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ABSTRACT
A YEAST-BASED ASSAY SYSTEM FOR THE STUDY OENVIRONMENTALLY

INDUCED COPY NUMBERVARIATION

Multiple studies have shown that in different individuals, specific genomic segments can
occur at a variable copy number relative to the reference human geloramosomal
rearrangements resulting @opy Number Variation€CNVs) have long been recognized as
contributing factors in carcinogenesis, and more recently in Autism Spectrum Disorders. The
molecular mechanisms underlying the formatio€biVs are not completely understood. The
goal ofthis research projegtasto complete the development of an assay system to study CNV,
and to validate it as a tool to investigate the relationship between environmental exaodures
CNV formation. We have optimizeal CNV detection assay using the budding
yeastSaccharomyceserevisia as a experimental model system. TI@8lV reporter contains
two yeast geneSFAlandCUP1that confer gene dosagependent tolerance to formaldehyde
and copper, respectivefhis system enables the detection of rare clones containing an
amplificationof the chromosomal segment containing the reporter by selection in media
containing high levels of formaldehyde arwpper, allowing the estimation thfe rate of CNV
formation. Results obtaineoh diploid cellsunder basal growth conditionsnfinduced/ un
exposed) showetthat most spontaneous CNVemts detected in our system werediated
through norallelic homologous recombination (NAHR) between dispersed repetitive DNA
sequences, mainliyl and Ty2retrotransposablelementsand their LTRs Anothe set of
repeats involved in NAHR included conserved gene family. Single copy sequences and

microhomology motifs were detected in our dataset, but were exceedingly rer@nost
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abundant classes of CNVs observed involved seg@héuaplications andon-reciprocal
translocations.n order to characterizée effect of environmental factoos CNV, cells were
exposed to relativellpw dose of three differenknown mutagens: Hydroxyurea, Methyl
Methanesulfonateand CamptothecinThese exposures resultedan increase of the CNV rate
ranging from3 to 17fold over the urinduced cultures. Thepectra of chromosomal
rearrangements induced by these exposmassanalyzed, reaing that not only did exposures
result in more chromosomal breaks but ofteigadr frequency of resulting segmental copies

andallowing further understanding tie CNV mechanisms associated with these exposures
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CHAPTER 1
INTRODUCTION
1.1 Copy Number Variation (CNV) definition and significance

Copy Number Variation (CNV) is an alterationtbé genome that results in altered
number of opies ofone or moresections of DNA. n humans CNVs have been considered to be
charges that vary between Bp and a fewlb (Girirajan et al., 201)jlresulting from sgmental
deletions or amplificationsnsertions otranslocationgFeuk et al., 2006

Beginning in 2004array-based comparative genomic hybridizatiarrgyCGH)) wasused
to study variation in the human geno(tedrate et al., 2004Sebat et al., 2004More recently,
whole genome and exome sequencing have been extensively used to identify human CNVs at
base pairesolution(Meyerson et al., 2030 It was discovered that pg number variants are
widespreadandas of April 2012, 66,741 CNVs in the human genome are cataloged in the
structural variation databash¢ Database of Genomic VariantdssV,
http://projects.tcag.cal/variatignand are the cause of a great deal of gedetarsity, more so
thanevenindividual nucleotide changesifglenucleotide polymorphism&NPs)(Sebat et al.,
2007). The rate ofle novaCNV mutationsn humans is two to four orders of magnitudgher
than the rate of SNP mutatiofisupski, 2007.

A comprehensive studyf CNVs involved with autism and asthma fouhdtthe mean CNV
sizes to be 68Kb and 2Mband that on averag®;:25 Kb of de novaCNV sequencevas
observeger genom@er transmissiofitsara et al., 200 While 3590 substitutions per
geneation was previously estimatéa be the range afe novgpoint mutation rates
(Kondrashov, 2003Nachman and Crowell, 20p0Roach et al., 20)0the autism/asthma study

reveakdthatthe overall frequency afe novoCNVs is less than point mutations, but that the
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number of affected base pairs per generation is abotfiold@igher(ltsara et b, 2010. The
rate of somatic CNV is also very high and enough to produce detectable vaeatobgstween
different tissue@ a single healthy individugPiotrowski et al., 2008and between identical
twins (Bruder et al., 2008 Likewise, somatic CNV mutations in cancer are a major source of
intra-tumor geneti mosaicism that is just beginning to come into lighé&cosko and McCarroll,
2012.
The link betweeropy number mutatiorsndAutism Spectrum Disorde(&SDs)is the
most notable phenotypic consequence established édlkil@hams and Geschwind, 2008 his
is acategory of disorders of which tiienter for Disease ContrdCDC) estimats 1 in 88
children aradentifiedto possessThis marks a 78% increase of incidence from 2007, and 28%
since 2009leading the CDC to consider it to be Gmportant public health conce®n
(http://www.cdc.gov/Features/CountingAutismVhile some of thencreasan ASDsis due to
theincreasedawareness andiprovedmethods of diagnosis, it is believed that both genetic and
nongenetic factors including environmental exposures have also contributed to this increase.
CNVs have also been identified as important contributors in the risk of d{S== et al.,
2007. The role of CNVs in carcinogenegfbrahams and Geschwind, 20@td in other
diseases, such as Chardtarie-Tooth syndrome and Williams syndrome, has long been
recognizedEwart et al., 1993 edbetter et al., 1981 upski et al., 1991Sebat et al., 2007
Thougha clear genetic link has been established, the meticasosnection between CNV
and autism istill a wide open question. An active field of investigatisrsiudying which
specificgenes, whealtered in copy number, cause nedevelopmental disorders\ region
containing ® genes on chromosome 1®%p112) has been frequently observed in psychiatric

disorders with copypumber variants. Wle the mechanisms and specific genes of the 29
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involved are not fully understood, individuals that have loss or gain of 16p11.2 have significant
risk of autism and delopmental delayMalhotra and Sebat, 2012bA study using zebfash as
a brain development model systéas provided evidence suggesting thatcausal link to
autism is the change in the number of copies of three specific geaéesdaovithin 16p11.2:
KCTD13, MAPK3, and MVRGolzio et al., 201
1.2 Mechanisms of nutation

Information from rearrangement breakpoint junctions commonly provides infomeaut
the mechanisms underlying teuctural variationsNonallelic hanologous recombination
(NAHR), nonhomologous engbining (NHEJ), fork stalling and template switching, and
restrotransposition have been identified as the mmagchanisms respoiée for structural
variationsin humangZhang et al., 2009 The misalignmenbf homologougbut nonrallelic)
regions and ensuing crossing over betweersites is what is known as NAH®alhotra and
Sebat, 2012a This event occurs most frequently during mei¢$isgner et al., 2008 and to a
lesser extent in mitos{tam and Jeffrgs, 2006 2007). Regions that possess disperbaghly
repetitive DNA sequencesich as transposable element insertions, and lothieropy repeats
(LCRs)are more prone to frequent rearrangements dudtdRN(Malhotra and Sebat, 201R2a
In contrast, homlogy at breakpoints isot essential for NHEJ to occ(iFoffolatti et al., 202).

Fork stalling and template switching, described as microhometoggiated breaknduced
replication(FoSTeSMMBIR), is a rearrangement mechanism that results from errors during the
process of DNA replicatio(Lee et al., 200Malhotra and Sebat, 2012aRearrangements
induced by this mechanism have been observed to vary greatly in size and corfigestitygs

et al., 2009Zhang et al., 2009
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Results from the 1000 Genomes Project have shown that 70.8% ofrietesalted from
NHEJor FoSTeS/MMBIR, wheredarge duplications or deletions were generated by NAHR
(Malhotra and Sebat, 201,2dills et al., 201).
1.3Yeast as a model organism for genomeability

The budding yeassaccharomyces cerevisia@as used in this study of CNVs. S.
cerevisiaehas 16 chromosomeasnging from 0.2 to 2.5 MB in sizdn this modela CNV event
is a deletion or dplication of a segment as sma#l a single gene (~2Kb) but not greater than
one chromosome arm (~500KbJhe yeast genome 250 fold smaller than the human genome,
allowing basepair resolutiongenomic analysis @lower wst. It serves as a powerfabdel to
studyfundamental mechanisms @fikaryotic cell and molecular biology, including the
formation of CNV events. Though the yeast genome is much simpler than the human genome, it
contains many of the same bagropertes including: dispersed repetitive DNA sequences,
conserved replication and repair pathways, amalogouorganization of the chromosomes.
Studies of duplications or deletions beftre year2000 were not genomeide, but
rather focused on single loai@thus the redis were gene/straigpecific(Fink and Styles,
1974 Sherman et al., 1974 Haploid strains @re used in most of these studies. Hotspots for
deletions were identified in two locations in the gendgmebman et al., 1979 It was
determined that thedecations were flanked by two 58Ky retrotransposons in direct
orientations, and thaton-allelic homologous recombination between the Ty elements was
responsible for the deletions that had beeripusly observedLiebman et al., 1981 High
frequency of deletions wassa found to occur due to a similar mechanism of recombination
between flanking delta elements (long terminal repeat sequ@rides) associated with Ty

elements)Rothstein et al., 1987 Directly oriented retrotransposons have been identified as
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being involed in deletion events in several otheerdees(Argueso et al., 20Q8oang et al.,
2010 McCulley and Petes, 2010

Studies performed by Chan and Kolodner showedttiggpresence of a dispersed repeat
greatly stimulated the rate of NAHRediated deletionsnd that in regions without repeats
infrequent delebns were often due to NHEJ. Thss shown throughn assayor gross
chromosomal rearrangements (G@&Rjailing the simultaneous loss of two ge@d&dNland
URA3that were locatedn the left end of chromosomgGhr5) (Chen and Kolodner, 1999In
more recent versions of the same astiagy/nsertion of a Tyl element proximaltkeese genes
showed an increagse the deletion eventsf about 406fold (Chan and Kolodner, 2012012).

