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OHT: 4hydroxytamoxifen domain Interacting protel

p53: tumour suppressor protein 53 PTM: predicted template adelling

PABP1: poly(A}binding protein 1 PTM: posttranslational modification

PALB?2: Partner and localiser of PWI: Proline Tryptophan Isoleucine

BRCA2 pX330: plasmid X330
PARP: poly ADP ribose polymerase Q-rich: Glutaminerich
ATM-pS1981 phospheATM RIF1: Rapl interacting factor 1

PAE: Predicted aligned emo homolog

PBS: Phosphate buffered saline

PCC: Pearsonbdés Corr 51'08pt'3N€‘;90pCoef ficient
RNF168: ring finger protein 168

RNF8: ring finger protein 8

RING: Really Interesting New Gene

PCR: Polymerase Chain Reaction
pDNA: plasmid DNA

Pen: Penicillin RNX: reactions

PFA: paraformaldehyde RPA: Replication protein A

PGEX: plasmid GST gene fusion RPEL: Retinal pigment epithelial cells

system RPEL1: retinal pigmented epithelial
PHD: plant homeodomain zinc finger rpm: revolutions per minute

Phe: Phenylalanine RT: Room temperature

Pl: Protease inhibitor s: second

SD: standard deviation
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Abstract

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 aetiolgy 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 invol ved
to double strand breaks (DSBs) is Atateétangiectasia mutated (ATM). Previous
research fr om Habadtory iddhtified a zirbogempobteis, ZC3H14,

as a DNA damagdependent ATMnteracting partner. This is an unexpected interaction

as ZC3H146s canonical roles are i n mMRNA
tail length and mRNA nuclear expgorSimilarly 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 diseiéisal

pathway.

Unpublished data has placed ZC3H14 in th
minutes after break formation. Cells lacking ZC3H14 showed striking repair defects: cells
become sensitive to ionising radiation (IR); depletion of ZC3H14 results in a petsist
increase iIin the damage -p&l98k eamdsknockdd®@nAok f o
ZC3H14 ablated irradiatien nduced f oci (I RI F) of OEar
proteins downstream of MDC1. In addition, ZC3H14imwnunoprecipitated with both

ATM and MDC1. Praminary 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 ZC3H1# 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.

15



Abstract

These cellshow an increase in endogenous damage and impaired foci formation. We
designed GFHZC3H14 domain mutants that truncate théekiminal PWilike domain or

the five tandem @erminal zinc finger domains in order to explore the mechanisms of
these domainsoAC3 H146s role in repair. We were
damagespecific substrate of ATM, and that it localises in proximity to danzegeated
ATM-pS1981in vivo.Despite these interactions, we were unable to visualise ZC3H14 at
damage fochand hypot hesise that due to ZC3H1
speckl es, there may be only a subset of
phosphorylated and responsive to damage. As well, ZC3H14 has a large intrinsically
disordered domain whictould contribute to its localisation. Interestingly, we used the
newly released AlphaFold3 server to predict that ZC3H14 could contain a diswsrder
order region which haanalphahelixes 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 soryetisnsolved role at DSBs.

This role is likely inregulating 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-ziger protein, ZC3H14, in the

DNA damage response (DDR): its interactions with Atdglangiectasia mutated
(ATM), its effect on cell survival, its impact on formation of irradiatioduced 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

Chapter 1: Introduction

|. The DNA Damage Response
I. The Physiological Importance of DNA Repair

Human cells exhibit an estimat&®,000DNA lesions per cell per dafrindahl, 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 integrityndahl and Barnes, 2000; Jackson, 2002ese
collective responses are called the DNA damage response (DDR), and encompass the
damage sensing, signal transduction, and repair of these DNA I8alang et al., 2021)
Repair can result in multiple cell fates, including repair of the damage, cell cycle arrest,
senescence, and apoptogiackson and Bartek, 2009)he nuanced regulation of these
responses is essential to avoid events ranging in severity from point mutations to
chromothripsigJackson, 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 dafageson and Bartek,
2009; Alhmoud et al., 2020; Farmer et al., 2020; Groelly et al., 2@28)cersas a
diseaseare 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 a further damaging the DN such a manner that normal cells are able to repair
their DNA, while the cancerous cells cannot reco{argovnick and Schumacher,
2015) For example, both chemand radiotherapy are based on DNA damaging agents,
either chemical or radiation, respectively. A justification fiavestigatingthe DNA
damage response is that effectideseasetreatments 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 medicind ncl udes innovative strategies
environment, and lifestyle into account when designing therapeutic approaches
(Vogelstein et al., 2013; Duan et &(Q24).For example, if the patient has cancer, then

knowing the patient és muthaideiofavhiaddrugte isg. nat u
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Chapter 1: Introduction

An example of this ismhibition of the enzyme Poly (ADHbose) polymerase (PARP) in
BRCAL1/2 deficient cacers(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 metaboleducts, cause a higher
percenage of diseasdriving mutations than do exogenous sources such as
environmental chemicals or radiatifiomasetti and Vogelstein, 20198 ecause there

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

Figure 1). Theseinclude but are not limitedo: incorrect hydrogeibonding between
bases, cytosine deamination, abasic sites, oxidation of guanirextmB8anine, addition
of bulky adducts, interor intrastrand cros$inks, and damage to the sugdrosphate
backbongLindahl, 1993; Lindahl and Barnes, 2000; Jackson and Bartek,.2009)

Replication Errors Polycyclic aromatic X-rays lonizing Radiation
hydrocarbons Oxygen Radicals
DNA Replication Stress Alkylating agents Chemotherapeutics
DNA Hydroloysis UV light Chemotherapeutics Replication Run-off
Scheduled (apoptosis, V(D)J)
Abasic site
Replication error Cytosine Depyrimidation/ : Bulky Aduct Intrastrand Interstr.and Single Strand Double Strand
(incorrect H-bonding) deamination Depurination 8-Oxoguanine crosslink crosslink Break Break
1 | | 1
T A T A G A
A A
I | i1
Mismatch Repair Alkylation Damage Repair  Nucleotide Excision Repair Single-Strand Break Repair
Short-Patch Base Excision Repair Interstrand Cross-link Repair (Fanconi Anemia Pathway) Fast-kinetic Non-Homologous End Joining

Long-Patch Base Excision Repair (Translesion Synthesis) Slow-kinetic Non-Homologous End Joining

Homologous Recombination (Gene Conversion)
(Alternative End Joining)
(Single Strand Annealing)

Break Induced Replication

Figure 1: DNA damaging agents, types of DNA lesions, and repair pathwayBNA 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 betweengheepair 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 r& replication stress, DNA hydrolysis,

and alkylating agents can lead to cytosine deamination, abasic sites, and depyrimidation or depurination
events; these are repaired by shant longpatch base excision repair, or alkylation damage repair.
Polycydic aromatic hydrocarbons, UV light,-Kays, and chemotherapeutics can all cause oxidation of
guanine to &xo0G, addition of bulky adducts, inteor intra strand crosslinks. These are repaired by
pathways including nucleotide excision repair, intersti@odslink repair (also called the Fanconi Anemia
pathway), and can be bypassed by Translesion synthesis. Breaks to thgheisghiate backbone can occur

by ionizing radiation, oxygen radicals, chemotherapeutics, replicatieoffuor a scheduled fornf dreak
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 bgfattw-kinetic canonical noitnomologous

end joining, homologous recombinati@@ene 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 (RERKellner and Luke, 2020 here is ahigher
concentration of ribonucleoside triphosphate (rNTPs) than deoxyribonucleotide
triphosphatgdNTPs) in cellswhich is 30 to 200fold higher inbudding yeast, with
similar fold differences confirmenh vivo (Nick McElhinny et al., 2010)The result is

that there is about one rN$Rrroneouslyincorporatedper 6,500 base@ ujan et al.,

2013) Thesehen affect the processivity of the DNA polymerases, and contribute to DNA
instability if not repaired by RER.

Eachtype of DNAlesionis repaired by a set of proteins that detect and repair that unique
form of damage in a generally stepwise pathwaygure 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 (ICLhwépairs chemically
crosslinked DNA). Damage to the sugphosphate 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 &d¢his 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 basitdestanding 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 pathwé&ygufe 2 and seepage3l). The
damaging evenfred), can cause different types of damage (orange), which are repaired
by specificrepair 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 roff or further incorrect repair. In response to DSBS,

the foas of this study, there is an Immedi&arly response within seconds, Early
response within minutes, Late response in hours, and finally repair. The major DSB repair
pathways are canonical ndmomologous end joining (cNHE3ometimes also termed
classical NHEJand or homologous recombination (HR). These repair responses can lead
to further downstream responses, including growth arrest, senescence, and apoptosis, if

repair is unsuccessf(frigure 2 and see pagel).

19



Chapter 1: Introduction
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Figure 2: An overview of types of DNA damage and repair pathwayd'he ImmediateEarly, 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 oBBE not repaired correctly. (B) Strand breaks,
either SSBs or DSB, have a PARP/PARylation response. In the Immeédidye response, the
PARP/PARylation can facilitate recruitment of KU70/80 and MRN to some DSBs. If &ak lig easily
ligatable, faskinetic cNHEJ (blue) repairs the damage within the Immedtatdy response without any

requirement for PARylation, processing or ATdpendent signalling. (C) If the break requires processing

prior to repair, the Early respsa is activated. This includes ATNependent 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 uncleare (Datdhresponse
includes 53BP1 and BRCAR ARD 1

as

6reader so

of

the H2A( X)

ubi

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

resection vs. engrotection machiery. (E1) Downstream repair pathways (blue) with decision points
between pathways (green). Skkmetic cNHEJ and GC are higfdelity repairs, while AKEJ, BIR, and
SSA, are mutagenic and result when repair machinery is not available. Key protaissetisare in grey.

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

2022).
.

repair

Physiological Implications of DNA damage and

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 08.08&bp

nucleotides, which encode an estima&d@94 genes, 19,969 of which are protaialing
(Nurk et al., 2022)Thesegenes are differentially spliceato 233,615 RNAs, 8245 of

which are proteircoding mMRNAS(Nurk et al., 2022)Not all DNA and RNA function
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become proteins as their end proddtlA 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
RNASs(tRNASs), long norcoding RNAs, microRNAs, and ribozymes which all enable a
wide variety of biological function€sanser et al., 2019)

In a genome that contains ov&05x10° nucleotides, it is important to maintain the
integrity of the DNA There are approximateBs trillion cells in the human bodpender

et al., 2016)and each of those cells undergoes an estimé&igagDODNA 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, 2028)amage to DNA can result in mutations to proteins,

or dysregulation of mMRNA levels, or whole genome instability. A consequence of DNA
damage is the cell 6s complex response to

that can arise from damage.

Diseases linked to DNA damage include immune disorders, neurological diseases, and
cancerqgJackson and Bartek, 2009 order to understand why such a wide variety of
disease phenotypes all arise from the same root @dnserrect DNA repaid it is

important to know the major pathways of DNA repaedpagel7 and paged0-48).

Immuneresponses use similar proteins and pathways to some DNA damage pathway; the
plasticity of the immune responsgithin lymphocytesallows an almost limitless
assembly of antigehindingdomainsin through scheduled chromosomal breakage and
re-joining (Roth, 2014) These pathways useveral unique proteins, such as RAG1/2
and many of theroteins present INHEJin a complex form of DNA breaking and repair
called V/DJ recombination. This name arises from thealed V (Variable), D
(Diversity), and J (Joining) pathwayhis pathway uses scheduled DSBs to create
randomised gene sequences, which will be translated into unique protein structure.
Because proteins including KU70/80, DN?Xcs,ATM, Artemis, XRCGC}, andLIGIV

are involved in both scheduled anohscheduled repair, the immune response is
intrinsically linked to DNA damagéredemeyer et al., 2006; Roth, 2014; Zhang et al.,
2024) Immune disorder like lymphoid neoplasms arise because of the improper
regulation of this scheduddorm of breaking and repajHalperStromberg et al., 2013)

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

in diseases such as Huntingtonds di sease
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repeats (cytosinradenineguanine)(Massey and Jones, 2018)ow expansion of these
repeats drives the neurological symptoms is incompletely understood, but DDR pathways
such as mismatch repair have been implicgtger & Pluciennik, 2021; McMurray,
2010) Another neurologicatliseasg Ataxia telangiectasia (&), is caused by direct
mutation ofthe DNA damage repair protelkTM (Burger et al., 2019Because 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 AT are also predisposed to can(see pagé3).

Many cancers are linked to DNA damage, as Dibsmage can cause mutations or
dysregulation of tumour suppressor genes and onco@gimesoud et al., 2020; Groelly

et al., 2023; Hoeijmakers, 2009; Tubbs & Nussenzweig, 201h& DDR encompasses a
wide range of pathways which respond to many types of DNA dafhage

Figure 1, Figure 2; and Gartner and Engebrecht, 2022he 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 réjg@rmont et al., 2019)

When repair is not possible, proteins within the DDR drive the cell towards senescence
or apoptosigCollado et al., 2007; Morton et al., 2010; Wong, 20These 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-gmotmenes or tumour
suppressors are often among those that lead to uncontrolled cell growt&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, 20Thke 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 integr{®einberg, 2014) The dudy of these
pathways is important to cancer researclamasiderstanding will allow for development

of precision medicines based on genetic profiling and targettdogy (Vogelstein et

al., 2013; Duan et al., 202Mlany newtreatments are based on these targeted drugs. For
example, the PARP1 inhibitor Olaparib is used iBRCALl/2nutated breast and ovarian
cancer treatments, as the synthetic lethality of both PARP1 inhibitioBRG&A1/20ss

results in cell deatfGriguolo et al., 2018)

There are several common examples of cancers arising from mutati&B®Doteins.

Theaforementionednutation to BRCAL in breast cancersigeexample, in which cells
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with mutant BRCA12 must rely oncNHEJ repair, instead of HR repdiviurai et al.,

2012; Rose et al., 202(0)53 mutation is another wekhown example protein heavily
involved in the response to DNA damaged 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 clearunderstanding of iteoles as a tumour suppressor or in its other pleotropic roles
(Oren and Prives, 2024Another example is that in addition to tAeT phenotype
previously mentionedATM mutations also lead to cancer disposit{@iv et al., 1997,
Kihne 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 tesurvive and proliferate despite replication stress and genomic instability,
these defects also make the cancer cells more dependent on certain DDR pathways, and
therefore morevulnerable to synthetic lethal strateg{®¥eber and Ryan, 2015l of

the PIKK kinases (see details on pa&f® haveinhibitors which target their specific
pathways, including DNAPKcs(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., 28h8)their
downstream pathways proteins including CHK1 and CHKA&tchell et al.,, 2010;
Riesterer et al., 2011New method of screening drugs against the DBpecific PIKKs

are relevant tahe development of drugs for either mono or combinatorial therapies
(Shaik and Kirubakaran, 2020)

ili. The PIKK Kinases

As seen when major DDR proteins are mutated, there are many disease phehatypes
occur. There are both cancer, immunological, and neurological disease when the signally
of these pathways breaks down (see g&@eMajority of the signalling pathways are
controlled by the PIKK kinases, dhe phosphatidylinositol -Rinase (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., Z0&FIKK
family includes DNAPKcs, 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
canonially target SQ/TQ sites on target prote(bempidinen 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 (se2(Qalgefact, ATM and ATR have

an estimated 4000 mutations that are associated with caNeskiewicz et al., 2021)
Mutation tothe PIKK kinases result in & when ATM ismutated Seckel syndrommm

ATR, and aadiosensitive IB-severe combined immunodeficiency (SCID)emiDNA-
PKcsis mutated Van Der Burg et al ., 2009; Weber
Gr oel | y eTheradre many2dén&iB Julnerabilities that occur when the DNA
damage response is inhibited, and the proteins that are¢afgetecare the PIKK kinase
(Wang et al., 2021)Study of these proteiéison a structural and mechanistic basis
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., 2023Yhe Ntermin of the PIKK kinases are composed of aisdenoid
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 sutiuof protein phosphatase 2A (PP2A), and the
signalling kinase TOR{Andrade and Bork, 1995

DNA-PKcs -
| | p— -
1 280 2580 40434090
HEAT repeats [_] ATM o
o 0 | | I
Kinase . ! 18032 2614 2057
PRD . ATR 2615
e | —

1 1636 2205 2483 2507

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 alssad 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 regulatesttion of the kinase domain by
blocking the access to the nucleotidiading site of the PIKKs, and undergoes conformational change
when the respective protein is activated. The FATC domain is a regulator domain at the exgemaus

of the protems, 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 DNPKcs have 460 HEAT repeats wih

form anN-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 reidrsee pade3 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 protgirotein
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 DNAPKCcs also contain AT domain. The abbreviation is an acronym
for FRAP(FKBP12rapamycifiassociated protein), ATM, and TRRAP (transformation/
transcription domatassociated proteirfXu et al., 2023)The FAT domain is composed
of repeated motifs of TRP repeats and HE&peats domains (HRD). Tetratricopeptide
repeats (TPR) are structural motifs with a h&lim-helix, which also form superhelical
structures with the repeated motifs stacking in palralhese motifs are often scaffolds
for proteinprotein interactions. The FAT domain is especially important to dimerization
of the PIKK KinasegXu et al., 2023)

The kinase domain of the PIKKs is the phosphatidylinositahasé like kinase domain.
These are composed of ar@&tminal lobe (Nlobe), Gterminal lobe (Gobe), and PRD
domain(Ueno et al., 2022; Xu et al., 2023)he catalytic cleft is in between the &hd
C-lobe. This domain, like most kinase domains, has-Bop, catalytic loop, and
activation loop, which are all essential to the function of the domain. The vernythus

of the protein has a FATC domain, it is present in the PIKKs but not camcal
kinases. The PIKK kinases are heavily involvethim DNA damage response pathways.
Thettarget SQ/TQ sites on proteins for phosphorylatimte they are activated pass the
damage signal @aa many substrate§he PRD domain regulates the kinase activity by

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

There is overlap androsstalkbetween the different PIKK kinase pathwdiggure 4).

DNA dependent protein kinase catalytic subunit (DRKcs) is the largest protein in the
NHEJ pathway, with a 469 kDa weight (Chen et al.,, 2023; Spagnolo et al., 2012).
Interestingly, DNAPKcs is one of the largest known proteins (only two other proteins,
titan and thyroglobulin, are larger). DNRKcs is the catalytic subunit of DNRK,
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 cNHEroteins repair blunt DSBs within seconds to minutes of
their formation through fadtinetic cNHEJ, or result iATM activation and the focal
recruitment of the Early and Late proteins required for stowetic cNHEJ if some
resection is needdéFigure 4 and see further discussion on pd@e DNA-PKcs is able

to phosphorylate its target proteins, including autophosphorylation of itself, HSP90,
Artemis, and p53. DNAPKcs has comparatively limited phosphorylation targets in the
DDR, which is largely because its main role in ligating bleimded beaks, with fast
kineticsin G1 cells(Lobrich & Jeggo, 2017; Shibata & Jeggo, 2020).

