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Abstract

DNA single-strand breaks (SSBs) are amongst the most frequent DNA lesions arising
in cells and can threaten genetic integrity and cell survival, as indicated by the elevated
genetic deletion, embryonic lethality and neurological disease observed when single-strand
break repair (SSBR) is attenuated.

One of the proteins important for rapid repair of SSBs is XRCC1, which is a molecular
scaffold protein that interacts with multiple DNA repair enzymes (e.g. PARP1, PNKP,
POLPB, APTX, LIG3) and thus, promotes their stability and/or function. Defects in SSBR
have been associated with hereditary neurodegeneration in humans, cerebellar ataxias and
seizures. Here, I focus on genetic disease spinocerebellar ataxia autosomal recessive-26
(SCARZ26), which has been shown to be linked to mutations in XRCC/.

I investigate the amount of XRCC1 protein in XRCC/-defective cells and reveal that
cells from patients with mutations in XRCC1 exhibit greatly reduced XRCC1 levels. I show
that reduced levels of XRCCI1 protein in cells correlate with the increasing number of
endogenous SSBs, measured by quantification of ADP-ribose in the chromatin.

In addition, I confirm that the most endogenous SSBs arise in S phase of the cells cycle
during replication. Moreover, I prove that the main sources of the endogenous SSBs in
XRCCl1-defective cells are not an aberrant Topoisomerase | activity-induced lesions, neither
lesions, whose repair require the PNKP activity. Ultimately, I propose a hypothesis that
unrepaired oxidative lesions are those, which might trigger the neurodegenerative disease

associated with XRCC1 mutation.

Key words: XRCCI1, SSB, SSBR, DNA damage, DNA damage repair pathway,

neurodegeneration, ataxia



Abstrakt

Jednovldknové zlomy DNA (single-strand breaks, SSBs) patii mezi nejCastéjsi DNA
poskozeni vznikajici v buitkach a mohou ohrozit genetickou integritu a preziti bunék, jak
ukazuje zvySena genetickd delece, embryonalni letalita a neurologické onemocnéni vzniklé
z divodu naruseni opravné drahy téchto jednovlaknovych zlomt (single-strand break repair,
SSBR).

Jednim z proteinti dilezitych pro rychlou opravu jednovldknovych zlomt v DNA je
XRCC1, molekularni scaffold protein, ktery v ramci oprav poskozené¢ DNA interaguje s
n¢kolika enzymy (napt. PARP1, PNKP, POLB, APTX, LIG3), a tak podporuje jejich
stabilitu a/nebo funkci. NaruSeni opravnych drah jednovldknovych zlomi DNA bylo jiz
v minulosti spojeno s dédicnou neurodegeneraci u lidi, cerebeldrnimi ataxiemi a zachvaty.

V této praci se zamétuji na geneticky podminéné onemocnéni autozomalné recesivni
spinocerebelarni ataxii (spinocerebellar ataxia autosomal recessive-26;, SCAR26), uniz bylo
prokazéano, ze je spojena s mutacemi v. XRCC1I genu

Zkoumam mnozstvi proteinu XRCC1 v XRCCI-defektivnich buiikach, coz odhaluje, ze
bunky pacientli s mutacemi v XRCCI vykazuji velmi nizké hladiny XRCCI1 proteinu.
Popisuji take, Ze snizené hladiny proteinu XRCC1 v bunkach koreluji s rostoucim poctem
endogennich jednovldknovych zlomiit DNA, méfitelnym pomoci kvantifikace ADP-ribozy v
chromatinu.

Dale potvrzuji, Ze nejvice endogennich jednovlaknovych zlomi DNA vznikd v S fazi
bunééného cyklu, béhem replikace. Dokazuji zde, Ze hlavnim zdrojem endogennich DNA
SSBs v XRCC1-defektivnich bunikach neni ani aberantni aktivita enzymu topoisomeraza I,
ani jednovlaknové zlomy v DNA, jejichZ oprava vyzaduje ucast enzymu PNKP.

Nakonec navrhuji hypotézu, Ze priméarnim zdrojem jednovldknovych zlomti v DNA, jez
mohou ptedstavovat jednu z molekularnich pfi¢in dédicného neurodegenerativniho

onemocnéni spojen¢ho s mutaci XRCC1, jsou neopravené oxidativni 1éze v DNA.

Kli¢ova slova: XRCC1, SSB, SSBR, DNA poskozeni, opravné drahy DNA poskozeni,

neurodegenerace, ataxie
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1 Introduction

Among the crucial cellular processes, which allow the cell to be living and functional, is
maintaining the genome integrity. Genetic information must resist several types of damage,
which may arise from various sources. Fortunately for all eukaryotic organisms, our cells have
many strategies how to achieve a successful repairment of both exogenous and endogenous
DNA damage.

When DNA damage is too severe for cell’s future functioning, the purpose of DNA damage
response (DDR) signalling is to guide the cell towards apoptosis. In other cases, DDR activates
requisite signalling pathways and provides an important information about the severity
of genome-threatening DNA damage. Based on the output, the cell can decide whether stalling
of the cell cycle or senescence should follow.

During last decades, naturally occurring DNA damage became a favourite subject in many
research areas, such as cancer, aging, neurodevelopment and neurodegeneration. Further
research revealed that hydrolysis of DNA sugar backbone, DNA damage caused by either
alkylating agents or damaging compounds from metabolism (e.g. oxygen metabolism, lipid
peroxidation and some other processes) is frequently occurring on daily basis to a large extent.

Nowadays, there is no doubt that among these types of damage, arising spontaneously
throughout a day, single-strand breaks are the most abundant with number of events estimated
to more than 10 000 per cell per day (Ciccia & Elledge, 2010).

As there are many types of damage, there are also several repair pathways, which can be
cursorily divided into single- and double-strand break repair (SSBR, DSBR, respectively).
Single-strand breaks (SSBs) are the most common DNA lesions and SSBR might include base
excision repair (BER) pathways and nucleotide excision repair (NER) pathway, ribonucleotide
excision repair pathway (RER), mismatch repair (MMR) and other. The specific DNA repair
strategy is determined by the type of the lesion. Since SSBs arise on daily basis in every DNA
containing cell, these mechanisms for maintaining the genome integrity are available in all
eukaryotic cells independently on cell cycle phase. The ratio of individual pathways utilized

in the cells although may differ in a tissue-, organelle- and environment-specific manner.



The other impending cell catastrophes represented by double-strand breaks (DSBs) in the DNA
can be averted via homologous recombination (HR) and non-homologous end-joining (NHEJ)
repair pathway (Lieber, 2010).

In actively replicating cells, both DSBR pathways mentioned above are available. Contrary,
in non-dividing cells (therefore, non-replicating), the option to repair these breaks via HR is
lacking. NHEJ pathway (although repairing DSBs, just as like it happens during HR
in replicating cells) is always available and quite fast, but also more error-prone than HR, as
was shown in yeasts by Emerson et al., 2018.

There is a plethora of non-replicating cell types. Some can stay in reversible
nonproliferating state called GO phase of the cell cycle (GO=description of a cell arrested in G1,
therefore, not exiting the G1 cell cycle phase). These cells are referred to as quiescent cells and
can re-entry the replicative cycle in response to external or internal stimuli (e.g. tissue stem cells
and glial cells). After that, HR, again, becomes an option as a DNA repair strategy. Mentioned
quiescent state although, is not reversible in senescent and in terminally differentiated cells
(although this allegation is still questionable (Sharma et al., 2017)),which lose their ability to
divide completely (e.g. post-mitotic neurons, keratinocytes and other) or almost completely
(e.g. cardiomyocytes).

In neurons, the lost DNA damage repair options together with some non-replicative state
requirements and cell metabolism bring an extra genome-threatening stress to the cell. With
such a burden, even slight disruption of DNA repair processes in neurons can result in an
impaired neurological functioning. Taking into account the accumulation of mutations
(Verheijen et al., 2018) and the fact that each unrepaired SBB might eventually lead to
generation of double-strand break, lacking HR might be seen as disadvantageous for these cells.
In neurodegeneration context, this might be true particularly throughout aging (Jeppesen, Bohr,
& Stevnsner, 2011; Moreira et al., 2001; Coppede & Migliore, 2010; Lodato et al., 2018).

Moreover, insufficient repair of either single- or double-strand breaks in DNA has been
connected to several neurodegenerative diseases including Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS),
frontotemporal dementia (FTD) and last, but not least, several spinocerebellar ataxias.

Interestingly, ataxias seem to have impaired repair of single-strand breaks in common, the

source of which remains unclear. Unravelling the origin of DNA lesions, which underpin



disease pathology, may help us to understand the very basis of genome instability

and neurodegeneration in DDR-deficient neuronal dysfunctions.

1.1 DNA damage and repair

Life of the cell is possible thanks to the genome integrity, which is protected by a systematic

recognition and repair of DNA damage by a fine network of many DNA repair pathways
(Fig. 1).
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Figure 1: DNA damage and relevant repair pathways. Adapted from Genetex (URL1).

Some direct repair of DNA damage caused by alkylating agents is possible via single enzymes
(Belanich et al., 1996), however, common attribute of most of these repair pathways is signalling
via detectors/sensors, transducers, mediators and effectors.

Every cell must cope with both endogenous and exogenous DNA damage. This involves
DNA alterations and DNA lesions. Depending on the DNA damaging agent, we observe either
single- (single-strand break, SSB) or double-stranded (double-strand break, DSB) breaks of
DNA double-helix. These lesions are not necessarily produced directly, but they can also be
generated as intermediates during the repair of DNA itself (Abbotts & Madhusudan, 2010).

Among directly produced lesions in replicating cells, the most common are replication
machinery-caused DSBs and mismatched bases. In actively replicating cells, when DSB occur,
it can be repaired by suitable DSB repair pathway (either homologous recombination or NHEJ).
The DSBs in DNA may arise, apart from the replication-connected processes, in response to
exposure to ionizing radiation or genotoxic agents. Endogenous sources of DSBs are cellular

metabolism (generation of DNA-damaging ROS, which might subsequently result in DSB), and
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also normal programmed process of genomic recombination (either in purpose to provide the
gametic variety during meiosis or a class switch to ensure the antibody diversity) (Yoon &
Caldecott, 2018).

Anyway, in both replicating and non-replicating cells, the most abundant endogenous DNA
lesions are single-strand breaks. Sources causing DNA alterations which are later on capable
of SSB-induction are transcriptional stress, spontaneous deamination (causing apurinic or
apyrimidinic sites (AP sites)), hydrolysis of bases, modification of bases, inter- and intra-strand
cross-links, bulky adducts and free radicals (reactive oxygen species, ROS) doing (Iyama &

Wilson, 2013).

1.2 DNAssingle strand breaks and repair

So far, we have briefly discussed double-strand | !
breaks and some other replication-induced genome N TPARP1)
integrity challenging events. Aside these lesions,
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Figure 2: Simplified steps of SSB
recognition and subsequent repair by SSBR
enzymes.

ligation (Figure 2).

1.2.1 Sources and consequences of SSB lesions in the DNA

As double-stranded breaks in DNA might arise from exposure to ionizing radiation
or genotoxic agents, as well as from normal cellular processes, the origin of SSBs also vary.
In general, these include mainly direct disintegration of oxidized DNA sugar backbone, abortive

activity of topoisomerase I, cell metabolism (respiration and lipid peroxidation) and some



internal steps of DNA repair pathways (e.g. BER and RER). The most common lesions which
pose a threat in the form of subsequent SSB formation are summarized in Figure 3.

Among other events indirectly generating SSBs, but significantly threatening the DNA are
unique DNA-damaging structures formed. At many sites in the eukaryotic genome, including
the transcribed regions, if the nascent RNA transcript hybridizes with complementary DNA
template, RNA-DNA hybrids arise. These hybrids, together with displaced ssDNA, are three-
stranded structures called the R-loops and may serve as a transcription-stress effectors (Santos-
Pereira & Aguilera, 2015).

As the transcription machinery (and in replicating cells, the replication machinery
in addition) itself needs the DNA to be unwind, independently on the formation of RNA-DNA
hybrids, there is a forward positive torsion stress generated by RNA polymerase. This torsional
stress is than relieved by the DNA topoisomerase I (TOP1).

This ATP-independent enzyme possesses an endonuclease activity and covalently binds
DNA. The enzyme catalysis transient single-strand break, which allows the mechanical
unwinding of the DNA. Under normal conditions, such breakage is not recognized as a DNA
damage, because DNA strand is re-ligated by the TOP1, and the enzyme is then liberated from
the site without activating DDR pathway.

On the other hand, perturbation of the normal cellular TOPI activity may lead to the
accumulation of TOP1-cleavage complexes (TOP1-cc), and trapping those complexes on the
DNA leads to the activation of DDR (Pommier et al., 2006).

The normal cellular processes which can become the source of genome-threatening DNA
damage are DNA repair pathways called base excision repair (BER) and nucleotide excision
pathway (NER). So called “helix-distorting” lesions (e.g. bulky adducts, inter- and intra-strand
crosslinks) caused by either UV radiation or chemical substances are repaired by excision
of multiple nucleotides (usually about 30 nucleotides) via NER specific enzymes (NER
mechanisms reviewed in (Sugasawa, 2010)). On the other side, there are non-bulky lesions,
which can be eliminated by BER, also requiring the initial enzymatic DNA cleavage.

The base excision pathway and the pathway for SSBs’ repair share some core proteins, but
the pathway preventing the deleterious consequences of SSBs is often called single-strand break
repair (SSBR) and seen as a separate genome-protective mechanism, rather, then sub-pathway

of BER (discussed in detail in chapter 1.2.5 End-processing, gap-filling and ligation).
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BER serves as a key defensive mechanism against oxidative, alkylating and deamination (e.g.
cytosine deamination) events in the cell coming from either normal cellular metabolism,
spontaneous mutations or exogenous agents. These events result in a damaged DNA site, which
does not necessarily distort the DNA, but leads to a formation of SSB, which can subsequently
be turned into DSB (Yang et al., 2004). Non-bulky DNA lesions include apurinic/apyrimidinic
sites (AP sites), nucleotide derivates and deaminated bases (most of which are summarized in
Fig. 3).

As was previously mentioned, BER is a pathway requiring DNA incision. Two main BER
pathways were established. Short-patch BER pathway dealing with single damaged nucleotide
and long-patch BER pathway, incising two or more nucleotides (Matsumoto et al., 1994; Fortini
et al., 1998), a system requiring some replication-associated factors (Klungland & Lindahl,
1997). These two branches share four essential core enzymes (DNA glycosylase, AP
endonuclease or AP DNA lyase, DNA polymerase and DNA ligase), although, in context
of SSBR, the process of BER generally consists of 7 major steps summarized and compared

to the 5 steps of SSBR pathway in Figure 4.
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. Bl DNA ligation

Figure 4: The inclusion of BER and SSBR general steps.

