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Preface

Due to the progression of the work presented here, this thesis is written in as a monography but
is structured to provide an optimal presentation of the findings. The data are grouped into two
independent chapters, each composed in a manuscript-like layout, with separate introduction,
methods, results and discussion sections. General introduction and discussion sections border
the chapters and unite the themes discussed in them, and a common materials section applying
to both is included at the end. For simplicity and to avoid unnecessary redundancy, any new
methods are described only once and abbreviations (listed below) are spelled out only when
they first appear in the main document and then used in the short version henceforth. The first
chapter encompasses work that has been carried out as a part of a bigger project and features
in the final manuscript by Juhész et al. “ATRX promotes extended DNA synthesis and sister
chromatid exchange during homologous recombination” published in Molecular Cell in 2018.
A follow-up commentary on this study by Elbakry et al. “DNA repair synthesis and histone
deposition partner during homologous recombination” was also published in Molecular and
Cellular Oncology in 2018. The second chapter involves follow up work that builds on the
initial findings and expands on the model proposed and is in preparation as a separate
manuscript. Therefore, the general discussion takes into account the data presented here as well
as data from others that has been published and amalgamates them into a comprehensive bird’s

eye view.

Page | IV



Table of contents

1. SUMMARY 1
2. INTRODUCTION 5
2.1 HOMOLOGOUS RECOMBINATION PROCESSES 5
2.1.1 INITIATION AND PROGRESSION OF HR 6
2.1.2 HRSUB-PATHWAYS: SYNTHESIS-DEPENDENT STRAND ANNEALING 11
2.1.3 HRSUB-PATHWAYS: DOUBLE HOLLIDAY JUNCTION 12
2.1.4 HR SUB-PATHWAYS: BREAK-INDUCED REPLICATION 15
2.1.5 HR FACTORS AND REPLICATION 16
2.2 CHROMATIN STRUCTURE AND DYNAMICS 18
2.2.1 HISTONE VARIANTS 19
2.2.2 CHROMATIN DYNAMICS AND THE DDR 20
2.2.3  VARIANTS ON THE MOVE FOLLOWING DNA DAMAGE 22
2.2.4 REPAIR PATHWAY CHOICE AND REGULATION OF HR 22
2.3 AIM OF THE STUDY 25
3. THE HISTONE VARIANT H3.3 IS REQUIRED DURING HOMOLOGOUS RECOMBINATION 27
3.1 INTRODUCTION 27
3.2 METHODS 28
3.2.1 CELL CULTURE 28
3.2.2  SIRNA AND PLASMID TRANSFECTION 29
3.2.3 DNA DAMAGE INDUCTION 30
3.2.4  CELL CYCLE-SPECIFIC DSB REPAIR ANALYSIS 31
3.2.5 |IMMUNOFLUORESCENCE 31
3.2.6 SNAP-H3.3 DETECTION 32
3.2.7 REPORTER ASSAY 32
3.2.8 BRDU INCORPORATION ASSAY 32
3.2.9 CLONOGENIC SURVIVAL ASSAY 33
3.2.10 SISTER CHROMATID EXCHANGES ANALYSIS 33
3.2.11 CHROMATIN IMMUNOPRECIPITATION (CHIP) 34
3.2.12 SDS-PAGE AND IMMUNOBLOTTING 35
3.2.13 BACTERIAL TRANSFORMATION 36
3.2.14 QUANTIFICATION AND STATISTICAL ANALYSIS 36
3.3 RESULTS 37
3.3.1 THE HISTONE VARIANT H3.3 HAS A ROLE IN THE REPAIR OF X-RAY-INDUCED DSBS IN S/G2 37
3.3.2 H3.3ISREQUIRED FOR HR IN A MANNER EPISTATIC TO THE CHROMATIN REMODELER ATRX 38
3.3.3 H3.3 IS REQUIRED DURING THE LATE STEPS OF HR 40
3.3.4 NEWLY SYNTHESIZED H3.3 IS DEPOSITED EARLY AT SITES OF DAMAGE INDEPENDENTLY OF ATRX 43

3.3.5 LATE DEPOSITION OF NEWLY SYNTHESIZED H3.3 AT SITES OF DAMAGE IS DEPENDENT ON RAD51, ATRX AND
DAXX 45

3.3.6 HISTONE H3.3 DEPOSITION AND DNA REPAIR SYNTHESIS ARE INTERLINKED 47
3.3.7 HISTONE H3.3 DEPOSITION BY OTHER CHROMATIN REMODELERS AND CHAPERONS 49

Page | V



3.4 DISCUSSION 51
3.5 CONCLUSION 54

4. ATRX AND RECQ5 DEFINE DISTINCT SUB-PATHWAYS OF HOMOLOGOUS RECOMBINATION 55

4.1 INTRODUCTION 55
4.2 METHODS 57
4,2.1 CELLCULTURE 57
4.2.2 SIRNA, PLASMID TRANSFECTION AND INHIBITORS 58
4.2.3 X-RAY IRRADIATION 58
4.2.4 |IMMUNOFLUORESCENCE 58
4.2.5 SISTER CHROMATID EXCHANGES ANALYSIS 58
4.2.6 ULTRA-FINE BRIDGES ANALYSIS 59
4,27 SDS-PAGE AND IMMUNOBLOTTING 59
4.2.8 BACTERIAL TRANSFORMATION 59
4.2.9 QUANTIFICATION AND STATISTICAL ANALYSIS 59
4.3 RESULTS 60
4.3.1 ATRXAND RECQ5 DEFINE TWO DISTINCT SUB-PATHWAYS OF HR 60
4.3.2 ATRX DOMINATES OVER RECQ5 TO PROMOTE HIGH SCE FREQUENCY 63
4.3.3 ATRX-DEPENDENT HR LEADS TO THE FORMATION OF IR-INDUCED MUS81-DEPENDENT HR INTERMEDIATES66
4.3.4 PROCESSING OF ATRX-DEPENDENT HR INTERMEDIATES IS BLM-INDEPENDENT 69
4.4 DISCUSSION 71
4.4,1 HRBYSDSA AND THE DHJ PATHWAY 71
4.4.2 SCES FREQUENTLY ARISE IN G2-IRRADIATED MAMMALIAN CELLS 71
4.4.3 ATRX-DEPENDENT HR INTERMEDIATES ARE EXCLUSIVELY CHANNELED INTO THE RESOLUTION PATHWAY 72
4.4.4 A ROLE FOR CHROMATIN IN HR SUB-PATHWAY CHOICE 73
4.4.5 CONCLUSION 73
5. DISCUSSION 75
5.1 HRSUB-PATHWAYS AND THE FREQUENCY OF COs 75
5.2 CHROMATIN REMODELING AND REGULATION OF REPAIR OUTCOME 76
5.3 PATHWAY CHOICE AND THE FIDELITY OF HR 78
5.4 HR SUB-PATHWAY CHOICE: CLINICAL RELEVANCE 80
5.5 CONCLUSION AND OUTLOOK 82
6. MATERIALS 83
6.1 CONSUMABLES 83
6.2 LAB EQUIPMENT AND SOFTWARE 83
6.3 CHEMICALS 84
6.4 OLIGONUCLEOTIDES (SIRNA AND PRIMERS) 86
6.5 DNA CONSTRUCTS 87
6.6 ANTIBODIES 87
6.7 KITS, ENZYMES AND LADDERS 88
6.8 BUFFERS, SOLUTIONS AND MEDIA 89

Page | VI



6.9 CELL LINES AND BACTERIA 91
7. REFERENCES 92
8. APPENDIX 105
8.1 ABBREVIATIONS 105
8.2 EHRENWORTLICHE ERKLARUNG 108
8.3 CURRICULUM VITAE 109
8.4 ACKNOWLEDGMENTS 111
List of Figures
FIGURE 2.1: Cell cycle pathway regulation and HR initiation 7
FIGURE 2.2: Rad51 loading and nucleofilament formation 8
FIGURE 2.3: Homology search, D-loop formation and DNA synthesis 10
FIGURE 2.4: HR sub-pathways 14
FIGURE 2.5: HR at replication-associated lesions 17
FIGURE 2.6: Structure and dynamics of chromatin. 20
FIGURE 2.7: General chromatin responses to DNA damage 21
FIGURE 2.8: Histone exchange and DSB pathway choice 23
FIGURE 3.1: The histone variant H3.3 has a role in the repair of X-ray-induced DSBs in G2 cells 38
FIGURE 3.2: H3.3 is required for HR in a manner epistatic to the chromatin remodeler ATRX 41
FIGURE 3.3: H3.3 is required during the late steps of HR 42
FIGURE 3.4: Newly synthesized H3.3 is deposited early at sites of damage independently of ATRX 44
FIGURE 3.5: Late deposition of newly synthesized H3.3 at sites of damage is dependent on 46
Rad51, ATRX and DAXX
FIGURE 3.6: Histone H3.3 deposition and DNA repair synthesis are interlinked 48
FIGURE 3.7: Histone H3.3 deposition by other chromatin remodelers and chaperons 50
FIGURE 3.8: Model for histone deposition during homologous recombination 53
FIGURE 4.1: ATRX and RECQ5 define two distinct sub-pathways of HR 62
FIGURE4.2: ATRX dominates over RECQ5 to promote high SCE frequency. 65
FIGURE 4.3: ATRX-dependent HR leads to the formation of IR-induced Mus81-dependent HR 68
intermediates
FIGURE 4.4: Processing of ATRX-dependent HR intermediates is BLM-independent 70
FIGURE 4.5: Model depicting the interplay between ATRX and RECQ5 to regulate distinct sub- 74
pathways of HR
FIGURE 5.1: Repair of one-ended breaks and formation of chromosomal rearrangements 79

Page | VIl






1. SUMMARY

Cells have evolved multiple mechanisms to preserve genome integrity and restore structural
and functional properties of the genome following deoxyribonucleic acid (DNA) damage.
DNA double-strand breaks (DSBs) are critical lesions whose timely and faithful repair is
important for cellular viability and genomic stability. Among the multiple pathways dedicated
for handling DSBs, homologous recombination (HR) provides a high-fidelity mechanism for
error-free repair in cycling cells. HR is also important for the faithful duplication of the genome
by providing means of tolerating replication stress and overcoming a variety of lesions
occurring as a result of replication errors such as single-strand breaks, gaps and one-ended
DSBs that impede progressing replication forks. HR at two-ended DSBs can proceed through
two known sub-pathways with distinct genetic outcomes: the double Holliday junction (dHJ)
pathway and synthesis-dependent strand annealing (SDSA), which result in crossover (CO)
and non-CO recombination products, respectively. Although the initial steps of HR, such as
resection, have been extensively studied, less is known about late stages of HR, especially in
mammalian cell, as well as the factors governing sub-pathway choice. Here, experiments were
set up to specifically analyse HR-mediated repair of X-ray-induced DSBs in G2 cells, a setup
that avoids the complications of S-phase induced damage and focuses on two-ended breaks.
The first part of this study shows that the histone variant H3.3 is required during late stages of
HR, in a step following Rad51 loading and removal, and in a manner epistatic to the chromatin
remodeler ATRX. Indeed, H3.3 is needed for DNA repair synthesis in G2 cells, and subsequent
formation of sister chromatid exchanges (SCEs). To monitor in vivo histone deposition, a stable
cell line system expressing SNAP-H3.3 was used to visualize newly synthesized histone
incorporation following laser-induced DNA damage. Consistent with previous reports, H3.3 is
deposited early (up to 1 h) post IR, but through an HR-independent mechanism. However, late
H3.3 incorporation (8 h) was dependent on Rad51, ATRX and the chaperon DAXX,
corroborating an active deposition of H3.3 at sites of DNA damage during HR. Furthermore,
H3.3 deposition was also dependent on the processivity factor PCNA and its loader RFC-1,
suggesting a tight association with DNA synthesis. The results collectively inspire a model
where ATRX-DAXX-mediated H3.3 deposition is tightly coupled to DNA repair synthesis and
serves to facilitate progression of the displacement loop (D-loop) and repair completion in a

sub-pathway of HR that leads to the formation of CO products.
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To further understand the regulation of HR sub-pathway choice, cells lacking ATRX and the
SDSA factor RECQ5 were analysed for their HR repair capacity. ATRX-deficient U20S cells
with inducible ATRX expression and HeLa cells were used to establish comparisons of

pathways usage. While both cell lines are dependent on Rad51 for repair of G2-induced DSBs,
ATRX-deficient cells rely entirely on RECQ5-mediated SDSA for the repair of these breaks,
while HeLa cells can employ both pathways. Further analysis revealed that ATRX-dependent
HR dominates in cells that have both factors, resulting in elevated IR-induced SCEs in cells
with induced ATRX expression. Additional factors were analysed to show that SDSA
surprisingly does not require the essential HR factor Rad54 for repair, indicating the deeper
inherent differences between these two sub-pathways and suggesting a more complex

regulation of pathway choice.

Quantitative analysis of HR events showed that approximately 50% of ATRX-dependent HR
events result in a CO product, a much higher frequency than previously thought. This led to
further analysis of HR intermediates formed in this pathway manifesting as IR-induced ultra-
fine bridges (UFBs) visualized in anaphase cells lacking the resolvases Mus81 and Gen. IR-
induced UFBs formed in an ATRX-dependent manner, suggesting that these HR intermediates
are largely processed by the resolution pathway. Furthermore, Mus81 foci analysis showed that
Mus81 was recruited to DSBs in mitotic HeLa cells but not in U20S cells, suggesting the
presence of distinct HR intermediates in these cells. Recruitment of Mus81 was not affected
by BLM depletion, suggesting that Mus81 is occupying all suitable substrates even in the
presence of BLM and that these structures are not subject to dissolution. Similarly, BLM
depletion did not affect Rad51 foci formation, yH2AX foci dynamics, or the level of IR-
induced SCEs, further corroborating the notion that BLM is not active in this sub-pathway of
HR. Taken together, the data suggest that ATRX-dependent HR dominates over RECQ5-
dependent SDSA for the repair of two-ended breaks in G2 cells. This pathway involves the
formation of HR intermediates that are exclusively resolved by the structure-specific nucleases
Mus81 and Genl while being refractory to dissolution, explaining the observed high frequency
of SCEs observed. This dominance could be explained by a model whereby ATRX-dependent
histone deposition inside an expanding D-loop structurally hinders both strands displacement
during SDSA and the dissolution of a dHJ by BLM.
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Zusammenfassung

Zur Erhaltung der Integritdt des Genoms haben Zellen vielfaltige Mechanismen entwickelt, um
die strukturellen und funktionellen Eigenschaften des Genoms nach einem DNA-Schaden
wiederherzustellen. Eine schnelle und fehlerfreie Reparatur von DNA-Doppelstrangbriichen
(DSBs) ist essenziell fiir die genomische Stabilitit und das Uberleben der Zellen. Die homologe
Rekombination (HR) ist ein fehlerfreier DSB-Reparaturmechanismus, der proliferierenden
Zellen zur Verfligung steht. HR ist auBerdem an der fehlerfreien Duplikation des Genoms
beteiligt, indem es dazu beitrdgt Replikationsstress zu tolerieren und Schéaden, die die
Replikationsgabel blockieren zu prozessieren (Einzelstrangbriiche, gaps oder einendige
DSBs). An zweiendigen DSBs kénnen zwei Unterwege der HR ablaufen, die unterschiedliche
genetische Endprodukte haben: der double Holliday junction (dHJ) pathway, wodurch
crossover (CO) Produkte entstehen und synthesis dependent strand annealing (SDSA) wodurch
non-CO Produkte entstehen. Wobei Uber die ersten Schritte der HR, wie z.B. die Resektion,
sehr viel bekannt ist, ist tber die spateren HR-Schritte und die Faktoren, die an der Wahl des
Unterwegs beteiligt sind, vor allem in Saugerzellen nur wenig bekannt. In dieser Studie wurde
die HR-Reparatur von Rontgenstrahl (IR)-induzierten DSBs in der G2 Phase untersucht. Durch
die spezifische Analyse von G2-Phase Briichen konnten S-Phase Briiche ausgeschlossen
werden und somit die Analyse auf 2-endige DSBs fokussiert werden. Im ersten Teil dieser
Arbeit konnte gezeigt werden, dass die Histon-Variante H3.3 nach der Entfernung von Rad51
und somit in einem spaten Stadium der HR erforderlich ist. AulRerdem konnte gezeigt werden,
dass H3.3 epistatisch mit dem Chromatin-remodeler ATRX wirkt. H3.3 wird fir die
Reparatursynthese und die darauffolgende Ausbildung von Schwesterchromatidaustauschen
(SCEs) in G2 Zellen benétigt. Um den Chromatineinbau von H3.3 in vivo zu messen wurde
eine stabile Zelllinie hergestellt, die SNAP-H3.3 exprimiert. Mithilfe dieser Zelllinie konnte
der Einbau von neu synthetisierten H3.3 Histonen an Laser-induzierten DNA-Schaden
visualisiert werden. H3.3 wird zu friihen Zeitpunkten (bis 1 h) post IR mithilfe eines HR-
unabhéngigen Mechanismus in das Chromatin eingebaut. Zu spateren Zeitpunkten (8 h) post
IR wird H3.3 aktiv am DNA-Schaden durch HR in das Chromatin eingebaut und ist daher
abhéngig von Rad51, ATRX und DAXX. Des Weiteren ist der aktive Einbau von H3.3
abhéangig von PCNA und RCF-1, was eine direkte Verbindung mit der DNA-Synthese
nahelegt. Diese Ergebnisse legen ein Modell nahe, bei dem der Einbau von H3.3 in das
Chromatin durch ATRX und DAXX vermittelt wird und eng an die DNA-Reparatursynthese
gekoppelt ist. Dabei wird die Progression des D-Loops unterstiitzt und CO Produkte entstehen.
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Um die Regulierung der Wahl des HR Unterwegs besser zu verstehen wurde die HR-

Reparaturkapazitdt von ATRX- und RECQ5-defizienten Zellen untersucht. Fur den direkten
Vergleich der beiden Unterwege wurden U20S Zellen mit induzierbarer ATRX-Expression
und HeLa Zellen verwendet. Wahrend beide Zelllinien flr die Reparatur von G2-induzierten
DSBs Rad51 bendtigen, konnen ATRX-defiziente Zellen ihre DSBs ausschliel3lich mit Hilfe
des RECQ5-abhéngigen SDSA reparieren, wahrend HeLa Zellen von beiden Unterwegen
Gebrauch machen koénnen. Weiterhin konnte gezeigt werden, dass Zellen denen beide
Unterwege zur Verfligung stehen, ATRX-abhéngiges HR bevorzugt verwenden. Dies fiihrt zu
erhdhten  IR-induzierten SCEs in Zellen mit induzierter ATRX Expression.
Uberraschenderweise konnte gezeigt werden, dass der essenzielle HR-Faktor Rad54 fiir die
Reparatur mittels SDSA nicht ben6tigt wird, was auf die tieferen inhdarenten Unterschiede
zwischen diesen beiden Unterwegen hinweist und eine komplexere Regulierung der Wegwabhl
nahelegt.

Die quantitative Analyse von HR-Ereignissen zeigte, dass etwa 50% der ATRX-abhéngigen
HR-Ereignisse zu einem CO-Produkt flhren, eine viel hdéhere Frequenz als bisher
angenommen. Die weiterfiihrende Analyse der ausgebildeten HR-Strukturen zeigte, dass IR-
induzierte ultrafeine Bricken (UFBs) in Anaphasezellen sichtbar werden. Die Anzahl der
UFBs, die nach IR gebildet werden, ist signifikant hoher in Zellen ohne die Resolvasen Mus81
und Genl. Dies zeigt, dass HR-Strukturen weitgehend durch resolution aufgeltst werden.
Dartiiber hinaus zeigte die Analyse der Mus81-Foci, dass Mus81 zu DSBs in mitotischen HeL a-
Zellen rekrutiert wird, jedoch nicht in U20S-Zellen. Dieses Ergebnis deutet darauf hin, dass
unterschiedliche HR-Intermediatstrukturen in diesen Zellen vorliegen. Die Rekrutierung von
Mus81 wurde durch eine BLM-Depletion nicht beeintrachtigt, was darauf hindeutet, dass
Mus81 alle geeigneten Substrate in Anwesenheit von BLM besetzt und dass diese Strukturen
nicht durch dissolution aufgeldst werden. Des Weiteren hatte eine BLM-Depletion keinen
Effekt auf Rad51-Foci, YH2AX-Foci oder die Anzahl der IR-induzierten SCEs, was die
Vermutung, dass die BLM in diesem HR-Unterweg nicht aktiv ist, weiter bestétigt. Insgesamt
deuten die Daten darauf hin, dass ATRX-abhéngiges HR gegenliber dem RECQ5-abhangigen
SDSA bei der Reparatur von zweiendigen DSBs in G2-Zellen (berwiegt. Bei diesem
Reparaturweg werden HR-Intermediate ausgebildet, die ausschlieBlich von den
strukturspezifischen Nukleasen Mus81 und Genl aufgeldst werden, und somit nicht durch
dissolution aufgeltst werden kénnen, was die erhohte Anzahl von SCEs erklart. Dies legt ein
Modell nahe, bei dem die ATRX-abhangige Histonablagerung innerhalb des D-loops die
Verdrangung des DNA Strangs wéhrend SDSA und die dissolution einer dHJ durch BLM
strukturell behindert.
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2. INTRODUCTION

Protecting the genome is of critical importance to cell and organismal survival as excessive
deoxyribonucleic acid (DNA) damage can cause cell death or the accumulation of pathological
mutations. With thousands of lesions bombarding the DNA daily, the cell faces the challenging
endeavor of faithful and timely DNA repair, for which an arsenal of specialized mechanisms
is in place. Among the most lethal events compromising genomic stability and cellular viability
is the double-strand break (DSB), as it physically disconnects regions of the genome and can
initiate chromosomal rearrangements and disruption of gene structure and function. DSBs can
arise from endogenous processes such as replication errors, radical-producing metabolic
activities, and enzymatic cleavage that initiates recombination events during meiosis and
antigen receptor diversification. They can also be caused by external sources, including
ionizing radiation and genotoxic drugs. Multiple pathways work non-redundantly to repair
DSBs, operating with different fidelities, efficiencies and temporal dynamics within a
regulation complex network to ensure the restoration of genomic integrity. Two main pathways
are described for DSB repair, in addition to a variety of sub- and back-up pathways, which are
homologous recombination (HR) and canonical non-homologous end joining (c-NHEJ). This
work will focus on mechanisms of HR and its sub-pathways in somatic cells and particularly
at DSBs.

2.1 HOMOLOGOUS RECOMBINATION PROCESSES

HR is an essential process for preserving genomic integrity that relies on the presence of
identical or near-identical sequences in sister chromatids and homologous sequences (on
homologous chromosomes or distinct genomic loci), respectively. The importance of HR in
unperturbed cells and in response to DNA damage is underscored by the excessive genomic
instabilities and chromosomal aberrations observed in cells harboring HR mutants. These HR
deficiencies and their associated mutagenic signatures are often linked to higher predisposition
to various types of cancer 1. HR provides a high-fidelity mechanism to respond to a variety of
toxic DNA damages in the form of stalled or broken replication forks, single-strand (ss) gaps,
and one-ended and two-ended DSBs arising during perturbed DNA replication and as a result
of exogenous genomic assaults. HR-mediated DSB repair in somatic yeast and mammalian
cells is largely restricted to the sister chromatid of the damaged region, where identical
sequences are used and thereby no genetic information is lost 22, On the other hand, HR during

meiosis serves to create genetic diversity by targeting the homologous chromosome for use as
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a template, promoting exchange between maternal and paternal sequences *. During meiosis,

and in contrast to mitotic HR, a large number of DSBs are introduced in a highly regulated
manner, the repair of which is coordinated to favor the homolog instead of the sister chromatid
and intricately balances the recombination products to a narrow range of crossing over events
4. While functionally distinct, mitotic- and meiotic-HR are mechanistically similar and share
common steps and factors that have been extensively studied in yeast and mammalian models
to provide a more comprehensive picture about the HR process. Although far from complete,
current knowledge has provided invaluable insights fueling pioneering work in cancer
diagnostics and therapeutics. A prime example is applying the concept of synthetic lethality,
where tumors deficient for HR factors are specifically targeted with agents that inhibit another
DNA repair pathway, and a double-deficiency leads to tumor cell death, while normal cells
remain unaffected °. Understanding HR is also revolutionizing genetic engineering approaches,
making CRISPR technologies for example, more effective, versatile and far-reaching ®.
Therefore, HR is a multifaceted process that supports various essential biological functions,

warranting extensive investigation of the mechanisms of recombination.

