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Abstract

Topoisomerase 1 (Topl), a Type IB topoisomerase, functions to relieve
transcription and replicatiorassociated torsional stress in DNA. Topl cleaves one strand
of DNA, covalently associates with the 30 end of the nick to form acTegplage
complex (Toptc), passes the intact strand through the nick and finaligates the
broken strand. The chemotherapeutic drug, Camptothecin, intercalates at a Toplcc and
prevents the crucial #iigation reaction that is mediated by Topl, resulting in the
conversion ba nick to a toxic doublstrand break during DNA replication or the
accumulation of Toplcc. This mechanism of action preferentially targets rapidly dividing
tumor cells, but can also affect raimor cells when patients undergo treatment.
Additionally, Top1l is found to be elevated in numerous tumor tissues making it an
attractive target for anticancer therapies. We investigated the effects of persistent Topl
cleavage complexes and elevated Topl levels on genome stalfagdharomyces
cerevisiaeWe found that increased levels of the Toplcc resulted in an increase in
reciprocal crossovers, an increase in mutagenesis and an increase in the instability within
the rDNA andCUP1tandem arrays. Increased Topl levels resulted in an increase in
mutagenesis andcreased instability in rDNA locus but did not affect stabilitCatP 1
These results have important implications for understanding the effects of CPT as a

chemotherapeutic agent and the genetic consequences of elevated Topl levels.
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1. Introduction

DNA is constantly undergoing topological or structural changes, many of which
occur during two basic cellular processes: DNA replication and transcription. DNA
strand separation during replication and transcription generates positive supercoils, which
canaffect the progression of the replication and transcription machinery if not resolved
(Wang 2002) Negative supercoils are generated behind the transcription machinery
(Wang and Lynch 1993Additionally, chromosomes and sister chromatids become
catenated and must be separated for proper transfer of the genetic material.
Topoisomerases are considered the guardians of the genome due to their ability to relieve
topologcal stress by breaking the phosphodiester backbone, which allows DNA strands
to rotate and relieve supercoiling, and then religating the DMang 2002) This
dissertation focuses on the genetic consequaf@scumulated type IB topoisomerase
cleavage complexes (Toplcc) and elevated levels of Topl proteinSaingaromyces

cerevisiagbudding yeast) as a model.

1.1 Types of topoisomerases

DNA topoisomerases resolve topological challenges in the gebpmrretalyzing
two transesterification reactiofid/ang 2002) These enzymes are designated as type | or

type Il based on whether they nick one or both strands of DNA, respeciivatyg

17



2002) Type IA enzymes catalyze the relaxation of negatively supercoiled, underwound
DNA by binding to and unpairing a short stretch of dotdttanded DNA. Yeast Top3 (a
type 1A enzyme), as a complex with Sgs1 and Rmil, hasgré&earily implicated in
homologous recombinatigiNitiss 1998) Type IB enzymes relax both positive and
negative supercoils by binding dowsganded DNA and nicking one strand. Yeast Topl
is a type IB enzyme that will be discussed below in more d&¥@hg 2002) Top2, a

type Il topoisomerase associates with replication forks, is tightly bound to chromosomes
during mitosis, is essential for the survival of proliferating cells and is required for
chromosome segregatidRendletoret al.2014) Table 1summarizes the properties of

DNA topoisomerases.

1.2Type IB Topoisomerase (Topl)

Topl functions to relieve transption- and replicatiorassociated torsional stress
in DNA (seeFigure 1) (Wang 2002; Pommier 2006; Kostgral.2007) During
replication he unwinding of DNA produces positive supercoils ahead of the replication
fork which need to be removed to avoid replication fork afi¢sianget al. 1989)
During transcription positive supercoils are generated ahead and negative supercoils are
generatd behind the transcription machindBhanget al. 1988; Droletet al. 1994)

The Topl catalytic cycle can be broken up into four distinct steps: binding of
enzyme to DNA, DNA cleavage, singdtrand passage and religation of DNA. Topl

binds only to doublatranded DNA and may bind more efficiently in regions of
18



Table 1.

Summary of DNA topoisomerases.

Mechanism Linkage to DNA  Action

Type | Topoisomerases

Type IA  Bacterial Unpairs a short stretct 50 Relaxes
topoisomerase | and Il of doublestranded phosphotyrosine negatively
Yeast topoisomerase { DNA and introduces a supercoiled
Drosophila transient break in a (underwound)
topoisomerase Il and singlestranded region DNA
" Catalyzes DNA
Mammalian passage via an
topoisomerase IlI! and enyzymebridge
" mechanism.

Type IB  Eukaryotic Binds doublestranded 30 Relaxes positively
topoisomerase | DNA, transiently phosphotyrosine (overwound) and
Mammalian cleaves one strand an negatively
mitochondrial relieves supercoiling (underwound)

topoisomerase |
Pox virus
topoisomerase

by DNA rotation.

supercoiled DNA

Type Il Topoisomerases

Type A Bacterial gyrase; Catalyze the ATP 50 Relaxes positive
topoisomerase IV dependent transport o phosphotyrosine and negative
Phage T4 one intact DNA supercaoils;
topoisomerase double helix through decatenates
Yeast topoisomerase | another chromosomes;
Drosophila removes
topoisomerase | intertwines
Mammalian between newly
topoisomerases II! anc synthesized DNA
" double helices

Type IIB  Sulfolobus shibatae ~ Heterotetramer with 50 Relaxes both

topoisomerase VI

two A subunits
dedicated to DNA
cleavage and two B
subunits dedicated to
ATP hydrolysis

phosphotyrosine

positive and
negative
supercoils

Wanget al.2002

supercoiled DNANitiss 1998; Pommieet al. 1998) The cleavage of DNA by the

catalytically active tyrosine hydroxyl of Topl leads to the formation of the covalent Topl

cleavage complex (Toplcc), in which Topl covalently associates with the 30 phosphate

19



Y

Relaxation of
supercoiling

Nicking Controlled rotation Religation

Figure 1. Type IB Topoisomerase (Top1) mechanism of actioriTopl (blue oval) nicks DNA
forming a covalent 3ghosphotyrosine linkage with the DNA backbone, relaxes supercoiling
through a controlled rotation, and religates the DNA. Figure from Poneh&r(2010).

of abroken phosphodiester boffdommieret al. 1998) This is the first

transesterification reacticand is illustrated ifrigure 2. The cleavage reaction requires

that Toplinteracts with both the cleaved and rdeaved DNA strand&hristianseret

al. 1993)and leads to the generation of a sirgfl@nd nickln vitro, the eukaryotic Topl
consensus civage site was identified as {&0T)(G/C)(T/A)T-30]Beenet al. 1984)
Singlestrand passage occurs by a OrotationO where the intact strand is stationary and the
nicked strand rotates to remove supercoiling, relgptamsional stresEStiverset al.

1997; Stewaret al. 1998) A second transesterification reaction is initiated when the free
5Ghydroxyl group of the scissile strand acts as a nucleophile and attacks the
phosphotyrosindrkage. This reaction rejoins the DNA, releases the Topl and maintains
genome integrityKigure 2) (Sekiguchi and Shuman 1997; Reidal. 1998; Vekhoffet

al. 2012)

20



Base

Figure 2. Topl cleavage of DNAIN the first transesterification reaction, th
active site tyrosine of Topl attacks the DNA backbone generating a cove
3@phosphotyrosine bond. In the second transesterification reaction, relig
is mediated by the nucleophilic attack of the fre@©50on the 30
phosphotyrosine bond, releasing the Topl enzyme and religating the DN
backbone. Figure from Kirat al.(2011).

1.2a. Top1l functional domains

Yeast Topl is a 765 amino acid, 100 kDa protein that is expressed throughout the
cell cycle(Hecket al.1988) The Topl protein is eoposed of four domains: the N
terminal domain, a conserved core domain, tHer@inal domain and a linker domain.
The Nterminal domain contains the nuclear localization sequences and is not conserved
among species. The core domain is highly conserved@smecies, sharing 58%
homology between yeast and human Topl. The core domain forms a clamp around the
duplex DNA and aids in the rotation of DNA strarf@sArpaet al. 1988; Wooet al.
2003) The carboxyterminal domain is comprised of the last 70 amino acids of the

protein and contains the active site tyrogiBrget al. 1989; Lynnet al. 1989) it

21



displays 68% homology between yeast and human eny@eipaet al. 1988) The
core domain positions the active site tyrosine (yeast amino acid 723, human amino acid
727) of the carboxyerminal domain within the catalytic pocket of the core domain. The
positioning is achieved by the linker domain, whichfigsariable lengths among species
and not essential for Topl activifiirogh and Shuman 2000; Wet al. 2003)

Topl ceimmunoprecipitates with the transcription factor IID (TFIID)
multiprotein complex and binds directly to the TATA binding protein, suggesting a role
in transcriptional initiation. This role is independent of the catalytic activity of Top1l,
however, with expregsn of the ToplY727F catalytic dead protein in yeast causing no
alteration of transcriptional activatigMerino et al. 1993) The Topl domain required

for transcriptional regulation is still unknown.

1.2b. Top1l deficiency

Loss of Topl in mice androsophila melangasteris embryonic lethal
suggesting in both model organisms that Topl is essential for embryonic development
(Nitiss 1998) Analysis ofTop-1 homozygous null mouse embryos showed that they are
able to develop to the &Il stage, but failed to reach the-ddll stageindicating Topl is
essential foearlycell division and required after fertilizatigMorhamet al. 1996)
Using P-element mutagenesis to inactivate TopDinsophila melanogastet was
demonstrated that Topl is required during tHeer postfertilization stage when rapid

DNA synthesis occurfieeet al 1993)

22



In the absence of Topl, haploid yeast cells are viable and elevated recombination
within the ribosomal DNA (rDNA) gene cluster has been repd@distmanet al. 1988;
Trigueros and Roca 20Q02) addition to elevated mitotic recombination within the
rDNA topl! mutants have disrupted rDNA transcription, the chromosome containing the
rDNA locus migrates aberrantly in gels and estwr@mosomal rDNAcontaining circles
are producedChristmaret al. 1988; Kim and Wang 1989; El Hagéal.2010)

A study we published in collaboration with the PetesO lab, investigating the
genome destabilizing effects associated with Topl loss in diploid yeast cells, revealed
interesting phenotypic consequences. The rate of reciprocal crossovers leadsgfo lo
heterozygosity in #gopl!/topl! diploid background was not significantly different from
that inwild-type (WT) cells. The median recombinati@ssociated repair tracts,
however, were longer and more complex than in(Afiderseret al.2015) In
agreement with previous resultgspl! mutants had greatly elevated levels of instability

within the tandemhrepeated rDNA gend€hristmanet al. 1988; Anderseet al.2015)

1.3Topl-induced DNA damage

Generally, Topl cleaves the DNA, removes topological stress and religates the
DNA. However, base mismatches, abasic lesions and-3igilizing drugs (such as
camptothecin [CPT]; described in more detail below) can prevent or significantly delay
the religation, leading to a stabilized or persistent cleavage confptaxquier and

Pommier 2001; Vance and Wilson 2002; Dengl.2005) Collision of the replication
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fork with the Toplcc results in a covalently bound Topl enzyme at the 30 end of a
doublestrand break (DSB) that must amoved in order to initiate replication restart or
repair.

The major pathway that processes a persistent Toplcc is tharietpated
pathway Figure 3). Following the proteolytic degradation of the DNvaund Topl
enzyme, Tdp1l (tyrosyDNA phosphodiesterasl) removes the remaining Topl peptide
by cleaving the covalent TofAINA phosphotyrosyl bond, creating a@t®sphate
terminus(Pouliotet al. 1999). In mammals, PNKP (polynucleotide kinase 30
phosphatase) removes thepB@sphate terminus generated by Tdpl and has a kinase
activity that phosphorylates the-8@minus, creating 3@ydroxyl and 5@hosphate
ligatable end¢lyama and Wilson 2013)n yeast, which lacks PNKP, Tppl (DNA-30
phosphatase) removes thepB@splate generated by Td¥ance and Wilson 2001)he
yeast protein that generates thepB@sphate end is unknown. Structural studies of Tppl
have revealed it has homology with the PNK®BG@sphatase dormabut lacks the
kinase domain. In yeast, Apnl (AP endonuclease 1) also can removeptiesplnte
generated by Tdpl. Not only does Apnl remove thgh®Ephate, it additionally removes
the 3@erminal nucleotidéPouliotet al.2001; Vance and Wilson 20014 recently
characterized protein that functions redundantly with Tdp1 is the metalloprotease Wss1.
Loss of both Tdpl and Wss1 results in yeast cells that are hypersensitive to CPT and
accumulate Toplcc in the presence of ARVitro andysis indicates that Wss1 is able

to cleave Topl directly when stabilized in a Top(Stngeleet al.2014)
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Tdp1 or Wss1

Tpp1/Apn1 HR (Rad52)
MRX/Sae2 NHEJ
Mus81/Mms4 \
Rad1/Rad10

\

Figure 3. DNA repair proteins that repair Topl-induced DNA damage.
The major pathway that processes a persistent Toplcc is thenTetfidted
pathway whicttleaves the TopDNA phosphotyrosyl bond generating a 3¢
phosphate. In the absence of Tdpl, Wssl is able to act on théONop1
phosphotyrosyl bond. Tpp1 or Apn1 acts on thel¥§3phate to generate a
ligatable end. Alternatively, Rad1/Rad10, Mus81/Mms#M&X/Sae2
endonucleases can processaI® to remove the persistent cleavage comp
If a DSB is generated, homologous recombination (HR) orhmmologous
end joining (NHEJ) can repair the DSB. Adapted from Pomaiiat. (2003).

The Rad1/Rad10 complex has been identified as an alternative pathway to remove
a stabilized Toplcc. CPT sensitivity assays performédiph! andradl! single mutants
showed comparable sensitivity to CPT as wylgde yeast cells. Thielpl radldouble
mutart, however, was hypersensitive to CPT suggesting that both pathways are involved
in Toplcc processing to remove Tafvlance and Wilson 2002Rad1/Rad10 is required
for nucleotide excision repair (NER) and removes nonhomologous tails during
recanbination and singlstrand annealin{Prakash and Prakash 2000) all these
processes the complex removes an unpaired 30 tail. Loss of Rad2 and Rad14 (two NER
proteins) does not increase sensitivity to CPT in either a-TalpRadtdeficient

background, demonstrating that the role of Rad1/Rad10 in Topl repair is independent of
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NER (Vance and Wilson 2002pnother 3@rocessing activity identified to play a role in
Topl repair is the Mus81/Mms4 complex, which cleaves 30 flapsaaruhéd DNA
structures (for example: replication felikke structures, nicked/partial Holliday junctions
and Dloops) in vitro (Symingtonet al.2014) Loss of Mu81 in atdpl radldouble
mutant further increases hypersensitivity to CPT, suggesting that all three
proteins/complexes participate in Topl removal and proceféarmge and Wilson
2002)

A CPT-sensitivity screen of the yeast deletion collection identified three
additional endonucleases involved in Toplcc repair: SIx1, SIix4 andBerget al.
2005) SIx1 and SIx4 form a heterodimeric complex that has strong endonuclease activity
on branched DNA substrates such as &nYpstructures, 50 and 30 flaps, replication
forks and Holliday junctiong~ricke and Brill 2003) Thetdpl sIx4double nutant was
sensitive to CPT while thelpl slxldouble was not, suggesting that while SIx1/SIx4 is a
heterodimeric complex, the proteins have different functions when it comes to processing
a stabilized Toplcenget al.2005) Loss of the Sae2 endonuclease alone renders
yeast cells gssitive to CPT. CPT sensitivity sae2 tdpl radAndsae2 tdpl mus8tiple
mutants is enhanced relative to double mutants, showing that Sae2 plays a functionally
redundant role in the repair of Topl{Eenget al.2005) The presence of Sae2 has been
suggested to be required for threlenuclease role of MredRad50Xrs2 (MRX)
complex(Mimitou and Symington 2009By analyzing the nuclease dead version of
Mrell, the Mre1ldH125N mutant protein, a role of MRX in the repair of Toplcc was
demongrated. While thenrel:H125Nsingle mutant is slightly sensitive to CPT the
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tdpl radl mreldH125Ntriple mutant is hypersensitive, providing evidence that the
MRX complex directly removes Topl from a DNA end. Whether or not Sae2 and MRX
act together to repair Toplcc was addressed by compaseeRaingle mutant to the

sae2 mrelH125Ndouble mutantNo difference in CPT sensitivity was detected.
Comparing amrellsingle mutant to aae2 mreltouble mutant also revealed no
difference in CPT sensitivity. This suggests that Sae2 and MRX work togethae2A
topldouble mutant is not sensitive to CRidicating that Sae2/MRX directly act on
Topl-generated lesion®enget al.2005)

In Schizosaccharomyces pomtie role of the MRX complex and Ctpl (Sae2
homolog) in the removal of Topl from a stabilized Toplcc in mitotic cells has been
investigated. Analyzing CR3ensitivity inS.pombecells revealed thand50S(a Rad50
mutant defective in Spo11 removaBd32"*'1D65N (nucleasedead Mre1l mutant) and
ctplsingle mutants were sensitive to CPT treatnfeartsuikeret al.2009) similar to
results found in budding yea®enget al.2005) A DNA-linked protein detection assay,
designed to detect the presence of Topl covalently bound to DNA, was performed and
revealed that bound Top1 levels were significantly higher imati&0Smutant than in
WT cells. Covalently bound Top1 levels wergthér in thead32™*~D65N mutant than
in WT as well, suggesting that the MRX complex is involved in the removal of Topl.
Loss of Ctpl resulted in a significant decrease in covalently bound Topl compared to
wild-type, suggesting Ctp1l is not directly invedl in the removal of Top1l in fission
yeast(Hartsuikeret al.2009) The decrease in Toplcc segtsctpl! cells are over
proficient in the removal of Topl arldat Ctplmay have a role in protection of-84us.
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1.4 Transcription-associated mutagenesis (TAM) and Top1l

High levels of transcription are directly correlated with an increase in
mutagenesisa phenomenon termed transcriptessociated mutagenesis (TAKDatta
and JinksRobertson 1995; Kinet al.2007) Most TAM in an unbiased forward mutation
assay depends on Topl. IRAN1forward mutation assay performed under high
transcription conditiongFigure 4), small deletions (5 bp) accumulated at distinct
hotspots. The distinct hotspots where the deletions octweee at tandem repeats such
as ATAT [(AT),], TCTCTC [(TC)], or GTTGTT [(GTT)], and the size of the deletion
equaled the size of the repélaippertet al.2011; Takahashet al.2011)

In order to investigate the molecular contributors to #sebp deletion signature,
the (AT), (TC) and (AG) hotspots were individually transplanted (about 30 nucleotides
surrounding the hotspot) intd.& S2frameshift reversion assay that deteetsp?2
deletions. Since the system can only detect frameshift mutations, the, {®&1Spot
could not be fuher investigatedLippertet al.2011) The 2bp deletions were elevated
under hightranscription conditions, accounting for the majority of mutations detected.
The 2bp deletions were also detected under endogenous (low) levels of transcription,
showing that this phenomenon can occur undeious transcription conditions and is not
limited to high transcriptioiLippertet al.2011) Elimination of theTOP1gene resulted

in loss of the zbp deletion signature, indicating the dependence of the deletions on Topl

28



PGAL-CANT WT
PGAL-CANT mh201 emm
rzOl 'TGAAG G C M%’%rm‘ummcmﬁmr
(AGD 8= o

301 ACTATTGGTACAGGTCTTTTCATTG GTTTATCEACACCICEGACCAACGT wmrﬁmmtm‘,&nnmnmwmmaf

401 REICTGTCACGCAGTCCTTON0TGA. AMTGGCTACATICATCCCTOTTACA TCCTCRTTEABRGTITHCICAGRAN GATTCCTTICRCCAGCATTICOTGE
L =

501  GAACTACTTCOTATCACTOCTCOTS AAGCTOCAMCOCCAGAAMTCCGT ---:‘;H ™ TAACCTTCTACATTG

1001 U&AT?AWM AGTTCCATACAATGACCCTAAACTA AEIATCTALT“.‘CIM:OTTTCTA CTICRCCCT ITATTATIGCTATTON
L+
1101 m&m«.mm Q\;_:ETPCAACWTGTTATCTTM CAACCATTATTTCTGCCGCAMATTC mmo‘r_m-nccoonﬂ
(AT),>» =

=
1201 TTATTTOOTCTATCAAMGAACAAGT TOGCTCCTAAATTCCTOTCAAGGAEIEABCAAGOTOUIIITCCATACATT GCAGTTTTCOTTACTGCTOCATTTS

1301 GEGETTIOOCT TAC AAGTTTTCGAA TGGCTATTAARIATCACTGREGETG CAGGCTTTTTTGCATGGTTATTTAY

1401 CTEAATCTCGEACNTCAGATTTATG CAAGCTTTGAA TCT CT06 TTACCATTTAAAGC TAAATTAATGCCCGGCTTGGCTTAT
(TC); > -E_

Luox TATGCGGOEMEATTTATGACGATCA TTATCATTATTCAAGGTTTCACGGE TTTTGCACCAAMATTCAATGERGET Ax.«.mm!:mm:@

Figure 4. Partial pGAL-CAN1 mutation spectrum. Deletion events are
represented by the bars above or below the sequence. The deletion :
equals the size of the repeat. Figure from €hal.(2013).

(Lippertet al.2011; Takahashet al.2011) Loss of Tdp1l, an enzyme that is reported to

aid in the efficient removal of the Toplcc from DNRouliotet al.2001; Liuet al.2004;
Denget al.2005)had no significant effect onl2p deletiongLippertet al.2011,

Takahashet al.2011) Loss of both the Radl and Mus81 endonucleases reduced the rate
of 2-3 bp deletions 2-Told, however, suggesting a role forfBp endonucleases in the
removal of trapped Topl under higrlanscription conditionéTakahashet al 2011)

The transcriptiorassociated increase in deletions is likely due to increased
recruitment of Topl to sites of high transcription and possibly the enhanced trapping of
Topl. This was confirmed bghromatin immunoprecipitatior€hIP) analysis with Topd
GFP,which revealed a significant enrichment of TAPMA complexes along theAN1

ORF under highranscription conditions. The ChHgnal was Hold above that
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observed under loswranscription conditions and was weaker around the promoter and
downstream of th€ AN1lopen reading framé&ORF. However, the enrichment did not
correlate well with the -8 bp deletion siteflakahashet al.2011) Figure 5represents
the proposed model for the Topfitiated deletion pathway in which a trapped Topikcc
unable to initiate the Topthediated religation reactidiKim et al.2011; Lippertet al.
2011) Following the enzymatic processing of thaplcc to generate arf gap,
realignment between complementary strands is facilitated by the tandem repeat. Ligation
and replication of the scissile strand results inbg 2leletion.