Duplication events in yeast have not been as frequently studied as deletions, but involve
what €em to be more varied mechanisms. For example, duplication events can involve an
increag in copy number from a pexistingduplication or from a duplication of a region
originally present in only one copy. Dependent on chromosome context and plognses
originally present in one copy being duplicated seem to occur at a much lower frequency. A
number of reporter systems have been used to detect duplications: medium containing antimycin
A can select for duplication of ttDH2 or ADH4 (Dorsey et al., 1992andRPL20B
duplications in strains witRPL20Adeleted can beetected as faggrowing descendants of the
slow-growing parenstrain(Koszul et al., 2004Payen et al., 2008 Narayanan et al. (2006)
selected for amplification of a cassette contair@P1landSFAlby use oimedium that
contained high levels of copp@u) and formaldehgle (FA). SFAlbeing formaldehyde
dehydrogenasenhich acts to detoxify formaldehyde,caf@UP1 or metallothionein which habke

ability to sequesteropper and thus mediate resistatwkigh concentrations of
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copper/cadmiumThe Narayanan et aCUP1/SFAlreporter systenwas the starting point for
the development of the assay describeithimstudy.
1.4Inheritance and potential environmental mpact

DNA damage such as double strdmmdaks are initiators that trigger the mechanisms that
can lead to chronsmmal rearrangemenitsvolved in CNV formation. This damage can be
caused by intrinsic cellular factors, or by environmental exposures such as ionizing radiation.
The growing rate of sporadic disease in whichg@eeticmutation responsible for the deseis
found in a patient but is absantthebiological parents impliethe occurrence afe novoaCNVs
both somatically and in the germlinén addition the development cfomaticcances are
clealy associatedo environmental factord@offetta, 200, that stimulatiorde novoCNV.
Alarming data from environmental quality studies have shown the presecaecetning
concentrations of pesticides, industagakemicals, pharmaceuticals, and other dbals in
ground wate(Richardson, 2008 It is plausible that these environmental pollutants could be
partly responsible faan increase idenovoand somati€NV occurrence in the popation
exposed.
1.50bjectivesand overview

The aim of theesearch presented in this thesas tooptimize the yeast CNV assay and
use it to nvestigate environmental factors and mechanisms involved in the formatiemoto
CNV events.Saccharomyceserevisiaecells were exposed to known mutagens not only to
studythemechanisms involved, but also confirm the effectiveness of the assatool for
screening unknown candidate mutagehgormative results from these expeeénts validated

this approah of study and will allow for future study tife role ofemerging contaminants.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Yeast strains used in this study:

All strains used in the CNV assay were isogenic with strain MS71, except for noted
locusspecific chages introduced by transformatiiremoine et al., 2005MS71 is essentially
isogenic to the CG379 strain backund (Argueso et al., 20Q8orrison et al., 1991 The
specific strains used in this study are listed in Table 1.

The CNV reporter cassettechenaticrepresentation inigure 1)was integrated in to the
yeastgenome by PCRnediated homologous recombination, and transformants were selected in
plates containing geneticin. TI&#Algene in the reporter cassette contains a dominant mutation
thatencodes &aline 208 to Isoleucine substitutioBRALV208)) predicted to enhance the
activity of formaldehyde dehydrogenase enabling higher tolerance to formaldehyde. The reporter
cassettavas integrateat three different positions (one at a time) in the hapleakyygenomen
Chr5, between thBDI1 andUBP5genes, at SGD coordinate 457,70®(1::SFA1-V208}
CUP1-KanMX4); on Chrl5 about 5 Kb distal to tiRPL20Bgene, between tHeFG1andCOT1
genes, between SGD coordinates 905,937 and 906551 SFA1-V208FCUP1-KanMX4);
on Chr4 between thieML2 andSAM2genes, at SGD coordinate 1,453,103. Each haploid
carrying a specific reporter insertion above was mated to a haploid of the opposite mating type
carrying aTRP1linsertion at the exact same respective positithesefore forming the diploid
strains used in the study.
2.2CNV assay and environmental exposures

Individual colonies from the CNV reporter pareiiloid strains were isolated on YPD

plates (rich media; 20 g glucose, 20 g peptone, 10 g yeast eatrdc0 g agar in 1 L of
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Table 1. Diploid strains studied.

JAY685

JAY681

JAYG657

JAY654

JAY648

JAY644

JAYS538

JAYS520

JAY484

Diploid formed by crossing JAY681
and JAY657. Reporter on Chri5.

MATa

MATalpha

Diploid formed by crossing JAY648
and JAY644. Reporter on Chr4.

MATalpha

MATa

Diploid formed by crossing JAY484
and JAY520. Reporter on Chr5

MATalpha

MATa

ade5-1 his7-2 leu2-3,112 LEU+ ura3-52 trp1-289
cupl! RSC30 sfal ::hisG RPL20B::SFA1V208I-
CUP%Kan 3-5'

ade5-1 his7-2 leu2-3,112 LEU+ ura3-52 trp1-289
cupl! RSC30 sfal ::hisG RPL20B:: TRP1

ade5-1 his7-2 leu2-3,112 LEU+ ura3-52 trp1-289
cupl! RSC30 sfal ::hisG PLMZ2::SFA1V208]-CUPZ%
Kan

ade5-1 his7-2 leu2-3,112 LEU+ ura3-52 trp1-289
cupl! RSC30 sfal ::hisG PLMZ2::TRP1

ade5-1 his7-2 leu2-3,112 LEU+ ura3-52 trp1-289
cupl! RSC30 sfal ::hisG DDI1::TRP1

ade5-1 his7-2 leu2-3,112 LEU+ ura3-52 trp1-289
cupl! RSC30 sfal ::hisG DDI1::SFA1-V208/-CUPZ%
Kan
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Chr5 diploid
parent (JAY538):  SFA1V205.CUP1-Kan

\ s

TRP1

Ty retrotransposon repeats

Chr15 diploid V2081, )
parent (JAY685): SFA1V298.-CUP1-Kan
EFT2 TRP1
Chr4 diploid V2081, i
parent (JAY654): SFA1"*°*-CUP1 an

aL 4 o 4R
/ AN

EFT1 TRP1

Figure 1. Structure of the CNV reporter and insertion sites on Chr5, Chrl5, and Chr4

diploid strains. Circles indicate centromeres and boxes containing OLO and OROQ indicate left and
right telomeres, respectively. The reporter cassette cont&8fiAg, CUPlandKanMX4genes

was inserted on the left arms of eatihomosome. The endogenous copieSdP1andSFAL

were deleted from the strains. Black arrows represent Ty retrotransposons el@R&itgene

was inserted at the allelic position on the homologous chromosome. Yellow arrows represent the
EFT1andEFT2 genes that are two copies of the same gene represented twice in the genome.
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distilled water), and themcubated in 5 mL liquid YPD for the last 24 hours of growth. In the

case of environmental exposures, the specific mutagens were added during the liquid growth

phase at the following concentratio@amptothecinCPT) 15 pg/ml,Hydroxyurea HU) 50

mM, andMethyl MethanesulfonatdMS) 35 pgml. 1 mL of each culture was centrifuged

down to a pellet and the supernatant was discarded. The pellet was then washed twice using

sterile distilled water. The washed pellets wersuspended in 1mL of water, ane tbamples

were serially diluted. 100 ml of the “@ilution was plated on one permissive SC Trp evap

plate; and four 100 ml aliquots of the 1@ilution were plated on four different nqrermissive

SC Trp dropout plates supplemented with 1.8 folhaldehyde [FA) and 150 uM CuS® The

SC Trp dropout plates were prepared with7g YNB w/o a.a., w/o A.S, 1.45yp drop-out mix,

5 g ammonium sulfate, 2@ glucose, 2@y bacteriologicalagar, and 1L distilled F0 were mixed

and autoclaved. Cu and FA werddedafter themediacooled down t&Z0iC. FA is not stable

in water solution, therefore freshiViLdilutions from a methanedtabilized stock were prepared

for each new batch of ngrermissive media. These plates were poured and used within 48hrs.
Cellswere grown for five days and colonies were counted on days three, four and five of

growth. The documentation of colonies from each day of growth was compared withdbes re

(section 2.2) to see if the length of time floe originalcolonies to growvas related to the

classes 0€NV events detected. The total number of colonies that had formed on the four non

permissive plates after five days were added and compared to the colonies formed on the

permissive plate in order to calculate the mutationusiteg the Lea and Coulson method of the

median(Lea and Coulson, 1939To ensure the independence of the CNV events analyzed, only

one colony from each culture was selected from apsymissive plate to be-tested and later

used inpulse field gel electrophoresiBRGEH and arrayCGH.

10
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2.3Phenotypicre-tests

From each cultura colony was selected, streaked on low concentratiopNd.@uSO4
and100mM FA plates to grow isolated colonies, and watested in order to verify the
occurrence of the copy number amplification of the cassette. This was done by plating dilutions
of the medium containing the experimental culture, which was inoculatd8 Bdurs, on four
different plates containing differenbmbinations of copper and formaldehyd@ne plate did
not contain any copper or formaldehyde, this servedpasitive viabilty referencdor the cells
plated. The other three plates contained 1.8 mM FA and 150 puBIG2fsame as the selective
plates used in the CNV assa@mM FA and 30quM CuSO4 and 2.0mM FA and OuM
CuSO4 The plates only containing either Cu or FA provided information about the predence
the two individualgenes that were inserted in the reporter cassette. On each of these plates, the
growthof the candidate CNV clonegas compared to the viability of the parent contajione
copy of the cassette.
2.4Pulse field gel éectrophoresis PFGE)

Agaroseembedded full length chromosomal DNA wasparedor each sample to
analyze using PFGE. Thesamplesglugs were prepared in sufficient quantity to allew
single source of full length chromosomal DNA to be analyzed repetitively if needed
different assays withodhe need fosecondary DNApreparationshat might haveaused
variations inclones carrying unstable chromosomal rearrangements

To make these plugteculturesweregrown in 7 ni. of YPD for 2448 hours. The
samples werethen centrifuged, the supernatant discarded and thespedietweighed. The
appropriate amount aymolyase antbw-melting pointagarose was mixed with the cells and

transferre to BioRad plug molds. |iys were incubated in the cold room for aki@d®30

11
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minutes, and once they were solidified the plugs were put in a solution maderoVbEOTA,
10mM Tris, pH7.5, and incubated overnight at 37C. The next daydl0ff a solution
containing 5% sarcosyl, 5 mg/ml proteinase K in 500 mM EDTA pH 7aS,added and
incubated at 50C for five hours. Plugs were then wa3hedtimes in 1XTE solution.

