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Abstract

Cells are exposed to both endogenous and exogenous sources of reactive oxygen species (ROS). At
high levels, ROS can lead to impaired physiological function through cellular damage of DNA,
proteins, lipids, and other macromolecules, which can lead to certain human pathologies including
cancers, neurodegenerative disorders, and cardiovascular disease, as well as aging. We have
employed Saccharomyces cerevisiae as a model system to examine the levels and types of ROS that
are produced in response to DNA damage in isogenic strains with different DNA repair capacities.
We find that when DNA damage is introduced into cells from exogenous or endogenous sources
there is an increase in the amount of intracellular ROS which is not directly related to cell death. We
have examined the spectrum of ROS in order to elucidate its role in the cellular response to DNA
damage. As an independent verification of the DNA damage-induced ROS response, we show that
amajor activator of the oxidative stress response, Yap1l, relocalizes to the nucleus following exposure
to the DNA alkylating agent methyl methanesulfonate. Our results indicate that the DNA damage-
induced increase in intracellular ROS levels is a generalized stress response that is likely to function
in various signaling pathways.
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Introduction

Cells are continuously exposed to numerous exogenous and endogenous agents that damage
DNA. DNA damage alters replication and transcription, causes cell death and can lead to
mutations and neoplastic transformation in many organisms. Reactive oxygen species (ROS)-
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mediated deleterious effects are thought to contribute to human degenerative conditions
including neurological disorders [1], cardiac dysfunction [2], and cancer [3], as well as the
process of aging [4]. While ROS have been shown to be deleterious to cells, they also can
function as stress-induced signaling molecules [5-8]. Recent reports indicate that DNA damage
alone results in increased levels of intracellular ROS [9,10]. In response to oxidative stress,
cells activate both the DNA repair processes and transcription factors. These factors in turn,
modulate levels of expression of ROS-scavenging and processing enzymes [11,12]. For
example, increased levels of intracellular ROS cause post-translational modifications of one
such transcription factor, Yapl, resulting in induction of numerous genes [13-17].

In order to maintain genomic stability under ROS-induced stress, cells have evolved a number
of pathways to repair or respond to the presence of DNA damage. In Saccharomyces
cerevisiae, these pathways include direct reversal, base excision repair (BER), nucleotide
excision repair (NER), mismatch repair (MMR), translesion synthesis (TLS), and
recombination (REC) [18]. While some of these pathways mediate the repair of the damaged
DNA (direct reversal, BER, NER, and MMR) others function to bypass the damage such that
the DNA lesion is tolerated and replication can occur (TLS and REC). All of these pathways
are individually important to the cell; however there is overlap in the types of DNA damage
handled by each pathway [9,18]. BER is primarily responsible for the repair of small, non-
bulky base lesions and abasic sites, such as those caused by oxidizing and alkylating agents
[19]. NER is primarily responsible for the repair of bulky, DNA helix distorting lesions such
as UV light-induced cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4 PPs)
[19].

We have previously reported that various types of spontaneous and chemically induced DNA
damage cause increases in intracellular ROS in repair-proficient (wild type, WT) and repair-
deficient S. cerevisiae strains [9,10]. Cells deficient in both BER and NER (BER-/NER-)
spontaneously accumulate approximately 800-fold more oxidative DNA damage than WT cells
that correlated with a substantial increase in intracellular ROS in repair-deficient cells [9]. In
a separate study, Salmon et. al. examined the levels of ROS in WT and repair deficient yeast
strains (BER-, BER-/REC-, and NER-/REC- deficient strains) following exposure to the
oxidative DNA damaging agent hydrogen peroxide (H,0;) or the DNA alkylating agent methyl
methanesulfonate (MMS) [10]. These studies revealed a dose-dependent increase in
intracellular levels of ROS in all four isogenic strains after exposure to either HyO, or MMS,
suggesting that DNA damage alone is capable of causing an increase in intracellular ROS.

A major issue emerging from the above observations is whether the increase in ROS is a
response to specific types of DNA modifications or a general DNA damage-induced stress
response. Another important issue concerns the nature of the subspecies of ROS, such as
superoxide (0,""), H20, and hydroxyl radical ("OH), produced in response to DNA damage.
A major goal of this study was to further define the nature of DNA damage capable of inducing
ROS and to characterize the subspecies of ROS that were produced in response to such damage.
Such information is crucial for delineation of the biological role of ROS and the mechanisms
leading to their production in a putative DNA damage-induced ROS stress response.

As an independent method for verifying the production of DNA damage-induced intracellular
ROS, we also examined the cellular response of a ROS sensor and transcription factor, Yapl.
Yapl is important in the oxidative stress response in S. cerevisiae [11,16,17]. Oxidative stress
within a cell can be viewed as an imbalance between ROS production and ROS scavenging/
metabolizing capacity. When an imbalance leading to oxidative stress occurs, Yapl is activated
to rapidly up regulate gene expression of enzymes (e.g. catalase, superoxide dismutase, and
glutathione peroxidase) and small molecules (e.g. glutathione and thioredoxins) capable of
scavenging ROS [20]. H,05, activates Yapl by inducing disulfide bond formation between
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C303 and C598, causing the release of the nuclear export protein Crm1p and resulting in nuclear
accumulation of Yapl [14,21]. Once in the nucleus, Yapl functions as a transcription factor
activating numerous genes that are involved in the oxidative stress response [16,17,22,23].
Thus, Yapl serves as a biological sensor for elevated ROS and also as a key mediator of the
ROS-activated signaling pathway.