Replicative DNA polymerases insert ribonucleotides (rNMPs) into genDIMA
at a low level. Rnh201 is the catalytic subunit of the RNase H2 complex that specializes
in the removal of single rINMPs from duplex DN8parkset al.2012) A similar 25 bp
deletionsignature was seen in an RnhziHficient background that allows for the
persistence of rINMPs in genomic DNNick McElhinnyet al.2010) The 2bp deletion
signature associated with rNMP incorporation is also TagydendenfKim et al.2011,
Choet al.2013) Topl has a endoribonuclease function rendering it capable of nicking
30 of a ribonucleotide incorporated into DNA, a phenomenon originally described with
vaccina virus ToplKigure 6) (Sekiguchi and Shuman 1997his activity has more
recently been confirmed with biochemical studies uSingerevisia@and human Topl
(Huanget al.2015; Sparks and Burgers 2018Jhen Top1 nicks 30 of a ribonucleotide
the 2éydroxyl group of the ribose sugar attacks the phosphotyrosyl linkage, releasing
the Topl from the DNA and generating a 20y8liz phosphate, as shownRigure 6
(Sekiguchi and Shuman 1997)
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Figure 5. Model for Toplccinitiated deletions. Topl cleaves duple
DNA to generate a singistrand break and covalently associates wi
DNA. Toplcc trapping and enzymatic end processing of the Topl
results in a Zhucleotice gap. Repeahediated misalignment betweel
strands, followed by ligation and subsequent replication of the-To
nicked strand will result in a-Bp deletion. Figure from Lippeet al.

Several studies have led to the identification of two classes ofd@pdndent
mutation signatures: ribonucleotitedependent and ribonucleotidependen(Kim et
al. 2011; Lippertet al.2011; Cheet al.2013) In the absence ofNase H2, the Topl
signature was elevated in the (§@hd (AG), hotspots shown ikigure 4, but not in the
(AT)2 hotspot. This suggests thab@ deletion events at the (T{&nd (AG) hotspots are
ribonucleotidedependent, but that those at (A&)e notand presumably reflect

processing of a Topld&Kim et al.2011; Choeet al.2013) Expression of the Topl
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Figure 6. Topl cleavage at an rINMPThe active site tyrosine of Top1l attacks the
DNA backbone generating a covalent@®sphotyrosine bond. If the free®8
attacks the Toplcc thenaiDNA will religate to release Topl. A ribose sugar
contains a 20H that acts as a nucleophile and attacks thenh8€photyrosine. This
generates a 20.80lic phosphate and releases the Topl enzyme, creating & sir
strand break. Figure from Kit al.(2011).

T722A mutant protein, which has reduced T-opddiated religation activitfMegonigal

et al. 1997)in strains containig the (TC} and (AG), Topl-dependent hotspots resulted
in an unexpected decrease in tHep2deletion signatur@hoet al.2013) This suggested
a role for Topimediated ligation in ribonucleidie-dependent deletionEigure 7
illustrates the proposed model for ribonucleotitgendent deletions. Topl cleavage
occurs 30 of the INMP, the@roxyl attacks the phosphotyrosyl bond releasing Top1
and generating the free-30 cyclic phosphate effapl then cleaves upstream of the
singlestrand break and becomes trapped. Uspmntaneourelease of the short

oligonucleotide between the first and second Top1l cleavage sites, realignment is
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Figure 7. Model for Top1l-initiated deletions at a misincorporate:
rNMP. Top1 cleaves 30 of the inserted rNMP, resulting in a nol
canonical break. Topl cleaves upstream of the single strand br
and the short oligonucleotide is lost. Misalignment or a slippage
event followed by ligatiomnd replication of the strand where the
rNMP was inserted results in abp deletion. Figure from Chet al.
(2013).
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facilitated by the tandem repeat and thén@oxyl mediates the religation and Topl
releasgKim et al.2011; Choeet al.2013)

Biochemical studies have shown that Topl can cleave DNA substrates containing
a preexisting nick, supporting the ability of Topl to perform a sequential cleavage
reaction(Christiansen and Westergaard 199¢cent work indicates that reversal of the
20,36yclic phosphate formed by the first Tepleavage occurs and is favored over the
second Top1l cleavag8parks and Burgers 2019)he second dpl cleavage reaction to
removethe 20,3&clic phosphate predominantly occurs 2 nucleotides upstream of nick;
cleavage 3, 4 and 5 nucleotides upstream occurs at a low frequency and cleavage 1
nucleotideupstream of a nick was not detected. Biochemically, there is a requirement for
repeat sequences at the nick for slippage realignment to occur duringreolted
deletion formationAt leastin vitro, realignment can occur at an imperfect repeat with
onebase pair homology during Topiediated deletion formatiqi®parks and Burgers

2015)

1.5Topl as an antcancer drug target.

In the 1960s, the CPT molecule was isolated from the Chineséareptotheca
acuminata Early research studies showed that CPT haetamior activity in leukemia
cells, both inhibiting the growth and decreasing the size of tumor(Gdkxlies and

Kroll 2004). However, the toxicity of CPwas too high in patients, resulting in severe

34



cystitis, myelosuppression, vomiting and diarrhea and its use was discorfdhezties

and Kroll 2004; Legrza and Yang 2006About 20 years later, CPT once again became

a chemotherapeutic of interest when it was discovered that the drug solely targets Topl
(Dancey and Eisenhauer 1996; Oberlies and Kroll 2dBli4yated levels of Topl have

been detected imton adenocarcinoma, ovarian, esophageal, stomach, breast, lung
carcinomas, leukemia cells and malignant melanq@as/anellaet al. 1989; Dancey

and Eisenhauer 1996)

Elevation of Topl levels in tumors makes Topl a relevant molecular target for
chemotherapeutic treatment. This finding led to the synthesis of CPT derivatives that
have the same mechanism of action, retain or improve efficacy, and have less toxic side
effects than CPTDancey and Eisenhauer 1996; Ulukan and Swaan 2002; €banld
Kroll 2004; Kosteret al.2007) CPT derivatives topotecan (or Hycamtin) and irinotecan
(or Campbstar) are currently the only two FDA approved derivatives in clinical use.
Topotecan is used to treat ovarian and small cell lungecawhile irinotecan is used for
colorectal and gastroesophageal malignancies. Both drugs have recently been used to
trea primary brain malignancies, sarcomas, and cervical caffeensmier 2013)

To date, Topl is the only known target of CPT and Topl deficient cells are
resistant to CPTPommieret al. 1999) Additionally, phenotypes associated with CPT
treatment are absein Topl null cells, providing further evidence that Topl is the only
cellular target of CPTNitiss and Wang 1988)Eukaryotic cells that are resistant to CPT
have acquired mutations in ti©P1lgene that typically affect normal protein function
(Pommieret al. 1998) Human cancer cells that are resistant to CPT are depleted of Topl
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(Miao et al.2007) Finally, biochemical evidence for the requirement of Topl for the
cytotoxicity of CPT is supported by the formation of Toplcc in cells treatedG#th
(Coveyet al.1989; Subramaniagt al. 1995; Padgett al.2000; Miaoet al.2007)

CPT is a planar molecular that interacts stereospecifically with Topl. CPT forms
a terrary complex with the Toplcé&igure 8), where CPT stacks against the Topl
mediated DNA cleavage site at the +1 nucleotRlEmmieret al. 1998; Redinbet al.

1998) Studies from multiple labs revealed that CPT preferentially stabilizes a subset of
Toplcc that have a guanine in the +1 position and a thymidg Bhomseret al. 1987,
Jaxelet al. 1988; Porter and Champoux 1989; Jaetedl. 1991; Tanizaweet al. 1993)
Intercalation of CPT with the Toplcc after DNA cleavage prevsthe Topidmediated
religation of DNA and results in an accumulation of stabilized (trapped) Toplcc, which
promotes toxic DSB formatiofdaxelet al. 1991; Dancey and Eisenhauer 1996; Pommier
et al.2003; Kosteet al.2007)

The CPT mechanism of agti preferentially targets rapidly dividing tumor cells,
but also affects netumor cells(Pommieret al. 1999; Ulukan and Swaan 2002; Pommier
et al.2010) Single molecule nanomanipulation studies showed that both CPT and
topotecan (TPT) interaction with the Toplcc slows down uncoiling significantly.
Religation does not occur until after the completion of the uncoiling phase, which is 20
fold slower than with just Topl alorfgosteret al.2007) The religation reaction is 400
times slower in the presence of TPT and significantly increasing the lifetime of the

normal transient Topld&osteret al.2007) Topl relieves both positive and negative
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Tyr723

Figure 8. CPT-ternary complex with the Toplcc. The tyrosine
(Tyr723) of Topl (gray) is covalently bound to the DNA-(T
positions on the scissile strand, blue). CPT (purple structycebben
bonds with the Topl and DNA. The positioning of CPT inhibits the
G+1 nucleotide (blue) from religag the DNA. Figure fronPommier
and Marchand (2012)

supercoils at the samate, but in the presence of CPT the uncoiling of positive
supercoils is much slower than the uncoiling of negative supe(kaitteret al.2007)

CPT significantly delays the religation of nicked DNA and the danagliated
stabilization of the Toplcc is the direct cause of cell death. Collision of the trapped
Toplcc with a replication fork converts the unresolved sisggiend break to a toxic DSB
(Nitiss and Wang 1988; Pommiet al.2003; Kosteeet al.2007) Collision of the

transcriptional machinery with a trapped Toplcc also results in an irreversible single
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strand breakHKigure 9) (Hsianget al. 1989; Ulukan and Swaan 2002; Pomnaeal.

2003) In a normal environment a DSB can be repaired by-fr@erhomologous
recombination (HR), which uses a homologous chromosome or a sister chromatid as a
repair template. BRCA2 (a majormologous recombination protein in mammals) has
been shown to be mutated in breast can@argel and Fischer 2015¢nabling the
persistence of unrepaired toxic DSB. Yeast cells deficient for Rad52 (major HR protein)
are hypersensitive to CPT treatment, providing direct evidence thaindBded DNA
damage is repaired primarily through reconaion(Nitiss and Wang 1988; Hsiarag

al. 1989; Pommieet al. 1999; Pommieet al.2003) Another process callatbn
homologous end joining (NHEJ) is considered error prone as it does not use homology to
repair DSBs. The sensitivity of cells to CPT is substantially enhanced in a background
deficient in both HR and NHEJ, suggesting roles for each in the repair dfaéspciated
damaggShaoet al.1999; Poulbt et al.2001; Pommieet al.2003) Finally, multiple

repair proteins have been identified that aid in the repair of astidbilized Toplcc,

including Tdpl, Rad1/10, Mus81/Mms4, MRX/Sae2 and otHéagie 3).

1.5a. CPT and genome instability

Over 15 years ago CPT was reported to be highly mutagenic, with CPT treatment
resulting in a significant increase in mutation frequency in Chinese hamster fibroblast cell

lines(Hashimotcet al. 1995) This study along with another study reporting an increase
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Figure 9. CPT mechanism of actionTopl (blue circle) cleaves and
covalently associates with DNA. CPT (black rectangle) intercalates with
Toplcc, trapping it and preventing the religation of the nicked strand. Thi
replication fork (red arrow) collides with the CADplcc, causing the
formation of a toxic doublstrand break. Collision of the transcription
machinery with the CRToplcc results in the formation of an irreversible
singlesstrand break. Figure from Pommigtral. (2003).

in mutagenesig Chinese hamster ovacglls afterCPT treatment suggested that the
mutagenic potential of CPT could lead to secondary malignafidashimotoet al.
1995; Balestrieret d. 2001) These studies also provided genetic evidence that CPT
stabilizes the Toplcc and that GBfRbilized Toplcc blocks replication fork progression,
leading to DSBs. Aiempts to repair the DSBs can lead to elevated sister chromatid
exchange or nonhomologous recombination, resulting in deletions or other types of
rearrangementdashmotoet al. 1995; Balestrieret al.2001)

In a red/white colony assay that measures the ability for heterozygous yeast
strains to become homozygous atAieE1or ADE2locus, CPT treatment led to

increased loss of the Wallele. The level of recombination increased over time (up to 24

39



hours), with a significant increase in as little as 4 hours or roughly two dividiaiess

and Wang 1988) The ability of CPT to induce gene conversions aHl®¥ locus to
generate Hismutants was also examined and &&d elevation in heteroallelic gene
conversim was reporte@itiss and Wang 1988Another study showed that CPT
treatment stimulates sister chromagicthange 4old between tandem truncatbid3
alleles. When the truncatéis3alleles were placed on chromosomes Il and IV,
recombination was elevated and frexiprocal and reciprocal translocations were
detectedFasulloet al.2004) Haploid strains with thtop1-103allele (proposed CPT
mimetic) had significantly elevated recombination within the naturally occurring rDNA
locus, with loss of aADE2marker inserted in the rDNA locus occurring approximately
250fold more often than in wildype. Thetopl-103allele also caused an elevation in
recombination at th€EUP1locus, where loss of tleUP1:URA3marker was 1fold

higher than in wiletype. Finaly, loss ofURA3between tandemly duplicatétiS4genes

was elevated 2#ld in thetopl-103mutant as wel{Levin et al. 1993)

1.5b. CPT mechanism of action: replication fork collisions with Toplcc and/or
accumulation of positive supercoils.

Topoisomerase inhibitors are effective and commonly used anticancer drugs
(Pommier 2013)CPT, along witlother topoisomerase inhibitors, is classified as a
reversible enzyme poison rather than a catalytic inhibitor. Many studies have shown that
Topl is required for the cytotoxicity of CPT and direct evidence comes from the

demonstration that Topdeficient &lls are resistant to CHlPommieret al. 1999) as
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previously mentioned. In determining the molecular mechanism of action for CPT, the
interfacial inhibition concept was conceived and provides justification fors&glience
specificity.

Cytotoxic lesions that areegerated are generally assumed to occur when the
advancing replication fork collides with the GBbilized Toplcc. Evidence supporting
the Sphase dependent generation of @Rduced cytotoxic lesions comes from
experiments performed in the presenceahlCPT and aphidicolin, a DNA replication
inhibitor, where CPIsensitivity is no longer detectéditiss and Wang 1988; Hsiarag
al. 1989) A recent study has revealadhew consequence of CPT treatment using single
molecule nanommnipulation studieand analyzing global supercoiling in yeast cells
(Kosteret al.2007) The single ralecule nanomanipulation studies showed that CPT
slows down the uncoiling and religation of supercoiled DNA and that positive supercoils
uncoil much slower than negative supercoils. In global supercoiling analysis, human
Topl was expressediopl! yeast ells in the presence or absen€¢€&T and twe
dimensionabel electrophoresis was performed to resolve the distributions of 2#M
plasmid DNA topoisomers. An accumulation of positive supercoils was detected in the
presence of CPT but not in its absencecdiafirm that this was the result of CPT, a
catalytically active but CPTesistant Topl mutant (Tog&365C) was expressed in
topl! yeast cells and the mutant failed to accumulate positive supercoils in the presence
of CPT(Kosteret al.2007) This result suggests positive supercoil accumulation as a
possible mechanism for inducing cell death in the presence of &kgurg 10). The
CPT-associated accumulation of posgtisupercoils could act as a direct barrier for
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< synthesis
Leading strand
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Positive supercoils accumulate CPT stabilized Fork collides with complex
ToplB-DNA complex

Positive
supercoils

Fork stalling/collapse
DNA breaks

Figure 10. Two models of CPFinduced mechanism of lethality. CPT stabilizes or
prolongs the life of the Toplcc (blue). Either a stabilized Toplcc or unresolved positi
supercoilan lead to fork stalling and/or collapse, which leads to cell death. Figure fr
Kosteret al.(2007).

replication fork progression, leading to fork stalling/collapse or even fork reversal and

processing into a DSBEKosteret al.2007; Ray Chaudhuet al.2012)

1.6 Topl in human health and disease.

Topl has been implicated in various human diseasgévirusessuch as: cancer,
autism, HI\L1, Epstein Barr Virus and herpes simplex, which will be discussed below.
When comparing tumor tissues to matched normal tissues, Top1l levels have been

reported to be higher in some tumor typ8gvanellaet al. 1989) A significant increase
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in Topl levels have been detected in surgical specimens or cultures for the following
cancers: colon adenocarcinoma, ovarian, esophageal carcinortdodgkinOs
lymphoma, leukemia, stomach carcinoma, breast carcinoma, lung carcinoma and
malignant melanoms(Potmesil 1994)Importantly, cells expressing higiviels of Topl
have been shown to be hypersensitive to (Bjdrnstiet al. 1989; Madden and
Champoux 199p Several studies have shown that Topl transcription level increases
during cell proliferatioSobczaket al. 1989; Romig and Richter 199@yhich correlates
with higher levels of Topl in cancerous cells. In balnster kidney cells
overexpressing Topl, there was no affect on cell growth or change in cell morphology
compared to cells expressing wilgpe Topl levels. Although these cells were
hypersensitive to CPT, results suggest that higher levels of Topl atonetaytotoxic
to the celland,therefore not sufficient to cause cell transformatigviadden and
Champoux 1992)

A study using fluorescengae situ hybridization (FISH to measurd OP1gene
levels in 154 colorectal cancer (CRC) tumors revealed 80% of samples had elevated
TOP1gene copy numbers compared to normal mucosa. In addition to extra copies of the
TOP1gene, 64% had additional copies of chromosome 20 indicétaidnighTOP1
gene copy number wastenthe result of aneuploidy. The increased proliferation of CRC
tumors was not correlated with higi©oP1gene copy number or aneuploidy of
chromosome 2(Romeret al.2012; Romeet al.2013) To determine if Top1 inhibitors
would be effective in the presencehigh TOP1gene levels, 10 CRC cell lines (7 of the
cell lines with increase@iOP1gene copies) were treated with the active metabolite of
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irinotecan (SN38) and cell lines with highOP1gene copies had increased sensitivity
(Romeret al.2012) FISH has additionally been used to meast@P1gene copy

number in metastatic breast, bile duct and pancreatic caAdidigee cancers had
elevatedTOP1lgene copy numbers in 30%, 58% and 65% of tumor tissues analyzed,
respectively(Grunnetet al.2015; Kumleret al.2015) These results provide strong

evidence that measuring Topl gene copy number can serve as a tool for determining the
effectiveness of Topl inhibitors, which increases with incre@€delllevels.

Topl has been implicated in playing a regufatrole in the neurodevelopmental
disorder autism. Some studies have indicated that individuals with autism spectrum
disorder are likely to have mutant Tofi@ssifovet al.2012; Nealeet al.2012)
suggesting that Topl plays a regulatory role in the prevention of autism. A recent study
revealed that Topl is important for facilitating the transcription of long genes,
paticularly those over 200kb in length. Top1l inhibition led to reduced expression of long
genes in mouse and human neurons, including ASD candidate genes involved in neuronal
development and synaptic functi@fing et al.2013) These results suggest the
regulatory role for Top1l in preventing autism.

Topl plays an important role in viraNA replication and transcription
(Champoux 1988)Numerous studies have examined the role of Topl in viral DNA
replication by utilizing the Topl inhibitor CPT or one ofatmically approved
derivatives. Such Toptlrgeting drugs are potent inhibitors of type 1 human
immunodeficiency virus (HIV1) replication and transcriptidihi et al. 1993) These
results suggest that Topl could potentially be an effective drug target for treatments
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inhibiting the transcription of HIML. HeLacells infected with HIV1 showed elevated
reverse transcriptase activity, which was reduced in the presence ¢T &&Rihashet al.
1995) The ability of Topl to enhance reverse transcriptase activity suggest that Topl
inhibitors could potendilly act as effective antiretroviral therap{®garrenet al.2009)

Studies with Raji B cells infected with Epstddarr virus (EBV) showed that
when treated witlCPT,both viral and total protein synthesis wakibited. CPT
inhibited the amplification of EBV DNA in a doskependent manner, reduced the
amounts of amplified viral DNA and specifically affected replicating DNA versus the
amount of endogenous EBV DNA, suggesting a role for Top1l in the lytic phtse of
EBV life cycle (Kawanishi 1993)

Finally, a role of Topl in herpes simplex virus 2 (HSV2) growth was shown by
examining the effect of CPT on human embryonic fibroblasts infected with HSV2. The
growth of HSV2infected cells was inhibited and wagersensitive to CPT. CPT
treatment suppressed the synthesis of early viral proteins and of proteins of large
molecular weights and reduced the level of early viral mMRNA. These findings suggested a
vital role for Topl in both the replication and transcoiptof HSV2(Yamadaet al.

1990)

1.7 This dissertation
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This dissertation examines Tep$sociated genome instability in yeast and has
two major areas of focu$he majority of my work focusean investigating the effects of
persistent Toplcc on recombination and mutagenesis. Chapter 2 examines
recombinogenic effects of persistent Toplcc, where Toplcc were stabilized by CPT or by
expression of the mutatdpl-T72A (CPT mimetic) allele. Chapter 3 examines the
mutagenic effects of persistent Toplcc, specifically looking at the potential for CPT to
induce mutagenesis at Topgpendent deletion hotspots. Finally, Chapter 4 investigates

the mutagenic potential of eleted Topl protein levels.
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2. Genomewide effects of persistent Top1 cleavage complexes
in yeast by @amptothecin

2.1 Introduction

Camptothecin (CPT) and its derivatives (topotecan and irinotecan) are drugs
widely used in the treatment of a variety of malignancies that include colorectal, non
small cell lung, cervical, small cell lung, breast, head & neck and ovarian cancers
(Dancey and Eisenhauer 1996; Ulukan and Swaan 2002; Oberlies and Kroll 2004;
Pommier 2013)To date, Topl is the only known target of CPT and Tagficient cells
are resistant to CP(Dancey and Eisenhauer 1996; Pomreteal. 1999; Oberlies and
Kroll 2004). Elevated levels of Topl have been detected in numerous carcinomas
(Giovanellaet al. 1989; Dancey and Eisenhauer 1996aking Topl a relevant
molecular target for chemotherapeutic treatment.

The intercalation of CPT with a DNBAound Top1l cleavage complex (Toplcc)
prevents the redation of DNA, which both aids in toxic doub$trand break (DSB)
formation and causes an accumulation of stabilized (trapped) T¢jbadet al. 1991;
Dancey and Eisenhauer 1996; Pomreteal. 2003; Kosteeet al.2007) This mechanism
of actionpreferentially targets rapidly dividing tumor cells, but also affectstooror
cells(Pommieret al. 1999; Ulukan and Swaan 2002; Pomnaeal.2010) Although
CPT prevents religation of nicked DNA, the dmngdiated stabilization of the Toplcc

does not directly cause cell death. Rather, collision of the trapped Toplcc with a
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replication fork converts the unresolved singi@nd break to a toxic DS@itiss and
Wang 1988; Pommieat al.2003; Kosteeet al.2007) Collision of transcriptional
machinery with a trapped Toplcc results in an irreversible ssigdad break, which
also can be converted to a DSB during replicafiésianget al. 1989; Ulukan and Swaan
2002; Pommieet al.2003) The genome changes produced in cells that survive
chemotherapeiat treatment with CPT analogs are of clinical interest because of their
potential role in driving secondary neoplasms.

