ( 

 and (Falck et al., 2005; Maréchal and Zou, 2013b; Burger et al., 2019; Menolfi and Zha, 

2020; Xu et al., 2023). The N-termini of the PIKK kinases are composed of an N-solenoid 

consisting of HEAT repeats. HEAT repeats are so named as an acronym for the four 

proteins which were initially characterised that contain these structures: Huntington, 

Elongation Factor 3 (EF3), the A subunit of protein phosphatase 2A (PP2A), and the 

signalling kinase TOR1 (Andrade and Bork, 1995). A  

 

Figure 3: Primary structure of DNA -PK, ATM, and ATR . The basic structure of the PIKKs involved 

in DSB repair are shown, with the HEAT repeats, FAT, Kinase, PRD, and FATC domains indicated. The 

HEAT repeats form a flexible scaffold that can change shape depending on the interactors and act as a 

regulatory unit. The FAT domain. The FAT domain also acts as a scaffolding element, and is especially 

important for dimerization of ATM and ATR. The kinase domain is the active catalytic domain of the 

proteins, and phosphorylates its targets. The PRD domain regulates the function of the kinase domain by 

blocking the access to the nucleotide-binding site of the PIKKs, and undergoes conformational change 

when the respective protein is activated. The FATC domain is a regulator domain  at the extreme C-terminus 

of the proteins, and acts to regulate the kinase domain as well as maintaining structural integrity of the 

overall protein structure.  

HEAT repeat is a structural motif composed of two alpha helixes joined by a short loop 

D (Xu et al., 2023). When the motif is repeated in tandem, the tertiary structure forms 
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alpha solenoids, which are a superhelical structures which acts as a molecular spring. The 

flexibility afforded to the proteins by these solenoid structures allow for allosteric 

regulation of the proteins. ATM, ATR, and DNA-PKcs have 40-50 HEAT repeats which 

form an N-solenoid, which can be further broken down into the spiral and pincer (in some 

references the FAT domain is also a part of the HEAT repeat region, and see page 53 for 

more ATM-specific structure). ATR binds to its obligatory partner ATRIP in this region 

(Xu et al., 2023). The HEAT repeats for a flexible scaffolding for protein-protein 

interactions and can allow the protein to change shape based on its interactors. In addition, 

the HEAT repeats can maintain alignment of the kinase domains.  

 

ATM, ATR, and DNA-PKcs also contain a FAT domain. The abbreviation is an acronym 

for FRAP (FKBP12-rapamycinïassociated protein), ATM, and TRRAP (transformation/ 

transcription domain-associated protein) (Xu et al., 2023). The FAT domain is composed 

of repeated motifs of TRP repeats and HEAT-repeats domains (HRD). Tetratricopeptide 

repeats (TPR) are structural motifs with a helix-turn-helix, which also form superhelical 

structures with the repeated motifs stacking in parallel. These motifs are often scaffolds 

for protein-protein interactions. The FAT domain is especially important to dimerization 

of the PIKK Kinases (Xu et al., 2023).   

The kinase domain of the PIKKs is the phosphatidylinositol 3-kinaseïlike kinase domain. 

These are composed of an N-terminal lobe (N-lobe), C-terminal lobe (C-lobe), and PRD 

domain (Ueno et al., 2022; Xu et al., 2023). The catalytic cleft is in between the N- and 

C-lobe. This domain, like most kinase domains, has a G-loop, catalytic loop, and 

activation loop, which are all essential to the function of the domain. The very C-terminus 

of the protein has a FATC domain, which is present in the PIKKs but not canonical 

kinases. The PIKK kinases are heavily involved in the DNA damage response pathways. 

Thet target SQ/TQ sites on proteins for phosphorylation, once they are activated pass the 

damage signal onto many substrates. The PRD domain regulates the kinase activity by 

blocking access to the nucleotide binding sites of the PIKK kinases.  

There is overlap and crosstalk between the different PIKK kinase pathways (Figure 4).  

DNA dependent protein kinase catalytic subunit (DNA-PKcs) is the largest protein in the 

NHEJ pathway, with a 469 kDa weight (Chen et al., 2023; Spagnolo et al., 2012). 

Interestingly, DNA-PKcs is one of the largest known proteins (only two other proteins, 

titan and thyroglobulin, are larger). DNA-PKcs is the catalytic subunit of DNA-PK, 

which is the complex made up of core NHEJ factors including KU70/80, XRCC4, DNA-
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PK, and XLF, which are involved in repair of DSBs that require little to no resection 

(Figure 4A). The core cNHEJ proteins repair blunt DSBs within seconds to minutes of 

their formation through fast-kinetic cNHEJ, or result in ATM activation and the focal 

recruitment of the Early and Late proteins required for slow-kinetic cNHEJ if some 

resection is needed (Figure 4 and see further discussion on page 43). DNA-PKcs is able 

to phosphorylate its target proteins, including autophosphorylation of itself, HSP90, 

Artemis, and p53. DNA-PKcs has comparatively limited phosphorylation targets in the 

DDR, which is largely because its main role in ligating blunt-ended breaks, with fast 

kinetics in G1 cells (Löbrich & Jeggo, 2017; Shibata & Jeggo, 2020).  

Ataxia-telangiectasia mutated (ATM) protein kinase orchestrates a wide range of 

phosphorylation and regulatory events upon DSBs (Sun et al., 2007; Burger et al., 2019). 

It is activated in response to DNA damage by DNA damage sensors such as PARP1-3, 

KU70/80m and MRN, and has a concomitant activation by chromatin remodelers and the 

protein TIP60, which acetylates it and causes it to monomerise (Figure 4B). These active 

monomers then autophosphorylate on S1981 (see more details on page 53 and (Kieffer 

and Lowndes, 2022). Once ATM is active it is heavily involved in the Early recruitment 

of proteins to DSBs, as it propagates ɔH2AX and therefore the stepwise and focal 

recruitment of MDC1, RNF8, L3MBTL2, RNF168, 53BP1, and BRCA1. Many of these 

proteins are themselves phosphorylated by ATM. These proteins are required for proper 

repair of DSBs through either slow-kinetic cNHEJ or HR; error-prone repair can also 

occur through MMEJ, Alt-EJ, and SSA. If repair does not occur, ATM also 

phosphorylates and signals other proteins for other cell fates such as cell cycle arrest or 

apoptosis. These proteins include CHK2/Cds1, CDC35A, CDK2, CDC25C, CDC2, p53, 

p21, CycE/Cdk2, and RB (Suzuki et al., 2011).  

ATR (ataxia telangiectasia and Rad3-related protein) is a 301 kDa protein encoded by the 

ATR gene. The Rad3-related portion of the names comes from ATRôs homology to the 

fission yeast (S. pombe)  protein Rad3, which was found to have a conserved role in DNA 

repair to the budding yeast (S. cerevisiae) protein ESR1 (Bentley et al., 1996). ATR is 

activated in response to RPA-coated ssDNA, which occurs largely in replication-induced 

situations, such as stalled replication, replication stress, formation of chicken foot 

structures, and fork regression (Figure 4C). However, these structures often lead to 

DSBs, or are aggravated by DSB formation. ATR acts with its constitutive binding 

partner ATRIP (ATR interacting protein) and the proteins TOPBP1, RAD9, Claspin, 

RAD1, and H2AX. The end result of this pathway is that CHK1 is phosphorylated, and 
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involved in cell fate and cell cycle decisions (Cui Bradshaw and Dennis, 2009). A 

subtility of the DNA DSB response is that ATR can be either upstream or downstream of 

ATM in repair (Maréchal & Zou, 2013). This is because DSBs can arise due to incorrect  

 

Figure 4: The PIKK kinase pathways. The three major PIKK kinase pathways are shown here, with DNA 

damage inducing different types of DSBs. These DSBs are sensed by different proteins in the Immediate-

Early response, leading to activation of their respective PIKK kinases. A) Blunt DSBs in G1 activate the 

PARP1-3 response and are detected by KU70/80; these recruit the DNA-PK complex, made up of DNA-

PKcs, LIGIV, XRCC4, and the already recruited KU70/80 to ligate the DNA in fast-kinetic cNHEJ, that 

occurs within minutes of DSB formation. B) More complex DSBs are detected by PARP1-3, KU70/80, and 

MRN, and a constant response by various chromatin remodelers, resulting in the activation of ATM. ATM 

then spurs the Early response signal transduction pathway, accumulating in the recruitment of 53BP1 and/or 

BRCA1 for repair by slow-kinetic cNHEJ or HR. If repair is unsuccessful, the cells can also repair DNA 

by more mutagenic pathways such as MMEJ, Alt-EJ, or SSA. If the repair or needs more time or is too 

serious to repair, CHK2 phosphorylation leads to p53 activation and other cell fates including cell cycle 

arrest and apoptosis, respectively. C) Exposed ssDNA, which can occur either due to DNA damage or to 

replication stress, activates ATR/ATRIP. These are at the head of pathway including TOPBP1, RAD9, 

Caspin , RAD1, and ɔH2AX. Because H2AX is also in the ATM-headed pathway, this can lead to 

recruitment of Early and Late repair proteins if there is a DSB present. The major downstream effector of 

ATR activation is CHK1, which leads to replication fork stabilisation or p53 activation. The cells share all 

possible outcomes with the ATM-dependent pathway, in that they can go into error-free DNA repair, error-

prone DNA repair (including BIR), cell cycle arrest, and/or apoptosis. Note that not all proteins are shown 

for simplicity, and see in-text discussion.  

resolution of replication-induced structures, in which case, ATR is upstream of DSB 

signalling, and the formation of ɔH2AX foci acts as a platform for other DDR elements. 
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However, ssDNA coated in RPA also arises later in ATM-dependent DSB repair, so ATR 

is far downstream in DSBs arising from non-replication events. ATR phosphorylates 

CHK1 and can contribute to growth arrest, replication fork restart, and in the case of one-

ended DSB formation, repair by BIR. 

 

iv. DNA Double Strand Breaks 

One of the most compromising forms of DNA damage are double strand breaks (DSBs), 

defined by when both strands of the sugar-phosphate backbone of the DNA are broken 

(Jackson, 2002). DSBs risk loss of genetic material and translocations of chromosomes 

(Jeggo and Löbrich, 2007). This is especially dangerous during cell division at the 

kinetochore, as improper division of chromosomes can lead to aneuploidy (Bakhoum et 

al., 2017). Even when these drastic DNA translocation events do not occur, DSBs are 

dangerous to genetic stability (Weinberg, 2014). High-fidelity DDR mechanisms that 

respond to DSBs include non-homologous end-joining (NHEJ) and homologous 

recombination (HR) (Hakem, 2008).  

DSBs can occur directly, such as when both strands of DNA are broken by a reactive 

oxygen species, or indirectly, as a result of incorrect single strand break (SSB) repair, or 

replication run off (Figure 5). As SSBs themselves can arise from incorrect repair of 

damage to the bases, DSBs can arise from incorrect repair of any form of damage, be it 

to the base or the sugar-phosphate backbone of the DNA (Caldecott, 2008, 2014; Jeggo 

& Löbrich, 2007). 

DSBs can be thought of as two SSBs occurring in tandem; if two SSBs occur in proximity 

to each other on opposite strands, they risk loss of genetic information and translocation 

of chromosomes. Because of this, DSB repair pathways share involvement of proteins 

involved in SSB repair in what we term the óImmediate-Earlyô Response, which takes 

place within seconds of the damaging event (Kieffer and Lowndes, 2022). Following this 

Immediate-Early response are the óEarlyô and óLateô responses, which take place minutes 

and hours after the damaging event, respectively (see more details on page 31). These 

responses encompass the stepwise and focal recruitment of DDR proteins, as well as the 

delicate balance of DDR machinery that determines which of the downstream repair 

pathways occur. However, it is important to note that pathways such as HR and NHEJ 

are still downstream of the regulation of even the óLateô response. These responses are 

driven by the PIKK kinases. 
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In laboratory settings, there are several methods of inducing DSB formation for study. 

There are many chemicals which cause DNA damage (Table 1). Some, like the PARP 

inhibitors, work by inhibiting cNHEJ and making cells overly reliant on HR for repair. 

Several of these drugs can cause DSB formation, if indirectly, by causing adducts or other 

types of damage which cannot be repaired effectively and become DSBs upon the next 

replication cycle; these 

 

Figure 5: Direct or indirect formation of DSBs and repair pathways. A) Undamaged DNA is exposed 

to a damaging agent, causing formation of a blunt-ended DSB in B) or a SSB lesion in C). The blunt DSBs 

shown in B) can be repaired by fast-kinetic cNHEJ. If they are not reparable by this pathway, DSBs get 

funnelled into the Early, Late, and Repair pathways shown in D). The SSBs or lesion shown in C) can also 

become a DSB due to further damage or incorrect repair, and are then also repaired by the accumulation of 

the Immediate-Early, Early, Late, and Repair responses. If the DNA containing the SSB or lesion seen in 

C) is replicated prior to this repair as in E), the replication fork will progress to the edge of the SSB or break 

as in F). Because the fork cannot progress pass this point, it causes a stalled or regressed replication fork in 

G). This structure can undergo repair, fork restart, or can cause formation of a one-ended DSB if not 

repaired correctly, as seen in H). If the one-ended DSB is formed, it is repaired as in I) by either MMBIR 

or Alt-EJ. Legend: DSB: double strand break; SSB: single strand break; cNHEJ: canonical non-homologous 

end joining; HR: homologous recombination; MMBIR: microhomology mediate break induced replication; 

Alt -EJ: alternative end joining.  

include topoisomerase inhibitors, which have the advantage producing 3ôprime oxidative 

termini similarly to ionising radiation (Adachi et al., 2003). The PIKK kinase inhibitors 
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work by reducing the phosphorylation signalling cascade, while the CHK1/CHK2 

inhibitors stop the cellsô ability to go into growth arrest or apoptosis. 

Table 1: Types of DDR protein inhibitors  

Protein/Target Inhibitor Primary Research Article 

PARP   Olaparib (Fong et al., 2009) 

Talazoparib (de Bono et al., 2017) 

Niraparib (Moore et al., 2018) 

DNA-PK  NU7441 (Leahy et al., 2004) 

M3814  (Wise et al., 2019) 

CC-115 (Tsuji et al., 2017) 

ATM  KU-55933 (Hickson et al., 2004) 

AZD0156 (Riches et al., 2020) 

CP466722 (Rainey et al., 2008b) 

KU-60019 (Golding et al., 2009) 

ATR  VE-821 (Charrier et al., 2011) 

AZD6738 (Ceralasertib) (Foote et al., 2018) 

BAY 1895344 (Wengner et al., 2020) 

M6620 (Berzosertib) (Weber et al., 2017) 

CHK1  LY2606368 (King et al., 2015) 

CHK2  PV1019 (Jobson et al., 2009) 

Topoisomerase I Topotecan, Irinotecan (Hsiang et al., 1985)  

Topoisomerase II Etoposide, Doxorubicin (Osheroff et al., 1994) 

In addition, there are specific cell lines developed, such as the U2OS DSBR cell line, 

which use inducible enzymes to cut pre-inserted sites in the cell; this particular cell line 

induces tandem DSBs within a focus, allowing visualisation of a single DSB response 

site in a cell (Cho et al., 2017). Another cell line are the DIvA cells, which stands 

for, DSB Inducible via AsiS (Aymard et al., 2017). These cells have inducible cutting at 

~100 annotated positions across the human genome (that are the AsiS1 cut sites). The 

DSBs are inducible because AsiS1 is cytoplasmic until addition of OHT, which activates 

an oestrogen receptor ligand-binding domain, which gets imported into the nucleus 

(Iacovoni et al., 2010; Aymard et al., 2014). These cells also have the added ability to not 

just visual the damage sites via IF, but also to IP these sites, and then to evaluate the 

proteins surrounding the breaks by either PCR of ChIP (Sharma et al., 2023). Having a 

variety of ways to induce DSB formation not only ensures that many institutes without 

radiation foci access can participate in DDR study, but also ensure that our understanding 

of DNA repair is not specific to radiation-specific mechanism.  

Another of these methods is through irradiation, or ionizing radiation (IR) (Suzuki et al., 

2011). Irradiation causes genomic instability through both direct and delayed effects. 

DSBs are formed because the gamma (ɔ) rays that are emitted by sources (such as 

Caesium 137) cause the formation of reactive oxygen species (ROS), which then shoot 
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off through the cell and nucleus, and when they encounter DNA, causing SSBs and both 

direct and indirect DSB formation (see earlier discussion on page 29). The cellôs response 

to these damage events can then be observed, and in very high dose (such as 10Gy) which 

would kill the cells if they were studied for longer times through the delayed effects, but 

over short time courses (15min-4hr) the direct effects of damage and repair can be 

studied. The sensitivity of cells to long term damage can be studied by cell survival assays 

or clonogenic survival assays.  

It is important to note that some DSBs arise from scheduled cuts, and that cells have 

different pathways that are involved to regulate them. For example, V(D)J recombination 

and class switch recombination, which occur in B and T lymphocytes(Rothkamm et al., 

2015). This scheduled DSB pathway is named for the variable (V), diversity (D), and 

joining (J) gene segments within the immunoglobulin (Ig0 or  T cell receptor proteins, 

and allows for the generation of diverse antigen receptors from a limited area of DNA 

(Roth, 2014). Enzymes specific to V(D)J recombination include the enzymes RAG1 and 

RAG2, which recognise the specific recombination signal sequences which flank the V, 

D, and J gene segments (Zhang et al., 2024). These proteins induce DSBs and to the 

excision of the DNA between cuts. Another enzyme is Terminal deoxynucleotidyl 

transferase (TdT), which adds in random nucleotides and therefore makes the antigen 

receptors even more variable. The DSBs are repaired by the core cNHEJ proteins, 

including DNA-PKcs, KU70/80, XLF, XRCC4, and LIGIV (Bredemeyer et al., 2006). 

V(D)J recombination allows for programmed processes that promote genome instability 

that maintain the overall health of the organism, as opposed to other DNA repair 

mechanisms which repair accidental damage to maintain genome stability.  

II. The Immediate-Early, Early, Late, and Repair 

responses to DSBs 

Note that much of the introduction has been adapted from Kieffer and Lowndes, 2022, 

published with Frontiers in Genetics. This publication was used as a template for sections 

II.i -vi, see pages 31-50.) 

Understanding the DSB response as a function of time from damage to repair allows us 

to clarify our understanding of these responses (Figure 6). The Immediate-Early response 

occurs within seconds of DSB formation, and encompasses DSB sensing and initial 

signalling, and some quick repair. The Early response occurs within minutes, and 

revolves around chromatin dynamics and signal transduction. The Late response occurs 

within hours, and describes the delicate balance of protein accumulation that leads to 
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downstream repairs, which occur within hours to days (Figure 6 and Kieffer and 

Lowndes, 2022).  

 

Figure 6: The Immediate-Early, Early, Late, and Repair responses to DNA DSBs. Within seconds of 

DSB formation, the Immediate-Early response can repair blunt-ended DSBs by fast-kinetic cNHEJ. PARP 

and associated PARylation events also occur within seconds. These events lead to chromatin remodelling, 

resulting in TIP60 and then ATM activation. The Early Response occurs within minutes of DSB formation, 

and is dependent upon ATM phosphorylation and signal transduction. The repair focus forms during this 

timeframe, consisting of chromatin-bound and LLPS separated components. The Late response occurs 

hours after the break formation, at which point the damage foci consist of late components such as 53BP1 

and BRCA1. These proteins contribute to repair pathway choice, which happens hours (to days) after the 

break formation, depending on break complexity and other factors.  

An important implication of these categories is that cNHEJ is two distinct pathways: fast-

kinetic cNHEJ and slow-kinetic cNHEJ (Figure 7). We will discuss these later in more 

detail (see page 43), but the distinction between these is important to deepen our 

understanding of these entwined pathways. Fast-kinetic cNHEJ likely repairs simple and 

blunt DNA breaks, occurs within seconds of the break occurring, and is ATM-, 53BP1, 

Artemis-, and resection-independent. This pathway relies upon KU70/80, DNA-PKcs, 

and DNA ligase IV. Slow-kinetic cNHEJ is dependent on regulation by ATM, 53BP1, 

and resection by Artemis, and is in competition with HR for repair of DSBs that are not 

immediately ligated. Both of these pathways can repair DNA during G1. Interestingly, 

slow-kinetic cNHEJ shares heavy overlap with the proteins involved in HR, and the way 

that pathway choice occurs is not yet fully understood. They both rely upon the Early and 

Late proteins, including ATM, MDC1, RNF8, L3MBTL2, RNF168, and 53BP1. 

However, HR can only occur when there is homology present, and relies upon resection 

(see more details on page 45).   
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Figure 7: Overlap between proteins involved in fast- and slow-kinetic cNHEJ and HR pathways. Fast-

kinetic cNHEJ (blue) uses the core NHEJ proteins (green) to repair blunt DSBs. It does not have any 

proteins that are specific to this pathway. Slow-kinetic cNHEJ uses the core NHEJ proteins (green), in 

addition to many proteins involved in resection of the DNA up to 5nt, or in end protection. This type of 

repair occurs when the DSB is more complex and shares the Early pathway activation with HR pathways. 

HR, in its gene conversion form, relies upon the Early and Late repair proteins similarly to slow-kinetic 

cNHEJ. However, it has proteins specific to this pathway required for strand invasion, DNA replication, 

and ligation.   

i. The Immediate-Early Response  

The Immediate-Early response refers to DDR events which occur within seconds of DSB 

formation. These events are driven largely by PARP1, which PARylates itself and other 

surrounding proteins, leading to a decondensation of chromatin surrounding the breaks 

(Figure 8 and Chaudhuri and Nussenzweig, 2017). PAR chains also act to recruit DDR 

proteins, including MRE11 of the MRN complex (Beek et al., 2021). Due to a wide 

variety and sometimes contradictory PARP implications in the DDR (Galande and 

Kohwi-Shigematsu, 1999; Wang et al., 2006; Patel et al., 2011; Rulten et al., 2011; 

Langelier et al., 2012; Caldecott, 2014; Fouquerel and Sobol, 2014; Yang et al., 2018; 

Caron et al., 2019), PARP1 has only recently been established as a DSB repair protein. It 

has been proposed that the wildly different reports on the involvement of PARP1 in the 

DDR could be due to not differentiating the two kinetically different forms of cNHEJ, 

which would skew data (Kieffer and Lowndes, 2022). It is widely accepted as a SSB 

repair protein. However, because DSBs are essentially two nearby SSBs, and because 
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SSBs can become DSBs, the SSB repair pathway is in initiator of the DSB repair as well 

(Cristini et al., 2019).  Until recently, PARP and PARylation were a controversial 

upstream factor of this process. It is still being studied if the PAR is directly or indirectly 

involved in repair; that is, whether it is a óleftoversô of SSB repair, and PAR chains need 

to be removed (by PARG) prior to DSB repair, or if they have direct impact on DSB 

repair themselves (Figure 8 and Caldecott, 2014; Caron et al., 2019; Fouquerel & Sobol, 

2014; M.-F. Langelier & Pascal, 2013; Murata et al., 2019; Pascal, 2018; Patel et al., 

2011; Strickfaden et al., 2016; Wang et al., 2006; G. Yang et al., 2018; Y. G. Yang et al., 

2004). While the early literature focussed upon the role of PARPs in SSB repair, it has 

become more widely implicated in other branches of the DDR. This is largely due to the 

structure of some DSBs, in which two SSBs on opposites strands of DNA occur near 

enough that the two ends can separate There is emerging data showing that PARP1, 

PARP2, and PARP3 also function at DSBs. This includes structural data showing that 

PARP1 binds to DSBs (Langelier et al., 2012), as well evidence that PARP1 and KU70/80 

compete for DSBs (Wang et al., 2006; Yang et al., 2018) that PARP1 negatively regulates 

resection (Caron et al., 2019), that defective cNHEJ contributes to the sensitivity to PARP 

inhibitors (Patel et al., 2011), that PARP3 accelerates cNHEJ (Rulten et al., 2011), and, 

finally, evidence that PARP1 and KU70/80 can form a complex together (Galande and 

Kohwi-Shigematsu, 1999). However, it is likely that the linkages between PARPs and 

DSB responses can be confounded by fast-kinetic cNHEJ functioning in competition with 

PARP responses during the Immediate-Early response, whereas slow-kinetic cNHEJ that 

occurs after the Late response appears to be promoted by PARP and PARylation (see 

discussion on  

fast- and slow-kinetic cNHEJ in the next section). Important additional considerations are 

These new molecular tools, which can distinguish between singly MAR and PAR chains, 

will allow researchers to determine if MAR is an independent PTM with its own 

regulation and impact on cellular function. 