In this study, we have defined the levels and types of ROS induced by DNA damage that are
influenced by two major DNA excision repair pathways (BER and NER) and find that there
is a dose-dependent increase in ROS in all cell types following exposure to the DNA alkylating
agent MMS or short wavelength ultraviolet light (UV-C). We also find that there is a dose-
dependent increase in several types of ROS (05", H,0O5, and "OH) that were evaluated.
However, the specific patterns and magnitudes of the observed ROS increases varied,
depending on the nature of the DNA damaging agent and the cellular DNA repair background.
We examined the role of Yapl as a potential mediator of the DNA damage response by
monitoring its subcellular localization following exposure to MMS in DNA repair proficient
cells. We found that Yap1 relocalizes to the nucleus in response to MMS exposure and that
this effect is similar to that seen with direct exposure to H,O,. The activation of Yapl in
response to MMS further supports the idea that the increase in ROS in response to DNA damage
may function in signaling processes.

Experimental Procedures

Strains, Media, and Growth Conditions

The set of isogenic S. cerevisiae strains used in this study was derived from wild type (WT)
SJR751 (MATa ade2-1010c his34200 ura34Nco lys24Bgl leu2-R). The genotypes derived
from SJR751 are BER- deficient strain SIR867 (MATa ade2-1010c his3 4200 ura3 ANco lys2
ABgl leu2-R ntgl4 -4 EU2 ntg24 +hisG apnlD1:HIS3), NER- deficient strain SJR868
(MATa ade2-1010c his34200 ura3 4Nco lys2 4Bgl leu2-R radl 4-hisG), and BER-/NER-
deficient strain SJR1101 (MATa ade2-1010c his3 4200 ura34Nco lys24Bgl leu2-R ntgl4

2L EU2 ntg24 -hisG apn1D1-HIS3 radl4-hisG). All of the SIR derived strains were
constructed as previously reported [24]. Yeast strains were grown on YPD media (1% yeast
extract, 2% peptone, 2% dextrose and 2% agar for plates). All YPD media were supplemented
with 0.5% adenine sulfate. For selection of strains containing the Yap1-GFP plasmid, the
strains were grown on SD-minimal -URA media (0.5% ammonium sulfate, 0.17% yeast
nitrogen base without amino acids, 2% dextrose, 0.14% minimal Ura drop out mix, and 2.5%
agar for plates) [25].

Cell Growth and Viability

Liquid YPD media was inoculated with yeast cells and grown at 30 °C for ~24 hrs to a density
greater than 7 x 107 cells/mL. The density of the cells was determined by counting on a
hemacytometer. Fifty milliliters YPD cultures were inoculated with an appropriate amount of
cells so that the culture would reach a density of 2 x 107 after 12 hrs of growth at 30 °C. Cell
viability was determined by plating on YPD after exposure to MMS or UV-C. Cultures were
diluted to a density that would yield approximately 100-200 colonies per plate. The data from
six independent experiments was used to calculate the cytotoxicity in these strains.

YAP1-GFP Plasmid Construction

For studies of the subcellular localization of Yapl, WT strains were transformed with pLR1
plasmid. The pLR1 plasmid is a centromeric vector containing a YAP1-GFP fusion protein
and a URA3 marker. The plasmid was constructed using the “Drag&Drop” method of cloning
[26]. The original pLDB419 plasmid is a YAP1:-GFP LEU2 2 plasmid [21]. We amplified
by PCR the YAP1:GFP DNA fragment from pLDB419 using the following primers. 5’-
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CACTATAGGGCGAATTGGAGCTCCACCGCGGTGGCGGCCGCTCTAATGACCATG
ATTACGAATTCGAGCT-3’ and the reverse primer was 5’-
GGGAACAAAAGCTGGGTACCGGGCCCCCCCTCGAGGTCGACGGTCCAAGCTTG
CATG CCTGCAGGTCGT-3. The sequences of these primers are homologous to the flanking
sequences of Xbal-Xhol digested plasmid pRS306 [27]. Co-transformation of the WT strain
with the YAP1:GFP containing PCR fragment and Xbal-Xhol digested plasmid pRS306 and
following rescue of the plasmid yielded pLR1.

Measurement of Reactive Oxygen Species Levels

ROS subspecies (0O,"~, H»05, and *OH) were detected using a panel of fluorescent probes.
Cells were grown to mid-log (~2 x 107 cells/mL) in YPD at 30 °C overnight. Cells were counted
(hemacytometer), washed twice in H,O and then adjusted to 2 x 107 cells/mL in H,0. Cells
were then exposed to various doses of either UV-C or MMS. For experiments involving UV
irradiation, cells (15 mL) were placed in a 15 mm petri dish and exposed to a range of UV-C
doses (0-50 J/m?). Immediately after UV exposure, cells were placed in the dark to prevent
photoreactivation. For experiments involving MMS, cells (3 mL) were placed in the dark and
exposed to a range of MMS doses (0-55 mM) for 30 min at 30 °C. Following exposure to
MMS or UV-C, 1 mL aliquots were plated for survival measurements and 2 mL were incubated
with various fluorescent probes (Dihydrorhodamine (DHR), 25 pg/mL; Dihydroethidium
(DHEL), 50 pug/mL; N-can-Acetyl-3,7dihydroxy-phenoxazine (Amplex Red (APR)), 12 pg/
mL; and 2-[6-(4’-Hydroxy)phenoxy-3H-xanthen-3-on-9-ylI] benzoic acid (HPF), 20 pug/mL)
for ROS measurements. Immediately following fluorescent probe addition, cells were held in
the dark and incubated at 30 °C for 2 hrs. Cells were subsequently washed twice with H,O and
then resuspended in 2 mL phosphate buffered saline (PBS) and assessed for fluorescence
intensity employing a BD™ LSR |1 flow cytometer (BD Biosciences). Approximately 10,000
cells were evaluated for fluorescence intensity (BD™ LSR |1 flow cytometer (BD
Biosciences)) in three independent experiments.