In this chapter | present our examination of global genomic consequences of
conditions that elevate the levels of Toplcc in diploid s$raiAn elevated frequency of
cleavage complexes was produced by treatment of WT cells with CPT or by expression
of a CPFTmimetictopl mutant alleletop1-T722A(Megonigalet al. 1997) Single
nucleotide polymorphism (SNRJetecting microarrays were used to map positions of
mitotic crossovers on the right arm of chimsome IV, and to monitor loss of
heterozygosity (LOH) genome wid@8t. Charle®t al.2012; St. Charles and Petes 2013)
Topl-T722A expression or CPT treatment of WT cellsssabtially increased LOH
throughout the genome, including that associated with rDNA tandem repeats. CPT
treatment of WT or TopI 772A expression also greatly stimulated copynber
variation (CNV) within the repetitiv€UP1locus, suggesting that CNV idr@quent
consequence of stabilized Topl cleavage complexes. The data presented here is my
contribution to a manuscript entitled, OGenatestabilizing effects associated with Top1
loss or accumulation of Top1l cleavage complexes in yeastO published iG&net®s
(Anderseret al.2015)
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2.2 Experimentalimethods

2.2.a. Strains and plasmids

All experiments were done using diploids formed by crossing derivatives of the
haploid strains W303A (Thomas and Rothstein 1980d YIJM789Wei et al.2007)
The resulting diploids were heterozygous for about 55,000 SNPs. Theypdd
TOP1/TOPMiploids used in the study were JSCRBATa/MAT"::HYG leu2-
3,112/LEU2 Ie3-11,15/HIS3 uradl/ura3 GAL2/gal2 aded/ade2l trpl-1/TRP1 cani
100!::NAT/CAN1!::NAT RAD5/RAD5 1V1510386::KANMxXanl
100/1V11510386::SUP4) and PG311NMATa/MAT!::NAT ade2-1/ade21 trpl-1/TRP1
ura3-1/URA3 cani100/cant!::SUP4 -0 gal2/GAL2 ho/ho::hisf; the constructions of
the wildtype diploids have been described previosbeet al.2009; St. Charles and
Petes 2013)These diploids are isogenic except for changes introduced by
transformation; JSC25 has t8&P4-0 gene located near the right end of chromosome
IV, and PG311 haSUP4o located near the left end of chromosome V. Tpd/topl
diploid SLA46.D4 (which has thEOP Lcontaining plasmid pwWJ1491) is a derivative of
SLA43D generated by replacing tNAT" gene with theHYGmarker. This replacement
was done using a PCR fragment amplified froMAaT"#::HYG strain (SLA46.19) using
the primerdMalpha::URA3F(big) (FPAATCGTCCTGTCCCATTACG3Onnd
Malpha::URA3R(big) (5 TTGGAAACACCAAGGGAGAG-30)SLA43D was

constricted by mating the haploids SLA36.A and SLA42.5. SLA36.A was constructed in
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several steps. First, W158&, aRAD5derivative of W303LA (Zhaoet al. 1998) was
transformed with #opl$-containing IER fragment generated by amplifying tHAT-
containing plasmid pAG285oldstein and McCusker 199@)th primers topINAT F
(5
TCTCTGTTACTCTAATTACCTGAGTCCTATTCTTATAGTATTAAAACAGCCGTA
CGCTGCAGGTCGAG30) and topAT R (5!
ACTTGATGCGTGAATGTATTTGCTTCTCCCCTATGCTGCGTTTCTTTGCGATCG
ATGAATTCGAGCTCG-30). The resultirtgp1#strain (SLA24.5) was transformed
with a PCR fragment generated by amplifying the plasmid pRAGechet al. 1994)
with primers 1510336 KANMXg!-
CCTATTTTTCATACGTTATGCACTTCATTCTTCTTGTGGTTTGATAACAACGC
TGCAGGTCGAG3Q)and 1510435 KANMX §!-
GGTATGGCTTCTGCCGGGCTAACGTTCAAATTAAAGGAACTAGATTCTGCATC
GATGAATTCGAGCTCG3Q. The resulting strain (SLA30) had an insertion of the
KANMXcassette near the right end of chromosome IV. The strain SLA30 was
transformed with th& OP1-containing plasmid pwWJ1491 (described below) to generate
the haploid SLA36.A.

SLA42.5, the other haploid parent of SLA46.D4, is isogenic with YJMV&8
et al.2007)except for changes introduced by transformation. To generate this strain,
haploid PSL4Leeet al 2009)was transformed with a PCR fragment produced by
amplifying genomic DNA of JSC2(St. Charles and Petes 2018)h primers IV:SUP4

0 Wide F B-AACCGCCGGAAGAAGTTTGG30) and IV:SUPd Wide R 6!
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AGTTGTAATGGTTCTACCTAGCAAAGG-30). The resulting strain (SLA35.9) had an
inseation of SUP4o0 near the right end of chromosome V. SLA42.5, il #::NAT
derivative of SLA35.9, was constructed by the same method as described above for
SLA24.5.

In different experiments, SLA46.D4 was transformed with pRSZCEN and
URAZ3containing control plasmidSikorski and Hieter 1989)pWJ1490 (pRS416
containing thegCUPLtopl-T772Agene), or pWJ1491 (pRS316 containing platJP1-
TOP1gene).The control vector pPRS416 was described previo{&ikorski and Hieter
1989) The plasmids pWJ1490 and pwWJ1491 were derived from the plasmids pWJ1440
and pWJ1l441Reidet al.2011) respectively, and were constructed by R. Reid and R.
Rothstein (Columbia University). The plasmid pwWJ1440 was treatecBagh and the
fragment containing theCUPXtop1-T722Afusion gene was inserted into thad site
of pPRS416 to make pWJ1490. The same approach was used to inp&URETOP1

gene derived from pWJ1441 inag-treated pRS416 to construct pWwJ1491.

2.2b. Colony sector analysis

For CPT sectoring assays, cells were grownseactively in YPD (1% yeast
extract, 2% Bactgpeptone, 2% dextrose; 2% agar for plates) with only 10#g/ml adenine
hemisulfatgLeeet al.2009; Lee and Petes 2010; St. Chaefesl. 2012; St. Charles and
Petes 2013{p saturation, diluted to 3x1@ells/mL in YPD medium containing either

500#M CPT (Sigma C9911, 20mg/ml skodissolved in DMSO) or DMSO (untreated
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control) and grown at 30;C for 6 hours. After CPT treatment, cells were washed with
H,0 and appropriate dilutions were plated on synthetic complete dextrose medium
containing a reduced amount of adenine hemisu{fi&i#g/ml) and lacking arginine with
(SD/low AdeArg) to determine total cell number and screen for sectors. In the case of
PG311, cells were plated on SD/low AAgy plates that contained 240#g/ml canavanine
to screen for sectors; a higher concentratiocanfavanine was used to reduce
background growth.

To measure sectoring int@pl$ background, SLA46.D4 was streaked on YPD
plates and then replica plated onto synthetic complete dextrose medium lacking uracil
(SD-Ura) to identify colonies that had losiet complementing OPX:URA plasmid
(pWJ1491). To examine the effect of topl-T722Aallele on sectoring, appropriate
plasmids were introduced by lithium acetate transformation and transformants were
selected on SJra plategChoet al.2013) Individual Urd colonies were resuspended
in water andan appropriate dilution plated on SD/low AAeg-Ura plates to determine
total cell number and to screen for sectors. Following purification, presenceSif B
o marker in the white portion of the sector was confirmed by patching ontdsD
medium; preence of the appropriate drug resistant marker in the red sector was
confirmed by patching onto YPD plates containing Kanamycin (for JSC25) or

Hygromycin (for PG311). Only verified sectors were used to calculate sectoring rates.
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2.2.c. Sub-culturing

To measure the effects of CPT on genome stability, we streaked JSC25 or PG311
to yield single colonies on YPD plates, YPD plates containing 500#M CPT + DMSO, or
YPD plates containing an equivalent amount of DMSO. Plates were incubatg€at 30
for two days ana@ single colony was then streaked again onto the same type of medium.
The restreaking of a single colony was repeated 10 times, with eastheking
corresponding to one swdulture. Following transformation oflfOP1-containing topl
T722Acontainingor controlplasmid into SLA46.D4, selected colonies were-sulbured

as described above on Sba plates in order to maintain the plasmids.

2.2.d. Analysis of LOH using microarrays

Oligonucleotidecontaining DNA microarrays that contained oligonuclestid
were perfectly matched to either W30B-specific SNPs or YIJM788pecific SNPs;
similar arrays were used previously by Greslamal. (Greshanet al.2010) Two types
of microarrays were used: one that was specific fd?$SNcated on the right arm of
chromosome I\(St. Charles and Petes 20H8)d one that could be used to assay LOH
throughout the genon(&t. Charle®t al.2012)

Using the methods employed previougby. Charles and Petes 2013; Yin and
Petes 2013)we examined correlations bewvethe breakpoints of these events and

various chromosome elements such as centromeres, tRNA genes, and retrotransposons.

53



2.2e. Genomeelement association analysis of crossovers (COs) on right arm of
chromosome IV

To determine whether particular genome features were ovandefrepresented
at CO breakpoints, we first delineated a window for each CO as the region most likely to
have contained the recombinogenic DNA break. In the case of the CPT tectad
andyzed, the windows included from the last heterozygous SNP to the first homozygous
SNP. The windows were summed (2.00 £ Wi total) and then divided by the total
amount of the genome that was screened for COs (£ kkid@f chromosome IV in each
of 20 setors, or 2.2x10kb total). This calculation yielded 2.12 xi8s the fraction of
the total kb examined that is contained within the windows. For each genome feature we
determined how many total features were detectable within the 2 Rx16tal region
screened, then multiplied that by the fraction of the region found within the windows
(2.12x10°) to yield an expected number of features. For example, there are 28 ARS
elements within the 1.1x2@b of sequence screened for COs on the right arm of
chromesome IV and, therefore, 560 ARS elements total in the 20 sectors. Of the 560
ARS elements, 12 (560 times 2.12x¢)@re predicted to fall within our G@ssociated
windows. We counted the number of each feature that overlapped with thesGCated
windowsto generate the observed number.-&uare analysis was then used to compare
the expected and observed numbers for each genome feature. For Ty elements we used
midpoint coordinates rather than the full element, as their large size made them more
likely to overlap the windows and be owepresented. The same method was used to

delineate genome associations from théopd-T722Aexpressing sectors.
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2.2f. Analysis of a Spel polymorphism to detect reciprocal crossovers initiating
in the rDNA locus

A region ~21 kb downstream of the rDNA locus on Chromosome Xll was PCR
amplified from the genomic DNA or sttultured colonies. A PCR product of about 750
bp was generated using primers ChrXIIF490730 (5
CTGATGAGTTCTGCATCTGTCGE30) and ChrXIIR4914735
TCCGTTACCATTGCATACAGAA-30). Within this fragment, there iSjaé restriction
site specific to the YIM789 allele. Digestion of the PCR productSp#hresults in two
fragments of about 500 and 250 bp when the YJM789 allele is present, and a single 750
bp fragmenwhen the W303 A allele is presenSpé digests were analyzed on a 1%
agarose gel to determine whether the diploid strain remained heterozygous or became

homozygous for relevant SNP during sulituring.

2.2.g. Southern hybridization analysis of CUP&Ahndem arrays

Genomic DNA was isolated from 5 ml of saturated YPD cultures using a
modified standard isolation procedure

(http://jinksrobertsonlab.duhs.duke.edu/protocols/ygasp.htm) or was extracted in

agarose plugs as described by Lobadkteal (Lobachewet al.2002) If DNA plugs were
used, the plugs were equilibrated in CutSmart Restriction Digestion Buffer before

overnight digestion witlEcaR. Digested samples were examined by electrophoresis on
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1% agarose using the BioRad CHEF Mapper XA System. The svgtotterval was
optimized for DNA molecules in the 48D kb range. Following transfer of the separated
DNA fragments to a nitrocellulose membrane, the membrane was hybridized te a DIG
labeledCUP1 probe at 42C for at least 16 hours. To obtain the probe P@&Ramplified

a 1 kb segment of theUP1repeat (including the enti@UP1gene) from genomic DNA

of an isogenic derivative of the strain SIR2BAtta and Jink&kobertson 1995)sing

primers CUP4amp3 and CURAmMp52 (Zhaoet al.2014) The PCR product was then
labeled with digoxigenttd TP (DIG)using the Roche Diagonostics DKBgh Prime

DNA Labeling and Detection Starter Kit Il (Roche 11585614910). Hybridization of the
probe to the filter was detected with the CSPD chemiluminescent alkaline phosphatase
substrate (Roche 11755633001). Alterationthe number o€CUP1repeats per array

was detected by comparing the size€0ofP1-hybridizing fragments to those in the

starting strain. When multiple bands were observed, our conclusions were based on the
two strongest bands. To estimate the numbé&idP1repeats lost or gained, we plotted

the molecular size in kb versus the distance migrated in millimeters using Bioline
Hyperladder VI or BioRad CHEF DNA Size Standard as standards. We then generated a

trend line to estimate the size of GEJP1fragmen based on the distance migrated.

2.2.h. Other genetic and physical methods

Standard methods were used for mating, transformation, and media preparation

(Guthrie C 1991)
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2.2i. Statistical analysis

Depending on the experiment, statistical comparisons were done using-the chi
square test, the Fisher exact test, or thepayametric MantWhitney test. These tests

were done using the VassarStats Wehbttp://vassarstats.neflo determine 95%

confidence limits on the proportions of sectored colonies, we used Method 3 described by

NewcombgNewcombe 1998)

2.3Results

2.3.a Stabilization or accumulation of Topl cleavage complexes (Toplcc)
elevates the rate of mitotic crossovers

We used diploid strainsonstructed by mating derivatives of two sequence
diverged haploids, W303A and YJM789 that differ by 55,000 singteicleotide
polymorphisms (SNPg)Wei et al.2007) to detect mitotic recombination events between
homologs; specifically we can detect loss of heterozygosity (LOH) events. JSC25 and
SLA46.D4 have an insertion of the octmgppressingUP40 gene near the right
telomere(SGD coordinate 1510386) of chromosome IV on the YJMI&%ed
homolog and an insertion ofk@ANMXgene, conferring geneticin resistance, inserted at
the exact same position on the W3D%-derived homolog. This diploid is also
homozygous for thade21 ochre allele; zero, one or two copies of 8igP40in a
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diploid ade21/ade21 background result in red, pink or white colonies, respectively.
JSC25 and SLA46.D4 thus form pink colonies, but can be screened for red/white
sectored colonies that result fromegiprocal crossover (RCO) events between the
centromere on chromosome I€KEN4 and the inserteBUP40/KANMXmarkers
(Figure 11). As pictured, the red portion of the sectored coléngure 11, white arrow)
contains no copy ddUP40 and is genetichuesistant, while the white portion contains
two copies oSUP40 and is geneticisensitive. The formation of a sectored colony
requires that a recombination event occur at the time of plating so the frequency of
sectored colonies is equivalent to a ratesaeament. The production of a sectored
colony also requires that each daughter cell contain one recombinant and-one non
recombinant chromosomegigure 11).

In order to examine the effect of stabilized Toplcc, we used two approaches to
stabilize Toplcc:X) camptothecin (CPT), a drug that targets and stabilizes the Toplcc
and (2) thaopl-T722Amutant allele. In CPT experiments, we incubated JSC25 for six
hour in rich growth mediurthatcontaired500#M CPT dissolved in dimethyl sulfoxide
(DMSO) or DMSO only, as a control. As seerFigure 12, CPT treatment elevated the
rate of RCOs about-®Id. We found 79 sectors among 3.1X1dal colonies screened
from CPFtreated cells (rate= 2.5xTPandfour sectors in 1.3xF@olonies from DMSO
treated control cells (rate= 3.1x30this is a statistically significant differenqe<(.0001
by a chisquare test using Yates derivative). Although only four sectored colonies were
detected among DMS®eatedcells, the calculated rate is in agreement with that
reported previouslySt. Charles and Petes 2013)
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Figure 11. Detecting RCOs on chromosome |V in JSC253SC25 chromatids
shown in red are derived from W3Q2\ and contain & ANMX cassette on the
right arm of chromosome IV. Chromatids in black are derived from YIM7¢
and contain &UP40 marker on the right arm of chromosome IV. In additio
the diploid strain is homozygous for tade21 mutation. An RCO that leads t
LOH generates red/white sectored colony (white arrow) when the daughte
cells segregate.

To confirm that the CPT effect on crossovers was not limited to RCOs on
chromosome IV, we used a related diploid strain PG311 in which crossovers on the left
arm of chromeome V can be more easily detected. In PG311, one homolog has the
canl100ochre allele located about 33kb from the left end of chromosome V; on the

other homolog, th€ AN1gene was replaced with the oclsgppressingUP4o0 allele.
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Figure 12. CPT treatment elevates the rate of RCORates of
red/white sectoring associated with CPT treatment.

This diploid is also homozygous for tade21 ochre mutation. Crossovers between
CENb5and thecan1-100/SUP4o markers result in canamineresistant red/white

colonies Figure 13). Because only canavaninesistant colonies of PG311 need to be
screened for red/white sectors (as opposed to all JISC25 colonies) we can obtain a more
accurate measurement of the rate of RCOs in the conttabgrerimental strains. We

found that treatment of PG311 with CPT elevated the rate of R@Q)d felative to the
untreated controlRigure 13). We observed 190 CBned/white sectored colonies (total

of 7.3x10 cells plated) in the untreated conteoimpared to 761 sectored colonies (total

of 5x10 cells plated) in the CPT treated cells, a difference that is signifiga@tQ01)
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Figure 13. Detecting RCOs on chromosome V in PG31Chromatids
in red are derived from W30BA and contain @anl100ochre mutatior
with a closelylinked Hygromycin resistance cassette (HY@ellow
box) cassette on the left arm of chromosome V. Chromatids in blacl
derived from YJM789 and containsiJP40 marker on the left arm of
chromosomé/. In addition, the diploid strain is homozygous for the
ade21 mutation. In the event a reciprocal crossover occurs that leac
loss of heterozygosity (LOH), a red/white sectored Gaony will form
after the daughter cells segregate.

by chisquae test. The difference in RCO rates on chromosomes V and IV is consistent
with the difference in the size of the intervals monitored.
Next we looked at the effect of ToII722A expression on RCOs on the right

arm of chromosome V. We transformigh1!/topl! strain (SLA46.D4) with the
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pWJ1490 plasmidsfngle copy plasmid thaobntains the coding sequence of tiel-
T722Aallele fused to the copperducible CUP1promoterpCUPL1(Reidet al.2011).

For controls, SLA46.D4vas transformed with empty vector (pRS416) or wigCP1-
TOP1construct (pWJ1491). Because the addition of copper to the plasteictive

growth medium was

not required for induction of theCUPLtopl-T722Aallele (Reidet al.2011)

experiments were perfoed without the addition of exogenous copper. Expression of the
topl-T722Aallele elevated the red/white sector frequendgl8 (p<0.0001) relative to

cells containing either empty vectdof1!/topl! ) or thepCUPLXTOP1lallele Figure

14).

2.3.h Characterization ofreciprocal crossoverRCO) events on chromosome 1V
associated with stabilized Topl cleavage complexes

The diploid yeast strains used here were derived by mating haploids that differ by
55,000 SNPs. LOH events involving about 15,000 SNPs distributed throughout the
genome can be monitored using SNP microarrays. To molecularly characterize RCO
events occurng on the right arm of chromosome IV (a 1 Mb region) microarrays
containing SNPS specific for this region were ugtd Charles and Petes 201BJiefly,
genomic DNA was isolated from colonies derived from both the red and white sides of
individual sectored colonies. DNA frorhe experimental samples was labeled using
nucleotides tagged with a fluorescent dye (@Y{5I'P) and was mixed with DNA from a

control heterozygous strain that had been labeled with a different fluorescent tag (Cy3
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Figure 14. Top1l-T722A expression increases the rate of RCORates
of red/white sectoring associated with Tepa22A expression are show

dUTP). The experimental and control samples were then mixed and competitively
hybridized to oligonucleotideontaining microaays. Chromosome Pgpecific
microarrays monitored about 2300 SNPs located bet@&dvand theSUP40/KANMX
markers Each SNP was represented by foub2aSe oligonucleotides: two correspond to
the Watson and Crick strands of the W308allele and two to the Watson and Crick
strands of the YJM789 allele (for SMIpecific oligonucleotide sequences, £8e

Charles and Petes 2018)pllowing hybridization to the SNP microarray, the ratio of Cy3
to Cy5 hybridization to each individual oligonucleotide was determined. After

appropriate normalizatiosteps, a Cy&y5 hybridization ratio of 1 at a specific SNP
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indicated that the experimental stravas heterozygous at that SNP. If the experimental

sample had an LOH event that resulted in homozygosity for the YJuligi®8&d SNP,

hybridization to the YJM788pecific oligonucleotides was 1.5 tddd greater than that

of the heterozygous control. Gaurrently, the same experimental sample had a decreased

relative hybridization to the W30BA-specific oligonucleotides, with a ratio of €015

relative to the heterozygous control. This is illustrateBligure 15, where the relative

hybridization leves show some variation because the specificity of a particular

oligonucleotide for one allele or the other is a complex function of the melting

temperature of perfectlnatched versus imperfectipatched duplexes. The transition

between heterozygous and hazyigous SNPs is usually unambiguokgy(re 15).
Determining LOH transition points in the red/white sectors provides critical

information about the nature of the corresponding recombination @t al. 2009;

Lee and Petes 2010; St. Chas¢sl.2012; St. Charles and Petes 2013; Setra.