Ataxia-telangiectasia mutated (ATM) protein kinase orchestrates a wide range of
phosphorylation and regulatory events upon DE&&s et al., 2007; Burger et al., 2019)

It is activated in response to DNA damagellyA damage sensors such as PARR1
KU70/80m and MRN, and has a concomitant activation by chromatin remodele¢h&eand
protein TIP60, which acetylates it and causes it to mononm(&irpere 4B). These active
monomers then autophosphorylate on S1981 (see more details ob3EayKieffer

and Lowndes, 2022PDnce ATM is active it is heavily involved in the Early recruitment
of proteins to DSBs, as it propagates
recruitment of MDC1, RNF8, L3MBTL2, RNF168, 53BP1, and BRCAL. Many of these
proteins are themselves phoepflated by ATM. These proteins are required for proper
repair of DSBs through either slekinetic cNHEJ or HRerrorprone repair can also
occur through MMEJ, AIEJ, and SSA. fl repair does not occur, ATM also
phosphorylats and signalsther proteins foother cell fates such as cell cycle arrest or
apoptosis. These proteins include CHK2/Cds1, CDC35A, CDK2, CDC25C, CDC2, p53,
p21, CycE/Cdk2, and RESuzuki et al., 2011)

ATR (ataxia telangiectasia and Rad3ated protein) is a 301 kDa protein encoded by the
ATRgene. The RadB el at ed portion of the names ¢
fission yeast$. pombe)protein Rad3, which was found to have a conserved role in DNA
repair to the budding yeas$.(cerevisiaeprotein ESR1 (Bentley et al., 1996). ATR is
activated in response to RRodated ssDNA, which occurs largely in replicatioduced
situations, such as stalled replication, replication stress, formation of chicken foot
structures, and fork regressioRidqure 4C). However, these structures often lead to
DSBs, or are aggravated by DSB formatié#fTR 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 CHKL1 is phosphorylated, and
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involved in cell fate and cell cycle decisiofGui Bradshaw and Dennis, 2009
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

DNA damage ‘,

DNA damaging agent N
or replication stress <
A) B) ‘ Q)

Explosed ssDNA
Blunt DSB @ lex DSB d ti DSB \
un omplex < (an_some imes )

. : —OR000E —

\ \
Immediate-Early PARP1-3 PARP1-3 Chromatin RPA coated ssDNA,
KU70/80 KU70/80, MRN  Remodellers Chromatin remodellers
PIKK DNA-PKCs - ATM DNAend — GATRIATRIED
DNA damage LIGIV, XRCC4 YH2AX, MDC1, RNFS, P4
sensors/mediators Incorrect  WRAPS53p3, L3MBTL2, RNF168, TOPBP1, RAD9, Claspin,
* repair  Artemis, 53BP1, BARD1/BRCA1, <— RAD1, yH2AX
Early/Late Pathway: DNA Repair RIF1, Shieldin, RNAPIII si\é;gm o
(fast-kinetic cNHEJ) ‘ *
Effectors: CHK2 CHK1
boooel
Outcomes: Error-free DNA Repair: Replicataion Fork
" DNA-PK —p slow-kinetic cNHEJ Stabilisation
HR
Error-prone DNA Repair:
Error-prone DNA Repair: BIR
MMEJ
Alt-EJ Cell Cycle Arrest Apoptosis
SSA

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
PARP13 response and are detected by KU70/80sdhrecruit the DNAPK complex, made up of DNA

PKcs, LIGIV, XRCC4, and the already recruited KU70/80 to ligate the DNA inkiastic cNHEJ, that

occurs within minutes of DSB formation. B) Mazemplex DSBs are detected by PARB,IKU70/80, 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 58BP1 and
BRCAL1 for repair by slowkinetic cNHEJ or HR. If repair is unsuccessful, the cells can also repair DNA
by more mutagenic pathways such as MMEJ;RAlt or SSA. If the repair or needs more time or is too
serious to repair, CHK2 phosphorylation leadp58 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, anddH2AX. Because H2AX is also in the ATMeaded 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 forktstization or p53 activation. The cells share all
possible outcomes with the ATllependent pathway, in that they can go into efre DNA repair, error

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

for simplicity, and see htext discussion.

resolution of replicatiofinduced structures, in which case, ATR is upstream of DSB

signalling, and the formation of OH2AX f
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However, ssDNA coated in RPa#lso arises later in ATMlependent DSB repair, so ATR
is far downstream in DSBs arising from n@plication events. ATR phosphorylates
CHKZ1 and can contribute to growth arrest, replication fork restart, and in the case of one

ended DSB formation, repaiy IBIR.

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 suglosphate backbone of the DNA are broken
(Jackson, 2002DSBs risk loss of genetic material and translocations of chromosomes
(Jeggo and Lobrich, 2007 his is especially dangerous during cell division at the
kinetochore, as improper division of chromosomes can lead to aneu(Baiklyoum et

al., 2017) Even when these drastic DNA translocation events do not occur, DSBs are
dangerous to genetic stabilifWeinberg, 2014)High-fidelity DDR mechanisms that
respond to DSBs include ndromologous engbining (NHEJ) and homologous
recombination (HRjHakem, 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 sugphosphate backbone of the DNBaldecott, 2008, 2014; Jeggo

& Lébrich, 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 involvementeafigprot
involved in SSB repair -Earwphat Ragpaomrsgen t
place within seconds of the damaging e&meffer and Lowndes, 2022}-ollowing this
ImmediatetEar |y response are the O6Earl yé and 6
and hours after the damaging event, respectively (see more details dBlpafjeese
responses encompass the stepwise and fiecalitment 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 evenet 6 Lat ed r esponse. T

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 damagbl¢ 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 effectivelyleatome DSBs upon the next

replication cycle; these

A 3 B)

DNA damaging agent ‘, S DSB 5
—>
» Immediate-Early N Immediate-Early
@) D)
* Incorrect SSB repair/ Repair by fast-kinetic cNHEJ
SSB or lesion Furtherdamage  psp "
A —
N 3 N
Immediate-Early Early *
’ DNA replicati e
replication
& ‘ Repair by slow-kinetic cNHEJ or HR
TN SSB or lesion
N AN

Replication Fork progression
J—v BN\
N —_—
o\ V/ Repair, fork restart, or
\ /4 One-ended DSB
G) formation
Regressed or stalled *

replication fork _ﬂ\
<~/ WY — e _—N
N —— ~—

F)

Repair by MMBIR, Alt-EJ

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

to a damaging agent, csing formation of dluntendedDSBin B) or a SSB lesion in C). THauntDSBs

shown in B)can berepairedby fastkinetic cNHEJ If they are not reparable by this pathway, DSBs get
funnelled into the Early, Late, and Repair pathways shown ifff®.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 ImmediateEarly, Early, Late, and Repair respondéthe DNA containing the SSB or lesion seen in

C) is replicated prior to this repair as in g 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 fornoatoioneended DSB if not

repaired correctly, as seen in H)the oneended DSB is formed, it is repaired as in I) by either MMBIR

or Alt-EJ. Legend: DSB: double strabteak; SSB: single strand brealHEJ: canonical nehomologous

end joining; HR: homologous recombination; MMBIR: microhomology mediate break induced replication;
Alt-EJ: alternative end joining.

include topoisomerase inhibitorshich have the advantager oduci ng 36 pr i mq

termini similarly to ionising rdiation (Adachi et al., 2003)The PIKK kinase inhibitors
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work by reducing the phosphorylation signalling cascade, while the CHK1/CHK2
inhi bitors stop the cellsdé ability to go
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
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
CHK2 PV1019 (Jobson et al., 2009)
Topoisomerase | Topotecan, Irinotecan (Hsiang et al., 1985)
Topoisomerase |l Etoposide, Doxorubicin (Osheroff et al., 1994)

In addition, there are specific cell lines developed, such as the U20S DSBR cell line,
which use inducible enzymes to cut4mserted sites in the cethis particular cell line
inducestandem 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 Induciblevia 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 ligabthding domain,which gets imported into the nucleus
(lacovoni et al., 2010; Aymard et al., 201%hese 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
proteinssurrounding the breaks by either PCR of C{@®Rarma et al., 2023Having 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 radiatiespecific mechanism.

Another of these methods is through irradiation, or ionizing radiation(§&juki et al.,
2011) Irradiation causes genomic instability through both direct and delayed effects.
DSBs are formed because the gamma (92) r

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 DNANgaB8SE andboth

direct and indiredDSB formation(seeearlierdiscussiononpag®®). The <cel | 0s
to these damageventscan 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 (15mdir) the direct effects of damage and repair can be
studied. The gssitivity 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 andisthat cells have
different pathways that are involved to regulate them. For exam{id¢) recombination

and class switch recombination, which occuBiand T lynmphocytegRothkamm et al.,
2015) This scheduled DSB pathwag named for the variable (V), diversity (D), and
joining (J) gene segments within tiremunoglobulin (Ig0 or T cell receptor proteins,
and allows for theyeneration 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, whichrecognisehe specific recombination signal sequences which flank the V,
D, and J gene segmer(@hang et al., 2024)Theseproteinsinduce DSBsand to the
excision of the DNA between cut&nother enzyme is Terminal deoxynucleotidyl
transferase (TdT), which adds in random nucleotides and therefore makes the antigen
receptors even more variabl€he DSBs are repaired by the core cNHEJ proteins,
including DNA-PKcs, KU70/80, XLF, XRCC4, and LIGI\Bredemeyer et al., 2006)
V(D)J recombinatiorallows for programmed procesdeat promote genome instability
that maintain the overall health of the organisss opposed to other DNA repair

mechanisms which repair accidental damage to maintain genome stability.

. 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
Il.i-vi, see page81-50.)

Understanding the DSB response as a function of time from damage to repair allows us
to clarify our understanding of these responkegufe 6). The ImmediatdEarly 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 transductionLdteeresponse 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 déyigure 6 and Kieffer and
Lowndes, 2022)

DSB — Immediate Early Early Late Repair
l seconds AW minutes hours
Chromatin
remodeling
proteins,

7 PARylation

H4K20me2

Figure 6: The Immediate-Early, Early, Late, and Repair responses to DNA DSB3Vithin seconds of

DSB formation, the ImmediatEarly response can repair bleerided DSBs by fadtinetic cNHEJ. PARP

and associated PARylation events also occur within seconds. These events lead to chromatin remodelling,
resulting in TIP60 and then ATM activation. The FdResponse occurs within minutes of DSB formation,

and is dependent upon ATM phosphorylation and signal transduction. The repair focus forms during this
timeframe, consisting of chromatbound and LLPS separated components. The Lat@msespoccurs

hours after the break formation, at which point the damage foci consist of late components such as 53BP1
and BRCAL. These proteins contribute to repair pathway choice, which happens hours (to days) after the
break formation, depending on breamplexity and other factors.

An important implication of these categories is that cNHEJ is two distinct pathways: fast
kinetic cNHEJ and slovkinetic cNHEJ(Figure 7). We will discuss these later in more
detail (see pagd3l), but the distinction between these is important to deepen our
understanding of these entwined pathways.-kKasttic cNHEJ likely repairs simple and
blunt DNA breaks, occurs within seconds of the break occurring, and is A638P1,
Artemis, and reseatinrindependent. This pathway relies upon KU70/80, DIRIACS,

and DNA ligase IV. Slowkinetic 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 ligatedBoth of these pathways can repair DNA during Gierestingly,
slow-kinetic cNHEJ shares heavy overlap with the proteins involved in HRhangay

that pathway choice occurs is not yet fully understood. They both rely upon the Early and
Late proteins, includigp 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 pagb).
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Fast-kinetic Slow-kinetic HR
cNHEJ cNHEJ (GQ)

Blunt DSBs

Complex DSBs
Resection >5nt

PARP1-3

BRCA1

S PALB2
XRCC4 Artemis gigﬁ?
DNA-PKcs 53BP1 RPA
LIGIV ATM axis
DNA Pols

MRN

G1 cells G2 cells/ homolog

Repair in Repairin Repair in
seconds to minutes to minutes to
minutes hours hours

Figure 7: Overlap between proteins involved inst- and slow-kinetic cNHEJ and HR pathways Fast
kinetic cNHEJ(blue) usesthe core NHEJ proteinggreen)to repair blunt DSBs. It does not have any
proteins that are specific to this pathway. Skimetic cNHEJ uses the core NHEJ proteins (greien),
addition to many proteins involved mesection of the DNA up to 5nt, or in end protection. This type of
repair occurs when the DSB is more complex and sttheeEarly pathway activation with HR pathways.
HR, in its gene conversion form, relies upon the Early and Late repair preteiiterly to slowkinetic
cNHEJ. However, it haproteinsspecific to this pathway required for strand invasidNA replication,
and ligation.

I. The Immediate-Early Response

The ImmediateEarly response refers to DDR events which occur within seconds of DSB
formation. These events are driven largely by PARP1, which PARYylates itself and other
surrounding proteins, leading to a decondensation of chromatin surrounding the breaks
(Figure 8 andChaudhuri and Nussenzweig, 201PAR chains also act to recruit DDR
proteins, including MRE11 of the MRN compléiBeek et al., 2021)Due to a wide
variety and sometimes contradictory PARP implications in the QORlande 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., 2019PARP1 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 wouldskew data(Kieffer and Lowndes, 2022)t 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
to be renoved (by PARG) prior to DSB repair, or if they have direct impact on DSB
repair themselves=(gure 8 andCaldecott, 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
enoudn 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 DSB@.angelier et al., 2012as well evidence that PARP1 and KU70/80
compete for DSBéWang et al., 2006; Yang et al., 2018t PARP1 negatively regulates
resectior(Caron et al., 2019jhat defective cNHEJ contributes to the sensitivity to PARP
inhibitors (Patel et al., 2011that PARP3 accelerates cNHRuUlten et al., 2011)and,

finally, evidence that PARP1 and KU70/80 can form a complex togéBsande and
Kohwi-Shigematsu, 1999However, it is likely that the linkages between PARPs and
DSB responses can be confounded byKasttic cNHEJ functioning in competition with
PARP responses during the ImmediBgely response, whereas skiimetic cNHEJ that
occurs after the Late respse appears to be promoted by PARP and PARylation (see

discussion on

fast and slowkinetic 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 metabolifostteyle

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 DSBA) Generation of a DSB within a chromatin fibre.

B) Recruitment of KU70/80 to some breaks. If KU70/80 is recruited and the breakilig ligatable, fast
kinetic cNHEJ can occur. C) The recruitment of poly(Abtfbse) 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 proteare recruited to both PARP and PAR chains. E) Recruitment
of both KU70/80 and MRN at some DSBs. F) Structures of PARP1,-AhiRe, KU70/80 and MRN.
Where known, structure is superimposed within overall architecture as illustrated. Adapted from Kieffer
ard 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 DDRZakeri 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, DNAK, and XLF, which together ligate the btun
end(Jeggo and Ldbrich, 2017; Shibata and Jeggo, 202Z0é& is a process called fast
kinetic canonical noimomologous engbining (fastkinetic cNHEJ, see further
discussion on pagtd). These same proteins are involved in slometic cNHEJ as well,

but are recruited after 53BP1, and are Arteraisd resectiomlependent. Fastinetic
cNHEJ likely accounts for majority of the erfivpee 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 Immediagely 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 ncpitith 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 cémses it
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 skimetic cNHEJQuennet 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 chromatiased 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 dam&8en 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,
causingits release from H3K9me@youb et al., 2008; Lee et al., 2013; Becker et al.,
2016; HiragamiHamada et al., 2016Y1P60 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 toanomerise and aujphosphorylate on S1891 to an
active monomer forniBakkenist and Kastan, 2003; Sun et al., 2007, 200D is then

the apical kinase involved in the Early response.

The complex activation of the Immedigkarly 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 Immediat&arly response, the Early response seems to be characterised by
factors which are chromatimound, and factors which form foci/biomolecular
condensates. The chromabound factors are propagated by the phosphorylation by
ATM. The Early response igomposedof two major forms of signal propagation:
chromatin remodelling, and signal cascade propagated by ACNaudhuri and
Nussenzweig, 2017; Burger et al., 2Q119pw these interact are not fully understood, as
ATM is activated by chromatibased events (TIR® (Sun et al., 2005, 2009, 201®ut

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 responsé})

Active monomeric ATM is recruited to sites of DSBs by an interaction with NBS1. ATM phosphorylates
RSF1, which leads taucleosome sliding to reveal the DNA surrounding the break. B) ATM
phosphoryl ates H2AX (o9H2AX), which all ows the sca
is constitutively bound to MRN, the recruitment of MDC1 recruits further MRN and ATM.(C) ATM
propagates OH2AX via continued MCD1, MR N, and AT
D) I'n addition to this method of JH2AX propagat.
extrusiond mechani sm. | n t hnedirection df thé normal loa eXingiBn ma ¢ h
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 andHakem, 2008) This includes the SNF2H/RSF1 complex, which
performsnucleosome sliding directly adjacent to the DSB, allowing room for DSB end
protection and/or resection, depending on pathway cliblseet al., 2014; Pessina and
Lowndes, 2014)In addition, H2AX is phosphorylated into the DNA damage marker
gH2AX. This acts as a platform for MDC1 bindifigogakou et al., 1999; Maréchal and
Zou, 2013a)MDCL1 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 recruitmentgtd2AX brings in more

MRN as well. The feedback loop of MDC1, MRN, ATM, agd2AX 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 molecotild propagate a large

are ofgH2AX through the formation of TADs and loop extrusi@rnould et al., 2021)

When TADs (topologically associated domains) are forrttesly are pushed through a

cohesin loop(Rajarajan et al., 2016; Marchal et al.,, 201BSBs 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 proteirs MRN, MDC1, ATM, and gH2AX, form foci upon DNA damage.
However, it is important to distinguish between chrombonnd elements of a DSB foci
andnoac hr omatin bound, which form i nligwdhat h
phase separated condenéatabaannRaocahiéteah a toa
2017; Fijen and Rothenberg, 2021)
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(56 kDa) SQ/TQ BRCA1 (207 kDa)

_ DYNLL1

(i) LABMBTL2 Vi oD

N BARD1 (87 kDa)

(iii) RNF168
(65 kDa)

Figure 11: The biomolecular condensate Early response and DSB signal transductioA) ATM,
MDC1, and oH2AX 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 andtfarohistone
marker, H4K20me3, together bind 53BP1. If H4K20 is not methylated, the BARD1/BRCAL1 complex
binds. C) Figure legend. Adapted from Kieffer and Lowndes 2022.

MDCL1 itself is phosphorylated by ATM, and this acts as a platform for both LAMBTL2
and the E3 ubiquitinating enzyme RNF8 to bind (

Figure 11 andNowsheen and Lou, 2018; Nowsheen et al., 2018; Salguero et al., 2019)
Recently, a new protein scaffold, WRAPS53I
recruitment to MDC1(Bergstrand et al., 2019RNF8 then ubiquitinates L3AMBTL2. A

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

ubiquitinates histone H2A (H2AK14ub), initializing a ubiquitination casqatiroli

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

two histones, H2AK13ub, and H4K20m2ohgaki et al., 2013)nterestingly,
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BARD1, the interacting partner of BRCAL, 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 sldinetic cNHEJ and in HR, despite generally being
understood as a NHEJ factor and repressor ofbd#Rey and Sung, 2014; Béartova et

al., 2019) Interestingly, 53BP1 requires the nuclear kinesin KIF18b faeitsuitment

to foci (Luessing et al., 2021)

iiil. The Late Response andPathway Choice

The Late Response to DSBs constitutes the point at which cell begin to recruit proteins
specific to either slovkinetic cNHEJ or HR, and occurs minutes to hours after DSB
formation Eigure 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 slowkinetic cNHEJ is not yet known.