Yapl Cellular Localization Studies

Results

Cells were grown to mid-log phase (~2 x 107 cells/mL) in YPD at 30 °C overnight, counted,

and washed twice with H,0, and then adjusted in H,O to a density of 2 x 107 cells/mL. Cells
were then stained with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen) to visualize DNA
in nuclei and mitochondria. Cells were incubated with 1 L 100 nM DAPI/mL of cells for 5

min, washed once with H,O, and then resuspended to the original volume in H,O. Cells were
then exposed to either H,O, or MMS as described above. Cells were subjected to fluorescent
confocal microscopy (Zeiss LSM510 META) and images were analyzed using the Carl Zeiss
LSM Image Browser software. A minimum of 100 cells were counted for each time point in

two independent experiments.

In the present study, we used the budding yeast S. cerevisiae, as a model system to address
whether cells exhibiting compromised DNA damage repair contain increased levels of ROS.
Previously, we reported that unrepaired, endogenously generated oxidative DNA damage
accumulates in cells deficient in both BER- (ntg1l4 ntg24 apnl4 triple mutant) and NER-
(rad14 mutants) (BER-/NER-) and is accompanied by an increase in intracellular ROS [9].
Despite the fact that Rad1p functions in homologous recombination, it mediates the relatively
minor role of removing of the heterologies during strand invasion and single strand annealing
(reviewed in [28]). It was also reported after exposure to increasing doses of H,O,, WT and
BER-deficient cells contain an increasing number of Ntg1-recognized lesions per genome. For
a given H,0O, dose, the level of Ntgl-recognized lesions is greater in BER-deficient cells
compared to WT cells (Supplementary Table S1) [10]. At an exposure dose of 25mM H,05,
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WT cells contained 2240 lesions per genome and displayed a significant increase in the level
of ROS in a subset of the cell population. At an exposure dose of 5 mM H,0, BER-deficient
cells display a similar number (2820) of lesions per genome and also display a similar increase
in the level of ROS in a subset of the population (Supplementary Figure S1) [9,10]. These
results taken together reveal a correlation between the amount of DNA damage present in the
genome and the levels of ROS being produced in WT and BER-deficient cell. These studies
suggested that even non-toxic or moderately toxic DNA damage might be capable of mediating
the ROS response. However, the specific types of ROS involved were not identified due to the
utilization of DHR, a fluorescent probe that detects multiple ROS species including

H»05, "OH, and NO°[29,30].

Two major objectives of the present study were (i) to determine whether the ROS response
could be elicited by different classes of DNA damaging agents, thus implicating a role for ROS
in a general genotoxic stress response and (ii) to define the nature of the stress response with
respect to individual types of ROS induced by different classes of DNA damage. Taking into
account that cell death could cause the release of ROS [31,32], we first defined the cytotoxicity
profiles for MMS and UV-C in cells defective in different repair pathways.

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

To delineate the potential relationship between DNA damage-induced cell death and
intracellular ROS levels, dose dependent cytotoxicity profiles were determined for isogenic
strains with different DNA repair deficiencies (WT, BER-, NER-, and BER-/NER-) exposed
to MMS or UV-C. MMS induces several different alkylation base damage products that are
primarily repaired by BER [33]. Thus, it could be expected that BER- deficient cells should
exhibit the greatest cytotoxicity in response to MMS exposure. Cells were exposed to a range
of doses (0-55 mM) of MMS and the cytotoxicity was determined. Severely repair-deficient
cells (BER-/NER-) exhibit a moderate (35%) decrease in survival upon exposure to low doses
(0.5 mM) of MMS and exhibited extreme sensitivity to higher doses (Fig. 1 A). In contrast,
for repair-proficient strains (WT) and single pathway-compromised (BER- deficient and NER-
deficient) strains, significant decreases in survival are observed only with exposure to doses
above 5 mM MMS. At such higher MMS doses, the single pathway-deficient mutants (BER-
or NER-) displayed greater sensitivity than repair-proficient cells (WT), with BER-deficient
strains exhibiting greater sensitivity compared to NER-deficient strains. Thus, as might be
expected, MMS sensitivity is variable depending on the DNA repair capacity of the cells, with
cells deficient in BER alone or in combination with NER displaying the greatest sensitivity.

Short wavelength ultraviolet radiation (UV-C) induces toxic, mutagenic bipyrimidine
photoproducts that are repaired primarily by the NER pathway [34]. Cells were exposed to a
range of doses (0-50 J/m2) of UV-C and the cytotoxicity was determined. As expected, repair
proficient (WT) and BER-deficient cells exhibited similar sensitivities to UV-C with NER-
and BER-/NER-deficient strains displaying extreme sensitivity (less than 1% survival) at lower
doses (5 J/m?) (Fig. 1 B). These experiments established a cytotoxicity profile for MMS and
UV-C for each isogenic strain harboring DNA damages primarily repaired by BER or NER,
respectively. Such profiles were then utilized to determine whether DNA damage-induced
cytotoxicity was directly related to DNA damage-induced increases in intracellular ROS levels.