PARP1 and PARylation acts to push the chromatin away from the DSB, recruit DSB 

repair proteins to the break, and possibly provide a favourable metabolic state for single 

and double strand break repair  (Kieffer and Lowndes, 2022). After, or sometimes 

concurrent with this PARylation, is DSB sensing by proteins such as KU70/80 and the 

MRN complex.  
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Figure 8: The Immediate-Early response to a DSB. A) Generation of a DSB within a chromatin fibre. 

B) Recruitment of KU70/80 to some breaks. If KU70/80 is recruited and the break is easily ligatable, fast-

kinetic cNHEJ can occur. C) The recruitment of poly(ADP-ribose) polymerases (PARP) to some DSBs. D) 

Expansion of linear and branched chains of polyADP ribose (PAR) on PARP results in chromatin 

decondensation. Many DNA repair proteins are recruited to both PARP and PAR chains. E) Recruitment 

of both KU70/80 and MRN at some DSBs. F) Structures of PARP1, ADP-ribose, KU70/80 and MRN. 

Where known, structure is superimposed within overall architecture as illustrated. Adapted from Kieffer 

and Lowndes 2022. 

The recent advent of technologies that allow for differentiation between PAR and MAR 

signals could clarify this, as MAR had not previously been implicated as a signalling 

molecule in the DDR (Zakeri et al., 2012; Bonfiglio et al., 2020; Longarini et al., 2023). 

These technologies allow classification of an entire new set of PTMs within the DDR.  

Within seconds of DSB formation, dimers of KU70/80 sense the break, and are threaded 

onto the ends of the DNA. If the break is easily ligated, KU70/80 then act as a platform 

for the core cNHEJ proteins XRCC4, DNA-PK, and XLF, which together ligate the blunt 

end (Jeggo and Löbrich, 2017; Shibata and Jeggo, 2020a). This is a process called fast-

kinetic canonical non-homologous end-joining (fast-kinetic cNHEJ, see further 

discussion on page 43). These same proteins are involved in slow-kinetic cNHEJ as well, 

but are recruited after 53BP1, and are Artemis- and resection-dependent. Fast-kinetic 

cNHEJ likely accounts for majority of the error-free repair by NHEJ. 

The MRN complex is described as a DSB sensor, as it is required for downstream repair 

by HR and is also recruited during the Immediate-Early response to DSBs. It also has 

roles in  
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Figure 9: Early chromatin events leading to the activation of ATM. A) The chromatin state prior to 

DNA damage is both heterochromatic and euchromatic. Its compaction is regulated by HP1 bound to 

H3K9me3, a methylation mark highly regulated by many proteins including SUV39H1, SUV39H2, 

SETDB1, and KDM4B. B) Upon DNA damage, a CK2 phosphorylates HP1, causing it to release H3K9me3 

and the chromatin to decondense. H39me3 is then bound by TIP60, which acetylates both H2AXK5Ac and 

ATM. The acetylation of the chromatin causes further decondensation. C) Acetylation of ATM causes it to 

monomerise and autophosphorylate S1981. This ATM is now active in the DDR. D) Figure legend. 

Adapted from Kieffer and Lowndes 2022. 

NHEJ, presumable for limited resection during slow-kinetic cNHEJ (Quennet et al., 2010; 

Reis et al., 2012; Qiu and Huang, 2021). 

In a simultaneous process that is not yet understood how it ties into the KU70/80 DSB 

sensing, there is a chromatin-based response to DSBs that leads to the activation of ATM 

(Figure 9 and (Matsuoka et al., 2007; Smolka et al., 2007; Stokes et al., 2007; Bensimon 

et al., 2010). This pathway revolves around heterochromatin markers such as H3K9me3, 

and its binding to HP1 or TIP60, upon DNA damage (Sun et al., 2007; Gong and Miller, 

2019). The maintenance of H3K9me3 markers is constant throughout cellular processes, 

as its presence or absence dictates heterochromatin or euchromatin regions. TIP60 is also 
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bound to this mark prior to DNA damage for transcriptional purposes, but because the tri-

methylated mark is both methylated and demethylated, TIP60 is not always bound. 

However, upon DNA damage, CK2 (whose activation is unknown) phosphorylates HP1, 

causing its release from H3K9me3 (Ayoub et al., 2008; Lee et al., 2013; Becker et al., 

2016; Hiragami-Hamada et al., 2016). TIP60 is then able to bind to H3K9me3, and then 

acetylates it targets These include the histones themselves (H2AXK5Ac), which causes 

them to decondense (and may have PARP related function as well). TIP60 also acetylates 

ATM at K3016, which causes it to monomerise and auto-phosphorylate on S1891 to an 

active monomer form (Bakkenist and Kastan, 2003; Sun et al., 2007, 2009). ATM is then 

the apical kinase involved in the Early response. 

The complex activation of the Immediate-Early and Early DSB response is only 

beginning to be understood. Recent progress has been made, for example, implicating 

p53 as a DSB break sensor, and went so far as to say that the major impact of p53 in cells 

could be due to its role in DSB repair rather than its transcriptional roles and apoptosis 

regulation (Wang et al., 2022).  

 

ii. The Early Response  

Similar to the Immediate-Early response, the Early response seems to be characterised by 

factors which are chromatin-bound, and factors which form foci/biomolecular 

condensates. The chromatin-bound factors are propagated by the phosphorylation by 

ATM. The Early response is composed of two major forms of signal propagation: 

chromatin remodelling, and signal cascade propagated by ATM (Chaudhuri and 

Nussenzweig, 2017; Burger et al., 2019). How these interact are not fully understood, as 

ATM is activated by chromatin-based events (TIP60) (Sun et al., 2005, 2009, 2010), but 

what initiates these chromatin remodelling events is unknown, and these pathways do not 

seem to be initiated by known DNA damage sensors (PARP1, KU70/80, MRN).  
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Figure 10: The chromatin-bound Early response and ATM signalling in the Early DSB response. A) 

Active monomeric ATM is recruited to sites of DSBs by an interaction with NBS1. ATM phosphorylates 

RSF1, which leads to nucleosome sliding to reveal the DNA surrounding the break. B) ATM 

phosphorylates H2AX (ɔH2AX), which allows the scaffold MDC1 to bind via its BRCT domain. As MDC1 

is constitutively bound to MRN, the recruitment of MDC1 recruits further MRN and ATM.(C) ATM 

propagates ɔH2AX via continued MCD1, MRN, and ATM recruitment, leading to chromatin relaxation. 

D) In addition to this method of ɔH2AX propagation, ɔH2AX may also be spread via proposed óloop 

extrusionô mechanism. In this model, the DSB machinery blocks one direction of the normal loop extrusion 

that leads to the formation of TADs. As nucleosomes are extruded, ATM phosphorylates H2AX within a 

given TAD. E) Figure legend. Adapted from Kieffer and Lowndes 2022. 

Activated ATM is recruited to the lesion site by MRN, where it phosphorylates many 

targets (Figure 10 and Hakem, 2008). This includes the SNF2H/RSF1 complex, which 

performs nucleosome sliding directly adjacent to the DSB, allowing room for DSB end 

protection and/or resection, depending on pathway choice (Min et al., 2014; Pessina and 

Lowndes, 2014). In addition, H2AX is phosphorylated into the DNA damage marker 

gH2AX. This acts as a platform for MDC1 binding (Rogakou et al., 1999; Maréchal and 

Zou, 2013a). MDC1 is a scaffold for the DSB response, and binds to many downstream 

factors (Spycher et al., 2008; Luo et al., 2011; Jungmichel et al., 2012a; Salguero et al., 

2019). It is constitutively bound to MRN, so its recruitment to gH2AX brings in more 

MRN as well. The feedback loop of MDC1, MRN, ATM, and gH2AX propagation can 

spread along the chromatin for up to 2MB. There are two theories as to how this occurs; 

one is the sequential model, where one complex and phosphorylation brings in the next, 

and so forth. Conversely, a single (or several) ATM molecules could propagate a large 

are of gH2AX through the formation of TADs and loop extrusion (Arnould et al., 2021). 

When TADs (topologically associated domains) are formed, they are pushed through a 

cohesin loop (Rajarajan et al., 2016; Marchal et al., 2019). DSBs could act as an 
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impassable object, and be stopped on one side while the other side of the loop is still 

pushed through, resulting in ATM passing near many histones, and propagating the 

gH2AX signal within a single TAD.  

These proteinsðMRN, MDC1, ATM, and gH2AX, form foci upon DNA damage. 

However, it is important to distinguish between chromatin-bound elements of a DSB foci 

and non-chromatin bound, which form in what has been described as both a óliquid-liquid 

phase separated condensateô and the broader óbiomolecular condensateô (Banani et al., 

2017; Fijen and Rothenberg, 2021). 

  

Figure 11: The biomolecular condensate Early response and DSB signal transduction. A) ATM, 

MDC1, and ɔH2AX accumulation allow recruitment and binding of RNF8 to MDC1. RNF8 then 

ubiquitinates L3MBTL2, which is also recruited to the MDC1 scaffold. RNF168 is recruited to this 

ubiquitin chain, and itself ubiquitinates H2A(X)K13/15. B) This H2A(X)K13/15 and another histone 

marker, H4K20me3, together bind 53BP1. If H4K20 is not methylated, the BARD1/BRCA1 complex 

binds. C) Figure legend. Adapted from Kieffer and Lowndes 2022. 

MDC1 itself is phosphorylated by ATM, and this acts as a platform for both L3MBTL2 

and the E3 ubiquitinating enzyme RNF8 to bind (  

Figure 11 and Nowsheen and Lou, 2018; Nowsheen et al., 2018; Salguero et al., 2019). 

Recently, a new protein scaffold, WRAP53ɓ, has been shown to be required for RNA8 

recruitment to MDC1  (Bergstrand et al., 2019). RNF8 then ubiquitinates L3MBTL2. A 

second E3 ubiquitin ligase, RNF168, recognises the first ubiquitin, and itself 

ubiquitinates histone H2A (H2AK14ub), initializing a ubiquitination cascade (Mattiroli 

et al., 2012). The ubiquitin modified chromatin recruits 53BP1, which binds directly to 

two histones, H2AK13ub, and H4K20me2 (Bohgaki et al., 2013). Interestingly, 
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BARD1, the interacting partner of BRCA1, can also bind to the ubiquitin mark, but 

when the dimethylation maker is not yet present, as on newly synthesised DNA. Note 

that 53BP1 is recruited in both slow-kinetic cNHEJ and in HR, despite generally being 

understood as a NHEJ factor and repressor of HR (Daley and Sung, 2014; Bártová et 

al., 2019). Interestingly, 53BP1 requires the nuclear kinesin KIF18b for its recruitment 

to foci (Luessing et al., 2021). 

iii. The Late Response and Pathway Choice 

The Late Response to DSBs constitutes the point at which cell begin to recruit proteins 

specific to either slow-kinetic cNHEJ or HR, and occurs minutes to hours after DSB 

formation (Figure 12). However, the Late response still constitutes marks and proteins 

which are recruited upstream of both repair pathways. The final point of commitment to 

HR or slow-kinetic cNHEJ is not yet known.  

To the best of current understanding, the balance of 53BP1 and BRCA1 recruitment to 

specific histone modifications determine repair outcome (Bothmer et al., 2011; Bohgaki 

et al., 2013). These modifications are the damage-dependent ubiquitination of H2A 

isoforms [H2A(X)K13/15ub] and the methylation state of histone H4 lysine 20 (either 

H4K20me0 or H4K20me2) (Fradet-Turcotte et al., 2013; Pellegrino et al., 2017; 

Nakamura et al., 2019; Becker et al., 2020; Dai et al., 2021; Hu et al., 2021; Morris, 2021). 

The ubiquitination of H2A(X)K13/15ub is performed by RNF168 and is damage-

dependent. The other, di-methylation of H4 (H4K20me2), is largely constitutive and 

widely distributed throughout the genome and is maintained by several 

methyltransferases and demethylases (Jørgensen et al., 2013; Cao et al., 2020). Its 

accessibility is also maintained, as it can be ómasked,ô and masking proteins have 

complex regulation that removes them upon DNA damage to allow either 53BP1 or 

BARD1/BRCA1 to bind (Acs et al., 2011; Butler et al., 2012; Mallette et al., 2012).  

In the context of a DSB, and the associated H2A ubiquitination [H2A(X)K15ub] of the 

flanking chromatin, the greatest binding affinity of 53BP1 and BARD1 is to H4K20me2 

and  
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Figure 12: The Late Response to DNA DSBs and pathway choice. A) 53BP1 acts as a platform for 

PTIP-dependent recruitment of Artemis for resection in slow-kinetic cNHEJ. B) BRCA1 can be recruited 

to sites of DSBs can be dependent on BARD1, RAP80, MRN, or PARP1 and direct the cell towards repair 

by HR. C) Recruitment of RIF1 and Shieldin to 53BP1. D) 53BP1, RIF1, and Shieldin can block resection, 

or recruit the CST-PolŬ primase complex for gap fill-in, promoting the fidelity of both slow-kinetic cNHEJ 

and HR. E) Figure legend. Adapted from Kieffer and Lowndes 2022. 

H4K20me0, respectively (Pellegrino et al., 2017; Nakamura et al., 2019; Becker et al., 

2020; Dai et al., 2021). Because H4K20me2 is only absent on newly synthesised 

chromatin, the brief availability of H4K20me0 in newly replicated chromatin facilitates 

recruitment of BARD1, immediately after replication fork passage, which directs repair 

towards HR. Once H4K20 becomes methylated, the window for repair via HR closes and 

repair is once more directed towards the slow-kinetic cNHEJ pathway (Nakamura et al., 

2019). However, this is not the only method of BRCA1 recruitment, as BRCA1 forms 

many other complexes that have different recruitment requirements. 

It was previously believed that 53BP1 only acts to repress HR repair, but more recent 

studies show that 53BP1 plays an active role in NHEJ repair (Fradet-Turcotte et al., 2013; 

Mirman et al., 2018; Mirman and de Lange, 2020; Ronato et al., 2020). The structure of 

53BP1 allows it to bind to the bivalent damage-induced H2A(X)15ub and the largely 

constitutive H4K20me2. 53BP1 then acts as a platform for recruitment of multiple factors 
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such as PTIP, Artemis, and RIF1, which in turn leads to the recruitment of Shieldin 

(Findlay et al., 2018b; Ghezraoui et al., 2018; Gupta et al., 2018).  

RIF1 and the Shieldin complex protect the ends from resection and therefore promote 

NHEJ. The Shieldin complex, consisting of REV7 (MAD2L2), SHLD1, SHLD2, and 

SHLD3 is recruited to DSBs to block resection (Ghezraoui et al., 2018; Noordermeer et 

al., 2018; Setiaputra and Durocher, 2019). Shieldin can also recruit PolŬ-primase via its 

accessory factor CTC1-STN1-TEN1 (CST) to achieve the correct balance between 

resection and fill-in DNA synthesis (Mirman et al., 2018). This may allow slow-kinetic 

cNHEJ to occur with higher fidelity and indicates an active role for 53BP1 in efficient 

slow-kinetic cNHEJ. A further active role for 53BP1 in slow-kinetic cNHEJ is suggested 

by its recruitment of PTIP, which in turn has functions in localising Artemis to DSBs that 

must be processed prior to repair(Callen et al., 2013; Wang et al., 2014b). The nuclease 

activity of Artemis is then required to process the DNA end (Riballo et al., 2004). 

Intriguingly, in addition to slow-kinetic cNHEJ, Artemis has also been shown to promote 

HR by removing lesions or secondary structures that inhibit repair by either pathway 

(Beucher et al., 2009). Regardless of these active roles in slow-kinetic cNHEJ, 53BP1-

dependent recruitment of RIF1 and Shieldin inhibits HR, as well as the more mutagenic 

Alt -EJ, BIR, and SSA mechanisms of DSB repair. 

Recent studies have implicated new proteins in the recently discovered Shieldin complex. 

For example, CCAR2 functions downstream of Shieldin (Iyer et al., 2022), as does PPI 

and ASF1 (Isobe et al., 2021; Feng et al., 2022).  

The regulation of 53BP1 and BRCA1 recruitment to DSBs defines the Late response to 

DSBs that occur prior to repair by specific pathways, and is clearly complex and not yet 

fully understood. Emerging data demonstrates that both 53BP1 and BARD1-BRCA1 can 

bind to related bivalent histone marks, providing a DNA damage histone code. Both 

factors can bind to the chromatin flanking the same DSB. Details of how BRCA1 

outcompetes 53BP1 at some DSBs are emerging (Nakamura et al., 2019). In particular, 

at one-ended DSBs produced at replication forks specific recruitment of BARD1-BRCA1 

drives repair towards HR. Precisely how BRCA1 outcompetes 53BP1 at two-ended DSBs 

destined for repair via HR is as yet unknown. Furthermore, improved resolution of how 

53BP1 and BRCA1 are physically segregated within three-dimensional space proximal 

to DSBs could provide important insight into pathway choice. 
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iv. Non-homologous End Joining 

Non-homologous end joining (NHEJ) relies upon a core set of proteins to enact repair by 

ligating blunt ends of DNA: the heterodimer KU70/80, the catalytic subunit of DNA-

dependent protein kinase (DNA-PKcs), XLF1, XRCC4, and DNA ligase IV (LigIV)  (Frit 

et al., 2019; Chen et al., 2021, 2023). Within milliseconds of DSB formation, KU70/80 

binds to the ends of the DNA in a cradle-like hold, which allows recruitment of the other 

proteins and a platform for DNA-PKcs binding (Figure 13 and Chen et al., 2021). In the 

long-range complex, which can hold two DNA ends about 115 Å  apart, there are DNA 

end-bound complexes with the KU70/80 and DNA-PKs; these are then held together by 

a later-recruited scaffolding complex of XLF, XRCC4, and LigIV  (Chen et al., 2021). 

Stoichiometrically, there are two LigIV and XRCC4, and only one XLF per long-range 

synaptic complex. A likely in trans autophosphorylation leads to DNA-PKcs 

dissociating, and the complex transitioning to a short-range synaptic complex. In this, the 

KU70/80-bond DNA ends, scaffolded by XLF, are put into alignment for ligation by 

LigIV . It is proposed that each strand of a DSB is ligated by a different catalytic subunit 

of LigIV  (Chen et al., 2021).  

This type of NHEJ occurs rapidly and without resection. It likely repairs blunt and simple 

DSBs that do not require resection or end-processing. cNHEJ does not rely on homology 

for repair, and is the most common repair pathway used in mammalian cells for DSBs, in 

part because it can be used at any stage in the cell cycle (Li and Heyer, 2008; Ronato et 

al., 2020). Despite often being labelled as an error-prone pathway, it is a relatively error-

free pathway. Part of this is due to the distinction of several cNHEJ pathways: fast- and 

slow-kinetic cNHEJ (Jakob et al., 2011; Biehs et al., 2017; Chang et al., 2017; Jeggo and 

Löbrich, 2017; Shibata et al., 2018; Frit et al., 2019; Setiaputra and Durocher, 2019; 

Shibata and Jeggo, 2020b, 2020a; Qi et al., 2021). The fast kinetic pathway relies upon 

the core proteins listed above, and  repairs breaks within seconds of their formation (Jeggo 

and Löbrich, 2017; Qi et al., 2021). This repair does not rely upon 53BP1 (which is often 

described as a NHEJ-promoting protein), or upon any form of resection. There is some 

evidence that fast-kinetic cNHEJ  
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Figure 13: Fast-kinetic non-homologous end joining . A) NHEJ occurs after DSB formation and sensing 

and binding by KU70/80. The long-range synaptic complex then forms, comprised of DNA-PKcs, XLF, 

XRCC4, and LigIV. There is a transition to a short-range complex, which allows ligation of the DSB ends 

to come into proximity for limited processing and ligation by LigIV. B) Cartoon of the long-range synaptic 

complex. C) Cartoon of the short-range synaptic complex, Proteins are shown with their crystal or Cryo-

EM solved structure where known. Accession numbers: KU70/80: ZAXZ. NHEJ Long-range synaptic 

complex: 7LT3: NHEJ Short-range synaptic complex: 7LSY. Note that the colours in this figure are not 

consistent between complexes, and are showing different molecules within a single complex. 

occurs to a higher extent in non-coding regions of the genome and makes up about 80% 

of NHEJ repair.  

Conversely, slow-kinetic cNHEJ does rely upon ATM activation and the entire 

Immediate-Early, Early, and Late responses to DSBs, including limited resection by 

MRN, CtIP, and Artemis, as well as 53BP1 binding. This version of cNHEJ can repair 

breaks of 0-5nt resection, and relies on CST-PolŬ primase (as well as RIF1 and Shieldin) 
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to regain lost information (Jeong et al., 2022), and likely other undiscovered mechanisms. 

This pathway repairs about 20% of IR-induced DSBs (Chang et al., 2017; Jeggo and 

Löbrich, 2017).  These small resections rely upon microhomologies to garner some 

fidelity. In addition, there are likely pathways of minimising mutation or loss of 

nucleotide information that are not yet known. For example, it is possible that RNA from 

transcribed regions or long non-coding RNA can be used as a template during slow-

kinetic cNHEJ (Storici et al., 2007; Chakraborty et al., 2016; Meers et al., 2016; Mazina 

et al., 2017). 

Whereas the core cNHEJ proteins are required by both fast- and slow-kinetic cNHEJ, 

53BP1, RIF1, and Shieldin are anti-resection factors and CST- PolŬ primase balances 

resection with de novo DNA synthesis, likely improving fidelity (Mirman et al., 2018). 

However, fast- and slow-kinetic cNHEJ differ in their ability to repair simple versus 

complex DSBs, have different recruitment pathways, and are used to different extents 

throughout the cell cycle. Intriguingly, emerging data suggests that slow-kinetic cNHEJ 

can avoid mutagenic deletions by using RNA molecules as homology templates for 

retrieving sequence information that can be lost during resection (Mirman et al., 2018). 

v. Homologous Recombination 

In mitotic cells HR has three main subdivisions: gene conversion (GC), break induced 

replication (BIR), and single strand annealing (SSA) (Jackson, 2002; Mehta and Haber, 

2014; Chang et al., 2017; Krenning et al., 2019; Pham et al., 2021). GC is the highest-

fidelity repair; in yeast requiring just 20ï80nt of in trans homology, and resecting 2ï6kb, 

while in mammalian cells the minimal in trans homology is unclear, but resection can 

occur for up to 3.5kb (Ronato et al., 2020). In mammals, GC is dependent upon the 

nuclease activity of MRN and other proteins such as CtIP, BLM, EXO1, RPA1, BRCA1, 

PALB2, BRCA2, XRCC3, RAD51, and RAD54 (Figure 1I). This repair pathway 

requires end resection, ssDNA protection, search for homology, strand invasion, and 

resolution of the resulting Holliday Junction (Figure 14 and (Jackson, 2002; Li and 

Heyer, 2008).  

GC, and HR in general, is often considered an error-free repair pathway, as it uses 

template strands to repair DNA (Li and Heyer, 2008; Guirouilh-Barbat et al., 2014; 

Elbakry and Löbrich, 2021). However, this is a misnomer, as it is still subject to mutation 

and loss of genetic information; a better name is a high-fidelity pathway. The highest 

fidelity version of HR is GC (gene conversion), which relies upon strand invasion for 

https://www.frontiersin.org/articles/10.3389/fgene.2022.793884/full#F1
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homology-dependent repair. Because it uses homologous templates, GC occurs during S 

or G2 of phases of the cell cycle (except in special circumstances, such as repetitive 

ribosomal DNA (rDNA) can be repaired throughout the cell cycle. For repetitive 

sequences, homologous sequences are available in cis for HR repair throughout the cell 

cycle. A good example of this is repair of DSBs within ribosomal or centromeric DNA 

(van Sluis and McStay, 2017; Yilmaz et al., 2021). Although much is known about the 

dependency of this pathway on such proteins as RAD51, RPA, and 

BRCA1/PALB2/BRCA2, these exact mechanisms of much of the pathway and their 

regulation are not yet understood (Huang & Zhou, 2008.; Scully et al., 2019). This 

includes such complexities of how RPA is replaced by RAD51, how strand invasion 

occurs and what directs it, and how the pathway choice between cNHEJ and HR, and 

between the individual HR pathways, is decided.  