2.1.1 Initiation and progression of HR

In mitotically dividing cells, HR is regulated spatially and temporally, through a variety of
mechanisms, to ensure timely and faithful repair of DNA lesions, most notably DSBs. The use
of a sister chromatid for HR ensures an error-free repair, consistent with its restriction to the
S/IG2 phase of the cell cycle (Figure 2.1 A) during which the genome is duplicated. This
regulation orchestrated by a tightly controlled network of cyclin-dependent kinases (CDKs) ’.
Interestingly, new evidence also indicates a role of newly replicated chromatin to favor HR,
adding another layer of regulation to ensure cell-cycle specificity 8. In contrast, c-NHEJ occurs
throughout the cell cycle and is generally regarded as a fast, but an error-prone DSB repair
pathway °. Additionally, recent genome-wide data show that the location of a DSB in the
genome also influences repair pathway choice, where DSBs in transcriptionally active regions
are preferentially repaired by HR °. A key mechanistic determinant in the choice of HR versus
c-NHEJ is processing of the breaks ends 2, While c-NHEJ mostly requires little end
processing (depending on the nature and complexity of the break), HR requires extensive 5’-
to-3” resection of the break ends to produce 3’-OH single-stranded overhangs (Figure 2.1 B).
This is a two-step, bidirectional process that is initiated in mammalian cells by MRE11-Rad50-
NBS1 (MRN) complex together with CtBP-interacting protein (CtIP) that catalyze an
endonucleolytic cleavage behind the break. MRE11 then initiates short-range resection in the
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3’-t0-5’ direction, resulting in small (up to 300 bp) overhangs 3. This has the advantage of

removing highly modified bases and/or bound proteins blocking the break end that could
impede repair. Resection is then extended in the 5°-t0-3” direction by two redundant pathways
involving EXO1 and BLM/DNAZ2, generating long stretches of single-stranded (SSDNA)
(>1000 bp) and committing the cell to HR, although other pathways are also able to repair these
intermediates, such as single strand annealing (SSA) and alternative NHEJ (alt-NHEJ) 121415,
This process is regulated by various mechanisms, including CDK-dependent phosphorylation
of CtIP that promotes its activation in S/G2 and interaction with breast cancer type 1
susceptibility protein (BRCA1), thereby ensuring timely usage of resection factors &
Moreover, BRCAL functions to overcome resection inhibition by the DNA damage response
factor 53BP1, constituting a key nodule for pathway choice 8°. Additionally, EXO1 and
NBS1 are also phosphorylated by CDKs to provide another layer of temporal regulation of

extended resection 2021,

A B
3 5
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EXO1, BLM-DNA2 MRE11
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Figure 2.1. Cell cycle pathway regulation and HR initiation.

(A) DBSs are repaired by c-NHEJ throughout the cell cycle, while HR occurs only during S/G2. DNA
damage-induced check points arrest (red) or slow down (yellow) cell cycle progression to allow for
DNA repair. (B) End resection commits DSB repair to HR. Resection is initiated in S/G2 by CDK--
mediated phosphorylation of CtIP, which interacts with MRN to catalyze an endonucleolytic cleavage
behind the break. BRCA1-BARD1 also overcome resection inhibition by 53BP1. Short-range 3’-t0-5’
resection by MRE11 and long-range 5°-to-3’ resection by EXO1 or BLM-DNAZ2 results in large
ssDNA 3’ overhangs.

The large sections of resected DNA are coated initially by replication protein A (RPA) complex
which protects DNA ends from nuclease-mediated degradation and relaxes secondary
structures to prime the ssDNA for subsequent repair steps 2223 (Figure 2.2). It is also suggested

that RPA prevents microhomology-mediated annealing, thereby suppressing error-prone
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pathways from dominating 2. However, RPA strongly competes with Rad51 for ssDNA and

inhibits the nucleation step needed for the formation of the presynaptic filament, a central step
in HR 2. This inhibition is overcome by the mediator function of BRCA2, which interacts with
Rad51 and promotes its loading on sSDNA, replacing RPA to initiate nucleation and allow 3’-

BRCA2 recruitment

Rad51 loading and
filament nucleation

Rad51 filament extension

Rad54/Rad54B
RADS1 paralogs / \ BLM, RECQS5,

(RADS1B, RADS1C, FBH1, FANCM,
RAD51D, XRCC2, PARI, FANC]
XRCC3, SWSAP1) ® 0
5 _m 5 c——Cgtfons®e Presynaptic
¥ 3 em— Filament regulation
® e
L]
Filament stabilization Filament disruption

\HR\(

Figure 2.2. Rad51 loading and nucleofilament formation.

Resected DNA ends are coated by RPA, which is replaced by Rad51 in a BRCA2-DSS1-mediated
reaction, promoted by interaction with BRCA1-BARD1 through PALB2. The initial nucleation event
is followed by filament extension in the 3’-to-5 direction. The pre-synaptic filament is stabilized by
Rad54/Rad54B and the Rad51 paralogs to promote recombination, where helicases displace Rad51
from ssDNA in anti-recombination processes.
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to-5° filament extension 262, The function of BRCA2 in Rad51 loading requires other

interactors to support nucleofilament formation, such as DSS1 and all four known mammalian
Rad51 paralogs 2"3°. Additionally, BRCA2 recruitment requires an interaction with BRCA1-
BARD1 mediated through partner and localizer of BRCA2 (PALB2), thereby bridging the
resection and Rad51 loading steps *!. Each Rad51 monomer interacts with three nucleotides of
the ssSDNA and assembles in a right-handed helical filament, termed the presynaptic filament,
that drives homology search and subsequent strand exchange between the double-stranded
DNA (dsDNA) donor and ssDNA at regions of homology (Figure 2.3) 2. During homology
search, the donor helix is destabilized and the bases are sampled for complementarity in a
process known as base-flipping *. Homology recognition proceeds precise three-nucleotide
steps in which tracts of at least eight-nucleotide microhomology are required for subsequent
strand exchange 343°. Interestingly, any sequence on the ssDNA of the filament can be used for
homology search, thereby not restricting the process to the invading end . Once homology is
found, a three-molecule structure, known as the synaptic complex, or the paranemic joint, is
formed and is made up of the invading ssDNA interacting with the donor dsDNA without
strand intertwining and relying on protein interactions for stabilization 3%,

The synaptic complex then progresses to form the displacement loop (D-loop), an important
HR intermediate in which the invading strand pairs with the complementary sequence in the
donor and the original strand is displaced to allow the intertwining of the new paired strands,
a region referred to as heteroduplex DNA (hDNA) (Figure 2.3) ¥. A key factor for multiple
steps leading to D-loop formation is Rad54, an ATP-dependent motor protein with translocase
activity that associates with Rad51 and stabilizes the initial SSDNA filaments and formation of
the synaptic complex “°#2. In this process Rad54 exerts a quality control function, ensuring
correct associations of homologous sequences by sensing and dissociating heterologous
pairings %2. Additionally, Rad54 is also required for D-loop formation in vitro, where
interaction with Rad51 and ssSDNA junction DNA stimulates Rad54 ATPase activity and serves
to drive hDNA formation and extension, using Rad54 motor activity to convert synaptic
complexes into D-loops, a reaction coupled to Rad51 removal from hDNA 3643, This reaction
is regulated in vivo by Nek1 kinase, which phosphorylates Rad54 specifically in G2 to promote
Rad51 removal and promote HR progression #4. The premature activation of Rad54 in S phase
causes unregulated removal of Rad51 at stalled replication forks, leading to fork degradation
and persistent DNA damage, thereby highlighting the importance of temporally regulating this

process 4.
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Figure 2.3. Homology search, D-loop formation and DNA synthesis.
Rad54-mediated homology search is followed by synaptic complex formation upon homology
recognition. Rad54 translocates along dsDNA, removing Rad51 and allowing D-loop formation and
hDNA generation. The 3’ end of the invading strand primes DNA synthesis in either an expanding
or migrating D-loop model. Quality control of proper homologies is mediated by Rad54, while
nascent, non-extended D-loops can be dismantled by helicases to prime reinvasion or HR

termination.
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The formation of the D-loop is critical to provide the primer-template junction required for

DNA synthesis to complete the faithful restoration of sequence information. In vitro studies
using short oligonucleotide ssDNA and plasmid donors identified essential factors for DNA
synthesis following D-loop formation to be the proliferating cell nuclear antigen (PCNA),
replication factor C (RFC) complex, and the DNA polymerase & (Pol &) *°. How these
complexes function in vivo or if additional factors are required is not yet clear, but it is likely
that the complex nature of chromatin and nuclear environment would dictate the need for a
more elaborate mechanism. One concern is the topological changes that arise during both D-
loop formation and the subsequent DNA synthesis. The invading strand’s intertwining is
favored in regions of negative supercoils, which relax during D-loop formation, where the
longer the hDNA, the more the DNA is relaxed *°. DNA synthesis can proceed until the
negative supercoils pre-existing in the donor are consumed, and positive supercoils start to
form, eventually leading to a topological block . At this stage, different modes of progression
could apply: one is a ‘migrating bubble’ where the D-loop remains at a relatively constant size,
but the invading strand is constantly being displaced on the 5’ side, a process that could be
performed by a helicase (Figure 2.3). Evidence for this comes from studies in the budding yeast
Saccharomyces cerevisiae describing a process called break-induced replication (BIR,
discussed below), where the helicase Pif1 is required for long-range synthesis 6. Additionally,
a newly identified HR factor, HROB, was shown to recruit the helicase proteins MCM8 and
MCMO to sites of DNA damage to promote the repair of inter-strand crosslinks (ICL)-induced
DSBs in a step following Rad51 loading *’. However, their exact function during D-loop
formation and extension is still unclear. An alternative model is an expanding D-loop where
the positive supercoils must be dissipated ahead of the DNA synthesis complex, a function
normally carried out by topoisomerases during replication and transcription. Neither of these
models has been fully explored; with questions still remaining regarding the regulation of D-

loop size and range, termination of DNA synthesis and the factors involved.

2.1.2  HR sub-pathways: Synthesis-Dependent Strand Annealing

Following DNA synthesis, HR at two-ended DSBs can proceed in one of two main sub-
pathways: synthesis-dependent strand annealing (SDSA) or a double Holliday junction (dHJ)
forming pathway. SDSA proceeds by the disruption of the extended D-loop as the invading
end is ejected and anneals back to the other complementary end of the DSB. This pathway
therefore inherently precludes the formation of cleavable HR intermediates and results in

strictly non-crossover (CO) products (Figure 2.4 A) “8. Since the displacement step is central
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to this pathway, it has been the focus of many studies, resulting in the implication of various

helicases in this process, including the budding yeast proteins Srs2, Sgs1 and Mph1. Sgsl is
the yeast homolog of the human Bloom syndrome protein (BLM), and was shown to dismantle
protein-free D-loops, but not those constituted with RPA, Rad51 and Rad54 *°. However, the
topoisomerase complex Topo3-Rmil, which associates with Sgsl, can dismantle Rad51-
Rad54-dependent D-loops *°. Dissociating nascent (non-extended) D-loops prior to DNA
synthesis is an anti-recombination reaction, which could serve to control for the proper
formation of these HR intermediates (Figure 2.3). On the other hand, D-loops that have been
extended through DNA synthesis represent a different substrate, and their dissociation is
important for the completion of HR and thereby is a pro-recombinogenic event. Although Srs2
has been shown to dissociate Rad51 from single-stranded presynaptic filaments in vitro,
suggesting an anti-recombinase function, it can also disrupt Rad51-containing extended D-
loops, thereby promoting SDSA %51, Similarly, biochemical assays revealed that Mph1, yeast
ortholog of human FANCM, can dissociate both nascent and extended D-loops in a manner
independent from Srs2 and Sgs1 *2. How these helicases distinguish between extended and
nascent D-loops, and therefore exert pro- and anti-recombination functions respectively, is
unclear. One means of regulation is proposed through interaction with PCNA, where SUMO-
modified PCNA leads to Srs2 preferentially targeting extended D-loops, providing a
mechanism for recruitment, as well as ensuring DNA synthesis has taken place prior to D-loop
disruption 3. While multiple studies have address the displacement step in yeast, the analogous
human cells is less elucidated, in which multiple helicases have been implicated, such as
RECQ5, RECQ1, RTEL1, FANCJ and FBH1%35, After D-loop displacement, the now-free
end anneals to the other complementary end of the DSB, using the homology generated from
the DNA synthesis step. This is followed by further DNA synthesis to fill in the gaps and
restore the remaining missing sequences and then ligation to seal the DNA backbone and
complete repair. However, the factors promoting the annealing, synthesis and ligation steps are

still unidentified.

2.1.3 HR sub-pathways: double Holliday junction

Another possible pathway following D-loop extension involves a step known as second end
capture, where the second end of the DSB anneals to, or ‘captures’ the displaced strand of the
D-loop which is then used as a template for DNA synthesis (Figure 2.4 B). Alternatively, it has
been proposed that this step could in fact be another invasion process mirroring the one at the

opposite end, also allowing DNA synthesis and sequence restoration, albeit circumventing the
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need for a strand annealing factor . In both cases, ligation of these structures will result in the

formation of a four-way joint molecule (JM) on either side of the break that covalently links
the two chromatids, resulting in a dHJ (Figure 2. 4 B) 8. These JMs are substrates to multiple
enzymes that process them to generate distinct genetic outcomes. The human BTR complex
consisting of BLM, topoisomerase Illa (Topollla) and RecQ-mediated genome instability
protein 1/2 (RMI1/2) mediates a ‘dissolution’ step; the helicase activity of BLM drives 3’-to-
5” DNA unwinding and, together with Topollla-RMI1/2, promotes the bidirectional branch
migration of the dHJ to converge into a hemicatenane that is then dissociated by topoisomerase
action >, The dissolution of a dHJ leads to strictly non-CO products where no exchange of
strands between the recombining molecules takes place and is considered a non-mutagenic
pathway ®*. This is substantiated by the genomic instability of cells from Bloom syndrome (BS)
patients, which harbor inactivating mutations in BLM and are characterized by substantially
elevated levels of sister chromatid exchanges (SCEs) 2%, The observed high levels of COs in
BS cells are generated by the action of structure-selective endonucleases that function in
distinct complexes to spearhead the ‘resolution’ pathway of dHJs: Mus81-EMEL, SLX1-SLX4
and Gen1 %. Resolution of HJs by these endonucleases leads to both CO and non-CO products,
depending on the site of incisions, at equal probability given random cleavage reactions. Mus81
is the active nuclease in the Mus81-EME1 complex, but requires EMEL for stability and
activity %. Interestingly, intact HJs are not the preferred substrate for the Mus81-EME1, where
cutting efficiency was found to be very low, compared to other substrates, such as nicked HJs,
3’-flaps and replication forks 5%, The requirement of Mus81-EME1 for HJ resolution despite
lack of biochemical compatibility was clarified upon the discovery and characterization of the
SLX1-SLX4 complex. SLX1 is the catalytic nuclease in the complex, with SLX4 acting as a
scaffold for structural stability and activity 5. SLX1-SLX4 can act on a variety of substrates,
including 3’ and 5’ flaps, branched DNA structures, replication forks, and stem loops. SLX4
also acts as a scaffold for other proteins, including Mus81-EME1, XPF-ERCC1 and MSH2-
MSH3 546867 Importantly, SLX1-SLX4 was shown to cooperate with Mus81-EMEL to resolve
HJs in a nick-counter-nick mechanism, where SLX1-SLX4 introduces the initial, rate-limiting
incision creating a nicked HJ that is a suitable substrate for Mus81-EMEL, which introduces
the second cut on the opposite strand 6487, The SLX-MUS combined cleavage frequently yields
asymmetrical products, resulting in gaps and flaps that require further processing. On the other
hand, Genl cleaves HJs by introducing symmetrical incisions, and unlike the other nucleases,
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does not have any known interaction partners 4%, The action of these resolvases is temporally

regulated as to limit promiscuous resolution of branched structures during replication, where
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Figure 2.4. HR sub-pathways.

HR of two-ended DSBs can proceed by two main sub-pathways following D-loop extension. (A) SDSA:
the invading strand is displaced and re-anneals to the other break end, resulting in non-CO
recombination products. (B) dHJ pathway: the second DSB end “captures” the displaced strand of the
D-loop, leading to the formation of two, four-way junctions that can be dissolved by the BTR complex
to form non-CO products or resolved by structure-selective nucleases that have the potential for both
CO and non-CO formation (colored arrows indicate location of incision corresponding to each
outcome). (C) One-ended breaks can be repaired by BIR, where a migrating D-loop is promoted by Pifl
helicase and Pol & leading and the newly synthesized strand is the template for the lagging strand, in a
conservative DNA synthesis process.
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their activation takes place at the G2/M transition %°. CDK-mediated phosphorylation of Mus81
triggers interaction with SLX1-SLX4, while PLK kinases phosphorylate EME1 and SLX4 6970,
Genl is active later in the cell cycle, as its subcellular localization is limited to the cytoplasm

by S-phase specific CDK-mediated phosphorylation until nuclear envelope breakdown during
anaphase allows access to the DNA. Consolidating the notion that SLX-MUS and Genl act in
independent resolution pathways, depletion of SLX1/4 is epistatic to Mus81 depletion in
rescuing the elevated SCE phenotype observed in BS cells, while Genl depletion has an
additive rescue effect ®". Therefore, cells have evolved two distinct HJ resolution
mechanisms, highlighting the importance of processing HR intermediates before the
completion of mitosis. Although it has been generally accepted that these resolution pathways
act largely as a back-up to BTR-mediated dissolution, accumulating evidence points to an
independent role of the endonucleases; the absence of SLX-MUS or Gen1 leads to chromosome
segregation defects and sensitivity to ICL-inducing agents, even in the presence of a functional

BTR complex 2.

2.1.4 HR sub-pathways: Break-induced replication

The above described pathways necessitate the presence of the two DSB ends, which ensure
proper repair completion. However, cells often encounter situations where the break is
asymmetrical, i.e. has only one end or one of the break ends fails to find and/or engage with a
homologous sequence. Such one-ended breaks arise when the replication fork stalls due to a
persisting lesion and then collapses, resulting in a DSB whose other end has not yet been
generated (unless a converging fork reaches the break site). Under conditions of excessive
DNA damage cells employ the specialized HR pathway BIR (Figure 2.4 C) 3. BIR was first
described in yeast and has been observed also in human cells in two modes: a dominant Rad51-
dependent process, and a less frequent Rad51-independent pathway that depends on Rad52,
reflecting different means of pairing to the homologous sequences "4, BIR is initiated by 5°-
to-3’ resection of the broken DNA end, followed by long-range DNA synthesis that extends to
hundreds of kilobase pairs, up to the end of the chromosome in yeast "®. A distinctive feature
of BIR is a conservative mode of DNA replication, where the lagging strand synthesis is
initiated after the completion of the leading strand, using it as a template (Figure 2.4 C) '8, This
is facilitated by the Pifl helicase, an essential BIR factor that promotes a migrating bubble
mode of synthesis and is important for the recruitment of Pold to Rad51-mediated D-loops
where the subunit Pol32 (and its human homolog POLD3) is required for efficient leading

strand synthesis *®"7. BIR is normally suppressed in S-phase, likely due to its low fidelity and
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propensity for mutations 8. The asynchronous DNA synthesis of the leading and lagging

strands involves the formation of very long patches of ssDNA that are sensitive to damage °.
Additionally, the frequent dissociation of Pol32/POLD3 entails multiple rounds of reinvasion
and synthesis restart, increasing the chance of misaligning to the template and template
switching, especially in repetitive regions, thereby leading to genomic alterations such as
duplications and copy number variations (CNVs) &. Much of the knowledge about BIR comes
from studies in yeast, but similar observations in human cells demonstrated that BIR is required
for replication fork restart under conditions of cyclin E overexpression-induced replication
stress 8L, Similarly, replication fork collapse at common fragile sites (CFSs) induces BIR-like
long-range mitotic DNA synthesis, termed MiDAS that ensures replication completion before
mitotic progression 82, Additionally, BIR was recently described to be drive telomere
elongation in tumor cells employing alternative lengthening of telomeres (ALT), and also
exhibit a bimodal dependency on Rad51 similar to that observed in yeast 8. Despite increasing
interest, BIR is still poorly understood, especially in mammalian cells. However, it is clear that
it is an important process affecting genomic integrity that shares common mechanisms with
other DNA repair processes and better characterization of the factors involved will provide key

insights into multiple fields of research.

2.1.5 HR factors and replication

HR is also critical for the faithful duplication of the genome, emerging as a safeguard for the
replication process as evidenced by the gross genomic instability of HR mutants even in
undamaged cells. The replication fork can face multiple obstacles, including modified or bulky
bases, protein-DNA linkages, DNA secondary structures and DNA:RNA hybrids 84, These
lesions block the replication fork, causing fork uncoupling, stalling and/or collapse, thereby
severely compromising the integrity of the genome. To ensure timely genome duplication, cells
employ multiple processes to bypass the damage, collectively termed DNA damage tolerance
(DDT), or to repair subsequent toxic intermediates . In eukaryotes, when a fork stalls, it is
often rescued by a converging fork progressing from a nearby origin of replication or,
alternatively, the fork is restarted by the recombination machinery. In either case, fork
protection is necessary to prevent degradation of the single-stranded regions by nucleases (such
as MRE11, CtIP, EXO1), which requires BRCA2-mediated Rad51 filament formation in
addition to factors from the Fanconi Anemia (FA) pathway, depending on the lesion involved
8-8 The uncoupling between the helicase and polymerase causes the accumulation of large

regions of ssDNA gaps that need to filled (Figure 2.5) 8. While this can be carried out by error-
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prone translesion synthesis (TLS), HR pathways are employed for a more faithful restoration

of sequences ®. This involves a process of fork reversal, whereby the fork regresses backwards

and the newly synthesized strands anneal to each other while the parental strands forming a
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Figure 2.5. HR at replication-associated lesions.

Lesions blocking a replication fork can lead to fork uncoupling, generating large regions of sSDNA
that can be filled by error-prone TLS polymerases. Alternatively, Rad51 mediates fork regression and
template switch, leading to the formation of a four-way “chicken-foot” structure, or the invasion of
intact regions ahead of the the lesion to form a D-loop. This is followed by DNA synthesis and fork
recovery. Replication can also be restarted through DNA re-priming past the lesion, leading to post-
replicative sSDNA gaps that can initiate a Rad51-mediated template switch, resulting in SCJ which can
be dissociated by helicases, including BLM, part of the BTR complex. TLS polymerases can also fill
these ssDNA gaps. Persisting fork stalling leads to nuclease-mediated cleavage generating a one-ended

DSB that can then be repaired by HR repair mechanisms.
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four-way junction called the chicken foot structure that is bound and stabilized by Rad51

following regulated resection (Figure 2.5) %9, This template switch can be followed by DNA
synthesis to allow lesion bypass, or Rad51-mediated strand invasion of the parental strands
ahead of the fork and fork restoration. Additionally, post-replicative sSDNA gaps can be
generated by DNA re-priming and re-initiation of DNA synthesis behind the lesion (Figure
2.5). Rad51 loading to ssDNA at the gaps allows template switch to the newly synthesized
strand, which, if not displaced by helicases, can lead to a sister chromatid junction (SCJ) that
is then dissolved by the BTR complex %. Furthermore, extensive fork stalling could lead to
fork collapse or cleavage by structure-specific nucleases, such as Mus81, to generate one-ended
DSBs that can initiate BIR (Figure 2.5). Therefore, there are multiple mechanisms in place for
handling replication stress, which require canonical HR factors, but also other cofactors that
are not needed for DSB repair, highlighting fundamental differences between the two
processes. How these factors are spatially and temporally regulated to sustain appropriate
responses to DNA damage and replication stress is still under investigation to further the

understanding of cell-cycle regulation of DNA damage responses and mechanisms.

2.2 CHROMATIN STRUCTURE AND DYNAMICS

While the elucidation of DNA repair protein networks and mechanisms is critical for
understanding the DNA damage response (DDR), it is important to consider this knowledge in
the context of genomic architecture. In eukaryotes, genomic DNA is tightly packed into a
highly organized multidimensional complex structure known as chromatin. The simplest
building block of chromatin is the nucleosome, the ‘bead’ in the known ‘bead-on-a-string’
representation first describing these structures as repeating units. The canonical nucleosome
consists of 145-147 bp of DNA wrapped around an octameric core of two copies of each of
four histone proteins: H2A, H2B, H3 and H4, organized as a heterotetramer of H3-H4 and two
H2A-H2B dimers. Linker DNA and the linker histone H1 (existing as one copy), complete the
nucleosome unit (Figure 2.6) 9. The nucleosome core is stabilized by hydrophobic
interactions between conserved regions in the core histones, while histone-DNA interactions
occur through exposed positive residues %. Lysine-rich histone tails protrude from the histone
core and mediate inter-nucleosomal interactions, as well as binding with an array of non-
histone proteins, allowing the formation of high-order structures, such as the 10-nm and 30-nm
nucleosomal fibers, and regulating their sub-nuclear organization.