The long-patch BER branch is important mainly in S phase, because the recognition and
subsequent repair of Okazaki fragment-caused SSBs is dependent on proliferating cell nuclear
antigen (PCNA) (Kedar et al., 2002) and flap endonuclease 1 (FEN1) (Prasad et al., 2000;
Klungland & Lindahl, 1997). In G1/G2 cell cycle phases, the short-patch branch of BER
becomes the key DNA repair pathway, which is able to repair the most common endogenous
lesions. As you can notice in the comparison of BER and SSBR (Fig. 3), BER is causing an
additional DNA single-strand break, which is then recognized and resolved by SSBR proteins

and enzymes.



1.2.2 Recognition of SSB and ADP-ribosylation

The additional SSBs arising from BER were connected to the first step of SSBR which
involves DNA and protein modification (covalently attached ADP-ribose molecules) done by
specialized sensory enzymes. So far, there is not enough scientific data, which would clarify the
role of such modification in the NER-pathway (King et al., 2012).

The first step in SSBR is detection of such damage and activation of the pathway by
signalling the threat to the cell. This ability belongs to some of the members of poly(ADP-
ribose) polymerase (PARP) protein family (so far consisting of 17 enzymes).

These enzymes, known as ADP-ribosyl transferases (ARTDs), are capable
of poly/mono(ADP-ribose) synthesis. Consuming the NAD", PARPs can modify proteins with
single mono(ADP-ribose) molecules (MARylation)! or chains of poly(ADP-ribose) molecules
(so called “PARylation” by PARP1, PARP2, and Tankyrases 5a and 5b), which then serve as a
cellular signalisation (further referred to as “labelling”) (Vyas et al., 2014). Altering the
biochemical properties of proteins and molecules (e.g. histones, DNA, RNA), this modification
is utilized in crucial pathways: regulation transcription, apoptosis, cell division and DDR.

For the purpose of labelling the SSBs in the DNA, only a few PARPs can do so: PARPI1,
PARP2 and PARP3. This is thanks to their capacity to bind DNA. These three enzymes share a
conserved DNA-binding domain WGR (Trp, Gly, Arg) (Fig. 5). PARPI and PARP2 are capable
of PARylation, whereas PARP3 (according to Grundy et al., 2016; Belousova et al., 2018) can
synthetize and covalently link only single molecules of ADP-ribose. Although alll three
mentioned proteins share similar structure (including the catalytic domain), compared to PARP1
and PARP2, PARP3 lacks the N-terminal Zn-finger domains (Znl, Zn2, Zn3) and BRCT
domain (Fig. 5).

PARP-1 N (Zni)-Zn2{Znd )~ BRCT —WGR+ HD X_ART )C
N ——WGR+HD ) ART )C

catalytic domain

PARP-2/PARP-3

Figure 5: Schematic structure of human PARP-1, PARP-2, and PARP-3 domain organization. Zinc
fingers: Znl, Zn2, and Zn3; BRCT — BRCA C-terminus; WGR: Trp-Gly-Arg domain; HD —helical
domain; ART — ADP-ribosyltransferase. Adapted from: Li, G. M. (2008). Mechanisms and functions of
DNA mismatch repair. In Cell Research (Vol. 18, Issue 1, pp. 85-98).

! Capable of the mono(ADP-ribose) modification is the majority of the PARP protein family members.



Within the catalytic domain, PARPs have
auto-modification moiety, which accepts
auto-PARylation. When the conformation
of the enzyme changes (by binding
to ssDNA), dimerization occurs and the
enzyme becomes fully active, generating
ADP-ribose polymers (Pion et al., 2005).

The abundancy of PARP1, PARP2
and PARP3 does not differ dramatically

(according to data published in

(GeneCards®: The Human Gene Figure 6: A composite model for full-length PARP-1
detecting a single-strand DNA break. Adapted from: Li,
Database, 2020); URL2, URL3, URL4), G. M. (2008). Mechanisms and functions of DNA mismatch

. . o repair. In Cell Research (Vol. 18, Issue 1, pp. 85-98).
but the main enzyme ensuring about 85 %

of nuclear PARylation after induction of oxidative damage is PARP1 (Hanzlikova et al., 2017).

The reason for that is the presence of the Zn-finger domains, which provide strong DNA-
binding (Fig. 6). Chains of (ADP-ribose) molecules are recognized by the X-ray cross
complementing protein 1 (XRCC1). XRCC1 does not exhibit an enzymatic activity, instead, it
serves as a scaffold protein and a linkage between PARylation and other DNA-repairing

enzymes. Thus, it accelarates SSBR.

1.2.3 Regulation of poly-ADP-ribosylation

Even though PARylation might be very robust (as result of hyperactivation of PARPs by
DNA damage (Hoch et al., 2017), it is a very transient process. Aside the auto-regulatory
function and conformational changes (Langelier et al., 2018), the PARylation process itself is
regulated by hydrolases, sometimes called erasers of PARylation (simplified schema of PAR
chains’ metabolism is illustrated in Fig. 7).
Poly(ADP-ribose) glycohydrolase (PARG) is a necessary enzyme and provides very adroid
regulation of the length of PAR chains by cleavage of ribose-ribose bonds within the polymer,
therefore, releasing free single ADP-ribose molecules (Slade et al., 2011).
Importantly, this enzyme is not able to cleave the very last ADP-ribose molecule attached to the

protein. For this purpose, there are several mono(ADP-ribose) hydrolases, for example ADP-


https://www.genecards.org/cgi-bin/carddisp.pl?gene=PARP1#expression
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PARP2#expression
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PARP3#expression

ribosylhydrolase 1 (ARH1), ADP-ribosylhydrolase 3 (ARH3) and terminal ADP-ribose protein
glycohydrolase 1 (TARG) with the ability to remove the terminal mono(ADP-ribose) molecule.
These enzymes are not redundant, their function is limited by the amino acid, on which is the
terminal ADPr bound (e.g. serine-ADPr is cleaved by ARH3 (Bonfiglio et al., 2017; Abplanalp
et al., 2017) and ADPr attached to glutamate or aspartate residue are cleaved by TARG (Sharifi
etal., 2013).

PARPs are one the therapeutic targets in cancer research due to the exploration of PARP
inhibition (PARP inhibitors, PARP1) synthetic lethality (Bryant et al., 2005; Dedes et al., 2011;
Ali et al., 2018). Connection between the inhibition of PARPs’ counterpart enzyme PARG
and synthetic lethality in BRCA1/BRCA2 deficient cancers is not as clear as in the case
of PARP1, but the use of PARG inhibitor (PARGiI) is very helpful tool in SSBR research.
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Figure 7: Simplified schema of the ADP-ribose polymers. Polymerization of ADP-ribose units by PARP1 (consuming
NAD") (red). Hydrolysis of ribose-ribose bonds by PARG is shown in dark green. Site of the terminal mono(ADPr) cleavage
is indicated by light green arrow. Adapted from (Rouleau et al., 2004).
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There are few methods for SSB visualization in cells, but currently the most efficient way to
explore SSBs in the DNA seems to be PARG inhibition (for mechanistic description of the
method see chapter 3.4.6 Immunofluorescence). It is very accurate, less time-consuming and
cheap, compared to the other DNA-breaks detection methods (Luczak & Zhitkovich, 2018;
Biernacka et al., 2018; Kordon et al., 2019).

1.2.4 X-ray repair cross-complementing protein (XRCC1)

After PARylation, the key scaffold protein of SSBR, X-ray repair complementing
protein 1 (XRCC1) mediates the assembly of SSBR machinery and accelerates the whole
process of repairment.

Its mRNA abundance in tissues was described in Fagerberg’s RNA-sequencing study
(Fagerberg et al., 2014). The XRCC1 mRNA can be found in at least 27 different tissues,
including placenta, thyroid, endometrium, testes and ovaries (mean RPKM ranging from
10,3631 £ 1,506 to 16,043 + 0,377, respectively;) and in brain, colon, duodenum, oesophagus,
small intestine and stomach similarly (mean RPKM ranging from 6,150 £ 0,518 to 7,124 + 1,66,
respectively; as analysed in "XRCC1 X-ray repair cross complementing 1", 2020; URLS).
In case of the brain, XRCC1 mRNA is present in most human, pig and mouse brain regions,
such as olfactory region, cerebellar cortex, basal ganglia, cerebellum and other according to two
transcriptomics datasets (Yoon & Caldecott, 2018).

This protein is located on chromosome 19 (19q13.31), consists of 633 amino acids coded
by 17 exons and has molecular weight 85 kDa. XRCC1 exists in form of a monomer, as well
as a homodimer (Mani et al., 2004). This protein has a Revl interacting region (RIR) motif
(interacting with PNKP with low affinity; (Breslin et al., 2017)), nuclear localization sequence
(NLS) motif and several interacting domains. One of such interacting domains is N- terminal
domain, which interacts with Polf, another domain is central BRCT1 (Breast cancer type 1
susceptibility protein C- terminus domain 1), interacting with DNA, ADP-ribosylated PARP1
and PARP2 , and is also involved in homodimerization of XRCCI1 (Lévy et al., 2006) (Fig. 8).

On the C- terminus there is BRCT2 domain (Breast cancer type 1 susceptibility protein C-
terminal domain 2), interacting with human DNA ligase III (LIG3a)). Two linker domains

interact with PNKP. As was previously said, linker 1 provides low affinity binding site for
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PNKP, but the linker has also a modification site present (important for the repair of G/T
mismatches, for more detailed information see (Wiest & Tomkinson, 2019).

In context of SSBR, the linker 2 (between BRCT1 and BRCT2 domain) is essential due to
three clusters of cysteine-kinase 2 (CK2)-phosphorylation sites (depicted as clustered black
asterisks in Fig. 8). Phosphorylation of XRCC1 by the constitutively active protein kinase CK2
enables XRCCI1 translocation to the nucleus (in response to oxidative DNA damage and also
provides successful binding with PNKP (high affinity XRCC1/PNKP interaction), APTX and
APLF, as depicted in Fig. 8) (A. A. E. Ali et al., 2009; Rulten et al., 2008; Loizou et al., 2004;
Clements et al., 2004).

The scaffold protein XRCC1 was shown to bind also some important DNA glycosylases
(e.g. AP endonuclease 1 (APEI), oxoguanine glycosylase 1 (OGG1) and endonuclease VIII-
like enzymes (NEILs); Fig. 8) with take part in SSBR too.
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Figure 8: XRCC1 protein structure and interactions. Simplified XRCC1 protein structure with folloving domains
depicted: N-terminal domain (purple), two linker domains (grey), BRCT domains (green and yellow). Relevant domain
interacting partners depicted in an according lighter colour. Abbreaviations: APE1 = AP endonuclease 1; APLF = aprataxin-
and PNKP-like factor; APTX = aprataxin; BRCT1 = BRCA1 C-terminal domain 1; BRCT2 = BRCA1 C-terminal domain
2; LIG30 = human ligase III alfa; NEIL1 = endonuclease VIII-like 1; NLS = nuclear localization signal; NTD = N-terminal
domain; OGG1 = oxoguanine glycolase 1; PAR = poly(ADP-ribose); PARP= poly(ADP-ribose) polymerase; PNKP =
polynucleotide kinase phosphatase; POLB = DNA polymerase beta; RIR = Revl1 interacting region; * = modification site.
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1.2.5 End-processing, gap-filling and ligation of SSBs

Following the track of SSBR pathway, the next major step is called end-processing. After
spontaneously arised SSBs or exposure to SSB-causing agents, there are several combinations
of damaged DNA ends left behind (summarized in Fig. 9). SSBR machinery restore the
necessary conventional 3’-OH and 5°-P ends via several damaged end-specific enzymes (Repair
enzymes in Fig. 9), which allows the repair machinery to proceed.

As you can see in Figure 9, there are several different ssDNA damaged ends, which might
appear in the cell. The enzymes of SSBR pathway are able to eliminate such, based on the
chemical properties. Among the events which leave a 3’-phosphate and 5’-hydroxyl termini are
ionizing radiation, AP-lyase enzymatic cleavage or ROS attack (-OH). Resolving these
unligable ends is the main task of DNA end-processing enzyme which possesses DNA 5’-kinase
and 3’-phosphatase activity called polynucleotide kinase phosphatase (PNKP) (Fig. 9, left).
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Figure 9: Examples of damaged DNA termini at SSB. Possible forms of 3’ and 5’ DNA ends and DNA repair enzymes
involved in end-specific repair. Green: XRCCl1-interacting partners, orange: XRCC1-and PARP1-interacting partners, blue:
XRCCI1- and PAR-interacting enzymes. PNKP: polynucleotide kinase 3'-phosphatase; POLB: DNA polymerase 3; FEN1:
flap endonuclease 1; APTX: aprataxin; APEl: apurinic/apyrimidinic endonuclease 1; TDPI1: tyrosyl DNA
phosphodiesterase 1.
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Also, previously mentioned mechanism of torsional stress relieve via TOP1 brings the problem
of unresolved TOP1-cleavage complex (TOP1-cc), indirectly causing persisting SSB, whose
proper processing of TOP1-cc is dependent on the PNKP enzyme too. In normal cells, formation

of TOP1-cleavage complex is a reversible process.

Topoisomerase I is able to perform an incision of the sl T

DNA as well as its ligation afterwards. In the situation, TOF1clomvage

when TOP1 enzyme is stalled at the site of the single- 1-,,‘9@
e 12T

strand cleavage?, it forms a complex with ssDNA via

Proteolysis ¥

tyrosyl phosphate bond. The stalled complex activates o~
the ubiquitin-26S proteasome pathway, which leads to i S

/
P
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a partial degradation of TOP1. Tyrosyl phosphate link
remains at the site and is subsequently cleaved by s

tyrosyl-DNA phosphodiestease I (TDP1), leaving a 3°- Figure 10: Simplified steps of TOPI-

P ARylated, cleavage complex dissolution by TDP1

phosphate moiety, which can be enzyme. Adapted from (Alvarez-Quilén et al.,

recognized by XRCC1 and then processed by SSBR 2020).
pathway (Fig. 10).