Plugs werdgrimmedandloadedon a 180ml gel prepared witi% BioRad Pulse Field
Certified agarose 0.5% TBE buffer The wide/long BioRad CHEF gel molhs used to cast
the gel. Theseparation progranvas run at 5 volts, temperature 14C, initial switch time was 47
seconds, final switch time was 170 seconds, and the run timedfaog 5058 hours. The
technique differs from a standard gel electrophsrniesthat the voltage switchesgonally
resuling in a net forward movement of the DNA. The various sizes of DNA chromosomes react
to the change of voltage at different rates, resulting iddualjth chromosomseparation
2.5Microarray -basedcomparative genomehybridization (array -CGH)

Array -CGH experimentsvere also used to identify the CNV events. First the DNA was
extracted from thagaroseembedded full length chromosomal DNA plugs. For each sample,
four plugs were dried on@aper wipeand pu in a tube. 25@L of binding buffer from the
GeneJET Extraction Kit #K0702 was added and incubated at 37C until the plugs dissolved.
These samples were then sonicated, using the Bioruptor200Dy Diagenode, for 30min.

The procedure as stated in theneJETGel extraction kit was followed and 1& of elution

buffer was used. The dsDNA broad range Quiairgtssay kitand Invitrogen Qubit fluorometer
was used to determine the concentration of the DNA that was extracted and a gel was run to
confirm thedesired size range of the fragmented DNA (0.5 to 2.0 Kb)

An aliquot of 1.5ug of genomic DNA form each sample wdikited withdeionized HO

to atotal volume of JuL. 6.7pL of 2.5« random primers from thievitrogenBioPrime Array

12
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CGH Genomic Labelig module kit were added to each sample. These samples were then vortex
and incubated for five minutes at 95€Cdenature the genomic DNADuring which time the

Cy5 reaction labeling mix and Cy3 labeling mix were made, using dUTP mix and Klenow Pol
from the BioPrime Array CGH Genomic Labeling module kit and-@{5'P and Cy3UTP.

The entire Cy3 mix was then added to the parent strain sample, and the Cy5 mix was evenly
distributed among all of the experimen@MlV clonesamples. The samples were then batad

at 37C for 3 hours. Then the Cy3 mixture was evenly divided into each of the Cy5 reactions and
the GeneJET PCR Purification Kit #K0702 was followedlean up the reactipnsing 22uL of

elution bufferto recover the purified labeled DNAA hybridzation mixture containing salmon

sperm DNA Agilent 10x blocking agenaind Agilent 2x HIRPM bufferwas made and 35puL

was added to 2L of eachlabeled DNAsample. The samples were then incubated for 3

minutes at 95C and 20 minutes at 37C. Th&-labeled experimental DNA and the Gy

labeled parental DNAamples were then loaded on Agilent Technologies oligonucleotide
microarray slides ando-hybridized a65C in a rotating oven overnight (at least 14 houf$je

arrays contained roughly 15,000-6@ probes distributed evenly across the entire yeast

genome, with a median spacing of about 700 bp.

The next day, the slides were washed for five minusasg Agilent wash buffers 1 and 2
as recommendedlhe slides were then scanned using the PerkinEBoan Array Express
Microarray Scanner. Gene Pix Pro 6.1 was used to grid the arrays and extrelettitre
Cy5/Cy3 hybridization signals from the imagdsexus Copy Number software was then used to
analyze the GenePix data, allowing vitalizationhaf tesults in the form of the graphical plots

shown in the figures in the Results andp@pdices

13


jacquelynstanton
13


CHAPTER 3
RESULTS

3.1 Description of the &perimental System

The primary goa of this research projectexreto complete the development of a yeast
assay ér the detection of spontaneous chromosomal rearrangements associated with gene
amplification and/or deletion (Copy Number Variation; CNV), and to demonstrate its use as a
system for the analysis of the role of specific environmental exposures on inaiciibiv
events. The initial development of this assay was conducted previously and will be presented
elsewherédZhang et al., 2012a

TheCNV assaysystemis based on thghenotyjic selection ofyeast cellsontainng
localgenomicincreasesn genedosaggFigure 1) Diploid strainswerebuilt andstudiedthat
had chromosomal integrations o€&lV reporter casset@ontaining the&SFAlandCUP1genes
(Figure 2)that confer gene dosaglependent tolerance to formaldehyB8&) and coppe(Cu),
respectivelyThese prent strains containing a single copy of the CNV reporter cassette were
only able to grow in media that contained low levels of FA and Cu. Selective conditions for the
assay were optimized such that at the specific inhibitor concensrabarbination ofL..8 mM
FA and 150 uM C804only cells that had undergone genomic amplification events resulting in
the presence of two or more copies of the CNV reporter cassette were able to grow.

The cassette alsncludedthe KanMX4 marker(Wach et al., 1994 which confers
resistage to geneticin and was useddelect or initial integraton of the cassette into the
genomeAlso shown is the auxiliary marker gehRPlinserted at the allelic position on the
homologous chromosomehis auxiliary marker further enhanced the sensitivity of the CNV

assay because it allowed to focus our study on the relatively rare 1adlelic recombination
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Figure 2. Genedosage dependent phenotypelhe top mage shows the growti the parent
strain and ofFormaldehyde and Copper Resistant (FCR) clones containing increasieg abpi

the CNV reporter cassette on medium containing no copper or formaldehyde. Whesahe:
strainsare plated on medium containing FA and Cu as shown in the bottom iinade«;Rs

are able to grovand a higher number of copies of the reporter cagghlaith better growth.

The parent strain, which contains just one copy of the reporter, is unable to grow on the plates
containing copper and formaldehyde.
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events that are responsible for pathogenic CNV formation in hufhRf4lis essential for
growth in media lacking tryptophan. Plating cells in Trp doopmedia eliminated the grokwv
of clones thatould haveacquired a second copy of the CNV reporter by allelic mitotic
recombination (Los®f-Heterozygosity; LOH). Thigelatively frequent class @fllelic double
strand break repair mechanism was not the subject of this researatt pioge idoes not
generate chromosomal rearrangementsi@hgically benign imphenotypicoutcome.

A major advantage of theNV assaysystem is that itan be used in diploid cellslost
other assays used previously to model genome stability inweaststrictly limited to haploid
cells. Because our assay uses diploid parent straissiot limited in terms o€NV formation
mechanismsmeaning thaall of thepathwaysliscussed in thintroduction section can be
successfully recoveregarticulaty those events involvinarge genomic deletionghich are
lethal in haploids This allowedfor an unbiasedamplingof naturally occurring CNV events
andprovideda much more relevant model for the pathogenic genomic changes that occur in the
human geame

Threeparentdiploid strains were built that hakde CNV reporter cassette inserted at
different genomic sites: Chrl5 (JAY685), Chr4 (JAY654), and Chr5 (JAY 538). Schematic
representations of the chromosomal insertions in these strains are shogurénl The
genomic context of the reporter insertion differed significantly between the three parent strains.
The reporter was inserted between two flanking difgétrepeats on Chr5, which are known to
facilitate segmentaluplications(Argueso et al., 2008 In addition, Chr5 is a relatively small
chromosome in the yeast geno(B&7 Kb) Chrl5 is a larger chromosorfie091 Kb)and the
reporter cassette wasserted farther away froftanking repetitive elements. The specific site

of insertion on Chrl15 (immediately distal to REL20Bgene) was chosen to allow comparison
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of our resultgo those previously repordeusing sedction for duplication othe RPL2® gene
(Payen et al., 2008Chr4 is the second largest chromosome in the ge(tbd32 Kb)and the
cassette was inserted distal to the dastotaed dispersed regat, therefore it was not flanked by
any type of homologyThe parallel analysis @hese different combinations bbst
chromosomesizesand reporter cassette locations gaveaadrepresentation dhe CNV
mechanismghat are possibl#hroughout the gast genome.

The three diploid parent strains were used to investigatkewparameters of CNV
formation:(1) we measured the rate at which gene amplification ewecur by usig
guantitativefluctuationmutation assays; and (&g characterized the glitative nature of the
genome rearrangements present instlected CNV clonesy molecular karyotyping using
combination of Pulse Field Gel Electrophoresis (PF&tf) microarray basedomparative
Genome Hybridization (arrazGH).

These parameters weiest determined in yeast cultures grown under normal (un
induced) conditions. We then set out to validate the assatoatfor the investigation of the
role of environmental exposures GNV formation by treating the cultures withrée known
mutagensall of which had been previousthrownto induce the formation of chromosomal
rearrangements in othgeast and human cell culture assgidt et al., 2011 Myung and
Kolodner, 2002Payen et al., 2008 These procebf-concept CNV inducing agents were:
Methyl-Methane Sulfonate (MMSgn alkylating agent and knovaarcinogenCamptothecin
(CPT),atopoisomerase | inhibitaand obsolete chemotherapeutod Hydroxyurea (HU),ra
inhibitor of ribonucleotide reductase (atmlisinducer ofDNA replicationstres$, currentlyused

in the treatment of sickle cell diase.
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3.2 Amplification m utation rate determination and phenotypic retests

The amplification mutationrates were determined classic fluctuation assafisea and
Coulson, 194Pby plating dilutions of several independent yeast cultures on permissive and on
non-permissive-A/Cu media, thertounting theesulting yeastolonies to estiate tle number
of mutants per culture. These experiments were carried outfoduned cultures as well as for
cultures exposed to 8mM of HU, 15 pg/ml of CPT, or 35ug/ml of MMS duringthe last 24
hours of their growth.Thesespecific doses were chasbased on preliminary tests that
indicated they were sufficient to significantly induce CNV mutatiwibout causing an
excessive reduction in cell viability the culturesAs stated abovehe primary intent of this
study was ta@lemonstratéhe detedon of exposuredependent CNVnutatiors and to
characterizéhe molecular nature of the resulting genome rearrangentgintse the single dose
datapoints chosen allowed us $accessfully reach both goatlke determination afose
response curves ovemade range of dosegor eachdrugwasnot pursued.