2014) Identical LOH transition points in red/white sectors correspond to a simple CO

event with no associategkne conversion tradtigure 16illustrates gene conversion

patterns predicted to be associated with DSBs that arise in G2 or G1 of the cell cycle. If

an LOH transition in the red sector occurs centrorpeo&imal to the transition in the

white sector Figure 16, left panel) there is a region (boxed in green) in which three of

the chromatids have red (W3Q@3) SNPs and one has black (YJM789) SNPs. This 3:1
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Figure 15. Characterizing RCOs on chromosome IV with
microarrays. The W3031A-related SNP hybridization signal i
shown as a red line and that of YIM789 is the black line. A
hybridization value of ~1 indicates a single copy of a given £
is present (heterozygous SNP), a value between 1.5 and 2
indicates two copies of tHeNP, and a value of@.5 indicates n
copy of the SNP is present. Shown is the white side of a sec
with a transition from heterozygous to YIJM7B&mozygous
SNPs.

patternsignals a mitotic gene conversion (GC) associated with the selected crossover

event(St. Charle®t al.2012; St. Charles and Petes 2018)GC reflects repair of the

broken chromosome via a noeciprocal transfer of DNA sequence from an intact

chromosome, and occurs near the site of the initiating I€¢sieyeret al.2010) The

transfer of information often involves heteroduplex formation, followed by repair of the

resulting mismatches within the heteroduplEertes 1991)GC events in yeast are

associated witkerossovers about 40% of the tif¥ém et al.2014)and roughly 90% of

65



I I I I

SUP4-0 KANMX

-«
-0

. :

I
\/
i W
g
S +

aciha

has
LR

White Red White Red White Red
l Gens GenR , l Gens GenR , l Gens GenR l

3:1 GC tract 4:0 GC tract 4:0/3:1 hybrid tract

Figure 16. Gene conversion pattern associated with Gbr G2- initiated DSBs.Left. A DSB is

generated in one sister chromatid after DNA synthesis and repair of the sister chromatid from the homolog
results in a 3:1 conversion tract, which is within the green biddle and right A DSB occurs in G1 and

the chromosome is replicated to form two broken sister chromatids. Repair of the two broken chromatids
from the homolog results in a 4:0 conversion tract. Middle panel, the two conversion tracts are the same
length.On the right, the lengths of the gene conversion tracts differ, giving rise to a hybrid 3:1/4:0 event.
W303-1A and YJM789 chromatids are red and black, respectively.
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crossovers are associated with a detectable GC &fei@harles and Petes 2013)
Mitotic conversion tracts arvariable in length, ranging from less than 100bp to more
than 50kh(Yim et al.2014) with a median length of 10.6kb for spontang conversion
eventg(St. Charles and Petes 2013)

The 3:1 pattern depicted in the left paneFafure 16is consistent with the repair
of a single chromatid broken in S or G2 of the cell cycle. The broken chromosome loses
information that is replacdaly sequences from tldonor. We also observed events that
were consistent with the repair of two sister chromatids broken at approximately the same
position (middle panel dfigure 16). In these events, there is a region adjacent to the
crossover in which all four chromatidaye SNPs derived from one homolog (4:0 GC
tract) and this can be interpreted as a DSB in G1 followed by replication of the broken
chromatid to yield broken sister chromat{tseet al.2009; Lee and Petes 2010; St.
Charles and Petes 2Q1® addition to4:0 GC tracts, 4:0/3:1 hybrid conversion tracts
were observed (right panel Bigure 16). These tracts are likely initiated by a DSB in
G1, with the broken chromosome replicating to yield sister chromatids broken at the
same position. These two broken chromatids are then repaired to generate different sized
conversion tracts. To summarizeadysis of a sectored colony by microarrays allows:
mapping the position of the crossover, measurement of GC tract lengths associated with
the crossover, determination of which homolog had the initiating DNA lesion and
inference about the timing of the tiaiting DNA lesion.

We mapped the positions and types of crossagsociated gene conversion
events on the right arm of chromosome IV in 20 @Rduced sectorsT@ble 2 and
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Appendix 1A) and in 20 sectors isolated during expression of the mutant ToOR3A
protein (Table 3 and Appendix 1B; the profiles were compared to those previously
reported for WT by St. Charles and Pdes Charles and Petes 2018) the previous
analysis of JSC25, they identified seven peaks of recombination termed $1g &t.
Charles and Petes 201B)gure 17 shows the cmparison of the previously reported WT
profile to CPFtreated and TopI722A profiles. HS4 is highlighted because it appears to
be completely absent in the Cl&€ated profile, but the effect of CPT treatment or Fopl
T722A expression was not statisticatignificant £=0.36 ando=1, respectively by
FisherOs exact test), most likely because of the small sample size.

Using the logic introduced iRigure 16, we examined conversion tracts to
determine if CPT treatment and/or Tep122A expression produced dike (4:0 tracts)
or G2like (3:1 tracts) crossovarssociated conversion everfigyure 18 presents the
percentage of each type of conversion event we detected wtr&€&d sectors; two of
the 20 (10%) were Glike, 13 (65%) were Glke and five (25%had no detectable
conversion tract and were classified as a simple COs. Sectors derived from the mutant
expressing TopT 722A showed the same distribution as @Rated cells, with two G1
like, 13 G2like and five simple CO events, as showirigure 19. When compared to
the celicycle distribution of DSBs in WT (untreated) sectors using previously published
data(St. Charles and Petes 2018 differences in number of Gdnd G2 events was

significant £<0.0001 for both compariss by Fishers exact test). Thiata suggeghata
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Table 2. Conversion tracts associated with reciprocal crossovers in CPffeated
red/white sectors.

Number
Class _observed

A 5  Simple crossover, no conversion tract
a
a
B 9  3:1 conversion tract
BI* 4

B2 5

D 1 Simple hybrid conversion tract (4:0/3:1 or 3:1/4:0/3:1)
D6* 1

Novel 5

N20** 1 a b c

N38** 1 b

N39** 1 a b

* Gl-initiated DSB ** G2-initiated DSB

Green, red and black represent heterozygosity for SNP, homozygosity forA3BRPs, and homozygosity for

YJIM789 SNPs, respectively.

The top line represents the red side of the indicated sectored colony and the bottom line represents the white side of the
sector. Green, red and black represent heterozygosity for SNPs, homozygdal80®tA SNPs, and homozygosity

for YIM789 SNPs, respectively. The lowercase letters located above and below the lines mark transitions from
heterozygosity to homozygosity and are correlated with transition labels shown in Appendix 1A. Blue boxes enclose
the regions that are likely to be associated with DSB formation; for details on the event classification of sectors, please
refer to St. Charlest al.(2013). Novel class of sectors (N) are sectors that have not been observed in previous studies.
The lengtls of conversion tracts are not drawn to scale. One asterisk (*) and two asterisks (**) indicate a G1 and G2
DSB, respectively.
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Table 3. Conversion tracts associated with reciprocal crossovers in Topl722A
red/white sectors.

Number
Class _observed
A 5 Simple crossover, no conversion tract

a

e

a
B 12 3:1 conversion tract

B1** 8
a b

B2 4
gb
a
D 2 Simple hybrid conversion tract (4:0/3:1 or 3:1/4:0/3:1)
D5* 1
#
b c d
D6* 1
b [4 d
a
Novel 1

N40**

* Gl-initiated DSB ** G2-initiated DSB

Green, red and black represent heterozygosity for SNP, homozygosity forM¥3BRPs, and homozygosity for

YJIM789 SNPs, respectively.

The top line represents the red side of the indicated sectored colony and thelibettepresents the white side of the
sector. Green, red and black represent heterozygosity for SNPs, homozygosity fet WSBI®s, and homozygosity

for YIM789 SNPs, respectively. The lowercase letters located above and below the lines mark transitions f
heterozygosity to homozygosity and are correlated with transition labels shown in Appendix 1B. Blue boxes enclose
the regions that are likely to be associated with DSB formation; for details on the event classification of sectors, please
refer to St. @arleset al.(2013). Novel class of sectors (N) are sectors that have not been observed in previous studies.
The lengths of conversion tracts are not drawn to scale. One asterisk (*) and two asterisks (**) indicate a G1 and G2
DSB, respectively.
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Figure 17. Distributions of LOH breakpoints. Plotted is the numb:
of times each SNP was included in a cross@ssociated conversic
tract (Y-axis) and the SGD coordinates for chromosome Naxis)
in WT, WT + CPT, andop1-T722A sectors are shown. Hotspot 4
(HS4: Chr IV SGD coordinates 97(000kb) was previously noted i
a WT background (St. Charlesal.2013) and is indicated by the
shaded region.

stabilizedToplcc generates DSBs predominantly during rather than priokA
replication.

The median lengths of conversion tracts in the @@&ted sectors were 24.8kb
(G1), 4.7kb (G2) and 7.2kb (all conversions); by Malhitney test, none of these tract
lengths were statistically different from published conversion kagths in JISC25
(14.8kb, 4.7kb, and 10.6kb, respectivel$). Charles and Petes 2018) the Top1
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Figure 18. CPT treatment increases RCOs during or after DNA synthesig.he
cell cycle phase when an Rdfitiating event occurred was inferred by the
associated gene conversion pattern in @@@ted red/white sectors stimulates
initiation primarily in G2. Black, Gissociated; gray, Ga&ssociated; white, simp
CO (no GQC).

T722A sectors the median conversion tract lengths were 18.8kb (G1), 9.3kb (G2) and
9.3kb (all conversions). The lengths of-@&sociated and all conversion tracts were
significantly different from WT §=0.04 ando=0.05, respectively). The G&ssociated

events included two very large conversion tracts of ~100kb and 400kb, which are much
larger than most tracts seen previoytlgeet al.2009; St. Charles and Petes 2018)

these two events are considered false sectors and removed from the dataselikthe G2

and total conversion tract length differences are no longer significant.
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Figure 19. Top1-T722A expressionincreases RCOs during or after
DNA synthesis.The cell cycle phase when an R@@tiating event
occurred was inferred by the associated gene conversion pattern i
Topl-T722A expression stimulates initiation primarily in G2. Black,
G1l-associated; gray, Gasociated; white, simple CO (no GC).

2.3.c Genomewide LOH and copynumber changes associated with Toplcc.

We analyzed unselected events induced by CPT throughout the genome in cells
sub-cultured 10 times, which is equivalent to roughly 250 generaitidfter DNA was
extracted we examined four sabltures using wholgenome microarrays. As a control,
we looked at two untreated (DMSO) sabitures as well. In the untreated subitures,
we detected two alterations: one interstitial and one termingl &&nt Table 4and

Appendix 1C). The interstitial event could be the result of a conversion event while the
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Table 4. Chromosome depictions for events detected in clones sabltured 10 times.

Event Number
Strain Genotype Condition Class observed
JSC25 WT YPD +DMSO a 1 Terminal LOH

al
b

b1

Gene Conversions

YPD+CPT a Terminal LOH
al
a2
a3

Gene Conversions

b2

Terminal LOH at the rDNA locus (Chromosome XII)

T A S N

d1

+topl-T722A

SLA46.D4 topl! plasmid a Terminal LOH

al
Gene Conversions

b2

b3

o
N

Amplifications and Deletions at CUP1 locus (Chromosome VIII)
o1

c2 1

)

e 2 Amplifications and Deletions

el 2

Green, red and black represent hetggosity for SNP, homozygosity for W3a3 SNPs, and homozygosity for

YJIM789 SNPs, respectively.

The colored line represents a chromosome. Green, red and black represent heterozygosity for SNPs, homozygosity for
W3031A SNPs, and homozygosity for YIM78MPs, respectively. The lengths of chromosomes are not drawn to

scale.

terminalLOH could be either a crossover or brea#tuced replication (BIR) event.
When we combine the data from these two-suitures with 13 WT isogenic isolates
(sub-cultured without CPT or DMSO and only one LOH event was observed), we
estimate ~0.5 LOH evenger isolate after 250 generations or 10-sultures.

The four JSC25 isolates were stidtured on YPD plates containing 500#M CPT
dissolved in DMSO. One sutulture had no detectable LOH events, one had a terminal

LOH event on chromosome Xl with a bkgeint in the rDNA locus, one had an

74



interstitial and a terminal LOH event and one had two interstitial and three terminal LOH
events Table 4andAppendix 1C). The average number of LOH events per isolate in
the presence of CPT was ~two, and hence aboutiimes higher than in untreated
isolates.

We next looked at the effect of expressing TFTAFR2A on the genome after 250
generations in four sutultured isolatesTable 4andAppendix 1C). In four
independent isolates of SLA46.D4 expressingdipd-T722Amutant allele, we detected
five interstitial LOH events, one terminal LOH event, and two deletions, resulting in an
average of two LOH events per isolate. Additionally, all foursultured isolates had

copy-number variation at theUP1locus.

2.3d. Copynumber variation (CNV) at the CUP1 locus elevated by CPT
treatment orTopl-T722A expression

Each of the four subulturedtop1-T722Aisolates displayed changes in the
number ofCUP1genes by microarray analysis; three increases and one reduction in the
W303-1A specific SNPs were detectdddure 20). TheCUPLllocus is a naturally
occurring tandem array of the metallothionreimcodingCUP1gene on chromosome
VIII. Different yeast strans have variations both in the total numbe€tfP1repeats and
in the size of the repeat unit. The W3D& derivedhomolog has 14 copies of &b
repeat and the YIJM789 derived homolog has seven copies okh fiepeat. In the
whole genome microarraysed, theCUP1locus is represented by oligonucleotides that

are specific for W303 A repeat. We thus only detect changes in the number of repeats
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Figure 20. CUPlinstability associated with TopXT722A expressiol
detected by microarrays.lllustrates an increase or decrease in the
number ofCUP1repeats on the W30BA allele (red peak in boxed
region) as detected by microarrays when Fo@22A is expressed.

on the W3031A homolog and cannot detect alterations on the YIM789 homolog. Also,

although microarrays can easily detect changes in copy number that involve five or more

repeats, smaller changes are much more difficult to detect. For these reasons, we

examinedalterations in the number QUP1repeats by Southern hybridization analysis.
The restriction enzymEcaR| has no recognition sites within either the 1.2 or 2.0

kb CUP1repeats, but cuts within sequences that closely flank the régbatset al.

2014) In the parental diploid, treatment of genomic DNA viatoRI, followed by

Southern analysis with@UP1-specific probe, produced two fragments of about 30 kb
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(the W3031A array) and 12 kb (the YIM789 array). Southern analysisrooed the
CNV detected by the microarrays in the feopl-T722Asub-cultured clones, and
additionally revealed CNV in three of the four stdtured WT clones treated with CPT
(data not shown).

To more accurately quantitaBJPlinstability resulting fron Topl cleavage
complexes, we subultured additional isolates of the WT strain with and without CPT
treatment, théopl-T772Astrain, and théop1$/top1$ diploid strain. As shown in
Figure 21, both deletions and additions@UP1repeats were observeth some
isolates, only one array was alter&ig(re 21, lane 3) whereas, in otheisigure 21,
lane 9), both arrays changed in size. In addition, some genomic samples had more than
two CUP1-hybridizing DNA fragmentsKigure 21, lane 2). These additional fragments
likely represent deletions and additions that occurred in the finadudturing. This was
confirmed by examining thEUP1locus after the first subculture, at which point faint
fragments were frequently evidentigolates expressing Topll722A or treated with
CPT Appendix 1D). Our conclusions about the nature of copy number changes after ten
sub-cultures were based on analysis only of the two fragntkeat$ybridized most
strongly to theCUP1probe. When bothrrays were altered in size, we assume that the
larger of the new fragments was from the W-3@3derived homolog and the smaller
from the YJM789derived homolog.

Changes in the number GUP1repeats are summarizedrigure 22, where we
show the percengg of chromosome VIII homologs with change€idP1repeat
number after ten rounds of schlturing; the complete data set is presentefigpendix
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Figure 21. CUP1instability associated with CPT treatment or ToptT722A expressdn. In a

representativ€ UP1Southern blot is shown. DNA isolated from cells-suittured 10 times (~250
generations) was digested wilgoR| and the size of the array on each homolog was examined by Southern
blot using aCUP1-specific probe. The arrows indicate the sizes ofab®1arrays in the parent. The most
robust band was used as the measure for gain or loss.

1D. Control data were derived from two neadpgenicTOPITOP1strains (JSC25 and
PG311) grown either ingh medium or in rich medium containing DMSO. Thirteen of

the 152 homologs analyzed (9%) from the control strains had alterations in the number of
CUP1repeats. In strain JSC25 treated with CPT, 43 of the 58 homologs (74%) had
changes in the number GUP1repeats. Theopl-T722Aexpressing strain had similarly

high levels ofCUPlinstability, with 17 of 28 (61%) homologs exhibiting CNV. The

level of instability for theop1$ strain was no different than in the WT contrnot(.75).
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Figure 22. Copy number variation (CNV) at CUP1locus
associated with CPT treatment or TopiT722A
expression.CPT treatment or TOpI722A expression lea
to a significant increase in CNV after 10 stldtures. Also
shown is the percentagé alleles that lose (black bars)
compared to alleles that gain€lJP1repeats (white bars)

For the strains examined in our study, the number of deletions generally exceeded
the number of additiong-igure 22). The WT control strains had eigfletions and five
additions p=1); the sums of all alterations for the GR&ated and the TopL722A-
expressing strains were 47 deletions and 13 additprs{02). As discussed further
below, the deletion bias is relevant to the likely mechanism eftapstability aCUPL
Our demonstration that CPT treatment or expression of-T@GR2A leads to elevated
rates of deletions and duplicationsGkP1is consistent with previous results showing
that thetopl-103mutation increases the rate of los$J6tA3 integrated into th€UP1

array(Levin et al. 1993)
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2.3.e Crossovers athe rDNA locus increase with CPT treatment and Tepl
T722A expression.

In thetop1$/top1$ strain SLA46.D4, three of four red/white sectored colonies
and nine of ten subultured clones had LOH events with breakpoints at the rDNA locus
(see above). To bettquantitate the effect of Topl on rDNA stability and to examine
possible rDNA instability associated with the Toplcc, we monitored a restriction site
polymorphism (é5pe site present in YIM789 but absent in W3DB) located ~21 kb
centromeredistal to tie rDNA locus. Using primers that flank the polymorphism, we
PCRamplified genomic DNA and then treated the resulting fragmentSpth
Heterozygous strains have three DNA fragments of ~750, 500 and 250 bp. Strains
homozygous for the YIM789 allele pramk only the 500 and 250 bp fragments, while
those homozygous for the W3Q2\ allele produce only the 750 bp fragment.

We subcultured strains of various genotypes ten times, and then examined them
for LOH of theSpé polymorphism Figure 23andAppendix 1E). Among the 61
isolates of WT strain JSC25 examined, no LOH events were detected. In contrast, 20 of
44topl1$/topls$ diploids had an LOH event. These results confirm our microarray
analyses as well as the conclusion of previous st@iesstmanret al. 1988) CPT
treatment of JSC25 greatly stimulatater-homolog mitotic crossovers on chromosome
XII, with 20 of 43 clones exhibiting LOHx&0.0001 relative to control). In addition, in
strains expressing thepl-T722Amutant allele, 34 of 44 sutultures had LOH for the
Spé polymorphism. Unexpectedlyhetopl$ strain containing the plasmioorneTOP1

gene (SL146.D4/pWJ1491) also exhibited an elevated level of LOH relative to WT
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Figure 23. CPT treatment and Topl-T722A expression result in increase
RCOs at the rDNA locus.An rDNA-distal PCR product from sutulture 10
clones was digested withpe and analyzed by gel electrophoresis. Dotted,
heterozygous; black, homozygous for W3D8; white, homozygous for
YJIM789.

JSC25, with 14 of 44 isolates exhibiting LOH. Thiequency of LOH is significantly
lower than that observed in strains expressing T0fA2A (<0.0001), and similar to
that observed in thimp1$ strain with the vectorg=0.27). Although this suggests that
the plasmieborneTOP1gene likely fails to fuf complement the chromosomal deletion,
it also is possible that overexpression of Topl fronTabi®1promoter might drive

instability.
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2.4 Discussion

The main conclusions of this study are: (1) elevated levels of Topl cleavage
complexes, resulting from CPT treatment or expression dbfifeT722A allele,
stimulate both intehomolog recombination and intsister chromatid recombination,
and (2) theecombinogenic DNA lesions caused by the Topl cleavage complexes likely
induce recombination in S or G2. Each of these conclusions will be discussed further
below.

The Topl topoisomerase has a variety of roles in the yeast, including preventing
the accumuligon of positive supercoils in front of the transcription and replication
machineries, and preventing accumulation of negative supercoils behind transcribing
RNA polymerase. It is thus difficult to predict the effects of removing Topl on
recombination. bss of Topl, for example, might induce recombination because
accumulation of supercoils leads to stalled replication forks or becalasgp®fgive rise
to recombinogenic DNA lesions. Alternatively, some spontaneous mitotic recombination
events might be eonsequence of Tophduced nicks that, if unrepaired, lead to
recombinogenic doublstranded breaks (DSBs). The latter mechanism is responsible for
the hypefrecombination (hyperec) phenotypes of strains defective in RNase H2, which
initiates removalibonucleotides embedded in duplex DPotenski and Klein 2014)

Strains with elevated levels of the Toplcc are expected to be-tggpem
numerous studies, it has been shown ykast strains with mutations affecting DSB

repair are sensitive to CPT (reviewed(Bjyorani and Bjornsti 2000; Malik and Nitiss
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2004) and there are likely several ways of generating a recogpmo DNA lesion by
CPT. Replication of a DNA molecule with a Toplcc could directly produce a DSB
through replicatiorrun-off, or nucleolytic cleavage of a fork regressed because of
topological stress could generate a O&RAy Chaudhuret al.2012) In addition, some
transcriptionstimulated mutations have the properties expected fhe repair of a
Toplceassociated singlstranded gafpChoet al.2013) which could be processed into a
DSB by a nearby nick on the complementary strand.

In our analyses, six hours of CPT treatment elevated the frequency of inter
homolog crossovers on the right arm of chromosome 1V and therdetbfachromosome
V by 6-8 fold. Thetopl-T722Amutation had a similar quantitative effect on the right
arm of chromosome 1V, increasing the frequency of crossoverddiy;5ts effect on
chromosome V was not examined. In addition to elevating theaobtesombination on
chromosomes IV and V, we observed an elevation in ri2l#ociated terminal LOH
events on chromosome XIl in thgp1-T722Astrain and in the WT strain treated with
CPT.

As described previously, the type of gene conversion (3:1, 4:0d34v4.0,
etc.) associated with the crossover in sectored colonies allows us to infer whether the
event involved a single broken chromatid (al@3@ak) or a pair of sister chromatids
broken at the same position (a-Brkak). About 75% of the spontane@vents in a
wild-type strain are G1 breakSt. Charles and Petes 2013\ thetopl-T722Amutant or

CPT-treated WT strain, only 13% of the crossovers were associated with a G1 break.
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These results indicate that most Topassociated DNA lesions originate in S or G2,
consisent with formation of associated DSBs in the context of DNA replication.

Our recombination assays that involve detection of sectored colonies or
microarraybased analysis of genomic DNA primarily detect recombination events
between homologs. In particulaecombination between perfectlyr imperfectly
aligned sister chromatids does not lead to LOH. Unequal-sistematid recombination
within a tandem array of genes, however, can lead to a duplication or deletion of repeats
that is sometimes detectallig microarrays and this observation provided the initial
indication that the tandem array at gP1locus is destabilized upon accumulation of
Topl cleavage complexeBSigure 20). We subsequently used Southern blot analysis to
more efficiently detectlterations in the number of repeats in @iéPlarray. This
analysis showed th&pl-T722Amutant and CP-Treated WT strains had highly elevated
rates of CNV at th€UP1locus.