TDPI1 is recruited to the SSB by PARP1 and the PAR chains generated by the enzyme.
TDP1 was also shown to co-localize with XRCC1, to bind LIG3a (which might be in complex
with XRCClI), and, also to promote XRCCI1 recruitment (Plo et al., 2003; El-Khamisy,
Hartsuiker, & Caldecott, 2007; El-Khamisy et al., 2005). Its function although is not perfect to
the point of processing the damaged ends into the conventional form, which would directly
facilitate subsequent gap-filling and ligation of the strand. After TDP1 cleaves TOP1 peptide
(remaining at the SSB from previously partially degraded TOP1), there are damaged ends left.
The ends are specific based on their origin and, in this case, the damaged ends must be processed
by the PNKP enzyme (Alvarez-Quilén et al., 2020).

This PNKP enzyme can bind to DNA (Havali-Shahriari et al., 2017) and is one of the major
XRCCl-interacting partners (Breslin et al., 2015; Breslin et al., 2017). Aside the mentioned
low-affinity binding site upstream BRCT1 of XRCC1, which is phosphorylation independent,
it has been shown that N-terminal FHA domain of the PNKP enzyme interacts with

2 Stalling of TOP1 might be induced by topoisomerase I inhibitor camptothecin (CPT).
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phosphorylated XRCC1 (A. A. E. Ali et al., 2009). It support the retention of these proteins,
accelerating the SSBR in response to alkylating agents (Della-Maria et al., 2012), and also
stimulates the PNKP activity (Loizou et al., 2004; Hanzlikova et al., 2017).

The FHA domain is crucial for the enzyme, because it does not only bind to a specific
phosphorylated site on XRCCI1 (A. A. E. Ali et al., 2009). Its folding creates secondary structure
similarly to BRCT1 domain (“PAR-binding pocket™), which is responsible for early recruitment
of the protein to the DNA damage sites (M. Li et al., 2013) , which were PARylated afore by
the PARPs.

The CK2-phosphorylated motif of XRCC1 mediates the interaction with another end-
processing enzymes aprataxin (APTX) and aprataxin- and PNKP-like factor (APLF), which
both possess the amino-terminal FHA domain (Moreira et al., 2001; Iles, Rulten, El-Khamisy,
& Caldecott, 2007). Aprataxin resolves 5’-adenylate (5’-AMP) terminus (Fig. 9; top right)
arising from abortive ligation intermediates, and, same as with PNKP, interaction between
XRCCI and APTX promotes the recruitment of the protein to the SSBs in nucleus (Horton et
al., 2018). APLF is also recruited to sites of DNA damage in PAR-dependent manner, but its
specific function has not been fully described yet (Iles et al., 2007).

Apurinic or apyrimidinic lesions (AP sites, Figurel1), induced by ROS attack or resulting
from DNA glycosylase-catalyzed reactions, and 3’-phosphoglycolate (3’-PG) are excised by the
apurinic/apyrimidinic endonuclease 1 (APE1). APEI possess 3'-phosphodiesterase and 3'-5'
exonuclease activities. Working in close cooperation with DNA glycosylases, APE 1 can cleave
the phosphodiester backbone at 5° of the AP site, leaving a 3°-OH terminus and 5°-dRP (Fig. 9)
behind. This enzyme, although upstream of the SSB origin, was also reported to bind XRCCl1
(Vidal et al., 2001a).

Nevertheless, taking into account the
contradictory observations and conclusions
(Vidal et al., 2001; Fan et al., 2004; Wong et © OH o
al., 2005; Caldecott, 2019), this interaction
seem to be indirect and the relevance of .

APE1/XRCCI interaction remains blurry. Hemiacetal Aldehyde

Figure 11: Baseless sugar moieties called AP sites.
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Next step is gap-filling of the SSB-caused gap in the DNA performed by DNA polymerase 3
(POLP). This and following steps utilize the same set of proteins during BER and SSBR. POLJ
cleaves the sugar backbone at 3” of the AP site and is able to fill the gap by synthesis of proper
nucleotides (Prasad et al., 1998).

It also has the ability to bind XRCC1 NTD domain via palm-thumb domains in its active
site (Marintchev et al., 2003; Gryk et al., 2002), whilst the thumb domain is important for
XRCCI1/POLB affinity (Cuneo & London, 2010). Binding XRCCI, once again, promotes
recruitment of POLP to the site of DNA damage caused by low doses of irradiation and
positively affects its stability (Hanssen-Bauer et al., 2011; Fang et al., 2019).

Alkylating agent- and oxidative agent-induced DNA damage repair studies (Wong &
Wilson, 2005; Dianova et al., 2004, respectively) support the hypothesis that this interaction
participate in BER efficiency coordination , therefore, also in SSBR pathway (Lan et al., 2004).
This is consistent with the finding that POLP is involved in long-patch BER pathway
downstream of XRCC1 (Havali-Shahriari et al., 2017), where it interacts with another set
of enzymes (including proliferating cell nuclear antigen (PCNA) (Kedar et al., 2002) and
flap endonuclease 1 (FEN1) (Prasad et al., 2000; Klungland & Lindahl, 1997). POL in SSBR
pathway might be partially dispensable in case of oxidative damage (Caldecott, 2019), but either
way (alkylating or oxidative agents-caused DNA SSBs), POLP is tightly connected with the
final step of ligation, which completes the repair of SSB.

In case of long-patch DNA repair, DNA ligase 1 (LIG1) and its interaction with PCNA
is needed (Levin et al., 2000), but the pathway which includes XRCC1 is the short-patch branch
of SSBR (Mortusewicz et al., 2006a). Ligation of the latter is conducted by XRCC1-interacting
enzyme DNA ligase Illa (LIG3a), one of the two isoforms present in the nucleus. Only this
isoform possesses C-terminal domain which promotes the enzyme’s stability and, as it has been
seen with other XRCCl1-interacting partners, recruitment to the DNA damage site (Ljungquist
et al., 1994; Caldecott et al., 1995; Mortusewicz et al., 2006) via binding to XRCC1 (Taylor et
al., 1998). Noteworthy is the fact that most of the LIG3a (about 80%) is in heterodimer with
XRCCl, and that in XRCC1-deficient mammal cells, the cellular level of LIG3a is greatly
reduced (~5 fold) (Caldecott et al., 1995; Ljungquist et al., 1994) . As can be concluded from
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above information, the XRCC1 (with bound LIG3a) plays a role in recruitment of the ligase and

presumably provides more efficient continuity of SSBR steps.

1.3 DNA damage and neurodegeneration

Although all living cells fight to maintain the genome integrity, neurons with their specific
requirements for the functionality, indeed, are very specialized cells in the human body.
Constantly occurring endogenous DNA damage-causing events threat the neural genome
integrity during neurodevelopment and mature neurons face even more threads. Many
neurologic diseases are caused by perturbation of neurodevelopment, which projects to the adult
life, often shortening the lifespan of an individual.

As proliferation drives the neurodevelopment, replication stress is a major cause of DNA
damage during neurogenesis. Additionally (to DSBs arising from the replication machinery
itself), one of the most frequent errors during DNA replication involve incorporation
of ribonucleoside triphosphate (rNTP) instead of deoxyribonucleoside triphosphate (dNTP).
Although, transcription-associated and oxidative stress-caused DNA damage take place
in immature neural cells as well as in mature neurons,

As was previously said, many neurological problems origin from the proliferating cells
during the development. In a mature brain, the situation is distinctly changed. Since the mature
brain consists mostly of post-mitotic non-proliferating neurons, often with high transcriptional
activity and high respiratory rate, genotoxic events are most likely to happen on a bigger scale.
The increased respiration leads to a high ROS production, oxidization of bases and, possibly
even to a breakage of phosphodiester backbone of DNA. It is not surprising that these extra
threads require efficient DDR, and any perturbation might be potentially fatal.

In last decades, neurodegeneration was directly and indirectly linked to defectiveness
in BER and SSBR, as well as DSBR, NER, MMR and mitochondrial dysfunction (Jeppesen et
al., 2011). Aside the individual diseases and syndromes (summarized in Fig. 12), the DNA
breaks seem to contribute to the process of aging (Jeppesen et al., 2011). It has been shown that
DSBs may lead to disrupted neurodevelopment, however, the most frequent lesions in the non-
diving cells are SSBs. Therefore, it is possible that SSBs in SSBR-defective mature neurons

pose a bigger thread to the genome than the highly toxic DSBs.
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Figure 12: Summary of DDR-defects and attributed diseases/syndromes. ALS = amyotrophic lateral sclerosis, AOAl =
ataxia oculomotor apraxia 1, AOA2 = ataxia oculomotor apraxia 2, AOA4/MCSZ = ataxia oculomotor apraxia 4/microcephaly
with seizures, AOA-XRCC1 = ataxia oculomotor apraxia-XRCC1, ATLD = ataxia-telangiectasia-like disorder, BER = base
excision repair, DSBR = double-strand break repair, HR = homologous recombination, MMR = mismatch repair, NER =
nucleotide excision repair, NHEJ = non-homologous end-joining, SCAN1 = spinocerebellar ataxia with axonal neuropathy,
SSBR = single-strand break repair.

1.3.1 XRCC1, XRCC1-interacting partners and neuropathologies

Defective DNA repair pathways caused by altered XRCCI (or simply XRCCl1
polymorphism) and/or by several other proteins, which somehow affect either XRCC1 itself
or its interactions, were previously linked to cancer (e.g. cervical cancer, breast cancer, non-
small cell lung cancer and others, respectively; acute myeloid leukemia (the established
contribution of impaired DNA damage repair to cancer reviewed in Broustas & Lieberman,
2014).

Moreover, mutations in several SSBR proteins affecting either directly their function or
their interactions, were found to be connected to neurodegenerative diseases (e.g. hereditary
ataxias (Yoon & Caldecott, 2018), amyotrophic lateral sclerosis, Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease , reviewed in (Wang et al., 2018)).

The medical term ataxia represents loss of muscle control and movement coordination.
Such condition affects daily life to a large extent. Patients diagnosed with ataxia may experience
difficulties with speech, swallowing, walking, loss of balance; loss of hand, arm of leg muscle
coordination and other. The symptoms might graduate and result in problematic fulfilling
of daily tasks (such as putting clothes on, brushing teeth, hygiene, eating and communication).
Such medical condition might eventually require wheelchair for patient’s mobility and even

fulltime assistance.
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In general, the cause of developed ataxia vary (stroke, head trauma, infections, brain
abnormalities, vitamin deficiencies, multiple sclerosis and other), but an important subgroup are
hereditary ataxias. These are divided into autosomal dominant and autosomal recessive ataxias
nevertheless, the main features are progressive cerebellar degeneration, peripheral neuropathy,
oculomotor apraxia and gait and limb ataxia (for more detailed information see “Hereditary
Ataxia Overview - GeneReviews® - NCBI Bookshelf,", accessible here URLO).

Recently, mutations in XRCC1 gene, which contribute or directly cause neurodegeneration
in humans, were described (Hoch et al., 2017; O’Connor et al., 2018) and are referred to as
ataxia oculomotor apraxia XRCC1 (AOA-XRCCI; previously SCAN26 or AOAS).

XRCCI mutated on both alleles (heterozygous) was found in a 47-year-old- woman (for
simplicity and consistency within this text, this proband is referred to as XD1 patient), who was
initially, six years before the mutation was earmarked, examined and diagnosed with cerebellar
atrophy, gait and limb ataxia, oculomotor apraxia and peripheral neuropathy. Among ataxic
abnormalities, also dysmetria, dysdiadochokinesis, slow fast finger movements, dysarthria and
affected proprioception were observed. Early development and cognitive functions were not
affected, but at approximately 28 years, difficulties with balance and gait began. Then, around
39 year of age, speech difficulties appeared and later on, also swallowing became problematic.

Brain scan at the age of 40 revealed
massive cerebellar atrophy, and by the age
of 47, the atrophy progressed (cerebellar
vermis and hemispheres affected) (Fig. 13).
Her condition accelerated throughout these
years into muscle cramps and severe pain,
often falls, choking episodes and difficulties

with daily tasks (such as eating, standing,

putting clothes on, walking, personal

. Figure 13: MRI examination of XD1 patient brain
hyglene). at the age of 40 (top) and 47 (bottom). Adapted from
(Hoch et al., 2017).
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Figure 14: AOA-XRCC1 patients’ mutations in XRCCI. Patient with biallelic heterozygous mutation (XD1) carry
c. 1293G>C (p.K43IN) and c. 1393C>T (p.Q465%) mutations. Patient with biallelic homozygous mutation carry
c. 293G>C (p.K431N) and c. 293G>C (p.K431N).

Genetic tests did not reveal any other neurologic disease-caused mutations (tested for
spinocerebellar ataxias types 1, 2, 3, 6, 7, 8 and 17, Friedrich a., APTX, SETX and POLGI),
only heterozygous mutations of XRCC1 were identified (Fig. 14): c. 1293G>C (p.K431N) and
c. 1393C>T (p.Q465%*). Mutation c¢. 1293G>C (p.K431N) is within a consensus donor splice
site and results in aberrant splicing. Mutation c. 1393C>T (p.Q465%*) causes a premature stop
codon. The resulting shortened mRNA is most likely degraded by nonsense mediated mRNA
decay (Hoch et al., 2017).

Later, in 2018, O’Connor et al. broaden the AOA-XRCC1 phenotype of two new patients.
These two unrelated men carry a biallelic homozygous mutation in XRCC/ gene, which is
identical with XDI1 mutation c¢. 1293G>C (p.K431N). Unlike the previously described
heterozygous AOA-XRCCI1 patient, both homozygous patients come from consanguineous
parents.

Patient 1 (referred to as #424) experienced ataxic gait and recurrent falls by the age of 3.
During school years, he developed dysarthria, dysdiadochokinesis and experienced painful
cramps. MRI at the age of 15 did not reveal any remarkable changes, but other nerve conduction
studies showed sensorimotor neuropathy of axonal type. By the age of 22, the patient
experienced recurrent falls, broad-based gait and lacked reflexes in lower limbs. Also,
hypometria, nystagmus on lateral gaze and impaired proprioception was shown. The control
MRI revealed cerebellar atrophy.

Patient 2 (hereinafter referred to as #428) experienced first signs of ataxic features as an
infant. This worsened throughout his childhood and brought muscle cramps, lower limbs
stiffness and dysarthria. He was diagnosed with myotonia congenita (myotonic disorder). By

the age of 30, his gait was clearly ataxic and developed nystagmus on lateral gaze. Impairment
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of lower limb sensation and lack of reflexes was observed. Electromyography revealed
sensorimotor axonal neuropathy and MRI showed cerebellar atrophy.