GC has two subdivisions: SDSA and dHJ mediated recombination, which are also 

referred to as short tract GC (STGC) and long tract GC (LTGC), respectively  (Elbakry 

and Löbrich, 2021). In SDSA, an unstable displacement loop (D-loop) is formed as an 

intermediate composed of a double stranded DNA double helix invaded by the broken 

DNA end, leading to short-tract DNA synthesis. The second end of the break is then 

annealed to this newly synthesised DNA, resulting in repair that is cross-over 

independent. This is the most common form of DSB repair, as it minimises the chance of 

mutations to DNA near the DSB (Pham et al., 2021). On the other hand, dHJ resolution 

begins with the invasion of the broken strand to form a stable D-loop, followed by long-

tract DNA synthesis. The second end of the DSB is eventually captured, leading to the 

formation of joint molecules. The resolution of these joint molecules results in cross over 

and non-cross over events with equal frequencies (Elbakry and Löbrich, 2021).   

It is interesting to note that the involvement of BRCA1 and BRCA2 in HR is an area of 

intensive research stimulated by the roles of these DSB repair factors in 

heritable BRCA1/2 defective breast and ovarian cancers. 

Furthermore, BRCA1/2 defective cancer cells are sensitive to PARP inhibition (Antolin 

et al., 2020; Jannetti et al., 2020; Rose et al., 2020), and this synthetic lethality suggests 

that PARP1-3 and BRCA1/2 function in different pathways. The mechanism by which 

PARP inhibitors function remains to be fully deciphered and is subject to much debate, 

but it has been proposed to be due to defective 

https://www.frontiersin.org/articles/10.3389/fgene.2022.793884/full#B196
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Figure 14: Homologous end joining. After DSB formation, the Immediate-Early, Early, and Late 

responses to DSBs occur, with DSBs to be processed by HR having 3ô end resection by nucleases such as 

MRE11 and CtIP, resulting in RPA-coated ssDNA. A homology search, contributed by BRCA1/2 

complexes results in RAD51-dependent strand invasion. Fill-in synthesis is done by DNA POLI. The 

second end is captured for fill-in synthesis as well. This formation is the double holiday junction, which 

can have cross-over repair or non-cross over. The DNA strands are ligated y DNA LIGI for repair. Shown 

here is the highest-fidelity HR, gene conversion (GC) with non-crossover.  

SSB repair, which results in one-ended DSBs during S phase that require HR for their 

repair (Helleday, 2011; Murai et al., 2012; Horton et al., 2014). However, it is likely that 

Artemis-dependent, or slow-kinetic cNHEJ, also contributes to PARP inhibition-
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dependent lethality in HR-defective cells (Patel et al., 2011; De Lorenzo et al., 2013), 

consistent with PARP performing some roles in multiple DSB repair pathways. 

Another active area of research is the involvement of RNA in DNA repair. For example, 

there is evidence that RNA pol III is involved in HR to maintain genomic integrity (Liu 

et al., 2021a). In these models, the RNA can provide priming template to recover lost 

information in the DNA tract.  

vi. Other Repair Pathways.  

Alt -EJ encompasses vestigial NHEJ repair pathways that do not require KU70/80, 

XRCC4, or LIG4 (Figure 2 and Iliakis et al., 2015; Wyatt et al., 2016; Dutta et al., 2017; 

Hanscom and McVey, 2020; Ramsden et al., 2021). These repair subpathways occur after 

Artemis and CtIP-dependent slow-kinetic cNHEJ fails to repair the DSB, and when there 

is insufficient homology (less than 25nt) for HR. Interestingly, Alt-EJ pathways can still 

occur in cells with functioning cNHEJ and HR, albeit at a frequency of just 0.5%ï1% 

(Hanscom and McVey, 2020). Given the many descriptors (a-EJ, alterative NHEJ, backup 

NHEJ, MMEJ (microhomology-mediated end joining), TMEJ [polymerase theta (Pol ɗ)-

Mediated End joining], Synthesis-dependent MMEJ, etc.) and the obvious confusion 

generated, Alt-EJ subpathways may best be considered as being either Pol ɗīdependent 

or independent. During, MMEJ resection reveals microhomologies allowing annealing, 

followed by removal of the 3ǋ non-homologous tails, gap filling, and ligation. It is 

interesting to note that PARP1 plays a role in Alt-EJ subpathways such as MMEJ 

(Mansour et al., 2010; Dutta et al., 2017). TMEJ, on the other hand, still uses 

microhomologies, but also relies on Pol ɗ in order to prime the synthesis of up to 25nt of 

nascent DNA (Hanscom and McVey, 2020). More recently, TMEJ has been shown to be 

cell cycle regulated, repairing one-ended DSBs that arise in S-phase in early mitosis 

(Llorens-Agost et al., 2021). In this pathway, RAD52 and BRCA2 delay TMEJ until early 

mitosis, by which time one-ended DSBs have been converted to two-ended DSBs. A 

recent study also demonstrated that the polymerase activity of Pol ɗ is not the only 

function required for TMEJ; amazingly, its DNA polymerisation domain can also 

function nucleolytically for 3ǋ end trimming (Zahn et al., 2021). When we consider NHEJ 

as a whole network of pathways, it is important to remember that fast-kinetic cNHEJ 

occurs upstream within the Immediate-Early response, while all other subdivisions, 

including slow-kinetic cNHEJ, MMEJ, TMEJ, and any other Alt-EJ pathways, are all 

resection-dependent repair pathways. 

https://www.frontiersin.org/articles/10.3389/fgene.2022.793884/full#B88
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BIR is a sub-pathway of HR which uses the invading strand for long-range DNA synthesis 

without the engagement of a second DSB end (Elbakry and Löbrich, 2021). It therefore 

repairs one-ended DSBs arising from fork collapse and provides an alternative 

mechanism for telomere maintenance when telomerase is lost (Malkova, 2018). In 

budding yeast, BIR requires approximately 72nt of homology and can resect up to 1kb 

(Ronato et al., 2020). This recombination-based method of conservative DNA replication 

copies from a template DNA until the end of the DNA template. The invasion of the 

single DNA end and subsequent replication during BIR relies on RPA, Rad52, Rad51, 

and to some extent, Rad54, Rad55, and Rad59 (Anand et al., 2013; Malkova, 2018). 

Although it is not currently known what restrains BIR at two ended breaks and promotes 

GC, the proteins Rad52, Rad58, Mph1, and MRX have been implicated in yeast studies 

(Pham et al., 2021).  

SSA is not dependent on a sister chromatid for homology and results in deletions. 

Resection reveals in cis homologous repeat sequences which then anneal together with 

the resulting 3ǋ flap structures being removed (Onaka et al., 2020). Studies in budding 

yeast have shown that SSA relies on 63ï89 bp homology, while the end is resected until 

homology occurs (Ronato et al., 2020). In yeast or mammalian cells, mutagenic SSA 

occurs when GC is unavailable, for example, when RAD51 or RAD54 are depleted, the 

cell switches to the RAD52-dependent SSA repair (Ochs et al., 2016; Onaka et al., 2020). 

When considering the DDR, there are other pathways that tie into these described repair 

pathways that have not been discussed in this review, for example, DSBs arising at a 

replication fork. The kinase ATR can be activated in response to resected DSBs, but is 

most often activated in response to the elevated levels of ssDNA coated with RPA, that 

occurs at stalled replication forks. Such structures can be converted into DSBs by 

nucleolytic attack or fork collapse (Burger et al., 2019). Alternately, ATR can be activated 

if repair is unsuccessful, as it is involved in checkpoint signalling and cell fate. 

Additionally, ICL repair is a critical pathway that repairs one of the most complex DNA 

lesions (Scully et al., 2019b; Panday et al., 2021; Semlow and Walter, 2021). Because 

ICL repair generates a transient DSB as an intermediate, that is protected within the 

context of ICL repair, it should be included in the discussion of DSB repair pathways. It 

depends on FA core proteins, as well as downstream repair proteins involved in both HR 

and cNHEJ. The repair at an ICL consists of an unhooking step, trans lesion synthesis, 

excision repair, strand invasion, and resolution. During S-phase, there are complex repair 

requirements at single or converging forks, while replication-independent ICL repair can 
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also outside of S-phase (Semlow and Walter, 2021). Processing of the DSB after the 

unhooking step depends upon HR proteins for repair via strand invasion and resolution. 

It should be noted that the DSB produced during ICL repair is protected within the context 

of this repair pathway. It is therefore not likely to be sensed as a classic DSB that activates 

the Immediate-Early and Early response.  

There are other repair pathways that occur in unique situations. For example, DNA 

polymerase ɗ (POLQ) repairs mitotic DNA breaks with the aid of RHINO and PLK1 (van 

Vugt and Tijsterman, 2023). There are also pathways of trans-lesion synthesis that rely 

upon other DNA polymerases (such as ɖ) which essentially read over the lesion, allowing 

more time for repair so that replication doesnôt stall  (Goodman and Woodgate, 2013; 

Sale, 2013). 

It is important to note that cNHEJ, both fast- and slow-kinetic, as well as HR appear to 

be the default pathways in healthy wild-type mammalian cells and they are not usually 

error prone as they have evolved to operate with high fidelity (Ceccaldi et al., 2015, 

2016b, 2016a). The physiological relevance of the alternate repair pathways Alt-EJ, SSA, 

and BIR under normal conditions remains an open question. These mutagenic pathways 

occur in the absence of certain cNHEJ and HR factors or upon non-physiological levels 

of replication stress, for example in cancerous cells. Under such cellular conditions, 

elevated levels of error-prone DSB repair may therefore reflect the enzymatic capabilities 

of the remaining proteins (Khanna and Jackson, 2001; Iliakis et al., 2019). 

vii. RNA in DSB Repair  

The pleotropic roles of RNA in all aspects of biology is an emerging field. New research 

is building upon the ongoing ENCODE (Encyclopaedia of DNA Elements) project which 

commenced in 2012. Most notably,  despite only 1-2% of the genome encoding proteins, 

at least 75% of it is transcribed into various forms of RNA. There is emerging evidence 

that the regulation of protein-coding genes, the three-dimensional architecture of the 

nucleus, and the way that the cell processes genetic information are all controlled by RNA 

in its multiple forms. The classic example of a non-tradition roles for RNA is the XIST 

gene. This gene encodes a lncRNA which is required for the extreme condensation of one 

of the two X chromosomes in female mammals into what is termed the Barr body, named 

after its discoverer, Murray Barr   ( reviewed in Sas-Nowosielska and Magalska, 2021).  

In addition to mRNA (and unspliced pre-mRNA) and RNAs involved in translationð

including rRNA and tRNAðother more recently characterised RNAs are regulatoryð

including miRNA, siRNA, ncRNA and lncRNA (Chapter 1.I.ii and Ganser et al., 2019). 
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Of most relevant to this this thesis, and in line with the emerging importance of RNA to 

most cellular processes, RNA is also playing many important roles in the DSB response 

(Figure 15 and Bader et al., 2020; Vågbø & Slupphaug, 2020).  

 

Figure 15: The involvement of RNA in the repair of DSBs. RNA has many different forms of 

involvement in DNA repair. These include more traditional roles, such as transcriptional and translational 

repression, involving lncRNA, mRNA,  and siRNA. Increasing synthesis of DDR factors upon DNA 

damage can be regulated by lncRNA and siRNA. However, RNA can also be involved in sensing the 

damage, as shown by snRNA-regulated POLRIII scanning, and studies showing that RNA could act as a 

DNA damage indicator. Signal transduction involves RNA binding proteins, as well as RNA-mediated 

LLPS formation or maintenance. In addition, efficient recruitment of multiple DDR factors and chromatin 

modifiers requires lncRNA and R-loops; perhaps also involving RNA-induced LLPS. Furthermore, DNA 

repair itself can be directly impacted by the so-called dilncRNA or diRNAs at DSBs. DNA end ligation can 

be stimulated by RNAs. Lastly, RNA-templated repair is emerging as a form of maintaining fidelity in HR.  

The most intuitive overlap between RNA and DSB repair is the change in transcription 

and translational activity upon DNA damage (Vågbø and Slupphaug, 2020). Indeed, it 

has been extensively reported that upon exposure to different damaging agents, cells 

respond by up- and downregulation of distinct factors. Despite global downregulation of 

protein synthesis,  correlated with cell cycle delays, some DDR factors are upregulated. 

The regulation of other RNAs also changes upon damage, including the expression of 

specific lncRNAs, siRNAs, and miRNAs, which in turn regulate DNA damage-specific 

gene expression in various ways. However, some lncRNAs have roles directly at the DNA 

lesion, such as recruitment of proteins to sites of DNA damage or excluding the 

accumulations of other proteins from the vicinity of the lesion, which can contribute to 

pathway choice between NHEJ and HR.  

RNA act as a damage sensor in the DDR. RNA molecules are more vulnerable to 

damaging events than are DNA strands, as they are not protected by histones, are single 
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stranded, and are likely nearer the sources of endogenous damage (Vågbø and Slupphaug, 

2020). It has been proposed that RNA can act as a buffer to DNA, and absorbs much of 

the damaging agents with less repercussion, as RNA will be degraded and not result in a 

permanent loss of information if not correctly repaired. Another possible link to damage 

sensing is that a tRNA ANG gets cleaved in response to genotoxic stress, and the two 

halves are both regulatory tRNA-derived stress-induced RNAs (tiRNAs). The conserved 

nature of this pathway suggests that it could be an early warning system for the cell to 

respond to other types of stress-induced damage. 

In addition to direct roles of RNA in the DSB response, there are also many proteins 

which contain RNA binding domains that participate in the DDR (Vågbø and Slupphaug, 

2020). In fact, it was predicted that 54% of proteins recruited to damaged chromatin are 

RNA-interacting proteins, and that a 39% of proteins modified in response to damage are 

RNA-binding. Indeed, even the differentiation between inactive and actively transcribed 

genes (coding or non-coding) would seem to point to some RNA dependent regulation of 

DSB repair itself, as active areas tend to be repaired by HR, and inactive by NHEJ. The 

link between DNA, RNA metabolism, and signal transduction is only beginning to be 

explored. 

There is also evidence showing that RNAs play important roles in condensate formation 

and the separation of different nuclear bodies (see Chapter 1.II.vii  and Guo et al., 2021). 

Interestingly, the RNA-like polymer polyADP-ribose (PAR), which is formed in 

branching chains within seconds of DNA break formation, forms a LLPS-like condensate 

around DNA breaks. This DNA-break inducible LLPS can drive phase-separation of 

downstream proteins; the link to damage-induce foci such as IRIF is unclear but 

intriguing.  Many proteins which can bind to PAR chains are also RNA- and R-loop 

binding (Vågbø and Slupphaug, 2020).  

The involvement of DROSHA and DICER to process ncRNAs into so-called damage-

inducible long noncoding RNAs (diRNAs or dilncRNA) is also a source of possible 

involvement of RNA in DSB repair (Francia et al., 2012, 2016). The involvement of these 

or other miRNAs is still controversial in the DSBR, although it is possible that they are 

promoting recruitment of DDR proteins such as RAD51 and BRCA1/2 to DSBs. 

Many studies have investigated the overlap between R-loop formation or resolution upon 

proper DSB repair (Chowdhury et al., 2013; Costantino and Koshland, 2015; Sollier and 

Cimprich, 2015; Barroso et al., 2019; Crossley et al., 2019; Bader et al., 2020; Ketley and 

Gullerova, 2020; Guiducci and Stojic, 2021; Jimeno et al., 2021; Marnef and Legube, 
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2021; Palancade and Rothstein, 2021). These papers describe the óyin and yangô of R-

loop biology, wherein sometimes R-loops are beneficial to repair, and sometimes their 

accumulation causes further damage. Further studies show that genome areas with RNA 

polymerase I and II activity have different DSB repair, with links to R-loops (Lesage et 

al., 2021; Cohen et al., 2022). 

One of the most striking examples of RNA in DSB repair is from a recent study showing 

that CST-Pol Ŭ primase can use RNA templates of recently transcribed active genes to 

recover nucleotides lost to resection during homologous recombination (Mirman et al., 

2018; Schimmel et al., 2021). On a related note, NHEJ may also be promoted by RNA-

templated repair driven by Pol ɛ, with an estimated 65% of DSBs repaired by NHEJ 

having transiently inserted ribonucleotides, which are then excised by RER (Pryor et al., 

2018). This allows a larger portion of DSBs to be repaired by NHEJ, as it makes ends 

compatible for ligation and also prevents loss of genetic information. Furthermore, repair 

appears to be driven by both coding and non-coding transcripts, and that depending on 

the sequence complementarity to the broken DNA ends, can protein repair via either 

NHEJ or MMEJ, or RNA-templated repair (Jeon et al., 2022). RNA-templated repair was 

originally identified in yeast during chromosomal DSB repair (Storici et al., 2007; Keskin 

et al., 2014) .  

The emerging role of DNA in RNA repair is of great importance to our understanding 

of DNA repair. The ubiquitous roles of RNA are only beginning to be understood, and 

likely central to our understanding of how the genome is maintained. 

II I . Major Proteins in the DDR  

i. ATM  

Ataxia-telangiectasia mutated (ATM) protein kinase is a member of the 

phosphatidylinositol 3-kinase (PI3K)-related kinase (PIKK) family of protein kinases, 

which orchestrates a wide range of phosphorylation and regulatory events upon DSBs 

(Savitsky et al., 1995; Ziv et al., 1997; Khanna et al., 2001; Shiloh, 2003; Falck et al., 

2005; Maréchal and Zou, 2013a; Choi et al., 2016; Burger et al., 2019). The PIKK family 

includes several protein kinases that target SQ/TQ sites on their substrates. Other 

members include ATR, DNA-PKcs, SMG1, TRRAP, and mTOR. Of these, ATR, DNA-

PKcs, and ATM play important roles in the DNA damage response.  
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The importance to the cellular damage response is illustrated by the genetic condition 

which results when ATM is mutated, Ataxia Telangiectasia (A-T) (Ziv et al., 1997). This 

disease is characterised by impaired growth, uncontrolled movements (ataxia), 

neurodegeneration, and a predisposition for cancer, predominantly of breast, prostate, and 

pancreatic cancer (Ueno et al., 2022). ATM itself is also frequently mutated in other 

cancer types, as downstream pathways in the DDR regulated by ATM are central to 

tumour suppression; these include somatic tumour variants, ATM-deficient cancers, and 

ATM-over expression variants (Callén et al., 2009; Waskiewicz et al., 2021).  

The signal transduction inherent to the Early response to many DSBs is largely carried 

out by ATM (Burger et al., 2019). ATM phosphorylates many substrates and triggers 

complex downstream post translational modifications (PTMs), including additional 

phosphorylation events, as well as methylation, ubiquitination (also known as 

ubiquitylation), neddylation, fatylation, ufmylation, and sumoylation of substrates 

(Matsuoka et al., 2007; Mu et al., 2007; Bensimon et al., 2010; Dou et al., 2011; Brown 

and Jackson, 2015; Yu et al., 2020). 

ATM is made up of 3056 amino acid residues, and has a mass of 350 kDa (UniProt 

Q13315 and Figure 16). It is made up of a FATC domain, Kinase domain, and N-solenoid 

domain composed of HEAT repeats. The N-solenoid is composed of the Spiral domain, 

with the TAN domain (Tel1/ATM N-terminal motif), which has functional roles in 

telomer maintenance; the Pincer domain, composed of the N-pillar, Bridge, C-pillar, 

Railing, and Cap (Seidel et al., 2008). The FRAP-ATM-TRRAP (FAT) domain is 

composed of three tetratricopeptide repeat domains (TRD) and a HEAT-repeats domain 

(HRD). The kinase domain has the N-lobe, C-lobe, and PIKK-regulatory domain (PRD), 

as well as an activation loop (Ueno et al., 2022). The very C-terminus of the protein 

contains a C-terminal FAT domain (FATC).  
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Figure 16: ATM structure. A) Primary structure of ATM. ATM is composed of a N-solenoid with HEAT 

repeats, a Pincer, FAT, Kinase, and FATC domain. The N-solenoid contains the spiral and pincer regions, 

which can be further broken down into the N-pillar, Bridge, C-pillar, Railing, and Cap. The FAT domain 

is made up of three TRD repeats and HRD. The Kinase has the N-lobe, C-lobe, and PRD domain (as well 

as the G-activation and C-activation loop). The FATC domain is in the C-terminus of the protein. B) 

Activation of ATM from a monomer to dimer with acetylation of K3016 and an autophosphorylation a 

S1981. The schematic is based on the current resolution of ATMôs structure.  

ATM is activated by acetylation of K3016, which is carried out by TIP60, which itself 

has complex regulation (Sun et al., 2005). Once this lysine is acetylated, ATM 

monomerises and is autophosphorylated on S1981. It is unclear whether this 

phosphorylation is a cause or effect of its activation. Once ATM is activated, it can 

respond to DSBs. A portion of it binds to the MRN complex, leading to the 

phosphorylation of H2AX (ɔH2AX) and the focal recruitment of Early DDR proteins. 

Interestingly, ATM signalling must remain active for proper DNA damage response; if it 

is inhibited after foci formation, improper repair results. So, it is the continuous signalling 

of ATM that allows for proper repair. Downstream targets of phosphorylation include 

Late and post-late repair proteins such as p53, and others included in growth arrest and 

apoptosis.  

ii. MDC1 

MDC1 is an adaptor protein within the DSB response. It is recruited focally by ATM to 

the damage marker ɔH2AX, which it binds with its BRCT domain. Prior to damage, it is 

bound constitutively to a subset of MRN molecules via the SDTD domain, so with its 

recruitment to damage sites, it brings in MRN and subsequently more ATM, leading to 

propagation of the damage signal as well as focal recruitment of downstream proteins. 

MDC1 likely forms a head-to-tail dimer, allowing for many sites to be phosphorylated 

(by ATM) and to act as an adaptor for other proteins. These include RNF8 and 
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L3MBTL2. In addition to these interaction sites, MDC1 also has an FHA binding domain, 

NLS, and two tandem C-terminal BRCT1/2 domains (Figure 17). A PST domain allows 

it to bind to nucleosomes when ɔH2AX is not present (Salguero et al., 2019). Although 

MDC1 only has individual domains solved, its structure has not been fully solved.  

 

Figure 17: MDC1 structure. A) Primary structure of MDC1. Domains are shown in grey.  

 

iii. RNF8 

RNF8 is an E3 ubiquitin ligase (Huen et al., 2007; Kolas et al., 2007). A ring finger is a 

type of zinc finger, and ring finger ubiquitin ligases comprise one of the most populated 

enzyme families in mammalian cells, with over 600 members (Deshaies and Joazeiro, 

2009). Many RING domains have the consensus motif C-X2-C-X9-39-C-X1-3-H-X-2-3-C-

X2-C-X4-48-C-X2-C, and have a structure such that the primary sequence of the amino 

acids is not the same as which order the residues act together to conjugate a zinc ion 

(Figure 18 and Bartocci and Denchi, 2013).  

Like all E3 ubiquitin ligases, RNF8 is primed with ubiquitin through an enzymatic 

cascade involving a ubiquitin-activating (E1) and ubiquitin-conjugating (E2) enzyme; in 

the case of RNF8, the interacting E2 is UBC13. RNF8 can ubiquitinate proteins with both 

K63- and K-48 linkage.  This is important, because K48- linkage targets proteins for 

degradation, while K63-linkage is for signalling, largely within the DDR.  

RNF8ôs canonical role is in the DDR at the step between MDC1 and RNF168 recruitment. 

However, WRAP53ɓ has been implicated upstream of RNF8 recruitment (Henriksson et 

al., 2014; Rassoolzadeh et al., 2015; Coucoravas et al., 2017; Bergstrand et al., 2019). 

