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Abstract
DNA Damage-Induced Reactive Oxygen Species: A Gepaic Stress Response
By Lori Ann Rowe

Cellular DNA is essential for life, providing themetic information required for building
and maintaining the cell. There are many factoo#) endogenous and exogenous to cells that
can contribute to DNA damage. Aerobic organisnae fhe challenge of both utilizing oxygen to
survive and appropriately handling the reactivaireabf oxygen. Reactive oxygen species
(ROS) are known to be produced both through endmgeoellular mechanisms and as a result of
exposure to exogenous agents. Increased levelgadellular ROS are associated with several
human pathologies including neurological disordeasdiovascular disease, and cancer.
Elevated levels of ROS can cause DNA damage, wtaohcontribute to these pathological
changes. The eukaryotic model syst&accharomyces cerevisjaeas utilized to investigate
DNA damage-induced ROS in the genotoxic stresorespdue to the fact that the DNA repair
pathways are highly conserved between yeast anamaiiVe examined the intracellular levels
of ROS in DNA repair-proficient (WT), repair-defant (lacking base excision repair (BER
nucleotide excision repair (NERor both (BERNER)), and ROS scavenging mutasbd4,
sod24, ctald, andcttd) mutants following exposure to methyl methaneswfe (MMS) and
ultraviolet light (UV-C) and found that there islase-dependent increase in intracellular ROS.
To examine ROS as a signaling molecule in the Didkalge response, we assessed the
activation of a known oxidative stress respondapl. We observed that Yapl is activated in
response to DNA damage primarily repaired througiRRBlependent mechanisms, but not NER.
To further define the role of Yapl as a DNA dameegponder, mutation rates and chromosomal
rearrangements iyapl4 strains were determined. There is an increagemomic instability in
yapl4d mutant cells. These results suggest that whdeetls an increase in intracellular ROS
levels regardless of the type of DNA damage induwetie genetic background of the cell, the
signaling event by ROS sub-species that occursvimllg DNA damage is specific to the nature
of DNA damage. These studies also reveal that Yapkely to function as a DNA damage

responder.
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CHAPTER |

General Introduction



Aerobic organisms face the paradox of survivalrirogygen rich environment.

Although oxygen is required to sustain life, it dentoxic through the formation of reactive
oxygen species (ROS). ROS are highly reactive emygolecules that include superoxide (Q

hydrogen peroxide (¥D.), and hydroxyl radical OH), and can be formed endogenously and
following exposure to exogenous agents. Endogesouces of ROS include mitochondria,
peroxisomes, as well as other cellular metabolicipets [1]. Exogenous sources of ROS include
environmental agents, chemotherapeutics, ioniadgation, and ultraviolet light (UV) [2].

Under normal growth conditions, ROS levels are ma@ied at relatively low levels and
function in intracellular signaling to maintain naal cellular functions and metabolism [3]. An
example of ROS signaling in mammalian cells is tigioligand activation of membrane
receptors that causes the formation ¢f &d HO,, regulating downstream tyrosine
phosphorylation [4]. While this example demongsahe importance of ROS in cells, as the
levels of ROS increase, they can damage cellularan@olecules, triggering an oxidative stress
response to prevent further damage [3, 5, 6]. c@ngponent of the oxidative stress response is
the activation of transcription factors such as ¥ égaccharomyceserevisiag[7] and AP-1
(mammalian cells) [8], which will be described ietdil later.

ROS=mediated damage to proteins, lipids, RNA, amgbitantly DNA, is believed to
lead to impaired physiological function and hasrbagsociated with several human degenerative
conditions including cancer [9], neurological disedl0], cardiovascular disease [11], and the
process of aging [12]. These degenerative comditame thought to progress due to toxic or
mutagenic modification of nucleotides and gros®etusomal rearrangements leading to
genomic instability.

Because DNA contains all the information necesgarproper cellular functions,
maintaining the genetic integrity is important, @sglly in the face of constant damage from both

endogenous and exogenous sources. It has beetecefiamt between 10,000 and 20,000



oxidative lesions per cell per genome occur evasyid mammalian cells [13, 14]. Fortunately,
cells have developed several pathways for han@iNg damage including mismatch repair,
base excision repair (BER), nucleotide excisioraiefNER), recombination (REC), translesion
synthesis (TLS), and direct reversal [15]. Presiaork has shown that these pathways, while
mostly specific in the types of DNA lesions thepag, exhibit some overlap in the repair or
handing of DNA damage [16]. BER and NER are megpair pathways present in cells and

relevant to the work described here.

Production of Reactive Oxygen Species

A variety of molecules derived from molecular ogpgare classified as ROS (reviewed
in [17]) . Typically, ROS have one or more unpdigdectrons, with one exception being
[18]. Molecules such as superoxide () singlet oxygen'Q,), and the hydroxyl radical@H)
are all classified as ROS. When molecular oxy@®h i reduced by one electron, a superoxide
molecule is produced, which is a relatively stabtermediate [18]. Most other ROS are
produced from @, either through dismutation of Oto produce HO,, or through the Fenton
reaction to producegOH. Dismutation of @ can occur either enzymatically and
nonenzymatically within the cell [19]. The enzysw@eroxide dismutase (SOD) is responsible
for the reduction of @ to H,0,[19]. Catalases are responsible for the enzymetiaction of
H,0,[20]. The'OH radical can also be produced through the Femtaction (F& + H,0, >
Fe** + "OH +OH) or the Haber-Weiss reaction{O+ H,0, > O, + "OH +OH) [21]. The
reduction of HO, also occurs nonenzymatically within the cell.

The generation of ROS can occur in several lopatidrhe primary site of ROS
production in the cell is the mitochondria, throubh leakage of electrons from the
mitochondrial respiratory chain [22]. In mitocheiad O, is generated either during the

reduction of NADPH to NADPor during the transfer of electrons from thel complex through



cytochromec to the COX complex [1]. Other ROS can also balpoed in the mitochondria via
the mechanisms mentioned above.

ROS, primarily HO,, can also be produced in the peroxisomes by desezgmes
(reviewed in [23]). One family of enzymes consisttacyl-CoA oxidases, which participate in
fatty acid degradation in the beta-oxidation pathwAdditional sources of D, in peroxisomes
are theo-amino acid oxidases, which are FAD-containingdlenzymes that catalyze the
oxidative deamination af-isomers of neutral and polar amino acids. To tenact this ROS
production, peroxisomes also contain catalasestiatyze the conversion ot®, to H,O and
0,[20, 24].

Several other enzymes are capable of producingiROS&ls as a normal byproduct of
their catalyzed reaction. For example, xanthiridase catalyzes the oxidation of xanthine to
uric acid and can produce QH,0O,, and"OH [25]. Also, NADPH oxidaseare multi-subunit
enzyme that catalyze,Oproduction by a one electron reduction gfuing NADPH or NADH
as the electron donor [26]. While mitochondria laeéeved to be the major source of ROS

production, there are many other cellular mechasigrat can produce ROS.

Saccharomyces cerevisiae: A Powerful Model System for Studying DNA Repair aad Genetic
Instability

Ideally, to study human processes and diseasesowtg wirectly study humans, but
because of the ethical and moral issues of expatingeon humans, we must rely on model
systems to gain an understanding of human procasskdisease. One useful model system is
the budding yeassaccharomyces cerevisibecause many cellular mechanisms and pathways
are highly conserved between humans and yeast.

S. cerevisiaés a single celled organism that is easily growthie laboratory with a

generation time of 1-2 hours versus 24 hours féued mammalian cells. Budding yeast are a



good model system for studying DNA repair due ®ftrct that the DNA repair pathways are
highly conserved between yeast and humans. YeHstace also easier to genetically manipulate
that cultured mammalian cells allowing for the ogenultiple mutant phenotypes. These factors
make yeast ideal for studying processes such as @iair and genomic stability, which can

lead to disease in humans if malfunctioning.

DNA Repair Pathways inS. cerevisiae and Mammals
Base Excision Repair

Base excision repair (BER) (reviewed in [27]) islpably the most commonly used DNA
repair process in cells [15]. BER is primarilypessible for the removal of small helix non-
distorting DNA lesions [28]. Lesions repaired b¥B include, but are not limited to:
deamination products; apurinic/apyrimidinic/abg#i®) sites; and oxidative and alkylating DNA
damage [15]. BER is a multistep process that ve®imany proteins, from initial recognition to
the final step of religating the repaired DNA stigfigure 1).

The initial step of recognizing the damaged basaiiged out by a class of enzymes
called DNA N-glycosylases. A DNA N-glycosylase ogaoizes the damaged base and catalyzes
its release by cleaving the N-glycosyl bond, legdmthe formation of an AP site. &
cerevisiagthere are several DNA glycosylases, including Ur@@dg1, Ntgl, and Ntg2, and
each is able to recognize specific types of DNA d@gen Following removal of the damaged
base, the resulting AP site can be further procksgean AP lyase (a second activity possessed
by some DNA N-glycosylases) or an AP endonucle28e49].

There are three main AP lyasesSircerevisiaeNtgl, Ntg2, and Oggl. All three of
these enzymes are bifunctional having both DNA géylase and AP lyase activity. Ntgl and
Ntg2 contain strong AP lyase activity, while Oggilyocontains weak AP lyase activity. An AP

lyase cleaves the DNA backbond@the AP site resulting in dc8 B-unsaturated aldehyde end



or a 3 phosphate depending on whether DNA strand scigalas place vifi-elimination orp-6-
elimination [15]. The 3ends must undergo further processing in ordereipair to proceed.
Removal of the 3blocking group is accomplished by ‘gpBosphodiesterase orghosphatase.

There are two main AP endonucleaseS.ioerevisiagApnl and Apn2. Apnl is the
primary enzyme accounting for greater than 97%eftydrolytic AP endonuclease in yeast [29].
AP endonucleases cleave at thsifle of the AP site resulting in al8/droxyl group and a'5
deoxyribose phosphate’ @RP) that can be processed by dRPase. Alternatively, this 5
blocking group can be removed as part of a flapgéat by strand displacement [29]. With ends
compatible for DNA polymerases, repair can be ceteg through the action of DNA
polymerase (DNA pat or3) and DNA ligase.

There are two possible pathways through which B&Rproceed, short patch or long
patch repair. Which repair pathway to take isiplytdetermined by the DNA glycosylase and
the resulting AP site [30]. In short patch repaire nucleotide is replaced by DNA polymerase
and the nick sealed by DNA ligase. In long paggbair, two to thirteen nucleotides are replaced.
The stretch of nucleotides is displaced by DNA pamyase forming a flap that is then removed
by a flap endonuclease, such as Rad&térevisiae)and then DNA ligase seals the nick [27].

The BER pathway is highly conserved between yaashamans. In humans, BER
follows the same general pathway as described dooyeast (reviewed in [31, 32]). The
proteins that are involved in mammalian BER diffegstly in name, not in function, and are

listed in Table 1.

Nucleotide Excision Repair
Nucleotide excision repair (NER) is primarily resgible for the repair of bulky, helix
distorting lesions, such as 6-4 photoproducts Fg?4) and cyclobutane pyrimidine dimers

(CPDs) produced by ultraviolet light (UV) [33]. &ie are two subpathways of NER that differ



from each other in their recognition of the DNA daga. Transcription coupled repair (TCR) is
selective for lesions that are present in the tidinsd strand of expressed genes, while global
genome repair (GGR) acts over the rest of the genomtranscriptionally silent regions, as well
as the non-transcribed strand of expressed geBe84]. In TCR repair, proteins are recruited to
the site of DNA damage due to a stalled RNA polyaserand not through direct recognition of
the DNA damage by recognition proteins, as with GGA.

The process of NER (reviewed in [15, 28] ) requiresy proteins that function in
multiple complexes (Figure 2). B cerevisiagthe genes associated with NER have been
divided into three epistasis groupgAD3 RAD52 andRADG Inactivation of individual genes in
theRAD3epistasis group results in increased sensitivity\¥o and several of the genes, if
mutated, result in complete NER deficiency; thesdudeRAD1 RAD2 RAD 1Q andRAD14

GGR is initiated following detection of distortiomsthe DNA by the Rad4-Rad23
complex. Following detection of the distorted DN2ad14, TFIIH, in complex with several
other proteins, are then recruited to the siteamhage, unwinding the DNA helix. Following the
unwinding of the DNA, another complex including Reahd Rad1-Rad10, which is responsible
for cleavage of the DNA, is recruited to the sitelamage. Rad2 is transcriptionally upregulated
in response to DNA damage and contains endonucieisgty which cleaves the DNA 8 the
damaged site leaving AGH and a 5phosphate group. Radl and Rad10 form a complthein
absence of DNA damage. Individually, neither ivac however, the complex possesses
endonuclease activity, cleavingté the damaged DNA, leaving a@H and a 5phosphate
group. To complete the repair process, DNA synthiegiDNA polymerase or & and ligation by
DNA ligase must occur.

As with BER, the NER pathway is highly conservetiteen yeast and humans. In
humans the NER pathway also has two sub-pathwayshvunction in the same manner as in

yeast. Again the proteins in NER mostly diffen@me and not in function. The NER proteins



present in humans are listed in Table 2. Becawes®&IER pathway is highly conserved between

species, it is useful to utilize yeast as a mogstiesn to study DNA repair.

Compromising DNA Repair Pathways

A useful tool for studying DNA repair mechanisrago examine cells deficient in one or
more repair pathways. A previous study in our tabary examined DNA repair mutants and
determined the spontaneous recombination and rontedtes and the sensitivity of these mutants
to various DNA damaging agents [16]. Several DNindge repair mutants were constructed
that compromised either BER or NER. Ntgl and Nig2N-glycosylases with associated AP-
lyase activity, and Apnl is the major AP-endonuséetor the BER pathway [15]. Any single,
double, or triple mutant of these genes did notlexhn increase in sensitivity to,8,,
menadione, or ionizing radiation. There were simalleases in the recombination and mutation
rates inapnl4 strains; however, there was no increase imtg&A ntg24 strains. In contrast,
when all three genes were simultaneously deleted4l ntg24 apnl4) there was a significant
increase in both recombination and mutation rafédsuis, in order to severely compromise the
BER pathwayNTG1 NTG2 andAPN1needed to be eliminated in combination[16].

The NER pathway was also examined. Yeast celise wade deficient in NER by
deletingRAD1 Radl is part of the Rad1-Rad10 complex resptanfob cleaving the DNA 5’ to
the damaged base [15]. Radl mutants did not shdnceease in spontaneous recombination or
mutation rates nor was there increased sensitwityO, or menadione [16].

To investigate cells that were deficient in bothRB&nd NER pathway®&NTG1 NTG2
APN1, andRAD1(BER/NER deficient) were deleted. Whé&tAD1was deleted in conjunction
with NTG1, NTG2 andAPNZ1there was an increase in sensitivity t@kland menadione [16].
There was also a synergistic increase in spontam@moembination and mutation rates in BER

INER deficient cells revealing that there is an oveitaghe repair of oxidative DNA damage by



both the BER and NER pathwaj<$]. While BER is the primary repair pathway tidative
DNA damage [15], when the BER pathway is comprodhisiee NER pathway is able to repair a
subset of the oxidative DNA damage present in éligt6]. When both BER and NER
pathways are compromised, then the cell must relgtber DNA damage handling pathways
such as homologous recombination and translesiuthagis [15].

Previous studies by our group examined repair gisit (WT) and deficient (BER
NER, and BERNER) strains for the levels of genomic oxidative DNanthge and levels of
intracellular ROS [35, 36]. One important obseivabf these earlier studies was a dose
dependent increase in the intracellular levels @5Rn wild type (WT) and BERIeficient
strains, following exposure to methyl methaneswter(MMS) (0-55mM) [36]. This increase in
ROS levels was associated with an increase inuhear of oxidative DNA lesions per genome
[36]. In addition, control BERNER deficient strains not exposed to DNA damaging agent
possessed significantly increased levels of inthalee ROS compared to WT and also contained
a significant elevation in spontaneous oxidativeADNssions [35]. These findings suggest that
the increase in ROS levels is indicative of anease in the levels of oxidative DNA damage [36,
37]. From these studies an intriguing idea arpaet of the cells response to DNA damage is to
increase the intracellular levels of ROS. Is tieease in intracellular ROS a general response to
all types of DNA damage? What is the biologicadé raf the increased intracellular ROS? And
what are the cellular oxidases that produce the Didfage-induced ROS? In the present

studies we begin to examine some of the question.

DNA Damaging Agents
There are numerous DNA damaging agents presentéfi’s surrounding environment
including environmental toxins, UV light, ionizingdiation, alkylating agents, and oxidizing

agents. Each DNA damaging agent produces a usjgerirum of lesions that are handled by
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various DNA repair pathways. In this project, thidasses of DNA damaging agents were

employed.

Methyl Methanesulfonate (MMS)

MMS is an alkylating agent (Figure 3). Alkylatiagents are typically electrophilic
compounds that react with a nucleophilic centarganic macromolecules (reviewed in [15,
38]). When MMS reacts with DNA, the most commondifications areon N'-deoxyguanine
(82%) and R-deoxyadenine (11%) (Figure 3). MMS can also alte/lon N-deoxyadenine, N
deoxyadenine, Ndeoxyguanine, and@leoxyguanine (7% for all others) (Figure 3).
Methylating the R or N position of purines causes the N-glycosidic bande unstable making
these bases more susceptible to hydrolysis aneégubst generation of abasic sites, which have

mutagenic and toxic consequences [18dditionally, N*>-MeA blocks replication [39, 40].

Hydrogen Peroxide (}D.)

H,O; is a nonradical form of ROS that can cause oxiddliNA damage (reviewed in
[15]). Compared to other ROS;®} is relatively non-reactive and is capable of fyadiffusing
through the cell. It is believed that®, itself, does not cause damage to DNA, but the
conversion of HO, to *OH through the Fenton reaction creates the magmtire species [15].
*OH is highly reactive and can diffuse only shodtalnces in the cell before it reacts with other
cellular component [15]. The conversion gfd4to "OH is believed to occur at or near DNA,
following free diffusion of HO, and subsequent reaction wittfFd4]. There are numerous
DNA lesions that can be introduced into DNA follogiexposure to $D,, and over 100
following reaction with OH [14]. Some examples are thymine glycol, 5-hygloytocine, 5-
hydroxyuracil, 8-oxoguanine, 8-oxoadenine, abasis sand single strand breaks (Figure 4) [13,

15, 41]. Some of these lesions block the replicat@chinery (i.e. abasic sites), while others
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result in mutagenic bypass by DNA polymerase 8-exoguanine), and others do not block the
replication machinery and are not mutagenic (rex8adenine) [41]. All of these lesions are
primarily repaired by BER [15]. #D, is a unique DNA damaging agent in that it alsedty

activates the oxidative stress response [15, 42].

Ultraviolet light (UV)

UV light can be divided into three categoriestU}}-A with a wavelength of 400nm —
320nm, 2) UV-B with a wavelength of 320nm — 280mamg 3) UV-C with a wavelength of
280nm — 100nm (reviewed in [43-45]). UV is a comeot of sunlight; however, UV-C is
efficiently absorbed by ozone in the atmosphere;BJi¢ substantially absorbed by ozone in the
atmosphere, and UV-A is the only component of WyWtito reach the earth’s surface in an
appreciable amount. Each category of UV light pigas$ distinct, but overlapping, classes of
DNA damage (reviewed in [45]). The majority of DNlamage caused by UV-A is through
indirect mechanisms of photoactivation of endogerhotosensitizers (i.e. prophyrins,
riboflavins, and quinones) that lead to oxidatitress. Therefore, the major DNA lesions
produced by UV-A are oxidative DNA damage (i.e. X®guanine) [46], as described above. The
major DNA lesions produced by UV-C are cyclobutytimidine dimers (CPDs) and pyrimidine
(6-4) pyrimidone photoproducts (6-4PPs) [47] (FeyB). These are bulky helix-distorting lesions
that are repaired primarily by NER. UV-B produeesiixture of lesions that are observed with
UV-A (oxidative damage) and UV-C (bulky helix-digtiag lesions) [46]. For these studies, UV-
C was employed to minimize the formation of indiréd¢V-mediated oxidative DNA damage on
cells, and to be able to specifically induce DNA@ge (CPDs and 6-4 PPs) that is primarily

repaired by NER.



12

Reactive Oxygen Species Scavenging

Oxidative stress has been historically definethasmbalance of prooxidants and
antioxidants [48, 49]. Maintaining the redox balarn cells is essential for proper cellular
function and survival. To facilitate this balarsmveral ROS scavenging enzymes (e.g. catalase,
superoxide dismutase, and glutathione peroxidas®gmall molecules (e.g. glutathione and
thioredoxins) have evolved to process excess ROS present ;[48]l These pathways are

highly conserved between yeast and mammalian cells.

Superoxide Dismutase (SOD)

Superoxide dismutases (reviewed in [19]) are pmeteith metal ion cofactors, such as
copper and zinc, or manganese, iron, or njckedl are capable of scavenging @resent in
cells. SODs remove O by catalyzing a dismutation reaction involvingaeadion of two
molecules of @ to one molecule of £and HO, [17]. InS.cerevisiaghere are two SODs,
Sod1 and Sod2. Sodl is a Cu/ZnSOD and is locatdeeicytoplasm. Sod2 is a MnSOD and is
located in the mitochondria. In human cells, theeethree SODs, SOD1, SOD2, and SOD3 [50].
SOD1 is a Cu/ZnSODs and is found in the cytoplaams|eus, and intermembrane space of
mitochondria. SOD2 is a MnSOD and is found in nfitmedria. SOD3 is a Cu/ZnSOD and is
found in the extracellular matrix [51]. While tleesnzymes are capable of scavenging the
reactive @ molecule, in the process they produce anothera§fOS, HO,, which can still be

harmful to cells [19].

Catalase (CAT)
There are three unrelated families of genes thedde catalases (reviewed in [20, 24]).
Manganese-catalases have been found only in prategry Catalase peroxidases have dual

function as both catalases and peroxidases andiéegy distributed in prokaryotes, but have
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also been found in eukaryotes [52]. Classicallasés are homotetrameric, heme-containing
enzymes capable of degradingdd by dismutation to kD and Q in a two step process [53]. In
the first step of a classical catalase reaction, 4, molecule is reduced to water and thé'k

the catalase is converted to’f@. In the second step of the reaction, , alonf w&*O, a second
H,O, molecule is reduced to a second molecule 3 Bihd Qand F&'0 is converted back to

Fe** [20, 53]. The family of “classical” catalasedasind throughout eukaryotes, but are also
found in prokaryotes [20]. I8.cerevisiaghere are two catalases that belong to the chklssic
family of catalases, Ctal and Cttl. Ctal is l@ealito the mitochondria and peroxisomes [54],
while Cttl is localized to the cytoplasm [55]. larhans, there is only one classical catalase, CAT

[56].