Despite the stability of the nucleosomal core, it is far from a static structure, as access to the

bound DNA sequences is required for various cellular processes and is an intricately regulated
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process. Therefore, the nucleosome is highly dynamic, undergoing constant modifications in

various modes. One of the most studied types of histone alterations is post-translational
modifications (PTMs) to the free histone tails, which regulate histone-histone and nucleosomal
interactions as well as protein binding. These modifications include, but are not limited to,
phosphorylation, methylation, acetylation, ubiquitination and SUMOylation and regulate
essential cellular processes, such as transcription, replication, DNA repair, in response to
intrinsic and extrinsic effectors *°. Furthermore, a large array of chromatin remodelers is in
place to modulate chromatin architecture through an ATP-dependent activity resulting in
sliding or spacing of nucleosomes, histones eviction and histone exchange. Chromatin
remodelers often function in large complexes with histone chaperons, helicases, histone-
readers and other accessory proteins and carry out specialized functions in various cellular

processes %°.

2.2.1 Histone variants

The nucleosome core can be additionally modified through the incorporation of so-called
histone variants, which have diverged from the canonical histones and carry out specific
functions in cellular physiology. In higher eukaryotes, there are multiple histone variants of the
core histones H3 H2A, H2B and H1 which have been curated and classified by multiple efforts
(Figure 2.6) °*%. As a general paradigm, canonical histones are required during DNA
replication as the genome doubles in size, and therefore are transcribed mainly in S-phase and
are incorporated in a DNA synthesis-dependent manner. On the other hand, histone variants
are available throughout the cell cycle and are incorporated independently of DNA synthesis,
but rather are linked to specific processes (such as transcription) and/or genomic loci (such as
telomeres and centromeres) (Figure 2.6) *8%. The incorporation of histone variants introduces
physical and biochemical changes to the nucleosome, affecting PTMs and protein-DNA
interactions and thereby can cause profound alterations to the overall chromatin architecture.
For example, the centromeric H3 histone variant, known as CENPA in vertebrates, is enriched
at deposited at centromeric regions by the Holliday junction recognition protein (HJURP) in
G1 phase and is important for kineticore formation 1. Lack of CENPA leads to chromosome
misalignment, missegregation, aneuploidy and micronuclei, demonstrating the importance of

this histone variant in maintaining proper centromeric structure and function %0101,
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Figure 2.6. Structure and dynamics of chromatin.

The basic unit of chromatin is the nucleosome, made up of 147 bp of DNA wrapped twice around two
copies of each of four histone core proteins, H2A, H2B, H3 and H4, with one copy of linker H1.
Variants of most histones have been identified (examples shown), and often localize to specific
genomic loci and serve various functions. Histones can undergo a variety of post translational
modifications on their protruding N-terminal “tails”. The nucleosome can be modified by ATP-
dependent chromatin remodelers that can slide nucleosomes and/or evict or exchange histones, often
aided by histone-specific chaperons.

2.2.2  Chromatin dynamics and the DDR

In response to DNA damage, the chromatin undergoes various changes. Challenging a rigid
‘access-repair-restore” model in which chromatin is little more than a physical hindrance that
needs deconstruction, more studies are evidencing a more active role of chromatin
reorganization in the repair process %2, Indeed, genome-wide mapping of histone modifications
linked chromatin signatures to specific repair pathways at DSBs %%, General chromatin
responses to DNA damage include transient states of condensation and relaxation where
condensation possibly serves to stabilize breaks and prevent further damage to break ends and
to scaffold repair proteins (Figure 2.7) %4, Chromatin relaxation is necessary to allow access
for repair machinery, especially when extensive end processing is required. This is not strictly

chronological, where evidence points to the concomitant existence of repressive and relaxing
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factors at varying spatial resolutions, where the immediate vicinity of the break is accessible

while the surrounding chromatin is more compact 1. Additionally, the large-scale chromatin
state contributes to DSB-induced DNA mobility, which influences DBS clustering and sub-
nuclear localization, repair foci formation and homology search 1%, Therefore, nucleosome
remodeling and histone exchange are progressively shown to be central to the regulation of
these processes, with more cross-talk between the different remodelers and histone variants

likely taking place.

General Chromatin Response

4 DNA damage A
Fe~oe A~

} | }

pe
G~e-%,  ZUpg  Chromatinrelaxation 4}\/:""
and DSB mobility /

Figure 2.7. General chromatin responses to DNA damage.

Following DSB induction, chromatin undergoes transient structural changes, including
compaction, relaxation to allow DSB mobility and sub-nuclear re-localization, and histone PTMs,
including but not limited to H2AX phosphorylation and H2A ubiquitination

@
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One of the most pronounced DNA damage signals is the phosphorylation of the histone variant
H2AX on the C-terminal serine 139 (in mammals) to form YH2AX, a signature mark of DSBs.
Upon the induction of a DSB, H2AX is phosphorylated by ataxia telangiestasia mutated
(ATM), allowing binding of the DNA damage checkpoint protein 1 (MDC1) protein 107108,
This provides docking sites for multiple proteins and allows for further ATM-mediated
phosphorylation and spreading of the yH2AX signal for up to two Mb flanking the DSB,
forming microscopically visible foci 1%°. Additionally MDC1 recruits effector ubiquitin ligases
RNF8 and RNF168 to ubiquitinate H2A and H2AX, as well as other chromatin components,
further recruiting DNA repair proteins, such as 53BP1 and BRCA1 that modulate pathway
choice %11 While H2AX represents about 10-25% of H2A variants in the genome, its
distribution is neither random nor static. H2AX was found to be non-randomly distributed in
the genome, but rather enriched in regions prone to replication-associated stress including
active transcription sites, sub-telomeric regions, and early-replicating common fragile sites, a
distribution specific to dividing cells versus resting cells 23, These studies point to a

damage-induced enrichment of H2AX that could act as a marker for damaged regions.
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Consistent with this notion, de novo H2AX deposition via the chromatin remodeler FACT was

observed after UVC damage and is coupled to DNA synthesis and the removal of H2A.Z 14,
This new deposition of H2AX further modulates the DNA damage response and also changes
the chromatin landscape post-repair, reflecting the far-reaching effects of chromatin responses
during the DDR.

2.2.3 Variants on the move following DNA damage

In addition to histone PTMs, an increasing number of studies are showing a strong link between
histone variant deposition and DSB repair protein recruitment, pathway choice, and post repair
remodeling (Figure 2.8). The remodeler SMARCADS has been shown to cooperate with the
remodeling and spacing factor 1 (RSF-1) to deposit the centromeric histone variants CENP-S
and CENP-X in at sites of DSBs. These variants, in turn, direct the mono-ubiquitination of
FANCD2 and FANCI to recruit DSBs proteins for both HR and c-NHEJ repair pathways 1°.
Interestingly, RSF-1-mediated deposition of CENP-S and CENP-X at DSBs, independently of
SMARCAS5, was also shown to promote c-NHEJ by facilitating the recruitment of XRCC4 16,
The mechanism through which these variants affect the repair pathway choice or factor
recruitment is not fully determined, but mounting evidence suggest their importance for
regulating such processes. Similarly, the histone variant H3.3 has also been proposed to be
involved in DSB repair, where poly (ADP-ribose) polymerase 1 (PARP1) promotes the rapid
recruitment of the chromatin remodeler CHD2 to allow chromatin expansion and H3.3
deposition at sites of DSBs *’. This was shown to be important for the recruitment of the c-
NHEJ factors Ku80 and XRCC4 and subsequent efficient repair. Additionally, c-NHEJ-
mediated repair of enzyme-induced DSBs is followed by chromatin assembly factor 1 (CAF-
1) and histone regulator A (HIRA)-mediated deposition of the histones H3.1 and H3.3,
respectively 118, However, this remodeling step is independent of repair and constitutes a post-
repair nucleosome reassembly step, likely to reestablish epigenetic marks and maintain
chromatin integrity. Interestingly, H3.3 has been also linked to HR, where HAT-1 mediated
acetylation of H4K5/K12 in concert with HIRA-mediated H3.3 deposition promotes Rad51

loading and subsequent HR-mediated repair *°.

2.2.4 Repair pathway choice and regulation of HR

In addition to recruitment of repair factors, histone variants affect chromatin states and function
at the interface of multiple pathways, often influencing pathway usage. A prominent example
is the histone variant H2A.Z, which has been implicated in initial steps of DSB detection and

pathway choice (Figure 2.8). H2A.Z is rapidly deposited at the sites of DSBs minutes after
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damage induction by the p400 ATPase subunit of NuA4 where H2A.Z deposition restricts

CtIP-mediated resection and therefore acts as an antagonist to HR in favor of c-NHEJ %,
However, H2A.Z is then rapidly removed redundantly by INO80 and Anpe32 and exchanged
with canonical H2A, an exchange that has multiple effects on DSB repair 121122, This regulated

exchange of H2A.Z was shown to also promote HR by promoting both end resection and also
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Figure 2.8. Histone exchange and DSB pathway choice.

Histone variant deposition at DSBs promotes either c-NHEJ or HR by influencing resection and/or
recruiting repair factors. Deposition of H3.3 and CENP-S/X recruits XRCC4 and Ku70-80, while
H2A.Z prevents CtlP-mediated resection, collectively promoting c-NHEJ. H2A.Z removal and
macroH2AZ.1 recruitment promote resection through recruitment of BRCA1, CtIP, EXO1 and DNAZ2,
while inhibiting 53BP1. New H3.1 and H3.3 deposition, H2A.Z removal by INO80 promote Ra51
loading. Variants can have multiple roles, depending on the remodeler associated with their deposition.
removal induces Tip60-mediated H4 acetylation thereby forming open and flexible chromatin.
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the downstream replacement of RPA by Rad51 for the formation of the presynaptic filament

required for homology search and HR progression in yeast and human cells 22123, Other
chromatin remodelers, such as the yeast Fun30 and its human homolog SMARCAD1, are also
required for long-range resection through EXO1 and DNAZ2, likely involving H2A.Z histone
exchange as well 124125,

Another H2A variant, macroH2A1, has also been linked to DSB repair and the regulation of
resection. MacroH2A.1 is recruited to sites of DSBs through a PARP-dependent mechanism,
where, interestingly, the variant is not incorporated into nucleosome, but rather interacts
directly with PARylated DNA 26, MacroH2A1 enrichment promotes the recruitment of the
methyltransferase PRDM2 which drives the dimethylation of H3K9 and the formation of
condensed chromatin. Together these events recruit BRCAL to breaks, thereby promoting
resection and subsequent HR 27, Interestingly, macroH2A.1 deposition at telomeric breaks has
been suggested to promote HR-mediated repair to promote alternative lengthening of telomeres
in cells lacking alpha-thalassemia mental retardation X-linked protein (ATRX), highlighting

the versatility of histone variants at different genomic loci %,
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2.3 AIM OF THE STUDY

Collectively, the studies discussed above provide ample evidence for the regulation of DSB
pathway choice, as well as early HR events through the timely exchange of histone variants to
provide distinct chromatin landscapes and scaffolds for repair proteins. However, less is known
about the regulation of later stages of HR repair by chromatin remodelers or histone variants.
While it is expected that chromatin remodeling is required for processes such as homology
search and DNA repair synthesis where large regions of DNA need to be exposed, little
information is available about potential factors involved in these stages. Some studies have
implicated Rad54 as a chromatin remodeler required for synaptic complex formation, but
further investigation showed that neither does Rad54 require its ATPase activity for this role
nor is it required for strand invasion using nucleosome-bound substrates 42129130 The work
presented here aims to investigate late stages of HR and to understand the regulation of HR
sub-pathway choice and repair outcome. The first part of this work examines the role of the
histone variant H3.3 during HR-mediated repair of DBSs, motivated by data implicating the
chromatin remodeler ATRX, associated with H3.3 deposition, in this process. This is addressed
by measuring the effect of H3.3 knockdown on DSB repair and cell survival in cellular assays
as well as tracking the in vivo deposition of H3.3 following DNA damage and investigating the
factors involved in this process. Furthermore, the contribution of this ATRX-promoted
pathway to overall HR events is assessed in the second part of this thesis with a quantitative
comparison with RECQ5-mediated SDSA and an analysis of the mechanism leading to the
generation of CO recombination products and governing their frequency. The study aims to
provide a better understanding of the mechanisms regulating late stages of HR in G2 cells, the
factors involved in distinct HR-sub-pathways, and the possible contribution of chromatin

remodeling in influencing repair sub-pathway choice and outcome.

Page | 25



Page | 26



3. THE HISTONE VARIANT H3.3 IS REQUIRED DURING

HOMOLOGOUS RECOMBINATION

3.1 INTRODUCTION

The repair of DSBs requires extensive chromatin reorganization and modification, not only to
allow access to the damaged DNA, but also as an active regulator of subsequent repair 104131132,
An emerging key facet of chromatin remodeling during the DNA damage response is the
exchange of canonical histones for variants that are specific for various physiological functions.
The H3 histone variant H3.3 is one of the main variants whose role in DNA repair is becoming
increasingly prominent. H3.3 differs from H3.1 by 5 amino acids, where the 87, 89 and 90
amino acid positions seem to dictate the genome-wide distribution of the histone variants
potentially by interacting with distinct assembly machinery 33, These three residues may vary
between species, but always distinguish H3.3 from H3, suggesting a critical role for these
residues . The canonical histone H3.1 is expressed mainly in S-phase and is deposited in a
replication-associated manner by CAF-1 34135, Conversely, H3.3 is constitutively expressed
throughout the cell cycle and has a DNA synthesis- independent incorporation dynamics
through multiple interaction partners *>1%, H3.3 has a bimodal incorporation pattern that is
mediated by two distinct chaperon complexes. The chaperon HIRA directs H3.3 deposition in
promoters of actively transcribed genes and gene bodies and is associated with active chromatin
marks, such as H3K4me3 133137138 |n contrast, H3.3 is also associated with silent chromatin,
where the chromatin remodeler ATRX together with the H3.3-specific chaperon death domain
associated protein (DAXX) mediate its deposition in telomeric and pericentric regions 3313,
ATRX-DAXX also direct H3.3 deposition to other repeat-rich regions in the genome, which
serves to maintain a repressive heterochromatin state and structural stability *4°. In the context
of DNA damage, H3.3 was shown to be rapidly deposited at sites of UVC-induced damage to
facilitate recovery of transcription post repair, but is not involved in the repair process 4.
Similarly, H3.3 was observed to have a role in replication fork recovery following UV damage
in chicken DT40 cells **2. Furthermore, H3.3 is exchanged into chromatin shortly after DSB
induction to promote c-NHEJ and is also involved in post-repair chromatin assembly 18143,
Interestingly, H3.3 is mutated in a variety of cancers, including pediatric high grade
glioblastoma, diffuse intrinsic pontine glioma, chondroblastoma and giant cell tumors of the

bone 4. While the majority of the mutations reported occur in the N-terminal tail of the
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histone, there is considerable overlap between their occurrence and mutations in ATRX or
DAXX %, Loss of the ATRX-DAXX-H3.3 pathway has also been strongly associated with a

subset of tumors that employ a process known as the alternative lengthening of telomeres

(ALT) instead of telomerase reactivation to maintain telomere length ¢, ALT cells and cell
lines are characterized by loss-of-function mutations in ATRX, and to lesser extents, DAXX
and H3.3 and have been linked to DSB repair defects and chromosomal rearrangements,
suggesting a role for this complex to suppress the ALT pathway, possibly through DNA repair
functions 147148, Additionally, ATRX and DAXX have also been shown to have a role during
replication, where they function to protect forks from MRE11-mediated degradation and to
maintain fork processivity 14°. Therefore, ATRX-DAXX-dependent H3.3 deposition seems to
be important for genomic integrity, possibly through multiple mechanisms that have not been
fully elucidated yet.

The study presented here uncovers a role for the histone H3.3 during HR-mediated repair of
exogenously induced DSBs in G2 cells. H3.3 deposition occurs following Rad51-dependent
homology search and promotes extended DNA repair synthesis and the formation of sister
chromatid exchanges. Additionally, H3.3 incorporation is dependent on DNA synthesis factors,
supporting a model in which DNA synthesis is coupled to H3.3 incorporation in an inter-
dependent process that is required for repair completion. The tight coupling of histone
deposition to repair synthesis is novel for this histone variant and could reflect a requirement
for high histone turnover, possibly to alleviate topological stress, but could also suggest a
special need for this specific histone variant, with potential implications for post translational

modification or additional interaction partners to be involved in this highly regulated process.

3.2 METHODS

3.2.1 Cell culture

Cell lines

HeLa-S3 and HeLa ATRX KO cells were cultured in DMEM supplemented with 10% FBS
and 1% NEAA. HeLa-pGC reporter cells were a gift from Jochen Dahm-Daphi **! and were
cultured in DMEM with 0.6 pg/ml puromycin. HeLa-SNAP-H3.3 cells were a gift from
Geneviéve Almouzni %2 and cultured in DMEM with 1 pg/ml blasticidin S. Only sterile media,
buffers, reagents and consumables were used and cells were routinely tested for mycoplasma

contamination by PCR. All cell lines were maintained at 37°C in a 5% CO> incubator.
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Cell line maintenance and passaging

Fresh cells were routinely thawed from liquid nitrogen stocks to obtain cells with low passage
number. For thawing, cryovials were incubated in a 37°C water bath for approximately 1 min
and then the cell suspension was diluted in 10 ml of fresh medium. Cells were centrifuged for
5 min at 4°C at 200 x g. The supernatant was removed and the cell pellet was resuspended in
5 ml of fresh medium and seeded in a small culture vessel (25 cm? flask or 60 mm dish) then
transferred 24 h later to a 100 mm dish. For cell passaging, cells at 80-90% confluency were
washed with 5 ml sterile PBS then incubated with 1 ml pre-warmed trypsin/EDTA for 2-5 min
at 37°C. Cell detachment was confirmed by the observation of round cells under an inverted
microscope. Trypsin was quenched with 5-8 ml medium and cells were seeded at a ratio of 1:5-
1:10 (see section 6.9).

Cell seeding

Depending on the experimental need, cells were seeded on sterile cover slips in 35 mm and 60
mm dishes, or directly on plastic in 100 mm dishes, 6-well plates or ibidi slides. Cell number
was determined using a Neubauer counting chamber and distinct cell numbers were seeded for
different culture vessels (Table 1). Unless otherwise specified, transfection of SIRNA or DNA
was carried out 24 h after cell seeding.

Table 1. Cell seeding densities

Culture vessel 35 mm or 6-well plate 60 mm 100 mm u slide (ibidi 1V)
Cell number 2-3x10° 4-6 x 10° 1-3x10%° 3 x 10% channel
Volume 2 mi 4 ml 10 mi 60 pl/ channel

3.2.2 siRNA and plasmid Transfection

Transfection of cells with specific SiRNAs (sequences listed in section 6.4.1) was carried out
using HiPerFect or RNAi Max transfection. For H3.3 depletion, siRNAs against H3.3A and
H3.3B were used together in a 1:1 ratio, as previously described #1. Experiments were either
performed 48 h after transfection or after 72 h with an additional siRNA transfection after 24 h.
For HiPerfect, SIRNA was mixed with 100 ul serum-free Opti-MEM medium, then 12 pl of
HiPerfect were added, vortexed for 10 s and incubated for 10 min at RT. For RNAi Max, sSiRNA
was diluted in 150 pl Opti-MEM and 5 pl of RNAI Max were diluted in 150 pl Opti-MEM in
a separate tube. After brief vortexing, both tubes were mixed together by pipetting and the
mixture was incubated for 10 min at room temperature (RT). Transfection complexes were

gently dropped onto 60-80% confluent cells in 35 mm dishes with slow rotation. Cells were
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collected on the day of the experiment to confirm knockdown efficiencies by immunoblotting.

Plasmid transfections were carried out 48 h before experiments using Lipofectamine LTX and
Effectene according to the manufacturer’s instructions. Approximately 1-3 pl (20- 60 nM) of
SIRNA and 2.5 pg DNA were used for 35mm dishes and transfection volumes were doubled

for 60 mm dishes.

3.2.3 DNA damage induction

X-ray irradiation

Damage by X-rays was performed at 90 kV and 19 mA for all experiments, with a 1 mm
aluminum plate serving as a sample holder and a low-energy X-ray filter. The machine used
harbors a Philips X-ray tube equipped with a tungsten anode and a thin beryllium window.
Irradiation was carried out with consideration of the dose-doubling effect for cells on cover
slips 1%, thereby adjusted irradiation durations were used accordingly.

Laser micro-irradiation

For laser micro-irradiation, cells were seeded in a 6-well plate for siRNA transfection as
described. After 24 h, the cells were transferred to a p-slide VI and pre-sensitized with 50 uM
of the thymidine analog 5-bromo-2’-deoxyuridine (BrdU) for 24 h, to enrich for DSBs versus
other lesions occurring from the UV laser 415, Cells irradiated without pre-incubation BrdU
showed a lower YH2AX signal in laser tracks, as well as no SNAP signal (see below). The p-
slide VI was placed in an incubation chamber of an Axio Observer D microscope. A continuous
wave diode laser was used for UV-A micro-irradiation (375 nm) coupled to the epifluorescence
path of the microscope and focused through a Ph3 63x objective. The laser output was set to
90% (18 mW) and controlled by Omicron PhoxX Controller v.1.2.6 software. The stage speed
(0.201 mm per second) was controlled by pManager software. For each sample, at least 2

8 h post laser-imadiation

SNAP merge DAPI

different areas of the slide were irradiated in tandem.
yH2AX
v +BrdU
< o

Laser microirradiation using BrdU pre-sensitization

HeLa SNAP H3.3
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3.2.4 Cell cycle-specific DSB repair analysis

To analyze DSB repair in a cell cycle-specific manner, 10 uM of the thymidine analog 5-
ethynyl-2’-deoxyuridine (EdU) was added to the cells 30 min prior to irradiation (X-ray and
laser microirradiation) and kept throughout the experiment. Cycling cells incorporate EdU in
the newly synthesized DNA, therefore cells in S phase during or after irradiation are labeled.
After fixation, EJU was stained with a simple chemical reaction and DAPI and EdU intensities
were measured and plotted in a diagram using a Zeiss microscope and MetaCyte software.
EdU-positive cells were identified as S phase cells, while the EdU-negative cells were
categorized as either G1 or G2 based on their DNA content (Figure 3.3.1 A). The EdU-negative
G2 population represents cells that have been both irradiated and analyzed in G2, therefore

providing a cell cycle phase-specific analysis.

3.2.5 Immunofluorescence

Fixation and Staining

Cells grown on glass cover slips or in p-slide VI were fixed with 3% formaldehyde (FA) in
PBS for 10 min at RT. Cells were then washed 3 times with PBS and permeabilized with 0.2%
Triton X-100 in PBS for 10 min at RT. Subsequently, cells were washed and blocked for 30-
60 min at 4°C with 1x Roti-Block. Incubation with primary antibodies (section 6.6) was carried
out over night at 4°C. Cells were then washed 3 times for 5 min with washing buffer and
incubated with fluorescently-tagged secondary antibodies (section 6.6) for 1 h at RT then
washed 3 times for 5 min. All antibodies were diluted in blocking solution. For cell cycle-
specific analysis, EdU was stained using the EdU Click-iT kit, according to the manufacturer’s
instructions. Cells were washed in PBS and stained with DAPI (0.4 pg/ml) for 10 min at RT
then embedded with Vectashield mounting medium. Cover slips mounted on slides were sealed
with clear nail varnish.

Microscopic Analysis

Immunoflourescence experiments were analyzed through a semi-automated approach, using a
Zeiss microscope and MetaCyte software. For regular foci experiments, cells were scanned for
DAPI and EdU intensities for cell-cycle specific analysis. For cells transected with GFP
constructs, cells were additionally scanned for GFP and GFP-positive populations were
selected for analysis. For each experiment, at least 40 nuclei were analyzed and the foci were

enumerated manually %,
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3.2.6  SNAP-H3.3 detection
SNAP Labeling
For visualization of newly synthesized histones, pre-existing SNAP-H3.3 histones were

quenched with 10 uM SNAP-block for 30 min, washed twice with fresh medium then
incubated for 30 min to allow excess block to diffuse out of the cell. Then, a 1.5 h chase was
allowed for the synthesis of new histones. For the pulse step, cells were stained with 5 uM
Oregon Green for 20 min, washed twice with fresh medium then incubated for 30 min to allow
excess dye to diffuse out of the cell to reduce background. Immediately after the pulse, cells
were pre-extracted with 0.25% Triton-X 100 in CSK buffer for 5 min to wash out soluble
histones, and then fixed with 3% FA for 10 min at RT. In all experiments, EdU was added
before irradiation and kept on the cells until fixation. To verify the efficiency of SNAP labeling,
a pulse step was performed and the cells were fixed directly afterwards to visualize all SNAP-
H3.3 histones (Figure 3.4). The efficiency of blocking was verified by a quench-pulse step in
which a quench step was followed directly by a pulse then fixed (Figure 3.4).