In the first described patient (XD1), it was shown that carrying the heterozygous mutation
in scaffold protein gene XRCC, patient-derived fibroblast exposed to oxidative DNA damaging
compound show reduced SSBR in response to oxidative stress, reduced XRCC1 levels and its
recruitment to the chromatin (which negatively alters the kinetics of SSBR). This was confirmed
in XRCC1”- RPE-1 cells, where the phenotype was even stronger.

Further experiments showed reduced levels of XRCCl1-interacting partner LIG3a and the
level of XRCCI in patient cells to be very low (~5 %). Additionally, conditional knock-out of
Xrccel in mice exhibited elevated ADP-ribose in the cerebellum, loss of cerebellar interneurons
and ataxia (Hoch et al., 2017). The SSBR capacity, XRCCI levels and chromatin recruitment
in the patients with homozygous mutation in XRCC! was not described yet.

It is not surprising that mutations in most of the SSBR enzymes interacting with the scaffold
XRCCI1 protein (namely PNKP, TDP1 and APTX) are also connected to neurodegeneration
(Fig. 15). Mutations in the PNKP enzyme are connected to microcephaly and early onset
seizures (MCSZ), Charcot-Marie-Tooth disease (CMT2B2) and, importantly, also to ataxia
oculomotor apraxia 4 (AOA4) (Kalasova et al., 2019; Leal et al., 2018; Scholz et al., 2018,
respectively). AOA4 share the main SSBR-defective phenotype features with XRCC1-mutated
individuals, namely the progressive cerebellar atrophy (Fig. 16), gait ataxia, ocular motor

apraxia and peripheral neuropathy.

_ heterozygous homozygous '
normal brain patient XD1 patient #428 PNKP patient

Figure 15: Comparison of brain scans showing cerebellar atrophy (white circles) in XRCCI-mutated patients and
one PNKP-mutated patient. Brain scans of the two XRCCI-mutated patients and one PNKP-mutated patient in
comparison to a healthy individual.
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Figure 16: Single-strand break repair (SSBR), XRCC1 and XRCCl-interacting partners in the context
of neurological pathologies. The sources of SSBs in the DNA followed by main SSBR steps. End-processing enzymes
interact with scaffold protein XRCC1 and allow the pathway to proceed via short-patch branch, which is also a part of base
excision repair pathway XRCC1 and its interacting proteins linked to neurodegeneration are highlighted in red-outlined
ovals with corresponding disease (AOA-XRCC1, AOA1, AOA4, SCANI) or syndrome (MSCZ) in red rectangles. Other
depicted pathway (long-patch, also identical with long-patch BER steps) is XRCC1-independent and involves displacement
of ssDNA, which then require enzymes such as PCNA, FEN1. The long-patch branch is utilized for example in RER
pathway (Potenski & Klein, 2014). With permission adapted from (Yoon & Caldecott, 2018a).

Similar disease manifestations appear in individuals diagnosed with the hereditary disease ataxia
oculomotor apraxia 1 (AOA1) caused by a complete deletion/mutation in the gene which codes

aprataxin®, the end-processing enzyme which can resolve the 5’-AMP damaged end. Cells

3more than 20 different pathogenic mutations of the APTX gene were identified as the primary cause of the AOA1
(as stated in the (Yoon & Caldecott, 2018) review)
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lacking APTX show impaired DDR in response to SSB-causing agents (Hirano et al., 2007;
Crimella et al., 2011).

A mutation in TDP1 was reported as the genetic cause of another hereditary ataxia, the
spinocerebellar ataxia with axonal neuropathy 1 (SCANI) (Takashima et al., 2002). In mice, the
TDP” knock-out animals recapitulate SCANI1 clinical features, mainly the progressive
cerebellar atrophy. In this study, the mice-derived TDP” neurons were shown to accumulate
SSBs (Katyal et al., 2007) due to the impaired SSBR.

Here, I would like to present one more protein. Although it does not interact with XRCC1
protein, mutations in the gene coding RNA/DNA helicase senataxin (SE7X) represent another
genetic cause of hereditary ataxia (ataxia oculomotor apraxia 2, AOA2) (Nanetti et al., 2013).
Senataxin helicase can resolve toxic R-loop structures (RNA/DNA hybrids) and its disrupted
function can result in AOA2 and, also to another neurodegenerative disease called juvenile
amyotrophic lateral sclerosis (ALS4). The AOA2 manifestation involves some of the clinical
features as AOA1. mainly cerebellar atrophy and axonal neuropathy, but most of the patients do
not show oculomotor apraxia (Nanetti et al., 2013). Additionally, this year (Richard et al., 2020),
showed that senataxin is apparently a part of autophagy regulation. In context of the ALS and
ataxia disease pathologies, this might be a new interesting direction of the neurodegeneration

research.
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Aims of the thesis

The primary aims of this thesis are as follows:

®  To measure the amount of residual XRCC1 protein in XRCC1-mutated patient-derived

fibroblasts.

®  To investigate the level of endogenous ADP-ribose/the DNA single-strand breaks in
XRCC-defective cells during the cell cycle.

®  To identify the source of the endogenous DNA single-strand breaks in XRCCI-defective

cells.
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3 Materials and methods

3.1 Chemicals, antibodies, inhibitors and solutions

Chemical

aceton

ammonium persulfate

-mercaptoethanol

bromophenol blue

butanol

4' 6-diamidino-2-
phenylindole
dihydrochloride
dimethylsulfoxide
distilled water
dithiothreitol

5-Ethynyl-2’-deoxyuridine

Ethylenediaminetetraacetic
acid

formaldehyde

glycerol

glycine

L-glutamine

Hydrochloric acid 37%

Abbreviation

ac

APS

but

DAPI

DMSO
dH,O
DTT
EdU

EDTA

FA

Glut
HCl

Storage
RT

4°C

RT

RT

RT

[1:1
but:dH,O]
-20°C

RT
RT
-20°C
4°C

RT

4°C
RT

RT

-20°C
RT

Company [catalog number]
Lach-ner, s.r.o. [20001-ATO-
M10001]

Fisher Scientific, s.r.o.
[A/P470/46]

Sigma-Aldrich, s.r.o. [M3148-
100ML]

Sigma-Aldrich, s.r.o0. [B0126]
Lach-ner, s.r.o. [20010-CTO-
M1000-1]

Fisher Scientific, s.r.o

[A202710100]

Serva [20385.02]

Provided by IMG

Fisher Scientific, s.r.o. [B172/5]
Invitrogen [A10044; E10187;
E10415]

Sigma-Aldrich, s.r.o. [EDS-
100G]; [E5134-1KG];

VWR [5167.1000]

Lach-ner, s.r.o. [40058-ATO-
M1000-1]

Fisher Scientific, s.r.o.
[G/0800/600]

Gibco [25030024]

VWR [20252.290]
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4-(2-hydroxyethyl)-1- HEPES 4°C Fisher Scientific, s.r.o. [BP310-
piperazineethanesulfonic 500]
acid
Lipofectamine RNAIMAX  RNAiIMAX 4°C Thermo Fisher Scientific
[13778150]
methanol met RT VWR [20847.318]
penicillin/streptomycin P/S -20°C Gibco [15140122]
Polysorbate 20 Tween-20 RT Sigma-Aldrich, s.r.o. [P1379]
Ponceau S - RT Sigma-Aldrich, s.r.o. [141194]
Sodium dodecyl sulphate SDS RT Sigma-Aldrich, s.r.o. [L3771]
Tetramethylethylenediamin TEMED 4°C Sigma-Aldrich, s.r.o. [T9281]
e
2-amino-2- Tris RT, solutions Fisher BioReagents [BP152-1]
(hydroxymethyl)propane- of Tris max 2
1,3-diol hydrochloride weeks on
RT/4°C
RNase-free water RNase-free 4°C Dharmacon [B-003000-WB-100]
dH,O
Vectashield antifading vectashield 4°C Vector Laboratories [H-1000]
mounting medium
Triton X-100 Triton-X RT Sigma-Aldrich, s.r.o. [X100-1L]
trypsin T/E (1:1 -20°C Sigma-Aldrich, s.r.o.
trypsin:EDTA)
) Used Company
Primary antibody (animal) Method Storage
abbreviation [catalog number]

Poly(ADP-ribose) polymerase 1 PARPI ab WB Serotec 4°C
(mouse) [MCA1522G]
Poly(ADP-ribose) polymerase 1 PARPI ab IF Santa Cruz [sc-8007] 4°C
(mouse
X-ray repair cross complementing XRCClab IF Novus  Biologicals -20°C

protein 1 (rabbit)

[NBP1-87154]

24



X-ray repair cross complementing

protein 1 (rabbit)

pan-ADP-ribose (mono + poly

ADPR) (rabbit)

poly-ADP-ribose binding reagent

(rabbit)

a-tubulin (mouse)

XRCClab WB

PAN ab IF

PAR ab IF

o-tubulinab WB

Millipore [ABC738] -20°C

Millipore

[MABEI1016]

Trevigen [4336-
BPC-100]

Santa Cruz [sc- 4°C
23948]

Secondary antibody

Alexa Fluor 488 (goat anti rabbit) - IF Invitrogen [A11011] -20°C
Alexa Fluor 568 (goat anti rabbit)  GAR 568 IF Life Technologies 4°C
[A11011]
Goat anti mouse IgG HRP GAM WB BioRad [170-6516]  4°C
Goat anti rabbit IgG HRP GAR WB BioRad [170-6516]  4°C
Protein ladders
PageRuler™ Prestained Protein marker WB Thermo  Scientific -20°C

Ladder 10-180 kDa

[26616]

Inhibitor

Poly(ADP-ribose)

glycohydrolase inhibitor

Proteasome inhibitor MG132

Topoisomerase

camptothecin

inhibitor

Abbreviation Storage Company [cat. n.]

PARGiI Stock solution 10  Sigma-Aldrich,
mM in DMSO, s.r.o. [SML1781-
-80°C 25MQ]

MG132 -20°C Selleckhem [S2619]

CPT -20°C Sigma-Aldrich,

s.r.o. [C9911]
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Solution

CSK lysis buffer

Dumbecco’s Modified Eagle
Medium

fetal bovine serum
Minimum Essential Medium
Eagle, no glutamine
Opti-MEM Reduced Serum
Medium
Phosphate-buffered saline

running buffer 10x

SDS sample buffer

transfer buffer 10x

Compounds (company)

10 Mm PIPES

100 Mm NacCl

300 mM sucrose

3 Mm MgCl,

+0,7% (v/v) Trit-X-100

Sigma-Aldrich, s.r.o. [D6429-500ML]

Gibeo [10270]
Gibeo [21090002]

Gibco [11058-021]

NaH,PO4 x 12 Hzo, KH,PO;4
(or Na;HPO, x 2 H,0) + dH,0
Gibco [10010031] or provided by IMG

30,3 g Tris
144 g Glycine
10 g SDS

1 1ddH.O

2.0 ml 1M Tris-HCI pH 6.8
0.8 g SDS

4.0 ml 100% glycerol
04ml14.7M
B-mercaptoethanol

1.0 ml 0.5 M EDTA

e 8 mg bromophenol Blue

e 30,3 gTris
e 144 g Glycin
e 11ddH,O

Abbreviation

CSK

DMEM

FBS
MEM

Opti-MEM

PBS

Storage
-4

RT

-20°C

RT
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3.2 Commercial molecular biology assay kits

Pierce™ BCA Assay Kit

Click-iT® RNA Alexa Fluor™ 488

Imaging Kit

Amersham ECL Prime Western

Blotting Detection Reagent

3.3 Cell lines, vectors and siRNA

Kit

Company

Thermo Fisher Scientific,

cat. no. 23227

Invitrogen, cat. no. C10329

GE Healthcare Life
Sciences, cat.no. RPN2232

Method

Protein quantification

EdU direct immunostaining

Western blotting

All cells were tested for mycoplasma and the result was negative.

Cell line | Cell type Description Source
Control fibroblasts
obtained with
1BR3 Human primary skin permission from a
fibroblasts healthy individual.
For simplicity, in text
depicted as 1BR. Kindly provided by Keith
Caldecott’s laboratory
Patient-derived (Genome Damage and
XRCCI-mutated fibroblasts with Stability Centre at the
XDI . Aty
fibroblasts heterozygous mutation | University of Sussex, UK)
in XRCC1
Patient-derived
4408 XRCCI-mutated fibroblasts with
fibroblasts homozygous mutation
in XRCC1
U208 Human bone Control human cells (U-2 OS ATCC® HTB-
osteosarcoma cells from ATCC®. 96™).
xrecr- | CRISPR-Cas9 gene 1 yp o) geteted U208
U208 edited human bone cells. (Polo et al., 2019a)
osteosarcoma cells

27



Crispr-Cas9 edited U20S cell lines Expression constructs

XRCCI7-U20S -

U20S EV pCD2E-empty vector

U20S M3#9 pCD2E-XRCCI1-His(WT)

U20S M165#14 pCD2E-XRCC1-HisR335AKIA
U20S M73#2 pCD2E-XRCC 1-HisSS BATSIOATS23A

All Crispr-Cas9 edited XRCC1”- U20S clones were obtained from Keith Caldecott’s laboratory
(Genome Damage and Stability Centre at the University of Sussex, UK) and prepared by Marek
Adamowicz as following (unpublished):

XRCC17-U20S cells (Polo et al., 2019a) stably complemented with the XRCC1 expression
constructs: pCD2E-XRCC1-His(WT); pCD2E-XRCC1-HisSBATSOATS2ZBA. 5 CD2E-XRCC1-
HisR335AK369A were generated by co-transfection of the indicated constructs or empty vector
(pCD2E) with a plasmid encoding resistance to puromycin (pCI-puro). Stably transfected cells
were selected with puromycin (2pg/ml) and, after one week, single colonies were isolated,
amplified, and verified by western blotting and immunofluorescence.

Control non-targeting siRNA and siXRCCl were purchased from Dharmacon
(ON-TARGETplus Non-targeting Control Pool, catalog number D-001810-10;
ON-TARGETplus Human XRCC1 siRNA, catalog number L-009394-00-0005).

Concentrations were used as described in manufacturer’s protocol.

3.4 Cell culture, cryopreservation and storage

1BR3 (normal human skin fibroblasts, abbr. 1BR), derived from a skin biopsy of a normal
adult doner, and XRRCl1-patients’ fibroblasts were kindly provided by Keith Caldecott’s
laboratory (Genome Damage and Stability Centre at the University of Sussex, UK) and cultured
under stable conditions in Modified Eagle’s Medium (MEM) supplemented with 15% (v/v) fetal
bovine serum (FBS), 1% (v/v) L-glutamin and 1% (v/v) antibiotics penicillin/streptomycin

(P/S).
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U20S (human osteosarcoma cells) obtained from ATCC® (U-2 OS ATCC® HTB-96™).
XRCC1I7- U20S andCRISPR-Cas9 gene-edited XRCC1”~ U20S obtained from Keith Caldecott’s
laboratory (Genome Damage and Stability Centre at the University of Sussex, UK).