Other ROS Scavenging Molecules

There are several other enzymes and small mokethég are capable of scavenging ROS
(reviewed in [42]). Small molecule, non-enzymdi©OS scavengers include glutathiones,
ascorbic acid, thioredoxins, and glutaredoxinsizyinatic scavengers of ROS include
glutathione reductase, glutathione peroxidaserddmxin peroxidase, and thioredoxin reductase.
Many of these proteins are involved in the thiala® pathway in yeast, which consists of the

thioredoxin and glutathione pathways [57].

Yeast Activator Protein - 1 (Yapl)

Yapl belongs to a family of proteins that contaiconserved bZIP DNA-binding
domain, consisting of a leucine zipper that medidieerization, and an adjacent basic region
that specifically interacts with DNA sequences [@8hure 6B). Yapl is a homolog of the
mammalian activator protein-1 (AP-1) [59]. In maairan cells, there are a number of AP-1
transcription factors that include Jun, Fos, andFAg]. AP-1 transcription factors form homo-

and heterodimers, and the formation of each seemmavte a distinct function [8]. AP-1 binds to



14

DNA regions that contain an AP-1 response elem®RE]) via the basic region. The ARE
consensus sequence in mammalian cells is TGACTOR [BP-1 factors are involved in the
upregulation of genes in response to a numberedssituations [8].

The yeast AP-1 family (Yap) consists of eight mensb Yapl through Yap8 [58]. They
differ from their mammalian counterparts in thain® of the active site residues that are highly
conserved in mammalian cells are different in ye@sd their preferred DNA binding site is
TTACTAA [58]. The functional domains of Yapl include aclaar export sequence (NES),
nuclear localization sequence (NLS), bZIP domail, tavo cysteine rich domains: nCRD and
cCRD [61]. Yapl, the most extensively studiedh&f yeast AP-1 family of proteins, is activated
(via translocation to the nucleus) in responsextdative stress [7, 62-65].

Under normal growth conditions, Yapl is activebnisported out of the nucleus by the
nuclear export factor Crm1 [66] (Figure 7A). Crinla member of thp-karypherin f-
importins) family of proteins and binds to substsabnly in the presence of Ran-GTP [66, 67].
The Yapl NES is embedded within the cCRD [68]. ©incthe cytoplasm the Crm1/Ran-GTP is
converted to Crm1/Ran-GDP which is enhanced by Raiase-activating protein (RanGAP)
and Crm1l dissociates from Ran-GDP and its cargp1Ya9]. Therefore, under basal
conditions, Yapl is rendered inactive by its ragigort from the nucleus to the cytoplasm by
Crm1 [66].

Under oxidative stress condition Yap1l is no longguorted from the nucleus by
Crm1ldue to the formation of intramolecular disudfidonds [61] (Figure 7B). Yapl contains six
cysteine residues: three are in the cCRD, and #me@ the nCRD [70] (Figure 6). These
cysteine residues can form both intradomain aretdoimain disulfide bonds [70]. In a study by
Okazakiet. al, the formation of the disulfide bonds, and thdeorin which they appear in
response to D, was determined [70] (Figure 6B). Initially, anerdomain disulfide bond forms
that is likely to block the NES, therefore inhibigi Crm1 binding, and sequestering Yapl in the

nucleus. For Yapl to be fully functional as a s&iption factor, two additional interdomain
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disulfide bonds are formed [70]. The oxidatiorcg$teine bonds in Yaplis not always direct, but
can be facilitated by a thiol peroxidase, Gpx3 [@4gure 7B). Gpx3 and Yapl form a transient
intermolecular bond that aids in the oxidation antivation of Yapl [64]. The redox state of
Yapl is also coupled to the thioredoxin pathwathiat Yapl is reduced by thioredoxin to return
its fully reduced state [63].

Yapl upregulates numerous genes in responsedatsd stress, includingOD1, CTT1,
and thioredoxinTRX2 [71]. These genes are directly involved in tbavenging of ROS.
Furthermore there is indirect evidence through geside studies that Yapl can also
upregulate genes that are involved in DNA reddifG1andMAG1) and in DNA check point

control POL1, MEC1, and POL3J) [72, 73].

Summary of Project Objectives

This research project examines the involvemeR@E in the DNA damage response.
We employed th&. cerevisiagnodel system and utilized several repair deficeatants (BER
NER, and BERNER), as well as several ROS scavenging mutaug1(, sod24, ctald, and
cttl4), to determine the levels, sub-cellular locali@atiand subspecies of ROS produced in
response to DNA damaging agents that produce darepgéed by either BER (MMS) or NER
(UV-C). We determined that an increase in intriat@l ROS is a general DNA damage
response; however, aspects of this response agaauto the type of DNA damage produced.
Following exposure to MMS, there is a dose-depenienease in © levels that are localized to
the cytoplasm; however, following exposure to UVWijle there is a dose-dependent increase in
O, levels, it is localized to the mitochondria. Tdifference in localization could be due to the
type of DNA damage produced, or to the cellulaidity of the damage itself. Our findings
support the hypothesis that the increase in initdae ROS levels is biologically relevant and

involved in cellular signaling processes.
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Yapl was utilized as a biological sensor of theaicetllular redox state in cells following
exposure to DNA damaging agents (MMS and UV-C). ak@mined the intracellular
localization of Yapl in response to DNA damagingratlg, and observed that Yapl relocalizes to
the nucleus following exposure to MMS, but not UV-& novel finding in this study was that
Yapl is involved in the maintenance of genomicgntg. Increased mutation rates and large
scale chromosomal rearrangements (chromosomabilitsfawere observed igapl4 strains
compared to WT cells. These studies provide insigh the consequences of genotoxic stress in

cells and a potential new responder to DNA damage.
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Figure 1. Base Excision Repair.Base excision repair recognizes small helix n@tediing
lesions ). These lesions are first recognized by a DNAgbylase that removes the damaged
base leaving an AP site. The AP site is then peazksither by an AP lyase (right sub-pathway)
or an AP endonuclease (left sub-pathway). An ARdycleaves' 3o the AP site leaving d 3
phosphate group’ or a 3unsaturated aldehydef). A 3 phosphodiesterase drghosphatase
is able to remove the blocking group left by anlpdse. Alternatively, an AP endonuclease
cleaves 5to the AP site leaving & BRP and a'30H. A dRPase is able to remove the blocking
group. After processing of the AP site, the renrargap is filled in by a DNA polymerase and
the nick is sealed by a DNA ligase. Dependingigléyton the DNA glycosylase and the
resulting AP site, and on the stage of the celleytbe process may proceed through long patch
repair. Inlong patch repair, the[BNA blocking group is displaced by a DNA polymezas
creating a flap. A flap endonuclease then cledved$lap and DNA ligase seals the nick. A list

of proteins that function in yeast and human BERIiagted in Table 1.
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Figure 1. Base Excision Repair Adapted from [31].
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Table 1. Proteins involved in Base Excision Repe

Activity
Organism S. cerevisiae Human
DNA Glycosylase major altered base relea
UNG1 UNG U
SMUG1 U
MBD4 (MED1) Uor T opposite G at CpG sequences
OGG1 OGG1 8-0x0-G opposite C
MYH A opposite 8-0x0-G
NTG1, NTG2 NTHL1 (NTH1) Ring saturated or fragmented pyrimidines
MAG1 MPG (MAG, AAG) 3-meA,ethenoA, hypoxanthine
NEIL1 removes thymine glycol
NEIL2 removes oxidative products of C,U
NEIL3 removes fragmented/oxidized pyrimidines
AP endonucleases
APN1 - endonuclease
APN2 APEX1 (HAP1. APE1, REF&ndonuclease
APEX2 (APE2) endonuclease
Other BER Factors
XRCC1 accessory factor for DNA Lig lll
RAD 27 FEN1 flap endonuclease
ADPRT Poly(ADP-ribose)polymerase (PARP)
DNA Pol§ or e DNA Pol§ or e DNA polymerase
DNA Pol DNA polymerase
DNA Lig | DNA Lig | DNA ligase
DNA Lig lll DNA ligase
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Figure 2. Nucleotide Excision Repair.Nucleotide excision repair recognizes bulky helix
distorting lesions. Transcription coupled rep@i€R) is selective for lesions that are present in
the transcribed strand of expressed genes, whilsfjenome repair (GGR) acts over the rest of
the genome in transcriptionally silent regionsva#l as the non-transcribed strand of expressed
genes. In TCR (not depicted in this figure), pirteare recruited to the site of DNA damage due
to a stalled RNA polymerase, and not through reitimgnof the DNA damage by recognition
proteins as with GGR. In GGR, the DNA damage t®gaized by proteins that detect distortions
in the DNA. Once the DNA is detected, a complepmiteins is recruited to the site of DNA
damage. This first complex contains DNA helicabes unwind the DNA allowing room for the
second complex to bind. Once the DNA is unwouhne,second complex binds to the DNA that
contains two endonucleases, one that cleayes@ one that cleavestd the DNA damage.
Following cleavage of the DNA backbone, DNA polyase resynthesizes a new strand, and
DNA ligase seals the nick. A list of proteins thatction in yeast and human NER are listed in

Table 2.
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Figure 2. Nucleotide Excision Repair.Adapted from [74]
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Table 2. Proteins involved in Nucleotide Excision Bpair

Activity
Organism S. cerevisiae Human
DNA damage
recognition proteins RAD4 XPC Binds distorted DNA
RAD23 RAD23 as a complex
RAD23A RAD23 paralog
RAD14 XPA Binds DNA and proteins in a
preincision complex
TFIIH subunits
RAD25 XPB 3'to 5 DNA helicase
RAD3 XPD 5 to 3 DNA helicase
NER nucleases
RAD2 XPG 3’ incision nuclease
RAD10 XRCC1 5’ incision nuclease
RAD1 XPF
Other NER Factors
CDC9 LIGI DNA end joining
RFA1 RPA1 Binds ssDNA intermediates in
RFA2 RPA2 recombination, NER
RFA3 RPA3 and gap-filling pathways
RAD28 CSA Needed for TCR
RAD26 CSB Needed for TCR
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Figure 3. Methyl methanesulfonate induced alkylatio base damages. AStructure of methyl
methanesulfonateB. The most common types of DNA damage afanéthylguanine (82%) and
N3-methyladenine (11%). However, to a lesser extévS also induces formation of'N

methyladenine, N methyladenine, Nmethylguanine, and @methylguanine (7% for all others).
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Figure 4. Hydrogen peroxide induced oxidative basdamage products. AStructure oH,0,.
B. Numerous DNA lesions can be produced followingasure to KHO,. Some examples are
thymine glycol, 5-hydroxycytosine, 5-hydroxyura@oxoguanine, 8-oxoadenine, abasic sites

(AP), and single strand breaks
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Figure 5. UV-C induced base damages. AlV light is a component of sunlight and can be
divided into three components: 1) UV-A (400nm — 320 reaches the earth’s surface 2) UV-B
(320nm — 280nm) is significantly absorbed by therezlayer of the earth’s atmosphere and 3)
UV-C (280nm — 100nm) is completely absorbed byghrth’s upper atmosphere and does not
reach the earth’s surfac8. The major DNA lesions produced by UV-C are cyckybu

pyrimidine dimers (CPDs) and pyrimidine (6-4) pyiilone photoproducts (6-4PPs). UV-A does
not produce these lesions to any appreciable amaiivitB produces CPDs and 6-4PPs, as well

as other oxidative DNA damages of the types prodibgeUV-A.
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Figure 6. Schematic of Yapl domains and binding t&€rm1. A. Yapl domains. There are two
cysteine rich domains (CRD) located in Yapl: nCRId aCRD. Yapl contains three conserved
regions; the NLS is the nuclear localization segedined), the bZIP is the DNA binding domain
(blue), and the NES is the nuclear export sequégreen), which is located within the cCRB.
The binding of Yapl to the nuclear export proteimC is dependent on the oxidation of cysteine
residues within the cCRD and nCRD domains. Undemiaxic environments Yapl is in the
reduced state, allowing for recognition and bindimg€rm1. Under oxidative stress up to three
disulfide bonds can form, blocking the binding ofri® and resulting in Yapl sequestration in the

nucleus.
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Figure 7. Model of Yapl localization and activation A. Under normal, non-stressed condition
Yapl is rapidly exported from the nucleus by thelear export factor Crm1. Crm1 binds to its
cargo (Yapl) in the presence of RanGTP. After egpion from the nucleus RanGTP is reduced
to RanGDP and Crml releases both RanGDP and ge ¢#apl). Yapl can freely diffuse into
the nucleus, however the rate of export is fasi@n the diffusion of Yapl into the nucleus and
therefore Yapl accumulates in the cytoplaBnlnder oxidative stress conditions Yapl either
through direct oxidation of cysteines or indirextdation of cysteines via Gpx3 can forms up to
three interdomain disulfide bonds that block thedbig of Crm1. With Crm1 no longer able to
bind to Yapl and export it from the nucleus, Yapdumulates in the nucleus where it functions
as a transcription factor. The formation of orsutfide bind is sufficient to block the binding of
Crm1; however, two or three disulfide bonds areessary for full activation of Yapl as a

transcription factor.
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Abstract

Cells are exposed to both endogenous and exogenatses of reactive oxygen species
(ROS). At high levels, ROS can lead to impaireggpiogical function through cellular damage
of DNA, proteins, lipids, and other macromoleculgkjch can lead to certain human pathologies
including cancers, neurodegenerative disorderscarntlovascular disease, as well as aging. We
have employe&accharomyces cerevisias a model system to examine the levels and tfpes
ROS that are produced in response to DNA damag®g@enic strains with different DNA repair
capacities. We find that when DNA damage is inticet! into cells from exogenous or
endogenous sources there is an increase in thendumiointracellular ROS which is not directly
related to cell death. We have examined the sppeotf ROS in order to elucidate its role in the
cellular response to DNA damage. As an independatfication of the DNA damage-induced
ROS response, we show that a major activator obtigative stress response, Yapl, re-localizes
to the nucleus following exposure to the DNA alkiylg agent methyl methanesulfonate. Our
results indicate that the DNA damage-induced irewéa intracellular ROS levels is a

generalized stress response that is likely to faneh various signaling pathways.
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Introduction

Cells are continuously exposed to numerous exogeand endogenous agents that
damage DNA. DNA damage alters replication andsiteption, causes cell death and can lead to
mutations and neoplastic transformation in manyaoigms. Reactive oxygen species (ROS)-
mediated deleterious effects are thought to cameibto human degenerative conditions including
neurological disorders [1], cardiac dysfunction gjd cancer [3], as well as the process of aging
[4]. While ROS have been shown to be deleterioutls, they also can function as stress-
induced signaling molecules [5-8]. Recent repiordgcate that DNA damage alone results in
increased levels of intracellular reactive oxygpecses (ROS) [9, 10]. In response to oxidative
stress, cells activate both the DNA repair proceasel transcription factors. These factors in
turn, modulate levels of expression of ROS-scavengnd processing enzymes [11, 12]. For
example, increased levels of intracellular ROS eaquast-translational modifications of one such
transcription factor, Yap1l, resulting in inductiohnumerous genes [13-17].

In order to maintain genomic stability under RO8tioed stress, cells have evolved a
number of pathways to repair or respond to thegmras of DNA damage. Baccharomyces
cerevisiaethese pathways include direct reversal, baseiexcrepair (BER), nucleotide
excision repair (NER), mismatch repair (MMR), triwsson synthesis (TLS), and recombination
(REC) [18]. While some of these pathways mediagerépair of the damaged DNA (direct
reversal, BER, NER, and MMR) others function to &spthe damage such that the DNA lesion
is tolerated and replication can occur (TLS and REAII of these pathways are individually
important to the cell, however there is overlatha types of DNA damage handled by each
pathway [10, 18]. BER is primarily responsible foe repair of small, non-bulky base lesions
and abasic sites, such as those caused by oxidinth@lkylating agents [19]. NER is primarily
responsible for the repair of bulky, DNA helix diding lesions such as UV light-induced

cyclobutane pyrimidine dimers (CPDs) and 6-4 phaidpcts (6-4 PPs) [19].
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We have previously reported that various typespointaneous and chemically induced
DNA damage cause increases in intracellular RQ8pair-proficient (wild type, WT) and
repair-deficientS. cerevisiaestrains [20, 21]. Cells deficient in both BER atiR (BER/NER)
spontaneously accumulate approximately 800-foldenaxidative DNA damage than WT cells
that correlated with a substantial increase iracghular ROS in repair-deficient cells [10]. In a
separate study, Salmen al.examined the levels of ROS in WT and repair defitiyeast strains
(BER, BER/REC, and NERREC deficient strains) following exposure to the oxida DNA
damaging agent hydrogen peroxide@g) or the DNA alkylating agent methyl methanesulfiena
(MMS) [21]. These studies revealed a dose-depdnderease in intracellular levels of ROS in
all four isogenic strains after exposure to eitigd, or MMS, suggesting that DNA damage
alone is capable of causing an increase in intidaelROS.

A major issue emerging from the above observat®mhether the increase in ROS is a
response to specific types of DNA modificationsageneral DNA damage-induced stress
response. Another important issue concerns theeat the subspecies of ROS, such as
superoxide (), H,O,, and hydroxyl radical QH), produced in response to DNA damage. A
major goal of this study was to further define tla¢ure of DNA damage capable of inducing
ROS and to characterize the subspecies of ROSviratproduced in response to such damage.
Such information is crucial for delineation of thielogical role of ROS and the mechanisms
leading to their production in a putative DNA damagduced ROS stress response.

As an independent method for verifying the produttof DNA damage-induced
intracellular ROS, we also examined the cellulapomse of a ROS sensor and transcription
factor, Yapl. Yapl is important in the oxidativeess response . cerevisiagll, 16, 17].
Oxidative stress within a cell can be viewed agrdralance between ROS production and ROS
scavenging/metabolizing capacity. When an imbadeading to oxidative stress occurs, Yapl
is activated to rapidly upregulate gene expressfoenzymes (e.g. catalase, superoxide

dismutase, and glutathione peroxidase) and smadaules (e.g. glutathione and thioredoxins)
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capable of scavenging ROS [22],® activates Yapl by inducing disulfide bond formatio
between C303 and C598, causing the release oltiear export protein Crm1p and resulting in
nuclear accumulation of Yap1l [14, 23]. Once inrtheleus, Yapl functions as a transcription
factor activating numerous genes that are involrdtie oxidative stress response [16, 17, 24,
25]. Thus, Yapl serves as a biological sensoelforated ROS and also as a key mediator of the
ROS-activated signaling pathway.

In this study, we have defined the levels and tyddR0S induced by DNA damage that
are influenced by two major DNA excision repairtpaays (BER and NER) and find that there is
a dose-dependent increase in ROS in all cell tjgsving exposure to the DNA alkylating
agent MMS or short wavelength ultraviolet light (¢8). We also find that there is a dose-
dependent increase in several types of ROS ,(8,0,, and’ OH) that were evaluated. However,
the specific patterns and magnitudes of the obdeR@S increases varied, depending on the
nature of the DNA damaging agent and the celluldADepair background. We examined the
role of Yap1l as a potential mediator of the DNA dgmresponse by monitoring its subcellular
localization following exposure to MMS in DNA repairoficient cells. We found that Yapl
relocalizes to the nucleus in response to MMS exigoand that this effect is similar to that seen
with direct exposure to #D,. The activation of Yapl in response to MMS furtbepports the

idea that the increase in ROS in response to DNAag@ may function in signaling processes.
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Experimental Procedures

Strains, Media, and GrowthConditions

The set of isogeni8. cerevisiastrains used in this study was derived from wyjlaet
(WT) SIR751MATa ade2-1010c his800 uraZNco lys21Bgl leu2-R. The genotypes derived
from SJR751 are BERIeficient strain SJIR86MATa ade2-1010oc his&00 uraZiNco lys21Bg|
leu2-R ntg¥::LEU2 ntg24::hisG apn1D1::HIS3, NER deficient strain SIR868AATa ade2-
101oc his21200 uraNco lys21Bgl leu2-R rad::hisG), and BERNER' deficient strain
SJR1101MATa ade2-1010c his®00 uraZNco lys21Bgl leu2-R ntg2l::LEU2 ntg24::hisG
apnl1D1::HIS3 radX::hisG). All of the SIR derived strains were constru@sgreviously
reported [26]. Yeast strains were grown on YPD @éti%6 yeast extract, 2% peptone, 2%
dextrose and 2% agar for plates). All YPD mediaenspplemented with 0.5% adenine sulfate.
For selection of strains containing the Yapl-GF#spiid, the strains were grown on SD-minimal
—URA media (0.5% ammonium sulfate, 0.17% yeasbgén base without amino acids, 2%

dextrose, 0.14% minimal Ura drop out mix, and 2a&gdér for plates) [27].

Cell Growth and Viability
Liquid YPD media was inoculated with yeast celld gnown at 30C for ~24 hrs to a

density greater than 7 x Aells/mL. The density of the cells was determibgaounting on a

hemacytometer. Fifty milliliters YPD cultures weéneculated with an appropriate amount of
cells so that the culture would reach a density »fL0 after 12 hrs of growth at 3. Cell

viability was determined by plating on YPD aftepegure to MMS or UV-C. Cultures were

diluted to a density that would yield approximat&80-200 colonies per plate.
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YAP1-GFP Plasmid Construction

For studies of the subcellular localization of YaWIT strains were transformed with
pLR1 plasmid. The pLR1 plasmid is a centromerict@econtaining & AP1::GFPfusion
protein and &JRA3marker. The plasmid was constructed using thagRbrop” method of
cloning [28]. The original pLDB419 plasmid isyé&P1::GFPLEU2 2u plasmid [23]. We
amplified by PCR th& AP1::GFPDNA fragment from pLDB419 using the following préars.
5-CACTATAGGGCGAATTGGAGCTCCACCGCGGTGGCGGCCGCTCTAAKRECA
TGATTACGAATTCGAGCT-3 and the reverse primer wasGGGAACAAAAGCTGGGTA
CCGGGCCCCCCCTCGAGGTCGACGGTCCAAGCTTGCATGCCTGCAGGTGBT The
sequences of these primers are homologous toahkirflg sequences &bal-Xholdigested
plasmid pRS306 [29]. Co-transformation of the Wais with theYAPL1::GFPcontaining PCR
fragment ancKbal-Xholdigested plasmid pRS306 and following rescue efalasmid yielded

pLR1.