SNAP signal measurement

To quantify the enrichment of newly synthesized histones in laser tracks, images were acquired
with 63x immersion objective and Image J software was used for analysis. The track area was
selected and the mean gray value was measured. The mean gray value was also measured for
an unirradiated area within the same cell as well as an area with no cells representing the
background signal. For calculations, the background intensity was subtracted, and the track
intensity was divided by the intensity of the unirradiated area to obtain the enrichment ratio.

At least 100 cells were analyzed from 3 independent experiments.

3.2.7 Reporter assay

HeLa pGC cells containing a stably-integrated HR substrate were seeded and transfected with
SiRNA. 24 h later, cells were transfected with I-Scel plasmid to induce targeted DNA damage,
and fixed after 48 h to allow for repair and GFP expression. Cells were stained against GFP
and with DAPI and signal intensities were measured as described. At least 10,000 cells were
analyzed using a Zeiss microscope and MetaCyte software. GFP-positive cells representing

HR events were enumerated and normalized to the total cell number.

3.2.8 BrdU incorporation assay
Cells were seeded and transfected with SIRNA. After 48 h, cells were labeled with 10 uM EdU
for 1 h and then X-irradiated with 4 Gy. Cells were then washed with PBS and incubated with
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50 uM BrdU. G2 cells incorporate BrdU at discrete DNA repair synthesis sites that are

dependent on HR factors, as previously shown 8. At different repair times, cells were fixed
with FA then treated with 2.5 N HCI for 30 min at RT to denature the DNA and allows access
of antibodies to the incorporated BrdU. Cells were then washed thoroughly 10 times with PBS

and the staining was performed as described using a specific BrdU antibody.

3.2.9 Clonogenic survival assay

HeLa and ATRX KO cells were transfected with sSIRNA 48 h prior to DNA damage and seeded
in defined numbers in 10 mm dishes 24 h after transfection. DNA damage was induced 24 h
later by MMS (0, 0.5, 1, 1.5 mM) or MMC (0, 1.5, 3, 4.5 uM) treatment for 1 h. Cells were
then washed with PBS and incubated for 14 days to obtain single colonies. Fresh medium was
added twice a week to maintain growth. Colonies were fixed with ice-cold methanol:acetic acid
(3:1) for 20 min at 4°C and stained with 0.1 % crystal violet for 5 min at RT. Cells were washed
with distilled water and colonies were scored for each condition and numbers were normalized

to the untreated controls.

3.2.10 Sister chromatid exchanges analysis

Cells were transfected with siRNAs and incubated with 50 uM BrdU for 48 h, to allow the
incorporation of BrdU for approximately 2 rounds of replication, during which cells will
acquire more BrdU in one of the newly synthesized sister chromatids. Cells were washed then
treated with EAU 30 min prior to X-irradiation (X-IR) with 2 Gy. To override the G2 checkpoint
and arrest the cells in mitosis, 20 pg/ml caffeine and 10 pg/ml colcemid were added to the cells
3 h before fixation. Caffeine is a non-specific kinase inhibitor that inhibits checkpoint kinases,
while colcemid arrests cell in metaphase by inhibiting spindle formation. For preparation of
chromosome spreads, cells were collected by trypsinzation and centrifuged at 200 xg for 5 min.
Cells were then resuspended in pre-warmed 75 mM KCI for 30 min at 37°C cells then
centrifuged at 200 x g and 4°C for 10 min. The hypotonic solution allows the cell to swell up
in preparation for subsequent steps. Cells were then fixed with ice-cold methanol:acetic acid
(3:1) three times and chromosomes were dropped onto cover slips and left to dry overnight.
Slides were washed with PBS and stained for EdU and Acridine Orange (1:10,000). The
intercalating dye will bind with differential affinity to chromatid arms with different BrdU
content, allowing the detection of sister chromatin exchanges as changes in dye patterns. For
each experiment, 40 chromosome spreads were captured and analyzed using a Zeiss

microscope with Metafer software. Only EdU-negative (G2-irradiated) spreads were evaluated.
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3.2.11 Chromatin Immunoprecipitation (ChIP)

For ChIP experiments, HeLa pGC cells were transfected with siRNA, then 24 h later were
transiently transfected with 1-Sce-l1 plasmid to introduce a targeted DNA DSB and were
allowed to repair for 24 h. FA was then added drop-wise directly to the medium to a final
concentration of 1% for 10 min to form protein-protein and protein-DNA crosslinks. 125 mM
Glycine was then added for 5 min to quench unreacted formaldehyde. The medium was then
removed and dishes were placed on ice and collected in ice-cold PBS containing protease
inhibitors using a cell scraper and processed using EZ-Magna A/G ChlIP kit according to
manufacturer’s instructions. Chromatin sonication was carried out using S220 sonicator
controlled by the Sonilab software. Shearing was optimized to yield DNA fragments between
200-500 bp, with a setting of 3 min at continuous cycle duty factor 5. Immunoprecipitation was
carried out with an H3.3 antibody (5u) and 1gG as a control for the pull-down specificity (see
below). The extracted DNA was analyzed by qPCR using FastStart Universal SYBR Green
Master (Roche) according to manufacturer’s instructions and primers targeted against different
regions in the HR reporter construct (Figure 3.7) (primer sequences are listed in section 6.4).
The amplification program was set to 95°C for 10 min, 40 cycles of 95 °C for 15 s, 60 °C for
60 s, followed by a melting curve stage to confirm primer specificity. All samples were run in
triplicates (three technical replicates) for each reaction and gPCR data was normalized using
the Percent Input method, in which variability between experiments is accounted for and
normalized for both background and input levels. The Percent Input was calculated as 100*2"
(CT adj. Input- CT IP).

1 Il siCtl + RFP
1.4 siCt + 1-Scel

1 Il SiATRX + RFP
1 Il SIATRX + I-Scel

GAPDH Target1 Target?2 Tamet3
IgG ChIP

ChIP 1gG control. IgG antibody control showed low signals
for all regions assayed (compared to H3.3 pull-down).
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3.2.12 SDS-PAGE and Immunoblotting

Cell harvest and lysis

Cells were trypsenized and collected in ice-cold PBS in a 2 ml tube and centrifuged for 3 min
at 200 x g. The supernatant was removed as not to disrupt the cell pellet and cells were
resuspended in 50-100 pl lysis buffer with protease inhibitor cocktail and incubated on ice for
10 min. To shear genomic DNA, the cell lysate was placed in an ultrasound bath with ice cold
water for 1 min. Cells were then centrifuged at 4°C and 13000 rpm (maximum speed) for 10
min to pellet cell debris and the supernatant was subsequently transferred to a new tube and
kept on ice for protein quantification or stored at -20 °C.

Protein Quantification

Protein quantification was carried out using the Bradford protein assay. Bradford reagent was
diluted 1:5 in MilliQ water and for each sample, 1 ul protein was added to 1 ml Bradford
reagent, mixed well and incubated for 5 min. Absorption was measured immediately at 595 nm
using a Nanophotometer and concentration calculated based on a pre-established standard
curve.

SDS-PAGE and Immunoblotting

For SDS-PAGE, the desired protein amounts were mixed with 5x Laemmli buffer and
incubated for 10 min at 95°C with rotation for protein denaturation. Samples, along with a
protein size marker, were loaded onto 7% or 10% polyacrylamide gel submerged in 1x
electrophoresis buffer and run at 90 V until the proteins entered the running gel then the voltage
was increase to 130 V until the required resolution of proteins was achieved. To transfer
separated proteins to a nitrocellulose membrane, the gel was placed on the membrane and
together they were sandwiched between layers of filter paper and sponges, ensuring the
exclusion of air bubbles for even transfer. The assembled cassette was placed in a transfer
chamber containing cold blotting buffer, while orienting the membrane towards the anode.
Blotting was carried out on ice at an applied current of 300 mA for 2-3 h, depending on the
size of the proteins. The membrane was then removed, cut for the desired protein size, and
blocked with 1x Roti-Block for least 1 h at RT and incubated with the primary antibodies
(section 6.6) at 4°C overnight. The membranes were then washed 3 x 10 min times in TBS-T
and incubated with HRP-conjugated secondary antibodies diluted in blocking solution (section
6.6) for 1 h at RT. The membrane was washed 3 x 10 min in TBS-T and the blots were
developed using WesternBright Quantum chemiluminescent detection system and the signal

was captured using Fusion FX image acquisition systems.
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3.2.13 Bacterial transformation

For plasmid amplification, chemically competent DH5a E.coli were used for transformations.
Cells were thawed on ice, gently mixed with 10 ng plasmid DNA and incubated on ice for 30
min. Cell were then subjected to heat shock at 42°C for 90 sec, followed by 5 min on ice. Cells
were allowed to recover in 900 pul LB medium for 1 h at 37°C with rotation at 220 rpm. Cells
were then centrifuged for 1 min at 10,000 x g and ~ 800 pl of the supernatant were removed
and cells were resuspended in the remaining medium. Cells were plated on 30 mg/mi
kanamycin or 50 mg/ml ampicillin agar and incubated at 37°C overnight. Single colonies were
picked in 5 ml LB medium and grown overnight at 37°C with rotation at 220 rpm. For long
term storage, glycerol stocks were generated using 770 ul 65% glycerol and 230 pl bacterial
culture and kept at -80°C. Plasmid maxi-preparations were done from 150 ml overnight culture
using peqGold Xchange plasmid maxi EF kit and plasmid mini-preparations were done from 5
ml cultures using ZR plasmid mini prep classic according to the manufacturer’s instructions.

DNA concentration was determined at absorption of 260 nm with a nanophotometer.

3.2.14 Quantification and statistical analysis

All data were derived from at least n=3 biological replicates carried out independently and for
each experiment at least 40 nuclei or chromosome spreads were analyzed, unless otherwise
specified. Background foci were subtracted from the mean values. Column plots show the mean
value and the error bars show SEM between the experiments. P values were obtained by a
Student’s t-test and which compared the mean values of the independent experiments (*, p <
0.05; **, p < 0.01; *** p <0.001).
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3.3 RESULTS
3.3.1 The histone variant H3.3 has a role in the repair of X-ray-induced DSBs in S/G2

The histone variant H3.3 has been implicated in the DNA damage response, especially in
response to UVC irradiation, where de novo histone deposition is emerging as regulator of
various steps of the DNA repair process. Nonetheless, its potential importance to DBS repair
pathways, especially HR, is less characterized. To investigate the role of H3.3 in DSB repair,
preliminary experiments were carried out to characterize the DSB repair Kinetics after damage
induction by X-rays in difference cell cycle phases. To this end, the yYH2AX foci assay was
employed as a sensitive approach for the detection of DSBs in response to physiological levels
of irradiation, as previously described *’. One advantage of this approach is the ability to
characterize repair in a cell-cycle specific manner when combined with an EdU labeling
approach (see methods, Figure 3.1 A), as it is established that different repair pathways have
distinct kinetics throughout the cell cycle. Cells repair IR-induced DSBs in G1 by a fast
resection-independent NHEJ sub-pathway in the first 2 h, followed by a slow component
comprising of resection-dependent c-NHEJ $%81%° In G2, cells utilize the fast c-NHEJ to repair
the majority of breaks, with HR operating at late time points, observed as elevated YH2AX foci
in HR mutants 6-8 h post IR #+1%_ Studying cells irradiated in G2 has the additional advantage
of avoiding detection of lesions arising from S phase-related replication errors and provides a
simpler setting for a more specific analysis. siRNA-mediated knockdown of both copies of
H3.3 (H3.3A and H3.3B) resulted in similar yH2AX foci numbers at early time points (1 h and
3h) post 2 Gy X-IR in G2 HelLa cells compared to siCtrl-treated cells (Figure 3.1 B), suggesting
that the induction of DSBs and formation of YH2AX foci are unaffected. However, at late time
points, H3.3-depleted cells showed elevated YH2AX foci numbers compared to control cells,
similar to repair defects seen in cells deficient in HR %, Analysis of the G1 cell population in
the same sample showed no difference between siH3.3- and siCtrl-treated cells, while EdU-
positive cells showed a repair defect similar to G2 cells (Figure 3.1 C).

To gain further insight into the potential HR role of H3.3, the formation and resolution of Rad51
foci, as a more HR-specific marker, were analyzed. Cells lacking BRCAL or BRCA2, which
promote resection and Rad51 loading, respectively, fail to form Rad51 filaments, observed as
peak of Rad51 foci approximately 2 h after IR %0, Alternatively, cells deficient in Rad54, which
removes Rad51 from the DNA, show normal Rad51 foci formation, but fail to resolve these
foci at late hours in G2 #. Unlike these factors, depletion of H3.3 did not affect Rad51 foci

formation compared to control cells, and despite a delay in foci resolution, exhibited only
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slightly higher foci levels at 8 h post IR (Figure 3.1 D). Together, these data preliminarily
suggest that H3.3 is important for DSB repair in S/G2 phase cells in a manner independent of

Rad51 loading or removal.
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Figure 3.1 The histone variant H3.3 has a role in the repair of X-ray-induced DSBs in G2 cells

(A) Cell cycle phase-specific analysis using a semi-automated microscopy approach. Asynchronously
growing cells were treated with EAU 30 min prior to DNA damage, and maintained throughout the
experiment. After immunostaining, the slides are scanned and the EdU and DAPI intensities of
individual cells (at least 2000) were measured and plotted in a diagram showing a horseshoe pattern.
EdU-positive cells represent the S phase population and EdU-negative cells are sub-classified into
G1 or G2 based on their DNA content (DAPI signal). Cells transitioning from G1 and S phase to G2
incorporate EdU and are excluded from analysis.

(B) HeLa cells were transfected with siCtrl or siH3.3; 48 hours later, EdU was added for 30 min and
cells were X-irradiated with 2 Gy and fixed at multiple time points. YH2AX foci, as a marker for
DSBs, were enumerated in EdU-negative G2 cells.

(C) HeLa cells as in panel B, where yYH2AX foci were enumerated in EdU-negative G1 cells and EdU-
positive S phase cells and

(D) HeLa cells, as in panel A; Rad51 foci, as a marker for resected breaks, were enumerated in EJU-
negative G2 cells.

Data show the mean of 2 experiments.

3.3.2 H3.3is required for HR in a manner epistatic to the chromatin remodeler ATRX
Since the data indicated a role of H3.3 in late S/G2 cells, and not in G1, a likely pathway

regulated by the histone variant is HR. To consolidate this potential function, a GFP-based
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gene conversion (GC) reporter assay was employed. The system is comprised of HeLa cells

with an integrated reporter cassette carrying two non-functional copies of the GFP gene sharing
a 520-bp region of homology: one copy carries an 18-bp recognition site for the endonuclease
enzyme I-Scel that disrupts the coding sequence and the other copy is truncated on the 3” end
(Figure 3.2 A) 1%, Transient expression of I-Scel generates a DSB in one of two GFP genes
and only HR-mediated repair using the second gene copy as a template restores the correct
sequence and results in the expression of a functional GFP protein. HR frequencies were
assessed by enumerating GFP-positive cells after I-Scel expression relative to control cells,
which corrects for differences in transfection efficiencies of I-Scel between experiments
(assuming similar ones between samples in the same experiment). Depletion of the HR factor
BRCA2 expectedly resulted in a significant reduction of GFP-positive cells, thereby
confirming the validity of the system. Additionally, cells treated with sSiATRX and siH3.3 also
exhibited a reduction in HR frequencies, albeit to a lesser extent than BRCA2 depletion (Figure
3.2 B). To confirm that the HR defects seen in H3.3-depleted cells pertain to the ATRX
chromatin remodeling axis (versus other remodelers/chaperons), YH2AX foci levels were
assessed in G2-irradiated HeLa and ATRX KO cells depleted for H3.3 (Figure 3.2 C, left
panel). HeLa cells treated with two different siRNA pairs for H3.3 resulted in elevated foci
levels at 8 h post IR compared to control cells, corroborating the specificity of the observed
phenotype (i.e. excluding off-target effects of the siRNA). The elevated YH2AX foci levels
were similar to those observed (previously and herein) in ATRX KO cells, where additional
depletion of H3.3 did not lead to a further increase, indicating that ATRX and H3.3 operate in
the same repair pathway. This observation was extended to Rad51 foci which, as described
earlier, remain only slightly elevated in H3.3-depleted cells and are at a similar level as
observed in ATRX KO cells treated with siCtrl and siH3.3 (Figure. 3.2 C, right panel). To
confirm and expand these results using alternate DSB inducers, the topoisomerase | (Topl)
inhibitor camptothecin (CPT) was used (Figure 3.2 D). Top1 functions to overcome topological
stress ahead of the replication fork by introducing a single-stranded break (SSB) in the DNA
backbone, allowing DNA unwinding followed by re-ligation of the broken strands °1. CPT
stabilizes the Topol-DNA complex and prevents the re-ligation step, resulting in a persistent
SSB that is converted into a DSB upon encountering replication forks, whose repair is known
to require HR %2, CPT was added together with EdU for 1 h to label replicating cells and only
EdU-positive cells, where replication-associated damage was induced, were analyzed. YH2AX
foci levels assessed 2 h post treatment were comparable in all samples, indicating a similar

level of damage induction (Figure 3.2 D). However, 8 h after treatment H3.3-depleted HelLa
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cells, ATRX KO and H3.3-depleted ATRX KO cells exhibited a marked elevation in yYH2AX

foci compared to control HeL a cells, showing the requirement for these factors in the repair of

CPT-induced DSBs and further evidencing their cooperative role in HR. Furthermore,
clonogenic survival assays showed an enhanced, but comparable, sensitivity of ATRX KO
cells, H3.3-depleted cells and H3.3-depleted ATRX KO cells to methyl methanesulfonate
(MMS) and mitomycin C (MMC), a DNA-alkylating and a crosslinking agent, respectively
(Figure 3.2 E). While these are distinct lesions, both require HR for their repair and sensitivity
to these agents indicates HR deficiency 1. Collectively, these data provide evidence that H3.3
is essential to HR-mediated DSB repair in a process requiring the remodeler ATRX and whose

repair foci Kinetics suggest that it occurs late during HR.

3.3.3 H3.3is required during the late steps of HR

Since Rad51 foci formation and resolution was largely unaffected in ATRX KO and/or H3.3-
depleted cells, downstream stages of HR were investigated. Following D-loop formation and
Rad51 removal by Rad54, DNA repair synthesis takes place to recover sequences lost during
resection. To investigate this process, the incorporation of the nucleoside analog BrdU
following IR of G2 cells was assessed. DNA repair synthesis can be visualized as nuclear BrdU
foci that arise in control cells 4-8 h post IR in a manner dependent on HR factors but is
unaffected by depletion of c-NHEJ factors ¢, The visibility of these repair foci
microscopically suggests that this process involves extended repair synthesis (~1-2 kbp) .
Remarkably, HeLa cells treated with siH3.3 failed to show the accumulation of BrdU foci up
to 8 h post 4 Gy irradiation, compared to control cells (Figure 3.3 A), showing that this variant
is indeed essential for DNA repair synthesis during HR. Additionally, the formation of IR-
induced SCEs was analyzed as a further downstream process occurring after repair synthesis
completion as a result of HJ resolution. SCEs have been previously described to arise in G2-
irradiated cells in a manner dependent on BRCA2, Rad51 and Rad54 and could be detected as
changes in nucleic acid staining of mitotic chromosomes *41%4, Unirradiated HeLa cells showed
a basal level of SCEs, likely arising during S phase, and exhibited a robust increase in SCEs in
response to X-IR. (Figure 3.3 B). In contrast, H3.3-depleted cells did not exhibit such an
increase, showing that this process is impaired in the absence of this histone variant. Since
ATRX KO cells also fail to form BrdU repair foci and IR-induced SCEs*™, these findings
provide evidence that chromatin remodeling, possibly involving histone variant exchange, is

required for the late steps of HR.
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Figure 3.2. H3.3 is required for HR in a manner epistatic to the chromatin remodeler ATRX.

(A) Schematic representation of the HR reporter cassette. I-Scel-induced breaks drive homology-
mediated repair based on a 520-bp shared homology with the second, truncated copy of the GFP
gene that is used as a template for repair synthesis. Successful HR leads to the restoration of the
GFP sequence and expression of a functional GFP protein. HeLa pGC carrying an HR reporter
cassette were transfected with indicated siRNAs followed by I-Scel plasmid transfection 24 h later
then fixed after 48 h. GFP-positive cells were enumerated and normalized to siCtrl samples. Mean
+ SEM (n=3). Knockdown efficiencies were confirmed by immunaoblotting (also see Juhasz et al.

(B)

2018).

HelLa and ATRX KO cells were transfected with H3.3 is required for HR in a manner epistatic
to the chromatin remodeler ATRX siCtrl, siH3.3 or siH3.3_2; 48 hours later, EdJU was added
for 30 min and cells were X-irradiated with 2 Gy and fixed after 8 h. yYH2AX and Rad51 foci were
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enumerated in EdU-negative G2 cells. Mean + SEM (n=3); spontaneous foci were subtracted.
Knockdown efficiencies were confirmed by immunoblotting.

(C) HeLaand ATRX KO cells were transfected with siCtrl or siH3.3. After 48 hours, cells were pulse-
treated with EQU and 20 nM CPT for 1 hr and fixed after 2 h and 8 h. YH2AX foci were enumerated
in EdU-positive cells. Mean + SEM (n=3); spontaneous foci were subtracted.

(D) Clonogenic survival of HeLa and ATRX KO cells transfected with siCtrl or siH3.3. DNA damage
was induced by MMS or MMC at the indicated concentrations for 1 h and single colonies were
fixed 14 days later, enumerated and normalized to mock-treated cells. Mean £ SEM (n=3).

A X

10. HeLa
EdU BrdU I sictrl
L | | 1 Il siH3.3
IRTIL gh | .
0 3 6
NT 8 h post 4 Gy g
S 4]
e
3 2
I L‘ﬁ 2 EE T EETY
04

NT 1h 4h 6h 8h
Time post 4 Gy

B \ caffein

g Brdu g Edu, jcolcemid |
| | | | IEYL
48h " 0.5h 5h Hela
Bl sict
12 [ siH3.3

- 104
©
o
o
[
o
O
@
o
)
w
O
%)

8 h post 2 Gy

Figure 3.3. H3.3 is required during the late steps of HR.

(A) HeLa cells were transfected with siCtrl and siH3.3 and 48 later, cells were treated with EdU for 1
h then X-irradiated with 4 Gy. Cells were then washed, labeled with BrdU and fixed at the indicated
time points. BrdU foci (see image), corresponding to DNA repair synthesis, were enumerated in
EdU-negative G2 cells. Mean + SEM (n=3). Image is extracted from Juhész et al. 2018.

(B) HeLa cells were transfected with siCtrl and siH3.3 and incubated with BrdU for 48 h. Cells were
then labeled with EdU for 30 min and X-irradiated with 2 Gy. Cells were treated with caffeine and
colcemid for 3 h and collected at 8 h post IR. SCEs were counted in EdU-negative mitotic spreads
from G2-irradiated cells. Mean + SEM (n=3). Image is extracted from Juhész et al. 2018.
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3.3.4 Newly synthesized H3.3 is deposited early at sites of damage independently of
ATRX
To investigate if H3.3 exchange is taking place during DNA repair synthesis and to better

characterize the deposition kinetics of H3.3 in vivo, a HelLa cell system stably expressing
SNAP-tagged H3.3 was employed to monitor H3.3 incorporation dynamics, as previously
shown %2, The SNAP polypeptide is a 20 kDa self-tagging protein derived from the DNA repair
enzyme O°%-alkylguanine-DNA alkyltransferase and can react with benzylguanine derivatives
irreversibly to form covalent linkages to synthetic substrates %, Non-fluorescent and
fluorescent SNAP substrates are cell-permeable which allows in vivo labeling of proteins in
live cells, irrespective of cellular compartmentalization. The expression of SNAP-H3.3 was
verified via western blot, which was detected with an H3.3 antibody at the expected size of 37
kDa, while the endogenous H3.3 was detected at 17 kDa (Figure 3.4 A). To verify this system
in vivo, a pulse-quench-chase sequence was carried out. A pulse of fluorescent substrate
(Oregon green) effectively labeled pre-existing H3.3 in the cell, while a quench-pulse with a
non-fluorescent substrate preceding the pulse blocked all SNAP-tags and gave only
background signal, confirming the efficiency of the quenching reaction (Figure 3.4 A). A
quench-chase-pulse sequence introduced a chase period to allow for de novo histone synthesis.
An additional triton-X pre-extraction step prior to fixation removed soluble histones and
allowed the labeling of incorporated histones only, thereby giving a lower signal than the pulse
alone. To confirm that H3.3 can be detected at damage sites, the previously described rapid
deposition of H3.3 at laser-induced damage was assessed 4. In these experiments, UVA laser
was used to introduce DNA damage, where the cells were pre-sensitized with BrdU to enrich
for DSBs, versus other UV-induced lesions (see methods section 3.2.3). Cells were subjected
to a quench-chase sequence, followed by micro-irradiation, a pulse step then fixation after a
total of 1 h post irradiation (see scheme in Figure 3.4 B). In agreement with previous findings,
SNAP-H3.3 signal was detected at laser tracks marked with YH2AX 1 h post irradiation in G2
cells (Figure 3.4 B). Depletion of Rad51, ATRX and DAXX did not affect the observed

enrichment, indicating that this deposition involves a process distinct to HR.
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Figure 3.4 Newly synthesized H3.3 is deposited early at sites of damage independently of ATRX
(A) SNAP-H3.3 expression was confirmed by immunoblotting. Validation of the SNAP system was
carried out through a quench-chase-pulse succession. In the pulse step, the SNAP substrate
(Oregon green) was added for 20 min and cells were fixed directly after to label total SNAP-H3.3
protein. In the quench-pulse sequence, the SNAP block is added, washed and then a pulse step
followed directly to confirm the efficiency of the blocking step and represents the background. In
the quench-chase-pulse sequence, a 1.5 h chase period was introduced between the quench and
pulse steps, and was followed by pre-extraction step prior to fixation. This allowed the visualization
of the newly synthesized and incorporated SNAP-H3.3.