To the best of current understanding, the balance of 53BP1 and BRCAL recruitment to
specific histone modifications determine repair outcgBwhmer et al., 2011; Bohgaki

et al., 2013) These modifications are the damatgpendent ubiquitination of H2A
isoforms [H2A(X)K13/15ub] and the methylation state of histone H4 lysine 20 (either
H4K20meO or H4K20me2)FradetTurcotte 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,-diethylation of H4 (H4K20me2), is largely constitutive and
widely distributed throughout the genome and is maintained by several
methyltransferases and demgd#ises (Jgrgensen et al., 2013; Cao et al., 2028)
accessibility is also maintained, as it
complex regulation that removes them upon DNA damage to allow either 53BP1 or
BARD1/BRCAL 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 choicd) 53BP1 acts as a platform for
PTIP-dependent recruitment of Artemis for resectioslmw-kinetic cNHEJ. B) BRCAIcan be recruited

to sites of DSBs can lependent oBARD1, RAP80, MRNor PARP1and direct the cell towards repair

by HR. C) Recruitment of RIF1 and Shieldin to 53BP1. D) 53BP1, RIF1, and Shieldin can block resection,
orrecruittheCSTPol U pr i mas e c-in, prpnhotng thef fidetity of bth sldikindtid cNHEJ

and HR. E)igure legendAdapted from Kieffer and Lowndes 2022.

H4K20meO, respectivel{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, thebrief availability of H4K20meO 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 one more directed towards the skiimetic cNHEJ pathwayNakamura et al.,
2019) However, this is not the only method of BRCAL recruitmastBRCA1 forms

many other complexes that have different recruitment requirements.

It waspreviouslybelieved that 53BP1 only acts to repress HR repair, but more recent
studies bow that 53BP1 plays an active role in NHEJ reffaiadetTurcotte et al., 2013;
Mirman et al., 2018; Mirman and de Lange, 2020; Ronato et al., ZD@@)structure of
53BP1 allows it to bind to the bivalent damagduced H2A(X)15ub and the largely

constitutive H4K20me53BP1 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 resecti@hezraouket al., 2018; Noordermeer et

al., 2018; Setiaputra and Durocher, 2019)Shi el di n c aprimasd veads r e cC I
accessory factor CTCETNITEN1 (CST) to achieve the correct balance between
resection and fiin DNA synthesigMirman et al., 2018)This may allow slowkinetic
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 skiimetic cNHEJ is suggested

by its recruitment of PTIP, which in turn has fuoos in localising Artemis to DSBs that
must be processed prior to re@illen et al., 2013; Wang et al., 2014bhe nuclease
activity of Artemis is then required to process the DNA ¢€Rdballo et al., 2004)
Intriguingly, in addition to slowkinetic cNHEJ, Artemis has also been shown to promote
HR by removing lesions or secondary structures that inhibit repair by either pathway
(Beucher et al., 2009Regardless of these active roles in slometic cNHEJ, 53BP-1
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 discoveettirstomplex.
For example, CCAR2 functions downstream ofeflin (lyer et al., 2022)as does PPI
and ASFI(Isobe et al., 2021; Feng et al., 2022)

The regulation of 53BP1 and BRCAL1 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 BBRDA1 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 BRCA1l
outcompetes 53BP1 at some DSBs are emei@iagamura et al., 2019)n particular,

at oneended DSBs produced at replication forks specific recruitment of BABRRTAL

drives repair towards HR. Precisely how BRCAL1 outcompetes 53BP1-atitenl DSBS
destined for repair via HR is as yet unknown. Furthermore, improveditiesobf how
53BP1 and BRCAL are physically segregated within threensional space proximal

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

Non-homologous end joiningNHEJ)relies upon a core set of proteins to enact rdpair
ligating blunt ends of DNAthe heterodimeKU70/80, the catalytic subunitof DNA-
dependenprotein kinase@NA-PKc9g, XLF1, XRCC4,and DNA ligase IMLiglV) (Frit

et al., 2019; Chen al., 2021, 2023)Within milliseconds of DSB formation, KU70/80
binds to the ends of the DNA in a cradilee hold, which allows recruitment of the other
proteins and a platform for DNRKcs bindingFigure 13andChen et al., 2021)n the
long-range complex, which can hold two DNA ends about A18part, there are DNA
endbound complexes with the KU70/80 and DNPXs; these are then held together by
a laterrecruitedscaffoldingcomplexof XLF, XRCC4, andLiglV (Chen et al., 2021)
Stoichiometrically there are two LiglV and XRCC4, and only one XLF per loagge
synaptic complex. A likely in trans autophosphorylation leads to DNAKcs
dissociating, and the complex transitioning to a shenrge synaptic complein this, the
KU70/80-bond DNA ends,scaffoldedby XLF, are put into alignment fdigation by
LiglV. It is proposed that each strand of a DSB is ligated by a different catalytic subunit
of LiglV (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 orgmdcessingcNHEJ does not rely on homology

for repair, and is the most commi@pair pathway used in mammalian cells for DSBs, in
part because it can be used at any stage in the cell(tyeled Heyer, 2008; Ronato et

al., 2020) Despite often being labelled as an eporne pathway, it is a relatively erfor

free pathway. Part of this is due to the distincobseveral cNHEJ pathways: fasind
slow-kinetic cNHEJ(Jakob et al., 2011; Biehs et al., 2017; Chang et al., 2017; Jeggo and
Lobrich, 2017; Shibata et al., 2018; Frit et al., 2019; Setiaputra and Durocher, 2019;
Shibata and Jeggo, 2020b, 2020a; Qi et al., 20&t19 fastkinetic pathway relies upon

the core proteins listed above, and repairs breaks within seconds of their fo{deggm

and Loébrich, 2017; Qi et al., 202T)his repair does not rely upon 53BP1 (which is often
described as a NHEaromoting protein), or upon any form of resection. There is some
evidence that fadtinetic cNHEJ
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Figure 13 Fastkinetic non-homologous endoining. A) NHEJ occurs after DSB formation asdnsing
and bindingby KU70/80.The longrange synaptic compleken foms, conprised of DNAPKcs, XLF,
XRCC4, and LiglV There is a transition to a sh@ange complex, which allows ligation of the D8Bds

to come into proximity for limited processing and ligation by LigBy.Cartoon of the longange synaptic
complex. C) Cartoon of the shadnge synaptic complefroteins are shown with their crystal or Gryo
EM solvedstructure where known. Accession numbers: KU70BAXZ. NHEJ Longrange synaptic
complex:7LT3: NHEJShortrange synaptic compleXLSY. 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 nending regions of the genome and makes up about 80%
of NHEJ repair.

Conversely, slowkinetic cNHEJ does rely upon ATM activation and the entire
ImmediateEarly, 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 6nt resection, ancelieson CSFPo |l U pri mase (as wel |
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to regain lost informatiofdeong et al., 2022and likely other undiscovered mechanisms
This pathway repairs about 20% of-iRduced DSBYChang et al., 2017; Jeggo and
Lobrich, 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 regios or long norcoding 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 bothaadtslowkinetic cNHEJ,

53BP1, RIF1, and Shieldin are argisection factors and CSPol U pri mase b
resection withde novoDNA synthesis, likely improving fidelityMirman et al., 2018)
However, fast and slowkinetic 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 suggestshhatkinetic cNHEJ

can avoid mutagenic deletions by using RNA molecules as homology templates for
retrieving sequence information that can be lost during resgdtioman 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 (S&ckson, 2002; Mehta and Haber,
2014; Chang et al., 2017; Krenning et al., 2019; Pham et al., .28€l)s the highest
fidelity repair; in yeast requiring just 280nt ofin transhomology, and resecting @kb,

while in mammalian cells the minimad transhomology is unclear, but resection can
occur for up to 3.5ki{Ronato et al., 2020)n mammals, GC is dependent upon the
nuclease activity of MRN and other proteins such as CtIP, BLM, EXO1, RPA1l, BRCAL,
PALB2, BRCA2, XRCC3, RAD51, and RAD54Figure 1l). This repair pathway
requires end resection, ssDNA protection, search for homology, strand invasion, and
resolution of the resulting Holliday JunctigRigure 14 and (Jackson, 2002; Li and
Heyer, 2008)

GC, and HR in general, is often considered an dre@ repair pathway, as it uses
template strands to repair DNAI and Heyer, 2008; GuirouitBarbat et al., 2014;
Elbakry and Lébrich, 2021However, this is a misnomer, as it is still subject to mutation
and loss of genetic information; a better name is a-fitglity pathway. The highest

fidelity version of HR is GC (gene conversion), which relies upon strand invasion for
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homologydependent 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
sequenes, 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., 2024lthough 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 pattamdytheir
regulationare not yet understoofHuang & Zhou, 2008.; Scully et al., 2019)his
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), respectlizédpkry

and Lobrich, 2021)In SDSA, an unstable displacement loopl¢Dp) is formed as an
intermediate composed of a double stranded DNA double helix invaded by the broken
DNA end, leading to shottact DNA synthesis. The second end of the break is then
annealed to this newly sthesised DNA, resulting in repair that is croser
independent. This is the most common form of DSB repair, as it minimises the chance of
mutations to DNA near the DSPIjam et al., 20910n the other hand, dHJ resolution
begins with the invasion of the broken strand to form a statdep) followed by long

tract DNA synthesis. The second end of the DSB is eventually captured, leading to the
formation of joint molecules. The resolutiohthese joint molecules results in cross over

and norcross over events with equal frequengEdakry and Lobrich, 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
heritableBRCA1/2defective breast and ovarian cancers.
FurthermoreBRCA1/2defective cancer cells are sensitive to PARP inhibiffmtolin

et al., 2020; Jannetti et al., 2020; Rose et al., 2@2@) this synthetic lethality suggests
that PARP13 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
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Figure 14: Homologous end joining After DSB formation, thelmmediateEarly, Early, and Late
responses to DSBs occur, with DSBs to be process:
MRE11 and CtIP, resulting in RP&oated ssDNA. A homology search, contributed by BRCA1/2
complexesresults in RAD51dependent stranghvasion Fill-in synthesis is done by DNROLI. The

second ends captured for filin synthesis as well. This formation is the double holiday junction, which

can have crosever repair or noftross over. Th®NA strands are ligated y DNA LIJor repair.Shown

here is theénighestfidelity HR, gene conversion (GC) with namossover.

SSB repair, which results in oimeded DSBs during S phase that require HR for their
repair(Helleday, 2011; Murai et al., 2012; Horton et al., 20HYwever, it is likely that
Artemis-dependent, or slowinetic cNHEJ, also contributes to PARP inhibition
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dependent lethality in Hidefective cell{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 Il is involved in HR to maintain genomic integrity
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 andlliakis et al., 2015; Wyatt et al., 2016; Dutta et al., 2017;
Hanscom and McVey, 2020; Ramsden et al., 201igse repair subpathways occur after
Artemis and CtIRdependent slovkinetic cNHEJ fails to repair the DSB, and when there

is insufficient homology (less than 25nt) for HR. Interestingly;RAltpathways can still

occur in cells with functioning cNHEJ drHR, albeit at a frequency of just 0.6%%6
(Hanscom and McVey, 2020Given the many descriptorskal, alterative NHEJ, backup

NHEJ, MMEJ (microhomologyne di at ed end joining), -TMEJ
Mediated End joining], Synthestependent MMEJ, etc.) and the obvious confusion
generated, A{EJ subpathways mdye st be consi dered as beir
or independent. During, MMEJ resection reveals microhomologies allowing annealing,
foll owed by r e mwmaogousotdils, gap 8lling3 ajd ligadion. It is
interesting to note that PARP1 plagsrole in AltEJ subpathways such as MMEJ
(Mansour et al., 2010; Dutta et al., 201MMEJ, on the other hand, still uses

mi crohomol ogies, but also relies on Pol
nascent DNAHanscom and McVey, 2020Ylore recently, TMEJ has been shown to be

cell cycle regulated, repairing cieeaded DSBs that arise inghase in early mitosis
(LlorensAgost et al., 2021)n this pathway, RAD52 and BRCA2 delay TMEJ until early
mitosis, by which time onended DSBs have been converted to-emded DSBs. A
recent study also demonstrated that t he
function required for TMEJ; amadty, its DNA polymerisation domain can also
function nucl eol yt(zabraetadl., 202iVohen we dgnseder NHED r i mr
as a whole network of pathways, it is important to remember thakifeettic cNHEJ

occurs upstream within the Immedidarly response, while all other subdivisions,
including slowkinetic cNHEJ, MMEJ, TMEJ, and any other /A pahways, are all
resectiordependent repair pathways.
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BIR is a subpathway of HR which uses the invading strand for {cangge DNA synthesis
without the engagement of a second DSB (&ildakry and Lobrich, 2021)t therefore
repairs oneended DSBs arising from fork collapse and provides an alternative
mechanism for telomere maintenance when telomerase iqNadkova, 2018) In
budding yeast, BIR requires approximately 72nt of homology and can resect up to 1kb
(Ronato et al., 2020 his recombinatiofased 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, Rad5Rad55, and Rad5@nand 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, Mphl, 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 cishomologous repeat sequences which then anneal together with
the resulting 3N f | (@mkastal, 202050udies $n biddéingn g r
yeast have shown that SSA relies oin&3bp homology, while the end is resected until
homology occurg§Ronato et al., 2020)n yeast or mammalian cells, mutagenic SSA
occurs when GC is unavailable, for example, when RAD51 or RAD54 are depleted, the
cell switches to the RAD5dependent SSA repdi©chs 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
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 collapgBurger et al., 2019Alternately, 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, 2B8¢juse

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 proteingeohioboth HR

and cNHEJ. The repair at an ICL consists of an unhooking tsé&yglesion synthesis,
excision repair, strand invasion, and resolution. Duripn&se, there are complex repair

requirements at single or converging forks, while replicatnalependent ICL repair can
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also outside of $hase(Semlow and Walter, 2021Processing 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 ti&ely to be sensed as a classic DSB that activates

the ImmediateEarly and Early response.

There are other repair pathways that occur in unique situations. For example, DNA
polymerase d (POLQ) repairs mitoti@anDNA ¢k
Vugt and Tijsterman, 2023Yhere are also pathways of trdasion synthesis that rely
upon other DNA polymerases (such as d) wkt
more time for repair s(Goodmaraand Woedgata, 2043t i o n
Sale, 2013)

It is important to note that cNHEJ, both fashd slowkinetic, as well as HR appear to

be the default pathways in healthy wilgbe mammalian cells and they are not usually
error prone as they have evolved to operate with high fid@ligccaldi et al., 2015,
2016b, 2016a)The physiological relevance of the alternate repair pathwaysSJABSA,

and BIR under normal conditions remains an open question. These mutagenic pathways
occur in the absence of certain cNHEJ and HR factors or upephy@iological levels

of replicaton stress, for example in cancerous cells. Under such cellular conditions,
elevated levels of errgpgrone DSB repair may therefore reflect the enzymatic capabilities

of the remaining proteinghanna and Jackson, 2001; lliakis et al., 2019)

vii. RNA in DSB Repair

The pleotropic roles of RNA in all aspects of biology is an emerging fiedd/ research

is building upon the ongoing ENCODE (Encyclopaedia of DNA Elements) project which
commenced in 2012. Most notably, despite orBPA of the genome encoding proteins,

at least 75% of it is transcribed into various forms of RNA. There is engeeayidence

that the regulation of proteicnding genes, the thr@mensional 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 #iadition roles for RNA is theXIST

gene. This gene encodes a IncRNA 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 Bar( reviewed in Sadlowosielska and Magalska, 2021)

In addition to mMRNA (and unspliced preRNA) and RNAs involved in translatién
including rRNA and tRNA other more recently characterised RNAs are regulatory
including miRNA, siRNA, ncRNA and IncRNA (Chapter 1.1.ii aG@nser 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 15and Bader et al., 2020; Vagbg & Slupphaug, 2020)

Y

DSB Formation ‘
TTTTTTTTITTTIT I IIIIIIT "TITTITITI I I IrrIr ™
A) Long RNAs: B) Short RNAs:
Transcriptional and Damage sensing
translational repression Recruitment of DSBR factors
Increased synthesis of Signal Transduction
DDR factors Y Repair

DSB Resolution

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 INcCRNA, mRNA, and siRNA. Increasing synthesis of DDR factors upon DNA
damage can be regulated by IncRNA and siRNA. Howeverd Rah also be involved in sensing the
damage, as shown by snRNégulated POLRIII scanning, and studies showing that RNA could act as a
DNA damage indicator. Signal transduction involves RNA binding proteins, as well asnitdiated

LLPS formation or maintenance. In addition, efficient recruitment of multiple DDR factors and chromatin
modifiers requires INcRNA and-Rops; perhaps also involving RNidduced LLPS. Furthermore, DNA
repair itself can be directly impacted by #eecalled dilncRNA or diRNAs at DSBs. DNA end ligation can

be stimulated by RNAs. Lastly, RN#emplated 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 dama@éagbg and Slupphaug, 2020hdeed, it

has been extensively reported that upon exposure to different damaging agents, cells
respond by upand downregulation of distinct factors. Despite global downregulation of
protein synthesis, correlated with cell cycle delays, some DDR $aaterupregulated.

The regulation of other RNAs also changes upon damage, including the expression of
specific INcRNAs, siRNAs, and miRNAs, which in turn regulate DNA danrspgeific

gene expression in various ways. However, some INcCRNAs have roles/diteiod 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 ddaglgg 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 tRN#erived stressnduced RNAs (tiRNAs). The conserved
nature of this pathway suggests that it could be an early warning system for tioe cell

respond to other types of straeduced 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 OB&gbg 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 titzadcri
genes (coding or necoding) 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 beginnibg to

explored.

There is also evidence showing that RNAs play important roles in condensate formation
and the separation of different nuclear bodies (see Chafpiteii andGuo et al., 2021)
Interestingly, the RNAike polymer polyADPRribose (PAR), which is formed in
branching chains within seconds of DNA break formation, forms a Hidé®ondensate
around DNA breaks. This DNAreak inducible LLPS can drive phaseparation of
downstream preins; the link to damag@duce foci such as IRIF is unclear but
intriguing. Many proteins which can bind to PAR chains are also R Rloop
binding (Vagbg and Slupphaug, 2020)

The involvement of DROSHA and DICER to process ncRNAs intoadled damage
inducible long noncoding RNAs (diRNAs or dilncRNA) is also a source of possible
involvement of RNA in DSB repa(Francia et al., 2012, 201@)he 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 betwekogformation or resolution upon
proper DSB repai(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, 20dlhese papers describe th
loop biology, wherein sometimesIBops are beneficial to repair, and sometimes their
accumulation causes further damage. Further studies show that genome areas with RNA
polymerase | and Il activity have difint DSB repair, with links to foops(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 CSTP o | U primase can use RNA templ ates
recover nucleotides lost to resection during homologous recombir{dioman et al.,

2018; Schimmel et al., 2021pn a related note, NHEJ may also be promoted by RNA
templated repair driven by Pol €, wi t h &
having transiently inserted ribonucleotides, which are then excised by{fRE6t 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-noding transcripts, and that depending on
the sequence complementarity to the broken DNA ends, can protein repair via either
NHEJ or MMEJ, or RNAtemplated repaifJeon et al., 2022RNA-templated repair was
originally identified in yeast during chromosomal DSB ref@iorici et al., 2007; Keskin

et al., 2014)

The emerging role of DNA in RNA repair is of greéaportance 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.