Endogenous DNA Damage and Intracellular ROS Levels in DNA Repair Compromised Strains

To determine the levels of individual types of ROS, WT, BER-, NER-, and BER-/NER-
deficient strains were analyzed using a panel of florescent probes including DHR, DHEt, HPF,
and APR. These probes detect different, specific subspecies of ROS. As discussed above, DHR
is a relatively non-specific probe as it will detect a variety of ROS subspecies [29,30]. In
contrast, DHEt is specific for O," [35,36], APR is specific for H,O, [37,38], and HPF is
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specific for *OH [39] Cells treated with DHR (Fig. 2 A) revealed that ROS levels (multiple
species) were significantly increased (approximately 30%) in the BER-/NER- deficient cells
compared to repair proficient cells (WT). However, with this probe there was no increase
observed in the strains deficient in either BER or NER pathways alone. A similar result was
obtained when cells were incubated with the *OH-specific probe HPF (Fig. 2 C). When the
levels of O,"~ were determined with DHEt (Fig. 2 B), small to moderate increases were
observed in both BER-deficient (~33% increase) and NER-deficient (~4% increase) cells, and
a substantial (~80% increase) increase was observed in BER-/NER-deficient cells. These
findings are consistent with previous studies employing DHR [9] but also reveal the nature of
the specific types of ROS elevated in response to endogenously produced DNA damage in the
absence of exposure to exogenous agents (Experimental Procedures). Only BER-/NER-
deficient cells showed any significant increase in HO, when probed with APR (Fig. 2 D), and
interestingly, a 30% decrease in HoO, was observed in the NER- deficient strain. Currently,
we cannot account for the observed decrease in H,O, in NER-deficient cells. In general, when
cells are severely repair-deficient and therefore accumulating endogenous DNA damage, there
isasubstantial increase in ROS levels. We conclude from these experiments that cells harboring
elevated levels of endogenous DNA damage (BER-/NER-) have increased intracellular levels
of O,"7, H,0,, and *OH.

The finding that cells deficient in the repair of endogenous DNA damage (particularly BER-/
NER-) contained elevated levels of oxidative damage that correlate with an elevation of ROS
suggested that DNA damage induced by exogenous chemical and physical agents might be
capable of causing a similar ROS response [9]. We addressed whether different classes of DNA
damage, repaired by different DNA repair pathways were capable of eliciting an increase in
ROS by examining the response to MMS, which produces DNA damage primarily repaired
by BER and UV-C, which produces DNA damage primarily repaired by NER [19].

MMS Induced DNA Damage Causes an Increase in Intracellular ROS

First, we examined the spectrum of ROS produced in the repair deficient strains in response
to MMS. All four strains (WT, BER-, NER-, and BER-/NER-) were exposed to a range (non-
toxic to toxic) of MMS doses (0-55 mM) for 30 min and then assessed for ROS using the
fluorescent probes described in Experimental Procedures. When cells were exposed to MMS
and then treated with DHR (Fig. 3B) or DHEt (Fig. 3C), an increase in ROS is observed that
is related to the exposure dose. There is a significant increase in the levels of ROS in response
to MMS (25 mM) in all strains irrespective of the DNA repair background and the
corresponding level of cytotoxicity caused by this dose. The observed increases in ROS range
from 15-2500% depending on the probe employed and the strain analyzed. In general, the
increases in ROS are related to an expected increase in DNA damage and not cytotoxicity (Fig.
3A). The cytotoxicity observed following a 0.5 mM MMS exposure dose is similar in all four
strains while the levels of intracellular OH® and H,O5 (Fig. 3 D, E) differ significantly. In WT
and NER- deficient cells, there is no significant change in the levels of *OH and H,0-.
However, in BER-deficient cells there is a 18% and 8% increase (indicated with “*” in Fig. 3
D,E) in *OH and H,0,, respectively and in BER-/NER-deficient cells a 36% and 41% increase
(indicated with “#” in Fig. 3 D,E) in *OH and H,0», respectively.

When cells were probed with HPF (Fig. 3 D) or APR (Fig. 3 E), an increase in "OH and
H»0,, respectively, is observed at lower exposure doses of MMS (0.5 mM or 5 mM) followed
by a decrease at the higher doses (25 mM and/or 55 mM MMS). This increase is observed at
0.5 mM MMS for BER- deficient cells (18% and 8% increases with HPF and APR,
respectively) and BER-/NER-deficient cells (36% and 41% increases with HPF and APR,
respectively). A similar increase is not observed in WT and NER- deficient cells until higher
exposure doses (5 mM) of MMS are used. The decrease in the levels of different ROS
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subspecies occurs at different doses of MMS in most strains. Unlike the decrease in *OH that
is observed at higher MMS doses, (Fig. 3 D), the decrease in H,O, observed with APR (Fig.
3 E) was observed at a 25 mM MMS exposure dose in BER- and BER-/NER-deficient cells
and 55 mM MMS in WT and NER- deficient cells. The trend that the levels of H,O, and *OH
increase at lower exposure doses of MMS followed by a decrease at higher doses is observed
for most strains investigated with one exception (BER-/NER- deficient cells).

UV Light Induced DNA Damage Causes an Increase in Intracellular ROS

Exposure of cells to MMS reveals a potential role for ROS in the cellular response to a DNA
alkylating agent. As previously reported with the nonspecific probe DHR., there is an increase
in ROS in several DNA repair deficient strains in response to H,O, and MMS exposure [10].

An important issue in the present study was to determine whether or not the increase in ROS
in response to DNA damage repaired by BER is also observed for DNA lesions primarily
repaired by the other major excision repair pathway, NER. To address this possibility, we
determined the levels of ROS in response to UV-C induced DNA damage. Unlike MMS and
H,0,, UV-C produces helix-distorting bipyrimidine adducts (CPDs and 6-4 PPs) that are
repaired by NER [19].