SNAP-H3.3 HelLa cells were transfected with siCtrl, siRad51, siATRX and siDAXX and after 24
h, cells were pre-sensitized with BrdU for 24 h. A quench-chase sequence was performed with the
addition of EdU prior to laser-irradiation, followed by a pulse step and fixation. Knockdown
efficiencies were confirmed by immunoblotting.

(B)
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3.3.5 Late deposition of newly synthesized H3.3 at sites of damage is dependent on
Rad51, ATRX and DAXX
In order to monitor H3.3 incorporation specifically at later times (8 h) following DNA damage,

the experimental setup was modified such that quenching of the tagged histones was performed
several hours after laser irradiation. This blocks the signal from early H3.3 deposition and
allows the detection of histones incorporated in the last 2.5 hours of the repair period (see
scheme in Figure 3.5 A). Strikingly, using this modified setup, H3.3 enrichment in laser tracks
was also observed at laser-induced DNA damage in G2 cells at late times (Figure 3.5 A).
However, this deposition was strictly dependent on Rad51, as Rad51 depletion almost
abolished all SNAP-H3.3 signal in yH2AX-postive tracks. This shows that this is an
independent process from the early deposition events and suggests that it occurs downstream
of the Rad51-mediated strand invasion and D-loop formation steps of HR. Additionally,
depletion of ATRX or DAXX also diminished late H3.3 laser track signal, indicating that these
factors are required for histone deposition at this late stage of HR (Figure 3.5 A).

To confirm the results obtained with the SNAP system with a different approach, chromatin
immunoprecipitation (ChIP) of H3.3 was carried out in HeLa pGC cells carrying an HR
reporter cassette, described in section 3.3.2. Cells were transfected with RFP (as a control) or
I-Scel to introduce a targeted DSB at a defined genomic locus and ChIP was carried out against
H3.3, and 1gG was used as a control for the pull-down. Primers for g°PCR were designed at 3
different sites in or near the GFP donor site spanning an area of 1 kbp, where extended DNA
repair synthesis and histone deposition is expected to occur. HeLa cells expressing I-Scel, but
not those expressing RFP, showed a 2-3 fold increase in H3.3 signal at all three target sites,
indicating an enrichment of H3.3 at sites of DSBs which likely extend beyond the donor site,
and suggesting that this assay monitors events that would not necessarily give rise to a
functional GFP protein (Figure 3.5 B). The signal detected in the control GAPDH showed no
increase in response to DSB induction, indicating the specificity of the PCR primers. However,
since the overall H3.3 enrichment was much lower than the other PCR target loci, is it possible
that the HR cassette locus is generally enriched in H3.3. Moreover, this enrichment in H3.3
was reduced to control levels in ATRX-depleted cells, consistent with the SNAP-tag results
supporting ATRX-dependent H3.3 deposition at sites of DSBs (Figure 3.5 B). Furthermore,
ChlIP using the 1gG antibody also gave negligible signal for all conditions, confirming the
specificity of the pull-down (see methods section 3.2.11).
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Figure 3.5 Late deposition of newly synthesized H3.3 at sites of damage is dependent on Rad51,

ATRX and DAXX

(A) SNAP-H3.3 HelLa cells were transfected with siCtrl, siRad51, siATRX and siDAXX and after 24
h, cells were pre-sensitized with BrdU for 24 h. EdU was added for 30 min prior to laser-irradiation
and a quench-chase-pulse sequence was performed 4.5 h later. SNAP-H3.3 signal enrichment in
tracks was measured in EdU-negative G2 cells. Mean = SEM (n=3).
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(B) HeLa pGC cells transfected with siCtrl or siATRX were transfected with I-Scel or RFP plasmids
24 h later. Cells were collected after 24 h, ChIP was performed against H3.3 and purified DNA
was analyzed by qPCR using 3 different primer pairs up to 1 kbp away from the GFP donor site
and the GAPDH locus as a control. The gPCR signal normalized to the input via the Percent
Input method is shown. Use of a non-specific 1gG antibody provided negligible gPCR signals
(see methods section 3.2.11). Mean + SEM (n=3).

3.3.6 Histone H3.3 deposition and DNA repair synthesis are interlinked

Building on evidence for H3.3 requirement for DNA repair synthesis and deposition as sites of
DNA damage, the dependence on DNA synthesis factors was then investigated. The
processivity clamp PCNA and its loader complex RFC are key factors during replication and
also are required for Pold-mediated processive DNA synthesis following Rad51 strand invasion
in vitro 45166167 REC-1 is the largest subunit of the clamp loader complex RFC that is required
to load PCNA onto DNA. To evaluate the localization of the RFC-1 to DNA damage, HelLa
cells were irradiated with 4 Gy and fixed at multiple time points. RFC-1 foci were detected in
G2 HelLa cells and localized to DSBs 6-8 h post damage, with kinetics reminiscent of BrdU
repair foci formation (Figure 3.6 A). RFC-1 foci formation was dependent on Rad54, which is
consistent with in vitro results showing the requirement of Rad54 for the formation of free 3’
suitable for DNA synthesis . Interestingly, depletion of PCNA and ATRX also abolished
RFC-1 foci formation, possibly due to decreased stability of the DNA synthesis complex.
Furthermore, depletion of RFC-1 caused elevated YH2AX foci levels at 8 h post X-IR in G2
HeLa cells compared to control cells, with no difference at 2 h, supporting the requirement for
the clamp loader, and likely PCNA as well, in HR-mediated DBS repair (Figure 3.6 B). To
understand how these factors influence histone deposition at DNA damage sites, PCNA and
RFC-1 were depleted in HeLa SNAP-H3.3 and both early and late incorporation events were
monitored. PCNA and RFC-1 depletion did not affect the early enrichment of H3.3 at laser
tracks, suggesting that this process is uncoupled from DNA synthesis (Figure 3.6 C). In
contrast, H3.3 enrichment at late times was significantly reduced in siPCNA and siRFC-1
treated cells compared to control cells, indicating that this incorporation process is coupled to
DNA synthesis. Together, these results provide a link between DNA repair synthesis and H3.3
deposition during HR, with implications that the two processes could be interdependent or

occur simultaneously.
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Figure 3.6 Histone H3.3 deposition and DNA repair synthesis are interlinked

(A)

(B)

(©)

HelLa cells were transfected with the indicated sSiRNAs and 48 h later EJU was added for 30 min
and cells were X-irradiated with 4 Gy and fixed at different time points. RFC-1 foci, visualized as
shown (image from Juhéasz et al. 2018), were enumerated in EdU-negative G2 cells. Mean + SEM
(n=3). Knockdown efficiencies were confirmed by immunoblotting (see Juhasz et al. 2018).
HeLa cells were transfected with siCtrl or siRFC-1 and 48 h later EdU was added for 30 min and
cells were X-irradiated with 2 Gy and fixed after 2 h and 8 h. yH2AX foci were enumerated in
EdU-negative G2 cells. Mean + SEM (n=3); spontaneous foci were subtracted. Knockdown
efficiency was confirmed by immunoblotting.

SNAP-H3.3 HeLa cells were transfected with siCtrl, siRFC-1 or sSiPCNA and after 24 h, cells were
pre-sensitized with BrdU for 24 h. Early (1 h post irradiation) and late (8 h post irradiation) H3.3
incorporation was assessed as described in the schemes depicted in Figures 3.3.4 and 3.3.5
respectively. SNAP-H3.3 enrichment in tracks at late times was quantified in EdU-negative G2
cells. Knockdown efficiencies were confirmed by immunoblotting.
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3.3.7 Histone H3.3 deposition by other chromatin remodelers and chaperons

Since histone deposition is an important process for many repair events, the involvement of
other histone chaperones was investigated to understand the specificity of this process. H3.3
deposition can be mediated by the variant-specific chaperon HIRA, typically during
transcription, but also in response to UVC damage #!. Additionally, CAF-1 mediates H3.1
deposition during replication in a process coupled to DNA synthesis as well as post-repair of
UV lesions'®170 Notably, depletion of HIRA but not the p60 subunit of CAF-1 resulted in a
reduced, but still detectable, H3.3 signal in laser tracks at early times (Figure 3.7 A). Since fast
DSB repair in G2 involves c-NHEJ ¢, this result is consistent with a role of H3.3 in this
pathway 143, albeit involving the chaperon HIRA. Whether this is required for pathway choice
or for repair factor recruitment is not clear. Furthermore, HIRA depletion partially reduces late
(8 h) H3.3 incorporation, suggesting a possible cross-talk between early H3.3 deposition and
downstream events (Figure 3.7 A). Alternatively, HIRA could have a genuine role in the HR
repair process that is secondary to ATRX. Consistent with this notion, HeLa cells treated with
SiHIRA exhibited a moderate increase of YH2AX foci numbers in G2 cells at 8 h post IR
compared to control cells, although foci levels were also elevated slightly at 2 h (Figure 3.7 B).
The lack of observable phenotype of CAF-1 p60 depletion on neither H3.3 deposition dynamics
nor YH2AX foci levels counter a role for CAF-1 in HR-mediated repair involving H3.3
deposition (Figure 3.7 A & B). However, a role for its associated histone H3.1 cannot be

excluded and would require further investigation.
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Figure 3.7. Histone H3.3 deposition by other chromatin remodelers and chaperons.

(A) SNAP-H3.3 HeLa cells were transfected with siCtrl, siCAF-1 p60 or siHIRA and after 24 h, cells
were pre-sensitized with BrdU for 24 h. Early (1 h post irradiation) and late (8 h post irradiation)
H3.3 incorporation was assessed using the protocols depicted in Figures 3.3.4 and 3.3.5 respectively.
SNAP-H3.3 enrichment in tracks at late times was quantified in EdU-negative G2 cells. Knockdown
efficiencies were confirmed by immunoblotting as shown.

(B) HeLa cells were transfected with siCtrl, sSiCAF-1 p60 or siHIRA and 48 h later EdU was added for
30 min and cells were X-irradiated with 2 Gy and fixed after 2 h and 8 h. YH2AX foci were
enumerated in EdU-negative G2 cells. Mean £ SEM (n=3); spontaneous foci were subtracted.
Knockdown efficiency was confirmed by immunoblotting as shown.
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3.4 DISCUSSION

Chromatin undergoes extensive modifications and remodelling in response to DNA damage,
which allow the repair proteins to access the DNA, and also strongly influence the DDR %,
Chromatin dynamics in response to DSBs involve multiple histone modifications, as well as
the disassembly and reassembly of nucleosomes before and after DNA repair, respectively.
Additionally, the exchange of canonical histones for specific histone variants plays an
important role in regulating repair factor recruitment and pathway choice 3'*2, Previous
reports have shown the rapid incorporation of the histone variant H3.3 at sites of DNA damage
to promote c-NHEJ, as well as during post-repair chromatin reassembly 117118 Here, we present
evidence for a role for the histone variant H3.3 during HR-mediated repair of DSBs in G2
phase cells. Interestingly, H3.3 is required for repair at late stages during HR where it is
essential for DNA repair synthesis and the subsequent formation of SCEs, which the chromatin
remodeling-chaperone complex ATRX-DAXX was also shown to promote *°. Consistent
with these observations and published data, the in vivo visualization of H3.3 dynamics revealed
the incorporation of newly synthesized H3.3 at sites of DNA damage at both early and late time
points. However, only late incorporation was ATRX dependent and was associated with DNA
synthesis, revealing distinct, temporally regulated functions for H3.3 deposition. DNA
synthesis is integral to various repair mechanisms, such as nucleotide excision repair (NER),
where it has been shown to proceed concomitant with chromatin reconstitution through CAF-
1 168.189 However, CAF-1-mediated histone deposition is not a prerequisite for repair and is
considered part of post-repair chromatin assembly. Nevertheless, this association between
DNA synthesis and repair synthesis can be applied to the findings here to suggest a model in
which extended DNA synthesis during HR is tightly coupled to H3.3 deposition and
nucleosome assembly facilitated by a direct, IR-induced interaction between PCNA and ATRX
(Figure 3.8 A) . In contrast to NER, this is a prerequisite for repair completion as the
disruption of this process impedes repair and results in an excess of unrepaired breaks. A
possible explanation for this discrepancy is the range of repair synthesis, which is much longer
during HR versus NER where nucleosome reassembly could have a more profound impact on
the progression of the DNA synthesis machinery. This is analogous to the long-range DNA
synthesis during replication, where CAF-1 interacts with PCNA to deposit the histone H3.1
behind the replication fork 3. This coordination of nucleosome assembly and DNA synthesis
is important for the regulation of fork progression and elongation rate although the exact

mechanism is not clear . Furthermore, H3.3 is known to be deposited in actively transcribed
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regions where H3.3 exchange promotes transcription initiation and elongation and regulates

transcription rate 2172, Therefore, histone exchange and nucleosome reassembly play an
important role during long-range nucleic acid synthesis that regulates various processes
including replication, transcription, and repair (Figure 3.8 B). This is not unexpected;
protection of long stretches of naked DNA in such processes is imperative for genomic
integrity, a notion in agreement with the gap-filling role described for H3.3 during transcription
152 'In our model, H3.3 deposition is required for DNA repair synthesis, which could safeguard
chromatin integrity over long repair patches and provide structural stability facilitating the
progression of the D-loop. A similar mechanism has been described in fission yeast, where
CAF-1-mediated deposition of H3.1 is important for recombination-dependent replication
restart at stalled forks 1’31 In this context, histone deposition stabilizes the D-loop and
prevents its disassembly by RecQ-type helicase Rghl to promote template switching events
173 Additional structural support could be generated from regulating the 3-D architecture of
the DNA. The unwinding of the DNA, as in transcription, generates torsional stress,
manifesting as positive and negative supercoiling ahead of and behind the moving synthesis
complex, respectively. Positive stress can destabilize nucleosomes and cause histone eviction,
whilst negative supercoiling promotes nucleosome assembly (Figure 3.8 A) 17>176 Studies
show that nucleosome arrays accommodate more torsional stress than naked DNA and higher
order chromatin structure provide structural plasticity under torsion, therefore histone
deposition would function to increase torsional resilience of the region around the break 177178,
The reason for a specific need for H3.3 is not clear, especially given the structural similarity to
H3.1. A histone-variant specific function is supported by the observation that CAF-1 does not
influence repair synthesis, with a small role for the H3.3 chaperon HIRA. While a simple
explanation could be the abundance of H3.3 throughout the cell cycle versus an S phase-
restricted H3.1 expression, it is unlikely to be sufficient as replication-independent H3.1
deposition outside S phase was reported %17°  Furthermore, while H3.3 deposition can
compensate for impairment of H3.1 incorporation during replication, the opposite is not valid,
indicating that H3.3 serves additional functions that cannot be compensated by H3.1 %2, It is
also plausible that H3.3 can provide a scaffold for post-translation modifications serving as
epigenetic marks for DNA damage sites. This is consistent with observations that H3 histone
variants harbor distinct PTMs and therefore can provide signatures for different genomic
regions, such as damaged DNA 8. H3.3 is known to be actively methylated at lysine 9 at
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Figure 3.8. Model for histone deposition during homologous recombination.

(A) ATRX interacts with PCNA and together with chaperone DAXX, deposits newly synthesized H3.3
behind the complex in a step that promotes the progression of DNA synthesis. Chromatin around
the DSB may still contain H3.3 incorporated during earlier events. In a migrating D-loop model,
DNA unwinding generates positive torsional stress ahead of the polymerase to destabilize
nucleosomes and evict histones while negative torsional stress accumulates behind the complex, a
conformation that favours nucleosome assembly and stabilizes the DNA. It is unclear wthere this
histone turnover dynamic includes histone recycling. Possible histone H3.3-specific modifications
like methylation or phosphorylation could add another layer of regulation or act as epigenetic
damage markers.

(B) Chromatin remodeling is a common requirement for the regulation of DNA and RNA synthesis.
Distinct chromatin remodelers and chaperons direct the deposition of histones during replication
(CAF-1), repair synthesis in homologous recombination (ATRX and DAXX) and transcription
(HIRA), in a highly coordinated, tightly coupled process.
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telomeric regions by methyltrasnferases that are also active during the DNA damage response,
but a link between them has not been established 81182, Similarly, H3.3 can be uniquely
phosphorylated at serine 31 which is linked to DNA damage at telomeres, but not internal

breaks 183,

3.5 CONCLUSION

Taken together, these findings inspire a model in which HR-mediated DSB repair synthesis is
coupled to histone deposition, where a high histone turnover manifests as a balanced process
of nucleosome disassembly ahead of the progressing D-loop and reassembly behind it using
newly synthesized histone variants. The timely coordination of these processes provides
topological and structural stability that allows DNA synthesis progression and genomic

protection and possibly generates epigenetic signatures for damaged regions.
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4. ATRX AND RECQ5 DEFINE DISTINCT SUB-PATHWAYS OF
HOMOLOGOUS RECOMBINATION

4.1 INTRODUCTION

HR is an essential process for the maintenance of genomic integrity and shown to be vital for
diverse cellular processes, such as replication, as well as DSB repair during meiosis and in
somatic cells. HR relies on the use of a homologous template for repair to ensure the faithful
restoration of genetic information and is restricted to the S/G2 phase of the cell cycle in somatic
cells. DSB repair is channeled to HR by the extensive 5’-t0-3” resection of break ends to
generate 3' ssSDNA overhangs. The recombinase RAD51 is then loaded to sSSDNA to direct the
homology search for complementary sequences and the formation of a D-loop to allow DNA
repair synthesis and the recovery of the lost sequences %44 Repair of two-ended breaks
requires the annealing and sealing of the break ends, which can proceed in two known sub-
pathways. During SDSA, the extended break end is displaced from the D-loop followed by
annealing to the complementary sequence at the non-invading break end. In the other sub-
pathway, the non-invading end anneals to the displaced strand of the extending D-loop in a
second-end capture step, leading to the formation of a dHJ. To complete the repair process, this
structure can be resolved by the structure-specific nucleases SLX4-SLX1, Mus81-EME1 and
Genl which induce asymmetrical or symmetrical incisions in the two strands at each HJ, giving
rise to both CO and non-CO products . Alternatively, dHJs can be dissolved by the BTR
complex in a decatenation reaction, thus separating the two molecules without exchange of

genetic material.

Pathways leading to COs are often viewed as mutagenic, as exchanges between homologous
chromosomes can cause LOH, a contributing factor to carcinogenesis. Therefore, cells harbor
multiple mechanisms of CO-suppression, where non-meiotic cells employ the sister chromatid
instead of the homologous chromosome in both yeast and mammalian systems 23, Additionally,
as SDSA is inherently refractory to CO formation, it is believed to be the predominant HR sub-
pathway in the repair of DSBs 318418 Fyrthermore, the preferential usage of BLM-mediated
dissolution of dHJs limits COs, with resolution acting as a last-resort back up to handle these
intermediates. Results from HR reporter systems, where COs are rarely observed, and the lower
rate of dHJ formation per DSB in somatic versus meiotic cells support a general CO-avoidance
tendency during HR in somatic cells 2. This notion appears also consistent with historic

studies suggesting that DSB-inducing agents, including IR, are poor inducers of SCEs 86187,
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However, it is now known that most IR-induced two-ended DSBs are repaired in mammalian

cells by c-NHEJ with HR accounting for only about 20% of all repair events even in G2 phase,
thereby explaining the relative scarcity of SCEs compared to the number of induced breaks
1%6.188 ‘Moreover, the sister chromatid represents the natural substrate for HR and COs might
not be readily monitored in reporter systems which rely on unequal recombination events
between the damaged loci and the provided substrates. Thus, it is unclear how often COs arise

during HR in somatic cells.

Recently, it has been shown that the chromatin remodeler ATRX promotes extended DNA
repair synthesis and SCE formation during HR-mediated DSB repair *°. In this process, ATRX
and the chaperone DAXX deposit the histone variant H3.3 during HR in a step downstream of
Rad51 removal . Interestingly, the ATRX/DAXX complex interacts with the polymerase
processivity factor PCNA after DSB induction, suggesting that histone deposition is tightly
coupled to DNA repair synthesis '&. The observation that SCE formation after IR is strictly
dependent on ATRX further suggests that extended repair synthesis leads the generation of HR
intermediates that give rise to COs *°, This notion is consistent with findings showing that
gene conversion tracts for CO forming pathways are substantially larger than for SDSA 19019,
However, the frequency in CO formation versus the use of SDSA in this system has not been
investigated and would present an opportunity to quantitatively compare HR sub-pathway
usage and choice, but an SDSA-specific factor is required for this comparison.

Multiple helicases in yeast and mammals have been implicated to facilitate the strand
displacement step in SDSA, including the yeast RECQ helicase Sgs1 and its human homolog
BLM, which have been shown to be able to disrupt D-loops in vitro, as well as suppress COs
in in vivo %2, This CO-counteracting mechanism is dependent on TOPOIIlo-RMI1 and
functions by dissolving intermediates of the dHJ pathway, rather than D-loop dissolution 1%,
Human and yeast Rad54 are also capable of dismantling D-loops in vitro, although the in vivo
function of Rad54 is indicated to be pro-recombination and is required for HR pathways
resulting in COs 42441%0_ The yeast Srs2 helicase is also known to dissociate RAD51 form
ssDNA and to promote non-CO products via SDSA exerting seemingly paradoxical anti- and
pro-recombinogenic effects 5%1941% Fuyrther evidence showed the ability of Srs2 to dismantle
extended D-loops post DNA repair synthesis in a manner enhanced by SUMO-PCNA, thereby
allowing strand annealing and CO avoidance ®. A plausible pro-recombination role of the
RADb51-filament disruption function could be freeing the second end to allow strand annealing.

While Srs2 does not have a known homolog in human cells, multiple helicases have analogous
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functions. A prominent example is RECQ5, which has multiple roles in the DNA damage

response. RECQ5 is recruited to sites of DNA damage in a an MRN-dependent manner,
resolves replication-transcription conflicts and promotes processing of stalked forks 1%6-1%,
RECQS5 has been shown to interact with and remove Rad51 from ssDNA using an RPA-
dependent ATPase activity, identifying it as an anti-recombination factor 2%, However,
further studies suggested that this function serves to promote SDSA by preventing aberrant
Rad51 filament formation post strand displacement and possible dHJ formation 3.
Additionally, RECQ5 depletion leads to increased Rad51 occupancy around breaks and
elevated SCE formation in response to DNA damage, further corroborating its role in
promoting SDSA 53194,

This prompted the investigation of the interplay between RECQ5 and ATRX and their relative
contributions to HR-mediated DSB repair. Here, we show that ATRX-deficient U20S and
Saos-2 cells are dependent on RECQ5 for the repair of IR-induced DSBs in G2, indicating the
use of SDSA instead of the dHJ pathway. We also show that the ATRX-dependent dHJ is
dominant over the SDSA pathway, and in contrast to previous reports, leads to a high CO
frequency, amounting to 50% of HR events. We propose a model in which ATRX-mediated
chromatin remodeling during repair synthesis likely promotes the formation of joint molecules
that are refractory to both strand displacement and dissolution in favor of resolution. This
unexpected pathway choice could be unique to DSBs induced in G2 phase and are distinct form

how HR intermediates generated in S phase.