Il 1. Major Proteins in the DDR

I. ATM

Ataxiatelangiectasia mutated (ATM) protein kinase is a member of the
phosphatidylinositol &inase (PI3KJrelated 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.,. ZTIOPIKK family
includes several protein kinases that target SQ/TQ sites on their substrates. Other
members include ATR, DNA&Kcs, 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 Telangiectasid JAZiv et al., 1997) This
disease is characteed by impaired growth, uncontrolled movements (ataxia),
neurodegeneration, and a predisposition for capcedominantly of breast, prostate, and
pancreatic cancgiUeno 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 suppressionthese include somattamourvariants, ATMdeficient cancersand

ATM -over expression variagfCallén 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, ufrgftion, 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
Q13315andFigure 16). Itis made up of a FATC domain, Kinase domain, arabNnoid
domain composed of HEAT repeats. Thesdenoid is composed of the Spiral domain,
with the TAN domain (Tell/ATM Nerminal motif), which has functional roles in
telomer maintenance; the Pincgomain, composed of the-pillar, Bridge, Cpillar,
Railing, and Cap(Seidel et al.,, 2008)The FRARATM-TRRAP (FAT) domain is
composed of three tetratricopeptide repeat domains (TRD) and aHp&@ts domain
(HRD). The kinase domain has thedbe, Globe, and PIKKregulatory domain (PRD),

as well as an activation logqyeno et al., 2022)The very Gterminus of the protein
contains a @erminal FAT domain (FATC).
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A) N-solenoid containing HEAT repeats

Pincer FAT Kinase FATC

T T Ir 1
C-pillar Railing PRD

N{ | Spiral [ N-pillar

B)

HEAT

Figure 16: ATM structure. A) Primary structure of ATM. ATM is composed of addlenoid with HEAT
repeats, a Pincer, FAT, Kinase, and FATC domain. Ts®llnoid contains the spiral and pincer regions,
which can be further broken down into thephlar, Bridge, Cpillar, Railing, and Cap. The FAT domain
is made up of three TRD repeats and HRD. The $@rtzas the Nobe, CGlobe, and PRD domain (as well
as the Gactivation and €activation loop). The FATC domain is in thet&€&minus of the protein. B)
Activation of ATM from a monomerd dimer with acetylation of K3016 arah autophosphorylation a
S1981. The schematicligsed orthe current resolution of ATM structure.

ATM is activated by acetylation of K3016, which is carried out by T|R@tich itself

has complex regulatiorfSun 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 compléxading to the
phosphorylation of H2AX (9H2AX) and the
Interestingly, ATM signalling must remain active for proper DNA damage response; if it
is inhibited after foci formation, improper repair results. So, héscontinuous signalling

of ATM that allows for proper repair. Downstream targets of phosphorylation include
Late and poslate 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

t he damage mar ker O9H2AX, which it binds
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 heado-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-@&rminal BRCT1/2 domain@-igure 17). A PST domain allows
it to bind to nucl eos o (Bagerocha, RO1SADUYIX | s

MDC1 only has individual domains solvet$ structure has not been fully solved.

BRCT1 BRCT2

C 2089

FHA SDT repeats TOXF repeats PST repeats

N

1 54 105 218 460 699 768 1141

189119701991 2082

Figure 17: MDC1 structure. A) Primary structuref MDC1. Domains are shown in grey.

iil. RNF8

RNF8 is an E3 ubiquitin ligag¢luen et al., 2007; Kolas et al., 200R)ring finger is a

type ofzinc finger, and ring finger ubiquitin ligases comprise one of the most populated
enzyme families in mammalian cells, with over 600 memf@eshaies and Joazeiro,
2009) Many RING domains have the consensus motk&C-Xg.39-C-X1.3-H-X.2.3-C-
X2-C-X448-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 andBartocci and Denchi, 2013)

Like all E3 ubiquitin ligases, RNF8 is primed with ubiquitin through an enzymatic
cascade involving a ubiquitiactivating (E1) and ubiquitieonjugating (E2) enzyme; in
the case of RNF8, the interacting E2 is UBC13. RNF8 can ubiquitinate proteins wiith bot
K63- and K48 linkage. This is important, because K4iikage targets proteins for

degradation, while K68nkage is for signalling, largely within the DDR.

RNF86s canonical role is in the DDR at th
However, WRAP53b has been i mpl(Heorkdsenedt up s |
al., 2014; Rassoolzadeh et al., 2015; Coucoravas et al., 2017; Bergstrand et al., 2019)
WRAP536b, has been reported to contribute
mechanism involving phosphorylation by ATM (at S64) antbcalisatiorwith MDC1
(Henriksson et al., 2014; Rassoolzadeh et al., 2015; Coucoravas et al. RAATF hinds

to MDC1 via the FHA domain of RNF®teracting with the TQXF domain of MDC1,

via an ATM-dependent phosphorylation on MDC1. RNF168 polyuibigates L3BMTI2

on K659 via K48linkage, 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
UBCHS8 and UBC13, leading to catalysis of either KdBK63-linked ubiquitin chains,
respectively(Lok et al., 2012) Ubiquitination is best known for marking proteins for
degradation by the proteasome via Kifked chains, but the KéBnkage playsan
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 respongkok et al., 2012; Bartocci and Denchi, 201Bpr
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
ard RNF168 in the DSB response include ubiquitinatiependent regulation of
L3MBTL1, KDM4A (JMJD2A), and 53BP1. However, these roles have not been fully
elucidated and involve K4Bnkages more typically involved in proteolysis. In addition,
RNF8-dependet ubiquitination of NBS1 may aid the stabilization of MRN at DSBs (Lu
et al., 2012).

FHA RING-ZnF
N o
! 38 92 & 403 a4 485
5Q

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 interactiqiKolas et al., 2007)B) AlphaFold3.0 prediction of

RNF8 structure.

V. 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 attw@matin factors to condense it

into both heteroand euchromati(Fritz et al., 2016; Uckelmann and Sixma, 20ThHese
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,phas

resulting in homologous chromoson{€8unta 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 statéfhe 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 (NIISskt 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 cellFritz 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 heteow euchromatin, while others can be activated or
silenced by certain factof@orrison and Thakur, 2021)T'he 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 theosemt 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 Co®@dg factor
(CTCF) (Aymard & Legube, 2016; Zhao efl., 2015). TADs are formed by loop
extrusion, in which chromatin is pushed through the cohesin molecules until opposing
CTCF are encounteréRajarajan et al., 2016; Marchal et al., 20I%)ey TAD formation
process has been implicating in spreading DNA damage foci, which will be discussed in
more detail late(Aymard and Legube, 2016n essence, TADs link together groups of

genes to be regulated with their sometimes far arpdownstream enhancers and
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promoters, making sequences that are distant in a sequential manner close together in

threedimensional 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
segregatednto liquidtliquid phase separated (LLPS), biomolecular condeng&tesm

and Brangwynne, 2019) Not e t hat Obi omol ecul ar conde
for than LLPS, as it doesnot i mply a me
different nuclear bodiesomprised of DNA, RNA, and proteif®uinodoz et al., 2021)

Although there are cytosolic compartments that could be classified as biomolecular
condensatés such as processing bodies, stress granules, and P granules, here we will
focus on nuclear bodie@-igure 19). Interesting, areas of dense and specific DNA

condense into phaseparated bodies, including ribosomal DNA (rDNA), the Barr body,

Figure 19: The nucleus and subnuclear compartmentdviajor components are shown in colour: DNA

is shown in dark bl ue, in andligdy 6widinall kDODRIAeatsai I
correspond to heterand euchromatin, as well as the absence of DNA from the nucleolus (light blue). The
nuclear lamina is shown in red. In yellow istoine 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., 2088r bodies are not

bound to the chromatin, including the nucleolus, paraspeckles, Cajal bodies, and nuclear
specklegLafontaine et al., 2020)nterestingly, 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 site§vancurova et al., 2019PARP1 is required for protein localisation

at Cajal bodies after damagkotova 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 transcripti@ampalans et al., 2007; Wong et al.,
2013) One study found that nuclear speckles changed morphology in response to
chemical stressol&Raina and Rao, 2022)

li. Nuclear speckles

Nuclear speckles are dynamic bodies within the nucleoplasm of mammalian cells and
contain high concentrations of protein, mRNA processing anem@®BA splicing
factors, norcoding RNA regulators, as well as other proteins involved in transcription
(Figure 20 and (Lamond and Spector, 2008)uclear speckles were originally called
inte-chromatin granule cluster, after their interspersed phenotype as seen via light
microscopy. With the advent of immunofluorescent techniques, they were described as
nuclear speckled.amond and Spector, 2003)hey 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 nualespeckles being SC35, which is itself a splicing
factor (Tripathi and Parnaik, 2008However, recent studies have shown that the SC35
antibody primarily recognises the SR protein SRRM2 (Serine/arginine repetitive matrix
protein 2)( | | € k e t Alsa interestin@y) de$pite being repositories for splicing
factors, they do not seem to be required for splifiialper et al., 2022pband there is yet

no agreement on their role in thelcel

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 pranRNA processing and splicing has not been proven experiliyenta
(Faber et al., 2022bdnstead, nuclear speckles appear to be associated with areas of high
transcriptional activity. They have been
actual location of theplicing; they could be involved in (RBP) and export factor addition,

or they could be 0depot s-prodessingmaghiheifffadem g f a
et al., 2022h) An emerging theory supported by both microscopy and geroasied

studies is that the periphery of the nuclear speckle acts ttufiesgene regulatiofChen

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-gttesmosomal hub&uinodoz et

al., 2018)

60



Chapter 1: Introduction

%
Active GemmWWf

MNMJ Chromatin

» Nuclear speckle

"’M\\\Q: £ Nascent transcipts

&
200090908

Inactive Gene

T+ ' Splicing factors

VY . RNA polymerase
Inactive Gene

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 theictévity. Nuclear speckles also contain long raoding RNA and other
protein factors.

Nuclear speckles are formed in the interchromatin spaces, yet are stably associated with
the chromatinFigure 20. They fractionate in the insoluble pellet unless treated with
MNase or high salt concentrations, much like histqiRz8na and Rao, 2022pespite

the dynamic diffusion of factors in and out of these bodies, nuclear speckieise
purified from cells, and over 350 proteins have been identified as being enriched at
nuclear speckles via mass spectrometry (as compared to centromere enridDopeat)

et al., 2020) There is of course a dichotomy between a memHbessebody that is
nevertheless able to be purified and is insoluBkecently 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 liquidiroplet type bodies throughultivalent interactiongDopie et

al., 2020) Like other nuclear bodies, they dissociate during mitosis and reform in G1
(Lamond and Spector, 2003Vhen 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 gmules (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 decrgd@sgmsthi and
Parnaik, 2008)

The top ten most enriched proteins at nuclear speckles are: SON, SRRM2, PRPF40A,
RBM25, ZnF207, LUC7L2, SRRM1, WTAP, ZC3H14, and ACI{{Dopie et al., 2020)

Nuclear speckle formation can be disrupted by loss of specific factors, inclugipg2,

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 |@rgber et al., 2022;

Liu et al., 2021; Matsui et al., 2020)he formation and organisation of nuclear speckles
has been descr ielxecch ansgg ea moRled u-phasmeegaratade y a
yet have distinct membertamond and Spector, 2003)he inout 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 importantitodlesinvolving active

genes, while the core is either a repository for relevant proteins, or an area for recycling
sf nuclear speckle factoriological roles than the entire nuclear body. In this model,

it is the proteins on the outside of the
genes(Faber et al., 2022b)This intuitively makes sense, as nuclear speckles are
inherently interxchromatin, 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 premRNA (Bhat et al., 2023)directed recruitment of preaRNA 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 sfeschks extremely dynamic, and different
between different cell types. They integrated these ideas to show that nuclear speckles
are somehow | inked to mRNA splicing, and
genomi c DNAG dr i v e satiosspand coatmls onRNA splionyc e n t
efficiency. In fact, a significant portlkofgenes ar e positions nea
near nuclear speckl¢€hen 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 damdBaina and Rao, 2022)n addition, the catalytic
subunit of DNAPK, one of the PIKKSs, relocalises to nuclear speckles after it dissociates
from the DSB(Liu et al., 2019) This study showed that inactivation of DNAKcs by

either inhibition or interference changed the splicing of a subset ehBiidAs after
genotoxic stress. This shows a novel localisation of a DDR protein and its impact on
splicing. Another study screentat transcriptionrelated NS factors involved in HR, and
characterised USP42 as promoting DEAd resection by facilitating BRCAL
recruitment to DSBs, and showed that its localisation to NS was recruited for efficient
HR (Matsui et al., 2020)

ill. | rradiation -induced foci

Irradiationi nduced foci (I RIF) are 6émicroscopic
response to DSBs (Rothkamm et al., 2015). Their relevance to the study of DNA is such
that often the first proof of atoteseifntl y i
|l ocalises to damage foci. Note that the
upon irradiation, and is therefore a limiting the definition; it excludes proteins which are

not easily detectible, as well as damag#uced foci thaform in response to other types

of damage than IR. A better term for IRIFs is Di&pair foci, as it does not exclude by
definition other damaging or detection methods, and instead describes foci as cytological
manifestations of DNA repaiiMisteli and Soutoglou, 2009 hese are detectible by a

variety of sensitive techniques, including basic immunofluorescent assaysa@jry

relevant proteins to not rely on antibody detection, micexiation, lasestriping, PLA,

or using restriction enzymes in place of irrdita to cause sitgpecific DSBs.

IRIFs are stable, yet dynamic structures which draw from nucleoplasmic pools of DDR
proteins to form a concentration of repair factf®thkamm et al., 2015; Fijen and
Rothenberg, 202Ihere 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 damagénduced 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 chromatithe 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,
l argely i n t lBarméea al.n2004;fLowndd2aAdXToh, 2005; Podhorecka
et al., 2010; Meyer et al., 2013; Aymard and Legube, 2Q86H2AX is a histone, this
scaffolding phosphorylation is intrinsically rooted to the chromatin, as are proteins which
bind to it and other damaggpecific histone marks, such as MDC1 and 53B#iich

binds H2AK®ub (Panier & Durocher, 2013)However, the damage foci is not limited

to chromatinboundproteins, 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 bége foci, or which percentage is
actively bound to the chromatin insteadooctupyinginter-chromatin spacéRothkamm

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 singgranded DNA (ssDNA in the middle of an expanding
condensate containing more DDR fact@#odke 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/BRCAL, and
RIF1 (BekkerJensen and Mailand, 201 ote that newer implicate proteins in DSB
repair, such as REV7 and components of the Shieldin complex also form dspeade

foci (Dev et al., 2018; Li et al., 20223s do most other lesequently referenced proteins

such as RAD18 and PTIP. Interestingly, players in the Fanconi anaemia pathway also

form damagespecific foci(Pessina and Lowndes, 2014; Ceccaldi et al., 2016b)

Other proteins do localise to DNédamage foci, but are not as easily detectible, such as
KU70/80. Despite being involved in different ways in the Immeekzdy, Early, and

Late stages of repair, KU70/80 require more involved methodologies than simple
immunofluorescence to detect, requirilRNase and detergerbased prextraction

followed by highresolution microscopy, and specific and optimised antibdggagon

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
phosphoryl ation of the histoneBummaetialant H
2001) The o0H2AX mar ker can spread up to 21
and the DSB foci can essentially precipitate around this marker and use it as a scaffold
for further protein recruitment. MDC1 bi

a scafold 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 chron{@aron and Polo, 2020)3BP1 is clearly
important for slowkinetic 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, phasparatedandensates (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 reeegemo circular
structures (termed Omicrodomainsod), wher
53BP1 nanodomains/TADs, only one of which contains the DS&hs et al., 2019;

Caron and Polo, 2020)nterestingly, preresection factortocaliseto the centre of the
microdomain, likely to segregate such proteins away from the DNA until such time as
they are needed, while améisection factors congregate within individual nanodomains.
The exact relationship between nanodomains, microdomainslaamagefoci 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 disaftbrethe DSB

is repairedKihne 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 theufis persistent, does it mean that

the DSB is persistent as well? Or that the DSB is repaired but the repasiioot yet
resolve® We know that some proteins are cleared from DSBs earlier than others, just as
some are recruited earlier in the repair
like 53BP1, still doing a job in persistent foci? These are all questions of eete@rch

in the field.

DNA damage foci have been studied in many cellular contexts, including established cell
lines, primary cell cultureshreedimensionain vitro tissue models such as organelles,
and histological tissue sections. The most commonly used technique is
immunofluorescence using antibodies conjugated to the target pfioteat al., 2019)
However, immunofluorescence using protein fusion constructs with fluorescent probes
are also used in liveell imaging, as is immunohistochemical staining in tissues. Scoring
of the detected foci is also an important aspect of foci quantification, asedifts

between reagents and hardware can be minimised with strict and unbiased scoring
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criteria Even modern use of Al learning has satisfactorilysolved the difficulties in
guantifyingIRIF, and manual quantification of IRIF outperforms software and is still the
standard methbof 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 fociFor example, there is a strong correlation between DSB induction and
H2AX f or mat i anegnthat ihis asl:1 datoeand timecetis no good way to
fully determine what number o f(Niktdhiztlall f oc i
2020) There is datshowing that theyendto colocalise with other DDR proteins like

53BP1 andATM -pS1981S1989)(Celeste et al., 2003; Rothkamm and L6brich, 2003)

In other words, the most frequently used marker of DNA damage does not always
correspond to either the break or to other-focming damage proteins. Part of this could

be due to the heterogeneous distribution of H2AX in the nucBewdrsdorf et al.,

2006) In fact, this same study showed that there was almost no overlap of the signal
bet ween H2AX and -IR. HhksAlieslttanvirtmally @lbH2AX within

a O0DSB response clusterd is phosphoryl at
studyshowing that H2AX is phosphorylated in undamaged chromatin in -aypeear
response in addition to the foci at damage sites, mediated byAXN@Meyer et al.,

2013 There are of course other issues wit
the delay of DSB formation and formation of visible f¢Bothkamm et al., 2015)
expulsion of IRIF from heterochromat{dakob et al., 2011)and the coalescence of

multiple foci in proximity into one in clustefdleumaieraet al., 2012)

A major |limitation in addition to using
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, aflid the ce
cannot be imaged. Development of techniques that allow siogledetection and
identification would be invaluable in this field, and could address major gnesiech

as the importance of the chromatin state and active/inactive genes on damage foci

formation and resolution.
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V.ZC3H14
I. ZiInc 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 g€Basgh and van
Attikum, 2021) Their roles range from transcriptional regulation to-pRRNA
processing, protein folding to lipid binding, and even to regulation of apojtasig et

al., 2001) Their versatility comes largely from the ability of tAenc fingers to bind

DNA, RNA, and other proteind.aity et al., 2001; Cassandri et al., 20IH)e sharp turn
created by the coordinated (Millenetal,kl1l88%) f or n
unlike in catalytic or regulatory zinc domairtke zinc ion itself is not directly involved

in binding the targets or the biochemical activity of the prof&inshna, 2003) The
classical 2Cystein 2Histidine (CCHH) type proteins are the most common and studied
form of zinc finger proteins, and in fact, the first discovereohc finger the IlIA
transcription factor (TFIIIA) fromXenopus laevisontained this domaitMiller et al.,

1985; Cassandri et al., 2017lo date lhere are over 50 types dinc finger motifs
identified, including RING, PHD, and LIMype, as well as treble clef fingers, zinc
ribbons, and leucine zippef&rishna, 2003; Cassandri et al., 2017; Singh and van
Attikum, 2021) All these domains are made up of-B00 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 coodinate the zinc iorfDaniel and Farrell, 2014Yheir varied structure allows

for varied function, withzinc finges now implicated in most biochemical pathways
(Vandevenne et al., 2013)

In zinc finges, the cysteine and/or histidine residues coordinaté‘aamnvia tetrahedral
metatligand bondgDaniel and Farrell, 2014The 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 theinc 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 tge 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.-Xs-C-Xs-C-X3-H). The amino acid residues
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present in the linkers determine the targets the fingers can bind, be it DNA, RNA, protein,

or specific targets within these broad categories.