The results of the mutation rate assays, inclutiegian rate anfi5% confidence
intervals, for all conditions in all parent strains are summarizédlate 2. In generalthe un
induced CNV mutation ras were quite high (~19 when compared to typical base nucleotide
mutation rates previously measured in yeast ).I0he specific absolute valuesried
significantlydepending on thgenomic context of the CNV reportdihe rate measured for
Chrl5was quite lowwhencompared to the mutation rat@easureavith the Chr5 and Chr4
reportersAll cultures exposed to MMS, CPT and HU showed a significant elevation in the CNV
mutation raterangingfrom a three to seventeen fatimulationdepending on therdg and the
reporter strain combinatiohe specific CN\Mnductions provided by each drug weedatively

similar for the Chr4 and Chrl5 reporter ingers, wherea a lower level of induction was
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Table 2. Quantitative measurements of reporter amplification.

Relative rate 3.1 1.0 2.88 3.39 4.64 1.0 4.98 6.66 12.58 1.0 5.62 556  16.85
Absolute rate

11 2.5 7.1 8.3 11.4 1.3 6.6 8.8 16.7 0.16 0.91 0.90 2.7
(x106)
95% confidence
( ) 04-.19 1.6-3.0 6.4-11.1 3.9-14.7 7.3-14.4 1.1-1.8 45-11.5 5.0-16.4 10.8-27.1 0-0.3 0.6-1.2 0.5-1.4 1.8-3.7
x10-6
Number of

30 43 15 14 15 42 14 15 15 40 29 29 29
cultures

Presented are thmedian rates of amplification per cell pell civision and the relative rate compared to the respective uninduct
cultures, and the 95% confidence intervals for the ratestotal numbers of cultures for each strain containing are also shown



measured for the Chr5 reporter.

We also monitored the number of viable cells perucalat the time of plating, in
unexposed and mutagen treated c@lisble 3).All exposed cultures had a lower cell
titer at the end of the 24 h exposure, ranging from 35% to 75% of the average titer in un
exposed cultures. It is unclear, however, whetihedower titer reflected cell killing, or
simply a slower rate of cell division in the presence of the drugs. In either case, the
exposures were relatively mild in terms of cell toxicity, but were still capable of inducing
a significant increase in CN\&s intended.

Another important parameter that we examined was the frequency of positive
phenotypic reests for each mutation rate assay. Typical nucleotide mutation assays
select for very discrete phenotypes that are straightforward to interpret seslerason
of a mutant allele associated with a nutritional deficieroy.Lys to Lys’, growth on
Lys dropout plates), or complete loss of function of a specific gene resulting in drug
resistanced.g.Carr to Carf, growth on plates containing the druanavanine). In
contrast, the CNV assay is based on scoring the gradual phenotypic enhancement
associated with extra copies of the reporter cassette. Previous attemptbfizadom
detection assays had bgdagued by a high percentage of fapgesitivecolonies
growing on mn-permissive plates due pwocesses other than true amplification,
especially small variations in expression of the reporter g&wrsey ¢al., 1992
Moore et al., 2000 We therefore investigated whether the selection applied in our assay
was also susceptibte a similar pitfall. We took at least omadividual colonyselected

on FA/Cuplates from each
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Table 3. Final viable cell titer in liquid cultures prior to plating.

Uninduced CPT HU MMS
Average final titer X10+7) 5.08 3.80 2.16 1.79

SD finaltiter (x10+7) 2.07 1.53 1.03 8.98
Relative final titer 1.00 0.75 0.42 0.35
Cultures 125 58 58 59

The final cell titer was calculated based on the number of colonies counted on permissive |
(no FA or Cu). The values for all three parental strains were pooled according to their respective

exposures.
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culture, reisolated single donies norselectively, and there-tested their resistance phenotypes
to FA individually, Cu individuallyandFA and Cu in combinationThe majority of theclones
re-tested resistar{94.8%y), and FA and Cu resistance were nearly always associated, confirming
thatour double selectionmegimenis highly specificandgiving us high confidence that the

colonies conted on the selective plates indeed correspond to true CNV events.

While the measurement of absolute mutation rates was informative, the interpretation of
the reasons responsible for the differermeservedetween the varioysarent strains and
exposuresequires a deeper understanding of the molecular nature of the chromosomal
rearrangements. This analysis, presented in the following section, provided useful insight as to
why the CNV rates varied depending on wharthe genome the reporter was insetted
measure the rates
3.3 Spectra of associated chromosomal rearrangements

After confirming a positive CNV phenotype on thetest platesindividual FA/Cu
resistant clones (FCRs) were examined using PFGE and@@Hlyin order to determinthe
moleculamature of their chromosomal rearrangements. To ensure independence of origin, only
one FCR clone was analyzed per culture. The analysis of both spontaneous and environmentally
induced CNVs in the three parent diploid strains helgegain a mechanistinderstanding of
the processes and classes of chromosomal rearrangements associated with each condition. The
analysis of the arraCGH patterns was patrticularly informative in this regard. The summary
arrayCGH graphical gene dosage plots from all FCRietoanalyzed across all conditions in
this study are shown in Appendix @

The first parameter we examined from the ai€4yH data was the total number of

copies of the reporter cassette present in the FCR clones. Only one additional copy of the
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reporer cassette was sufficient for growth on the selective plates, but higher order amplifications
may also have been present among the FCR clones. The microarrays used in this study were
customdesigned to have a high number of probes withirsfk@landCUP1genes. We scored

the FCR to Parent hybridization ratios for these fdghsity reporter probes separately from the
global copy number changes in the rest of the genome. This allowed for an isolated and reliable
method for determining the number of coppéshe reporter cassette in the mutated strains. In

the arrayCGH plots, the signal for theFAlandCUP1genes was always displayed at their

native positions on Chr4 and Chr8, respectively, regardless of where in the genome the CNV
reporter was insertedTherefore, every FCR clone had a positive spike that appeared at these
two locations on the arra@GH analysis. Using the average signal within these spikesasead

the Log(FCR-Cy5/ParentCy3) value, we were able to estimate the number of copidgof t

reporter. As seen inable 3, majority of the uAnduced FCR clones contained only one extra

copy of the reporter. This confirmed that the FA/Cu resistance selection conditions were
optimally adjusted, supporting full viability of clones with lmsderamplifications. Another

pattern that was observed was that the FCRs derived from environmental exposures contained a
higher number of copies of the reporter, particularly in the case of Chr5. This suggested that
these exposures not only stimulated CNMrfation, but also that those CNVs were more

complex in structure.

This andysis also showed that many FC€Rnes derived from the Chr5 parent strain had
higher order amplifications (more than one extra copy), whereas the Chr4 and Chr1l5 FCRs were
mostly limited to low order amplifications. This observation suggested that the Chr5 region is
more flexible in terms of tolerating higher amplification levels than the other twowshesh

may have reduced viabilities associated with partial aneuploidy.
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One imporant point worth noting is that we cannot rule out the possibility that some of
the higher order amplifications may have occurred during the growth of the original FCR colony
itself. In order to start growing on the FA/Cu selective plates the cells meshhdwat least one
extra copy of the reporter, but since formaldehyde is a known mufidgerari et al., 201Rit is
possible that additional secondary events may have accumulated during the colony growth.

We then examined the arr@GH dataset to identify the patterns of genomic change
present in the various samples. Three major mechanisms of reporter atiphifigere detected:
Aneuploidy (full additional copy) of the chromosome, segmental duplication of the insertion
region, and nomeciprocal translocation of the insertion chromosome arm. In some cases, FCR
clones carrying complex genome rearrangementsrioaid than one of these classes. The
summary of CNV mechanisms is showrirable 4

The three parental strains analyzed displayed very specific mechanisms of reporter
amplification. Under usinduced conditions, aneuploidy was the predominant mechanism for
Chr5, and was much less frequent €@inr4, and only observed in one case @15 This
difference is likely reflective of the number and the specific genes present in each of these
chromosomes, and indicates that gene dosage imbalances on Chr5 naasea deleterious
effect on cell viability and are more tolerable that in the other larger chromosomes.
Interestingly, in thenutagerexposed=CRs the proportion d€hr5segmental duplicatieand
translocation increasedelativeto aneuploidy eventsonsistently with an increase in DNA
damage processes that trigger chromosomal rearrangements.

Several structural properties of thenomeaearrangements were noted including the size

of the CNV events, and whether single (interstitial) or multiple (tra@asilons) chromosomes
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Table 4. CNV reporter amplification levels.

FCR clones
analyzed by 29 30 10 12 10 24 12 9 11 24 11 10 8
array-CGH
Reporter copy
number:
2 18 13 1 0 0 22 8 6 6 22 10 5 8
3 11 9 1 2 3 2 4 3 5 1 1 4 0
4 0 4 4 5 3 0 0 0 0 0 0 0 0
5+ 0 4 4 5 4 0 0 0 0 1 0 1 0

Array-CGH data was analyzed and the number of copies of the reporter was determined based on the relative hyb
signal between FCR and parent strain for the high density proBéaandCUPL



were involved. The breakpoints (defined as the specific positions where gene dosage
changes were detected) were also scored in order to determine if recombination occurred
at sites containing dispersed repetitive DNA elements or at single comnsegymicre
homology omornthomology). This data supported the interpretation of the recombination
pathways involved with each CNV event, and whether there were specific patterns
associated with each exposure or chromosome. As sholabiab, the vasimajority of
breakpoints were found at dispersed Ty or LTR repeats, the most abundant class of yeast
repetitive DNA elements, comprising roughly 3% of the yeast gerfmeet al., 1998.

The second most abundant class of breakpantluded those found sites containing

other forms of conserved sequences such as gene family membeEBHTlandEFT2,
discussed in next section). Finally, single copy sequencesalsa detected, but they

rare. These results indicated that the primary mechanism assouidt€ZNV formation

in our dataset was the repair of DNA doubteand breaks through natflelic

homologous recombination (NAHR), and that microhomology orlm@nologous repair

pathways only played a minor (if any) role.