All four strains (WT, BER-, NER-, and BER-/NER-) were exposed to a range (non-toxic to
toxic) of doses (0-50 J/m?) of UV-C and then probed for ROS. A pattern of a dose-dependent
increase in ROS levels similar to that obtained with MMS exposure was observed. However,
the maximum relative levels of ROS detected following exposure to UV-C (Fig. 4 B,C) were
lower than that observed for MMS (Fig. 3 B,C). As with MMS, the observed increase in
O, is directly related to the UV exposure dose (Fig. 4 C). There is a significant increase in
the levels of O,*~ in response to 5 J/m2 UV-C in all strains (ranging from 14-30%) as compared
to the levels of ROS in unexposed cells (indicated with “*” in Fig. 4C). These results are similar
to those observed in cells following exposure to MMS in that there is a dose- dependent increase
in the levels of ROS in response to DNA damage. Furthermore, NER- deficient strains are
more sensitive to UV-C induced DNA damage at lower doses. NER- deficient cells also
exhibited a significant increase in O,"~, but at a lower dose (2 J/m?) as compared to unexposed
(indicated with “#” in Fig. 4C).

As in the case of MMS exposure, exposure to UV-C results in changes in ROS levels that are
related to an expected increase in DNA damage and not cell death. When cells are exposed to
25 J/m2 UV-C, there is a greater than 50% survival in both the WT and BER- deficient cells

while there is less than 1% survival in NER- and BER-/NER- deficient cells (Fig. 4 A). Despite
substantial differences in survival, these cells display similar relative increases in the levels of
0,"~ in response to 25 J/m? UV-C (Fig. 4 C). The fact that these increased levels of ROS are
not associated with cell death is also revealed when cells are probed with HPF. For example,
BER-deficient cells exposed to 50 J/m? UV-C and NER-deficient cells exposed to 5 J/m2 UV-
C display similar survival yet have significantly different levels of OH" (indicated with “$” in
Fig. 4D).

It is important to emphasize that when cells were probed with DHR (Fig. 4 B), a difference
was observed between cells capable of repairing UV-C-induced damage (WT and BER-
deficient), and cells that are not capable of repairing such DNA damage (NER- and BER-/
NER-deficient). NER- and BER-/NER-deficient cells exhibited a significant (compared to
unexposed cells in the corresponding strain) increase (indicated with “t” in Fig. 4 B) in ROS
at lower doses (2 and 5 J/m?2) and a decrease in ROS at higher, more toxic doses (25 and 50 J/
m?2). As with MMS, we observed an increase in *OH and H,0, at lower doses (5-25 J/m?) of
UV-C and a decrease in *OH and H,0; at higher doses (25-50 J/m?) of UV-C (Fig 4D-E). We
conclude that cells respond to DNA damage through changes in the types and levels of ROS
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produced. As discussed below, the biological relevancy of an apparently bimodal ROS
response to DNA damage is likely to involve specific signal transduction pathways.

Yapl Relocalization in Response to DNA Damage

Under normal cellular environments, the ROS sensor and transcription factor, Yapl is rapidly
exported from the nucleus to the cytoplasm where it resides until activated in response to
oxidative stress [14,16,21,22]. Upon activation, Yapl can no longer bind to the nuclear export
receptor Crm1p and thus accumulates in the nucleus where it functions as a transcription factor
[22,23,40]. Previous reports have shown that H,O, exposure causes Yapl to rapidly relocalize
to the nucleus [14]. To address the potential role of Yapl in the ROS-mediated DNA damage
response, the localization of Yapl was determined following exposure to MMS and compared
to the previously characterized effects caused by direct exposure to HoO, [14,21]. Cells were
exposed to a range of non-toxic to toxic doses of H,O, or MMS for 1 hr and the localization
of Yapl-GFP was determined by direct fluorescence microscopy. Following exposure to
H>0,, DNA repair proficient (WT) cells exhibited a rapid relocalization of Yap1 to the nucleus
that was maintained for at least 60 min. On average, approximately 75% of the cells analyzed
exhibited nuclear localization of Yapl (Fig. 5). WT cells exposed to a range (0.5-55 mM) of
MMS doses displayed a delay in relocalization of Yapl to the nucleus compared to the
relocalization pattern observed following exposure to H,O, (Fig. 6). When WT cells were
exposed to 0.5 mM MMS, fewer than 20% of the cells displayed nuclear localization of Yapl
throughout the time course (60 min) of the experiment (Fig. 6 B). However with higher doses
(25 and 55 mM) of MMS Yap1 nuclear localization significantly increased (up to 60%),
indicating a response to oxidative stress that occurs after the introduction of non-oxidative
DNA damage into the genome (Fig. 6 C,D).

Discussion

By examining the levels of ROS in cells harboring DNA damage caused by endogenous or
exogenous sources, insight can be gained into the nature of genotoxic stress responses. DNA
damage occurs continuously in all cells. Multiple overlapping systems for handling DNA
damage exist. However, deleterious consequences can result when such pathways are
compromised or when their capacities to process DNA damage have been exceeded. Although
increases in ROS levels are thought to be involved in numerous pathological states, it is clear
that modulation of ROS is also important for normal cellular physiology [41].

