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Summary

Summary

To study the relationship between checkpoint adaptation (CA), genotoxin resistance, and
aneuploidy, | have employed yeast as a model system and generated homozygous diploid rad52
deletion cells. These cells have a strong defect in homology-directed repair (HDR). Additionally,
diploid budding yeast actively suppress their non-homologous end joining (NHEJ) pathway.
Therefore, diploid rad52 mutants are defective in HR and NHEJ. The diploid state of the mutant
allowed us to study genomic instability that occurs following CA. Yeast Rad52 participates in
Rad51 filaments assembly and ssDNA strand exchange, wich in mammalian cells is executed by
the BRCAZ2. This allowed me to use rad52 yeast mutants to model the response to genotoxins in
BRCAZ2-deficient cancers.

Despite a strong DNA repair defect, rad52 mutants were eventually able to form viable colonies
following treatment with double-strand break-inducing genotoxins, X-rays and CPT (Figure 12).
The colony formation required CA, as the re-growth of the adaptation-defective mutants was
significantly impaired (Figure 12). These adapted colonies gained genotoxin resistance to the
second round of genotoxic treatment (Figure 13). The adapted rad52 mutants underwent drastic
genome alterations and became aneuploid. In this work, | have further analysed the relationship
between the ploidy and genotoxin resistance, and conclude that the near-haploid phenotype
confers resistance to CPT and X-rays in rad52 mutants.

So far, the aneuploidy-associated phenotypes in budding yeast were studied using controlled
experimental systems. | aimed to exploit aneuploidy-associated physiological disadvantages in
checkpoint-adapted cells. | have characterized the aneuploidy-associated phenotypes in HDR-
defective mutants that became aneuploid following the genotoxic treatment. | show that these
genotoxin-resistant rad52 aneuploids can be targeted pharmacologically (Figures 19-24).
Furthermore, | employed the rad52 model to determine genetic requirements for the DNA repair
and genotoxin resistance formation in repair-defective cells. | have analysed genetically the
involvement of the genes that belong to the RAD52 epistasis group (Figure 26), and the genes
required for the microhomology-medated end joining pathway in the post-adaptation DNA repair
(Figure 30). I have found that the Mre11-Rad50-Xrs2 (MRX) complex confers the chemoresistance
to CPT in naive and checkpoint adapted rad52 mutants (Figures 27-29). These results suggest
that the inhibition of Mre11 could potentially sensitize HDR-deficient human cells to CPT.
Together, my results provide a connection between CA, aneuploidization, and genotoxin
resistance in HDR-deficient yeast model. This provides a rationale to target genotoxin resistant
cells based on their aneuploidy-associated stresses, and the genetic requirements for the MRX

complex for the DNA repair.
n



Summary



Zusammenfassung

Zusammenfassung

Um den Zusammenhang zwischen Kontrollpunkt-Adaptierung (,checkpoint adaptation®, CA),
Genotoxin-Resistenz und Aneuploidie zu untersuchen, habe ich Hefe als Modellsystem genutzt
und homozygot, diploide rad52 Deletionsmutanten hergestellt. Diese Mutanten haben einen sehr
groRen Defekt in der Homologen Reparatur (,homolgy-directed repair‘, HR). Zusatzlich
unterdrticken diploide, knospende Hefen die Nicht-homologe Endverknipfung (,non-homologous
end joining“, NHEJ). Somit fehlt diploiden rad52 Mutanten weitestgehend die Fahigkeit zu HR und
NHEJ. Der diploide Zustand der Mutante erlaubte mir auch die genomische Instabilitat nach CA
zu untersuchen. Das Hefeprotein Rad52 partizipiert bei der Assemblierung von Rad51-Filamenten
und beim Einzelstrang-DNA Austausch. Diese Funktionen werden in Saugerzellen von BRCA2
ausgeibt wird. Dies erlaubte mir rad52 Hefemutanten als Modelsystem fir BRCA2-negative
Krebserkrankungen und die Antwort solcher Tumoren auf Genotoxine zu verstehen.

Trotz des starken DNA Reparaturdefektes konnten rad52 Mutanten nach der Behandlung mit
Roéntgenstrahlung und CPT, was DNA-Doppelstrangbruch induzierende Genotoxinen sind,
lebensfahige Kolonien ausbilden (Abbildung 12). Die Entstehung der Kolonien bendétigte CA,
weshalb das Wachstum von Adaptierung-defektiven Mutanten stark eingeschrankt war (Abbildung
12). Die ausgebildeten, adaptierten Kolonien waren bei einer zweiten Behandlung mit Genotoxin
resistent (Abbildung 13). Die adaptierten rad52 Mutanten erfuhren drastischen genomische
Veranderungen und wurden aneuploid. In dieser Arbeit habe ich den Zusammenhang zwischen
Ploidie und Genotoxin-Resistenz tiefergehend analysiert und schlussfolgere, dass ein fast-
haploider Phanotyp die Resistenz gegen CPT und Rdntgenstrahlen in rad52 Mutanten vermittelt.
Bisher wurden mit Aneuploidie zusammenhangende Phanotypen in der knospenden Hefe mittels
kontrollierten experimentellen Systemen untersucht. Mein Ziel ist es die mit der Aneuploidie in
Zusammenhang stehenden physiologischen Nachteile in Kontrollpunkt-adaptierten Zellen zu
nutzen, um Krebstherapien zu entwickeln. Ich habe den aneuploiden Phanotyp der HR-defekten
Mutanten charakterisiert, die nach einer Genotoxin Behandlung entstanden sind und davon
aneuploid wurden. Ich zeige, dass diese Genotoxin-resistenten, aneuploiden rad52 Zellen gezielt
pharmakologisch bekampft werden kdnnen (Abbildung 19-24).

Weiterhin habe ich das weitgehend Reparatur defekte rad52 Model genutzt, um die genetischen
Grundvoraussetzungen fir DNA Reparatur und die Bildung der Genotoxin-Resistenz in diesen
Zellen zu studieren. Ich habe genetisch untersucht inwiefern die Gene der RAD52 Epistasisgruppe
(Abbildung 26) und des MMEJ Weges (Abbildung 30) zur post-adaptiven DNA Reparatur

beitragen. Ich habe herausgefunden, dass der MRX Komplex zur Chemoresistenz gegen CPT in
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Zusammenfassung

naiven und Kontrollpunkt adaptieren rad52 Mutanten beitragt (Abbildung 27-29). Diese
Ergebnisse lassen darauf schlief3en, dass die Hemmung von Mre11 Potenzial hat, HR-defiziente
Humanzellen gegen CPT zu sensibilisieren. Zusammenfassend zeigen meine Ergebnisse einen
Zusammenhang zwischen CA, Aneuploidisierung und Genotoxin-Resistenz im HR-defizienten
Hefemodel. Ich biete einen Ansatz, um Genotoxin-resistente Zellen auf der Grundlage des mit
ihrer Aneuploidie zusammenhangenden Stresses anzugreifen und zeige die genetischen

Notwendigkeiten des MRX-Komplex fiir die DNA Reparatur auf.
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Introduction

1. Introduction

Genomic integrity is constantly challenged by DNA damage that arises due to cellular metabolic
processes, errors in DNA replication, and exogenous sources like UV irradiation and natural
radioactivity. Therefore, cells have evolved elaborate pathways to detect and repair DNA damage,
while coordinating these processes with DNA replication and cell cycle progression. A failure to
repair DNA lesions due to either defects in DNA repair pathways or a difficult genomic context of
the lesion, potentially results in genomic aberrations, aneuploidization, or cell death. In the
introduction section, | will discuss the exogenous and endogenous sources of DNA damage, and
how the repair of this damage is coordinated with cell cycle progression. | further discuss how
aberrant cell cycle termination upon the DNA damage (checkpoint adaptation) induces genomic
instability. | will continue with an overview of cellular states with high genomic instability, focusing
on aneuploidy, and then connect the state with checkpoint adaptation and genotoxin resistance.

Finally, I will discuss the mechanisms of genotoxin resistance in repair-defective tumors.
1.1 Endogenous and genotoxin-induced DNA lesions

DNA lesions arise constantly due to endogenous metabolic processes and exogenous naturally
occurring sources that continuously challenge the integrity of our genome. Among them, the most
mutagenic are single-strand breaks (SSBs) and double-strand breaks (DSBs), that occur with a
frequency 55000 and twenty-five per cell per day, respectively (Tubbs and Nussenzweig, 2017).
In this section, | will present an overview of different types of DNA lesions and their natural

sources, as well as chemotherapeutic means to induce DNA damage.

1.1.1 Types of DNA lesions

DNA is a molecule composed of two polynucleotide strands that coil around each other to form a
double helix. Each of the four nucleotides is composed of either a purine (guanine, G; adenine, A)
or a pyrimidine (cytosine, C; thymine, T) base, a deoxyribose sugar, and a phosphate group.
Multiple exogenous factors, such as UV light irradiation and radioactivity, and endogenously
produced factors, such as reactive oxygen species (ROS), constantly damage cellular DNA
(Lindahl and Barnes, 2000; Tubbs and Nussenzweig, 2017). It has been estimated that each
human cell experiences approximately 70,000 lesions every day (Figure 1) (Lindahl and Barnes,
2000).

DNA SSBs are one of the most frequently occurring lesions, which account for approximately
seventy-five percent of all DNA lesions (Tubbs and Nussenzweig, 2017). They arise as a result of

spontaneous DNA base hydrolysis, due to the ROS-induced oxidative damage, or as a result of
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abnormal topoisomerase activity of Top1 (Jakobsen et al., 2019). These lesions interfere with DNA
replication and transcription processes, and could potentially be converted into deleterious DSBs
(Cristini et al., 2019; Lin et al., 2020).

1 I I i
® G 6 o T ¢ ¢ C o e b0 &
U G G|
) (0 |, N (R O t !
Damage Oliosme  Dopuration/ o 58 psB
deamination depyrimidination
Estimated
frequency 192 12,000/600 2,800 55,000 25
(per cell per day)
Predovmmant CsT Substitutions GoT Substitutions, Chromosome
mutation DBSs rearrangements

Figure 1. Different types of DNA lesions, their estimated frequency, and mutations
associated with their abnormal repair. Of note, this estimation accounts for the human genome.
Figure taken from (Tubbs and Nussenzweig, 2017).

DSBs are the most toxic DNA lesions that occur with an estimated frequency of twenty-five per
cell per day (Tubbs and Nussenzweig, 2017). Spontaneously occurring DSBs can form as a result
of natural radioactivity, conversion of a SSB into a DSB due to transcription or replication,
replication stress, or abnormal SSB processing (Cristini et al., 2019; Garcia-Muse and Aguilera,
2016). Programmed DSBs are formed by the expression of endonucleases and are utilized by
cells to induce complex genomic changes during meiosis, mating type switch in yeast, and V(D)J
recombination during B cell receptor development in humans (Coopera et al., 2016; Lee and
Haber, 2015; Yeap and Meng, 2019). The mechanisms of DSB repair are summarized in section
1.5 of this thesis.

Spontaneous hydrolysis of the glycosidic bonds that connect DNA bases to the backbone, which
occurs due to the aqueous environment of the nucleus, represent another source of DNA damage
(Gates, 2009). This process results in depurination or depyrimidination, depending on the
nucleotide base, which leads to the creation of abasic sites. Each cell experiences approximately
13,000 of these potentially mutagenic events daily (Tubbs and Nussenzweig, 2017). Abasic sites
are repaired by the nucleotide excision repair (NER) pathway.

Hydrolytic deamination of DNA bases, which happens with a frequency of 200 events per cell
daily, is another source of hydrolysis-induced DNA damage. The cytosine deamination reaction

leads to the formation of a uracil residue, which is a potentially mutagenic source of the Cto T
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conversion. Deamination of guanine and cytosine residues, as well as methylcytosine residues,
represent another potential source of base substitutions (Gates, 2009). The mismatch repair
pathway (MMR) targets these deaminated residues, thereby preventing base substitutions (Tubbs
and Nussenzweig, 2017).

ROS, which are generated as metabolic by-products in the mitochondria, can cause oxidative
damage to virtually all cell molecules, including DNA. The ROS-induced lesions include purine
5',8-cyclonucleosides, DNA intra- and interstrand crosslinks, and DNA-protein crosslinks
(reviewed in (Lee and Kang, 2019)). The oxidation of guanine leads to the formation of 8-oxoG,
which can pair with adenine and generate G to T conversions (Tubbs and Nussenzweig, 2017).
The 8-0x0G lesion is repaired by DNA glycosylases OGG1 and MUTYH (Majumdar et al., 2018;
Sampath and Lloyd, 2019). 5',8-cyclo-2'-deoxyadenosine (cdA) and 5',8-cyclo-2'-deoxyguanosine
(cdG) are other oxidative DNA lesions that occur rather frequently in cells, and are repaired by the
NER pathway (Krokidis et al., 2017). The ROS-induced intra- and interstrand crosslinks, as well
as DNA-protein crosslinks are extremely dangerous DNA lesions that block transcription and DNA
replication (Stingele et al., 2017). These hard-to-repair lesions are processed by NER members
XPA, XPG, and XPF, and then further repaired by either translesion synthesis polymerases or the
homology-directed repair pathways (Enoiu et al., 2012). It is important to note that DNA and DNA-
protein cross-links are not exclusively induced by ROS, but also by UV light and multiple
chemotherapeutic drugs (Andreassen and Ren, 2009).

The non-enzymatic methylation of DNA bases is another source of DNA damage. The methyl
group donor S-adenosylmethionine can serve as an endogenous donor for the spontaneous
methylation of adenine, which leads to the formation of 3"-methyladenine, a strong replication
impediment (reviewed in (Lindahl, 1993)). Another potentially mutagenic base amination reaction
leads to the formation of O8-methylguanine, which also impairs DNA replication (Warren et al.,
2006).

1.1.2 Genotoxic drugs induce DNA lesions

Tumor cells are actively replicating their DNA, while frequently harboring mutations in key DNA
repair and DNA damage checkpoint genes. Therefore, targeting tumor cells using DNA damaging
agents is a widespread strategy in clinics (Hurley, 2002). Mechanistically, the genotoxic agents
used in cancer treatment interfere with DNA replication, modify DNA bases, or directly cause DNA
SSBs and DSBs.

One class of genotoxins that block DNA replication include alkylating agents, such as nitrogen
mustards, nitrosourea, and temozolomide. These agents induce DNA bases’ alkylation and lead

to the formation of DNA intra- and interstrand crosslinks, as well as DNA-protein crosslinks
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(reviewed in (Diethelm-Varela et al., 2019) and (Swift and Golsteyn, 2014)). Widely used in cancer
therapy, platinum drugs, such as cisplatin and oxaliplatin, similarly block DNA replication by
inducing DNA intra- and interstrand crosslinks, and DNA-protein crosslinks (reviewed in (Swift and
Golsteyn, 2014)).

Another class of DNA replication inhibitors, which includes hydroxyurea, affects ribonucleoside
diphosphate reductase (RNR), thereby limiting de novo DNA synthesis (Madaan et al., 2012).
Gemcitabine is another RNR inhibitor commonly used in cancer therapy, and its mechanism of
action is not limited to the reductase inhibition (Mini et al., 2006). The RNR inhibition leads to the
depletion of deoxyribonucleotide (dNTP) pools necessary for DNA synthesis, which therefore
leads to replication stress and subsequent replication forks collapse (Poli et al., 2012).
Antimetabolites is a class of genotoxic agents that mimic the chemical structure of nucleotides
and exhibit genotoxin activity by either inhibiting nucleotide biosynthesis or by misincorporation
into nucleic acids (Huehls et al., 2016; Swift and Golsteyn, 2014). 5-Fluorouracil is an
antimetabolite commonly used in cancer therapy. The drug exhibits its genotoxic activity in a dual
way: it is metabolically converted both into thymidine synthase inhibitor FAUMP and into FAUTP,
the latter is misincorporated into DNA. Treatment with 5-Fluorouracil results in an impairment of
DNA replication, cell cycle arrest, and activation of the HR pathway (Huehls et al., 2016).

A variety of anticancer genotoxins do not impair DNA replication, but rather act directly via the
induction of DNA damage. For example, bleomycin, a commonly used radiomimetic drug,
directly induces SSBs, DSBs, and abasic sites (reviewed in (Bolzan and Bianchi, 2018)). The
direct delivery of DNA damage using ionizing radiation and inducing DSBs by inhibiting
topoisomerases are other strategies commonly used in clinics. | will discuss their mode of action
in more detail in sections 1.1.2.1 and 1.1.2.2 below, as they are two major genotoxin treatments

used in this study.
1.1.2.1 The mode of action of Camptothecin

Topoisomerases are evolutionarily conserved enzymes that carry out the essential function of
relaxing DNA supercoiling. There are two major types of topoisomerases, which are differentiated
based on their mechanism of action: type | topoisomerases relieve topological stress by transiently
nicking one strand of the DNA, allowing strand rotation, and resealing the break; the type Il
topoisomerases induce a transient DSB, transport another DNA stretch through the break and
reseal the DSB (reviewed in (Pommier, 2006)). Type | topoisomerases are further subdivided into
two classes based on the site of the break to which the cleavage complex (cc) becomes covalently
bound: type 1A topoisomerases form 5-DNA tyrosyl adducts, while type 2A topoisomerases form

3'-DNA tyrosyl adducts (reviewed in (Pommier, 2006)). DNA topoisomerases are essential for
4
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cellular processes of transcription and replication, as their inactivation leads to the accumulation
of DNA supercoiling. The budding yeast genome harbors three genes that encode for
topoisomerases: TOP1 encodes for the type IB topoisomerase, TOPZ2 encodes for type Il enzyme,
while TOP3 encodes for type IA enzyme (reviewed in (Pommier, 2009)).

Camptothecin (CPT) is a natural compound that was isolated from the Camptotheca acuminata
tree (Wall and Wani, 1995). CPT has only one cellular target: the type IB enzyme Top1 (Eng et
al., 1988). Top1 executes DNA relaxation the following way: first, it carries out a transesterification
reaction, in which catalytic tyrosine becomes covalently bound to the DNA 3’ end (forming the
Top1-cleavage complex, Top1-cc), resulting in DNA nicking; second, the enzyme allows the
controlled rotation of the nicked strand around the intact strand; finally, the “nicking-closing
reaction” leads to SSB ligation (Pommier, 2006). CPT is a Top1 poison that intercalates between
DNA and Top1-cc, and stabilizes the latter, thereby also stabilizing otherwise transient SSB
(reviewed in (Pommier et al., 2010)). The trapped Top1-cc leads to DSBs when the replisome hits
Top1-cc during DNA replication (Figure 2). The DNA damage can also arise when Top1-cc collides
with the RNA polymerase complex during transcription (reviewed in (Pommier, 2006)). Because
these collisions with the replication machinery lead to the majority of CPT-induced DNA damage,

CPT is considered an S-phase drug.

Leading strand

Replisome

Lagging strand

Figure 2. The replication-dependent generation of DSBs by CPT. Top1 is trapped on the
leading strand by CPT. The leading strand polymerase synthesizes the nascent DNA strand up to
Top1-cc, which results in the generation of a DSB. This figure is modified from (Pommier, 2006).
Although CPT is not used as cancer treatments due to the low stability of the drug and its high
toxicity (Wall and Wani, 1995), different CPT derivatives (topotecan and irinotecan) are used
clinically, while many non-CPT Top1 inhibitors (indenoisoquinolines) are being actively developed

(reviewed in (Pommier, 2006) and (Pommier et al., 2018)).
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1.1.2.2 The mode of action of X-Ray treatment

X-rays are a source of various types of single and clustered DNA lesions. Therefore, they are
frequently used in clinically for targeted delivery of DNA damage (reviewed in (Sage and
Shikazono, 2017)). X-rays are a type of ionizing radiation and the DNA damage produced by X-
rays comes from the generation of ROS due to water radiolysis in DNA proximity, as well as from
direct energy transfer to DNA molecules. In contrast to endogenous oxidative DNA damage,
ionizing radiation-induced DNA damage is frequently more complex in its nature (reviewed in
(Sage and Shikazono, 2017)). X-rays induce abasic sites, DNA base damages, SSBs, DSBs,
intra- and interstrand crosslinks, DNA-protein crosslinks, and complex bulky lesions that are
comprised of combinations of the aforementioned lesions within one or two DNA helix turns. These
complex lesions could be further subdivided into DSB clustered lesions that carry DSBs and
multiple base damages in proximity to each other and non-DSB clustered lesions that can have
multiple SSBs, abasic sites, or other types of lesions in close proximity. Following X-ray treatment,
complex lesions occur three to four times more frequently than DSBs (reviewed in (Sage and
Shikazono, 2017)). X-ray-induced DNA damage includes cross-links DNA with chromatin-
associated proteins, such as histones, which creates obstacles for DNA transcription and
replication and leads to DNA damage (reviewed in (Nakano et al., 2017)). Both complex DNA
lesions and bulky DNA-protein crosslinks are extremely difficult to repair; therefore, treatment with
high dosages of X-rays induces genomic instability, senescence, and cell death in repair-deficient
cells (Mortimer et al., 1981; Sage and Shikazono, 2017).
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1.2 DNA damage checkpoints

In response to DNA damage, cells elicit elaborate signaling cascades that halt the cell cycle
progression and allow time to repair the damage, known as a DNA damage checkpoint (DDC).
The DDC is orchestrated by two key phosphatidyl inositol 3' kinase-related kinases (PIKK)
checkpoint kinases, Mec1A™R and Tel1A™. Checkpoint signaling cascades are highly conserved
across organisms, from yeast to humans. The DDC operates via the apical checkpoint kinases,
their effector kinases, and multiple adaptor proteins that modulate the signaling cascade (reviewed
in (Lanz et al., 2019)). The onset of the DDC results not only in cell cycle arrest, but also in
regulation of NTP pools, cellular transcriptome changes, repression of replication initiation, and
many other physiological aspects. Budding yeast have two DDCs: the intra-S checkpoint that is
activated in response to replication stress and the G2/M checkpoint that is activated by DSBs or
dysfunctional telomeres. The DDCs are crucial for the maintenance of genome stability, as
mutations in DDC genes are frequently found in cancers (Smith et al., 2010). In this section, | will
present an overview of DDCs in budding yeast, with focus on DNA damage checkpoint proteins,
intra-S and G2/M checkpoint signaling cascades, transcription response during the DDC, and the

checkpoint recovery.
1.2.1 DNA damage checkpoint proteins

The DDC signaling in Saccharomyces cerevisiae is elicited by two apical checkpoint kinases that
belong to the PIKK family, Mec1A™R and Tel1A™. The activated kinases elicit a signaling cascade
that involves multiple evolutionarily conserved proteins, whose major functions are summarized
in Table 1 (modified from (Hustedt et al., 2013)).

Table 1. Key DDC proteins and their function (modified from (Hustedt et al., 2013)).

Protein or protein Protein or protein Major checkpoint function

complex in complex homolog /

S. cerevisiae orthologue in

H. sapiens

Ddc1-Rad17-Mec3 RAD9-RAD1-HUS1 DNA damage checkpoint clamp that

(9-1-1 complex) activates Mec1 (Parrilla-Castellar et al.,
2004)

Rad24-RFC RAD17-RFC Loads the 9-1-1 checkpoint clamp onto
the DNA (Majka et al., 2006)

Mre11-Rad50-Xrs2 MRE11-RAD50-NBS1 DSB recognition, Tel1A™ recruitment

(MRX complex) (MRN complex) (Clerici et al., 2004)

Dpb11 TOPBP1 Activation of Mec1ATR (Navadgi-Patil and
Burgers, 2009)

Dna2 DNA2 S-phase specific activation of Mec1ATR

(Kumar and Burgers, 2013)
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Protein or protein Protein or protein Major checkpoint function

complex in complex homolog /

S. cerevisiae orthologue in

H. sapiens

Ddc2 ATRIP Recruitment and activation of Mec14A™R
(Zou and Elledge, 2003)

Mec1 ATR Apical checkpoint signaling kinase
(Sanchez et al., 1996)

Tel1 ATM Apical checkpoint signaling kinase
(Morrow et al., 1995)

Chk1 CHK1 Checkpoint effector kinase (Furnari et al.,
1997)

Rad53 CHK2 Checkpoint effector kinase (Allen et al.,
1994)

Dun1 - Checkpoint effector kinase (Zhou and
Elledge, 1993)

Mrc1 Claspin Replication fork associated checkpoint
mediator that activates Rad53 (Alcasabas
et al., 2001)

Rad9 53BP1, BRCA1 Checkpoint mediator that activates

Rad53 (Weinert and Hartwell, 1988)

1.2.2 DNA damage checkpoint cascades
1.2.2.1 G2/M phase checkpoint

DNA damage, such as DSBs or unprotected telomeres, induce the activation of a DDC that arrests
cells at the G2/M border (Klermund et al., 2014). The DDC is activated by two different DNA
structures: DSBs with blunt ends activate Tel1 kinase, while, the resected 3’ overhangs coated by
the replication protein A (RPA) complex activate Mec1 (reviewed in (Oh and Symington, 2018))
(Figure 3). When a DSB occurs, it is rapidly bound by the Yku proteins and the Mre11-Rad50-
Xrs2 (MRX) complex, which recruits and activates the Tel1A™ checkpoint kinase (Cassani et al.,
2019; lwasaki et al., 2016). If the DSB is resected by the coordinated action of the MRX complex
together with Exo1 and Dna2 helicases, the ssDNA becomes rapidly bound by the RPA complex,
which consists of Rfa1, Rfa2, and Rfa3 subunits. This 3" ssDNA overhang coated with RPA is a
DNA structure that triggers the recruitment and activation of the Mec1-Ddc2 complex (Nakada et
al., 2005; Saldivar et al., 2017). The following checkpoint proteins mediate the activation of Mec1:
the Ddc1-Rad17-Mec3 (9-1-1 complex), the Dpb11 proteins, and the Dna2 proteins. The Rad24-
RFC complex recognizes the ds-ssDNA junction and loads the checkpoint clamp-shaped complex
that consists of Ddc1, Rad17, and Mec3 (9-1-1 checkpoint clamp) (Majka et al., 2006). The 9-1-1
checkpoint clamp recruits Dpb11, which is important for further Mec1 activation (Mordes et al.,
2008).

8
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The activated Mec1 and Tel1 kinases phosphorylate their downstream effector kinases, Rad53
and Chk1 (Figure 4a) (reviewed in (Lanz et al., 2019)). The Rad53 kinase is activated by the Mec1
kinase with the assistance of the Rad9 checkpoint adaptor protein, which is recruited to the DNA
damage site by H2A-S129P and H3-K79Me histones, and serves as a scaffold for an efficient
Rad53 autophosphorylation (Downs et al., 2000; Giannattasio et al., 2005; Ma et al., 2006). The
full activation of Rad53 kinase activity requires phosphorylation by Mec1 together with multiple
autophosphorylation events (Chen et al., 2017; Sanchez et al., 1996; Sun et al., 1996). The fully
activated Rad53 kinase phosphorylates its downstream checkpoint kinase Dun1, a key regulator
of cellular dNTP pools (Zhao and Rothstein, 2002). The activation of Chk1 effector kinase by Mec1
kinase also requires the Rad9 adaptor. Chk1 activation is modulated by cyclin-dependent kinase
(CDK) phosphorylation of Rad9 in the S and G2/M phases of the cell cycle (Abreu et al., 2013;
Blankley and Lydall, 2004). The activated checkpoint effector kinases Rad53, Chk1, and Dun1
phosphorylate their multiple downstream targets, which elicit DNA damage checkpoints. | discuss
how cells halt the cell cycle progression and how the transcriptome is altered during the DDC

onset in sections 1.2.3 and 1.2.4 respectively.

Figure 3. DNA structures that activate Tel1 and Mec1 checkpoint kinases. (a) Following the
DSB formation, the break sites recruit the MRX complex, which is responsible for the recruitment
and activation of the Tel1 checkpoint kinase. (b) When the DSB is resected, the 3" DNA overhang
is coated with the trimeric RPA complex. The ds-ssDNA junction recruits the 9-1-1 complex.
Together, the RPA and 9-1-1 complexes recruit the Ddc2 checkpoint adaptor in complex with the
Mec1 checkpoint kinase, which is activated at the structure. This figure is modified from (Oh and
Symington, 2018).

In budding yeast, although Mec1 and Tel1 cooperate during the checkpoint activation, Mec1
seems to play a major role in the DDC. The fact that Mec1 and Tel1 are activated in response to
different DNA structures suggests that the nature of a DSB can influence the degree of
engagement of each kinase in the DDC (reviewed in (Gobbini et al., 2016). Tel1 hyperactivation
can elicit Mec1-independent checkpoints when several DSBs are induced. When Mec1 is active,

Tel1 positively regulates the resection of DSBs and further enforces Mec1 activation (Mantiero et
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al., 2007). However, the deletion of the TEL1 gene does not result in a strong checkpoint defect
or sensitivity to genotoxins, while the deletion of the MEC1 gene does (Mantiero et al., 2007).
Despite the relatively minor role of the Tel1 kinase in the DDC in yeast, it is clear that the optimal

DDC is achieved when Mec1 and Tel1 cooperate.
1.2.2.2 Intra-S phase checkpoint

The intra-S phase checkpoint, also known as a DNA replication checkpoint, is a surveillance
mechanism that is activated upon the replication slow down or block. The intra-S checkpoint is an
important mechanism that ensures faithful DNA replication (reviewed in (Hustedt et al., 2013)).
The intra-S checkpoint is activated when the cell harbors long stretches of ssDNA that are coated
by the RPA complex (Cortez, 2005; Hustedt et al., 2013). The ds-ssDNA junction structure is
critical for the intra-S checkpoint activation (MacDougall et al., 2007). Long stretches of RPA-
coated ssDNA can be generated by uncoupling the replicative MCM2-7 helicase complex from
the DNA polymerase upon fork stalling (Cortez, 2005). Nucleotide excision repair and DSB
resection also generate RPA-coated ssDNA structures that can trigger the intra-S phase
checkpoint (Huang et al., 1992; Marini et al., 2019). The intra-S checkpoint is only initiated when
a critical number of replication forks are stalled, indicating the presence of an S-phase-specific
threshold (Shimada et al., 2002).

The intra-S phase checkpoint is elicited via an intricate cascade that ultimately results in Mec1
hyperactivation (Figure 4b) (reviewed in (Hustedt et al., 2013)). Similarly to the resected DSB
ends, the long stretches of ssDNA and the ds-ssDNA junction recruit the 9-1-1 checkpoint clamp
and Dpb11, which activate Mec1 (Navadgi-Patil and Burgers, 2009). At the same time, RPA-
coated ssDNA tails serve as a recruitment signal for Ddc2, which is a critical event for Mec1 kinase
activation (Zou and Elledge, 2003). Dna2 also facilitates Mec1 activation during the S-phase
independent of its nuclease and helicase activity (Wanrooij and Burgers, 2015). These
aforementioned events lead to the recruitment and hyperactivation of a key apical checkpoint
kinase, Mec1, which is normally already active during unperturbed replication (Randell et al.,
2010). The hyperactivated Mec1 further phosphorylates its downstream targets, Chk1 and Rad53.
The activation of the Rad53 kinase is facilitated by two checkpoint mediators, Rad9 and Mrc1
(Bacal et al., 2018; Berens and Toczyski, 2012; Sweeney et al., 2005). Mrc1 is a replisome
component that recruits Rad53 upon the replication fork stalling and promotes Rad53 activation
by Mec1 (Katou et al., 2003). The Rad53 kinase is activated via an adaptor protein, Rad9, in
response to DNA damage and via Mrc1 in response to replication stress.

The activated effector kinases, Rad53 and its downstream checkpoint kinase, Dunf1,

phosphorylate their multiple downstream targets and halt cell cycle progression. The checkpoint
10
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leads to cell cycle arrest, giving the cell time to repair the DNA damage, and it simultaneously
regulates the rates of origin firing, preventing the depletion of essential replication factors
(reviewed in (Hustedt et al., 2013)). The intra-S phase checkpoint also elicits a transcriptional

response, which is described in section 1.2.3.

.\. .1
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targets

Figure 4. The G2/M and intra-S phase checkpoint signaling cascades. (a) The G2/M
checkpoint signaling cascade is elicited in response to DSBs. Mec1 and Tel1 apical checkpoint
kinases are recruited to the damage site and activated via hyperphosphorylation events. Mec1
is recruited by ssDNA-RPA structures and its full activation requires a Dpb11 adaptor. Both Mec1
and Tel1 phosphorylate downstream checkpoint kinases Rad53 and Chk1. The efficient Rad53
phosphorylation requires the adaptor protein Rad9. Chk1 and Rad53 kinases phosphorylate their
downstream targets to elicit the DDC responses. (b) The intra-S phase checkpoint is elicited in
response to replication stress and DSBs in the S phase. Mec1 is recruited to the ssDNA-RPA
structures and its activation requires the adaptor proteins Dpb11 and Dna2. Mec1 phosphorylates
Rad53, and Mrc1 and Sgs1 adaptor proteins assist with its activation. Rad53 phosphorylates its
multiple downstream targets, which results in the DDC onset. p, phosphorylation. This figure is
modified from (Hustedt et al., 2013).

1.2.3 Cell cycle control by checkpoints

Checkpoints lead to a cell cycle arrest, which ensures that the cell does not divide when DNA
damage is unrepaired. The two major effector kinases, Chk1 and Rad53, coordinate the cell cycle
arrest during the checkpoint. The cell cycle cessation at the G2/M border is achieved by
inhibiting the only cyclin-dependent kinase in yeast, Cdc28°PK, via multiple parallel mechanisms,
and simultaneously inhibiting the onset of anaphase. In order to promote the cell cycle
progression, Cdc25 phosphatase removes the inhibitory phosphorylation of Cdc28 on T19, as
shown by studies in fission yeast, Schizzosaccharomyces pombe, and human cells (Furnari et al.,
1997; Raspelli et al., 2015; Sanchez et al., 1997). Following DNA damage, Cdc25 is inhibited by

11
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Chk1, thereby leading to an indirect inhibition of Cdc28 and cell cycle progression (Furnari et al.,
1999; Zeng et al., 1998). In budding yeast, the Cdc25 homologue Mih1 also targets Cdc28;
however, this happens during the morphogenesis checkpoint rather than the DDC (Sia et al.,
1996). Cdc28 regulation in response to intra-S DDC in budding yeast is executed by the Swe1
kinase, which, when activated by the Rad53 and Mec1 kinases, phosphorylates Cdc28 (Palou et
al.,, 2015). Importantly, Rad53 additionally phosphorylates Cdc28 upon genotoxic stress
conditions, thereby inactivating Cdc28 in parallel to Swe1 (Palou et al., 2015).

In addition to Cdc28 inhibition, budding yeast checkpoints lead to the inhibition of anaphase onset
and the mitotic exit network (MEN). First, Chk1 phosphorylates securin Pds1, which leads to the
stabilization of the protein and the prevention of sister chromatid separation (Wang et al., 2001).
Additionally, Rad53 inhibits a polo-like kinase, Cdc5, which halts MEN, because it prevents Cdc5-
mediated phosphorylation of the MEN protein, Bfa1 (Sanchez et al., 1999; Valerio-Santiago et al.,
2013). Rad53 can also regulate MEN in a Cdc5-independent pathway, by negatively regulation of
the Tem1 kinase, which is a positive regulator of the mitotic exit (Liang and Wang, 2007). Together,

Rad53 and Chk1 effector kinases ensure cell cycle arrest during the DDC.

1.2.4 Transcriptional response to DNA damage in yeast

The activation of either intra-S or G2/M checkpoints elicits dramatic transcriptional changes that
lead to either repression or activation of different subsets of genes, aiming to coordinate the DNA
repair with the cell cycle progression. In budding yeast, the transcriptional response to DNA
damage is orchestrated by the apical checkpoint kinases Mec1 and Tel1, together with their
downstream effector kinases Chk1, Rad53, and Dun1 (Jaehnig et al., 2013). In mammalian cells,
DNA damage also elicits a similar transcriptional response that is orchestrated by ATM and ATR
checkpoint kinases (reviewed in (Silva and Ideker, 2019)). In yeast, Mec1 is the major apical
kinase that induces transcriptional changes in response to DNA damage, while Tel1 plays only a
minor role. Downstream of Mec1, the Rad53 kinase activates another checkpoint kinase, Dun1
(Bashkirov et al., 2003), and these kinases orchestrate both Dun1-dependent and Dun1-
independent transcriptional responses (Jaehnig et al., 2013). The transcriptome profiles differ
depending on the DNA damaging agent used; for example, the changes following treatment with
X-rays or methyl methanesulfonate (MMS) (Gasch et al., 2001) are not identical to the ones
following treatment with radiomimetic drugs (Fry et al., 2006). Yet, the majority of transcriptional
alterations overlap between the conditions.

The activation of intra-S DDC happens during replication stress, which can be induced by
treatment with the replication inhibitor hydroxyurea. Under replication stress conditions, the
activation of Rad53 checkpoint kinase leads to an inhibition of Nrm1, resulting in a prolonged
12
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transcription of G1-specific genes, particularly Mlul cell cycle box binding factor (MBF) targets.
The MBF targets that are involved in DNA replication and nucleotide biosynthesis are upregulated
((De Oliveira et al., 2012; Travesa et al., 2012), reviewed in (Silva and Ideker, 2019)). The
activated checkpoint kinases Chk1 and Rad53 also put an inhibitory phosphorylation on Ndd1
transcription factor, thereby repressing the transcription of the G2/M transcription cluster (CDCS5,
CDC20, CLB1 and CLBZ2 genes) (Yelamanchi et al., 2014). The transcriptional repressor Crt1 is
another cellular target of the Rad53 kinase (together with Dun1) under DNA damage conditions
(Huang et al., 1998; Zaim et al., 2005). When Ctr1 is phosphorylated by Rad53, the cellular
transcription of ribonucleotide reductase genes (RNR) is upregulated to support cellular
deoxyribonucleotide triphosphate (ANTP) pools. The activation of transcriptional responses at the
intra-S checkpoint is important to support the cellular viability during DNA damage and to efficiently
resume DNA replication.

The activation of G2/M checkpoints in response to DNA damage also leads to drastic changes in
the cellular transcriptome, similarly to many other environmental stress responses. As a part of
their transcriptional responses, cells generally inhibit RNA synthesis and ribosomal biogenesis
(Gasch et al., 2000, 2001). The G2/M checkpoint activation upon treatment with alkylating agent
MMS results in the differential expression of more than 900 genes. Among them, the genes that
are involved in DNA repair, dNTPs biosynthesis and autophagy were upregulated, while genes
involved in cell cycle progression and ribosomal biogenesis were downregulated (Jaehnig et al.,
2013). It is important to note that the transcriptional responses to DNA damage that elicit either
the intra-S checkpoint or the G2/M checkpoint seem to induce similar transcriptome changes, such
as the upregulation of G1-specific genes, the downregulation of G2 transcription cluster, and the

repression of ribosome biogenesis.
1.2.5 Checkpoint recovery

When DNA repair is successfully completed, cells terminate their DDC in order to resume cell
cycle progression, which is known as a checkpoint recovery. A failure to terminate the DDC leads
to permanent cell cycle arrest and cell death (Clerici et al., 2001). During the checkpoint recovery,
both chromatin remodeling and dephosphorylation of checkpoint targets are key processes. The
checkpoint recovery processes have been studied less extensively compared to DDC activation,
and are therefore not yet fully understood.
Chromatin remodeling is extremely important during checkpoint recovery. The acetylation of
histone H3 on K56 by histone acetyltransferase Rtt109 is the signal indicating the successful
completion of DNA repair and also likely marks the start of the checkpoint recovery cascade (Chen
et al., 2008). The dephosphorylation of histone H2A-S129P by the phosphatase Pph3, a subunit
13
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of protein phosphatase 4 complex (PPH4), is crucial for the checkpoint recovery process (Keogh
et al., 2006). Histone modifications are also involved in the control of Rad53 kinase activity. The
phosphorylation of the histone H4-T80P leads to the recruitment of the SIx4-Rtt107 complex—an
event that tips the balance towards the checkpoint recovery (Millan-Zambrano et al., 2018).
Together with H4-T80P, the phosphorylated histone H2A-S129P interacts with the SIx4-Rtt107
complex, which counteracts Rad9-assisted Rad53 autophosphorylation, leading to the attenuation
of the checkpoint (Cussiol et al., 2015; Ohouo et al., 2013). The chromatin remodeling complex,
INO8O, plays a role in the recovery from replication fork stalling, and the different mutants of the
INO80 complex display defective resumption of replication following replication stress (Shimada
et al., 2008). The loss of the DNA helicase Srs2 renders cells defective in the checkpoint recovery
(Vaze et al., 2002). This happens due to the defective removal of Rad51 filaments and the
chromatin persistence of Dpb11, which promotes checkpoint signals (Yeung and Durocher, 2011).
Rad53 dephosphorylation is a key event that is required for checkpoint recovery following DSB
repair, and for the resumption of replication during the recovery from replication stress (Clerici et
al., 2001). The checkpoint recovery processes involve the action of multiple phosphatases, as
DDC is a phosphorylation-mediated process. Rad53 is dephosphorylated by PP2C phosphatases,
Ptc2 and Ptc3 (Leroy et al., 2003; Marsolier et al., 2000). Upon replication stress recovery, Rad53
is dephosphorylated by the Pph3-Psy2 phosphatase complex, which allows replication forks to
restart (O’Neill et al., 2007). Curiously, phosphatases also play a role in DSB repair, as a deletion
of all three phosphatases (Ptc2, Pic3, Pph3) results in homologous recombination defect,
characterized by a lack of repair-mediated DNA synthesis (Kim et al., 2011). The exact targets of
these phosphatases and the order with which they dephosphorylate their targets during the

checkpoint recovery has not yet been elucidated, to my knowledge.
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1.3 Adaptation to the DNA damage checkpoint

When cellular genomic integrity is challenged with DNA damage, the cell elicits the DDC in order
to repair the lesion before cell division occurs. When the lesion is successfully repaired, the cell
terminates the DDC and resumes division. However, mitosis can occur also with unrepaired DNA
damage, which is known as checkpoint adaptation (CA). CA happens either when the cell has
mutations in the DNA repair genes and is repair-defective, or when the DNA damage is irreparable
due to its nature, for example the deprotected telomeres. In this section, | discuss the molecular

mechanisms of CA.

1.3.1 Checkpoint adaptation: not simply a checkpoint termination

The term “adaptation” describes a state when the initial stimulus becomes tolerable, or when the
population changes in order to match its new environment. An adaptation to the DDC happens
when the cell divides with unrepaired DNA damage because the checkpoint is overridden by
proliferation signals. An adaptation to the DDC reflects this definition: when the cell adapts to the
DNA damage-signaling stimuli, it tolerates them and continues the division. Although CA was
initially described in budding yeast that had an irreparable loss of a telomere on a non-essential
chromosome, the process is conserved in higher eukaryotes (Sandell and Zakian, 1993). The
adaptation to the replication checkpoint was described in the egg extract of Xenopus laevis (Yoo
et al., 2004). CA was also reported in human cell lines in response to treatment with X-rays and
cisplatin (Swift and Golsteyn, 2016; Syljuasen et al., 2006).

What is the difference between DDC termination and CA in terms of molecular mechanisms? DDC
termination and CA seem to utilize the same molecular machinery. Yet, during checkpoint
recovery, following the repair of DNA damage, an intricate cascade of phosphatases and
chromatin remodelers fully reverse the modifications that happened during DDC activation (see
section 1.2.5). During the adaptation process, the effector checkpoint kinases Chk1 and Rad53
are dephosphorylated, similarly to the checkpoint recovery scenario (Clémenson and Marsolier-
Kergoat, 2009; Pellicioli et al., 2001). Yet, in the adaptation-promoting conditions of Cdc5
overexpression, the upstream checkpoint machinery, namely the 9-1-1 complex and Ddc2-Mec1
complex, are properly localized (Vidanes et al., 2010). This indicates that the adaptation can be
triggered at the effector kinase level without affecting the apical players, which differs from the
checkpoint recovery. However, recent work from the Haber lab demonstrated that Mec1-S1964-P
autophosphorylation and Ddc2 degradation are the upstream events in CA (Memisoglu et al.,
2019). The discrepancy between those studies might indicate that Cdc5 overexpression can drive

adaptation without affecting the apical checkpoint kinases, while Mec1 autophosphorylation drives
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CA during natural adaptation timing. These results indicate that CA likely affects the full DDC
checkpoint cascade. Interestingly, the mutants in genes that are defective in CA are not defective
in checkpoint termination, for example the cdc5-ad mutant, mec1-ad mutant, sae2 mutant, or ckb2
mutant (Clerici et al., 2014; Colombo et al., 2019; Toczyski et al., 1997). Vice versa, however, the
checkpoint recovery mutants ptc2 and ptc3 are defective in CA (Leroy et al., 2003). Similarly, the
srs2 mutant is defective in both recovery and adaptation (Vaze et al., 2002). Yet, the precise

differences between the substrates in CA and termination cascades remain elusive.