4.2 METHODS

4.2.1 Cell culture

Cell culture was carried out as described in section 2.2.1. Additionally, U20S were cultured in
DMEM supplemented with 10% FBS and 1% NEAA. Saos-2 cells were cultured in McCoy's
5A with 15% FBS. U20SA™* cells with inducible ATRX expression were a gift from David
Clynes® and were grown in DMEM with 10% tetracycline-free FBS, 700 pg/ml G418 sulfate,
0.5 pg/ml Puromycin and 1x glutamate. ATRX expression was induced by addition of 0.4
pg/ml doxycycline for 4 days. Immortalized human primary fibroblasts 82-6 hTert 2% cells
were cultured in MEM supplemented with 20% FCS and 1% NEAA.
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4.2.2 SsiRNA, plasmid Transfection and inhibitors

Transfections were carried out as described in section 2.2.2. For Rad51 inhibition, 60 uM B02
were added 30 min prior to irradiation and maintained throughout the experiment. BO2 interacts
with Rad51 and prevents DNA binding and thereby the formation of Rad51 filaments, as
confirmed by the reduction of Rad51 foci observed at 2 h post IR.

4.2.3 X-ray irradiation

Damage by X-rays was performed as described in section 2.3.3.

4.2.4 Immunofluorescence

Immunostaining was carried out as described in section 2.2.5. Additionally, for mitotic cells
analyses (UFB and Mus81 foci), cells were fixed with PTEMF buffer for 10 min and then
permeabilized with 0.2% Triton X-100 in PBS for 5 min. For Mus81 foci colocalization studies,
Z-stacks (Z-stack distance 0.3 uM, 10 stacks per image) were acquired using 100x immersion

objective and images were analyzed using Image J software.

4.2.5 Sister chromatid exchanges analysis
The SCE assay was carried out as previously described (section 2.2.10), with some
modification. After irradiation, HeLa cells were collected after 8 hours while U20SA™* cells

were collected after 16 hours due to slower exit from G2 into M phase (see below). 82-6 cells

I 2h
I sh
20 - I 12h
[_]16h

10

% EdU-ve G2 cells

U20SA™RX cells with and without doxycycline-induced ATRX expression and/or siRNA transfection
were labelled with EAU for 30 mins then irradiated with 2 Gy and incubated for distinct time points.
Cells were stained for DAPI and EdU and scanned using Metapher system and the percentage of G2
cells was calculated for each sample. Reduction of G2 cells after IR indicates the release of the check
point and progression into mitosis.

Page | 58



were treated with 100 nM of the Chk1 inhibitor UCN-01 for 3 hours instead of caffeine and

collected at 9 h post irradiation to obtain sufficient mitotic cells. After fixation, to obtain the

differential staining between the two sister chormatids, slides with then washed, incubated with
5 ug/ml bisbenzimid (Hoechst 33258) for 1 hour and then covered with 200 mM Na>HPO4 and
4 mM citric acid (pH 7.1-7.2) buffer and irradiated with UVC at 9 joule/cm?. Slides were then
washed in 2x SSC buffer at 50°C for 30 min then stained with geimsa. Chromosome spreads

were captured and analyzed using a Zeiss microscope with Metafer software.

4.2.6 Ultra-fine bridges analysis

For the detection of UFBs, cells were transfected twice with siMus81 and siGenl on two
consecutive days to ensure optimal knockdown of both proteins. 48 h after the second
transfection, cells were irradiated with 4 Gy and fixed with cold PTEMF buffer. Non-irradiated
samples were fixed at 2 h and 8 h after EJU addition. After immunostaining, cells were scanned
for DAPI intensities (mean and total intensities) and gated for anaphase cells. Cells in late
anaphase were selected and DAPI-negative UFBs were counted and categorized as positive for

RPA only, BLM only or both and plotted as an average of all cells analyzed.

4.2.7 SDS-PAGE and Immunoblotting

Immunoblotting was carried out as described in section 2.2.12

4.2.8 Bacterial transformation

Plasmid amplification and preparation was carried out as described in section 2.2.13

4.2.9 Quantification and statistical analysis
Data collection and analysis were carried out as described in section 2.2.14.
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4.3 RESULTS

4.3.1 ATRX and RECQS5 define two distinct sub-pathways of HR

The requirement for ATRX in HR prompted the investigation of DSB repair in cells naturally
lacking ATRX. Approximately 10-15% of all tumors rely on telomerase-independent pathway
for telomere maintenance, known as ALT, and are strongly associated with inactivating
mutations of the ATRX/DAXX/H3.3 complex, with the majority exhibiting loss of expression
of the ATRX protein 14729, To investigate how these cells perform HR, two known ALT cell
line were used to characterize their DSB repair dependency: U20S and Saos-2, both of which
lack ATRX expression as previously shown 1471 Assessment of yH2AX foci in G2 phase
U20S cells 8 h post X-IR revealed levels similar to those previously observed in ATRX-
positive HeL a cells (Figure 4.1 A, left panel). Depletion Rad51 resulted in significantly higher
levels of YH2AX compared to control cells, showing that these cells perform HR in an ATRX-
independent manner. Depletion of the SDSA factor RECQS5 also resulted in elevated YH2AX
levels similar to those in siRad51-treated cells and inhibition of Rad51 in U20S cells lacking
RECQS5 did not result in a further increase, indicating that these cells rely on SDSA for all HR
events (Figure 4.1 A, right panel). Transient expression of GFP-ATRX did not significantly
affect YH2AX foci levels in control U20S, but rescued the repair defect in RECQ5-depeleted
cells, showing that ATRX can compensate for the loss of RECQ5-mediated SDSA. However,
ATRX expression did not rescue the elevated YH2AX levels observed in Rad51-depleted cells,
consistent with Rad51 being upstream of two sub-pathways of HR defined by the factors
ATRX and RECQ5. On the other hand, Saos-2 cells showed higher YH2AX foci levels 8 h post
X-IR than U20S cells, suggesting delayed or impaired repair possibly due to ATRX deficiency
(Figure 4.1 B). However, Rad51 and RECQ5 depletion further increased the number of YH2AX
foci to similar levels, indicating that these cells also employ SDSA but to a lesser extent than
U20S cells. Transient expression of GFP-ATRX rescued the elevated break levels seen in
Saos-2 cells, confirming that those indeed reflected an impaired repair and that RECQ5 is not
sufficient to compensate for ATRX deficiency. However, similar to U20S cells, ATRX
expression in Saos-2 cells rescued the repair defect observed after RECQS5, but not Rad51,
depletion (Figure 4.1 B). Collectively, these results show that Rad51-mediated HR of IR-
induced DSBs can proceed in two distinct sub-pathways that rely on ATRX and RECQ5 and
their contributions vary in different cell lines, but ATRX seemingly can compensate for the
loss of RECQ5 and could have a dominant role in this pathway choice.
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To further characterize the HR sub-pathway used by cells lacking ATRX, several HR-related

factors were depleted in U20S and Saos-2 cells and YH2AX foci levels were assessed in G2
cells 8 h post X-IR. Consistent with previous results, Rad51 depletion caused elevated yH2AX
foci numbers compared to control cells in both cell lines (Figure 4.1 C). Depletion of the SSA
factor Rad52 and the histone variant H3.3 had no effect on foci levels, excluding a role for this
pathway in G2 DSB repair and confirming that the histone variant H3.3 does not play an
ATRX-independent function in these cells. Depletion of DNA synthesis factors RFC-1 and
PCNA resulted in elevated foci levels albeit not to the same level as Rad51-depleted cells,
suggesting a requirement for these factors in most, but not all SDSA events (Figure 4.1 C).
Interestingly, depletion of the HR factor Rad54, shown to be required for the ATRX
pathway®®°, did not result in additional unrepaired DSBs in either cell line, indicating an
independent mechanism for Rad51 removal. Strikingly, transient expression of ATRX in
U20S cells depleted for Rad54 resulted in the restoration of a repair defect similar to that
reported in HeLa cells lacking Rad54 ** (Figure 4.1 D), suggesting a less hierarchical structure
between the different stages of HR and perhaps a more planar, interconnected regulation.
Finally, to compare these findings to the pathway choice in HeLa cells, YH2AX foci were
analyzed in control and RECQ5-depleted cells. HeLa cells treated with SIRECQ5 showed only
a slight elevation in unrepaired DSBs, considerably less than that observed ATRX KO cells
(Figure 4.1 E). RECQ5 depletion in ATRX KO cells led to unrepaired DSBs similar to
inhibition of Rad51, suggesting that ATRX- and RECQ5-dependent HR together account for
the majority of all IR-induced HR events (Figure 4.1 E). Taken together, these findings point
to the presence of two discrete HR sub-pathways that, despite sharing common upstream
processes, seem to progress differently and utilize distinct factors. While it could be tempting
to speculate a simple regulatory node of pathway choice downstream of Rad51 removal, it
seems likely that a more complicated, interlinked system of regulation combining heteroduplex

formation, Rad51 removal, DNA synthesis and chromatin remodeling is in place.

Page | 61



A siCtrl SiRECQ5 B siCirl sSiRECQS5

o
@ RECQ5 & E RECQS5
U208 S U20s 3
. S KuT0 [ ] 7] :: Ku70
[ | s!gtrldm —_ 35. Il U20S+ Rad51i
- sima
SIRECQ5 =
304 - ok *kK EEE _ 304
| — E
— o —
e ] 2
: O S 25
5 g 9 20]
2 3 2
E 8 E 15
S g % 10|
8 to T °
= o

GFP GFP-ATRX siCtl  siRECQ5 GFP GFP-ATRX
8h post 2Gy 8 h post2 Gy 8 h post 2 Gy

U20S + WT ATRX siRad54, 2 Gy, 8 h

C D yH2AX|  GFP-ATRX
HElsicii  llsH3.3
Bl siRad51 [ siRFC-1
35 [ siRad52 [ SPCNA
Il siRad54

F k&
304 /5 — [ U205 - GFP
30, Il U205 + GFP-ATRX

E EE T
o 25| —
pu E
ga_ 5 204
g & 15/
E E 10 siCtrl siRad54
- o =oor
O,
U208 Saos-2 siCtrl siRad54
8hpost2 G
8 h post 2 Gy post =By
E
| EE
35 I ATRX KO

o 30] i siCtrl SIRECQS5

T

o 251 3 ERECQS

I

9 20 Ku70

’ —

= 154 siClrl_siRECQ5

5 g
o z == wro

8 h post2 Gy

Figure 4.1. ATRX and RECQ5 define two distinct sub-pathways of HR.

(A) Left: U20S were transfected with siCtrl, SiRECQS5 or siRad51 and 24 h later were transfected with
GFP-empty or GFP-ATRX. After 24 h EdU was added for 30 min and cells were X-irradiated with
2 Gy and fixed after 8 h. yYH2AX foci were enumerated in GFP-positive, EdU-negative G2 cells.
Right: Cells were treated with Rad51i prior to irradiation and throughout repair incubation.
YH2AX foci were enumerated in EdU-negative G2 cells. Mean + SEM (n=3); spontaneous
foci were subtracted. Knockdown and plasmid transfection were confirmed by immunoblotting
(also see Juhasz et al. 2018).
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(B) Saos-2 cells were transfected with siCtrl, sSIRECQ5 or siRad51 and 24 h later were transfected with
GFP-empty or GFP-ATRX. After 24 h EdU was added for 30 min and cells were X-irradiated with
2 Gy and fixed after 8 h. yYH2AX foci were enumerated in GFP-positive, EdU-negative G2 cells.
Mean + SEM (n=3); spontaneous foci were subtracted. Knockdown and plasmid transfection were
confirmed by immunoblotting (also see Juhasz et al. 2018).

(C) U20S and Saos-2 cells were transfected with the indicated siRNAs and after 48 h EdU was added
for 30 min and cells were X-irradiated with 2 Gy and fixed after 8 h. Mean £ SEM (n=3, except
U20S siPCNA and siRFC n=2, meanz SD); spontaneous foci were subtracted.

(D) U20S were transfected with siCtrl or siRad54 and 24 h later were transfected with GFP-empty or
GFP-ATRX. After 24 h EdU was added for 30 min and cells were X-irradiated with 2 Gy and fixed
after 8 h. YH2AX foci were enumerated in GFP-positive, EdU-negative G2 cells. Mean + SEM
(n=3); spontaneous foci were subtracted. Knockdown was confirmed by immunoblotting.

(E) HeLaand ATRX KO cells transfected with siCtrl or and after 48 h EJU was added for 30 min and
cells were X-irradiated with 2 Gy and fixed after 8 h. Additionally, cells were treated with Rad51i
prior to irradiation and throughout repair incubation. yYH2AX foci were enumerated in EdU-
negative G2 cells. Mean = SEM (n=3); spontaneous foci were subtracted. Knockdown was
confirmed by immunoblotting.

4.3.2 ATRX dominates over RECQ5 to promote high SCE frequency

To further dissect how the sub-pathways interact, SCEs were analyzed, as a known product of
the ATRX pathway **°. To quantify the formation of SCEs that arise in response to G2-induced
damage, U20S cells that express ATRX upon induction with doxycycline (U20SA™**) were
used. This system was chosen to ensure that most cells expressed ATRX, as transient
transfections with the ATRX construct have low efficiency and ATRX-expressing cells cannot
be specifically analyzed as in immunofluorescence studies. However, these cells showed a
slower cell cycle progression, therefore the analysis was carried out 16 h post IR (see section
4.2.6). To this end, the DSB repair capacity of these cells was first confirmed. U20SAT? cells
showed comparable repair profiles as in WT U20S cells, as RECQ5 depletion caused a high
number of residual yYH2AX foci in G2-irradiated cells, similar to Rad51 depletion (Figure 4.2
A). Likewise, ATRX expression rescued the repair defect observed in RECQ5- but not Rad51-
depleted cells. In agreement with previous findings, U20SA™* cells did not show IR-induced
SCEs in the absence of ATRX (Figure 4.2B, left panel). RECQ5 depletion only caused a
slightly higher basal SCE levels but no IR-induced SCE formation. However, ATRX
expression resulted in a robust IR-induced increase in SCEs to the levels observed in HelLa
cells, an effect which was enhanced after RECQ5 depletion. Similarly, elevated levels of IR-
induced SCEs were observed in HelLa cells after depletion of RECQ5 (Fig 4.2B, right panel),
which failed to form in ATRX KO cells, indicating that all these events are ATRX dependent.
These results show that the ATRX sub-pathway dominates over RECQ5-dependent SDSA, as
cells form IR-induced SCEs even in the presence of RECQ5 and RECQ5 depletion has only a
mild effect on SCE formation.
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The seemingly high frequency of SCEs warranted a more quantitative comparison between the

number of HR events promoted by each sub-pathway and the consequent formation of COs.
For this, Rad51 foci were used as a more specific marker for HR. Total HR events were
considered to be the net difference between the maximum number of Rad51 foci formed and
the residual foci level at the end of the repair time, measured in ATRX-proficient HeLa and
U20SATRX cells. While the two cell lines had different kinetics, both showed similar numbers
of Rad51 foci being maximally formed in the presence and absence of ATRX and/or RECQ5
(Figure 4.2 C). Residual Rad51 foci also did not vary in response to RECQ5 depletion in
ATRX-proficient cells. HeLa cells showed slightly higher Rad51 foci levels, but the net
number of 18-20 events is almost identical in the two cell lines. This estimate is in agreement
with the increase in YH2AX foci numbers after Rad51 depletion, assessed at 8 h in ATRX-
proficient HeLa (Figure 4.1 C) or at 16 h post IR in U20SA™X cells (Figure 4.2 A).

Since these results were derived from cancer cells and could be non-representative of ‘normal’
cells, similar analyses were carried out in 82-6 non-transformed human fibroblasts
immortalized by the expression of human telomerase. yYH2AX foci assessment showed a
dependence on Rad51 and ATRX, but not RECQ5, for the repair of G2-induced DSBs,
consistent with results obtained in HeLa cells (Figure 4.2 D). IR-induced SCEs were observed
in 82-6 cells (Figure 4.2 E) and represented a considerable number of HR events, as measured
by Rad51 foci analysis (Figure 4.2 F).

Collectively, these analyses demonstrate that ATRX and RECQ5 define the two major HR sub-
pathways for IR-induced DSBs with a more dominant role of ATRX compared with RECQ5
in cells proficient for both factors, with CO formation being a frequent event in G2-irradiated

cells.
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Figure 4.2. ATRX dominates over RECQ5 to promote high SCE frequency.

(A) U20S~A™X cells, with and without doxycycline-inducible ATRX expression, were transfected with
siCtrl, SIRECQ5 or siRad51. After 48 h, EAU was added for 30 min, cells were X-irradiated with
2 Gy and fixed after 16 h to reflect repair times of the SCEs measured in this system (Figure 4.3.2
B). YH2AX foci were enumerated in ATRX-positive, EdU-negative G2 cells and irradiated with
2 Gy. Mean £ SEM (n=3); spontaneous foci were subtracted.
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(B) Left panel: U20SA™* cells, with and without doxycycline-inducible ATRX expression, were
transfected with siCtrl or sSiRECQ5 and incubated with BrdU for 48 hrs. Cells were then irradiated
with 2 Gy, collected after 16 h and processed to obtain mitotic spreads and sister chromatid
exchanges (SCEs) were quantified per spread. Right Panel: Hela and ATRX KO cells transfected
with siCtrl or sSiRECQ5 and incubated with BrdU for 48 hrs. Cells were then irradiated with 2 Gy,
collected after 8 h and processed to obtain mitotic spreads SCEs were quantified per spread. Mean
+ SEM (n=3).

(C) HeLa and induced U20SATR* cells were transfected with siCtrl or SiRECQ5 and after 48 h EdU
was added for 30 min and cells were X-irradiated with 2 Gy and fixed at early and late time points.
Rad51 foci were enumerated in EdU-negative G2 cells. Mean £ SEM (n=3); spontaneous foci
were subtracted.

(D) 82-6 cells were incubated with BrdU for 48 hrs then cells were then irradiated with 2 Gy, collected
after 9 h and processed to obtain mitotic spreads. SCEs were quantified per spread. Mean + SEM
(n=3).

(E) 82-6 cells were incubated with EAU for 30 min and cells were X-irradiated with 2 Gy and fixed at
2 h and 8 h. Rad51 foci were enumerated in EdU-negative G2 cells. Mean £ SEM (n=3);
spontaneous foci were subtracted.

(F) 82-6 cells were transfected with the indicated siRNAs and after 48 h EdU was added for 30 min
and cells were X-irradiated with 2 Gy and fixed after 8 h. yH2AX foci were enumerated in EQU-
negative G2 cells. Mean + SEM (n=3); spontaneous foci were subtracted.

4.3.3 ATRX-dependent HR leads to the formation of IR-induced Mus81-dependent HR
intermediates
The high SCE frequency observed in the ATRX sub-pathway suggested a strong reliance on
nuclease-dependent resolution of JMs formed after the completion of DNA synthesis. To
further dissect these mechanisms characteristic of the ATRX pathway, the formation of HR
intermediates in response to IR was analyzed. Several types of JMs can be visualized in
anaphase/telophase cells as DAPI-negative ultra-fine bridges (UFBs) that immunostain
positive for RPA and/or BLM 2%, Recently, HR-specific intermediates were shown to arise in
cells depleted of Mus81 and Gen1, and increase following DNA damage that is repaired by HR
205 To assess if such intermediates also arise in response to X-IR, HeLa and ATRX KO cells
were treated with siMus81 and siGenl, irradiated with 4 Gy and analyzed for UFB formation
(Figure 4.3 A). EdU was added to the cells before IR and maintained throughout the repair
time, and only EdU-negative anaphase cells were analyzed to ensure the observed UFBs are
specific to HR events in G2. HeLa cells treated with siCtrl exhibited a modest increase in UFBs
8-10 h post IR, indicating that joint molecules are indeed formed in response to DSB induction
in G2 cells that manifest as UFBs in anaphase cells (Figure 4.3 A). Resolvase-depleted,
unirradiated HeLa and ATRX KO cells showed an increase in UFBs compared to unirradiated
siCtrl-treated cells, likely arising from S phase-generated joint structures and consistent with
published data 2%. However, irradiated resolvase-depleted HeLa cells exhibited approximately

a 4-fold increase in UFBs, demonstrating that IR-induced joint molecules are processed by
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resolvases that can give rise to CO products (Figure 4.3 A). This increase was due to both a

higher frequency of UFB-positive cells and more UFBs per UFB-positive cell (data not shown)
and persisted until 10 h post IR. In contrast, ATRX KO cells failed to show such an IR-induced
increase, in either siCtrl-treated or resolvase-depleted cells, indicating IR-induced UFBs
require ATRX-mediated HR (Figure 4.3 A). Most bridges stained for RPA only or RPA plus
BLM and a small fraction was positive for BLM only, with no considerable differences in

staining patterns between the samples.

After establishing a primary role for Mus81 in resolving these HR structures arising in G2-
irradiated cells, Mus81 localization to DSBs in response to irradiation was also analyzed. HelLa
and U20S cells were assessed for the recruitment of Mus81 to YH2AX foci 8 h after X-IR
(Figure 4.3 B). Since discreet Mus81 foci were difficult to visualize in G2 cells, mitotic
prophase cells were analyzed, consistent with a peak of Mus81 nuclear localization at G2/M
entry . HeLa cells exhibited a significant increase in Mus81 foci in response to irradiation,
with approximately 60% co-localizing with yH2AX foci (Figure 4.3 B). In contrast, U20S cells
did not show an IR-induced elevation of Mus81 foci levels, despite having significantly more
foci than unirradiated HelLa cells. Furthermore, most Mus81 foci in both irradiated and
unirradiated U20S cells did not localize to YH2AX (Figure 4.3 B), indicating their recruitment
to structures other than DSB-derived intermediates, likely 3 flaps or other structures from

replication-associated events.

Collectively, these data show that the ATRX sub-pathway promotes the formation of joint
molecules whose structure requires resolution by structure-specific nucleases, resulting in the

observed high CO frequency.
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4.3. ATRX-dependent HR leads to the formation of IR-induced Mus81l-dependent HR

intermediates

(A) HeLa and ATRX KO cells were transfected twice on consecutive days with siCtrl or
siMus81+siGenl. 48 h after the second transfection, EdU was added for 30 min and cells were X-
irradiated at 4 Gy and fixed at 8 or 10 h. Non-irradiated cells were incubated with EdU for either
2 h or 8 h. Ultra-fine bridges (UFBs) were enumerated in EdU-negative late anaphase cells, and
categorized as positive for: RPA-only, BLM-only or RPA+BLM. Mean + SEM (n=3).

Page | 68



Knockdown was confirmed by immunoblotting. Due to lack of sufficient cell numbers in some
samples, statistical analysis was carried out for samples that had at least 30 cells per experiment.

(B) HelLa and U20S cells were incubated with EdU for 30 mins, X-irradiated with 2 Gy and fixed
after 8 h. Prophase cells positive for the mitotic marker pH3 were selected and Z-stack images
were captured and analyzed for Mus81 foci numbers and colocalization with YH2AX foci.

4.3.4 Processing of ATRX-dependent HR intermediates is BLM-independent

Since HR intermediates can also be targeted by dissolution that prevents COs, the involvement
of this pathway was investigated by targeting the BLM helicase. Since BLM has been reported
to also be involved in resection *°, the proficiency of HR was first tested in BLM-depleted cells.
HeLa and U20S cells treated with siBLM showed normal peak formation of Rad51 foci at 2 h
post IR and similar yYH2AX foci levels at 2 and 8 h compared to controls cells, confirming that
resection in G2 was unaffected and that repair could take place via HR (Figure 4.4 A). As BLM
deficiency prevents UFB visualization using BLM or RPA immunofluorescence, this assay
could not be used for the analysis of HR intermediate formation 2%. Instead, Mus81 foci
formation was assessed in the absence of BLM, with increased levels expected to compensate
for loss of the BLM function under investigation. Mus81 foci were enumerated in prophase,
pro-metaphase and metaphase cells 8 h post 2 Gy in both HeLa and U20S cells. As described
above, HelLa cells exhibited a significant IR-induced increase in Mus81 foci in all mitotic
stages, with the peak appearing in prophase cells, followed by a gradual decrease to metaphase
(Figure 4.4 B). BLM depletion did not have an impact on Mus81 foci levels in any of the
mitotic stages analyzed, suggesting that the resolvase already occupy all cleavable structures
even in the presence of BLM. U20S cells had similar numbers of Mus81 foci in both
unirradiated and irradiated samples in all mitotic stages, which also decreased from prophase
to metaphase (Figure 4.4 B). Depletion of BLM slightly decreased Mus81 foci in prophase
cells, after which they stayed similar to control levels in prometaphase and metaphase cells.
Therefore, in both cell lines, BLM depletion did not affect Mus81 foci localization, suggesting

that these resolvases localize to distinct structures than the BLM dissolution complex.