In addition to the chromosomal rearrangements associated with amplification of
the CNV reporter, we also detected numerous cases of other gene dosage changes in
regions of the genoméadt were unrelated to FA/Cu resistance. These events (Table 6)
involved the same categories of events described above, including aneuploidies,
segmental duplications and deletions, andremiprocal translocations. Since these
events did not directly afte the selected phenotype, it is unclear why they were so

abundant in the FCRs. Possible explanations
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Table 5. CNV mechanisms and rearragement breakpoints associated with the reporter.

CNVs
associated with
the reporter:

Aneuploidy: 0 21 5 6 6 5 1 2 2 1 0 0 0

Segmental 29 10 7 9 6 0 0 0 1 1 1 2 0
duplication:

Translocation: 1 8 6 7 7 21 11 9 11 23 11 9 7

Rearrangement breakpoints:

atTyorLTR 57 35 27 31 27 42 24 31 27 31 22 27 9
repeats:

At other repeats: 0 6 0 0 0 0 2 0 0 14 2 2 6

at single copy 0 0 0 0 0 0 0 0 0 3 0 2 0

sequences:

CGH-array data of the CNV events associated with the reporter was analyzed; it was determined if the regions of tl
breakpoints contained dispersed repetitive DNA elements or single copy sequencgped bédvents: aneuploidy,
segmental duplications, and translocations, were also noted.



Table 6. CNV mechanisms and rearrangement breakpoints not associated with the reporter.

CNVs not
associated with
the reporter:

Aneuploidy: 0 12 2 1 3 5 2 0 1 1 8 6 4
Segmental 2 2 0 0 1 1 1 2 2 2 0 2 1
duplication:
Segmental 0 2 0 0 0 1 0 0 0 0 0 1 1
deletion:
Translocation: 0 15 0 1 0 5 1 1 0 2 2 1 2
Rearrangement breakpoints:
at Ty or LTR 4 1 0 2 2 10 8 7
repeats:
At other repeats: 0 6 0 0 0 0 0 0 0
at single copy 0 0 0 0 0 0 0 0 0 1 0 0 1

sequences:

CGH-array data of the CNV events not associated with the reporter wiggexhat was determined if the regions of the
breakpoints contained dispersed repetitive DNA elements or single copy sequences. The types of events: aneuploidy,
segmental duplications, segmental deletions, or translocations, were also noted.



for this high incidence include: (1) the-associated rearrangements may have been
triggered by the growth in the presence of formaldehyde; (2) these events may have been
indirectly selectedh the FCR clones as second site suppressors that rescued tineenega
effects of the gene dosage imbalances caused by the primary (r@gsdeiated)
rearrangements; and (3) recent studies have shown that strains carrying genome
rearrangements have higher level of genome instahilityprogressively accumulate
secondry changesi.e. CNV begets more CNMZhu et al., 201p Regardless of their
mechanism of formatiothe urassociated rearrangements detected were
indistinguishable in structure and breakpoint sequences when compared to the selected
CNVs, suppdaing the conclusion that aneuploidy and NAHR were the primary
mechanisms of structural variation in our dataset.

As stated above, two major classes of CNV rearrangements were detected:
Segmental duplications and nogciprocal translocations. Segmentaplitations had
been characterized in yeast previously as the predominant class of rearrangements
detected in haploid cell$his is to be expected since segmental duplications do not
involve loss (deletion) of gmmic regions, and therefore an®re eady recoverable in
haploids. In contrast, thidass was not highly representadur diploid strain set, and
was almost exclusively found in FCRs derived from the Chr5 repuartéch was flanked
by Tyl repeats. Very few segmental duplications were recd¥eym the other two
parent strains that had either distant flanking repeats (Chrl5), or no flanking repeats at all

(Chr4).
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Segmental Duplication Segmental Deletion

Figure 3. Possible mechanism of segmental duplication for CNV formatiorDuring
replication a crossver type mechanism occurs between-abelic repeat element (black
arrows) on the twaister chromatids resulting in unequal recombination. The end product
being two cells: one with a segmental duplication, and the other with a segmental deleti
the assay screens against.
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A possible mechanism of formation of CNV by segmental duplication is showgureF
3. Itis thought that these emts occur through an unequal crossover type mechanism
between the flanking repetitive elements on sister chromatids or doni@ogous
chromosome. This mechanism would result in two daughter cells, one with a segmental
duplication, which would be selea for with in the CNV assay, and the other with a
segmental deletion that would not be detected or inviable.

The majority of the chromosomal rearrangements identified among the FCRs
were nonrreciprocal translocations. This type of eventharacterized by the deletion of
a terminal segment of a chromosome, coupled with the amplification of terminal section
of the chromosome arm where the CNV reporter was inséfigare 4illustrates a
possible mechanism abnreciprocal translocatioformation in this case by a Break
Induced Replication mechanism, but a conventional mitotic cross over could also produce
the same outcom@aques and Haber, 199t diploids, when a DNA doublstrand
break occurs homologous recombination repair is most often carried out by using the
allelic sequence on the sister chromatid or homolog as template. This type of event
repairs the break with high fidelity resultirgno change in karyotype. However, if
resection of the DSB lesion is long enough to expose a repetitive element, this may result
in recombination with a neallelic copy of the repeat on a different chromosome, in this
case the chromosome with the CNVadpr insertion. The outcome is thus non
reciprocal, producing the amplification of one arm of a chromosome and a deletion of the

other.
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Figure 4. Possible mechanism of non-reciprocal translocations for CNV formation. When a
double strand break occurs, allelic repair is the common result and then there is no karyotype
change (left side of the figure). While less common, excessive resection of the DSB may occur,
thus exposing a repetitive element. This exposed element then anneals to a similar element on a
different chromosome, and primes DNA replication (BIR) using the other chromosome as template.
This results in an extra copy of the template chromosome (in this case the one containing the
reporter) and a deletion of the terminal segment of the broken chromosome.
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Since norreciprocal translocations always involve deletions, they are very
difficult to recover in hploids, which have only very limited sections of the genome that
are dispensable for viabiliChan and Kolodner, 2012012 Putnam et al., 2009In
contrast, we observed a high incidence of this class of rearrangements in all three of our
diploid strains because the cells remained viable even after loosing wWhaheosome
arms.

We analyzed all the nereciprocal translocations recovered in our dataset and
observed a very striking recurrent pattern: frequent deletion of the terminal section of the
right arm of Chr7. This specific deletion accounted for more thHmhall terminal
deletions, and was observed in similarly high proportion across all parent strains and all
exposure conditionElable 7).An interesting feature of our assay is that the precursor
DSB lesions giving rise to the chromosomal rearrangencant®ccur anywhere in the
genome and have a similar opportunity to be recovered asalebbo recombination
interaction with the chromosome harboring the reporter, regardless of where in the
genome the reporter is located. Therefore, the expectat®thatif DSB lesions were
distributed randomly throughout the genome, then we should have recovered a wide
assortment of deletions involving many chromosomes. Instead, the right arm of Chr7
accounted for 62 deletions, while all the 31 remaining chromosomg combined
accounted for only 56 deletions. The strong bias suggested that either breaks are formed
on Chr7R much more often than in other regions (possibly due to the presence of a fragile
site), or that the breaks that form there are more likelytiergo norallelic repair.

Specific models to account for this bias are presented in the Discussion.

somewhat unusual. These include three spontaneous FCRs (analyzed prevmusly in
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Table 7. Chr7 deletionsassociated with CNV events amplifying the reporter.

All reporter sites
Chr5 unexposed
Chr5 HU
Chr5 CPT
Chr5 MMS
Chr4 unexposed
Chr4 HU
Chr4 CPT
Chr4 MMS
Chrl15 unexposed
Chrl5 HU
Chrl5 CPT
Chrl5 MMS
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3.4 Specific events associated chromosomal rearrangements

The complete set of diploids analyzed by molecular karyotyping in this study
added up a total of 170 FCR clones, all of which carried some form of genomic
rearrangement. The detailed discussion of each one is beyond the scope of this thesis,
however the specific rearrangements found in six representative FCRs is presented below
to illustrate some of the more commonly seen events, as well as others that were
laboratory by Ane Zeidler), and three drug-induced FCRs that were analyzed as part of
this thesis project.

3.4.1. Example of a spontaneous Chr5 amplification event. Figure 5 shows the

karyotyping data for clone FCR36. Many of the Chr5 derived strains became resistant,
not by chromosomal rearrangement, but by obtaining an extra copy of the entire
chromosome (i.e. trisomy). In this case a new chromosomal band of about 850 Kb was
seen on the PFGE, as well as a more intense band for the parental Chr2 and Chr5 bands.
In the array-CGH, there were aneuploidy events that occurred on Chr5 (reporter
associated), and on Chr2 (not-associated). In addition, a segment of Chr5 was further
amplified from the YERCTy1-1 repeat element to the right end of the chromosome
(TELOSR), and segment of Chr13 was deleted from the YMRCTy1-5 repeat to TEL13R.
The remaining (left side) of the broken Chr13 was joined to the amplified segment of
Chr5 containing the reporter to form a Chr13/Chr5 non-reciprocal translocation predicted
to be ~850 Kb in size, matching the new chromosome detected by PFGE. Therefore the
FCR36 clones contains two extra copies of the CNV reporter, one associated with the

Chr5 trisomy and one associated with the Chr13/Chr5 translocation.
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Figure 5. Qualitative analysis of CN\tassociated rearrangements in unexposed Chr5
diploid strain. PFGE (1) of FCR36 shows three events as marked by A, B, and C. Comparing
array-CGH data (Il) for this sample with the PFGE allows for the interpretation of the structural
mutations that occurred. Schematic maps of each corresponding event are shown Il . The
FCR36 karyotype consisted of a Chr13/Chr5 reporter associated translocation event, a Chr5
reporter associated trisomy event, and a Chr2 trisomy event not associated with the reporter.
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3.42. Example of a spontaneous CBamplification event While most of the NAHR

events were mediated by recombination between Ty or LTR dispersed repeats, we also
detected cases of interaction between other classes of repeats. One such case is shown in
Figure6 for the FCR165 clone. The PFGE for FCR165 indicated a new band around
1,800 Kb. The arrafCGH detected a deletion on the right arm of Chr4 fronEME!

gene tolEL0O4R, and the amplification of the Chrl5 containing the repdrten the

EFT2 gene toTELI5R. EFTI andEFT2 both encode the translational elongation factor 2
(EF-2) protein, and share a 99.8% nucleotide sequence identity over a 2.5 Kb region. The
predicted size for the Chr4/Chrl5 translocation at#ig genes matched the size of the

new bandbserved by PFGE. Interestingly, we also detected the exact opposite event in
FCRs derived from the strain containing the CNV reporter on Chr4 (data not shown). In
those cases the FCR clones had a deletion on Chrl5 and an amplification on Chr4
associateavith a Chr15/Chr4 translocation with breakpoints at the Jaffégenes.