WRAP53ɓ, has been reported to contribute to RNF8 recruitment through an unknown 

mechanism involving phosphorylation by ATM (at S64) and colocalisation with MDC1 

(Henriksson et al., 2014; Rassoolzadeh et al., 2015; Coucoravas et al., 2017). RNF8 binds 

to MDC1 via the FHA domain of RNF8 interacting with the TQXF domain of MDC1, 

via an ATM-dependent phosphorylation on MDC1. RNF168 polyubiquitinates L3BMTl2 

on K659 via K48-linkage,  allowing RNF168 to ubiquitinate the DNA damage histones, 

which is required for 53BP1 recruitment.  
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RNF8 interacts with several E2 enzymes, including the ubiquitin charged proteins 

UBCH8 and UBC13, leading to catalysis of either K48- or K63-linked ubiquitin chains, 

respectively (Lok et al., 2012). Ubiquitination is best known for marking proteins for 

degradation by the proteasome via K48-linked chains, but the K63-linkage plays an 

important role as a signalling mark in the DSB response, as well as other pathways (e.g., 

protein kinase activation, and receptor endocytosis).  

In addition to their transduction of the ATM damage signal, RNF8 has other regulatory 

roles in the Early DSB response (Lok et al., 2012; Bartocci and Denchi, 2013). For 

example, the monoubiquitin on H2A(X)K13/15 can be extended by RNF8; while this 

polyubiquitination has unclear effects on 53BP1 and BARD1 binding, it is required for 

recruitment of RAP80 in a complex with BRCA1 (Hu et al., 2011). Other roles for RNF8 

and RNF168 in the DSB response include ubiquitination-dependent regulation of 

L3MBTL1, KDM4A (JMJD2A), and 53BP1. However, these roles have not been fully 

elucidated and involve K48-linkages more typically involved in proteolysis. In addition, 

RNF8-dependent ubiquitination of NBS1 may aid the stabilization of MRN at DSBs (Lu 

et al., 2012). 

 

Figure 18: RNF8 protein structure. A) The FHA domain recognises phosphorylated MDC1. The RING-

ZnF interact with E2 ubiquitin ligases and target substrates. The SQ noted is phosphorylated by ATM and 

is required for the MDC1 DDR specific interaction. (Kolas et al., 2007). B) AlphaFold3.0 prediction of 

RNF8 structure.  

 

IV. Nuclear structures  

i. The Nucleus and Chromatin   

The nucleus contains the DNA of eukaryotic cells. In it, the negatively charged DNA is 

wrapped around positively charged histones and other chromatin factors to condense it 

into both hetero- and euchromatin (Fritz et al., 2016; Uckelmann and Sixma, 2017). These 

chromosome form domains with complex architecture that has distinct locations in 

depending on cell type, development stage, and species. In G1, the nucleus contains one 

copy of each chromatid. During each cell cycle, DNA is replicated during S phase, 

resulting in homologous chromosomes (Giunta and Jackson, 2011; Ganai and Johansson, 
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2016). These are further condensed, the nuclear membrane is dissolved, and the cell 

undergoes mitosis, producing two identical daughter cells (in most cases).  

The nucleus is therefore a complex organelle, that must be able to dissolve and reform, 

while maintaining the cell state (The Nucleus - The Cell - NCBI Bookshelf). The 

membrane of the nucleus is a double lipid bilayer with nuclear pores throughout. The 

outer membrane of the nucleus extends to the endoplasmic reticulum, making the inner-

membrane space important for RNA transport and protein metabolism. Nuclear pores 

control import and export of protein and nucleic products, largely dependent on the 

operation of chaperone proteins which recognise certain sequences of their target 

molecules, such as nuclear localisation signals (NLSs) (Lu et al., 2021).  Interestingly, 

although the nuclear membrane dissolves during mitosis in order for chromosome 

segregation to occur, the endoplasmic reticulum maintains its structure.   

Chromosomal organisation within the nucleus is a highly regulated and little understood 

process. There are distinct chromosome territories that form in different cell types within 

the interphase cell (Fritz et al., 2016). Some factors that impact these chromosomal 

structures are euchromatin and heterochromatin packing, although these terms are 

simplistic, as the emergent field of epigenetics shows. As well, there are areas of the 

genome which are constitutive hetero- or euchromatin, while others can be activated or 

silenced by certain factors (Morrison and Thakur, 2021). The maintenance of DNA 

packing is a major area of research, as there are many histone modifications, DNA 

methylation, and proteins that condense/decondense the chromatids. Some of these have 

overlapping functions in the DDR, and are discussed in the section on the Immediate-

Early and Early response to DSBs.  

Another level of organisation are topologically associated domains (TADs), which are 

structured chromatin domains actively maintained by cohesin and CCCTC-binding factor 

(CTCF) (Aymard & Legube, 2016; Zhao et al., 2015) . TADs are formed by loop 

extrusion, in which chromatin is pushed through the cohesin molecules until opposing 

CTCF are encountered (Rajarajan et al., 2016; Marchal et al., 2019). They TAD formation 

process has been implicating in spreading DNA damage foci, which will be discussed in 

more detail later (Aymard and Legube, 2016). In essence, TADs link together groups of 

genes to be regulated with their sometimes far up- or down-stream enhancers and 
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promoters, making sequences that are distant in a sequential manner close together in 

three-dimensional space.  

In addition to DNA, nuclei contain cellular machinery for DNA replication, RNA 

transcription, RNA processing, DNA repair, and protein degradation. These complexes 

are often proteins, but also contain enzymatic RNAs. Many of these complexes are 

segregated into liquid-liquid phase separated (LLPS), biomolecular condensates (Strom 

and Brangwynne, 2019). Note that óbiomolecular condensatesô is a more general phrase 

for than LLPS, as it doesnôt imply a mechanism. Included in these condensates are  

different nuclear bodies comprised of DNA, RNA, and proteins (Quinodoz et al., 2021).  

Although there are cytosolic compartments  that could be classified as biomolecular 

condensatesðsuch as processing bodies, stress granules, and P granules, here we will 

focus on nuclear bodies (Figure 19). Interesting, areas of dense and specific DNA 

condense into phase-separated bodies, including ribosomal DNA (rDNA), the Barr body,  

 

Figure 19: The nucleus and subnuclear compartments. Major components are shown in colour: DNA 

is shown in dark blue, in analogy with DAPI staining there are óDNA-lightô and óDNA-darkô areas, which 

correspond to hetero- and euchromatin, as well as the absence of DNA from the nucleolus (light blue). The 

nuclear lamina is shown in red. In yellow is histone bodies; in orange is Cajal bodies; in green are nuclear 

speckles, and in pink is the Barr body (in female cells only).  

 

histone locus bodies, and centromeres can be classified as biomolecular condensates 

(Banani et al., 2017; van Sluis and McStay, 2017; Sluis et al., 2020). Other bodies are not 

bound to the chromatin, including the nucleolus, paraspeckles, Cajal bodies, and nuclear 

speckles (Lafontaine et al., 2020). Interestingly, some of these bodies have minor roles in 

DNA repair in addition to their canonical roles. For example, PML bodies are at persistent 

DNA damage sites (Vancurova et al., 2019), PARP1 is required for protein localisation 

at Cajal bodies after damage (Kotova et al., 2009), and there are some proteins that 

localise to nuclear speckles after damage (PDIP38 (polymerase delta interacting protein 
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38 and hOGG1), and there affect transcription (Campalans et al., 2007; Wong et al., 

2013). One study found that nuclear speckles changed morphology in response to 

chemical stressors (Raina and Rao, 2022).  

ii. Nuclear speckles  

Nuclear speckles are dynamic bodies within the nucleoplasm of mammalian cells and 

contain high concentrations of protein, mRNA processing and pre-mRNA splicing 

factors, non-coding RNA regulators, as well as other proteins involved in transcription 

(Figure 20 and (Lamond and Spector, 2003). Nuclear speckles were originally called 

inter-chromatin granule cluster, after their interspersed phenotype as seen via light 

microscopy. With the advent of immunofluorescent techniques, they were described as 

nuclear speckles (Lamond and Spector, 2003). They formed in interchromatin spaces, and 

live-cell microscopy has shown that there is a dynamic interchange of factors within these 

nuclear bodies. Nuclear speckles are a repository for splicing factors, with the most 

commonly described marker of nuclear speckles being SC35, which is itself a splicing 

factor (Tripathi and Parnaik, 2008). However, recent studies have shown that the SC35 

antibody primarily recognises the SR protein SRRM2 (Serine/arginine repetitive matrix 

protein 2) (Ilēk et al., 2020). Also interestingly, despite being repositories for splicing 

factors, they do not seem to be required for splicing (Faber et al., 2022b), and there is yet 

no agreement on their role in the cell. 

Nuclear speckles also contain RNAs and proteins involved in nuclear export. There is 

active discussion on the functional role of nuclear speckles, as the intuitive answer of 

being involved in pre-mRNA processing and splicing has not been proven experimentally 

(Faber et al., 2022b). Instead, nuclear speckles appear to be associated with areas of high 

transcriptional activity. They have been termed óRNA processing hubs,ô yet are not the 

actual location of the splicing; they could be involved in (RBP) and export factor addition, 

or they could be ódepotsô for splicing factors and other RNA-processing machinery (Faber 

et al., 2022b). An emerging theory supported by both microscopy and genomic-based 

studies is that the periphery of the nuclear speckle acts to fine-tune gene regulation (Chen 

and Belmont, 2019), and another is that nuclear speckle structure drives the three-

dimensional packing and organisation of the nucleus, with some chromatin (mainly active 

genes) associating with nuclear speckles to form inter-chromosomal hubs (Quinodoz et 

al., 2018). 
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Figure 20: Nuclear speckles. Nuclear speckles are more stably associated with active genes, with the 

transcripts going into the speckle, possibly for splicing. Nuclear speckles are hubs for splicing factors, and 

splicing may occur here as well. The periphery of the nuclear speckle is more important for interacting with 

regions of chromatin and for their activity. Nuclear speckles also contain long non-coding RNA and other 

protein factors.  

Nuclear speckles are formed in the interchromatin spaces, yet are stably associated with 

the chromatin (Figure 20). They fractionate in the insoluble pellet unless treated with 

MNase or high salt concentrations, much like histones (Raina and Rao, 2022). Despite 

the dynamic diffusion of factors in and out of these bodies, nuclear speckles can be 

purified from cells, and over 350 proteins have been identified as being enriched at 

nuclear speckles via mass spectrometry (as compared to centromere enrichment) (Dopie 

et al., 2020). There is of course a dichotomy between a membrane-less body that is 

nevertheless able to be purified and is insoluble. Recently nuclear speckles have been 

shown to behave as liquid droplets, and most proteins at nuclear speckles have low-

complexity domains (LCDs) and/or intrinsically disordered domains, which may allow 

formation of these liquid-droplet type bodies through multivalent interactions (Dopie et 

al., 2020). Like other nuclear bodies, they dissociate during mitosis and reform in G1 

(Lamond and Spector, 2003). When cells enter into mitosis and the nuclear envelope 

breaks down, nuclear speckle proteins become distributed diffusely throughout the 

cytoplasm and stay that way throughout mitosis. Some nuclear speckle proteins will form 

1-3 mitotic interchromatin granules (MIG) during metaphase; these MIGs increase in size 
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and number during the mitotic progression. After lamina reformation nuclear speckles 

reform from the cytoplasmic pool, and the MIGs localisation decreases (Tripathi and 

Parnaik, 2008).  

The top ten most enriched proteins at nuclear speckles are: SON, SRRM2, PRPF40A, 

RBM25, ZnF207, LUC7L2, SRRM1, WTAP, ZC3H14, and ACIN1 (Dopie et al., 2020). 

Nuclear speckle formation can be disrupted by loss of specific factors, including USP42, 

SON, MFAP1. Reduction of USP42 disrupts nuclear speckle formation by disrupting 

phase separation. SON, on the other hand, makes the nuclear speckle appear doughnut-

shaped, while depletion of MFAP1 makes the nuclear speckle larger. (Faber et al., 2022; 

Liu et al., 2021; Matsui et al., 2020). The formation and organisation of nuclear speckles 

has been described as a óRegulated-exchange model,ô as they are liquid-phase separated 

yet have distinct members (Lamond and Spector, 2003). The in-out rate of proteins 

around the periphery of the nuclear speckle might be extremely relevant, as it has been 

proposed that the periphery of the speckle is more important to their roles involving active 

genes, while the core is either a repository for relevant proteins, or an area for recycling 

s9of nuclear speckle factors. biological roles than the entire nuclear body. In this model, 

it is the proteins on the outside of the ódropletô that interact with things such as active 

genes (Faber et al., 2022b). This intuitively makes sense, as nuclear speckles are 

inherently inter-chromatin, while genes are chromatic by definition, and the data showing 

increased gene expression of genes localising to nuclear speckles then would follow 

(Tripathi and Parnaik, 2008). 

A recent preprint showed that genes localising near nuclear speckles displayed a higher 

concentration of spliceosomes, as well as  an increase binding of the spliceosome to the 

target pre-mRNA (Bhat et al., 2023). directed recruitment of pre-mRNA to nuclear 

speckles was sufficient to increase the mRNA splicing levels, implicating a possible 

direct role of nuclear speckles in splicing. In addition, this study showed that the 

organisation of genes around nuclear speckles is extremely dynamic, and different 

between different cell types. They integrated these ideas to show that nuclear speckles 

are somehow linked to mRNA splicing, and that the ódynamic 3D spatial organisation of 

genomic DNAô drives spliceosome concentrations and controls mRNA splicing 

efficiency. In fact, a significant portion of genes are positions nearly ódeterministicallyô 

near nuclear speckles (Chen and Belmont, 2019). 

The link between nuclear speckles and DNA damage has not been actively researched 

until very recently. There are several studies showing that there could be a link between 
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DDR and NS, and queried the dynamic of protein exchange between nuclear speckles 

upon damage. For example, upon etoposide treatment, there appears to be a phenotype 

change of the nuclear speckles, where there could be fewer nuclear speckles that are larger 

and more conglomerated on damage (Raina and Rao, 2022). In addition, the catalytic 

subunit of DNA-PK, one of the PIKKs, relocalises to nuclear speckles after it dissociates 

from the DSB (Liu et al., 2019). This study showed that inactivation of DNA-PKcs by 

either inhibition or interference changed the splicing of a subset of pre-mRNAs after 

genotoxic stress. This shows a novel localisation of a DDR protein and its impact on 

splicing. Another study screened for transcription-related NS factors involved in HR, and 

characterised USP42 as promoting DNA-end resection by facilitating BRCA1 

recruitment to DSBs, and showed that its localisation to NS was recruited for efficient 

HR (Matsui et al., 2020). 

iii. I rradiation -induced foci 

Irradiation-induced foci (IRIF) are ómicroscopically visible, subnuclear fociô that form in 

response to DSBs (Rothkamm et al., 2015). Their relevance to the study of DNA is such 

that often the first proof of a newly identified proteinôs role in the DDR is to test if it 

localises to damage foci. Note that the term óIRIFô was coined to describe foci formation 

upon irradiation, and is therefore a limiting the definition; it excludes proteins which are 

not easily detectible, as well as damage-induced foci that form in response to other types 

of damage than IR. A better term for IRIFs is DNA-repair foci, as it does not exclude by 

definition other damaging or detection methods, and instead describes foci as cytological 

manifestations of DNA repair (Misteli and Soutoglou, 2009). These are detectible by a 

variety of sensitive techniques, including basic immunofluorescent assays, GFP-tagging 

relevant proteins to not rely on antibody detection, micro-irradiation, laser-striping, PLA, 

or using restriction enzymes in place of irradiation to cause site-specific DSBs.  

IRIFs are stable, yet dynamic structures which draw from nucleoplasmic pools of DDR 

proteins to form a concentration of repair factors (Rothkamm et al., 2015; Fijen and 

Rothenberg, 2021).There are some proteins that form dramatic concentration gradient 

differences between undamaged and damaged cells, and other proteins which occur at a 

lower concentration but are still localised to these condensates. An understanding of IRIF 

as damage-induced biomolecular condensates allows us to imagine their formation as 

being driven by a combination of nucleation, concentration gradients, and active 

recruitment. DSBs themselves are a break in the DNA, which is wrapped around 

nucleosomes to form chromatin; the rapid restructuring of the chromatin around the break 
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is what both activates ATM and allows for the spreading of its phosphorylation cascade, 

largely in the form of ɔH2AX (Burma et al., 2001; Lowndes and Toh, 2005; Podhorecka 

et al., 2010; Meyer et al., 2013; Aymard and Legube, 2016). As H2AX is a histone, this 

scaffolding phosphorylation is intrinsically rooted to the chromatin, as are proteins which 

bind to it and other damage-specific histone marks, such as MDC1 and 53BP1, which 

binds H2AK15ub (Panier & Durocher, 2013)). However, the damage foci is not limited 

to chromatin-bound proteins,  but also includes proteins which either bind to scaffolding 

proteins (e.g. RNF8, RNF168) or which can also form aggregates (e.g. MRN, 53BP1). It 

is currently unclear what drives the formation of these foci, or which percentage is 

actively bound to the chromatin instead of occupying inter-chromatin space (Rothkamm 

et al., 2015; Banani et al., 2017). 

What is known is that there are layers of some DSB foci, with a DSB with differing 

amounts of resected single-stranded DNA (ssDNA in the middle of an expanding 

condensate containing more DDR factors (Ghodke and Soutoglou, 2019; Caron and Polo, 

2020). Many proteins in the Eary and Late response to DSBs are easily detectable in these 

foci, including ATM, MDC1, RNF8, L3MBTL2, RNF168, 53BP1, BARD1/BRCA1, and 

RIF1 (Bekker-Jensen and Mailand, 2010). Note that newer implicate proteins in DSB 

repair, such as REV7 and components of the Shieldin complex also form damage-specific 

foci (Dev et al., 2018; Li et al., 2022), as do most other less-frequently referenced proteins 

such as RAD18 and PTIP. Interestingly, players in the Fanconi anaemia pathway also 

form damage-specific foci (Pessina and Lowndes, 2014; Ceccaldi et al., 2016b). 

Other proteins do localise to DNA-damage foci, but are not as easily detectible, such as 

KU70/80. Despite being involved in different ways in the Immediate-Early, Early, and 

Late stages of repair, KU70/80 require more involved methodologies than simple 

immunofluorescence to detect, requiring RNase- and detergent-based pre-extraction 

followed by high-resolution microscopy, and specific and optimised antibodies (Britton 

et al., 2013). In addition, there are markers of DSB formation that are considered part of 

the foci, but which do not require recruitment, but rather formation: example of this is 

phosphorylation of the histone variant H2AX to form ɔH2AX by ATM (Burma et al., 

2001). The ɔH2AX marker can spread up to 2MB of DNA away from the DSB lesion, 

and the DSB foci can essentially precipitate around this marker and use it as a scaffold 

for further protein recruitment. MDC1 binds directly to the ɔH2AX marker, and is itself 

a scaffold for repair.  
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53BP1 foci are interesting because they are rooted to the chromatin, but also oligomerise 

and not all molecules are bound to the chromatin (Caron and Polo, 2020). 53BP1 is clearly 

important for slow-kinetic cNHEJ and regulation of HR. These roles are supported by its 

recruitment to chromatin spanning megabases of DNA either side of a DSB, as well as 

its focal recruitment into large, micron sized, phase-separated condensates (Clouaire et 

al., 2018; Kilic et al., 2019). These 53BP1 foci have been interrogated at higher 

resolution, and have been shown to be composed of nanodomains of 53BP1, RIF1, and 

Shieldin. These nanodomains appear to form within TADs, and reorganise into circular 

structures (termed ómicrodomainsô), where each microdomain is composed of about five 

53BP1 nanodomains/TADs, only one of which contains the DSB (Ochs et al., 2019; 

Caron and Polo, 2020). Interestingly, pro-resection factors localise to the centre of the 

microdomain, likely to segregate such proteins away from the DNA until such time as 

they are needed, while anti-resection factors congregate within individual nanodomains. 

The exact relationship between nanodomains, microdomains, and damage-foci is not yet 

understood.  

Some interesting discussion around the formation and resolution of foci is whether foci 

are providing a concentration gradient of proteins for repair, and whether those foci then 

need to be cleared in order for the DSB to be repaired, or the foci dissolves after the DSB 

is repaired (Kühne et al., 2004; Lowndes and Toh, 2005; Bewersdorf et al., 2006; Kinner 

et al., 2008). Because foci are the major markers of DSB repair, the actual point at which 

DSBs are repaired within them is not known. If the focus is persistent, does it mean that 

the DSB is persistent as well? Or that the DSB is repaired but the repair focus is not yet 

resolved? We know that some proteins are cleared from DSBs earlier than others, just as 

some are recruited earlier in the repair pathway. But are these proteins that óstick around,ô 

like 53BP1, still doing a job in persistent foci? These are all questions of active research 

in the field.  

DNA damage foci have been studied in many cellular contexts, including established cell 

lines, primary cell cultures, three-dimensional in vitro tissue models such as organelles, 

and histological tissue sections. The most commonly used technique is 

immunofluorescence using antibodies conjugated to the target protein (Im et al., 2019). 

However, immunofluorescence using protein fusion constructs with fluorescent probes 

are also used in live-cell imaging, as is immunohistochemical staining in tissues.  Scoring 

of the detected foci is also an important aspect of foci quantification, as differences 

between reagents and hardware can be minimised with strict and unbiased scoring 
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criteria. Even modern use of AI learning has not satisfactorily solved the difficulties in 

quantifying IRIF, and manual quantification of IRIF outperforms software and is still the 

standard method of quantification (Vicar et al., 2021).  

Despite aspects of the technology that allow conventional detection and comparison of 

damage foci, there are several flaws and caveats of using immunofluorescence to detect 

damage foci. For example, there is a strong correlation between DSB induction and 

ɔH2AX formation; this does not mean that it is a 1:1 ratio, and there is no good way to 

fully determine what number of ɔH2AX foci actually correspond to DSB (Nikitaki et al., 

2020). There is data showing that they tend to colocalise with other DDR proteins like 

53BP1 and ATM-pS1981(S1989) (Celeste et al., 2003; Rothkamm and Löbrich, 2003). 

In other words, the most frequently used marker of DNA damage does not always 

correspond to either the break or to other foci-forming damage proteins. Part of this could 

be due to the heterogeneous distribution of H2AX in the nucleus (Bewersdorf et al., 

2006). In fact, this same study showed that there was almost no overlap of the signal 

between H2AX and ɔH2AX 15min post-IR. This implies that virtually all H2AX within 

a óDSB response clusterô is phosphorylated, and rapidly. On the other hand, there was a 

study showing that H2AX is phosphorylated in undamaged chromatin in a pan-nuclear 

response in addition to the foci at damage sites, mediated by DNA-PK (Meyer et al., 

2013). There are of course other issues with using ɔH2AX as a DSB marker, including 

the delay of DSB formation and formation of visible foci (Rothkamm et al., 2015), 

expulsion of IRIF from heterochromatin (Jakob et al., 2011), and the coalescence of 

multiple foci in proximity into one in clusters (Neumaiera et al., 2012). 

A major limitation in addition to using ɔH2AX as the damage foci marker is that there is 

no way to both see a break and locate the break. In systems that have breaks at known 

locations, the damage is not caused by IR. And in assays where the break can be 

identified, such as ChIP, the entire cell must be lysed in order to get the data, and the cell 

cannot be imaged. Development of techniques that allow single-foci detection and 

identification would be invaluable in this field, and could address major questions such 

as the importance of the chromatin state and active/inactive genes on damage foci 

formation and resolution.  
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V. ZC3H14 

i. Zinc Finger Proteins  

Zinc fingers are among the most common protein motifs found in the eukaryotic genome, 

with Zinc finger containing proteins accounting for about 5% of genes (Singh and van 

Attikum, 2021). Their roles range from transcriptional regulation to pre-mRNA 

processing, protein folding to lipid binding, and even to regulation of apoptosis (Laity et 

al., 2001). Their versatility comes largely from the ability of the Zinc fingers to bind 

DNA, RNA, and other proteins (Laity et al., 2001; Cassandri et al., 2017). The sharp turn 

created by the coordinated Zinc ion form the structural ófingersô (Miller et al., 1985); 

unlike in catalytic or regulatory zinc domains, the zinc ion itself is not directly involved 

in binding the targets or the biochemical activity of the protein (Krishna, 2003). The 

classical 2-Cystein 2-Histidine (CCHH) type proteins are the most common and studied 

form of zinc finger proteins, and in fact, the first discovered zinc finger the IIIA 

transcription factor (TFIIIA) from Xenopus laevis contained this domain (Miller et al., 

1985; Cassandri et al., 2017). To date there are over 50 types of Zinc finger motifs 

identified, including RING, PHD, and LIM-type, as well as treble clef fingers, zinc 

ribbons, and leucine zippers (Krishna, 2003; Cassandri et al., 2017; Singh and van 

Attikum, 2021). All these domains are made up of 30-100 amino acid residues, use a 

combination of cysteine and histidine residues spaced at specific distances to allow them 

to bind their targets, and are classified based on the number of cysteine and histidine 

which coordinate the zinc ion (Daniel and Farrell, 2014). Their varied structure allows 

for varied function, with zinc fingers now implicated in most biochemical pathways 

(Vandevenne et al., 2013). 