1.3.2 Mechanisms of adaptation to the DNA damage checkpoint

In a screen for mutants that affect CA, Toczysky and colleagues have identified a polo-like kinase,
Cdc5, and Casein kinase Il (CKIl) as major regulators of adaptation to the DDC (Toczyski et al.,
1997). Later studies revealed that many DNA repair proteins are involved in the regulation of the
adaptation process, including RPA, Yku proteins, the Sae2 helicase, and many others (Colombo
etal., 2019; Lee et al., 1998). In the section below, | discuss the molecular mechanisms underlying
CA and the contribution of different pathways to this process (Figure 5). Although much is known

about how CA occurs, the precise molecular mechanisms remain unknown.
1.3.2.1 The role of Cdc5 in unperturbed mitosis and checkpoint adaptation

Toczysky and colleagues discovered the polo-like kinase, Cdc5, as a key CA regulator (Toczyski
et al., 1997). Cdc5Pk! kinase is a key regulator of the cell division cycle, and is conserved from
yeast to humans. Cdc5 is a Ser/Thr kinase, which has a kinase domain on its N-terminus, and two
polo box domains, which regulate the kinase localization and substrate specificity, on the C-
terminus (reviewed in (Botchkarev and Haber, 2018)). Below | will discuss the role of Cdc5 in

mitosis and CA.
1.3.2.1.1 The role of Cdc5 in mitosis

The Cdc5 kinase is expressed in the S and G2 phases of the cell cycle, and its kinase activity is
regulated by Cdc28 (Mortensen et al., 2005). Cdc5 participates in a variety of mitosis-related
processes, including the initiation of mitotic entry, the cleavage of cohesin, the maintenance of
mitotic nucleus morphology, mitotic exit, and cytokinesis (reviewed in (Botchkarev and Haber,
2018)). To initiate mitotic entry, Cdc5 targets the Mcm1-Fkh2-Ndd1 transcription factor complex,
which promotes the expression of a mitotic cyclin, Clb2 (Darieva et al., 2006). Additionally, Cdc5
targets the mitosis-inhibiting kinase, Swe1, for proteasome-mediated degradation (Asano et al.,
2005). Cdc5 promotes sister chromatid separation by facilitating the cleavage of the cohesin ring

subunit, Ssc1, by Esp1 separase (Alexandru et al., 2001; Hornig and Uhlmann, 2004). Cdc5 also
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plays an important role in mitotic exit by participating in two crucial signaling cascades: Cdc
Fourteen Early Anaphase Release (FEAR) and Mitotic Exit Network (MEN). Cdc5 has the
following involvement in the FEAR network: the kinase interacts with the Esp1 and SIk19 network
proteins and with Cdc14 phosphatase directly (Rahal and Amon, 2008). Furthermore, Cdc5
participates in the nucleolar release of Cdc14 by phosphorylating Net1, a protein that keeps the
phosphatase inactive (Shou et al., 2002). Cdc5 also participates in MEN, which is executed by the
Tem1 GTPase and its substrate kinase, Cdc15 (Asakawa et al., 2001). The Bfa1/Bub1 complex
interacts with Tem1, regulating Tem1 activation, as Bfa1 inhibits Tem1 in the absence of Bub2
(Geymonat et al., 2002). When Bfa1 is phosphorylated by Cdc5, the Bfa1/Bub1 complex becomes
inactivated, which allows further Tem1 activation and MEN execution (Hu et al., 2001). The activity
of Cdc5h plays a critical role in chromosome condensation during anaphase by phosphorylating
the condensin subunits Brn1, Ycg1, and Ycs4, thereby promoting condensin activation and DNA
supercoiling activity (St-Pierre et al., 2009). Cdc5 also participates in spindle elongation during the
progression of anaphase: the kinase targets the centrosome protein Sfi1 to prevent centrosome
duplication (Elserafy et al., 2014). More functions of Cdc5 in MEN and the FEAR network are
reviewed in detail in (Botchkarev and Haber, 2018). Finally, Cdc5 activity is important for
cytokinesis, as the kinase activity towards the Rho1 guanidine exchange factors Tus1 and Rom2

is important for the assembly of a contractile actin ring (Yoshida et al., 2006).
1.3.2.1.2 The role of Cdc5 in the adaptation to the DNA damage checkpoint

During an unperturbed cell cycle, Rad53 is phosphorylated by the Cdc28 and Cdc5 kinases in the
M phase at the C-terminal residues S774, S789 and S791. Mutations of these residues to alanine
accelerate CA, indicating their role in checkpoint signaling (Schleker et al., 2010). Upon the
induction of the DDC, Cdc5 activity is downregulated due to phosphorylation by Rad53, which
indicates the intricate interplay between Rad53 and Cdc5 (Zhang et al., 2009). The adaptation
happens following prolonged checkpoint arrest, when Cdc5 activity starts to rise again, actively
overriding the DDC. During the G2/M transition in an unperturbed cell cycle, the activity of TORC1
regulates the activity of Cdc5, due to the nucleocytoplasmic shuffle of Cdc5 (Nakashima et al.,
2008). During the prolonged checkpoint arrest, high TORC1 activity leads to a rise in Cdc5 activity,
promoting adaptation (Figure 5) (Klermund et al., 2014). The overexpression of Cdc5 induces
adaptation in a dose-dependent manner, indicating that the kinase plays a pivotal role in this
process (Vidanes et al., 2010). The overexpression of Cdc5 overrides Mec1-mediated checkpoint
signaling and drives Rad53 dephosphorylation (Figure 5) (Donnianni et al., 2010). During the
overexpression course, the adaptation was driven by Rad53 dephosphorylation, while the
localization of checkpoint sensors Ddc1 (thus, 9-1-1 complex) and Ddc2-Mec1 was not altered
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and the upstream checkpoint adaptor Rad9 remained phosphorylated. Interestingly, the Ptc2 and
Ptc3 phosphatases were not involved in Rad53 dephosphorylation, suggesting the involvement of
the PP4 phosphatase complex (Vidanes et al., 2010). The overproduction of Cdc5 leads to
impaired DSB resection and increased phosphorylation of Sae2, which directly interacts with Cdc5
(Donnianni et al., 2010). Cdc5 drives mitosis during DNA damage by the inhibition of the MEN
proteins Bfa1-Bub2 (Valerio-Santiago et al., 2013). Importantly, Cdc5 promotes adaptation in a
Bfa1-dependent and -independent manner, as it has other substrates. One of those substrates is
a RSC chromatin remodeling complex, which consists of 17 subunits. Cdc5 targets Rsc1 and
Rsc2; the deletions of RSC1 or RSC2 genes partially prevents adaptation during Cdc5
overexpression (Ratsima et al., 2016).

The mutants of Cdc5, which are CA defective, served as handy experimental tools to better
understand the mechanisms of Cdc5-driven adaptation. The cdc5-16 allele has a mutation in the
polo-box domain and is defective in localizing to the centrosomes/spindle pole bodies (SPB).
Using the cdc5-15 allele, it was demonstrated that the localization of Cdc5 to the SPB is crucial
for adaptation. The cdc5-16 mutant is adaptation-defective, due to the altered substrate specificity
of its polo-box domain, which also underlies the defective protein localization (Ratsima et al.,
2016).

An adaptation-defective mutant of Cdc5, cdc5-T238A, has its mutation in the T-loop of the protein.
The mutant has reduced kinase activity, defective localization to the SPB, and increased rates of
chromosome loss (Rawal et al., 2016).

An adaptation-defective cdc5-ad allele, which harbors a single amino acid substitution (L251W) in
the T-loop of the kinase domain, renders cells repair-defective with a penetrance of 89 percent
(Toczyski et al., 1997). This allele does not have reduced kinase activity and its adaptation defect
likely arises from an altered substrate specificity (Rawal et al., 2016). The overexpression of the
phosphatases Ptc2 and Ptc3 rescues the CA defect of the cdc5-ad allele due to the
dephosphorylation of Rad53 (Leroy et al., 2003). The overexpression of the nuclease Sae2 also
rescues the cdc5-ad allele, presumably due to the decreased retention of the MRX complex and
lower Tel1 and Mec1 activation (Clerici et al., 2006). However, the precise mechanism of how the

cdcb-ad allele prevents adaptation remains elusive.

1.3.2.2 The apical kinases Mec1 and Tel1 during adaptation

The checkpoint maintenance following DSB induction depends on the activity of the apical
checkpoint kinase Mec1, while Tel1 plays a relatively minor role (Pellicioli et al., 2001). The recent
work from the Haber lab demonstrated that the Mec1-S1964-P autophosphorylation and Ddc2

degradation are the upstream events in the adaptation and the checkpoint recovery cascades
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(Figure 5) (Memisoglu et al., 2019). Mec1-S1964A mutants fail to adapt, although the kinase
activity of Mec1 seems unaffected during the initial checkpoint response. These mutants have
increased recruitment of Ddc2 to the DSB, which likely correlates with persistent checkpoint
signaling. The Mec1-S1964A adaptation defect depends on the activity of Chk1 and Mad2 proteins
(Memisoglu et al., 2019). Another adaptation-deficient allele of Mec1, mec1-ad, has four mutations
(D310G, K697T, Y944F and E961K) at the protein N-terminus. The adaptation defect of the mec1-
ad allele stems from the increased recruitment and subsequent hyperactivation of Tel1 due to the
increased persistence of the MRX complex at the DSB. Moreover, the allele displays defects in
DNA ends resection, and many resection mutants are defective in CA (Clerici et al., 2014). The
nature of the adaptation defect of the mec7-ad allele demonstrates that although Tel1 has a
relatively minor role in the initial response to the DSB, the hyperactivation of Tel1 is sufficient to
invoke the adaptation defect. The hyperactive alleles of Tel1, particularly tel7-hy909, not only
compensate for the lack of Mec1 in response to DNA damage, but display a CA defect in response
to a single irreparable DSB (Baldo et al., 2008). These results indicate that the adaption is likely
initiated by the phosphorylation of Mec1-S1964, and that the hyperactivation of the apical kinases
can prevent adaptation to the DDC.

1.3.2.3 The role of CKIl in checkpoint adaptation

Toczysky and colleagues identified that the mutants in genes that encode for the regulatory Casein
kinase Il (CKIl) subunits, CKB1 and CKB2, are defective in CA (Toczyski et al., 1997). CKIl is an
essential pleiotropic kinase that is conserved from yeast to humans. The kinase is involved in the
regulation of a variety of cell growth aspects, including cell cycle regulation, cytoskeleton
organization, protein folding, and many other functions (reviewed in (D’Amore et al., 2019; Meggio
and Pinna, 2003; Miyata, 2009)). CKIll phosphorylates multiple substrates that are involved in DNA
replication and the cell cycle, including Top1, Cdc28, and the START protein, Cdc27 (Meggio and
Pinna, 2003). Guillemain and colleagues have partially uncovered the role of CKIl in adaptation
(Guillemain et al.,, 2007). To attenuate the DDC, hyperphosphorylated Rad53 needs to be
dephosphorylated by the phosphatase Ptc2. CKIl mediates the Rad53-Ptc2 interaction, and the
mutant allele of Ptc2 (PTC2-T376A), which abolishes the interaction, renders the cell defective in
checkpoint recovery and adaptation (Figure 5). Yet, the adaptation defect of PTC2-T376A was
less penetrant compared to the ckb1 or ckb2 deletion mutants, suggesting that CKIl has additional

functions in the adaptation process (Guillemain et al., 2007).
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1.3.2.4 Other regulators of checkpoint adaptation

The adaptation process is influenced by the processing of the DSB, the chromatin state,
autophagy induction, and other factors (Figure 5). The extent of DSB-end resection has a direct
influence on adaptation kinetics (Clerici et al., 2006, 2014; Lee et al.,, 1998). An increased
resection of DNA ends in hdf1/yku70 mutants causes defective CA, which is suppressed by the
deletion of MRE11 or the mutation in the largest RPA subunit, rfa7-t11 (Lee et al., 1998). While
the mre11 mutant has decreased resection, the rfa7-t11 mutant is defective in the HDR pathway
and in DDC activation. The latter likely explains the rescue of CA in yku70 rfa1-t11 double mutants
(Kim and Brill, 2001). Interestingly, the sae2, dna2, sgs1 and exo1 sgs1 mutants that are defective
in DSB-end resection also display strong CA defects (Clerici et al., 2006, 2014; Eapen et al.,
2012). The sae2 mutant has increased retention of the MRX complex at DSBs, which triggers the
hyperactivation of Tel1 (Clerici et al., 2006).

The Fun30 ATPase is a chromatin remodeler that facilitates the transfer of H2A-H2B histone
dimers and promotes DNA end resection by both Exo1- and Sgs1 (Awad et al., 2010; Costelloe
et al., 2012). The mutants lacking Fun30 display decreased resection of DNA ends, and has
adaptation defect that could be rescued by the Exo1 overexpression, or the deletion of MRE11
(Eapen et al., 2012). Ino80 and Swr1 are ATP-dependent chromatin remodeling enzymes, which
were also implicated in the adaptation process (Papamichos-Chronakis et al., 2006). The deletion
of the INO80 gene leads to a CA defect due to the decreased levels of H2A-S129P around the
DSB and increased incorporation of the Htz1p variant adjacent to a DSB (Papamichos-Chronakis
et al., 2006). Mec1 cannot phosphorylate the Htz1 histone in response to DNA damage (Jackson,
2000). Yet, how this histone imbalance generates the adaptation defect is unclear.

Another chromatin remodeling protein, Rdh54 (a helicase, formerly Tid1), is required for CA (Lee
et al., 2001). Rdh54 is a homolog of Rad54, and plays a role in Rad51-mediated strand exchange
during homology-directed DSB repair as well as in meiotic recombination, as it dislocates Rad51
filaments from dsDNA (Petukhova et al., 2000; Shinohara et al., 2000). The loss of the RDH54
gene does not alter DSB resection, and does not result in defective homology-directed repair. The
adaptation defect of the RDH54 deletion could be suppressed by the mutation in the largest RPA
subunit, rfa1-t11 (Lee et al., 2001). Following DNA damage, Rdh54 is phosphorylated by Mec1
and Rad53 and plays a role in attenuation of the checkpoint response in an unknown way (Ferrari
et al., 2013).

The histone deacetylase complex, Sin3-Rpd3, is involved in the adaptation predominantly via the
regulation of Rad53. The deacetylation of Rad53 at K22 and K213 by the Sin3-Rpd3 complex

results in the reduced kinase activity of Rad53, which promotes adaptation. The inhibition of
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histone deacetylase (HDAC) activity with valproic acid delays the adaptation due to Sin3-Rpd3
complex inhibition, but does not fully abolish it (Tao et al., 2013).

DNA damage signaling triggers autophagy, which was shown to potentially regulate the
abundance of DNA repair proteins. For example, in cells experiencing DNA damage, the Sae2
protein is degraded by autophagy upon the HDAC inhibition (Robert et al., 2011). The deletions
in the Golgi-associated retrograde protein (GARP) complex (VPS51, VPS53, and YPT6), which
lead to increased autophagy, cause a CA defect (Dotiwala et al., 2013). The adaptation defect is
triggered by the mislocalization of the separase Esp1 and its inhibitor securin Pds1 to the
cytoplasm and the partial degradation of Pds1 (Eapen and Haber, 2013). In wild-type cells,
hyperactivation of autophagy by overexpression of the dominant mutation of Atg13, Atg13-S8A,
leads to an adaptation defect, although Rad53 becomes dephosphorylated during the prolonged
checkpoint arrest (Dotiwala et al., 2013). Importantly, the inhibition of TORC1 activity with
rapamycin prevents CA, although the autophagy induction is dispensable (Klermund et al., 2014).

These results indicate that although autophagy can prevent adaptation, its induction is not required
for the adaptation-induced cell cycle arrest.
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Figure 5. Mechanisms contributing to checkpoint adaptation. Adaptation to the DDC likely
affects the whole signaling cascade and is marked with the dephosphorylation of key effector
kinases, Rad53 and Chk1, by Ptc2, Ptc3, or PP4 phosphatases. The autophosphorylation of Mec1
at S1994 is likely an initial step in CA. The nutrient-sensing TORC1 complex promotes CA via
Cdc5 kinase, which drives Rad53 dephosphorylation. The dephosphorylation of Rad53 is a key
step in adaptation. The Ptc2-mediated dephosphorylation of Rad53 is mediated by CKIl. The
deacetylation of Rad53 by the Sin3-Rpd4 complex also reduces the activity of the kinase. On the
chromatin level, adaptation is regulated by the DNA-end resection rates by Sae2, the MRX
complex, Dna2, and Sgs1. Both increased and decreased resection results in defective
adaptation. The chromatin remodeling enzymes Rdh54, Fun30, INO80, and Srs2 also regulate
adaptation by regulating the resection rates and histone modifications proximal to the DSB. Finally,
the induction of autophagy prevents adaptation, and mutants in the GARP complex have strong
adaptation defects. p, phosphorylation.
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1.4 TOR as a central growth regulator

Cellular growth and division is tightly coupled to environmental conditions, such as the availability
of nutrients or the presence of environmental stresses. The abundance of nutrients is sensed by
the target of rapamycin complex 1 (TORC1). The two TOR kinases, TOR1 and TOR2, form two
distinct multiprotein complexes that regulate cell growth. The TOR kinases are highly evolutionarily
conserved proteins that belong to the PI kinase-related protein kinase (PIKK) family (reviewed in
(Wullschleger et al., 2006)). In this section, | will review the structures of TORC1 and TORC2
complexes, their upstream activators, and downstream effectors. Additionally, | review how TOR
signaling is influencing DNA repair and the cell cycle progression.

1.4.1 Structure and functions of TORC1 and TORC2 in budding yeast

The genome of budding yeast encodes for two highly conserved TOR kinases, TOR1 and TOR2.
Both TOR1 and TOR2 are members of the PIKK family of Ser/Thr-specific kinases (Keith and
Schreiber, 1995). All the TOR proteins have a similar domain structure (listed from N to C
terminus): the two blocks of so-called HEAT repeats, the FAT domain that contains modified HEAT
repeats, the FRB domain that binds to the FKBP12 protein, the kinase domain, and the C-terminal
FATC domain that is indispensable for the kinase activity (reviewed in (Loewith and Hall, 2011)).
The TOR kinases form two distinct multiprotein complexes: the TORC1 can contain either TOR1
or TOR2, while TORC2 always contains the TOR2 kinase (Loewith et al., 2002). TORC1, which
is sensitive to rapamycin inhibition, is composed of either TOR1 or TOR2, Kog1, Tco89, and Lst8
proteins (Figure 6a). TORC2, which is rapamycin insensitive, is composed of TOR2, Avo1, Avo2,
Avo3, Bit61, and Lst8 proteins (Figure 6b) (reviewed in (Wullschleger et al., 2006)).

Both of these complexes control cell growth via distinct signaling branches. Interestingly, the loss
of TOR1 can be tolerated, while TOR2 is essential in budding yeast (Kunz et al., 1993). The
TORC1 and TORC2 signaling branches majorly overlap and execute the control of ribosome
biogenesis, mRNA synthesis, protein biosynthesis rates, autophagy, and nutrient transport
(reviewed in (Schmelzle and Hall, 2000)). The TORC2 unique signaling branch regulates
cytoskeleton organization, sphingolipid biosynthesis, and endocytosis (reviewed in (Loewith and
Hall, 2011)). TORC1 is localized on the limiting membrane of the vacuole, while TORC2 is
localized to the plasma membrane (Berchtold and Walther, 2009; Sturgill et al., 2008).
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Figure 6. The structures of TORC1 and TORC2 and their major signaling functions. (a)
TORC1 is composed of either TOR1 or TOR2, Kog1, Tco89 and Lst8 proteins. The complex is
likely dimeric. The complex activity is promoted by high nutrients and downregulated by stressors
or rapamycin. TORC1 signaling controls ribosome biogenesis, proteins translation rates, nutrient
transport, and stress-induced cellular responses, including autophagy. (b) TORC2 is composed
of TOR2, Avo1, Avo2, Avo3, Bit61, and Lst8 proteins, and is likely dimeric. The complex is
rapamycin-insensitive. TORC2 majorly regulates cytoskeleton organization. Figure taken from
(Wullschleger et al., 2006).

1.4.1.1 The mode of TORC1 inhibition with rapamycin

TOR signaling was uncovered due to the discovery of the anti-fungal lipophilic macrolide
rapamycin, isolated from Streptomyces hygroscopicus in 1965 (reviewed in (Loewith and Hall,
2011)). Studies of antimicrobial activity of rapamycin, as well as studies using mammalian cells,
demonstrated strong antiproliferative activity of the drug, suggesting that the drug targets the
controller of cell growth. Rapamycin binds to the protein FKBP12 in the cell, which triggers the
change in the behavior of the complex: it binds to the FRB domain of TOR1 and TOR2, and inhibits
the catalytic activity of the kinases (Heitman et al., 1991). Deletions or mutations in the FKBP12-
encoding gene and the point mutations in the TOR kinases (namely, S1972R or S1972N in TOR1
and S19751 in TOR2) render cells completely rapamycin-insensitive (Heitman et al., 1991;
Helliwell et al., 1994). TOR1 and TOR2 form two distinct protein complexes, and only TORC1 is
sensitive to rapamycin treatment. TORC2 is insensitive to rapamycin because one of its subunits,
Avo3, masks the active site of TOR2, despite FKBP12 still binding to the complex (Gaubitz et al.,
2015). Because | used rapamycin to inhibit TORC1 in this study, | will further focus on the overview

of this complex.

1.4.2 Factors influencing the activity of TORC1

The activity of TORC1 is promoted by nutrient availability: different upstream factors activate

TORCH1 in response to free amino acids, nitrogen, and glucose. TORC1 signaling allows for the
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integration of information about the abundance and quality of nutrients (reviewed in (Loewith and
Hall, 2011)). TORC1 activity is downregulated by a variety of stresses like high salt or heat, via
the factors upstream of TORC1 (Reinke et al., 2006; Wanke et al., 2008).

The availability of amino acids regulate the activity of TORC1 via the RAG family of small GTPases
(reviewed in (Hatakeyama and De Virgilio, 2016)). There are two RAG small GTPases in budding
yeast: Gtr1 and Gtr2. They are tethered to the vacuolar membrane by the EGO complex, which
consists of Ego1, Ego2, and Ego3 (Zhang et al.,, 2012). The RAG small GTPases form a
heterodimer, in which Gtr1 binds GTP and Gtr2 binds GDP. The RAG small GTPases bind the
EGO complex and together activate TORC1 in response to amino acid abundance (Binda et al.,
2009). In budding yeast, TORC1 activity is differentially regulated in response to different amino
acids, and diverse sensing mechanisms are employed for sensing individual amino acids
(reviewed in (Gonzalez and Hall, 2017)).

Although glucose availability is primarily sensed by the AMP-activated protein kinase (AMPK),
there is a cross talk between the two metabolic regulators ((Hardie, 2014), reviewed in (Gonzalez
and Hall, 2017)). In budding yeast, AMPK activity negatively regulates TORC1 activity in glucose-
deprived cells. This is achieved via the activity of Snf1 kinase, which phosphorylates the Kog1
component of TORC1, leading to the disassembly of the complex (Hughes Hallett et al., 2015).
Curiously, in response to glucose starvation, TORC1 is rapidly redistributed in the vacuole, forming

oligomers that are important for the inactivation of TORC1 (Prouteau et al., 2017).
1.4.3 Downstream effectors of TORC1

In response to environmental cues, TORC1 signals through its multiple effector kinases to regulate
ribosome biosynthesis rates, protein translation, macroautophagy, cell cycle progression, nutrient
uptake, and cell wall integrity. The two major downstream effectors of TORC1 are Sch9 kinase
and Tap42-PP2A phosphatase (reviewed in (Loewith and Hall, 2011)). Other substrates of TORC1
are the autophagy protein Atg13 (Kamada et al., 2010), the ion transporter Sfp1 (Lempiainen et
al., 2009), and many others (reviewed in (Loewith and Hall, 2011)).

The Sch9 kinase belongs to the AGC kinase family, and is directly phosphorylated by TORC1 at
six different sites (Urban et al., 2007). This allows for the regulation of Ribi genes and therefore
ribosome biogenesis, the GO entry via Rim15 kinase, and protein translation rates (Urban et al.,
2007). The regulation of ribosome biogenesis is achieved via Sch9-dependent inhibitory
phosphorylation of Stb3, Dot6 and Tod6 transcriptional repressors, thereby promoting ribosome
biogenesis and cell growth (Huber et al., 2011). The kinase Sch9 is also important for nitrogen
metabolism, as it targets the ammonium permease MEP2, the amino acid permease GAP1, and

the transcription factor Gen4 that regulates biosynthesis of amino acids (Smets et al., 2008). Sch9
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also plays an important role in TORC1-regulated autophagy: upon starvation, the inactivation of
Sch9 induces autophagy by allowing the translocation of the transcription factors Msn2 and Msn4
to the nucleus in an Atg1-dependent manner (Beck and Hall, 1999; Yorimitsu et al., 2007). Finally,
Sch9 regulates cell size, possibly via ribosome biogenesis regulation (Jorgensen et al., 2002).
Together, TORC1 targets Sch9 to regulate nitrogen metabolism and amino acid biosynthesis,
together with ribosome biogenesis and autophagy.

The phosphatases Tap42 and PP2A (the Pph21, Pph22, and Pph3 phosphatases are referred to
as PP2Ac) are the other effector branches of TORC1 signaling. TORC1 regulates the interaction
of PP2A phosphatases with the regulatory protein Tap42 (Di Como and Arndt, 1996). TORC1
regulates Tap42 phosphorylation presumably directly, as well as via the protein Tip41 ((Jacinto et
al., 2001; Jiang and Broach, 1999), reviewed in (Loewith and Hall, 2011)). The Tap42-PP2A
signaling axis regulates autophagy induction (Yorimitsu et al., 2009). Tap42-PP2A effectors also
regulate the expression of genes that control the nitrogen discrimination pathway via the
transcription factor, GIn3, under nitrogen limitation (Li et al., 2017). Additionally, Tap42 controls
the expression of nitrogen catabolite repression (NCR)-sensitive genes, which allow growth on
poor nitrogen sources, via transcription factor GIn3, Gat1, and Dal81 ((Beck and Hall, 1999; Georis
et al., 2009), reviewed in (Loewith and Hall, 2011)). Yet another role of the Tap42-PP2A signaling
branch is the control of gene expression by regulating histone acetylation. TORC1 signaling
suppresses the sirtuin deacetylases Hst3 and Hst4, thereby promoting the acetylation of histone
H3 and H4 N-terminal tails (Workman et al., 2016). The involvement of the Tap42-PP2A signaling

branch in cell cycle control and DDR is discussed in the section below.
1.4.4 The role of TOR complex in cell cycle progression and DDC

Cell cycle progression is directly coupled to cell mass accumulation, and the central growth-
promoting complex, TORC1, plays a direct role in these processes. Both Sch9 and Tap42-PP2A
signaling branches are involved in cell growth and cell cycle regulation. Sch9 signaling majorly
regulates the cell’s entry into GO, as well as G1 progression in response to nutrient availability
(Barbet et al., 1996). The inhibition of TORC1 with rapamycin leads to accumulation of the Cdc28
inhibitor, Sic1, thereby promoting G1 arrest (Zinzalla et al., 2007). Additionally, PP2A counteracts
phosphorylation of the kinase, Whi5, by Cdc28, preventing the passage of the cell through START
((Talarek et al., 2017), reviewed in (Pérez-Hidalgo and Moreno, 2017)).

The Tap42-PP2A signaling branch regulates the G2/M cell cycle progression and is involved in
the modulation of DDC (Ferrari et al., 2017; Nakashima et al., 2008). Although the inactivation of
TORC1 with rapamycin leads to cell cycle arrest in G1, the addition of rapamycin to already cycling
cells leads to a prolonged G2/M phase, indicating that TORC1 regulates cell division. Tap42-PP2A
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regulates the nuclear re-localization of the polo-like kinase Cdc5, thereby promoting an entry into
mitosis (Nakashima et al., 2008). Moreover, the inhibition of TORC1 leads to the inactivation of
Cdc28 (CDK), because in the absence of nuclear Cdc5, the cell cycle inhibitor Swe1 is stabilized
(reviewed in (Loewith and Hall, 2011)).

Besides positively regulating mitosis, TORC1 signaling plays an important role in the DNA damage
response (Ferrari et al., 2017). The activation of PP2A attenuates Mec1-mediated DNA damage
signaling, thereby attenuating the DDC (Ferrari et al., 2017). Moreover, the high activity of TORC1
promotes CA, while the inactivation of TORC1 with rapamycin rescues the checkpoint arrest by
keeping Cdc5 inactive and by inducing autophagy (Klermund et al., 2014). In human cells, the
hyperactivation of mTORC1 results in phosphorylation of the histone-targeting RNF168 ubiquitin
ligase, and therefore impairment in DNA repair and entry into mitosis with unrepaired DNA (Xie et
al., 2018). Itis important to note that TORC1 activity is also downregulated by DNA damage, which
is accompanied by the induction of autophagy (Eapen et al., 2017; Ueda et al., 2019). Yet, the
precise mechanisms of how TORC1 signaling is integrated into mitotic exit and DDC remain to be

determined.

27



Introduction

1.5 Pathways to repair double strand DNA lesions

DNA double strand breaks (DSBs) are one of the most toxic DNA lesions and represent an
extreme threat to genome stability and cellular survival. The failure to properly repair a DSB leads
to mutations, genomic rearrangements, and loss of genetic material, ultimately resulting in cell
death or oncogenic transformation (Gobbini et al., 2016). Strikingly, even a single unrepaired DSB
is lethal in haploid budding yeast (Rudin and Haber, 1988). Therefore, cells have evolved multiple
intricate mechanisms to recognize and repair their DSBs, and coordinate the repair process with
cell cycle progression. The mechanisms of DDC are discussed in section 1.2. Here, | discuss the
molecular pathways involved in DSB repair in yeast, such as homology-directed repair pathways,
non-homologous end joining, microhomology-mediated end joining, and others. | also review the

role of the Mre11-Rad50-Xrs2 complex in different pathways of DSB repair in detail.

1.5.1 Homology-directed repair pathways

1.5.1.1 Homologous recombination

Homologous recombination (HR) is a major DSB repair mechanism that utilizes homologous
sequences as a repair template. In budding yeast, the vast majority of DSBs are repaired via HR
mechanism, and it remains one of the most prevalent DSB repair mechanisms in mammalian cells.
HR is a conserved process from yeast to humans, and is generally considered to be an error-free
DSB repair pathway, with some particular exceptions. Due to the requirement for the homologous
template, HR is restricted to the S and G2/M phases of the cell cycle (reviewed in (Symington et
al., 2014)). HR is divided into the following critical phases: (I) the resection phase, in which DSBs
are resected in the 5" to 3" direction, exposing 3'-ended single stranded DNA (ssDNA) molecules;
(I the ssDNA annealing phase, in which the search for the homologous template is carried out;
(111) DNA strand exchange and D-loop formation; (IV) DNA synthesis using homologous sequence
as a template; (V) ligation of the newly synthesized strand and Holliday junction resolution (Figure
7) (reviewed in (Prado, 2018)).

The resection phase (I) includes the degradation of the 5 DNA strands on both ends of the DSB,
which is initiated by the Mre11-Rad50-Xrs2 (MRX) complex together with the Sae2Ct protein, and
continued by the nucleases Exo1 and Dna2 together with the helicase Sgs1 (Cejka et al., 2010a;
Gobbini et al., 2016; Mimitou and Symington, 2008). The ssDNA ends generated during the
resection process are coated by RPA (Chen et al., 2013). The RPA complex is important for the
prevention of secondary structures on the long 3" DNA molecules, as well as for DDC activation
(Brush et al., 1996; Chen et al., 2013). The second (Il) phase of HR is the ssDNA annealing phase,
which functions to carry out a search for the homologous template. On the ssDNA filament, RPA
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is replaced with the ATP-dependent recombinase Rad51, which forms helical filaments that coat
ssDNA (Morrical, 2015). This reaction is catalyzed by a key recombinase, Rad52, which interacts
directly with RPA and Rad51, and thereby targets Rad51 to the RPA-coated ssDNA (New et al.,
1998). Only polymerized Rad51 has efficient strand exchange activity. Rad51 filament assembly
is mediated by the Rad55-Rad57 complex (Sugawara et al., 2003; Sung, 1997). The protein Srs2
promotes Rad51 filament disassembly and thereby prevents illegitimate recombination (Liu et al.,
2011). In the third (lll) phase of HR, the ssDNA coated with Rad51 filaments, the recombinase
Rad52, and the DNA ftranslocase Rad54 promote efficient strand exchange and invasion into
homologous duplex DNA. Rad54 (as well as its paralog Rdh54) translocase exhibits dsDNA
ATPase activity, and translocates on dsDNA, allowing for duplex opening and strand invasion
(Van Komen et al., 2000; Symington et al., 2014). Next, in the fourth (IV) phase, DNA synthesis
that extends the 3" DNA end within the D-loop is carried out. The bulk of DNA synthesis within the
D-loop is carried out by the DNA Pol d, with the assistance of the DNA Pol € (Hicks et al., 2010;
Maloisel et al., 2008). In the fifth (V) and final phase of HR, the resolution of D-loop intermediates
takes place. The displacement of the Rad51-coated invading strand is carried out by the helicase,
Mph1 (Mazén and Symington, 2013). HR leads to the formation of Holliday junction intermediates,
which must be resolved in order for the sister chromatids to segregate. These junctions are
resolved in two ways: in a dissolution process by the activity of the Sgs1-Top3—Rmi1 complex
(Cejka et al., 2010b) or in a resolution process by the activity of structure-specific nuclease
complexes Mus81-Mms4, Yen1, and SIx1-SIx4 (Boddy et al., 2001; Fricke and Brill, 2003; Ip et
al., 2008). Following the duplex resolution, when the sister chromatids were not exchanged, the
HR results in non-crossover, whereas when they are exchanged, it results in crossover events.
These HR events are error-free. If the HR event utilized misaligned templates (e.g. within the
repetitive sequences), it results in unequal sister chromosome exchange, which is potentially
mutagenic (Symington et al., 2014).

1.5.1.2 Break-induced replication

Break-induced replication (BIR) is a pathway to repair DSBs in a recombination-dependent
replication process. Upon BIR, the 3" ssDNA filament invades the homologous sequence in a
Rad52-dependent manner and initiates DNA synthesis up to the end of the chromosome
(reviewed in (Malkova, 2018) and (Symington et al., 2014)). BIR is utilized by a cell when the DSB
is one-sided, the other side of the DSB fails to find homologous sequences, or when the two ends
invade two different templates (reviewed in (Anand et al., 2013)). The first two steps of BIR, which
are the resection of the DSB and the Rad52-assisted formation of Rad51-filaments that coat

ssDNA, are similar to the HR pathway (Figure 7). BIR does not strictly require Rad51 because it
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can utilize Rad59, but it strictly requires the recombinase Rad52 (Signon et al., 2001). The DNA
synthesis step of BIR is drastically different from the HR pathway. Three different DNA
polymerases (DNA Pol ¢, DNA Pol a, and DNA Pol d) participate in BIR, and the Pol32 subunit of
DNA Pol & is essential for the process (Lydeard et al., 2007). The unusual feature of BIR is that it
progresses through the D-loop migration, which leaves the leading strand (that has invaded the
homologous sequence) exposed as ssDNA (Wilson et al., 2013). Upon BIR, the lagging strand is
synthesized utilizing the leading strand as a template (Donnianni and Symington, 2013). BIR can
go through several rounds of strand invasion, DNA synthesis, and reaction resolution, therefore
utilizing several different templates, which is extremely mutagenic (Smith et al., 2007; Stafa et al.,
2014). Cells frequently utilize the BIR mechanism of DSBs repair upon replication stress to restart
their replication forks ((Mayle et al., 2015), reviewed in (Malkova, 2018)), upon telomere erosion
from alternative lengthening of telomeres (Min et al., 2017; Sobinoff and Pickett, 2020), and upon

the breakage of common fragile sites ((Rosen et al., 2013), reviewed in (Malkova, 2018)).

1.5.1.3 Single strand annealing

Single strand annealing (SSA) is a DSB repair pathway that utilizes homologous sequences that
are proximal to the DSB ends, and leads to the deletion of the sequences in between the annealed
homologies (Bhargava et al., 2016). Following extensive DNA end resection, Rad52 promotes the
annealing of homologous sequences that flank the DSB. To complete SSA repair, the 3" ends of
the resected DNA are degraded by the Rad1-Rad10 nuclease complex (lvanov et al., 1996). The
SSA pathway is independent of Rad51, Rad54, Rad55, and Rad57, but depends on Rad52,
Rad59, Msh2, and the Msh3 mismatch repair proteins (Ilvanov et al., 1996; Sugawara et al., 2000).
The pathway is highly conserved from yeast to mammals. The repair of the DSB with SSA is
mutagenic, because it leads to large deletions. This pathway of DNA repair is utilized (in parallel
with the microhomology-mediated end joining pathway) by cells when the DSB is resected in the
S phase, but the sister chromatid is not available yet (reviewed in (Bhargava et al., 2016)). Another
scenario in which the cell utilizes the SSA pathway is in the case of a hyperresected DSB, because
long stretches of ssDNA expose homologies ((Vaze et al., 2002), reviewed in (Bhargava et al.,
2016)).

1.5.1.4 Synthesis-dependent strand annealing

The synthesis-dependent strand annealing (SDSA) pathway involves the invasion of 3" ends of
the DSB into the homologous duplexes (reviewed in (Symington et al., 2014)). During SDSA, the
invading 3" DNA end does not form a Holliday junction. The newly synthesized strand is annealed

to the other DSB site. This type of HDR repair strictly produces non-crossover products (Figure
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7). During SDSA repair, DNA synthesis is limited and the invading 3" DNA end is frequently
displaced by helicases, primarily Srs2 (Liu et al., 2017a).
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Figure 7. Models for classical DSB repair by homologous recombination, break-induced
replication, and synthesis-dependent strand annealing. All the HDR pathways share the initial
DNA end resection step and the 3" DNA end invasion step. BIR progresses through the D-loop
migration, which leaves the leading strand exposed as ssDNA, while the lagging strand is
synthesized utilizing the leading strand as a template. During classic DSBR repair, the
homologous sequence is utilized as a template for DNA synthesis. Following the branch migration,
the D-loop could be resolved via either dissolution or Holliday junction resolution processes. The
latter could produce gene crossovers. SDSA repair involves the invasion of the 3" DNA end into a
homologous sequence. The newly synthesized strand is annealed to the other site of the DSB,
resulting in a non-crossover product. Figure taken from (Symington et al., 2014).

1.5.2 Non-homologous end joining

Non-homologous end joining (NHEJ) is a second key DNA repair pathway that is evolutionarily
conserved from yeast to humans (reviewed in (Emerson and Bertuch, 2016)). NHEJ is a
preferentially used DSB pathway in mammals, while haploid yeast utilize it in the G1 phase of the
cell cycle. During NHEJ repair, the DNA ends are directly ligated and no homologies among them
are required. The mechanism of NHEJ could be subdivided into three following steps: (I) DSB
recognition and DNA end tethering by the MRX complex; (ll) strand annealing and DNA end

processing; (llI) DNA end ligation (Figure 8) (Emerson and Bertuch, 2016). In the first (I) step,
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when the DSB occurs, both DNA ends are rapidly bound by the ring-like structured Yku70-Yku80
complex and the MRX complex (Clerici et al., 2008); the latter provides a critical DNA end tethering
function (Gobbini et al., 2016). The DNA end tethering allows the DSB ends to be spatially
connected and further re-annealed. In the second (II) step of NHEJ repair, DNA ends are annealed
and processed by the repair complex that is formed by scaffold Yku proteins, DNA ligase IV (Dnl4),
Lif1, Nej1, and the MRX complex (Chen and Tomkinson, 2011; Gobbini et al., 2016; Zhang et al.,
2007). After stabilization, the DNA ends are processed (either nucleolitically or by polymerases)
for compatibility by the 5" nuclease Rad27 or other DNA end processing factors like Exo1, Pol2,
Pol3, and Tdp1 (reviewed in (Emerson and Bertuch, 2016)). In the final step (lll), the processed
DNA ends are ligated by Dnl4 ligase (Wilson et al., 1997).

] DNA ends
- processing

Figure 8. Mechanism of non-homologous end joining. Following DSB formation, the Yku
proteins and the MRX complex instantly recognize the DNA ends. Later, the NHEJ factors Nej1,
Lif1, and Dnl4 are recruited to the DSB. DNA ends are processed for the ligation step. Finally, the
ligase Dnl4 seals the DSB, and the repair complex disassembles. This figure is modified from
(Emerson and Bertuch, 2016).

In budding yeast, the NHEJ repair pathway is promoted in the G1 phase of the cell cycle, when
resection is absent. The repair of the DSB via HDR is restricted to the S and G2 phases of the cell
cycle, when the resection of the DSB is permitted (Symington and Gautier, 2011). In mammals,

however, NHEJ is active throughout the cell cycle and accounts for the vast majority of the DSB
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repair events (Pannunzio et al., 2018). Curiously, NHEJ is regulated by cellular ploidy in budding
yeast. In diploid yeast, the a1-a2 repressor actively represses the transcription of Nej1 (Frank-
Vaillant and Marcand, 2001; Kegel et al., 2001); therefore, the NHEJ pathway is actively
suppressed in diploid budding yeast.

1.5.3 Microhomology-mediated end joining

Microhomology-mediated end joining (MMEJ), known as alternative non-homologous end joining
(alt-NHEJ) in mammals, is a faulty, error-prone DNA repair pathway that operates in cells in a Ku-
and Rad52-independent manner (Ma et al., 2003; Meyer et al., 2015; Sinha et al., 2016). The
pathway utilizes the microhomologies (which are usually proximal to the DSB site) for end joining,
resulting in deletions of the sequences in between the annealed microhomologies. DSB repair by
the MMEJ pathway involves the following steps: (I) DSB recognition and 5" to 3° DNA end
resection; (II) microhomology annealing ; (lll) heterologous flap removal; (IV) gap filling by
polymerases; and (V) DNA end ligation (Figure 9) (reviewed in (Sfeir and Symington, 2015)). In
the first step of MMEJ repair (1), the DNA ends are bound by the MRX complex, which provides
DNA end tethering and initial resection steps. The resection is further carried out by Dna2-Sgs1
and Exo1, similar to the HR pathway, and is important for exposing microhomologies (Ma et al.,
2003; Xie et al., 2009). The next step (Il) involves the annealing of exposed microhomologies,
which is a Rad52-independent step for short microhomologies stretches. The minimal reported
microhomologies utilized by the pathway is two base pairs (bp), and the optimal annealing sites
are roughly 8-20 bp and contain no more than twenty percent mismatches (Lee et al., 2019). Next
(1), the heterologous flap is removed by the action of the endonuclease Rad1-Rad10 (XPF-
ERCC1 in mammals), which allows the polymerases to fill in the gap and permit DNA end re-
ligation (Bennardo et al., 2008; Deng et al., 2014; Ma et al., 2003). In the fourth step (IV), DNA
polymerases DNA Pol 8, DNA Pol &, and DNA Pol A perform a fill-in DNA synthesis (Black et al.,
2019; Meyer et al., 2015). During this step in mammalian cells, DNA Pol 8 can add a few extra
nucleotides, resulting in insertions. Finally (V), the DNA ends are ligated. Although there is a slight
decrease in the ligation efficiency upon DNL4 deletion (Lee and Sang, 2007; Meyer et al., 2015),
the ligation step is thought to be carried out by Cdc9-9' in yeast, and Lig1 and Lig3 in mammals
(Ma et al., 2003; Simsek et al., 2011; Wang et al., 2005).
MMEJ is a highly mutagenic pathway that is evolutionarily conserved from yeast to humans, and
is frequently viewed as a back-up pathway that operates when the major HR or NHEJ repair
pathways fail. MMEJ is actively suppressed by the recombinase Rad52 (Lee and Sang, 2007;
Meyer et al., 2015; Sfeir and Symington, 2015). However, recent data have demonstrated that
MMEJ is an active repair pathway that operates in parallel with the other pathways, particularly at
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collapsed replication forks (Alexander et al., 2016; Truong et al., 2013; Wang et al., 2019). The
MMEJ pathway depends on resection initiation, and is therefore executed in the S and G2/M
phases of the cell cycle (Sfeir and Symington, 2015). This pathway is extremely mutagenic and
leads to deletions, insertions, and translocations, thereby potentially inducing tumorigenesis (Seol
et al.,, 2018; Sfeir and Symington, 2015). Besides potentially driving malignancy-inducing
mutagenesis, the MMEJ pathway is frequently utilized by BRCA2-deficient cancers (Ceccaldi et
al., 2015) and chronic myeloid leukaemia cells, which potentially drives genomic instability

(Sallmyr et al., 2008).
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Figure 9. Mechanism of microhomology-mediated end joining. Following the DSB formation,
the DNA ends are resected by the MRX complex and other nucleases, Exo1 and Dna2. The
resection exposes microhomologies, which are annealed in a Rad52-independent manner. The
heterologous flaps are removed by the Rad1-Rad10 nuclease complex. The ssDNA is filled-in
majorly by Pold-mediated DNA synthesis. The DNA strands are ligated presumably by Cdc9
(Ligase 1). The figure is modified from (Sfeir and Symington, 2015).
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1.5.4 The role of the MRX complex in DNA repair
1.5.4.1 Structure of the MRX complex

MRX is a heterohexameric complex, which is formed by Mre11, Rad50, and Xrs2 (and Mre11.
Rad50, and Nbs1 in mammals) in a 2:2:2 ratio. Mre11 is a nuclease, which forms the core of the
complex by dimerization, and later interacts with and recruits both Rad50 and Xrs2 (reviewed in
(Oh and Symington, 2018)). The N-terminal nuclease domain of Mre11 has five
phosphodiesterase motifs, which provide endonuclease and 3" to 5 exonuclease activities of the
protein. The nuclease domain of Mre11 is crucial for the dimerization of Mre11 (Hopfner et al.,
2001). The C-terminus of the protein contains a capping domain, which is important for the DNA
duplex unwinding (Gobbini et al., 2018), and the Rad50 interaction site (Figure 10a).