CNV atCUP1could represent either intrar interhomolog interactions, but
several arguments suggest that most events reflect eithesisterchromatid
interactions or intr@hromatid events. First, if the copymber alterations involved
inter-homolog recombination, we would have expected to find manggiilred isolates
with terminal LOH distal to th€UP1cluster. No such events were observed.
Additionally, Kadyk and HartwelKadyk and Hartwell 19929howed that DNA damage
resulting from irradiating G8ynchronized yeast cells was primarily repaired by

recombination between sister chromatids rather thanaierolog recombination.
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Several different types of intesister or intrachromatid interactions can alter the
number of repeats within a tandem array, including unequal cresgargbreaknduced
replication (BIR), gene conversion, singigand annealing (SSA) and intrachromatid
OpopoutO recombination that produces an extrachromosomal circle and a shorter array
(Figure 24). Although our current studies cannot distinguish between these mechanisms,
the first three are expected to generate both deletions and additions of répeathile
the latter two produce only deletions. The strong bias we observed for deletions argues
that mechanisms producing equal numbers of deletions and additions are likely not the
major source o€UP1linstability. Other studies have indicated th&Ads more
common than OpegutO recombinatiofiPaques antiaber 1999)leading us to speculate
that SSA is a primary source of CNVGQUPL

In summary, ouanalysis shows that elevated levels of the Toplcc elevate
genomic instability. Elevated levels of the Toplcc increased the rate ehorteriog
crossover at many sites in the yeast genome, including the rDNA. These complexes also
strongly induced CNV fonation within theCUP1locus. Although there are some
differences in the repair of DNA lesions in yeast and mammalian(dafish and
Rothstein 2013)it is likely that the recombinogenic effects of Topl cleavage complexes
we have observed in yeast will generate similar types of genome instability in
mammalian cells. Indeed, Hastoto et al. (Hashimotoet al. 1995)and Balestrieret al.
(Balestrieriet al.2001)reported that CPT treatment of mammalian cells resultdge
deletions and/or rearrangements, but the source and nature of these were not explored.
Our findings in yeast are likely relevant to potential downstream effects of using CPT
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A Unequal Crossover Intrachromatid Exchange
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Figure 24. Mechanisms of CNV at theCUP1locus. (A) An unequal crossover
between two misaligned sister chromatids results in one chromatid gaining ri
and the other losing repeats. This event can occur between sister chromatid:
homologous chromosomes. (Bjeak-induced replication (BIR). A DSB can be
repaired using the sister chromatid or homolog as a template. Replication to
of the template chromosome restores the broken chromosome and the temp
remains unchanged. (Gene conversion (GC)Repair of a DSB with either the
siste chromatid or homologous chromosome by GC results in the repaired
chromatid gaining (or losing) copies of tB&/P1repeat while the donor chroma
remains the same. (¥ingle strand annealing (SSA)A double strand break
(DSB) can be resected to a ragiaf homology and annealing/rejoining of ends
leads to a loss @@UP1repeats. (E) Aintrachromatid exchangethat involves
repeats on the same chromatid results in a loss of multigiel repeats.
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related compounds in chemotherapy, especially with degaassociated LOH and CNV

that could promote tumor progression.
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3. Camptothecin-induced mutagenesis

3.1Introduction

Camptothecin (CPT) and its derivatives (topotecan and irinotecan) are drugs
widely used in the treatment of a variety of malignan(fesnmier 2013)To date, the
only known target of CPT iSopl, which functions to relieve transcriptioand
replicationassociated torsionatress in DNA. Top1l cleaves one strand of double
stranded DNA, covalently associates with the 30 end of the nicked DNA to form a
covalent Topicleavage complex (Toplcc), passes the intact strand through the nick and
finally re-ligates the broken strandPC intercalation with the Toplcc after DNA
cleavage prevents the religation of DNA, which both aids in toxic destbded break
(DSB) formation and causes an accumulation of stabilized (trapped) T@akedet al.

1991, Dancey and Eisenhauer 1996; Pometied. 2003; Kosteet al.2007)

Stabilization of the Toplcc generates DSBs and strongly stimulates HR in yeast
(Pourguier and Pommier 2000he gross chromosomaarrangement assay (GCR)
developed by Ritard KolodnerOs lab, whidbtects events originating froa DSB, also
was used to lookt the effect of CPT. A 5fbld elevation in GCR rate above the
spontaneous rate was obser{igung and Kolodner 2003CPT induced a-fold

increase in mutagenesis at thbAN1locus suggesting that although CPT has strong
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effects on homologous recombination, it is only weakly mutag@hitss and Wang
1988)

In addition to yeast, CPT has been previously reported to be mutagenic in
mammalian cells. In V79 Chinese hamster fibroblast cell lines, for example, CPT
treatment resulted in a dedependent, 6o 19fold increase irb-thioguanne (6 TG)-
resistant clones, which detects mutationthehypoxanthine phosphoribostyhnsferase
locus(HPRT) locus(Hashimotoet al. 1995) Experimats performed with topotecan
(TPT, FDA approved CPT derivative) produced equivalent results in mutagenesis at the
HPRTlocus, confirming the potential for Topahibitors to induce mutagenesis.

Restriction fragment length polymorphism (RFLP) analysis of-Treateds-TG-

resistant clones revealed that 6 of the 12 analyzed clones had undergone gene deletions or
rearrangements at or within tk°RTlocus, similar to results reported previously with

Top2 inhibitors(Hashimotoet al. 1995) A second study reported an increase in
mutagenesis in Chinese hamster ovary (CHO) cells after CPT tredBadestrieriet al.

2001) They found CPT treatment increasgat mutation frequency 2@o 50fold over

the spontaneous frequency in a ddependent manner. Analysis of GR&ated 6TG

resistant clones by multiplex PCR revealed that 16 out of 20 (80%) of clones analyzed
had urnergone a deletion or rearrangement. Four different classes of events were seen in
the 16 clones: single exon deletion (5/16), multiple exon deletion (3/16)HPRiI gene
deletion (6/16), and multiple exon deletion involving raat)acent exons within ¢h

HPRTIlocus (2/16). The first three classes were categorized as deletion events, whereas

89



the fourth class was considered a rearrangerabtitiasses are likely the result of a
repaired DSHBalestrieriet al.2001)

Based on previous studies, sf@eculate that mutagenesis associated with CPT
treatment could be a direct cause for secondary tumor formation and could play a
significant role in the acquisition of chemotherapeutic drug resistance. Because the
molecular target of CPT is TogPommieret al. 1999) this chapter focusem
molecularly characterizing the effect of CPT treatment on novel-@ep&ndent deletion

hotspots that do not reflect DSB repair.

3.2 Methods

3.2.a Strain and plasmids.

Haploid yeast strains usedtimelys2reversion assays were derived from YPH45
(MATa ura352 ade2101oc trpl!1) (Sikorski and Hieter 939). The (AT» WT and
topl!; (TC) WT; and (AG) WT andrnh201! strains were previously described
(Lippertet al.2011; Cheet al.2013) All WT strains are Topland Rnh209proficient.
TheERG6gene was deleted in all strains via @tep gene disruptioflRothstein 1983)
using primers ERG6KANF (50
AAAAACAAGAATAAAATAATAATATAGTAGGCAGCATAAGATGAGTGAAAC
AGAATTGAGCAGCTGAAGCTTCGTACG30) anERG6KANR (50
TTATCTGCATATATAGGAAAATAGGTATATATCGTGCGCTTTATTTGAATCTT

ATTGATCAGGCCACTAGTGGATCTG30) to amplify ZRP1or URA3KIcassette
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from pUG6(Guldeneret al. 1996)or pUG72(Gueldenekt al.2002) respectively. For a

complete list of all strains used and their genotypes] abke 5.

3.2.h CPT-sensitivity plate spotting assay.

Sensitivity in the presence of CPT was determinedesqusly describe@Knab
et al.1993) Briefly, 1ImL YPD (1% yeast extract, 2% yeast peptone, 2% dextrose and
2% agar for plates) cultures were inoculated with a single colony, dilutetbtidand
the dilution was incubated overnight at 30;C with shaking. These cultures were diluted to
10’ cells/mL and 2.5#L of 1dold serial dilutions were spotted on YPD plates containing

100#M CPT (in DMSO) or an equivalent amount of DMSO.

3.2.c Camptothecininduced mutation frequency assay and mutation spectra
generation.

YPD cultures werénoculated as above and incubated overnight; at least three
independent cultures were started per isolate. From each overnight culture (cell density
between 5x10to 5x10 cells/mL), two cultures were diluted to°l€ells/mL in fresh
YPD; one was supplemtad with 100#M CPT (Sigma, 4mg/mL stock dissolved in
DMSO) and the other with an equivalent amount of DMSO (untreated control). Cultures
were incubated at 30;C for six hours with shaking. Following thésix incubation,
appropriate dilutions were plateth YPD to determine total coloffgrming units (CFUs)
and on synthetic complete dextrose plates lacking lysineL{&Dto determine the

number of Ly$ revertants. The Lysevertant frequency was calculated by taking the
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Table 5. Strains for CPT-mutagenesis studies.

Name Strain ID Genotype

(AT),ergb SJR3446 MATa ura352 ade2101,trp1!1 lys2!::hyg leu2-K:TetRO
Ssn6:LEUZpSR857]his4!::kan-pTET-lys2FIA746,NR, (AT)2
erg6!::loxP -TRPXloxP

(AT),topl erg6 SJR3590 MATa ura352 ade2101, trp1!1 lys2!::hyg leu2-K:TetRO
Ssn6:LEUZpSR857]his4!::kan-pTET-lys2FIA746,NR, (AT)2
top1!::loxP -TRPZloxP erg6!::loxP-URA3KHoxP

(TC);ergb SJR3447 MATa ura352 ade2101,trp1!1 lys2!::hyg leu2-K:TetRO
Ssn6:LEUZpSR857]his4!::kan-pTET-lys2FIA746,NR, (TC)3
erg6!::loxP -TRPXloxP

(AG)4ergb SJR3888 MATa ura352 ade2101,trp1!1 lys2!::hyg leu2-K:TetRO
Ssn6:LEUZpSR857]his4!::kan-pTET-lys2FIA746,NR, (AG)4
erg6!::loxP -TRPXloxP

(AG)4rnh201 erg6 ~ SJR3889 MATa ura352 ade2101oc trpl!l lys2!::hyg leu2-K:TetRO
Ssn6:LEUPPSR857]his4!l::pTET-lys2F!A746,NR,(AG)
rnh201!::NAT erg6!::loxP -TRPXloxP

number of Ly$ revertants and dividing by the total number of viable cells. Cell viability
at time of plating was determineg dividing the total number of viable cells by the
number of cells as determined using a hemocytometer.

To generate mutation spectra, independent tggertants were sequenced. An
800 bp fragment of thieY S2reversion window was PGRmplified with the ftlowing
primers: LYSWINF (5§6CCTCATGATAGTTTTTCTAACAAATACG-30) and
LYSWINR (56CCCATCACACATACCATCAAATCCAC-30). The PGBenerated
products were sequence by Eton Bioscience (Research Triangle Park, NC) with the
primer MO18 (5{6TAACCGGTGACGATGAT-30). The fguency of a specific
mutation class was calculated by multiplying the proportion of the class in the spectrum
by the corresponding median Lyfsequency. After calculating the mediafb@ deletion

frequency, the effect of CPT was assessed using-admpé ttest (vassarstats.net).
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3.2.d Topl cleavage assay.

An in vitro Topl cleavage assay was performed as previously described with two
modifications(Kim et al.2011) A 45-nucleotide fragment (50
TTTGAAATACCGTGGCATCTCTCGTGACGACTTACCATTTAAAGG30) was erd
labeled at the 30 end prior to annealing to a complementary fragment. 140nM of
recombinant human Topl and 10#M CPT were added to the reaction mixture composed
of 20-500nMendlabeled DNA substrate, 10mM T+#4Cl, 50mM KCI, 5mM MgC},
0.1mM EDTA, 1mM DTT, 15#g/mL BSA and 10% DMS@®Biuanget al.2015)

Following incubation of reactions at 25;C for 1 hour, the reactions were stopped by the
addition of 0.5% SDS. Samples were analyzed on a 20% polyacrylamide gel andl labele
fragments were detected using a Phospholmager. This assay was performéd by S

Huang in Yves PommierQOs lab.

3.3 Results

Thelys2reversion system is ideal for investigating GiRduced mutagenesis at a
defined locus. Not only does this system alloes ¢éixamination of whether CPT treatment
induces the same mutation signature as a trapped Toplcgc, it also allows mutagenesis to

be studied in the context of high transcription, where mutations are easily detectable and
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are Topidependent. Additionally, invégating Toptdependent mutagenesis under high
transcription conditions may have relevance in tumor cells, which are reported to have
altered expression levels of gerfem et al.2012) The availability of strains th&ontain
Topl-dependent deletion hotspots, as well as optimized assays for calculating mutation
frequency and sequencing, made an investigation of the role of CPT mutagenesis

feasible.

3.3.a CPT exposure increases mutagenesis at T-ogpbendent hotspots

The Lys mutation frequency was measured in exponentially growing
unsynchronized cells, using’S2frameshift reversion alleles containing the (ATIC)s
or (AG), hotspot Table 5. The frameshift alleles contained dof deletion that reverts
to a lysne prototroph by acquiring a net +1 mutation within a 150 bp reversion window
(Harfe and Jiks-Robertson 1999All strains had thé/s2gene under the control of the
highly inducibleTET promoter pTET) (Kim et al.2007)and all experiments were done
under high transcription conditions. It should be ndted the permeability of CPT in
yeast cells is poor ar@hn be increasduy disrupting the function of Erg6, a membrane
sterol transmethylag@litiss and Wang 1988Therefore, all experiments were performed
in anerg6! background.

Median Ly$ revertant frequencies were determined following growth in the
presence of 100#M CPT or DMSO (untreated) for six hdaraddition to measuring
mutagenesis, CRihduced cell death following the shour treatment was measured.

Cell viability decreased 42% in the presence of CPTRgpe&e 25). In a reporter
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Figure 25. CPT treatment for 6 hours decreases cell viabilityCell viabilities
were based on 24 culturé¥( T-test twotailedp=0.002)

containing the (AT)hotspot, the Lysmedian mutation frequency increasetbRl in the
presence of CPT, from 1.5x1@0 4.2x10° (Appendix 2A). Mutation spectra for the
(AT). reporter Eigure 26) in the presence and absence of CPT indicate thatfibld -
test twotailed p=0.0005) increase in mutation frequency directly reflects the-Topl
dependent-bp deletion signature at the (AT)otspot Figure 27 and Appendix 2A.

This result supports earlier conclusions that deletions at the tdTgpot are the result of
stabilization or trapping of the Toplcc. Analysis intbel! background confirmed the
Topl-dependence of theld deletionsAppendix 2A). Additionally, I confirmed the
CPT-resistant phenotype of otopl! strain background in a plagpotting assay

(Appendix 2B).
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TCAAAGTTGCCAAGATECGTTTTGCCACATATCTTCAACGC
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Figure 26. CPT-associated mutations occur at a Toptlependent hotspotA majority of mutations
accumulate at Toptlependent hotspot in (AJdeporter. The mutation spectra is presented in the absence
(above sequence, N=48) and presence (below sequence, N=48) of 100#M CPT.
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Figure 27. CPT causes an increase in-Bp deletions at the (AT) hotspot. Shown ar
the median bp deletion frequencies (black bars) and individubpXeletion
frequencies for each culture (black circles) at the ¢Ab}spot in the absence and
presence of 100#M CPT. Frequencies are based on 24 cultures.
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3.3.h CPT exposure increases mutagenesis at the gFojspot

Next, | assessed the mutagenic potential of CPT at the ib®pot. This hotspot
is unique becausit displays both ribalependence and ribndependencéim et al.
2011) With the (TC) reporter, CPT increased the total Lysversion frequency-ld,
from 3.6x10° to 2.2x10° (Appendix 2A). Figure 28 (Appendix 2A) illustrates the
spectrum ofmutations obtained which, when combined with the'lfsesquency, revealed
that 2bp deletions at the hotspeT(C) increased4old in the presence of CPT-tg@st
two-tailed p=0.0015) Figure 29). The spectrum also revealed a new distinct class of 2
bp dektions, which surprisingly do not occur at a perfect tandem refpigar¢ 28). We
detected a GT deletion in the sequence TCGTGAC at an elevated level in the presence of
CPT. The frequency of GT-Bp deletions increased approximatelyfdl@ (t-test two
talled p<0.0001) in the presence of CH-igure 29).

Whether or not the GT deletion was coincident with a Tdpavage site was
assessed by performing a Topl cleavage assay. A dstudheled and a niekontaining
substrate were used, and each revealenpa-Gleavage site at the terminal thymine
within the (TC) repeat and at the thymine of the deleted &gyre 30). The cleavage
site within the (TG repeat results in a 2& band Figure 30, blue arrow) and is present
in both the doublstranded and nkccontaining shstrates. Neither cleavage sitas
previously detected, most likely because a shorteb@B@uplex was used in cleavage
assaygKim et al.2011) Additionally, half of the concentration of recombinant human

Topl (70nM instead of 140nMvas used previously, which could also explain the higher
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TGAALCAATTCAAAGT TGOCAAGATCATACGSTG GCATCTCTOGTGACGAGT TACGATCTG GAMG GAJg OCTCAGT TGTTC GST TIG GOCTQ Te To GAtAtCCAAGAT TTCAAATT-GACGAGCTCAAGCATCAT TTcGIGGACT TTIGCTTCGANT TIGGATA
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Figure 28. CPT treatment causes changes in the mutation spectrum in the (T§eporter. A majority
of mutations accumulated at Tog&pendent (TG)hotspot. The mutation spectra is presented in the
absence (above sequence, N=48) and presence (below sequence, N=48) of 100#M CPT.
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Figure 29. CPT differentially affects hotspots in the (TC) reporter. Shown are the
frequencies for specific mutation events. The mutation frequencies for the TC (Tt
and the GT (GT%)-Bp deletions are shown. The black bars are the median mutat
frequencies and black circles are the mutation frequencies for each iadlividture.
Frequencies are based on 24 cultures.

98



57 —TTTGAAATACCGTGGCATCTC?CG?GACGACTTACCATTTAAAGC*
3 —AAACTTTATGGCACCGTAGAGAGCACTAGCTGAATGGTAAATTTCG—5 !

20nt band
22nt band

Intact Nicked
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CPT - - + - - +
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Figure 30. Topl cleavage sites map within the (TGQyepeat and GT dinucleotide. A Topl
cleavage assay performed on e labeled 45bpubstrate containing the (TQepeat
revealed a Topl cleavage site within the (Fldifucleotide repeat (blue). It also revealed a
cleavage site flanking the OGTO sequence (red, 20nt marker). The sequence ofsihiestiGi
is shown with the detected Topl cleavage sites withingfegpeat (blue) flanking the
OGTOsequence (red). Shown below the-d6bstrate are the corresponding bands expecte
cleavage at sites following same color scheme. The gel displays the Topl cleavages ma
within the 45bpsubstrate, with arrows highlitihg the cleavages sites within the (E@peat
and at the GT sequence (blue and red arrows, respectiVelg)assay was performed by Shs
yin Huang in Yves PommierQOs lab at NCI (Bethesda, MD).
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sensitivityof the current assay. Finally, the nickintaining substrateegerated somewhat
stronger cleavage product, which presumaéfiects enhanced trapping of the cleavage
intermediate. Given the CPT dependence of the GT deletion, we would have expected the
corresponding cleavage product to be more abundant in the presence of CPT. However,

the intensity of the fragment was similar in both the absence and presence of CPT.

3.3.c CPT does not affect ribonucleotide associated deletions.

To determine if CPTreatment can affect ribassociated Toptlependent
deletions, | examined the (Ageporter in ERNH201or rnh201 backgroundFigure
31 (Appendix 2A) presents the CRihduced mutation frequency at the (A@Gptspot. In
the Rnh204proficient background #re was a-3old increase-bp deletions at hotspot
(t-test twotailed p=0.03)n the presence of CPT. However, in an Rnh@éficient
background there was no change in‘lrgversion frequency in the presence of CPT
(Appendix 2A), suggesting that CRihnduced muiagenesis is independent of persistent

ribonucleotides

3.4 Discussion

CPT was previously reported to be weakly mutagenic in ybltsds and Wang
1988) but no molecular analysis of CRIEpendent mutations was done. Additionally
studies in Chinese hamster cell lines have shown that CPT treatment causes a significant

increase in mutation frequencydaprimarily causes deletions at tH®RTlocus
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Figure 31. CPT causes an increase in-Bp deletions at the (AG) hotspot. Shown
are the median-Bp deletion frequencies (black bars) and individubpZeletion
frequencies foeach culture (black circles) at the (A@ptspot in the absence and
presence of 100#M CPT. Frequencies are based on 18 cultures.

(Hashimoteet al. 1995; Balestriaret al.2001) The work presented in this chapter
examined the mutagenic effect of CPT on known Tdefiendent hotspots that do not
involve a DSB intermediate. The stimulation eb@ deletions in all three reporters
[(AT),, (TC) and (AG)] demonstrate that CPT is mutagenic and is consistent with
additional, replicationindependent effects of Topl stabilization. CPT stabilization of
Toplcc has been reported to be sequence spglafielet al. 1991) and the appearance
of a new, CPIdependent hotspot in the (Tiqotspot is consistent with this. The novel

GT deletion occurs at an imperfect rep@itGA), whereas most Topdependent
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deletions have occurred at perfect repeats. A recently published study showed
biochemically, however, that Togdependent 2bp deletions can occur at imperfect
repeats as long as there walsglhomology at the cleavagée to facilitate the
realignmen{(Sparks and Bueys 2015)Figure 32illustrates how thenapped cleavage
site at theGT deletionhotspotwould satisfy this requirement. Currently, there is only
mutation frequency data for the (AGjotspot but it would be interesting to look at the
mutation spectrurto see what types of mutations CPT induces. Preliminary results
suggest that CRIhduced mutagenesis is rimdependent, as there is no change in
mutagenesis in the presence or absence of CPTrith@01! background. Expressing
Topl-T722A (CPT mimetic)n the (AG) reporter led to an increase in mutation
frequency (unpublished data, JE Cho and S JRisertson), further suggesting ribo
independence.