3.43. Example of a spontaneous €lamplification event The FCR112 clone,

illustrated in Figure 7, displayed a new PFGE band at around 1,300 Kb and the array
CGH indicated amplificgon on the right arm of Chr4 fromDRCTy -3 to TELO4R, and

a deletion on the right arm of Chr7 fraf@RCTy-3 to TELO7R. This Tymediated

NAHR Chr7/Chr4 translocation was typical of the events associated with deletions on
Chr7 that were overepresentechi our dataset.

3.44. Example of aMMS-inducedChr4 amplification event Karyotyping data

for FCR271, which was exposed to MMS, is seen in figure 8. A new band around 1,400
Kb was detected in the PFGE, as well as a band indicating the presence djtdhe sli

larger Chr2. The fainter band for the parental size Chr2 was also observed-C&irhy
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Figure 6. Qualitative analysis of CNV-associated rearrangements in unexposed
Chr1S5 diploid strain. PFGE (I) of the sample (right) and the parent (left) show a new
band as marked by A. Comparing CGH-array data (II) for this sample with the PFGE
allows for the interpretation of the mutation that occurred. Schematic map of this event
is shown in section III. FCR165 karyotype was a Chr15/Chr4 reporter associated
translocation event occurring due to recombination at repetitive sites containing EFT1
and EFT2genes.
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Figure 7. Qualitative analysis of CNV-associated rearrangements in unexposed

Chr4 diploid strain. PFGE {) of the sample (right) and the parent (left) show a new
band as marked by A. Comparing C&aHay datall) for this sample with the PFGE
allows for the interpretation of the mutation thetwred. Schematic map of this event
is shown in sectiobll. FCR112 karyotype was a Chr7/Chr4 reporter associated
translocation event occurring at LTR/TY repetitive sequences.
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Figure 8. Qualitative analysis of CN\tassociated rearrangements in MMS induced
Chr4 diploid strain (FCR271). PFGE () of the sample (right) and the parent (left)
show two new events as marked by A and B. Comparing-@@&ty datal() for this
sample with the PFGE alloviisr the interpretation of the mutation that occurred.
Schematic maps of these events are shown in sélitioRCR271 karyotype was a
Chr7/Chr4 reporter associated translocation event occurring at LTR/TY repetitive
sequences, and a Chr2 segmental duphicanot associated with the reporter.
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data indicated a 600kb amplification on the right arm of Chr4 from YDRCTy1-2 to
TELO4R, and deletion on the right arm of Chr7 from YRGCTyI-3 to TELO7R, leaving a
815kb segment of Chr7 to recombine. This Chr7/Chr4 Tyl-mediated NAHR event was
another example of the common Chr7 deletion associated events. The array-CGH also
indicated a less common ~20 Kb segmental duplication, not associated with the reporter,
occurring on Chr2. The amplification on the left arm of Chr2 was from an un-annotated
Watson-oriented Tyl element near the tG(GCC)B tRNA gene to the YBLWTY1-1 repeat
element.

3.4.5. Example of a HU-induced Chr5 amplification event. Just as with the un-

induced samples, trisomy and terminal translocation events were prevalent throughout the
Chr5 exposures. Figure 9 shows the HU-induced Chr5 karyotype of FCR290. The PFGE
shows a darker band on Chr5 and a new band around 850Kb. The array-CGH presented
a trisomy event on Chr5 as well as a right arm120kb amplification from YERCTyI-1 to
the end of the chromosome (7ELO5R), and also indicated a deletion on the right arm of
Chr13 from YMRCTy1-5 to TELI3R, the remaining (left side) of Chr13 being about
750kb. One extra copy of the reporter was gained through trisomy of Chr5 and another
due to a Chr5/Chr13 NAHR terminal translocation. Interestingly, the rearranged
karyotype in FCR290 was indistinguishable from that of FCR36 (Figure 5), except for the
un-associated Chr2 trisomy.

3.4.6. Example of a CPT-induced Chrl5 amplification event. FCR198, as

illustrated in figure 10, was a clone induced by CPT and also had a Chr7 deletion
associated event. A new band around 1000Kb and a faint band for Chr10 appeared on the

PFGE. The array-CGH data had an aneuploidy deletion on Chr10, and a deletion on
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Figure 9. Qualitative analysis of CNV-associated rearrangements in HU induced
ChrS5 diploid strain (FCR290). PFGE (I) of the sample (right) and the parent (left)
show two new events as marked by A and B. Comparing CGH-array data (II) for this
sample with the PFGE allows for the interpretation of the mutation that occurred.
Schematic maps of these events are shown in section III. FCR290 karyotype was a
Chr5/Chr13 reporter associated translocation event occurring at LTR/TY repetitive
sequences, and a Chr5 reporter associated trisomy event.
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Figure 10. Qualitative analysis of CNV-associated rearrangements in CPT induced
Chr15 diploid strain (FCR198). PFGE {) of the sample (right) and the parent (left) shc
two new events as marked by A and B. Comparing @@Hhly datall) for this sample

with the PFGE allows for the interpretation of the mutation that occurred. Schematic
of these events are shown in sectibih FCR198 karyotype was a Chr15/Chr7 reporter
associated translocation event occurring at LTR/TY repetitive sequences, and a Chr10
monosomy event not associated with the reporter.
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Chr70s right arm froMGRWTY41 to TELO7R leaving a 535kb region of Chr7. A 490kb
amplification on the right arm of Chr15 (including the reporter) fNd@RWy1-2 to TEL15R

was also detected. Therefore the karyotype changes for this FCR clone included a Chr7/Chrl5

NAHR terminal translocation areh aneuploidy event on Chr10.
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CHARTER 4
DISCUSSION
Through the early phases of development and validation of the CNV assay we have been

able to show that this assay is in many ways significantly more informative than other genome
stability assays previolysavailable in the yeast model system. Téporter systerdescribed
hereallowed for an effective method to studyromosomal aberratiavents in diploids,
whereagrevioussystems were functional only iraploid cells. One suclystemdetected the
ampification of RPL20B,agene encoding an essentidlosomal proteirfKoszul et al., 2004
Koszul et al., 2006Payen et al., 2008 Duplication ofRPL20Brescusthe celk from the
growth defect caused by a deletion of lmenologousRPL20Agene. This dose compensation
selection system is only effective in haipl cells Another assay that has been extensively used
was developed by the Kolodner laboratory to study gross chromosomal rearrangements (GCR
assay)Chan and Koloder, 20112012 Chen and Kolodner, 1998utnam et al., 2009 The
GCR assay, also exclusive to hagty is based on simultaneous loss of two counter selectable
markers that is associated with deletions of aeggential terminal chromosomal segment.
These two assays have been used for several years now, and have contributed enormously to our
understanishg of the nature and the genetic control of genome stability in yeast, and to model
this process in all eukaryotes. Despite their usefulness, both share the limitation of investigating
genome rearrangements in haploids that may not fully reflect the mewtsaoccurring in the
diploid genomes they sought to model. In addition, the conclusions reached from each assay

were derived from experiments done at a single specific site in the geR&n20Bat Chrl15
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right arm, and GCR at Chr5 left arm), thereforeytivere narrow in scope because they ignored
a likely role of genomic context in chromosomal rearrangements.

Our results showed that the three major mechanisms are associated with CNV in diploid
cells: Aneuploidy, segmental duplications, and-neciprocaltranslocations. In addition, we
showed that genomic context plays a key role in determining the balance between these classes.
In contrast, each of the haploid assays described above had fairly limited spectra of events:
primarily segmental duplicationsifRPL20Band primarily norreciprocal translocations for
GCR. Our own work included the analysis of 8f@fAXCUP1reporter on Chr5 in a haploid state
and also produced a very limited CNV spectrum consisting of only segmental duplications
between the flarikg Tyl repeats (the complete haploid CNV dataset will be presented
elsewhere).

Another important goal of our study was to identify the recombination breakpoints
associateavith chromosomal rearrangements that arise spontaneously or after low dose exposure
to DNA damaging agents. Previous work in our group had shown that in diploid cells exposed to
a high dose of ionizing radiation, nearly all of the resulting chromosomal rearrangements were
formed by NAHR at Ty and LTR elemer{&rgueso et al., 2008 While those results were
conclusive, we were unable to definitively demonstrate whether the pronounced abundance of
NAHR recombination over NHEJ and MMBIR was oh&st because this was indeed the
predominant mechanism in diploids, or if the result was an artifact of the high radiation doses
used to induce the genome rearrangements. This concern was particularly important because
previous studies had reported a higtidence of nonor microhomology events in umduced
haploids (zero dose). The results obtained in the present study, for battuoad and low

exposure to DNA damage, convincingly confirmed that NAHR is in fact the dominant DSB
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repair pathway respoitde for the formation of chromosomal aberrations in diploid cells,
therefore validating our earlier studies.

Although rare, some breakpoim®&re also detecteat other repetitive regions or at single
copy sequences indicating that the instability medmasof NHEJ and MMBIR also occurred,
but our results suggest that these sequences are only used as a last resort when true homology is
not availablei(e. G1 haploids) for use as template in the repair reaction.