Measurement of Reactive Oxygen Species Levels

ROS subspecies (Q H,O,, and’OH) were detected using a panel of fluorescentgsob
(Table 1). Cells were grown to mid-log (~2 X' t@lls/mL) in YPD at 30C overnight. Cells
were counted (hemacytometer), washed twice,@ &hd then adjusted to 2 x"Idells/mL in
H,O. Cells were then exposed to various doses loéreiV-C or MMS. For experiments
involving UV irradiation, cells (15 mL) were place@da 15 mm petri dish and exposed to a range
of UV-C doses (0-50 J// Immediately after UV exposure, cells were pthirethe dark to
prevent photoreactivation. For experiments invaMMMS, cells (3 mL) were placed in the dark
and exposed to a range of MMS doses (0-55 mM)@anb at 3C°C. Following exposure to
MMS or UV-C, 1 mL aliquots were plated for survivakasurements and 2 mL were incubated

with various fluorescent probeBifhydrorhodamingDHR), 25ug/mL; Dihydroethidium



a7

(DHEL), 50pg/mL; N-can-Acetyl-3,7dihydroxy-phenoxazine (Amplex RGAPR)), 12
ug/mL; and2-[6-(4’-Hydroxy)phenoxy-8i-xanthen-3-on-9-yl] benzoic acid (HPR)
pg/mL) for ROS measurements. Immediately followflugprescent probe addition, cells were
held in the dark and incubated at°8for 2 hrs. Cells were subsequently washed twite

H,O and then resuspended in 2 mL phosphate buffatete{PBS) and assessed for

fluorescence intensity employing a BD™ LSR |l flaywtometer (BD Biosciences).

Yapl Cellular Localization Studies

Cells were grown to mid-log phase (~2 X tells/mL) in YPD at 30C overnight,
counted, and washed twice with® and then adjusted i@ to a density of 2 x T@ells/mL.
Cells were then stained with 4',6-diamidino-2-pHidple (DAPI) (Invitrogen) to visualize
DNA in nuclei and mitochondria. Cells were incudzhtvith 1uL 100 nM DAPI/mL of cells for
5 min, washed once with,B, and then resuspended to the original volume,®d. HCells were
then exposed to either,8, or MMS as described above. Cells were subjectdidiorescent
confocal microscopy (Zeiss LSM510 META) and imagese analyzed using the Carl Zeiss

LSM Image Browser software.
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Results

In the present study, we used the budding y&aserevisiagas a model system to
address whether cells exhibiting compromised DNkage repair contain increased levels of
ROS. Previously, we reported that unrepaired, gadously generated oxidative DNA damage
accumulates in cells deficient in both BERg14 ntg24 apnl4 triple mutant) and NERrad14
mutants) (BERNER) and is accompanied by an increase in intracelR@S [10]. Despite the
fact that Rad1p functions in homologous recombamatit mediates the relatively minor role of
removing of the heterologies during strand invasind single strand annealing (reviewed in
[30]). These studies suggested that even non-txicoderately toxic DNA damage might be
capable of mediating the ROS response. HowewversgRcific types of ROS involved were not
identified due to the utilization of DHR, a fluooest probe that detects multiple ROS species
includingH,0,, "OH, andNO'" [31, 32] (Table 1).

Two major objectives of the present study weréo(fletermine whether the ROS
response could be elicited by different classd3N#f damaging agents, thus implicating a role
for ROS in a general genotoxic stress responséiiuol define the nature of the stress response
with respect to individual types of ROS induceddifferent classes of DNA damage. Taking
into account that cell death could cause the reledROS [33, 34], we first defined the

cytotoxicity profiles for MMS and UV-C in cells degtive in different repair pathways.

Cytotoxicity of MMS and UV-C in Yeast Strains vibifferent DNA Repair Backgrounds

To delineate the potential relationship between Ddd#nage-induced cell death and
intracellular ROS levels, dose dependent cytottxmiofiles were determined for isogenic
strains with different DNA repair deficiencies (WBER, NER, and BERNER) exposed to
MMS or UV-C. MMS induces several different alkytat base damage products that are

primarily repaired by BER [35]. Thus, it could éepected that BERJeficient cells should
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exhibit the greatest cytotoxicity in response to Blxposure. Cells were exposed to a range of
doses (0-55 mM) of MMS and the cytotoxicity waseadetined. Severely repair-deficient cells
(BER/NER) exhibit a moderate (35%) decrease in survivahugxposure to low doses (0.5

mM) of MMS and exhibited extreme sensitivity to g doses (Fig. 1 A). In contrast, for repair-
proficient strains (WT) and single pathway-compreaai (BERdeficient and NERdeficient)
strains, significant decreases in survival are egkonly with exposure to doses above 5 mM
MMS. At such higher MMS doses, the single pathwaficient mutants (BEFor NER)

displayed greater sensitivity than repair-profitieglls (WT), with BER-deficient strains
exhibiting greater sensitivity compared to NERBficient strains. Thus, as might be expected,
MMS sensitivity is variable depending on the DNAa@ capacity of the cells, with cells
deficient in BER alone or in combination with NERplaying the greatest sensitivity.

Short wavelength ultraviolet radiation (UV-C) iredis toxic, mutagenic bipyrimidine
photoproducts that are repaired primarily by theRNtathway [36]. Cells were exposed to a
range of doses (0-50 Jof UV-C and the cytotoxicity was determined. égpected, repair
proficient (WT) and BERdeficient cells exhibited similar sensitivitiesWy/-C with NER and
BER/NER deficient strains displaying extreme sensitivigs@ than 1% survival) at lower doses
(5 J/nf) (Fig. 1 B). These experiments established atoyicity profile for MMS and UV-C for
each isogenic strain harboring DNA damages primagipaired by BER or NER, respectively.
Such profiles were then utilized to determine whetbNA damage-induced cytotoxicity was

directly related to DNA damage-induced increasastiacellular ROS levels.

Endogenous DNA Damage and Intracellular ROS LendBNA Repair Compromised Strains
To determine the levels of individual types of RO\E[, BER, NER, and BERNER

deficient strains were analyzed using a panelaséficent probes including DHR, DHEt, HPF,

and APR. These probes detect different, spedaifisgecies of ROS (Table 1). As discussed

above, DHR is a relatively non-specific probe agilit detect a variety of ROS subspecies [31,
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32]. In contrast, DHEt is specific for,O[37, 38], APR is specific for $D, [39, 40], and HPF is
specific forOH [41]. Cells treated with DHR (Fig. 2 A) revealed tR&S levels (multiple
species) were significantly increased (approxinye®@Po) in the BERNER' deficient cells
compared to repair proficient cells (WT). Howewsith this probe there was no increase
observed in the strains deficient in either BERI&R pathways alone. A similar result was
obtained when cells were incubated with &l-specific probe HPF (Fig. 2 C). When the levels
of O, were determined with DHEt (Fig. 2 B), small to mmate increases were observed in both
BER deficient (~33% increase) and NEfRficient (~4% increase) cells, and a substant@0%o
increase) increase was observed in BERR deficient cells. These findings are consistenhwit
previous studies employing DHR [10] but also rextbalnature of the specific types of ROS
elevated in response to endogenously produced Dawdade in the absence of exposure to
exogenous agents (Experimental Procedures). CBR/RER deficient cells showed any
significant increase in D, when probed with APR (Fig. 2 D), and interestingly80% decrease
in H,O, was observed in the NEReficient strain. In general, when cells are sglyaepair-
deficient and therefore accumulating endogenous [diWage, there is a substantial increase in
ROS levels. We conclude from these experimentsceibs harboring elevated levels of
endogenous DNA damage (BERER) have increased intracellular levels of OH,0,, and

‘OH.

The finding that cells deficient in the repair aidegenous DNA damage (particularly
BER/NER) contained elevated levels of oxidative damagg ¢brrelate with an elevation of
ROS suggested that DNA damage induced by exogeriaumsical and physical agents might be
capable of causing a similar ROS response [10].addeessed whether different classes of DNA
damage, repaired by different DNA repair pathwagsercapable of eliciting an increase in ROS
by examining the response to MMS, which produce\Didmage primarily repaired by BER

and UV-C, which produces DNA damage primarily repadiby NER [19].
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MMS Induced DNA Damage Causes an Increase in lalitidar ROS

First, we examined the spectrum of ROS produceddmepair deficient strains in
response to MMS. All four strains (WT, BERIER, and BERNER) were exposed to a range
(non-toxic to toxic) of MMS doses (0-55 mM) for &tin and then assesed for ROS using the
fluorescent probes described in Experimental Pnoesd(Table 1). When cells were exposed to
MMS and then treated with DHR (Fig. 3B) or DHEtFBC), an increase in ROS is observed
that is related to the exposure dose. Thereignéfisant increase in the levels of ROS in
response to MMS (25 mM) in all strains irrespectiféhe DNA repair background and the
corresponding level of cytotoxicity caused by tthise. The observed increases in ROS range
from 15-2500% depending on the probe employed lamdtrain analyzed. In general, the
increases in ROS are related to an increase in B&age and not cytotoxicity (Fig. 3A). The
cytotoxicity observed following a 0.5 mM MMS exposwlose is similar in all four strains while

the levels of intracellular OHand HO, (Fig. 3 D, E) differ significantly. In WT and NER

deficient cells, there is no significant changéhe levels of HO, and’OH while there is a 5%
and 20% increas@ndicated with %” in Fig. 3 D,E) in HO, and’OH, respectively, in BER

deficient cells and a 30% and 50% increase (indécatth “#” in Fig. 3 D,E) in HO, and"OH,
respectively, in BERNER deficient cells.

When cells were probed with HPF (Fig. 3 D) or AFRy( 3 E), an increase in,8, and
"OH, respectively, is observed at lower exposure doBEMS (0.5 mM or 5 mM) followed by a
decrease at the higher doses (25 mM and/or 55 mMBMNM his increase is observed at 0.5 mM
MMS for BER deficient cells (18% and 6% increases with APR [dRé, respectively) and
BER/NER deficient cells (36% and 20% increases with APR ldRF, respectively). A similar
increase is not observed in WT and NEBficient cells until higher exposure doses (5 noi)
MMS are used. The decrease in the levels of @iffeROS subspecies occurs at different doses

of MMS. Unlike the decrease i@H that is observed at higher MMS doses, (Fig. 3t
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decrease in JD, observed with APR (Fig. 3 E) was observed at mBBMMS exposure dose in
BER/NER deficient cells and 55 mM MMS in all other strainkhe trend that the levels of ROS
increase at lower doses of MMS followed by a desgest higher doses is observed for all strains

investigated.

UV Light Induced DNA Damage Causes an Increasatiadellular ROS

Exposure of cells to MMS reveals a potential raleROS in the cellular response to a
DNA alkylating agent. As previously reported witte nonspecific probe DHRthere is an
increase in ROS in several DNA repair deficierdiss in response to,B, and MMS exposure
[21].

An important issue in the present study was tordete whether or not the increase in
ROS in response to DNA damage repaired by BERss @bserved for DNA lesions primarily
repaired by the other major excision repair pathWwdyR. To address this possibility, we
determined the levels of ROS in response to UVdLiced DNA damage. Unlike MMS and
H.O,, UV-C produces helix-distorting bipyrimidine addsi¢CPDs and 6-4 PPs) that are repaired
by NER [19].

All four strains (WT, BER NER, and BERNER) were exposed to a range (non-toxic
to toxic) of doses (0-50 JAnof UV-C and then probed for ROS. A pattern afose-dependent
increase in ROS levels similar to that obtainedhwiMS exposure was observed. However, the
maximum relative levels of ROS detected followixgasure to UV-C (Fig. 4 B,C) were lower
than that observed for MMS (Fig. 3 B,C). As wittM8, the observed increase iR Qs directly
related to the UV exposure dose (Fig. 4 C). Theeesignificant increase in the levels of @

response to 5 JMUV-C in all strains (ranging from 14-117%) as cared to the levels of ROS

in unexposed cells (indicated witkin Fig. 4C). These results are similar to thobserved in

cells following exposure to MMS in that there id@se- dependent increase in the levels of ROS
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in response to DNA damage. Furthermore, N#Ricient strains are more sensitive to UV-C
induced DNA damage at lower doses. NHE&icient cells also exhibited a significant irese in
O,", but at a lower dose (2 J)vas compared to unexposed (indicated with “#"iq BC).

As in the case of MMS exposure, exposure to UVsLilte in changes in ROS levels that
are related to DNA damage and not cell death. Wiedla are exposed to 25 J/biV-C, there is
a greater than 50% survival in both the WT and BiRicient cells while there is less than 1%
survival in NER and BERNER deficientcells (Fig. 4 A). Despite substantial differenaes
survival, these cells display similar relative e@ses in the levels of,0in response to 25 Jfm
UV-C (Fig. 4 C). The fact that these increaseelewf ROS are not associated with cell death is
also revealed when cells are probed with HPF. eikample, BERdeficient cells exposed to 50
J/nt UV-C and NERdeficient cells exposed to 5 J/itdV-C display similar survival yet have
significantly different levels of OH(indicated with 4" in Fig. 4D).

It is important to emphasize that when cells weobed with DHR (Fig. 4 B), a
difference was observed between cells capablepainiag UV-C-induced damage (WT and
BER deficient), and cells that are not capable of mpgisuch DNA damage (NERnd BER
INER deficient). NERdeficient cells exhibited a significant (comparedihexposed cells in the
corresponding strain) increase (indicated with ih Fig. 4 B) in ROS at lower doses (2 and 5
J/nt). As with MMS we observed decreases in ROS didrignore toxic doses (25 and 50 J/m
for NER deficient strains. A similar result was obserwdten cells were analyzed f@®H and
H,0, (Fig. 4 D,E). We conclude that cells respond MAdamage through changes in the types
and levels of ROS produced. As discussed belahitiogical relevancy of an apparently

bimodal ROS response to DNA damage is likely tmine specific signal transduction pathways.
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Yapl Relocalization in Response to DNA Damage

Under normal cellular environments, the ROS seasdrtranscription factor, Yapl is
rapidly exported from the nucleus to the cytoplagnere it resides until activated in response to
oxidative stress [14, 16, 23, 24]. Upon activatidapl can no longer bind to the nuclear export
receptor Crmlp and thus accumulates in the nuglbese it functions as a transcription factor
[24, 25, 42]. Previous reports have shown th#d.Hexposure causes Yapl to rapidly relocalize
to the nucleus [14]. To address the potential obléapl in the ROS-mediated DNA damage
response, the localization of Yapl was determinddviing exposure to MMS and compared to
the previously characterized effects caused bytaeposure to kD, [14, 23]. Cells were
exposed to a range of non-toxic to toxic doses @htdr MMS for 1 hr and the localization of
Yapl-GFP was determined by direct fluorescenceastmpy. Following exposure to6,,
DNA repair proficient (WT) cells exhibited a rapielocalization of Yapl to the nucleus that was
maintained for at least 60 min. On average, apprately 75% of the cells analyzed exhibited
nuclear localization of Yapl (Fig. 5). WT cellspesed to a range (0.5-55 mM) of MMS doses
displayed a delay in relocalization of Yap1 to tlueleus compared to the relocalization pattern
observed following exposure ta6; (Fig. 6). When WT cells were exposed to 0.5 mM MMS
fewer than 20% of the cells displayed nuclear laatibn of Yapl throughout the time course (60
min) of the experiment (Fig. 6 B). However witlghér doses (25 and 55 mM) of MMS Yapl
nuclear localization significantly increased (uB@%), indicating a response to oxidative stress

that occurs after the introduction of non-oxidatM8A damage into the genome (Fig. 6 C,D).
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Discussion

By examining the levels of ROS in cells harboringAddamage caused by endogenous
or exogenous sources, insight can be gained ietaodture of genotoxic stress responses. DNA
damage occurs continuously in all cells. Multipleerlapping systems for handling DNA
damage exist. However, deleterious consequence®salt when such pathways are
compromised or when their capacities to process [dblage have been exceeded. Although
increases in ROS levels are thought to be involwvedimerous pathological states, it is clear that
modulation of ROS is also important for normal gkt physiology [43].

The endogenous levels of several different tyd¢®Q@S were determined for WT and
DNA repair deficient yeast strains. These strarase previously evaluated for the levels of
endogenous oxidative DNA damage [10]. An incréaseidative DNA damage in BERind
BER/NER deficient strains was observed and was found tadigest in the BERNER
deficient strain. The results presented in theerurstudy, establish a relationship between the
levels of accumulated oxidative DNA damage andéhels of various ROS subtypes. We
showed that BERNER deficient cells harboring increased levels of atie DNA damage
displayed the highest levels of intracellulai’@s well as increased levels of intracellula®k
and’OH. BER deficient cells exhibited an increase in oxidafb/dA damage that is less than
that observed in BERNER deficientcells. BERdeficient cells exhibit a correspondingly
smaller increase in O with no observed increase in eithexdd or "OH as compared to BER
INER deficientcells(Fig. 2). NERdeficient cells show no detectable increases itethgls of
oxidative DNA damage and exhibit a very small ims@in the levels of O and no increases in
the other types of ROS. Thus, low levels of endoge DNA damage causes production ¢f.O
As the levels of endogenous DNA damage increagealdo increases with concomitant

elevation in both kD, and'OH.



56

In this study, by utilizing two different classeSDNA damaging agents (MMS and UV-
C), we were able to determine the response to dauid is primarily repaired by either BER or
NER. When cells were exposed to either MMS or UMa increase in three different
subspecies of ROS was observed, as a general gansti@ss response regardless of the nature
of the damage.

Previous reports have suggested that increaset$lef/ROS are associated with cell
death [33, 34]. Our results indicate that ROSensees are also associated with DNA damage that
occurs following non-toxic to moderately toxic espoe to MMS or UV light. Thus elevated
levels of ROS cannot be attributed solely to celith. For example, the cytotoxicity resulting
from a low dose (0.5 mM) MMS exposure is similaalhstrains (70-98% survival), but the
levels of intracellular KO, produced are significantly different for BE&hd BERNER
deficientcells (5% and 20% increases, respectively) whiseg was no change in intracellular
ROS levels for WT or NERIeficientcells (Fig. 3). DNA damage produced by MMS is
primarily repaired by BER and accumulation of bdamage would be expected in BERd
BER/NER deficient strains. We have established that tleeaesubstantial increase in the levels
of H,O, without significant changes in cell survival. Bleeaesults confirm the notion that ROS is
produced directly in response to DNA damage ambisiue to cell death.

Redox homeostasis in cells is important for maxirig proper cellular functions [44].
Elevated levels of ROS can be biologically deletes; but have also been implicated in a variety
of cell signaling processes [5-8]. For example SRalter protein structure through direct
interaction with cysteinyl sulfhydryl groups [7].0 maintain normal redox states, cells utilize
several systems for buffering ROS including thergdoxin and glutathione pathways [45]. In
dividing cell populations, when DNA damage occting, cell must respond to maintain the
integrity of the genome and eventually continuetigh the cell cycle. ROS-mediated signaling

should enable the rapid activation of the stresparse systems necessary for cell survival. To
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our knowledge, this is the first report defining tielationship between DNA damage and the
types and relative levels of ROS produced.

To further delineate the possible role of ROShm DNA damage response, the
localization of the ROS sensor, Yapl in WT cellséaponse to two different DNA damaging
agents was examined. Previously Yapl has beenrstmkelocalize to the nucleus in response
to H,O,. Yapl localization is directly altered by the ggace of KO, in the cell [13, 23],
regardless of its DNA damage effect. In this siwdy found that the relocalization of Yap1l in
response to MMS exposure is similar to the relaa#ibn of Yapl as a result of direct exposure
to ROS (e.g. bD,). When cells are exposed to MMS, there is a tiamel dose-dependent
increase in the number of cells that have predomtiypauclear Yap1l localization. However,
unlike the response observed, after exposure@, df rapid relocalization of Yapl to the
nucleus, there is a delay of approximately 25 neffoke a significant number of MMS-exposed
cells contain nuclear Yap1l (Fig. 6). As the redtate of the cell shifts to a more reduced state
through the increased production of ROS in resptm&NA damage, the localization of Yapl
changes from cytoplasmic to nuclear where it fungias a transcription factor in response to
cell stress. It should be emphasized that MMSs ahme directly produce ROS, yet causes the
accumulation of Yapl in the nucleus as dog®.H This observation provides independent
verification that DNA damage per se elicits the R&D®ss response. The delayed accumulation
of Yapl in the nucleus following MMS exposure sugigea signal transduction process from
DNA damage to the generation of ROS. These obgsensgaprovide biological confirmation of
the DNA damage-induced intracellular ROS productmrealed by the panel of fluorescent
probes employed in these studies.