In summary, we find thaPT is mutagenic in a DSBdependent manner. The
decrease in cell viability ithe presence of CPT is due to toxic DSB formation and
replication dependent; however, thé deletions arise from a single strand nick (Figure
9) and are replicatiemdependent. Additionally a novel CRIEpendent hotspot appears
in the (TC) reporter vhich in future studies will allow us to elucidate the genetic
consequences of stabilized Toplcc. Mutagenesis associated with CPT treatment could be
a direct cause for secondary tumor formation and could play a significant role in the

acquisition of chemotrapeutic drug resistance.
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Figure 32. Proposed model for the CPTdependent GT deletions.
Topl (gray circle) cleaves a singderand of doublestrand DNA. CPT
(red square) stabilizes the Toplcc preventing the guanine (G, blu
from religating the DNA releasing Topl. Enzymatic processing of
CPT-stabilized Toplcc generates-aPgap. The guadne of the scissil
strand base pairs with the cytosine of thenigked strand to facilitate
realignment. Ligation and replication of the top strand generatdsp:
deletion.
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4. Topoisomerasd overexpression: Can too much of a good
thing be bad?

4.1 Introduction

Topoisomerases help maintain genome stability by relieving torsional stress
generated by cellular processes such as replication, transcription and chromosome
segregation. There are two main classes of topoisomerases: Type |, which essesmpa
Type 1A and Type IB enzymes that nick one strand of duplex DNA, and Type II, which
includes Type IIA and Type 11B enzymes that cut both strands of DNA. Type IA
topoisomerasesS@ccharomyces cerevisidep3, mammalian Top3! and Top3",
Drosophila melangasterTop3! and Top3", bacterial Topl and Top3) relax negatively
supercoiled DNA and catalyze the breakage and rejoining in a-sitngleded region.

Type IB topoisomerases (eukaryotic Topl, mammalian mitochondria Topl, Pox virus
topoisomerase) relax boglositive and negative supercoils and the shstjlanded nick is
generated within duplex DNA. Type Il topoisomerases (Top2) decatenate chromosomes,
remove intertwines between newly synthesized DNA duplexes and relax supercoils
(Nitiss 1998; Wang 2002)

Topl transiently cleaves one strand of a DNA duplex through a tyrosdeted
transesterification reaction, generating a covalemti®Sphotyrosine linkage (referred to
as the Top1 cleavage complex [Toplcc]) and a 500H. The nicked strand then rotates
around the intact strand to remove supercoiling and reduce torsional stréigmtide of
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the nicked DNA and release of Topl occurs through a second transesterification reaction
mediated by the 50QWang 2002 Increased OP1gene copy numbers have been
detected in metastatic colorectal, breast, bile duct and pancreatic {&Ruwesset al.

2013; Grunneet al.2015; Kumleret al.2015) Elevated levels of Topl in tumor cells

make Topl an attractive drug target and numerous studies have shown that the cytotoxic
activity of topoisomerase inhibitors correlates with Topl actaitg cellular levels

(Pommier 2013) Consequently, tumor cells with elevated Topl protein levels have
increased sensitivity towards Topl inhibit@Romeret al.2012; Pommier 2013)

Champoux and colleagues investied the effects of human Topl overexpression in baby
hamster kidney cells and reported no affect on cell growth and cell morphology,
suggesting that higher levels of Topl are not cytotMi@dden and Champoux 1992)

In yeast, elevated levels of Topl sensitize cells to alkylating agents, UV light,
ionizing radiation and camptothecin (CRBjornstiet al. 1989; Nitisset al.2001) In the
current study, we examinedimutagenic and recombinogeniteets of Topl
overexpression. Increased Topl levels significantly elevated mutagenesis at three
previously characterized Togependent deletion hotspots. Recombination at the rDNA
locus also was stimulated by Topl overexpression, but instability &tRé& locus was

not.

4.2 Experimental nethods
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4.2.a Strain and plasmids.

Haploid yeast strains used in tlys2reversion assays were derived from YPH45
(MATa ura352 ade210loc trpl1!l) (Sikorski and Hieter 1989)The (AT WT and
topl!, (TC) WT andtopl!, and (AG) WT, topl!, rnh201!, rnh201! topl! and
rnh201! pol2-M644L! strains were previously describf. ippertet al. 2011; Choeet al.
2013) All WT strains are Topland Rnh209proficient. TheTOP1gene was deleted via
onestep gene disruptio(Rothstein 1983}Jo generate the (AG¥nh201! pol2-M644L
topl! triple mutant. The diploid yeast strains used in the recombination studies were
previously describe@Andersenret al. 2015) and were derived by crossing derivatives of
W303-1A (Thomas and Rothstein 1988)d YIJM789(Wei et al. 2007) For a complete
list of all strains used and their genotypesEaige 6.

ThepCUP-TOP1plasmid (pWJ1491) used to reguldi®P1 gene expression was
previously describe(Reidet al.2011; Checet al.2013; Anderseset al.2015) A pCUP-
topl-Y727Fplasmid was constructed by excisingMiul/Eag fragment containing the
topl-Y727Fmutant allele from the YCpSCtopd727F(Lynn et al.1989) This
fragment was then used to replace the correspomdimigEad fragment in thgoCUP-

TOP1plasmid. A complete list of plasmids used can be fourichlvie 7.

4.2.h Copperinduced mutation frequency assay and mation spectra
generation.

To examine the effects of Topl overexpressielBN-URA3plasmids carrying

TOPZlunder the control of thEUP1promoter pCUP-TOP) were introduced inttop1!
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Table 6. Strains used in Topl overexpressiongdies.

Name Strain Genotype Reference

(AT)2 SJR3076 MATa ura352 ade2101,trp1!l lys2!::hyg leu2- (Lippertet al
K:TetRe5sn6:LEUpSR857]his4!::kan-pTET 2011; Cheet
lys2F!A746,NR, (AT)2 al. 2013)

(AT),topl! SJR3095 MATa ura352 ade2101,trp1!l lys2!::hyg leu2- (Lippertet al.
K:TetRe5sn6:LEUpSR857]his4!::kan-pTET 2011; Cheet
lys2F!A746,NR, (AT)2 topl!::loxRTRPloxP al. 2013)

(TC)s SJR3077 MATa ura352 ade2101,trp1!l lys2!::hyg leu2- (Lippertet al
K:TetRe5sn6:LEUZpSR857]his4!::kan-pTET 2011; Cheet
lys2F!A746,NR, (TC)3 al. 2013)

(TC)stop1! SJR3096 MATa ura352 ade2101,trp1!l lys2!::hyg leu2- (Lippertet al
K:TetRe5sn6:LEUpSR857]his4!::kan-pTET 2011; Cheet
lys2F!A746,NR, (TC)3 topl!::loxRTRP:loxP al. 2013)

(AG), SJR3215 MATa ura352 ade2101,trpl!l lys2!::hyg leu2- (Lippertet al.
K:TetRe5sn6:LEUZpSR857]his4!::kan-pTET 2011; Cheet
lys2F!A746,NR, (AG)4 al. 2013)

(AG)4top1! SJR3639 MATa ura352 ade2101,trp1!l lys2!::hyg leu2- (Lippertet al.
K:TetRe5sn6:LEUZpSR857]his4!::kan-pTET 2011; Cheet
lys2F!A746,NR, (AG)4 topl!::NATmx4 al. 2013)

(AG)4rnh201! SJR3226 MATaura3-52 ade2101oc trpl!l lys2!::hyg leu2- (Choet al.
K:TetRe5sn6:LEUPpSR857]his4!::pTET- 2013)
lys2F!A746,NR,(AG) rnh201!::NAT

(AG)4rnh201! SJR3242 MATa ura352 ade2101oc trpl!l lys2!::hyg leu2- (Choet al.

top1! K:TetRe5sn6:LEUPpSR857]his4!::pTET- 2013)
lys2F!A746,NR,(AG) rnh201!::NAT topl!::loxP -
TRPZXloxP

(AG)4 rnh201! SJR3544 MATa ura352 ade2101oc trpl!l lys2!::hyg leu2- (Choet al.

pol2-M644L K:TetRe5sn6:LEUPpSR857]his4!::pTET- 2013)
lys2F!A746,NR,(AG) rnh201!::NAT pol2-M644L

(AG)4 rnh201! SJR4638 MATa ura352 ade2101oc trpl!l lys2!::hyg leu2- This paper

pol2-m644L topl! K:TetRe5sn6:LEUPpSR857]his4!::pTET-
lys2F!A746,NR,(AG) rnh201!::NAT pol2-M644L
topl1!::loxP -TRPZXloxP

JSC25 SJR3981 MATa/MAT ::hyg leu23,112/LEU2 his311,15/HIS3  (Anderseret

(JSC25)  trpl-1/TRP1 ura3l/ura3 GAL2/gal2 ade2/ade21 al. 2015)

RAD5/RADS5 carnl00!:NAT/can1-100!::NAT
IV1510386::kanMXcan1-100/IV1510386::SUP4$

JSC250p1! SJR4058 MATa/MAT ::hyg leu23,112/LEU2 his311,15/HIS3  (Anderseret

(SLA46.D trp1-1/TRP1 ura3l/ura3 GAL2/gal2 ade2/ade21 al. 2015)
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4) RAD5/RADS canil00/can1100 IV1510386::kanMX
can1100/1V1510386::SUP# topl!::NAT
/top1!::NAT +TOP1URA plasmid (pSR1013)

cellsby lithium acetate transformation and transformants were selected on synthetic
complete dextrose medium lacking uracil (8l2a). As a control, WT antbpl! cells
were transformed with the pareDEN-URA3control plasmid (Vector). Independent
cultures werdalirectly started from transformants with no prior purification and grown
selectively in SBUra liquid medium for three days at 30;C. Stimulation of @GP 1
promoter was achieved by supplementing& liquid medium with cupric sulfate
(CuSQ) to the firal concentration of 100#M. Following the thrday incubation, cells
were plated on SIJra to determine the total number of cells that maintained plasmid
and on SBUra-Lys to determine the number of Lyevertants in each culture. The Lys
revertant freqancy was calculated by dividing the number of Ligsvertants by the
number of cells that maintained plasmid. After calculating the mediamiwytsition
frequency, 95% confidence intervals were determ{Aditnan 1991) All synthetic
media were made using yeast nitrogen base lacking cupric s@tatege Science
Products).

To generate mutation spectra, an-8@0fragment of thé&YS2reversion window
was amplified with primers LYSWINF (50
GCCTCATGATAGTTTTTCTAACAAATACG-30) AND LYSWINR (50
CCCATCACACATACCATCAAATCCAC-30). The PGBenerated productsere

sequence by Eton Bioscience with primer MO18GFAACCGGTGACGATGAT-30).
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Table 7. Plasmids.

Name Plasmid Plasmid Description Reference
Vector pRS416 CEN- andURA3containing control plasmid (Sikorski and
Hieter 1989)
pCUP-TOP1 pwJj1491 pRS416 containing theCUP1-TOP1gene (Reidet al.
2011;
Anderseret
al. 2015)
topl-T727F pSR1014 pRS416containingmutanttopl-Y727Fgene under (Lynnet al.
(pRS416topl-  control of the WTTOP1promoter 1989)
Y727F)
pCUP-top1- pSR1135 pRS416containing mutantopl-Y727Fgene under This paper
T727F control of theCUP1 promoter

The frequency of apecific mutation class was calculated by multiplying the proportion
of the class in the spectrum by the median’ lgatation frequency. 95% confidence
intervals were calculated for specific mutation classes by multiplying the proportion of

the class in th spectrum by the upper and lower limits.

4.2.c Quantitative real time REPCR (qRFPCR).

Total RNA was extracted from 5mL of exponentially growing yeast cells cultured
in SD-Ura with or without 200#M CuS© RNA extraction was performed as previously
described(Kim et al.2007) Real time RTPCR was performed using the Quantitect One
Step SYBR Green RPCR kit (Qiagen) and the amount of DNA amplified during each
cycle was measured using a StepOne Plus Res PCR System (ApplieBiosystems).

To control for the starting amount of RNA, gfPICR was done in parallel f&FC1
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transcripts TOP L-specific primers were TOP1F1 (fOGTCGTCATTACCATCGCG
30) and TOP1R1 (3OCTCCTTCGCTTTCTTGTE30) an&®FC1specific primers
were RFC2134F (53CGGCTTCTGATGTTCGCTG30) and RFC2295R{50
CCTCCGCTCATACCATCAAG30). The ¥”F method was used to determine the

relative transcript level@ivak and Schmittgen 2001)

4.2.d Sub-culturing of diploids

JSC25 and JSC26pl! were transforrad withCEN-URA plasmids as described
above. Independent colonies were streaked ctu&Dand SBUra plates containing
100#M CuSQ. Plates were incubated at 30;C for two days and a single colony was then
streaked again onto the same plates. This wastegp®@ times and is equivalent to

~250 generations.

4.2.e Detection of crossovers initiating at the rDNA locus using a §pe
polymorphism.

A region 21 kb downstream of rDNA locus on Chromosome XII was amplified
from the genomic DNA of subultured diploids, as described previoug\nderseret al.
2015) A 750bp PCR product containingSpé polymorphism specific to the YIM789
allele was generated using primers ChrX11F490730 (50
CTGATGAGTTCTGCATCTGTCG30) and ChrXIIR491473 (50
TCCGTTACCATTGCATACAGAA-30)Spé digestion of the PCR product resulted in

three fragments (750, 500 and 250 bp) if both WBA3and YJIM789 alleles were
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present, two fragments (500 and 250 bp) if only the YIJM789 allele was present and one
fragment (750 bp) ibnly the W3031A was presenSpe digests were analyzed on 1%
agarose gels to determine whether the diploid strain remained heterozygous or became
homozygous for the relevant SNP during-suliuring. To ensure that the crossover
occurred within the rDNAocus, a region 60 kb upstream of the rDNA locus was

checked for maintenance of heterozygosity. A 780 bp PCR product contaiPamyla
polymorphism specific for YIM789 was amplified with the following primers:
ChrXlluprDNA391662F (5GACGCAGAGGAAGAAACAAATC-30) and
ChrXlluprDNA392432R (50CCCACAGCCAGTTCAATATG30). If both W302A

and YIJM789 alleles were present afspXl -digestion there were 3 bands (780, 490,

and 290 bp), indicating that heterozygosity was maintained.

4.2.1f. Analysis of the CUP1 tanein array by Southern blots.

Southern anaylsis of sttultured clones was performed using a previously
described digoxigentd TP (DIG)labeling protoco(Zhaoet al.2014; Anderseset al.
2015) Subcultured clones were grown to saturation in 5mL YPD (1% yeast extract, 2%
Bactopeptone, 2%lextrose) and genomic DNA was isolated using a modified standard

genomic DNA isolation procedurat{p://jinks

robertsonlab.duhs.duke.edu/protocols/yeast prep.hiiNAs wee digested witfecoRl
overnight and fragments separated by electrophoresis on a 1% agarose gel using the

BioRad CHEF Mapper XA System. The switching interval was optimized for DNA
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molecules in the size range of-&0 kb. Separated DNA fragments were trangd to a
positively charged nitrocellulose membrane before hybridizing alBib&l CUP1probe

at 42v,C for at least 16 hours. To generate the prolib, segjment of th€EUP1repeat
that contained the enti@UP1gene was amplified from the genomic DNAam

isogenic derivative of YPH4&ikorski and Hieter 1989)sing the primers CURPAmMp3
(5GCTCCTTGTCTTGTATCAATTGCAT-30) and CUPAmMp52 (50
CGAGATGAAATGAATAGCAACGG-30)Zhaoet al.2014) The PCR product was
labeled with DIG using Roche Di&igh Prime DNA Labeling and Detection Starter Kit
Il (Roche). Hybridization of the probe the membrane was detected with CSPD
[disodium 3(4-methoxyspiro {1,2dioxetane3,2&5&chloro)tricyclo[3.3.1.% Jdecan}4
yl)phenyl phosphate] chemiluminescent alkaline phosphatase substrate. Alterations in the
number ofCUP1repeats per array were detémed as described previougknderseret
al. 2015)by comparing the sizes of tldJP1-hybridizing fragments to those in the

starting strain.

4.3 Results

We previously identified three Topdependent,-bp deletion hotspots in a highly
transcribedCAN1gene: (AT), (TC) and (AG). In each case, the size of deletion
equaled the size of then@dem repeat unit. To study each hotspot in isolation, ~20 bp of
surrounding DNA were transplanted inttya2based frameshkteversion reporter that

detects Zp deletiongKim et al.2011; Lippertet al.2011; Choeet al.2013) Fusion of
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the reporter tpTETconfirmed that deletions at each hotspot are elevatesr inngh
transcription conditions and confirmed that each depends on(Lgypkrtet al.2011)
These hotspots can be further classified as eithedintependent or ribdependent
based on their mutagenic behavior in the presence/absence of RNasb292'(

mutant), which initiates removal dNMPs from DNA. (AT} is a ribeindependent
hotspot while (AG) and (TC) are ribedependent hotspofKim et al.2011; Choeet al.
2013) Additional support that (AD)is a ribeindependent hotspot was provided by
expression of thpol2-M644L mutant version of Pol2, which incorporates fewer rNMPs
in DNA than wildtype Po# (Nick McElhinnyet al.2010) Expressing this mutant in
(AT)2 reporter strains resulted mo significant reduction in-Bp deletion frequency at
the hotspo{Choet al.2013) The opposite was found for both (E@nd (AG), reporters,
where a decrease inld deletion frequency at the hotspot occurred when-M6l24L

was expressefChoet al.2013) Additionally, experiments expressing the Tepa22A
mutant protein, which has besported to have reducedlrgation activity(Megonigal

et al.1997), increased -bp deletions at the (AT hotspot 13old in an Rnh204defective
background. This increase in deletion frequency provided strong genetic evidence that
deletions are generated at this hotspot by the irreversible trapping of thel€apdge
complex (ToplccjChoet al.2013) In the experiments below, we investigate the oble

increased levels of Topl on the activity of each hotspot.
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4.3.a Overexpression of Topl is mutagenic and leads to an increasebp 2
deletions.

To elevate the levels of Topl, plasmids containingli@®1gene under the
control of a coppemnduciblepromoter pCUPLTOPI) were transformed intmp1!
strainscontaining g TETlys2!A746,NR::hotspot The allele contains aldp deletion
and reversion to lysine prototrophy occurs via a Agp insertion. As a control, we
transformed an empty vector plashmto both wildtype andopl! strain backgrounds.
The increase iTOP1transcript levels was assessed by real time PCR. Relative to an
endogenou3 OPlallele under its native promoter, we found that addition op®igP-
TOP1plasmid in the absence ofagenously added copper resulted infald increase
in transcript level Table 8). In the presence of 100#M copper, the relative transcript
level was elevated over 240ld (Table 8),indicating that Topl protein levels are likely

highly elevated.

Table 8. Steadystate TOP1transcript levels in WT and pCUP-TOP1strains.

Genotype CuSQ Relative transcript level
concentration [#M] (zSD)

WT + Vector 0 1.0

topl! + pCUP-TOP1 0 4.7 & 0.82)

topl! + pCUP-TOP1 100 228 £ 57.4)

The steadystate levels of th@ OP1transcript were measured by quantitative real ##@R. The amount

of TOP1transcript in each strain was normalized to the amount of correspdRERgtranscript. TOP1

transcript levels are relative to the WT + vectod arbitrarily set at 1.0. Steadyate RNA levels in each

strain are based on at least two independent RNA isolations, with 6 threshold cycle number determinations
for each independent RNA preparatittim et al.2007)
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In theabsence of TopXdpl! + vector), the frequency of Lysevertants in a
strain containing an (AB)yeporter was 7.7 x 1% and there were not®p deletions at the
hotspot. With endogenod®P1expression, there was a-81d increase in median LYys
frequency and all events werelip deletions at the (AT hotspot Appendices 3Aand
3B). This translates into an ~400 fold increase-bp2ieletions and demonstrates their
complete dependence on Topl. Relative to endogenous Topl expression, we found that
presace of thepCUP-TOP1plasmid elevated the median frequency-@p2deletions at
the (AT)-containing hotspot-fold. Addition of copper resulted in a-I8ld elevation in

2-bp deletion frequencyFgure 33andAppendices 3Aand3B).

4.3.h Topl overexpession elevates deletions in the (E@ptspot and reveals
novel hotspots.

Next we analyzed the (T&)eporter for the effects of Topl overexpression. The
Lys" frequency increasedfdld and 17fold with the addition of theCUP-TOP1
plasmid in the absee and presence of copper, respectivajypendix 3A). Sequence
analysis of LySrevertants revealed the expected@deletions at the (Tghotspot, but
we also saw -bp deletions occurring at imperfect repeats throughouyf2eeversion
window (Figure 34, Appendix 3Q. The frequency of-bp deletions at the (Tghotspot
increased Zold and 16fold with the addition of theCUP-TOP1plasmid in the absence
and presence of copper, respectivélig(re 35gray bars andppendix 3A). In the
presencef thepCUP-TOP1plasmid, the frequency ofl2p deletions that occurred

outside of the (TG)hotspot increased 4nd 125fold in the absence and presence of
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Figure 33. Topl overexpression increases-Bp deletions at the (AT) hotspot. The frequencies of-Bp
deletions are shown as grays bars with 95% confidence intervals (C.l.) indicated. No deletion events were
detected at the hotspot in ttep1! strain so the frequency was calculated assuming one event (diagonal
bars).top1! (top1! + vector); WT (WTTOP1+ vector);pCUP-TOP1(topl! + pCUP1-TOP1plasmid).

copper, respectivelyr{gure 35white bars and\ppendix 3A). Most of these were at two
additional hotspots: deletion of GT near the (J@)tspot within the transplanted DNA
fragment and a GA deletion within sequence that was present in all reporters. The GT
deletion was identical to that observed in the presence of CiRap{er 3). Events at the
GA deletion hotspot in the (AT)yeporter vere likely obscured by the very high level of
deletions at the (AR)hotspot Appendix 3B). The GT and GA deletions likely occur due

to the ability of Topl to cause deletions at imperfect repeaitro (Hennngfeld and
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Figure 34. Topl overexpression increasesp deletions at (TC} hotspot and additional positions.
No CuSQ (N=44) mutations are above and 100#M Cy$8=81) mutations are below the reference
sequence. The transplanted region which contains the (@@dat is denoted by shaded gray region.

Hecht 1995; Sparks and Burgers 201K) validate that these deletions are in fact due to
the activty of Topl, we examined the mutation frequency associated with the presence of
the catalytic dead Topl mutatapl-Y727F(Lynn et d. 1989) on a plasmid under the

control of theCUP1 promoter. There was no difference in Lfiquency between
pCUP-toplY727Fandtopl! in the absence or presence of coppgpendix 3A),

suggesting that the increase in mutagenesis is solely due &ativity and higher levels

of Topl.

4.3.c Effect of Topl overexpression on a ritependent hotspot.