All U20S cells were cultured under stable conditions (5% 02, 5% CO,, 37°C)
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) FBS and 1%
(v/v) antibiotics P/S.

Aliquoted cells were stored at -180°C in liquid nitrogen. Aliquots were prepared
as following. Cells in flask (80-90% confluence) were trypsinized and then centrifuged
(Centrifuge 5702, Eppendorf) at 1400 rpm for 3,5 minutes. Pellet was resuspended
in cryomedium (fibroblasts: FBS with 10% v/v DMSO (Serva); U20S: DMEM complete with
10% DMSO), placed to plastic eppendorf tubes and then slowly cooled to -80°C. After one day,
tubes were placed to liquid nitrogen tanks.

For using stored cells, aliquots were thawed, and tubes’ content was quickly transferred
to test-tubes with suitable medium, then centrifuged (Centrifuge 5702, Eppendorf) at 1400 rpm
for 3,5 minutes. Pellets were then carefully resuspended in suitable medium and placed

into a flask.

3.5 RNA interference

Knock-down of XRCC1 protein was performed via reverse siRNA transfection using non-
targeting sSiRNA SMARTPOOL and siXRCC1 SMARTpool (Dharmacon; D-001810-10 and
L-009394-00-0005, respectively). Cells were seeded from 80% cell confluent 75 mm flask to
glass coverslips in 6well plate. Then transfected with siRNA using Lipofectamine RNAIMAX
Reagent (ThermoFisher Scientific; catalog number 13778-150) following the manufacturer’s
protocol and cultured in antibiotics (ATB)-free MEM for 1 day under stable conditions (5 % O,
5 % COg, 37°C). The ATB-free MEM was then changed for MEM® and cells were cultured 2
more days. Together, cells were assayed 72 hours after transfection, usually reaching 80-90%

confluence on coverslips.
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3.6 Preparation of cell lysates, protein concentration quantification

Cells were washed in PBS, lysed with 95°C sample buffer (SB) and scraped from the plate
well (applied volume depending on well size and cell confluence percentage). Lysate was boiled
for 10 minutes at 95°C and then 3x sonicated for 30 seconds with 30 seconds pauses (Bioruptor
Sonicator System, version 2.1.).

Protein concentration in cell lysates was measured via BCA assay, using Pierce™ BCA Assay
Kit (ThermoFisher Scientific; catalog number 23227) protocol provided by manufacturer. The
lysates were loaded onto SDS-PAGE (30 pg protein/well).

3.7 SDS-PAGE, Western blotting, immunostaining and protein detection

Polyacrylamide (PAM) gel electrophoresis (PAGE) was run under stable conditions
(constant current 25 mA per gel with maximum voltage 120 V). In 1 mm gels, PAM
concentration was 10 %. As a marker for protein size determination PageRuler™ Prestained
Protein Ladder (catalog number 26616, Thermo Scientific) was used.

Protein transfer to Nitrocellulose Blotting Membrane (Amersham™Protran™ 0.45 pm
NC; catalog number 10600002) was run under stable conditions for 90 minutes (constant current
400 mA, maximum volume 150 V) in 1x transfer buffer prepared from 10x solution (see 3.1
section Solutions). The loading and transfer precision was then checked by control staining as
following. Membrane was placed into a suitable plastic box and incubated for one minute with
Ponceau S, then one time washed with ddH>O and dried. As a proof of successful protein transfer
and equally loaded amounts lysate, Ponceau S bound to the proteins was observed. Illustrative
example of Ponceau S stained membrane (Fig. 17).

Membrane was then washed in PBS+Tween 20 to
remove the control staining and blocked in 10% milk for at
least 30 minutes. PBS-Tween 20 washing followed and
finally, membrane was incubated with primary antibodies
(diluted in 5% milk) for one hour (at room temperature on
low speed See-saw rocker SSL4 (stuart®)). After the first
antibody incubation, membrane was washed three times in

Figure 17: Illustrative picture of protein

PBS+Tween 20 and then incubated with secondary detection on a membrane. Stained with
Ponceau S for protein detection.
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antibodies (diluted in 5% milk) for an hour. Again, three times washing in PBS+Tween-20
followed.

For protein detection, the membrane was carefully dried and ECL™ Western Blotting
Detection Reagents 1+2 (GE Healthcare, cat. n. RPN2209) kit was used as prescribed in
manufacturer’s protocol. Placed in cassette, a film was exposed to the membrane and after
specific time period (chosen by practical experience with specific cell type, antibodies and other
attributes), the film was developed using automated X-ray film processor machine OPTIMAX
2010 (PROTEC GmbH & Co. KG).

3.8 Cell pre-extraction and fixation

For measuring chromatin retention of proteins, pre-extraction was performed prior
to fixation as follows: Cells on coverslips in 24well plastic plate were washed with 500 pl/well
PBS. Then pre-extracted with 300 pul/well pre-extraction buffer for 2 minutes on ice (See-Saw
rocker, 11 osc/min). For fibroblasts, pre-extraction buffer: cold 0,2% Triton™ X-100 (cat. n.
X100-1L) was used. For U20S cells, CSK pre-extraction buffer (see 3.1 section Solutions) was
used.

For fixation, pre-extraction buffer was removed and replaced with 300 pl/well
formaldehyde (FA) (VWR™; cat. n. 5167.1000) for 10 minutes at RT (See-Saw rocker, 11
osc/min). After fixation, cells were washed with 400 pl/well PBS and then stored in 4°C in 0,1
% azide solution in PBS (500 pl/well) for one day.

3.9 Immunofluorescence

Fixed cells on coverslips were permeabilized with 300 pl/well cold methanol:aceton (1:1) for
10 minutes at RT (See-Saw rocker (11 osc/min)), then 2x washed with 500 pul/well PBS and
blocked for 30 minutes in 400 pul/well 10% FBS on RT. Following rising in PBS, coverslips
were incubated with 80 pl/coverslip primary antibody solution for one hour at RT.

After this, cells were washed 3x with 200 pl/coverslip PBS and incubated with 80 pl/coverslip
secondary antibody solution for one hour at RT. Finally, cells were washed 3x with 200
pl/coverslip PBS, nuclei were stained with DAPI (1 pg/ml in water, 2 min; Acros, cat. n.
202710100) solution 80 pl/coverslip for 2 minutes and coverslips were then mounted using

antifade mounting medium (VECTASHIELD®, Vector Laboratories, SKU: H-1000-10).
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To preserve poly(ADP-ribose) modification as a marker of single-strand breaks in DNA,
cells were treated with 10 puM PARGi for one hour prior to lyse (for detailed reasoning see
chapter 1.2.3 Regulation of poly-ADP-ribosylation). Cell lysates and cells on coverslips were
processed regularly, as described before (see previous chapter).

For studying endogenous single-strand

breaks in the nucleic DNA: inhibition of PARG oAR chain abeled Wy\\
. . . . with fluorescent dye
allows retaining of the PARylation at the site of t ’

SSBs, therefore, PAR-specific antibody may @@Nﬁd . (A =

bound and specific secondary antibody with

fluorescent dye can be used. Visual result is then

= depicted protein _#  =PARG inhibitor
is ihnibited -

analysis can reveal the intensity of fluorescence J7 oG emyme s = chains of ADP-ribose molscules with

% .
) “%  bound antibodies and fluorescent dye

observed on ScanR microscope and further ®

L

inthe nucleus of the cell. Intens1ty of Figure 18: Schematic model of visualization of SSBs

via PARG inhibition. Legend is depicted in the

fluorescence represents the level of PARylation
picture.

(molecular mechanism simplified in Fig. 15).

3.10 Click-iT EdU Proliferation Assay

Proliferation assay (EdU labelling) was performed using Click-iT™ EdU Cell Proliferation Kit
for Imaging protocol and Alexa Fluor™ 488 dye (ThermoFisher, catalog number C10337).
After cell fixation, coverslips with cells were placed on parafilm and washed with
200 pl/coverslip PBS, then replaced upside down onto a drop (19 pl/coverslip) of Click-iT®
reaction cocktails for 30 minutes. After the treatment, cells were washed 3 times with
200 pl/coverslip PBS.

Click-iT™ EdU Cell Proliferation Kit for Imaging protocol was adjusted in reaction
cocktail component Alexa Fluor™ 488 dye as following. Original volume: 1,5 pl/coverslip,

adjusted volume: 1,8 pl/coverslip.

3.11 Microscopy and Scan-R cell analysis system

Light microscopy (Primovert microscope, Zeiss) was used for live observation and fluorescent

microscopy (Eclipse E400 Microscope, Nikon) was used for observation of fixed cells.
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Imaging of fixed material was carried out on the automatic high-content screening platform
Olympus scanR 3.1., OLYMPUS. High-resolution pictures were acquired by automated wide-
field image acquisition using Olympus ScanR high-content screening station equipped with a
motorized stage and UPLSAPO 40x/0.95 DRY CORR; FWD 0.18 (CG 0.11 — 0.2) objective
and sCMOS camera Hammamatsu ORCA-Flash4.0 V2 — 6,5 um pixel. From each sample, 225
images were taken with the average cell number per position ~2 in case of patient-derived cells,
and ~4 for U20S and XRCCI7"U20S cell lines.

Using dot blots, histograms and gating settings nuclei were identified and counted (Fig.
19). Then, cells were gated according to the amount of DNA in the nucleus and EdU
incorporation (Total intensity DAPI and Total intensity A488, respectively) (Figure 20).

Quantification was done by ScanR Analysis Software. At least 500 or 1000 nuclei per
sample were counted per condition*. Data from ScanR analysis were processed in Microsoft

Excel and PRIMUS. In graphs, data are represented as mean + SEM.

TRO0.0 100000

Object X Tea Counts Object

[WET v v Circularity Factor Main

Figure 19: Illustrative picture of ScanR analysis software environment. Dot blot with detected objects depicted as dots,
based on cell nucleus atributes highlighted in white elipses) (left), histogram with cell numbers per analysed sample (right).

4 unless otherwise stated in graph description
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Figure 20: Illustrative picture of ScanR analysis software environment (a) and representative images of gated cells (b).
Objects depicted as dots, gating based on the amount of DNA in the nucleus (Total Intensity DAPI BC) and EdU incorporation
(Total Intensity BC 488) (a). Representative images of 25 randomly selected cells from a sample, gated according to edU
labelling

3.12 Data analysis and statistics

Experimental data were analysed using ScanR analysis software (described in previous chapter),
and Microsoft Excel programme. Number of experimental repeats are indicated in figures’
legends. In case of single experiment data, minimum number of cells in samples are also
indicated in figures’ legends. In charts with multiple experimental repeats, standard error of the

mean (SEM) was calculated as following:

_Sb _ [2i=Ymean)?
SEM = 2 Sp = |Em

n=sample size; SEM=standard error of the mean; SD= standard deviation; y/=value; ymen=average

value

Statistical tests were conducted using Prism and MatLab programme. Relevant statistical
methods are also indicated in figures’ legends, either F- test for determination of variance and
suitable 7- test (for the comparison of two independent samples) or a combination of one-way
ANOVA test followed by Tukey’s range test.

Quantification of protein amounts in blots was conducted after a film was developed and

scanned via in Image J Lite software.
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3.13 Graphic

Pictures and schemes without a source citation were drawn in InkScape and Microsoft

PowerPoint. Figures adapted from various authors were edited in InkScape.
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4 Results

Defects in a critical single-strand break repair protein XRCC1 have been associated with ocular
motor apraxia, axonal neuropathy and progressive cerebellar ataxia demonstrating that this
protein is neuroprotective in humans (Hoch et al., 2017; O’Connor et al., 2018)

To investigate the nature of the endogenous DNA lesions that trigger such
neurodegeneration in humans, I have employed primary fibroblasts derived from different
XRCCI-mutated patients harbouring the biallelic heterozygous mutations K431N and Q465*
(denoted here as XD1) or homozygous mutations K431N (denoted here as #428) (for detailed
description see chapter 1.3.1.) and from one unaffected individual (denoted here as 1BR). As an
additional control, I also used U20S cell lines in which XRCCI was inactivated by
CRISPR/Cas9 gene editing (denoted here as XRCC17)(Polo et al., 2019a). I describe XRCC1
protein levels in those cells, and I focus on ADP-ribosylation in response to endogenous and

exogenous stress and the origin of endogenous DNA single-strand breaks.

4.1 Reduced XRCC1 protein levels in XRCC1-mutated patient fibroblasts

First of all, in order to estimate the levels of XRCC1 protein in patient-derived fibroblasts (XD1
and #428). Western blotting of total cell lysates, using control primary human fibroblasts from
an unaffected individual (1BR) as a positive control, was performed. This experiment showed
that both XD1 and #428 cells have greatly reduced levels of XRCC1 protein, as detected by
anti-XRCC1 antibody, but still possess some small residual amount when compared to 1BR
control cells (Fig. 21, left). To confirm the specifity of anti-XRCC1 antibody, I also examined
U20S cells in which XRCC! was inactivated by CRISPR/Cas9 gene editing. As expected, the
XRCCI7- U20S cells lacked detectable levels of XRCC1 protein (Fig. 21, right).
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Figure 21: XRCC1 protein levels in XRCCI-defective cells. XRCC1 protein levels in lysates of the
indicated XRCCI-mutated patient-derived fibroblasts (left) and wild type (WT) and XRCC1”~ U20S cells
(right) were measured by Western blotting. Ponceau S or a-tubulin were used as a loading control.
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Further quantification of blot revealed approximate percentage of the residual XRCC1 in XD1
patient-derived fibroblasts to be ~ 5-10 % as that of the 1BR control (as measured by an imaging
software Image J Lite and is consistent with the previous data (Hoch et al., 2017). Such residual
amount of XRCC1 protein in the cell lysate is a consequence of XD1 patient’s mutations, which
alters splicing efficiency of XRCCI (p. K431N) or results in truncated protein (p. Q465%).

As predicted, due to biallelic homozygous mutation K431N in #428 patient-derived cells,
the level of XRCCI1 in the cell lysate was notably higher than in XD1 patient and was ~ 15-
20 % of that of the 1BR control (Fig. 21, left).

