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Abstract
The yeast DEL assay is an effective method for measuring intrachromosomal recombination
events resulting in DNA deletions that when occurring in mammalian cells are often associated
with genomic instability and carcinogenesis. Here we used the DEL assay to measure γ-ray-
induced DNA deletions throughout different phases of yeast culture growth. Whereas yeast
survival differed by only up to twofold throughout the yeast growth phase, proliferating cells in
lag and early exponential growth phases were tenfold more sensitive to ionizing radiation-induced
DNA deletions than cells in stationary phase. Radiation-induced DNA deletion potential was
found to correlate directly with the fraction of cells in S/G2 phase. The ability of the antioxidants
L-ascorbic acid and DMSO to protect against radiation-induced DNA deletions was also measured
within the different phases of yeast culture growth. Yeast cells in lag and early exponential growth
phases were uniquely protected by antioxidant treatment, whereas nondividing cells in stationary
phase could not be protected against the induction of DNA deletions. These results are compared
with those from mammalian cell studies, and the implications for radiation-induced carcinogenesis
and radioprotection are discussed.

INTRODUCTION
Ionizing radiation exposure produces a variety of DNA damages in cells, which includes
strand crosslinks, base damages, single-strand breaks (SSBs) and double-strand breaks
(DSBs) (1). Cells respond to this damage through complex molecular signaling pathways
that can activate cellular responses such as DNA repair, gene expression, growth arrest and
apoptosis (2). Cells sustaining radiation-induced damage may exhibit delayed effects such as
genomic instability and may ultimately become carcinogenic (3). Both acute DNA damage
induced by radiation and the subsequent cellular responses are influenced by a variety of
factors, including radiation quality, dose rate, dose fractionation, cell/tissue type, cell cycle
phase and cell environment physiology [for a comprehensive review, see ref. (4)].

Throughout the 1920s to 1940s, early studies aimed at determining sensitivity to radiation
throughout the cell cycle were performed in a variety of organisms. The results of these
pioneering studies lacked agreement as to which cell cycle stage is the most radiosensitive
and as a whole were inconclusive (5). In 1961, in studies made possible by the development
of the in vitro clonogenic survival assay of Puck and Marcus 5 years previously (6),
Terasima and Tolmach definitively measured the clonogenic radiosensitivity of HeLa cells
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synchronized by mitotic harvest throughout the cell cycle (7). HeLa cells in M phase were
the most sensitive to X-ray cell killing, G1 and G2 were the most radioresistant, and S-phase
cells were intermediately sensitive. These results have been reproduced in other mammalian
cell lines generally yielding the same variation in cell cycle radiosensitivity (8). In 1961 and
1962, Dewey and Humphrey reported measurements of the sensitivity of mouse fibroblasts
to γ-ray-induced chromosomal aberrations (9, 10); similar to the earlier observation (7), cells
irradiated in S and G2 phases were up to twofold more sensitive to chromosomal aberrations
than G1 cells. These results were later reproduced in numerous follow-up studies using
multiple cell types and collectively established G2 to be the most sensitive to radiation-
induced aberrations (11-14).

Likewise, the genotoxic effects of radiation also vary with cell cycle position. Multiple
attempts were made in the 1970s to determine a relationship between radiation-induced
mutation sensitivity and cell cycle phase (15-17), but no firm conclusions were established
until 1980, when H. J. Burki published his study using synchronized CHO cells. Here G1
was demonstrated to be the most sensitive cell cycle phase for X-ray-induced Hprt
mutations for each dose between 1 and 8 Gy, early S phase to be slightly less radiosensitive,
and late S phase to be relatively resistant (18). These results were upheld by later studies
reporting G1 to be the most sensitive phase for mutation induction by radiation (19-22).

The results from experiments aimed at quantifying cell cycle phase sensitivity in yeast have
thus far offered mixed correlations with results from in vitro mammalian cell studies.
Budding yeast cells in S and M phase are more resistant to radiation cell killing than
nonbudding cells in G1 (23, 24), in opposition to that observed in mammalian cell cultures
(7, 8). Proliferating yeast cells (predominant in S/G2) exhibit greater X-ray-induced
chromosomal loss (monosomy) than stationary (G1/G0)-phase yeast cells (25). Yeast cells
are most sensitive to radiation-induced mutations in the G1 phase, less sensitive in early S,
and least sensitive in late S/G2 (26), well modeling that observed in mammalian cell studies
(18-22).