To assess the effect of Topl overexpression on adependent hotspot, we
examined deletions in an (Ag&eporter construdKim et al.2011; Cheet al.2013) In
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Figure 35. Topl overexpression increasesp deletions at the (TC) hotspot. The frequency of bp
deletions within (gray bars) and outside (wehiars) the hotspot are shown with 95% C.I. Nap2ieletion
events were detected in ttapl! strain in the presence of Cud@ithin or outside of the hotspot, so the
frequencies were calculated assuming one event (diagonal and dotted, respettp/Elyjopl! +
vector); WT (WTTOP1+ vector);pCUP-TOP1(topl! + pCUP1-TOP1plasmid).

the presence of RNase H2, the frequency-bp 2leletions at the (AGhotspot increased
19-fold when Topl was overexpressed in the presence of copper, but whes/atecdkin
the absence of exogenous coppEiglre 36, Appendices 3Dand3E). As previously
indicated, loss 0RNH201 the catalytic subunit of RNase H2, highly elevatdxp?2
deletions at the (AGhotspot(Kim et al.2011; Chceet al.2013) While the frequency of

2-bp deletions at the hotspot inrédh201/ background increased 430ld relative to WT,
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Figure 36. Topl overexpression increasesp deletions at the (AG) hotspot. No deletion events were
detected at the hotspot in theh201! topl! strain so the frequency was calculated assuming one event
(diagonal bars}op1! (topl! + vector); WT (WTTOP1+ vector);pCUP-TOP1(topl! + pCUP1-TOP1
plasmid).

we only deteted a 2and 3fold increase in mutagenesis at the hotspot with the addition
of thepCUP-TOP1plasmid in the absence and presence of coppgure 36,
Appendices 3Dand3F). Although not as pronounced as in the Rnhgffficient
background, the increagesignificant by ManA/Vhitney (p=0.0015 ang<0.0001,
respectively).

To confirm ribonucleotide dependence of deletions afAl&, hotspot in the

rnh202 background, we used anh201 pol2-M644L doublemutant, which contains a
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mutant version of replicative polymerase Pol& that reduces the number of ribonucleotides
incorporated into DNANick McElhinnyet al.2010) If Top1 overexpression causes an
increase in mutagenesis that is dependent on ribonucleotide incorporatiamulde

expect a decrease in mutagenesis when we overexpress Topinin20# pol2-m644L

double mutant. The-Bp deletion frequency at the (A3)otspot in thenh201/ pol2-

M644L double mutant decreased-#2d compared toanh201' single mutan{Figure 36,
Appendices 4Dand4G), confirming ribedependence. Based on the sequentedvage

model previously proposed by our lab for Tephd ribedependent deletio{€hoet al.

2013) the data presented here suggest that higher levels of Topl further promote this

mechanism of mutagenesis.

4.3.d Crossovers (COs) at the rDNA locus increase with increasing levels of
Topl.

The increase in mutagenesis caused by Topl overexpression led us to explore
whether higher levels of Topl also stimulate recombination. We examined two naturally
existing tandentepeat loci in yeast: the ribosomal DNA cluster (rDNA) andGhd#1
locus The decision to investigate these two loci was based on known effects of Topl loss
and the Toplcc on ea¢Bhristmaret al. 1988; Andersest al. 2015) For these studies,
we used diploid strains constructed by mating two sequaineeged haploids (W303a
and YJM789) that differ by ~55,000 SN®&ei et al.2007)

The rDNA gene cluster is a2 Mb region located on Chromosome XII and is
comprised of 10200 tandem copies of a 9.1 kb repeat; this repeat cluster represents

10% of the yeast genonfBetes and Botstein 197 Previous studies investigatiigpl
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behavior in relation to rDNA have shown that both the accumulation of-Gleptage
complexes and the loss of Topl greatly enhance instability at the rDNA(@lctistman
et al. 1988; Anderseet al.2015) Using a previously described technique that allows us
to measure crossovers that are initiated within the rDNA locus by monitoring a
centromeredistal restriction site polymorphis(dnderseret al.2015) we were able to
determine the effect that increased levels of Topl have on the rDNA stability. We sub
cultured WT (JSC25 with transfoed vector plasmidpCUP-TOPYpCUP-TOP1
(JSC250p1! with transforme@pCUP-TOP1plasmid) andopl!/topl! (JSC250pl!
with transformed vector plasmid) diploids 10 times, which is equivalent to ~250
generations before examining them for loss of heteroztyg@<DH) distal to the rDNA
locus. We monitored &pe site (specific for the YIM789 chromosome) locateekB1
centromeredistal of the rDNA locus. If clones maintain heterozygosity then three DNA
fragments of 750, 500 and 250 bp are produced. If cloedsaanozygous for YIM789
allele only the 500 and 286p DNA fragments are produced; if clones are homozygous
for the W3031a allele, only a 750p fragment is detected.

Among the 24 WT isolates examined, no LOH events were detéatpdd 37
and Appendix 3H), a result previously reportédnderseret al.2015) Subculturing 23
WT isolates irthe presence of 100#M Cu%8milarly revealed no LOH eventBigure
37 and Appendix 3H, suggesting that copper alone in the presence of Topl causes no
instability at the rDNA locusaCUP-TOPYpCUP-TOP1sub-cultured isolates had
significant levels of insthility at the rDNA locus, with 67% and 74% of clones
exhibiting LOH in the absence and presence of copper, respectiglyd 37 and
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Figure 37. Topl overexpression results in increased LOH distal to rDNA locusin rDNA-distal PCR
product from sukculture 10 clones was digested wlpe and analyzed by gel electrophoresis. Dotted,
heterozygous; black, homozygous for W3D8; white, homozygous for YIM789.

Appendix 3H). Interestingly, there was a strong bias to lose the \A1303llele in sub
cultured isolates containingCUP-TOP1in the absence of copper but a bias to lose the
YJIM789 allele in the presence of copper. Tty@l!/topl! isolates in the absence and
presence focopper had similarly elevated levels of LOH, 67% and 61% respectively.
Although elevated instability at the rDNA locustopl! background has been previously
reportedChristmanet al. 1988; Anderseet al.2015, a similar effect of Topl

overexpression has not been demonstrated.
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TheCUP1llocus, encoding metallothiem, is a tandem repeat locus located on
Chromosome VIII. It has been shown that different yeast strains have variations in the
total numbeof repeats as well as in the size of the repeat(Engelet al. 1983; Karinet
al. 1984; Zhacet al.2014) The size and nature of t@JP1locus make it a suitable
region to measure copgyumber variation. The diploid contains the W3D38 allele with
14 copies of a-kb repeat and the YIJM789 allele with seven copies of-&ldr2peat
(Zhaoet al.2014) Previous studiessing camptothecin ortapl-T722Amutant allele in
this strain background found a significant increase in instability a@thHellocus after
10 subcultures, most of which was loss@UP1repeat§Anderseret al.2015) Since
stabilization of Topicleavage complexes results in instability, we wanted to see if
increasing levels of Topl alsesulted in instability aCUP1.Based on themallnumber
of subcultured clones analyzed, our results indicate that Topl overexpression does not
cause a significant amount of instabilityGlP1 (Figure 38 andAppendix 3l).

However, we do detect instabylin thetopl! clones p=0.05) that has not been reported.

4.4 Discussion

In this chapter we investigated the potential for higher levels of Topl to cause
instability and found that elevated levels of Topl are mutagenic-iopad2letion
reporter assy and recombinogenic at the rDNA locus. Topl overexpression in all three
reporters [(AT), (TC) and (AG)] led to an increase inp deletions in a Topl

dependent manner. Expression of the catalytic dead protein;YTGpAF, resulted in a
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Figure 38. Copy number variation (CNV) at CUP1locus is not significantly elevated with Topl
overexpression.Topl overexpression does not lead to a significant increase in CNV after-tQlgurks.
Also shown is the percentage of allefleat lose (black bars) compared to alleles that gaii¢d1 repeats
(white bars). No CNV events were detected ing8&P1/pCUPIno copper so assumed 1 event (dotted).
FisherOs exact probability test was used to determine significance. Proportions (idddes with
changes/total number of alleles analyzed) are shown above each bar.

Lys" frequency similar to that itop1! cells, further confirming previous reports that 2

bp deletions in our reporters require the catalytic activity of Topbertetal. 2011)

There was a significant increase Hif2 deletions that occurred within as well as outside
of the (TC} hotspot, with a majority of the novel deletion events resulting in a GT
(within the transplanted fragment) and a GA (outside of transplanted fragment) deletion

(Figure 34). We predict the mdmanism for deletion formation is similar to that presented

124



in Chapter 3, which focused on CRihduced mutagenesis, where deletion formation is
initiated by the processing of the Toplcc into a gap and requires realignment facilitated
by 1-bp homology at theleavage site (see model presenteGhapter 3, Figure 32.

The GT deletion in the (T@)yeporter was additionally elevated in the presence of CPT,
suggesting that increased levels of Topl result in increased levels of stabilized Toplcc.
We likely did na detect GA deletions in the (Ad)eporter due to the high level of
deletions at the hotspot; however, we did detect one GA deletion (out of 27 sequenced
revertants) in the (AGYyeporter. The GA deletion was not detected in the presence of
CPT, but thiould be due to the previously reported &&fuence specificitidaxelet

al. 1991)

Topl overexpression in the (AQeporter stain revealed a ribdependent
signature. Increased levels of Topl resulted in an increaskprd@letions at the hotspot
and loss ofnh201! in combination with elevated Top1l resulted in an increaseoin 2
deletion frequency as well. Expression of PBIB44L mutant polymerase, which
incorporates 70% less ribonucleotides, resulted infld2lecrease in-Bp deletion
frequency. Overall we have provided genetic evidence that high levels of Topl are
mutagenic at all hotspots, regardless of-dlependene.

Topl overexpression caused significant instability at the rDNA locus, resulting in
distal LOH of a restriction site polymorphism. We previously reported that both loss of
Topl and stabilization of Toplcc by CPT increased instability at rpN®erseret al.
2015)using the same assay. This would suggest that stability at the rDNA loaueseq
wild-type activity and no fluctuation in Topl levels; if Topl activity or abundance is
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altered the likelihood of instability increases. @WP1assay measures changes within
the endogenouSUP1locus and Topl overexpression did not elevate instaHiloss of
Topl increased instability

Numerous yeast studies have shown that overexpression of Topl sensitizes cells
to the Topl inhibitor, CP{Bjornstiet al. 1989; Nitisset al.2001) Elevated levels of
Top1l are found in numerous forms of cancer and this has been correlated with higher
sensitivityof tumor cells to Topl inhibitor®Potmesil 1994; Romeat al.2012) thus
making Topl an attractive drug target. This study is the first to report that Topl
overexpression is mutagenic and recombinogenic. An essential next step in this study is
to look at the effect of increased Topl levels in the presence of CPT in relation to
mutagenesis and recombination. These data would likely provide critical information
essential for understanding the effect of Topl inhibitors ascanter drugs in tumors

with elevated levels of Topl.
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5. Summary and future directions

5.1 Summary

This dissertation examined Toj@ssociated genome instability in yeast focusing
on the effects of persistent Toplcc or increased Topl levels. Topl functions to relieve
transcription and replicatiorassociated torsional stress in DiMang 2002)
Elucidating the correlation between persistent Toplcc and genome instability will answer
guestions about the genetic consequences of processing a trapped Toplcc and provide
reliable starting points for impving the efficacy of CPT treatment for suitable
combination therapies. Topl is often elevated in tumor tissues making it an attractive
target for anticancer treatmerfPotmesil 1994; Pommier 2018hd gaining a better
understanding of the potential detrimental effects of increased levels of Teqpiaity
important for improving treatment regimens. Most importantly, the work presented here
supports the utility of yeast as a model system and its applicability to preclinical studies

that focus on genome instability.

5.1.a Effects of persistent Togk

Our investigation of the effects of persistent Toplcc on genome stability revealed
that stabilized Toplcc are both recombinogenic and mutagenic. Chapter 2 used two

assays to illustrate the recombinogenic effects of persistent Toplcc, where Toplcc were
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generated by CPT or by expression of the mutgpt-T722A(CPT mimetic).
Experiments were done in a diploid strain constructed by mating two haploids with about
0.5% sequence divergence. First, a webkiracterized sectoring assay that detects loss of
heteozygosity (LOH) on either the right arm of Chromosome IV or the left arm of
Chromosome V was used to measure the rate of reciprocal crossovers (RCO). We found
that both CPT and expressiontopl-T722Aincreased RCOs 5 to 460ld above the
spontaneous l&l. Further analysis suggests that most RCO initiated by a Toplcc
occurred after DNA synthesis, while most spontaneous RCO occurred prior to DNA
replication. In the second assay used, cells weresliired for ~250 generations and
LOH was examined genonvade using SNP microarrays. Although analyses revealed
no significant increase in recombinatiassociated LOH, copy number variation (CNV)
was detected at tHeUP1tandemrepeat locus. Subsequent, more sensitive analyses
confirmed elevated CNV at tl@UP1 locus in the presence of CPT or whentihl-
T722Aallele was expressed. Most CNVs were consistent with sister chromatid exchange,
suggesting that the TopZlcc initiates instability during or after DNA replicéodersen
et al.2015) These results are consistent with¢baversion of Toplcc into DSBs
during replicatiorand their processing through the homologous recombination pathway.
Previous studies investigating Citfiduced mutagenesis have indicated that large
deletions, which are also likely initiated by a DSB, result from CPT treatment
(Hashimotoet al. 1995; Balestrieret al.2001; Myung and Kolodner 2003}hapter 3
examined the mutagenic effects of persistent Toplcc, specifically looking at the potential
for CPT to induce mutagenesis at Tagependent deletion hotspots. Tp deletion
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formation in these reportersxSB-independent because loss of Rad51, required for
strand invasion in HR, does not affect these evgmppertet al.2011) Therefore,
Topl-dependent deletions in these reporters reflect events initiated by asnagie

nick. In the presence of CPT we saw & 34fold elevation in mutagenesis, confirming
CPT is mutageni{Nitiss and Wang 1988; Hashimatbal. 1995; Balestrieret al.2001;
Myung and Kolodner 2003Most importantly, the identification of a novel GPT
dependent deletion (GT deletiin the (TC} reporter) will be useful in elucidating the
mechanism of CP-fenerated or stabilized Toplowuced deletions (discussed below).
Our recombination and mutagenesis results have important implications for

understanding the effects of CPT as a chemothera@zgent.

5.1.h Mutagenic consequence of increased Topl levels

Chapter 4 investigated the mutagenic potential of elevated Topl protein levels.
Several studies suggest that increased levels of Topl in tumor tissues make Topl
inhibitors more effective foanti-cancer treatmerfPotmesil 1994; Romeat al.2012;

Pommier 2013; Grunnet al.2015; Kumleret al.2015) Associated mutagenic and
recombinogenic effects of having elevated Topl levels, however, had not been
considered. Mutagenesis studies revealed that increased Top1 levels are mutagenic in all
three reporters [(AT) (TC);, and (AG)] and thathis increase in mutagenesis is

correlated with an increase in Tedépendent-bp deletions. Additionally, these studies

revealed that Topl overexpression is mutagenic regardless -afejgandence. All
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recombination analyses focused on the rDNA @hdP1loci. Ingability at the rDNA

locus in the presence wicreasedopl levels was elevated in a similar manner to that
caused by loss of Topl or stabilization of Topl&cderseret al.2015) Southern

analysis at th€UP1locus revealed Topl overexpression does not cause a significant
amount of instability, although loss of Topl did. Thithis first study to show that too

much Top1l can be as problematic as loss of Topl and suggests that elevated Topl may

contribute to genetic instability in tumors.

5.2 Future drections

Results from my studies have revealed that stabilization of Top1dc (CP
treatment) and Topl overexpression are both mutagenic and recombinogenic. These
results provide a broader understanding of the impact Topl has on genome instability.
Our results on the effect of Toplcc stabilization are not surprising, but the effexbf
overexpression is. Additionally, the data obtained by our studies suggest that our assays

can answer other lingering questions in the field some of which are discussed below.

5.2.a Mechanism of CPTinduced CNV

In Chapter 2 we showed that stabitina of Toplcc by CPT or expression of

Topl-T722A mutant protein significantly increased CNV at@éP1locus, with a
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majority of events resulting from a loss@f/P1repeatskigure 22). Unequal
crossovers, brealkduced replication (BIR), gene converssy singlestrand annealing
(SSA) and intrachromatid OpoptO are all possible mechanisms for CN€@P1 locus
(Figure 24), but the observed bias for deletions suggest that SSA predominates. Our
analysis did not allow us to distinguish between the pegbasechanisms but with a few
modifications, the mechanisms of Gitfiluced CNV aCUP1locus could be
determined. By taking advantage of the differenc€llPlarray size that naturally
exists between the W3aBA and YJM789 alleles (2 kb and 1.2 kb, respety) we can
create &CUP1probe that specifically hybridizes to the W308& allele. This would

allow us to determine the composition of @&Plarray and whether changes that occur
are between sisters or homologs. Additionally, performingoliP1analysis in a Radl

or Radl@deficient background in the presence of CPT should result in a significant

decrease in CNV if the deletion bias is S8&pendent.

5.2.h CPT-induced 2bp deletion formation

CPT treatment resulted in at® 14fold increase imedian Ly$ mutation
frequency which was directly correlated with an increasebp 8eletion frequency; this
was true for the (A)and (TC) reporter, but needs to be confirmed in the (AG)
reporter. A novel CP-Tiependent-bp deletion hotspot, the Gleletion, was also
identified in our studies. We can determine whether the increased events seen in the

(TC)s reporter are ribaependent by expressing thel2-M644L mutant, which
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incorporates less ribonucleotides, in the presence of CPT. This woultlwénether

CPT favors attack by the -ZiM over the 5OH on the other side of the nick and based
on the current CPernary complex modeF{gure 8) this seems possible. An
interesting feature of these results is thap2leletions ar®SB-independent andll
previously reported CRmutagenesis has been large deletions and rearrangements,
which arelikely replicationand DSBdependen{Hashimotoet al. 1995; Balestrieret al.
2001; Myung and Kolodner 2003jigure 3illustrates a shotfist of possible DNA

repair proteins that repair a stabilized Toplcc, which were identified from replication
dependent studies focusing primarily on survival in the absence/presence of CPT.
Focusing on the-Bp deletion frequency of tHePT-dependenGT deletionin various
mutant backgrounds (for example: MRX, Sae2, Wss1, Tdpl, Mus81, Radl, etc.) in the
presence of CPT, would elucidate the mechanisBS8-independent CRihduced
deletion formation. We would specifically be able to identify the proteingsjved in

processing the Toplcc to generate the gap Figure 32).

5.2.c CPT-induced mechanism of lethality

The chain of events leading from stabilization of the Folghvage complex
(Toplcc) to cell death has always been of intdidiss and Wang 1988What is
known is that CPT binds to the Toplcc and prevents thgaton of DNA, resulting in
an accumulation of Topldeisianget al. 1989) The interaction of the advancing

replication fork, ortanscriptional machinery, with the stabilized Toplcc results in an
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arrest of DNA replication (or transcription) leading to the formation of desioéend

breaks (DSBs]Nitiss and Wang 1988; Hsig et al. 1989) In the last ten years, global
supercoiling analysis revealed a CRfluced accumulation of positive supercoils
associated with the stabilization of the Toplcc. This leads to the question of whether or
not toxic DPBs are a product of replication fork collision or accumulated positive
supercoils, which can act as a barrier for replication fork progression. Blocked replication
fork progression can lead to fork stalling/collapse or fork reversal and subsequent
processig into a DSBKosteret al.2007; Ray Chaudhuet al.2012) A better

understanding of the mechanism d?Tlethality is necessary because of the wide use of
Top1l inhibitors in combination therapi@2ommier 2013)

John Nitiss (University of lllinois at Chicago) suggested an experiment to
genetically test whether the lethal lesion induced by CPT is the result of positive
supecoil accumulation rather than replication fork collis{gosteret al.2007) The two
proposed models can, in principle, be distinguished by assessing dominanawhen
expressing CP-Bensitive and CRTesistanfTOP1lalleles in the presence of CPT. If
replication fork collision is the culprit, we would expect dominance of the- &P §itive
allele and a decrease in viability. If positive supercoildtaeulprit, then we would
expect dominance of the CR@&sistant allele because of its ability to remove positive
supercoils. We have begun to use the €€8istant mutantpplvag to test this
hypothesis. | introducetplvacinto our (AT) reporter bakground and confirmed CPT
resistance as well as Top1 activity. Importantly, the mediahraysation frequency in
thetoplvacwas similar to that in WT and did not change in the presence of 100#M CPT.
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Initial experiments that used a heterozygous diploals{WT TOPX toplvag to test if
toplvacexpression rescued the CPT sensitivity of the WT Topl were inconclusive due to
similar CPT resistance displayed by the WP 1/topl! diploid control strain. We

believe that overexpressingplvacin a WT TOP1baclground and performing the

reverse (overexpressing WIOP1in atoplvacbackground) in the presence of CPT may
give a clearer picture of whether replication fork collisions with the Toplcc or

accumulated positive supercoils generate GRiliced lethal lesius.

5.2.d Topl overexpression and camptothecin treatment

A correlation between elevated levels of Topl in tumor cells and effectiveness of
CPT derivatives has previously been sh@g®Romeret al.2012; Pommier 2013)
Mutagenesis studies in the (LC¢porter with CPT treatment or Topl overexpression
(Chapter 3 and 4, respectively) revealed a novs geletion, the GT deletion, that was
significantly elevated under both conditioisgures 28,29, 34 and 3% This could
suggest that elevated levels of Topl can be correlated with elevated Toplcc. Looking at
the combined effect of Topl overexpression and CPT on the GT deletion or mutagenesis

as a whole in the (T@)yeporter would be interesting.
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5.2.e Topl and Top2 redundancy

It is widely accepted that Topl and TopZ2 function redundantly, with both relaxing
supercoiled DNAn vitro (Goto and Wang 1985; Saavedra and Huberman 1986gBrill
al. 1987; Giaeveet al. 1988; Walliset al. 1989) top1! top2”double mutants excise
single rDNA repeat units as extrachromosomal rings and expression oflétR&or
TOP2is assaciated with reintegration of the rings into the chromosomal rDNA locus
(Kim and Wang 1989) While yeast grows fine in the absence of Top1, loss of Top2 is
lethal due to the inability dbp2! cells to decatenate chromosonfétng 2002;
Pendletoret al.2014)

Topl/Top2 redundancy can be tested in the diploid strains (used in Chapter 2 and
Chapter 4 studies) and in the Tegdpendent deletion hotspot strains (used Chapter 3
and Chapter 4 studies). The main question thabeaddressed is whether or not
overexpression of Topl rescues loss or inhibition of Top2 mediated religation. The
diploid strains can assess recombinatigsociated repair tracts, rDNA a@d/P1
stability. The Topidependent deletion hotspot strains alloswto analyze Topl
dependent mutagenesis at lyg2-reversion window and see how loss of or inhibition of
Top2 mediated religation affects the mutation signature at hotspots. We can additionally
investigate novel mutation signatures at@#eN1locus byperforming an unbiased
forward mutation assay. By getting a genome instability profile from the above assays for
topl!, elevated Topl, temperature sensitiwp21, constitutively expressed Top2, and

stabilization of Top2 generated DSB intermediate by &t@e (Top2 inhibitor), we can
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assess redundancy. If Topl and Top?2 are functionally redundant, we would expect a
rescue of any phenotypes associated with loss of or stabilization of Top2 when we
overexpress TopAlternatively, we can test whether or nonhstitutively expressed

Top2 is able to rescue any Topl, stabilized Topldopmlk! associated phenotypes.
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Appendix 1. Genomewide effects of persistent Toplcc

Supplemental Tables.