4.2 ADP-ribosylation in XRCCI-mutated patient fibroblasts is detected primarily
during S phase

It was previously described that YRCC-defective cells show reduced ability to repair SSBs and
are sensitive to DNA damaging reagent such as alkylating agents, camptothecin (CPT),
hydrogen peroxide (H20.) or to ionizing radiation (summarized in Caldecott, 2019)

Endogenous DNA single-strand breaks can originate from products of abortive TOP1
activity, intermediates during the BER pathway, oxidative stress and/or replicative errors and
are rapidly detected by PARP enzymes. Activated PARPs enable labelling of SSBs with the
chains of ADP-ribose molecules that are subsequently removed by PARG hydrolase. This
process is very fast and transient and direct immunofluorescence staining of ADP-ribosylation
at the site of SSB is technically impracticable. To circumvent this problem, [ use PARG inhibitor
(PARGI) to inhibit the ADP-ribose removal process which allows capturing of ADP-ribose
molecules at the site of endogenous DNA damage.

Considering the nature of neurons, which are negatively affected by XRCCI mutations,
in further experiments I performed a proliferation assay using Click-iT™ EdU Cell Proliferation
Kit for Imaging (for more detailed information see 3.10) to distinguish the ADP-ribosylation
in EdU positive cell populations (cells in S phase) from EdU negative cell populations (cells in
G1 or G2 phases).

[ examined ADP-ribose levels in the chromatin of XRCCI-mutated patient-derived
fibroblasts in response to one hour of PARGi treatment, using 1BR cells as a negative control.

After one hour of incubation with PARGi under standard cultivation conditions, both the XD1

37



and #428 patient cells divulged a significantly increased level of ADP-ribose in the EdU positive
cell population (Fig. 22). Surprisingly, in the EdU negative population after one hour of PARGi
treatment, only the XDI1 cells mean ADP-ribose level was slightly increased, whereas, in the
#428 cells, the mean ADP-ribose level remained as low as in the 1BR control cells (Fig. 22).

In contrast, in the case of the U20S cells in which XRCCI was deleted (XRCCI”") (see
section 3.3. Cell lines, vectors and siRNA), one hour of PARGi treatment resulted in an
increased ADP-ribose chromatin levels in both the EAU negative and the EdU positive cell
populations (Fig. 23). The increase in ADP-ribosylation in the XRCCI”" cells after one hour of
PARGI treatment was about double that of the wild type U20S (WT) after the same treatment
(Fig. 23).
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4.2.1 The level of ADP-ribosylation in G1/G2 cells correlates with the amount of the remaining
XRCC1 protein

To further reduce the remaining levels of XRCCI1 protein in XRCC/-mutated patient-
derived fibroblasts, I performed siRNA knock-down of XRCC1 and evaluated the successful
siRNA interference by Western blotting (Fig. 24).

Quantification of blots by Image J Lite software confirmed at least ~50% decrease
in XRCCl levels upon siXRCCI treatment in the 1BR control cells. The XRCCI1 level in all
samples was normalized to siNT treated control human primary fibroblasts (1BR).

The mount of XRCC1 in XD1 and #428 patient-derived cells treated with siNT (~10 % and
~20%, respectively) confirmed previously measured low XRCCI1 levels (Fig. 24). In patient-
derived fibroblast, already low levels of the protein were successfully reduced further to 1-3 %
(Fig. 24).
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Figure 24: XRCCI1 protein level in XRCCI-mutated patient-derived fibroblasts after siRNA knock—down. Cells
treated with siNT and siXRCC1. Human primary fibroblast from an unaffected individual (I1BR) were used as control.
Blots stained for XRCC1 protein (a) and quantification of blots (b) are shown. XRCC1-mutated patient-derived fibroblasts
and 1BR control cells before (siNT; light blue dots) and after XRCC1 knock-down (siXRCCl1; dark blue squares).
3 independent experiments were quantified using Image J Lite imaging software. Amount of the protein in siRNA non-
treated control cells was normalized to 100 %.
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The patient-derived fibroblasts exposed to siXRCC1 basically stop to proliferate. Due to this
toxicity of siXRCCI1 treatment (as revealed by performed EdU labelling (for detailed
information see chapter 3.10), and with respect to AOA-XRCC1 phenotype where mainly
neurons (non-proliferating cells) are affected, I decided to further focus on G1/G2 cell
populations (populations were gated based on the EAU incorporation as previously described).

Firstly, I decided to treat the XRCCI-mutated cells of the XD1 and #428 patients, in which
XRCCI1 was depleted via siRNA interference, with camptothecin (CPT) as a control evaluation
experiment. CPT is a known topoisomerase I (TOP1) inhibitor and induction of DNA damage
by CPT actives PARP1 (as was shown by Caldecott’s research group (Hoch et al., 2017),
therefore, enables the recruitment of XRCCI1 to the damage site (M. Li et al., 2013; Polo et al.,
2019b).

In the control cells, TOP1-cc were repaired by SSBR pathway using XRCC1 protein. In the
XD1 patient’s cells, treated with CPT for one hour, the mean ADP-ribose levels significantly
increased in both siNT and siXRCCI1 treated XD1 cells, compared to siNT treated and siXRCC1
treated 1BR control cells, respectively (Fig. 25). Interestingly, in the siNT treated #428 patient
fibroblasts exposed for one hour to CPT treatment, there was no significant increase in mean
ADP-ribose levels, compared to the siNT 1BR control cells (Fig. 25).

On the other hand, depletion of XRCCI1 protein in these (#428 patient-derived) cells via
siRNA interference resulted in an elevated ADP-ribosylation after one hour of CPT treatment
(Fig. 25). This confirms that stable ternary complex of CPT, DNA and TOPI1 in cells with
defective SSBR results in an elevated ADP-ribosylation.

Successful knock-down of XRCC1 protein in both XD1 and patient-derived fibroblasts led
to more than doubled mean ADP-ribose levels compared to that of siNT treated XD1 and #428
cells, respectively (Fig. 25). Noteworthy, the ADP-ribose level in XRCC1 depleted #428 cells
was increased to the extent of that of the siNT treated XD1 cells (where the amount of XRCCl1
is about 10 % of that of 1BR control cells).

5 where the XRCC1 protein level was reduced to less than 50 % of that of siNT #428 cells
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Figure 25: ADP-ribose levels after one hour
of 10 pM CPT (a) or 10 pM PARGi (b)
exposure in EAQU negative XRCCI-defective
cells with (siXRCC1) or without (siNT)
depleted XRCCl1. 1BR wild type human
primary fibroblasts were used as the negative
control for XD1 and #428 patient-derived
fibroblasts.  Negative  control  samples
for siXRCCI1 treated cells (right panel) were
treated with siNT (left panel). EAU negative
cells were gated according to EdU
incorporation (based on ScanR analysis).
Values and means are based on ScanR
and GraphPad PRISM analysis. Quantification
(a, b) and representative ScanR images (c) are
shown. n=3. ns = P>0.05, * = P<0.05, **=
P<0.01, *** =P<0.001.
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Simultaneously with the one hour of CPT exposure experiments described in the previous
paragraphs, I performed one hour of PARGi exposure experiments to reveal the endogenous
ADP-ribose levels in context of XRCC1-defetive cells.

After one hour of PARGI treatment in both XD1 and #428 patient cells, independently of
the siRNA transfection (Fig. 25), I generally observed lower than average mean ADP-ribose
levels (Fig. 25, Y axis scale) compared to one hour of CPT treatment (Fig. 25, Y axis scale).
Also, surprisingly, successful XRCC1 knock-down did not lead to a significant increase in ADP-

ribose levels in either patients’ fibroblasts compared to siNT treated patients’ cells (Fig. 25).
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To confirm whether CPT-induced increase in ADP-ribose levels is dependent on the amount
of the XRCCl protein, the ADP-ribose level after one hour of CPT treatment was also measured
in XRCC17- U20S cells, in which XRCC1 was deleted as previously described. I also performed
EdU labelling using Click-iT™ EdU Cell Proliferation Kit for Imaging to distinguish the EAU
positive (S phase) and EdU negative (G1/G2 phase) cell populations.

After one hour of CPT treatment, the mean ADP-ribose levels in these cells was
significantly increased (~ 2.6-fold in EdU negative populations) compared to U20S wild type
control cells (Fig. 26).
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Figure 26: ADP-ribose levels after one hour of 10 pM CPT (left graph) or 10 pM PARGiI (right graph) exposure
in EdU negative XRCC1-/- U20S cells. U208 wild type cells were used as the negative control for XRCC1-/- U20S cells.
EdU negative cell populations were gated according to EAU incorporation (based on ScanR analysis). Values and means are
based on ScanR and GraphPad PRISM analysis. Quantification (a, b) and representative ScanR images (c) are shown. n=6.
**=P<0.01, *** = P<0.001.
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This confirms that XRCC1 protein is important for the repair of stalled TOP1-cc-induced SSBs
in G1/G2 phase. Unlike in the patients’ cells, in EdU negative population of XRCCI”~ U208,
one hour of PARGI treatment led to an elevated endogenous ADP-ribosylation (~1.8-fold)
(Fig. 26).

Considering the effectivity of siRNA interference in the patient-derived fibroblasts, we
would expect elevated endogenous ADP-ribose levels in the G1/G2 cell cycle phase, as it is with
CRISPR/Cas9 XRCCI-deleted cells. It is probable that the remaining, although extremely
reduced, level of the XRCCI1 protein in siXRCCI treated patients’ cells is still enough for the

regulation of endogenous DNA damage repair in the G1/G2 cell cycle phases.

4.3 Abortive human DNA topoisomerase | activity is not responsible for elevated
endogenous ADP-ribosylation in XRCC1-deleted cells

Since endogenous SSBs in DNA may arise from various sources and I observed elevated
endogenous ADP-ribosylation during G1/G2 only in XRCCI-deleted U20S cells, I decided to
test potential sources of endogenous DNA damage XRCC1™" cells. Firstly, considering previous
data, which show that XRCCI is involved in the repair of stalled TOPIl-cc, I performed
following experiments.

As was previously mentioned, formation of TOPI-cleavage complex (TOP1-cc) under
standard conditions activates the ubiquitin-26S proteasome pathway, which leads to a partial
cleavage of TOP1. Then, hydrolysis of the phosphodiester bond between 3’ end of DNA
and TOP1 enables ADP-ribosylation of the remaining peptide (at the site of TOPI-induced
DNA single-strand break) by PARP enzymes. Chains of ADP-ribose molecules then serve as a
DNA damage label, which ensures recognition of such breaks and, therefore, activation of the
SSBR pathways (Pommier et al., 2006). Obviously, as was shown in Figure 25, cells in G1/G2
phases expressing XRCC1 are able to deal with SSBs induced by CPT.

I decided to test, whether the active ubiquitin-26S proteasome pathway is the mechanism
co-operating with XRCC1-dependent repair pathway, utilized in cells for the repair of CPT-
induced SSBs, using a proteasome inhibitor MG132.

MG132 inhibits the degradation of TOP1 and thus block the cleavage by TDP1. In MG132
inhibitor treated cells, TOP1 is not ubiquitinylated and, therefore, is not degraded by the
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proteasome. Uncleaved stalled TOP1-cc disables exposure of the DNA nick and its recognition
by the PARP enzymes. Such single-strand breaks in DNA cannot be recognized, and as a
consequence, the DNA is not ADP-ribose labelled. Basically, since there is no PARylation
which would recruit XRCC1, the SSB remains and cannot be repaired via XRCC1 (Desai et al.,
2001).

Firstly, I performed a rescue experiment with the previously described TOP1 inhibitor
camptothecin (CPT) and the proteasome inhibitor MG132. I treated XRCCI”~ U20S cells with
CPT for one hour, with or without addition of MG132, using wild type U20S (WT) as a negative
control. To avoid false results, I ensured that the solvent DMSO or MG132 inhibitor does not
affect the cells via two control samples (DMSO only for one hour and MG132 only for one hour
(light grey, dark grey, respectively; Fig. 27). Again, in the following experiment, I performed
EdU labelling as previously described and I gated the G1/G2 and the S phase cell populations.
Here, 1 show the G1/G2 as well as the S phase cell populations (denoted as EdU positive),
because the cell cycle proliferation was not affected®.

As expected (and consistent with the previous results), following one hour of CPT
treatment without MG132, EdU negative XRCCI”~ U20S cells show increased ADP-ribose
levels compared to EAU negative CPT treated U20S WT control cells (Fig. 27). Exposure
of XRCCI7"U20S cells to CPT and MG132 for one hour at the same time led to a significant
decrease in ADP-ribose levels inthose cells (Fig. 27). MG132 completely reversed the
subsequent activation of SSBR pathway by CPT inhibition of TOP1 in G1/G2 population as
well as in S phase cell population (Fig. 27).

Proteasome and XRCC1 seem to be necessary for the repair of SSB at the site of CPT-
inhibited Topl-cc. Therefore, to investigate whether high endogenous ADP-ribosylation
in XRCC1-deleted cells is caused by TOP1 activity, I treated XRCC1”- U20S cells with PARGi
for one hour with (red; Fig. 27) or without (pink; Fig. 27) addition of MG132, using U20S wild
type (U20S WT) as a negative control. Once again, in the following experiment, I performed
EdU labelling as previously described and EAU positive and EAU negative cell populations were
gated.

% based on ScanR analysis, where the numbers of EdU positive cells per sample was not affected by any of the used
treatment
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Figure 27: ADP-ribose levels after one hour of 10 pM CPT (a) or 10 pM PARGi (b)treatment with (dark
blue/dark red) or without (light blue/pink) addition of 10uM MG132 proteasome inhibitor in XRCCI”~ U208
cells. U20S wild type cells were used as a control. DMSO (10 pM) and MG123 (10 pM) treated samples were used
as a negative treatment control. EAU negative (left in each panel) and EdU positive (right in each panel) were gated
according to EdU incorporation (based on ScanR analysis). Values and means are based on ScanR and GraphPad
PRISM analysis. Quantification (a, b) and representative ScanR images (c) are shown. n=3. ns =P>0.05, **=P<0.01,
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Thus, I visualized only endogenous SSBs using PARG inhibitor. Compared to DMSO and

MG132 only controls, I observed elevated ADP-ribosylation in the S phase cell populations of
U20S WT and in the S phase populations of XRCC1”- U20S as well (S phase depicted as EdU
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positive in Fig. 27). This is an expected result, considering the S phase cellular processes (e.g.
replication stress and formation of Okazaki fragments).