Rad50 belongs to the SMC protein family of ATPases (other members of the family include
Cohesin and Condensin). The protein is composed of Walker A and Walker B domains, two coiled-
coil arms, and a Zink hook domain (Figure 10a). The protein’s N terminus has the Walker A domain
and the C terminus has the Walker B domain, which, when juxtaposed, generate an ATP-binding
domain (Hopfner et al., 2002). The ATP-binding and hydrolysis activity of Rad50 is important for
binding to DNA and for DNA end tethering, as well as for the nuclease function of the MRX
complex (Marsella et al., 2019). The N and C terminal Walker A and B domains are separated by
two long coiled-coil domains, and an apical Zink hook that is located in between the coiled-coil
domains (Hopfner et al., 2002). Upon ATP hydrolysis, the coiled-coil arms of Rad50 form a long
antiparallel structure, which stabilizes the Rad50 dimer and allows intermolecular dimerization of
the apical Zink hook domain (Hohl et al., 2010; Marsella et al., 2019). The Zink hook has one Cys-
X-X-Cys motif, which binds Zn?* ions and is crucial for the MRX complex dimerization (Hopfner et
al., 2002). The ATPase activity of Rad50 triggers conformational changes of the complex.

Xrs2 in budding yeast has multiple protein-protein interaction motifs, which are important for the
regulation of the MRX complex signaling activity (Oh and Symington, 2018). The protein is not
conserved in mammals, where the functional analog Nbs1 executes its role in the complex. Xrs2
contains the N-terminal forkhead (FHA) domain adjacent to two BRCT domains, while the C
terminus of the protein contains multiple motifs important for interaction with Mre11 and Tel1
(Figure 10a). The FHA domain of Xrs2 binds the phosphorylated form of Sae2 and the NHEJ
protein Lif1 (Liang et al., 2015; Matsuzaki et al., 2008). Xrs2 mediates the nuclear import of Mre11,
and the deletion of Xrs2 leads to a strong resection defect (Tsukamoto et al., 2005). Moreover,
Xrs2 is important for the recruitment of the checkpoint kinase, Tel1, which initiates DDC (lwasaki
et al., 2016; Marsella et al., 2019).
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The MRX complex exists in two distinct conformation states: the “closed” state, in which ATP is
bound by the complex, and the “open” state, in which ATP is hydrolyzed (Figure 10b) (Oh and
Symington, 2018). In the “closed” state, the dimerization of Rad50 blocks the nuclease-active site
of Mre11 (Deshpande et al., 2014). The MRX complex in the “closed” state promotes DNA end
tethering, NHEJ repair, and Tel1 activation. ATP hydrolysis by Rad50 induces the conformational
change of the complex and results in an “open” state. This MRX conformation promotes DNA end
resection by the nuclease Mre11 and HDR pathway repair ((Deshpande et al., 2014; Lim et al.,
2011), reviewed in (Oh and Symington, 2018)).
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Figure 10. The domain structures of the Mre11, Rad50, and Xrs2 proteins, and the MRX
complex conformation changes upon ATP hydrolysis. (a) The Mre11 protein has the N-
terminal nuclease domain, the capping domain, and the C-terminal Rad50 interaction site. The
Rad50 N and C termini Walker A and B domains are separated by two long coiled-coil arms. The
apical Zink hook that is located in between the coiled-coil domains. The N terminus of Xrs2 has a
forkhead domain (FHA) and two BRCT domains, while the C terminus is important for interaction
with Mre11 and Rad50. (b) The two conformational states of the MRX complex. The “closed” state,
in which ATP is bound by the complex, and the “open” state, produced by ATP hydrolysis. Figure
taken from (Oh and Symington, 2018).
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1.5.4.2 The role of MRX complex in DNA end resection and the HR pathway

The MRX complex is extremely important for the initial DNA end resection, a crucial step for all
HDR pathways. The resection initiation by the MRX complex is controlled by CDK activity, and is
therefore restricted to the S and G2/M phases of the cell cycle (Chen et al., 2011; Huertas et al.,
2008). The nuclease Mre11 has multiple phosphodiesterase motifs on its N terminus and displays
Mn?*-dependent ssDNA endonuclease and dsDNA 3" to 5° exonuclease activities (Paull and
Gellert, 1998). The Mre11-dependent 3" to 5" end resection facilitates the removal of Ku proteins
from the DNA ends and allows the formation of a long 3" ssDNA overhang that is a substrate for
HR (Reginato et al., 2017; Wang et al., 2017). Following the initial resection step by the MRX
complex, the long-distance resection in the 5" to 3" direction is continued by Exo1 nuclease, and
Dna2 nuclease together with Sgs1 helicase, which are recruited by the MRX complex (Cejka et
al., 2010a; Gobbini et al., 2016; Mimitou and Symington, 2008).

The nucleolytic activity of Mre11 is stimulated by Sae2 in a CDK-dependent manner, which allows
for an efficient initiation of resection (Anand et al., 2016; Cannavo and Cejka, 2014; Huertas et al.,
2008). The resection is negatively regulated by Rad9 (Bonetti et al.,, 2015) and by the DNA
damage checkpoint (reviewed in (Bonetti et al., 2018)), which counteracts hyperresection.

The absence of Mre11 nuclease activity (in nuclease-dead mutants) results in an impaired initial
resection nevertheless, Exo1 and Sgs1-Dna2 execute DNA end resection with delayed kinetics.
However, the deletion of individual MRX genes results in a severe resection defect, due to
impaired Exo1 and Sgs1-Dna2 recruitment (Oh and Symington, 2018; Shim et al., 2010).
Therefore, the deletion of any of MRX components results in a severe HR defect, which results in
an extreme sensitivity to DNA damaging agents (Symington, 2016). Nonetheless, HR is not fully
eliminated in the mutants lacking the MRX complex. Importantly, these mutants demonstrate
decreased HR fidelity and a surge in rates of mutagenic heteroallelic recombination and other
genomic re-arrangements (Bressan et al., 1999; Chung et al., 2010; Oh and Symington, 2018).

1.5.4.3 The role of the MRX complex in the MMEJ and NHEJ pathways

The nucleolytic degradation of 5" DNA ends is an essential step in exposing microhomologies that
are utilized by the MMEJ pathway (see section 1.5.3. for the detailed overview of MMEJ pathway).
The MRX complex plays a central role in MMEJ not only by initiating resection, but also by
providing efficient DNA end tethering (Sfeir and Symington, 2015). The mre11 deletion mutants
display a severe MMEJ defect (Lee and Sang, 2007; Ma et al.,, 2003; Truong et al., 2013).
Importantly, in yeast, the nuclease-deficient Mre11 mutants display higher rates of MMEJ repair

events compared to the MRE 11 deletion mutants (Deng et al., 2014). This is presumably because
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while the DNA end resection in nuclease-dead mutants can still be carried out by Exo1 and Sgs1-
Dna2, the loss of MRE11 additionally abrogates their recruitment. In mammals, the MRX complex
is essential for the MMEJ pathway (Rass et al., 2009).

The MRX complex also plays a crucial role in the repair of DSBs by the NHEJ pathway. In contrast
to the HR and MMEJ pathways, the NHEJ pathway happens in the absence of DNA end resection.
The MRX complex-mediated DNA end tethering is crucial for NHEJ, as abrogation of the tethering
leads to DNA repair defects (Cassani et al., 2016). The Xrs2 component of the complex is directly
involved in the NHEJ pathway, as its FHA domain recruits Lif1, which is crucial for the NHEJ repair
complex formation (Matsuzaki et al., 2008). In mammals, Nbs1 binds to the Lif1 homologue
XRCC4 (Lloyd et al., 2009), and MRX seems to play a role in the NHEJ pathway (Rass et al.,
2009; Xie et al., 2009). In mammals, the precise role of the MRN complex in NHEJ is not yet

understood.

1.5.4.4 The role of the MRX complex in the repair of CPT-induced lesions

The MRX complex plays an important role in the repair of CPT-induced DNA damage (for the DNA
damage mechanism of CPT, see section 1.1.4.1), due to its role in HR initiation, and in the removal
of DNA-protein crosslinks. Therefore, yeast mutants lacking MRX-encoding genes, as well as the
nuclease-dead mre11-H125N allele, are extremely sensitive to even low CPT dosages (Menin et
al., 2018; Oh et al., 2016). The resection function of MRX is extremely important for the initiation
of the HR-mediated DNA damage repair pathway. Consequently, the resection-deficient sae2
mutant is also hypersensitive to CPT-induced lesions, and the MRE11 mutations that rescue
resection defects in sae2 rescue the mutant viability on CPT (Cassani et al., 2018).

The MRX complex also participates in direct removal of CPT-DNA covalent adducts, in parallel
with Tdp1 and Rad1-Rad10 pathways (Liu et al., 2002; Sacho and Maizels, 2011). Due to
endonucleolytic activity, Mre11 cleaves the covalent 3'-phosphotyrosyl bond between Top1 and
3'-phosphotyrosyl-DNA, and leads to the formation of 3" phosphate DNA ends and the release of
Top1 (Sacho and Maizels, 2011). Following nucleolytic cleavage, the DNA ends can be further

resected and repaired.

1.5.5 RNA-templated DNA repair

Although HR usually happens between two DNA molecules, recombination events that include
RNA substrates have been described (Smail et al., 2019). The RNA-templated DNA repair events
were first demonstrated using oligonucleotides. Later, Storici and colleagues demonstrated that
the endogenously-generated transcripts could mediate HR events (Keskin et al., 2014; Storici et

al., 2007). There are two distinct modes for utilizing RNA as a donor template. In an indirect mode,
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the RNA molecule undergoes reverse transcription due to the activity of Ty1 transposon-derived
reverse transcriptase, resulting in the formation of cDNA, which is used as a donor sequence for
the HR (Storici et al., 2007). In a direct mode, the template RNA directly base pairs with the
sequences proximal to the DSB, and serves as a template for DNA synthesis, presumably by DNA
Pol a and DNA Pol & (Keskin et al., 2014; Storici et al., 2007). The RNA-templated DNA repair
pathway operates in cis, when the RNA is transcribed from the locus at which the DSB was
induced, or in trans, when the template is encoded elsewhere (Keskin et al., 2014). The RNA-
templated DNA repair utilizes Rad52, which, in this specific repair pathway, drives an inverse
strand exchange: Rad52 forms a complex with dsDNA and promotes strand exchange with
homologous ssRNA or ssDNA (Mazina et al., 2017; McDevitt et al., 2018). This pathway allows
for DSB repair utilizing a homologous template outside of the S and G2 phases, in which the HR
pathway is active (Meers et al., 2016). Although initially described in budding yeast, RNA-
templated repair is reported in rat post-mitotic neurons (Welty et al., 2018), human U20S cells
(Wei et al., 2015), and human KP6 cell lines (Onozawa et al., 2014), indicating the evolutionary

conservation of the pathway.

1.5.6 Other faulty DSB repair mechanisms

Retrotransposons are repetitive mobile genetic elements that migrate through eukaryotic
genomes and were implicated in the repair of DSBs in budding yeast and higher eukaryotes
(Moore and Haber, 1996; Morrish et al., 2002, 2007; Teng et al., 1996). On rare occasions
following the induction of a DSB at the MAT locus with HO endonuclease, the sequences of Ty1,
a yeast retrotransposon, are inserted directly into the DSB site (Moore and Haber, 1996). This
happens as follows: the mRNA of Ty1 is reverse transcribed by the Ty1-encoded reverse
transcriptase (RT), which is inserted into the DSB using Ty1 integrase and NHEJ machinery (Fried
et al., 2010; Yu and Gabriel, 1999). This repair pathway does not require Rad52 (Moore and
Haber, 1996) and is potentially highly mutagenic.

Coic and colleagues reported another Rad52-independent non-canonical DNA repair pathway
(Coic et al., 2008). Although it is generally accepted that Rad52 is required for efficient mitotic
recombination in budding yeast, rad52 mutants could perform mitotic recombination following UV
light treatment. The authors utilized an integrated reporter system that is based on two
dysfunctional his4 alleles, which form a functional HIS4 gene following the recombination between
the split reporter alleles. The Rad52-independent recombination events depended on RAD59,
RADS50, RAD55, and RAD51 genes. Of note, the deletion of RAD52 leads to a roughly 100-fold

decrease in the frequency of HR events; therefore, the repair events in the study were rare.
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1.6 Aneuploidy as a physiological state

Aneuploidy is a condition of having a chromosome number that is not a multiple of a haploid set
(Ben-David and Amon, 2020). Because practically all cellular metabolic processes and
environmental responses depend on the balanced dosages of gene products, abnormalities in
aneuploid karyotypes inevitably lead to disruption in cellular physiology. Aneuploidy as a condition
cannot be viewed as a single genetic trait, but rather is a repertoire of altered karyotypes, and
each unique karyotype affects cellular physiology in its unique way. Despite this heterogeneous
nature of aneuploidy, the condition evokes systematic changes in cellular physiology that are
common for all aneuploids. Importantly, studies in budding yeast demonstrated aneuploidy-
induced physiological changes, which were conserved in mammalian systems, particularly in mice
and humans. In this section, | will present an overview of the mechanisms of aneuploidization, the
physiological consequences of aneuploidy, and the selective targeting strategies, based on

studies in budding yeast and human cells.
1.6.1 Mechanisms of aneuploidization

Aneuploidy can arise due to chromosome missegregation during meiosis and mitosis, and the
faulty repair of DNA damage. During meiosis, chromosomal nondisjunction produces haploid
gametes that have whole chromosome aneuploidies (Gilchrist and Stelkens, 2019). This type of
error underlies human whole chromosome aneuploidies, for example Down syndrome and Turner
syndrome (Hassold and Hunt, 2001). Sometimes human genetic trisomies are mosaic, which
means that only a fraction of cells carry the mutation. These aneuploidization events are not the
result of meiotic chromosome segregation errors, as they arise following mitotic chromosome
missegregation events in early embryogenesis (van Echten-Arends et al.,, 2011). Whole
chromosome aneuploidies are routinely detected in mammalian cells, for example in hepatocytes
and neurons (Knouse et al., 2014; Rehen et al., 2001, 2005). These observations imply that the
basal rate of chromosome missegregation in normal mitosis and meiosis produces infrequent but
detectable aneuploidization events.

The chromosomal missegregation events in mitosis occur due to incorrect attachment of the
spindle microtubules to the kinetochore as a result of erroneous spindle formation, defects in
kinetochore structure, altered centrosome number, and defects in sister chromatid cohesion, or
failure of the spindle assembly checkpoint ((Corbett, 2017; Lampson and Grishchuk, 2017; Monda
and Cheeseman, 2018), reviewed in (Chunduri and Storchova, 2019) and (Gordon et al., 2012)).
In human tissues, an estimated rate of chromosomal nondisjunction events is 1 per 100 cell

divisions (Cimini et al.,, 1999). Cancer cells often display drastically elevated levels of
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chromosomal instability, which generally arise via similar mechanisms that lead to chromosomal
missegregation in non-transformed cells (Gordon et al., 2012). For example, cancer cells
frequently display centrosome amplification events and merotelic attachments of the spindle
(which is when both chromosomes are attached to the same centrosome) (Gregan et al., 2011;
Nigg, 2002). Curiously, mutations in genes involved in the spindle assembly checkpoint are rather
uncommon in human malignancies (Kops et al., 2005; Sinha et al., 2019).

Cancer cells often experience replication stress, which can potentially lead to the underreplication
of difficult-to-replicate genomic regions, and therefore to the loss of genetic material (Gaillard et
al., 2015; Zeman and Cimprich, 2014). These difficult-to-replicate regions include common fragile
sites, telomeres, and ribosomal DNA loci. When the replication fork progression through common
fragile sites is impaired, ultrafine anaphase bridges are formed, which leads to genomic instability,
chromothripsis, and cataegis (Liu et al., 2018; Maciejowski et al., 2015; Ozeri-Galai et al., 2011).
Functional DDC signaling is important to control the replication of these difficult-to-replicate
regions, yet cancer cells frequently harbor mutations in DNA damage checkpoint genes (Casper
et al., 2002; Durkin et al., 2006; Eykelenboom et al., 2013). The combination of replication stress
and DDC deficiency creates favorable conditions for genomic instability and potential
aneuploidization.

DNA repair with BIR constitutes another source of mutagenic gross chromosomal rearrangements
and segmental aneuploidies (Sakofsky and Malkova, 2017). BIR promotes half-crossovers and
non-reciprocal translocations, and therefore results in fusions in donor and recipient chromosomes
(Anand et al., 2014; Lydeard et al., 2007; Smith et al., 2009). BIR is associated with chromothripsis
and results in a complex genomic rearrangement at the target chromosome (Kloosterman et al.,
2011; Stephens et al., 2011; Zack et al., 2013). Chromoanasynthesis, which is a type of
chromosomal rearrangement with copy number gains, is executed via microhomology-mediated
BIR (Carvalho and Lupski, 2016; Carvalho et al., 2011). Therefore, DNA repair via BIR constitutes
other another mechanism of copy number alterations, resulting in segmental aneuploidies. In
budding yeast, aneuploidization can occur due to chromosome missegregation events in mitosis
and meiosis, and as a consequence of genomic instability (Storchova, 2018; Syrovatkina and
Tran, 2015).

1.6.2 Physiological consequences of aneuploidy

1.6.2.1 Metabolic alterations in aneuploid cells

Aneuploidy, as a condition, gives rise to a plethora of physiological alterations, which result in
fitness defects and decreased proliferation capacity in budding yeast, mouse embryonic
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fibroblasts, and human cell lines (Sheltzer et al., 2017; Tang et al., 2011; Torres et al., 2007).
These alterations include changes in gene expression that are similar to general stress responses
(Darrbaum and Storchova, 2015; Torres et al., 2007; Zhu et al., 2018), changes in cell cycle
progression (Thorburn et al., 2013), proteotoxic stress (Brennan et al., 2019; Ohashi et al., 2015;
Oromendia et al., 2012), metabolic stress (Torres et al., 2007), defects in gene silencing (Mulla et
al., 2017), genomic instability (Passerini et al., 2016; Storchova, 2018), hypoosmotic-like stress
(Tsai et al., 2019), and many others (Figure 11) (reviewed in (Zhu et al., 2018) and (Chunduri and
Storchova, 2019)).
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Figure 11. Effects of aneuploidy on cellular physiology. The aneuploidy condition alters
cellular physiology, leading to cellular stresses and genomic instability.

Protein homeostasis is crucial for cell survival, so cells regulate their proteome on multiple levels:
transcription, translation, and protein degradation. When the protein quality control systems are
overwhelmed and cannot efficiently utilize misfolded, mislocalized, or otherwise defective proteins,
cells suffer from potentially lethal proteotoxic stress (Guang et al., 2019). Proteotoxic stress is one
of the most prominent signs of an aneuploid state, which is accompanied by the accumulation of
protein aggregates in the cytoplasm and poor tolerance to conditions that challenge protein quality
control systems (Brennan et al., 2019; Ohashi et al., 2015; Oromendia et al., 2012). Proteotoxic
stress in aneuploids arises primarily due to the imbalances in gene dosages (Torres et al., 2007).
Since the majority of protein complex components in eukaryotes are encoded on different
chromosomes, this generates a stoichiometric imbalance that leads to an accumulation of
aggregated proteins (Oromendia et al., 2012). These protein aggregates are enriched with
peptides encoded by the exact extra chromosome present in the strain. Importantly, the nearly
diploid human cell line RPE-I (which carries an extra copy of chromosome 12 or 21) formed protein

aggregates that were also enriched with peptides encoded by the extra chromosome (Brennan et

42



Introduction

al., 2019). The deficiency in Heat shock factor protein 1 (Hsf1), a key heat shock transcription
factor, and in Heat shock protein 90 (Hsp90) chaperone also contribute to aneuploidy-associated
proteotoxic stress in human cells (Donnelly et al., 2014).

Due to proteotoxic stress, aneuploids show an increased reliance on genes that are involved in
the regulation of protein homeostasis, which was demonstrated with Ubp3 deubiquitinase
(Oromendia et al., 2012). On the other hand, the mutation in deubiquitinase Ubp6 rescues growth
defects in multiple disomic yeast strains, likely due to the improvement in proteasome function
and increased protein degradation (Dephoure et al., 2014).

Studies in budding yeast demonstrated that aneuploidy could affect gene dosage not only by the
alterations in gene copy number, but also by affecting gene silencing (Mulla et al., 2017). Yeast
chromosome X disomes upregulate the transcription of silenced genes genome-wide, which
contribute to protein imbalance.

Another common feature of aneuploids is a presence of gene expression signatures characteristic
of hypoosmotic stress (Tsai et al., 2019). Hypoosmotic stress is a biophysical outcome of an
imbalanced proteome, which manifests in the increased outer membrane pressure and impaired
endocytosis. An important consequence of hypoosmotic stress is the metabolic remodeling of
aneuploids due to alterations in plasma membrane transporter function and turnover, together with
defects in endocytosis.

The precise coordination of metabolic pathways also depends on a balanced dosage and activity
of each enzyme and regulatory proteins in the pathway. Metabolic stress is found to be a common
characteristic of the aneuploid state in yeast, as the gene expression profiling revealed strong
downregulation of genes involved in carbohydrate metabolism (Torres et al., 2007). However, in
human cells, chromosome transfer-induced aneuploidy resulted in an increase in the energy
metabolism pathway (Stingele et al., 2012). Importantly, metabolic stress in yeast manifested in
an increased glucose uptake by aneuploid strains, while the accumulation of biomass was
impaired (Torres et al., 2007). Similar results were reported for mouse embryonic fibroblasts, as
trisomes displayed increased glucose uptake together with alterations in production of many other
important metabolites (Williams et al., 2008). The data presented above clearly indicate that
aneuploids have altered carbohydrate metabolism.

The metabolic alterations in aneuploid cells are accompanied by increased ROS production.
Experiments in disomic yeast strains revealed an upregulation of genes involved in response to
oxidative stress, which were concomitant with changes in their proteome (Dephoure et al., 2014).
The increased ROS levels were also observed in aneuploid mouse embryonic fibroblasts (Li et
al., 2010), and the increased ROS levels were responsible for checkpoint activation in these cells.

However, the source of ROS in aneuploidy is not understood so far.
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1.6.2.2 Effects of aneuploidy on cell cycle progression and DNA damage

Another prominent group of aneuploidy-associated phenotypes concerns replication, mitosis, and
cell cycle progression in general. Due to the high levels of aneuploidy-associated DNA damage
and genome instability together with metabolic and proteotoxic stresses, it is not surprising that
aneuploids exhibit decreased proliferation capacity and abnormal cell cycle progression. The
decision to enter the new cell cycle happens in the G1 phase and is known as START (reviewed
in (Jorgensen and Tyers, 2004)). In a simplistic model of START, Cdc28 is activated by CIn3
cyclin. The activity of Cdc28 leads to the eviction of the G1/S transition inhibitor, Whi5, allowing
the cell to enter the S phase of the cell cycle (Costanzo et al., 2004). In a parallel mechanism,
expression of CIn1 and CIn2 cyclins allows passage through START in a CiIn3-independent
manner (Di Como et al., 1995). Disomic yeast strains displayed decreased levels of CLN2 on a
transcriptional level, which was accompanied with a delay of the cell cycle entry following
pheromone-induced G1 arrest (Torres et al., 2007). On the proteome level, aneuploids displayed
delayed expression of G1 cyclins, CIn1 and CIn2, and delayed nuclear eviction of Whi5, which
explains the delayed passage of the mutants through START (Thorburn et al., 2013).

In aneuploid cells, the S phase is accompanied by replication stress and DNA damage. Replication
stress is defined as a slowing or stalling of replication fork progression (Ovejero et al., 2020).
Disomic budding yeast display an accumulation of Rad52 foci in the S phase of the cell cycle,
which indicates the presence of DNA damage during replication. Moreover, aneuploids exhibited
defects in DNA replication initiation and replication fork progression (Blank et al., 2015). Aneuploid
human cells demonstrated slower replication kinetics accompanied with an increased sensitivity
to the replication inhibitor amphidicolin, likely due to the decreased levels of replicative helicase
complex MCM2-7 (Passerini et al., 2016). Highly aneuploid breast cancer and hepatocellular
carcinoma tumors display disruption of the normal replication timing and signs of the replication
stress (Grinberg-Rashi et al., 2010).

The high persistent levels of DNA damage and high degree of genomic instability was documented
in aneuploid yeast and human cells (Blank et al., 2015; Passerini et al., 2016; Zhu et al., 2012).
Disomic budding yeast displayed increased rates of chromosome missegregation events,
elevated mutation rates, and defects in HDR (Sheltzer et al., 2011). Moreover, aneuploids
demonstrated entry into mitosis with unrepaired DNA damage, indicating that aneuploids are
predisposed to CA (Blank et al., 2015). Elevated levels of genomic instability were documented in
aneuploid human cells, which displayed increased levels of DNA damage in the G1 phase of the
cell cycle, as assessed by an accumulation of 53PB1 damage foci (Passerini et al., 2016). These

increased DNA damage levels were accompanied by an increase in mitotic errors and de novo
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genomic rearrangements, presumably due to the increased occurrence of lagging chromosomes
(Nicholson et al., 2015). Another study on highly aneuploid human cells generated by treatment
with  MPS1 inhibitors demonstrated that these cells have high rates of chromosome
missegregation events accompanied with high levels of DNA damage (Santaguida et al., 2017).
Together, aneuploidy is accompanied with alterations in all phases of the cell cycle, including a
delayed progression through START, abnormal replication kinetics, and increased entry into
mitosis with unrepaired DNA damage, which leads to slower growth and increased genomic
instability.

1.6.2.3 Effects of aneuploidy on the transcriptome

Aneuploidy, as a condition, has a drastic effect on the cellular transcriptome and proteome,
manifesting in alterations in multiple cellular processes (Pavelka et al., 2010; Torres et al., 2007).
In budding yeast, extra chromosomes are transcribed according to their copy number, creating a
source of gene dosage imbalances. The effects of aneuploidy on the transcriptome and proteome
seem to directly correlate with changes in the DNA copy number (Dephoure et al., 2014; Pavelka
et al., 2010). In aneuploids, the majority of transcripts with altered expression are located on the
extra chromosome. Importantly, the aneuploid state also induces genome-wide changes in gene
expression (Gasch et al.,, 2016; Rancati et al., 2008). For example, human cells trisomic for
chromosome 21 displayed re-wiring of the whole transcriptome (Letourneau et al., 2014; Liu et al.,
2017b).

Although the literature presents conflicting data regarding whether the gene dosage compensation
is operating in aneuploid yeast (Gasch et al., 2016; Torres et al., 2016), it is clear that the majority
of the transcripts are expressed according to their copy numbers. In higher eukaryotes—
particularly humans—the dosage compensation mechanism seems to be genomic context-
dependent. For example, human sex chromosomes are subjected to the dosage compensation
mechanism; therefore, the extra copies of chromosomes are silenced in triple X syndrome (47,
XXX karyotype) or partially silenced in Kleinefelter syndrome (47, XXY) (Letourneau et al., 2014;
Payer and Lee, 2008; Tartaglia et al., 2010). Yet, autosomal dosage compensation mechanisms
seem to not be so robust, as the vast majority of aneuploidies are lethal for mouse and human
development.

The analysis of transcriptome alterations in aneuploid budding yeast revealed signatures of so-
called environmental stress responses and hypoosmotic-like stress (Torres et al., 2007; Tsai et
al., 2019). GO term analysis has shown that the genes involved in ribosome biogenesis and
nucleic acid metabolism were upregulated, while the genes involved in carbohydrate metabolism

and cell cycle progression were downregulated (Torres et al., 2007). In human cells, aneuploidy
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leads to the upregulation of genes involved in glycolysis, autophagy, and pathways involved in
inflammatory responses, e.g. Interferon biosynthesis (Dirrbaum et al., 2014; Santaguida et al.,
2017; Stingele et al., 2012). At the same time, the pathways involved in cell cycle progression and
nucleic acid metabolism are downregulated in aneuploid human cells (Dlrrbaum et al., 2014;
Stingele et al., 2012). These results suggest that the condition of aneuploidy systematically
changes the cellular transcriptome, which is one of the underlying reasons for aneuploidy-

associated physiological disadvantages.
1.6.3 Aneuploidy in cancer development

Aneuploidy is classically defined as an imbalanced number of chromosomes. In humans, only
three autosomal whole chromosome aneuploidies are viable, which are Down syndrome (47, XX,
+21), Edwards syndrome (47, XX, +18), and Patau syndrome (47, XX, +13). The aneuploidies in
sex chromosomes are better tolerated compared to the ones in autosomes (Vogel and Motulsky's
Human Genetics, (Speicher et al., 2010)). The classical definition of aneuploidy was extended to
include the gain and loss of chromosome arms, which frequently lead to a plethora of human
genetic syndromes (Ben-David and Amon, 2020). Aneuploidy is often detected in human cancers,
with roughly 90% of solid tumors being aneuploid (Taylor et al., 2018). The effect of aneuploidy
on cellular physiology depends, in a paradoxical way, on the context of its occurrence: while the
introduction of an extra chromosome into primary cells leads to reduced cellular fitness,
transformed cancer cells seem to tolerate aneuploidy extremely well (Sheltzer et al., 2017).
Growing evidence suggests that certain types of aneuploidies may be tumorigenesis drivers,
because many cancer types have the same recurring aneuploidy patterns ((Beroukhim et al.,
2010; Taylor et al., 2018; Zack et al., 2013), reviewed in (Ben-David and Amon, 2020)). For
example, the myelodysplastic syndrome cells that progress to acute myeloid leukaemia frequently
harbor the loss of long arms of chromosomes 5 or 7, or even the entire chromosome (Greenberg
et al., 1997). Even more strikingly, the loss of chromosome arm 3p in early childhood, before the
tumor can even be detected, leads to clear renal cell carcinoma with more than 90 percent
certainty (Mitchell et al., 2018). Besides playing a potential role in tumor initiation, aneuploidy
clearly contributes to cancer progression, as later stages of the disease seem to positively
correlate with the degree of aneuploidy (Ben-David and Amon, 2020). For example, the early
stages of colorectal cancer have a low degree of aneuploidy, while the advanced tumors are highly
aneuploid (Laubert et al., 2015).

Aneuploidy marks the transition between in situ to the invasive state. The gain of chromosome 3q
marks the transition into the invasive state of cervical cancer (Heselmeyer et al., 1996), and the

establishment of a highly aneuploid state marks the onset of esophageal adenocarcinoma (Ross-
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Innes et al., 2015). The metastatic process is also associated with further karyotype evolution, in
which different metastatic colonies represent sub-clones of the primary tumor ((Brastianos et al.,
2015; Gao et al., 2016; Reiter et al., 2018), reviewed in (Ben-David and Amon, 2020)). Due to the
strong association with disease progression, aneuploidy has a potential prognostic value for the
cancer stage and the outcome for the patient, and it is frequently used to predict the treatment
regimen (Ben-David and Amon, 2020). The prognostic value is tumor type-specific; although a
high degree of aneuploidy is associated with a more aggressive disease and poor prognosis for
the majority of cancers, a high degree of aneuploidy is a rather favorable prognostic marker for
certain tumor types (Hieronymus et al., 2018; Manier et al., 2017). Together, aneuploidy seems to
play an important role in tumor initiation, progression, and metastasis, which gives it a potential

prognostic value for the tumor stage and the survival outcome.
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1.7 Mechanisms of genotoxin resistance in human cancers

The clinical use of genotoxins for cancer treatment is overshadowed by the drug resistance
problem: as soon as new chemotherapeutic or targeted molecular cancer therapies enter clinics,
scientists see the rise of drug resistance mechanisms (Mullard, 2020). This resistance is achieved
through multiple mechanisms, which include drug efflux, alterations in the expression of drug
targets, re-activation of DNA repair pathways, inhibition of apoptosis, and many other mechanisms
(reviewed in (Holohan et al., 2013) and (Bouwman and Jonkers, 2012)). The central growth
regulator mTOR has been implicated in the development of cancer resistance (Butt et al., 2019;
Tian et al., 2019). Tumor heterogeneity, genomic instability, and aneuploidy were also proposed
to contribute to the drug resistance problem by therapy-induced selection of the resistant clones
(Ben-David and Amon, 2020; Bouwman and Jonkers, 2012). Rational drug combinations are
proposed to be a promising strategy in combating the resistance problem in cancer. In this section,
| will present an overview of drug resistance mechanisms employed by cancer cells, focusing on
the mechanisms of genotoxin resistance and DNA repair-mediated pathways in particular. | will
also discuss the contribution of the mTOR pathway to resistance in cancers and the potential of
combining chemotherapeutics with mTOR inhibitors clinically. Finally, | will discuss aneuploidy-

induced cancer adaptability as a drug resistance source.
1.7.1 Common mechanisms of drug resistance in human cancers

In response to chemotherapies and targeted therapies, cancer cells frequently develop drug
resistance. Although chemotherapy-based strategies rely on general cytotoxic effects (e.g.
induction of DNA damage or replication stress) while targeted molecular targeting exploit specific
tumor vulnerabilities (e.g. targeting epithelial growth factor receptor, EGFR), it is curious that the
mechanisms of resistance to the aforementioned therapies are largely redundant (Holohan et al.,
2013).

The coordinated action of cellular plasma membrane transporters of the ATP-binding cassette
(ABC) family allows the drug’s efflux, which is a commonly described mechanism that promotes
the resistance to multiple chemotherapeutics (reviewed in (Chen et al., 2016)). Overcoming drug
resistance by targeting the membrane transporters proved to be challenging, as there are 49
members of the ABC family transmembrane transporters and their functions are redundant. For
example, targeting the MDR1 transporter that confers chemoresistance in lung and breast cancers
with the MDR1 inhibitor, tariquidar, was inefficient in clinical trials, likely because of the functional
redundancy of the ABC family transmembrane transporters ((Nooter et al., 1997; Pusztai et al.,
2005; Zalcberg et al., 2000), reviewed in (Holohan et al., 2013)).
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Many chemotherapeutics require drug activation by metabolic enzymes. For example, the
conversion of capecitabine into the antimetabolite, 5-fluorouracil, requires thymidine
phosphorylase. The expression of thymidine phosphorylase is silenced in response to
capecitabine treatment, which confers drug resistance (Kosuri et al., 2010; Malet-Martino and
Martino, 2002).

Alterations in drug target expression levels have been demonstrated to constitute another
mechanism of drug resistance. In response to Top1 inhibitors, e.g. irinotecan, cancer cells
decrease Top1 expression levels or acquire mutations in the TOP71 gene, thereby becoming
resistant (Tsurutani et al., 2002). The increased drug target expression can also confer the
resistance, as it was shown for the androgen receptor and its inhibitor, bicalutamide (Palmberg et
al., 1997).

Ultimately, both DNA damage-induced chemotherapies and targeted therapies intend for the drug-
induced damage to lead to cell death by apoptosis. The deregulation of apoptosis is one of the
hallmarks of cancer, which promotes cancer cell resistance to therapies by the simple evasion of
cell death signals (Hanahan and Weinberg, 2011). Cancer cells rely on the pro-survival signals
from anti-apoptotic proteins, which makes them therapeutic targets. The members of the BCL-2
family of anti-apoptotic proteins were shown to promote drug resistance following chemotherapy;
yet, cancer cells become resistant to the pharmacological inhibitors of BCL-2 proteins ((Konopleva
et al., 2006), reviewed in (Holohan et al., 2013)). The combination of therapies that combine
targeting anti-apoptotic proteins together with chemotherapeutics are very promising nonetheless.
Cancer cells also activate pro-survival signaling pathways that drive drug resistance, which include
Ras signaling, Wnt and NOTCH signaling, Akt/Pi3K signaling, TGF- signaling, and many others
(reviewed in (Panda and Biswal, 2019)). These changes in cell signaling pathways modulate the
tumor’s microenvironment and promote the secretion of growth factors, which sustain cancer cell
growth even during targeted therapies (Holohan et al., 2013; Panda and Biswal, 2019). The
secretion of extracellular vesicles also substantially contributes to the formation of the resistance
to chemotherapy (reviewed in (Namee and O’Driscoll, 2018)). Finally, in response to
chemotherapeutics, cancer cells alter their DDR pathways and often restore DNA repair, which
will be discussed in the section below. The problem of drug resistance could potentially be solved
by the rational combinations of the therapies that simultaneously target different pathways in the
cell, thereby decreasing the likelihood that resistant mutations could be selected (Holohan et al.,
2013).
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1.7.2 Mechanisms of alterations in DNA repair that lead to genotoxin resistance in BRCA1
and BRCA2 deficient tumors

DNA damaging agents, particularly those that induce DSBs and intra- and interstrand crosslinks,
are very efficient in targeting tumors that have DNA repair deficiencies, especially in HR or MMR
pathways. Therefore, the way tumors regulate their DNA repair pathways is a predictor of the
efficiency of genotoxin-based therapies. The deficiency in HR, for example, is a double-edged
sword: these tumors are very sensitive to DSB-inducing genotoxins, yet they have increased rates
of genomic instability that allows selection of the therapy-resistant clones (reviewed in (Bouwman
and Jonkers, 2012)).

The resistance to genotoxin therapy in HR-deficient tumors could either be intrinsic or acquired by
the selection of the resistance-inducing mutations. Certain types of human ovarian tumors
demonstrate intrinsic drug resistance to cisplatin because they lack expression of the copper
transporter CTR1 that is important for drug uptake (Ishida et al., 2010). Yet, the majority of drug
resistance in cases is acquired during the course of chemotherapy, leading to relapse of the
disease in patients (Bouwman and Jonkers, 2012).

The restoration of DNA repair due to the re-activation of the HR pathway could be caused by
genetic reversions. The breast cancer 2 (BRCA2) protein binds Rad51 and promotes HR pathway-
mediated DSB repair (Moynahan et al., 2001). BRCA2-deficient ovarian carcinomas are routinely
treated with cisplatin, yet the cancer cells develop cisplatin resistance following the repeated
exposures. The resistance is mediated by the secondary mutations in the BRCA2 gene, which
restore wild-type BRCA2 and, therefore, make cancer cells HR-proficient. These mutations were
observed in ovarian cancer and pancreatic cancer cell lines, as well as in primary tumors (Sakai
et al., 2008). The restoration-of-function BRCA2 mutations in the poly (ADP-ribose) polymerase
(PARP) inhibitor-resistant clones of pancreatic cancers and BRCA2 mutant cell lines were
reported in a different study (Edwards et al., 2008). The amplification of the mutant BRCAZ2 allele,
which leads to increased expression of the truncated hypomorphic BRCAZ2 isoform, also leads to
the restoration of HR and genotoxin resistance in a pancreatic cancer cell line (Park et al., 2020).
Mutations in BRCA1 also result in HR pathway defects, and the administration of PARP inhibitors
is a common therapeutic strategy for BRCA1-defective tumors (Lee et al., 2014; Roy et al., 2012).
The restoration of the HR pathway can happen in a BRCA1-independent manner. For example,
the loss of 53BP1 restores HR-mediated DNA repair in BRCA1-defective cells by restoration of
the resection that depends on ATM kinase activity (Bunting et al., 2010; Jaspers et al., 2013). The
loss of RIF1, which is downstream of 53BP1, also restores DNA end resection in BRCA1-defective
cells (Escribano-Diaz et al., 2013). The depletion of the translesion synthesis polymerase ¢
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subunit, REV7, restores HR-mediated DNA repair due to the restoration of DNA end resection:
REV7 acts as an inhibitor of the resection downstream of 53BP1 (Xu et al., 2015). The recently
identified Shieldin complex (comprising REV7 and the RINN1, RINN2, and RINNS3 proteins) acts
downstream of 53BP1 and the RIF1 proteins, and its loss confers resistance in BRCA1-defective
cells (Gupta et al., 2018). The telomere end protection CST complex (which consists of CTC1,
STN1, and TEN1) was shown to act as an antagonist of DNA end resection; the loss of any one
of the CST complex members confers PARP inhibitor resistance in BRCA1-defective cells via the
restoration of DSB resection, and thus the HR pathway (Barazas et al., 2018). Together, these
studies demonstrate that the restoration of resection due to the loss of DSB resection antagonists
promotes the resistance to PARP inhibitors in BRCA1-mutated cancers.

The resistance to PARP inhibitors in BRCA-deficient tumors could be acquired without the
restoration of HR repair. The mutations in PARP1, both inside and outside of the DNA-binding
zinc finger domains, lead to reduced trapping of PARP1 on DNA during treatment with PARP
inhibitors, and, therefore, to chemoresistance (Pettitt et al., 2018). The loss of the PAR
glycohydrolase, PARG, confers resistance to PARP inhibitors in BRCA2-deficient breast tumors
(Gogola et al., 2018). Mechanistically, the downregulation of PARG rescues parylation even upon
the treatment with PARP inhibitors.

Because BRCA1 and BRCAZ2 proteins are implicated in replication fork protection (Schlacher et
al., 2012), chemoresistance could be acquired via the alternative mechanisms of replication fork
protection. For example, the loss of the MLL3/4 complex protein, PTIP, leads to the deficient
recruitment of the nuclease Mre11 that degrades stalled replication forks. Therefore, the loss of
PTIP stabilizes replication forks, which leads to chemoresistance in BRCA1- and BRCA2-deficient
cells (Chaudhuri et al., 2016). The protein EZH2 is a part of the polycomb repressor complex,
which deposits H3K27me at replication forks, thereby repressing transcriptional activity (Morey
and Helin, 2010). The loss of EZH2 leads to replication fork protection due to the defective
recruitment of the resolvase MUS81, which cleaves the stalled forks, thereby conferring
chemoresistance (Rondinelli et al., 2017).

To summarize, HR-deficient tumors acquire chemoresistance due to mechanisms that allow

alterations in drug target regulation, HR restoration, or improved replication fork protection.
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1.8 Scope of the thesis

Checkpoint adaptation, which is a cell division in the presence of unrepaired DNA damage, was
described by the Zakian lab in 1993 (Sandell and Zakian, 1993). Although discovered in budding
yeast, adaptation was shown to be conserved in higher eukaryotes (Syljuasen, 2007; Yoo et al.,
2004). Checkpoint adaptation happens when the DNA damage is irreparable by nature, either due
to the genomic context of the damage or due to the defects in cellular DNA repair pathways. It has
long been appreciated that adaptation results in genomic instability (Galgoczy and Toczyski,
2001). Genomic instability can result in aneuploidy, a condition that invokes physiological
alterations and cellular stresses, yet allows increased adaptability to changing environments
(reviewed in (Chen et al., 2015; Chunduri and Storchova, 2019; Kaya et al., 2020)).

Human cancers frequently harbor mutations in the BRCA1 and BRCA2 DNA repair genes, which
result in homologous recombination defects, and display genomic instability and aneuploidy (Han
et al.,, 2017; Moynahan et al., 2001; Venkitaraman, 2019). At the same time, repair-defective
tumors acquire resistance to genotoxins, which represents a major challenge in cancer treatment
(Mullard, 2020). | wanted to model a scenario in which homologous recombination-defective cells
develop resistance following genotoxin treatment. This allows me to dissect the molecular
mechanisms that contribute to the resistance development and understand how to target the
resistant cells. Therefore, | used diploid budding yeast that are homozygous for the RAD52 gene
knock-out, and have defects in homologous recombination similar to BRCA2-defective tumors.
Using the rad52 model, | show that checkpoint adaptation precedes the formation of genotoxin-
resistant repair-defective colonies during genotoxic treatment with X-rays or Camptothecin. The
resistant colonies undergo dramatic chromosome loss events and become aneuploid. |
demonstrate that repair-defective aneuploids, which arise following adaptation to genotoxins,
suffer from aneuploidy-associated phenotypes (Torres et al., 2007) and could be targeted
pharmacologically. | have also analysed the contribution of different DNA repair proteins and
pathways to the formation of genotoxin resistance in rad52 mutants. | find that neither non-
homologous end joining, nor restoration of homologous recombination confers chemoresistance
in rad52 mutants. Instead, | show that the Mre11-Rad50-Xrs2 complex confers the resistance of
rad52 mutants to Camptothecin. This proof-of-concept study provides a link between checkpoint
adaptation, aneuploidization, and chemoresistance. Moreover, the study solidifies the rationale to
target drug-resistant homologous recombination-defective cells with aneuploidy-selective drugs.
Finally, the study demonstrates the role of the Mre11-Rad50-Xrs2 complex in the formation of

Camptothecin resistance, which should be investigated further.
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2. Results

2.1 Checkpoint adaptation promotes re-growth in repair-defective rad52 strains following

genotoxic treatment

In order to better understand the consequences of checkpoint adaptation (CA) in repair-defective
cells, | used homozygous diploid Saccharomyces cerevisiae strains that lack the key HR gene
RAD52. These strains are unable to repair DSBs with any of the homology-directed repair (HDR)
pathways that are preferentially used for DSBs repair in budding yeast. This renders HR deficient
cells prone to undergo CA (Galgoczy and Toczyski, 2001). | have used two different ways to
induce double-strand breaks (DSBs) in rad52 cells (all strains in this thesis are homozygous
diploid unless indicated otherwise). First, | irradiated cells with 45 Gy of X-rays, which induces
DSBs, intra- and interstrand crosslinks, and single strand breaks. | have also induced DSBs by
treating cells with Camptothecin (CPT), which traps the Topoisomerase 1 (Top1) cleavage
complex (Top1cc) on the DNA (Hsiang et al., 1989). Genetic experiments using an adaptation-
defective cdc5-ad allele of Polo-like kinase CDC5 and the deletion of a non-catalytic subunit of
Casein kinase Il ckb2 (Toczyski et al., 1997) were used to understand the role of adaptation in the
survival of repair-defective rad52 strains upon treatment with CPT and X-rays. These results were
further enforced by using adaptation-defective deletion of SAE2 endonuclease (Clerici et al.,
2006). Some of the initial experiments with rad52 cdc5-ad strains were performed by Dr. Julia
Klermund, and are part of a manuscript (https://doi.org/10.1101/464685).