Next, SCEs were assessed to test if the knockdown of BLM would lead to more IR-induced
exchanges, as the unprocessed structures would then be resolved by nucleases. Consistent with
literature, BLM depletion significantly increased SCE levels in unirradiated cells, which are
known to be caused by the resolution of intermediates arising during S phase that are normally
dissolved by the BTR complex (Figure 4.4 C) %472, BLM-depleted cells also exhibited an
increase in SCEs in response to irradiation, but to an extent similar to BLM-proficient cells,
indicating that BLM normally does not process G2-specific HR intermediates (Figure 4.4 C).
These findings corroborate a model in which ATRX-dependent HR involves the formation of
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HR intermediates that are exclusively processed by the resolution pathway and are refractory

to dissolution by BLM, thereby giving rise to a high frequency of SCEs. This pathway is likely

specific to the repair of DSBs, as BLM seems to maintain its S phase-related dissolution

function.
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4.4. Processing of ATRX-dependent HR intermediates is BLM-independent.

(A) HelLaand U20S cells were transfected with siCtrl or siBLM and after 48 h EdU was added for 30

(B)

(©)

min and cells were X-irradiated with 2 Gy and fixed at early and late time points. YH2AX (left
panel) Rad51 (right panel) foci were enumerated in EdU-negative G2 cells. Mean + SEM (n=3);
spontaneous foci were subtracted. Knockdown was confirmed by immunoblotting.

HelLa and U20S cells were transfected with siCtrl or siBLM and after 48 h EdU was added for 30
min and cells were X-irradiated with 2 Gy and fixed at 8h. Mus81 foci were enumerated in pH3-
positive, EdU-negative mitotic cells. Mean + SEM (n=3).

HeLa cells were transfected with siCtrl or siBLM and incubated with BrdU for 48 h. Cells were
then irradiated with 2 Gy, collected after 8 h and processed to obtain mitotic spreads and SCEs
were quantified per spread. Mean £ SEM (n=3).
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4.4 DISCUSSION

44.1 HR by SDSA and the dHJ pathway

HR of two-ended DSBs can proceed by SDSA or the dHJ junction pathway. Key distinguishing
features between the two sub-pathways are the extent of DNA repair synthesis and the potential
for CO formation. SDSA is believed to involve only limited DNA repair synthesis prior to the
strand displacement step that prevents COs. In contrast, following extended DNA repair
synthesis, second end capture leads to the formation of a dHJ junction that can be dissolved or
resolved with the potential for CO formation. RECQ5 has previously been implicated in SDSA
while ATRX has been shown to promote extended DNA repair synthesis and CO formation
53150 Apalysis of cells with and without ATRX expression showed that RECQ5 and ATRX
define distinct, competing HR sub-pathways which together account for the majority, if not all,
HR events at two-ended DSBs. Furthermore, while these two sub-pathways rely on common
essential factors, like Rad51, PCNA and RFC, only ATRX-dependent HR requires the histone
variant H3.3, as expected. Surprisingly, the essential HR factor Rad54 was dispensable for HR
in ATRX-deficient U20S cells, showing that the regulation of pathway choice could be further
upstream, before the DNA repair synthesis step. Rad54 is involved in the formation of the
presynaptic filament, as well as homology search and D-loop formation, all of which could
affect the final choice of sub-pathway. Interestingly, evidence from yeast studies suggests the
formation of different species of D-loops that affect the repair outcome, regulated by distinct
Rad54 paralogs, a situation that could be paralleled in mammalian cells, although specific

assays to address this are still not available 2%,

4.4.2 SCEs frequently arise in G2-irradiated mammalian cells

Here, a quantitative comparison of Rad51-dependent HR events and SCE frequency was
carried out in HeLa and U20S AT”X under the same conditions. yH2AX foci analysis showed
that Rad51 inactivation causes about 18-20 additional unrepaired DSBs compared with control
cells, which was also confirmed by Rad51 foci analysis showing similar number of HR events
in both cell lines (Figures 4.1 E and 4.2 A). Strikingly, both cell lines show an increase of
approximately 8 SCEs above background level, which rise upon RECQ5 depletion to about 10
IR-induced SCEs (Figure 4.3 B). However, SCE formation is strictly dependent on ATRX as
it is neither observed in ATRX KO nor in U20SA™X cells without ATRX induction.
Furthermore, ATRX-dependent HR seems to dominate over RECQ5-mediated SDSA, as

evidenced by the robust formation of SCEs in cells where both factors are present.
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Collectively, these data suggest that every second ATRX-dependent HR event leads to an SCE,

a considerably higher frequency than previously thought, while RECQ5-dependent SDSA does
not lead to SCESs, a notion consistent with published data 531%. The most likely explanation for
this observation is that ATRX promotes extended DNA repair synthesis which leads to second-
end capture and the formation of a dHJ with a 50% likelihood to be resolved into an SCE. Thus,
CO formation appears to be a frequent event in mammalian cells but necessitates the presence
of ATRX. It is, therefore, not readily detected in ALT cells (e.g. U20S cells) which are often
used for cellular studies. Furthermore, HR reporter assays are typically restricted to the analysis
of unequal recombination events, which are only a subset of total HR thereby potentially
introducing a bias in sub-pathway choice. Therefore, since sister chromatids represent the
natural substrates for HR events, SCE measurements arguably assess CO frequencies more
reliably.

443 ATRX-dependent HR intermediates are exclusively channeled into the resolution
pathway
The above analysis raises the question about the primary pathway used to deal with the ATRX-
dependent HR intermediates and suggests that resolution strongly competes with dissolution.
This idea was addressed by analyzing the formation of IR-induced UFBs that were shown to
accumulate in resolvase-deficient cells and whose formation is dependent on ATRX.
Additionally, the IR-induced recruitment of Mus81 to DSBs was only observed in ATRX-
expressing HeLa cells, further corroborating the notion that the Mus81 and Genl resolvases
play a major role in processing these HR intermediates. Furthermore, the SCE assay was
employed to investigate the involvement of the BTR complex and showed no increase in IR-
induced SCEs in the absence of BLM, precluding its function in processing these HR
intermediates. Of note, in contrast to IR-induced SCEs, the spontaneous SCE level increases
drastically upon BLM depletion, suggesting that they arise from different substrates, such as
dHJs formed at single stranded gaps, or template switches after fork regression that are
specifically handled by the BTR complex®®?%’. Therefore, the regulation of how these
substrates are handled could be more than just the temporally restricted activity of the enzymes,
but through substrate specificity/affinity. This would be consistent with reports showing Mus81
being active in S phase, with roles in replication fork progression and stability %72, This also
raises the intriguing possibility of the HR intermediates arising during DSB repair being
distinct from the classical dHJ structure, such as nicked HJs or other substrates that are more

suitable for resolution reactions (Figure 4.5 B).
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4.4.4 Arole for chromatin in HR sub-pathway choice

The above findings could be explained in light of the chromatin-remodeling function of ATRX,
suggesting a novel consequence for de novo histone deposition during repair synthesis. It is
possible that instead of histone deposition behind a moving D-loop, as initially proposed, this
actually occurs within the D-loop and serves to ‘chromatinize’ the dSDNA regions consisting
of the two single strands from both sister chromatids (Figure 4.4 A). Such a step would likely
preclude strand displacement for SDSA and promote the dHJ pathway. This is reminiscent of
the antagonistic effect of the chromatin remodeler CAF-1 on the RecQ-type helicase Rghl
during repair synthesis observed in fission yeast, where chromatin assembly on the D-loop
counteracts strand displacement and favors D-loop stability 4. This model could also explain
the preferential use of JM resolution versus dissolution where ATRX-dependent histone
deposition within an expanding D-loop would likely impede the merger of the two HJs that is
a necessity for the decatenation reaction during dissolution. It is interesting to note in this
context that the SDSA pathway often encompasses gene conversion tracts of less than 50 bp,
while CO-forming pathways exhibit gene conversion tracts on the order of 500 bp %1%, Thus,
a single histone deposition event corresponding to about 200 bp of DNA might represent a
commitment step to proceed with extended DNA repair synthesis and JM formation. A
prediction of this second model is that the D-loop would grow in size when repair synthesis
proceeds while it would likely remain constant when histone deposition occurs behind the
migrating D-loop.

4.4.5 Conclusion

The data presented here show that ATRX and RECQ5 define two distinct HR sub-pathways
for repairing two-ended DSBs, with ATRX being essential for the dHJ pathway and RECQ5
promoting SDSA. A quantitative comparison between the relative usages of ATRX- and
RECQ5-dependent HR at DSBs suggests that the dHJ pathway outcompetes SDSA for the
majority of HR events and leads to the formation of COs in approximately half of these events.
The more extended DNA repair synthesis promoted by ATRX likely results in second-end
capture and the formation of HR intermediates that are exclusively processed by resolvases,
and are not subject to dissolution by BLM, and therefore constitute distinct substrates than
those formed spontaneously during S phase. This highlights a potential role for chromatin
remodeling in determining DSB repair outcomes. Furthermore, this work challenges the current
belief that CO formation is largely suppressed in mammalian cells and the nature of HR

intermediates formed during HR-mediated repair of DSBs and warrants reconsideration of
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studies which addressed the question of HR sub-pathway usage by investigating ATRX-

deficient cell lines.
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Figure 4.5. Model depicting the interplay between ATRX and RECQ5 to regulate distinct sub-
pathways of HR.

(A) ATRX-mediated HR leads to chromatinized HR intermediates, which could preclude the action of
helicases leading to strand displacement and thereby preventing SDSA. Upon the completion of DNA
repair synthesis, the resulting dHJ is refractory to dissolution by BLM, thereby is subject to resolution
by Mus81 and Gen1, leading to equal probability of CO and non-CO products.

(B) Alternative HR intermediates have been previously suggested® and could include (i) nicked D--
loops, which upon cleavage by nucleases can result in CO and non-CO products. (ii) Alternatively, both
ends can undergo strand invasion reactions leading to two D-loops that initiate DNA repair synthesis
that can merge into a dHJ-like structure or can be processed independently by nucleases, where also the
presence of histones could inhibit the action of helicases.
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5. DISCUSSION

5.1 HR SUB-PATHWAYS AND THE FREQUENCY OF COs

The findings presented here provide new insights into the mechanisms of HR-mediated DSB
repair and how sub-pathway choice is regulated. HR is vital for genomic stability and survival
in proliferating cells, ensuring the faithful repair of DSBs, replication fork protection and restart
as well as proper chromosome segregation in meiosis. Extensive research has focused on the
initial step of end resection, which regulates the pathway choice between c-NHEJ and HR at
DSBs and also plays an important role in replication fork recovery. In contrast, less is known
about later steps during HR, and specifically the choice between SDSA and the dHJ sub-
pathways. One reason for this could be the lack of assays that monitor specific stages in
mammalian cells in vivo, such as homology search, D-loop formation and HJs, leading to most
knowledge being generated from yeast or in vitro systems. Perhaps more importantly, it is
generally believed that SDSA is the main HR pathway in somatic cells, a conclusion derived
from the lack of CO detection in cell systems. This is consistent with the notion that CO are
mutagenic, and therefore should be avoided, as strand exchange with a homologous
chromosome leads to LOH, a cancer-driving event. The historical model of DSB repair was
first introduced based on meiotic recombination, a process that is inherently skewed towards
crossing over and therefore COs were subsequently viewed as meiosis-specific events 2%,
However, just as they were detected in meiotic cells, dHJs were also detected during
recombination repair in somatic cells, albeit to a much lesser extent, thereby showing they are
not exclusive to meiosis and supporting their relative scarcity compared to SDSA 8. These
observations were derived from yeast cells, and a comparable analysis in mammalian cells has
not been carried out, making it difficult to draw conclusions of similarity. Studies in
mammalian cells, however, rely mainly on reporter assays, in which unequal sister chromatid
recombination is measured, since equal exchanges with the sister chromatid are genetically
indistinguishable 28, Although these studies provided essential information, such as the
preference of the sister chromatid during HR repair of DSBs, they also have shortcomings.
First, only “successful” clones, i.e. those expressing the selection gene (antibiotic resistance or
GFP), are analyzed thereby ignoring other events on the genetic level that may not give rise to
a positive clone. Second, the analysis of events that rely on unequal exchanges also skews the
observations to a minor subset of events, as the majority of SCE events have been shown to be

equal exchanges 2. Third, the introduction of an artificial construct could disrupt the
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chromatin organization surrounding the DSB thereby influencing repair dynamics, a notion

supported by multiple studies showing that the pre-existing chromatin state surrounding a DSB,
especially enzyme-induced ones, can influence pathway choice %132, Additionally, many of
the cell reporter assays were established in U20S cells, which the current study argues have
already an HR-defective background, thus further skewing the results. An alternative method
to measure SCEs is through the cytological visualization of deferential staining on chromosome
spreads and therefore detect COs with the genetically identical sister chromatid that represents
the natural recombination partner 2%, This approach was used to show that SCEs arise
consequent to the irradiation of G2 cells, in a manner dependent on HR factors and extended
DNA synthesis 4410164 These IR-induced SCEs arise differently from spontaneous SCEs,
which can still be detected in the absence of some HR factors, and have been also been
suggested arise from non-DSB lesions 11214 These observed SCEs, which increase
dramatically in the absence of the helicase BLM, are likely to arise from HR intermediates
arising in S phase-related lesions such as post-replicative sSDNA gaps?*22'3, Therefore, it is
becoming clear that distinct mechanisms of HR operate at DSBs in somatic cells, at replication-
associated lesions, and during meiosis, and therefore a generalized pathway cannot assumed.

5.2 CHROMATIN REMODELING AND REGULATION OF REPAIR OUTCOME

In the model proposed here, chromatin remodeling and histone deposition play an important,
previously unappreciated, role in HR. In this model, the chromatin remodeler ATRX promotes
DNA synthesis after D-loop formation by directing simultaneous de novo histone H3.3
deposition. This pathway leads to the formation of COs in approximately 50% of HR events in
G2, a high frequency caused by the suppression of two CO-counteracting pathways. ATRX-
mediated HR dominates over RECQ5-dependent SDSA and channels repair towards the
formation of JMs that are exclusively cleaved by Mus81 and Genland seem to be refractory to
dissolution by BLM. One explanation for these observations is that nucleosome assembly takes
place inside an expanding D-loop where the wrapping of DNA around histones could
physically impede helicase activity, thereby suppressing the action of both RECQ5 and BLM.
However, a growing D-loop, in contrast to a migrating one, would cause an increasing buildup
of positive torsional stress necessitating topoisomerase activity to allow extended DNA
synthesis. This possibility has not been explored yet although there are reports of Sgsi-
independet functions of the yeast top3 at this stage of HR, but in the context of D-loop
disruption®®?15, Alternatively, these JMs could represent structures distinct to HJs, which

would not be appropriate substrates for BLM, and thereby require cleavage by nucleases. These
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could include nicked D-loops or HJs, or simply extended D-loops where both ends of the break

engage in invasion and synthesis steps, which would also preclude the need for an independent
second-end capture, for which a promoting factor has not been identified. How these structures
would suppress SDSA, however, is not clear. While RECQ5 is shown to remove Rad51 from
ssDNA, whether it can also dismantle D-loops in mammalian cells, like yeast Srs2, and if this
function is necessary for its SDSA role, have not been shown. It would be interesting to
understand how RECQ5 promotes SDSA in a manner that is counter-acted by ATRX. The
finding that the two sub-pathways employ different factors, including Rad54, raises the
intriguing possibility that the pathway choice is determined earlier than the DNA synthesis
step. Recent evidence from yeast studies using an in vivo D-loop assay showed the formation
of two distinct and non-overlapping species of D-loops that are targeted specifically by distinct
helicases, Srs2 on one type and Mph1 and STR on the other 2%, These helicases disrupt nascent
D-loops as a part of a “quality control” mechanism to ensure recombination with the correct
template, and delay the formation of extended D-loops. However, this process is regulated by
the Rad54 paralog Rdh54, that functions to promote the formation of one type of Mph1-specific
substrates at the expense of Srs2-specific targets. This role seems to be in part imposed by
influencing the length of the homology used for D-loop formation, a proposed distinguishing
feature between the two species. A competition between Rad54 and Rdh54 is also possible, as
Rdh54 has been shown to block Rad54-mediated hDNA formation 3. While carrying this
model over to human cells is not straightforward, a possible scenario is one where Rad54 and
its paralog Rad54B can mediate the formation of distinct D-loops that give rise to different
outcomes mediated by sub-pathway-specific factors. Although Rad54B is similar to Rad54 in
structure and biochemical properties, they have non-overlapping roles in vivo 2, While the
upstream effectors of this choice, like homology length, are unknown, the presence of ATRX
seems to be important and could pertain to two separate functions, one in possibly stabilizing
Rad54-mediated D-loops and excluding disrupting helicases, and another in promoting DNA
synthesis through histone deposition. Delineating these functions in details requires in vivo
assays that are not yet available to allow separate analysis of D-loop formation, maturation and
extension. Alternatively, ATRX and Rad54 could cooperate in a DNA synthesis-dependent
regulation of Rad51 removal, where ATRX-PCNA interaction could necessitate Rad54-
mediated completion of D-loop processing to finish repair. Interaction with PCNA would then
be an important node of regulation, which is an interesting possibility given that RECQ5 has
been shown to interact with PCNA during replication-transcription conflicts 27, an interaction

that has not yet been explored in its SDSA function. This would be analogous to the SUMO-
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regulated Srs2-PCNA interaction observed in yeast in this process, and could shed some light

as to how pathway choice is regulated in human cells 2.

5.3 PATHWAY CHOICE AND THE FIDELITY OF HR

The dominance of a CO-promoting sub-pathway raises questions regarding the fidelity of HR
and why this pathway is preferred. One point of consideration is the view that COs harbor the
risk of LOH and chromosomal rearrangements. These would occur in the case of recombination
with a homologous chromosome, where a genetic exchange would lead to loss of genetic
information or with a non-allelic locus leading to a translocation. However, HR in somatic cells
is primarily restricted to the sister chromatid, which requires cohesion formation between the
two molecules. This process is normally regulated during S phase by the loading of cohesin
molecules that ensure the association of sister chromatids in close proximity and is important
for proper chromosome segregation '8, However, an independent post-replicative loading of
cohesin has been shown in response to DNA damage as part of recombinational DNA repair,
highlighting the importance of correct sister chromatid alignment in this process 219220,
Interestingly, ATRX has been linked to the maintenance of cohesion at both telomeric and
internal DBSs, as its depletion leads to misalignment of chromosomes and mitotic defects
221222 However, it remains unknown if this role is related to its chromatin remodeling activity
and the maintenance of chromatin structure and epigenetic marks, or to an additional function
related to cohesin protein loading. If ATRX assumes a similar role in internal DSB repair in
G2 cells, this would intricately link this CO pathway to sister chromatid HR, minimizing the
risk for inter-homolog recombination and thereby LOH; however, this possibility is yet to be
investigated. While ensuring the use of the sister chromatid during HR reduces the mutagenic
effects of this sub-pathway, it does not eliminate them, as the formation of joint molecules
confers the risk of chromosomal aberrations if they are not resolved in a timely manner 2%°.
Therefore, it would be reasonable to expect that the usage of SDSA might harbor an intrinsic
higher risk for incorrect repair if an alternate pathway is preferred. An interesting perspective
to consider is the evolution of HR as a pathway to repair one-ended breaks arising in S phase,
when replication forks encounter SSBs and collapse 2%. The repair of these breaks requires
HR, as described earlier, through the error-prone BIR process. However, one-ended DSBs can
be converted into two-ended DSBs by the convergence of an opposite fork, generating the
second end. In this case the second end serves as flag mark for the presence of compatible
break ends for faithful repair. Therefore, processes that require the capture of the second end

for completion, such as the dHJ pathway, could be preferred. Since SDSA does require the
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presence of a second end and the generation of a joint structure, the invading strand can be

displaced before the proper annealing partner is generated. Thereby there is a risk that two non-
compatible ends, i.e. from different one-ended breaks, are used to complete repair, leading to
chromosomal rearrangements (Figure 5.1). Therefore, the synchronization of the HR pathway
usage together with the generation of the second end of a DSB serves to limit these aberrations
and is compatible with the temporal overlap between late stages of HR and the completion of
the replication. With this model in consideration, the formation of largely genetically-neutral
CO could actually be less mutagenic than non-CO events that harbor a higher risk of

~ alt-NHEJ,

-
S —— aborted BIR

R

Homologous base \ I

pairing by Rad51 premature SDSA

Rad51 removal \
by Rad54/Nek1 "Noesoop

HR via dHJ SDSA with proper 2" end

Figure 5.1. Repair of one-ended breaks and formation of chromosomal rearrangements. Repair
of one-ended breaks by BIR or premature SDSA (prior to formation of the second end) can lead to the
formation of chromosomal rearrangements if annealing occurs with the non-compatible end.
Generation of the second end by a converging fork allows for more accurate repair by either of the sub-
pathways of HR, where the dHJ sub-pathway inherently controls for the presence of the second end,
reducing the risk of rearrangements. (Figure extracted and modified from Ensminger and Lébrich,
2020).

chromosomal rearrangement. In this context also, SDSA could be viewed to have evolved as a
quality control pathway to displace incorrectly formed or harmful HR intermediates, as shown
for Srs2-meidated removal of BIR-mediated toxic joint molecules 2. It is worth noting that
processes involving one break end seem to be inherently error-prone, exemplified by BIR,

which is known to induce genomic rearrangements due to frequent template switching and
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unchecked extensive DNA synthesis. BIR is also usually suppressed and is out-competed by

DSB repair in the presence of a second end. Another more recently-described process that is
the basis of large-scale genomic alterations involves the simultaneous invasion of two intact
molecules by a third broken end, to cause what is termed multi-invasion-induced
rearrangements (MIR) 22°. Resolution of these JMs could lead to the formation of two
additional DSBs that, with the potential to initiate more MIRs, would result in the propagation
of chromosomal rearrangements or insertions. These processes also result from one-ended
breaks, a subset of which could be BIR intermediates and have been proposed to explain the
occurrence of clusters of large-scale genomic rearrangements, formation of genomic structural
variants through non-allelic recombination in repeat regions as well as specific unexpected
features of meiotic and mitotic DSB repair 226, Taken together, emerging evidence challenges
long-standing views of HR as a strictly error-free pathway of DNA break repair where the
original black and white picture develops more shades of grey. The presence of multiple sub-
pathways of HR indicates the need for different context-specific mechanisms that deal with
lesions according to nature of the break, cell cycle phase, chromatin structure and probably
damage load with a general propensity of minimizing errors and maximizing repair, in a system
that is not fail-safe. Delineating the regulation of HR pathways choice and the mutagenic risk
associated is needed to refine our understating of the processes governing genome stability and
would provide a blueprint for mapping out associated disease risk, diagnostics and therapeutic

strategies.