In the G1/G2 phase cell populations (in charts depicted as EdU negative) after one hour
of PARGi treatment, ADP-ribose level significantly increased in XRCCI1”- U20S , compared to
PARGi treated U20S WT control (significance confirmed by one-way ANOVA and Tukey’s
comparison test in PRISM software, for simplicity of relevant charts not shown) (Fig. 27, pink
rhombuses). Addition of MG132 inhibitor although, had no effect on the PARylation of the
endogenous SSB lesions in either WT U20S WT or XRCCI”- U20S (Fig.27,
red rhombusesin each panel), which suggest that the source of the endogenous SSB lesions is
presumable some other DNA damaging agent. Although there is many options such as
oxidation, alkylation and other, many DNA-damage causing agents result in SSBs repaired via

SSBR which utilize the PNKP end-processing enzyme.

4.4 XRCC1 interaction with PNKP is not essential for SSBR of endogenous BER-
induced lesions in XRCC1-mutated U20S cells

To investigate whether the endogenous ADP-ribosylation in the nucleus is caused by BER-
induced or oxidative stress-induced SSBs, I decided to examine selected CRISPR/Cas9 gene
edited XRCCI7"U20S cell lines (for detailed description see Material and Methods). In the

following experiments, the following cell lines were used (Table 1).

Table 1: U20S cell lines with genetic and function descrintion.

Cell type Cell line Plasmid Denoted as Disrupted function
wild type - WT -
XRCCI™" pCD2E-XH KOQXRCCIWT -
XRCCI” - KO scaffolding

U208

XRCCI™" pCD2E-empty vector KO scaffolding
XRCCI” pCD2E-XHR33A, K369A KQXRCCIRK PAR/PARPI binding
XRCC[—/— pCDzEfXHSSISA’ T519A, T523A Ko)(RCCl PNKP mut PNKP b1nd1ng
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As XRCCI™" transfected with an empty vector pCD2E show non-measurable amounts of the
XRCCI1 protein in the cell lysates (Fig. 28, confirmed by immunofluorescence assay Fig. 29),
in the following experiments, KOV serves as a control. As a negative control, I used wild type
U20S (WT) and XRCCI”- U20S complemented with full length human XRCCI1W™T (for the
protocol description see Materials and Methods).

The U20S KOXRCCI RK ¢ells encode the full length human XRCC1 protein mutated in the
highly conserved BRCT1 domain, which binds to poly(ADP-ribose) (PAR). Such affinity to
PAR enables the SSB recognition by XRCC1 protein and promotes its function (Breslin et al.,
2015a). Disruption of such affinity causes a delay in SSBR kinetics of H>Oz-induced SSBs
(Hoch et al., 2017), which mimics the physiological oxidative stress in cells.

In the KQXRCCI PNKPmut po1g encoding the full length human XRCC1-His protein, the high-
affinity PNKP binding site is mutated at S518A, T519A and T523A. PNKP is one of the
important enzymes in the SSBR pathway of BER pathway-induced SSBs. After Western
blotting and immunostaining the gel for XRCC1 protein, I observed slightly thicker band in all
three U20S cell lines expressing XRCCI (KOXRCC! WI K QXRCCL RK - g XRCCL PNKP muty
compared to the U20S WT (the amount of input cell lysate was corrected based the relevant
loading control) (Fig. 28).

The overexpression of XRCCI in those cells was confirmed by immunofluorescence and
ScanR analysis (Fig. 29), but the level of XRCC1 protein did not differ throughout the cell cycle

phases in any of measured cell lines (based on ScanR analysis; Fig. 29).
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Figure 28: Amount of XRCC1 protein in U20S wilt type (WT) and CRISPR/Cas9 gene edited XRCCI”-
U20S cell lines encoding different variants of XRCC1. XRCCI1”~ U20S depicted as “KO”. XRCCI”- U20S
transfected with empty vector depicted as “EV”. Expressed protein variants denoted as “XRCC1 WT”,
“XRCCI1 RK” and “XRCC1 PNKP mut” (for more detailed description see Table 1).
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Figure 29: XRCCl1 levels in selected U20S cell lines (bottom) with representative images from ScanR (top). Levels
of the XRCCI1 protein in the XRCCI-mutated U20S cell lines. U20S wild type (WT) as a positive control. XRCCI”
U20S depicted as “KO”. XRCC1”- U20S transfected with empty vector depicted as “KOFY”. Expressed protein variants
denoted as “XRCC1 WT”, “XRCCI1 RK” and “XRCC1 PNKP mut”; for more detailed description see chapter 3.3).
Samples were prepared without pre-extraction. G1, G2 and S phases of the cell cycle were gated according to EAU
incorporation, based on ScanR analysis. EdU negative images represent G1/G2 populations. Values and means based on
ScanR and PRISM analysis. DAPI (blue), EAU (green, XRCC1 (red). n=3
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Since proliferation of the cells in the following experiments was not affected by either of the
used (CPT and PARGi) inhibitors’, in following experiments I show the EdU negative as well
as the EdU positive gated cell populations (based on ScanR analysis).

Firstly, I performed an evaluation control experiment as following. I treated selected cell
lines with CPT for one hour and measured levels of ADP-ribosylation on ScanR Olympus. As

OXRCCI WT CCHS

expected, the mean ADP-ribose levels after such treatment in U20S K
expressing full length XRCC1 were comparable to that of U20S WT control. Opposed to the
U208 KOXRCCIWT ¢ells, one hour of CPT treatment in U20S KO cells transfected with empty
vector (KOFY) and U20S KO cells expressing either XRCC1R¥ or XRCC1PNKP mut regylted in
significantly increased mean ADP-ribose levels in all mentioned (Fig. 30). Indeed, this was
observed in both EdU negative and EdU positive populations (Fig. 30; for relevant P values see

Table 2).

Table 2: Statisctics corresponding to the results of CPT treatment in Figure 30.

P values
control cells : _ CPT treated cells
EdU negative EdU positive
0.0861 ns 0.0578 ns U20S KOXRECTWT
0.0455 * 0.0100 woE U20S KOEY
U20S WT

0.0004 *kk 0.0002 *kok U20S KoxRCCI RK
0.0102 * 0.0063 *k U20S KOXRCCT PNKP mut

Secondly, in order to reveal the possible sources of the endogenous SSB lesions, I treated
selected U20S cell lines with PARGi for one hour. Compared to the control U20S WT cells,
in EdU positive cell populations in all following U20S cell lines: KOXRCCI W g OXRCCL RK
KOFY, I observed significantly elevated endogenous ADP-ribosylation (Fig. 30; for relevant P
values see Table 3). The slight increase in endogenous PARylation during the S phase, in case
of XRCCI7"U20S cells expressing wild type XRCC1, might have been caused by the previous

gene manipulation and cell cultivation. Such interventions, together with replication stress in S-

7 based on EdU labelling performed as was described in previous experiments
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phasic cells, might have caused some DDR perturbation that would result in elevated ADP-
ribose levels.

Interestingly, in EdU negative cell populations, significant increase in the ADP-ribose
levels was observed only in the U20S KOFV cells and XRCC1”" cells expressing XRCC1RK
(Fig. 30; for relevant P values see Table 3).

Table 3: Statisctics corresponding to the results of PARGI treatment in Figure 30.

P values
control cells . _ CPT treated cells
EdU negative EdU positive
0.2154 ns 0,0427 * U20S KOXRCCIWT
0.0268 * 0.0002 *kk U20S KOFY
U20S WT

0.0125 * 0.0061 *% U20S KOXRCCIRK
0.1624 ns 0.2047 ns U20S KOXRCCT PRKP mut

As the endogenous ADP-ribose levels of the examined KOXRCC! PNKPmut gelg remained comparable
to that of the negative control cells (U20S WT and KOXRCC! WT') (Fig. 30), it is unlikely that the
endogenous SSBs are caused by lesions processed via the PNKP enzyme. Thus, the XRCC1-defective
phenotype must be connected to alkylating or oxidative lesions and the revelation of the true origin of
endogenous ADP-ribosylation in nonreplicating cells should be further studied. Hypothetical

experiments and the reasoning for such is discussed in next chapter.
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Figure 30: ADP-ribose levels after one hour of 10 pM CPT (a) or 10 pM PARGi (b) exposure in XRCCI-mutated
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on ScanR and GraphPad PRISM analysis. Quantification (a, b) and representative ScanR images (c) are shown. n=3.
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5 Discussion

Mutations in the XRCCI gene lead to a disease called Spinocerebellar Ataxia Autosomal
recessive 26 (SCAR26), here referred to as ataxia oculomotor apraxia-XRCC1 (AOA-XRCC1).
There are so far three described patients (Hoch et al., 2017; O’Connor et al., 2018) diagnosed
with AOA-XRCCI.

The first described patient (hereinafter referred to as XD1 patient) has a heterozygous
mutation in XRCC1? which causes an altered expression resulting in only about ~10 % of the
total full length XRCC1 amount in cells’. The two more recently identified patients carry an
identical biallelic homozygous’’ mutation in the XRCCI gene (O’Connor et al., 2018). The
patients’ phenotype involves progressive cerebellar atrophy and ataxic symptoms such as ataxic
gait, difficulties to speak and swallow, worsened proprioception and lateral gaze nystagmus. In
the patient with heterozygous mutation, it was described that following the induction of SSBs
by oxidative stress and by topoisomerase I inhibitor, the patient’s cells show greatly reduced
XRCCI1 protein levels accompanied by a massive increase in poly(ADP-ribose) levels disrupted
SSBR kinetic and, respectively. Therefore, XRCC1 protein was shown to be necessary for the
repair of SSBs caused by exogenous agents.

Moreover, a robust endogenous ADP-ribosylation is detectable at the replication sites
during normal human S phase and is the result of unligated Okazaki fragments. XRCC1 was
shown to be important in the non-canonical “back-up” pathway for the ligation of the fragments.
Interestingly, in XRCCI-deleted cells, the elevated ADP-ribose levels are detectable in the S
phase and, also in the G1 and G2 cell cycle phases (Hanzlikova et al., 2018), which gives rise
to at least two important questions. How much of the full length XRCC1 protein is in the
XRCCI-mutated patients’ cells and does it affect the level of ADP-ribosylation?

In order to answer these questions, I first of all measured the remaining levels of XRCCl1
protein in the patient-derived cells and compared them to the XRCC1 protein levels in normal
cells. Western blotting confirmed that the level of XRCC1 protein in XRCCI-mutated patient

(XD1) cells is greatly reduced in comparison to the healthy individual-derived cells. I also

8 ¢. 1293G>C (p.K431N) and c. 1393C>T (p.Q465%)
® Compared to the cells from an unaffected individual.
10¢. 1293G>C (p.K431N) and c. 1293G>C (p.K431N)
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examined one of the two more recently identified patients (hereinafter referred to as #428
patient). Western blotting revealed that the XRCC1 protein levels in the homozygous patient-
derived cells are also greatly reduced in comparison to its healthy counterpart. We noticed a
slight difference between the two examined patients (approximately 2 to 2.5-fold higher amount
of XRCCI protein in the homozygous patient-derived cells'!), presumably caused by the
different consequences of the homozygous and heterozygous patients’ mutations.

We did not detect any truncated XRCC1 protein in XD1 patient-derived cells, suggesting
that premature stop codon (p.Q465*) caused by the 1393C>T mutation results in non-stable
mRNA!2, the XRCCI missense mutation c. 1293G>C (p.K431N) resulted in about 10 % of
correctly spliced XRCC1 mRNA.

This is an interesting, but not unexpected

result, because the mutation is located at exon _}KJ .
__'_'i:l_l-"‘ .{_ T |

o , . ) B Exoni2
11, within the 5* donor splice site of intron 11 Taapp Mmoot (156bp) | SRgS
(Fig. 31) and thus, the pre-mature XRCCl1
mRNA Splicing 1S 1n most cases aberrant and Figure 31:The position of the mutation in XRCC1

gene in relation to pre-mRNA splicing. Adapted from

results in an intron inclusion and mRNA (Hoch et al., 2017).
degradation.

Given the heterozygosity of XD1 patient and the difference between the XRCC1 protein
amounts in the XD1 and #428 patient-derived cells, we can hypothesize that the biallelic
homozygous mutation c. 1293G>C (p.K43IN) provides ~2 times higher probability
of correctly spliced XRCC1 variant than the heterozygous mutation.

As I showed that XRCCI-mutated patients have greatly reduced XRCCI levels, next, I
focused on the endogenous levels of ADP-ribose in these cells. The investigation showed that
XRCCI1 is DNA-protective during the S phase, as the endogenous ADP-ribosylation in S phase
populations of XRCCI-mutated cells was greatly increased in comparison to the wild type cells.
This was expected, because cells lacking XRCC1I completely show elevated ADP-ribose levels
during the S phase as well (Hanzlikova et al., 2018b).

! Calculated from a single experiment without any intervention and three independent experiments, where patient-
derived fibroblasts were treated with non-target siRNA, using Image J Lite software; see chapter 4.2.1 .
12 which is subsequently degraded and, therefore, not translated into a functional protein
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What was surprising is that, in contrast to the elevated DNA damage rate'? in the G1 and
G2 phases in XRCC1-deleted cells, in the patients’ cells, the G1/G2 ADP-ribose levels remained
low, comparable to that of the normal cells. I must note that this does not imply that the
endogenous SSBs are not present in the G1 and G2 phases. More probably, these endogenous
SSBs in G1/G2 patients’ cells are repaired by the XRCC1 protein residuum in these cells.

Given the above described observations and given the fact that XRCCI1 knock-out is
embryonically lethal (Tebbs et al., 1999), we decided to test the hypothesis that the residual
protein level of XRCCI in the patients is sufficient for the repair of endogenous SSBs in G1 and
G2 cell cycle phases. To do so, I decided to reduce the remaining XRCCI1 levels in the patients’
cells and answer the question whether the XRCCI1 residuum in these cells is really the necessary
minimum for sufficient SSBR in non-replicating cells.

I depleted the XRCCI1 protein via RNA interference. Such manipulation of the patient-
derived cells revealed a lesser number of proliferating cells than in the control samples. To the
point where any statistics from the population would not be a representative sample for
disclosure. This problem was probably caused by the toxicity of the siXRCC1 treatment and the
higher sensitivity of the patient-derived cells. Luckily, due to the cell type affected in the
examined patients and the AOA-XRCCI1 phenotype, this complication did not limit the
exploration of the G1/G2 cell populations, which is the relevant one in the context of
neurodegeneration. However, in the G1/G2 cell populations, the depletion of XRCC1 via siRNA
interference in patient-derived cell did not change the endogenous ADP-ribose levels.