Our results are consistent with the following maidelthe role of ROS in the cellular
genotoxic stress response (Fig. 7). Elevation@ER response to DNA damage appears to be

associated with two modes of DNA damage levelslineg O, as the primary mediator. At

low to moderate levels of DNA damage, there is @enate increase in the levels of OH,0O,,
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and'OH (Level 1). At Level 1, @ is a likely source for kD, and’OH through chemical and
enzymatic conversion pathways [46]. For exami@é] can be non-enzymatically generated via
the Fenton Reaction and®, can be enzymatically produced by superoxide diasauf46]. The
redox state (Mode 1) of the cell at these levelBNA damage leads to cell survival-related and
stress response signaling processes. In respmebanges in cellular redox states, there are
several known signaling pathways that can be aetiviacluding stress activated kinases
(SAPKSs), multistep phosphorelay, and AP-1 like si&iption factor sensing [47]. These
pathways are conserved between yeast and othesrloghanisms, making these studies
potentially relevant to other eukaryotes. Actimgtprotein-1 (AP-1)-like transcription factor
sensing is mediated by a family of transcriptioctdes. AP-1-like proteins regulate a variety of
cellular processes including proliferation, diffietiation, apoptosis, and various stress responses
[48]. InS. cerevisia&’apl is the major AP-1-like transcription factofapl is responsible for
the upregulation of numerous genes that are indalvéhe oxidative stress response. These
include the gultatione reductagel(RJ), thioredoxin TRX2, catalase{TT1), and superoxide
dismutase$0D]) [49]. It is possible that the DNA damage stresponse iS. cerevisiagnay
be initiated by changes in the redox state of #iktleat, in turn, can lead to subsequent signaling
through one or more of the above pathways. Mariiege pathways may contain components
that sense intracellular ROS levels and then teitgvents that trigger a stress response in cells.
A Mode 1 response could be mediated by activatqull Y& we have demonstrated that it
accumulates in the nucleus following exposure to $4M

At high levels of DNA damage, there is a correspogéhcrease in the level of,Q but
not in H,O, or "OH due to saturation or blockage of conversionwats. With such decreases in
H,O, or "OH the appropriate signaling response does notrpttaus leading to a decrease in cell
survival. At the corresponding redox state (Mollal# cell is well beyond its repair capacity

and reorchestrates signaling from cell survivadstrresponses to cell death processes.
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As the redox state of the cell continues to mowveards an oxidized state due to high
levels of DNA damage causing an increase in thel$eaf Q™, the cell can no longer survive
because of extensive nuclear and/or mitochondiih damage as well as damage to other
macromolecules. Alternatively, the cell reorchatsts the internal signaling processes to initiate
cell death. Several recent studies have showruthegllular eukaryotes undergo a caspase-
independent apoptotic-like cell death process$3Q, In yeast, many features of apoptosis have
been observed including chromatin condensationsyinatidylserine exposure on the outer
membrane, and cytoplasmic shrinkage [50, 52]. amdly, one feature of this cell death
process is an increase in the intracellular leg&d,  [33].

To fully understand how the DNA damage-inducedssiresponse functions in cells, an
understanding of the generators of ROS and thkdrindhe ROS response is necessary. There
are several possible,Ogenerators that have been identified in yeast gadlading the
mitochondria (e.g. cytochrome C) and various ox@dasXanthine oxidase is a interesting
candidate in that it has been shown to produge BO,, and’'OH[53]. In addition, we are
currently determining the extent to which a simIiA damage-induced ROS stress response
occurs in mammalian cells. Such a response haswbimplications for several important

human pathologies, including cancer.
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Abbreviations used in text: Reactive oxygen species (ROS), Base excisionmrépaR),
Nucleotide excision respair (NER), Mismatch reg®MR), Translesion synthesis (TLS),
Recombination (REC), Cyclobutane pyrimidine dimrif@PD), 6-4 photoproduct (6-4 PP),
Hydrogen peroxide (kD,), methyl methanesulfonate (MMS), Superoxidg (QHydroxyl

radical {(OH), Short wavelength ultraviolet light (UV-C), Witype (WT), Dihydrorhodamine
(DHR), Dihydroethidium (DHEL), 2-[6-(4'-Hydroxyy)@moxy-3H-xanthen-3-on09yl] (HPF), N-
can-Acetyl-3,7dihydroxyphenoxazine (Amplex Red (ARRhosphate buffered saline (PBS),
4’,6-diamidino-2-phenylindole (DAPI), Stress actied kinases (SAPK), Mitogen-activated

protein kinases (MAPK), and Activating protein-1RA).
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Table 1. ROS Fluorescent Probes
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Fluorescent Probe R@&ded Reference
Dihydrorhodamine (DHR) multiple species (28,29)
Dihydroethidium (DHEt) >0 (34,35)
2-[6-(4’-Hydroxy)phenoxy-3H-xanthen-3-ontpy ~ *OH (36,37)

bezoic acid (HPF)

N-AcN-Acetyl-3,7-dihydroxyphenoxazine 2@ (38)

(Amplex Red (APR))
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Figure 1. MMS and UV-C cytotoxicity profiles of cels with different DNA repair capacities.
Sensitivity of DNA repair deficient strains to MM#id UV-C. WT (diamonds), BERsquares),
NER (triangles), and BERNER (circles). Cells were exposed(#) 0, 0.5, 5, 25, and 55 mM

MMS for 30 min at 30C or(B) 0, 2, 5, 25, 50 J/MUV-C. The results are an average of six

different experiments. Error bars represe®D. Experimental details are provided in the text.
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Figure 1. MMS and UV-C cytotoxicity profiles of cels with different DNA repair capacities.
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Figure 2. Endogenous levels of ROS in isogenic DNApair-proficient and -deficient

strains. Isogenic WT, BER NER, and BERNER strains were incubated with the indicated
fluorescent probes\) DHR, B) DHEt, (C) HPF, or D) APR for 2 hours as described in
Experimental Procedures. Following incubationlsceere analyzed for ROS levels by flow
cytometry as described in the text. Fluoresceadges were obtained from measurement of the
mean peak values of the cytograms. Fluoresceroes/éor each ROS probe are reported as the
fold change relative to the WT (repair proficiesijain (set to a value of 1.0). Error bars
represent SD. Asterisks above bars indicate statisticaliigance of a p value <0.05 as

compared to no exposure condition.
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Figure 3. ROS levels in DNA repair deficient strais in response to DNA alkylation damage.
A. MMS cytotoxicity of strains with different DNA rer backgrounds. WT (diamonds), BER
(squares), NERtriangles), and BERNER (circles). Cells were exposed to 0, 0.5, 5, 28, 55
mM MMS for 30 min at 30C as described in the text. Results displaye@dar@verage of six
different experimentsB — E. Isogenic WT, BER NER, and BERNER strains were first
exposed to MMS (0-55 mM) for 30 min and then indedawith the indicated fluorescent probes
(B) DHR, (C) DHEt, (D) HPF, or E) APR for 2 hours. Following incubation, cells wer
analyzed for ROS levels by flow cytometry as démmtiin Experimental Procedures.
Fluorescence values were obtained from measureshéim mean peak values of the cytograms.

Fluorescence values for each ROS probe are repastéald changes relative to the WT (repair

proficient) strain (set to a value of 1.0). Erbars represent SD. “” symbols above bars

indicate statistically significant (p value <0.@5fferences between the levels of® or "OH in
BER deficient strains at 0.5 mM MMS compared to no expe conditions and “#” symbols
above bars indicate statistically significant (fuea<0.05) differences between the levels gbH

or "OH in BER/NER deficient strains at 0.5 mM MMS compared to noasype conditions.
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Figure 4. ROS levels in DNA repair-deficient straiis in response to UV-C induced DNA
damage. A. UV-C cytotoxicity of strains with different DNA pair backgrounds. WT
(diamonds), BER(squares), NERtriangles), and BERNER (circles). Cells were exposed to 0,
2, 5, 25, and 50 J/MUV-C as described in the text. Results displayedan average of six
different experimentsB - E. Isogenic WT, BER NER, and BERNER strains were first
exposed to UV-C (0-50 JAnand then incubated with the indicated fluoresgeabes B) DHR,

(C) DHEt, D) HPF, or E) APR for 2 hours. Following incubation, cells wemalyzed for ROS
levels by flow cytometry as described in Experins¢Rrocedures. Fluorescence values were
obtained from measurement of the mean peak valubg acytograms. Fluorescence values for

each ROS probe are reported as fold changes eetatithe WT (repair proficient) strain (set to a

value of 1.0). ¥"symbols above bars indicate statistically sigrfit(p value <0.05) differences

between the levels of Oin all strains at 5 J/iMJV-C compared to no exposure conditions. “#”
symbols above bars indicate statistically signifiog value <0.05) differences between the
levels of @~ in NER deficient strain at 0.5 J/mJV-C compared to no exposure conditions.
“t”symbols above bars indicate statistically sigraht (p value <0.05) differences between the
levels of ROS in NERand BERNER deficient strains at 0.5 Jfr/V-C compared to no
exposure conditions. “+” symbols above bars ineistatistically significant (p value <0.05)
differences between the levels @Hat the 5 J/hUV-C exposure in NERleficient cells as

compared to 55 JAMJV-C exposure in BERleficient cells.
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Figure 5. Yapl localization in WT cells after exposre to H,O,. A. Yapl-GFP was visualized
by direct fluorescence microscopy in WT cells aithetreated (Control) or treated with 0.5 mM
H,0, for 5 min. Cells were stained with DAPI to visiaal the position of the chromatin within
the nuclei. The Merge image indicates the oveyafiow) between the Yapl-GFP signal
(green) and DAPI (red) staining of nuclei. Cormsing DIC images are also showB-E.
Graphical representation of fluorescence micros@alysis assessing Yapl-GFP localization.
Cells were exposed t8) 0.5 mM, C) 5 mM, D) 25 mM, or E) 55 mM HO, and fluorescence
images were obtained. Cells were counted and atealiin 10 min interval groups. Percentages
of cells scored as showing no nuclear localizafgyay bars) or nuclear localization alone or
nuclear plus cytoplasmic localization for Yapl ({dars) for every 10 minute interval group for

the duration of the experiment (60 min) are indidat
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Figure 5. Yapl localization in WT cells after exposre to H,0..
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Figure 6. Yapl localization in WT cells after exposre to MMS. A. Yapl-GFP was

visualized by direct fluorescence microscopy in ¥élls either untreated (Control) or treated
with 25 mM MMS for 25 min. Cells were stained wibiAPI to visualize the position of the
chromatin within the nuclei. The Merge image irdés the overlap (yellow) between the Yapl-
GFP signal (green) and DAPI (red) staining of nuc@orresponding DIC images are also
shown.B-D. Graphical representation of fluorescence miapga@analysis assessing Yapl-GFP
localization. Cells were exposed ®) 0.5 mM, C) 25 mM, or D) 55 mM MMS and
fluorescence images were obtained. Cells weretedwand presented in 10 min interval groups.
Cells were scored as showing no nuclear localingtioay bars) or nuclear localization alone or
nuclear plus cytoplasmic localization for Yapl (ldars) for every 10 min interval group for

the duration of the experiment (60 min) are indidat
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Figure 7. Model for the role of ROS in the genotadx stress responselnder normal (no
stress) growth conditions, in the absence of gea@NA damage, the redox state of the cell is
normal (Mode 0). Upon genomic DNA damage, intriatat levels of ROS increase. At low to
moderate levels of DNA damage, cellulai’CH,O,, and’OH levels increase (Level 1). The
increased levels of J@, and’OH could be caused by direct production in respom$aNA
damage or through conversion froni ‘@ia non-enzymatic and enzymatic pathways [46]H
and HO, function as signaling molecules to activate theogexic stress response including
pathways involving SAPKs, multiphosphorelay and Alke transcription factors. Each of these
pathways is activated in response to changes irettax state of the cell [47]. At higher levels
of DNA damage, @  continues to increase (Level 2), while the promuncof H,O, and"OH
declines. The decrease in® and’OH levels could be due to a decrease in directymtiah or
blocked conversion from 0. The redox state of the cells (Mode 2) is pritgadue to
substantial increases in the ' evels that subsequently mediate the cell deahorese. The
relative levels of KO, and"OH are represented by the green shaded area areldtiee levels of

O, are represented by the purple shaded area.
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Abstract

Reactive oxygen species (ROS) play a dual roledlogical systems. They are
deleterious to cells causing damage to macromasaich as DNA, proteins, and lipids leading
to many human degenerative conditions includingegrarthritis, neurodegenerative diseases, as
well as the process of aging. However, ROS arelkalswn to be important for normal cellular
functions. For example, ROS are involved in dedemgainst infectious agents and in cellular
signaling. Previous studies by our group have shinat increased levels of DNA damage can
lead to increased intracellular levels of ROSthis investigation, we examine the role of ROS
scavenging enzymes (superoxide dismutase -Sodlaif] &nd catalases - Ctal, and Cttl) in the
DNA-damage-induced ROS response. Utilizing a 6&aecharomyces cerevisiogenic ROS
scavenging mutants (W$pdl4, sod24, ctald, andcttld), we determined the cytotoxicity and
intracellular levels of ROS produced in responseviwm DNA damaging agents, methylmethane
sulfonate (MMS) and ultraviolet light (UV-C). Thikeletion of either of the SODs or the CATs
had no effect on cytotoxicity following exposureMiS. Deletion ofSOD2 CTAL and
CTTlincreased the cytotoxic effects of UV-C. A doseatagent increase in the intracellular
levels of superoxide () occurred for all strains following exposure tatbMMS and UV-C. A
significant increase in intracellular,Olevels was observed at high doses of MMS (25-55iniM)
sod cells compared to WT. A significant increase 7 @vels was also observed following
high doses of UV-C (25-50 Jfnin sod24, ctald, andcttld cells. These data suggest that the
DNA damage-induced ROS response is dependent dggeef DNA damage induced and that
the subcellular localization of ROS production/lazztion influences the cells response to DNA

damage.
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Introduction

ROS is capable of mediating either beneficialeeterious effects on cells. High
intracellular ROS levels can damage macromoleauebl as DNA, proteins, and lipids, and have
been associated with many human degenerative camglincluding cancer [1], neurological
diseases [2], as well as the process of aging][3{Hdwever, ROS are involved in the defense
against infectious agents [5] as well as in cellateess signaling processes [6-9].

Exogenous sources of ROS include ionizing radiatbemical agents, and various
xenobiotics, and UV radiation [10]. Endogenousrses of ROS include those produced within
mitochondria [11] and peroxisomes, as well as mffatory cell activation [5]. While the
production of ROS in the cell can be beneficialneostasis must be maintained in order to limit
the deleterious effects of either increased oredeszd levels of ROS. Redox balance is
maintained through non-enzymatic and enzymatioaittant defenses. Non-enzymatic small
molecules such as vitamins C and E, glutathiormas$tldoredoxins possess intrinsic antioxidant
properties [12]. Enzymes capable of directly sogugy ROS and converting it to less toxic
moieties include superoxide dismutases (SOD), ase¢al (CAT) and peroxidases [13].

In Saccharomyces cerevisjabere are two SODs, Sodl and Sod2 (Figure 1) [$2d1
is located in the cytoplasm while Sod2 is locatethe mitochondria [14]. Both SODs are
capable of scavenging superoxide'(and converting it into the less reactive (but &ikic)
hydrogen peroxide (3D,) and non-toxic molecular oxygen {J15]. While the reduction of O
is beneficial, the production of,B, can be deleterious to the cell ;4 can react with Fé via
the Fenton reaction, forming the highly reactiveioxyl radical {OH) [15]. CATs convert kD,
into H,O and Q (Figure 1) [16]. There are two CATs presengircerevisiaeCtal and Cttl
(Figure 1) [12]. Cttl is present in the cytopladiii][and Ctal is present in mitochondria and
peroxisomes [18]. These enzymes are importamhéantaining the proper redox balance in

cells.
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Previous studies from our group have shown thaeased DNA damage can lead to
increased intracellular levels of ROS [19, 20].célis that are severely repair compromised
(deficient in both base excision repair and nuddisogxcision repair (BERNER)), there are
increased levels of oxidative DNA damage (1400lesigenome) [21] that are associated with
increased levels of ROS, specifically €19, 20]. A small increase in ROS is believed¢o b
involved in signaling leading to DNA repair, whidegreater increase in ROS is associated with
stress-related cell death [19]. In the presemtystue examined the potential role of ROS
scavenging enzymes in the DNA damage-induced R§inse in order to gain insight into the
regulation of ROS signaling in the response to DiNdnage. The role of ROS in the DNA
damage response was determined by examining 1) @dage-induced cytotoxicity profiles
and 2) intracellular ROS levels in a set of isogdROS scavenging mutants (Wshd14, sod24,
ctald, andcttld).

We determined the cytotoxicity profiles of the R&&venging mutants following
exposure to two DNA damaging agents, methylmetisatfenate (MMS) and ultraviolet light
(UV-C). After exposure to the DNA alkylating ageMMS, a dose-dependent decrease in
survival was determined for all strains; howeved3Rscavenging mutantsad14, sod4, ctals,
andctt14) were not more sensitive to MMS than WT cellslidgwing exposure to UV-C, which
produces bulky, helix distorting DNA lesions, a e@ependent decrease in survival was
observed for all strains. Increased cytotoxicigswobserved inod24, ctald, andcttl1A4 strains
following exposure to 25 J/fthat was not observed in WT cells, suggestindeafor Sod2,
Ctal, and Cttl in protection against the cytot@ffects of UV-C. We also examined the
intracellular levels of specific types of ROS,{PH,0,, and’OH) using a panel of fluorescent
probes following exposure to MMS and UV-C. An iease in intracellular O levels was
observed in all strains following exposure to belillS and UV-C. Interestingly, the

intracellular levels of @ were significantly elevated in tle®d14 strain following exposure to
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MMS as compared to WT cells. A significant incee@sQ,” levels was also observed following
exposure to high doses of UV-C (25-50 %/in sod24, ctald, andcttld strains. However, the
levels of OH and HO, varied depending on the DNA damaging agent, dase strain. These
results reveal important aspects of the role of R&&engers in the DNA damage-induced ROS
response. Our findings suggest that the cella@isponse to DNA damage is not uniform with
respect to the production of ROS and that the off@NA damage that is induced produces a

specific ROS response pattern.
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Experimental Procedures
Strains, Media, and Growth Conditions

The set of isogeni8. cerevisiastrains used in this study was derived from therOp
Biosystems deletion collection (Open BiosystemsAUSThe genotypes used were WT strain
BY4741 MAT A his211 leu240 met1Z10 ura340), sodU strain MAT A his211 leu240 met1Z10
ura340 sodMkan), sod4 strain MAT A his211 leu240 met1%10 ura340 sod2kan),
ctald strain MAT A his1 leu240 metl1Z0 ura340 ctaldkan), andcttld strain MAT A his211
leu240 metl1#0 ura340 cttldkan). The Open Biosystems strains were constructdddmyrting
theKanMX cassette intthe appropriate ROS-related garsing homologous recombinatias
previously described [22-24] .Yeast strains wemgr on YPD media (1% yeast extract, 2%

peptone, 2% dextrose, 0.005% adenine sulfate, @nddar for plates).

Cell Growth and Viability

Liquid YPD media was inoculated with yeast celld gnown at 30C for ~24 hrs to
saturation (greater than 7 x"idells/mL). Fifty milliliters of YPD cultures wen@oculated with
an appropriate amount of cells so that the culwoeld reach a density of 2 x 16ells/mL (mid-
log phase) after 12 hrs of growth at@0 Cell viability was determined by plating on YRRer
exposure to MMS (0-55 mM for 30 min at°&L) or UV-C (0-50 J/if). Cultures were diluted to a

density that would yield approximately 100-200 coés per plate.

Measurement of Reactive Oxygen Species Levels

ROS subspecies (0 H,O,, and’OH) were detected using a panel of fluorescentgsob
(Table 1). Cells were grown to mid-log phase (<%cells/mL) in YPD at 30C overnight.
Cells were washed twice in,8 and then adjusted to 2 x"Idlls/mL in HO and then exposed

to various doses of either MMS or UV-C. For expets involving UV irradiation, cells (15



88

mL) were placed in a 15 mm petri dish and exposetrange of UV-C doses (0-50 JJm
Immediately following UV exposure, cells were pldde the dark to prevent photoreactivation.
For experiments involving MMS, cells (3 mL) werapéd in the dark and exposed to a range of
MMS doses (0-55 mM) for 30 min at 3C. Following exposure to MMS or UV-C, 1 mL
aliquots were plated for survival measurementszanmd. were incubated with various fluorescent
probes (dihydrorhodamine (DHR), 28/mL; dihydroethidium (DHEt), 5Qg/mL; N-can-
Acetyl-3,7dihydroxy-phenoxazine (Amplex Red (APR)2ug/mL; and 2-[6-(4'-
hydroxy)phenoxy-Bl-xanthen-3-on-9-yl] benzoic acid (HPF), g§/mL) for ROS

measurements. Immediately following fluorescewbpraddition, cells were held in the dark and
incubated at 30C for 2 hrs. Cells were subsequently washed twite H,O and then
resuspended in 2 mL phosphate buffered saline (BB&pssessed for fluorescence intensity

employing a BD™ LSR Il flow cytometer (BD Biosciess).
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Results

Previous studies established that intracellulaBR@reases in response to DNA damage
[19, 20]. Severely repair compromised yeast mstévdse excision repair deficient (BERnd
nucleotide excision repair deficient (NEReficient) harbor high levels of oxidative DNA
damage (approximately 1400 lesions/genome, prasemtd-log growth phase cells) [21] that is
associated with increased intracellular ROS [19, 20 increase in ROS levels was also
observed in WT, BERNER, and BERNER deficient cells following exposure to both MMS
and UV-C [19], suggesting a role for ROS in the D#mage response.

We employeds. cerevisia@s a model system to determine the role of RO%escgers in
the ROS-mediated DNA damage stress response.abettdevels of DNA damage could be due
to a lack of DNA lesion removal by DNA repair systeor alterations of enzyme activities
responsible for ROS scavenging. Perturbations@$ Rcavenging enzymes could cause an
increase in intracellular ROS levels. Such andase in intracellular ROS levels could cause
damage not only to DNA, but also proteins and othacromolecules that are involved in cell
signaling. Previous studies have shown a corogldietween increased levels of DNA damage
and increased levels of ROS [19]. Defining the Dil#knage response in ROS scavenging
mutants $od 14, sod24, ctald, andcttld) provides insight into ROS regulation in signalantd

cytotoxicity.

MMS and UV-C cytotoxicity in ROS scavenging mutants

To determine whether ROS scavenging is relat&aNA damage-induced cell killing,
we examined the cytotoxicity profiles of ROS scayiag mutants following exposure to MMS
(0-55mM) in cells deficient i5OD1 SOD2 CTAL andCTT1 MMS does not directly generate
ROS and produces DNA alkylation products repairethgrily by BER. However, WT cells

exposed to MMS produce increased ROS levels [Af]strains (WT,sod14, sod4, ctald, and
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cttld) exhibited a dose-dependent cytotoxic respon8&M&. There was no increase in
cytotoxicity compared to WT cells in the ROS scayreg compromised (mutant) strains (Figure
2A). These results indicate that each ROS scamgregizyme individually does not protect cells
from the cytotoxic effects of MMS. This could beedto the presence of redundant, backup
pathways that are still capable of protecting detisn indirect ROS cytotoxicity or that the
cytotoxic effects of increased ROS levels are méaigkethe cytotoxic effects of MMS acting
through other mechanisms.