Another interesting result that was uniqaeour study was the highequency of
aneuploidy eventdetected on the Chr5 reporter strain. Aneuploidy on @adsubstantially
higherthanon the Chr4 and Chr15A study by Torres et al. in haploid cells found that
aneuploidy of certaichromosomesre associated witloss of cell viability, however,Chr5
appeared to be one of the most tolerable aneuploidies, with only a minor negative effect on
growth(Torreset al., 2007. Itis reasonable tepeculatgehat Chr5 aneuploidy events in diploids
would not havea pronouncedecreased viabilityespecially considering thtte effects
aneuploidy are thought to be more severe in haptbatsin diploid straingone extra
chromosome equals 100% increase in copy number in haploids, but only a 50% increase in
diploids), In contrast, Chr4 and Chr15 aneuploidy were the two most taxing to viaiithg
Torres et al. haploid study, consistently with the low incideri@euploidy of these two
chromosomes in our diploid CNV clones.

Aside from the expected overall increase in CN¥mmajordifferences in theualitative
classes of winduced and drugxposed rearrangements. A good example of this was the
comparison bisveen the Chrislerived cbnes FCR36 (wmduced; Figure 5) and FCR290 (HU
exposed; Figure)9which had indistinguishable repoHassociated CNV events. We also did

not detect any significant differences in the rearrangements recovered between diffi&xent D
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damage exposureghe only noticeable and relevant alteration was in the overall incidence of
aneuploidy on Chr5Theseaneuploidy events e prevalent in both the spontanesasiples
and the three types of exposurdewever the relative contributioof translocations and
segmental duplications increasadhe FCR cloneexposed taHU, CPT,andMMS. Among the
unexposedChr5 clonesve observed a ratio of 21 aneuploidies tdra&slocatios plus
segmental duplicatian This ratio in thecombinedexpesed sampleshanged td 7:42. This
result indicates that while the incidermfeChr5areuploidy events remained steady (none of
these drugs is involved in the chromosome segregation processes associated with aneuploidy),
therearrangement mechanism thapdnd on DSBBcreased byboutthreefold when the cells
were exposed to the DNA damaging chemichltss explains why thencrease in CNV
mutations in exposed cultuveasnot as pronounceidr Chrswhen compared to the Chr4 and
Chrl15 strains, which didot have a significant aneuploidy component (Table 5).

Throughout althree of the chromosomes studied, whetheindaced or exposetd
mutagensa remarkabléias of deletions occurring on the right arm of Chr7 (Tapl& his
result was completely unpgcted, and understanding it would undoubtedly contribute significant
new insight into the processes that affect the formation of chromosomal rearrangements in yeast.
Two basic steps are thought to be absolutely necessary for homologous recombinatjan: Fir
DSB lesion must form on the DNA to recruit the enzymes that carry out the repair reactions; and
second, the broken DNA end (recipient sequence) must be resecteeByexbnucleases and
then physically come in contact with a suitable homologousptata sequence (donor sequence).
In the case of NAHR, the donor should be a homologous sequence from a differeatteiimn
position in the genome. Taking these factots aonsideration, we can envision a few possible

models to explain why Chr7R wag disproportionately represented in the FCRs.
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The first possibility is that a strong chromosomal fragile site exists in the region. These
specific genomic regions are prone to the formation of DSBs and have been well characterized in
yeast and in humar{®urkin and Glover, 2007 A fragile sitegenerating a frequent DSB on
Chr7R would explain the high incidence of deletions that we observed, whereas other (non
fragile) regions of the genome would not appear very frequently. However, if this scenario was
true, we would predict that by inducingaade number of additional randomly distributed DSB
lesions through exposure to MMS, HU, and CPT might increase the contribution of other regions
of the genomeelative to Chr7R. This was not observed. The proportion of Chr7R deletions did
not changevhencells were exposed to DNA damage, thus suggestata fragile site may not
be theonly causdor the recurrent Chr7R deletions.

The next thoughtve considered is related to the spatial organization of chromosomes in
the nucleus. Recent advances indeeelopmenbdf chromosome conformation capture (8€x)
have shown tlatthe organizatiorof eukaryoticgenomeis much more orderly than previously
contemplateqTanzawa and Noma, 20)2The fact that the genome organization in the nuclear
space is swell definedleads to thedeathat certain genomic regionsgioseproximity may
associate physicallyjmore often than othe(slakim and Misteli, 201 This concept has been
recently demonstrated in the mouse genome where DNA spat@tal@ation was highly
correlated with the formation of recurrent chromosomal rearrange@asg et al., 2013b
Even in lower eukaryotes like cerevisiae, eachchromosomdias been shown to occupy
preferential territories and certain chromosomes appear to be in closer physical contact with their
neighbors, and conversely are mdrgtant to other chromosomes that occupy different
territories(Duan et al., 2010 We therefore examined the published 3D structure of the yeast

genome and askedhether the recurrent rearrangements observed in our experiments could be
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explained though this mechanis8pecifically, we compared the position of Chr7 to that of the
three arms where the CNV reporter was inseitéaile theDuan et al3-D visualmodek show
that Chr5 and Chr7pgpear to béocated close to each other in the nucleus, Chr7 and Chrl5 are
located farther apart, and Chr7 and Chr4 are separateduetresr.f Thus the proximity of Chr7
to theCNV reporter, alone, does not providetbaustexplanationfor the highfrequency of its
involvementin the observed translocations.

In addition, if the nuclear localization was firmly determined and spatially constrained,
then we would expect different and specific sets of recurrent rearrangemezasH@@NV
reporter insertion. For example, the Chr5 insertion would recombine more often with its specific
neighbors, while Chrl5 and Chr4 should have their own preferential sets of interactions. Instead,
we observed that Chr7R was the preferential deleéoavered in all three reporter insertions.

The third possibility is that the spatial position of the normal (intact) chromosomes is not
a determinant of intechromosomal recombination, but rather the ability of broken chromosomal
ends to move arounddmuclear space in search of homology is more important.r@eamt
studesusedfluorescence microscopy to follow thation of yeastchromosomein live cells
before and immediately after the induction of a-spgecificDSB (Dion et al., 2012Mine-
Hattab and Rothstein, 20112These studie®und that the broken chromosomedsexplored a
10-fold larger nutear space thathe same sequenoermally occupiedvhile the chromosome
was intact. This intriguing observation, @ken chromosomeQs increased motility and ability to
explore a larger volume of the nucldlra and Hastings, 20)2could possibly explain theigh
frequency of Chrideletions It could be thathis regon of the genome is less constrained than
other chromosomes, therefabenDSBsoccurredon Chr7,the resulting DNA endexploreda

larger area of the nucleus, allowing itctmmein close proximity to th&€NV reporter wheeverit
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was inserted This woud make a broken Chr7Roreableto find a nonrallelic repair template,
and less likely to engage a nearby sister chromatid for allelic repair.

One final formal possibility is that the bias towards Chr7 deletions is not related to any
molecular recombirteon mechanisms, but instead is due to viability of the deletion itself. In this
caseChr7 deletionsvould be benign in terms of their effect on cell viability (or even somehow
beneficial) thus resulting in a higher recoveryabbne withChr7 deletions.In contrast,
deletions in other chromosomes woa#lise the cellsarrying them to have comparatively
reduced growth rateBVhile possibleye do not favor this model sindeseems unlikely that
Chr7Osvould be the onlygleletioneventbenign in phenotyg Other chromosomes such as Chrl,
Chr3, Chr8, and Chr10 have been shown to be stably maintained as monosomes (loss of a full
copy) in yeast diploids, therefore we would expect to recover a wider assortment of
chromosomal deletions than what we actuallyesbed.

While some of the hypotheses above are more attractive than others, we do not have
sufficient experimental evidence at this point to directly support or reject any of them. However,
all are testable and should provide an interesting avenugesftigation going forward. The
search for the reasons behind the high prevalence of Chr7R deletions will be very stimulating

and informative, regardless of what the final answer may turn out to be.
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CHAPTER 5
CONCLUSION

This study established a standassay, using the FAnd Cureporter system, to study
CNV formation in diploid yeastells The assay allowed fdine determination of mutatiaates
andmutationmechanismassociateavith CNV formation, and wasffective in detecting these
events when #areporter cassette was inserted on differentextsn the genome. The
exposures of cells to three known mutagens: HU, CPT, and MMS indicated that the assay is able
to detect stimulation of CNV events by environmental exposexes at relatively lowoxicity
levels

The verification of the assayOs ability to detect and classify CNV events arising from
known mutagens, that this study providsdpromising forthe prospect ofisng this assayn
future studies of emerging environmental contaminantsttair influence in CNV formation.
The relatively recent recognition of CNVs being a source of sporadic diseases in humans, and the
continual increase of these sporadic diseases, such as Autism Spectrum Disorders, shows the
importance of working to undgtand the occurrence of CNV events and investigating how

environmental pollutants influence the rate and mechaniswolved with these mutations.
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APPENDIX 1

Array-CGH andysis
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APPENDIX la. Conversion charts for CGH-arr ay probe levels.

1 1 1 0.00
2 1 2 1.00
3 1 3 1.58
4 1 4 2.00
5 1 5 2.32
6 1 6 2.58
7 1 7 2.81

1 2 0.5 -1.00
2 2 1.0 0.00
3 2 15 0.58
4 2 2.0 1.00
5 2 2.5 1.32
6 2 3.0 1.58
7 2 3.5 1.81

1 1 1 0.00
2 1 2 1.00
3 1 3 1.58
4 1 4 2.00
5 1 5 2.32
6 1 6 2.58
7 1 7 281

Log2 tables (FCR/Parent) wemsed to convert the average signal of genomic segme
on the CGHarrays to determine the number of copies present of the reporter, CNV
events in diploid strains, and CNV events in haploid strains, respectively.
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APPENDIX Ib. CGH -array analysis technique.
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CGH-array data was analyzed by reading the average signal, as seen on Cérasabov
2.10 and 0.58, and Chr16 ds00 and the Log2 tables shown in Appendix | were used to
convert the readings to the number of copies present. The size of the CNV events was
noted, the segment size for amplification events is shown on Chr5 and tarrdehown

on Chrl6. It was also determined if the breakpoint regions contain repetitive DNA
elements (as were the case in this example), or single copy sequences.
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APPENDIX Il

Global views of CNVs
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APPENDIX lla. Global view of CNV across all testedininduced Chr5 haploids

Above is a tpbal view of all of the samples in the studied unexposed Chr5 haploid data set. Amplifications are presente
green and deletions in red. The green spikes that appear on Chr4 and Chr8 sign&HFadahd CUP1genes, respectively.