In zinc fingers, the cysteine and/or histidine residues coordinate a Zn2+ ion via tetrahedral 

metal-ligand bonds (Daniel and Farrell, 2014). The histidine forms this bond with one of 

the nitrogen atoms present in the ring, while cysteine does so with its sulphur, both of 

which are deprotonated. Interestingly, the surrounding amino acids can also contribute to 

the structure of the zinc finger, such as a phenylalanine residue which contributes to the 

zinc finger domain with its aromatic ring. The cysteine and/or histidine involved directly 

in conjugating the zinc ion are a constant within zinc fingers, as they define the domain. 

However, the type of structural metal site is highly variable in its length and makeup of 

its linkers and in the complicated tertiary structure formed by the conjugation. A common 

way to see these linker lengths denoted is to show the residues that conjugate the zinc, 

along with X denoting the linkers (e.g., C-X5-C-X4-C-X3-H). The amino acid residues 



Chapter 1: Introduction 

68 

 

present in the linkers determine the targets the fingers can bind, be it DNA, RNA, protein, 

or specific targets within these broad categories.   

The CCCH-type zinc finger family is a small family of zinc fingers, with initially 55 

identified in humans and 58 in mice (Table 2 and Liang et al., 2008; Fu and Blackshear, 

2017). These CCCH-type zinc fingers all have the generalised motif C-X4ï15-C-X4ï7-C-

X3-H. Analysis of the identified proteins shows that although about a third of these 

proteins have yet to be functionally characterised, the known ones have roles as E3 

ubiquitin ligases, RNA processing partners, or viral immunity (Yang et al., 2015; Fu and 

Blackshear, 2017). More specifically, CCCH-type zinc fingersô roles in RNA metabolism 

include mRNA decay, polyadenylation, splicing, and mRNA processing (Yang et al., 

2015).  

Important to this study, and so noted here, is that there are several target amino acids 

which can be mutated to disrupt the binding of zinc finger domains. One study showed 

that mutating either the first or third cysteine to arginine abolished binding of the target 

RNAs (Lai et al., 2002). Interestingly, this study also showed that mutating the third 

cysteine to histidine also abolished binding. This is interesting because this domain would 

then effectively be the classical CCHH-type domain, but with different spacing in the 

linkers and therefore but did not fulfil its function, indicating that the CCCH domain has 

specificity to the CCHH, and the cysteine is not interchangeable. In addition, the same 

study showed that changing a conserved phenylalanine within the linker to a non-

aromatic residue abolished its binding processes, but mutation to another aromatic residue 

did not have this effect. Finally, mutation of the histidine conjugating the zinc ion to either 

a lysine or arginine abolished its binding ability. 

Another study showed that the pi-pi bond between the Histidine coordinating the zinc, 

and the conserved phenylalanine, was needed for RNA binding (Lai et al., 2002; Tavella 

et al., 2016).  

Zinc-finger proteins have been implicated in the DNA damage response. For example, 

RNF8 and RNF168, the E3 ubiquitin ligases involved in transducing the damage signal 

from ATM to 53BP1, are both RING finger proteins. Further implications of zinc fingers 

in DNA damage response roles are given in these papers: (Ali et al., 2012; Chen et al., 

2018; Singh and van Attikum, 2021; Singh et al., 2021). 
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Table 2: A summary of the CCCH type zinc finger proteins found in the human genome. The most 

commonly used gene name is used, with other names listed where applicable. The spacing of the cysteines 

and histidine, the known molecular functions, and known biological are listed. Table adapted from Liang 

et al, 2008, and updated where relevant (mainly in the Known Biological Function section). 

 

It is interesting to note that most zinc finger proteins are identified by sequence analogy 

using software, and very few have been verified to be zinc-conjugating in vitro. There are 

studies showing that zinc finger proteins are sometimes mis-identified Iron-Sulphur (Fe-

S) clusters (Lee and Michel, 2014; Shimberg et al., 2018; Pritts and Michel, 2022). 

Interestingly, the classical zinc finger (CCHH) type is often actually a zinc-conjugating 

motif, while non-classical motifs (such as CCCH and CCHHC)) have been proven to be 

Fe-S clusters (with the S coming from the cysteine residues). Several of these 

misidentified proteins can bind both Zinc and Iron, and can bind their targets (such as 

mRNA) with either metal bound. However, Iron can be Fe2+ or Fe3+, and therefore has a 

different range of biological applications. Many Fe-S cluster containing proteins are 

involved in electron transport, and can have energy-dependent biological roles. Zinc on 

the other hand is almost always found as Zn(II).  
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ii. Physiological Implications and mRNA Processing of 

ZC3H14  

A systematic, large-scale study identified ZC3H14 as the cause of a non-syndromic 

autosomal recessive intellectual disability (NS-ARID). The study was performed in large 

consanguineous Iranian families, and sought to determine the genetic factors underlying 

any intellectual disabilities. An unspecific, or non-syndromic, form of autosomal 

recessive intellectual disability was linked to a chromosome 14q31.3ðcorresponding to 

a mutation in ZC3H14ðin two independent consanguineous families (Najmabadi et al., 

2007; Kuss et al., 2011; Pak et al., 2011). This mutation of R154X resulted in a missense 

mutation that eliminated expression of isoforms 1-3 of ZC3H14, but not isoform 4, which 

lacked the exon containing the mutation (Leung et al., 2009).   

Pak et al studied the link between the known role of ZC3H14, as a mRNA processing 

protein, and the link to intellectual disability in this mutation. They showed ZC3H14 

mRNA transcripts were present in the human central nervous system, and in rodent 

models that the ZC3H14 protein was expressed in hippocampal neurons, where it 

colocalised with poly(A) RNA (Pak et al., 2011). They then used a D. melanogaster 

model of the intellectual disease by mutating the ZC3H14 orthologue dNab, and showed 

that it was both essential for development and required in neurons for flight and mobility. 

They went on to show that dNab2 restricted the bulk of poly(A) tail length, and 

hypothesised that this role could underly its role in the intellectual disability.  

Another study showed that knockdown of dNab2 resulted in impaired neuronal 

development, with specific defects in memory, motor function and brain morphology 

(Kelly et al., 2014). This effect was rescued upon re-expression of dNab2, and partially 

rescued with expression of human ZC3H14 (Kelly et al., 2016; Bienkowski et al., 2017). 

Their data suggests brain-specific roles for ZC3H14.  Interestingly, although it is 

ubiquitously expressed, ZC3H14 is overexpressed in both brain and testes, and it appears 

that the short isoform 4 of ZC3H14 is the isoform overexpressed in these the brain and 

testes (Kelly et al., 2012; Rha et al., 2017). Interestingly, these are two organs that are 

heavily reliant upon DNA repair; however, this is likely not relevant to the current study, 

as isoform 4 is cytoplasmic not likely involved in the DDR. 

Another mutation to ZC3H14 that corresponded to the NS-ARID was identified in a 

second family ((Pak et al., 2011). Interestingly, this mutation has a 25bp deletion to the 

intron immediately after exon 16; that is, it is not in the common annotation region of 

protein coding ZC3H14. The 25bp deletion is of the sequence 
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GTTTTTCTCATGTCAGTTCAAATTC, which occurs 16bp downstream of exon 16 as 

commonly annotated, and upstream of the extremely short annotated exon 17. The Pak et 

al paper describes this as a new splice variant, and confirms by RT-PCR. However, it is 

unlikely that this is a continuous continuation of the exon 16, and rather has splicing 

involved, as there is a stop codon in-frame with exon 16 within that 16bp gap. No further 

publications have mentioned this mutation.  

Research has focused on ZC3H14ôs affect in neurons because of the associated disorder, 

but recent studies have shown that ZC3H14 is also mutated and dysregulated in many 

cancers; it has been identified as a possible biomarker for gastric cancer (Yamada et al., 

2008), and more recently was linked to ovarian cancer pathogenesis (Prokofyeva et al., 

2016). Another study identified it as a tumour suppressor emmeshed in the dysregulation 

of the integrin pathway implicated in hepatocellular carcinoma (Zhang et al., 2019). In 

addition, ZC3H14 was identified as an amplified gene in about 15% of prostate 

neuroendocrine adenocarcinomas (NEPCs) in a whole exome sequencing study (Wang et 

al., 2014a). We will go into a detailed analysis of ZC3H14ôs involvement in cancers as 

seen in cancer bioinformatics sites in the results section (see page 145-186). 

It is important to note that ZC3H14 and its orthologues go by many different names, 

depending on the organism studied and the context of the study. ZC3H14 has been quite 

extensively studied as (MSUT2) in association with neurological defects and 

accumulation of Tau plaques in diseases such as Alzheimerôs disease (Wheeler et al., 

2019a; McMillan et al., 2021). For example, in flies the protein is dNab2; in yeast, SUT1; 

in mouse, Zc3h14. In studies focusing on developmental issues surrounding ZC3H14, it 

is referred to as MSUT2 (Wheeler et al., 2019b; Baker et al., 2020); in cancer studies it 

can be called NY-REN-37, as it was identified as an antigen in a screen of renal-cell 

carcinoma (Scanlan et al., 1999). Further, in some studies it is referred to as nuclear 

protein UKp83/68. It can also be referred to as mental retardation, autosomal recessive 

56 (MRT56) in the context of the aforementioned intellectual developmental disorder, 

autosomal recessive 56. The different names highlight the different contexts in which 

ZC3H14 has been studied. Most published data on ZC3H14 surround its roles in neuronal 

development and mRNA polyadenylation, with focus in neurons and development.  

The disease phenotypes which occur when ZC3H14 is mutated indicates that the protein 

holds an important role in the cell, making research into its biological impact significant 

to cancer research. While the biological impact of this protein is pleiotropic, little is 
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known about its structure or mechanistic functions outside of mRNA processing, and 

even this role lacks clearly elucidated mechanisms.  

ii i. ZC3H14 mRNA Processing Roles 

The processing of messenger RNA (mRNA) is one of the key points in the central dogma 

of biology, which describes the process of transcribing DNA into mRNA, and then 

translating mRNA into protein (Schneider-Poetsch and Yoshida, 2018). Before mRNA 

can move from the nucleus to the cytoplasm to be translated, it goes through a process of 

PTMs, including the addition of the Poly(A) tail and G-cap, as well as splicing (Halbeisen 

et al., 2008). The 5ô end of pre-mRNA is protected by the G-cap, which is a single 

molecule of 7-methylguanosine, while the 3ô end has the Poly-Adenosine (Poly(A)) tail 

(Kühn and Wahle, 2004). The Poly(A) is the protective sequence of adenine residues that 

is added to the 3ô end of pre-mRNA directly after transcription (Kühn and Wahle, 2004). 

The cell protects both ends of transcripts from other cellular mechanisms which degrade 

ssDNA and RNA in the cell. Once the cap and tail are added, the pre-mRNA can be 

spliced, excluding introns and splicing together the remaining exons, in highly complex 

and regulated pathways (Weinberg, 2014). 

The mRNA processing function of ZC3H14 has been explored in several studies (Hurt et 

al., 2009; Pak et al., 2011; Kelly et al., 2014). ZC3H14 is involved in the regulation of 

the length of Poly(A) tails, as knockdown results in extended Poly(A) tails (Morris and 

Corbett, 2018;  Kelly et al., 2012). The D. melanogaster orthologue is essential for mRNA 

production, and ZC3H14 is also involved in nuclear export of mRNAs (Hector et al., 

2002; Hurt et al., 2009; Schmid et al., 2015). This is the known canonical role of ZC3H14. 

Data shows that human ZC3H14 colocalises with nuclear speckles, confirming an earlier 

report on mouse Zc3h14 and dNab2 localisation (Leung et al., 2009; Soucek et al., 2016; 

Rha et al., 2017). ZC3H14 was also identified as a top ten hit of proteins enriched at 

nuclear speckles identified via tyramine signal amplification mass spectrometry (TSA-

MS), confirming the data previously obtained via immunofluorescence (Dopie et al., 

2020). As discussed earlier, nuclear speckles are dynamic structures within the 

nucleoplasm of mammalian cells and contain mRNA processing and pre-mRNA splicing 

factors, as well as other proteins involved in transcription (Lamond and Spector, 2003). 

Recently nuclear speckles have been shown to behave as liquid droplets, and most 

proteins at nuclear speckles have low-complexity domains (LCDs) which may allow 
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formation of these liquid-droplet type bodies through multivalent interactions (Dopie et 

al., 2020). (For more on nuclear speckles, see Chapter 1.IV.ii)  

Both the location and the knockdown effects on Poly(A) tail length confirm that ZC3H14 

has roles in mRNA metabolism. Consistent with this role, ZC3H14 was recently shown 

to directly interact with the THO complex, a mRNA processing complex located in 

nuclear speckles which specialises in nuclear export of mRNA (Jimeno and Aguilera, 

2010; Pühringer et al., 2020). The THO complex is required for transcription-export, and 

described as  a óhub for multivalent interactions.ô Also, in this complex are THOC1-7 and 

UAP56. These proteins interact in a multivalent hub. THOC1 (THO Complex 1) is a 

member of the THOC1, and contains a C-terminal DEATH domain, as well as a docking 

motif. Deficiency of THO complex proteins are linked to genome instability arising from 

defects in transcription elongation and pre-mRNA export, as well as accumulation of R-

loops (Cai et al., 2020). It does not have known implications in the DNA damage 

response. However, depletion of THOC1 leads to R-loop formation(Domínguez-Sánchez 

et al., 2011; Barroso et al., 2019). Interestingly, the THO complex has been studied in 

relation to hepatocellular carcinoma, which has also been linked to ZC3H14 (Zhang et 

al., 2019).  

Members of the THO complex (THOC1 ,THOC2, and THOC5) have been shown to 

interact directly with ZC3H14. This interaction, along with the proteins ALYREF and 

NZF1, are necessary for mRNA export from the nucleus (Morris and Corbett, 2018a). In 

this speculative model ZC3H14 interacts directly with polyadenylated mRNA and the 

THO complex, in order for nuclear export of the mRNA through the nuclear pore to the 

cytoplasm. The interaction between THO and ZC3H14 verifies that ZC3H14 is directly 

involved in mRNA processing in human cells, although mechanistic details remain to be 

reported (Morris and Corbett, 2018a).  

Another aspect of the ZC3H14-THO complex interaction is that the THO complex may 

also be involved in R-loop resolution (Morris and Corbett, 2018a). R-loops are DNA-

RNA hybrids which form during transcription. While some research suggests R-loops are 

a normal part of cellular metabolism and are required for the regulation of transcription, 

they can also cause DNA damage if not properly resolved; some cellular machinery, such 

as transcription and translation, cannot continue when the loops form (Costantino and 

Koshland, 2015; Sollier and Cimprich, 2015; Crossley et al., 2019). Because ZC3H14 

binds both the THO and mRNA, it was hypothesised that somehow ZC3H14 is involved 

in R-loop formation or resolution.  
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Interestingly, ZC3H14 has been shown to impact a small subset (1%) of transcript 

expression (Wigington et al., 2016). In this paper, ZC3H14 was characterised further as 

a poly(A) RNA-binding protein (PAB) protein, which are proteins that regulate different 

steps of gene expression. (Note that other PABs, such as aPABPN1, affected about 17% 

of transcript expression). However, there is a specific transcript that is reduced upon 

ZC3H14 knockdown:  the ATM synthase Fo subunit C (AT5G1) (Wigington et al., 2016). 

Not only does ZC3H14 bind to the pre-mRNA of AT5G1, but it also controls the proper 

nuclear processing of this transcript. Because AT5G1 is a rate-limiting component of 

ATP synthaseôs activity, they observed decreased cellular ATP levels in ZC3H14 KD 

cells, as well as mitochondrial fragmentation, which occurs when the mitochondria can 

no longer fuse or fissure.    

Another study showed that the poly(A) tail role of ZC3H14 can act as a step in gene 

expression, despite the fact that poly(A) tails wouldnôt normally be considered to be 

involved in gene-specific regulation. It actually shows that the 3ô poly(A) tail can regulate 

genes by competing PABPs in the nucleus. Interestingly, this paper also discusses the 

divergent roles of Nab2 in budding and fission yeast. 

iv. ZC3H14 and RNAPIII  

In another facet of RNA processing, a study showed that the S. cerevisiae orthologue of 

ZC3H14, Nab2, localised to all genes transcribed by RNAPIII (Reuter et al., 2015). They 

further showed via immunoprecipitation that ZC3H14 binds directly to RNAPIII, but not 

RNAPII. This interaction was mapped to the first four zinc fingers of Nab2 (which has 

seven instead of ZC3H14ôs five), as well as the RGG domain (arginine-glycine-glycine; 

amino acids 201-260 in Nab2). Interestingly, this study showed that there were different 

targets of the different zinc finger domains; ZnF1-4 were required for this RNAPIII 

interaction, while ZnF5-7 of Nab2 were involved in poly(A) binding. In addition to Nab2 

being present at all RNAPIII transcribed genes, it was required for full occupancy of 

RNAPIII at these genes, and helped govern RNAPIII transcription. The study went on to 

show that Nab2 stabilises TFIIIB and therefore RNAPIII at promoters (Reuter and 

Sträßer, 2016).  

ZC3H14 has been largely studied as a mRNA processing protein in a neurological 

developmental context, and most heavily investigated in D. melanogaster. The ZC3H14 

orthologue dNab2 has been shown to be involved in regulating the poly-adenylation and 

nuclear export of mRNAs, while depletion only affects less than 1% of transcript 

expression (Wigington et al., 2016). Despite that, it is present at all RNAPIII transcribed 
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genes. With recent implications of RNAPIII being involved in DNA repair, this is an 

intriguing link. It is possible that ZC3H14ôs primary role has yet to be reported. 

v. ZC3H14 in the DDR (unpublished data) 

Previous unpublished research from Prof. Noel Lowndesô laboratory identified ZC3H14 

as an ATM-interacting partner. This highly novel data implicates the zinc finger protein 

in the DDR in addition to its known mRNA processing function. Preliminary data 

identified ZC3H14 as direct ATM-interactors through a screening assay, stable isotope 

labelling with amino acids in cell culture (SILAC) screen (Pessina and Lowndes, 2014). 

ZC3H14 was shown to interact with ATM in both the absence and presence of DNA 

damage, with an increase in the interaction upon IR (Figure 21A).   

ZC3H14 became the focus of further study when it proved to hold interesting biological 

properties. Although ZC3H14 depletion did not affect ɔH2AX formation, it did result in 

persistent ɔH2AX foci and an increase in ATM-pS1981, indicating spontaneous DNA 

damage (Figure 21C, unpublished data, Marta Baldascini). Preliminary  

immunofluorescence studies showed that many DDR proteins were impacted by ZC3H14 

knockdown, including an abrogation of 53BP1 foci (Figure 21D-E). Phenotypically, the 

foci are less bright and there is more of the pan-nuclear signal as see in the unirradiated 

cells. The Lowndesô further laboratory showed that signalling downstream of MDC1, 

including RNF8, RNF168, FK2, 53BP1, and RPA had lessened recruitment to IRIF upon 

ZC3H14 knockdown, and that these results were not due to a decrease in protein levels 

(unpublished data, Marta Baldascini).Additionally, ZC3H14 appeared to have more 

impact upon NHEJ than on HR; in the HR DR-GFP assay ZC3H14 did not affect repair 

comparably to BRCA1, but in the NHEJ specific TK-GFP assay ZC3H14 acted 

comparably to LIG4 (Figure 22). Furthermore, it was shown that in clonogenic survival 

assays treated with Olaparib or ICRF193 that ZC3H14 knockdown resulted in similar 

colony survival as siDNA-PK but not siBRCA1. This unpublished data implies that 

ZC3H14 may be upstream of NHEJ but not HR, despite being in the Early response prior 

to pathway choice. 

In addition to the Lowndes laboratoryôs implication of ZC3H14 in the DNA damage 

response, ZC3H14 exists in the literature in proximity to the D DR field . ZC3H 14 was 

identified as a key interactor for the protein PABPN1, which is a target for ATM 

phosphorylation in the DDR. This paper gave no mechanism, but gave possible links to  
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Figure 21: ZC3H14 in the DDR (unpublished data). A) ATM co-immunoprecipitates with GFP-

ZC3H14, and this interaction increases upon irradiation in HEK29T3 cells transfected with GFP-ZC3H14. 

B) GFP-ZC3H14 co-immunoprecipitates with MDC1 in HEK29T3 cells transfected with GFP-ZC3H14. 

C) Knockdown of ZC3H14 results in persistent ɔH2AX foci compared to control cells. D) Knockdown of 

ZC3H14 does not impact formation of ɔH2AX or MDC1 foci at 30min post 3Gy IR, but RNF8, RNF168, 

FK2, and 53BP1 are all reduced in U2OS cells. E) Quantification of D, with n=3 and 75-120 cells per 

condition. immunofluorescence studies showed that many DDR proteins were impacted by ZC3H14 

knockdown, including an abrogation of 53BP1 foci (Figure 21D-E). Phenotypically, the foci are less bright 

and there is more of the pan-nuclear signal as see in the unirradiated cells. The Lowndesô further laboratory 

showed that signalling downstream of MDC1, including RNF8, RNF168, FK2, 53BP1, and RPA had 

lessened recruitment to IRIF upon ZC3H14 knockdown, and that these results were not due to a decrease 

in protein levels (unpublished data, Marta Baldascini).Additionally, ZC3H14 appeared to have more impact 

upon NHEJ than on HR; in the HR DR-GFP assay ZC3H14 did not affect repair comparably to BRCA1, 

but in the NHEJ specific TK-GFP assay ZC3H14 acted comparably to LIG4 (Figure 22). Furthermore, it 

was shown that in clonogenic survival assays treated with Olaparib or ICRF193 that ZC3H14 knockdown 

resulted in similar colony survival as siDNA-PK but not siBRCA1. This unpublished data implies that 

ZC3H14 may be upstream of NHEJ but not HR, despite being in the Early response prior to pathway choice. 

mRNA processing (Gavish-Izakson et al., 2018). Likewise, a study implicated ZC3H14 

in DNA damage through its interaction with PABPN1 (Hu and Gao, 2014). Another study 

shows that ZC3H14 causes growth delay via DNA damage, and mutated the zinc fingers 

(Pak et al., 2011). However, these studies did not give good evidence supporting 
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ZC3H14ôs role in the DNA damage response, and only conjectured how ZC3H14 might 

be involved. In addition, ZC3H14 has been a hit in several proteomic screens. One study 

found that ZC3H14 is phosphorylated at S515 and S620, and that the S620 was enriched 

after damage, and ATM-dependent (Bensimon et al., 2010). In a proteomic screen of 

PARP targets in the DDR, ZC3H14 is mentioned in the supplemental figures (Jungmichel 

et al., 2013). Interestingly, two other zinc finger proteins identified by the Lowndesô lab 

as ATM interactors, ZC3H11A and ZC3H8, but not ZC3H14, were found as targets for 

ATR and ATM in a proteomic screen (Matsuoka et al., 2007). None of these papers point 

to a direct role for ZC3H14 in the DDR.  

 

Figure 22: ZC3H14 in NHEJ and HR. A) Knockdown of ZC3H14 has a similar impact on cell viability 

as knockdown of a NHEJ protein, DNA-PK, when treated with ICRF193 in a clonogenic survival assay in 

U2OS cells. B) Knockdown of ZC3H14 does not have similar impact on cell viability as knockdown of a 

HR protein, BRCA1, when treated with Olaparib in a clonogenic survival assay in U2OS cells. C) 

Knockdown of ZC3H14 has a similar impact as knockdown of a NHEJ protein, Lig4, in a NHEJ efficiency 

assay (TK-GFP), with a ~75% reduction in NHEJ efficiency seen. D) Knockdown of ZC3H14 does not 

have a similar impact as knockdown of a HR protein, BRCA1, in a HR efficiency assay (DR-GFP), with 

no decrease seen. 