Here we use the yeast DEL assay to measure the sensitivity of radiation-induced DNA
deletions with respect to cell cycle phase. The DEL assay is an efficient system for
measuring intrachromosomal recombination events characterized by deletion of 6 kb of
genomic DNA (27). The RS112 yeast strain carries an internal disruption cassette at the
genomic his3 locus; deletion here restores wild-type HIS3 and phenotypic histidine
prototrophy. The DEL assay was established previously as a marker for DNA deletions, a
subset of genome rearrangements that, when occurring in mammalian cells may be involved
in carcinogenesis (28, 29). In validating studies, the DEL assay detected 47 of 50 EPA-listed
carcinogens, and for 60 compounds of known carcinogenic activity, it correlated 92%
positively with animal carcinogenicity data (30). Ionizing radiation is a potent inducer of
DNA deletion events using the DEL assay (28, 31, 32). Here we observed that DNA
deletions are significantly more strongly induced in yeast by radiation when cells are in the
S/G2 phase compared to G1/G0, which may be important for the best mode of use of the
assay. Furthermore, we observed that antioxidant treatment uniquely protected proliferating
yeast cells but not stationary cells from radiation-induced DNA deletions.

MATERIALS AND METHODS
Yeast Strain, Media and Reagents

The diploid S. cerevisiae strain RS112 (MATa/MATα ura3-52/ura3-52 leu2-3,112/leu2-Δ98
trp5-27/TRP5 arg4-3/ARG4 ade2-40/ade2-101 ilv1-92/ILV1 HIS3∷pRS6/his3Δ200 LYS2/
lys2-801) was used to measure DNA intrachromosomal recombination events at the his3
locus. Synthetic complete (SC or +13) medium was prepared as yeast nitrogen base 0.67%,
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glucose 2%, agar 2% plus the following amino acids and bases per 900 ml of distilled water:
60 mg each of adenine sulfate, L-isoleucine, L-leucine, L-lysine–HCl, L-tyrosine, 45 mg of L-
arginine–HCl, L-histidine–HCl, L-methionine, uracil, 90 mg of L-tryptophan. SC medium
lacking histidine (–his) was made as above but without addition of histidine. SC medium
lacking leucine (–leu) was made as above but without leucine, and the following was added
per 900 ml of distilled water after autoclaving: 18 mg uracil, 36 mg adenine sulfate, and 18
mg L-histidine. For liquid medium preparation, agar was not added.

L-Ascorbic acid (CAS No. A-0278) and DMSO (CAS No. D2650) were purchased from
Sigma.

γ Irradiation
Yeast cells were irradiated with 1000 Gy in a Mark I irradiator (J. L. Shepherd and
Associates, Glendale, CA) with a 137C γ-ray source at dose rate of ~16.1 Gy/min.

Yeast Proliferation and DEL Assay
The yeast DEL assay was used to score radiation-induced cell killing, DNA deletions and
radioprotection using agar plates. Individual clones of RS112 were grown on –leu plates for
56 h at 30°C and then up to 4 weeks at 4°C. A single clone of RS112 was inoculated in ~7
ml –leu medium at 30°C and at subsequent times in 2- to 6-h intervals for 30 h and aliquots
were taken and resuspended in distilled water to measure cell density, cell cycle
composition, and radiation-induced deletion events. Yeast cells were sonicated for ~8 min
prior to scoring cell density and cell cycle distribution. Cell density was measured with a
hemocytometer. Cell cycle was assessed by scoring budding yeast (S and G2) and
nonbudding yeast (G1 and G0); an average of 266 cells was scored for each individual
measurement at each time.

Radiation-induced deletion events were measured as follows: Cells were exposed to 1000
Gy γ rays. Then irradiated cells were plated at 200,000 per –his and 1,000 per +13 plate and
unirradiated control cells were plated 100,000 per –his and 100 per +13 plate, each in
duplicate. Plates were then incubated at 30°C for 48 h, after which colonies were counted.
Survival was calculated by dividing the number of colonies counted on +13 plates by the
number of cells plated and the plating efficiency obtained from unirradiated control yeast
measurements. The number of colonies scored on –his plates was used to calculate the
number of deletion events per 10,000 surviving yeast. The measurements at 0 and 30 min
were generated by suspending individual clones directly in either 1 ml water or 1 ml –leu
liquid medium, respectively. Both were irradiated ~30 min after inoculation, but the former
measurement was considered as time 0 since yeast cells do not proliferate while in water.
Experiments without radioprotector measurement were performed in quadruplicate at each
time.