The CCCHltype zinc fingerfamily is a small family ofzinc finges, with initially 55
identified in humans and 58 in mic€aple 2 andLiang et al., 2008; Fu and Blackshear,
2017) These CCCHype zinc fingers all have the generalised motiX £15-C-X4;7-C-

X3-H. Analysis of the identified proteins shows th&haugh 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 immufigng et al., 2015; Fu and
Blackshear, 2017More specifically, CCCHypezincfinges 6 r ol es i n RNA
include mMRNA decay, polyadenylation, splicing, and mRprocessing'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 thirst 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 CCH¥pe domain, but with different spacing in the
linkers and threfore but did not fulfil its function, indicating that the CCCH domain has
specificity to theCCHH, and the cysteine is not interchangeable. In addition, the same
study showed that changing a conserpénylalanine 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 aboligl its binding ability.

Another study showed that the-gibond between the Histidine coordinating the zinc,
and the conserved phenylalanine, was needed for RNA bi(idanet 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 papdret 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 genomerhe most
commonly used gene name is used, with other ndisted 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).

Gene name Description or other name

Other names

CCCH zinc fingers

#Zinc
Fingers

Known Molecular
functions

Known Biological functions

CNOT4 CCCR4-NOT complex, subunit 4 CLONE243; NOT4 CX8 cx4 CX3H 1 Deadenylation Megakaryocyte differentiation
CPSF4 Cleavage and polyadenylation specific factor 4 CPSF30; NAR; NEB1 5 mRNA splicing Antivirus

CPSF4L Cleavage and polyadenylation specific factor 4 like - a4 - -

DHX57 Death box protein 57 DDX57 1 - -

DUS3I Dihydrouridine synthase 3-like DuUs3 1 = =

HELZ Helicase with zinc finger domain DHRC; HUMORFS 1 RNA helicase -

HELZ2 Helicase with zinc finger domain 2 PDIP1; PR1C285 1 RNA helicase Adipocyte differentiation
LENGS Leukocyte receptor cluster member 9 = 1 = =

MBNL1 Musclebind like 1 EXP; MBNL 2 mMRNA splicing Myoblast differentiation
MBNL2 Musclebind like 2 MBLL; MBLL39 4 mMRNA splicing Myoblast differentiation
MBNL3 Musclebind like 3 CHCR; MBLX - £ mRNA splicing Myoblast differentiation
MKRN1 Makorin ring finger protein 1 RNF61 3 E3 ligase Tumorigenesis

MKRN2 Makorin ring finger protein 2 RNF62; HSPCO70 2 Putative E3 ligase Neurogenesis

MKRN3 Makorin ring finger protein 3 CPPB2; RNF63; ZNF127 3 Putative E3 ligase Central precocious puberty
NUPL2 Nucleoporin like 2 CG1; NLP1 1 RNA export =

PAN3 Pab1p-dependent poly(A) nuclease 3 - 1 Deadenylation -

PPP1IR10  Protein phosphatase 1 regulatory subunit 10 CAT53; FB19; PNUTS 1 Adaptor protein Inhibition of HIV replication
PRR3 Proline rich protein 3 CATS6 1 - -

RC3H1 Roquin-1 ROQUIN; ROQUIN 1; RNF198 1 mRNA decay Immune homeostasis
RC3H2 Roquin-2 ROQUIN 2; RNF164; MNAB 1 mRNA decay Immune homeostasis
RIPARP TCDD-inducible poly(ADP-ribose) polymerase PARP7; ARTD14 1 mMRNA splicing Antivirus

RNF113A  Ring finger protein 113A CWC24; TTD5; ZNF183 1 e =

RNF1138  Ring finger protein 1138 RNF161; ZNF183L1 : - -

RTRMT1 TRM1 tRNA methyltransferase 1 TRM1 1 tRNA methyltransferase —

7031 Target of Egr-1 = 3¢ Deadenylation Inhibition of HIV replication
U2AF1 U2 small nuclear RNP auxiliary factor, 35 kDa subunit U2AF35; U2AFBP; FP793 2 mMRNA splicing Blood cell differentiation
U2AF1L4 U2 small nuclear RNP auxiliary factor 1-like 4 U2AF26; U2AF-RS3 2 mRNA splicing T cell activation

ZC3H1 Poly(ADP-ribose) polymerase 12 PARP12; ARTD12; MST109 3 mRNA translation Inflammation and antivirus
ZC3H10 Zinc finger CCCH containing 10 ZC3HDC10 3 = Putative tumour suppressor
ZC3H11A  Zinc finger CCCH containing 11A ZC3HDC11A 3 mRNA export -

ZC3H12A  MCP-induced protein 1 (MCPIP1), Regnase-1 MCPIP1; REGNASE 1 1 Ribonuclease Inflammation and immunity
ZC3H12B  MCP-induced protein 2 (MCPIP2) MCPIP2 1 Putative ribonuclease  —

ZC3H12C  MCP-induced protein 3 (MCPIP3) MCPIP3 1 Putative ribonuclease Inflammation

ZC3H12D  MCP-induced protein 4 (MCPIP4) MCPIP4; TFL; P34 1 Putative ribonuclease Inflammation and immunity
ZC3H13 Zinc finger CCCH containing 13 KIAAO853 s & mRNA splicing Inflammation

ZC3H14 Zinc finger CCCH containing 14 Nab2; UKP68; MSUT2; SUT2 5 i i

ZC3H15 Immediate early response erythropoietin 4 LEREPO4; HTO10 1 - HIV replication

ZC3H16 RNA binding motif protein 22 (RBM22) RBM22; CWC2; FSAP47 1 mMRNA splicing -

2€3H17  RNA binding motif protein 26 (RBM26) RBM26; PPP1RB2; ARRS2 1 - -

ZC3H18 Conserved nuclear protein Nhn1 NHN1 1 mRNA export Inflammation

ZC3H19 Zinc finger, Martin type 5 (ZMATS) ZMATS; SNRNP20 1 - -

2C3H2 Zinc finger CCCH-type, antiviral 1 ZC3HAV1; ZAP; PARP13 3 mMRNA decay Antivirus

ZC3H20 RNA binding motif protein 27 (RBM27) RBM27; ARSS1; PSC1 1 = =

ZC3H22 U2AF1-related sequence 2 (ZRSF2) ZRSR2; URP; U2AF1RS2 2 mRNA splicing Blood cell differentiation
ZC3H3 Smad-interacting CPSF-like factor SMICL 5 Polyadenylation =

ZC3H4 Zinc finger CCCH containing 3 C190RF1 3 - -

ZC3H5 Unkempt homologue UNK; UNKEMPT 5 MRNA translation Neuronal differentiation
ZC3H5L Unkempt-like UNKL 5 - =

ZC3H6 Zinc finger CCCH containing 6 ZC3HDC6 3 = =

ZC3H7A Zinc finger CCCH containing 7A HSPCO55 3 = =

ZC3H78 Zinc finger CCCH containing 78 ROXAN - - -

ZC3H8 Fetal liver zinc finger protein 1 FLIZ1 3 Transcription repressor Thymocyte homeostasis
ZC3H9 Zinc finger and G-patch domain-containing protein ZGPAT; ZIP; GPATC6 1 Transcription repressor Tumour suppressor
ZC3HAV1L Zinc finger CCCH-type, antiviral 1-like C70RF39 2 = —

ZFP36 Tristetraprolin (TTP), TIS11 TTP; NUP475; TIS11; GOS24 2 mRNA decay Inflammation and immunity
ZFP36L1 Zinc finger protein 360like 1, TIS11B TIS11B; BRF1; BERG36 2 mRNA decay Immune cell maturation
ZFP36L2 Zinc finger protein 36-like 2, TIS11D TIS11D; BRF2; ERF2 2 mRNA decay Immune cell maturation

It is interesting to note that most zinc finger proteins are identified by sequence analogy

using software, and very few have been verified to bea@mgugatingn vitro. There are

studies showing thainc fingerproteins are sometimes mdentified IronrSulphur (Fe
S) clustergLee and Michel, 2014; Shimberg et al., 2018; Pritts and Michel, 2022)

Interestingly, the classicainc finger(CCHH) type is often actually a zireonjugating

motif, while nonclassical motifs (such as CCCH a@@HHC)) have been proven to be

FeS 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 bé& Be Fe*, and therefore has a

different range of biological applications. Many-&ecluster containing proteins are

involved in electron transport, and can have enekgyendent biological roles. Zinc on

the other hand is almost always found as Zn(ll).
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li. Physiological Implications and mRNA Processing of
ZC3H14

A systematic, largscale study identified ZC3H14 as the causea ofonsyndromic
autosomal recessive intellectual disability (NRID). The study was performed in large
consanguineous Iranian families, and sought to determine the genetic factors underlying
any intellectual disabilities. An unspecific, or nsyndromic, érm of autosomal
recessive intellectual disability was linked to a chromosome 14§3h@Bespondingo
amutation inZC3H14 in two independent consanguineous fami(idajmabadi et al.,

2007; Kuss et al., 2011; Pak et al., 20Ihis mutation of R154X resulted amissense
mutationthat eliminated expression of isofai3 of ZC3H14 but not isoform 4, which

lacked the exon containing the mutat{teung et al., 2009)

Paket 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 @3H14 protein was expressed in hippocampal neurons, where it
colocalisel with poly(A) RNA (Pak et al., 2011)They then used B. 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 lengtth, an
hypothesisé 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 uponexepression of dNab2, and partially
rescued with expression of human ZC3HK&lly et al., 2016; Bienkowski et al., 2017)

Their data suggests braspecific 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 thatwlai
testeg(Kelly et al., 2012; Rha et al., 2017hterestingly, 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 taZC3H14that corresponded to the NSRID 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. &he Pak
al paper describes this as a new splice variant, and confirms BRI However, it is
unlikely that this is a continuous continuation of the exon 16, and rather has splicing
involved, as there is a stop codorfiame with exon 16 within that 16bp gap. Niother

publications have mentioned this mutation.

Research has focused on ZC3H140s affect I
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 (daceada et al.,

2008) and more recently was linked to ovarian cancer pathoggfesisofyeva et al.,

2016) Another study identified it as a tumour suppressor emmeshed in the dysregulation

of the integrin pathway implicated in hepatocellular carcingaieang et al., 2019)n

addition, ZC3H14 was identified as an amplified gene in about 15% of prostate
neuroendocrine adenocarcinomas (NEPCSs) in a whole exome sequenciry\&tndyet

al., 2014a)We will go intoa detailedaal ysi s of ZC3H1406s 1invo

seen in cancer bioinformatics st the results section (see pdgé&-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
accumulabn of Tau plaques i n di s éMeeterseta,uch
2019a; McMillan et al., 2021)-or 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 MSUT@Nheeler et al., 2019b; Baker et al., 2Q40)cancer studies it

can be called NYREN-37, as it was identified as an antigen in a screen of-patlal
carcinoma(Scanlan et al., 1999Further, 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. THéferent 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 researchWhile 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.
iil. ZC3H14 mRNA ProcessingRoles

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 proteifSchneidePoetsch and Yoshida, 2018efore 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 anec@p, as well as splicinglalbeisen

etal, 2008) The 5 06-mBNAds poofecteg byethe -Gap, which is a single
molecule of f7met hy |l guanosi ne, wh irAdenosineh(Roly@)ptaile n d
(Kuhn and Wabhle, 2004The Poly(A) is the protective sequence of adenine residues that

i s added t o -niRNA&diretly afemtrdnsanigtiofiiinneand 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, th@RKA can be
spliced, excluding introns and splicing together the remaining exons, in highly somple

and regulated pathway#/einberg, 2014)

The mRNA processing function of ZC3H14 has been explored in several gtddiest
al., 2009; Pak et al., 2011; Kelly et al., 2012¢3H14 is involved in the regulation of
the length of Poly(A) tails, as knockdown results in extended Poly(A)(Masris and
Corbett, 2018; Kelly et al., 2012)heD. melanogasteorthologue is essential for mnRNA
production, and ZC3H14 is also involved in nuclear export of mRi#ector et al.,
2002; Hurt et al., 2009; Schmid et al., 2018)is is the known canonical role of ZC3H14.

Data shows that human ZC3H14 colocalises with nuclear speckles, confirming an earlier
report on mouse Zc3hlahd dNab2 localisatioflLeung 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 immunofluorescéDopie et al.,

2020) As discussed earlier, nuclear speckles are dynamic structures within the
nucleoplasm of mammalian cells and contain mMRNA processing amdRKA splicing

factors, as well as other proteins involved in transcripfi@mond and Spector, 2003)
Recently nuclear speckles have been shown to behave as liquid droplets, and most
proteins at nuclear speckles have Joemplexity domains (LCDs) which may allow
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formation of these liquidiroplet type bodies through multivalent interactigDspie et

al., 2020) (For more on nuclear speckles, see Chapt¥f.if).|

Both the location and the knockdown effects on Poly(A) tail length confirm that ZC3H14
has roles in mMRNA metabolism. Consistent with this role, ZC3H14 was recently shown
to directly interact with the THO complex, a mMRNA processing complex located in
nuclea speckles which speciaés in nuclear export of mMRNAJimeno and Aguilera,
2010; Puhringer et al., 2020)he THO complex is required for transcriptierport, and
described as a 0 h u bAldo,intthis pomplex are THO@Trand i nt €
UAP56. These proteins interact in a multivalent hub. THOC1 (THO Complex 1) is a
member of the THOC1, and contains-#@minal 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-pt&NA export, as well as accumulation of R
loops (Cai et al., 2020)It does not have known implications in the DNA damage
response. Howevergegletion of THOC1 leads to-Rop formatiofDominguezSanchez

et al., 2011; Barroso et al., 201®)terestingly, the THO complex has been studied in
relation to hepatocellular carcinoma, which has also been linked to ZQZHanAg 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 nuc{®ris and Corbett, 2018an

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
reportedMorris and Corbett, 2018a)

Another aspect of the ZC3HIPHO complex interaction is that the THO complex may
also be involved in Roop resolution(Morris and Corbett, 2018aR-loops are DNA

RNA hybrids which form during transcription. While some research suggdstpR 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; sellnéar machinery, such

as transcription and translation, cannot continue when the loops(@ostantino and
Koshland, 2015; Sollier and Cimprich, 2015; Crossley et al., 2B&)ause ZC3H14
binds both the THO and mRNA, it wagpothesisé 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
expressior(Wigington et al., 2016)In this paper, ZC3H14 was characterised further as

a poly(A) RNAbinding protein (PAB) protein, which are proteins that regulate different
steps of gene expression. (Note that other PABs, such as aPABPNL1, affected about 17%
of transcript expression). Hawer,there is a specific transcript that is reduced upon
ZC3H14 knockdownthe ATM synthase £subunit C (AT5G1jWigington et al., 2016)

Not only does ZC3H14 bind to the pmeRNA of AT5G1,but it alsocontrols the proper

nuclear processing of this transcript. Because AT5G1 is dimdtang component of

ATP synthaseb6s activity, they observed d
cells, as well as mitochondrial fragmentation, which occurs whemitoehondria can

no longer fuse or fissure.

Another study showethat the poly(A) tail role of ZC3H14 can act as a stegene
expression, despite the fact t hat pol vy (A
involvedingenes peci fic regulation. 1t actually s
genes by competing PABPs in the nucleus. Interestingly, this pkyoediacusses the
divergent roles of Nab2 inuddingand fssion yeast.

Iv. ZC3H14 and RNAPIII

In another facet of RNA processing, a study showed th&.tkerevisia®rthologue of
ZC3H14, Nab2, localised to all genes transcribed by RNARRBUter et al., 2015 hey
further showed via immunoprecipitation that ZC3H14 binds directly to RNAPIII, but not
RNAPII. This interaction was mapped to the first fairrc finges of Nab2 (which has
seven instead of ZC3H146s f i v-gycineglgme, wel |
amino acids 20260 in Nab?2). Interestingly, this study showed that there were different
targets of the different zinc finger domains; ZrFivere reguired for this RNAPIII
interaction, while ZnF% of Nab2 were involved in poly(A) binding. In datidn 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 TFIlIB and therefore RNAPIII at promoteeuter and
Stral3er, 2016)

ZC3H14 has been largely studied as a mRNA processing protein in a neurological
developmental context, and most heavily investigatdal. imelanogasterThe ZC3H14
orthologue dNab2 has been shown to be involved in regulating theagehylation and
nuclear export of mRNAs, while depletion only affects less than 1% of transcript

expressiorfWigington 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 |ink. 1t is possible that ZC3]
v. ZC3H14 in the DDR (unpublished data)
Previous unpublished research from Prof.

as an ATMinteracting partner. This highly novel data implicates the zinc finger protein
in the DDR in addition to its known mRNA processing function. Preliminary data
idertified ZC3H14 as direct ATMnteractors through a screening assay, stable isotope
labelling with amino acids in cell culture (SILAC) scre@®eg¢sina 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 upo(Figure 21A).

ZC3H14 became the focus of further study when it proved to hold interesting biological
properties. Although ZC3H14 depletion did not aff#dPAX formation, it did result in
persistent 0H2AX f ocpS1981niddicainmy sgomangoes bl | n
damageRigure 21C, unpublished data, Marta Baldasciiyeliminary

immunofluorescence studies showed that many PRReins were impacted by ZC3H14
knockdown, including an abrogation of 53BP1 fd€igre 21D-E). Phenotypically, the

foci are less bright and there is more of the-padlear signal as see in the unirradiated
cell s. The Lowndes6é6 further | aboratory s
including RNF8, RNF168, FK2, 53BP1, and RPA had lessereditment 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 f8¥P assay ZC3H14 did naffect repair
comparably to BRCAL, but in the NHEJ specific -BEP assay ZC3H14 acted
comparably to LIG4Kigure 22). Furthermore, it was shown that in clonogenic survival
assays treated with Olaparib or ICRF193 that ZC3H14 knockdown resulted in similar
colony survival as siDNAK but not siBRCAL. This unpublished data implies that
ZC3H14 may be upstream of NHEJ but k&R, despite being in the Early response prior

to pathway choice.

I n addition to the Lowndes | aboratoryos
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

phosphoylation 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 wittGFR
ZC3H14, and this interaction increases upon irradidtidEK29T3 cells transfected with GREC3H14

B) GFRZC3H14 ceimmunoprecipitatesvith MDC1 in HEK29T3 cells transfected with GRRC3H14.