The previous unpublished work from the Lowndesô lab, as well the evidence from the 

literature,  provides a convincing background to continue research into the biological role 

of ZC3H14 in the DDR.  
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VI. Aims and objectives  

In this thesis we investigate ZC3H14ôs novel role in the DNA damage response. This can 

be broken into two main questions: How is ZC3H14 mechanistically involved in DSB 

repair, and how does ZC3H14ôs structure inform upon this function?   

To answer how ZC3H14 is mechanistically involved in the DDR, we looked at its cellular 

localisation to nuclear bodies, including nuclear speckles and IRIF. We initially 

hypothesised that ZC3H14 forms IRIF like many other Early DDR proteins, but emergent 

data led us to hypothesis that ZC3H14 did not form IRIF, but was acting at DSBs in a 

different way. We also looked at the effect of ZC3H14 loss upon cell survival and DNA 

repair in order to place ZC3H14 in the Early pathway of DSBR. Finally, building upon 

previous data showing an ATM interaction, we hypothesised that ZC3H14 is a substrate 

of ATM and that this interaction might be direct.  

In order to study how ZC3H14ôs structure informs upon the novel DDR function, we used 

bioinformatic tools to study its conservation, interactome, and mutational signature in 

cancers. We used software to predict its three-dimensional structure, and combined this 

and structure-function data to hypothesise that ZC3H14 could have a damage-activated 

tertiary structure when phosphorylated by ATM. This led to a working model of 

ZC3H14ôs role in the DDR which could address several of the paradoxes of this protein, 

such as how its loss can result in impaired repair, but it is not detectable in IRIF.  

Mechanistic understanding of ZC3H14ôs role in the Early DNA damage response has 

consequences for human health and disease; the novel data showing that ZC3H14 has 

DDR roles in addition to its reported RNA processing roles places the protein in a disease-

critical pathway. Similar to other synthetic lethalityôs based on precision medicines such 

as PARP inhibition in a BRCA1-null background, ZC3H14 could prove to be a target for 

inhibitory treatment for diseases with certain genetic backgrounds. By learning ZC3H14ô 

mechanism in the DDR, we aim address gaps in knowledge of how the DNA damage 

response is regulated, at what point pathway choice occurs between cNHEJ and HR, and 

the emerging involvement of RNA in DNA repair. As well, the nature and formation of 

biomolecular condensates such as IRIF and nuclear speckles is not well understood, and 

by characterising a protein that has both canonical roles and our novel DDR role, we hope 

to better understand the complex network of pathways that make up the DNA damage 

response. This work has impact on our understanding of human health and disease.  

 



Chapter 2: Materials and Methods 

79 

 

Chapter 2: Materials and Methods 

I. MethodsðCell Culture  

i. Cell Culture 

Human Bone Osteosarcoma Epithelial cells, U2OS (ATCC, HTB-96), and Human 

embryonic kidney 293 cells, HEK293T (ATCC, CRL-11268) cells were cultured in 

Dulbeccoôs modified Eagles medium (Sigma, D6429) supplemented with 10% FBS 

(Gibco, 01270-106) and 1% Penicillin -Streptomycin Solution (Sigma, P4333). hTERT 

immortalised retinal pigment epithelial cells, hTERT-RPE1 (ATCC, CRL-4000), were 

cultured in DMEM-F12 (Sigma, D6421) supplemented with 10% FBS and 1% Penicillin-

Streptomycin Solution. Cells were maintained at logarithmic growth phases in humidity 

and CO2 controlled incubators with 5% CO2 at 37°C. Cells were counted prior to replating 

or harvesting using haemocytometer. 

ii. Cell Harvesting  

Cells were harvested via scraping or lifting off with trypsin. If harvested by scrapping, 

media was removed, cells were scraped from plate in phosphate buffered saline (PBS), 

spun down, and resuspended in lysis buffer (LB) for 45min on ice. If using trypsin, media 

was removed from plates, cells were washed with PBS, and trypsin was added for 2-5min 

depending on cell type (2min for HEKs, 5min for U2OS). Cells were resuspended in 

media before being spun down at 2000rpm for 5min at 4°C. 1xPBS was removed, and 

cells resuspended in LB. (Lysis buffer: 150mM NaCl, 50mM Tris-HCl pH=7.5, 10% 

Glycerol, 0.5% NP-40, 1mM MgCl2, 1mM Benzonase (Sigma, E1014), 2% phosphatase 

inhibitors (1mM NaF, 1mM ɓ- glycerophosphate, 200ɛM Na2VO4, 1mM EDTA, 5mM 

Na4P2O7), and 1% protease inhibitors (600nM Leupeptin, 1.63ɛM Pepstatin, 1ɛM PMSF, 

3ɛM Benzamidine, 2nM Antipain, 1.3nM Chymostatin)). After pelleting the lysed cells 

for 15min at 14000rpm and 4°C, whole cell lysates were collected, and the concentration 

was measured using Bradford Reagent (Sigma, B6916). Samples were stored at -20°C in 

1xLaemLi buffer (Invitrogen, NP0007) with 10% ɓ-mercaptoethanol (Sigma, M3148) 

prior to being run on SDS-page gel. 

iii.  siRNA Transfection 

Cells were plated at a concentration of 1.2x105 cells/35 mm plate 24h prior to transfection, 

on cover slips where indicated. Cells were transfected with Oligofectamine Reagent 
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(LifeTechnologies, 12252011) according to manufacturerôs instructions, with 40pmol of 

each siRNA (Appendix III.i). Cells were harvested or fixed on cover slips 48h post 

transfection. siRNAs used:  

siRNA Sequence 

siZC3H14 pool (x4) 

79882 Dharmacon pool 

 

GUAGUCAGCUCUGCCGUUA(dTdT) 

GAAAUGGAUUCGACCUCAA(dTdT) 

GGAAAGGCUUGAAACACGA(dTdT) 

UGCAAAGGCUCACGUUUAA(dTdT) 

siLuciferase GL2 (CGUACGCGGAAUACUUCGA)TT 

siLuciferase GL3 (CUUACGCUGAGUACUUCGA)TT 

 

iv. Transient DNA Transfection  

Cells were plated at a concentration of 2.0x105 cells/35 mm plate 24h prior to transfection, 

on cover slips where indicated. Cells were transfected with Lipofectamine Reagent 2000 

or 3000 according to manufacturerôs instructions, with a ratio of 2mg:6ɛL 

pDNA:Lipofectamine for 10cm plates and 1mg:3 ɛL for 35mm dishes. Media was 

changed 5h post transfection for Lipofectamine 2000, and cells were harvested or fixed 

on cover slips 48h post transient transfection. 

For the GFP-ZC3H14 constructs that were transfected, see Generation of GFP-tagged 

constructs on page 93. 

v. Western Blotting 

Cells were lysed according to Cell Harvesting protocol. 20-50ɛg of these lysates were 

boiled prior to being run on a denaturing polyacrylamide gel (SDS-page gel: gels between 

6 to 18% were used depending on protein size; made with 30% Acrylamide (Sigma, 

A3699), Tris HCL pH=8.8 (Sigma, T6066), 20% SDS (Fischer chemical, 5/5200/53), 

10% APS (Sigma, A3678), and Tetramethylethylenediamine (Sigma, T9281)). SDS gels 

were run at 180V for 55-70min until the dye front ran off the gel, and then proteins were 

transferred onto a nitrocellulose membrane for 70min at 100V on ice. Membranes were 

blocked with TBS-T containing 5% milk for 10min at RT (where indicated), prior to 

primary antibody incubation overnight (Appendix I.vi). After washing the membrane in 

TBS-T, a 1h incubation period with the secondary animal-specific IgG antibody was 

performed. The nitrocellulose membrane was incubated for 2min at RT with a 1:1 mix of 
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substrate and enhancer (Pierce ECL Western Blotting Substance, 32106). Images were 

acquired using the Vilber Imager, and images analysed via FIJI: Images were rotated for 

horizontal analysis using the Rotate tool, then the Rectangle tool was used to select the 

area of the blot containing the bands. Select First Lane command was used, followed by 

analysis with Plot lanes tool. The straight-line tool was used to connect the base of each 

line and to separate peak areas. The wand tool was used to select the peak representing 

each lane, and finally the densitometry percentages were obtained using the Label Peaks 

tool. The resulting numbers were exported to Excel, where they were normalised to the 

amount of protein present (normal western blots were normalised either to the loading 

control probed band, or to ponceau; pull down western blots were normalised to the 

control lane of the pull down) by dividing the target band by the control band. Further 

normalisation for pull downs was performed by dividing by the positive control to find 

fold changes. Triplicate experimental data was obtained and exported into GraphPad 

Prism, where a XY column graph was used to visualise data with SD shown in the upper 

bar. GraphPad Prismôs analysis software was used for statistical analysis, using matched 

ANOVA and comparing the means of all columns against the means of all other columns. 

The final graph with statistics was exported to Adobe Illustrator for final presentation.  

Primary Antibodies: 53BP1 (Novus, NB100-304); ATM (AbCam, Ab91; Bethyl, A300-

136A); CHK1 (Fl-476) (Santa Cruz, sc7898); CHK2 (H300) (Santa Cruz, sc9064);  

DNA-PK (Thermo Scientific, MS-423); GFP (Roche, 1184460001); GFP (B-2) (Santa 

Cruz, sc9996); GFP (University of Dundee); ɔH2AX S139 (Millipore, 05-636); MDC1 

(Bethyl, A300-051A; Bethyl, A300-053A); ATM-pS1981 S1981 (Millipore, 

MAB3806); ATM-pS1981 (R&D, AF1655); CHK1-pS317 (S345) (Cell Signalling, 

23415); CHK2-pT68 (Cell Signalling, 2661S); p(S/T) ATM/ATR substrate (Cell 

Signalling, 2851S); RPA(Millipore, MABE286) RPA32 (Bethyl, A300-244A-T); RPA32 

pS4/S8 (Bethyl, A300-245A-M); SC35 (Abcam,ab11826); THOC1 (Bethyl, A302-

839A); ZC3H14 (Sigma, HPA049798). 

Secondary Antibodies: Goat HRP (Bethyl, A50-201P); Mouse HRP (Bethyl, 

A90-116P); Mouse HRP (Pierce, 31430); Mouse HRP (Dako, P0447); Rabbit HRP 

(Bethyl, A120-109P). 

vi. Co-immunoprecipitation using GFP-tagged proteins  

For co-immunoprecipitations using GFP-ZC3H14 mutants (see Generation of GFP-

tagged constructs on page 93), we first transfected the GFP-ZC3H14 into HEK293T cells 
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(see Transient DNA Transfections on page 80), and harvested the cells. In order to scale 

appropriately for larger experiments, multiple plates were transfected with GFP-ZC3H14, 

split, combined, and reseeded, resulting in multiple samples with the same expression 

level of the target protein. Where cells were treated with PIKK kinase inhibitors, the 

HEK293T cells were treated for 1h at 37°C and 5% CO2  with ATMi (KU55933, 10ɛM), 

ATRi (AZD6738; 10ɛM), or DNA-PKi (NU7026, 10ɛM). Where cells were irradiated 

prior to immunoprecipitation, they were irradiated with 10Gy and incubated for 30min.  

Cells were then harvested, lysed, and had their concentration calculated using the 

Bradford assay. For phospho-IPs, 2mg TCE was incubated with 30ɛL of equilibrated 

beads (ŬGFP16-Ŭ GFP2-HIS amintra NHS-activated resin 20% ethanol, equilibrated 

using lysis buffer) or Chromotek beads (ChromoTek GFP-Trap® Agarose Cat no: gta) 

for 1h on the wheel at 4°C in a low adhesion tube. Beads were washed three times in lysis 

buffer (150mM NaCl, 50mM Tris-HCl, pH7.5, 10% Glycerol, 0.5% NP-40, Phosphatase 

inhibitors (1mM NaF, 1mM ɓ-glycerophosphate, 200µM Na2VO4, 1mM EDTA, 5mM 

Na4P2O7), Protease inhibitors (600nM Leupeptin, 1.63µM Pepstatin, 1µM PMSF, 3µM 

Benzamidine, 2nM Antipain, 1.3nM Chymostatin), and resuspended in 2xSB (Invitrogen, 

NP0007). 50% or 25% of boiled sample (above the beads) were used for Immunoblotting.  

vii. Cell Proliferation Assay 

U2OS WT or U2OS ZC3H14 KO cells were plated at 2.0x105 cells per 35mm dish (in 6 

well plate), in duplicate per condition. Each condition was trypsinised separately, 

resuspended in 1.5mL DMEM (2mL total) and counted, to avoid cell settling and to get 

the most accurate results. Each condition was counted four times. Cells were cultured for 

48h and then harvested by trypsinisation, counted four times, and replated at 2.0x105 cells 

per 35mm dish. This was repeated every 48h for a total of 12 days (6 data points in total). 

Because cells were replated at 2.0x105 instead of plating a set volume, the math to 

calculate the cell growth is as follows:  
  

 

 

 
 , where x is the running 

total number of cells that ócould have beenô plated. Note, x becomes the total cells for the 

next counting, so that the total cells is a running total from day 0. Identical number of 

U2OS cells were seeded at day 0 and counted at the indicated time points. Cells were 

trypsinised and counted manually with an hemacytometer, and all was performed in 

technical duplicate and biological triplicate. 
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vii i. Cell Survival Assays 

U2OS were trypsinised 8h after siRNA transfection and counted. 500 cells were plated 

on a 60mm dish per condition. For IR sensitivity assays, cells were allowed to adhere for 

1h prior to IR. For Olaparib (SelleckChem, S1060) and ICRF-193 (Enzo Life Sciences, 

GR-332) treatment, the media was supplemented with indicated concentrations. Cells 

were grown at 37°C for 10-14 days or until the colonies were an average 1-2mm in 

diameter. Colonies were stained with DMMB and counted.  

II. MethodsðVisualisation   

i. Immunofluorescence  

Cells were plated so they would be 75-90% confluent on the day of imaging (U2OS and 

HEK293T both plated at 4.0x105 for 24h prior; 2.0x105 for 48h prior; 1.2x105 if 72h prior 

and for siRNA transfection). Where indicated, cells were irradiated with 3-10Gy with a 

15min-4h recovery. The standard protocol for fixing, permeabilising, and blocking was: 

4% paraformaldehyde (PFA) (EMS, 15710) at RT for 10min,  0.25% Triton-X (Sigma, 

X100, Sigma-Aldrich) at RT for 10min, and 1% Bovine Serum Albumin (Sigma, A2153) 

for 1h at 37°C. Variations where noted: 0.1% Triton-X permeabilization for 10min; CSK 

treatment prior to PFA fixation (cells were treated for 6min at RT (CSK buffer: 10mM 

PIPES pH=7; 100mM NaCl; 300mM sucrose; 3mM MgCl2; 0.7% tritonX-100). If  

RNAseA treatment was used, cells were treated with 500ɛL of 1 mg/mL RNAse A 

treatment for 10min at RT prior to CSK treatment and/or PFA fixation.  

Cells were stained for 1h with primary antibody at 37°C, washed with 1xPBS, and then 

incubated 1h with secondary antibody at 37°C (Appendix I.vi). Slides were mounted using 

VectraShield containing DAPI (Vector Laboratories, H-1200). Microscopy imaging was 

performed on a Deltavision microscope using Softworx software (Applied Precision, 

Issaquah). 16x0.5ɛm Z-stacks were collected, deconvolved using the Softworx software, 

and deconvolved on the Softworx software to account for the Gaussian blur, with a 

conserved ratio. These images were projected to show the seven-most in-focus stacks per 

image on the FIJI ImageJ software. Max projections were used for display images 

(Project > Max Projections; select stacks), and Sum Slices were used for quantification 

(Project > Sum Slices; select stacks), to ensure that data is visible by eye, but no data is 

lost due to visual bias. ImageJ was further used to analyse all images such that they were 

all treated the same. For quantification of foci number, images were first converted to 16-
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bit (Process > Batch > Input: deconvolved images; output new folder named óadjusted,ô 

> run("16-bit"); ). Then, a threshold was chosen based on the positive control cell images 

which could detect damage foci but not background in the damaged cells or foci in the 

undamaged control (Process > Find Maxima > preview). Once a threshold was chosen 

for all channels, these values were input into a plugin written for the purpose, and the 

macro was run such that it detected cell nuclei (based on DAPI staining) and quantified 

the foci within this area (Plugins > Macros; select macro, select input folder, select 

output folder). The resulting data is saved as excel files specific to the image, and these 

data are collated into a single excel file and then a GraphPad Prism file for graphing and 

statistical analysis. In Excel, also calculate averages of each replicate and condition and 

transfer these to a separate data table in GraphPad. Each replicate has a different shaped 

icon, with E1 a triangle, E2 and upside-down triangle, and E3 a diamond, so that 

datapoints from individual repeats can be distinguished.  

Where the Pearsonôs correlation coefficient (PCC) was analysed, the BioPJaCoP plugin 

for FIJI was used (Plugins > BIOP > Image Analysis > BIOP JACoP with get Pearsonôs 

correlation checked and manual thresholding for each channel control input > run), and 

the Pearsonôs correlation coefficient outputs were transferred first to Excel (to group all 

data and to calculate averages for super-plots) and then to GraphPad Prism to analysis. 

Pearsonôs Correlation Coefficient is calculated with the equation:  

where Ai and Bi are the intensity values of each channel, and a and b are the average 

intensities over the full image in each channel. When calculating the overlap of individual 

foci (such as for the Fok1 cells), a 25x25 pixel selection surrounding the foci in the red 

channel was chosen and saved as an image, and these were used for galleries and for 

calculating overlap using the Biop JACoP plugin as a batch with the desired channels and 

thresholds input (Process > Macro > Batch; input as the gallery, output new folder; 

command: run("BIOP JACoP", "channel_a=1 channel_b=2 threshold 

for_channel_a=[Use Manual Threshold Below] threshold_for_channel_b=[Use Manual 

Threshold Below] manual_threshold_a=300 manual_threshold_b=300 crop_rois 

get_pearsons get_spearmanrank get_manders get_overlap costes_block_size=5 

costes_number_of_shuffling=100");). Where more than two channels were being 

compared, multiple measurements were taken from the same image, e.g. channel 1 vs 

channel 2; channel 1 vs channel 3; channel 2 vs channel 3.  
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Statistical tests were performed using GraphPad Prismôs built in statistical software using 

the average data sets rather than individual replicates: (Analyse > Column analysis > 

One-way ANOVA (and nonparametric or mixed) > ear row represents matched, or 

repeated measures, data, and check assume Gaussian distribution to use ANOVA, and do 

not assume sphericity-> Multiple comparisons to compare the mean of each column with 

the mean of every other column-> P value from multiple comparisons tab > insert 

summary significance bars over graph.) The graph of each repeat and the averages with 

the statistic analysis bars were imported into Adobe Illustrator to make super-plots.  

For representative images, we used ImageJ to set the minimum and maximum brightness 

on the positive control cells in a manner that did not change the pixel values of the cells 

(Image-> Adjust > Brightness/contrast > Minium/maximum adjust on B&C), and applied 

to all images using a macro written for the purpose and with the minimum and maximum 

values changed per experiment (Plugins > Macros; select macro, select input folder, 

select output folder). Images were then cropped to exclude the edge of the image, where 

the Gaussian blur could not be calculated (Selection > Specify > 965x965; add to ROI 

manager so the same crop can be applied to all images). Representative images were 

chosen that best correlated to the quantification already performed. These images were 

further analysed to produce single channel black and white images (Image > Split channel 

> *Grays > save as TIFF, save as JPEG), as well as merge channels with DAPI as an 

outline (Image> Split channel > Threshold DAPI > Analyse Particles; 20-infinity with 

bare outlines checked > Merge channels > Channels to set colours > save as TIFF, save 

as JPEG). Images were collated using Illustrator to ensure that all images were properly 

aligned and that enlarged images across channels were all enlarging the same portion of 

the image (Align >Mask). 

Primary Antibodies: 53PBP1 (Novus, NB100-304); ATM (Abcam, Ab91; Bethyl 

A300-136A; Bethyl A300-135A); Coilin (Abcam, ab11822); H2AX (pS139) (Millipore, 

05-636); MDCA (Abcam, Ab11171; Bethyl, A300-051A); ATM-pS1981 (Millipore, 

MAB3906); ATM-pS1891 (R&D, AF1655); PML (Abcam, ab96051); RIF1 (Bethyl, 

A300-569A); RNF8 (B2); (Santa Cruz, sc271462); SC35 (Abcam, ab11826); ZC3H14 

(Sigma, HPA049798).  

Secondary antibodies: Goat FITC anti-rabbit (Bethyl, A50-100F-15); Goat FITC anti-

donkey (Bethyl, A50-201); Mouse FITC anti-goat (Jackson, 115-096-062); Mouse 

TRITC anti-goat (Jackson, 715-025-151); Rabbit Cy5 anti-goat (Bethyl, A120-201C5); 

Rabbit FITC anti-goat (Bethyl, A120-201F); Rabbit FITC anti-goat (Bethyl, A120-
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101F); Rabbit FITC anti-sheep (Bethyl, A120-100F); Rabbit TRITC anti-donkey 

(Jackson, 711-025-152Jackson); Sheep FITC anti-donkey (Jackson, 713-095-147); Sheep 

FITC anti-Donkey (Bethyl, A130-100F).  

ii. Neutral Comet Assay 

Plate U2OS cells to be 70-90% confluent on the day of harvest. DNA damage was 

induced via irradiation (standard protocol is 3Gy, with 30min recovery except where 

noted). Samples were harvested via trypsinization prior to being resuspended to 

concentration of 1x106 cells/mL in cold 1xPBS. 5ɛL of this, corresponding to 5000 cells, 

was pipetted into 50ɛL of melted LMA agarose, vortexed, and pipetted onto a prepared 

cold polylysine slide with a sample area marked with a liquid blocker pen. Samples were 

allowed to cool for 30min at 4ºC to allow the agarose to set. Slides were then immersed 

in 1xLysis Buffer (2.5M NaCl, 0.1M EDTA, 10mM Trizma Base, 1% n-lauryl sarcosine, 

0.5% Triton X-100, 10% DMSO, pH=10) for 4°C for 1h or overnight. Samples were then 

carefully dried and transferred into 1xElectrophoresis buffer (500mM Trizma Base, 2.5M 

sodium acetate, pH=9.0) for 30min at 4ºC. Electrophoresis was then run with careful 

attention paid to aligning slides at the same level in the electrophoresis rig. Samples were 

run for 1h at 24V (constant volts) and 4ºC.  Samples were carefully removed and blotted 

dry prior to being immerse in DNA precipitation (50mM NH4Ac, 85% EtOH)  solution 

for 30min at RT.  Samples were then incubated in 70% EtOH for 30min at RT.Samples 

were dried at 37°C and stored at RT until staining with 100ɛL SyBR green for 30min at 

RT in the dark, with special care to stain each cover slip 30min prior to imaging. Comets 

were visualised in a single slice using the 20x Air lens and analysed via Tri Trek Comet 

Score 2.0.0.38 Software. A folder with JPEGs oriented with comet tails to the right was 

uploaded. The cutoff was set based on the positive control to account for the entire tail 

length using the rainbow heatmap. Cells were screened so that only single nuclei were 

counted. The following equations and calculations are performed by the TriTek 

CometScore software: 
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When quantifying the comet, we use the ótail lengthô to refer to the distance from the 

centre of the nucleus to the end of the comet tail, while the óheadô refers to the centre of 

the nucleus ( 

Figure 23). We calculated both the Tail Moment, which considers the length of the tail 

and the percentage of DNA that has migrated into the tail. This is calculated by the 

equation: 

 ὝὥὭὰ ὓέάὩὲὸὝὥὭὰ ὒὩὲὫὸὬ ὼ 
Ϸ   

 

The Olive Tail Moment incorporates the shift in the centre of mass between the head and 

the tail as well as the percentage of DNA in the tail, and is calculated by the equation:  

ὕὰὭὺὩ ὝὥὭὰ ὓέάὩὲὸὝὥὭὰ ὓὩὥὲὌὩὥὨ άὩὥὲ ὼ 
Ϸ   

  

Selected cells were exported as Excel files, and the comet tail length and olive tail 

moment were transferred to GraphPad Prism for graphing and statistical analysis (see 

Immunofluorescence for statistical analysis methodology).  