The endogenous levels of several different types of ROS were determined for WT and DNA
repair deficient yeast strains. These strains were previously evaluated for the levels of
endogenous oxidative DNA damage [9]. An increase in oxidative DNA damage in BER- and
BER-/NER- deficient strains was observed and was found to be highest in the BER-/NER-
deficient strain. The results presented in the current study, establish a relationship between the
levels of accumulated oxidative DNA damage and the levels of various ROS subtypes. We
showed that BER-/NER- deficient cells harboring increased levels of oxidative DNA damage
displayed the highest levels of intracellular O, *~ as well as increased levels of intracellular
H,0, and "OH. BER- deficient cells exhibited an increase in oxidative DNA damage that is
less than that observed in BER-/NER- deficient cells. BER- deficient cells exhibit a
correspondingly smaller increase in O,"~ with no observed increase in either H,O, or *OH as
compared to BER-/NER- deficient cells (Fig. 2). NER-deficient cells show no detectable
increases in the levels of oxidative DNA damage and exhibit a very small increase in the levels
of O," and no increases in the other types of ROS. Thus, low levels of endogenous DNA
damage causes production of O,"". As the levels of endogenous DNA damage increase, O™~
also increases with concomitant elevation in both H,O, and *OH.
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In this study, by utilizing two different classes of DNA damaging agents (MMS and UV- C),
we were able to determine the response to damage that is primarily repaired by either BER or
NER. When cells were exposed to either MMS or UV-C, an increase in three different
subspecies of ROS was observed, as a general genotoxic stress response regardless of the nature
of the damage.

Previous reports have suggested that increased levels of ROS are associated with cell death
[31],[32]. Our results indicate that ROS increases are also associated with DNA damage that
occurs following non-toxic to moderately toxic exposure to MMS or UV light. Thus elevated
levels of ROS cannot be attributed solely to cell death. For example, the cytotoxicity resulting
from a low dose (0.5 mM) MMS exposure is similar in all strains (70-98% survival), but the
levels of intracellular H,O, produced are significantly different for BER- and BER-/NER-
deficient cells (8% and 41% increases, respectively) while there was no change in intracellular
ROS levels for WT or NER- deficient cells (Fig. 3). DNA damage produced by MMS is
primarily repaired by BER and accumulation of base damage would be expected in BER- and
BER-/NER- deficient strains. We have established that there is a substantial increase in the
levels of H,0, without significant changes in cell survival. These results confirm the notion
that ROS is produced directly in response to DNA damage and is not due to cell death.

Redox homeostasis in cells is important for maintaining proper cellular functions [42]. Elevated
levels of ROS can be biologically deleterious, but have also been implicated in a variety of cell
signaling processes [5-8]. For example, ROS alter protein structure through direct interaction
with cysteinyl sulfhydryl groups [7]. To maintain normal redox states, cells utilize several
systems for buffering ROS including the thioredoxin and glutathione pathways [43]. In
dividing cell populations, when DNA damage occurs, the cell must respond to maintain the
integrity of the genome and eventually continue through the cell cycle. ROS-mediated
signaling should enable the rapid activation of the stress response systems necessary for cell
survival. To our knowledge, this is the first report defining the relationship between DNA
damage and the types and relative levels of ROS produced.

To further delineate the possible role of ROS in the DNA damage response, the localization
of the ROS sensor, Yapl in WT cells in response to two different DNA damaging agents was
examined. Previously Yapl has been shown to relocalize to the nucleus in response to H,0,.
Yapl localization is directly altered by the presence of H,O5 in the cell [13,21], regardless of
its DNA damage effect. In this study, we found that the relocalization of Yapl in response to
MMS exposure is similar to the relocalization of Yapl as a result of direct exposure to ROS
(e.g. H,0O5). When cells are exposed to MMS, there is a time- and dose-dependent increase in
the number of cells that have predominantly nuclear Yapl localization. However, unlike the
response observed, after exposure to H,O», of rapid relocalization of Yap1 to the nucleus, there
is a delay of approximately 25 min before a significant number of MMS-exposed cells contain
nuclear Yapl (Fig. 6). As the redox state of the cell shifts to a more reduced state through the
increased production of ROS in response to DNA damage, the localization of Yapl changes
from cytoplasmic to nuclear where it functions as a transcription factor in response to cell
stress. It should be emphasized that MMS, does not directly produce ROS, yet causes the
accumulation of Yap1 in the nucleus as does H»O». This observation provides independent
verification that DNA damage per se elicits the ROS stress response. The delayed accumulation
of Yap1 in the nucleus following MMS exposure suggests a signal transduction process from
DNA damage to the generation of ROS. These observations provide biological confirmation
of the DNA damage-induced intracellular ROS production revealed by the panel of fluorescent
probes employed in these studies.

Our results are consistent with the following model for the role of ROS in the cellular genotoxic
stress response (Fig. 7). Elevation of ROS in response to DNA damage appears to be associated
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with two modes of DNA damage levels involving O, as the primary mediator. At low to
moderate levels of DNA damage, there is a moderate increase in the levels of O,"", H,0,,
and *OH (Level 1). At Level 1, O, is a likely source for H,O, and *OH through chemical and
enzymatic conversion pathways [44]. For example, *OH can be non-enzymatically generated
via the Fenton Reaction and H,0, can be enzymatically produced by superoxide dismutase
[44]. The redox state (Mode 1) of the cell at these levels of DNA damage leads to cell survival-
related and stress response signaling processes. In response to changes in cellular redox states,
there are several known signaling pathways that can be activated including stress activated
kinases (SAPKSs), multistep phosphorelay, and AP-1 like transcription factor sensing [45]. In
addition, several conserved sequences (antioxidant response elements, ARE [46], and stress
response elements, StRE [47]) are found in the promoter region of many genes and are activated
in response to stress. These pathways are conserved between yeast and other higher organisms,
making these studies potentially relevant to other eukaryotes. Activating protein-1 (AP-1)-like
transcription factor sensing is mediated by a family of transcription factors. AP-1-like proteins
regulate a variety of cellular processes including proliferation, differentiation, apoptosis, and
various stress responses [48]. In S. cerevisiae Yap1 is the major AP-1-like transcription factor.
Yapl is responsible for the up regulation of numerous genes that are involved in the oxidative
stress response. These include the gultatione reductase (GLR1), thioredoxin (TRX2), catalase
(CTT1), and superoxide dismutase (SOD1) [49]. It is possible that the DNA damage stress
response in S. cerevisiae may be initiated by changes in the redox state of the cell that, in turn,
can lead to subsequent signaling through one or more of the above pathways. Many of these
pathways may contain components that sense intracellular ROS levels and then initiate events
that trigger a stress response in cells. A Mode 1 response could be mediated by activated Yapl
as we have demonstrated that it accumulates in the nucleus following exposure to MMS.