2.1.1 Preventing checkpoint adaptation using cdc5-ad allele decreases the occurrence of
X-ray- and CPT-resistant rad52 colonies

We set out to investigate whether the adaptation to DDC promotes colony formation in repair-
defective rad52 cells following 45 Gy X-ray irradiation or treatment with 2 yM CPT. We have
observed that following 45 Gy irradiation, colony formation in repair-defective rad52 cells was
strongly compromised after 2 days of incubation at 30°C (data not shown), however after 4 days
of incubation the resistant colonies started to arise (Figure 12a). The colonies were heterogeneous
in size and had an increased uptake of the vital dye, Phloxine B (pink coloring), indicating a
potential decrease in their metabolic activity (loss of viability) (Minois et al., 2005). Preventing CA
using an adaptation-defective cdc5-ad allele drastically and significantly reduced the amount of
colonies formed after X-ray irradiation, and quantification of the cell survival rate by dividing the
numbers of colonies on drug plates to “no drug” control showed the reduction from roughly 20%

survival in rad52 mutants to 4% survival in rad52 cdc5-ad mutants. These results indicate that CA
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is required for the delayed colony formation following X-ray treatment (Figure 12b). We have
observed similar results when | plated rad52 cells onto 2 yM CPT containing plates (Figure 12c).
The formation of CPT-resistant rad52 colonies occurred 8 days following CPT treatment.
Importantly, in the presence of adaptation-defective cdc5-ad allele, the survival of rad52 cells on
CPT was reduced from roughly 80% to roughly 30%. We did not observe decreased colony
formation in repair-proficient cdc5-ad cells neither after X-ray irradiation nor upon CPT treatment,
suggesting that the allele does not compromise cellular viability per se. Together, these results
indicate that preventing CA in rad52 cells upon genotoxic treatment greatly reduced the formation

rates of resistant colonies.

2.1.2 Preventing adaptation using the deletion of Casein kinase subunit CKB2 decreases

the formation of X-ray- and CPT-resistant rad52 colonies

In a screen for CA defective mutants, Toczyski and colleagues have also identified mutants in
Casein kinase Il as the ones with a strong adaptation defect (Toczyski et al., 1997). | wanted to
further verify that CA is required for delayed colony formation after the X-ray or CPT treatment in
rad52 mutants. Therefore, | used a deletion in a non-catalytic subunit of Casein kinase Il CKB2.
Similar to cdc5-ad mutants, adaptation-defective rad52 ckb2 mutants displayed a significant
reduction in colony formation after X-ray irradiation (Figure 12d) and on plates containing 2 yM
CPT (Figure 12e). The deletion of CKB2 did not compromise the viability of repair-proficient cells
upon the DNA damage, indicating that the reduced colony formation was adaptation-specific. The
reduction in numbers of resistant colonies was more prominent in cdc5-ad mutants than in ckb2
mutants, which is consistent with a lower penetrance of the ckb2 allele in respect to a defective
adaptation (Toczyski et al., 1997). Together, these results indicate that preventing CA by deleting
CKB2 decreases the re-growth of repair-defective strains following genotoxic treatment.

2.1.3 Adaptation defective rad52 mutants lacking SAE2 are sensitized to X-Rays and CPT

treatment

The initial processing step for the repair of a DSB involves the recruitment of MRX complex, which,
besides the resection of DNA ends, has an important function in the initiation of DDC signaling by
recruiting Tel1 (Nakada et al., 2003) and regulating Mec1 activation (Nakada et al., 2004). At
DSBs, the MRX complex also recruits the Sae2 nuclease, which in turn negatively regulates both
Mec1- and Tel1-dependent checkpoint responses. Therefore, SAE2 deletion mutants are
defective in the attenuation of DDC, which results in a CA defect (Clerici et al., 2006). To

additionally validate my findings regarding the role of CA in the re-growth of repair-defective rad52
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cells upon the genotoxic stress conditions, | tested whether rad52 sae2 double mutants will be
sensitized to genotoxic treatment. Indeed, | recovered significantly fewer numbers of rad52 sae2
colonies compared to rad52 colonies following treatment with X-rays (Figure 12f) and 2 yM CPT
(Figure 12g). These results corroborate that CA precedes the colony formation when repair-
deficient cells are treated with genotoxins.
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Figure 12. Adaptation to the DDC promotes re-growth following genotoxic treatment. (a)
Representative images of a plating assay. Indicated homozygous diploid strains were plated onto
YPD plates, untreated or irradiated with 45 Gy of X-Rays, and incubated at 30°C for the indicated
times. Phloxine B (8 pg/mL) was added to the agar plates to estimate the metabolic activity of
yeast colonies. (b) Quantification of the plating assay. Cells were plated onto YPD plates
containing DMSO (control) or treated with 45 Gy of X-rays. All visible colonies were counted, and
the number of colonies on drug plates were divided by the number of colonies on control plates.
Data are represented as mean values and SEM of three independent experiments. For statistical
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analysis ANOVA test with Tukey’s post-hoc test was applied (****p<0.0001). (¢) Quantification of
the plating assay in response to 2 uyM CPT was performed similarly to (b). (d) to (g) Quantification
of the plating assay in response to X-ray (d) or CPT (e) treatment was performed similarly to (b).
(***p=<0.001, **p=<0.01). Panels (a), (b), and (c) were performed by Dr. Julia Klermund.

2.2 Repair-defective cells acquire a growth advantage following a repeated exposure to

genotoxins

Treatment with genotoxic agents might result in an acquisition of resistance towards the genotoxic
agent used. For example, in humans, HR defective BRCA2-deficient tumors strongly rely on
PARP1-mediated parylation in order to repair their DSBs; therefore, inhibitors of PARP1 are a
common therapy for these tumors (Lord and Ashworth, 2017). Multiple reports in the literature
demonstrate that HR defective tumors are able to acquire resistance to PARP inhibitors, either by
restoring homology-directed repair or by stabilizing their replication forks (Chaudhuri et al., 2016;
Xu et al., 2015). Because | induce DSBs in a repair-deficient scenario in the homozygous diploid
rad52 yeast model, we wondered whether rad52 cells eventually acquire resistance to further
genotoxic treatment, similarly to the human repair-defective BRCA2-deficient cancers.

In order to understand whether repair-deficient rad52 cells eventually acquire resistance to
genotoxic agents, we first treated rad52 cells with either 45 Gy of X-rays or 2 yM CPT. When the
adapted cells formed colonies after the treatment, we re-spotted them in 1:10 serial dilutions onto
the drug-containing plates in order to expose them to a second genotoxic challenge (Figure 13a).
The X-ray adapted cells were exposed to 45 Gy of X-rays, a radiomimetic drug bleomycin (Bleo)
(2.2 U/L), or 2 yM CPT (Figure 13b). As can be appreciated, X-ray adapted rad52 mutants
displayed significant growth advantage after the exposure to 45 Gy of X-rays, or 2.2 U/L Bleo
compared to the naive rad52 cells (compare lane 5 to lanes 7-10). Interestingly, we did not observe
any survival advantage of X-ray adapted cells on 2 yM CPT, which might be related to the different
mechanisms of genotoxicity induction between X-rays and CPT. The rare adapted rad52 cdc5-ad
cells also gained a certain degree of growth advantage upon the repeated genotoxic exposures
compared to the naive rad52 cdcb-ad cells (compare lane 6 to lanes 11 and 12). These results
indicate that once adapted to X-rays, the repair-defective cells acquire resistance to further
exposures to similar genotoxic agents.

We have additionally examined whether the rad52 cells adapted to CPT also become resistant to
further genotoxic treatments (Figure 13c). One can appreciate that CPT adapted rad52 acquire
strong growth advantage when exposed to 2 uM CPT, 2.2 U/L Bleo, or irradiated with 65 J/m? of
UV light (compare lane 5 to lanes 7-9). Similar to X-ray adapted rad52 cdc5-ad mutants, rare CPT
adapted rad52 cdc5-ad cells showed remarkable resistance to further genotoxic treatments

(compare lane 6 to lanes 10 and 11). Together, these data demonstrate that adapted repair-
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deficient rad52 cells develop resistance to further treatment with genotoxins. Experiments in

Figure 13b and 13c were performed by Dr. Julia Klermund, and are a part of a submitted

manuscript (https://doi.org/10.1101/464685).
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Figure 13. Repair-defective cells acquire growth advantage following repeated exposure to
different genotoxins. (a) Scheme of the experimental set-up. Here, rad52 and rad52 cdc5-ad
strains were plated onto 2 uM CPT for 8 days, or irradiated with 45 Gy of X-rays and grown for 4
days at 30°C. The colonies that formed on the CPT-containing plates were patched onto YPD
plates first. Strains were inoculated in YPD, grown overnight, and spotted in 1:10 serial dilutions.
(b) Indicated strains were grown overnight in liquid YPD media, and spotted in 1:10 serial dilutions
onto YPD plates (control), or onto plates containing 2.2 U/L Bleo, 2 uM CPT, or irradiated with 45
Gy of X-rays. All plates contained 8 ug/mL of Phloxine B. Colony formation was assessed after 3
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days at 30°C. Letters indicate individual colonies derived from drug plates. (c¢) Indicated strains
were grown overnight in liquid YPD media, and spotted in 1:10 serial dilutions onto YPD plates
(control), or onto plates containing 2 uM CPT, 2.2 U/L Bleo, or irradiated with 65 J/m? of UV light.
All plates contained 8 ug/mL of Phloxine B. Letters indicate individual colonies derived from drug
plates. (d) Scheme of the experimental set-up. Following 8 days of incubation, rad52 strains
derived from plates containing 2 yM CPT were patched onto YPD plates to recover and
subsequently re-streaked three times. Colonies from the different re-streaks were grown
overnight, and spotted in 1:10 serial dilutions. (e) Indicated strains were grown overnight in liquid
YPD media, and spotted in 1:10 serial dilutions onto YPD plates (control), or plates containing 2
MM CPT. Letters indicate individual colonies. Panels (b) and (c) were performed by Dr. Julia
Klermund.

Short-term evolutionary experiments in yeast demonstrated that different stress conditions can
induce readily reversible adaptation responses, which are not maintained when the initial stress
source is ceased (Chen et al., 2012a; Yona et al., 2012). | wanted to understand whether the
prominent resistance phenotype of CPT adapted rad52 cells is maintained in the absence of CPT-
induced genotoxic challenge. Therefore, | have subsequently passaged CPT adapted rad52 cells
onto YPD plates (Figure 13d). | then spotted cells that were passaged onto YPD plates for three
consecutive re-streaks onto CPT-containing plates (Figure 13e). CPT adapted rad52 cells
displayed an evident resistance phenotype compared to the naive rad52 cells (Figure 13e,
compare lanes 5 and 6 to lanes 7 and 10), which was maintained after three independent re-
streaks, corresponding to approximately 75 population doublings. Together, this data indicates
that repair-defective rad52 cells acquire resistance following genotoxic treatments. The prominent
CPT resistant phenotype is maintained even following the withdrawal from the genotoxic challenge
for approximately 75 generations. The speculation regarding the source of the genotoxin
resistance phenotype in rad52 cells will be presented later in the discussion section.

2.3 Repair-defective rad52 cells experience drastic chromosome loss events following

adaptation to genotoxin treatment

The resistance towards genotoxins and other stress agents and conditions is frequently
associated with the acquisition of genomic re-arrangements, as well as whole chromosome gains
and losses, ploidy changes, segmental aneuploidies, and gene amplifications and deletions
(Dunham et al., 2002; Rancati et al., 2008; Selmecki et al., 2015; Yang et al., 2019). At the same
time, the loss of the rad52 gene increases the frequency of chromosome loss events, which is
further exacerbated by treatment with X-rays (Mortimer et al., 1981). This prompted me to
investigate the karyotype changes that occur in adapted rad52 cells following X-Ray or CPT

exposures.
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2.3.1 Exposure of rad52 cells to 45 Gy of X-Rays or CPT induces drastic changes in ploidy

In order to check whether rad52 cells lose chromosomes following the irradiation with 45 Gy of X-
rays or treatment with 2 yM CPT, | analyzed the DNA content of naive and adapted mutants using
a flow cytometry approach. The DNA content analysis of rad52 mutants adapted to X-rays
revealed extensive chromosome loss events in more than 50 clones tested (Figure 14a and data
not shown). | recovered adapted mutants with a nearly diploid DNA content, an intermediate ploidy
state between 2C and 1C, and a nearly haploid chromosome set. This mixture of ploidy states
might be due to the stochastic nature of the treatment with X-rays, as different cells might obtain
different numbers of DSBs in random genomic locations. | have observed even more pronounced
chromosome loss events in rad52 mutants adapted to 2 yM CPT in more than 50 clones tested
(Figure 14b and data not shown). All the CPT resistant clones tested were nearly haploid, which
likely reflects a high DNA damage load and a rather homogeneous distribution of DSBs (as Top1
acts genome-wide) upon the concentrations of the drug | used. Although adaptation-defective
rad52 cdc5-ad cells form genotoxin-resistant colonies with a reduced frequency (Figure 12 a-c),
the rare adapted clones still display chromosome loss patterns similar to adapted rad52 mutants
(Figure 14b). To ensure that changes in the DNA content | observe using flow cytometry approach
are not due to the loss of mitochondrial DNA, | generated rho- rad52 strains depleted of their
mitochondrial DNA. Afterwards, | subjected them to treatment: either with 45 Gy of X-Rays, or 2
pM CPT. Although | observed a lesser amount of DNA content in naive rho- rad52 strains
compared to rad52 mutants (Figure 14c), rho- strains still displayed additional chromosome loss
events. These results suggest that the loss of mitochondrial DNA cannot account for the drastic
changes in DNA content that adapted cells experience. Together, this indicates that repair-
defective radb52 mutants experience drastic loss of their DNA content following genotoxic

challenge.

2.3.2 Whole genome sequencing reveals that adapted rad52 cells experience whole

chromosome losses

My flow cytometry results indicate that rad52 mutants experience loss of genomic material in
response to genotoxic challenge. Yet, the flow cytometry method does not provide me with
understanding of which types of genomic rearrangements are characteristic of the adapted rad52
cells. In order to elucidate whether (i) adapted cells undergo gross chromosomal re-arrangements
and (ii) whether certain types of genomic rearrangements are systematic, we have employed the
whole genome sequencing approach. The whole genome sequencing experiment was performed
by Dr. Katharina Bender, and data analysis was performed by Dr. Anke Busch. The data are now
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part of a manuscript (https://doi.org/10.1101/464685). Briefly, wild type and rad52 strains were
either plated onto YPD agar (YPD), irradiated with 45 Gy of X-rays, or plated onto YPD plates

containing 2 yM CPT. Subsequently, the indicated strains were grown to as exponential cultures
in liquid YPD media at 30 °C. We extracted genomic DNA (gDNA) and performed whole-genome
sequencing (Figure 14c). We did not observe chromosome loss events or other genomic
rearrangements in repair-proficient wild type cells even following genotoxic treatment. The X-ray
adapted rad52 mutants displayed whole chromosome losses resulting in a mixture of ploidies,
from a nearly diploid karyotype that have only lost chromosome | (clone c) to a nearly haploid
karyotype that have retained chromosomes Ill and XI (clone a). The rad52 mutants that adapted
to 2 yM CPT had lost half of their chromosomes (chromosome loss events are marked in red),
and preferentially retained chromosome Ill. We did not observe gross genomic rearrangements
other than whole chromosome loss, e.g. translocations, insertions, or deletions. Together, these
results indicate that repair-defective rad52 mutants undergo extensive whole chromosome loss
events following treatment with genotoxins. Treatment of rad52 cells with X-rays yields a spectrum
from nearly diploid to nearly haploid karyotypes, while treatment with 2 yM CPT results in an
almost haploid karyotype with an extra chromosome lIl.
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Figure 14. Exposure of repair-defective rad52 cells to X-Rays and CPT induces extensive
chromosome loss. (a) DNA content of the indicated yeast strains was assessed using flow
cytometry. Briefly, after rad52 colonies were formed on control YPD plates, 2 uM CPT plates, or
plates exposed to 45 Gy of X-rays, single colonies were grown in liquid YPD media overnight and
analyzed. Letters indicate single colonies derived from genotoxin-treated plates. (b) DNA content
of genotoxin-treated adaptation-defective rad52 cdcb-ad mutants was assessed using flow
cytometry. Letters indicate single colonies derived from genotoxin-treated plates. (c) DNA content
of mitochondrial DNA-deficient rho- rad52 strains that were treated either with 45 Gy of X-Rays or
2 uM CPT. Letters indicate single colonies derived from genotoxin-treated plates. (d) The
representative segmentation plot depicts relative chromosome copy number in indicated strains.
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The segmentation plot depicts the log: ratio of binned reads (reads per million (RPM), y-axis) for
the respective chromosome position (x-axis) normalized to the sample median number of reads
per bin (RPM). Dashed horizontal lines indicate a threshold of 0.6 or -0.6, respectively, to allow
the identification of chromosome loss events, which are indicated in red. Letters indicate single
colonies derived from genotoxin-treated plates. DNA sequencing for the panel (c) was
performed by Dr. Katharina Bender, and data analysis was performed by Dr. Anke Busch.

2.4 Acute exposure to high CPT dosages results in heterogeneous karyotypes in rad52

mutants

| wondered whether the difference in karyotypes acquired by rad52 mutants adapted to 45 Gy of
X-rays or 2 yM CPT arise due to the different duration of the treatment: while irradiation with X-
rays is acute, the treatment with 2 yM CPT is chronic and lasts for eight days. | also wondered
whether preventing adaptation upon acute treatment with CPT will allow to decrease the rates of
genotoxin resistance. In order to address these questions, | have treated exponential cultures of
rad52 or rad52 cdc5-ad mutants with 20 uM CPT for 4 hours and allowed the cells to recover for
two to six days and form colonies on YPD agar plates (Figure 15a).
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Figure 15. Acute exposure of repair-defective rad52 cells to CPT leads to extensive
chromosome loss, but does not facilitate growth advantage in adapted cells upon repeated
exposure. Figure legend, see next page.
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Figure 15. Acute exposure of repair-defective rad52 cells to CPT leads to extensive
chromosome loss, but does not facilitate growth advantage in adapted cells upon repeated
exposure. (a) Scheme of the experimental set-up. Overnight cultures were grown in YPD at 30°C
and diluted in the morning to 0.15 OD600nm. Cultures were grown for 3 h to reach the exponential
phase, and were either mock-treated (DMSO) or treated with 20 uM CPT for 4 h. Approximately
3000 cells per plate were plated on YPD agar and grown at 30°C for 2 to 6 days to recover all the
possible colonies. (b) Representative images of plates with indicated strains that were acutely
treated with 20 uM CPT as described in (a). (c) DNA content of single colonies from (b) was
analyzed using flow cytometry. Letters indicate single colonies. Accompanying histogram
summarized the analysis of DNA content from 48 independent colonies that were generated
during 4 independent experiments. (d) Indicated strains from (b) were grown in liquid YPD media
overnight at 30°C and spotted in serial dilutions onto YPD plates or CPT-containing plates. Letters
indicate single colonies.

The acute treatment with 20 uM CPT suppressed colony formation in the repair-defective cells 2
days after the treatment, while the repair-proficient cells were not affected (Figure 15b, and data
not shown). In rad52 mutants, heterogeneously sized colonies started to appear after six days of
incubation at 30°C. When a similar number of cells was plated, | recovered fewer colonies of
adaptation-defective rad52 cdc5-ad mutants compared to adaptation-proficient rad52 mutants,
indicating that CA contributed to the re-growth of rad52 cells after the acute CPT treatment. DNA
content analysis revealed that acute treatment with 20 yM CPT induced extensive chromosome
loss events in rad52 mutants (30 out of 48 clones tested), yielding heterogeneous karyotypes
similarly to X-ray treatment (Figure 15c). Interestingly, the frequency of chromosome loss
following the acute CPT treatment in adaptation-defective rad52 cdc5-ad mutants was
drastically lower, with only 3 out of 48 clones showing detectable chromosome loss events.
This indicates that CA precedes chromosome loss following the acute treatment with a high
CPT dosage.

Finally, | tested whether the acute CPT treatment also leads to the formation of genotoxin
resistance, similarly to chronic CPT exposure. | spotted rad52 mutants recovered after the
acute CPT treatment onto control plates (YPD) or plates containing 2 yM CPT (Figure 15d).
In contrast to chronic CPT exposure, that resulted in the formation of CPT resistant rad52
colonies (Figure 13c), the acute CPT treatment did not lead to genotoxin resistance,
suggesting that the resistance may be related to the nearly haploid state and not the
chromosome loss events, per se. A few nearly haploid rad52 mutants that were recovered
following the acute treatment with 20 uM CPT also displayed resistance to CPT (data not
shown), supporting the notion that nearly-haploid state facilitates CPT resistance. In

summary, these data indicate that acute treatment of rad52 cells with a high CPT dosage
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results in heterogeneous chromosome loss patterns similarly to X-ray irradiation and does not
lead to resistance to further CPT exposure.

2.5 The resistance to CPT in adapted rad52 cells is facilitated by a nearly-haploid karyotype

We have observed that following CPT treatment repair-defective rad52 cells have become nearly
haploid but retained an extra chromosome Il (Figure 14c). Whole chromosome aneuploidies were
reported to facilitate resistance to the antifungal drug caspofungin in Candida albicans or
resistance to hydroxyurea treatmentin S. cerevisiae (Yang et al., 2019). Evolutionary experiments
in different stress conditions showed that chromosome gains provided adaptive means for stress
tolerance (Chen et al., 2012a, 2012b; Rancati et al., 2008). Moreover, whole chromosome
aneuploidies were reported to facilitate resistance to unrelated stress conditions and drugs (Yang
et al.,, 2019), which we observed in CPT resistant rad52 mutants (Figure 12c). | therefore
wondered whether this nearly haploid karyotype is intrinsically resistant to CPT treatment, and
whether the presence of an extra copy of chromosome Il provides a selective advantage upon
genotoxic challenge. In order to address these questions, | compared the growth of haploid rad52
strains derived from CPT-containing plates on 2 uM CPT to the strains that had similar karyotype,
but were generated by a sporulation of triploid strain and were not previously treated with
genotoxins (Mulla et al., 2017; Pavelka et al., 2010) (Figure 16a).

| have knocked-out rad52 in a strain disomic for chromosome Ill or chromosomes Ill + XlI, and
confirmed that positive transformants retained an extra copy of chromosome Ill by gPCR (Figure
16b). All the chromosomes Il + Xll disomes tested had rapidly lost their extra copy of chromosome
XIlI after the transformation, and | was therefore only able to recover chromosome Ill disomes. The
rad52 mutants disomic for chromosome Ill grew similarly to the rad52 haploids on the CPT-
containing plates, indicating that aneuploidy did not provide an advantage and is likely not
responsible for the genotoxin resistance (compare lanes 3 to lanes 8 and 10). Rather, the nearly
haploid karyotype itself facilitated the growth of rad52 mutants in the presence of CPT (lanes 3 to
6, 8, and 10). Mating locus heterozygosity in S. cerevisiae influences the DNA repair pathway
choice by the suppression of the NHEJ pathway in diploid yeast due to the downregulation of Nej1
levels (Frank-Vaillant and Marcand, 2001). Interestingly, the effects of chromosome Il disomy
were independent of the mating cassette present, indicating that NHEJ might be dispensable for
the CPT resistance (compare lanes 8 and 10). Together, these data indicate that the nearly
haploid state, but not the presence of extra chromosome lll, facilitates the resistance of rad52
mutants to CPT.
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Figure 16. Nearly-haploid karyotype facilitates the resistance of repair-defective rad52 cells
to CPT. (a) Yeast strains of the indicated genotypes were grown in liquid YPD media at 30°C,
and spotted in serial dilutions onto YPD plates, or plates containing 2 yM CPT. Colony formation
was monitored after 3 and 5 days at 30°C. Letters indicate single colonies. (b) Relative
chromosome copy number of disomic strains (from a) before and after RAD52 knock-out. Briefly,
the indicated strains were grown in liquid YPD media to the exponential cultures. Following the
gDNA extraction, gPCR-based quantification of chromosome copy number was performed. The
normalization procedure is described in the materials and methods section.

2.6 Extra copy of chromosome lll is lost during the progressive passaging of rad52 mutants

Although | have excluded the importance of chromosome Il disomy for the CPT resistance (Figure
16a), | tried to understand the reason as to why it is frequently retained in adapted rad52 colonies.
| hypothesized that the process of chromosome loss upon CPT treatment may be gradual and
produces a variety of aneuploid karyotypes. Certain aneuploid karyotypes are lethal in yeast: for

example, disomes for chromosome 6 are inviable due to the presence of an extra copy of the B-
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tubulin encoding TUBZ2 gene (Torres et al., 2007). Hence, the mating locus in yeast is located on
chromosome lll, so retaining the chromosome appears to be advantageous to prevent potentially
lethal mating events between aneuploids with imbalanced chromosome numbers. When the
mutants reach the nearly-haploid state after progressive chromosome loss, it is no longer an
advantage to maintain an extra copy of chromosome Ill over many generations. To set out
experiments that will help examine the aforementioned hypothesis, | first aimed to confirm
chromosome Il disomy in a larger number of CPT resistant rad52 strains. Second, | set out to
monitor the dynamics of chromosome lll loss in unchallenged conditions.

| first aimed to confirm that the vast majority of CPT resistant rad52 that | initially recover retain an
extra copy of chromosome lll. | reasoned that when an extra copy of chromosome lll is maintained,
CPT resistant mutants should be heterozygous for the mating type cassette (can be MAT a or
MAT a) present. Mating locus heterozygosity can be experimentally confirmed by PCR (Huxley et
al., 1990). The PCR with the MAT a template DNA generates a 544 bp product, and the PCR with
MAT a template DNA generates a 404 bp product. The PCR on DNA from diploid MAT a / a cells
generates both products. My analysis demonstrated that amongst 38 examined CPT resistant
rad52 clones, 38 were heterozygous for the mating locus (Figure 17a and data not shown). This
indicates that the vast majority of CPT resistant rad52 that | initially recover from CPT plates
indeed retain an extra copy of chromosome III.

Next, | analyzed whether an extra copy of chromosome Il is lost if CPT adapted rad52 cells are
grown in unchallenged conditions. | have isolated single CPT resistant rad52 colonies and tested
whether they retain extra chromosome Il by their ability to mate with mating tester strains (Figure
17b). Mating with a mating tester strain will result in complementation of their auxotrophic markers
- and allow the resulting diploids to grow on a minimal SD media. | observed that CPT resistant
rad52 mutants frequently lose a random extra copy of chromosome Il (Figure 17¢), which
supports my initial hypothesis.

Together, my data indicate that although CPT resistant rad52 cells initially retain an extra copy of
chromosome Il — presumably to prevent potentially deleterious mating events between
aneuploids — they lose it during progressive passaging in unchallenged conditions. Hence there
is no specificity for chromosome 1l retention, rather its increased disomy is specifically a result of

growth conditions where selective growth advantages can be selected for.
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Figure 17. CPT resistant rad52 cells do not maintain an extra chromosome Ill during
progressive passaging. (a) Characterization of mating locus heterozygosity in homozygous
diploid rad52 strains treated with 2 yM CPT. Overnight culture in YPD at 30°C was followed by
the gDNA extraction and the PCR-based amplification of the mating locus cassettes. PCR
products were separated on 1% agarose gel containing SYBR® Safe DNA stain. Letters indicate
individual colonies derived from CPT-containing plates. bp - base pairs. (b) Scheme of the
experimental set-up. Ten independent single colonies derived from plates containing 2 uM CPT
were first patched onto YPD agar and afterwards re-streaked for single colonies. At least 100
CPT-derived single colonies were patched and tested for their mating type. The strains were
mated with MAT A and MAT a mating tester strains and the resulting diploids were selected based
on their ability to grow on minimal SD media. (¢) Characterization of chromosome Il loss
frequency by the estimation of the occurrence of mating to the MAT A and MAT a mating tester
strains. Experiment was performed as described in (a). Representative images of minimal SD
plates are shown. Letters indicate individual colonies derived from CPT-containing plates.

2.7 Adapted rad52 undergo gradual chromosome loss to acquire balanced haploid

karyotype

It was formerly demonstrated that induction of a single DSB that causes telomere attrition on the
non-essential chromosome in repair-defective rad52 cells leads to a propagation of the damaged
chromosome for up to ten generations, until the damaged chromosome is lost due to resection
(Sandell and Zakian, 1993). The chromosome loss in diploid strains will produce aneuploid
karyotypes, which, in turn, are also unstable. The frequent chromosome loss and genomic
instability in aneuploid cells was reported from yeast to humans (Passerini et al., 2016;

Ravichandran et al., 2018). | therefore wondered if the rad52 cells resistant to 45 Gy of X-rays
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undergo progressive chromosome loss events, and if there is a stable karyotype that they acquire
after the progressive passaging. In order to address these questions, | passaged strains in liquid
media for ten days and monitored their DNA content using flow cytometry (Figure 18a). The repair-
proficient wild type cells maintained stable ploidy over the course of the experiment, while the
repair-deficient rad52 strains maintained stable ploidy in the absence of DNA damage. This
indicates that chromosome loss is induced majorly when DNA damage is not properly repaired.
All of the fifteen X-ray resistant rad52 clones analyzed showed progressive chromosome loss
resulting in a nearly-haploid DNA content within the first three to four days of passaging. This DNA
content was stably maintained over the course of the experiment (Figure 18b). In line with
previously published observations (Sandell and Zakian, 1993), these results demonstrate that
following DNA damage rad52 cells lose chromosomes in a gradual manner until they achieve a
stable haploid karyotype.

Ploidy in yeast was reported to be an important determinant of their adaptability to specific
environmental conditions: for example, a tetraploid state promotes resistance to fungicides
(Selmecki et al., 2015; Storchova, 2014). | wondered whether rad52 cells that experienced drastic
chromosome loss events upon treatment with CPT or X-rays will eventually re-diploidize during
progressive passaging to restore their initial ploidy. Yet, both CPT resistant rad52 and X-ray
resistant rad52 clones maintained a stable nearly-haploid karyotype over the course of the
experiment (Figure 18b). Together, these data indicate that following DNA damage, repair-
defective rad52 cells experience progressive chromosome loss until they reach a nearly-haploid

state, which they stably maintain over many generations.
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Figure 18. Highly aneuploid adapted rad52 cells undergo gradual chromosome loss and
acquire a balanced haploid karyotype Figure legend, see next page.
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Figure 18. Highly aneuploid adapted rad52 cells undergo gradual chromosome loss and
acquire a balanced haploid karyotype. (a) Scheme of the experimental set-up. Single colonies
of rad52 strains derived from CPT-containing plates were first patched onto YPD agar and then
inoculated into liquid YPD media overnight at 30°C. Single colonies of wild type or rad52 strains
derived from control YPD plates, 2uM CPT containing plates, or plates irradiated with 45 Gy of X-
rays, were inoculated directly from the plates. Cultures were diluted daily to 0.05 OD600nm in 5
mL YPD for 10 days. Flow cytometry samples were collected daily before the cultures dilution. (b)
Analysis of chromosome loss dynamics in rad52 strains after 2 uM CPT or 45 Gy X-ray exposure.
Experiment was performed as described in (a). 2C - diploid DNA content, 4C- tetraploid DNA
content. Representative plots are shown. Asterisk indicates missing samples.

2.8 Adapted rad52 mutants become aneuploid and suffer from aneuploidy-associated
proteotoxic stress

Aneuploidy is the condition of having an abnormal number of chromosomes that is not a multiple
of a haploid set. My results demonstrate that repair-defective rad52 cells undergo extensive
chromosome loss following treatment with both X-rays, and CPT (Figure 14a), meaning that
adapted cells become aneuploid. To my knowledge, aneuploidy-associated phenotypes have so
far been studied in yeast strains created in a very controlled manner: either by sporulation of a
triploid strain (Pavelka et al., 2010), chromosome transfer strategy (Torres et al., 2007), or by
acute induction of chromosomes mis-segregation upon cell division (Beach et al., 2017). Yet,
adapted cells become aneuploid as a result of the dramatic genotoxin treatment, which might yield
a different spectra of alterations in cellular physiology. Moreover, aneuploid cells used in this study
are also HDR defective. This budding yeast system could be seen as a parallel to human tumors,
which frequently become aneuploid (Ben-David and Amon, 2020), and are often deficient in HDR
pathways (Ledermann et al., 2016). Understanding physiological disadvantages of repair-
defective adapted cells provides me with a strategy for how to target their growth post-adaptation.
Therefore, | set out to scrutinize physiological alterations in adapted repair-defective aneuploid
rad52 cells, based on the published observations about the aneuploidy-associated phenotypes
(Chen et al., 2015; Oromendia et al., 2012; Torres et al., 2007). This allowed me to develop a

strategy for how to pharmacologically target repair-defective rad52 cells post-adaptation.
2.8.1 X-ray resistant rad52 mutants suffer from proteotoxic stress

In budding yeast, chromosomes are transcribed according to their copy number (Dephoure et al.,
2014; Torres et al., 2016); therefore, imbalances in gene copy numbers potentially translate into
imbalances in protein complex stoichiometry. This renders aneuploid cells predisposable to the
formation of protein aggregates, especially upon the conditions that exaggregate a load onto
cellular protein quality control systems (Oromendia et al., 2012). The resulting proteotoxic stress

potentially threatens cellular survival in suboptimal conditions, which was demonstrated for
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multiple disomic yeast strains (Oromendia et al., 2012). | aimed to assess whether the adapted
rad52 cells have hallmarks of proteotoxic stress similar to the disomic yeast strains.

Elevated temperatures induce increased load on protein quality control systems (Richter et al.,
2010), and stressed aneuploid cells can have reduced capacity to adapt their physiology to the
challenge (Oromendia et al., 2012). Upon the standard growth conditions, the Hsp104
disaggregase is diffusely localized within the cytoplasm of the cell; however, upon proteotoxic
stress induction the disaggregase co-localizes with cytoplasmic protein aggregates (Mogk et al.,
2015). As the formation of protein aggregates is indicative of proteotoxic stress, monitoring the
formation of disaggregase foci allows me to assess whether the cell suffers from proteotoxic
stress. | have monitored the formation and resolution of GFP-Hsp104 foci upon heat stress
conditions in X-ray adapted rad52 cells using high-throughput fluorescence microscopy (Figure
19a). When shifted to 37°C, non-aneuploid wild type and naive rad52 cells form Hsp104-GFP foci
after 1 hour at elevated temperatures, which are resolved after 3 h (Figure 19b, c). The resolution
of Hsp104-GFP foci indicates that cells have adapted their cellular physiology to higher
temperatures. Of note, repair-defective rad52 cells showed slower kinetics of the Hsp104-GFP
foci resolution, which might indicate that the deletion of rad52 already induces a mild degree of
proteotoxic stress. In contrast to euploid controls, aneuploid X-ray resistant rad52 cells fail to
resolve Hsp104-GFP foci after 3 h at 37 °C, indicating that aneuploid cells have a decreased
capacity to adapt their physiology to the heat conditions. The decreased capacity to resolve
Hsp104-GFP foci correlates with the inability of adapted rad52 cells to survive and form colonies
at the elevated temperatures (Figure 19c¢, d). The two X-ray resistant rad52 clones that were able
to survive at the elevated temperatures displayed a nearly diploid DNA content and an adequate
dynamics of the Hsp104-GFP foci resolution (Figures 19d and 8e, clones A and F). Together,
these results indicate that highly aneuploid rad52 mutants suffer from proteotoxic stress, and are

therefore unable to adapt and grow in the condition of elevated temperatures.
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Figure 19. Highly aneuploid X-ray adapted rad52 cells experience proteotoxic stress.

(a) Scheme of the experimental set-up. Control strains and 45 Gy resistant rad52 colonies were
grown overnight at 25 °C, in the morning diluted to 0.2 OD600nm and grown to exponential
cultures. Afterwards, cultures were exposed to 37 °C heat for 3 h. | collected samples for
fluorescence microscopy at Oh, 1h, and 3h at 37 °C in order to monitor Hsp104-GFP foci formation
and resolution. (b) Representative microscopic images of indicated strains upon the heat
challenge. All strains expressed endogenous Hsp104 fused with GFP. Arrows indicate Hsp104-
GFP foci. For more details on automated foci analysis see methods section. Scale bar, 10 uyM. (c)
Quantification of Hsp104-GFP foci formation upon heat challenge in strains from (b) monitored
using fluorescent microscopy. At least 3000 cells (each point on the histogram) per biological
replicate were imaged. Error bars indicate median with interquartile range. (d) Strains of the
indicated genotypes grown overnight at 25°C were spotted in 1:10 serial dilutions on YPD plates.
The right panel indicates the percentage of Hsp104-GFP foci upon shift to 37 °C, summarized in
(c). (e) DNA content of the indicated yeast strains corresponding to panel (d) was assessed by
flow cytometry. Letters indicate independent colonies, which are the same clones in panels (b) to

(e).
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2.8.2 Nearly haploid CPT resistant rad52 mutants do not suffer from proteotoxic stress

Although it is clearly established that aneuploidy causes proteotoxic stress in yeast that harbor
even one extra chromosome (Oromendia et al., 2012; Santaguida et al., 2015), studies on
disomes that carry an extra copy of chromosome Il have not been done to my knowledge.
Intriguingly, laboratory evolution experiments showed that the gain of an extra copy of
chromosome Il was an adaptive mechanism that allowed heat tolerance in budding yeast (Yona
et al., 2012). Therefore, | set out to investigate whether the CPT adapted rad52 mutants suffer
from proteotoxic stress. Similarly to the experiments with the X-ray adapted rad52 cells (Figure
19), | have monitored the formation and the resolution of Hsp104-GFP foci upon the heat stress
conditions using high-throughput fluorescence microscopy (Figure 20a). CPT adapted rad52 cells
were able to form Hsp104-GFP foci after 1 h at 37 °C and resolve them after 3 h at 37 °C, similarly
to euploid rad52 parental strains (Figure 20b, and c). This correlated with the ability of CPT
resistant rad52 cells to form viable colonies at the elevated temperature (Figure 20d). The only
temperature-sensitive CPT resistant clone (Figure 20d, clone e) still displayed an adequate
dynamics of Hsp104-GFP foci formation and resolution. The loss of viability at the elevated
temperatures could be explained by the formation of a temperature-sensitive mutation in an
essential gene (or multiple ones) (Pringle, 1975) during the highly mutagenic genotoxic treatment.
Using flow cytometry, | confirmed that all the CPT resistant rad52 strains used in this experiment
were nearly haploid (Figure 20e). Together, nearly haploid CPT resistant rad52 cells do not display

signs of proteotoxic stress and can form colonies at elevated temperatures.
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Figure 20. Nearly haploid CPT adapted rad52 cells do not suffer from proteotoxic stress.

(a) Scheme of the experimental set-up. Control strains and CPT resistant rad52 colonies were
grown overnight at 25 °C, in the morning diluted to 0.2 OD600nm, and grown to exponential
cultures. Afterwards, the cultures were exposed to 37 °C heat for 3 h. | collected samples for
fluorescence microscopy at Oh, 1h, and 3h at 37 °C in order to monitor Hsp104-GFP foci formation
and resolution. (b) Representative microscopic images of indicated strains upon a heat challenge.
All strains expressed endogenous Hsp104 fused with GFP. Arrows indicate Hsp104-GFP foci. For
more details on automated foci analysis see methods section. Scale bar, 10 uM. (c) Quantification
of Hsp104-GFP foci formation upon a heat challenge in strains from (b) monitored using
fluorescent microscopy. At least 3000 cells (each point on the histogram) per biological replicate
were imaged. Error bars indicate median with interquartile range. (d) Strains of the indicated
genotypes grown overnight at 25°C were spotted in 1:10 serial dilutions on YPD plates. The right
panel indicates the percentage of Hsp104-GFP foci upon shift to 37 °C, summarized in (c). (e)
DNA content of the indicated yeast strains corresponding to panel (d) was assessed by flow
cytometry. Letters indicate independent colonies, which are the same clones in panels (b) to (e).
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2.8.3 X-ray resistant rad52 mutants are sensitive to inhibitors that interfere with protein

quality control system

My results demonstrate that highly aneuploid rad52 cells adapted to X-rays suffer from proteotoxic
stress (Figure 19), which opens up a possibility to target repair-defective rad52 cells after
adaptation, thereby diminishing the resistance. Studies in disomic yeast strains demonstrated that
chemical compounds that target the protein quality control machinery of aneuploids effectively
inhibit their growth (Torres et al., 2007, 2010).

The 26S proteasome is an integral part of the protein quality control of the cell, which is important
for the degradation of a large fraction of peptides in the cell (Schubert et al., 2000). Aneuploid
strains have shown to have an increased dependency on the 26S proteasome function and a high
sensitivity to a specific proteasome inhibitor: MG132 (Torres et al., 2007, 2010). Therefore, the
inhibition of 28S proteasome using MG132 provides pharmacological means to target highly
aneuploid X-ray adapted rad52 cells. In order to test whether X-ray adapted rad52 cells are
sensitive to the proteasome inhibition, | performed a growth curve assay in the presence of low
dosages of MG132. As the function of proteasome is essential for cellular growth and survival, |
used low (5 to 10 yM) dosages of the inhibitor, to achieve only partial inhibition of proteasome
function. In order to allow the uptake of the inhibitor, | performed my experiments in a strain
background that lacks the multidrug resistance conferring transporter PDRS5 (Balzi et al., 1994).
The growth curve experiment revealed that a partial proteasome inhibition with MG132 invokes
small but consistent changes in the population doubling time in euploid wild type and rad52 control
strains (Figure 21a). Higher MG132 sensitivity of euploid rad52 cells compared to wild type cells
is consistent with the idea that rad52 deletion strains have low levels of proteotoxic stress, as
assessed by the dynamics of Hsp104-GFP foci resolution (Figure 19c). Strikingly, highly aneuploid
X-ray adapted rad52 mutants displayed high sensitivity to the proteasome inhibition. Although the
doubling time of aneuploid X-ray adapted rad52 strains was already elevated in unchallenged
conditions, the magnitude of changes in their doubling time upon MG132 treatment had exceeded
that of the euploid parental rad52 strain (Figure 21a). Using flow cytometry, | confirmed that X-ray
adapted mutants used in my assay were highly aneuploid (Figure 21b). These results indicate that
although the repair-defective rad52 cells already suffer from proteotoxic stress to a minor degree,
highly aneuploid adapted rad52 mutants suffer from strongly pronounced proteotoxic stress, which
renders them extremely sensitive to the inhibition of proteasome.

Chaperones constitute another essential component of the cellular protein control system, as they
provide the vital functions of protein folding, assembly, and trafficking (Young et al., 2004).
Amongst them, Hsp90 is one of the most abundant chaperones that supports a plethora of
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essential cellular processes in unperturbed conditions, as well as under proteotoxic stress
(McClellan et al., 2007). Due to the increased generation of misfolded proteins and protein
aggregates, aneuploid yeast strains demonstrated an increased reliance on Hsp90 function and
a high sensitivity to Hsp90 inhibitors, Geldanamycin and Radicicol (Oromendia et al., 2012; Torres
et al., 2007). | therefore tested whether aneuploid X-ray adapted rad52 mutants are sensitive to a
partial inhibition of Hsp90 (Figure 21c). All strains used in the experiment were in pdr5 background,
to allow for the uptake of the drug. Of note, as Hsp90 is an essential protein, | did not use a
Radicicol dosage that fully inhibits Hsp90. Upon the Radicicol treatment, | observed a moderate
increase in the population doubling time for both euploid control strains, and aneuploid X-ray
resistant rad52 mutants. | confirmed that X-ray adapted mutants used in my assay were highly
aneuploid (Figure 21d), excluding that the moderate sensitivity to Hsp104 inhibition was due to a
low degree of aneuploidy in randomly selected X-ray resistant mutants. The result of the growth
curve assay indicates the moderate sensitivity of adapted aneuploid rad52 strains to Hsp104
inhibition with Radicicol.

Together, these results indicate that X-ray adapted rad52 strains are highly sensitive to the 26S
proteasome inhibitor MG132 and moderately sensitive to the Hsp90 inhibitor Radicicol, providing

a pharmacological means to target X-ray resistant cells post-adaptation.
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Figure 21. Highly aneuploid X-ray adapted rad52 mutants are highly sensitive to the
inhibition of 26S proteasome and Hsp90. Figure legend, see next page.
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Figure 21. Highly aneuploid X-ray adapted rad52 mutants are highly sensitive to the
inhibition of 26S proteasome and Hsp90. (a) Population doubling times of control euploid
strains and X-ray resistant rad52 mutants (all in pdr5 background to facilitate MG132 uptake) was
determined in a growth curve assay at 30 °C in YPD media containing DMSO (as a control) or the
indicated concentrations of MG132. Data are represented as a scatter plot with indicated mean
and SD. Thirty-three independent colonies derived from two biological replicates were analysed.
Statistical analysis was performed using the Scheirer-Ray-Hare test followed by pairwise
Bonferroni-corrected Mann-Whitney-U-tests (* is p < 0.05 and ** is p < 0.001). (b) Representative
DNA content flow cytometry profiles of euploid and X-ray adapted aneuploid mutants
corresponding to panel (a). Letters indicate independent colonies analysed. (¢) Population
doubling times of control euploid strains and X-ray resistant rad52 mutants (all in pdr5 background)
was determined in a growth curve assay in YPD media containing DMSO (as a control) or 34 uM
of Hsp90 inhibitor Radicicol at 30 °C. Data are represented as a scatter plot with indicated mean
and SD. Thirty-four independent colonies of euploid control strains, and thirty six X-ray resistant
rad52 colonies derived from two biological replicates were analysed. Statistical analysis was
performed using the Scheirer-Ray-Hare test followed by pairwise Bonferroni-corrected Mann-
Whitney-U-tests (* is p < 0.05). (d) Representative DNA content flow cytometry profiles of euploid
and X-ray adapted aneuploid mutants corresponding to panel (c). Letters indicate independent
colonies analysed. Statistical analysis was performed by Dr. Anke Busch.