Appendix 1A. SGD coordinates for heterozygous dmnozygous
transitions on chromosome IV in CPT treated red/white sectors

Event Clast  Transition Labél

Markers flanking transitioris

Sector Left Right
1RW D6 a 863830 865277
b 866935 867665
c 868904 890618
d 890618 892648
2RW B2 a 841060 841976
b 845945 846463
3RW A a 1017595 1036052
4RW A a 1190182 1216161
5RW B1 a 1261075 1262375
b 1264869 1267763
10RW B1 a 1252616 1254293
b 1275176 1276330
11RW B2 a 1368605 1370985
b 1370985 1374486
12RW N36 a 830740 831863
b 831863 832341
c 832341 832583
d 832830 833159
e 839752 840535
f 848693 849541
g 852302 855308
13RW N37 a 1157254 1161545
b 1188862 1189112
c 1189112 1189481
14RW A a 1089446 1111969
15RW N38 a 1366726 1367557
b 1367557 1368003
c 1372403 1374198
d 1374246 1374333
16RW B2 a 1328086 1330102
b 1330538 1330866
17RW A a 1089446 1111969
18RW A a 509817 512801
19RW B1 a 687816 688339
b 701164 701224
20RW B2 a 1040924 1044556
b 1047033 1051325
21RW B2 a 579229 579742
b 587100 587919
22RW N20 a 1264435 1264855
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b 1264937 1265186
c 1265332 1266551
23RW Bl a 1039370 1040924
b 1040924 1044556
24RW N39 a 1485798 1486091
b 1486159 1486789
c 1488015 1488287
d 1489226 1490813
e 1491125 1491302
f 1491920 1492290

1 Event Class: Classe$ events are defined in Table 2

2Transition Label: These lower case letters reflect the transition from heterozygous to homozygous regions
as shown in Tablg.

3 Markers flanking transition: SGD coordinates of SNPs located on each side of the transition.
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Appendix 1B. SGD coordinate®r heterozygous and homozygous
transitions on chromosome 1V itopl-T722Ared/white sectors

Markers flanking transitioris

Sector Event Class  Transition Labél
Left Right
1RW B1 a 774716 775504
b 785867 787240
2RW B2 a 839006 839752
b 842052 842312
4RW B1 a 1171413 1173657
b 1181603 1182080
5RW D5 a 546605 551730
b 553854 554380
c 555575 556844
d 557100 558167
TRW A a 729738 730597
8RW N40 a 599224 601671
b 608319 609891
c 616610 617827
d 620573 623017
9RW B2 a 1156998 1157254
b 1173657 1171413
10RW A a 485657 495183
11RW B1 a 598460 598715
b 608376 608572
c 609138 611611
12RW A a 1394070 1397989
13RW Bl a 764803 764830
b 1190182 1225482
14RW B1 a 1453193 1455114
b 1459821 1460352
15RW B2 a 1171413 1173640
b 1174594 1174705
16RW B2 a 1221462 1225482
b 1333878 1336486
17RW A a 1235569 1240156
18RW Bl a 1283911 1284092
b 1287823 1289866
19RW D6 a 701908 702466
b 723149 724557
c 725231 726748
d 730720 731914
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21RW Bl a 970231 971058
b 978358 978621

23RW A a 1171413 1173657

24RW Bl a 1240303 1241971
b 1249203 1251733

! Event Class: Classe$ events are defined in Table 3
2Transition Label: These lower case letters reflect the transitionHetetrozygous to homozggs regions

as shown in Table.3
% Markers flanking transition: SGD coordinates of SNPs locaredach side of the transition
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Appendix 1C. SGD coordinates for events detected incuitured clones.

Markers flanking

Clone Event transitions**
Strain Genotype Condition No. Chr Class* Left Right
JSC25 WT YPD + DMSO 29.1 13 al 681653 684380

684380 685125
685125 687473
30.1 10 bl 149069 153061
157586 157675
157675 157805
157805 157905
157905 159185
161580 163352

YPD + CPT 20.1 2 a2 102421 116691
3 a3 260184 269360
8 b2 216804 223781
225165 225901
11 b2 176121 177475
205590 206366
12 al 962667 963376
211 12 dl 447834 490725
221 7 b2 138007 142576
146589 159699
9 a2 277513 281875
SLA46.D4  topl! +topl-T722A 11 8 cl 211711 215271
plasmid 215902 216553
21 8 cl 211711 215271
215902 216553
12 b3 447537 490725
493683 493832
12 dl 606117 607697
608083 611242
12 dl 665333 665741
665742 678184
3.1 4 b3 1394070 1398890
1411220 1414657
7 b3 122369 123323
130707 131363
8 c2 211711 215271
216113 216553
12 b3 545557 548317
552864 554927
12 al 1048627 1051101
4.1 8 cl 211711 215271
216113 216553
11 b2 83483 83729
84426 84604

* Event class: Classed events are defined in Table 4
** Markers flanking transitions: SGD coordinatesSNIPs located on each side of the transition
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Appendix 1D.CUP1Southern data for sukcultured clones.

Subculture 1 Subculture 10
Strain Geno- Cond. Clone Copy No. Insta- Copy No. Insta-
type No. Status* bility Status* bility
W303 YIM (YIN) W303 YIM  (YIN)
789 789
JSC25 WT YPD + 1 -5 NC N -5 NC N
DMSO 2 NC NC N NC NC N
3 NC NC N NC NC N
4 NC NC N NC NC N
5 NC NC N NC NC N
6 NC NC N NC NC N
8 NC NC N
9 NC NC N
11 NC NC N
12 NC -1 N
13 NC NC N
14 NC NC N
15 NC NC N
29.1 NC NC N -2 NC N
30.1 NC NC N
YPD 1 NC NC N
2 NC NC N
3 NC NC N
4 NC NC N
5 NC NC N
6 NC NC N
8 -3 NC N
9 NC NC N
10 NC NC N
11 NC NC N
12 NC NC N
33.1 NC NC N
34.1 NC NC N
YPD + 1 NC +1 Y +5 NC N
CPT 2 NC NC Y +5 NC N
3 NC NC Y -2 -2 N
4 NC NC Y -2 -2 N
5 NC NC Y +5 -4 N
6 NC NC Y -3 -4 N
7 -6 NC N
8 -6 NC N
12 -7 -2 N
13 NC NC Y
14 NC NC Y
15 NC NC Y
19.1 NC NC Y -3 -5 Y
20.1 -6 -1 Y
21.1 -1 -2 Y
22.1 -1 NC N
PG311 WT YPD + 1 NC NC N NC NC N
DMSO 2 NC NC N NC NC N
3 NC NC N NC NC N
4 NC NC N NC NC N
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12 NC NC Y

14 NC NC Y

16 NC NC N

35.1 -1 NC Y
36.1 -5 -6 Y
41.1 -4 NC Y
42.1 -2 +2 Y
47.1 +2 -2 Y
48.1 NC NC Y
49.1 +1 -4 Y
50.1 +6 -3 N

* Copy Number Status: The estimated numbeC 0P 1repats lost (blue) or gained (red
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Appendix 1E.Reciprocal crossovers at the rDNA locus after 10 sub

cultures.
Strain Geno Conditions SNP Distal to rDNA locus Total
type Both W303-1A YJIM789 Clones
only only Analyzed

JSC25 WT YPD 40 0 0 40
YPD + DMSO 21 0 0 21
YPD + CPT 23 15 5 43

SLA46.D4 top1! + Vector plasmid 24 14 6 44
+WTTOP1 30 7 7 44
plasmid
+topl-T722A 10 22 12 44
plasmid
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Appendix 2: CPT-induced mutagenesis supplemental material

Appendix2A. CPT-induced mutation frequency data for alhree
reporters.

Lys" reversion frequency

(x10°)
lys2IA746 Genotype CPT 2bp" at GT 2-bp" Other Total
allele conc hotspot hotspot mutations Frequency
['M]
(AT), WT 0 14.6 <0.33 0.98 15.6
[45/48] [0/48] [3/48]
100 40.4 <0.88 1.76 42.2
[46/48] [0/48] [2/48]
topl! 0 No spectra 0.77
100 No spectra 2.16
(TC)s WT 0 2.35 0.15 1.14 3.64
[31/48] [2/48] [15/48]
100 9.72 5.56 6.92 22.2
[21/48] [12/48] [15/48]
(AG), WT 0 0.42 <0.06 0.18 0.65
[8/11] [0/11] [3/11]
100 1.27 <0.1 0.1 1.37
[13/14] [0/14] [1/14]
rnh201! 0 No spectra 2450
100 No spectra 2950

Appendix2B. CPT treatment causes a significant decrease in cell viability.

10-fold serial dilutions were spotted on YPD plates containing DMSO with or without
100#M CPT. Plates were incubated at 30jC for four days.

DMSO CPT

wrtToP1f & & ¥
WT TOP1f & = =
wpir L et 1 EL L N
IS TR Al a0 ¥

147



Appendix 3. Topl overexpression supplemental tables and
figures

Appendix 3A. Effect of Topl overexpression owutations in the (AT) and
(TC)s reporters.

Lys+ reversion frequency

(x107)

lys2!A746 Genotype + CuSO, 2-bp" at 2-bp" Other Total
allele Plasmid ['M] hotspot[l] outside  mutations® Frequency
hotspot[zl (95% ClI)

(AT), topl! + 0 <0.06 0.06 0.72 0.77
Vector (N=30) [0/14] [1/14] [13/14] (0.38-1.52)

100 <0.08 <0.08 1.23 1.23
(N=6) [0/16] [0/16] [16/16] (0.6-1.6)

WT+ Vector 0 24.2 <0.86 <0.86 24.2
(N=42) [28/28] [0/28] [0/28] (16.0-64.5)

100 18.5 <0.69 <0.69 18.5
(N=18) [27/27] [0/27] [0/27] (11.8-22.2)

topl! + 0 99.5 <4.52 4.52 104
pCUP-TOP1 (N=42) [22/23] [0/23] [1/23] (41.7-193)

100 358 <13.3 <13.3 358
(N=42) [27/27] [0/27] [0/27] (243-627)

(TC)s topl! + 0 0.13 0.02 0.50 0.65
Vector (N=24) [6/30] [1/30] [23/30] (0.47-0.97)

100 <0.03 <0.05 0.8 0.8
(N=6) [0/16] [0/16] [16/16] (033-1.22)

WT+ Vector 0 1.99 0.19 0.45 2.64
(N=36) [31/41] [3/41] [7/41] (2.31-3.47)

100 1.68 0.19 0.61 242
(N=24) [18/26] [2/26] [6/26] (1.72-3.38)

topl! + 0 4.36 0.84 0.42 6.2
pCUP-TOP1 (N=36) [31/44] [6/44] [7/44] (5.11-9.0)

100 20.32 23.71 1.69 45.7
(N=36) [36/81] [42/81] [3/81] (33.3-50.9)

topl! + 0 No Spectra 0.46
pCUP- (N=24) (0.34-0.77)

toplY727F 100 No Spectra 0.73
(N=24) (0.4-1.05)

N= number of cultures used to determine the total Lys" frequency.

[ In brackets is the number of Lys" revertants with 2-bp deletions at the hotspot (yellow shaded
region in Appendices 4B and 4C) out of the total number sequenced.

) In brackets is the number of Lys" revertants with 2-bp deletions outside of the hotspot (yellow
shaded region in Appendices 4B and 4C) out of the total number sequenced.

BlIn brackets is the number of Lys” revertants with mutations other than 2-bp deletions out of the
total number sequenced. These mutations include insertions, large deletions (greater than 5-bp),
and complex insertion/deletion events.
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Appendix 3B. (AT) reporter spectra.

(AT) ) topl! + vector

- CuSO, (N=14)

1 Large Deletion
+G
T 1G+G  +T +G+A  +T +T <G +T +TTGG  cdel
TCAAAGTTGCCAAGAT ‘GGAAAGGAGCCTCAGTTGTTCCGTTTEGCCTGTCTGGAAtCCAAGAT TTCAAATTGACGAGCTCAAGCATCATTTCGTGGACTTTGCTTCGAATTTGGATACCAGTAKTAAT
4T +T +G H4G 4G +T T +T HAATA
+T4T
+T
+ CuSQ, (N=16)
(AT) ) + vector
-AT-AT«AT-A‘I’-AQ?A)T-AT-ATHATHAT
~AT-AT-AT-AT-AT-AT-AT-AT - CuSO, (N=28)
-AT-AT-AT-AT-AT-AT
=AT-AT-AT
-AT-AT
TCAAAGTTGCCAAGATCGGTTT |m*m.r TTCAACGCTGGATCTGGAAAGGAGgCCTCAGTTGTTCOGTTTGGCC CAAGATTTCAAAT TGACGAGCTCAAGCATCATTTCGTGGACTTTGCTTeGAATTTGGATACCAG TAATAAT
AT
-AT-AT
ATATAT
AT-ATATAT-AT-ATAT + CuSQ, (N=27)
ATAT-AT-AT-AT-AT-AT
AT-AT-ATAT-AT-AT-AT
(27
(AT), top! + pCUP-TOP1
-AT-AT-AT-AaT-zA)T-AT-AT-AT - CuSQ, (N=23)
ATAT-AT-AT-AT-AT-AT-AT
AT-ATAT
-AT-AT G
TCAAGTTGCCAAGATGGTTTTGOCACR G TCAAGGCTGGATCTGGAAAGGAGICCTCAGTTT TOCGTTTGGOCT e TGGAtACCAAGATTTCAAATTGACGAGETCAAGCATCATTTCGTGGACTTTGCTTCGARTTTGGATACCAGTARTAAT
AT
AT-AT
ATAT-AT + -
AT-ATATAT-AT-ATAT CuSG, (N=27)
ATATATAT-AT-AT-AT
AT-ATATAT-AT-AT-AT
27
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Appendix 3C. (TG)reporter spectra.

(TC)3 top1! + vector

- CuS0O, (N=30)

6 Large deletions
) 44
ACICIC
TGTC a
SCMT dins TC % T +« o <CA dns d 7
TGAACAAT TCAAAGTTGCCAAGAT T R TR AT IARIATC T GGAAAGGAGGCCTCAGT TG TTCCGTTTGGCCTGTCTGGAtA CCAAGATTTCAAAT T-GACGAGTCAAGCATCATT TeGTGGACTT TGCTTCGAATTTGGATA
) :g W +T

+ CuSO;, (N=16)

1 Large deletion
(TC)3 + vector
-l'thr‘T!g;"DDl! _
TETTTTT - CuSO, (N=41) 3 Large deletions
TCTCTCTCTC
“eTeTC
g -
+A ¢ -GA cns  -TeGOC GA cns
TGAMCAATTCAAAGT TGCCAAGATC TS ROGCARC TCT O TRACRMS T IACSATC T GG
= g MWMWgYWMWWmm GGK_’?GJTWA
i
e + CuSO; (N=26) agedlton
TCTGTC
(18)
(TC),top1! +pCUP-TOP1
-rom‘rrgyr,mt
FCIGTGTGTGTGIC - CuSO, (N=44) 2Large deletions
JCITTCTCTCTCTC
ICTCTCICTE
TGTCTCIC xa - e
+A £ " c. A ame
T grar™ o e
AT ot arar + CuSO, (N=81) AGAGAGA
ACITCTETETC GT-GTGTGTGRET 0a
T (21 2Large deletions
(36)
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Appendix 3D.Effect of Topl overexpression on mutations in the (AG)
reporter.

Lys+ reversion frequency

(x107)
lys2!A746 Genotype + CuSO, 2bp" at 2bp" Other Total
allele Plasmid ['M] hotspot[l] outside  mutations® Frequency
hotspot[zl (95% CI)
(AG)4 topl! + 0 0.12 0.04 0.47 0.62
Vector (N=30) [3/16] [1/16] [12/16] (0.44-0.91)
100 0.14 <0.05 0.5 0.64
(N=6) [3/14] [0/14] [11/14] (0.15-1.11)
WT+ Vector 0 1.16 0.17 0.23 1.56
(N=42) [20/27] [3/27] [4/27] (1.34-1.9)
100 0.78 0.1 0.44 1.31
(N=18) [16/27] [2/27] [9/27] (0.93-1.87)
topl! + 0 1.93 0.44 0.44 2.87
pCUP-TOP1 (N=42) [18/26] [4/26] [4/26] (2.03-4.1)
100 23.82 6.28 3.77 33.9
(N=42) [19/27] [6/27] [3/27] (30.7-36.1)
(AG)4 topl! + 0 0.12 <0.06 0.86 0.98
rnh201 Vector (N=36) [2/16] [0/16] [14/16] (0.65-1.43)
100 <0.18 <0.18 1.78 1.78
(N=24) [0/10] [0/10] [10/10] (1.22-2.11)
WT+ Vector 0 617 <22 <22 617
(N=36) [28/28] [0/28] [0/28] (521-942)
100 454 <22.7 <22.7 454
(N=35) [20/20] [0/20] [0/20] (343-963)
topl! + 0 1074 <43 <43 1074
pCUP-TOP1 (N=36) [25/25] [0/25] [0/25] (726-1739)
100 978 37.6 <37.6 1016
(N=36) [26/27] [1/27] [0/27] (652-1464)
(AG)4 topl! + 0 0.1 <01 1.52 1.62
rnh201 Vector (N=36) [1/16] [0/16] [15/16] (0.81-2.11)
pol2-M644L 100 0.28 <0.14 1.42 1.7
(N=24) [2/12] [0/12] [10/12] (0.55-3.9)
WT+ Vector 0 13.7 0.63 3.13 17.5
(N=48) [22/28] [1/28] [6/28] (15.1-20)
100 14.7 <0.7 4.2 18.9
(N=24) [21/27] [0/27] [6/27] (15.3-25.2)
topl! + 0 30.1 1.37 1.37 32.8
pCUP-TOP1  (N=48) [22/24] [1/24] [1/24] (27.4-45.2)
100 70.7 <2.83 5.65 76.3
(N=48) [25/27] [0/27] [2/27] (62.7-97.4)

N= number of cultures used to determine the total Lys" frequency.

[ In brackets is the number of Lys" revertants with 2-bp deletions at the hotspot (yellow shaded
region in Appendices 4E, 4F and 4G) out of the total number sequenced.

) In brackets is the number of Lys" revertants with 2-bp deletions outside of the hotspot (yellow
shaded region in Appendices 4E, 4F and 4G) out of the total number sequenced.

BlIn brackets is the number of Lys® revertants with mutations other than 2-bp deletions out of the
total number sequenced. These mutations include insertions, large deletions (greater than 5-bp),
and complex insertion/deletion events
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Appendix 3E. (AG) reporter spectra.

(AG)4 topl! + vector

- CuSO, (N=16)

+ CuSQ, (N=14) 1 Large Deletion
(AG)4 + vector
mm 2 Complex events and 1 Large Deletion
AACNGAGHG - CuSO, (N=27)
Y
AAGTOAA o
AGAG
AAGAGAG
AANANAAG + CuSO, (N=27)
(16 2 Complex events

- CuSO, (N=26)

(19 + CuSOy (N=27)

152



Appendix 3F. (AG) rnh201! spectra.

(AG)4 rnh201!topl! + vector

- CuSQO,(N=16) 1 Large Deletion
+T
+T
+T
A dms 4G +T

+A -AG +A4G dns 4T +T
16 cins dns +T +CGTG +

ns 4T

+ CuSO, (N=10) 1Large Deletion

1 22nt Duplication

(AG)4 rnh201! + vector

- CuSO, (N=28)

XCTCAGTTGT TOOGTTTGGCCT T TGGAtACCAAGATTTCAAATT-GACGAGCTCAAGCATCATTTCGTGGACT TTGCTTCGAATTTGGATA-

+ CuSOy (N=20)

@5) - CuSO, (N=25)

e

-AGAG-AGAG
i + CuSQ, (N=27)

AGAG-AG-AG-AG-AG-AG

(26)
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Appendix 3G. (AG)rnh201 pol2M644L spectra.

(AG)4 rnh201!topl! pol2-M644L + vector

- CuSO, (N=14)

+ CuSO;, (N=16)

7)) - CuSO, (N=28)
AGAGAGAGAG
AGAGAGAG
NG a
<A AG__ dns dns 4T
AG  dns T dns  -AATTG
AGAG
AGAGAG a
AGAGAGAG
AGAGAGAGAGAG
AGACAGAGAG

+ CuSO, (N=27)

- CuSO;, (N=23)

+ CuSO, (N=27)
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Appendix3H. Crossovers initiated within the rDNA locus in sttulture
10 clones.

Genotype Strain + CuSO, SNP status distal to rDNA locus
Plasmid conc ['M] Heterozygous W303-1a YIM789 Total
only only Analyzed
WT JSC25 + 0 24 0 0 24
Vector (100%) (0%) (0%)
100 23 0 0 23
(100%) (0%) (0%)
topl!/topl! JSC25 0 8 2 14 24
+ pCUP- topl! + (33%) (8%) (59%)
TOP1 pCUPL 100 6 13 4 23
TOP1 (26%) (57%) (17%)
topl!/topl! JSC25 0 8 11 5 24
topl! + (33%) (46%) (21%)
Vector 100 9 9 5 23
(39%) (39%) (22%)

Appendix 31.CUP1Southern hybridization data for sugulture 10 clones.

Genotype Strain + CuSQ Behavior alCUP1locus
Plasmid  conc Alleles with Alleles with Alleles Total
[#M] changes to changes to with No Alleles
W3031la YJIM789 Changes Analyzed
Gain Loss Gain Loss
WT JSC25+ 0 3 - - - 45 48
Vector 100 - 2 - 1 45 48
topl!/topl! + JSC25 0 - - - - 24 24
pCUP-TOP1 topl! + 100 - 3 - - 21 24
pCUP-
TOP1
top1!/topl! JSC25 0 2 - 1 2 29 34
topl! + 100 - 5 1 18 24
Vector
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