At high levels of DNA damage, there is a corresponding increase in the level of O,"", but not
in H,0, or *OH due to saturation or blockage of conversion pathways. With such decreases in
H,0, or *OH the appropriate signaling response does not occur, thus leading to a decrease in
cell survival. At the corresponding redox state (Mode 2), the cell is well beyond its repair

capacity and reorchestrates signaling from cell survival/stress responses to cell death processes.

As the redox state of the cell continues to move towards an oxidized state due to high levels
of DNA damage causing an increase in the levels of O,"", the cell can no longer survive because
of extensive nuclear and/or mitochondrial DNA damage as well as damage to other
macromolecules. Alternatively, the cell reorchestrates the internal signaling processes to
initiate cell death. Several recent studies have shown that unicellular eukaryotes undergo a
caspase-independent apoptotic-like cell death process [50,51]. In yeast, many features of
apoptosis have been observed including chromatin condensation, phosphatidylserine exposure
on the outer membrane, and cytoplasmic shrinkage [50,52]. Importantly, one feature of this
cell death process is an increase in the intracellular levels of O, [31].

To fully understand how the DNA damage-induced stress response functions in cells, an
understanding of the generators of ROS and their role in the ROS response is necessary. There
are several possible O,"~ generators that have been identified in yeast cells including the
mitochondria (e.g. cytochrome C) and various oxidases. Xanthine oxidase is a interesting
candidate in that it has been shown to produce O,"", H,0,, and *OH [53]. Other candidates
such as NADPH oxidases [54,55] are present in mammalian cells, but not S. cerevisiae. In
addition, we are currently determining the extent to which a similar DNA damage-induced
ROS stress response occurs in mammalian cells. Such a response has obvious implications for
several important human pathologies, including cancer.
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Abbreviations used in text

ROS, Reactive oxygen species

BER, Base excision repair

NER, Nucleotide excision repair

MMR, Mismatch repair

TLS, Translesion synthesis

REC, Recombination

CPD, Cyclobutane pyrimidine dimmer
6-4 PP, 6-4 photoproduct

H,0,, Hydrogen peroxide

MMS, methyl methanesulfonate

05", Superoxide

‘OH, Hydroxyl radical

UV-C, Short wavelength ultraviolet light
WT, Wild type

DHR, Dihydrorhodamine

DHEt, Dihydroethidium

HPF, 2-[6-(4’-Hydroxyy)phenoxy-3H-xanthen-3-on09yI]
APR, N-can-Acetyl-3,7dihydroxyphenoxazine (Amplex Red)
PBS, Phosphate buffered saline

DAPI, 4’,6-diamidino-2-phenylindole
SAPK, Stress activated kinases

MAPK, Mitogen-activated protein kinases
AP-1, Activating protein-1
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Figure 1. MMS and UV-C cytotoxicity profiles of cells with different DNA repair capacities
Sensitivity of DNA repair deficient strains to MMS and UV-C. WT (diamonds), BER-
(squares), NER-(triangles), and BER-/NER- (circles). Cells were exposed to (A) 0, 0.5, 5, 25,
and 55 mM MMS for 30 min at 30 °C or (B) 0, 2, 5, 25, 50 J/m? UV-C. The results are an
average of six different experiments. Error bars represent = SD. Experimental details are
provided in the text.
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Figure 2. Endogenous levels of ROS in isogenic DNA repair-proficient and -deficient strains
Isogenic WT, BER-, NER-, and BER-/NER- strains were incubated with the indicated
fluorescent probes (A) DHR, (B) DHEt, (C) HPF, or (D) APR for 2 hours as described in
Experimental Procedures. Following incubation, cells were analyzed for ROS levels by flow
cytometry as described in the text. Fluorescence values were obtained from measurement of
the mean peak values of the cytograms. Fluorescence values for each ROS probe are reported
as the fold change relative to the WT (repair proficient) strain (set to a value of 1.0). These
results are an average of three independent experiments. Error bars represent £ SD. Asterisks
above bars indicate statistical significance of a p value <0.05 as compared to no exposure
condition.
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Figure 3. ROS levels in DNA repair deficient strains in response to DNA alkylation damage