C) Knockdown of ZC3H14 results in persistaht2AX foci compared to control cells. D) Knockdown of
ZC3H14 does not impact formation @fi2AX or MDC1 foci at 30min post 3Gy IR, but RNF8, RNF168,

FK2, and 53BP1 are all reduced U20S cells E) Quantification of D, witm=3 and 75120 cells per
condition. immunofluorescence studies showed that many DDR proteins were @dpagtZC3H14
knockdown, including an abrogation of 53BP1 fdeéiglure 21D-E). Phenotypically, the foci are less bright

and thereismore ofthepanu c | ear si gnal as see in the unirradi .
showed that signalling downstream of MDC1, including RNF8, RNF168, FK2, 53BP1, and RPA had
lessened ruitment to IRIF upon ZC3H14 knockdown, and that these results were not due to a decrease
in protein levels (unpublished data, Marta Baldascwidlitionally, ZC3H14 appeared to have more impact
upon NHEJ than on HR; in the HR B&FP assay ZC3H14 did not affect repair comparably to BRCAL,

but in the NHEJ specific THGFP assay ZC3H14 acted comparably to L(Giyure 22). Furthermore, it

was shown that in clonogenic survival assays treated with Olaparib or ICRF193 that ZC3H14 knockdown
resulted in similar colony survival as siDNAK but not siBRCAL. This unpublished data implies that
ZC3H14 may be upstream of NHEJ but Hi&®, despite being in the Early response prior to pathway choice.

MRNA processingGavishlzakson et al., 2018).ikewise,a study implicated ZC3H14
in DNA damage through its interaction with PABP{Hu and Gao, 2014Another 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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ZC3H146s role in the DNA damage response
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 ATMependen{Bensimon et al., 2010Jn a poteomic screen of

PARP targets in the DDR, ZC3H14 is mentioned in the supplenfenteds(Jungmichel

et al., 2013)Interestingly, two other zinc finger proteins identified by the Lossnd | a b
as ATM interactorsZC3H11A and ZC3H8, but not ZC3H14, were found as targets for
ATR and ATM in a proteomic scre€hlatsuoka et al., 2007INone of these papers point

to a direct role for ZC3H14 in the DDR.
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Figure 22: ZC3H14 in NHEJ and HR. A) Knockdown of ZC3H14 has a similar impact on cell viability

as knockdown of a NHEJ protein, DNAK, when treated with ICRF193 in a clonogenic survival assay in
U20Scells.B) Knockdown of ZC3H14 does nbtave similar impact on cell viability as knockdown of a
HR protein, BRCA1, when treated with Olaparib in a clonogenic survival assay in U20S 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, BRCAL, in a HR efficiency assa@kPR with

no decrease seen.

The previous unpublished work from the L
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 investigaie C 3 H4d.ndw@l role ithe DNA damage response. This can

be broken intotwo main questions: How is ZC3HMechanisticallyinvolved in DSB
repair, and how doesup@n@sfbnttibr?s structure |

To answer how C3H14is mechanisticallynvolvedin the DDR, we looked at its cellular
localisation to nuclear bodies, including nuclear speckles and IRAE. initially
hypothesised thatC3H14forms IRIF like many otheEarly DDR proteinsbut energent
data ledus to hypothesithat ZC3H14did not form IRIF, but wascting at DSBs in a
different way. We also looked at the effectZz@3H14loss upon cell survival andNA
repairin order to plac&Z C3H14in the Early pathway of DSBR. Finalljuilding upon
previous data showing an ATM interaction, we hyyessed thaZ C3H14is a substrate
of ATM and that thisinteraction might be direct.

In order to study how C 3 Hd4struwture informapon the novel DDR function, we used
bioinformatic tods to study its conservation, interactome, and mutatiorgriaure in
cancers. W usedsoftware to predict its thredimensional structure, arabmbined tis
and structue-function data tdwypothesiseéhat ZC3H14 could havea damageadivated
tertiary structure when phosphorylatedoy ATM. This led to a working model of

Z C 3 Hd4rdledin the DDRwhich could address several of the pasadoof this protein,

such as how & loss can result impairedrepair, but it is notetectablen IRIF.

Mechani stic under st an dHany®NAocdhmageCesporisd Ibas r o
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 pat hway. Si mi |sadon prezisiamn médeines sughnt h
as PARRP inhibition in a BRCA#ull background, ZC3H14 could prove to be a target for
inhibitory treatment for diseases with certain genetic backgro&ydsarningZ C3 H1 4 6
mechanign in the DDR, we ainaddress 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 IRME 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 om anderstanding of human health and disease.
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Chapter 2: Materials and Methods
|. Methodsd Cell Culture
I. Cell Culture

Human Bone Osteosarcoma Epithelial cells, U20S (ATCC, 496B and Human
embryonic kidney 293 cells, HEK293T (ATCC, CRUI268) cells were cultured in

Dul beccods modified Eagles medium (Si gme
(Gibco, 01276106) and 1% Penidn -Streptomycin Solution (Sigma, P4333). hTERT
immortalsed retinal pigment epithelial cells, nTERRPE1 (ATCC, CRE4000), were

cultured in DMEMF12 (Sigma, D6421) supplemented with 10% FBS and 1% Penicillin
Streptomycin Solution. Cells were maintairegdogarithmic growth phases in humidity

and CQ controlled incubators with 5% G@t37°C. Cells were counted prior teplating

or harvestingising haemocytometer.

ii. Cell Harvesting

Cells were harvested via scraping or lifting off with trypsinhdfvested 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 PBSrgosin was added for-2min
depending on cell type (2min for HEKs, 5min for U20S). Cells were resuspended in
media before being spun down at 2000rpm for 5min°@t 4xPBS was removed, and

cells resuspended in LB. (Lysis buffer: 150mM NaCl, 50mM -H@& pH=7.5, 10%
Glycerol, 0.5% NP40, 1ImM MgCh, 1ImM Benzonase (Sigma, E1014), 2% phosphatase

i nhibitors ( tgnMy dNearFq p LandVp @4, EnM ERTAOSenM N a
NasP.O7) , and 1% protease inhibitors (600nM
3¢eM Benzamidine, 2nM Antipain, 1.3nM Chy
for 15min at 14000rpm and 4°C, whole cell lysates were collected, and the concentration
was measred using Bradford Reagent (Sigma, B6916). Samples were ste&i@tin
IxLaemLibuf f er (I nvitr og e-mercaptbBtiGafod (Bigma,w3i48) 1 0 !

prior to being run on SDage gel.
lil. SIRNA Transfection

Cells were plated at a concentration of 1.2cHIs/35 mm plate 24h prior to transfection,

on cover slips where indicated. Cells were transfected with Oligofectamine Reagent
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(LifeTechnol ogi es, 12252011) according t
each siRNA Appendix lll.). Cells were harvested or fixed on cover slips 48h post

transfectionsiRNAsS used:

SiRNA Sequence
siZC3H14 pool (x4) GUAGUCAGCUCUGCCGUUA(TT)
79882 Dharmacon pool GAAAUGGAUUCGACCUCAA(DTAT)

GGAAAGGCUUGAAACACGA(ATAT)

UGCAAAGGCUCACGUUUAA(TAT)
siLuciferase GL2 (CGUACGCGGAAUACUUCGA)TT
siLuciferase GL3 (CUUACGCUGAGUACUUCGA)TT

Iv. Transient DNA Transfection

Cells were plated at a concentration of 2.5cEs/35 mm plate 24h prior to transfection,

on cover slips where indicated. Cells were transfected with Lipofectamine Reagent 2000
or 3000according t o manufacturer 6s i nstru
pDNA:Lipofectaminef o r 10cm plates and 1Meglia @ase L f
changed 5h post transfectitor Lipofectamine 2000and cells were harvested or fixed

on cover slips 48h post transient transfection.

For the GFFZC3H14 constructs that were transfected, Geaeration of GFRagged

constructon paged3.
v. Western Blotting

Cells were lysed according tell Harvestingprotocol. 265 0 e g of t hese |y
boiled prior to being run on a denaturing polyacrylamide gel (8@ 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% SIf8scher chemical, 5/5200/53),

10% APS (Sigma, A3678), and Tetramethylethylenediamine (Sigma, T9281)). SDS gels
were run at 180V for 530min until the dye front ran off the gel, and then proteins were
transfered onto a nitrocellulose membrane for 70min at 100V on ice. Membranes were
blocked with TBST containing 5% milk for 10min at RT (where indicated), prior to
primary antibody incubation overnighAppendix I.\j. After washing the membrane in

TBS-T, a 1h incubation period with the secondary anispacific 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 vialfFidyes wereotatedfor
horizontal analysis using thHeotatetool, then theRectangleool was used to select the

area of the blot containing the ban8slect First Laneommand was used, followed by
analysis withPlot lanestool. Thestraightline tool was used toconnecthe base of each

line and to separate peak areHse wandtool was used to select the peak representing
each lane, and finally the detosnetry percentages were obtained using_thigel Peaks

tool. The resulting numbers were exported to Excel, where they were normalised to the
amount of protein presefmormal western blots were normalised either toldaeling

control probed band, or to ponceau; pull down western blots were normalised to the
control lane of the pull down) by dividing tharget band by the control barurther
normalisation for pull downs was performed by dividing by the positive control to find
fold changesTriplicate 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
barGr aphPad Prismés analysis software was
ANOVA and comparing the means of all columns against the means of all other columns.

The final graph with statistics was exported to Adobe lIllustrator for final presemtatio

Primary Antibodies: 53BP1 (NovusNB100-304); ATM (AbCam Ab91; Bethyl A300-

136A); CHK1 (Ft476) (Santa Cruz, sc7898); CHK2 (H300) (Santa Cruz, sc9064);
DNA-PK (Thermo Scientific, M&123); GFP (Rochel184460001); GFP ) (Santa
Cruz, $sc9996) ; GFP (University-636)fMDCL Nndee
(Bethyl, A30G051A; Bethyl, A306053A); ATM-pS1981 S1981 (Millipore,

MAB3806); ATM-pS1981 (R&D, AF1655); CHK:pS317 (S345)Cell Signalling,

23415); CHK2pT68 (Cell Signalling, 2661S); p(S/T) ATM/ATR substrate (Cell
Signalling, 2851S); RPA(Millipore, MABE286) RPA32 (B§thA300-244A-T); RPA32

pS4/S8 (Bethyl, A30@245A-M); SC35 (Abcam,ab11826); THOC1 (Bethyl, A302
839A); ZC3H14 (Sigma, HPA049798)

Secondary Antibodies:Goat HRP (Bethyl, A5201P); Mouse HRP  (Bethyl,
A90-116P); Mouse HRP (Pierce, 31430); Mouse Hf®Rko, P0447); Rabbit HRP
(Bethyl, A120109P).

vi. Co-immunoprecipitation using GFP-tagged proteins

For ceimmunoprecipitations using GFAC3H14 mutants (se&eneration of GFP
tagged constructsn page3), we first transfected the GREC3H14 into HEK293T cells
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(seeTransient DNA Transfectioran page80), and harvested the cells. order to scale
appropriately for larger experiments, multiple plates were transfected witzGBR14,

split, combined, and reseeded, resulting in multiple samples with the same expression
level of the target protein. Where cells were treated with Pkifiase inhibitors, the
HEK293T cells were treated for 1h at37 and 5% C®@ with ATMi (KU55933, 1&M),

ATRI (AZD6738 10sM), or DNA-PKi (NU7026 10eM). Where cells were irradiated

prior toimmunoprecipitation, they were irradiated with 10Gy and incubated for 30min.

Cells werethen harvested, lysed, and had their concentration calculated using the
Bradford assay. For phosphoP s , 2mg TCE was incubated \
beads (W GERBHEMIintra NHSactivated resin 20% ethanol, equilibrated

using lysis buffer) or Chrootek beads (ChromoTek GHRap® Agarose Cat no: gta)

for 1h on the wheel at’€ in a low adhesion tube. Beads were washed three times in lysis
buffer (150mM NaCl, 50mM Tri$dCl, pH7.5, 10% Glycerol, 0.5% NBO, Phosphatase

i nhibitors ( lggddrophesphate, 2000 B&EO4, 1mM EDTA, 5mM

NayP.0Oy), Protease inhibitors (600nM Leupeptin, 1.63uM Pepstatin, 1uM PMSF, 3uM
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

U20S WT or U20S ZC3H14 KO cells were plated at 2.0xHls 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 countedroes.tCells were cultured for

48h and then harvested by trypsinisation, counted four times, and replated at ellz10

per 35mm dish. This was repeated every 48h for a total of 12 days (6 data points in total).

Because cells were replated at 2.0xiitead of plating a set volume, the math to

calculate the cell growth is as follows: , Wwhere X is the running

total number of cells that Ocould have be
next counting, so that the total cells is a running total from dagleditical number of

U20S 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

technicalduplicate and biological triplicate.
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viii. Cell Survival Assays

U20S 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 IQBE (Enzo Life Sciense
GR-332) treatment, the media was supplemented with indicated concentrations. Cells
were grown at 37TC for 1014 days or until the colonies were an averagdgmin in

diameter. Colonies were stained with DMMB and counted.

Il. Methodsd Visualisation
I. Immunofluorescence

Cells were plated so they would be- 3@ confluent on the day of imaging (U20S and
HEK293T both plated at 4.0x36br 24h prior; 2.0x10for 48h prior; 1.2x18if 72h prior

and for siRNA transfection). Where indicated, cells were irradiated wiibG3y with a
15min4h recovery. The standard protocol for fixing, permeabilising, and blocking was:
4% paraformaldehyde (PFA) (EMS, 15710) at RT for 10min, 0.25%n¥FXt¢Sigma,

X100, SigmaAldrich) at RT for 10min, and 1% Bovine Serum Albumin (Sigma, A2153)
for 1h at 37C. Variations where noted: 0.1% Tritdhypermeabilization for 10min; CSK
treatment prior to PFA fixation (cells were treated for 6min at RT (CSK buffer: 20mM
PIPES pH=7; 100mM NaCl; 300mM sucrose; 3mM Mg@d.7% tritonX100). If
RNAseA treatment was used, cells were treated With 0 ¢ L o f 1 mg/ mL

treatmenfor 10min at RT prior to CSK treatmeand/orPFA fixation.

Cells were stained for 1h with primary antibody at 37°C, washed with 1xPBS, and then
incubated 1h with secondary antibody at 378@dendix I.vi)Slides were mounted using
VectraShield containing DAPI (Vector Laboratories1B00). Microscopy imaging was
performed on a Deltavision microscope using Softworx software (Applied Precision,
| ssaqguah) .-stadkéwefk calectedeconvolve using the Softworx software,
and deconvolved on the Softworx software to account for the Gaussianviatar a
conseved ratio These images wepojected to show the&eveamost infocus stacks per
image on theFlJI ImageJ softwareMax projections were used falisplay images
(Project > Max Projections; select stagkand Sum Slices were used for quantification
(Project > Sum Slices; select stapki® ensure that data is visible bye,but no data is

lost due to visual biagmageJ was further usedaoalyseall images such that they were

all treated the samEor quantification of foci numbeimages were first converted to-16

83



Chapter 2: Materials and Methods

bt(Process > Batch > I nput: deconvolved in
> run("16-bit");). Then,a threshold was chosen based on the positive control cell images
which could detect damage foci but tatckground in the damaged cells or foci in the
undamaged contr@gProcess > Find Maxima preview). Once a threshold was chosen

for all channels, these values were input into a plugin written for the purpaddhe
macro was run such that it detected cell nuclei (based on DAPI staining) antifiegia

the foci within this areaRlugins > Macros; select macro, select input folder, select
output folde). 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 analysidn Excel, also calculate averages of each replicate and condition and
transfer these to a separate data table in GrapBRat.replicate has a different shaped
icon, with E1 atriangle, E2 andupsidedown triangle, and E3 a diamond, so that

datapoints from individual repeats can be distinguished.

Wher e t h ecorRlatancaefticrerd(®CC)was analysed, the BioPJaCoP plugi

for FIJlwas usd (Plugins > BIOP > Image Analysis >BIOP JACaR t h get Pea
correlationchecked and manual thresholdiiog each channel control input > fu@and

theP e a r arreladiancoefficientoutputs were transferred first to Excel (to group all

data and to calculate averages for sypets) and then to GraphPad Prism to analysis.
Pearsondés Correlation Coefficient is cal.:

. Yi(A; —a)(B; — b)
P =
\/Zi(Af ~a)’%i(B; — b)°

where A and B are theintensity values of each channel, amdndb are the average
intensities over the full image in each chanéhen calculating the overlap of individual

foci (such as for th&ok1 cells), a 25x25 pixel selection surrounding the foci in the red
channel was chosen and saved rasnaage, and these were used for galleries and for
calculating overlap using the Biop JACoP plugin as a baitththe desired channels and
thresholds inpu{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 manualeshold_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 testeereperformedu si ng Gr aphPad Pr i smousingbui | t
the average data satsther than individual replicategAnalyse >Column analysis >
Oneway ANOVA (andhonparametricor mixed) > ear row represents matched, or
repeated measures, datnd check assume Gaussdhstributionto use ANOVAanddo

not assume sphericity Multiple comparisongo compare the mean of each column with

the mean okvery othercolumn> P value from multiple comparisons tab > insert
summary significance bars over grapfhe graph of each repeat and the averages with

the statistic analysisars were imported into Adobe Illustrator to make sygets.

For representativienageswe used ImageJ to sieie minimum and maximum brightness
on the positive control celis a manner that did not change the pixel values of the cells
(Image> Adjust > Brightness/contrast Minium/maximum adjust on B&Cand applied

to all imagesusing a macro written for the purpaased with the minimum and maximum
values changed per experimérRiugins > Macros select macro, select input folder,
select output foldgriImages werg¢hencropped to exclude the edge of the image, where
the Gaussian blucould not be calculate&élection> Specify> 965x965; add to ROI
manager so the same crop can be applied to all imagEpresentave images were
chosen that best correlated to the quantification already performed. These images were
further analysetb produce single channel black and white imgtreage > Split channel

> *Grays > save as TIFF, save as JPEG@s well as merge channels with DAPI as an
outline (mage> Split channel SThreslold DAPI > Analyse Particles; 2infinity with

bare outlines checked Merge channels Channels to setolours> save as TIFF, save

as JPEG. Images wereollatedusing Illustrator to ensure that all images were properly
aligned and that enlarged images across channels werdatjing the same portion of
the image Align >MasK).

Primary Antibodies: 53PBP1 (Novus, NB10GB04); ATM (Abcam, Ab91; Bethyl
A300-136A; Bethyl A300135A); Coilin (Abcam, ab11822); H2AXE139) (Millipore,
05-636); MDCA (Abcam, Ab11171; Bethyl, A3G051A); ATM-pS1981 (Millipore,
MAB3906); ATM-pS1891 (RD, AF1655); PML (Abcam, ab96051RIF1 Bethyl,
A300-569A); RNF8 (B2); (Santa Cruz, sc271462); SC35 (Abcam, ab11826); ZC3H14
(Sigma, HPA049798).