We next examined the cytotoxicity profiles of R®S scavenging mutants following
exposure to UV-C (0-50 JAn UV-C produces helix distorting DNA lesions repd primarily
by NER and does not directly generate ROS. Howdelowing exposure to UV-C, WT cells
displayed increased levels of ROS [19]. All stsafW/T,sod14, sod24, ctald, andctt14)
exhibited increased cytotoxicity in response taeasing exposure doses of UV-C (Figure 2B).
Exposure to UV-C caused increased cytotoxicityad4, ctald, andcttl4 strains compared to
WT cells (Figure 2B). Notably, in response to loasd UV-C exposure (5 JAnctt1A strains
exhibited a significant (p value = 0.0053) increamseytotoxicity (65% survival) compared to
WT cells (89% survival). In response to a reldtiveigh dose of UV-C (25 J/fj sod24, ctal,
andcttld exhibited a significant increase (p value >0.05%a@lbstrains) in cytotoxicity (8%,
9%, and 1% survival) compared to WT cells (42% sialy. These data indicate that the ROS
eliminated by the ROS scaveng&GD2 CTAY, and CTT play a role in UV-C induced ROS-

mediated signaling or cytotoxicity.

Intracellular ROS levels in ROS scavenging mutésitswing exposure to MMS and UV-C.
To further investigate the role of ROS scavengisiesns in the DNA damage-induced
ROS response, we next employed a panel of fluonégeebes that detect different, specific

subspecies of ROS. These probes include DHR, DHIEF, and APR (Table 1). DHR is a
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relatively non-specific probe as it detects a \gired ROS subspecies [25, 26]. In contrast, DHEt
specifically detects © [27, 28]. APR detectsJ@, [29, 30] and HPF detect®H [31]. Cells
were exposed to a range of doses of MMS (0-55 miM)then probed for specific ROS.
Following exposure to MMS, an increase in the Iew#l0,” was observed in all strains at the
highest dose (55mM) examined, with a significaelgvated response following exposure to 25
and 55 mM MMS in thsod14 strain compared to WT cells at these same doségdted by

“** in Figure 3C). A dose-dependent increasé¢hia levels of OH was observed for all strains
following exposure to MMS (Figure 3D). However,dantrast with the DHEt-detected increase
in O,", thesodl strain did not exhibit a significant increasehe tevels of OH compared to

WT cells. When examining the levels of multiple R8ubspecies with the fluorescent probe
DHR, an increase in ROS levels were observemb il andctald strains following exposure to
the highest MMS dose (55mM) (Figure 3B). This @&se was also observed at 25mM MMS in
thesodld strain. When cells were probed with thgdstspecific probe, APR, there was no
increase in the levels of,B, detected in any of the strains examined (Figure dihe DNA
damage-induced ROS response following exposureM& N the ROS scavenging mutants
indicates that Sod1 influences DNA damage-inducg£dié€vels in cells suggesting that the
production/location of ROS following exposure to Nk cytoplasmic as Sodl1 is located
primarily in the cytoplasmic.

As previously reported, the increase in intradafliROS levels does not correspond with
to an increase in cell death [19]. Following expesto MMS, there is no change in the
cytotoxicity of any of the ROS scavenging-compradistrains compared to WT cells, yet there
are different patterns in the levels of intrac@tuROS observed. For example, following
exposure to both 25 and 55 mM MMS there is no diffee in the cytotoxicity profiles of WT
andsodl (Figure 3A), however there are significantly iresed levels of ROS detected by DHR

(indicated by an “# in Figure 3B), and specificallythe levels of @ (indicated by “*” in
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Figure 3C) in thesod U strain. These data further substantiate the nakiat the increases in
intracellular ROS levels are in response to DNA dgenand not a result of cell death.

To determine the role of the ROS scavenger img¢bponse to a different class of DNA
damaging agent we examined the intracellular R@&ddén the ROS scavenging mutants in
response to a range of doses of UV-C (0-5G)J/mhen cells were probed with the non-specific
ROS probe, DHR, following exposure to UV-C, an aase was observed in WT actd14
strains at all doses examined (Figure 4B). Thexg mo significant increase in the intracellular
levels of ROS in any of the other strains. ThisSR@sponse pattern differs from the pattern
observed in these strains following exposure to Miticating that the DNA damage-induced
ROS response may be dependent on the specifieenatNA damage in the genome. An
increase in the levels of,Owas observed in all strains following exposur&-C (Figure 4C).
Following exposure to UV-C, there is no significamtrease in the intracellular levels of On
sodW mutants compared to WT cells in contrast to theepaobserved following exposure to
MMS. Interestingly, there was a significant in@ean Q' levels following exposure to UV-C
in thesod24, ctald, andcttl4 strains (indicated by “*” in Figure 4C). The inase in Q@ levels
in the ssod strain could indicate that the production/locatidrthe increased ROS in response
to UV-C induced DNA damage is mitochondrial.

In a set of repair deficient strains (BERER, and BERNER) following exposure to
UV-C, we previously observed that the level$@H and HO, increased at low doses followed
by a decrease at higher doses [19]. A similaroesp was observed in the ROS scavenging
mutants when probed for,8, (Figure 4D) andOH (Figure 4E) following exposure to UV-C.
The increase in ROS following exposure to low dagfddV-C (2-5 J/m) is involved in signaling
associated with cell survival and the stress respomhile the increase in,Q but not HO, and
"OH, following exposure to high doses of UV-C (25386T) is involved in signaling for cell

death.
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The increase in O levels following exposure to high doses of UV-G-&0 J/m)
correlate with increases in cell death. Increast#iddeath was observed following exposure to
high doses of UV-C (25-50 Jfrin sod24, ctald, andcttld strains compared to WT cells. The
sod24, ctald, andcttld strains also displayed increasesl @vels following exposure to these
same doses of UV-C (25-50 Jjneaompared to WT cells. These results differ fiiose
observed following exposure to MMS and indicatd tha DNA damage-induced ROS response

differs depending on the type of DNA damage induced
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Oxidative stress has been historically definethagmbalance of prooxidants and
antioxidants which can lead to macromolecular da{fgids, proteins, RNA, and DNA) and
disruption of redox signaling [32, 33]. This dédffion is limiting in that it assumes that withineth
cell the balance is uniform and static. More rélgeoxidative stress has been redefined as
condition that disrupts redox signaling and congtath that the balance of pro- and antioxidants
is defined regionally (subcellular localizationtimsue-specific within the whole organism) and
not system-wide [34]. Maintaining the redox bakantcells is essential for proper cellular
functions and survival. Low concentrations of Rg@Eerated under normal physiological
conditions are utilized by the cell for signalifggwever, when the redox balance shifts, and more
ROS is produced, and deleterious consequencescaniacluding damage to proteins, lipids,
and most importantly, to DNA [35]. Increased levef O, have been associated with apoptosis
and cell death in both yeast and mammalian cefis3g.

Different types of intracellular ROS are both prodd and scavenged by cells in a
compartment-specific manner. ROS production aagleseging must be regulated in order to
maintain a redox balance within the cell and défercellular compartments. ROS can be
produced as byproducts of normal cellular metabglisithin mitochondria [11], and
peroxisomes, as well as during inflammatory cediivation [39]. We propose that in response to
increased levels of DNA damage there is an increaisgracellular ROS levels [19, 20] and
address the mechanism of the ROS production, whinbt yet understood. While some of the
DNA damage-induced ROS is produced in mitochondtizer DNA damage-induced ROS could
be generated via different mechanisms in the neaewaytoplasm. There is evidence thafrho
cells with non-functional mitochondria and lackimgDNA, display a dose-dependent increase in
ROS levels in response to increasing doses of MM8.levels of ROS increase in the toells;

however, not to the levels seen in WT cells atstome doses of MMS [40]. This increase in
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ROS indicates that mitochondria only partly conitédbto DNA damage-induced ROS
production.

As ROS production tips the redox scale in one tisagcROS scavenging tips it in the
other. At the same time increases or decreadés ilevels of one sub-type of ROS could lead to
an imbalance of the signaling pathways. Theresaveral ROS scavengers present in cells
including SODs, CATSs, thioredoxins, and glutathien&ach of these acts through a specific
mechanism to maintain the balance of ROS in célisS. cerevisia®ne SOD and one CAT is
present in the mitochondria and one SOD and one @A$ent in the mitochondria. By
examining cells that are defective for differerd\senging enzymes, we can identify the potential
subcellular localization of the DNA damage-induédds.

In the present study, we examined the role of R€&fvengers in the DNA damage-
induced ROS response. By examining the cytotgxpmibfiles of the ROS scavenging mutants in
response to DNA damaging agents that induce didipes of damage we can determine
whether any of the ROS scavengers is capable tdéginog cells from the deleterious
consequences of these agents and whether thistoates specific for the type of DNA damage.
MMS, regardless of dose, is equally toxic to athists and survival does not decrease in any of
the SOD or CAT mutant strains compared to WT céliese data indicate that, individually, the
ROS scavenging enzymes examined plays a role tegiiog cells from the deleterious effect of
MMS.

UV-C appears to be more toxic to several of theamiustrainssod24, ctald, andcttl4,
compared to WT cells (Figure 2B). This increaseyitotoxicity indicates that the mitochondrial
scavenging enzymes, Sod2 and Ctal, as well aytbsotic ROS scavenging enzyme, Cttl, are
important for protection against the deleteriodsa$ of UV-C. The increase in ROS following
exposure to UV-C may be due to an increase in RO&ugtion in mitochondria rather that the

cytoplasm. However, because of the redundant R@&saging systems present in cells, it is
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difficult to fully appreciate the role of each in@iual enzyme in protecting cells from the
deleterious consequences of DNA damage-induced ROS.

The ROS produced in response to MMS and UV-C cbaldifferent with respect to the
sub-species produced as well as the sub-cellutatifation. Alone, none of the scavenging
enzymes are protective against MMS, suggestingliealROS scavengers have overlapping
specificity in protecting cells from the effectsMMS. However, following exposure to UV-C
Sodl, Ctal, and Cttl, all appear to play a monmafgignt than Sod2 role in protecting cells from
the deleterious consequences (i.e. cell killingYwfC. It is possible that the ROS produced in
response to MMS are generated in the cytoplasnecyiodolic ROS are involved in cell survival
stress associated signaling, while the ROS producessponse to UV-C is localized to
mitochondria, and involved in cell death. Increhyels of mitochondrial ROS have been
associated with apoptosis [36, 41].

To further explore the role of ROS scavenging aintaining the redox state of cells
following DNA damage and to address the posside #dROS in MMS and UV-C induced
cytotoxicity, we examined the intracellular ROSdk/following exposure to MMS and UV-C.

In response to DNA damage, intracellular ROS lewrgleease in a manner that is dependent on
the type and dose of DNA damaging agent [19]. dbéht sub-species of ROS are induced to
different extents following exposure to MMS or UVFR]. In the present study, we detected a
dose-dependent increase ipi @vels following exposure to MMS (Figure 3C). Thisrease is
significantly elevated isod14 mutants compared to WT cells. Sodl is a cytossiyme that
scavenges O [15]. Therefore, the increase in bserved following exposure to MMS is
primarily cytosolic and we hypothesize that it ftians in cell signaling. A significant increase

in the levels of ROS detected with the fluoresgeobe DHR was also observed in toell4

strains following exposure to MMS (Figure 3B). \M®pose that the general increase in ROS is

likely due to the specific increase in’'Gas detected with DHEL.
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Following exposure to UV-C, Olevels increase in a dose-dependent manner irelall ¢
types. The increase in,Oevels appears to be a general response to all yffeNA damage
regardless of the strain background. Howeversthecellular location of this increase may not
be the same for each type of DNA damage. ThedenfeD, ™ are similar in WT andod4
strains; however, there is a significant increaste levels of @ in sod24, ctald, and
cttl4 strains at the highest exposure dose (50 J/m2)&i4C). Interestinglysod U strains
were the only ROS scavenging mutant for which tioegase in cytotoxicty of UV-C was not
observed. This increase in cytotoxicity may intechat the cytosolic levels of,0do not
increase in response to DNA damage produced by UMiCthe levels of mitochondrial,Omay
increase. The levels dDH detected with HPF and,8, detected with APR following exposure
to UV-C exhibited similar dynamics in ROS levels &l strains examined. Exposure to low to
moderate doses of UV-C (5-25 Jjrincreases celluldOH and HO,, but at higher doses (55
JInf), the levels decrease (Figure 4D-E). It is pdedihat the increase i®H and HO,
followed by a decrease is caused by an initialdase in ROS to allow for an ROS signaling
events, followed by low levels 6OH and HO, when the levels of DNA damage are elevated to
the point that the cell switches from signalingdasurvival associated response to signaling for
cell death. Evidence exists supporting a roleRAS in signaling for DNA repair and cell death
[36, 41].

Previously, we examined a set of repair defici¢natiss (BER NER, and BERNER).
There is an increase in the intracellular levelROfS regardless of the strain background
following exposure to MMS and UV-C [19]. Howevénere were changes in the levels of the
subspecies of ROS depending on the dose of DNA giagpagent utilized. Following exposure
to low doses of DNA damaging agents an initial éase in the levels of ROS {Q'OH, and
H,0,) was observed and is thought to be involved ihatedss response signaling. We propose

that following exposure to high doses of DNA damagghgent the levels of DNA damage
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increase to the extent that the cell is no longgable of repairing all DNA damage present. At
these levels of DNA damage; Ccontinues to increase aifdH and HO, decrease. The increase
in O, levels could be due to an increase in productioB,tfor to a decrease in the conversion
of O, to H,O, by SODs. The increase in,@evels is thought to signal cell death and potdigtia
block cell survival signaling [19].

Figure 5 depicts a model of how the cell responds/b distinct classes of DNA
damage. Under normal physiological conditions (FégbA), the cell maintains the redox
balance through the production and scavenging dd.R8od1 and Ctal maintain the ROS
balance in the mitochondria (blue), while Sod2 &tid maintain the ROS balance in the
cytoplasm (green). When the cell is exposed tatk@ating agent MMS (Figure 5B), there is a

dose-dependent increase in the intracellular leMeROS which shifts the redox balance within
the cell. The increase in,Oevels was highest when the cells were deficienSfad1, the
cytosolic SOD. This finding suggests that incrélgs®duction of G in response to MMS is
localized to the cytoplasm. Furthermore, we hypsite that the increase in cytoplasmit 9
involved in pro-survival and stress responses $igmaecause there is no increase in cell death
in any of the ROS scavenging mutant strains conapar®VT (Figure 5B green). The response

to DNA damage caused by UV-C (Figure 5C) diffemsrirthat of MMS. Although there is an

increase in intracellular ROS levels following egpe to UV-C that shifts the redox balance of
the cell, the increase in ROS is greatesad4, ctald, andcttl4 strains compared to WT cells.
Additionally, the cytotoxicity of theod24, ctald, andcttld strains was increased compared to
the WT cells. This increase in cytotoxicity wogldggest that there is a correlation between the
increase in @ and the increase in cytotoxicity. Previous repbage shown that unicellular
eukaryotes undergo a caspase-independent apolgtetmell death process [37, 38Dne
important feature of the cell death process (iflyatast and mammalian cells) is an increase in

the intracellular levels of ©[36]. Therefore we hypothesize that the increasg,i observed
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following exposure to UV-C is involved in cell deatignaling. Our results support a model
where Q" localization in the cytoplasm is involved in prergival signaling and @ localized to
the mitochondria contributes to cell death.

Although these studies provide insight into ROSlizked DNA damage responses and
the subcellular localization of the ROS subspecias;h work remains to be done. For example,
to fully understand the production of ROS in resgmto DNA damage, cells that are deficient in
multiple ROS scavenging enzyme need to be examifibdre are many redundant pathways that
are capable of scavenging ROS within cells, andaminultiple pathways are compromised it
may be difficult to delineate the mechanistic dstaf ROS signaling. It is possible that if the
ROS scavenging pathways present in mitochondridl@nd Ctal) were eliminated there would
be increased sensitivity and increased intracellalgels of Q" following exposure to UV-C .
Similarly, if the cytosolic ROS scavenging enzyr(f®éed2 and Cttl) were eliminated then there
may be increased intracellular levels of @llowing exposure to MMS. Finally, another level
of ROS processing in the cell is through non-enziem@oteins such as thioredoxins and
glutathiones [12, 42]. Cells deficient in theseR§xavengers should also be studied to better

understand how the cell produces/handles ROS ponse to DNA damage.
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Figure 1. ROS scavenging systems Baccharomyces cerevisiae. There are several ROS
scavenging systems present in yeast cells. Thekele the enzymes superoxide
dismutase (SOD), catalase (CAT), and small moladiat function to neutralize ROS.
SODs are responsible for the conversion gf {bto H,O,. There are two SODs present,
Sod1 (located in the cytoplasm) and Sod2 (locatéde mitochondria). The conversion
of O," into *OH can occur both in the cytoplasm and the mitodhiarvia the Fenton
Reaction. CATs are responsible for the conversfdt,0, into H,O and Q. Two CATs
are present in yeast cells, Ctal (located in theahondria) and Cttl (located in the
cytoplasm). Ctal is also present in mitochondheaddition, small molecules which are
capable of converting 40, into H,O and Q include the glutathiones and thiroedoxins

[42].
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Figure 1. ROS scavenging systems Saccharomyces cerevisiae.
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Figure 2. MMS and UV-C cytotoxicity profiles of ROSscavenging mutants.WT (circles),
sodU (squares)sod4 (diamonds)¢tald (triangles), andttl4 (“x's). Cells were exposed to
(A) 0, 0.5, 5, 25, and 55 mM MMS for 30 min at®¥Dor (B) 0, 2, 5, 25, 50 J/MJV-C. The
results represent an average of six different exygsits. Error bars represensD.

Experimental details are provided in the text.
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Figure 2. MMS and UV-C cytotoxicity of ROS scavengig mutants.
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Fluorescent Probe R@tcted Reference
Dihydrorhodamine (DHR) multiple species (28,29)
Dihydroethidium (DHEY) e (34,35)
2-[6-(4’-Hydroxy)phenoxy-3H-xanthen-3-onfpy  *OH (36,37)

bezoic acid (HPF)

N-AcN-Acetyl-3,7-dihydroxyphenoxazine 2@ (38)

(Amplex Red (APR))
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Figure 3. ROS levels in scavenging mutants in respse to DNA alkylation damage.A.

MMS cytotoxicity of ROS scavenging mutants. WTr¢t@s),sod14 (squares)sod24
(diamonds)¢tald (triangles), andtt1l4 (“x’s). Cells were exposed to 0, 0.5, 5, 25, &6dmM
MMS for 30 min at 30C as described in the text. Results displayedar@verage of six
different experimentsB — E. Isogenic WT sodl4, sod24, ctald, andcttlA strains were first
exposed to MMS (0-55 mM) for 30 min and then indebawith the indicated fluorescent probes
(B) DHR, (C) DHEt, (D) HPF, or E) APR for 2 hours. Following incubation, cells wer
analyzed for ROS levels by flow cytometry as dématiin Experimental Procedures.
Fluorescence values were obtained from measureshéim mean peak values of the cytograms.
Fluorescence values for each ROS probe are repastéald changes relative to the WT strain

(set to a value of 1.0). Error bars represe8D.
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Figure 3. ROS levels in scavenging mutants in respse to DNA alkylation damage (MMS).
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Figure 4. ROS levels in scavenging mutants in respse to UV-C induced DNA damageA.
UV-C cytotoxicity of ROS scavenging mutants. WTr¢les),sod4 (squares)sod24
(diamonds)¢ctald (triangles), andttld (“x”s). Cells were exposed to 0, 2, 5, 25, and5tf

UV-C as described in the text. Results displayedaa average of six different experimeris:

E. Isogenic WT sodl, sod24, ctald, andcttld strains were first exposed to UV-C (0-50 2/m
and then incubated with the indicated fluoresceobes B) DHR, (C) DHEt, ©) HPF, or E)

APR for 2 hours. Following incubation, cells wargalyzed for ROS levels by flow cytometry as
described in Experimental Procedures. Fluorescesces were obtained from measurement of
the mean peak values of the cytograms. Fluorescaloes for each ROS probe are reported as

fold changes relative to the WT strain (set to laeaf 1.0).
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Figure 5. Model for ROS scavenging systems in theNA damage response. AUnder

normal cellular growth conditions, in the absentgamomic DNA damage, the redox state of the
cell is maintained through the production and sogirg if ROS. ROS can be produced in the
mitochondria, cytoplasm, and the nucleus. In otdenaintain the proper balance of ROS the
ROS scavengers, SODs and CATs convert ROS intdadggsmolecules. There are SODs and
CATs present in both the mitochondria (blue) ad a®lkhe cytoplasm (green). The*Gnd

H,0, present in the cell can be employed in signalimggsses to maintain normal cell growth
and metabolismB. Following exposure to high doses of MMS (25-55 ntigre is an increase in
intracellular Q* levels. The increase in,Dlevels could be involved in cellular signaling of
DNA damage. Irsodl4 strains following exposure to high doses of MMS-85 mM) there is an
additional increase in the levels of*@ompared to WT cells, indicating that the locatidnhe
0O," increase is in the cytoplasm. There is no incr@afiee levels of cytotoxicity isod14

strains following exposure to MMS compared to WlsceTherefore, the increase in’Gevels

is likely to be associated with cell survival arttlar stress respons&s. Following exposure to
high doses of UV-C (25-50 Jfirthere is an increase in the intracellular lewél®,*. An
additional increase in £ compared to WT cells following exposure to UV-Cswabserved in
thesod24, catld, andcttld strains. Thesod24, catld, andcttl4 strains also displayed an
increase in cytotoxicity at the high doses of UY25-50 J/m) compared to WT cells.