For experiments done with L-ascorbic acid (1 mM) and DMSO (1% v/v), two aliquots were
taken at each time for irradiation, and compounds were added to a single aliquot ~20 min
prior to γ-ray treatment; both antioxidant-treated and nontreated samples were exposed
simultaneously to γ rays, and deletion recombination and survival were measured as above.
Samples were taken 4–30 h after inoculation. Experiments with radioprotectors were
performed in triplicate with control experiments performed in parallel, also in triplicate.
Statistical significance was calculated using the two-tailed Student’s t test.
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RESULTS
Yeast Proliferation and Radiation-Induced Cytotoxicity and Genotoxicity

Yeast proliferation was measured in liquid cultures for 30 h after inoculation. Single clones
comprising of ~106 cells were inoculated in 7 ml –leu medium, and yeast density was
measured every 4 h for 24 h and again at 30 h. This time window included the lag,
exponential and stationary phases of yeast growth (Fig. 1A, Fig. 2).

Cell cycle composition was also measured at the same time for 30-h yeast culture growth.
Nonbudding yeast observed via microscopy were classified as G1 or G0 phase and budding
yeast as S or G2 phase. Initial cultures at time zero were comprised predominantly (>90%)
of G1/G0 cells, after 4 h of growth, yeast cultures were comprised predominantly (~75%) of
S and G2 cells (Fig. 1B). With time, the fraction of cells in S and G2 diminished as cells
entered stationary phase characterized by being primarily in G0 and/or G1 phases.

At each time, aliquots of yeast cultures were exposed to 1000 Gy γ rays and radiation cell
killing and DNA deletion events (DEL) were measured. Both end points demonstrated
measurable changes in magnitude throughout the three phases of yeast growth. Prior to
inoculation, 1000 Gy γ rays induced 32.3 deletion events per 104 surviving cells (Fig. 1C).
Four-hour cultures, in which the greatest fraction of cells were in S/G2, were the most
sensitive to deletion events induced by 1000 Gy, with 152 induced events per 104 surviving
cells. Between 4 and 30 h, as yeast populations began to reaccumulate in G1 and G0 phases,
the sensitivity of radiation-induced deletion events decreased correspondingly. After 30 h
growth, yeast cultures were well into stationary phase (Fig. 1A) were comprised mostly of
G0 cells (Fig. 1B), and only 19.5 deletion events per 104 cells were induced by radiation.

The magnitude of radiation-induced cytotoxicity was also measured throughout the first
three phases of cell growth. Yeast cultures just entering stationary phase were the most
resistant to γ-ray-induced cell killing (Fig. 1C). Yeast in lag phase and in the end of
stationary phase were most sensitive to radiation cytotoxicity. The difference between the
maximum and minimum sensitivity of yeast to radiation cytotoxicity throughout 30 h of
culture growth was approximately twofold.

Radioprotection and Yeast Culture Growth
The ability of antioxidants DMSO and L-ascorbic acid to protect against cell killing and
induction of DNA deletions by radiation was determined throughout yeast growth. DMSO
(1%) offered some protection against 1000 Gy γ-ray induced DNA deletions in 4-, 8- and
12-h cultures, with P = 0.061, P = 0.047 and P = 0.16, respectively. At these times, cells are
in the exponential growth phase. DMSO did not protect at other times when cells were in
stationary phase (Fig. 3A). DMSO also uniquely protected against 1000-Gy-induced cyto-
toxicity after 4 and 8 h of growth (P < 0.01 at both times), but protection against cytotoxicity
was not observed at later times.