5.4 HR SUB-PATHWAY CHOICE: CLINICAL RELEVANCE

The findings described here could have important clinical implications for diseases associated
with mutations in the ATRX/H3.3 axis. As described above, H3.3 is mutated in a variety of
neurological and endocrine tumors and is associated with high-risk cancers 2?7, Additionally,
ATRX in mutated in the majority of ALT tumors that rely on an HR-based mechanism of
telomere elongation instead of telomerase reactivation. In fact, re-expression of ATRX in ALT
cells is sufficient to suppress the ALT phenotype in a manner dependent on DAXX and H3.3,
highlighting the importance for the histone deposition aspect in this function 2°%. While the
finding that ATRX is required for HR, but is also almost exclusively deficient in cells that rely
on HR for survival seems paradoxical, considering that in light of HR sub-pathway choice and
outcome may provide a better understanding of the process. ALT recombination is initiated by
telomeric DSBs resulting from the structural instability of telomers, shown to be exacerbated

in the absence of ATRX, which normally functions to maintain a heterochromatic state in these
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repetitive regions 2%, These one-ended breaks would then initiate recombinational repair

through a BIR-like mechanism, where the template used can be the same telomere, the sister
telomere, a telomere on another chromosome or extra chromosomal telomeric sequences,
necessitating high telomeric mobility 8322°. Therefore, it was believed that ATRX loss leads to
the initiating events for telomeric recombination and elongation. However, since the
inactivation of ATRX alone is not sufficient to initiate ALT, there seems to be an additional
function that contributes to ALT suppression observed upon ATRX re-expression. In light of
findings described here, one potential role could be the repair of these breaks, where ATRX
would be promoting a pathway choice switch towards a less promiscuous DNA repair
mechanism that would not support telomere elongation and/or suppress BIR. Indeed, a recent
study showed that ATRX is involved in the repair of enzyme-induced telomeric breaks, where
this function, together with the maintenance of telomeric sister cohesion is needed to suppress
ALT 222, The model proposes that ATRX mediates “in-register” DNA repair by restricting the
template to a properly-aligned sister, and suppressing ectopic BIR with misaligned and/or non-
sister telomeres and therefore no net gain of telomere length is achieved. How or if this
telomeric DSB repair resembles repair at internal breaks is not clear, but it likely involves a
similar mechanism of histone deposition, since H3.3 is required for suppressing the ALT
pathways as well. Therefore, it is clear that HR sub-pathway choice has wider implications in
understanding the initiation and progression of tumors that have mutations or are deficient in
these factors which can be utilized for therapeutic purposes. For example, the reliance on
alternative pathways for repair of radiation-induced DSBs can provide a therapeutic window
for selectively targeting cancer cells. Additionally, understanding of how these pathways are
regulated in the repair of other lesions, such one ended-breaks induced by agents often used in
chemotherapy would also provide a wider, more detailed frame for therapeutic targeting.
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5.5 CONCLUSION AND OUTLOOK

The findings presented above provide insights into the regulation of the late stages of HR at
DSBs and sub-pathway choice. HR can proceed via RECQ5-depenent SDSA or a dHJ pathway
promoted by ATRX, which are distinct in the extent of DNA repair synthesis and the propensity
for CO formation. ATRX promotes extended DNA repair synthesis through the simultaneous
deposition of H3.3 at sites of damage, which is necessary for repair completion. This involves
the formation of HR intermediates that are exclusively resolved by the structure-specific
nucleases Mus81 and Genl, resulting in CO formation at a 50% frequency. These JMs are not
subject to dissolution by BLM, which could be explained by histone deposition within an
expanding D-loop that would physically hinder BLM-mediated strand separation. These JMs
could be dHJs or alternative structures that are more suitable substrates for resolution. Histone
deposition could also prevent strand displacement at earlier steps that would otherwise promote
SDSA and CO suppression and would explain the dominance of ATRX-mediated HR over
RECQ5-dependent SDSA for repair of DSBs. However, the high frequency of observed SCEs
in the ATRX sub-pathway challenges established views that COs are generally suppressed in
mammalian cells and calls for further investigation of how this process is regulated to minimize
mutagenic events. Although SDSA is harbors a smaller risk of genetic exchange with a
homologous chromosome, and possible LOH, premature strand displacement, e.g. during S
phase and before a matching second end is generated, carries a great risk for chromosomal
rearrangements. Therefore, the fidelity of both sub-pathways is in questions and the regulation
of this choice is critical for the fate of the cell. The choice between HR sub-pathways seems to
require distinct factors and may occur earlier than the DNA synthesis step in completed.
Multiple questions still stand, such as how does ATRX dominate over RECQ5 and if there is
role for Rad54 in this process. An intriguing possibility is a possible PCNA interaction node,
as both proteins have been shown to interact with the clamp. It is also interesting to unravel the
JM formed by the ATRX pathway, if it is distinct structure to a dHJ and if there are additional
factors required for its processing. Furthermore, the exact role of histone deposition at breaks
and if PTMs play additional functions in sub-pathway choice, epigenetic marking or factor
recruitment is still unclear. If such a node of regulation also exists during the repair of one-
ended breaks, or other replication-associated lesions remain to be determined and could be
critical to extend these findings to a clinically-applied setting.
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6. MATERIALS

6.1 CONSUMABLES

Item Vendor
Blotting paper, 703 VWR
Cell culture dishes (35x10 mm, 60x20 mm, 100x20 mm) nunc™ VWR
Cell culture flasks (25 cm2, 75 cm2) TPP
Cell Culture 6-well plates TPP
Cover slips Roth
Centrifuge tubes (15 ml, 50 ml) Greiner
Kim Wipes NeoLab
Micro tubes (1.5 and 2 ml) Roth
PCR tubes Greiner
gPCR 96-well plates ABI
Microscope slides superfrost Roth
Parafilm Bemis
Pasteur pipettes, Plastic and glass Roth
Plastic Pipettes (5 ml, 10ml, 25ml) Sarstedt
Pipette tips Sarstedt
Pipette tips, filtered Roth

PVDF membrane
Nitrocellulose membrane

Thermo Scientific
GE Healthcaere

p-slide 1V Ibid
microTUBE AFA Fiber Pre-Slit Snap-Cap Covaris

6.2 LABEQUIPMENT AND SOFTWARE

Instruments

Item Model Vendor
Agarose gel electrophoresis set Horizon 58; 11-14 Life Technologies
Camera system (microscope) AxioCamMRm Zeiss
Cell counting chamber Neubauer improved Marienfeld Superior
Centrifuge Biofuge pico Heraeus
Centrifuge 5451 R/5804 R Eppendorf
Chemiluminescence detection Fusion FX Vilber Lourmat
Laser LuxXdiodelaser Omicron
Microscope Axiovert 200M Zeiss
Microscope Observer.D1 Zeiss
Microscope Imager.Z2 Zeiss
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Microscope (cell culture) Eclipse TS100 Nikon
Nano Photometer P-Class Implen
Nanophotometer P-Class Implen
pH Meter pMX2000 WTW
Power supply PowerPac™HC BIO-RAD

Real Time PCR system StepOnePlus Applied Biosystems

Scale TE 1502S/TE 153S-DS Sartorius
Shaker 3011 GFL
Sonicator S220 Focused Ultra Sonicator Covaris
Thermal Cycler Thermocycler PegLab
Thermomix Comfort Eppendorf
Vortex Vortex genie2 Scientific Industries
Water bath 1083 GFL
Western blotting system Mini Trans-Blot® Cell BIO-RAD
X-Ray tube MCN 165/796704 Philips
Software

Item Vendor

Metafer4 MetaSystems

PhoxX Controller Software Omicron

Micro-Manager
AxioVision V4.6.3.0

Open Source
Zeiss Imaging Solutions

Blasticidin S Hydrochlorid
BrdU (1 mM)
Bromophenol blue

BSA

ImagelJ Open Source
OriginPro 8.6 OriginLab
ChemiCapt VilberLourmat
FusionCaptAdvance FX7 VilberLourmat
SonoLab 7.2 Covaris
StepOne™ and StepOnePlus™ Software v2.3 Applied Biosystems
Serial Cloner 2.6.1 SerialBasics
6.3 CHEMICALS
Chemical Vendor
Acridine orange Sigma-Aldrich
Agar Roth
Agarose Roth
APS Roth
Bisbenzimid (hoechst 33258) Roth

Thermo Fischer
BD Bioscience
Roth
AppliChem
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CaCl2

Caffeine

Crystal violet

10x Cell lysis buffer

DAPI

DMSO

EDTA

EdU (10 mM)

EGTA

Ethanol

G418 (Geneticin)

Geimsa

Glacial acetic acid
Glycerin

Glycine

37% HCI

Immersion oil

Isopropanol

Kanamycin

KaryoMAX Colcemid

KCI

KH.PO4

MEM

Methanol

MgCl.

MMC

MMS

Mounting medium Vectashield®
Na,HPO4

NaCl

NaOH

NEAA (Non-essential amino acids)
Opti-MEM (Reduced serum MEM)
10% FA (Formaldehyde)
PIPES

Protease inhibitor 25x Complete
Puromycin

Roti Block for IF

Roti Block for WB
Roti-Safe GelStain

SDS

SNAP- Cell Block
SNAP-Cell- Oregon Green
R-Mercaptoethanol
Sucrose

TEMED

Roth

Roth
Sigma-Aldrich
Cell signalling
Sigma-Aldrich
Sigma-Aldrich
Roth
Invitrogen
Roth

Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Roth

Roth

Roth

Zeiss

Roth
Sigma-Aldrich
Thermo Fischer
Roth

Roth
Sigma-Aldrich
Roth

Roth

Roth

Merck

Axxora Alexis
Roth

Roth

Roth
Biochrom

Life Technologies
Roth

Roth

Roche
Sigma-Aldrich
Roth

Roth

Roth

Roth

New England Biolabs
New England Biolabs
Sigma-Aldrich
Roth

Roth
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tetracyclin-free FBS

Tris
TritonX-100
Trypsin
Tween®20

Takara
Roth
Roth
Roth
Roth

6.4 OLIGONUCLEOTIDES (SIRNA AND PRIMERS)

SiRNA

Target Target Sequence Concentration Vendor
ATRX 5-GAGGAAACCTTCAATTGTATT-3 30 nM QIAGEN
BLM 5’-AAGCTAGGAGTCTGCGTGCGA-3’ 25 nM QIAGEN
BRCA2 5-TTGGAGGAATATCGTAGGTAA-3' 30 nM QIAGEN
CAF-1 (p60) 5-AAGCGTGTGGCTTTAATGTT-3' 25nM QIAGEN
DAXX 5-AAGCCAAGCTCTATGTCTACA-3’ 30 nM QIAGEN
Genl 5’-AAGCGTAATCTTGGTGGGAAA-3’ 25 nM QIAGEN
H3.3A 5-AACTACAAAAGCCGCTCGCAA-3 30 nM QIAGEN
H3.3A_2 5-GAGAAATTGCTCAGGACTT-3 30 nM QIAGEN
H3.3B 5'-AAGCTAAGAGAGTCACCATCA-3 30 nM QIAGEN
H3.3B_2 5-CAGAGGTTGGTGAGGGAGA-3' 30 nM QIAGEN
HIRA 5-AAGGAGATGACAAACTGATTA-3' 20 nM QIAGEN
Mus81 5-AACAGCCCTGGTGGATCGATA-3' 25 nM QIAGEN
CNOer?t";‘(t)'l" ¢ 5-AATTCTCCGAACGTGTCACGT-3' 20 M QIAGEN
PCNA 5-CGGTGACACTCAGTATGTC-3' 25nM QIAGEN
Rad51 5-AAGGGAATTAGTGAAGCCAAA-3 25 nM QIAGEN
Rad52 M-011760-01-0020 20 nM Dharmacon
Rad52_2 5’-CCAACGCACAACAGGAAACTT-3’ 20 nM QIAGEN
Rad54 5'-GAACTCCCATCCAGAATGATT-3 25 nM QIAGEN
RFC-1 L-009290-00 25 nM Dharmacon
RECQ5 E-019338-00-0010 30 nM Dharmacon
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PCR primers
Target Sequence Vendor
DNA oligo for H3.3 ChIP Targetl fwd 5-CGATGCCACCTACGGCAAG-3' Eurofins
DNA oligo for H3.3 ChIP Targetlrev ~ 5-GTAGGTCAGGGTGGTCACG-3' Eurofins
DNA oligo for H3.3 ChIP Target2 fwd 5-CGTCCCATTCGCCATTCAG-3' Eurofins
DNA oligo for H3.3 ChIP Target2rev =~ 5-TAATCGCCTTGCAGCACATC-3' Eurofins
DNA oligo for H3.3 ChIP Target3 fwd 5-CTCTTCGCTATTACGCCAGC-3' Eurofins
DNA oligo for H3.3 ChIP Target3rev  5-TACAACGTCGTGACTGGGAA-3' Eurofins

6.5 DNA CONSTRUCTS

Construct Description

pEGFP_C1 Vector for the mammalian expression of EGFP, purchased from Clontech

pRFP_N1 Vector for the mammalian expression of RFP, purchased from SnapGene
Vector for the mammalian expression of EGFP-tagged WT ATRX, isoform

GFP-ATRXWT 2, purchased from Addgene

Myc-ATRX WT Vector for the mammalian expression of Myc-tagged WT ATRX, isoform

2, purchased from Origene

6.6 ANTIBODIES

Applicatio

Antibodies Vendor ID n dilution
Mouse-anti-ATRX Santa Cruz sc-55584 IF/WB 1:300/ 1:1000
Rabbit-anti-ATRX Santa Cruz sc-15408 WB 1: 1000
Rabbit-anti-Rad51 Abcam ab63801 IF/WB 1;18’00000/
Mouse-anti-Rad51 Abcam ab213 IF/WB 1;1860000/
Mouse-anti-PCNA Santa Cruz sc-56 WB 1:1000
Rabbit-anti-RFC-1 (H-300) Santa Cruz sc-20993 wWB 1:1000
Mouse-anti-BrdU (3D4) BD Pharmingen 555627 IF 1:1000
Rabbit-anti-DAXX Santa Cruz SC-7152 WB 1:1000
Mouse-anti-HIRA WC119 Merck 04-1488 wWB 1:1000
Rabbit-anti-CAF-1 (p60) Abcam ab109442 WB 1:1000
Rabbit-anti-H3.3 Abcam ab176840 WB/IP 1:1000/ 5ug
Mouse-anti-GAPDH Santa Cruz SC-47724 WB 1:2000

Page | 87



Mouse-anti-Mus81 (MTA30) Santa Cruz sc-53382 IF/WB 1:200/1:1000
Mouse-anti-GFP Roche 11814460001 IF 1:1000
Mouse-anti-phospho-Histone _
H2A X (Ser139) Merck 05-636 IF 1:2000
Rabbit-anti-phospho-Histone _
H2A.X (Ser139) Abcam ab81299 IF 1:2000
Chicken-anti-phospho-Histone - ,
H2A.X (Ser139) Biozol BRD-0675MZ IF 1:2000
Mouse-anti-Ku70 (A-9) Santa Cruz sc-5309 WB 1:2000
(';’éguse'a”t"a'pha'T“b“"” TV santa cruz sc- 8035 WB 1:2000
Rabbit-anti-RECQ5 Abcam ab91422 WB 1:1000
Rabbit-anti-Rad54 (H-152) Santa Cruz sc-11428 WB 1:1000
Goat-anti-BLM (C-18) Santa Cruz sc-7790 IF/WB 1:200/1:500
Mouse-anti-BLM (B4) Santa Cruz sc-365753 IF/WB 1:200/1:500
Mouse-anti-RPA2 (9HB) Abcam ab2175 IF 1:700
Rabbit anti-Genl Abgent AP9493a wWB 1:1000
Rabbit-anti-phospho-Histone 3 Millipore 06-570 IF 1:1000
Secondary antibodies Vendor ID Application  dilution
Goat-anti-mouse 1gG-HRP Santa Cruz c-2031 WB 1:10000
Goat-anti-rabbit IgG-HRP Santa Cruz sc-2030 wB 1:10000
Goat-anti-mouse AlexaFluor 488 Molecular Probes  A11001 IF 1:1000
Goat-anti-mouse AlexaFluor 594 Molecular Probes ~ A11005 IF 1:1000
Goat-anti-rabbit AlexaFluor 488 Molecular Probes  A11008 IF 1:1000
Goat-anti-rabbit AlexaFluor 594 Molecular Probes  A11012 IF 1:1000
Donkey-anti-mouse AlexaFluor 488 Molecular Probes R37114 IF 1:1000
Donkey-anti-mouse AlexaFluor 594 Molecular Probes R37115 IF 1:1000
Donkey-anti-rabbit DyLight 405 Dianova 711-475-  IF 1:500
152
Chicken-anti-goat AlexaFluor 594 Molecular Probes  A-21468 IF 1:1000
6.7 KITS, ENZYMES AND LADDERS
Reagent Vendor
Transfection
Effectene Transfection Reagent QIAGEN
HiPerFect Transfection Reagent QIAGEN

Lipofectamine LTX
RNAI Max

Thermo Fisher
Thermo Fisher
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Kits
EdU-Click Kit Baseclick
peqGOLD Xchange Plasmid maxi-EF Kit Peglab
ZR Plasmid Miniprep Classic Zymo research
WesternBright™ Quantum Advansta
WesternBright™ Sirius Advansta
DNAeasy DNA extraction Kit QIAGEN
PCR Clean-up Kit QIAGEN
EZ Magna ChIP A/G Kit Merck
FastStart Universal SYBR Green Master (Rox) Merck
Ladders
PageRuler plus prestained protein ladder Fermentas
ProSieve quad color protein ladder Biozym
Inhibitors
Rad51 inhibitor B02 Calbiochem
Chk1 inhibitor UCN-01 Sigma-Aldrich
6.8 BUFFERS, SOLUTIONS AND MEDIA
Buffer/reagent Composition
Phosphate-Buffered Saline (PBS) 137 mM NacCl pH 7.4
2.7 mM KCI
8 mM Na2HPO4
1.5 mM KH4PO4
Tris-Buffered Saline (TBS) 20 mM Tris/HCI pH 7.6
137 mM NacCl
Cell culture
?S&EEC,\;()),S Modified Eagle’s Medium Sigma-Aldrich
Minimum Essential Medium Eagle (MEM) Sigma-Aldrich
Fetal calf serum (FCS) Biochrom
Tetracycline-free FBS Takara
Non-essential amino acids (NEAA) Biochrom
Trypsin/EDTA 0.5 M EDTA pH 8
L-Glutamine Sigma-Aldrich

Immunofluorescence

Fixation
Washing
Permeabilization

3% Formaldehyde in PBS
0.1 TritonX-100 in PBS
0.2%-0.5% TritonX-100 in PBS
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Blocking
DAPI
25N HCL
CSK buffer

PTEMF Buffer

1 X RotiBlock in MilliQ

0.4 pg/ml DAPI in PBS

37% HCL diluted in MilliQ

10 mM PIPES pH 7
100 mM NacCl

300 mM sucrose

3 mM MgClI2

20 mM PIPES pH 6.8
0.2% Triton X-100

1 mM MgCI2

10 MM EGTA

4% Formaldehyde

Chromosome staining

Bisbenzimid (Hoechst 33258)
UVC irradiation buffer

Giemsa
Clonogenic Survival
Crystal Violet solution

5 pg/ml in MilliQ

200 mM NazHPO4

4 mM citric acid pH 7.1-7.2
6% in distilled H,O

0.1% Crystal Violet
25% Methanol

MilliQ
Bacteria
Kanamycin 20 mg/ml in MilliQ
LB broth 10 g/l Tryptone

LB Agar plates

2% Yeast extract
5 g/l NaCl
1.5% Agar in LB broth

SDS-PAGE

Cell lysis buffer

5x Loading buffer (Laemmli)

Electrophoresis buffer

Stacking gel buffer

Running gel buffer

1X Cell lysis buffer (Cell signalling)

1x Complete protease inhibitor

60 nM Tris/HCI pH 6.8
2% (w/v) SDS

5% (v/v) B-Mercaptoethanol

10% (v/v) Glycerin

0.01% Bromophenol blue

25 mM Tris/HCI pH 8.8
0.2 M Glycine

0.5% (w/v) SDS

0.5 M Tris/HCI pH 6.8
14 mM SDS

1.5 M Tris/HCI pH 8.8
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14 mM SDS
Western Blot
Transfer buffer 20 mM Tris/HCI pH 8.3
150 mM Glycine
Washing 0.1% Tween20 in TBS
Blocking 1x RotiBlock in MilliQ
6.9 CELL LINES AND BACTERIA
Cells Description
HelLa-S3 Human epithelial cancer cell line derived from adenocarcinoma of the cervix.

Cells were cultivated in DMEM supplemented with 10% FCS and 1% NEAA
and passaged twice per week at a dilution of 1:8 to 1:10. Source: ATCC.

HeLa ATRX KO HelLa S3 cells with a loss-of-function deletion in the ATRX gene leading to loss
of protein expression, generated by CRISPR/Cas9. Cells were cultivated in
DMEM supplemented with 10% FCS and 1% NEAA and passaged twice per
week at a dilution of 1:8 to 1:10. Source: Markus Lobrich lab °,

HelLa pGC HelLa S3 cells with an integrated HR reporter cassette. Cells were cultivated in
DMEM supplemented with 10% FCS, 1% NEAA and 0.6 pg/ml puromycin and
passaged twice per week at a dilution of 1:8 to 1:10. Source: Kind gift from
Jochen Dahm-Daphi 1,

HelLa SNAP- HeLa S3 cells stably expressing SNAP-H.3. cells were cultured with DMEM
H3.3 with 10% FCS and 1x NEAA and blasticidin (1 pg/ml) and passaged twice per

week at a dilution of 1:8 to 1:10. Source: kind gift from Geneviéve Almouzni
152

U20Ss Human epithelial cancer cell line derived from osteosarcoma. Cells were
cultivated in DMEM supplemented with 10% FCS and 1% NEAA and passaged
twice per week at a dilution of 1:8 to 1:10. Source: ATCC.

U20SATRX U20S stable cell line with a doxycyclin-inducible expression of ATRX. Cells
were cultured in DMEM supplemented with 10% tetracycline-free Serum, 1x
glutamine, G418 sulphite ( 0.7 mg/ml) and puromycin (0.5ug/ml). Source: kind
gift from David Clynes 2,

Saos-2 Human epithelial cancer cell line derived from osteosarcoma. Cells were
cultivated in McCoy's 5A medium supplemented with 15% FCS and passaged
once a week at a dilution of 1:10. Source: ATCC.

82-6 hTert Human fibroblast cell line immortalized through the expression of human
telomerase. Cells were cultivated in MEM supplemented with 20% FCS and 1%
NEAA and passaged once a week at a dilution of 1:10. Source: Kind gift from
Penny Jeggo %2,

Escherichia coli
DH5a E. coli strain suitable for high efficiency transformation.
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8. APPENDIX

8.1 ABBREVIATIONS

53BP1 Tumor suppressor p53-binding protein 1

ALT Alternative lengthening of telomeres
alt-NHEJ Alternative non-homologous end-joining
ATM Ataxia telangiectasia mutated

ATRX Alpha-thalassemia mental retardation X-linked protein
BARD1 BRCAZ1-associated RING domain protein 1
BIR Break induced replication

BLM Bloom syndrome protein

bp Base pair

BRCA1 Breast cancer susceptibility protein 1

BrdU 5-bromo-2’-deoxyuridine

BS Bloom syndrome

BTR BLM-TOPOIIla-RMI1/2

CAF-1 Chromatin assembly factor 1

CDK Cyclin-dependent kinase

CFS common fragile site

CHD2 Chromodomain-helicase-DNA-binding protein 2
ChiP Chromatin immunoprecipitation

c-NHEJ Canonical non-homologous end-joining

CNV Copy number variation

CO Crossover

CPT Camptothecin

CT Cycle threshold

CtIP CtBP-interacting protein

DAPI 4',6-diamidino-2-phenylindole

DAXX Death domain associated protein

DDR DNA damage response

dHJ double Holliday junction

D-loop Displacement loop

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DNA2 DNA replication ATP-dependent helicase/nuclease DNA2
DSB Double-strand break

dsDNA Double-stranded DNA

E. coli Escherichia coli

EdU 5-ethynyl-2’-deoxyuridine

EXD2 Exonuclease 3'-5' domain-containing protein 2
EXO1 Exonuclease 1
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FA

Gl

G2
GAPDH
GC
GFP
Gy

h
HAT-1
hDNA
HIRA
HJURP
HR
hTERT
ICL
19G

IR

JM
kDa
KU70/80
LIG
LOH
MDC1
me
MiDAS
MIR
MMC
MMS
MRE11
MRN
NBS1
PALB2
PARP1
PCNA
Pold
PTM
gPCR
RADS51
RFC
RFP
RNA
RNF

Formaldehyde

Gap phase 1

Gap phase 2
Glyceraldehyde-3-phosphate-dehydrogenase
Gene conversion

Green fluorescent protein

Gray

Hour

Histone acetyltransferase 1
Heteroduplex DNA

Histone regulator A

Holliday junction recognition protein
Homologous recombination

Human telomerase reverse transcriptase
Interstrand crosslink

Immunoglobulin G

lonizing Radiation

Joint molecule

Kilo Dalton

XRCC6/5, X-ray repair cross-complementing protein 6/5
DNA ligase

Loss of heterozygosity

Mediator of DNA damage checkpoint protein 1
Methylated

Mitotic DNA synthesis
Multi-invasion-induced rearrangements
Mitomycin C

Methyl methanesulfonate

Meiotic recombination 11

MRE11, RAD50, NBS1 complex
Nijmegen breakage syndrome 1

partner and localizer of BRCA2
Poly(ADP-ribose) polymerase 1
Proliferating cell nuclear antigen
Polymerase delta

Post-translational modification
Quantitative polymerase chain reaction
DNA repair protein RAD51 homolog 1
Replication factor C

Red fluorescent protein

Ribonucleic acid

E3 ubiquitin protein ligase RING finger protein
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RNF168
RNF8
RPA
RSF

RT

S. cerevisiae

SCE
SD
SDSA
SEM
SiRNA

SMARCAD1

SSB
SSDNA
TLS
Topl
TOPO3a
Ub
UFB
uv
WT
X-IR
XRCC4
YH2AX

Ring finger protein 168

Ring finger protein 8
Replication protein A
Remodeling and spacing factor
Room temperature

Saccharomyeces cerevisiae

Sister chromatid exchange

Standard deviation

Synthesis dependent strand annealing
standard error mean

Small interfering RNA

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin

subfamily A containing DEAD/H box 1
Single-strand break

Single-stranded DNA

Translesion synthesis

Topoisomerase 1

Topoisomerase 3 alpha

Ubiquitinated

Ultra-fine bridge

ultraviolet

Wild-type

X-ray irradiation

X-ray repair cross-complementing protein 4
gamma H2AX; phosphorylated histone variant H2AX
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