2.8.4 CPT resistant rad52 mutants are slightly sensitive to proteasome inhibition

My results indicate that highly aneuploid X-ray resistant rad52 mutants suffer from proteotoxic
stress (Figure 19) and therefore display high sensitivity to proteasome inhibitors (Figure 21).
Although | only observed minor signs of proteotoxic stress in CPT resistant rad52 strains that were
comparable to the parental diploid rad52 strain (Figure 20), | was not able to predict whether an
extra challenge on the protein quality control system in CPT resistant disomes would overwhelm
their cellular capacity to respond to it. This prompted me to investigate whether CPT resistant
rad52 strains, that are aneuploid for chromosome lll, display growth disadvantages upon a partial
inhibition of the 26S proteasome with MG123 (Figure 22a). Because CPT resistant rad52 strains
are nearly-haploid, | included haploid control strains in my analysis. This allowed me to ensure
that the dosage of genes that encode proteasome subunits will not underlie the changes that |
observe during the treatment with similar inhibitor dosages. All strains used in the experiment were
in the pdr5 background. Growth curve analysis revealed that a partial proteasome inhibition with
MG132 consistently increased the population doubling time in haploid and diploid control strains,
as well as in CPT resistant rad52 strains. However, in contrast to X-ray adapted aneuploid strains
(Figure 21a), the magnitude of the growth delay in CPT resistant rad52 was comparable to the
diploid rad52 strain. This result was in line with the low levels of proteotoxic stress in CPT resistant
rad52 mutants (Figure 20). | analysed the DNA content of examined strains to ensure that the
randomly selected CPT resistant rad52 mutants were haploid (Figure 22b). Together, nearly
haploid CPT resistant rad52 strains do not display prominent sensitivity to the proteasome inhibitor
MG132.
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Figure 22. Nearly haploid CPT resistant rad52 mutants are not sensitive to proteasome
inhibition. (a) Population doubling times of control euploid strains and CPT resistant rad52
mutants (all in pdrb background to facilitate MG132 uptake) was determined in a growth curve
assay at 30 °C in YPD media containing DMSO (as a control) or the indicated concentrations of
MG132. Data are represented as a scatter plot with indicated mean and SD. Twenty-seven
independent colonies derived from two biological replicates were analysed. Statistical analysis
was performed using the Scheirer-Ray-Hare test followed by pairwise Bonferroni-corrected Mann-
Whitney-U-tests (* is p < 0.05 and ** is p < 0.001). (b) Representative DNA content flow cytometry
profiles of euploid and CPT adapted aneuploid rad52 mutants corresponding to panel (a). Letters
indicate independent colonies analysed. Statistical analysis was performed by Dr. Anke
Busch.

2.9 Adapted rad52 mutants have decreased TORC1 activity

Aneuploidy as a condition comes with high cellular fitness costs, which are proportional to the
degree of aneuploidy. Besides proteotoxic stress, the aneuploidy condition alters many other
aspects of cellular metabolism, such as energy consumption, gene silencing, osmotic pressure in
the cytoplasm, and many others (Mulla et al., 2017; Torres et al., 2007; Tsai et al., 2019).
Aneuploids display highly altered energy metabolism, and increased glucose consumption by
aneuploids does not result in proportionally high biomass accumulation (Torres et al., 2007). This
physiological flaw opens the possibility for targeting aneuploid cells with low energy mimetics.
Studies in disomic yeast strains demonstrated their sensitivity to the TORC1 inhibitor rapamycin
(Torres et al., 2007), while studies in triploid mouse embryonic fibroblasts and aneuploid human
cancer cell lines, showed their high sensitivity to the low-energy state mimetic AICAR (Tang et al.,
2011). Therefore, | set out to investigate whether aneuploid rad52 mutants can also be targeted

post-adaptation with the starvation mimicking drug, rapamycin.
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2.9.1 X-ray resistant rad52 mutants have decreased TORC1 activity and are sensitive to

rapamycin

The target of rapamycin complex (TORC1) is an essential regulator of cellular growth and
proliferation in response to nutrient availability (Loewith and Hall, 2011). An antifungal metabolite
rapamycin, in complex with the FKBP12 adaptor protein, binds to TORC1 complex, and inhibits
its activity (Heitman et al., 1991). Treatment with rapamycin mimics the conditions of nutrient
starvation, and results in a cessation of cellular growth and proliferation. As aneuploid cells were
reported to have an altered nutrient metabolism and an elevated energy demand (Torres et al.,
2007), | wanted to understand whether highly aneuploid adapted cells have an increased
sensitivity to rapamycin.

I monitored population doubling times of euploid control strains, as well as highly aneuploid X-ray
resistant rad52 mutants in the presence of low dosages of rapamycin (Figure 23a). Treatment with
rapamycin evoked small but consistent changes in the population doubling time in the control
strains. Importantly, treatment with rapamycin resulted in a drastic increase in the population
doubling time in X-ray resistant rad52 mutants. The magnitude of delay in growth rates in
aneuploid X-ray resistant rad52 mutants exceeded the one of the parental euploid rad52 mutants.
Using flow cytometry, | confirmed that X-ray resistant mutants used for the growth curve were
indeed highly aneuploid (Figure 23b). These results indicate that X-ray adapted rad52 mutants
can potentially be targeted with rapamycin treatment.

High sensitivity to rapamycin in aneuploid cells may arise due to the altered activity of TORC1
complex. On one hand, as the activity of TORC1 is downregulated in response to practically all
types of cellular stresses (Loewith and Hall, 2011), stress-burdened aneuploids may have
decreased kinase activity of TORC1. On the other hand, high glucose consumption by aneuploids
(Torres et al., 2007) might be a consequence of a compensatory upregulation in metabolic
pathways reflected in elevated TORC1 activity. In order to better understand the physiological
basis of the increased sensitivity of X-ray adapted aneuploids to rapamycin, | set out to investigate
TORCH1 status in adapted cells. To monitor the activity of TORC1, | assessed the phosphorylation
status of TORC1 bona fide target Sch9 (Urban et al., 2007) using an antibody that specifically
recognizes multiple phosphorylation sites on the C-terminus of Sch9 (Figure 23c). Treatment of a
wild type strain with 50 nM rapamycin (Rapa) served as a negative control, while treatment with
25 ug/mL cycloheximide (CHX) served as a positive control. | observed that even the euploid
rad52 strain already had decreased levels of pSch9, indicating attenuated TORC1 activity (Figure
23a). This result is in line with the slower growth of rad52 mutants (compared to wild types), even
in unchallenged conditions. Highly aneuploid X-ray resistant rad52 mutants displayed even further
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downregulated pSch9 levels, which is indicative of very low TORC1 activity. These results suggest
that high sensitivity of aneuploid X-ray resistant rad52 mutants to rapamycin arises from very low
basal levels of TORC activity in these cells. Of note, the total expression of the Sch9 protein also
varied in aneuploid strains, making precise quantification of the pSch9/Sch9 ratio misleading. In
summary, X-ray resistant rad52 mutants have decreased levels of TORC1 activity.

TORCH1 regulates multiple aspects of cellular growth in response to environmental conditions via
a plethora of its downstream targets (Loewith and Hall, 2011). | wanted to ensure that TORC1
activity in X-ray resistant rad52 mutants is downregulated in general, and not only towards the
Sch9 target. Downregulation of TORC1 activity in response to starvation induces autophagy
(Yorimitsu et al., 2007); therefore, assessing autophagy levels in X-ray resistant rad52 mutants
can serve as an additional read-out for TORC1 activity. | monitored autophagy induction in
aneuploid X-ray resistant rad52 mutants using a previously published GFP-Atg8 autophagy
reporter (Klermund et al., 2014) (Figure 23d). The GFP-Atg8 fusion protein is usually associated
with an autophagosome. When autophagy is activated, the fusion of an autophagosome and a
lysosome results in the cleavage of the construct, and a subsequent accumulation of free GFP in
the lysosomal lumen (Klionsky, 2011). | used a treatment with 50 nM rapamycin (Rapa) as a
positive control for the autophagy induction and an autophagy-deficient rad52 atg1 strain as a
negative control. My results show that no detectable activation of autophagy is observed in
exponential wild type cultures (Figure 23d). | observed a slight activation of autophagy in the
euploid parental rad52 strain and even more pronounced activation of autophagy in X-ray resistant
rad52 mutants. These results enforce the observation that X-ray adapted rad52 mutants have
decreased TORC1 activity.

Together, highly aneuploid X-ray resistant rad52 mutants have decreased activity of TORCA1,
which renders them sensitive to rapamycin. These findings provide an additional strategy for

targeting resistant cells post-adaptation.
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Figure 23. X-ray resistant rad52 mutants have decreased TORC1 activity and are sensitive
to rapamycin. (a) Population doubling times of the indicated strains in YPD media at 30 °C
containing DMSO (control) or the indicated concentrations of rapamycin. Thirty eight independent
colonies derived from three biological replicates were analysed. Data are represented as a scatter
plot indicating mean values and SD. Statistical analysis was performed using the Scheirer-Ray-
Hare test followed by pairwise Bonferroni-corrected Mann-Whitney-U-tests (* is p < 0.05 and ** is
p < 0.001). (b) Representative DNA content flow cytometry profiles of yeast strains corresponding
to (a). Letters indicate independent colonies analysed. (c¢) Indicated euploid control strains and X-
ray resistant rad52 colonies were grown to exponential cultures in YPD at 30°C and collected at
0.6 OD600nm. Control cultures were either mock-treated, or treated for 15 min with either 50 nM
rapamycin (Rapa) or 25 ug/mL cycloheximide (CHX). Whole protein lysates were separated by
SDS-PAGE and membranes were probed with the indicated antibodies. Letters indicate
independent freshly derived colonies. (d) Strains expressing plasmid-encoded GFP-Atg8 were
grown to exponential cultures in selective media at 30°C and monitored for autophagy induction.
Treatment with 50 nM rapamycin (Rapa) for 1 h served as a positive control. Whole protein lysates
were separated by SDS-PAGE and membranes were probed with indicated antibodies. Letters
indicate independent freshly derived colonies. Statistical analysis was performed by Dr. Anke
Busch.

2.9.2 X-ray resistant rad52 mutants have decreased TORC1 activity and are sensitive to

Rapamycin

Studies in aneuploid yeast strains demonstrated that the presence of even one extra chromosome
is sufficient to render the mutant to be sensitive to rapamycin (Torres et al., 2007). However, the
extent of sensitivity to the drug varied depending on which chromosome was present as the extra

copy. The sensitivity of strains disomic on chromosome Ill was not assessed in the study.
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Therefore, | set out to investigate whether nearly-haploid CPT resistant rad52 mutants can be
targeted with the TORC1 inhibitor rapamycin.

I monitored the population doubling time of euploid wild type and rad52 strains, as well as nearly-
haploid CPT resistant rad52 mutants in the presence of 10 nM rapamycin (Figure 24a). | have
observed that rapamycin addition evoked small, but statistically significant changes in all strains
used in my experiments. | did not observe greater sensitivity of nearly haploid CPT resistant rad52
strains compared to the diploid wild type control. | ensured that the randomly selected CPT
resistant rad52 mutants were indeed nearly haploid using flow cytometry (Figure 24b). Next, |
examined the activity of TORC1 towards its downstream target Sch9 in the experiment similar to
the one described in Figure 23b. | observed that CPT resistant rad52 mutants have Sch9
phosphorylation levels comparable to the ones of the diploid rad52 mutants. This result explains
why the CPT resistant rad52 mutants are not preferentially sensitive to rapamycin (Figure 24a). In
line with these results, | observed that CPT resistant rad52 mutants display autophagy levels
similar to the ones of the parental rad52 strain (Figure 24d). For a detailed description of the GFP-
Atg8 reporter and the experiment, see section 2.9.1. Together, these results indicate that nearly-
haploid CPT resistant rad52 mutants have TORC1 activity similar to that of euploid rad52 strains,

and do not display elevated sensitivity to rapamycin.
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Figure 24. CPT resistant rad52 mutants do not display low TORC1 activity or enhanced
sensitivity to rapamycin. Figure legend, see next page.
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Figure 24. CPT resistant rad52 mutants do not display low TORC1 activity or enhanced
sensitivity to rapamycin. (a) Population doubling times of indicated euploid control strains and
CPT-resistant rad52 mutants in YPD media containing DMSO or the indicated concentrations of
rapamycin at 30 °C. Twenty eight independent freshly derived colonies from three biological
replicates were analysed. Statistical analysis was performed using the Scheirer-Ray-Hare test
followed by pairwise Bonferroni-corrected Mann-Whitney-U-tests (**** is p < 0.00001). (b)
Representative DNA content flow cytometry profiles of yeast strains corresponding to (a). Letters
indicate independent colonies analysed. (c¢) Indicated euploid strains and CPT resistant rad52
colonies were grown to exponential cultures in YPD at 30 °C and collected at 0.6 OD600nm.
Cultures were either mock-treated or treated for 15 min with either 50 nM rapamycin (Rapa) or 25
pg/mL  cycloheximide (CHX). Whole protein lysates were separated by SDS-PAGE and
membranes were probed with the indicated antibodies. Letters indicate independent freshly
derived colonies. (d) Strains expressing plasmid-encoded GFP-Atg8 were grown to exponential
cultures in selective media at 30°C. Treatment with 100 nM rapamycin for 1 h served as a positive
control. Whole protein lysates were separated by SDS-PAGE and membranes were probed with
an anti-GFP antibody. Letters indicate independent freshly derived colonies. Statistical analysis
was performed by Dr. Anke Busch.

2.10 The rad52 mutants display elevated levels of Cdc5

An elevated expression levels of the human polo-like kinase PLK1 was linked to a cancer
resistance towards genotoxic treatment with doxorubicin, gemcitabine, and many other
therapeutic agents with a variety of action modes (Gutteridge et al., 2016; Saatci et al., 2018; Zuco
et al., 2015). The yeast homolog Cdc57K! has not yet been linked to a drug resistance, to my
knowledge. However, Cdc5 is a key regulator of adaptation to the DDC (Serrano and D’Amours,
2016; Toczyski et al., 1997; Vidanes et al., 2010). Because my results indicate that CA precedes
the formation of resistant repair-defective colonies under the conditions of genotoxin challenge
(Figure 12), | wanted to investigate whether the levels of Cdc5 are altered in adapted cells.

In order to answer this question, | analyzed Cdc5 protein levels in the exponentially growing
cultures of wild type and rad52 strains, as well as in X-ray resistant rad52 mutants using western
blotting with an antibody that specifically recognizes endogenous Cdc5 (Figure 25a). | used a
GFP-tagged version of Cdc5 to confirm the specificity of the antibody. | have quantified the
intensity of the Cdc5 signal over the total activated gel signal from two independent experiments
(Figure 25b). My results demonstrate that the deletion of rad52 results in an approximate 2-fold
increase in Cdc5 levels. However, adapted cells do not display further elevation in Cdc5p levels,
indicating that the resistance phenotype of X-ray adapted cells is unlikely to be explained by the
Cdc5 levels.

| also analyzed whether Cdc5 levels are elevated in CPT resistant rad52 mutants (Figure 25c).
The quantification of the relative Cdc5 signal (Figure 25d) again demonstrated that CPT resistant

rad52 mutants have Cdc5 levels similar to the parental naive rad52 strain. Together, rad52
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mutants have elevated levels of Cdc5, which are not further increased in X-ray and CPT adapted

rad52 mutants.
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Figure 25. The rad52 mutants have elevated Cdc5 levels.

(a) Strains derived from either control plates (YPD) or plates irradiated with 45 Gy of X-rays were
grown to exponential cultures in YPD at 30 °C. Whole protein lysates were separated by SDS-
PAGE and membranes were probed with anti-Cdc5 antibody. Letters indicate independent freshly
derived colonies. Asterisk (*) indicates an unspecific band. (b) Relative quantification of Cdc5
levels combined from two independent experiments. For normalization procedure details, see
materials and methods section. Four colonies of wild type strains derived either from YPD plates
or plates irradiated with 45 Gy of X-rays, and of rad52 strain derived from YPD plates were
analysed. For rad52 strain irradiated with 45 Gy of X-rays, ten colonies were analysed. Error bars
indicate median with interquartile range. Statistical analysis was performed using ANOVA with
Tukey’s post-hoc test. ns, not significant. (¢) Strains derived from either control plates (YPD) or
plates containing 2 uM CPT were grown to exponential cultures in YPD at 30 °C. Whole protein
lysates were separated by SDS-PAGE and membranes were probed with the indicated antibodies.
Letters indicate independent freshly derived colonies. Asterisk (*) indicates an unspecific band.
(d) Relative quantification of Cdcb5p levels from two independent experiments was performed
similarly to panel (c). Four colonies of wild type strains from YPD plates, two colonies of wild type
from 2 yM CPT, five colonies of rad52 strain from YPD plates, and ten colonies of rad52 strain
derived from plates containing 2 yM CPT were analysed. ns, not significant.
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2.11 Mitotic recombination proteins Rad51, Rad59, and Rad55 do not contribute to

resistance formation in rad52 mutants

The two major HR pathways in yeast require either Rad51, Rad55, and Rad57 proteins, or Rad59,
and the MRX complex. Although the Rad52 recombinase is essential for all the HDR pathways,
the deletion of RAD52 does not fully eliminate gene conversion events in the yeast cell (Coic et
al., 2008). Moreover, following UV irradiation, the frequency of gene conversion events in rad52
mutants increased in a RAD51, RAD55, RAD59, and RAD50 dependent manner (Coic et al.,
2008). Despite the very low rates of recombinant formation in the study, | nonetheless wondered
whether the resistance of rad52 mutants to the treatment with genotoxins is supported by HR
proteins Rad59, Rad51, and Rad55.

| therefore combined the knock-out of rad52 with the knock-out of either RAD59, RAD51, or
RADA55 (Figure 26). Although the NHEJ pathway is suppressed in diploid yeast cells through the
cell cycle in a transcription-dependent manner by Nej1 (Frank-Vaillant and Marcand, 2001;
Valencia et al., 2001), | have deleted a key NHEJ gene DNL4 to ensure that the pathway is not
restored under the genotoxin treatment conditions. This allowed me to specifically evaluate the
contribution of RAD59, RAD51, and RADS5 genes to the survival of rad52 mutants. My results
indicate that the deletion of RAD59 did not affect the survival of rad52 mutants in response to
either 45 Gy of X-rays of 2 yM CPT (Figure 26a, and b). The rad57 rad52 double mutants also
displayed survival rates similar to ones of rad52 alone both after 45 Gy of X-rays or on plates
containing 2 yM CPT (Figure 26c¢, and d). Finally, | also did not observe any additive DNA damage
sensitivity effects in rad52 rad55 mutants (Figure 26e, and f). Together, these results indicate that
the HDR proteins Rad59, Rad51, and Rad55 are not involved in the survival of rad52 cells in
response to genotoxic treatment. These results exclude that the restoration of HDR in an

alternative manner supports the resistance of rad52 cells towards genotoxins.
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Figure 26. HDR proteins Rad59, Rad51, and Rad55 are not involved in the formation of
resistant colonies following X-ray and CPT treatment in rad52 mutants. (a-f) Quantification
of cell survival in response to 45 Gy of X-rays or 2 yM CPT. All visible colonies were counted and
the number of colonies on drug plates was divided by the number of colonies on control plates.
Data are represented as mean values with the SEM of 3 independent experiments. For statistical
analysis, ANOVA test with Tukey’s post-hoc test was applied. ns, not significant.
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2.12 The MRX complex supports the viability of rad52 mutants upon DNA damage

Microhomology-mediated end joining (MMEJ) is a faulty backup DNA repair pathway that operates
independently of rad52-mediated HDR pathways, or Ku proteins essential for the NHEJ pathway
(Ma et al.,, 2003). MMEJ involves the alignment of DSB-proximal microhomologies, and
subsequent re-joining of DNA ends (see section 1.5.3 for the detailed overview of the pathway)
(Sfeir and Symington, 2015). Studies using intra- and interchromosomal reporter systems have
identified the MRX (Mre11-Rad50-Xrs2) complex as a key player in the MMEJ pathway (Lee and
Sang, 2007; Ma et al., 2003; Meyer et al., 2015). The other key components of MMEJ pathway
are the DNA polymerase & subunit Pol32, the Polymerase A (Pol4), as well as the DNA
endonuclease Rad1 (Ma et al., 2003; Meyer et al., 2015). This backup repair pathway was shown
to operate in HR-deficient rad52 mutants of NHEJ-deficient Ku mutants (Lee et al., 2019; Meyer
et al., 2015), suggesting that MMEJ might be responsible for the survival of and the formation of
resistance in rad52 mutants subjected to X-rays and CPT treatment. | set out a series of
experiments to dissect the role of the MMEJ pathway in the survival of rad52 mutants upon

genotoxic treatment pre- and post-adaptation.

2.12.1 The MRX complex is essential for the viability of rad52 mutants on CPT

The MRX complex plays a central role in the DSB repair, and executes multiple functions that
include the tethering of DNA ends, the resection of the DNA ends in the 3’ to 5 direction, the
activation of the checkpoints signaling, and the recruitment of other repair proteins that also
facilitate the DSBs repair (Bonetti et al., 2018; Oh and Symington, 2018). Due to the function of
the MRX complex, it was majorly studied in the NHEJ or HDR pathways, however the complex
also plays crucial role in MMEJ (see section 1.5.4.3 for the detailed overview of the MRX role in
MMEJ, and section 1.5.4.4 for the overview of the MRX role in the repair of CPT-induced damage)
(Ma et al., 2003; Meyer et al., 2015). | therefore have set out to investigate whether the function
of the MRX complex is important for the survival of rad52 mutants following DNA damage.

| have first created a mutant that combines the deletion of RAD52 with the deletion of MRE11, a
nuclease subunit of the MRX complex. | also deleted DNL4 to ensure that the NHEJ restoration is
not responsible for the re-growth of rad52 mutants following genotoxic challenge. | have subjected
rad52 mre11 double mutants to a treatment with either 45 Gy of X-rays or 2 yM CPT (Figure 27a).
Strikingly, | have observed that the rad52 mre11 double mutants are extremely sensitive to 2 yM
CPT, while the rad52 mutant alone and the mre11 mutant alone were still able to form adapted
colonies (Figure 27b). The double mutant colonies that still formed were barely visible with a naked

eye. | have also observed a small, but not significant, decrease in the numbers of rad52 mre11
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colonies formed after the treatment with 45 Gy of X-rays (Figure 27c). Importantly, these X-ray
resistant colonies were visually smaller (Figure 27a), indicating that rad52 mre11 mutant is also
slightly sensitized to the X-ray treatment. Together, the loss of MRE11 in rad52 mutants renders
them extremely sensitive to CPT and slightly sensitizes them to X-rays.

| wanted to confirm that the function of the whole MRX complex is critical for the survival of rad52
mutants in response to genotoxic stress, especially following CPT treatment. Therefore, | have
created a rad52 mutant that lacks another MRX component, RADS0. | have subjected rad52 rad50
double mutants to a treatment of either 45 Gy of X-rays or 2 uM CPT (Figure 27d). Similar to the
rad52 mre11 double mutants, the sensitivity of rad52 rad50 mutants to CPT greatly exceeds the
sensitivity of either rad52 or rad50 mutants alone (Figure 27e). | have also observed that the
RADS50 knock-out resulted in a slight decrease in the numbers of rad52 mutants recovered after
the X-ray treatment (Figure 27f), and the re-grown rad52 rad50 colonies were smaller compared
to rad52 or rad50 colonies alone (Figure 27d). These results indicate that the MRX complex

sustains viability of the HR-defective rad52 mutants following CPT treatment.
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Figure 27. MRX complex promotes survival of rad52 mutants on CPT.

(a) Representative images of a plating assay. Strains with indicated genotypes were plated onto
YPD or plates containing 2 uM CPT (all containing 8 ug/mL Phloxine B) and incubated at 30°C for
the indicated times. Of note, the cell number plated on X-ray treated plates was ten-times higher
compared to control plates. (b, ¢) Quantification of cell survival in the presence of 2 uM CPT or
after exposure to 45 Gy of X-rays after normalization to control YPD plates. All data are
represented as mean values and the error bars indicate the SEM of 3 independent experiments.
For statistical analysis ANOVA test with Tukey’s post-hoc test was applied. (****p<0.0001). ns, not
significant. (d) Representative images of a plating assay similar to (a). The cell number plated on
X-ray treated plates was ten-times higher compared to control plates. Asterisk (*) indicates that
the plate image was taken after six days. (e, f) Quantification of cell survival in the presence of 2
MM CPT or after exposure to 45 Gy of X-rays was performed similarly to panels (b, c¢). (*p<0.05).
ns, not significant.
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2.12.2 The MRX complex is essential for the survival of rad52 mutants on CPT post-

adaptation

Our previous results demonstrated that the repair-defective rad52 mutants gain an evident
genotoxin resistance following the initial treatment with 2 yM CPT (Figure 13c). At the same time,
the MRX complex plays a critical role in the re-growth of rad52 mutants on 2 uM CPT (Figure 27b).
| therefore wondered whether the rad52 mutants that gained resistance following the initial CPT
treatment still rely on the MRX complex to repair their DNA. Because it is nearly impossible to
obtain viable rad52 mre11 mutants after the treatment with 2 yM CPT, | generated an auxin-
inducible degron of Mre11 (Morawska and Ulrich, 2013). Briefly, | fused the 3’ end of the MRE11
gene with a sequence that contains an auxin-inducible degron (AID*) and a 9MYC tag (Figure
28a).

In order to generate CPT resistant rad52 Mre11-AID* mutants, | plated them onto 2 yuM CPT in
the absence of IAA (auxin) for seven days, and afterwards patched them on YPD plates to recover
viable cells. Subsequently, | subjected CPT resistant rad52 Mre11-AID* mutants to a second
round of CPT treatment, either in the presence or absence of IAA (Figure 28b). The depletion of
Mre11 with IAA without the induction of DNA damage did not affect the growth of naive and CPT
resistant rad52 mutants. In the presence of 2 uM CPT, the strains derived from CPT containing
plates demonstrated strong growth advantage compared to the naive parental strains (compare
rad52 [YPD] to rad52 [CPT]; compare rad52 Mre11-AID* [YPD] to rad52 Mre11-AlID* [CPT]).
However, when Mre11 was depleted with I1AA during the CPT treatment, the CPT derived rad52
Mre11-AID* re-gained their sensitivity to the genotoxic treatment (compare rad52 [CPT] to rad52
Mre11-AID* [CPT] on the plate containing 1 mM IAA and 2 yM CPT). | have ensured that the
resistant rad52 Mre11-AID mutants efficiently degrade Mre11 following the IAA addition using
western blotting (Figure 28C).

Given a different growth capacity of the naive and resistant rad52 Mre11-AlD* mutants in the
unperturbed conditions (Figure 28b, YPD plate), | wanted to evaluate these results using a more
quantitative approach. | therefore generated CPT resistant rad52 Mre11-AID* mutants as
described above and compared their colony formation capacity with the naive rad52 Mre11-AID
mutants in a colony formation assay (Figure 28d). | have also evaluated the growth of naive and
CPT treated Mre11-AID* mutants, and rad52 mutants as a control. My results indicate, that the
CPT resistant rad52 mutants rely on the MRX complex for growth on CPT to a similar extent as
the naive rad52 strains (compare naive and CPT resistant rad52 Mre11-AlD mutants plus 1AA).
Together, these results indicate that the MRX complex is essential for the viability of the CPT
resistant rad52 mutants on CPT post-adaptation.
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Figure 28. MRX complex supports the growth of CPT adapted rad52 cells.

(a) Schematic of the endogenous tag of MRE11 with an auxin-inducible degron. The AID*
sequence and a 9MYC epitope tag were fused to the 3’ end of the MRE11 gene. The strain
expressed the Arabidopsis thaliana F-box protein (AFB2) from the GPD promoter. Treatment with
IAA (auxin) induced the recognition of Mre11-AID* protein by AFB2 and its subsequent
degradation via the 26S proteasome. (b) Strains of the indicated genotype were spotted in 1:10
serial dilutions onto YPD plates (control), plates containing 1 mM IAA, plates containing 2 pM
CPT, and plates containing 2 uM CPT combined with 1 mM IAA. Images were taken following six
days of incubation at 30°C. Letters indicate freshly derived independent clones. (c¢) Strains derived
from either control plates (YPD) or plates containing 2 uM CPT were grown to the exponential
phase and then either mock-treated or treated with 1 mM IAA for 2 h. All strains stably expressed
GDP-AFB2 to facilitate auxin-mediated protein degradation. Whole protein lysates were separated
by SDS-PAGE and membranes were probed with an anti-MYC tag antibody. (d) Quantification of
cell survival in the presence of 2 uM CPT upon Mre11 depletion. Strains that harbor an auxin-
inducible degron of Mre11 were plated onto control plates (YPD) or plates containing 2 uM CPT.
Afterwards, strains were repeatedly plated onto either YPD plates (control), plates containing 2
MM CPT, plates containing 1 mM IAA, or plates containing 2 yM CPT and 1 mM IAA. The survival
in the presence of 2 yM CPT was normalized to plates containing 1 mM IAA. Data are represented
as mean values and the error bars indicate the SEM of three independent experiments, in which
three biological replicates were analysed for strains derived from YPD plates, and four biological
replicates for rad52 strains derived from CPT plates. Statistical analysis was performed using two-
way ANOVA with Tukey’s post-hoc test (**** is p < 0.0001).
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2.12.3 The nuclease, the checkpoint activation, and the NHEJ-promoting functions of the

MRX complex are dispensable for the survival of rad52 mutants on CPT

The MRX complex has multiple functions in the repair of DSBs, with the pivotal function in the
initiation of DNA ends resection via the Mre11 nuclease activity, the activation of DDC signaling
via the recruitment of Tel1, and the recruitment of other repair proteins that also facilitate DSB
repair via both the NHEJ and HR pathways (Bonetti et al.,, 2018; Oh and Symington, 2018).
Although the diploid rad52 yeast lacks the HDR pathway and has the NHEJ pathway
transcriptionally suppressed (Frank-Vaillant and Marcand, 2001; Valencia et al., 2001), the MRX
complex still plays a crucial role in the rad52 survival following CPT-induced DNA damage (Figure
27b). | therefore created a series of experiments in order to determine which exact function of the
MRX complex is important for CPT resistance in rad52 mutants.

Either the adaptation defect in rad52 mre11 mutants, or its checkpoint deficiency can potentially
lead to a drastic reduction of the viability following CPT treatment. Upon DSB induction, the MRX
complex is responsible for the recruitment and activation of the checkpoint kinase Tel1 (Cassani
et al., 2019). The hyperactivation of Tel1 is sufficient to trigger the CA defect in response to DNA
damage (Baldo et al., 2008). | therefore wondered whether the sensitivity of rad52 mre11 double
mutants towards CPT arises from the lack of Tel1 activation. In order to address this question, |
have created the tel1 rad52 double mutant, and spotted the mutant in 1:10 serial dilutions onto
the plates containing 2 yM CPT (Figure 29a). The sensitivity of rad52 mre11 double mutants to
CPT exceeds the sensitivity of rad52 tel1 double mutants. This result indicates that the deletion of
MRE11 does not sensitize rad52 mutants to CPT due to the defective Tel1 activation.

On one hand, the MRX complex is also involved in the Mec1-mediated DDC activation via the
generation of ssDNA upon DSB induction (Clerici et al., 2014; Gobbini et al., 2016). Therefore,
the inactivation of the MRX complex could potentially impair the other checkpoint signaling branch.
On the other hand, although the involvement of the MRX complex in the CA process was ruled
out for the HO endonuclease-induced DSB (Lee et al., 1998), the role of MRX in the adaptation to
CPT-induced DNA damage has not yet been assessed. Therefore, the MRX inactivation could
potentially render cells CA-defective in response to CPT-induced DNA damage. To rule out that
the checkpoint function of the MRX complex is responsible for the sensitization of the rad52
mutants to CPT, | decided to employ the checkpoint-defective allele (rad53-11) of a key
downstream checkpoint kinase, Rad53 (Weinert et al.,, 1994). This allele has a point G653E
mutation in its forkhead associated (FHA) domain, which fully abolishes the protein function in the
DDC. If the deletion of MRE11 sensitizes rad52 cells to CPT because of the checkpoint deficiency,
the loss of DDC in rad52 rad53-11 mutants should phenocopy the rad52 mre11 growth defect on
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CPT containing plates. Alternatively, if the deletion of MRE11 sensitized rad52 cells to CPT due
to the adaptation defects similar to the cdc5-ad allele or the SAE2 deletion (Figure 12c and 12g),
the alleviation of the DDC in rad52 mre11 rad53-11 triple mutants should restore the viability of
the mutant on CPT-containing plates. | created rad52 mre11 rad53-11 mutants, and spotted them
in serial 1:10 dilutions either onto YPD plates, or plates containing 2 uM CPT (Figure 29b). The
alleviation of DDC in rad52 rad53-11 mutants did not result in the sensitization of the mutant to
CPT, indicating that the potential checkpoint deficiency does not render the mutant extremely
CPT-sensitive. Additionally, the ablation of the checkpoint in rad52 mre11 rad53-11 mutants did
not rescue the growth of the mutant on CPT-containing plates, indicating that MRE77 is not
involved in the CA to CPT-induced DNA damage. These results indicate that the checkpoint-
mediating function of the MRX complex is dispensable for the survival of rad52 mutants upon CPT
treatment.

The nuclease function of Mre11 is important for the generation of ssDNA and the subsequent
repair of the DSB via the HDR pathway. In human cells, the nuclease activity of the MRX complex
is also important for the MMEJ repair of the DSBs (for the detailed overview, see section 1.5.4.3)
(Lee-Theilen et al., 2011; Truong et al., 2013). | therefore set out to test whether the nuclease
function of Mre11 is required for the survival of rad52 mutants on CPT plates using a separation
of function mutants. The mre11-D56N and mre1111-H125N alleles of MRE11 carry a mutation in
their Phosphodiesterase motifs Il and lll, respectively (Krogh et al., 2005), and are nuclease-
deficient. | have reconstituted the rad52 mre11 double mutants either with wild-type MRE11, or
with the mre11-D56N and mre11-H125N alleles encoded on plasmid and assessed their ability to
form colonies on CPT-containing plates (Figure 29c). Of note, | used a lower CPT concentration
(0.5 uM), because the drug had a stronger effect on SD-Leu plates compared to the YPD plates.
The MRE11, mre11-D56N, and mre11-H125N alleles have rescued the sensitivity of mre11 cells
to CPT, indicating that the plasmid-encoded alleles are expressed and that they encode for a
functional mutant protein. | observed that the nuclease dead mre171-D56N, and mre11-H125N
alleles were able to sustain the growth of rad52 mutants on CPT, suggesting that the resection
function of Mre11 is dispensable for the MRX-mediated survival of rad52 mutants on CPT-
containing plates.

The Xrs2 protein plays a critical role in promoting the NHEJ repair pathway by interacting with
Liflp (Matsuzaki et al., 2008). Two point mutations in the FHA domain of the XRSZ2 gene, xrs2-
S47A, H50A, leads to a strong defect in NHEJ repair pathway (Matsuzaki et al., 2008). | wanted
to assess whether the end joining function of Xrs2 function within the MRX complex is important

for the survival of rad52 mutants on CPT plates. | therefore have reconstituted rad52 xrs2 mutants
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with the plasmid-borne XRS2, or xrs2-S47A, H50A alleles, and assessed whether the mutants
can re-grow on CPT-containing plates (Figure 29d).
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Figure 29. Understanding a specific MRX function that supports rad52 mutant survival on
CPT. (a, b) Strains of indicated genotypes were spotted in 1:10 serial dilutions onto YPD plates
or plates containing 2 yuM CPT and grown at 30°C for three to six days. (c, d) Strains of indicated
genotypes were transformed either with an empty vector (EV), or with indicated plasmid-encoded
alleles, and then spotted in 1:10 serial dilutions onto either selective SD-Leu media, or plates
containing 0.5 yM CPT, and grown at 30°C for three to six days.
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| observed that both the wild-type XRS2 and the mutant xrs2-S47A, H50A allele have rescued the
sensitivity of the xrs2 mutant to CPT, indicating that the plasmid-borne constructs are expressed
and functional. The xrs2-S47A, H50A allele rescued the growth of rad52 xrs2 double mutant
similarly to wild type XRS2, indicating that the NHEJ function of XRSZ2 is dispensable for the re-
growth of rad52 cells on CPT plates. Of note, rad52 xrs2 double mutants displayed a strong growth
defect that exceeded that of rad52 mre11 mutants, potentially due to an elevated rates of plasmid
loss.

Together, the checkpoint activation, the nuclease activity, and the NHEJ-promoting functions of

MRX complex are dispensable for the formation of the CPT resistance in rad52 mutants.

2.13 The role of MMEJ factors Pol4 and Rad1 in the survival of rad52 mutants upon DNA
damage

Besides the MRX complex, the MMEJ pathway requires other factors that include DNA
polymerase & subunit Pol32, the Polymerase A (Pol4), as well as the DNA endonuclease Rad1
(Ma et al., 2003; Meyer et al., 2015). The deletion of the polymerase & subunit POL32 almost fully
abolishes MMEJ repair events in the cells (Meyer et al., 2015). Unfortunately, the deletion of
RADS52 is synthetically lethal with deletion of POL32, which has prevented me from performing
the experiment in which the survival of rad52 pol32 double mutants is assessed in response to
CPT treatment. | therefore looked at the other factors that contribute to the MMEJ repair pathway.
The yeast Rad1 and Rad10 proteins form a stable complex that has an endonuclease function on
flap substrates (Tomkinson et al., 1994). The Rad1-Rad10 complex was demonstrated to
participate in the MMEJ pathway. The deletion of RAD1 decreases the MMEJ efficiency on
different reporter systems used in the studies, yet does not fully abolish the pathway (Ma et al.,
2003; Meyer et al., 2015). | wanted to understand whether the deletion of MMEJ pathway players
will sensitize the repair-defective rad52 cells to CPT and X-rays. In order to address this question,
| have created the rad52 rad1 double mutants, and subjected the mutant to treatment with 2 yM
CPT (Figure 30a) or 45 Gy of X-rays (Figure 30b). | have deleted DNL4 ligase that is essential for
the NHEJ pathway, in order to ensure that the restoration of NHEJ will not be responsible for the
formation of genotoxin resistant rad52 colonies. | have observed a small, but not significant,
decrease in the survival of rad52 rad1 double mutants in a dn/4 background on 2 uM CPT (Figure
30a, compare the last two bars) and in response to 45 Gy of X-rays (Figure 30b, compare the last
two bars). These results indicate that the endonuclease Rad1 is not essential for the survival of

rad52 mutants following genotoxic treatment.
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| next set out to investigate whether the MMEJ-involved yeast Polymerase A (Pol4) (Meyer et al.,
2015) contributes to the survival of rad52 mutants following genotoxin treatment. | therefore
created rad52 pol4 double mutants in a dn/4 background, and assessed the viability of the mutants
following the treatment with 2 yM CPT (Figure 30c) or 45 Gy of X-rays (Figure 30d). | did not
observe any effect on the survival of rad52 mutants when POL4 gene was deleted, indicating that
the MMEJ-involved polymerase Pol4 is dispensable for the survival of rad52 mutants on 2 uM
CPT or following the treatment 45 Gy of X-rays. Together, these results indicate that the deletions
of MMEJ pathway components RAD1 and POL4 do not significantly sensitize rad52 mutants to

genotoxin treatment.
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Figure 30. Contribution of the MMEJ factors Rad1 and Pol4 to the survival of rad52 mutants
following X-ray or CPT treatment. (a-d) Quantification of cell survival in the presence of 2 yM
CPT or after exposure to 45 Gy of X-rays after normalization to control YPD plates. All data are
represented as mean values and the error bars indicate the SEM of three independent
experiments. For statistical analysis, ANOVA test with Tukey’s post-hoc test was applied.
(***p=<0.0001). ns, not significant.

2.14 CPT resistant rad52 mutants do not display elevated levels of interchromosomal MMEJ

events

My genetic data indicate that the depletion of Mre11, which plays a key role in the MMEJ pathway,
sensitizes the repair-defective rad52 mutants to CPT (Figure 27a-c), which potentially implies that
the rad52 mutants rely on the MMEJ pathway to survive genotoxin treatment. Yet, the knock-out
of the other MMEJ players POL4 and RAD1 did not result in the sensitization of rad52 to the

genotoxins (Figure 30a-d). | therefore performed an experiment using a published
96



Results

interchromosomal MMEJ reporter (Meyer et al., 2015) in order to determine whether the CPT
resistant rad52 mutants utilize the MMEJ pathway and whether the pathway is upregulated in
those mutants.

| have utilized the homozygous diploid rad52 mutant in a W303 background that contains the
integrated MMEJ reporter (Meyer et al., 2015). The interchromosomal MMEJ reporter consists of
the split on two different chromosomes HIS3 gene, the split parts of which share 20 bp
microhomology between each other (Figure 31a). The DSBs are induced with the HO
endonuclease that recognizes 117 bp of the sequence proximal to the reporter. The repair event
that utilizes microhomologies in the split reporter will lead to the reconstitution of the HIS3 gene,
which allows for the selection of positive recombinants based on an auxotrophic marker.

| have plated rad52 mutants with the MMEJ reporter onto plates containing 0.8 uM CPT, and
following the formation of resistant colonies, | have selected the ones that contained the intact
MMEJ reporter sequences (see materials and methods, section 4.2.3 for the detailed procedure)
(Figure 31b). | have used a lower CPT dosage because of the different sensitivity of yeast in a
W303 background to CPT compared to the standard S288C background. Using flow cytometry, |
have ensured that the rad52 colonies underwent dramatic chromosome loss events following CPT
treatment (Figure 31c). The vast majority of strains that | recovered from the CPT-containing plates
were close to reaching the nearly-haploid state. However, some mutants still displayed an
intermediate ploidy state, presumably due to the lower CPT dosage | used for their generation. |
proceeded to perform interchromosomal MMEJ reporter assays with the selected nearly-haploid
CPT resistant mutants, according to the published procedure (Meyer et al., 2015), with minor
modifications (Figure 31d). | have calculated the MMEJ rates by dividing the numbers of HIS3+
recombinants by the total number of viable colonies. My data show that the CPT resistant rad52
mutants indeed use the MMEJ pathway to repair the DSBs. However, | only observed the
upregulation of the MMEJ events in a few individual CPT resistant clones, while the median
efficiency of repair did not differ from the naive parental strain.

Together, the vast majority of the CPT resistant rad52 mutants do not display elevated
interchromosomal MMEJ levels. This result indicates that the CPT resistant phenotype in adapted

rad52 mutants is unlikely to be explained with the upregulation of the MMEJ pathway.
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Figure 31. Evaluation of the frequency of interchromosomal MMEJ events in naive and CPT
resistant rad52 mutants. (a) Schematic of the interchromosomal MMEJ reporter. The diploid
yeast strain with a homozygous rad52 / rad52 mutation has the galactose-inducible HO
endonuclease integrated at the TRP1 locus. The MMEJ reporter is composed of the HIS3 gene
split between chromosome XV and chromosome lll. The split sequences of the HIS3 gene share
20 bp microhomology and are fused to the 117 bp of the HO cut site. The homologous
chromosome XV contains the his3A200 allele, which is a complete deletion of the HIS3 gene.
Upon galactose induction, two simultaneous DSBs are introduced at the HO cut sites that are
adjacent to the reporter sequences. The recombination between the MMEJ reporter substrates
generates a translocation between chromosome XV and chromosome lll, and restores the HIS3
gene. Of note, the strain contains an HO-incleavable sequence at the mating loci, preventing the
generation of two irreparable DSBs. (b) Schematic of the generation of the CPT resistant rad52
mutants that harbor the interchromosomal MMEJ reporter. Due to the extensive chromosome loss
events following CPT treatment of rad52 mutants (Figure 14a), | expect that the MMEJ reporter
strain will lose the random copy of chromosome XV and potentially also chromosome Il that
contain the MMEJ reporter, as well as a random copy of chromosome VIl that contains the pGAL-
HO gene (all the chromosomes are heterozygous for the reporter sequences). Therefore, after the
rad52 | rad52 strain was plated on CPT containing plates, the CPT resistant mutants were
streaked for single colonies on YPD plates. These single colonies were genotyped by PCR, in
order to ensure that the clone carries the MMEJ reporter sequences. (¢) DNA content of the CPT
resistant rad52 mutants that carry MMEJ reporter sequences was assessed using flow cytometry.
(d) Quantification of interchromosomal MMEJ frequency by normalization of cell survival on SD-
His to control YPD plates. Strains derived from either control plates (YPD) or plates containing 0.8
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MM CPT were grown overnight in YP-Raff. The HO expression was induced by a switch to
galactose-containing medium for four h and then cells were plated onto SD-His or YPD plates.
Data are represented as median values and the error bars indicate interquartile range. Statistical
analysis was performed using Student’s t-test. ns, not significant.
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3 Discussion

3.1 Checkpoint adaptation precedes the formation of genotoxin resistant rad52 mutants

3.1.1 Why do cells undergo checkpoint adaptation?

Adaptation to the DDC is accompanied with genomic instability and the loss of viability, as was
shown in cells that harbor unprotected or eroded telomeres (Coutelier et al., 2018; Klermund et
al., 2014). Preventing CA either genetically, or by inhibition of TORC1 with rapamycin, improved
the viability following the prolonged checkpoint arrest (Klermund et al., 2014). | have also observed
that repair-defective rad52 mutants adapt to the DDC when treated with genotoxins (Figure 12).
Why would cells undergo adaptation? One possibility is that if the DSB cannot be repaired in the
G2/M phase of cell cycle by the HR pathway, it can be repaired in the subsequent cell cycle phase
by an alternative available pathway. Another possibility is that following adaptation, the damaged
chromosome will be lost, and the diploid or polyploid cell will resume proliferation with the other
chromosome copy available. In other words, CA allows to escape the permanent cell cycle arrest
in expense of huge genomic instability and high cell death rates that come after the adaptation.
Adaptation can also create a substrate for the evolutionary selection: high genomic instability
potentially creates new karyotypes that might be better adapted to their new environment.
Adaptation to checkpoints is not restricted to the DDC, as cells adapt to the so-called decatenation
checkpoint, to the spindle assembly checkpoint, to the G1 checkpoint arrest during hyperosmotic
stress etc. (Arroyo et al., 2020; Migdal et al., 2008; Vernieri et al., 2013). This potentially suggests
that adaptation, and adaptation to the DDC in particular, is an intrinsic property of organisms that
allowed cells to survive and potentially evolve in challenging environmental conditions. In
multicellular eukaryotes, there are additional systems to ensure that cells with DNA damage and
genomic instability do not propagate: the apoptosis signaling cascade, the p53-mediated G1
checkpoint, the immune system that recognizes stressed cells, and many more. Yet, given that
CA was described in human cells, it is tempting to speculate that adaptation contributes to cancer

development and progression. The latter, however, remains to be experimentally demonstrated.