Therefore, the increase inOlevels following exposure to UV-C is thought tolbealized to the

mitochondria where it functions in cell death rezam
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Abstract

Cellular DNA is continually damaged by both endagehand exogenous sources of
reactive oxygen species (ROS) and the DNA musepaired with high efficiency and fidelity
for normal DNA transactions to occur. Exceedinluda repair capacity by introducing high
levels of damage or compromising the functionsefrepair systems is thought to be a causative
factor for human diseases including cancer, negemerative disorders, cardiovascular disease,
as well as the process of aging. Activation ohaltng pathways in response to genotoxic stress
is crucial for cells to properly repair DNA damagde.response to DNA damage, intracellular
levels of ROS increase. It has been proposedthahportant function of ROS generated
following DNA damage is to initiate specific sigriednsduction processes that are responsible
for appropriate management of oxidative stresghigstudy we have employ&hccharomyces
cerevisiaeas a model eukaryotic system to examine the plofiDNA damage-induced ROS to
activate the transcription factor, Yapl. By examinthe subcellular localization of Yapl and
several biological endpoints (cytotoxicity, intrakr ROS levels, and genomic stability) we are
able to assess the involvement of Yap1l in the Diddage-induced ROS response.
Determination of the subcellular localization ofpian response to three distinct classes of DNA
damaging agents (hydrogen peroxide@k), methyl methanesufonate (MMS), and ultraviolet
light (UV-C)) revealed that Yap1l relocalizes to thecleus in response ta®, and MMS, but
not UV-C. These results indicate that an importammiponent of the DNA damage-induced
stress response involves the production of ROSaatidation of Yapl that is specific for DNA
lesions that are repaired by the base excisiorirréplaR) but not the nucleotide excision repair
(NER) pathway. In addition to its role in oxidaigtress responses, we have shown thatYapl is
involved in the DNA damage response and is impoftarcell survival and maintaining genomic

stability.
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Introduction

Cells are continually exposed to both endogenodseangenous sources of reactive
oxygen species (ROS). High levels of ROS have kbeasidered detrimental to cells leading to
oxidative stress and to impaired physiological fimcthrough damage to DNA, proteins, and
lipids [1-3]. In addition, chronic exposure to RO&s been associated with several human
pathologies including cancer [4], neurodegeneratiserders [5], and cardiovascular disease [6],
as well as the process of aging [7]. In contna&sient studies have demonstrated the benefit of
ROS as signaling molecules [3, 8-10]. At low lsyé&OS is involved in cell signaling processes
for normal cellular function [11]. ROS-mediatedrsaling is likely to be an important
component in the response to genotoxic insultddieg those caused by oxidative stress [12].

In order to maintain genomic stability, cells hawelved a number of DNA damage
handling pathways that include direct reversalglmsision repair (BER), nucleotide excision
repair (NER), mismatch repair, translesion synthemid recombination [13]. As BER and NER
are key systems for the removal of numerous déebetetesions from the genome [13], the
influence of ROS signaling on the function of thpaghways may be crucial for an appropriate
cellular response to genotoxic stress. BER is ailsnresponsible for the repair of small, non-
bulky lesions (primarily base modifications) andsib sites, such as those caused by oxidizing
and alkylating agents [14]. NER is thought to e thajor pathway for the repair of DNA helix
distorting lesions such as cyclobutane pyrimidimeells (CPDs) and 6-4 photoproducts (6-4 PP)
induced by ultraviolet light (UV) as well as bullgsion [14], NER can also contribute to the
repair of oxidative DNA damage as well [13, 15].

In yeast, BER and NER are the major repair pathvi@ymsost types of DNA lesions,
and the specific range of DNA damages that areariiynhandled by each are generally distinct.
By examining cells deficient in one or both of thespair pathways it is possible to delineate the
relationship between cytotoxicity and ROS leveld datermine whether such responses

constitute a general response to DNA damage dimaited to specific classes of DNA lesions.
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We have recently documented that increased leV&&é damage, regardless of type, cause
elevations in intracellular ROS [12]. These stadiso revealed that cells deficient in both BER
and NER harbor significantly elevated (~800-foltl] levels of oxidative DNA damage, and
increased ROS levels (80 %) compared to DNA rgpaificient strains [16]. Furthermore,
intracellular ROS levels in both WT and repair-deint strains (BERNER, and BERNER
deficient strains) are elevated in a dose-dependanter following exposure to the DNA
alkylating agent methyl methanesulfonate (MMSY&-C [12]. These studies indicate that
DNA damage per se can cause an increase in iritracdROS independent of the class of DNA
lesion or the pathway involved in its repair, sugjgey that the ROS produced may function in
signaling processes [12].

Yapl, a transcription factor, is activated by okl stress [17-21]. Under normal
cellular conditions Yap1 is localized in the cyt@gin due to constitutive nuclear export by the
nuclear export receptor, Crm1 [20, 22]. Howevadar conditions of increased oxidative stress,
up to three intermolecular disulfide bonds fornYimp1 blocking the binding of Crm1, inhibiting
Yapl nuclear export, leading to Yapl accumulatiothe nucleus [23, 24]. Over 70 genes have
been shown to be directly activated by Yap1l, inclgcduperoxide dismutas8@DJ), catalase
(CTTY), and thioredoxinTRX? [25]. Several studies suggest that genes indalvdNA repair,
replication, and check point control can be actiddty Yapl, includingNTG1, POL1 MAG],
MEC1, andPOL3[26, 27]. Yapl was reported to be induced in oaesp to hydrogen peroxide
(H20,) exposure in a screen to identify DNA damage-iffaledranscripts in cells with different
DNA repair backgrounds [16]. In addition,Yapl amelates within the nucleus in response to
MMS exposure [12]. These findings suggest thatlviaay be directly involved in the DNA
damage response.

The objectives of this study were to determineitivelvement of Yapl in the DNA
damage response and to define the types of DNA gamapable of Yapl activation. We

examined biological endpoints in a set of isogeapair-proficient (WTyapl4) and repair-
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deficient (BER, BER yap14, NER, and NERyap14) strains with and without Yap1.
Determination of the subcellular localization ofpdain repair-proficient and -deficient cells
exposed to different DNA damaging agents revedlat'Yap1l accumulates to the nucleus in
response to ¥D, and MMS, but not UV-C. In addition, cytotoxicitytracellular ROS levels,
and genomic stability endpoints were determinedr ®sults suggest that ROS generated in
response to DNA damage likely functions in sigr@limocesses that activate Yapl. This

response appears to function for types of DNA daggnarily repaired by the BER pathway.
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Experimental Procedures

Strains, Media, and Growth Conditiondwo sets of isogenic repair deficient strains
were utilized in these studies. Each isogenicastains a repair proficient strains (wild type —
WT), DSC025, LAR009, LARO017, and LARO025. Strairfidient in BER were deleted for
NTG], NTG2 andAPNland include DSCO035, LAR013, LAR021, and LARO29ralis
deficient for NER were deleted f&®AD1and include DSC036 and LAROMaplA4 strains
include LAR010, LAR018, and LAR026. BEfRRapl14 strains include LAR014, LAR022, and
LARO030. NERyapld strains include LARO14. All LAR strains were dexil from hDNP42 (all
genotype listed in Table 1). All of the DSC dedwarains were constructed as previously

reported [28]. AlIhDNP42 diploid strain was constructed by transfdromeof the
hDNP19 with PCR fragment containingtNT2gene, conferring resistance to
nourseothricin. Plasmid pYM17 (Euroscarf) was usea template for amplification of
natNT2 gene [29]. The sequence of the primers is aVailaon requestThe DSC

derived strains were utilized in Yapl localizatsindies and measurement of @vels. The
hDNP42 derived strains were utilized in the cytatiy, mutation rate, and CHEF gel
electrophoresis studies. All yeast strains weosvgrin YPD media (1% yeast extract, 2%
peptone, 2% dextrose and 2% agar for plates).YRID media were supplemented with 0.005%
adenine sulfate. For selection of strains contgiine Yapl-GFP plasmid, the strains were
grown on SD-minimal —URA media (0.5% ammonium delf®.17% yeast nitrogen base without
amino acids, 2% dextrose, 0.14% minimal Ura drama, and 2.5% agar for plates) [30]. All
strains are listed in Table 1.

Strains referred to in the following text as BERficient contain disruptions in the
NTGJ], APN1, andAPN2genes and NEReficient contain a disruption in tiAD1gene. Strains
that also have a disruption YAP1gene are referred to gapld, BER yapl4, and NERyap14

deficient strains.
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Cell Growth and Viability Liquid YPD media was inoculated with yeast celld gnown
at 30°C for ~24 hrs to saturation (> 7 x i@lls/mL). A hemacytometer was used to determine
the density of the cells and 50 mL YPD was ino@dawith an appropriate amount of cells so
that the culture would reach a density of 2 X dffler 12 hrs of growth at 3. To determine
cell viability cultures, were plated on YPD aftespesure to MMS or UV-C and incubated for 48
hrs at 30°C. Cultures were diluted to a density that wouildyapproximately 100-200 colonies
per plate.

YAP1-GFP Plasmid ConstructiorFeor studies examining the subcellular localizatén
Yapl, cells derived from SJR751 strain (WT, BE&d NER) were transformed with pLR1
plasmid as previously described [12].

Yapl Cellular Localization Studies €ells transformed with the YAP1-GFP plasmid,
pLR1, were grown to mid-log phase (~2 X t@lls/mL) as described abov@d]l Growth and
Viability) in YPD at 30°C overnight, counted, and washed twice witOH The density of the
cells was adjusted to 2 x A€ells/mL in HO. Cells were stained with 4',6-diamidino-2-
phenylindole (DAPI) (Invitrogen) to visualize DNA huclei and mitochondria by incubating
cells with 1uL DAPI (100 nM) per mL of cells for 5 min, washedae with HO, and then
resuspended to the original volume isCH Cells were then exposed tgdd, MMS, or UV-C.
Cells were incubated inJ, or MMS throughout the time course. Cells wereomaa to UV-C
at the start of the time course and then placékdrdark for the duration of the time course.
Cells were subjected to fluorescence confocal mmpy (Zeiss LSM510 META) and images
were analyzed using Carl Zeiss LSM Image Browstwsoe.

Measurement dD,” " Levels -O, " levels were detected using the fluorescent prob&tDH
[31, 32]. Cells were grown to mid-log phase (~P0%cells/mL) in YPD at 30C overnight.

Cells were counted (hemacytometer), washed twi¢g@and then adjusted to 2 x"Iells/mL

in H,O. Cells were then exposed to various dosesloéekIMS or UV-C as described in the
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text. For experiments involving UV irradiation llsg15 mL) were placed in a 15 mm petri dish
and exposed to UV-C. Immediately after UV exposuedls were placed in the dark to prevent
photoreactivation. For experiments involving MM8|Is (3 mL) were placed in the dark and
exposed to MMS for 30 min at 3€. Following exposure to MMS or UV-C, 1 mL aliqaatere
used for survival measurements and 2 mL were irtedbaith 25ug/mL DHEt for Q™
measurements. Immediately following fluorescewbgraddition, cells were incubated in the
dark at 3C°C for 2 hrs. Cells were subsequently washed twitle H,O and then resuspended in
2 mL phosphate buffered saline (PBS) and assessé@ddrescence intensity employing a BD™
LSR Il flow cytometer (BD Biosciences).

Measurement of Mutation Rate3ells were grown to saturation (2X%1dells/mL) in 5
mL YPD at 30°C. Cells were then washed twice isHand concentrated to 1mL. Cells were
then plated on SD-Arg+CAN (0.5% ammonium sulfat&/06 yeast nitrogen base without amino
acids, 2% dextrose, 0.14% minimal Arganine droproixt 0.006% Canavanine, and 2.5% agar)
and YPD at an appropriate dilution to result invgto of greater than 20 colonies per plate from
at least two independent segregants. The platestiven incubated at 3C€ until colonies
appeared. Colonies were counted and mutation naes calculated as previously described
[33].

Replicative Aging Experiments and CHEF Gel Eleatrelsis —Replicative aging
experiments were carried out by serially passahagjoid strains on rich medium (YPD) for
multiple generations (20 generations) as previodshcribed in [29]. Cells from colonies
(originating from a single cell) obtained from eguassage was streaked on YPD and incubated
at 30°C for 48 hours. CHEF gel electrophoresis was peréar as previously described to
determine large scale chromosomal rearrangemefits The karyotype was determined for the

first or “founder” generation and then for subsetu@d" and 28) generations.
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Results

A major objective of these studies was to additessnvolvement of the transcription
factor Yapl in the cellular DNA damage responseeviBusly, we determined that an increase in
intracellular ROS levels is a genotoxic stressaasp caused by different classes of DNA
damaging agents such as MMS and UV-C [12]. Ina®asboth endogenous oxidative DNA
damage and intracellular levels of ROS were alseited in DNA repair compromised cells
(BER/NER deficient) [12, 15, 16]. Increased levels of RO& @apable of triggering nuclear
accumulation and activation of Yapl through a comdional change that blocks the binding of
the nuclear export factor Crm1, therefore allowifapl to accumulate in the nucleus [18, 21].
Yapl is believed to upregulate the expression wérsg genes involved in DNA repair, such as
NTGlandMAGL1[26, 27]. In the present investigation, we adseesthe possible involvement of

Yapl in signaling by DNA damage-induced ROS throtighactivation of Yap1.

Yapl nuclear relocalization in response to DNA alkiation damage.

Fluorescence microscopy of isogenic strains dafidin different DNA repair was
utilized to determine the localization of Yapl-GiRRresponse to different classes of DNA
damaging agents that are processed by differeatrrpathways such as BER and NER (Figure
1). The alkylating agent, MMS, produces non-bullkgdé damages that are primarily repaired by
BER, while UV-C induces larger, helix distorting BNesions that are primarily repaired by
NER [13]. Although each of these DNA damaging ag@noduces specific types of DNA
lesions, neither of these agents itself is an RD#,thus cannot directly activate the oxidative
stress response or Yapl.

Both MMS and UV-C can cause an increase in inthaleglROS levels [12]. To
examine the involvement of Yapl in the DNA damaggponse, we exposed repair-proficient
(WT) and repair-deficient (BERind NER) strains to low and high doses of MMS. Yapl

relocalizes to the nucleus in repair-proficient )/¢€lls exposed to high doses (25 mM), but not
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low doses (0.5 mM) of MMS (Figure 2A and [12]). dlear localization of Yapl was observed
in 12% of WT cells exposed to 0.5 mM MMS. When Wellg were exposed to 25 mM MMS the
number of cells displaying Yapl nuclear localizatiocreased to 32% (Figure 2A). Yapl
localized to the nucleus in WT cells following espioe to HO, within the first few minutes of
exposure (Figure 1 and 2A) confirming previous repfl9, 20, 35]. kD,-induced Yapl
relocalization occurred faster compared to MMS-patlirelocalization (Figure 2A). In contrast,
no change in localization of Yapl was observed ih &#lls following UV-C exposure (Figure
2A). We next examined the localization of YapBIBR and NERdeficient strains. In BER
deficient cells exposed to a low dose (0.5 mM) &i®] a higher percentage of cells displayed
nuclear accumulation of Yap1l to the nucleus as evegpto WT cells (Figure 2B). A delay in
the localization of Yapl to the nucleus was obs#imeBER deficient cells following MMS
exposure, requiring 60 minutes for 47% of celldigplay nuclear localization, a response similar
to that observed for MMS-exposed WT cells (FiguBg. 2The relocalization of Yap1l to the
nucleus in NERdeficient cells was influenced by8, exposure and high, but not low doses of
MMS, and was similar to the responses observetddtr WT and BERdeficient cells (Figure
2C). Localization of Yapl was unchanged in B&R NERdeficient cells following exposure to
UV-C (Figures 2B and C respectively). Collectivelyese data suggest that the response of
Yapl to DNA damage is specific for the type of DH&mage present and also indicate that the

activation of Yap1l is occurs in cells containingthlevels of unrepaired DNA damage.

Yapl-mediated protection from oxidative and alkylatng DNA damage cytotoxicity.

The involvement of Yap1l in the protection from det®us consequences of exposure to
MMS, UV-C, and HO, was investigated by examining the cytotoxicityebair-proficient and
-deficient cells with and without functional Yapdllbwing exposure to these agents. MMS and
UV-C cannot directly produce intracellular ROS,tss unlikely that these agents can directly

activate Yapl. However, it is possible that Yaptivation could be indirectly induced by DNA
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damage. In WT and NEReficient cells, Yapl does not protect cells fréma tytotoxic effects
of MMS (Figure 3A and 3C). However, BERficient cells were protected from the cytotoxic
effects of MMS by Yapl. BERIeficient cells exposed to 5 mM MMS exhibited 74d¢véval
while BER yap14 deficient cells exhibited 23% survival (Figure 3BJhese results indicate that
Yapl functions in protecting cells from increasewgels of MMS-induced alkylating base
damage.

To address the involvement of Yap1 in the in theqmtion of cells from other classes of
DNA lesions, we examined the cytotoxicity of theae-proficient and -deficient strains with and
without functional Yap1 following exposure to UV-In response to a range of doses of UV-C
(0-25 J/M), all strains exhibited increased cytotoxicityiioreasing doses of UV-C (Figure 3D-
3F). In contrast to the responses observed fallgMMS exposure, Yapl did not protect the
cells from the cytotoxic effects of UV-C in eithitie DNA repair-proficient or -deficient strains.
These results indicate that Yapl (in BEBficient strains) is likely to function in the pemse
caused by DNA lesions that are primarily repairgdBER, but not NER.

Previous studies have established th&Hbxidizes and directly activates Yapl [19].
Yapl mutants displayed increased sensitivity 10téompared to the WT and repair-deficient
strains at low doses (0.5-5 mM®}) suggesting Yapl influences the cytotoxic effedts
oxidative stress (Figure 3G-3l). WT cells follogiexposure to 0.5 mM 4@, exhibited greater
(85%) survival compared tapla cells, which exhibited lower (35%) survival at theame
exposure dose (Figure 3G). These results indibateYapl is able to protect cells from the
H,O,-induced cytotoxicity.

The cytotoxic response of Yapl mutants as well @glYrelocalization following
exposure to three different classes of DNA damagients suggests a role for Yapl as a DNA
damage responder. Yapl activation in responsgitiative stress is well documented and can be

caused by direct activation of Yapl and subsequetantion of Yapl within the nucleus. In this
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study the activation of Yapl occurs indirectly tigh DNA damage followed by an increase in
intracellular ROS levels. MMS and UV-C, unlike®}, are not direct sources of ROS which
makes it possible to address the role of Yapl il mage signaling. The relocalization of
Yapl to the nucleus following exposure to MMS isetyed in BERdeficient cells at lower
doses than in WT and NE&eficient cells. Increased cytotoxicity to MMSBIER deficient

cells resulted in a similar pattern; BERficient cells were more sensitive to MMS compdred
NER deficient cells. These results suggest that Yapfpands to DNA lesions that are primarily
repaired by the BER pathway. Yapl is activategkgponse to DNA damage-induced ROS
produced in response to alkylating DNA damage aedefore is involved in the DNA damage

signaling response.

Yapl modulation of DNA repair

The activation of Yapl could be due to the incegadntracellular ROS that occurs
following exposure to MMS or due to the involvemehtrapl in the genotoxic stress response.
To probe the involvement of Yapl in the maintenasfogenomic stability, we determined the
level of genetic instability in repair-proficient@ -deficient strains with and without functional
Yapl via a forward mutation assay utilizing tbAN1locus.

Following analysis of forward mutation rat€s4NZ1resistance), a significant 2.5-fold
increase in mutation rate was observegdpld strains as compared to WT strains (Table 2). A
15-fold increase in mutation rate was also obsenvélde BERdeficient strain compared to WT
cells. In contrast, there was no increase in rimrtatites in the NERIeficient strain (Table 2).
However, the deletion ofAP1causes a 2-fold increase in mutation rates in NBRIA deficient
strains, but no increase in the BERp14 deficient strain when compared to NEBRd BER,
respectively. These results suggest that Yaphmagderate anti-mutator effect. This anti-

mutator effect is less detectable in BEABficient cells because it is possible that Yapd BER
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function in the same pathway. BER utilizes thetgiroNtgl in its repair process, and there is
some evidence thiTG1is upregulated by Yapl, therefore in the Bk 14 deficient strains

whereNTGlandYAP1lare removed, no further increase in mutation ratebserved.

Role of Yap1l in prevention of large-scale chromosoah aberrations

Large-scale chromosomal aberrations are known tmbsequences of increased levels
of intracellular ROS [36] and chronic unrepaired Mbamage [29]. We followed the occurrence
of chromosomal aberrations in replicative agingesipents described in materials and methods
and [29]. Briefly, h replicative aging studies we can evaluate thalgtaof the genome
via CHEF gel electrophoresis to separate the chsomes of DNA repair-proficient and
-deficient strains with and without functional Yathht have been serially passaged
(subcultured) for multiple generations on rich mdi(YPD). The genomic DNA was
analyzed for each founder strain (p0) and agaiheaiOth (p10) and 20th (p20)
generations for chromosomal aberrations. A reptasige image of ethidium bromide-
stained gels is shown in Figure 4.

Previous studies revealed that cells compromis&EiR alone or in conjunction
with NER (BER/NER deficien), which have elevated levels of intracellular R[Q3,
16], also have increased chromosomal aberrati8is [n the present studies, a significant
increase in chromosomal aberrations was observgahiil, BERdeficient, and BERyapl4
deficient strain compared to WT cells (Figure Bowever, we did not observe an increase in
chromosomal rearrangements in BERp14 deficient strain compared to BEfRficient strain.

It is possible that Yapl and Ntgl (BER) functiorthie same signaling pathway in response to

DNA damage, either through the known roles (statsal/e) or through an unknown function of
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Ntgl and Yapl. Therefore, when BBRplA strains are examined there is no increase in the
levels of mutation rates or chromosomal aberrations

Another possible reason that an increase was s&redd in BERyap14 deficient strain
compared to BERlIeficient strain is the number of chromosomal i@@gements is likely to be
underestimated due to the fact that a single chsomal is scored per isolate, regardless of the
total number of chromosomal size changes obserseplate. For example in BEfRapl4
deficient strain (Figure 4 BERap lane 4) three rearrangements are observed: am extr
chromosomal band above chromosome Xll, XVI, a desgan chromosome Il size, and an
increase in chromosome V, VIl size. The rearrangiets could be the result of independent
events or the result of one translocation evelhtes€ data further support the concept of Yapl as

a DNA damage responder that influences genomidlisgab

Yapl modulation of intracellular ROS levels inducedoy DNA damage.
To further define the involvement of Yapl in thBl& damage response, we examined
the levels of intracellular £ in repair-proficient and -deficient strains withdawithout
functional YaplEndogenous levels of,Owere determined for all strains, and a significant
increase in @ levels inyap14 (23%), BERdeficient (30%) and BER/ap14 deficient (65%)
cells was observed compared to WT cells (FigureT®e increase in intracellular ROS has been
shown to correspond with an increase in DNA danja8g suggesting that the increase in ROS
observed in thgapld4 cells is likely due to an increase in the levdlsxdative DNA damage.
The intracellular @ levels were determined following exposure to a eanigdoses of
MMS (0-25 mM) and UV-C (0-25 J/fn The Q" levels increased with increasing exposure to
doses of both MMS and UV-C regardless of the straickground (Figure 6A-F). There was a
significant increase in O levels in BERyapl4 cells as compared to BE#eficient cells

following exposure to both MMS and UV-C (Figure &Bd 6E). There was no increasgapl4
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or NER yap4 cells following exposure to MMS or UV-C (Figure 68D, 6C, and 6F) as
compared to WT and NEReficient cells, respectively. These results supihe concept that
the increase in O level is due to the increase in DNA damage regasdid the strain
background. The increase in‘Qevels in the BERyapl4 deficient cells above the BER
deficient cells is due to the endogenous increa&® 7 levels, and is not further increased

following exposure to DNA damaging agents.
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Discussion

Repair of DNA damage is essential for proper cetlfdaction and survival. In
unicellular organisms, DNA mutations can lead taraes in protein function that can contribute
to a growth survival advantage, however, in mullidar organism, such as humans, mutations
that lead to growth survival advantages can o#ex ko deleterious outcomes such as cancer
[37]. Cancer have elevated levels of ROS and aswzé levels of DNA damage that are believed
to contribute to tumorgenesis and resistance tapeaitic agents [38, 39].