A. MMS cytotoxicity of strains with different DNA repair backgrounds. WT (diamonds), BER-
(squares), NER- (triangles), and BER-/NER- (circles). Cells were exposed to 0, 0.5, 5, 25, and
55 mM MMS for 30 min at 30 °C as described in the text. Results displayed are an average of
six different experiments. B — E. Isogenic WT, BER-, NER-, and BER-/NER- strains were
first exposed to MMS (0-55 mM) for 30 min and then incubated with the indicated fluorescent
probes (B) DHR, (C) DHEt, (D) HPF, or (E) APR for 2 hours. Following incubation, cells
were analyzed for ROS levels by flow cytometry as described in Experimental Procedures.
Fluorescence values were obtained from measurement of the mean peak values of the
cytograms. Fluorescence values for each ROS probe are reported as fold changes relative to
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the control (0 mM MMS) for each strain (set to a value of 1.0). These results are the average
from three independent experiments. Error bars represent + SD. “*” symbols above bars
indicate statistically significant (p value <0.05) differences between the levels of H,O, or "OH
in BER- deficient strains at 0.5 mM MMS compared to no exposure conditions and “#” symbols
above bars indicate statistically significant (p value <0.05) differences between the levels of
H»0, or *OH in BER-/NER- deficient strains at 0.5 mM MMS compared to no exposure
conditions.
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Figure 4. ROS levels in DNA repair-deficient strains in response to UV-C induced DNA damage
A. UV-C cytotoxicity of strains with different DNA repair backgrounds. WT (diamonds), BER-
(squares), NER- (triangles), and BER-/NER- (circles). Cells were exposed to 0, 2, 5, 25, and
50 J/m2 UV-C as described in the text. Results displayed are an average of six different
experiments. B — E. Isogenic WT, BER-, NER-, and BER-/NER- strains were first exposed to
UV-C (0-50 J/m?) and then incubated with the indicated fluorescent probes (B) DHR, (C)
DHEt, (D) HPF, or (E) APR for 2 hours. Following incubation, cells were analyzed for ROS
levels by flow cytometry as described in Experimental Procedures. Fluorescence values were
obtained from measurement of the mean peak values of the cytograms. Fluorescence values
for each ROS probe are reported as fold changes relative to the control (0 J/m2 UV-C) for each
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strain (set to a value of 1.0). These results are the average of three independent experiments.
Error bars represent £ SD. “*”symbols above bars indicate statistically significant (p value
<0.05) differences between the levels of O,"~ in all strains at 5 J/m? UV-C compared to no
exposure conditions. “#” symbols above bars indicate statistically significant (p value <0.05)
differences between the levels of O,""in NER-deficient strain at 0.5 J/m? UV-C compared to
no exposure conditions. “t”’symbols above bars indicate statistically significant (p value <0.05)
differences between the levels of ROS in NER- and BER-/NER- deficient strains at 0.5 J/m?2
UV-C compared to no exposure conditions. “+” symbols above bars indicate statistically
significant (p value <0.05) differences between the levels of *OH at the 5 J/m2 UV-C exposure
in NER-deficient cells as compared to 55 J/m2 UV-C exposure in BER-deficient cells.
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Figure 5. Yapl localization in WT cells after exposure to H,O»

A. Yapl-GFP was visualized by direct fluorescence microscopy in WT cells either untreated
(Control) or treated with 0.5 mM H,0, for 5 min. Cells were stained with DAPI to visualize
the position of the chromatin within the nuclei. The Merge image indicates the overlap (yellow)
between the Yap1-GFP signal (green) and DAPI (red) staining of nuclei. Corresponding DIC
images are also shown. B-E. Graphical representation of fluorescence microscopy analysis
assessing Yapl-GFP localization. Cells were exposed to (B) 0.5 mM, (C) 5 mM, (D) 25 mM,
or (E) 55 mM H,0, and fluorescence images were obtained. At least 100 cells per time point
from two independent experiments were counted and evaluated in 10 min interval groups.
Percentages of cells scored as showing no nuclear localization (gray bars) or nuclear
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localization alone or nuclear plus cytoplasmic localization for Yapl (black bars) for every 10
minute interval group for the duration of the experiment (60 min) are indicated.
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Figure 6. Yapl localization in WT cells after exposure to MMS

A. Yapl-GFP was visualized by direct fluorescence microscopy in WT cells either untreated
(Control) or treated with 25 mM MMS for 25 min. Cells were stained with DAPI to visualize
the position of the chromatin within the nuclei. The Merge image indicates the overlap (yellow)
between the Yap1-GFP signal (green) and DAPI (red) staining of nuclei. Corresponding DIC
images are also shown. B-D. Graphical representation of fluorescence microscopy analysis
assessing Yapl-GFP localization. Cells were exposed to (B) 0.5 mM, (C) 25 mM, or (D) 55
mM MMS and fluorescence images were obtained. At least 100 cells per time point from two
independent experiments were counted and presented in 10 min interval groups. Cells were
scored as showing no nuclear localization (gray bars) or nuclear localization alone or nuclear
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plus cytoplasmic localization for Yapl (black bars) for every 10 min interval group for the
duration of the experiment (60 min) are indicated.
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Figure 7. Model for the role of ROS in the genotoxic stress response

Under normal (no stress) growth conditions, in the absence of genomic DNA damage, the redox
state of the cell is normal (Mode 0). Upon genomic DNA damage, intracellular levels of ROS
increase. At low to moderate levels of DNA damage, cellular O,*~, H,0,, and *OH levels
increase (Level 1). The increased levels of H,O, and *OH could be caused by direct production
in response to DNA damage or through conversion from O,*~ via non-enzymatic and enzymatic
pathways [44]. *OH and H,05 function as signaling molecules to activate the genotoxic stress
response including pathways involving SAPKSs, multiphosphorelay and AP-1 like transcription
factors. Each of these pathways is activated in response to changes in the redox state of the cell
[45]. At higher levels of DNA damage, O," continues to increase (Level 2), while the
production of H,O, and *OH declines. The decrease in H,O, and *OH levels could be due to
a decrease in direct production or blocked conversion from O,"". The redox state of the cells
(Mode 2) is primarily due to substantial increases in the O," levels that subsequently mediate
the cell death response. The relative levels of H,O, and *OH are represented by the green
shaded area and the relative levels of O, are represented by the purple shaded area.
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