Secondary antibodies:Goat FITCantirabbit (Bethyl, A50-100F15); Goat FITC anti
donkey (Bethyl,A50-201); Mouse FITC antigoat (Jackson]115096-062); Mouse
TRITC antigoat (Jackson/15025-151); Rabbit Cy5antigoat (Bethyl, A120-201(%);
Rabbit FITC antigoat (Bethyl,A120-201F; Rabbit FITC antigoat (Bethyl, A120-
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101P; Rabbit FITC antisheep (Bethyl,A120-100F); Rabbit TRITC antidonkey
(Jacksony11-025-152Jackson Sheep FITGntidonkey (Jacksor’,13-095-147); Sheep
FITC ant-Donkey (Bethyl A130-1008.

ii. Neutral Comet Assay

Plate U20S cells to be /D% 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
concentratiorof 1x1c el | s/ mL in cold 1xPBS. 5¢L of
was pipetted into 50egL of melted LMA aga
cold polylysineslide with a sample area marked with a liquid blocker pen. Samples were
allowedto cool for 30minat4°Cto allow the agarosdo set.Slideswerethenimmersed

in 1xLysisBuffer (2.5M NaCl,0.1MEDTA, 10mM TrizmaBase, 1% n-lauryl sarcosine,
0.5%Triton X-100,10%DMSO, pH=10)for 4°C for 1hor overnight.Samplesverethen
carefullydriedandtransferrednto 1xElectrophoresibuffer(500mMTrizmaBase 2.5M
sodiumacetate pH=9.0) for 30min at 4°C. 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 4°C. Samples were carefully removed and blotted
dry prior to being immerse in DNArecipitation (50mM NHAc, 85% EtOH) solution

for 30min at RT.Samples were then incubated7ird0 % Et OH f orSa®@emi n a
were dried at 37TC and stored at RT until stainingwith0 0 e L Sy BR gr een f
RT in the dark, with special care t@st 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
Score2.0.0.38Software.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 tall
lengthusingthe rainbow heatmapCells were screened so that osigigle nuclei were
counted. The following equations and calculations are performed by the TriTek

CometScore software:
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When quantifying the cometye use the o0t ai |dstareanfppihthé t o
centre of the nucleus to the end of the cometudile he6 headd refers to
the nucleug

Figure 23). We calculatedboth the Tail Moment, whichonsiders the length of the tail
and the percentage of DNA that has migrated into the tail. This is calculated by the

equation:
YOWE 4 Q* OWMREW———

The Olive Tail Moment incorporates the shift in thetoeaf mass between the head and

the tail as well as the percentage of DNA in the tail, and is calculated by the equation:
0 o OURE G Q> &YH DR G * 0Q G ¢ &)

Selected cells were exported as Excel files, and the comet tail length and olive talil
moment were transferred to GraphPad Prism for graphing and statistical analysis (see

Immunofluorescender statistical analysis methodology).

Olive Moment
4—->p
-
Tail Length
Total Area
Head Area

—
2 o)
Koy
(]
I
©
o
=

Total Length

Figure 23: Comet Tail Calculation. When quantifying the comet tail moment or the olive tail moment,
thediameter 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.

lii. Fokl-inducible DSB U20SReporter Cells

DSB reporter U20S containing BRCherryLacl-Foki-DD (Figure 24) were plated at

4.0x10 cells per 35mm dish on cover slips 24h prior to fixing, and grown % and

5% CQ. Cells were theimydreayedmoxitthen 0 MO
Shield1 in ImL DMEM for 5h. Cells were then stained via th@munofluorescence
protocol with or without CSK treatment, or used Rnoximity Ligation Assaafter

fixation.
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Fokl: unstable, cytoplasmic Fokl: stable, nuclear

+Shield-1
+40HT

Lac operator repeats

Lac operator repeats Transgene

!

DSBs
Figure 24: Fokl-inducible DSB U20S Reporter CellsFok is initially located in thecytoplasm where
the degron (DD) ensures that it is continuously degradpdn induction by Shield and 40HTFok is
transported into the nuclewga the estrogen receptorhere it targetshe lac operator repeatiue to the
Lacl, and induces DSB formatiowith the nuclease activity dfokl. As thereare 257 tandem cut sites
integrated into this cell linend the Fokl is mChertaggedjt results in alense DSB sitthat isdetectible
under immunofluorescenc€ells in G1 will have one visible circi, while G2 cells will have two as the
DNA (and therefore the DSB focus)dbeen replicated.

Iv. Proximity Ligation Assay

The Proximity Ligation Assay is used to detect proteins that are <40nmimapavb
(Figure 25). U20S elIs were plated to be 70% confluent on a 35mm dish on the day of
harvesting, and grown at 32 and 5% C@ Cells were irradiated witB-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% Trit&nfor 2min or 0.1% TritorX for 5min;

rinsed with1xPBS; blocked with PLA blocking solution for 1h at’87 incubated with
primary antibodies in PLA antibody diluent for 1h at@71n a damp chamber. Note that

primary
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1. Primary antibody binding 2. Secondary antibody binding 3. Oligonucleotide annealing 4, Oligonucleotide ligation
if A and B are in proximity

Primary antibodies L) Eﬁ » _)
A\ ,JL PLA sgcoqdary Ligation Mix: annealing
£ antibodies: oliogonucleotides and
L ) Plus probe (5') and ligase
>40n >40nm

Protel;;'/-\-/ Protein B Minusiprobe.(3)
m

\ / / Amplification Mix:
-~ } — dNTPs, polymerase, S
a l green detection : 4
Red: newly synthesised oligos-bound X

\ 2o
é é/ 7 % \/ Green: Oligo-binding sequence fluorophores
PLA foci ) 4//.«
> \

Y 0
SN ESEY

8. Green detection oligo binding 7. Rolling Circle Amplification 6. Transcription initiation 5. Polymerase binding

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 @rctdmplate. &. This circular template is amplified

upon addition of polymerase and the amplification mix, which includes fluorochromes coupled to detection
oligos complementary to a section bktcircular 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 l.vii) Slides were washed in 1xPBS prior to incubated on secondary
antibodyfor 1h at37°C; the secondary antibody mix contained24 ant i body d
8elL PLA plus, and 8¢L PLA mi (Aotisrablptmoise s i |
(art no. DUO92005); Artmouse plus (art no. DUO92001)). Slides were then washed
with Wash Buffer A (10mM Trizma Base, 150mM NacCl, 0.05% Tw2eénpH=7.4) or

1xPBS where oted. Probes were ligated by incubating slides on the ligation mix
containing8 L Li gati on Oni xand3 1leelL dLiHgas e; i ncu
37°C (SIGMA-ALDRICH Duodlink 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 veith
Ampl i fication mix, 31.5¢L di H20O?C.@Gowmed O. 5
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 Pr e etackswers ¢ollettesl, sdacgnuoivéd) .

and projected. The analysis was carried out using ImageJ software.

lll. Methods & Protein 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 ogahb5°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 fratgm8amples

were PCR cleaned using a PCR clegnkit (MachereyNagel 740609) and quantified
using the Nanodrop. The resulting ZC3H14 fragments were digestedBesimgland

Xhol (Biolabs, R01115) restriction enzymes and Cutsmart buffer (Biolabs, B7024S),
digest cleaned, and then ligated with the double digested p3BXector (Novagen,
6990969911) at a ratio of 1:6. These samples were redigesteKpith(R31425) and
transformed into topl0 (Genetic information Appendix Il.v; seeTransformation
protocol). After 24hincubation at 37°C, single colonies were picked and grown in Luria
broth (LB) overnight. Cultures were pooled and npreépped (Thermo scientific,
K0503). The resulting pooled DNA was run on PCR to test for positive clones and run
on an 1% agarose gel. $five pools were minprepped 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

leL of pl asmid vEacsli asddndubated onace forB@min Ifgplasmid
replication was the goal, top10 were used; if protein expression, then either *pRIL or
Rosetta (Genetic information Appendix I.v). Samples were heat shocked at@2or

Ilmin, then 250e¢elL Luria Broth (without ant
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 onlyithietanbn

the target plasmid (ampicillin (Sigma, 63-4) or kanamycin (Melford, 253894-0));

*pRIL and Rosetta with antibiotic on target plasmid and chloramphenicol (Sigma, C

0378)). Plates incubated at 37°C overnight. Individual colonies picked toigromiL
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Luria Broth for miniprep of plasmid, or entire plate streaked into 50mL Luria Broth for

induction of protein expression.
lii. Protein Expression

Mini-prepped plasmid (seBeneration of GSTagged constructsyere transformed in

*pRIL or RosetteE. coli(Invitrogen) on chloramphenicol (Sigma;0378) and ampicillin

(Sigma, 6953-4) or kanamycin (Melford, 253894-0) resistant plates and incubated at
37°C overnight. The plates were streaked into 20mL LB. Alternatively, glycerol stock of
*pRIL or Rossettdacteria containing the relevant plasmids were used, by scratching into
5mL or 20mL overnight, before being transferred to 20mL or 1L LB. Samples wer
incubated at 37°C until the optical density (OD) measured betwedn8).&t which point

a 1mL sample of uni nduc e d-dsthiogaldctepyranassde o bt &
(IPTG) was added to a final concentration of 0.4mM to induce expression. [firesu

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 testingZ(38&1L4

F1-4 expressed at 37°C overnight; GETM F1, 3, 7, 8, 11, and 12 at 20°C oveltig
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 i
mercaptothanol. Samples were run orl8% SDSpage gel at 180V for 530min, and

then stained with Coomassie for 30min prior to overnight destain (30% MeOH, 10%
Acetic acid), and imaging. Clones with positive expression were store80C 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 feAB until the OD measured between-0.8,

and then gpression was induced with a final concentration of 0.4mM IPTG. Cultures
were incubated overnight at optsed temperature prior to spinning down the culture to
form a pellet. Cells were then lysed with 15mL LB (50mM JHEL, pH=8.0; 300mM

KCI, 1% Triton 100, 2mM DTT, 1x protease inhibitor (PI), 1xphosphatase inhibitor
(PPI), H20). Samples were then sonicated at 40% amplitude, 3x30 second pulses on ice,

and then spn for 30 min at 30000xg and 4°C. When purifying H8ged constructs,
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nickel (N#*) beads were used, and when using @&jged constructs, Glutathione beads

(GE healthcare 17061801) were used from this point forward. Beads were prepared by
equilibrating the N¥r esi n beadsfori3dA wA8bes]LBand then
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 resuspemag beads in 1mL wash buffer (WB), spinning down and removing
sypernatant, resuspending in ImL WB, incubating 20 min at 4°C, and spinning down to
remove supernatant. (Wash Buffer 1: 1x PBS, 1% Tritd©®® 2mM Dithiothreitol

(DTT), 1xPI, 1xPPI, HO; Wash Buffer 2: 300mM KCI, 50mM THECI| pH=8, 2mM

DTT, 1xPIl, 1xPPI, HO; Wash Buffer 3: 50mM TriglCL pH=8, 100mM KCI, 10%
Glycerol, 2mM DTT, 1xPI, 1xPPI, ¥D) After all three washes, beads were resuspended

in 2xResuspension buffer (50&ycerol, 10mM NaHP@ 150mM NaCl, 0.02% NaAz,

1xPI, 1xPPI, HO), and Laemti buffer was added to a final 1x concentration. Samples

were analysed by SDgage gel and Coomassie stain.

v. ATM or MDC1l 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 10eg pr oheads (GEwas
Healthcare, 17061801). Beads were equilibrated in LB prior to bead incubation.
Confluet 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 aand | vys
benzonase) for 40m, and concentration measured using the Bradford assE3mg of

TCE was added to 20 ¢ L-2hbtetCdSampiesviere ispurcdovina t e
for 5min at 2000 rpm and°@. Supernatant was removed and stored as flow through
sample, then beads were washed three times with 1mL LB (withoutMigk#nzonase).
Supernatant was removed, and samples st
mercaptoethanol (Invitrogen, NP0007). 50% of each sample (above the spun down beads)

were run on a 10% SDS gel after bogifor 5 min at 95°C, and then run on Western Blot.
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V. Methodsd Cell line generation
I. Generation of GFRtaggedConstructs

pPEGFRC1TO or pEGFRC1 plasmids was used to generate @&&dyed constructs.
Primers were designed in a manner to include restriction sites on each end of the target
region (seeAppendix Il.#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 wglirectional cloning The vector was also
digested with these restriction enzymes, and the cleaned products of digestion were
ligated bgether. Ligated samples were incubated &€66r 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 maformed (se@ransformatiorprotocol) prior to single
colonies being picked, subcloned, and verified via digest test for correctly sized insert

and sent for sequencing (Eurofins TubSeq).

Il. Generation of GFP-ZC3H14 HEK and U20S Stable
Cell Lines

SeeTransient DNA transfectiofor detailed protocol. For stable transfection, 2mg of

pl asmid protein was transfected as per m
Lipofectamine. Samples were incubated &CG3@nd 5% C@overnight, and cells were
diluted the next day with neomycin sele
performed until single clones appeared af@irl4-day growth. Individual clones were

i solated by scrapping a 200egL pipette tif
and transferring to a 24ell plate for further growth. Once clones coveredhbtom,

they were trypsinised and transferred to\addl plate. Once clones covered the bottom

they were split into two of the wells of theagll plate. One well was harvested to check

for insertion of pDNA, and one was frozen in Freezing media (90% FBS, 10%1)M

to wake up if positive for further testing.

In the current study GFRC3H14 FL was inserted into neomysiesistant HEK293T C7
cells,aswas GFE C3 H14 @P WIZ CBHAL 4AGRZ n F. -ZE3Ht4tFh e r ,
was transfected into stable U20S. (Note: These are not knockout cells, and the plasmid
in the U20Sut not the HEKs has gRNA resistance).
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iii. CRIPSR Plasmid DNA Preparation and DNA
Purification

The pX330 plasmid (pX33W6-Chimeric BBCBh-hSpCas9, AddGene) was
transformed into top 1& coli and grow overnight at 3€ shaking at 170rpm. A mini
prep kit was used to purify the pDNA. The vector was digested with 10xBuffer G and
Bbs1(Promega) for 3h at 3. 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 gRNAClasmids

SeeAppendixl.viii for gRNA oligo sequences. The oligos were annealed by combining
100eM of the forward and r é&Cvferbmieprigrtoi mer ,
turning off the heat block and allowing it to slowly cool to negiQ@8 o0 phosphorylate

the oligos, 5¢L10xT4 I|ligation buffer, 2¢l
combi ned i n a b50¢lL r e @& torn I0min. famples avera d i t
subsequently boiled at 95 for 5min to inactivate the PNK. The heat block was turned

off to allow the phosphorylated oligos to slowly cool t6@Q8o reanneal. To ligate the

oligos with the prepped digested vector, 50 ng purified digested pX330 vector was ligated
with 1:200 of diluted and anneal,ed nal ilgad

DNA |ligase, in a 20egL reaction. Sampl es \
45min.
5¢L of ' i gation mix was transEolinfseed i nt

Transformation and mirfprep protocol ).To test for positive clones, samples were
digested witlBbslto 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).1 5l¢ of positive clones were sent for s
primer. The alignment was verified by aligning the sequenced clone to the cDNA using

Seral Cloner.
v. Generation of Knockout Cell Lines using
CRISPR/Cas9Transfection

In order to generate stable ZC3H14 KO cell lines, U20S WT cells were plated so they

would be 7880% 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 withMEN (Gibco), or

antibiotic free media, without serum.

For generation of ZC3H14 null <cell s -using
gRNA-A and pX330gRNA-E , and 2 epmyro pldsmigs,lwer¥ complexed with
Lipofectamine 2000 (Invitrogen) in OpWMEM for 20 min at RT. (Note that gRNA

and gRNAE are he 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 3T for 5h. After 24h recovery, cells were trypsinised and serial dilutions
were perbrmed and incubated for 48h under puromycin selection, after which cells were
incubated in antibiotifree growth media for CRISPR/Cas9 targeted cells fbd days,

until single cells appeared.

In order to generated stable cell lines expressing-tagged ZC3H14 proteins and
performing ZC3H14 KO at once, the same protocol was performed as above with the
following difference: GFRZC3H14 in pEGFRC1 was used instead of pL@dUro; this

was digesteavith Bsalor Apall prior to transfectionln addition, neomycin was used
instead of puromycin. Neomycin is used under constant selection, so dilutions and
expansions contained neomycin (800-80g/ mL)

days.
vi. Genomic DNA Extraction and Sequencing

Genomic DNA extracted from targeted U20S cells was used to amplify CRISPR/Cas9
targeted genomic regions for sequence analysis. Cells -aD@% confluency were
pelleted at 1200 rpm for 5min, and cell pellets were washed with 1XxPBS. Pellets were
resuspended n 500¢L Tai l buffer (suppl ement ed
incubated overnight at 3€. Subsequently, each sample was shaken vigorously for a
further 5min at 1400 rpm in a shaking he
5M NaCl was addedind 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 centrifugd for 10min at top speed at RT to pellet the precipitated DNA. The
DNA pellets were washed with 70% ethanol, air dried, arsuspended in 50 0 0 € L
nucl ease free water. lelL of this was us:«
primers (seeAppendix Lvii) 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 Eurofinsdés gqguideli:

V. Methodsd Bioinformatics
I. Ensembl

The Ensembl genome browsesas accesseay navigating to https://www.ensembl.org.

The gene nam@ Z C 3 Hdt dtheer genevas input into the search bar to locate the gene

of interest and the Human Gene was sele¢tedSG00000100722he summary page
contained 1informat i orexomsnandtintrens)stiuetaree @rsd s e q
annotated transcript3.ranscripts with confirmed expression show in yellowd dor

these the exons were transported into SerialCloner2.6.1 in order to annotate the exon and

theseect i onds protein transl ati on.
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 @ workin
with genetic sequenceshis software was also used to design all primers and plasmids
for the GSTZC3H14 (see pag®0) and the GFRZC3H14 constructs (see pa§8), as

well as for the CRISPR KO strategy (see p8de

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. AZC3H140 and reandpgemev t h e
information, biological function, subcellular localisation, pathways, protein structure,
domains and motifs, and pesanslational modifications (such as phosphorylation,

glycosylation, etc.) UniProt has the protein sequence, protein interagtta, and

functional annotation links to other websites.

Iv. BLAST

Protein Sequence Analysis Using BLA%&s performed by inserting protein sequence
of ZC3H14 as obtained from Ensemble and as edited in Serial Cloner (s&®pdde
BLAST (Basic Local Alignment Search Tool) is available at

https://blast.ncbi.nim.nih.gov/Blast.cgi and f@Aprotein blasto wa
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search based on protein sequené&esametersvere 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 se@iees,

and percent identity were resultsed to explore homologous sequences and to inspect

conserved domains between humans and other model organisms.

v. SnapGene

The SnapGenapplication available at https://www.snapgene.comas used to align
and annotate BLAST queries, with highlighting consengtls a threshold obver 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 containspt®838stotal
with 99% coverage, published in 2023axDb5.0 is available dittps://paxdb.org/.
Proteins were queried by inputting their

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 protgirotein interactions. STRING is available at
https://stringdb.org. i ZC3 H1406 was i nput into the pro
selected as the organism of interest. The search parameters were used at standard options
with 10 interactors in the 0foiinclsde bothhel |
experimental data and computational predictiamgh medium confidence of 0.4he
searchoption was used to generate a network of interacting proteins and to visualise the
network. The coloured nodes represent theery protein and first shell of interactors.