 

Figure 23: Comet Tail Calculation. When quantifying the comet tail moment or the olive tail moment, 

the diameter and area of the head (nucleus) and the tail (broken DNA) are both measured. The tail length 

(blue), the head area (pink), and the total area (yellow) are used either as raw measurements or as the mean 

for calculations.  

iii. FokI -inducible DSB U2OS Reporter Cells  

DSB reporter U2OS containing ER-mCherry-Lac1-FokI-DD (Figure 24) were plated at 

4.0x105 cells per 35mm dish on cover slips 24h prior to fixing, and grown at 37°C and 

5% CO2. Cells were then treated with 10ɛM 4-hydroxytamoxifen (4OHT) and 5ɛM 

Shield-1 in 1mL DMEM for 5h. Cells were then stained via the Immunofluorescence 

protocol with or without CSK treatment, or used in Proximity Ligation Assay after 

fixation.  



Chapter 2: Materials and Methods 

88 

 

 
Figure 24: FokI -inducible DSB U2OS Reporter Cells. FokI is initially located in the cytoplasm, where 

the degron (DD) ensures that it is continuously degraded. Upon induction by Shield-1 and 4OHT, FokI is 

transported into the nucleus via the estrogen receptor, where it targets the lac operator repeats due to the 

LacI, and induces DSB formation with the nuclease activity of FokI. As there are 257 tandem cut sites 

integrated into this cell line, and the FokI is mCherry-tagged, it results in a dense DSB site that is detectible 

under immunofluorescence. Cells in G1 will have one visible cut foci, while G2 cells will have two as the 

DNA (and therefore the DSB focus) has been replicated.  

iv. Proximity Ligation Assay  

The Proximity Ligation Assay is used to detect proteins that are <40nm apart in vivo 

(Figure 25). U2OS cells were plated to be 70% confluent on a 35mm dish on the day of 

harvesting, and grown at 37°C and 5% CO2. Cells were irradiated with 3-10Gy IR for 

1min-4h recovery where indicated. The optimised dosage for most protocols was 6Gy for 

30min. Following this, slides were fixed with 4% PFA at RT for 10min; rinsed with 

1xPBS; permeabilised with either 0.25% Triton-X- for 2min or 0.1% Triton-X for 5min; 

rinsed with 1xPBS; blocked with PLA blocking solution for 1h at 37°C; incubated with 

primary antibodies in PLA antibody diluent for 1h at 37°C in a damp chamber. Note that 

primary  
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Figure 25: The Proximity Ligation Assay 1. Antibodies specific to protein target A and B bind. 2. PLA 

secondary antibodies are incubated together for 20 minutes prior to binding to the primary antibodies. 3. 

The ligation mix is added, containing annealing oligonucleotides and ligase. 4. The annealing 

oligonucleotides are ligated together, creating a circular template. 5-7. This circular template is amplified 

upon addition of polymerase and the amplification mix, which includes fluorochromes coupled to detection 

oligos complementary to a section of the circular template. 8. These result in PLA signal detectable by 

fluorescent microscopy.  

antibody conditions are often a 1:10 dilution of the concentration of the antibody used in 

IF (Appendix I.vii). Slides were washed in 1xPBS prior to incubated on secondary 

antibody for 1h at 37°C; the secondary antibody mix contained 24ɛL antibody diluent, 

8ɛL PLA plus, and 8ɛL PLA minus probes in a total volume of 40ɛL (Anti-rabbit minus 

(art no. DUO92005); Anti-mouse plus (art no. DUO92001)). Slides were then washed 

with Wash Buffer A (10mM Trizma Base, 150mM NaCl, 0.05% Tween-20, pH=7.4) or 

1xPBS where noted. Probes were ligated by incubating slides on the ligation mix 

containing 8ɛL Ligation mix, 31ɛL diH2O, and 1ɛL Ligase; incubation was 30min at 

37°C (SIGMA-ALDRICH Duolink in situ detection reagents green (DUO92014-

100RXN)). Slides were washed with Wash Buffer A or 1xPBS where noted. To amplify 

the PLA signal and to stain for the amplified probe, slides were incubated with 8ɛL 

Amplification mix, 31.5ɛL diH2O, and 0.5ɛL Polymerase, for 100min at 37°C. Cover 

slips were then washed with Wash Buffer B (200mM Trizma Base, 100mM NaCl, adjust 

to pH=7.5) and then with a 0.01x Wash Buffer B, or 1xPBS and then water, where noted. 

Slides were mounted using VectraShield containing DAPI (Vector Laboratories, H-

1200). Microscopy imaging was performed on a Deltavision microscope using Softworx 
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software (Applied Precision, Issaquah). 16x0.5ɛm Z-stacks were collected, deconvolved 

and projected. The analysis was carried out using ImageJ software. 

III. MethodsðProtein Production and Expression 

i. Generation of GST-tagged Constructs 

A Polymerase chain reaction (PCR) was run on ZC3H14 wild type (WT) cDNA using 

primers designed to amplify fragments of the protein. PCR was run with a KOD hot start 

protocol, with a 2:20min long denaturation at 95°C, followed by an optimised 55°C 

annealing temperature for 10s, and an elongation at 70°C for 5:50min, all repeated for 33 

cycles. The resulting fragments were run on a 1% agarose gel for 120V for 40 min, and 

gels were imaged on ImageJ, to verify amplification of the protein fragments. Samples 

were PCR cleaned using a PCR clean-up kit (Macherey-Nagel 740609) and quantified 

using the Nanodrop. The resulting ZC3H14 fragments were digested using BamH1 and 

Xho1 (Biolabs, R01115) restriction enzymes and Cutsmart buffer (Biolabs, B7024S), 

digest cleaned, and then ligated with the double digested pGEX-4T1 vector (Novagen, 

69909-69911) at a ratio of 1:6. These samples were redigested with Kpn1 (R31425) and 

transformed into top10 (Genetic information in Appendix II.v ; see Transformation 

protocol). After 24h incubation at 37°C, single colonies were picked and grown in Luria 

broth (LB) overnight. Cultures were pooled and mini-prepped (Thermo scientific, 

K0503). The resulting pooled DNA was run on PCR to test for positive clones and run 

on an 1% agarose gel. Positive pools were mini-prepped individually, and again ran on 

PCR and a 1% agarose gel to test for positive clones. Positive clones were sent for 

sequencing (Eurofins TubeSeq), and then tested for expression of the protein. 

ii. Transformation and Mini -prep 

1ɛL of plasmid was added to 50ɛL of E. coli and incubated on ice for 30min  If plasmid 

replication was the goal, top10 were used; if protein expression, then either *pRIL or 

Rosetta (Genetic information in Appendix II.v ). Samples were heat shocked at 42°C for 

1min, then 250ɛL Luria Broth (without antibiotics) was added, and samples incubated at 

37°C for 40min (top10) or 1h (*pRIL and Rosetta) while spinning at 750rpm. Samples 

were then streaked onto antibiotic resistant agar plates (top10 with only the antibiotic on 

the target plasmid (ampicillin (Sigma, 69-53-4) or kanamycin (Melford, 25389-94-0)); 

*pRIL and Rosetta with antibiotic on target plasmid and chloramphenicol (Sigma, C-

0378)). Plates incubated at 37°C overnight. Individual colonies picked to grow in 5mL 
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Luria Broth for mini-prep of plasmid, or entire plate streaked into 50mL Luria Broth for 

induction of protein expression.  

iii. Protein Expression  

Mini -prepped plasmid (see Generation of GST-tagged constructs) were transformed in 

*pRIL or Rosetta E. coli (Invitrogen) on chloramphenicol (Sigma, C-0378) and ampicillin 

(Sigma, 69-53-4) or kanamycin (Melford, 25389-94-0) resistant plates and incubated at 

37°C overnight. The plates were streaked into 20mL LB. Alternatively, glycerol stock of 

*pRIL or Rossetta bacteria containing the relevant plasmids were used, by scratching into 

5mL or 20mL overnight, before being transferred to 20mL or 1L LB. Samples were 

incubated at 37°C until the optical density (OD) measured between 0.5-0.8, at which point 

a 1mL sample of uninduced sample was obtained. Isopropyl ɓ-d-1-thiogalactopyranoside 

(IPTG) was added to a final concentration of 0.4mM to induce expression. The cultures 

were optimised to grow between 20°C and 37°C conditions where indicated, and 1mL 

samples collected at 2h, 4h, or overnight, also as indicated when testing. (GST-ZC3H14 

F1-4 expressed at 37°C overnight; GST-ATM F1, 3, 7, 8, 11, and 12 at 20°C overnight, 

GST-ATM F2, 4, 5, 6, 9, and 10 at 37°C overnight). The OD at all timepoints was 

measured in order to resuspend to an equalised concentration. Samples were spun down 

at 14,000xg for 1min, and resuspended in equalised 1xLaemLi buffer with 10% ɓ-

mercaptoethanol. Samples were run on 8-15% SDS-page gel at 180V for 55-70min, and 

then stained with Coomassie for 30min prior to overnight destain (30% MeOH, 10% 

Acetic acid), and imaging. Clones with positive expression were stored in -80°C as 

glycerol stocks.  

iv. Protein Purification with Glutathione Beads 

The optimised growth conditions were used to transform plasmids in *pRIL or Rosetta 

E. coli on chloramphenicol and ampicillin resistant plates and incubated at 37°C 

overnight. Colonies were picked and grown in 5mL LB overnight at 37°C. Cultures were 

diluted 1:50 in fresh LB and incubated for 3-4h until the OD measured between 0.5-0.8, 

and then expression was induced with a final concentration of 0.4mM IPTG. Cultures 

were incubated overnight at optimised temperature prior to spinning down the culture to 

form a pellet. Cells were then lysed with 15mL LB (50mM Tris-HCL, pH=8.0; 300mM 

KCl, 1% Triton x-100, 2mM DTT, 1x protease inhibitor (PI), 1xphosphatase inhibitor 

(PPI), H2O). Samples were then sonicated at 40% amplitude, 3x30 second pulses on ice, 

and then spun for 30 min at 30000xg and 4°C. When purifying HIS-tagged constructs, 
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nickel (Ni2+) beads were used, and when using GST-tagged constructs, Glutathione beads 

(GE healthcare 17061801) were used from this point forward. Beads were prepared by 

equilibrating the Ni+2 resin beads in 500ɛL LB- for 3-4 washes, and then 200ɛL of the 

50% bead slurry was added to lysates and incubated for 2h at 4°C on roller. Lysates were 

spun for 5 min at 1200 rpm and supernatant removed. Three subsequent washes were 

followed, by resuspending beads in 1mL wash buffer (WB), spinning down and removing 

supernatant, resuspending in 1mL WB, incubating 20 min at 4°C, and spinning down to 

remove supernatant. (Wash Buffer 1: 1x PBS, 1% Triton x-100, 2mM Dithiothreitol 

(DTT), 1xPI, 1xPPI, H2O; Wash Buffer 2: 300mM KCl, 50mM Tris-HCl pH=8, 2mM 

DTT, 1xPI, 1xPPI, H2O; Wash Buffer 3: 50mM Tris-HCL pH=8, 100mM KCl, 10% 

Glycerol, 2mM DTT, 1xPI, 1xPPI, H2O) After all three washes, beads were resuspended 

in 2xResuspension buffer (50% Glycerol, 10mM NaHPO4, 150mM NaCl, 0.02% NaAz, 

1xPI, 1xPPI, H2O), and Laemmli buffer was added to a final 1x concentration. Samples 

were analysed by SDS-page gel and Coomassie stain. 

v. ATM or MDC1 Pulldown using GST-tagged 

Constructs 

A 10% SDS gel was run to verify the ratio of each protein fragment to beads. A volume 

of beads equivalent to 10ɛg protein was brought up to 20ɛL with excess G-beads (GE 

Healthcare, 17061801). Beads were equilibrated in LB prior to bead incubation. 

Confluent HEK293T cells were used for protein pull down. In IR positive samples, 

samples were exposed to 10Gy for a 30min incubation. All samples were harvested from 

10cm dishes on ice via scraping and lysed in 600ɛL LB (with PI, PPI, MgCl2, and 

benzonase) for 40min, and concentration measured using the Bradford assay. 2-10mg of 

TCE was added to 20ɛL beads and incubated for 1-2h at 4°C. Samples were spun down 

for 5min at 2000 rpm and 4°C. Supernatant was removed and stored as flow through 

sample, then beads were washed three times with 1mL LB (without MgCl2 or benzonase). 

Supernatant was removed, and samples stored in 2xLaemmLi buffer with 10% ɓ-

mercaptoethanol (Invitrogen, NP0007). 50% of each sample (above the spun down beads) 

were run on a 10% SDS gel after boiling for 5 min at 95°C, and then run on Western Blot. 
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IV. MethodsðCell line generation   

i. Generation of GFP-tagged Constructs  

pEGFP-C1TO or pEGFP-C1 plasmids was used to generate GFP-tagged constructs. 

Primers were designed in a manner to include restriction sites on each end of the target 

region (see Appendix II.i-ii ). This region was amplified via PCR using KOD Hotstart 

protocol and using ZC3H14 cDNA as template. The PCR product was digested with two 

different restriction enzymes to allow for uni-directional cloning. The vector was also 

digested with these restriction enzymes, and the cleaned products of digestion were 

ligated together. Ligated samples were incubated at 65°C for 10min to denature the ligase. 

Samples were redigested with a restriction enzyme with sites in the portion of the multiple 

cloning site that was cut out during initial digestion (if any undigested plasmid remains it 

is cut). Vector with insert was transformed (see Transformation protocol) prior to single 

colonies being picked, subcloned, and verified via digest test for correctly sized insert 

and sent for sequencing (Eurofins TubSeq).   

ii. Generation of GFP-ZC3H14 HEK and U2OS Stable 

Cell L ines 

See Transient DNA transfection for detailed protocol. For stable transfection, 2mg of 

plasmid protein was transfected as per manufacturer instructions at a ratio of 2mg:6ɛL 

Lipofectamine. Samples were incubated at 37°C and 5% CO2 overnight, and cells were 

diluted the next day with neomycin selection at 800ɛg/mL.  Serial dilutions were 

performed until single clones appeared after 10ï14-day growth. Individual clones were 

isolated by scrapping a 200ɛL pipette tip on the specific colony while drawing up media, 

and transferring to a 24-well plate for further growth. Once clones covered the bottom, 

they were trypsinised and transferred to a 6-well plate. Once clones covered the bottom 

they were split into two of the wells of the 6-well plate. One well was harvested to check 

for insertion of pDNA, and one was frozen in Freezing media (90% FBS, 10% DMSO) 

to wake up if positive for further testing.  

In the current study GFP-ZC3H14 FL was inserted into neomycin-resistant HEK293T C7 

cells, as was GFP-ZC3H14 ȹPWI and GFP-ZC3H14 ȹZnF. Further, GFP-ZC3H14 FL 

was transfected into stable U2OS. (Note: These are not knockout cells, and the plasmid 

in the U2OS but not the HEKs has gRNA resistance).  
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iii. CRIPSR Plasmid DNA Preparation and DNA 

Purification  

The pX330 plasmid (pX330-U6-Chimeric_BB-CBh-hSpCas9, AddGene) was 

transformed into top 10 E coli and grow overnight at 37°C shaking at 170rpm. A mini 

prep kit was used to purify the pDNA. The vector was digested with 10xBuffer G and 

Bbs1 (Pro-mega) for 3h at 37°C. Confirmation of full digest was performed by running 

samples on a 0.8% Agarose gel, and then gel extracting and cleaning.  

iv. Assembly of CRISPR/Cas9 gRNA Plasmids  

See Appendix II.viii  for gRNA oligo sequences. The oligos were annealed by combining 

100ɛM of the forward and reverse primer, and incubating at 95°C for 5min prior to 

turning off the heat block and allowing it to slowly cool to near 28°C. To phosphorylate 

the oligos, 5ɛL10xT4 ligation buffer, 2ɛL T4 PNK, and 5ɛL of the annealed oligos were 

combined in a 50ɛL reaction per condition for 37°C for 30min. Samples were 

subsequently boiled at 95°C for 5min to inactivate the PNK. The heat block was turned 

off to allow the phosphorylated oligos to slowly cool to 28°C to re-anneal. To ligate the 

oligos with the prepped digested vector, 50 ng purified digested pX330 vector was ligated 

with 1:200 of diluted and annealed oligos, 2ɛL 10xT4 DNA Ligase Buffer, and 1ɛL t4 

DNA ligase, in a 20ɛL reaction. Samples were incubated at room temperature for at least 

45min.  

5ɛL of ligation mix was transformed into 50ɛL competent Top 10. E. coli (see 

Transformation and mini-prep protocol ). To test for positive clones, samples were 

digested with BbsI to verify the gRNA was present (Note: If the plasmid was not digested, 

then the gRNA is successfully cloned, as insertion of the oligo removes the restriction 

sites). 15ɛL of positive clones were sent for sequencing with 2ɛL of 10ɛM sequencing 

primer. The alignment was verified by aligning the sequenced clone to the cDNA using 

Serial Cloner.  

v. Generation of Knockout Cell L ines using 

CRISPR/Cas9 Transfection  

In order to generate stable ZC3H14 KO cell lines, U2OS WT cells were plated so they 

would be 70-80% confluent the next day. The next day, the DMEM was removed, cells 
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were washed with media, and the media was replaced with Opti-MEM (Gibco), or 

antibiotic free media, without serum.  

For generation of ZC3H14 null cells using the CRISPR/Cas9 system, 4ɛg each of pX330-

gRNA-A and pX330-gRNA-E, and 2ɛg of pLOX-puro plasmids, were complexed with 

Lipofectamine 2000 (Invitrogen) in Opti-MEM for 20 min at RT. (Note that gRNA-A 

and gRNA-E are the redesigned guides which direct the cut to exon 3, with a 52bp section 

cut out, leading to early truncation of ZC3H14). The mixture was added to cells and 

incubated at 37°C for 5h. After 24h recovery, cells were trypsinised and serial dilutions 

were performed and incubated for 48h under puromycin selection, after which cells were 

incubated in antibiotic-free growth media for CRISPR/Cas9 targeted cells for 7-10 days, 

until single cells appeared.  

In order to generated stable cell lines expressing GFP-tagged ZC3H14 proteins and 

performing ZC3H14 KO at once, the same protocol was performed as above with the 

following difference: GFP-ZC3H14 in pEGFP-C1 was used instead of pLOX-puro; this 

was digested with Bsa1 or Apal1 prior to transfection. In addition, neomycin was used 

instead of puromycin. Neomycin is used under constant selection, so dilutions and 

expansions contained neomycin (800ɛg/mL) until single colonies appeared after 7-10 

days.  

vi. Genomic DNA Extraction and Sequencing  

Genomic DNA extracted from targeted U2OS cells was used to amplify CRISPR/Cas9 

targeted genomic regions for sequence analysis. Cells of 80-100% confluency were 

pelleted at 1200 rpm for 5min, and cell pellets were washed with 1xPBS. Pellets were 

resuspended in 500ɛL Tail buffer (supplemented with 0.5mg/mL proteinase K) and 

incubated overnight at 37°C. Subsequently, each sample was shaken vigorously for a 

further 5min at 1400 rpm in a shaking heating block for 5min. After shaking, 200ɛL of 

5M NaCl was added, and the samples were shaken for 5min and then centrifuged at top 

speed for 10min at RT. The supernatant of each tube was then transferred to a clean 

micro-tube and equal volume of isopropanol was added. After mixing by inversion, this 

mixture was centrifuged for 10min at top speed at RT to pellet the precipitated DNA. The 

DNA pellets were washed with 70% ethanol, air dried, and re-suspended in 50-100ɛL 

nuclease free water. 1ɛL of this was used as the template for PCR using sequencing 

primers (see Appendix II.vii) designed to amplify the region containing the PAM 

sequences and planned cut. Amplification of samples was confirmed by electrophoresis 
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on a 1% agarose gel, and PCR cleaned. DNA with forward or reverse primers was sent 

for sequencing within Eurofinsôs guidelines for PCR cleaned products.  

V. MethodsðBioinformatics 

i. Ensembl 

The Ensembl genome browser was accessed by navigating to https://www.ensembl.org. 

The gene name ñZC3H14ò or other gene was input into the search bar to locate the gene 

of interest, and the Human Gene was selected (ENSG00000100722). The summary page 

contained information on the geneôs sequence (exons and introns), structure, and 

annotated transcripts. Transcripts with confirmed expression show in yellow, and for 

these the exons were transported into SerialCloner2.6.1 in order to annotate the exon and 

the selectionôs protein translation.  

ii. Serial Cloner 

Serial Cloner 2.6.1 was used to annotate the exons and genomic data of proteins, with 

FASTA files from PDB or Ensemble. Features were mapped using the Feature function, 

and selected information and translation was used to obtain protein sequences if working 

with genetic sequences. This software was also used to design all primers and plasmids 

for the GST-ZC3H14 (see page 90) and the GFP-ZC3H14 constructs (see page 93), as 

well as for the CRISPR KO strategy (see page 94).  

iii. UniProt  

Protein annotation was performed using UniProt, available at https://www.uniprot.org. 

This site provides data on protein sequences and protein structures. Search for the protein 

of interest, e.g. ñZC3H14ò and review the protein entry, including protein name and gene 

information, biological function, subcellular localisation, pathways, protein structure, 

domains and motifs, and post-translational modifications (such as phosphorylation, 

glycosylation, etc.) UniProt has the protein sequence, protein interaction data, and 

functional annotation links to other websites.  

iv. BLAST 

Protein Sequence Analysis Using BLAST was performed by inserting protein sequence 

of ZC3H14 as obtained from Ensemble and as edited in Serial Cloner (see page 96). The  

BLAST (Basic Local Alignment Search Tool) is available at 

https://blast.ncbi.nlm.nih.gov/Blast.cgi, and ñprotein blastò was selected to perform a 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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search based on protein sequences. Parameters were run as standard options. The tool 

aligns the input sequence with similar sequences from the selected database and computes 

similarity scores. The resulting similar sequence hits and their alignment score, E-values, 

and percent identity were results used to explore homologous sequences and to inspect 

conserved domains between humans and other model organisms.  

v. SnapGene 

The SnapGene application, available at https://www.snapgene.com/, was used to align 

and annotate BLAST queries, with highlighting consensus with a threshold of over 50% 

consensus. 

vi. Protein abundance  

The Protein Abundance Database PaxDb5.0 was used to determine the abundance of 

proteins, using the whole organism (integrated) dataset that contains 19338 proteins total 

with 99% coverage, published in 2023. PaxDb5.0 is available at https://pax-db.org/. 

Proteins were queried by inputting their name or PDB ID into the search, with ñHumanò 

selected as the organism of interest.  

vii. STRING 

STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) was used to 

analyse known and predicted protein-protein interactions. STRING is available at 

https://string-db.org. ñZC3H14ò was input into the protein name, and ñHumanò was 

selected as the organism of interest. The search parameters were used at standard options, 

with 10 interactors in the ófirst shellô and 10 in the ósecond shell,ô to include both 

experimental data and computational predictions, with medium confidence of 0.4. The 

search option was used to generate a network of interacting proteins and to visualise the 

network. The coloured nodes represent the query protein and first shell of interactors. 

White notes represent the second shell of interactor. Where known, the note is filled with 

known 3D structures, while empty nodes show proteins of unknown 3D structure. The 

lines connecting the proteins are also coloured, with turquoise lines showing known 

interactors from the database; pink lines show known interactors which are 

experimentally determined; green lines show predicted gene neighbourhoods; red show 

predicted gene fusions; blue show gene co-occurrence; yellow show text-mining; black 

show co-expression; and blue show protein homology. In addition to this visual network, 

the proteins are scored based on their  co-expression, experimental data, and Textmining. 
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The higher the score, the more established the interaction. The GO terms were also 

obtained from all interactors.  

viii. Human Protein Atlas 

Protein expression and localisation analysis was performed using Human Protein Atlas, 

which is available at Localisation Analysis Using Human Protein Atlas  (HPA) 

https://www.proteinatlas.org. This site provides data on protein expression, localization, 

and tissue specificity, based on immunohistochemistry, transcriptomics, and antibody 

validation. The protein name, e.g. ñZC3H14ò was input into the query bar, and results 

were obtained in the subheadings, including ñTissue,ò ñCell,ò ñPathology,ò ñCell Atlas,ò 

ñTissue Atlas,ò ñPathology Atlas,ò and ñGene Information.ò In some cases, the data was 

downloaded as image files or expression data tables for further analysis, including co-

expression analysis, disease association studies, and survival data for cancer-related 

studies.  

ix. Protein Data Bank 

Protein structures were obtained from the Protein Data Bank (PDB), accessible at 

https://www.rcsb.org/. All protein structures were retried by querying the protein name 

or four-letter PDB codes, and human proteins were used unless otherwise noted. PDB 

files were downloaded and visualised using PyMOL (Viewer only, accessed under an 

educational license for student use) in order to display relevant areas of the protein with 

annotations.  

x. PlaToLoCo 

Platform of Tools for Low Complexity (PlaToLoCo) was used to annotate low 

complexity domains (LCDs) and intrinsically disordered regions (IDRs) in proteins. 