Increases in DNA damage cause an increase in @fliker ROS levels [12, 16]. This
observation raises the obvious issue of the biokgiurpose for generating molecules that are
capable of damaging macromolecules. High leveR@$ can be deleterious to cells; however
they are also involved in a variety of cell signglpathways [3, 8-10]. Signaling molecules are
defined as being able to be generate a specifionsg, being short lived, and able to act
specifically [40]. ROS can be generated at the tirhreceptor activation as seen in as a specific
response to DNA damage [12], they are short livéHimvcells, and they can act with specificity.
ROS target the amino acids of proteins [10] E&therichiacoli the redox sensitive transcription
factors SoxR and OxyR are able to distinguish betw® ""and HO,. SoxR possesses an iron-
sulfur center that readily reacts with ‘g41], while OxyR contains cystine residues thattea
with H,O, [42]. In yeast, ROS alter protein structure @Y through direct interaction with
cysteine sulfhydryl groups allowing for intramoléaudisulfide bonds to form, blocking the
binding of Crm,1 and allowing Yap1 to accumulatéha nucleus [10]. In this study, we
explored the possible role of Yapl as a respordBNA damage-induced ROS signal
transduction.

The increase in intracellular ROS observed fallmADNA damage is dependent on the
type of DNA damage and the repair proficiency & tiell [12]. Depending on the DNA damage

induced there are changes in the levels of ROSsgles. Several lines of evidence suggest that
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the DNA damage-induced increases in ROS are us#tkbgell in signaling processes to
maintain genomic integrity [12, 15, 16]. Yap1l iganscription factor known to be involved in
the oxidative stress response in yeast [17-21]odrknowledge, the involvement of Yapl in the
DNA damage response has not been previously imatetl.

To assess the possible role of Yapl in DNA damadeced ROS signaling, we assessed
the changes in localization of Yap1 following expasto MMS and UV-C, which produce two
distinct classes of DNA lesions. Previously, weedmined that there are significantly higher
levels of ROS in cells following exposure to MMSweared to UV-C [12]. In this study, we
found that Yap1 relocalizes to the nucleus follayvaxposure to MMS, but not UV-C. This
finding supports the idea that the increase iragglular ROS following DNA damage is
biologically relevant because it leads to the raliaation of Yap1l to the nucleus and only occurs
in response to base damages repaired by BERIky¢ating DNA damage).

An important role of Yapl as a “sensor” of alkidgtDNA damage was further revealed
in cell survival measurements following exposure BINUV-C, and HO,. Exposing cells to
H,0, not only induces DNA damage, but also immediatefigizes Yap1l resulting in activation
of the oxidative stress response. Cells lackingtional Yapl are sensitized to the cytotoxicity of
H.O, regardless of the repair proficiency. To addthesole of Yapl specifically in the
response to DNA damage we utilized MMS and UV-Q@either agent directly produces ROS.
Cells deficient in BER were more resistant to MM&otoxicity compared to BERapl4 cells.
However, there was no difference in the cytotoyipitofiles of WT and NERJeficient cells
whether Yapl was present or not. Survival of dellewing exposure to DNA damaging agents
appears to be modulated by Yap1l in response to MiS)ot UV-C.

The relevance of DNA damaged-induced ROS signaditfigrther verified by our finding
that Yapl protects cells against mutations andelaaale chromosomal rearrangements.
Examination of the genetic stability by assessrméntutation rates and large scale chromosomal

rearrangements revealed that Yapl functions indiegunutation rates, and large chromosomal
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rearrangements (Table 3 and Figure 4). Mutatitasravere increased approximately 2-fold in
bothyapl4 and NERyap14 deficient strains compared to WT and N&icient strains,
respectively. However, there was no increaseémihtation rates for BERap14 deficient

strains as compared to BEfRficient strains. A similar pattern was obserfi@dhe effects of
Yapl on large scale chromosomal rearrangementseeTstrainsyapl4, BER deficient, and

BER yap14 deficient) all possess significantly higher levelshromosomal rearrangements
compared to WT cells with no further increased ole=in BER yapl4 deficient strains. These
results indicate that Yap1l also functions in théntesmance of the genome; which appears to be
related to BER. Ntgl seems to be involved in tlbéhBER pathway and the response of Yapl to
DNA damage. The participation of Ntgl is known BER; however, the connection between
Ntgl and Yapl is unknown. There is indirect evimethat Yapl upregulat®srG1[26, 27] and
that Yapl is required for the upregulation of Ntdfleither Yapl or Ntgl is deleted, then there is
an increase in genomic instability, but if both dedeted, then there is no further increase in
genomic stability because Yapl and Ntgl functioth@xsame pathway.

No increase in chromosomal rearrangements was\azsar NERyaplA4 deficient
strains compared to WT cells. Previous reportgatd that deletion dRAD1causes an increase
in genomic stability [43]. In NER- deficient cellwhich arerad14, there is no increase in
chromosomal aberrations compared to WT cells. ifitrease in genomic stability conferred by
the deletion oRAD1overshadowed the expected increase in genomatifist observed with
the removal of Yapl.

The results of this study lead to the followingwsed following model for the function
of Yapl as a DNA damage responderOFrapidly activates Yapl through the oxidation of
cysteine residues resulting in the sequestratiofapfl in the nucleus. Upon accumulation
within the nucleus, Yapl functions as a transaripfactor to activate genes that are involved in

the ROS scavenging(©D1 CTT], andTRX32 [25]. The activation of these genes contribtites
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returning the cell to normal redox homeostasisyapla mutants, regardless of the DNA repair
proficiency of the cell, increased susceptibiliythe toxic effects of O, was observed due to

the fact that Yapl is directly activated by@4dand induces a protective oxidative stress response.
In the absence of Yapl, cells can no longer upetgwenes that scavenge ROS causing an
increase in cytotoxicity regardless of the DNA regapacity. Because of the dual effects of

H,0, in directly inducing oxidative stress and prodoetof oxidative DNA damage, it is difficult

to understand the involvement of Yapl in the DNAndge response versus the oxidative stress
response.

To further delineate the role of Yapl as a DNA dgengesponder, we employed DNA
damaging agents (MMS and UV-C) that are not knawdittectly activate Yapl. DNA helix
distorting lesions caused by UV-C are not capabbrtivating Yapl. However, helix non-
distorting lesions produced by MMS elicit an in@gean intracellular ROS [12] via a mechanism
that has yet to be determined. This increase in R€i8ates Yapl causing accumulation within
the nucleus (Figure 2) where it functions as asttéption factor and upregulates genes involved
in ROS scavenging, check point control, and/or Didpair. The upregulation of these genes can
then be involved in the maintenance of the genome.

In cells that are compromised either in BER or Y,&pe response to DNA damage
changes. In cells that do not contain functionapX there is an increase in large chromosomal
rearrangements, as well as a small increase intimutates, suggesting that even under normal
growth conditions Yap1l plays a role in maintaingenomic integrity. In cells that are deficient
in BER there is activation of Yapl following exposto low doses of MMS (0.5 mM) in contrast
to no activation in exposed WT and NEleficient cells. In addition, increased cytotoids
observed in cells that are BBRp14 deficient compared to BEReficient cells, suggesting that
Yapl does not occur in response to all types of Ridmage, and operates when the DNA

damage causes an increase i [Bvels.



135

These studies provide new insight into the DNA dgeresponse and how the DNA-
damage signal is transduced into a stress respatis&ay that involves Yapl. Here we were
able to define a new regulator of the DNA damagpoase, Yapl. However, there are still many
guestions that need to be answered. Includingdrwwvhere the DNA damaged-induced ROS
are produced? Does Yapl directly upregulate gewessed in DNA damage repair? By further
exploring the involvement of Yapl in the DNA damagsponse we can gain a new

understanding of how cells respond to DNA damage.
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Strains Relevant genotypes and/or description
hDNP42! MAT a/a radl:kanMX4/RAD1 ntgl:hphMX4/NTG1 ntg2::BSDBL apnl:TRP1/APN1
yapl::natNT/ YAP1 DSF1:: URA3/ DSF1 his7-1/hislysPD5"::LEU-lys2D3'/lys2D5"::
LEU-lys2D3' ade5-1/ade5-1 trpl-289/trpl1-289 ud®ura3-52
LAR009? MATa his7-1 lys215":LEU-lys2A43' ade5-1 trp1-289 ura3-52
LAR0102 MATa his7-1 lys215":LEU-lys2A43' ade5-1 trp1-289 ura3-52 yapl:: natNT
LARO11? MATa his7-1 lys245":LEU-lys24 3" ade5-1 trp1-289 ura3-52 rad1::kanMX4
LARO122 MATa his7-1 lys215":LEU-lys2A43' ade5-1 trp1-289 ura3-52 radl::kanMX4 yapl:: n&tN
B
LARO13 MATa his7-1 lys215":LEU-lys243' ade5-1 trp1-289 ura3-52 ntgl:hphMX4 ntg2::BSD
apnl:TRP1
LAR014% MATa his7-1 lys215":LEU-lys24 3" ade5-1 trp1-289 ura3-52 ntgl::hphMX4 ntg2::BSD
apnl:TRP1yapl: natNT
LARO172 MATa his7-1 lys245":LEU-lys24 3" ade5-1 trp1-289 ura3-52
LARO182 MATa his7-1 lys215":LEU-lys2A43' ade5-1 trp1-289 ura3-52 yapl:: natNT
LAR021% MATa his7-1 lys215"::LEU-lys24 3" ade5-1 trp1-289 ura3-52 ntgl::hphMX4 ntg2::BSD
apnl:TRP1
2
LAR022 MATa his7-1 lys2D5":LEU-lys2D3' ade5-1 trp1-28@8-52 ntgl:hphMX4 ntg2::BSD
PR —
apnl:TRP1yapl: natNT
LAR0252 MATa his7-1 lys245":LEU-lys24 3" ade5-1 trp1-289 ura3-52
LAR026% MATa his7-1 lys25":LEU-lys243' ade5-1 trp1-289 ura3-52 yapl:: natNT
LAR029? MATa his7-1 lys25":LEU-lys243' ade5-1 trp1-289 ura3-52 ntgl::hphMX4 ntg2::BSD
apnl:TRP1
LAR030? MATa his7-1 lys2D5"::LEU-lys2D3' ade5-1 trp1-28@8-52 ntgl::hphMX4 ntg2::BSD
apnl:TRP1yapl: natNT
3
DSC025 MAT ade2-1010c his3200 ura3Nco lys2Bgl leu2-R
4
DSCO035 MATa ade2-101oc hisa 200 ura3dNco lys24Bgl leu2-R ntgd::LEU2 ntg24::hisG
apnlD1::HIS3
DSC036° MATa ade2-101oc his3200 ura34Nco lys24Bgl leu2-R rad W ::hisG

' hDNP42 is isogenic with hDNP19 [29]

2These strains are haploid derivatives of hDNP42

3This strains is the same as SJR751 [28]. Full gpedis shown.

*This strains is the same as SIR867 [28]. Full typedis shown.
5This strains is the same as SJR868 [ 28]. Fulbtyge is shown.
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Figure 1. Fluorescence microscopy of Yapl localizah. Yapl-GFP was visualized by direct
fluorescence microscopy in WT cells following neatment (Control) or exposure to 25 mM
MMS for 25 min. Cells were stained with DAPI tsualize the position of the chromatin within
nuclei. The Merge image indicates the overlaplgyél between the Yapl-GFP signal (green)

and DAPI (red) staining of nuclei. Correspondingbmages are also shown
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Figure 1. Fluorescence microscopy of Yapl localizah.
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Figure 2. Yapl localization in repair-proficient and -deficient cells after exposure to DNA
damaging agents.Graphical representation of fluorescence micros@mlysis assessing
Yapl-GFP localization idh. WT cells. Cells were exposed to low doses (5 Ay@, (blue), 5
mM MMS (red), and 2 mM UV-C (green)) and high do&s mM HO, (light blue), 25 mM

MMS (pink), and 25 mM UV-C (light green)) of DNA deging agenand fluorescence images
were obtained. Cells were counted and evaluat&® imin interval groups. Cells with nuclear
localization alone or nuclear plus cytoplasmic lzedion for Yapl are represented in the bars
graphs for every 10 minute interval for the dunatid the experiment (60 min) are indicategl.
BER deficient cells. Cells were exposed to low dosesiil H,O, (blue), 5 mM MMS (red),

and 2 mM UV-C (green)) and high doses (25 mpMDilight blue), 25 mM MMS (pink), and 25
mM UV-C (light green)) of DNA damaging agesatd fluorescence images were obtained. Cells
were counted and evaluated in 10 min interval gsoupells with nuclear localization alone or
nuclear plus cytoplasmic localization for Yapl egpresented in the bars graphs for every 10
minute interval for the duration of the experimé @ min) are indicatedC. NER deficient

cells. Cells were exposed to low doses (5 m}@Hblue), 5 MM MMS (red), and 2 mM UV-C
(green)) and high doses (25 mM®4 (light blue), 25 mM MMS (pink), and 25 mM UV-C (lig
green)) of DNA damaging ageand fluorescence images were obtained. Cells eareted and
evaluated in 10 min interval groups. Cells witltlear localization alone or nuclear plus
cytoplasmic localization for Yapl are representethe bars graphs for every 10 minute interval

for the duration of the experiment (60 min) ardcated.
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Figure 3. Cytotoxicity profiles of cells with diffeeent DNA repair capacities with and

without functional Yap1l following exposure to DNA camaging agents. A.-CSensitivity of
DNA repair deficient strains with and without fuioetal Yapl to HO,. (A) WT (circles) and
yap14 (triangles)(B) BER (circles) and BERyap14 (triangles)(C) NER (circles) and NER
yapl4 (triangles) cells were exposed to 0, 0.5, 5, @& H,O, for 30 min at 30C. D.-F.
Sensitivity of DNA repair deficient strains with@mithout functional Yapl to MMS(D) WT
(circles) andyapl4 (triangles)(E) BER (circles) and BERyap14 (triangles)(F) NER (circles)
and NERyap4 (triangles) cells were exposed to 0, 0.5, 5, anch®5MMS for 30 min at 30
°C. G.-l. Sensitivity of DNA repair deficient strains withdwmithout functional Yapl to UV-C.
(A) WT (circles) andyaplA (triangles)(B) BER (circles) and BERyap4 (triangles)(C) NER
(circles) and NERyap14 (triangles) cells were exposed to 0, 2, 5, and/@6 UV-C. The results
are an average of three independent experimemtsr tiars represeatSD. Experimental
details are provided in the text. Asterisks (*pa bars indicate statistical significance of a p

value <0.05 as compared to Yap1l proficient strain.
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Table 2. Mutation Rates ofyapl 4 strains®

Mutation rates (10-7)

Strain (95% confidence limits) for:

YAP. strain: yapl4 strains
Wild Type 3.1(2.4-4.7) (1.00 7.1(5.0-8.2) (1)°
BER- (ntgl ntg2 apnl) 47.9 (40.7-72.8) (15.4) 51.8(35.4-79.1) (7.3f
NER- (ad1) 5.2 (4.2-7.6) (L7 9.2(7.9-103)  (L.3f

# Median mutation rates were determined for 18-2tes from two independent segragants of the

same genotype as described in Methoddvetdrials
®Fold change over WT in théAP1 strains
¢ Fold change over WT in th@pl4 strains
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Figure 4. CHEF Gel analysis of replicative aging poulation. A. Representativethidium
bromide staine@€HEF gel separating the yeast chromosome of t" generation of WTyap14,

BER, and BERyapl4 strains. Arrows represent changes in chromos: “4" chromosome

XII, XVI; “ * chromosome lI; "!\‘”chromosome X; ‘@“”chromosome V, VI, "f'\‘”chromosome
lllorl. Stars (%' )depict chromosomes that were altered in the fougdeeration (p0)B.
Number of lineages with chromosomal aberratt CHEF gel analsis was performed on tl
founder generation (p0) to determine the karyotyfpeach strain, and agzatthe 1(" and 26
generations. The graph represents the numbereofadions that were firsietected in the 1"
and 20" generation. dolateswith chromosomal aberrations are listed at the endaif bar anc

the totalnumber of isolates examinec listed in parentheseg\sterisks (*)besid« bars
indicate statistical significance of a p value €ddmpared tWT cells. Pound sign (?

beside bars indicagignificance of a p value <0.05 comparetyapld strain.
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Table 3. Frequencies of large-scale chromosomal nreangments in haploid strains

No. of rearrangemei (no. of linages analyze
for passage:

Total no. or rearrangments in p10 and p20
(Total no. of lineages analyzed)

Strair: 0 10 20

WT 0 (36) 2 (36) 5 (36) 7(72)
yapl4 21 (36) 13 (36) 5 (36) 18 (72)
NER 4 (16) 0 (16) 1(16) 1(32)
NER yaplD 0 (16) 1(16) 2 (16) 3(32)
BER 17 (36) 18 (36) 13 (36) 31 (72)
BER yaplD 17 (36) 16 (36) 12 (36) 28 (72)




152

Figure 5. Endogenous levels of superoxide in isogemNA repair-proficient and -deficient
strains with and without functional Yapl. Isogenic WTyapl4, BER, BER yap14, NER,

and NERyapl4 strains were incubated with the fluorescent praieft, for 2 hours as

described in Experimental Procedures. Followirayibation, cells were analyzed for ROS levels
by flow cytometry as described in the text. Flemence values were obtained by evaluating of
the mean peak values of the cytograms and areteepas the fold change relative to the WT
(repair proficient) strain (set to a value of 1.&yror bars represettSD. Asterisks above bars
indicate statistical significance of a p value €a3 compared to WT strain. “#” above bars

indicate statistical significance of a p value €03 compared to BEReficient strain.
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Figure 6. Superoxide levels in DNA repair-proficieb and -deficient strains with and without
functional Yapl in response to DNA damageA.-C. Intracellular ROS levels in DNA repair
deficient strains with and without functional Yafmllowing exposure to MMS. (A) WT (black
bars) and/apl14 (gray bars)B) BER (black bars) and BERap14 (gray bars)C) NER (black
bars) and NERyapl4 (gray barsktrains were exposed to MMS (0-25 mM) for 30 mih-E.
Intracellular ROS levels in DNA repair deficientashs with and without functional Yapl

following exposure to UV-C.(D) WT (black bars) anglapl4 (gray bars)E) BER (black bars)

and BERyap14 (gray barsF) NER (black bars) and NERapl4 (gray barsktrains were
exposed to MMS (0-25 JAn Following exposure to the DNA damaging agetisagere then
incubated with the fluorescent probe, DHEt, fora2its. Cells were analyzed for ROS levels by
flow cytometry as described in Experimental Procedu Fluorescence values were obtained by
evaluating the mean peak values of the cytogramsesnreported as fold changes relative to the
parental (functional Yapl) strain (set to a valti@.0). Error bars representSD. “” symbols

above bars indicate statistically significant (juea<0.05) differences between the Yap1l-

functional strains versus the Yap1-deficient ssaiithin a particular dose of MMS.
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Figure 7. Model of the role of Yapl in the DNA damge response.Yapl is known to be
activated in response to oxidative stress verydipglieft side -bold arrows). In response to
oxidative stress Yapl is relocalized to the nucighere it activates a number of genes involved
in ROS scavengingSOD1 CTT1, andTRX3. The activation of these genes contributes to
returning the cell to redox homeostasis. Followemgosure to DNA damaging agents (right side
— small arrows) that produce helix distorting lesiguUV-C) Yap1l is not activates and does not
relocalization to the nucleus. Following exposir®NA damaging agents that produce helix
non-distorting lesions (MMS) there is an increasmiracellular ROS levels through unknown
mechanisms. The DNA damage-induced ROS are reigp®fhsr the activation of Yapl. The
activation of Yapl is slow compared to the actmaif Yapl in response to,8,, taking up to
30min for relocalization to the nucleus. Oncewatttd Yapl can upregulate genes involved in
ROS scavenging, check point contigllEC1, POL1, andPOL3), and DNA repairflTG1land

MAG1J). The upregulation of these genes can then lhieg in the maintenance of the genome.
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CHAPTER V

Conclusions and Future Directions
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Conclusions

Living in an oxygen rich environment poses the urighallenge of balancing a need for
oxygen to sustain life and dealing with its reaethature. Reactive oxygen species (ROS), as the
name implies, are reactive oxygen molecules tt@apesduced from molecular oxygen [1]. ROS
can cause damage to cellular macromolecules imgyatioteins, lipids, RNA, and DNA [2].
While cells have developed ways to directly elinndestructive ROS through scavenging
pathways [3], and repair damage to macromolecuéepathways such as DNA repair [4], they
have also evolved to utilize ROS in signaling medsmas [5].

An increase in intracellular ROS levels leads stede of oxidative stress. Normal
cellular conditions are characterized by a balaiq®o- and antioxidants in the cell [2, 6].
Maintaining this redox balance in cells is impottampreserve normal functions. Under non-
stress conditions low levels of ROS are involvedignaling pathways; however, as levels
increase, the redox balance shifts, leading tael@beis consequences [7]. Human degenerative
conditions and diseases are associated with irendagels of ROS and compromised repair
pathways. A few examples include neurodegeneratwelitions [8], xeroderma pigmentosum
[4], and cancer [9].