3.1.2 Adaptation allows the re-growth of rad52 cells following genotoxic treatment

Repair-defective rad52 mutants can re-grow following genotoxic treatment with X-rays or CPT,
although the re-growth required an extended period of time (Figure 12a). Because these cells
lack both the HR and NHEJ pathways to effectively repair DSBs, | wondered whether CA is
required for colony formation. Using a genetic approach, | found that prevention of adaptation with
the cdcb-ad allele, ckb2 deletion, or SAEZ2 deletion significantly reduced colony formation following
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genotoxin exposure (Figure 12b-f). Importantly, preventing adaptation in repair-proficient cells did
not affect their viability, because these cells repaired their DNA before the adaptation occurred.
The aforementioned alleles affect adaptation in three different ways: while the cdc5-ad allele
presumably alters the substrate specificity of the major adaptation driver Cdc5, the CKB2 deletion
prevents Rad53 dephosphorylation by Ptc2, and the SAE2 deletion prevents adaptation majorly
due to the increased MRX-mediated hyperactivation of the Tel1 checkpoint kinase (Clerici et al.,
2006; Guillemain et al.,, 2007; Rawal et al., 2016). These mutations prevented CA in other
systems: the adaptation defect of cdc5-ad allele was shown in cells that suffer irreparable DSB at
the mating locus, and in cdc713-1 mutants that suffer DNA damage induced by deprotected
telomeres (Klermund et al., 2014; Toczyski et al., 1997). The CKB2 and SAEZ2 deletions prevent
adaptation in response to irreparable DSB at the mating locus (Clerici et al., 2006; Guillemain et
al., 2007). This genetic approach confirmed that adaptation precedes colony formation in rad52
mutants that were exposed to genotoxins. While the adaptation in rad52 mutants in response to
X-rays was demonstrated before (Galgoczy and Toczyski, 2001), this work shows that the
adaptation precedes the colony formation for a different type of genotoxin, CPT.

While | measured only 20% survival after X-ray, 80% CPT-treated cells remained viable (Figure
12). It is unlikely that the CPT dosages that were used invoked less DNA damage compared to
the X-rays treatment, because the colonies were formed only after eight days of CPT exposure.
These results might be explained by the observation that CPT is a “checkpoint blind” genotoxin
that does not induce intra-S phase DDC (Redon et al., 2003). Because | used a very low CPT
dosage (2 uyM), the damage load might have not been sufficient to induce arrest during the first
cell division, therefore the adaptation occurred once the micro colony was already formed (rad52
cells arrested at four-cell micro colony stage on CPT-containing plates — PhD thesis of Dr.
Katharina Bender). Initial checkpoint arrest at the micro colony stage increases a statistical
probability of adaptation and cell survival within the micro colony (compared to a checkpoint
arrested single cell). The cdc5-ad allele sensitized rad52 mutants more strongly compared to the
ckb2 deletion (Figure 12b-e). This was observed before by Toczyski and colleagues (Toczyski et
al., 1997) and is explained by the different penetrance of the alleles.

Although | used a repair-defective yeast model to induce adaptation, the process is conserved in
higher eukaryotes. CA in response to genotoxins was described in human osteosarcoma cancer
cell line following the treatment with X-rays (Syljudsen et al., 2006). Human HT-29
adenocarcinoma cells demonstrated an entry into mitosis with DNA damage following cisplatin
treatment (Swift and Golsteyn, 2016). It is tempting to speculate that the repair-defective BRCA2-
deficient cells can enter mitosis with unrepaired DNA damage. While the majority of yeast cells

experience the loss of viability following adaptation, the fraction of cells remain viable. Mammalian
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cells also experience the loss of viability following adaptation (Swift and Golsteyn, 2016). To my
knowledge, it was not addressed experimentally whether a fraction of adapted cells could still
remain viable in human cells. Treatment with DDC inhibitors induced a forced entry into mitosis
with DNA damage, which sensitized BRCA2-deficient cells to PARPi olaparib (Schoonen et al.,
2019). Nevertheless, the repair-defective BRCA2-deficient mutants undergo the selection of
genotoxin- and PARPI- resistant clones, suggesting that a fraction of cells might remain viable
following the genotoxin treatment. Whether the repair-defective cells undergo adaptation in
response to endogenously-induced DNA damage was not addressed yet neither in yeast nor

mammals.

3.2 Genotoxin resistant rad52 mutants undergo aneuploidization

Galgoczy and colleagues have demonstrated that diploid rad52 mutants experience genomic
instability following adaptation to X-rays, indicating that adaptation leads to genome instability
(Galgoczy and Toczyski, 2001). Using identical system, we observed that the repair-defective
rad52 mutants treated with X-rays acquire evident resistance to X-rays and radiomimetic drug
bleomycin, which is accompanied by drastic chromosome loss events (Figures 2b and 3a). The
CPT-treated rad52 mutants have acquired resistance not only to CPT, but also to X-rays and UV
light, which was accompanied by the loss of nearly half of genomic content in these cells (Figures
13c and 14a). Although correlative, these results strongly imply that the aneuploid karyotype may
facilitate the acquisition of genotoxin resistance. These findings resemble clinical observations
that tumor cells treated with X-rays or the Top1 inhibitor irinotecan eventually acquire resistance
((Zhang et al., 2018), reviewed in (Kim et al., 2015)). It is likely that following DNA damage,
adaptation is an upstream event that precedes aneuploidization in budding yeast. Adaptation can
promote aneuploidization in different ways (Figure 32). First, the unrepaired DSB could lead to a
loss of a chromosome arm, because during the cell division the spindle is attached to the
centromere. Alternatively, following adaptation, the G1-operating NHEJ pathway could incorrectly
re-join different damaged chromosomes. Adaptation was shown to induce highly mutagenic DNA
repair via BIR, which potentially leads to large deletions or duplications, resulting in segmental
aneuploidy (Galgoczy and Toczyski, 2001). Finally, in the absence of DNA repair, the damaged
chromosome could be lost due to continuous DSB resection (Sandell and Zakian, 1993).
Curiously, when the initial checkpoint arrest is overridden by adaptation, cells do not display
checkpoint arrest during the second cell division cycle, despite the DSB persistence. The
damaged chromosome is therefore lost following approximately 10 cell divisions (Sandell and
Zakian, 1993). In line with this observation, X-ray resistant rad52 mutants displayed continuous
loss of genetic material, which plateaued on nearly haploid DNA content (Figure 18). While
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adaptation allows survival in response to irreparable DNA damage, it is unlikely that adaptation
triggers genotoxin resistance directly. Rather, the adaptation-preceded genome instability allows

the selection of aneuploid karyotypes that facilitate genotoxin resistance.

/ chromosome\

. translocation arm loss
genotoxic stress
adaptation @
repair-defective
cell
segmental aneuploidy no repair

K via BIR /

Figure 32. Potential mechanisms how CA promotes aneuploidization. Adaptation can
promote aneuploidization due to the generation of chromosomal translocations by NHEJ pathway
in subsequent G1 phase. Additionally, the damaged chromosome arm might be lost in mitosis due
to the lack of the kinetochore attachment. Adaptation promotes faulty DNA repair by BIR, which
could result in deletions or segmental aneuploidy. Finally, in the absence of any repair events, the
damaged chromosome might persist until it is degraded by nucleases. Red box indicates
kinetochore.

3.2.1 Repair-defective rad52 mutants acquire different aneuploid karyotypes in response to

different genotoxins

The DNA sequencing results demonstrated that the rad52 mutants indeed undergo multiple
chromosome losses following the X-rays treatment, while following CPT exposure they acquire
nearly haploid karyotype that retains an extra copy of chromosome Il (Figure 14d). These results
clearly demonstrate that the two genotoxins induce different patterns of aneuploidization. The
underlying reason is the difference in exposure time to a genotoxin: while the X-rays treatment is
acute, the CPT treatment lasts for seven to eight days. In line with this argument, an acute
treatment with high CPT dosage induces chromosome loss that yields a mixture of different
ploidies (Figure 15). While the X-rays-treated cells that displayed mixed ploidies were only
resistant to a similar by nature treatments, the nearly haploid CPT-treated clones displayed the

resistance to a broader spectrum of unrelated genotoxins (Figure 13). These results raise the
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possibility that a specific karyotype facilitates the resistance to a specific genotoxin. How would
these specific karyotypes evoke the resistance?

The X-ray treated rad52 mutants undergo chromosome loss events that result in a broad spectrum
of aneuploids. While nearly haploid or nearly diploid clones are more resistant to genotoxic
treatment, the clones of intermediate ploidy actually display severe growth disadvantages (Figure
13b, and personal communication with Dr. Katharina Bender). The diverse karyotypes originated
from the initial X-rays treatment create a substrate for the selection of potentially genotoxin
resistant clones. The karyotype imbalances, however, translate into physiological disadvantages,
which likely cause the growth defect in rad52 mutants and mask the resistance. In human cancers,
high karyotype heterogeneity within a tumor strongly associates with tumor growth and drug
resistance ((Andor et al., 2016), reviewed in (Sansregret and Swanton, 2017)). Yet, the degree of
aneuploidy is not linearly correlated with the drug resistance, as highly complex karyotypes seem
to be more vulnerable to chemotherapeutics (Andor et al., 2016; Ben-David and Amon, 2020;
Jamal-Hanjani et al., 2015).

The CPT treated rad52 mutants display a nearly haploid karyotype that have an additional copy
of chromosome Il (Figure 14d). This rises two possibilities as how the resistance is achieved: first,
the presence of an extra copy of chromosome Il confers resistance to CPT; second, the nearly
haploid state itself confers the resistance. The naive rad52 chromosome Il disomes were
intrinsically resistant to CPT, but so were the haploid rad52 strains (Figure 16a). The budding
yeast chromosome Il harbors the MAT locus, which influences the DNA repair by suppressing
the HR defect in deletions of RAD55 or RAD57, an ATPase-defective Rad51 mutation, and a C-
terminal truncation of Rad52, but not in complete RADS52 deletion (Valencia-Burton et al., 2006).
On the other hand, the mating locus heterozygosity suppresses NHEJ pathway, which does not
provide any apparent DNA repair benefit in rad52 mutants (Frank-Vaillant and Marcand, 2001). |
did not observe the difference in CPT resistance in rad52 chromosome Ill disomes with different
MAT cassettes present (Figure 16a), which suggests that in this case the MAT locus is unlikely to
confer the CPT resistance in haploid rad52 mutants. Because the naive haploid rad52 mutants
displayed similar to CPT adapted rad52 mutants on CPT, the nearly haploid state of genome likely
confers the CPT resistance. The ploidy changes that allow adaptation are not uncommon in yeast.
Tetraploidization was shown to allow adaptation to poor carbon sources (Selmecki et al., 2015).
Ploidy changes were shown to drive resistance in human pathogens, Cryptococcus meningitis
and Candida albicans (Stone et al., 2019; Yang et al., 2019). How exactly the haploid state confers
CPT resistance remains unclear.

In rad52 mutants, an extra copy of chromosome Il does not contribute to the genotoxin resistance

per se, yet it was preferentially retained in both CPT-resistant and X-ray resistant mutants (Figure
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14d). There are two possible explanations for this phenomenon, which are non-exclusive. First,
as chromosome Il contains the MAT locus, retaining an extra copy of the chromosome would
prevent potentially deleterious mating events during the chromosome loss on CPT-containing
plates. This explanation is supported by the observation that the chromosome Il is lost during the
progressive passaging in unchallenged conditions (Figure 17). Second, an acquisition of an extra
chromosome Il allows tolerance to the elevated temperatures, a known proteotoxic stress-
causing conditions (Yona et al., 2012). Aneuploidy is a known cause of proteotoxic stress
(Oromendia et al., 2012). Therefore, following the chromosome loss events rad52 mutants, an
extra copy of chromosome IIl would allow to compensate the proteotoxic stress associated with
the aneuploid state.

Importantly, aneuploidization in response to a certain type of stress still imposes cellular fitness
costs; therefore, it represents only a transient state, which is further balanced by point mutations
(Yona et al., 2012). The progressive passaging of both X-rays- and CPT-treated aneuploid rad52
mutants demonstrated gradual chromosome loss that resulted in haploidization (Figure 18). These
results suggest that due to the high physiological cost of aneuploidy, cells proceed with

chromosome loss until they acquire the next stable karyotype.

3.2.2 How does aneuploidization enable genotoxin resistance?

Aneuploidization seems to be a rather common mechanism in response to a plethora of stresses,
implying that aneuploidy allows growth advantage in response to particular adverse conditions
(Chen et al., 2015; Gilchrist and Stelkens, 2019). In simple eukaryote S. cerevisiae, acquisition of
an extra copy of chromosome V is required for growth in high pH conditions (Yona et al., 2012).
Aneuploidization also happens in response to an impairment in cellular pathways. For example,
continued inhibition of the Hsp90 chaperone leads to an emergence of resistant aneuploids with
a gain of chromosome XV (Chen et al., 2012a). Upon knock-out of the only myosin Il-encoding
gene, MYO1, yeast cells undergo rapid adaptation via polyploidization and complex
aneuploidization (Rancati et al., 2008). Aneuploidization as an adaptive means was also reported
upon the induction of endoplasmic reticulum stress, telomerase insufficiency, high ethanol
conditions, and many others (Beaupere et al., 2018; Millet and Makovets, 2016; Voordeckers et
al., 2015). Similar observations were also made for different wild yeast isolates and a pathogenic
fungus C. albicans (Hose et al., 2020; Yang et al., 2019). These examples strongly suggest that
aneuploidy is an adaptive means that allows cells to tolerate otherwise lethal conditions (reviewed
in (Tsai and Nelliat, 2019)). It is therefore conceivable that aneuploidization following CA is not

only a consequence of DNA repair deficiency in rad52 mutants. Rather, although genotoxic
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treatment induces chromosome loss events, the consequential karyotype heterogeneity allows
the selection of genotoxin-re-resistant clones.

Aneuploidization allows the change in expression of some condition-relevant genes that are
amplified via chromosome gains. Alternatively, chromosome loss events could also confer
chemoresistance by the exposure of recessive mutations. In budding yeast, in response to
endoplasmic reticulum stress, cells acquire an extra chromosome I, which confers resistance by
the increased expression of ALG7 and PRE7 genes (Beaupere et al., 2018). Aneuploidization
could also confer resistance by re-wiring the whole cellular proteome and transcriptome,
independently of the few dosage-sensitive genes that are present in altered copy (Durrbaum and
Storchova, 2016). Finally, because aneuploidization induces genome instability, it can facilitate
the selection of multiple parallel resistance mechanisms through clonal evolution (Chen et al.,
2015). | think that some of those mechanisms could facilitate genotoxin resistance in rad52
mutants. For example, re-wiring the regulation of cellular proteome might allow to unleash the
activity of faulty DNA repair pathways, conferring chemoresistance. Aneuploidization could also
upregulate the expression of genes required for the removal of CPT-induced Top1-cc from the
DNA. | did not test these assumptions experimentally.

Aneuploidization as an adaptation to the change in environment was also reported in mammalian
systems. For example, trisomy on chromosome 8 or trisomy on chromosome 11 occur sporadically
but frequently, and they confer strong growth advantages in mouse embryonic stem cells grown
in standard cell culture conditions (Ben-David and Benvenisty, 2012). Experiments with the diploid
colorectal cancer cell line, DLD, which carried either an additional chromosome 7 or chromosome
13, demonstrated that aneuploidization provided a selective advantage upon serum deprivation
or upon treatment with the chemotherapeutic drug, 5-fluorouracil (Rutledge et al., 2016). Even
more strikingly, patient-derived cell lines, xenografts, and organoids rapidly undergo whole
chromosome gains and losses in order to adapt their karyotype to the new environment. The
resulting karyotypes differed from the ones that occurred naturally during the tumor’s development
in patients ((Ben-David et al., 2017, 2018; Bolhaqueiro et al., 2019), reviewed in (Ben-David and
Amon, 2020)). Whole chromosome gains and losses in response to altered gene expression also
occur in mammalian cells. In a mouse model of breast cancer, overexpression of the MYC
oncogene is accompanied by the gain of an extra chromosome 15 (Ben-David et al., 2016).

In general, aneuploidy is associated with increased chromosomal instability, which creates diverse
variants for karyotype evolution upon selective pressure (Sansregret and Swanton, 2017). This
might be one of the underlying reasons why highly aneuploid tumors with high genomic instability
display multidrug resistance and lesser sensitivity to genotoxic agents (Islam et al., 2018; Lee et

al., 2011; Li et al., 2018). Importantly, high karyotype heterogeneity within a tumor is strongly
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associated with tumor growth and drug resistance ((Andor et al., 2016), reviewed in (Sansregret
and Swanton, 2017)). Together, aneuploidy and karyotype heterogeneity are associated with the

adaptation to environmental and other types of stresses.

3.3 Genotoxin resistant rad52 mutants suffer from aneuploidy-associated proteotoxic

stress

The repair-defective rad52 mutants acquire genotoxin resistance via aneuploidization, which
imposes severe cellular fitness defects on cellular physiology (summarized in section 1.6). The
aneuploidy-associated phenotypes have a therapeutic potential, although until now they have
been infrequently used in cancer treatment (reviewed in (Ben-David and Amon, 2020)). Because
aneuploidy evokes systematic changes in cellular physiology, targeting aneuploid state has an
advantage that it could be efficient in practically any aneuploid tumors. Given that up to 90% of
solid tumors are aneuploid, targeting aneuploidy-associated phenotypes has a potential to have a
broad application (Ben-David and Amon, 2020; Guang et al.,, 2019). Aneuploidy-associated
phenotypes seem to be conserved from yeast to humans, which makes budding yeast a great
model to study aneuploidy-associated cellular alterations (Ben-David and Amon, 2020).

To date, aneuploidy-associated phenotypes were studied in yeast strains created in a very
controlled manner: either by sporulation of a triploid strain (Pavelka et al., 2010), chromosome
transfer strategy (Torres et al., 2007), or by acute induction of chromosomes mis-segregation
upon cell division (Beach et al., 2017). The aneuploidy-associated phenotypes were not studied
in cells that have mutations in DNA repair genes. Moreover, the vast majority of studies have
omitted chromosome Il disomes, due to the altered mating bechaviour of these cells (Beach et
al., 2017; Oromendia et al., 2012; Torres et al., 2007). Following CA, the repair-defective rad52
mutants become aneuploid due to genotoxin treatment that evokes chromome loss, but also
potentially many mutations that alter cellular physiology. Therefore, | have set out to investigate
whether the adapted rad52 cells suffer from aneuploidy-associated phenotypes (Figures 19 and
20). For this, | used a previously published system, in which following the heat induction the
formation and the resolution of Hsp104-GFP disaggregase foci is monitored using fluorescence
microscopy (Oromendia et al., 2012). | was able to confirm that the X-rays adapted aneuploid cells
suffer from proteotoxic stress, a hallmark of aneuploidy (Brennan et al., 2019; Oromendia et al.,
2012). The degree of aneuploidy-associated defects was reported to correlate with the number of
extra chromosomes present (Beach et al., 2017). | was able to recapitulate this result, as the X-
ray resistant rad52 cells displaying intermediate ploidy displayed the highest degree of proteotoxic
stress (Figure 19). Interestingly, | did not observe signs of proteotoxic stress in nearly-haploid CPT
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resistant rad52 mutants (Figure 9). These cells harbour only an extra copy of chromosome llI,
which is the second smallest yeast chromosome that only harbors 184 open reading frames.
Additionally, an extra copy of chromosome |ll was shown to confer heat resistance in evolutional
experiments, which suggests that this specific aneuploidy rather helps to tolerate proteotoxic
stress than to induce it (Yona et al., 2012).

| have observed that the naive diploid rad52 cells already display signs of mild proteotoxic stress
compared to wild type cells, which manifests in slightly impaired growth at elevated temperatures,
and defective protein aggregates resolution (Figure 19). The RNA-seq experiments showed signs
of environmental stress response in rad52 diploids (PhD thesis of Dr. Katharina Bender). The
frequent chromosome loss events in rad52 mutants were appreciated long ago (Mortimer et al.,
1981). These results might suggest that the relatively frequent chromosome loss events in diploid
rad52 mutants are sufficient to trigger mild proteotoxic stress. Curiously, the BRCA2-deficient non-
malignant breast tissues also display elevated levels of aneuploidy (Karaayvaz-Yildirim et al.,
2020). The ploidy-associated aberrations are greatly exacerbated and freequently occur in
BRCAZ2-deficient and otherwise HR deficient tumors with genomic instability (Deans et al., 2003;
Jonsdottir et al., 2012). Therefore, it seems that the repair-defective cells display mild aneuploidy-
associated phenotypes even before genotoxin treatment-induced aneuploidization. One can
speculate that because the mutations in DNA repair genes, such as BRCA2, induce slight degrees
of aneuploidy in non-malignant tissues, the aneuploidy-targeting anti-cancer strategies should

account for elevated sensitivity of non-malignant repair-defective cells.

3.3.1 Adapted cells can be targeted pharmacologically by the proteasome inhibition

The strategy of targeting aneuploid cancer cells based on the aneuploidy-associated phenotypes
represents an attractive therapeutic plan, although they are infrequently implemented clinically so
far (Ben-David and Amon, 2020; Guang et al., 2019). The proof-of-concept studies in budding
yeast demonstrated that aneuploidy-associated cellular defects could be targeted
pharmacologically. For example, due to proteotoxic stress, aneuploid budding yeast demonstrated
high sensitivity to the inhibition of the proteasome with MG132, inhibition of the Hsp90 with
geldanamycin, and inhibition of protein translation with cycloheximide (Torres et al., 2007). In line
with these observations, | have confirmed that the rad52 mutants adapted to X-rays are
preferentially sensitive to proteasome inhibition with low dosages of MG132 (Figure 21a). | have
observed that naive diploid rad52 mutants have elevated MG132 sensitivity compared to diploid
wild-type cells, which is in line with the notion that repair-defective rad52 mutants experience mild
proteotoxic stress. Because the MG132 sensitivity of X-ray adapted rad52 mutants highly
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exceeded the one of parental diploid strain, these results suggest that proteasome inhibition can
selectively target repair-defective aneuploid cells. The MG132 sensitivity of CPT adapted rad52
mutants, which are nearly haploid, did not exceed the one of diploid rad52 mutants (Figure 22).
These results are in line with the aforementioned observation that the severity of aneuploidy-
associated defects correlates with the degree of aneuploidy (Beach et al., 2017). Curiously,
although literature reports high sensitivity of aneuploid yeast cells to Hsp90 inhibitors (Torres et
al., 2007), | observed only modest effect of the Hsp90 inhibitor radicicol on the X-ray adapted
rad52 mutants compared to the diploid rad52 mutants (Figure 21c¢). These results could partially
be explained by high sensitivity of diploid rad52 mutants to Hsp90 inhibition, especially with higher
dosages of radicicol (data not shown). | think that targeting Hsp90 is an efficient strategy in other
than rad52 genetic backgroungs.

The proof-of-principle study in mammalian cell lines demonstrated that due to proteotoxic stress,
mammalian cells (both primary mouse embryonic fibroblasts and human aneuploid cancer cells)
are sensitive to protein folding inhibitor 17-AAG and autophagy inhibitor chloroquine (Tang et al.,
2011). Given that the vast majority of human solid cancers are highly aneuploid (discussed in
section 1.6.3), these studies provide a strategy to target aneuploid cells based on general flaws
in their physiology. Therapies to target proteotoxic stress as an aneuploidy-associated phenotype
are developed for multirole myeloma and triple negative breast cancer tumors either are used in
clinics, or are at the stage of clinical trials (Guang et al., 2019). Multiple myeloma is a plasma cell
type malignancy, which is frequently highly aneuploid (Manier et al., 2017). These cells have high
synthesis rates of immunoglobulins, and therefore experience an accumulation of defective
aberrant peptides that drive strong proteotoxic stress unless removed by a proteasome (Meister
et al., 2007). Treatment of multiple myeloma now includes different FDA approved proteasome
inhibitors. The novel inhibitors of proteasome, aggregasome pathway, Hsp90, autophagy, and
unfolded protein response modulators are now utilized in pre-clinical studies and clinical trials
(reviewed in (Guang et al., 2019)). Triple negative breast cancer is an aggressive intrinsically
chemoresistant cancer that have high degree of karyotype complexity accompanied by genomic
instability (Kim et al., 2018). Although studies with proteasome inhibitors demonstrated that they
are less efficient in triple negative breast cancer (Weyburne et al., 2017), they seem to have a
clinical potential in combination with other chemotherapeutics ((Deshmukh et al., 2017;
Hernandez-Vargas et al., 2007), reviewed in (Guang et al., 2019)). The novel proteasome
targeting anti-cancer drugs that are being in pre-clinical development, as well as in first phases of
clinical trials, include ubiquitin-conjugating enzymes, the inhibitors of the 20S proteasome catalytic
core particle and the 19S proteasome regulatory particles (reviewed in (Zhang et al., 2020)).

Although so far aneuploidy-associated phenotypes are targeted in very limited number of cases,
110



Discussion

it is feasible to extend this strategy on other types of tumors. Therefore, it is crucial to understand
the peculiarities of aneuploidy-induced disadvantages in different types of cells. Because the
degree of aneuploidy seems to directly correlate with the degree of proteotoxic stress, targeting
highly aneuploid cancers with proteasome inhibitors is a very promising strategy to overcome
genotoxin resistance.

Malignant cells, besides experiencing proteotoxic stress, display strong upregulation of the heat
shock response pathway (Donnelly and Storchova, 2015). Heat shock proteins in general, and
Hsp90 in particular, play essential role in tumorigenesis by forming high molecular weight
complexes that facilitate cell survival (Rodina et al., 2016). Hsp90 chaperone has a plethora of
client proteins that are implicated in tumorigenesis, including Akt, p53, and Telomerase (reviewed
in (Sidera and Patsavoudi, 2013)). The function of Hsp90 chaperone is impaired in aneuploid
human cells, which renders these cells extremely sensitive to the Hsp90 inhibition (Donnelly et al.,
2014). The natural Hsp90 inhibitors, geldanamycin and Radicicol, are not used in clinics due to
their poor pharmacological properties. Yet, their multiple derivatives, and other chemically different
Hsp90 inhibitors are actively developed (reviewed in (Sidera and Patsavoudi, 2013)). Several
studies indicate high therapeutic potential of Hsp90 inhibition in aneuploid malignancies. For
example, targeting HSF1, an upstream regulator of Hsp90, with triptolide, induced apoptosis in
highly aneuploid chronic lymphocytic leukemia cells (Ganguly et al., 2015). Moreover, combination
of radiotherapy with Hsp90 inhibition was shown to overcome resistance in pancreatic cancers,
and in HCT cell line (Nagaraju et al., 2019; Spiegelberg et al., 2020). My results suggest that highly
aneuploid genotoxin resistant cells, which arise when the repair-defective cells are treated with
genotoxins, could be targeted with Hsp90 inhibitors. In my yeast model, the efficacy of Hsp90

inhibition correlated with the degree of aneuploidy.

3.3.2 Adapted cells could be targeted pharmacologically by the starvation-mimicking drug

rapamycin

Aneuploidy imposes strong cellular fitness defects, including dysregulated energy metabolism and
metabolic stress, which ultimately manifest in elevated energy consumption but low biomass
accumulation (Stingele et al., 2012; Torres et al., 2007; Williams et al., 2008). In budding yeast,
these changes are reflected on transcriptome level, as the transcription of genes involved in
carbohydrate metabolism and cell cycle progression are downregulated (Torres et al., 2007).

Due to elevated energy demands, aneuploid yeast are preferentially sensitized to the TORCA1
inhibitor rapamycin (Torres et al., 2007). The proof-of-principle study in mammalian cell lines

demonstrated that aneuploids are highly sensitive to energy stress inducing agent AICAR (Tang
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et al., 2011). | was able to confirm these findings using X-rays adapted rad52 mutants (Figure
23a). High sensitivity to rapamycin could potentially arise as a result of a few possible alterations:
first, the activity of multiprotein complex TORC1 could be attenuated due to the aneuploidy-
associated stresses; second, the activity of TORC1 could be upregulated as a compensatory
mechanisms, and even slight TORC1 inhibition would invoke strong growth defect. To discriminate
between these two possibilities, | have monitored the phosphorylation of a direct TORC1 target,
Sch9, in X-rays adapted rad52 mutants (Figure 23c) (Urban et al.,, 2007). | have observed
decreased levels of phosphorylated Sch9, which indicates that the TORC1 activity is
downregulated in aneuploids. The inhibition of TORC1 leads to induction of autophagy (reviewed
in (Loewith and Hall, 2011)). Consistently, | observed that X-ray adapted rad52 mutants have
increased autophagy levels (Figure 23d). The nearly haploid CPT resistant rad52 mutants
displayed moderate sensitivity to rapamycin and moderate autophagy induction, which is
comparable to diploid rad52 strain (Figure 24). These results imply that the degree of TORC1
activity is inversely proportional to the degree of aneuploidy. Activation of autophagy mediates the
degradation of protein aggregates in aneuploid mammalian cells (Santaguida et al., 2015).
Moreover, activation of autophagy in aneuploid cells helps to counteract high ROS levels (Ariyoshi
et al., 2016). Because the TORC1 kinase regulates the autophagy induction, it is tempting to
speculate that low TORC1 activity is a general feature of aneuploid cells, which underlies their
high rapamycin sensitivity.

My results indicate that adapted cells could be targeted pharmacologically, with proteotoxic stress
inducing proteasome inhibitor MG132, and low energy mimetic rapamycin. Importantly, high
TORCH1 activity is shown to promote adaptation to DDC in a telomere deprotection model, cdc13-
1. Treatment of cdc13-1 cells with low dosages of rapamycin prevented CA, and rescued the
accompanying genomic instability (Klermund et al., 2014). The inhibition of TORC1 with rapamycin
also prevented adaptation in diploid rad52 mutants (PhD thesis of Dr. Katharina Bender).
Therefore, inhibiting TORC1 with rapamycin could be viewed as double-edge sword: rapamycin

prevents adaptation, and at the same time, it is toxic to highly aneuploid adapted cells.

3.3.3 Potential causes and consequences of low TORC1 activity in aneuploids

What could be a potential reason for the low TORC1 activity in aneuploid cells? Although TORC1
activity is primarily regulated by the availability of nutrients, the activity of the complex is
additionally regulated by environmental and cellular stresses (reviewed in (Wullschleger et al.,
2006)). The hypothetical model how aneuploidy-associated cellular stresses might induce low

activity of TORC1 in yeast and mammalian cells is presented in Figure 33. Studies in human cells
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demonstrated that proteotoxic stress, a hallmark of aneuploidy, directly influences the activity of
mTORC1 (Su et al., 2016). Following the proteotoxic stress induction, the constitutively formed
mTORC1-JNK complex undergoes dissociation. The JNK kinase phosphorylates mTOR1 at S567
and other TORC1 component, RAPTOR, at S863, which leads to attenuation of protein
biosynthesis (Su et al., 2016). The influence of proteotoxic stress on the TORC1 activity was also
reported in budding and fission yeast (Beuzelin et al., 2013; Suda et al., 2019). Therefore,
aneuploidy-associated proteotoxic stress is a likely source of low TORC1 activity, which allows
attenuating protein biosynthesis and likely preventing further accumulation of protein aggregates
by aneuploid cells (Brennan et al., 2019).

An increased ROS production, another feature of aneuploid cells, also affects TORC1 activity
(Dephoure et al., 2014; Li et al., 2010). In mammalian cells, high ROS production leads to
activation of the ATM checkpoint kinase, which downregulates mTORC1 activity via AMPK
signaling (Alexander et al., 2010). In budding yeast, Pbp1Atexin-2 senses the oxidative stress via the
direct oxidation of the protein, and downregulates the activity of TORC1 in response to oxidative
stress (Kato et al., 2019). Importantly, the TORC1 itself regulates the endogenous ROS levels by
phosphorylation of superoxide dismutase 1 (SOD1) at S39 in yeast and T40 in humans, thereby
preventing accumulation of ROS in response to high nutrients (Tsang et al., 2018). It is tempting
to speculate that high ROS production in aneuploids downregulate TORC1 activity, which, in turn,
facilitates ROS accumulation due to low SOD activity, thereby promoting negative effects of ROS

signaling on cellular physiology.
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Figure 33. Aneuploidy-associated phenotypes that negatively regulate TORC1 activity in
yeast and human cells. (a) In budding yeast, aneuploidy induces cellular stresses, which were
shown to downregulate the activity of TORC1 via diverse signaling branches. (b) In human cells,
aneuploidy induces a plethora of cellular stresses. Each of these stresses was shown to
downregulate the activity of mTORC1 via indicated signaling pathways. Question mark- the
molecular mechanism is not known.

Aneuploids suffer from elevated levels of genome instability, replication stress, and DNA damage
(Passerini et al., 2016; Sheltzer et al., 2011), which also could contribute to downregulation of
TORC1 signaling. In mammalian cells, activation of DNA damage signaling (similarly to high ROS
production) leads to downregulation of mMTORC1 via the AMPK signaling axis (Alexander et al.,
2010). Additionally, activation of ATM leads to phosphorylation of the tumor suppressor p53 (Banin
et al., 1998). The activated p53 targets Sestrin1/2 proteins, which target both AMPK and Rag
GTPases to inhibit TORC1 ((Budanov and Karin, 2008; Peng et al., 2014), reviewed in (Su and
Dai, 2017)). In budding yeast, activation of DDC leads to attenuation of TORC1 signaling and
induction of autophagy (Eapen and Haber, 2013; Klermund et al., 2014). The autophagy induction
requires Mec1 and is partially dependent on the mitogen-activated kinase Mpk1, yet the precise
mechanism remains unclear (Ueda et al., 2019). It is likely that aneuploidy-induced replication
stress and chronic DNA damage contribute to the attenuation of TORC1 signaling.
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Finally, aneuploids experience dysregulation of their energy metabolism, display altered gene
expression profiles for the genes involved in carbohydrate metabolism, and exhibit elevated
energy demands (Tang et al., 2011; Torres et al., 2007). Moreover, aneuploids display overall
dysregulation of many metabolic pathways, which manifest in metabolic stress. Particularly,
aneuploids have elevated glucose uptake, which does not manifest in biomass accumulation
(Torres et al., 2007). As TORC1 is a central regulator of growth in response to nutrient availability,
the low levels of glucose (and therefore low ATP production) might lead to downregulation of
TORCA1 activity by AMPK kinase. In mammals, low levels of ATP or high AMP levels activate
AMPK kinase, which phosphorylates RAPTOR at Ser722 and Ser792, leading to TORC1 inhibition
(Gwinn et al., 2008). AMPK also phosphorylates TSC2 at Thr1271 and Ser1387, leading to
TORCH1 inactivation (Inoki et al., 2003). Additionally, the p38 kinase signaling mediates the
phosphorylation of TORC1 signaling mediator Rheb, and leading to TORC1 inhibition ((Zheng et
al., 2011), reviewed in (Su and Dai, 2017)). In budding yeast, glucose starvation triggers AMPK-
dependent phosphorylation of Kog1 at Ser491 and Ser494, which leads to disassembly of TORC1
(Hughes Hallett et al., 2015). Therefore, aneuploidy-associated energy and metabolic stresses
could potentially downregulate TORC1 activity. To summarize, aneuploidy-associated
phenotypes, such as proteotoxic stress, genomic instability, high ROS production, and energy and
metabolic stresses have a potential to induce low TORC1 activity.

3.3.4 The role of TOR signaling in drug resistance

The activity of TORC1 modulates the metabolic adaptation to favorable and adverse conditions
(reviewed in (Loewith and Hall, 2011) and (Weisman, 2016)). The low TORC1 activity in
aneuploids is likely an efficient mechanism for cellular survival under stress. For example,
downregulation of TORC1 signaling by proteotoxic stress prevents further accumulation of
misfolded protein aggregates, and spares energy in already energy-stressed aneuploids (Su et
al., 2016; Tang et al., 2011). Paradoxically, although aneuploidy is highly disadvantageous in
primary cells, cancer cells tolerate aneuploidy extremely well (reviewed in (Ben-David and Amon,
2020)). Despite often being aneuploid, cancer cells frequently display hyperactivated mTOR
(reviewed in (Guri and Hall, 2016)). Therefore, it is likely that although aneuploidization leads to
the low TORC1 signaling, a further selection of cells with higher TORC1 activity takes place.

TORCH1 signaling has been implicated in the resistance to a variety of drugs across organisms,
from yeast to humans. In lower eukaryotes, like the Fpathogenic yeast C. albicans, TOR activity
drives resistance to antifungal drugs (Bojsen et al., 2017; Khandelwal et al., 2018). In budding

yeast, TOR activity modulates adaptation of cellular metabolism to adverse conditions (Weisman,

115



Discussion

2016). Deregulated mTOR activity in humans was implicated in the development of diabetes,
obesity, and cancer (reviewed in (Gonzalez and Hall, 2017)). The mTOR pathway is a major
signaling pathway that underlies the resistance of a broad spectrum of human tumors to
chemotherapeutics (reviewed in (Xu et al., 2020)). The signaling of mTOR confers
chemoresistance in a complex manner by altering cellular metabolic pathways (reviewed in (Guri
and Hall, 2016)). For example, in melanoma tumors, hyperactive mTOR signaling can compensate
for the inhibition of ERK signaling by BRAF-MEK-ERK inhibitors, thereby conferring
chemoresistance ((Corcoran et al., 2013; Wee et al., 2009), reviewed in (Guri and Hall, 2016)).
The activity of mTOR also confers resistance to PI3K inhibitors, as was shown for human breast
and thyroid cancers (Elkabets et al., 2013; Liu et al., 2009). Mechanistically, the resistance to ERK
and PI3K inhibitors was attributed to the TORC-induced overexpression of the c-Myc oncogene
(Guri and Hall, 2016; Hayes et al., 2016). The hyperactivation of mTOR drives the resistance to
HER2 inhibitors in breast cancers (Sudhan et al., 2020). It is also important to note that the
activation of mTOR drives changes in the cancer microenvironment and in the modulation of the
immune system, which additionally contribute to chemoresistance (reviewed in (Bazzichetto et al.,
2020)).

Because of the central role of MTOR signaling in the acquisition of chemoresistance, simultaneous
administration of chemotherapeutics and mTOR inhibitors represents a promising strategy to
overcome resistance in clinical studies. Even now, the mTOR inhibitor everolimus is used in
combination with anti-estrogen therapy in the treatment of metastatic breast cancer (reviewed in
(Guerrero-Zotano et al., 2016)). The inhibition of PI3K and mTOR leads to the re-sensitization of
breast and ovarian cancer cell lines to doxorubicin (Durrant et al., 2020). The combinatorial
therapy that induces DNA damage and targets mTOR was also shown to diminish drug resistance
in gliomas (Jain et al., 2017). The inhibition of mTOR for cancer therapy has two potential pitfalls:
first, the inhibitors of mMTORC1 induce the selective activation of the AKT oncogene; second,
tumors frequently develop resistance to the mTOR inhibitors (Guerrero-Zotano et al., 2016;
Rodrik-Outmezguine et al., 2016). Nonetheless, the inhibition of mTOR is a promising strategy to
target tumor drug resistance. My results in repair-defective rad52 budding yeast model suggest
that inhibiting TORC1 acts on two different levels: rapamycin prevent adaptation, and at the same
time, it is toxic to highly aneuploid adapted cells. Therefore, the combination of TORC1 inhibitors

with genotoxic drugs might be especially effective.

3.4 High levels of Cdc5 in rad52 mutants are unlikely to explain genotoxin resistance

The yeast polo-like kinase Cdc5 is a positive regulator of CA, which | have previously shown as a

factor that promotes formation of genotoxin resistant colonies. The human homologue PIk1 is
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overexpressed in many tumors, and is thought to promote aggressive cell growth and resistance
to anticancer drugs, including doxorubicin, gemcitabine, metformin and many other therapeutic
agents ((Saatci et al., 2018; Zuco et al., 2015), reviewed in (Gutteridge et al., 2016)). PIk1 was
also implicated in adaptation to ionizing radiation induced DNA damage in human cells (Syljuasen
et al., 2006). My results indicate that repair-defective rad52 mutants display elevated but variable
levels of Cdc5, which remain high and variable in both X-rays and CPT treated rad52 mutants
(Figure 25). Blank and colleagues reported that aneuploidy condition induces elevated levels of
mitotic divisions with DNA damage, which might be mediated by Cdc5, although the authors never
examined the Cdc5 levels in aneuploid cells directly (Blank et al., 2015). The elevated levels of
Cdc5 in rad52 mutants might indeed predispose these repair-defective cells to adaptation, as
Cdc5 overexpression was shown to override DDC (Vidanes et al., 2010). | did not observe further
increase in Cdc5 levels in aneuploid rad52 mutants, which might have different explanations. First,
both rad52 mutants and aneuploid mutants accumulate in late S and G2/M phases of cell cycle
(Figure 14a), in which the Cdc5 protein levels accumulate (Cheng et al., 1998). Therefore, both
rad52 mutants and aneuploids could have similar source of the elevated Cdc5 levels. Second, as
the overexpression of Cdc5 is highly toxic to cells, aneuploid adapted rad52 mutants might not
tolerate even further Cdc5 levels elevation compared to the euploid rad52 cells. My results do not
exclude that Cdc5 levels are elevated in aneuploids that do not have rad52 mutations.

Although the differences in Cdc5 protein levels between euploid rad52 mutants and adapted rad52
mutants are unlikely to explain the strong genotoxin resistance phenotype of the latter, they might
promote adaptation and contribute to the survival in the presence of genotoxins. In human cells,
PIk1 promotes resistance to genotoxic drug doxorubicin and gemcitabine ((Song et al., 2013),
reviewed in (Gutteridge et al., 2016)). Moreover, high Plk1 activity promotes DNA replication and
survival under the replication stress (Song et al., 2013). Therefore, therapies targeting high Plk1

levels are highly promising, and many PIk1 inhibitors enter clinical trials.

3.5 Search for the alternative DNA repair pathways that confer chemoresistance in HR and
NHEJ deficient rad52 mutants

The HR repair-defective tumors frequently gain genotoxin resistance by re-wiring their DNA repair
pathways. Identifying these alterations could potentially allow targeting them, and therefore
prevent DNA repair events that confer chemoresistance. Although | did not quantify directly the
DNA damage load in X-rays treated and CPT-treated cells, | think the growth following 45 Gy of
X-rays, and in the continuous presence of 2 uM CPT, requires active DNA repair mechanisms.

Moreover, because checkpoint adapted rad52 cells gain evident survival advantage when
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repeatedly exposed to genotoxins, | anticipate that the alternative DNA repair mechanisms might
be upregulated in these cells. Extensive literature data indicate multiple mechanisms that confer
resistance in HR-deficient mammalian cancer cells, yet many genotoxin resistance mechanisms
remain unclear (see section 1.7.2). In order to identify the DNA repair players that confer
chemoresistance, | have analysed the involvement of other HDR and NHEJ repair factors.
Afterwards, | have analysed the involvement of the MRX complex, and the faulty DNA repair

pathway, MMEJ, in the post-adaptation repair.