Yeast cells incubated with 1 mM ascorbic acid during radiation exposure exhibit a response
that is similar to that observed with DMSO but reduced in magnitude. Ascorbic acid reduced
γ-ray-induced DNA deletions early in exponential yeast growth at 4 and 8 h, but this was not
significant (P < 0.07 and P = 0.16, respectively). No protective trend was observed as cells
entered stationary phase (Fig. 3B). Protection against cell killing by ascorbic acid was
similarly strongest after 4 h and 8 h of growth (P = 0.10 and P = 0.037, respectively), but
significant protection was not observed at other times when yeast cells were in stationary
phase.
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DISCUSSION
Radiation cytotoxicity and genotoxicity were measured throughout yeast culture growth.
Radiation cell killing varied by as much as twofold throughout the first three phases of yeast
growth (Fig. 1C). Cells were most resistant to radiation cell killing when cultures were
entering stationary phase; such resistance did not correlate with cell cycle. Induction of
DNA deletion by radiation varied approximately eightfold throughout the phases of yeast
growth, and cells were most sensitive to radiation-induced deletions when cultures were in
exponential growth, when most cells are in S/G2 phase. For measurements taken throughout
the first 30 h of cell growth, the magnitude of radiation-induced DNA deletions correlated
positively with the fraction of cells in S/G2 (Fig. 4). The correlation of sensitivity to DNA
deletion after irradiation with the fraction of cells in S/G2 is highly significant (P < 0.0001)
using a Pearson test (r = 0.775 with 68 degrees of freedom).

The variation of the radiation sensitivity of yeast with growth phase observed here
complements that reported in previous studies. In multiple studies, budding yeast cells have
been observed to be more resistant to radiation inactivation than nonbudding yeast (23, 24,
33). Generally, exponentially growing yeast cells are more resistant to radiation cell killing
than cells in stationary phase or G1 (34). Similarly, medium-starved cells (presumed to be in
G0 or G1) are more sensitive to radiation inactivation than nonstarved yeast (33, 35). Here
yeast cells in late exponential growth are most resistant to radiation cell killing, supporting
the observations of Tippins and Parry (34). Furthermore, cells in late stationary phase were
most sensitive to radiation cell killing, paralleling the heightened radio-sensitivity of
medium-starved yeast observed by Raju et al. (33) and Laser (35).

Previous reports related the relationship between radiation-induced recombination to cell
cycle stage. In synchronized yeast cells, the magnitude of both X-ray-induced intra- and
intergenic recombination was greatest in G1 cells, lower in S and least in G2 (36). Using
arrested cells, X-ray-induced homologous recombination (HR) is greater in G1 than G2, but
sister chromatid recombination induction is higher in G2 than G1 (37). Cells arrested in S
and G2 phases are more sensitive to γ-ray-induced deletion events than cells arrested in the
G1 phase (32) in agreement with our present data. Here, using dividing cells, cultures were
comprised predominantly of S/G2-phase cells were as much as eightfold more sensitive to γ-
ray-induced deletions than cultures comprised of G0 and G1 cells (Fig. 1).

The severe susceptibility of dividing cells to radiation-induced intrachromosomal
recombination compared to nondividing cells observed here is noteworthy. First, the effects
of radiation-induced damage fixation in different periods of the cell cycle or different phases
of cell growth is biologically relevant. Throughout the body, many cells are nondividing
(G0) while others are constantly dividing; this is well modeled by cell cultures in log growth.
Thus studies of the effects of radiation on cells in vitro in exponentially dividing cells may
not always be relevant to the effects of radiation on tissue in vivo. Second, the cellular
response and repair of DNA damage, specifically DSBs, is regulated by cyclin-dependent
kinases (CDKs) and thus is dependent on cell cycle stage (38). Cells in G1 repair DSBs
using the non-homologous end-joining (NHEJ) pathway, whereas cells in S and G2 repair
DSBs predominantly by HR (39). These repair pathways are highly conserved and remain
dependent on the cell cycle in both yeast (40) and mammalian cells (41, 42). In agreement
with this are our data on the yeast sensitivity to radiation-induced deletion events that
correlate with the S/G2 cell cycle stage (Figs. 1 and 4) since deletion events are formed
primarily through homologous intrachromosomal (deletion) recombination (28).

The capacity of antioxidants to protect against radiation-induced damages exclusively in
dividing cell cultures may have implications for radioprotection in humans. Whereas cell
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cycle-specific sensitivity to radiation-induced toxicities has been well investigated, studies
of cell cycle-dependent radioprotection capacity have been sparse thus far. Here dividing
cells were protected with antioxidant treatment against radiation-induced DNA deletions, yet
nondividing cells were not protected under the same conditions (Fig. 3). Antioxidants
protect against radiation primarily by reducing indirect oxidative base damage caused by
radiolytic ROS (43). Base damage lesions have been shown previously to induce deletion
events when cells are allowed to undergo DNA replication (44). Thus the observation that
proliferating cell cultures are better protected by antioxidant treatment against DNA deletion
events is fitting and may have implications for radioprotection against carcinogenesis. The
yeast DEL assay is a model for studying radiation-induced homologous DNA deletions (28,
31, 32). Genome rearrangements, specifically including DNA deletions between repetitive
elements, are present in many if not most human cancers [for review, see ref. (45)]. Using
the DEL assay to qualify antioxidant protection against DNA deletions offers a system for
measuring radioprotection against particular genomic rearrangement events involved in
carcinogenesis. That observed here (Fig. 3) suggests that rapidly dividing cells are more
sensitive to radiation carcinogenesis but are also uniquely protectable with antioxidant
treatment against the same. This suggestion is complemented in part by the atomic bomb
epidemiological studies in which human tissues comprised of rapidly proliferating cells were
observed to be more susceptible to radiation carcinogenesis than slowly dividing tissues (46,
47).