These peaks weresed to estimate the number of copies of the reporter were present in each sample. Chr5 haploids only sav
segmental duplications occurring to amplify the reporter inserted in that region.
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Appendix llIb. Global view of CNV across all testedininduced Chr5 diploids

{]

Above is a global view of all of the samples in the studiedduged Chr5 diploid data set. Amplifications are presented in g
and deletions in red. The green spikes that appear on Chr4 and Chr8 signabfoAned CUP1genes, respectively. These
peaks were used to estimate the number of copies of the repertepresent in each sample. Chr5 diploids had deletion events
occur and the major method of reporter amplification was aneuploidy.
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Appendix llc. Global view of CNV across alltesteduninduced Chr4 diploids
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Above is a global view of all of the samples in the studied unexposed Chr4 diploid data set. Amplifications are presente

green and deletions in red. The green spikes that appear on Chr4 and Chr8 sign&8Hadihé CUP1genes, respectively.

These peaks were used to estimate the number of copies of the reporter were present in each sample. A large numher

occurred on the right arm of Chr7 and the majority of reporter amplifications occurred thraslpctions, and a few
aneuploidy events.
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Appendix lld. Global view of CNV across all testedininduced Chr15 diploids
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Above is a global view of all of the samples in the studied unexposed Chr15 diploid data set. Amplifications are presenti

green ad deletions in red. The green spikes that appear on Chr4 and Chr8 signabieAtardCUP1genes, respectively.

These peaks were used to estimate the number of copies of the reporter were present in each sample. The reportedwas amp
almost exadlisively by translocation events.
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Appendix lle. Global view of CNV across all tested Chr5 giloids exposed to 1ug/ml of CPT
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Above is a global view of all of the samples in the studied CPT exposed Chr5 diploid data set. Amplifications are prese

blue and deletions in red. The blue spikes that appear on Chr4 and Chr8 signabfohHrel CUP1genes, respectively.

These peaks were used to estimate the number of copies of the reporter were present in each sample. A large number of Chr
aneuploidy events occurred with a few translocations and one segmental duplication.
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Appendix lIf. Global view of CNV across all tested Chr5 ¢loids exposed to 50 mMof HU

ccccc

mmmmm

Above is a global view of all of the samples in the studied HU exposed Chr5 diploid data set. Amplifications are pnesen

blue and deletions in de The blue spikes that appear on Chr4 and Chr8 signal f8F&ndCUP1genes, respectively.

These peaks were used to estimate the number of copies of the reporter were present in each sample. Aneuploidyesvents are
most common method in amplifyg the reporter, with segmental duplications being the method in four of the samples.
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Appendix IIg. Global view of CNV across all tested Chr5 diploids exposed to 35 pg/ml of MMS
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Above is a global view of all of the samples in the studied MMS exposéddifiioid data set. Amplifications are presented i
blue and deletions in red. The blue spikes that appear on Chr4 and Chr8 signa§fat/tred CUP! genes, respectively.
These peaks were used to estimate the number of copies of the reporter veatarpezsch sample. Aneuploidy events and
translocations were the mechanisms amplifying the reporter.
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Appendix Ilh.
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Global view of CNV across all tested induced Chr5 giloids
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Above is a global view of all of the Chr5 diploid samples exposed to HU, CPT, or MMS. Amplifications are presented in
and deletions in red. Théue spikes that appear on Chr4 and Chr8 signal fasEAlandCUP1genes, respectively. These
peaks were used to estimate the number of copies of the reporter were present in each sample. Most reporter amgxiific:
through aneuploidy of Chr5. hEre are a frequent number of deletions occurring on the right arm of Chr7.
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Appendix lli. Global view of CNV across all tested Chr4 @loids exposed to 15ug/ml of CPT
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Above is a global view of all of the samples in the studied CPT exposed Chr4 diploid data set.catiopkfiare presented in
blue and deletions in red. The blue spikes that appear on Chr4 and Chr8 signa§fat/tred CUP! genes, respectively.
These peaks were used to estimate the number of copies of the reporter were present in each samplef risfagpoter
amplifications are due to translocations, and a significant number of deletion events occurred on the right arm of Chr7.

69


jacquelynstanton
69


Appendix llj. Global view of CNV across all tested Chr4 dploids exposed to 56nM of HU

ccccc
sssss

Above is a global view of all of the samples in the studied HU exposed Chr4 diploid data set. Amplifications are pnesen
blue and deletions in red. The blue spikes that appear on Qith@ha8 signal for th8 FATandCUP1genes, respectively.

These peaks were used to estimate the number of copies of the reporter were present in each sample. Majority of reporter
amplifications are due to translocations, two Chr4 aneuploidy events wpomséble as well, and a significant number of
deletion events occurred on the riaht arm of Chr7.
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Appendix llk. Global view of CNV across all tested Chr4 dgloids exposed to 3qug/ml of MMS
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Above is a global view of all of the samples in the studied MiMSsed Chr4 diploid data set. Amplifications are presented
blue and deletions in red. The blue spikes that appear on Chr4 and Chr8 signab oAl CUP1genes, respectively.
These peaks were used to estimate the number of copies of themremye present in each sample. Majority of reporter
amplifications are due to translocations, and a significant number of deletion events occurred on the right arm of Chr7.
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Appendix lll. Global view of CNV across all tested induced Chr4 ghloids
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Aboveis a global view of all of the Chr4 diploid samples exposed to HU, CPT, or MMS. Amplifications are presented in
and deletions in red. The blue spikes that appear on Chr4 and Chr8 signabieAthrdCUP1genes, respectively. These

peaks were sl to estimate the number of copies of the reporter were present in each sample. Most reporter amplificati
through terminal translocations involving Chr5. There are a frequent number of deletions occurring on the right arm of (
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Appendix IIm. Global view of CNV across all tested Chrl5 ghloids exposed to 15ug/ml of CPT

Above is a tpbal view of all of the samples in the studied CPT exposed Chrl5 diploid data set. Amplifications are prese
blue and deletions in red. The blue spikes that appear on Chr4 and Chr8 signab oAl CUP1genes, respectively.

These peaks weresed to estimate the number of copies of the reporter were present in each sample. All of reporter
amplifications are due to translocations.
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Appendix lIn. Global view of CNV across dltested Chrl5 dploids exposed to 50 mivof HU
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Above is a globaView of all of the samples in the studied HU exposed Chr15 diploid data set. Amplifications are presenti
blue and deletions in red. The blue spikes that appear on Chr4 and Chr8 signab oAl CUP1genes, respectively.
These peaks were ustdestimate the number of copies of the reporter were present in each sample. Majority of reporter
amplifications are due to translocations, amplification events in two samples are due to segmental duplications.
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Appendix llo. Global view of CNV across altested Chrl5 dploids exposed to 3%ug/ml of MMS
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Above is a global view of all of the samples in the studied MMS exposed Chrl5 diploid data set. Amplifications are pres
blue and deletions in red. The blue spikes that appear on Chr4 and Chr8ositiheSFATandCUP1genes, respectively.
These peaks were used to estimate the number of copies of the reporter were present in each sample. All of reporter
amplifications are due to terminal translocations.
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Appendix llp. Global view of CNV across all tested induced Chrl15 g@ioids
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Above is a global view of all of the Chr15 diploid samples exposed to HU, CPT, or MMS. Amplifications are presented i
and deletions in red. The blue spikes that appear on Chr4 and Chr8 signaSieAlandCUP1genes, respectively. These
peaks were used to estimate the number of copies of the reporter were present in each sample. Nearly all of the reporter
amplifications occur through terminal translocations. No aneuploidy events occur dnt€hbelise reporter amplification.

There is a lot more events dispersed throughout the genome.
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APPENDIX IlI

Initial development of CNV assay
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APPENDIX llla . Assay development

A significant amount ofvork developing the&CNV assaywas done previously to my
contributions and alterations, and will be explained in a paper erigdad copy humber
variation (CNV) in haploid and dipid strains of the yeast Saccharomyces cerevighang et
al., 20123 Whenresearchingliploid strain exposurdsegan the assay consisted miaiting 350
pl of 1075 dilution of the sampl®n one plate containing 1.8 mM Fhd 150 uM CuSo4, and
300 pl of 1021 dilution on a plate without Cu or FA. And then counting the cells, as done in the
assay used to obtain the results discussed, on days three, four and five. This method had been
successful when studying uninduced CNV events, but when induced by naytiegertted in a
plague of falsgositive colonies to formThe resulting data, part of whichshown in
APPENDIX Illb, contained large error bars, fluctuating results, and overall was unreliable.
Thinking that perhaps the FA had been breaking doem,stock solutions of CuSO4 and FA
were made or bought, but the results were the same. Othkiafterations to the assay were
made, such as adding FA and CuSO4 tatiteclaved media &0;C to provide consistency,
and changing the volume of the samptted on each plate to 150 pl and then finally to 100 pl,
as well as plating 164 dilution on the noipermissive platelt was predicted that there is a
maximum capacity regarding cell density that could be plated, therafofmal change to the
assy was adding an additional three fmermissive fates. The assay resulting ir00 pl of
1071 dilution plated on one permissive plate, and 100 pl, of4l@itution plated on four nen
pemissive platesprovided data that was consistently reliable, withigh positive reest rate,

and noobservabldackground growth on the plates.
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APPENDIX IlIb. Assay development data

Relative amplification rate
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Represented above is thtedative amplification rates (uninduced amplification rate set to tt
value of 1.00) of exposures to strain JAY685, which had the reporter inserted on Chrl5. The
top chart shows the earliest data set before alterations were made to the assay, aodthe bot
chart shows the final data set discussed in the results chapter.
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