3.5.1 Mitotic recombination proteins Rad51, Rad59, and Rad55 do not contribute to

resistance formation in rad52 mutants

In my yeast model for the CA, | knocked-out a key homologous recombination gene RAD52 (Krogh
and Symington, 2004). Rad52 directly interacts with RPA and Rad51, and thereby targets Rad51
to the RPA-coated ssDNA (New et al., 1998). Rad52 is required for an efficient meiotic and mitotic
recombination, the latter is the preferred DSB repair mechanism in yeast. Rad52 is an essential
component of two major mitotic HR pathways: the first pathway requires Rad51, Rad55, and
Rad57; the second pathway requires Rad59 and the MRX complex (reviewed in (Symington et
al., 2014)). Although the loss of RAD52 induces strong defects in all HDR pathways, there were
rare gene conversion events documented in diploid HR defective rad52-1 mutants (Haber and
Hearn, 1985). Another literature report indicated that following UV irradiation, the frequency of
gene conversion events in rad52 mutants increased in RAD51, RAD55, RAD59, and RAD50
dependent manner (Coic et al., 2008). It is not known how these recombination events would be
produced in the absence of the Rad52 recombinase mechanistically. Human HR-defective
BRCA1- and BRCAZ2-deficient cells frequently re-wire their DNA repair pathways in order to
acquire chemoresistance (see section 1.7.2). Although the genetic reversions of BRCAZ2
mutations, or overexpression of the mutant protein (Park et al., 2020; Sakai et al., 2008), confer
chemoresistance in human cells, | have ruled out the restoration of Rad52 function as | use
complete gene deletion in my system. Rather, | wondered whether the other components of the
HDR pathway compensate for the loss of Rad52. My results indicate that the RAD51, RAD55 and
RADA59 genes are dispensable for the resistance to both CPT and X-rays in rad52 mutants (Figure
26). Therefore, although the rare spontaneous Rad52-independent recombination events might
have minimal contribution to the DNA repair, they play little to no role following relatively robust

treatments with X-rays and CPT.
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3.5.2 Restoration of NHEJ repair does not contribute to genotoxin resistance in rad52

mutants

NHEJ is the second major DNA repair pathway, which operates in G1 in yeast, and throughout
cell cycle in mammals. NHEJ does not depend on the availability of homologous template or
Rad52 for the DSB repair. This pathway directly ligates DNA ends via MRX complex and Dnl4
(reviewed in (Emerson and Bertuch, 2016)). This pathway is potentially mutagenic, as it can lead
to microdeletions or translocations (Ghezraoui et al., 2014). In human cells, the role of NHEJ in
the genotoxin resistance greatly depends on the specific DNA repair defect in tumor cells. In wild-
type BRCA1 or BRCA2 cells, for example colorectal cancer cell line HCT116, NHEJ promotes
chemoresistance to genotoxins (Liu et al., 2019). NHEJ repair also confers genotoxin resistance
in HR-proficient prostate cancers (Broustas et al., 2020). However, because many NHEJ pathway
proteins suppress DNA ends resection, mutations in the pathway frequently promote
chemoresistance due to the restoration of ssDNA formation. For example, loss of NHEJ-promoting
complex Shieldin, loss of 53BP1, or loss of RIF1 all confer chemoresistance by restoration of DNA
end resection in BRCA-deficient tumors (Bunting et al., 2010; Escribano-Diaz et al., 2013; Gupta
et al.,, 2018; Jaspers et al.,, 2013). In actively replicating BRCA1-deficient cells, active NHEJ
pathway was shown to be toxic due to its high mutagenicity (Balmus et al., 2019). Nonetheless,
the restoration of NHEJ could theoretically provide a repair mechanism in the rad52 HR-deficient
cells, because event mutagenic end joining is better that the absence of DSB repair for the cell
survival.

In diploid budding yeast, Nej1 actively suppresses the NHEJ pathway in a transcription-dependent
manner (Frank-Vaillant and Marcand, 2001; Valencia et al., 2001). | hypothesized that following
adaptation, cells could re-wire their gene regulation (for example due to the mutations in the
transcriptional repressor), and therefore restore the expression of Nej1. | have observed that rad52
mutants lacking Dnl4, a key NHEJ protein, do not display elevated sensitivity to X-rays and CPT
(Figures 26 and 27). These results indicate that the NHEJ pathway does not confer
chemoresistance in diploid rad52 mutants. | have further verified this result using another NHEJ-
defective mutant, XRS2-S47A, H50A (Figure 29d). The Xrs2 protein plays a key NHEJ repair
protein. The two point mutations in the FHA domain of the XRS2 gene, XRS2-S47A, H50A, lead
to a defect in the NHEJ repair pathway (Matsuzaki et al., 2008). Together, using two NHEJ-
defective mutants, a complete DNL4 gene deletion, and a point XRS2-S47A, H50A mutant, | show
that the adapted rad52 cells do not acquire reliance on the NHEJ pathway. Therefore, some other

DNA repair mechanism must confer chemoresistance.
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3.5.3 MRX complex confers chemoresistance of rad52 mutants

MRX complex plays crucial role in DSB repair by virtually all DNA repair pathways, including HR,
NHEJ, and MMEJ (reviewed in (Oh and Symington, 2018)). Although the loss of RADS0 is
considered epistatic to the loss of RAD52 due to the defect in DNA ends resection, Coic and
colleagues reported that rad52 rad50 double mutants have further decrease in gene conversion
events compared to rad52 mutants alone (Coic et al., 2008; Krogh and Symington, 2004). The
MRX complex was shown to be important for the Rad52- and Ku- independent MMEJ, which
prompted me to test whether rad52 mutants require MRX complex for the survival following
genotoxin treatment (Ma et al., 2003). Strikingly, | found that the loss of either MRE11 or RAD50
strongly sensitized rad52 mutants to CPT, and moderately but not significantly to X-rays (Figure
27). These results suggest that although MRX prevalently operates in HR- and NHEJ-mediated
DSB repair, the complex has additional functions that confer the genotoxin resistance of rad52
mutants. Using an auxin-inducible degron of Mre11 (Morawska and Ulrich, 2013), | was able to
demonstrate that in already CPT-resistant rad52 mutants, MRX confers the resistance to a second
round of genotoxic treatment. These data indicate that the complex remains critical for the DNA
repair post-adaptation. Which function of MRX complex could potentially confer CPT resistance
in HR-defective cells?

CPT treatment leads to Top1 trapping on the DNA by the stabilization of a transient Top1-cc
(reviewed in (Pommier et al., 2010)). Top1-cc is removed from the DNA majorly by Tdp1-
dependent hydrolysis, and Rad1-Rad10 nucleases (Liu et al., 2002; Sacho and Maizels, 2011).
Mre11 nuclease activity was shown to contribute to the removal of Top1-cc from DNA ends in the
absence of Tdp1 (Liu et al., 2002). It is unlikely that mre11 cells are sensitized to CPT due to
defective Top1-cc removal, because | performed my experiments in wild-type TDP1 background.
The removal of the second major Top1-cc repair gene, RAD1, also did not affect the viability of
rad52 mutants on CPT (Figure 30a), suggesting that the Tdp1 activity was likely sufficient for the
processing of Top1-cc.

MRX mutants themselves display high sensitivity to CPT, majorly due to defects in DNA end
resection and HR (Foster et al., 2011). The restoration of DNA end resection in Mre11-defective
mutants rescued the mutants’ viability on CPT, supporting the importance of resection in a repair
of CPT-induced damage (Foster et al., 2011). Mutants expressing nuclease-dead mre11-H125N
allele, which does not affect the integrity of MRX complex, are extremely sensitive to even low
CPT dosages (Menin et al., 2018; Oh et al., 2016). | have observed that the nuclease-deficient
mre11-D56N and mre11-H125N mutants still supported the viability of rad52 cells on low CPT
dosages (Figure 29c¢). These results could be interpreted as the DNA end resection is dispensable
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for the CPT resistance formation in rad52 mutants. It is important to note that because MRX
complex, besides initiating DSB resection, has multiple roles including DNA end tethering,
initiation of DDC, recruitment of cohesin, and others (reviewed in (Oh and Symington, 2018)).
Therefore, mutants with the deletion of mre11 display more severe CPT sensitivity compared to
mutants that express nuclease-deficient alleles of MRE11. Moreover, the deletion of MRE 11 leads
to more severe DNA end resection defect, due to the impaired recruitment of Exo1 and Sgs1-
Dna2. MRX is also important to recruit chromatin remodelers RSC, Chd1, and Isw1, which
promote chromatin remodeling at stalled forks and allow efficient resection (Delamarre et al.,
2020). This function of MRX does not depend on the nuclease activity of Mre11. The nuclease-
deficient alleles of MRE11 induce a delay in initial resection steps; nevertheless, Exo1 and Sgs1-
Dna2 execute DNA ends resection with a delayed kinetics (Oh and Symington, 2018; Shim et al.,
2010). It is possible that during the prolonged checkpoint arrest in rad52 mutants, the delayed
DSB ends resection kinetics does not impair DNA repair.

MRX plays a dual role in activation of DDC, as Xrs2 directly recruits Tel1 to the DSB, and the
initiation of DSB resection created substrate for the activation and recruitment of Mec1 (Clerici et
al., 2014). The deletion of Tel1 did not further sensitize rad52 mutants to CPT, while the
checkpoint-defective rad53-11 mutants only slightly decreased the viability of mre11 rad52 double
mutants (Figure 29a, and b). These results are in line with literature data, which show that mre 11
mutants fail to activate DDC in response to single irreparable DSB (Cassani et al., 2019). These
data also support the notion that mre11 mutants do not display defective CA (Lee et al., 1998). If
the deletion of mre11 induced adaptation defect in rad52 mutants, the rad53-11 allele would
rescue these cells following DNA damage. Given that abrogation of the DDC in rad52 mutants
slightly but consistently decreased their viability on CPT-containing plates, checkpoint deficiency

of MRX deletion mutants rather contributed to the sensitization to genotoxins.

3.5.3.1 Potential functions of MRX at the DSB that promote resistance phenotype

Which other functions of the MRX complex could be critical for the CPT resistance of rad52 cells?
Mre11 has ssDNA annealing activity in vifro, which might facilitate microhomology annealing in
MMEJ repair (de Jager et al., 2001). MRX also allows DNA ends tethering, which is crucial for the
DNA ends joining by MMEJ, and HR (Cassani et al., 2016; Seeber et al., 2016). It is tempting to
speculate that the loss of DNA ends tethering greatly reduces chances for the annealing of
microhomologies during MMEJ repair. Additionally, MRX participates in cohesin loading at stalled
replication forks, which is crucial for their recovery (Delamarre et al., 2020). Moreover, MRX is
structurally similar to cohesin itself, and plays structural role at stalled replication forks. The

stabilization of replication forks by MRX does not depend of Mre11 nuclease activity (Tittel-Elmer
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et al., 2009). MRX interacts with RPA, and holds sister chromatids and DNA breaks ends together
(Seeber et al., 2016). The maintenance of replication fork structure is important for its further
restart or repair during replication stress, as rad50 mutants display frequent replication forks
collapse events following hydroxyurea treatment (Seeber et al., 2016). It is feasible that replication
forks stalled due to CPT-induced topological stress require MRX for the maintenance of fork
topology. Following the hydroxyurea treatment, the deletion of RAD57 showed an additive
phenotype to the deletion of MRE11, indicating that during replication stress, MRX acts in a
parallel pathway to the HR machinery (Tittel-Elmer et al., 2009). It is feasible that in repair-deficient
rad52 mutants, the null alleles of the MRX complex display elevated fork collapse rates due to

CPT-induced topological stress, which indirectly increases the CPT-induced DNA damage load.

3.5.4 Adapted rad52 mutants are proficient in MMEJ repair pathway

The MMEJ pathway is a backup DNA repair mechanism that does not require Yku proteins or
Dnl4, and does not depend on the key HR protein Rad52 (Ma et al., 2003; Meyer et al., 2015;
Sinha et al., 2016). This pathway was shown to rely on the MRX complex, which is important to
initiate DNA ends resection that allows the exposure of microhomologies (Ma et al., 2003). The
MRN-mediated resection is also important for the MMEJ initiation in human cells (Truong et al.,
2013). The deletion of MRE11 gene was shown to cause severe defects in MMEJ repair, which
might explain the sensitization of rad52 mutants to CPT (Ma et al., 2003; Meyer et al., 2015). The
pathway relies on DNA polymerase 6 subunit Pol32, the Polymerase A (Pol4), as well as the DNA
endonuclease complex Rad1-Rad10 for the fill-in DNA synthesis (Ma et al., 2003; Meyer et al.,
2015). MMEJ pathway displays the strongest reliance on Pol32 (Meyer et al., 2015). Due to the
synthetic lethality of RAD52 and POL32 deletions, | was unable to examine the role of Pol32 in
the survival of rad52 mutants on CPT directly. When | tested the involvement of the Pol4
polymerase in the survival of rad52 mutants following genotoxin treatments, | did not see the
decrease in mutants’ viability (Figure 30c, and d). Using the interchromosomal MMEJ reporter
construct with different microhomologies length, Meyer and colleagues demonstrated that the
rad52 diploids upregulate MMEJ rates 10 to 115 fold compared to wild type cells (Meyer et al.,
2015). At the same time, the deletion of the POL4 gene in diploid yeast caused two-fold decrease
in the frequency of MMEJ events. The rad52 pol4 double mutants displayed 16 increase in the
MMEJ events over the wild types, which might still be sufficient for the survival of rad52 mutants
following DNA damage (Meyer et al., 2015). In a different study, the loss of RAD50 was required
to abolish MMEJ repair in pol4 mutants, supporting that POL4 knockout does not fully abolish
MMEJ (Galli et al., 2015).
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The Rad1-Rad10 endonuclease complex degrades the heterologous flaps once the
microhomologies are annealed, which allows the polymerases to fill in the gap, and permit DNA
ends re-ligation during the MMEJ repair (Bennardo et al., 2008; Ma et al., 2003). | have observed
that the loss of RAD1 gene slightly, but not significantly, sensitized rad52 mutants to both CPT
and X-rays (Figure 30a, and b). These results indicate that Rad1 contributes to the survival of
rad52 mutants, but is not strictly required. The rad52 rad1 double mutants demonstrated a two-
fold increase in MMEJ repair events compared to wild type cells, indicating that the loss of RAD1
also does not fully abolish MMEJ-mediated DNA repair events (Meyer et al., 2015). Together, out
genetic data indicate that the MMEJ proteins Pol4 and Rad1 do not have a strong contribution to
the survival of rad52 mutants following genotoxin exposure. Alternatively, while these factors might
contribute to the repair per se, the certain redundancy in cellular DNA repair pathways allows the
repair.

These genetic data might be difficult to interpret for two reasons. First, the deletion of RAD52
drastically upregulates the MMEJ rates, which might lead to sufficient rates of DNA repair even
when certain MMEJ factor are depleted. For example, the deletion of gene encoding another
recombinase, RAD51, rescues the survival of MMEJ-deficient srs2 strain following the DSB
induction (Lee and Sang, 2007). Second, the functional redundancy of molecular players in MMEJ
pathway could compensate the loss of one of the factors. In human BRCA2-deficient cells, the 5°
flap endonuclease Fen1 (a homologue of yeast Rad27) participates in MMEJ repair of DSBs
(Mengwasser et al., 2019). One could hypothesize that Rad27 could compensate for the Rad1
loss in yeast. Similarly, the loss of the Pol4 could be compensated by the other MMEJ
polymerases, Pol32 and Pol3, which could perform the fill-inn DNA synthesis. These data,
however, do not exclude that the DNA repair in rad52 mutants is carried out by yet another

mechanism.

3.5.4.1 CPT adapted rad52 mutants do not further upregulate their MMEJ rates

Due to difficulties in interpretation of the genetic data on the involvement of MMEJ factors in the
formation of genotoxin resistance in rad52 mutants, | set out to directly measure the MMEJ rates
in adapted rad52 cells. Therefore, | have utilized a previously published MMEJ reporter (Meyer et
al., 2015). Using this reporter, | have measured the interchromosomal MMEJ rates between
substrates that share 20 bp microhomologies in diploid rad52 mutants and CPT-resistant nearly
haploid rad52 mutants (Figure 31). | did not detect significant differences in interchromosomal
MMEJ rates between naive and adapted rad52 mutants. | was not able to measure intra-
chromosomal MMEJ rates, as this type of reporter was not available. These results indicate that
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the MMEJ is available for CPT resistant rad52 mutants; however, the pathway is not upregulated.
The already high MMEJ rates in rad52 mutants might be sufficient to support the viability of these
cells on CPT. Alternatively, these mutants upregulate MMEJ repair specifically at broken
replication forks, which | was not able to detect with the interchromosomal MMEJ reporter.

It is not known whether the MMEJ repair efficiency differs when it happens on the same
chromosome or on two different ones, as is the case with the reporter | used. Each interphase
chromosome occupies a defined territory within the nucleus, and acquires defined conformation
(Duan et al., 2010). The DSB induction leads to a re-localization of the break to the nuclear
periphery (Oza et al., 2009). The majority of HR events occur at the nuclear periphery, where more
than one DSB can be repaired simultaneously (Lisby et al., 2003; Oza et al., 2009). The efficiency
of DSB repair by HR depends on the proximity of homologous template, as the breaks that are
located in the same chromosome territory are repaired most efficiently (Agmon et al., 2013). The
homology search was shown to be the critical rate-limiting step for DSB repair (Lee et al., 2016).
Similar to HR, MMEJ preferentially utilizes microhnomologies with closest proximity to the break
(Lee et al., 2019). These data suggest that the interchromosomal MMEJ rates might not directly
reflect repair rates when microhomologies are localized on the same chromosome, a scenario |
expect to occur at the CPT-induced DSB. | did not detect chromosomal translocations in CPT-
resistant rad52 mutants when | analyzed them using whole-genome sequencing (Figure 14),
supporting the idea that these mutants likely used microhomologies located on the same
chromosome.

The MMEJ repair is differentially might be differentially regulated depending on the type of DSBs
induced. The vast majority of studies utilize endonuclease-induced DSBs to measure MMEJ rates
(Bennardo et al., 2008; Ma et al., 2003; Meyer et al., 2015). CPT induces DSBs that are different
in their structure and genomic context, as they are produced by the collision of replication or
transcription machinery with trapped Top1, or by a Mus81-mediated cleavage of a stalled
replication fork ((Regairaz et al., 2011), reviewed in (Pommier, 2006)). The MMEJ repair at stalled
replication forks was shown to confer chemoresistance in BRCA2-deficient cells, which indicates
that replication forks are a relevant genomic context for the MMEJ repair (Kais et al., 2016). The
DNA polymerase 6 (POLQ) is critical for MMEJ repair of DSBs in HR-deficient cells (Ceccaldi et
al., 2015; Mateos-Gomez et al., 2015). Curiously, the depletion of POLQ sensitized BRCA1-
mutated breast cancer cells to topoisomerases poisons CPT and Etoposide, suggesting that
MMEJ is involved in the repair of CPT-induced DNA damage (Wang et al., 2019). The sensitivity
to CPT was also observed in POLQ"- bone marrow cells, which utilize the MMEJ-mediated DSB

repair for immunoglobulin class-switch recombination (Yousefzadeh et al., 2014).
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How would MMEJ occur when the TOP1-cc collides with replication machinery? | envision two
possible scenarios (Figure 34). First, when the collision of a leading-strand replication machinery
with a CPT-trapped Top1 generates one-ended DSB, which is converted to two-ended DSB by a
converging replication fork (Figure 34a). Alternatively, the break is produced by a Mus81-mediated
cleavage of a stalled replication fork. The resection of DSB ends exposes microhomologies, which
are repaired by MMEJ. Second, the CPT-induced DSB could be repaired at the fork directly
(Figure 34b). Following the Top1-cc removal, the single-ended DSB is resected, which exposes
microhomologies. The replication fork is unwound by a helicase, which allows the exposure and
alignment of microhomologies. These structures are repaired by MMEJ pathway, which allows the
resumption of DNA replication. These mechanisms were proposed to operate at collapsed
replication forks following the hydroxyurea treatment (Truong et al., 2013). The treatment with
hydroxyurea produces long stretches of ssDNA at stalled replication forks, which are converted to
a DSB when the fork is cleaved with Mus81, ARTEMIS, or XPF (Bétous et al., 2018). The
structurally different CPT-induced DSBs rather require the removal of Top1-cc complex. Yet both
treatments potentially induce DSBs at the replication forks. It is therefore tempting to speculate
that the MMEJ-mediated repair of collapsed replication forks is similar in hydroxyurea- and CPT-
treated cells, which allowed me to build a hypothetical model of MMEJ-mediated repair of CPT-
induced DNA damage.
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Figure 34. Hypothetical models of MMEJ repair of CPT-induced DSB. (a) The collision of the
leading strand with Top1-cc, or a cleavage of stalled replication fork with Mus81, lead to a DSB.
The Top1-cc is processed in order to create DSB ends that are compatible with repair. The
converging replication fork (that originates from a neighboring origin of replication) converts single-
ended DSB into two-ended DSB. This break could be repaired by MMEJ. (b) Following the DSB
formation, Top1-cc complex is processed, creating DNA ends compatible with DSB repair. This
one-ended DSB is resected, exposing microhomologies. At the same time, the replication fork is
unwound by an unknown helicase. Following the alignment of microhomologies, the break is
repaired by MMEJ. Red square box- microhomology. This figure is created using models from
(Truong et al., 2013) and (Wang et al., 2019).

3.5.4.2 Potential reasons for high MMEJ rates in naive and adapted rad52 mutants

The rates of MMEJ seem to be directly controlled by the HR machinery (Ahrabi et al., 2016). The
HR proteins Rad51 and Rad52 in yeast, and BRCA1 and BRCA2 in mammals suppress the
MMEJ-mediated repair (Ahrabi et al., 2016; Meyer et al., 2015). In budding yeast, the deletion of
RADS52 gene leads to 200-fold increase in MMEJ via an unknown mechanism (Meyer et al., 2015).
RPA suppresses MMEJ repair, because the complex coats ssDNA and prevents the exposure of
microhomologies (Deng et al., 2014). In mammals, the MMEJ pathway is upregulated in cells
deficient for BRCA2, because the RPA-coated ssDNA is destabilized in these cells. The ssDNA

instability results in defective HR, and the DNA ends are repaired by the error-prone end-joining
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(Han et al., 2017). The upregulated MMEJ pathway in BRCA2-deficient cells have is a source of
genomic instability in these cells (Han et al., 2017).

In human cancer cells, high activity of mitotic kinases Plk1, Aurora A, and CDK1 promote MMEJ
repair (Wang et al., 2018). Mechanistically, CtIP is initially phosphorylated at S723 by Plk1, and
further phosphorylated by CDK1-Aurora A and PLK1, which results in suppression of DSB
resection (Wang et al., 2018). In budding yeast, CtIP homologue Sae2 is also phosphorylated by
PIk1 homologue Cdc5, which results in DSB resection slow down (Donnianni et al., 2010).
Therefore, high Cdc5 protein levels in rad52 mutants (Figure 25) could potentially explain high
MMEJ rates in rad52 mutants.

Adaptation to DDC was associated with an increased usage of faulty repair pathways and
acquisition of genomic re-arrangements, particularly via BIR (Galgoczy and Toczyski, 2001).
Authors also reported that adaptation was frequently accompanied by a deletion of a large
fragment of chromosome VII, which was flanked by two identical tRNA sequences. The deletions
flanked by two homologous sequences are a signature of BIR or MMEJ repair. CA is driven by
high activity of Cdc5; curiously, adaptation-defective cdcb-ad mutants demonstrated significantly
lower numbers of faulty BIR events (Galgoczy and Toczyski, 2001). It is tempting to speculate that
during adaptation, Cdc5 targets certain DNA repair factors that allow switch to mutagenic DNA
repair events. In mitosis, phosphorylation of Mus81-Mms4 complex by Cdc5 leads to cleavage
joined DNA molecules (Gritenaite et al., 2014; Princz et al., 2017). The cleavage of stalled
replication forks during adaptation course creates a potential MMEJ substrate. In human cells,
PIk1 phosphorylation of CtIP not only promotes MMEJ, but also drives the suppression of G2/M
checkpoint (Wang et al., 2018). The phosphorylation of CtIP by Plk3 in G1 phase also promotes
alternative end-joining events that are highly mutagenic (Barton et al., 2014). The activation of
faulty DSB repair pathways during adaptation could potentially allow the repair of the break in
expense of acquisition of genomic aberrations. Yet, the relationship between adaptation and
MMEJ repair remains to be determines experimentally.

3.5.4.3 The role of MMEJ in genotoxin resistance in cancer cells

Cancer cells frequently rely on the MMEJ pathway for DSB repair, which allows the repair of
genotoxin-induced DNA damage, thereby conferring chemoresistance. In HR deficient BRCA2-
mutated tumors, DNA polymerase 8 (POLQ) interacts with Rad51 and suppresses HR-mediated
DSB repair (Ceccaldi et al., 2015; Mateos-Gomez et al., 2015). The MMEJ repair is promoted by
PARP1, which recruits POLQ to the DNA damage sites (Mateos-Gomez et al., 2015). While
BRCAZ2 functions as a suppressor of MMEJ pathway, mitotic kinases Plk1, Aurora A, and CDK1
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promote MMEJ repair (Wang et al., 2018). These kinases are frequently overexpressed in cancer
cells, which likely contributes to the high MMEJ rates in many cancer cells (Gutteridge et al., 2016;
Ke et al., 2003; Strebhardt and Ullrich, 2006).

BRCA1 and BRCA2 proteins are important for the stabilization of replication forks, and BRCA-
deficient cells suffer from replication stress (Lomonosov et al., 2003; Pathania et al., 2014). The
activity of POLQ is important to sustain replication stress in BRCA2-deficient cells, and promote
replication forks recovery (Ceccaldi et al., 2015). FANCD2, a Fanconi anemia pathway protein,
protects stalled replication forks from nucleolitic degradation (Lossaint et al., 2013). In BRCA2-
deficient cells, FANCD2 localizes to stalled replication forks and recruits POLQ and CtIP, which
facilitates MMEJ pathway (Kais et al., 2016). The mutations in BRCAZ2-interacting partner PALB2
also leads to an increase in MMEJ repair pathway (Obermeier et al., 2016). The upregulation of
the MMEJ pathway was reported to confer resistance to PARPi in BRCA2-deficient tumors. The
pathway is upregulated due to the increased expression of aldehyde dehydrogenase ALDH1A1,
which increases the DNA repair capacity by MMEJ in an unknown way (Liu et al., 2020).

HR deficient tumors demonstrate high reliance on the MMEJ pathway for their DNA repair, and
targeting MMEJ components is a promising strategy to overcome tumor resistance. BRCA2-
deficient cell display synthetic lethality with multiple MMEJ pathway proteins, including polymerase
POLQ, 5" flap endonuclease Fen1, and FANCD2 (Ceccaldi et al., 2015; Kais et al., 2016;
Mengwasser et al., 2019).

The repair with MMEJ pathway is highly mutagenic, and generates random insertions or deletions
at the break point (Mateos-Gomez et al., 2015). The pathway also leads to generation of
chromosomal translocations in a CtIP-dependent manner (Zhang and Jasin, 2011). These data
indicate that DNA repair with MMEJ has a potential to promote tumorigenesis by generation of
oncogenic translocations, or other types of mutations in tumor suppressor genes (Zhang and
Jasin, 2011). In malignant cells, highly mutagenic DNA repair events allow the generation and
selection of therapy-resistant mutations.

3.6 Model

In my model, | connect adaptation, aneuploidization, and acquisition of genotoxin resistance in
HR-defective cells in response to genotoxins (Figure 35). Moreover, | suggest that adaptation
itself, and adapted cells are vulnerable to pharmacological targeting. Because adaptation
precedes the re-growth following irreparable DNA damage, preventing adaptation specifically

sensitizes only repair-defective cells. In repair-proficient cells, preventing adaptation does not
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induce the sensitivity to genotoxins, because these cells repair DNA damage before the adaptation

occurs (Figure 35a).
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Figure 35. Genotoxin resistant cells can be targeted pharmacologically. (a) Repair-profficient
wild type cells are able to execute successful DNA repair following treatment with genotoxins, X-
rays or CPT. These cells resume normal proliferation once the DNA damage is repaired, and do
not undergo aneuploidization. (b) HR defective rad52 cells udergo CA following treatment with X-
rays. Adaptation leads to genomic instability, which creates genetically heterogeneous population
of aneuploid cells (depicted in different shades of beige), from which genotoxin resistant mutants
are selected. CA in response to X-rays treatment could be prevented by the TORC1 inhibitor
rapamycin. The genotoxin resistant aneuploids can be targeted by aneuploidy-selective
antiproliferation compounds, MG132 or rapamycin. (¢) rad52 mutants undergo adaptation
following treatment with CPT. Adaptation to chronic CPT-induced DNA damage leads to drastic
chromosome loss events and also generates genetically heterogeneous population (depicted in
different shades of beige), and results in selection of nearly-haploid chromosome lll disomes. The
adaptation to acute CPT exposure generates genetically heterogeneous population that is not
followed by the selection of Chr. Il disomes. CA in response to CPT-induced damage could be
prevented by rapamycin. The rad52 chromosome Ill disomes cells are sensitive to Mre11
depletion combined with genotoxic CPT treatment.
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HR-defective rad52 cells undergo CA following treatment with X-rays (as previously shown in
(Galgoczy and Toczyski, 2001)) and CPT, which allows them to re-grow despite their inability to
repair the damage. It was previously demonstrated that high TORC1 activity promotes adaptation,
and treatment of cells with TORC1 inhibitor rapamycin prevents it (Klermund et al., 2014). Using
adaptation-defective cdcb-ad, ckb2, and sae2 mutants, and rapamycin treatment, | was able to
confirm that preventing adaptation sensitizes HR defective rad52 cells to genotoxins. Adaptation
leads to high levels of genomic instability (Galgoczy and Toczyski, 2001; Klermund et al., 2014),
and eventually results in aneuploidization. As X-rays induce DNA damage in random genomic loci,
during adaptation cells acquire versatile aneuploidies and create genetically diverse population
(Figure 35b). Due to karyotype diversity, this highly heterogeneous aneuploid population could
have an increased potential to adapt to different environments and stresses, including genotoxic
treatment (Chen et al.,, 2015). Therefore, adapted cells become resistant to X-rays via
aneuploidization. These aneuploid adapted cells suffer from aneuploidy-associated stresses,
which allows pharmacological targeting post adaptation with proteasome inhibitor MG132 and
TORCH1 inhibitor rapamycin. According to my model, lowering TORC1 activity with rapamycin is
beneficial in two ways: first, by preventing CA, it decreases the occurrence of genotoxin-resistant
colonies; second, it is toxic to checkpoint-adapted aneuploids.

| have also demonstrated that rad52 mutants undergo adaptation following CPT treatment, which
also induces genomic instability accompanied by drastic chromosome loss (Figure 35c¢). Similarly
to X-rays, adaptation to CPT-induced DNA damage could be prevented by TORC1 inhibition with
rapamycin. Once repair-defective cells adapt to CPT, they undergo aneuploidization. However,
CPT treatment leads to the selection of one particular aneuploid karyotype, a chromosome |l
disome, which is not vulnerable to aneuploidy-selective compounds. Instead, | find that the loss
of MRX complex function sensitizes both naive and checkpoint adapted rad52 mutants to CPT.
These results indicate that the combination of CPT treatment and an impairment of MRX function

selectively eliminates rad52 repair-defective cells.
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4. Materials and Methods
4.1 Materials
4.1.1 Yeast strains used in this study

All yeast strains used in this thesis are derivatives of S288C background, specifically BY4743
(MATa/MATalpha his3A1 / his3A1 leu2A0/ leu2A0 ura3A0 / ura3A0 MET15 / met15A0 LYS2 /
lys2A0), and BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0) (Winston et al., 1995), unless
indicated otherwise. The rad52 / rad52 strains that were treated with X-rays and 2 yM CPT were
not frozen as a cryostock, because they have rapidly undergone chromosome loss events and

therefore had unstable genotype.

Table 4.1.1. List of yeast strains used in this study.

Database Genotype Source

name

YBLA1 MATa/MATalpha his3A1 / his3A1 leu2A0/ leu2A0 ura3A0/  Euroscarf
ura3A0 MET15 / met15A0 LYS2 / lys2A0

YBL7 MATa his3A1 leu2A0 ura3A0 met15A0 lys2A0 This study

YBLS MATa lys1 cry1 Matthias Peter

YBL9 MATalpha lys1 Matthias Peter

YJK1052 MATa/MATalpha CDC5::cdcb-ad (URA) / CDC5::cdc5-ad Julia Klermund
(URA)

YJK1056 MATa/MATalpha RAD52::KAN CDC5::cdc5-ad (URA) / Julia Klermund
RAD52::KAN CDC5::cdc5-ad (URA)

YKB262 MATa/MATalpha RAD52::KAN CDC5::cdc5-ad (URA) / Katharina
RADb52::KAN CDC5::cdcb-ad (URA) Bender

YKB258 MATa/MATalpha RAD52::KAN / RAD52::KAN Katharina

Bender

YKB262 MATa/MATalpha RAD52::KAN CDC5::cdc5-ad (URA) / Katharina
RADS52::KAN CDC5::cdc5-ad (URA) Bender

YOV22 MATa Hsp104-GFP HIS PDR5::NAT (Miller et al.,

2015)

YOV54 MATa/MATalpha Hsp104-GFP HIS / Hsp104-GFP HIS This study

YOV58 MATa/MATalpha RAD52::KAN Hsp104-GFP HIS / This study
RAD52::KAN Hsp104-GFP HIS

YOV61 MATa/MATalpha PDR5::NAT / PDR5::NAT This study

YOV64 MATa/MATalpha RAD52::KAN PDR5::NAT / RAD52::KAN  This study
PDR5::NAT

YOV36 MATa PDR5::NAT This study

YOV40 MATa RAD52::KAN PDR5::NAT This study

YOV233 MATa/MATalpha This study

YOV234 MATa/MATalpha RAD52::KAN / RAD52::KAN This study

YOV346 MATa/MATalpha This study
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Database
name
YOV347
YOV349

YOV260
YOV261
YOV262
YOV263
YOV264

YOV265

YOV266

YOV267
YOV235
YOV236
YOV237
YOV238
YOV239

YOV243
YOV245

YOV247
YOV249
YOV277
YOV278
YOV279
YOV280
YOV281
YOV282
YOV283
YOV284
YOV299

YOV300
YOV301

132

Genotype

MATa/MATalpha RAD52::NAT / RAD52::NAT
MATa/MATalpha RAD52::NAT ATG1::KAN / RAD52::NAT
ATG1::KAN

MATa/MATalpha

MATa/MATalpha RAD52::KAN / RAD52::KAN
MATa/MATalpha MRE11::HIS / MRE11::HIS
MATa/MATalpha DNL4::HYG / DNL4::HYG
MATa/MATalpha RAD52::KAN DNL4::HYG / RAD52::KANN
DNL4::HYG

MATa/MATalpha RAD52::KAN MRE11::HIS / RAD52::KAN
MRE11::HIS

MATa/MATalpha MRE11::HIS DNL4::HYG / MRE11::HIS
DNL4::HYG

MATa/MATalpha RAD52::KAN MRE11::HIS DNL4::HYG /
RAD52::KAN MRE11::HIS DNL4::HYG

MATa/MATalpha RAD50::HIS / RAD50::HIS
MATa/MATalpha DNL4::HYG / DNL4::HYG
MATa/MATalpha RAD52::KAN RADS50::HIS / RAD52::KAN
RADS0::HIS

MATa/MATalpha RAD52::KAN DNL4::HYG / RAD52::KAN
DNL4::HYG

MATa/MATalpha RAD52::KAN RAD50::HIS DNL4::HYG /
RADS52::KAN RADS0::HIS DNL4::HYG

MATa/MATalpha RAD51::NAT / RAD51::NAT
MATa/MATalpha RAD51::NAT DNL4::HYG / RAD51::NAT
DNL4::HYG

MATa/MATalpha RAD52::KAN RAD51::NAT / RAD52::KAN
RAD51::NAT

MATa/MATalpha RAD52::KAN RAD51::NAT DNL4::HYG /
RAD52::KAN RAD51::NAT DNL4::HYG

MATa/MATalpha

MATa/MATalpha RAD52::KAN / RAD52::KAN
MATa/MATalpha RAD59::NAT / RAD59::NAT
MATa/MATalpha DNL4::HYG / DNL4::HYG
MATa/MATalpha RAD59::NAT DNL4::HYG / RAD59::NAT
DNL4::HYG

MATa/MATalpha RAD52::KAN RAD59::NAT DNL4::HYG /
RADS52::KAN RADS59::NAT DNL4::HYG

MATa/MATalpha RAD52::KAN DNL4::HYG / RAD52::KAN
DNL4::HYG

MATa/MATalpha RAD52::KAN RAD59::NAT / RAD52::KAN
RAD59::NAT

MATa/MATalpha

MATa/MATalpha RAD52::KAN / RAD52::KAN
MATa/MATalpha RAD55::NAT / RAD55::NAT

Source

This study
This study

This study
This study
This study
This study
This study

This study

This study

This study
This study
This study
This study
This study
This study

This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study



Database
name
YOV302
YOV303
YOV304

YOV305

YOV306
YOV317
YOV318
YOV319
YOV320
YOV321
YOV322
YOV323
YOV324
YOV326
YOV327
YOV328
YOV329
YOV330
YOV331
YOV332
YOV333

YOV356
YOV357

YOV358

YOV359

YOV394

YOV395

Genotype

MATa/MATalpha DNL4::HYG / DNL4::HYG
MATa/MATalpha RAD52::KAN DNL4::HYG / RAD52::KAN
DNL4::HYG

MATa/MATalpha RAD52::KAN RAD55::NAT / RAD52::KAN
RAD55::NAT

MATa/MATalpha RAD55::NAT DNL4::HYG / RAD55::NAT
DNL4:HYG

MATa/MATalpha RAD52::KAN RAD55::NAT DNL4::HYG /
RAD52::KAN RADS55::NAT DNL4::HYG

MATa/MATalpha

MATa/MATalpha RAD1::NAT / RAD1::NAT
MATa/MATalpha RAD52::KAN / RAD52::KAN
MATa/MATalpha DNL4::HYG / DNL4::HYG
MATa/MATalpha RAD1::NAT DNL4::HYG / RAD1::NAT
DNL4::HYG

MATa/MATalpha RAD52::KAN DNL4::HYG / RAD52::KAN
DNL4::HYG

MATa/MATalpha RAD52::KAN RAD1::NAT / RAD52::KAN
RAD1::NAT

MATa/MATalpha RAD52::KAN RAD1::NAT DNL4::HYG /
RAD52::KAN RAD1::NAT DNL4::HYG

MATa/MATalpha

MATa/MATalpha RAD52::KAN / RAD52::KAN
MATa/MATalpha POL4::HIS / POL4::HIS

MATa/MATalpha DNL4::HYG / DNL4::HYG
MATa/MATalpha RAD52::KAN DNL4::HYG / RAD52::KAN
DNL4::HYG

MATa/MATalpha POL4::HIS DNL4::HYG / POL4::HIS
DNL4::HYG

MATa/MATalpha RAD52::KAN POL4::HIS / RAD52::KAN
POL4::HIS

MATa/MATalpha RAD52::KAN POL4::HIS DNL4::HYG /
RAD52::KAN POL4::HIS DNL4::HYG

MATa/MATalpha GDP-AFB2 LEU / GDP-AFB2 LEU
MATa/MATalpha RAD52::KAN GDP-AFB2 LEU /
RAD52::KAN GDP-AFB2 LEU

MATa/MATalpha Mre11-AID* HYG GDP-AFB2 LEU /
Mre11-AID* HYG GDP-AFB2 LEU

MATa/MATalpha RAD52::KAN Mre11-AID* HYG GDP-
AFB2 LEU / RAD52::KAN Mre11-AID* HYG GDP-AFB2
LEU

MATa his3A1 leu2A0 ura3A0 met15A0

MATa/MATa his3A1 / his3A1 leu2A0 / leu2A0 ura3A0 /
ura3A0 MET15 / met15A0 LYS2 / lys2A0

Materials and Methods

Source

This study
This study

This study

This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study

This study

This study

(Pavelka et al.,

2010)
Rong Li
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Database
name
YOV396

YOV397

YOV399

YOV415

YOV420

YOV425

YOV435
YOV436

YOV490
YOV492
YOV493
YOV494
YOV497
YOV498
YOV500
YOV501
YOV503
YOV505
YOV514
YOV515
YOV516
YOV518

YOV538
YOV540

YOV542

YOV544

YOV546

134

Genotype

MATa/MATalpha his3A1 / his3A1 leu2A0 / leu2A0 ura3A0 /
ura3A0 MET15 / met15A0 LYS2 / lys2A0

MATa/MATa his3A1 leu2A0 ura3A0 met15A0 lys2A0
disome for Chr. llI

MATa/MATalpha his3A1 leu2A0 ura3A0 met15A0 lys2A0
disome for Chr. lll and Chr.XII

Mata-inc/MATalpha ade2-1 /- can1-100 /- his3A3’(20bp)-
HOcs(117) / hisBA200 leu2::his3A5°-HOcs(117) / leu2-
3,112/- trp1-1/trp1::KANMX-GALHO URA3 / URA3::TRP1
RAD52::LEU2 / RAD52::LEU2

MATa/MATa his3A1 leu2A0 ura3A0 met15A0 lys2A0
RAD52::HIS disome for Chr. Il

MATa/MATalpha his3A1 leu2A0 ura3A0 met15A0 lys2A0
RAD52::HIS disome for Chr. Il

MATa/MATalpha CKB2::HYG / CKB2::HYG
MATa/MATalpha RAD52::KAN CKB2::HYG / RAD52::KAN
CKB2::HYG

MATa/MATalpha

MATa/MATalpha TEL1::HYG / TEL1:HYG
MATa/MATalpha RAD52::KAN / RAD52::KAN
MATa/MATalpha MRE11::HIS / MRE11::HIS
MATa/MATalpha RAD52::KAN TEL1::HYG / RAD52::KAN
TEL1:HYG

MATa/MATalpha MRE11::HIS TEL1::HYG / MRE11::HIS
TEL1:HYG

MATa/MATalpha RAD52::KAN MRE11::HIS TEL1::HYG /
RAD52::KAN MRE11::HIS TEL1::HYG

MATa/MATalpha RAD52::KAN MRE11::HIS / RAD52::KAN
MRE11::HIS

MATa/MATalpha rho

MATa/MATalpha RAD52::KAN / RAD52::KAN rho
MATa/MATalpha

MATa/MATalpha RAD52::NAT / RAD52::NAT
MATa/MATalpha SAE2::KAN / SAE2::KAN
MATa/MATalpha RAD52::NAT SAE2::KAN / RAD52::NAT
SAE2::KAN

MATa/MATalpha MRE11::HIS / MRE11::HIS pRS315
MATa/MATalpha MRE11::HIS / MRE11::HIS pRS315-
MRE11

MATa/MATalpha MRE11::HIS / MRE11::HIS pRS315-
mre11-D56N

MATa/MATalpha MRE11::HIS / MRE11::HIS pRS315-
mre11-H125N

MATa/MATalpha RAD52::KAN MRE11::HIS / RAD52::KAN
MRE11::HIS pRS315

Source

(Pavelka et al.,
2010)
this study

(Mulla et al.,,
2017)
(Meyer et al.,
2015)

this study

this study

this study
this study

this study
this study
this study
this study
this study

this study
this study
this study
this study
this study
this study
this study
this study
this study

this study
this study

this study
this study

this study



Database
name
YOV548

YOV550

YOV552

YOV570
YOV571

YOV572
YOV575
YOV576
YOV577
YOV578
YOV579
YOV581
YOV582
YOV583
YOV585
YOV587
YOV589
YOV591
YOV593

YOV595

Materials and Methods

Genotype

MATa/MATalpha RAD52::KAN MRE11::HIS / RAD52::KAN
MRE11::HIS pRS315-MRE11

MATa/MATalpha RAD52::KAN MRE11::HIS / RAD52::KAN
MRE11::HIS pRS315-mre11-D56N

MATa/MATalpha RAD52::KAN MRE11::HIS / RAD52::KAN
MRE11::HIS pRS315-mre11-H125N

MATa/MATalpha pRS315-GFP-ATG8

MATa/MATalpha RAD52::NAT / RAD52::NAT pRS315-
GFP-ATGS8

MATa/MATalpha RAD52::NAT ATG1::KAN / RAD52::NAT
ATG1::KAN pRS315-GFP-ATG8

MATa/MATalpha

MATa/MATalpha MRE11::HIS / MRE11::HIS
MATa/MATalpha RAD52::KAN / RAD52::KAN
MATa/MATalpha RAD53::rad53-11 (URA) / RAD53::rad53-
11 (URA)

MATa/MATalpha MRE11::HIS RAD53::rad53-11 (URA) /
MRE11::HIS RAD53::rad53-11 (URA)

MATa/MATalpha RAD52::KAN MRE11::HIS / RAD52::KAN
MRE11::HIS

MATa/MATalpha RAD52::KAN RAD53::rad53-11 (URA) /
RA52::KAN RAD53::rad53-11 (URA)

MATa/MATalpha RAD52::KAN MRE11::HIS RAD53::rad53-
11 (URA) / RA52::KAN MRE11::HIS RAD53::rad53-11
(URA)

MATa/MATalpha XRS2::KAN / XRS2::KAN pRS315
MATa/MATalpha XRS2::KAN / XRS2::KAN pRS315-XRS2
MATa/MATalpha XRS2::KAN / XRS2::KAN pRS315-xrs2-
S47A, H50A

MATa/MATalpha RAD52::NAT XRS2::KAN / RAD52::NAT
XRS2::KAN pRS315

MATa/MATalpha RAD52::NAT XRS2::KAN / RAD52::NAT
XRS2::KAN pRS315-XRS2

MATa/MATalpha RAD52::NAT XRS2::KAN / RAD52::NAT
XRS2::KAN pRS315-xrs2-S47A, H50A

Source

this study
this study
this study

this study
this study

this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study

this study

this study

135



Materials and Methods

4.1.2 List of oligonucleotides

This list contains sequences of oligonucleotides used for the following purposes and abbreviated

accordingly:

Gene knock-out: KO

Endogenous tagging: Tag

Confirmation of the knock-out: KO-confirm
gPCR for chromosome copy number: gPCR
Plasmid construction: Cloning

MAT locus PCR: MAT

MMEJ reporter strain confirmation: MMEJ

N a ks~ e N =

The FO abbreviates forward oligonucleotide; the RO abbreviates reverse oligonucleotide.