In the studies presented, we examined the roled$ R the genotoxic stress response.
In the absence of exogenous DNA damaging agenésedgwepair-compromised cells (BER-
INER-deficient) exhibit an increase in the oxidatDNA damage that is associated with an
increase in the intracellular levels of ROS [10-12Hditionally, there is a dose-dependent
increase in the intracellular levels of ROS in msge to MMS in repair-proficient and -deficient
cells [10]. This observation raised an importamgsgion. Is the increase in intracellular ROS a
biologically relevant general genotoxic stress oese to DNA damage, and if so, is the increase

in ROS specific for damages primarily repaired BR®
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By examining the intracellular levels of ROS inlsaleficient in DNA repair (BER-,
NER-, and BER-/NER-deficient strains) or in ROSveraging 6od14, sod24, ctal4, cttld), we
can begin to define the relationship between RQStla® genotoxic stress response. The levels
of ROS increased in all strains examined (WT, BEER-, BER-/NER-sod4, sodZ, ctal4,
andctt14) in response to both MMS and UV-C, indicating ttiegt increase in ROS levels is a
general genotoxic stress response. However, thedse in the subspecies of ROS was not
uniform and differed depending on the nature ofDNA damage. In the repair-deficient strains
(WT, BER-, NER-, and BER-/NER-), following exposuteeither MMS or UV-C, there was a
dose-dependent increase in the levels Hf O he increase in Olevels following exposure to
MMS were elevated compared to the levels gf @served following exposure to UV-C,
indicating that while this is a general genotoxress response, there are differences in how the
cell responds to different types of DNA damage e Triracellular levels of $D, and’OH follow
a similar pattern whether the cells were exposédMs or UV-C. At low doses (0.5-5 mM
MMS and 2-5 J/m2) there was an increase in bot,tdnd’OH; however, following exposure to
high doses (25-55 mM MMS or 25-50 J/m2) there \itle to no increase in the levels of®
and’OH. These results support our proposed model whereased intracellular ROS is
dependent on the levels of DNA damage preseneiceli (Chapter 2, Figure 7). At low to
moderate levels of DNA damage (within the celldapacity to repair the DNA damage)
intracellular levels of @, H,O,, and’OH are increased and are involved in signaling ggses
for maintaining cell survival and stress respongwiies. As the levels of DNA damage
increase (exceeding the repair capacity of th¢, @tontinued increase in’Qevels occurs, but
an increase in the levels of®, or ‘OH is absent. Increased levels of @re associated with
cytotoxicity, and the continued increases i @vels are involved in the cell death response,

potentially blocking signaling for cell survival dustress response activities.
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One possibility for the difference in the cellutasponse to MMS and UV-C is that the
intracellular location of the ROS differs dependargthe type of DNA damage induced. By
examining ROS scavenging mutarged14, sod24, ctald, andcttl4), the location of the
intracellular ROS can be explored. ROS scavengiteymes are located within discrete cellular
components. Sod1 is localized mainly to the cysi [13], Ctal is localized to the cytoplasm
and the peroxisome [14], and Sod2 and Cttl arditechto the mitochondria [13, 15]. The ROS
scavenging mutant cells displayed a unique speatfuUROS levels dependent on the type of
DNA damage induced. Exposure to MMS resultedsigaificant increase in the levels o Qn
thesodl strain that was not observed in WT cells or theepROS scavenging mutants.
Exposure to UV-C caused a significant increas@énévels of @ in thesod24, ctald, and
cttlA4 strains compared to WT that was not observeddasad14 strain. These data indicate that
while there is a general increase in the leveR©S following exposure to MMS and UV-C, this
increase in ROS is distinct for each type of DNAndge and that the subcellular localization of
ROS may be different. We hypothesize that in raspdo MMS (where we observe an increase
in O, levels when Sod1 is eliminated) the increasetiaaellular ROS is localized to the
cytoplasm where it functions in cell survival aniess response signaling, In addition, in
response to UV-C (where we observe an increasg’ine®els wherSOD2is deleted) the
increase in intracellular ROS is localized to mitoedria where it may function to signal cell
death. This notion is supported by previous repitrét showed that an increase in mitochondrial
O, levels is associated with cell death [16].

To explore ways in which signaling can occur viergases in intracellular ROS in
response to DNA damage, the activation of Yapludinonuclear localization was examined
following exposure to MMS and UV-C in repair-praéat (WT) and -deficient strains (BERnd

NER). Yapl is a transcription factor that is activhie response to oxidative stress, regulating
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the transcription of numerous (>70) genes includiogne that are involved in the oxidative stress
response, such &0DJ CTT1 andTRX1[17]. There is some evidence that Yapl can also
activate genes involved in DNA repair, replicatiand check point control, includifgTG1,

POL1, MAG1, MECY, andPOL3[18, 19]. In the event that the increase in RXg was

observed following exposure to MMS and UV-C funogan signaling, one would expect to see
the activation of Yap1l in response to DNA damalyeerestingly, Yapl nuclear localization was
influenced by exposure to MMS, but not UV-C. Thagmitude of the increase in ROS produced
in response to MMS and UV-C differ (10-fold), sugtieg that a threshold level is required
before Yapl is activated. These findings alsodatdi that the ROS signaling that occurs
following a DNA damaging event is likely to refletie class of DNA damage introduced into the
genome.

The activation of Yapl in response to MMS couldlbe to the fact that the increase in
intracellular ROS (compared to that observed fallgrexposure to UV-C) activates the
oxidative stress response or that Yapl is morettijravolved in genomic stability. To further
explore the potential role of Yapl in the DNA damagsponse, we determined the cytotoxicity
profiles, mutation rates, and chromosomal abemdtiequencies of repair-proficient and -
deficient strains with and without functional Ya¥T, yapl14, BER-, BER-yapl4, NER-, and
NER-yap14) following exposure to MMS and UV-C. There wasiagrease in cytotoxicity
following exposure to MMS in BERyap14 strains compared to BER-deficient strains that was
not observed in any of the other strains, or in stngin following exposure to UV-C. These
results indicate that Yapl is involved in the DN&nthge response to damage primarily repaired
by BER, but not by NER. Examining the activatidrvapl with other DNA damaging agents
that produce lesions repaired by BER or NER woulther delineate whether the activation of

Yapl is specific to MMS or if any DNA damage priiiharepaired by BER can activate Yapl.
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Cells deficient iny APJ, BER or both accumulate more nuclear mutationspawed to
WT cells; however, there was no difference betwitbermutation rates of the BERap1A cells
and the BER-deficient cells. A similar pattern waéiserved for the occurrence of chromosomal
aberrations. An increase in the number of chroomad@berrations was observed in ylap14,
BER-deficient, and BERyapl4 deficient strains compared to WT; however, theas wo
increase in chromosomal aberrations between BRI deficient cells and BER-deficient
cells. These findings indicate that Yapl and BEBlY function in the same DNA damage
response pathway. Thus, the elimination of onepmrant has the same effect (epistasis) as
elimination of two components that function in 8sne pathway. There is evidence that Yapl
regulates transcription &§TG1, one of the genes deleted to generate the BERIielefistrain
[18, 19]. Itis possible that the regulationNdfG1is one point of overlap between Yapl and the
BER pathway in response to DNA damage. It is fpbsg$hat Yapl is interacting with other
proteins involved in the BER pathway as well, sitteremoval oNTG1alone has no

discernible phenotype.

Proposed model of the DNA damage-induced ROS sigmnaj

Based on the information emerging from this prpjaanodel for the DNA damage-
induced ROS signaling response was developed @iurWe hypothesize that in response to
different types of DNA damage the intracellulardsvof ROS are increased. The increase in
ROS could be caused by induction of unidentifietutar oxidases. There are several candidates
both in yeast (flavoprotein-like molecules suchPatl, Yhb1, Yor356W, Rfs1, and Ycp4) and
mammalian cells (xanthine oxidase or NADPH oxidasieat could be responsible for such ROS
production. The present study did not directlyradd any possible candidates for the production
of ROS, but examined several relationships betweertype and levels of DNA damage and

ROS.
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While there is a general increase in the leveR©S following exposure to DNA
damaging agents, the level of increase in ROS abdype of ROS increased are dependent on
the levels of DNA damage produced (model preseint&hapter I, Figure 7). In response to
repairable levels of DNA damage, an increase inghels of Q, H,O,, and’OH was observed.
We hypothesize that it is associated with stresgaese signaling. In response to high levels of
DNA damage (exceeding the repair capacity of tii¢ tbeere is a further increase in the levels of
O, but not in HO, and’OH. Such changes in the levels or different sulziggeof ROS could
lead to cell death.

The increase in ROS is also dependent on the tfyPp&ld damage produced. As
discussed above, in response to UV-C the relatimease in ROS is lower compared to the
response to MMS (Chapter IlI, Figure 3-4). Eithecduse the ROS levels are lower or the
production of ROS is confined to a specific subdutat compartment (i.e. mitochondria) the ROS
produced in response to UV-C does not result iivaodn of Yapl. The ROS may activate other
unknown proteins in the cell, similar to Yapl, whicansduces the DNA damage-induced ROS
response to orchestrate DNA repair or check paimttions.

Following exposure to MMS, there is an increasB®S levels above that observed
following exposure to UV-C that can activate Yaphe increased levels of ROS and/or the
location of the newly-generated ROS (i.e. cytopleara responsible for the activation of Yapl.
Once activated, Yapl can then modulate transcrtfdROS scavenging, DNA repair, and/or
check point control genes. There is a possitiit Yapl may play a more direct role in the
DNA repair process and interact directly with BERtpins. While the direct interaction of Yapl
with BER is speculative, the deletion'\6AP1from WT cells causes an increase in genomic
instability. When BER is compromised in conjunntiwith the deletion o¥ AP1there is no
further increase in genomic instability. Thereftiagl is functioning epistatically with the BER

pathway.
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If the extent of the DNA damage is exceeding thmairecapacity of the cell, due to either
disruption of the DNA damage response pathways (D&air, check point control, or DNA
damage responder such as Yapl) or the increake gose of DNA damaging agent, the increase
in ROS levels (specifically ) could lead to increased oxidative stress andnsbsomal
instability or to cell death. While the presentdés have given us new insight into the DNA

damage response events there are still many issiesaddressed.

Future Directions

Future studies should include further investigationo Yapl as a mediator in the DNA
damage response. There are six active cysitesidues in Yapl and the formation of one
disulfide bond between two of these residues igired to block the binding of Crm1 and allows
for nuclear accumulation of Yapl. The formatioron€ or two additional disulfide bonds is
required for the transcription factor activity o1 [20]. By mutating the cysteine residues
required for nuclear accumulation of Yapl and/anscription factor activation, the role of Yapl
in the DNA damage-induced ROS response could ltedudelineated. The examination of the
mutant Yap1l proteins would distinguish whetherrihelear localization of Yapl or the
transcription factor activity of Yapl is necesstmyits role as a DNA damage responder. If
genomic instability is observed in mutant Yaplé@hose that are able to accumulate in the
nucleus, but cannot function as a transcriptiotofd¢hen an additional unknown function of
Yapl would be elucidated.

There is indirect evidence that Yapl is able tovate DNA repair and check point
control genes, such &TG1, but this has not been shown directly. ChromiRianalysis would
demonstrate if Yapl binds to the genes directly.further support the idea that Yapl regulates
genes involved in DNA repair and check point conRI-PCR and western blot analysis could

be utilized following exposure to DNA damaging aigenlf Yapl is upregulating these genes
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then an increase in MRNA production and proteinld/be expected. These studies would
demonstrate that Yap1l is involved in the DNA damig@gponse through the regulation of
specific DNA repair genes. Another level of cohttbYapl is through its oxidation. The

protein Gpx3 facilitates the oxidation of Yapl @sponse to stress. By examining the dynamics
of Yap1l in strains lacking Gpx3 (or other protdingt are involved in the oxidative regulation of
Yapl) further information on how Yapl is regulabedesponse to DNA damage-induced ROS
could be obtained. The formation of the disulfiands is important for the function of Yapl and
by investigating the multiple levels of how thigégulate an understanding of the response of
Yapl to different types of stress (oxidative vergasomic) could be gained.

The results presented here support the idea th&tdg@@erated in response to MMS is
produced/localized in the cytoplasm whereas RO®med in response to UV-C is
produced/localized in mitochondria. To furtherodliate the sub-cellular localization of ROS
following DNA damage, repair deficient and ROS saying mutants that lack mtDNA (fho
should be examined following exposure to a rangagoses of MMS and UV-C. These fho
strains should be unable to contribute mitochohéR@S, allowing the distinction between ROS
produced in the mitochondria and ROS produced disemin the cell. Also, due to the fact that
there is overlap in the function of ROS scavengéttsin the cells, determining the levels of the
ROS subspecies in ROS scavenging mutants deletesuitple pathways should be examined
to help further elucidate the role of regulatiorRES in the DNA damage response. Preliminary
experiments examining the intracellulag @vels in multiple ROS scavenging mutants are
currently in progress in our laboratory.

Discovery and characterization of DNA-damage induR®S generators is the most
intriguing and important challenge of the futuredsés. While at this time there are no obvious
candidates for ROS generators in yeast cells betfwsk involved in the mitochondrial

respiratory chain, there are several possible fleatein candidates. Flavoproteins typically
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catalyze oxidation-reduction reactions [21]. Sal/possible candidates are Pst2, Yhbl,
Yor356W, Rfsl, and Ycp4, which are all flavoproteaated proteins [22]PST2is regulated by
Yapl in response to oxidative stress [23]. Pstallpes to the mitochondria, cytoplasm and
colocalizes with membrane rafts [23]. Yhb1 playsle in the oxidative and nitrosative stress
responses and localizes to the cytoplasm and natabfa [24]. Yor356W has similarity to
flavoprotein-type oxidoreductases and localizeth¢omitochondria [25]. Rfsl is a protein of
unknown function that has similarity to the flavadwelike fold protein family and localizes to
the cytoplasm [26]. Ycp# also a protein of unknown function that has kinty to flavodoxins
[27]. Ycp4 localizes to the mitochondria, cytoptaand also colocalizes with membrane rafts
[27]. The primary candidates would be those tbedlize to the cytoplasm, as previous work by
Salmonet. al.has shown that rfi@ells still exhibit an increase in intracellulaDR levels
following exposure to MMS [28] and therefore ndtROS is produced in the mitochondria in
response to DNA damage.

The long term goal of this project would be to mtivese studies to a mammalian system
as these are more closely related to humans andtimate goal is to fully understand the cells
response to DNA damage in humans and how this maglhated to disease. Preliminary
experiments investigating the intracellular ROSelswn mammalian cells that were repair-
deficient have been carried out, and increasastiadellular ROS levels occur following
exposure to MMS (unpublished results). Mammaliglisclike yeast cells, contain activator
protein (AP-1) that is similar to Yapl in yeash nhammalian cells, the AP-1 protein is formed as
a heterodimer of proteins such as Fos and Jun [B8. regulation of AP-1 is similar to Yapl in
that it is also regulated based on its oxidatie¢est30]. Examination of the activation
(localization) of AP-1 following exposure to DNA maging agents would provide support for
the need to further investigate proteins that ateknown to be directly involved in the DNA

damage response.
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In conclusion, this project has provided new insigto the DNA damage-induced ROS
stress response. Additionally, it was found thapY is a DNA damage responder and functions
in maintaining genomic stability. These finding amportant because new insight into the DNA
damage response has been gained. Historicallfiesthave focused on DNA repair pathways
individually and dissected the mechanism requiceddpair of specific lesions. More recently,
the interconnection between DNA repair pathwaystessn examined. These previous studies
have given us insight into the overlap of repatwgen multiple pathways. The studies presented
here probe further into the regulation of the DN#air pathways and reveal that there is a
difference in the cellular response to certainsgaf DNA lesions. While there may be overlap
in the function of DNA repair pathways, the presgtntdies have demonstrated that the cellular
response to that DNA damage differs depending eméture of the genotoxic stress. In humans,
the ability to repair DNA damage is important toimain our health and disruption of DNA
repair systems can contribute to diseases suchingeic By understanding the basic elements of
the regulation of DNA repair we can begin to exploew ways to prevent and/or treat these

diseases.



169

References

Scandalios, J.GQxidative stress: molecular perception and trangituncof signals
triggering antioxidant gene defens@&azilian Journal of Medical and Biological
Research, 20088 p. 995-1014.

Sies, H.Oxidative Stress: Introductory RemarksOxidative StressS.H. London,
Editor. 1985, Academic Press: London. p. 1-8.

Halliwell, B.,Reactive oxygen species in living systems: sobreehemistry, and role in
human diseas@.he American Journal of Medicine, 1991 (Suppl 3C): p. 14S- 22S.
Friedberg, E.C., et aDNA Repair and Mutagenesiand ed. 2006, Washington, DC:
ASM press.

D'Autreaux, B. and M.B. ToledanBOS as signalling molecules: mechanisms that
generate specificity in ROS homeostaN@ture Reveiws Molecular Cell Biology, 2007.
8(10): p. 813-824.

Jones, D.PRadical-free biology of oxidative stregen J Physiol Cell Physiol, 2008.
2954): p. C849-868.

Forman, H.J., J.M. Fukuto, and M. Tori@edox signaling: thiol chemistry defines
which reactive oxygen and nitrogen species camactecond messengefsn J Physiol
Cell Physiol, 2004287(2): p. C246-256.

Droge, W.Free Radicals in the Physiological Control of Celinction.Physiological
Reviews, 200282(1): p. 47-95.

Dreher, D. and A. JunoRole of Oxygen Free Radicals in Cancer Development.

European Journal of Cancer, 1998A(1): p. 30-38.



10.

11.

12.

13.

14.

15.

16.

17.

18.

170

Salmon, T.B., et alBiological consequences of oxidative stress-indudé damage in
Saccharomyces cerevisidducleic Acids Research, 20(B2(12): p. 3712-3723.

Rowe, L.A., N. Degtyareva, and P.W. Doetd2NA damage-induced reactive oxygen
species (ROS) stress response in Saccharomycesstae&ree Radical Biology and
Medicine, 200845(8): p. 1167-1177.

Evert, B.A., et alSpontaneous DNA Damage in Saccharomyces ceredhbiits
Phenotypic Properties Similar to Cancer Cellfie Journal of Biological Chemistry,
2004.27921): p. 22585-22594.

Bermingham-McDonogh, O., E.B. Gralla, and ¥&entine,The copper, zinc-
superoxide dismutase gene of Saccharomyces ceevi@oning, sequencing, and
biological activity.Proceeding of the National Academy of Sciences8188 p. 4789-
4793.

Petrova, V.Y., et alDual targeting of yeast catalase A to peroxisones a
mitochondria.Biochem. J., 2004880(2): p. 393-400.

Grant, C.M., G. Perrone, and I.W. Daw@hjtathione and Catalase Provide
Overlapping Defenses for Protection against Hydrogeroxide in the
YeastSaccharomyces cerevisiBmchemical and Biophysical Research

Communications, 1992533): p. 893-898.

Simon, H.-U., A. Haj-Yehia, and F. Levi-Schaffeole of reactive oxygen species (ROS)

in apoptosis inductionApoptosis, 20025: p. 415-418.

Temple, M.D., G.G. Perrone, and |.W. Dawesmplex cellular responses to reactive
oxygen speciedrends in Cell Biology, 2003.56): p. 319-326.

Monteiro, P.T., et alYEASTRACT-DISCOVERER: new tools to improve theysisadf

transcriptional regulatory associations in Sacchawges cerevisiad6, 2008: p. D132-

D136.



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

171

Teixeira, M.C., et alThe YEASTRACT database: a tool for the analysimo$cription
regulatory associations in Saccharomyces cerevidlaeleic Acids Research, 20084:
p. D466-D451.

Okazaki, S., et aMultistep Disulfide Bond Formation in Yapl Is Regdifor Sensing
and Transduction of H202 Stress Sigi2fl07.27: p. 675-688.

Karplus, P.A., K.M. Fox, and V. Massé&yavoprotein structure and mechanism. 8.
Structure-function relations for old yellow enzymRASEB J., 19959(15): p. 1518-1526.
SGD, p'Saccharomyces Genome Databasdtited 2009 March J;

http://www.yeastgenome.org]

Pst2SDG project "Saccharomyces Genome Databadeited 2009 March];

http://www.yeastgenome.org/cqgi-bin/locus.fpl?locBST 2]

Yhb1.SDG project "Saccharomyces Genome Databadeited 2009 March];

http://www.yeastgenome.org/cqgi-bin/locus.fpl?locvsB 1].

Yor356W.SDG project "Saccharomyces Genome Databadeited 2009 March];

http://www.yeastgenome.org/cqgi-bin/locus.fpl?locMer356W].

Rfs1.SDG project "Saccharomyces Genome Databadeited 2009 March];

http://www.yeastgenome.org/cqi-bin/locus.fpl?locBES1]

Ycp4.SDG project "Saccharomyces Genome Databadeited 2009 March;

http://www.yeastgenome.org/cgi-bin/locus.fpl?locd&P4].

Salmon, T.B.Cellular consequences of DNA repair and damagedolee defects in
Saccharomyces cerevisjdre Genetics and Molecular Biolog2001, Emory University
School of Medicine: Atlanta. p. 376.

Liu, H., et al.Redox-Dependent Transcriptional RegulatiGirculation Research, 2005.

97. p. 967-974.



172

30. Toone, W.M., B.A. Morgan, and N. JonBgdox control of AP-1-like factors in yeast

and beyondOncogene, 20020: p. 2336-2346.



173

Figure 1. Proposed model for DNA damage-induced ROSlgnaling. DNA damage caused by
MMS or UV-C produces an increase in intracellul@Rlevels. The increase in intracellular
ROS, produced by cellular oxidases (currently umified), functions in distinct pathways
whether it is produced following exposure to MMSWY-C. Following exposure to UV-C there
is an increase in intracellular ROS that potentiatitivates responder proteins that relay the
message to initiate DNA repair and check point mdmathways. Following exposure to MMS,
the increased ROS activates Yapl. Yapl functiaina DNA damage responder and can
regulate genes that are involved in the ROS scanvgr{§OD1 CTT1 andTRX1), DNA damage
repair NTGlandMAG1J), and check point control pathwaydEC1, POL1, andPOL3).
Disruption of DNA damage response pathways (DNAnepathways or Yapl) can lead to
further increases in intracellular ROS and leagemwomic instability or cell death depending on

the magnitude of response provided in the celltaadype of DNA damage induced.
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Figure 1. DNA damage-induced ROS signaling.