Currently, we are using the yeast DEL assay in a high-throughput format (48) to screen for
novel radioprotectors. The data reported here are important for determining the optimal
window of sensitivity for screening with the DEL assay. Furthermore, the traditional DEL
assay protocol using agar plates use 17 h of incubation with the chemicals to be tested,
which encompasses several generations of cell division (49), including the most sensitive
phase as determined here. If rapidly dividing yeast cells are hypersensitive to chemically
induced deletion recombination like they are to ionizing radiation-induced deletion
recombination, this may be one of the reasons why the DEL assay detects carcinogens with
greater sensitivity than other genotoxicity assays (30).

Finally, a comparison can be made between cell cycle sensitivity to radiation damages
measured in mammalian and yeast in vitro systems. Specific cell cycle stage sensitivity to
radiation-induced cell killing, chromosomal aberrations, mutation induction and
homologous DNA deletions is tabulated with experimental data from yeast and mammalian
cells in Table 1. Conflicting results exist for cell cycle stage dependence on radiation cell
killing, yet analogous results exist for mutation induction. Radiation cell killing likely has
little relevance to cancer, but mutation induction and intrachromosomal homologous
deletion events are both associated with carcinogenesis. Both yeast and mammalian in vitro
cultures are most susceptible to radiation mutations early in the cell cycle, but yeast in later
stages of the cell cycle are most sensitive to homologous DNA deletion formation. Cell
cycle sensitivity to radiation-induced homologous DNA deletions in mammalian cells (50) is
thus far undetermined, but studies of this are warranted.
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FIG. 1.
Panel A: Yeast cell density measured in cell cultures as a function of time after inoculation.
Panel B: The fractions of cells in G1/G0 and S/G2 in the same cultures. G1/G0 cells were
measured by scoring nonbudding yeast and S/G2 cells were measured by scoring budding
yeast cells. Panel C: Radiation-induced cell killing and homologous DNA deletion (DEL)
events per 104 surviving cells in cell cultures irradiated with 1000 Gy at different times after
inoculation. For all panels, each point is the mean of four independent experiments ± SEM.
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FIG. 2.
Representative images of budding and non-budding yeast from 0-, 2-, 8- and 30-h cultures
are presented in panels A, B, C and D, respectively.
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FIG. 3.
Protection against 1000 Gy γ-ray-induced cell killing and DNA deletions in yeast culture
grown for 4 to 30 h by DMSO (panel A) and ascorbic acid (panel B). Protection against
deletion events was generally present only during stages of yeast exponential growth and not
during stationary phase. Each measurement is the mean of three independent experiments ±
SEM.
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FIG. 4.
Radiation-induced DNA deletions (DEL) per 104 surviving cells as a function of the fraction
of cells in S/G2 for 70 independent measurements. Cultures with more cells in S/G2 were
more susceptible to radiation-induced DNA deletions. This correlation was highly
significant (P < 0.0001) as calculated by Pearson test.
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TABLE 1

Comparison of Yeast and Mammalian Cells for Cell Cycle Dependence of Sensitivity to Ionizing Radiation
for Cell Killing and Genotoxicity

Yeast Mammalian cells

Cell killing G1 > S and G2 (23, 24) M > S > G1 and G2 (7, 8)

Chromosomal aberrations No experimental data G2 > S > G1 (9-14)

Mutation induction G1 > early S > late S and G2 (26) G1 > early S > late S (18-22)

Homologous DNA deletions S and G2 > G1 and G0 (this study) No experimental data

Notes. Cell cycle phase sensitivity to ionizing radiation was tabulated for measurements performed in yeast and mammalian cell systems. The cell
cycle phases are listed in order of most sensitive to least sensitive to radiation exposure.
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