Table 4.1.2. List of oligonucleotides used in this study.

Name Sequence (5 — 3’) Application
oBL29 ctgcagcgaggagccgtaat KO-confirm; RO to verify KANMX, HISMX, NATMX
cassette; binds to TEF promoter
oKB52 tttcaggatcacgagcgccatcta pPCR; FO binds to the left arm of chromosome I
oKB53 cggcaagtgtctcactgttgcatt pPCR; RO binds to the left arm of chromosome Il
oKB54 ttgtttctgtcctigccacagctc pPCR; FO binds to the left arm of chromosome llI
oKB55 agcgcctttacctcaacctaccat pPCR; RO binds to the left arm of chromosome Il
oKB56 agccctagttgcagatcatcgtgt pPCR; FO binds to the left arm of chromosome IV
oKB57 agaatatacggcaacagtgcccga pPCR; RO binds to the left arm of chromosome IV
oKB58 tccgecggcaactgtaactgtaaa pPCR; FO binds to the left arm of chromosome V
oKB59 atagtaaccaacgagagcgcgcaa pPCR; RO binds to the left arm of chromosome V
oKB60 gcgcttatgtaaggttcctgtatggt pPCR; FO binds to the left arm of chromosome VI
oKB61 agtgcggattcatttccaagcagc pPCR; RO binds to the left arm of chromosome VI
oKB62 tgtgcgtcttccctaaagcagcta pPCR; FO binds to the left arm of chromosome VI
oKB63 gcattggatgcgatgagatggcaa pPCR; RO binds to the left arm of chromosome VII
oKB64 ttgtcggtctagccgaaaggtgtt pPCR; FO binds to the left arm of chromosome VIII

oKB65 agttctgcggcagtaatgtagggt pPCR; RO binds to the left arm of chromosome VIII
oKB66 aaagttggcgctgggtactttgag pPCR; FO binds to the left arm of chromosome IX
oKB67 agaactgatggcatttgatggccg pPCR; RO binds to the left arm of chromosome IX
oKB68 atttaccggttagtgtcagcgcca pPCR; FO binds to the left arm of chromosome X
oKB69 cgacagagtagtttatgccgagggtt pPCR; RO binds to the left arm of chromosome X
oKB70 agctggtgatgagccaaatgtcgt pPCR; FO binds to the left arm of chromosome XI
oKB71 tttagagcaagcgcectttgtgagce pPCR; RO binds to the left arm of chromosome XI
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Name
oKB72
oKB73
oKB74
oKB75
oKB76

oKB77
oKB78
oKB79
oKB80
oKB81
oOV14
o0V15
oOV18
o0Vv19
o0V20
oOV21
o0V52

o0V53

oOV54

oO0V101

o0V102

o0V103

Sequence (5’ — 3’)
tggagatgaagggttgtcgttggt
acgtgtagcgtttctgctggtctt
aaccgtctttcgagcagttgaagg
acaacagcgggaactaagtgcaga

gggattaacaatacggtaaaggga
cg

caaccactgtcagcacaaactcct
atttaggctgcacggctcagttct
ctaggttcactgctttggcacaca
aagagccttgaacttctcgggtga
tgatgttcctctcgtttggcactc
atatacccagctaccgtttcttctt
tgtatgccttctaacgaattacaca
ctttattttgcgacttttcttcatc
ttggtgtagctaaaacatgcaataa
acggatgaaatcctgtatattcaaa
gaaatttctcaccttcgatctcata

gacggatattcttggaagtctccttgct
aagaaaagaaaacgtacgctgca

ggtcgac

gttataaataggatataatataatata
gggatcaagtacaaatcgatgaatt
cgagctcg

actgacgaagaggacgctagttatg

atgcaaacaaggaggttgccaaga
actgctgaaggttctggtggctttggt
gtgttgttgcgtacgctgcaggtcgac
gga

aggattttggagtaataaataatgatg
caaattttttatttgtttcggccaggaa
gcgttatcgatgaattcgagctcgtt

gattcaacaactcccttggcgtc

Materials and Methods

Application

pPCR; FO binds to the left arm of chromosome XII
pPCR; RO binds to the left arm of chromosome XI|
pPCR; FO binds to the left arm of chromosome XlII
pPCR; RO binds to the left arm of chromosome XIllI
pPCR; FO binds to the left arm of chromosome XIV

pPCR; RO binds to the left arm of chromosome XIV
pPCR; FO binds to the left arm of chromosome XV
pPCR; RO binds to the left arm of chromosome XV
pPCR; FO binds to the left arm of chromosome XVI
pPCR; RO binds to the left arm of chromosome XVI
KO; FO to confirm RADS55 deletion

KO; RO to confirm RAD55 deletion

KO; FO to confirm RAD1 deletion

KO; RO to confirm RAD1 deletion

KO; FO to confirm POL4 deletion

KO; RO to confirm POL4 deletion

Tag; FO for MRE11 with Auxin-inducible degron

Tag; RO for MRE11 with Auxin-inducible degron

FO for Mre11-AID verification

KO; FO for RAD52 deletion

KO; RO for RAD52 deletion

KO; FO to confirm RAD52 deletion
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Name
o0V104
o0OV105

oO0V106

o0V107

o0V108
oO0V109
oOV113

oOV114

oOV125
oOV136

o0OV137

oOV138

o0V140

o0V144

oOV146
o0V147
o0V152

o0V157
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Sequence (5 — 3’)
caaccttcgatgtatgcaatcctg

agtcacatcaagatcgtttatgg

gcacggaatatgggactacttcg

actccacttcaagtaagagtttg

tccgctgcacggtcectgttcce
accagccggaatgcttggccag

atgacagagcagaaagccct

gaacacctttggtggaggga

tcaggatttgcgcectttggatga

gatatcgaattcctgcagcccgggg
gatcctagaggatgaacagatgtga
agaagaaacg

gagctccaccgceggtggeggcecgcet
ctagagctatgcatattcctatcacag
ttaacg

tgtacagtccggtaatctttttcacgtg
aataagcctt

tcggcatatcaggtaataatgatgat
gcgtcggg

taattaaaaatgataaaagtattgcc
agacaggctatcacattcaaatgg

gctggtggaggcaaatatct
ggctactgtgtttcagatccg

ccaccgcggtggecggccgctctaga
gactatgcatctctttaacaggcg

cgaattcctgcagcccgggggatcce
gagccagcacagcttattatc

Application
KO; RO to confirm RAD52 deletion

MAT; FO that binds 1695-1673 nucleotides
directed towards MAT locus

MAT; RO that binds sequence within alpha-specific
DNA

MAT; RO that binds sequence within a-specific
DNA

MMEJ; FO to amplify HIS3A3 split reporter
MMEJ; RO to amplify HIS3A3 split reporter

MMEJ; FO to amplify reciprocal translocation
restored HIS3 ORF

MMEJ; RO to amplify reciprocal translocation
restored HIS3 ORF; RO to amplify HIS3AS5 split
reporter

MMEJ; FO to amplify HIS3A5 split reporter

Cloning; FO to amplify genomic MRE11 800 bp
upstream from start codon and clone into pRS315

Cloning; RO to amplify genomic MRE11 400 bp
downstream from stop codon and clone into
pRS315

Cloning; FO to introduce MRE11-D56N mutation

Cloning; FO to introduce MRE11-H125N mutation

Cloning; FO to introduce XRS2-S47A, H50A
mutations

KO; FO to confirm XRS2 deletion
KO; RO to confirm XRS2 deletion

Cloning; FO to amplify genomic XRS2 939 bp
upstream from start codon and clone into pRS315

Cloning; RO to amplify genomic XRS2 380 bp
downstream from stop codon and clone into
pRS315



Name

oOV158

Sequence (5’ — 3’)

aaggcttattcacgtgaaaaagatta

Materials and Methods

Application
Cloning; RO to introduce MRE11-D56N mutation

ccggactgtaca

oOV159 cccgacgcatcatcattattacctgat

atgccga

oOV160 ccatttgaatgtgatagcctgtctggce

aatacttttatcatttttaatta mutations
4.1.3 Plasmids
Plasmid name Description

pBL186
pBL211
pBL299
pBL303
pBL304
pJK34

pBL454

pBL252
pBL95

pBL623
pBL625
pBL626
pBL629
pBL631

pRS423-GAL-HIS3, empty vector
pRS425-GAL-LEU2, empty vector

pRS41-hygB, empty vector
pRS42-KAN, empty vector
pRS42-NAT, empty vector
pRS315-GFP-ATGS8

pSM409-pHyg-AID*-9MYC

pFABA-HIS3MX6
pRS315-LEU2, empty vector

pRS315-MRE11
pRS315-MRE11-D56N
pRS315-MRE11-H125N
PRS315-XRS2
PRS315-XRS2-S47A,H50A

Cloning; RO to introduce MRE11-H125N mutation

Cloning; RO to introduce XRS2-S47A, H50A

Source
(Mumberg et al., 1995)
(Mumberg et al., 1995)
(Taxis and Knop, 2006)
(Taxis and Knop, 2006)
(Taxis and Knop, 2006)
(Klermund et al., 2014)

(Morawska and Ulrich,
2013)

(Longtine et al., 1998)

(Sikorski and Hieter,
1989)

this study
this study
this study
this study
this study
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4.1.4 Liquid media composition

Medium

Lysogeny broth medium (LB)

Yeast peptone dextrose medium
(YPD)

Yeast peptone raffinose

(2 % Raff-YP)

Yeast peptone galactose
raffinose (2 % Gal1 % Raff-YP)

Synthetic complete w/o
aminoacid (SC-AA)

Sporulation medium (SPO)
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Composition

1 % (w/v) sodium chloride
1 % (w/v) bacto tryptone
0.5 % (w/v) bacto yeast extract
100 pg/mL carbenicillin
2 % (w/v) peptone
1 % (w/v) bacto yeast extract
2 % (w/v) glucose
% (w/v) peptone
1 % (w/v) yeast extract
2.36 % (w/v) raffinose pentahydrate
2 % (w/v) peptone
1 % (w/v) Bacto yeast extract
1.18 % (w/v) raffinose pentahydrate
2 % (w/v) galactose
0.192 % (w/v) yeast synthetic dropout w/o aminoacid
0.67 % (w/v) yeast nitrogen base without amino
acids
2 % (w/v) glucose
1 % potassium acetate

0.005 % zinc acetate



4.1.5 Agar plates

Plate

Yeast peptone dextrose (YPD)
plates

Synthetic complete w/o
aminoacid (SC-AA) plates

Synthetic complete w/o
aminoacid (SC-AA) plus antibiotic
plates

Presporulation plates

Lysogeny broth medium plates

Materials and Methods

Compostion

6.5 % (w/v) YPD agar

0.192 % (w/v) yeast synthetic dropout w/o amino acid
0.67 % (w/v) yeast nitrogen base without amino acids
2 % (w/v) glucose

2.4 % (w/v) agar

0.192 % (w/v) yeast synthetic dropout w/o amino acid

0.17 % (w/v) yeast nitrogen base without amino acids and
ammonium sulfate

0.1 % (w/v) monosodium glutamate
2 % (w/v) glucose

2 % (w/v) agar

Antibiotic (see table 5.1.6)

3 % (w/v) standard nutrient broth
1 % (w/v) bacto yeast extract

2 % (w/v) agar

5 % (w/v) glucose

1 % (w/v) tryptone

0.5 % (w/v) bacto yeast extract

1 % (w/v) sodium chloride

1.5 % (w/v) agar
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4.1.6 Antibiotics and other plate add-inns

Substance

G418 disulfate solution

Nourseothricin-dihydrogen sulfate

Hygromycin B
Carbenicillin

Phloxine B

4.1.7 Buffers and solutions

Buffer or Solution
Solution 1
Solution 2
Solution 3

Urea buffer

SDS running buffer
(10x)

Blotting buffer
PBS (10x)

PBST (10x)
Milk blocking buffer
BSA blocking buffer

LiAC mix
PEG mix

Potassium phosphate
buffer 6.4

Potassium phosphate
buffer 6.6

Potassium phosphate
buffer 7.4
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Composition

1.85 M NaOH, 1.09 M 2-mercaptoethanol
50 % trichloroacetic acid (TCA)

100 % Acetone

Concentration
250 pg/mL

100 pg/mL
300 pg/mL

100 pg/mL

8 ug/mL

Application
Protein extraction
Protein extraction

Protein extraction

120 mM Tris-HCI pH 6.8, 5 % glycerol, 8 M urea, Protein extraction

143 mM 2-mercaptoethanol, 8 % SDS,
bromophenol blue

25 mM Tris, 192 mM glycine, 0.1 % SDS, pH 8.3 Western blotting

25 mM Tris, 192 mM glycine

Western blotting

1.37 M NacCl, 0.03 M KClI, 0.08 M Na;HPO,4 x 2 Western blotting

H20, 0.02 M KH,PO4, pH 7.4
1 x PBS, 0.1 % Tween-20
5 % (w/v) skim milk powder in 1 x PBST

Western blotting
Western blotting

3 % (w/v) bovine serum albumin (BSA) in 1 x Western blotting

PBST

0.1 M lithium acetate, 1 x TE solution
40 % (w/v) PEG 400, dissolved in LiAc mix
28 mM Kz;HPOQOy4, 72 mM KH2PO4, pH 6.4

38 mM K2HPO,, 62 mM KH2PQO4, pH 6.6

82 mM KzHPO4, 18 mM KH2POg4, pH 7.4

Transformation
Transformation

Microscopy

Microscopy

Microscopy



Materials and Methods

Buffer or Solution Composition Application
Formaldehyde fixation 2.5 % (w/v) Formaldehyde in potassium Microscopy
solution phosphate buffer 6.4

Cytometry solution 50 mM Tris-Cl, pH 7.5

Flow cytometry

DNA loading buffer 15 % Ficoll, 10 mM EDTA pH 8.0, Orange G Loading buffer
(6x)
TE (10x) 0.1 M Tris-HCl pH 7.5, 10 mM EDTA pH 8.0 other
TBE (10x) 0.89 M Tris base, 0.89 M boric acid, 0.02 M other
EDTA pH 8.0

4.1.8 Commercially available reagents

Reagent

1 kb DNA ladder

100 bp DNA ladder
3-Indoleacetic acid
4',6-Diamidino-2-phenylindole dihydrochloride (DAPI)
Agar

Agarose

Bacto Yeast

Bovine Serum Albumin (BSA)
Bromphenol blue
Camptothecin (CPT)
Carbenicillin disodium
Concanavalin A

Dimethyl sulfoxide (DMSO)
Ethanol, absolute
Formaldehyde 37 %

G418 disulfate solution
Glucose (D+)

Glycerol

Hygromycin B

Supplier

New England Biolabs
New England Biolabs
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

BD Biosciences
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
AppliChem
AppliChem
AppliChem

Thermo Scientific

InvivoGen
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Reagent

L-glutamic acid monosodium salt hydrate

MG132

Mini-Protean TGX stain free precast gels (7.5/10/4-15 %)
Nitrocellulose membrane

Nourseothricin dihydrogen sulfate (ClonNaT)

Peptone

Ploxine B

Poly(ethylenglycol) 400 (PEG)

Ponceau S

Potassium phosphate dibasic

Potassium phosphate monobasic

Prestained Protein Marker, Broad range (11-190 kDa)
Radicicol

Raffinose x 5 H20 (D+)

Rapamycin

Skim milk powder

Sodium acetate (NaAc)

Sodium dodecyl sulfate (SDS)

Sodium hydroxide

SuperSignal West Pico Chemiluminescent Substrate
SYBR Safe DNA gel stain

Sytox Green

Trichloroacetic acid (TCA)

Tris (Trizma base)

Tween-20

Urea

Yeast nitrogen base w/o amino acids

Yeast nitrogen base without amino acids and ammonium

sulfate
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Supplier
Sigma-Aldrich
Sigma-Aldrich
Bio-Rad

GE Healthcare
WERNER BioAgents
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
New England Biolabs
Apex Bio
AppliChem
Selleckchem
Sigma-Aldrich
Sigma-Aldrich
AppliChem
Sigma-Aldrich
Thermo Scientific
Thermo Scientific
Thermo Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Difco

Difco



Reagent

Yeast synthetic dropout medium supplement without

amino acid (SC or SD)
Yeastmarker carrier DNA

B-Mercaptoethanol

Supplier

Clontech

Materials and Methods

MP Biomedicals

Sigma-Aldrich

4.1.9 Enzymes, commercially available kits and other small equipment

Reagent

2x Phusion® HF Mastermix GC buffer
2x Q5® High-Fidelity Master Mix

2x Taq Mastermix

2x Gibson assembly enzyme mix
Lyticase

RNAse A

Proteinase K

Xbal restriction enzyme

BamHlI restriction enzyme

DyNAmo Flash SYBR Green qRT-PCR
Kit

QIlAprep Spin Miniprep Kit
QIAquick PCR Purification Kit
Gentra Puregene Yeast/Bacterial Kit

Trans-Blot® Turbo™ RTA Midi
Nitrocellulose Transfer Kit

Hard-Shell® 384-Well PCR plates
Neubauer cell counting chamber
CellCarrier™ 96 well plate

Tissue culture plate, 96 well

Supplier

New England Biolabs
New England Biolabs
New England Biolabs

CF Protein production, IMB

Sigma-Aldrich
Thermo Scientific
NeolLab

New England Biolabs
New England Biolabs

Thermo Scientific

Qiagen
Qiagen
Qiagen
Bio-Rad

Bio-Rad
Assistent Germany
Perkin EImer

Falcon

Catalogue number
MO0532S
MO0492L
MO0270L

N/A
L4025-25KU
10753721
1151ML010
R0145S
R0136S
10334009

27106
28106
158567
1704271

HSP3805
40442
6005550
353072
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4.1.10 Antibodies

Antibodies Dilution
Primary antibodies

mouse anti-Rad53 EL7.E1 1:16
mouse anti-Rad53 EL7.E1 1:1000
mouse anti-Pgk1 1:200 000
rabbit anti-Rnr3 1:300
mouse anti-actin 1:2000
rabbit anti-tubulin 1:3000
rabbit anti-Sch9 1:20000
mouse anti-phospho Sch9 1:10000
mouse anti-GFP 1:1000
mouse anti-Cdc5 1:300

Secondary antibodies
goat anti-mouse (HRP conjugate) 1:3000

goat anti-rabbit (HRP conjugate) 1:3000

goat anti-rabbit and anti-mouse 1:10 000

IRDye 680

goat anti-rabbit and anti-mouse 1:10 000

IRDye 800

4.1.11 Electronic equipment

Device

BD FACSVerse

BioRuptor Pico

ChemiDoc Touch Imaging System
Dissection Microscope MSM 400
Faxitron CellRad

NanoDrop 2000

Odyssey CLx Imaging system

Opera Phenix High-Content Screening
System

Real Time PCD Detection System CFX384
Touch

Sonifier 450
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Source

Gift from M. Foiani
Abcam, ab166859
Invitrogen, #459250
Agrisera, #AS09 574
Millipore, MAB1501R
Abcam, ab184970
Gift from R. Loewith
Gift from R. Loewith
Roche Diagnostics via Sigma-Aldrich,
# 11814460001

Gift from E. Schiebel

Bio-Rad, #170-5047
Bio-Rad, #170-5046

Licor, #926-68071 and #926-68070

Licor, #926-32211 and #926-32210

Supplier

Becton Dickinson
Diagenode

BioRad

Singer Instruments
Faxitron

Thermo Scientific
Licor

PerkinElmer

BioRad

Branson



Device

Spark® microplate reader
Spectrophotometer Ultraspec 2100 pro
Thermal Cycler C1000 Touch

Western blot equipment and PowerPac Basic

4.1.12 Software

Software

Adobe lllustrator 2020
CFX Manager™
Excel 2016

FACSuite 1.0.5
FileMaker Pro 10
GraphPadPrism 8

Harmony High-Content Imaging and Analysis
Software

Imaged 1.52¢g
Image Lab V5
ImageStudio
Mendeley Desktop
Word 2016

Materials and Methods

Supplier
TECAN
Biochrom
BioRad
BioRad

Supplier

Adobe

Bio-Rad
Microsoft

Becton Dickinson
FileMaker Inc
GraphPad

PerkinElmer

open source
BioRad
LI-COR
Elsevier

Microsoft

147



Materials and Methods

4.2 Methods
4.2.1 Yeast strains culture and construction procedures

Yeast background. Almost all yeast strains used in this study are derived from S288C (SUC2
gal2 mal2 mel flo1 flo8-1 hap1 ho bio1 bio6) yeast background, specifically BY4741 (MATa his3A1
leu2A0 met15A0 ura3A0), and BY4743 (MATa/MATalpha his3A1/his3A1 leu2A0/ leu2A0 ura3A0
/ura3A0 MET15/met15A0 LYS2 /lys2A0) (Winston et al., 1995). The exception is yOV415 strain
obtained from Wolf-Dieter Heyer lab (Meyer et al., 2015), which is a derivative from W303 yeast
background (MATa/MATalpha leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 [phi+]). All

strains in this study are homozygous diploid unless indicated otherwise.

Genotoxin treatment procedures. Treatment with X-rays was performed using Faxitron CellRad
(Faxitron) system. Cells were plated onto YPD agar plates, and irradiated in ADC mode with the
following settings: 0.9 Gy / min at 130 kV and 5 mA. The 0.5 mM Aluminum filter was used to filter
lower energy X-rays. Plates were incubated at 30°C for 4 to 5 days.

Chronic treatment with 2 yM Camptothecin (CPT) was performed as following: cells were plated
onto CPT-containing plates, and incubated at 30°C for 7 to 8 days. Afterwards, in order to recover
all the viable cells, single colonies were patched onto YPD plates and incubated at 30°C for 5

days.

Yeast culture procedures. Yeast strains were inoculated from single colonies or patches (when
indicated), and grown overnight at 30°C in liquid yeast YPD or SC-AA media with orbital shaking.
For the experiments with the X-ray treated rad52 mutants, single colonies were always used. The
CPT treated rad52 mutants were always inoculated from patch, with exceptions (Figure 2e, Figure
20).

Tetrad dissection. Heterozygous diploid strains that have desired gene knock-outs or alleles
were patched onto Presporulation plates and grown for 24 h at 30°C. Then cells were transferred
into liquid Sporulation medium (SPO culture), and sporulated for 3 to 7 days at 23°C. To prepare
the cultures for the tetrad dissection, 15 yL of SPO culture was mixed with 15 pL of Lyticase
enzyme mix, and incubated for 15 minutes at room temperature. The tetrads were dissected on

YPD plates using MSM 400 dissection microscope, and grown for 3 days at 30°C.

Creation of homozygous diploid strains. Isogenic haploids of MATa and MATa were mixed in
liquid YPD medium at 30 °C for 5 h. Diploids were picked based on morphology using MSM 400
dissection microscope (Singer Instruments), and grown on YPD plates at 30°C for 3 days. The

diploid state was conformed either using flow cytometry, or with MAT locus PCR.
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PCR based gene knock-out. The disomic rad52 aneuploid strain was created using PCR-based
knock-out strategy (Janke et al., 2004). Briefly, the HIS3MX6 cassette was amplified from pBL252
(PFABA-HIS3MX6) with oOV101 and oOV102 primer pairs. The reaction contained 1x Phusion
HF master mix, 200 ng of DNA template, and 500 nM of each primer in a final volume of 50 pL.
The following PCR cycling conditions were used: 3 min at 98°C; 35 cycles of 30 sec at 98°C, 30
sec at 58°C, 60 sec at 72°C; the final extension of 5 min at 72°C. The correct size of the PCR
product was verified on the1% agarose gel containing 1:20000 of SYBR Safe. The competent
yeast strains were transformed with 5 pL of the PCR product using LiAc yeast transformation
protocol (see below). The positive rad52 knock-outs were selected with oOV101 and oBL29 primer

pair using colony PCR technique (see below).

Creation of strains with an Auxin inducible degron. The strains were created as described in
(Morawska and Ulrich, 2013). Briefly, AID*-OMYC-HYGMX cassette was amplified from pBL454
(pSM409-pHyg-AID*-9MYC) with oOV52 and oOV53 primer pairs. The reaction contained 1x
Phusion HF master mix, 100 ng of DNA template, and 500 nM of each primer in a final volume of
50 yL. The following PCR cycling conditions were used: 3 min at 98°C; 35 cycles of 30 sec at
98°C, 60 sec at 58°C, 2 min 40 sec at 72°C; the final extension of 5 min at 72°C. The correct size
of the PCR product was verified on the 1% agarose gel containing 1:20000 of SYBR Safe. The
competent yeast strains were transformed with 5 yL of the PCR product using LiAc yeast
transformation protocol (see below). In order to select positive mutants, | verified the presence of
the degron tag with oOV54 and oBL29 primer pair using colony PCR technique (see below). |
additionally verified that the Mre11 protein is degraded upon the addition of 1 mM IAA (auxin)

using western blotting.

Yeast transformation using LiAc mix. Yeast cells were grown to exponential cultures (0.6 to 0.8
0.D.600) in total volume of 30 mL in liquid YPD medium at 30°C. Cultures were centrifuged at
4000 g, washed once with 5 mL of LiAc mix, and resuspended in 250 pyL of LiAc mix. The
transformation reaction contained 100 uL of cells in LiAc mix, 700 yL of PEG mix, 10 yL of
Yeastmaker Carrier DNA, 7 uL DMSO, and 100-200 ng of plasmid DNA, or 5 uL of PCR reaction.
The transformation reaction was incubated for 30 min at room temperature with rotation, and
subsequently heat shocked for 15 min at 42°C. To recover the transformants, cells were pelleted
at 4000 g, and resuspended in 300 uL YPD. To recover the clones after a transformation with a
plasmid, cells were incubated for 2 h at 30°C, and plated on a selective media for 3 days. To
recover mutants transformed for an endogenous genome modifications, cells were plated onto
YPD plate and incubated overnight at 30°C. In the morning, cells were replica-plated onto the

selective plate, and incubated for 3 days at 30°C.
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Bacterial transformation. The competent Escherichia coli in DH5a background were mixed on
ice with 100 ng of plasmid DNA, and incubated for 30 min. Afterwards, the bacteria were heat
shocked for 60 sec at 42 °C, and put on ice. To recover positive transformants, bacteria were
mixed with 300 uL of LB media (w/o antibiotic) and incubated at 37°C for 30 min. To select the
successful transformants, cells were disposed onto LB plates containing antibiotic, and grown
overnight at 37°C.

Yeast and bacterial cryostocks. In order to store the mutants long-term at -80°C, cryostock
yeast cultures were created by mixing a colony of a desired yeast mutant with 730 uL of YPD
media and 270 pL of 70% glycerol. The bacterial cryostocks were created by mixing 500 pL of
bacterial cultures with 200 pL of 70% glycerol.

4.2.2 Plasmids construction

MRE11 was amplified by PCR from genomic DNA of a wild type strain from position -800 bp to
+400 bp relative to the coding sequence with oOV136 and oOV137 primers using Q5® High-
Fidelity DNA polymerase. The PCR conditions were the following: 5 min at 95°C; 35 cycles of 10
sec at 95°C, 10 sec at 66°C, 3 min 40 sec at 72°C; the final extension of 5 min at 72°C. In order
to introduce mre11-D56N mutation, MRE11 gene was amplified using oOV136 plus oOV158, and
o0V138 plus oOV137 primer pairs, yielding two PCR products with overlapping sequences that
contain the mutation. In order to introduce mre11-H125N mutation, MRE11 gene was amplified
using oOV136 plus oOV159, and oOV 140 plus oOV137 primer pairs, producing overlapping PCR
products. The PCR conditions for all the reactions above were the following: 5 min at 95°C; 35
cycles of 10 sec at 95°C, 10 sec at 63°C, 2 min at 72°C; the final extension of 5 min at 72°C. XRS2
gene was amplified by PCR from genomic DNA from position -939 bp to +380 bp relative to the
coding sequence with oOV152 and oOV157 primers. The PCR conditions were the following: 5
min at 95°C; 35 cycles of 10 sec at 95°C, 10 sec at 63°C, 3 min 40 sec at 72°C; the final extension
of 5 min at 72°C. In order to introduce xrs2-S47A, H50A mutations, XRS2 gene was amplified
using oOV152 plus oOV160, and oOV144 plus oOV157 primer pairs, yielding two PCR products
with overlapping sequences that contain the mutation. The PCR conditions were the following: 5
min at 95°C; 35 cycles of 10 sec at 95°C, 10 sec at 63°C, 2 min at 72°C; the final extension of 5
min at 72°C. All PCR reactions contained 1x Q5® High-Fidelity DNA polymerase (New England
Biolabs) Master Mix, 500 nM each primer, and 100 ng of genomic DNA template. Centromeric
vector pRS315 was linearized with Xbal and BamHI restriction enzymes. PCR products were
purified using QIAquick PCR Purification Kit according to the manufacturer’s instructions. PCR

products were cloned into linearized pRS315 vector using enzymatic assembly (Gibson et al.,
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2009) (Gibson enzymatic assembly master mix was produced in house by Protein Production
Core Facility). To do so, 50 ng of linearized vector was mixed with an appropriate amount of the
desired insert in 1:5 molar ratio, with an addition of 1x of Gibson enzymatic assembly master mix
in total volume of 10 pL. The reaction was incubated at 50°C for 30 minutes, and transformed into

DH5a bacteria. The presence of desired mutations was verified with Sanger sequencing.
4.2.3 Colony PCR

Colony PCR for mutant verification. A fraction of single colony was boiled in 0.02 M NaOH
solution at 100 °C for 10 min. The cell debris was pelleted using table-top centrifuge. The PCR
reaction contained 1x Taq polymerase master mix, 2 uL of colony supernatant, 1 uL of each primer
(500 nM final concentration), and water in total volume of 20 yL. The cycling conditions were the
following: 3 min at 98°C; 35 cycles of 30 sec at 98°C, 30 sec at 58°C, 60 sec at 72°C; the final
extension of 5 min at 72°C. To determine whether the PCR products have correct size, they were

separated on the1% agarose gel containing 1:20000 of SYBR Safe.

Colony PCR to determine MAT type. The colony was boiled in 0.02 M NaOH solution at 100 °C
for 10 min. The cell debris was pelleted using table-top centrifuge. Each PCR reaction contained
1x Q5® High-Fidelity DNA polymerase master mix, 2 pL of colony supernatant, 1 uL of oOV105, 1
ML of oOV106, and 1 uL of oOV107 primers (500 nM each), in total volume of 20 pL. The cycling
conditions were the following: 3 min at 98°C; 35 cycles of 10 sec at 98°C, 30 sec at 61°C, 60 sec
at 72°C; the final extension of 5 min at 72°C. To determine whether the PCR products have correct
size, they were separated on the 1% agarose gel containing 1:20000 of SYBR Safe. PCR with the
MATa template DNA generates 544 bp product, and PCR with MATalpha template DNA generates
404 bp product. The PCR on DNA from diploid MATa / MATalpha cells generates both products.

This assay was performed using a previously published oligonucleotides (Huxley et al., 1990).

Colony PCR to select for his3A3 and his3A5 MMEJ substrates. To select rad52 mutants that
retained his3A3 MMEJ substrate, single colonies were boiled in 0.02 M NaOH solution at 100 °C
for 10 min. The cell debris was pelleted using table-top centrifuge. Each PCR reaction contained
1x Q5® High-Fidelity DNA polymerase master mix, 2 uL of colony supernatant, 1 uL of oOV108, 1
ML of oOV109 primers (500 nM each), in total volume of 20 yL. The cycling conditions were the
following: 3 min at 98°C; 35 cycles of 10 sec at 98°C, 30 sec at 65°C, 60 sec at 72°C; the final
extension of 5 min at 72°C.
To select rad52 mutants that retained his3A5 MMEJ substrate, similar colony PCR procedure was
performed. Each PCR reaction contained 1x Q5® High-Fidelity DNA polymerase master mix, 2 pyL
of colony supernatant, 1 uL of oOV125, 1 pyL of oOV114 primers (500 nM each), in total volume
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of 20 uL. The cycling conditions were identical to the ones for his343 MMEJ substrate. To
determine whether the PCR products were of correct size, they were separated on the 1% agarose
gel containing 1:20000 of SYBR Safe.

4.2.4 qPCR to determine chromosome copy numbers

The qPCR assay was performed using previously published oligonucleotide pairs as described
(Pavelka et al., 2010). Briefly, the primers in the study were designed to bind non-coding regions
in the areas proximal to the centromere (<25 kb) on each arm of each of the 16 yeast
chromosomes. In this analysis | have used primers that bound to the left arm of each of the 16
chromosomes. The chromosome | was excluded from the analysis, as unfortunately the primer
pair designed for this chromosome produced multiple unspecific products in our PCR conditions.
The amplicon size was restricted to 75-150 bp, and the optimal Tm was 60°C.
To prepare samples for the gPCR, the genomic DNA was extracted from the exponential cultures
using Gentra Puregene Yeast/Bacterial Kit according to the manufacturer’'s instructions. The
gPCR reactions were set up in Hard-Shell® 384-Well PCR plates in a Real Time PCD Detection
System CFX384 qPCR machine. Each PCR reaction was carried out in a technical triplicate. Each
reaction contained 1x SYBR Green qRT-PCR master mix, 1 L of each of oligo from a primer set
for a single chromosome (500 mM final concentration), and 50 ng of genomic DNA in a total
volume of 10 pL. The cycling conditions were the following: 95 °C for 5 min followed by 40 cycles
of 95 °C for 15 seconds and 60 °C for 1 min. Dissociation curves were performed to verify that no
unspecific product was generated.
The data analysis was performed in CFX Manager™ software. Ct values were determined
automatically in a regression mode. To determine Chromosome copy numbers, the modified
version of a classical AACt method was used (Livak and Schmittgen, 2001). First, | have excluded
the Ct values that showed strong deviation in a technical triplicate. Then, | have averaged Ct
values within the technical triplicate using the following formula:

1k Cti i

in which: 7- the biological sample
j - the chromosome,

k - the gPCR assay,

1 - the technical replicate,

N« - the number of technical replicates available for sample | chromosome j and assay k.
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| have compared the Ct values of wild type controls with the Ct values of the aneuploid for each
respective chromosome. This first ACt was obtained according to the formula:

ACti_jlk = Cti,j,k - tht,j,k

in which Ct..;«x is a mean Ct value of wild type control sample that was measured in the same
experiment on the same plate. Afterwards, | have calculated the AACt values, which allowed us

to normalize the measurement for the loading differences:
AACt = ACt; j, — median(ACt)

in which median(4Ct) is the median value of (i Finally, | have calculated an absolute

chromosome copy number using the following formula:
ACNi’j,k = Z_AACti’j’k * plOldyl
in which ploidy; was determined using flow cytometry.

4.2.5 Colony formation assay and statistical analysis

Single colonies were inoculated in 5 mL of liquid YPD media and grown overnight at 30°C. The
cell count in the overnight culture was determined using a Neubauer counting chamber. Briefly,
10 uL of cells were diluted in 990 pL of water, applied into the chamber, and manually counted
using a light field microscope at 10x magnification. The average number of 4 quadrants counted
was multiplied by a dilution factor. | have plated 300 cells onto YPD and 2 uM CPT plates in a
technical duplicate. For the mutants that are extremely sensitive to X-rays, | plated 3000 cells per
plate that was irradiated (or 300 for a control untreated plate). | have incubated plates at 30°C for
3 to 8 days, as described in section 5.2.1 (genotoxin treatment procedures). To calculate the %
survival upon the genotoxic treatment conditions, | divided the average number of colonies formed
on treated plates to the average number of colonies formed on control YPD plate within the same
genotype.

Statistical analysis was performed in two steps. First, | confirmed that the data are normally
distributed using Shapiro-Wilk test, and have comparale heterogeneity of variances using Brown-
Forsythe test. Next, | performed the statistical analysis with one-way ANOVA test with Tukey’s
post-hoc test using GraphPadPrism 9 software. If the genotype and treatment represented two

different factors (Figure 17d), | have applied two-way ANOVA test with Tukey’s post-hoc instead.
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4.2.6 MMEJ reporter assay

The MMEJ reporter assay was performed as described (Meyer et al., 2015) with minor
modifications. | first selected CPT resistant rad52 mutants that retained both his3A3 and his3A5
split reporter sequences using colony PCR described in section 5.2.3. | inoculated single colonies
in 5 mL of 2% Raff-YP media and grew them overnight at 30°C. In the morning, the media was
exchanged to 2%Gal1%Raff-YP to induce the expression of HO nuclease. After 4 h of induction,
cells were resuspended in 2 mL of 2% Raff-YP and plated onto SD-His plates to select for histidine
prototrophs. The 1:10 000 dilution of cultures were plated on YPD to estimate the total number of
viable cells. Plates were incubated at 30 °C for 4 to 6 days. MMEJ rates were calculated by dividing
the number of histidine prototrophs by the number of viable cells. The median frequency of
interchromosomal MMEJ was estimated based on 24 to 30 independent colonies.

4.2.7 Growth curve assay and statistical analysis

Single colonies were inoculated, and overnight cultures were grown in 5 mL of liquid YPD media
at 30 °C. The OD600nm of the overnight culture was measured in 100 pL culture volume in 96
well plate (Tissue culture plate, Falcon®) using Spark® microplate reader (TECAN). The cultures
were diluted to 0.05 OD600nm units in 100 yL YPD with the addition of either DMSO, or respective
drugs. Each measurement was repeated in technical triplicate. Cultures were grown at 30 °C
overnight with orbital shaking in a 96 well plate (Tissue culture plate, Falcon®) in the Spark®
microplate reader. The growth dynamics of the cultures was monitored by measuring OD600nm
every hour, with a prior orbital shaking to ensure the even cells distribution. The population
doubling time was calculated from an average values of technical replicates at the exponential
part of the growth curve using an algorithm from (Roth V, 2006), Doubling Time Computing. The
formula for the doubling time calculation was the following:

duration * log(2)
10g(Crinar) — 108(Cinitiar)

Doubling time =

in which Cgsnasis the final O.D.600nm in which the culture is still exponential, and Ciisis the initial
0.D.600nm in which the culture is exponential. The duration means the time frame in which the
culture was in an exponential growth phase.

For the statistical analysis, all groups were randomly downsampled to the size of the smallest
group. The normality of the data was tested using the Shapiro-Wilk test, and to test for
homogeneity of variances, the Fligner-Killeen test was applied. Because the data were neither
normally distributed nor had equal variances, the Scheirer-Ray-Hare test (an extension of the

Kruskal-Wallis test and, thus, a non-parametric alternative to the two-way ANOVA (Scheirer et al.,
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1976) was applied and followed by Dunn’s post-hoc test. For all pairwise comparisons between
the groups, the Mann-Whitney U test with Bonferroni correction was applied.

4.2.8 Spot assay

Cultures were inoculated in 10 mL of liquid YPD media and grown at 30°C overnight. In the
morning, the O.D.600nm was measured using a spectrophotometer. The culture volume
corresponding to 0.5 units at OD600nm were diluted in sterile water, and later diluted in a serial
manner in 1:10 proportion. Afterwards, 4 uL of the diluted cultures were spotted onto agar plates,
and grown at 30°C for 2 to 6 days, unless indicated otherwise. The images of the plates were
taken with ChemiDoc™ Touch Imaging System. The images were processed using Image Lab V5

software.

4.2.9 High throughput fluorescence microscopy and data analysis

Overnight cultures were grown in 5 mL of liquid YPD media at 25 °C. In the morning, cultures were
diluted to 0.2 OD600nm units in 5 mL YPD media, and grown to exponential phase for 3 h at 25
°C and afterwards shifted to 37 °C. The heat stress response was monitored during 3 h at 37°C,
during which one mL of liquid culture was collected per time point. Cells were pelleted by
centrifugation at 4,000 g for 3 minutes. Afterwards, cells were fixed for 10 min at room temperature
in formaldehyde fixation solution, washed twice with potassium phosphate buffer pH6.6, and
stored in potassium phosphate buffer pH7.4 at 4 °C for maximum of 4 weeks. Prior to microscopy,
cells were permeabilized with 80 % ethanol for 10 min at room temperature, and resuspended in
500 pL potassium phosphate buffer pH7.4 containing 0.5 pg/mL DAPI. Samples were loaded onto
96-well plates (CellCarrier®, PerkinElmer) pre-coated with concanavalin A.

Imaging was performed using High-Content Screening Opera PhenixTM microscope
(PerkinElmer) in confocal mode, using a water objective with 63x magnification. Fifteen
independent fields with five planes each were imaged for each sample. Acquired images were
analysed with Harmony High-Content Imaging and Analysis Software (version 4.4, PerkinElmer)
using standard building blocks. First, nuclei were identified with algorithm M based on the DAPI
signal. Second, cytoplasm was identified with algorithm A based on GFP signal. Cellular
morphology properties were calculated with standard built-in algorithm, and cell roundness was
set to 65 %. Spot detection of GFP foci was performed in the cytoplasm region of the cell with
algorithm C. Cells on the periphery of images were excluded from analysis. | have analysed data
on the single cell level, with at least 3,000 cells per sample. The percentage of cell population that

had one or more Hsp104-GFP foci was calculated using a custom script in Microsoft Excel 2017.
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The data were visualized with the GraphPadPrism software package. Representative images
were processed using Imaged 1.52g software.

4.2.10 SDS-PAGE and western blot analysis

Proteins were extracted using TCA extraction protocol. Briefly, cell amount corresponding to 1 or
2 units of 0.D.600nm were collected from liquid cultures by centrifugation at 17000g for 2 minutes.
Cell pellets were stored at -20°C prior to the extraction procedure. The pellets were resuspended
in 150 pL of solution 1 and kept on ice for 10 minutes. After the addition of 150 uL of solution 2,
samples were vigorously mixed by vortexing, and incubated for 10 more minutes on ice. The
samples were cleared by centrifugation at 17000g for 2 minutes at 4°C. The pellets were washed
with 1 mL of solution 3, and resuspended in 100 pL of urea buffer. Proteins were denatured at
75°C for 5 minutes.

Proteins were separated on 7.5 % or 4-15 % Mini-PROTEAN® TGX Stain-Free™ precast
polyacrylamide gels (Bio-Rad) in 1x SDS running buffer using Mini-PROTEAN® electrophoresis
chambers (Bio-Rad). The stain-free images of the gels were obtained using ChemiDoc™ Touch
Imaging System in 45 seconds UV light activation and autoexposure image acquisition mode.
Gels were blotted onto 0.45 ym pore size nitrocellulose membrane by semi-dry blot using the
Trans-Blot® Turbo™ Transfer System (Bio-Rad) with the pre-set 10 min blotting program for high
molecular weight proteins. The blotting efficiency was verified using Ponceau S staining. The
membranes were blocked in milk blocking buffer for 1 hour at room temperature. The membranes
were incubated with primary antibodies solutions overnight at 4°C, with the exception of anti Cdc5
antibody, which was incubated for 1.5 h at room temperature. The primary antibodies were diluted
in milk blocking solution, with the exception of anti-Sch9, anti-phospho-Sch9, and anti Cdc5
antibodies, which were diluted in 3% BSA in PBST solution. After three washes for 15 minutes at
room temperature with PBST, the membranes were incubated with the secondary antibodies for
1.5 h at room temperature. The supplementary table 5.1.10 contains the information about primary
and secondary antibodies dilutions.

Proteins were visualized by chemiluminescence using SuperSignal West Pico Chemiluminescent
Substrate on a ChemiDoc™ Touch imaging system (Bio-Rad). Alternatively, proteins were

detected on an Odyssey CLx Imaging system (Licor).

Western blot quantification. Images taken with the ChemiDoc™ Touch Imaging System (Bio-
Rad) were quantified using the Image Lab software (version 5.2.1) (Bio-Rad). The
chemiluminescence signal (defined as area under the curve) from the membrane incubated with

Cdc5 antibody was normalized to the corresponding total lane signal from the Mini-PROTEAN®
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TGX Stain-Free™ precast polyacrylamide gels (Bio-Rad) that were activated for 45 seconds with
UV light. Afterwards, in order to calculate the relative Cdcb5p levels in each mutant tested, the

relative signal of wild type clone “a” from each independent gel was set to one.
4.2.11 DNA content analysis using flow cytometry

Cells in amounts equivalent to 0.18 OD600nm units were harvested by centrifugation at 17000g
for 1 minute. Cells were washed once in 1 mL water, and resuspended in 1 mL of 70% ethanol.
The pellets were stored in ethanol at 4°C prior to the analysis. Afterwards, samples were
centrifuged at 17000g for 1 minute, and washed in 1 mL water. Pellets were resuspended in 500
ML 50 mM Tris-HCI pH 7.5 containing 10 mg/mL RNase A and incubated at 37 °C for 3 h or
overnight. Sfterwards, 25 pL of 1 mg/mL Proteinase K was added to samples, and incubated at
50 °C for 45 min. In order to break apart cell aggregates, samples were sonified with ultrasound
for 2 cycles 30 sec each using Bioruptor Pico (Diagenode). Subsequently, 500 yL 50 mM Tris-HCI
pH 7.5 containing 2 yM Sytox Green was added (final concentration 1 uM), cells were transferred
to round bottom tubes (Falcon) and analysed on a FACSVerse flow cytometer (BD) using FACS
Suite software (BD).
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