White notegepresent theezond shell of interactovwWhere known, the note is filled with

known 3D structures, whilengpty nodesshowproteins of unknown 3D structur&€he

lines connecting the proteins are also coloured, with turquoise lines showing known
interactors from the database; pink lines show known interactors which are
experimemally determined; green lines show predicted gene neighbourhoods; red show
predicted gene fusions; blue show genecourrence; yellow show textining; black

show ceexpression; and blue show protein homologyadditionto this visual network,

the proteins are scored based on tloeHexpression, experimental data, and Textmining.
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The higher the score, the more established the interadtt@n.GO terms were also

obtained from all interactors.

vili. Human Protein Atlas

Proteinexpression andbcalisation analysis was performed using Human Protein Atlas,
which is available atlLocalisation Analysis Using Human Protein AtlagHPA)
https://www.proteinatlas.ord@ his siteprovidesdata on protein expression, localization,

and tissue specificity, based on immunohistochemistry, transcriptomics, and antibody
validaton. The protein name, e . g . quéryd&,ahtlrebudts wa s
wereobt ai ned in the subheadings, including
ATi ssue Atl as, 0 APathol ogy Atasesifledalawasnd 0!
downloaded as image files or expression data tables for further anaighisling co
expression analysis, disease association studies, and survival data forrelabeer

studies.

IX. Protein Data Bank

Protein structures were obtained from the Protein Data Bank (P&xBgssible at
https://www.rcsb.org/All protein structuresvere retried by querying the protein name

or fourletter PDB codes, and human proteins were used unless otherwise miged. P
files were downloaded and visualised using PyMOL (Viewer ,aatgessedinder 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 RlaToLoCQ was used to annotate low
complexity domains (LCDs) and intrinsically disordered regions (IDRS) in proteins.
PlaToLoCo is accessible https://platoloco.aei.polsl.plfhe target sequence was input

as a FASTA sequence (obtained from Ensemble and edited in Serial Cloner, $®.page

The query was run with standard inputs, with all options of outputs cheiciodatling

SEG, CAST, fLPS, SIMPLE, GBSC, and enrichment for Pfam, Phobios, and Amino acid
frequenciesThe vi sual map of the results was u
LCDs and IDRs.
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Xi. MobiDB

MobiDB was used to annotate IDRsd compositional bidsased on consensidobiDB

is accessible dtittps://mobidb.org/The target sequence was input as a FASTA sequence
or asaUniProt accession numb&6PJT7 fohumanZC3H14).The disorder predictions
from MobiDB are generated with MobiDRe, FLIPPER is used to dee the generated
data, RING for the generation of interaction data, and AlphaB@drder for the
AlphaFold features. Visualisation of the res@t®w differentiation between predicted

and consensus sequences.

xii. AlphaFold Server

Using protein sequences available on UniProt, sequences of proteins were input into
Googl ebs DeepMind Al phaFold Server avail
other protein, ions, nucleic acids, or cheminadifications were added as separate
inputs. Where RNA or DNA was used, the listed example structures were used (RNA:
ProteirRNA-lon: PDB 8AW3; DNA: ProteirDNA-Ion: PDB 7RCE). PTMs were added

to proteins using data from the PTM information available aiPtbt, and added using

the O6PTM6 function. After submitting the
AlphaFold Server, with particular parameters downloadable for further detail. The most
relevant numerical outputs are the -pesidue confidence sces (pLDDT), and the
predicted aligned error (PAEpredicted template modellingpTM), and interface
predicted template modellingpTM) scores.Where applicable, thetructures were
downloaded and visualised using PyMQa highlight relevant areas of the proteiil

gueries in this work were accessed between 12/05/24 and 05/06/24.

xiii. cBioPortal

Cancer genomics data was obtained from cBioPfmtaCancer Genomicsccessible at
https://www.cbioportal.org/This platform provides visualisation and analysis of large
scale cancer genomic data sets, including somatiations copy number alterations,
MRNA expressionral clinical outcomes. The gene of interest wesert into the query

by gene tool, and parancer studies was selected. Results were downloaded for final

visualisationusing Adobe lllustrator.
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xiv. Kaplan Meyer Plotter

Survival analysis was performed using kaplan Meyer Plotter available at
https://kmplot.com/analysis/ was usedaitcess the correlation between the expression
of all genes (including mMRNA, miRNA, protein, and DNA) and survival for patients in
35k+ samples from 21 tumour tyles, fraollatedpublicly availabledatasets including

The Cancer Genome Atlas (TCGAJC3H14 was input into the gene symbol section as

a biomarker, and patients are stratified into different groups based on if the gene is
affected inthese cancerd/isualisation of theselata was used to determine if ZC3H14

mutation had an overall effect on survival.

xv. COSMIC

COSMIC, or the Catalogue of Somatic Mutations ima, was used for identifying
mutational  signatures  across the  ZC3H14  protein, accessible at
https:// cancer.sanger.ac. uk/ cosmhhe/ g ne!
Viewo ATi ssue,oandti Mibtud ti ioam nadd werduses toideintiyu t i o n

and visualiseareas of ZC3H14 which are mutdie cancers.
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Chapter 3: ZC3H14 isInvolved in DSBRepair

|. Abstract

Previous data from our lab has implicated ZC3H14 in the DSB repair responsaeHere
discuss that previous data, afuither characteris&€ C 3 H 1rdlé a&s it impacts cell
growth and survival, repair kinetics, and DDR protein foci formatfdahypothesis that
ZC3H14 localises to DSBsand were abléo show that itis in proximity to damage
activated proteins, and that it is a substrate of AWM. alsohypothesise thafC3H14 is

a substrate of ATM, and were able to confirm that it is phosphorylated ATM -
dependent mannéie also independently confirmed results found in knockdown studies
that ZC3H14 is downstream of MDC1 and upstream of RNF8 in the DPIRingit
upstream of pathway choice in the Early responsaking it agood candidate for drug

targeting in synthetic lethality treatments.
ll. Key Findings

1 ZC3H14 is a nuclear speckle protein, a localisation which follows the cell cycle
progression of cells, and is not impacted by damage induction.

1 ZC3H14 does not form detectible IRIF, using different extraction methods during
immunofluorescent experiments. ZC3H14 doesaotbcalisewith Fokl cuts in
the inducible U20S DSBR cell line, with either standard IF or with PLA in this
system.

1 ZC3H14 is in proximity to damageactivated ATM.

1 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.

1 ZC3H14 is phosphorylated by ATM in a damagpecific manner.

[1l. Introduction

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

DDR: its interactions with Ataxiéelangiectasia mutated (ATM), mechanism of action,
effect on cell survival, and effect onlBop formation. While abrogated resposige

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 gomple
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series of pathways involved in the DDBnd especially the events that occur in the
ImmediateEarly, Early, and Late responses, before pathway choice o&rrause of

its involvement in a wide range of phosphorylation and regulatory events upon DNA
doubl e strand breaks, ATM is a key player
lab identified ZC3H14 as an AThhteracting partner. This highly novelard as yet
unpublished data implicates ZC3H14 in the DDR and places it in a cacritical

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 mMRNA processing.

Thus, the evidence from Prof. Noel - Lown
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 @l 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 pcessing pathways required to preserve genomic
integrity. Further research is needed to delve into the structure and mechanisms of the
ZC3H14ATM interaction, as it holds potential to link mRNA processing and DDR
pathways. ZC3H14 interactions with otheofgins in the pathway, MDC1 and RNFS8,

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 &te of the break as much as recruitment of Late proteins like 53BP1 and
BRCAL1. 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 fieldA further hypothesis to investigate is whether the link between the

MRNA processing and the DDR roles of ZC3H14 could belodR resolution. Roops

102



Chapter 3: ZC3H14 is Involved in DSB Repair

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 ifdd®p formation upon ZC3H14 knockdown; this effect will be
investigatedurther as a possible link between the mMRNA 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 damagdmtand t
phosphorylation might be necessary for its role in the DDR, similar to those of other
phosphorylated DDR proteins such as MDC1, L3MBTL2, and R{¥e&as et al., 2007;

Liu et al.,, 2012; Nowsheen et al., 2018herefore, if we identify that ZC3H14 is
phosphorylated, and at what residue, then we could make strfiheteon mutants to
determine if that phosphorylation is essential for its DDR role, and begin to understand

ZC3H146s mechanism of action.

An important reason to study themediate Early, Early, and Late resporisde develop
synthetic lethal drugargetsfor 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 druggablertgets and to predict the effects andtaffget effects of ardg.

ZC3H14 could prove to be a druggable target similar to PARP, whichiacdthe
ImmediateEarly response and is treatable in BRCA1/2 negative carters.we delve
into ZC3H146s novel role in the DDR to a

to clarify outstanding questions in the field.

V. Results

I. The Phenotype of ZC3H14

ZC3H146s nor mal | o c enlicieas andi goanularjpumndtatee with i s
exclusion from the nucleoli (based on DAPI staining), and a slightnpelear
background signal Figure 26 andLeung et al., 2009; Soucek et al., 201/@pte that

only isoform %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 anéhdicating that ZC3H14 is not cell cycle regula{€thure 26).

ZC3H14 ZC3H14
A) DAPI low exposure high exposure

100 ]
80
60 -
40

20 4

# ZC3H14 foci per cell

Enlarge

Figure 26: ZC4H14 nuclear staining pattern. A) Immunofluorescence data of untreated U20S cells
showing ZC3H14 isoform-B pannuclear granular punctate patteflow and high exposure are shown
to show the dci thresholding (cell shown has 42 counted foci), and thegnaakdpannuclear staining
which is also presen€Conditions:4% PFA fixation 10min RT0.25% Triton permeabilisation 2min RT,;
primary antibodyZC3H14(Sigma Aldrich, HPA0497981:200 in 1% BSA1h 37°C; secondary antibody
(Bethyl, A120291FRabbitFITC antigoat 1:20Q in 1% BSA1lh 37C; DAPI andmount(DAPI, Vector
Laboratories, HL200) Scale=28m; individual scale cell scale £2.%m; enlarge scale &2%m. B)
Quantification ofA) with an average of 41.8 ZC3H14 foci per ca#l; 121 cells.

Because ZC3H14 appears to localise to nuclear bodies, and to confirm localisation studies
from the literature, we eetained for ZC3H14 anskeverahuclear markers, SC35, PML,
and Coilin (Leung et al., 2009)Previous unpublished research has looked at co
localisation between other nuclear bodies as Waljal bodies ardistinctnuclearbodies

that play roles in RNA metabolism such as transcription, splicing, and ribosome
biogenesis; they agd their maxmumsize and number in G1/S cells, are absent in mitosis
(Cantarero et al., 2015)Ve 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 bodieg#tlwroles in genome stability and the DNA damage
response, which sequester, modify, and degrade target pridtgjase 27A, panel 2 and
Lang et al., 2019)

We saw that ZC3H14 colocalises with SC&clear specklesvhich are nuclear bodies
thought to have roles in transcription and splidiRgyure 27A, panel 3andTripathi &
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 publishédk between nuclear speckles and DNA repswote that

the SC35 antibody has beenidentified as staining the nuclear speckle protein SRRM2
(1rek 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 U20S cells.
Conditions: 4% PFA fixation 10min RT; 0.25% Triton permeabilisation 2min RT; primary antibodies:
ZC3H14 (Sigma Aldrich, HPA049798, 1:200), Coilin (Abcam, al#2,8:200), PML (Abcam, ab96051,

1:200) in 1% BSA overnight at°€; secondary antibody (Bethyl, A12®1F Rabbit FITC antjoat;
Jacksony/15025151 Mouse TRITC antdonkey) 1:200 in 1% BSA 1h 3C; DAPI and mount (DAR

Vector Laboratories, H 2 00) . Scal efthéemnakbkcaihe arged i mages=
1=4¢ m; scale in Enlarge 2=1¢m. (n=1 repeat 1 Z(
ZC3H14/S35=97 cells). (Averages: ZC3H14/ Coilin=0.1693; ZC3H14/PML=0.0906;
ZC3H14/S35=0.8788).

To quantify thecolocalisation overlap, we us€de a r €arreld@tisnCoefficient(PCC)

which describes thamount ofcolocalisationbetweentwo channelsby measuring the
pixel-by-pixel covariance in the signal levels of the two imagedsosubtractshe mean
intensity from each pi x e lreSutisindegeredensof they v a
signal levels and backgrourfligure 27B andDunn et al., 2011)The PCC value can

range from1 to 1, with 1 being perfect overlap between two chaniétssawlow PCC

values between ZC3H14 and Coilin (0.1693) and between ZC3H14 and (040§,

while the value for overlap between ZC3H14 and SC35 was nearer EQ@H).8788

105



Chapter 3: ZC3H14 is Involved in DSB Repair

We also show how ZC3H14 localises throughout the cell cyatpufe 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 SO3dathi and
Parnaik, 2008)There is a decrease in the punctate pattern during prophase, and it is
completely gone during pmmetaphase, anaphase, and cytokinesis. During these stages,
ZC3H14 appears as a faint signal with exclusion from the chromosomes contained.
Sometimes these bied 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 moredepth study using cell cycle assays.

G1 G2 Prophase Pro-metaphase  Anaphase Cytokinesis

DAPI

SC35

ZC3H14

Merge

Figure 28: ZC3H14 colocalises with SC35 throughout mitosi#\) ZC3H14 and SC35 IEhroughout the
cell cycle. Note that each phase is adjusted separately to show what is visibl@hageatrhich accounts
for the brighter cells on the edge of the merged cells immtaphase and anaphaSeale=18m. n=5-10
cellsper condition.

To differentiate between ZC3H14 speckle localisation and possible IRIF,-staiced

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
celland 38.61 ZC3H14 foci per cell, and upon damage 38.53 SC35 foci per cell and 36.88

ZC3H14 fod We further used Pearsonods Correl af
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Figure 29: ZC3H14 nuclear speckle pattern does not change upon DNA damagéC3H14 was co
stained with SC35 nuclear speckle protein upon L
enlarge from each repeat 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: SaB5=110;
ZC3H14-IR= 138; SC35 +IR =138; ZC3H14 +IR =138; SC3R =121; ZC3H14-IR= 137; S@5 +IR

=90; ZC3H14 +IR =103). Averages: SC3WR =39.5%6.040; ZC3H14-IR = 33.7@5.492; +IR
SC35=38.54+4.142; +IR ZC3H14=36.88+4.341) Col ocal i sati on quanti fica
coefficient, calculated using the BioPJaCoP plugin for FIJI. (n=3goalt: repeat 1: SC35/ZC3H1WR

= 86; +IR = 94; repeat 2:IR= 107; +IR = 104; repeat 31R =113; +IR =105). (AveragesR:
0.80760.0639; +IR=0.7839+0.09110).

between the SC35 and ZC3H14 foci did not change significantly upon damaganwith
average of 0.B9 before damage, showing good overlap, and with 0.7839dposige
(p=0.8000) Figure 29C).

In summary, the panuclear punctate pattern @fC3H14 is consistent with it being a

nuclear speckle proteiand this localisation does not change upon irradiation.
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ii. ZC3H14 does not Colocalise with the Damage
Markers odH2AX or 53BP1

Due to ZC3H14606s i nweehypatbesise ahat Z@3HL4hformed M,
irradiation induced foci (IRIF). Many, but not all, DDR proteiasn these foci upon

irradiation.

We thereforeevaluated f ZC3H14 colocalises with the
performed immunofluorescence using laboratory standard extraction, fixing, and staining
conditions éeeMaterials and Methods 11.i) Note that in this experiment, we included
conditions in which singlehannels could be visualised condition with no ZC3H14
primary antibody to visualise H2 A X, coaditidn without IR exposure to visualise
ZC3H14.We found that ZC3H14 could not be seen at IRIF under these conditions
(Figure 30). ZC3H14 shows the expectguinctatepattern with exclusion from the
nucleol, whi | e 2 H2irdlxcedddei dowrmtionBBcause we are interested in
seeing if ZC3H14 ando H2 AX <col ocal i se, we quanti fie
Coefficient to determine the overlégtween the channels, and we accoufdeanost
falsepositives that occur due to separatstacksbeing projected into a single image by
projecting only thesevermost infocused images of thef the sixteen stack8Ve did not

see overlap between ZC3H14 and OoHQAQ®MX bef
and 0.0088, respectively.

Next, we performed a similar experiment, with a@xé&action 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 pextraction could therefore allow for the
brighter and lestightly bound signal to be washed away, while the ZC3H14 that is bound
at DSBs could be revealed. We included controls against sthglenels, no damge,

and the prior PFA

treat ment . However, we stil] did not det ¢
and there was no colocalisatioRiqure 31A). There is some change in the ZC3H14
speckle appearance between the-eximacted and the CSpre extracted sample; some

of the background staining that is not in the distinct nuclear speckles is less present.
Despite this, there is still no colocalisatio wi t h 2 H2 AX; al | condi t

Correlation
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Figure 30: ZC3H14 does not detectiblycolocalisewith o0H2AX A). Immunofluorescence of ZC3H14
and oH2AX upon 3Gy IR. B). Quantification oA usi ng P mmelatoocodifisient. (n=1, no
ZC3H14= 43 cells:IR =48 cells; +IR =37 cellAverages: no ZC3H14=0.08863=0.0121 +IRH.0088)
(Averages: no ZC3H14: 08858t0.07554-IR= 0.0121@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 CSife-extraction with an added RNAseA treatment prior

to either PFA fixation or CSK treatment and PFA fixation (skerials and methods
page83). RNAse A treatment could aid this as well because ZC3H14 is anliiing

protein, and SC35 nuclear speckles are RNA processing bodies, so treatment of RNAse
A could remove the nuclear speckle signal and/or the migidBessing portion of
ZC3H14, revealig the DSBresponding portion of protein. Under these conditions,
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Figure 31 ZC3H14 is not detectible at o0H2AX marked DSBs with CSK pre-extraction.
Immunofluorescence comparing PHiked and CSKpreextracted samples.IR=3Gy, 30min.
Scale=28m. B) Quantification of colocadation signal ofA with n=1 Note thatP e a r Tarraldtien
coefficient is higher in the ZC3H2dnly channel due to nonspecific sign@a=1, repeat 1: no ZC3H14=56
cells;-IR PFA fixed: 67 cells; +IF PFA fixed: 92 celldR CSK fixed: 32 cells:IR CSK fixed-61 cells.)
(PCC Averages: no ZC3H14=0.2080lR PFA fixed: 0.03860; +IF PFA fixed: 0.05728R CSK
fixed:0.03872;IR CSK fixed0.07697).

ZC3H14 could not be detected at DSB#th all PCC values under @Qindicating there
is no overlap betweeaH2AX and ZC3H14Figure 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 formdetectable IRIF. A) ZC3H14 does not colocalise withH2AX, the
major DNA damage marker, upon CSK etraction or RNAseA treatment. The ZC3H14 nuclear
speckles do change phenotype upon either or both CSK and RNAse A tre&jn@uiantification of
colocalwsation signal of Awith n=1(repeat 1noIR PFA =55 cells; IR PFA=57 cellsiR PFA RNAseA

= 61 cells;+IR CSK = 53 cells;#IR CSK RNAseA=50 cellsizIR CSK RNAseA =100 cells)(PCC
Averages : -IR PFA =0.010460.03496 +IR PFA=0.0164%70.04138 +IR PFA RNAseA
=0.00730%+0.03682 +IR CSK0.00785%0.03468 +IR CSK RNAseA =0.00855%0.02868§.

circular, upon CSK treatment the background signeddsicedand the speckles appear
smaller, and upon both CSK and RNAse A the staining is very circular with no
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