Although this was unexpected, considering the previously described phenotype of XRCC1-
deleted cells, where the G1/G2 endogenous ADP-ribose levels are increased, the sufficient
SSBR repair in G1/G2 cell populations of the XRCC1-depleted patients’ cell can be explained.
The siRNA knock-down is not a 100 % efficient method, and after the siXRCCI treatment, there
was still some detectable amount of XRCC1 protein remaining in the cells (1-3 % of that of the
wild type controls). Therefore, the threshold of XRCCI1 protein amount, which would cause a

significant increase in ADP-ribosylation, must be very low.

13 DNA damage rate correlates to the endogenous levels of ADP-ribose in the nucleus of the cell.
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I must note that there are ongoing experiments which confirm that although a minimum of about
3 % of XRCCI protein in cells might be sufficient for rapid'* SSBR, over a longer period of
time, the patients” XRCCI1 protein level is no longer sufficient for the SSBR in the G1/G2 cell
populations. To be specific, patient cells treated with PARG inhibitor for 1, 2, 4, 6 and 8 hours
revealed massively elevated endogenous PARylation after 8 hours (data not shown).

Together, these results suggest that XRCC1 residuum in patient-derived fibroblasts
(approximately 10-20 % of the protein amount in unaffected cells) is sufficient and necessary
for the rapid DNA single-strand break repair in the G1/G2 phase.

Taking into account that:

e siRNA knock-down is not efficient for a complete depletion of the XRCC1 protein,;
e siXRCCI treatment in human fibroblasts is toxic and causes decrease in the number
of proliferating cells; and

e XRCCl-deleted cells show elevated endogenous ADP-ribosylation in G1/G2,

we further decided that for the purpose of mechanistic research of the origin of endogenous
ADP-ribosylation in cells, human fibroblasts are not a suitable model, therefore, we use
XRCCI7-U20S as a model system. However, in parallel with our investigations, in our Sussex
research group, there is an ongoing effort to cultivate neural cells extracted from neural specific
conditional Xrcc1Ne"C knock-out mice (Lee et al., 2009). These cells would be more accurate
model in the future investigation of the source of endogenous DNA damage in non-proliferating
neural cells. Utilizing the neural cells extracted from the AOA-XRCC1 murine model, we could

focus on specific brain regions (unpublished data in Komulainen et al., 2020).

There are several options, where the SSBs in the G1/G2 phases might be coming from.
In general, these options include direct sugar disintegration done by reactive oxygen species and
indirectly caused SSB lesions. Among the indirect causes we find errantly incorporated

ribonucleotides (rNTPs) in the DNA and their repair, damaged bases (alkylated or oxidized) and

14 where rapid is defined as within a period of one hour after an endogenous SSB was induced
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their repair via base excision repair pathway and SSB lesions caused by aberrant topoisomerase
I activity.

As TOP1 is an enzyme able to perform an incision of the DNA, its stalling by camptothecin
induces SSBs, which can be repaired via SSBR, if functional XRCC1 protein is present. We
confirmed this in XRCCI1 patient-derived cells and XRCCI-deleted cells, where TOPI
inhibition by CPT cause elevated ADP-ribosylation, a sign of unrepaired single-strand breaks.
Moreover, the amount of XRCC1 protein negatively correlates with the abundancy of SSBs in
the DNA.

Considering these results, we can conclude that XRCC1, in the amount of at least 10 % of
that of the protein amount in unaffected cells, is required for the rapid repair of DNA damage
caused by the stalled TOP1 enzyme.

The hypothesis that the endogenous SSBs, which stand behind the AOA-XRCCI1 patients’
phenotype, are caused by aberrant TOP1 activity was examined in suitable model cells (lacking
XRCCI1 protein completely). As expected, based on data published by Desai et al. (2001), the
effect of CPT (CPT-induced single-strand breaks in DNA) was completely reversed by addition
of proteasome inhibitor MG132. This was not true in the case of endogenous SSBs, showing
that aberrant TOP1 activity, clearly, do not represent the main source of the endogenous SSBs.

However, TOP1 does not work only as a torsion stress reliever. In yeast, it has been shown
that, in the absence of RNase H2 (when the RER pathway is disrupted), the previously errantly
incorporated rNTPs by DNA polymerases can be recognized and excised by Topl. In DDR-
deficient cells, this can subsequently result in double-strand breaks and possibly cell death (Kim
etal., 2011; Cristini et al., 2019). DNA polymerases provide the DNA synthesis and ensure very
efficient proofreading and detection of mismatched bases in a newly synthetized DNA strand,
(mismatch repair, MMR; reviewed in Li, 2008).

During replication, these enzymes are very active and, as a substrate, they can use rNTPs
as well as dANTPs (Abbotts & Wilson, 2014). The quite frequent incorporation of rNTP is
probably caused by the imbalance in the INTP/dNTP pool at the replication fork (Yao et al.,
2013). Unfortunately, the detection of errantly incorporated rNTPs requires a finer system
which engages endoribonuclease RNase H2 (see Fig. 33) for a pathway called the ribonucleotide
excision repair pathway (RER) (Sparks et al., 2012), and presumably also engages TOP1
(Fig. 32).
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The contribution of TOP1 to the controlling of misincorporated rNTPs and their repair has not
been estimated yet, but given the observation that stalled TOP1-cleavage complexes in XRCC1-
defective cells is not the main source of endogenous SSBs, we can hypothesize that neither the
TOP1 excision of rNTPs is responsible for such endogenous DNA damage.

Taking into account the phenotype similarity between AOA-XRCCI1 and AOA4 diseases
(caused by mutations in XRCC1 or PNKP, respectively), the lesions whose repair require the
PNKP enzyme were suspected to be the origin of the unrepaired endogenous SSBs in the G1/G2
cell cycle phases. Thus, lesions, which activate the DNA-repair pathway requiring the PNKP
activity, were examined.

Examination of cells with disrupted PNKP activity in SSBR revealed that these cells do not
show elevated endogenous levels of ADP-ribose in G2/G2. Considering this data in full, it seems
that XRCC1/PNKP interaction, thus, PNKP recruitment and activity is not relevant in XRCC1-
mutated patients- and AOA1-XRCCI1- phenotype. To prove this, we could also submit the cells
to the methylating agent methyl methanesulfonate (MMS). DNA damage caused by this
chemical compound is repaired via a pathway which does not utilize the PNKP enzyme.
Therefore, the treatment should not affect the ADP-ribose levels in cell expressing the mutant
variant of XRCC1, which is unable to bind the PNKP.

In the context of the aforementioned observations, therefore, excluding the TOP1 lesions
and XRCC1/PNKP repaired lesions as the main source of endogenous SSBs for now, there are

two players left (Fig. 34):

1) alkylation, caused by methylation on N- atoms, which represent most of the
alkylations, or O-atoms in DNA bases (examples is Fig. 3); and
2) oxidative lesions (some of which are also listed in Fig. 3), recognized by and repaired,

in close cooperation with AP endonucleases, by DNA glycosylases (DGs).

A neuron’s life span is unusually long and their consumption of O; is extreme due to the high
number of mitochondria and the reactive oxygen species (ROS) pose one of the most common
deleterious agents in the cell. The DNA is attacked by the derivates of oxygen called

free radicals (e.g. hydroxyl radical, superoxide radical, peroxyl, alkoxyl) and oxidizing agents
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(hydrogen peroxide (H20:) and singlet oxygen) causing more than 20 different forms

of damaged bases.
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Since the etiology of, unfortunately very common, neurological diseases such as amyotrophic
lateral sclerosis (ALS), Alzheimer’s, Parkinson’s and Huntington’s disease (AD, PD and HD,
respectively) is linked to oxidative stress'® (Aguirre et al., 2005; Lyras et al., 1997; Yasuhara et
al., 2007; Zheng et al., 2018, respectively), we should consider the ROS-induced lesions as the
main source of PARylated endogenous lesions which subsequently cause neurodegeneration in
SSBR-defective patients.

Given these neural attributes, I do not discuss alkylation lesions in great detail. Although
such lesions are strongly linked to NER and MMR (Kondo et al., 2010), they should not be
overlooked, because methylation of the DNA is a crucial chemical modification in epigenetics,
which overlap with neurodevelopment and synaptic plasticity (B. Yao & Jin, 2014).

Oxidative lesions (most often AP sites, 8-0xoG and TG) are repaired by DNA glycosylases.
This family of enzymes consists of two sub-classes: monofunctional and bifuctional
glycosylases (examples of class members and substrates are listed in Table 4). The
monofunctional glycosylases generate highly mutagenic AP sites, but do not possess an
endonuclease activity. Therefore, the downstream repair of the lesion is dependent on the
processing by APE1'¢.

The bifunctional glycosylases, as their name suggest, are capable of both steps (removal of
the damaged base via B or 6 elimination and cleavage of the phosphodiester backbone at the
AP site). The difference between B or d elimination is in the form of damaged DNA ends,
which are left at the site of incision (3’-PUA and 5°-P in case of the former, 3’-P and 5°-P in
case of the latter) and their further processing (Fig. 34).

The above discussed results imply that the o elimination (recognition and excision
of oxidized pyrimidines and FapyG) by NEILs and subsequent processing by PNKP is a DNA
repair pathway resolving less important lesions, or that its function is redundant with some of the
other mechanisms. Also, in rat brains, the differentiation of neurons is accompanied by a
decrease in NEIL1/2 protein levels and decreased activity of NTH1, Polp and other proteins

involved in the repair of replication-induced lesions. Importantly, the activity of OGGI1

15 There is an interesting connection between reactive iron and age-related neurodegeneration reviewed in (Zecca
et al., 2004).

16 which function is to incise the DNA causing an SSB, which must be subsequently repaired via XRCC1-dependent
SSBR
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glycosylase in adult brains was shown to be also reduced, compared to other tissues (Wilson &
McNeill, 2007).

Together with this data, Wilson & McNeill (2007) also described altered Xrccl and Lig3a
expression, supporting the suspicion that the origin of DNA lesions which cause
neurodegeneration in XRCC1-defective patients are 8-0x0G, excised via OGG1 (requiring high
expression rate of XRCC/ in aged brains). The 8-0x0G pairs with A, which is from the 8-0x0G:A
pair excised by the monofuntional DNA glycosylase MutY homolog DNA glysylase causing an
AP site, which is then resolve by APE1. In addition, Mutyh” mice exposed to 3-nitropropionic
acid (inhibitor of mitochondrial complex II, neurotoxic compound (Szab6 et al., n.d.)) show
reduced accumulation of single-strand DNA, compared to OggI”" mice. Also, Mutyh”~ Oggl™”
mice exposed to the mitochondrial toxin exhibited improved motor function (compared to the

Oggl”" mice).

Table 4: Substrates of monofunctional and bifunctional DNA glycosylases. Abbreviations: uracil-DNA glycosylase
(UNG), thymine-DNA glycosylase (TDG), single-strand-specific monofunctional uracil DNA glycosylase 1 (SMUG1),
MutY homolog DNA glycosylase (MUTYH), human 8-oxoguanine DNA glycosylase (OGG1), endonuclease VIII-like
1, 2, 3 (NEIL1, 2, 3), endonuclease Ill-like protein 1 (NTH1), 5-hmU = 5 hydroxymethyl uracil, 5-OH-C = 5-
hydroxycystidine, 5-OH-U = 5’-hydroxyuracil, 8-0X0G = 8-oxoguanosine, TG = thymine glycol, FapyG, FapyA =
formamidopyrimidines, A = adenine, T = thymine, G = guanosine, C = cytosine.

DNA glycosylase
Monofunctional Bifunctional
Name Main substrate Incision Name Main substrate Incision
MUTYH | A in A:8-0x0G pair 0OGG1 | 8-0x0G,
TDG T/U in T/U:G pair NTH1 | TG, FapyG, B-elimination
5-OH-C, 5-OH-U
SMUGT1 | 5-hmU, uracil NEIL1 | TG, FapyG,
APEL FapyA, 8-o0xoG, 5-
OH-C, 5-OH-U
UNG uracil NEIL2 | TG, FapyG, FapyA, | Po-elimination
8-0x0G, 5-OH-C,
5-OH-U
NEIL3 | FapyG, FapyA
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In order to distinguish whether the most common oxidative lesion 8-0x0G is the toxic lesion
underpinning the XRRCl1-defective phenotype (accumulation of SSBs and thus, elevated
PARylation), we should investigate the pathway required for its repair. Knock-down or
inhibition of the OGG1 in XRCCI-defective cells would divulge, if the toxicity of 8-0xoG comes
from its processing. A different result would suggest that there is a connection with MUTYH-
and APEI-processed A in the toxic 8-0xoG:A base pair.

Either way, in neurodegenerative diseases, oxidative stress is already proven to be a key
modulator and further research and more accurate disease animal models are necessary to
uncover the mechanistic cause of neurodegenerative diseases such as cerebellar ataxias. As the
XRCC]-deletion is embryonically lethal (Tebbs et al., 1999) and only 10 % of the XRCClI
protein in cells is required for normal neural development in mice (Tebbs et al., 2003), the future
perspective of this thesis lies on a knock-in murine model carrying the same mutations as the
homozygous AOA1-XRCCI1 patients, which is currently breeded and, if the luck is with us,
should be available soon. Such disease model would be more accurate and would broaden the
research of the possibility to study the AOA-XRCC1 mice brain during development as well as
during the adult life.
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6 Conclusions

The first aim of this thesis was to measure the levels of single-strand break repair (SSBR) protein
XRCC1 in XRCCI-mutated patients. Such investigation revealed greatly reduced XRCCl1
protein levels in AOA-XRCCI1 patient-derived cells.

Fulfilling the next goal of the thesis, I described the relation between XRCC/-defectiveness
and the endogenous levels of ADP-ribose throughout the cell cycle. The elevated endogenous
chromatin ADP-ribose levels in the S, G1 and G2 cell cycle phase in XRCCI-defective cells
represent the SSB lesions in the DNA, which convey a strong impression that XRCC1 protein
is necessary for the repair of the endogenous DNA damage during S phase, as well as during
the G1 and G2 cell cycle phases.

Further exploration of the molecular mechanism of SSB accumulation in XRCC/-defective
cells gave us clear evidences that the main source of these DNA lesions in nonreplicating cells
is neither an aberrant topoisomerase I (TOP1) activity, nor lesions, which would require the
polynucleotide kinase phosphatase (PNKP) enzyme. Most likely, the findings imply that the the
origin of the endogenous SSBs which arise during the G1 and G2 is oxidative or alkylating DNA

damage.
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