PlaToLoCo is accessible at https://platoloco.aei.polsl.pl/. The target sequence was input 

as a FASTA sequence (obtained from Ensemble and edited in Serial Cloner, see page 96).  

The query was run with standard inputs, with all options of outputs checked, including 

SEG, CAST, fLPS, SIMPLE, GBSC, and enrichment for Pfam, Phobios, and Amino acid 

frequencies. The visual map of the results was used to create figures to map ZC3H14ôs 

LCDs and IDRs.  
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xi. MobiDB 

MobiDB was used to annotate IDRs and compositional bias based on consensus. MobiDB 

is accessible at https://mobidb.org/. The target sequence was input as a FASTA sequence 

or as a UniProt accession number (Q6PJT7 for human ZC3H14). The disorder predictions 

from MobiDB are generated with MobiDB-lite, FLIPPER is used to derive the generated 

data, RING for the generation of interaction data, and AlphaFold-Disorder for the 

AlphaFold features. Visualisation of the results allow differentiation between predicted 

and consensus sequences.  

xii. AlphaFold Server  

Using protein sequences available on UniProt, sequences of proteins were input into 

Googleôs DeepMind AlphaFold Server available at https://alphafold3.org/. If applicable, 

other protein, ions, nucleic acids, or chemical modifications were added as separate 

inputs. Where RNA or DNA was used, the listed example structures were used (RNA: 

Protein-RNA-Ion: PDB 8AW3; DNA: Protein-DNA-Ion: PDB 7RCE). PTMs were added 

to proteins using data from the PTM information available on UniProt, and added using 

the óPTMô function. After submitting the job, the Output can be visualised using the 

AlphaFold Server, with particular parameters downloadable for further detail. The most 

relevant numerical outputs are the per-residue confidence scores (pLDDT), and the 

predicted aligned error (PAE), predicted template modelling (pTM), and interface 

predicted template modelling (ipTM) scores. Where applicable, the structures were 

downloaded and visualised using PyMOL to highlight relevant areas of the protein. All 

queries in this work were accessed between 12/05/24 and 05/06/24. 

xiii. cBioPortal 

Cancer genomics data was obtained from cBioPortal for Cancer Genomics, accessible at 

https://www.cbioportal.org/. This platform provides visualisation and analysis of large-

scale cancer genomic data sets, including somatic mutations, copy number alterations, 

mRNA expression and clinical outcomes. The gene of interest was insert into the query 

by gene tool, and pan-cancer studies was selected. Results were downloaded for final 

visualisation using Adobe Illustrator.  
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xiv. Kaplan Meyer Plotter 

Survival analysis was performed using a Kaplan Meyer Plotter available at 

https://kmplot.com/analysis/ was used to access the correlation between the expression 

of all genes (including mRNA, miRNA, protein, and DNA) and survival for patients in 

35k+ samples from 21 tumour tyles, from collated publicly available data sets including 

The Cancer Genome Atlas (TCGA). ZC3H14 was input into the gene symbol section as 

a biomarker, and patients are stratified into different groups based on if the gene is 

affected in these cancers. Visualisation of these data was used to determine if ZC3H14 

mutation had an overall effect on survival.  

xv. COSMIC 

COSMIC, or the Catalogue of Somatic Mutations in Cancer, was used for identifying 

mutational signatures across the ZC3H14 protein, accessible at 

https://cancer.sanger.ac.uk/cosmic/ by querying ñZC3H14ò in the search bar.  The ñGene 

View,ò ñTissue distribution,ò and ñMutational distributionò tabs were used to identify 

and visualise areas of ZC3H14 which are mutated in cancers.   
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Chapter 3: ZC3H14 is Involved in DSB Repair 

 

I. Abstract  

Previous data from our lab has implicated ZC3H14 in the DSB repair response. Here we 

discuss that previous data, and further characterise ZC3H14ôs role as it impacts cell 

growth and survival, repair kinetics, and DDR protein foci formation. We hypothesis that 

ZC3H14 localises to DSBs, and were able to show that it is in proximity to damage-

activated proteins, and that it is a substrate of ATM. We also hypothesise that ZC3H14 is 

a substrate of ATM, and were able to confirm that it is phosphorylated in an ATM-

dependent manner. We also independently confirmed results found in knockdown studies 

that ZC3H14 is downstream of MDC1 and upstream of RNF8 in the DDR, placing it 

upstream of pathway choice in the Early response, making it a good candidate for drug 

targeting in synthetic lethality treatments.  

II. Key Findings   

¶ ZC3H14 is a nuclear speckle protein, a localisation which follows the cell cycle 

progression of cells, and is not impacted by damage induction.  

¶ ZC3H14 does not form detectible IRIF, using different extraction methods during 

immunofluorescent experiments. ZC3H14 does not colocalise with FokI  cuts in 

the inducible U2OS DSBR cell line, with either standard IF or with PLA in this 

system.  

¶ ZC3H14 is in proximity to damage-activated ATM.   

¶ ZC3H14 KO cells were generated and used to show that loss of ZC3H14 results 

in impaired repair response and a decrease in focal recruitment of DDR proteins.  

¶ ZC3H14 is phosphorylated by ATM in a damage-specific manner.  

 

I II. Introduction    

The project aims to characterize a novel role for the zinc-finger protein, ZC3H14, in the 

DDR: its interactions with Ataxia-telangiectasia mutated (ATM), mechanism of action, 

effect on cell survival, and effect on R-loop formation. While abrogated responses to 

DNA damage drive oncogenesis, DNA damaging agents are the mainstay of current 

cancer therapeutic approaches. Thus, to understand both the aetiology of cancer and the 

impact of current therapeutic interventions, it is important to understand the complex 
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series of pathways involved in the DDR, and especially the events that occur in the 

Immediate-Early, Early, and Late responses, before pathway choice occurs. Because of 

its involvement in a wide range of phosphorylation and regulatory events upon DNA 

double strand breaks, ATM is a key player in the DDR. Previous research in the Lowndesô 

lab identified ZC3H14 as an ATM-interacting partner. This highly novelðand as yet 

unpublishedðdata implicates ZC3H14 in the DDR and places it in a cancer-critical 

pathway.  

Current research has shown that ZC3H14 is also mutated and dysregulated in many 

cancers; it has been identified as a possible biomarker for gastric cancer (Yamada et al. 

2008), and more recently was linked to ovarian cancer pathogenesis (Prokofyeva et al. 

2016). Another study identified it as a tumour suppressor involved in the dysregulation 

of the integrin pathway implicated in hepatocellular carcinoma (Zhang et al. 2019). The 

disease phenotypes which occur when ZC3H14 is mutated indicates that the enzyme 

holds important roles in the cell. While the biological impact of this protein is pleiotropic, 

little is known about its structure or mechanistic functions outside of mRNA processing. 

Thus, the evidence from Prof. Noel Lowndesô lab indicating ZC3H14 as an ATM-

interacting partner is highly novel. Additional evidence that ZC3H14 functions in the 

DDR was also suggested by detecting spontaneous DNA damage upon depletion of 

ZC3H14 in human cell lines. Given its known roles in mRNA processing, as well as 

emerging data indicating roles for mRNA metabolism in genome stability, we 

hypothesize that ZC3H14 could be a key regulatory element in the DDR, bridging its 

central regulator, ATM, to mRNA processing pathways required to preserve genomic 

integrity. Further research is needed to delve into the structure and mechanisms of the 

ZC3H14-ATM interaction, as it holds potential to link mRNA processing and DDR 

pathways. ZC3H14 interactions with other proteins in the pathway, MDC1 and RNF8, 

will also be investigated to determine the role of the protein in the pathway. 

A hypothesis to test is how ZC3H14 is involved in Early pathway, and whether it 

contributes to pathway choice. There is a gap of understanding in the field of when 

pathway choice between HR and NHEJ occurs, as it seems that far upstream events 

impact the fate of the break as much as recruitment of Late proteins like 53BP1 and 

BRCA1.  ZC3H14 could  contribute to pathway choice by regulating MDC1 or RNF8 

recruitment, or it could bridge the gap between RNA and DNA biology, which is an active 

area of the field. A further hypothesis to investigate is whether the link between the 

mRNA processing and the DDR roles of ZC3H14 could be in R-loop resolution. R-loops 
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are DNA:RNA hybrids which form during normal transcriptional activation and 

termination, but can also cause DNA damage when not properly resolved. Preliminary 

data shows a decrease in R-loop formation upon ZC3H14 knockdown; this effect will be 

investigated further as a possible link between the mRNA processing role and the novel 

DDR role. 

ZC3H14 contains eight SQ/TQ sites in it that are potential phosphorylation sites by the 

PIKK kinases, making it a potential phosphorylation target in the DDR. The purpose of 

studying phosphorylation is that ZC3H14 could be phosphorylated upon damage, and that 

phosphorylation might be necessary for its role in the DDR,  similar to those of other 

phosphorylated DDR proteins such as MDC1, L3MBTL2, and RNF8 (Kolas et al., 2007; 

Liu et al., 2012; Nowsheen et al., 2018). Therefore, if we identify that ZC3H14 is 

phosphorylated, and at what residue, then we could make structure-function mutants to 

determine if that phosphorylation is essential for its DDR role, and begin to understand 

ZC3H14ôs mechanism of action. 

An important reason to study the Immediate Early, Early, and Late responses is to develop 

synthetic lethal drug targets for diseases with specific genetic backgrounds. These types 

of personalised medicines have become the mainstay of cancer and other disease 

treatments. In order to design combinational therapies, the basic cell biology has to be 

mapped to find druggable targets and to predict the effects and off-target effects of a drug. 

ZC3H14 could prove to be a druggable target similar to PARP, which acts in the 

Immediate-Early response and is treatable in BRCA1/2 negative cancers. Here we delve 

into ZC3H14ôs novel role in the DDR to answer mechanistic questions as well as to try 

to clarify outstanding questions in the field.  

 

IV. Results 

i. The Phenotype of ZC3H14 

ZC3H14ôs normal localisation pattern is pan-nuclear and granular/punctate, with 

exclusion from the nucleoli (based on DAPI staining), and a slight pan-nuclear 

background signal  (Figure 26 and Leung et al., 2009; Soucek et al., 2016). Note that 

only isoform 1-3 are stained for, as they contain the antibody binding domain.  Isoform 

4, which is cytoplasmic, is not visible under these conditions. In addition, ZC3H14 is 
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present uniformly in all fields of cells, implying that it is uniform in asynchronous cell 

populations and indicating that ZC3H14 is not cell cycle regulated (Figure 26).  

 

Figure 26: ZC4H14 nuclear staining pattern. A) Immunofluorescence data of untreated U2OS cells 

showing ZC3H14 isoform 1-3 pan-nuclear granular punctate pattern. A low and high exposure are shown 

to show the foci thresholding (cell shown has 42 counted foci), and the background pan-nuclear staining 

which is also present. Conditions: 4% PFA fixation 10min RT; 0.25% Triton permeabilisation 2min RT; 

primary antibody ZC3H14 (Sigma Aldrich, HPA049798, 1:200) in 1% BSA 1h 37°C; secondary antibody 

(Bethyl, A120-291F Rabbit FITC anti-goat, 1:200) in 1% BSA 1h 37°C; DAPI and mount (DAPI, Vector 

Laboratories, H-1200). Scale=25ɛm; individual scale cell scale = 12.5ɛm; enlarge scale =6.25ɛm. B) 

Quantification of A) with an average of 41.8 ZC3H14 foci per cell. n=1; 121 cells. 

Because ZC3H14 appears to localise to nuclear bodies, and to confirm localisation studies 

from the literature, we co-stained for ZC3H14 and several nuclear markers, SC35, PML, 

and Coilin (Leung et al., 2009). Previous unpublished research has looked at co-

localisation between other nuclear bodies as well. Cajal bodies are distinct nuclear bodies 

that play roles in RNA metabolism such as transcription, splicing, and ribosome 

biogenesis; they are at their maximum size and number in G1/S cells, are absent in mitosis 

(Cantarero et al., 2015). We did not see colocalisation between ZC3H14 and Cajal bodies 

(Figure 27A, panel 1) .We also did not see colocalisation between ZC3H14 and PML 

bodies, which are nuclear bodies with roles in genome stability and the DNA damage 

response, which sequester, modify, and degrade target proteins (Figure 27A, panel 2 and 

Lång et al., 2019). 

We saw that ZC3H14 colocalises with SC35 nuclear speckles, which are nuclear bodies 

thought to have roles in transcription and splicing (Figure 27A, panel 3 and Tripathi & 

Parnaik, 2008). Considering that ZC3H14 has mRNA poly(A) tailing roles and roles in 

nuclear export, this localisation is in line with its canonical roles, but not its roles in the 

DDR, as there is no published link between nuclear speckles and DNA repair. Note that 

the SC35 antibody has been re-identified as staining the nuclear speckle protein SRRM2 

(Ilēk et al., 2020). 
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Figure 27: Localisation of ZC3H14 with nuclear markers. ZC3H14 colocalises with SC35 nuclear 

speckles (top column), but not with PML (middle column) or Coilin (bottom column) in U2OS cells. 

Conditions: 4% PFA fixation 10min RT; 0.25% Triton permeabilisation 2min RT; primary antibodies: 

ZC3H14 (Sigma Aldrich, HPA049798, 1:200), Coilin (Abcam, ab11822, 1:200), PML (Abcam, ab96051, 

1:200) in 1% BSA overnight at 4°C; secondary antibody (Bethyl, A120-291F Rabbit FITC anti-goat; 

Jackson, 715-025-151 Mouse TRITC anti-donkey) 1:200 in 1% BSA 1h 37°C; DAPI and mount (DAPI, 

Vector Laboratories, H-1200). Scale=16ɛm; scale in internal enlarged images= 8ɛm; scale in Enlarge 

1=4ɛm; scale in Enlarge 2=1ɛm. (n=1 repeat 1 ZC3H14/Coilin=89 cells; ZC3H14/PML=105 cells; 

ZC3H14/S35=97 cells). (Averages: ZC3H14/ Coilin=0.1693; ZC3H14/PML=0.0906; 

ZC3H14/S35=0.8788). 

To quantify the colocalisation overlap, we used Pearsonôs Correlation Coefficient (PCC), 

which describes the amount of colocalisation between two channels by measuring the 

pixel-by-pixel covariance in the signal levels of the two images; it also subtracts the mean 

intensity from each pixelôs intensity value to make sure the result is independent of the 

signal levels and background (Figure 27B and Dunn et al., 2011). The PCC value can 

range from -1 to 1, with 1 being perfect overlap between two channels. We saw low PCC 

values between ZC3H14 and Coilin (0.1693) and between ZC3H14 and PML (0.0906), 

while the value for overlap between ZC3H14 and SC35 was nearer 1, with PCC=0.8788.  
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We also show how ZC3H14 localises throughout the cell cycle (Figure 28). Because 

ZC3H14 is a nuclear protein, in mitotic cells lacking nuclei it loses its nuclear speckle 

location; the punctate pattern is disrupted during mitosis similarly to SC35 (Tripathi and 

Parnaik, 2008). There is a decrease in the punctate pattern during prophase, and it is 

completely gone during pro-metaphase, anaphase, and cytokinesis. During these stages, 

ZC3H14 appears as a faint signal with exclusion from the chromosomes contained. 

Sometimes these bodies also form interchromatin granules which appear as brighter foci 

during mitosis, but we did not observe these here. Note also that this is a preliminary cell-

cycle analysis, as we are using the comparative brightness of DAPI to distinguish between 

G1/G2 whereas we could do a more in-depth study using cell cycle assays.  

 

Figure 28: ZC3H14 colocalises with SC35 throughout mitosis. A) ZC3H14 and SC35 IF throughout the 

cell cycle. Note that each phase is adjusted separately to show what is visible in that phase, which accounts 

for the brighter cells on the edge of the merged cells in pro-metaphase and anaphase. Scale=10ɛm. n=5-10 

cells per condition. 

To differentiate between ZC3H14 speckle localisation and possible IRIF, we co-stained 

with SC35 nuclear speckles upon damage. We also showed that the nuclear speckle 

localisation pattern of ZC3H14 prior to DNA damage did not change upon irradiation 

(Figure 29A). The number of speckles did not significantly change for either ZC3H14 or 

SC35, where before damage there was an average of 39.39 SC35 nuclear speckles per 

cell and 38.61 ZC3H14 foci per cell, and upon damage 38.53 SC35 foci per cell and 36.88 

ZC3H14 foci We further used Pearsonôs Correlation Coefficient to show that the overlap 
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Figure 29: ZC3H14 nuclear speckle pattern does not change upon DNA damage. ZC3H14 was co-

stained with SC35 nuclear speckle protein upon DNA damage (3Gy, 30min). Scale=25ɛm and 5ɛm in 

enlarge from each repeat B) Quantification of the number of nuclear speckles in A. (n=3; cell counts: repeat 

1: SC35 -IR =107; ZC3H14 -IR= 107; SC35 +IR =110; ZC3H14 +IR =110; repeat 2: SC35 -IR =110; 

ZC3H14 -IR= 138; SC35 +IR =138; ZC3H14 +IR =138; SC35 -IR =121; ZC3H14 -IR= 137; SC35 +IR 

=90; ZC3H14 +IR =103). Averages: SC35 -IR =39.59±6.040; ZC3H14 -IR = 33.70±5.492; +IR 

SC35=38.54±4.142; +IR ZC3H14=36.88±4.341)) Colocalisation quantification showing Pearsonôs 

coefficient, calculated using the BioPJaCoP plugin for FIJI.  (n=3; cell count: repeat 1: SC35/ZC3H14 -IR 

= 86; +IR = 94; repeat 2: -IR= 107; +IR = 104; repeat 3: -IR =113; +IR =105). (Averages -IR: 

0.8076±0.0639; +IR=0.7839±0.09110). 

between the SC35 and ZC3H14 foci did not change significantly upon damage, with an 

average of 0.879 before damage, showing good overlap, and with 0.7839 post-damage 

(p= 0.8000) (Figure 29C).  

In summary, the pan-nuclear punctate pattern of ZC3H14 is consistent with it being a 

nuclear speckle protein, and this localisation does not change upon irradiation.  
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ii. ZC3H14 does not Colocalise with the Damage 

Markers ɔH2AX or 53BP1 

Due to ZC3H14ôs interaction with ATM, we hypothesised that ZC3H14 formed 

irradiation induced foci (IRIF). Many, but not all, DDR proteins form these foci upon 

irradiation.  

We therefore evaluated if ZC3H14 colocalises with the damage marker ɔH2AX. We first 

performed immunofluorescence using laboratory standard extraction, fixing, and staining 

conditions (see Materials and Methods II.i).  Note that in this experiment, we included 

conditions in which single-channels could be visualised: a condition with no ZC3H14 

primary antibody to visualise ɔH2AX, and a condition without IR exposure to visualise 

ZC3H14. We found that ZC3H14 could not be seen at IRIF under these conditions 

(Figure 30). ZC3H14 shows the expected punctate pattern with exclusion from the 

nucleoli, while ɔH2AX shows IR-induced foci formation. Because we are interested in 

seeing if ZC3H14 and  ɔH2AX colocalise, we quantified using Pearsonôs Correlation 

Coefficient to determine the overlap between the channels, and we accounted for most 

false-positives that occur due to separate Z-stacks being projected into a single image by 

projecting only the seven most in-focused images of the of the sixteen stacks. We did not 

see overlap between ZC3H14 and ɔH2AX before or after damage, with the PCC=0.012 

and 0.0088, respectively.  

Next, we performed a similar experiment, with a pre-extraction step prior to PFA fixation. 

The rational for CSK treatment is that ZC3H14 forms large visible condensates prior to 

damage, which could make visualisation of a signal of a small subset of ZC3H14 

localising to DSBs difficult to see. CSK pre-extraction could therefore allow for the 

brighter and less-tightly bound signal to be washed away, while the ZC3H14 that is bound 

at DSBs could be revealed. We included controls against single-channels, no damage, 

and the prior PFA 

treatment. However, we still did not detect colocalisation between ZC3H14 and ɔH2AX, 

and there was no colocalisation (Figure 31A). There is some change in the ZC3H14 

speckle appearance between the non-extracted and the CSK-pre extracted sample; some 

of the background staining that is not in the distinct nuclear speckles is less present. 

Despite this, there is still no colocalisation with ɔH2AX; all conditions have a Pearsonôs 

Correlation  
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Figure 30: ZC3H14 does not detectibly colocalise with ɔH2AX A). Immunofluorescence of ZC3H14 

and ɔH2AX upon 3Gy IR. B). Quantification of A using Pearsonôs correlation coefficient. (n=1, no 

ZC3H14= 43 cells; -IR =48 cells; +IR =37 cells. Averages: no ZC3H14=0.0886; -R=0.0121 +IR=0.0088)) 

(Averages: no ZC3H14: 0.08858±0.07554; -IR= 0.01210±0.09655; +IR= 0.008881±0.04023. 

Coefficient of less than 0.08, showing that there is no overlap present between the two 

conditions (Figure 31B).  

We next performed tandem CSK-pre-extraction with an added RNAseA treatment prior 

to either PFA fixation or CSK treatment and PFA fixation (see Materials and methods 

page 83). RNAse A treatment could aid this as well because ZC3H14 is an RNA-binding 

protein, and SC35 nuclear speckles are RNA processing bodies, so treatment of RNAse 

A could remove the nuclear speckle signal and/or the mRNA-processing portion of 

ZC3H14, revealing the DSB-responding portion of protein. Under these conditions, 
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Figure 31: ZC3H14 is not detectible at ɔH2AX marked DSBs with CSK pre-extraction. 

Immunofluorescence comparing PFA-fixed and CSK-pre-extracted samples. IR=3Gy, 30min. 

Scale=25ɛm. B) Quantification of colocalisation signal of A with n=1. Note that Pearsonôs correlation 

coefficient is higher in the ZC3H14-only channel due to nonspecific signal. (n=1, repeat 1: no ZC3H14=56 

cells; -IR PFA fixed: 67 cells; +IF PFA fixed: 92 cells; -IR CSK fixed: 32 cells; -IR CSK fixed-61 cells.) 

(PCC Averages: no ZC3H14=0.2080; -IR PFA fixed: 0.03860; +IF PFA fixed: 0.05728; -IR CSK 

fixed:0.03872; -IR CSK fixed-0.07697).  

ZC3H14 could not be detected at DSBs, with all PCC values under 0.03, indicating there 

is no overlap between ɔH2AX and ZC3H14 (Figure 32A). However, we did see a change 

in the ZC3H14 staining; upon RNAse A treatment the pattern appears to be slightly more  
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Figure 32: ZC3H14 does not form detectable IRIF. A) ZC3H14 does not colocalise with ɔH2AX, the 

major DNA damage marker, upon CSK pre-extraction or RNAseA treatment. The ZC3H14 nuclear 

speckles do change phenotype upon either or both CSK and RNAse A treatment. B) Quantification of 

colocalisation signal of A, with n=1 (repeat 1: no IR PFA =55 cells; IR PFA=57 cells; +IR PFA RNAseA 

= 61 cells; +IR CSK = 53 cells; +IR CSK RNAseA=50 cells; +IR CSK RNAseA =100 cells). (PCC 

Averages : -IR PFA =0.01040±0.03496; +IR PFA=0.01647±0.04138; +IR PFA RNAseA 

=0.0073095±0.03682; +IR CSK 0.007857±0.03468; +IR CSK RNAseA =-0.008551±0.02868). 

circular, upon CSK treatment the background signal is reduced, and the speckles appear 

smaller, and upon both CSK and RNAse A the staining is very circular with no 


















































































































































































































































































































