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The seminal observation that p53 mediates a G1 cell cycle arrest
following y-irradiation was originally proposed to be analogous to the
RAD9-mediated G2 DNA damage checkpoint in budding yeast (5).
The RAD9 arrest pathway enhances cell survival by delaying pro
gression into mitosis to allow for DNA repair (17). Based on this
similarity, it was suggested that the p53-dependent G1 arrest is tran

sient to allow time for DNA repair prior to entrance into S phase (5,
18). The model predicts that @53@cells should have enhanced DNA
repair, leading to decreased chromosomal aberrations and increased
survival compared to pS3@ cells. Contrary to this prediction, this and
other studies demonstrate that pS3@ cells have a reduced ability to
form colonies after â€˜y-irradiationrelative to isogenic pS3@ cells (19â€”
26), although a few studies suggest that there is no correlation be
tween p53 status and radiosensitivity (27). In addition, whereas the
presence of an intact p53 pathway limits the long-term accumulation
of chromosomal abnormalities in vivo, it does not appear to affect
chromosome aberration frequency in the first postirradiation mitosis
or spontaneous or induced mutation frequencies (25, 28â€”31). In
contrast, some reports indicate that p53 may enhance survival and
decrease chromosomal aberrations after UV irradiation, perhaps due
to G1 delay and/or direct involvement in DNA repair (12, 32, 33),
suggesting potential differences in the responses to ionizing versus
Uv radiation.However,it has also been suggestedthat whereasthe
efficiency of DNA repair is reduced by loss of p53, clonogenic
survival is increased (10).

The above observations are consistent with the alternative hy
pothesis that the primary role of the p53-dependent@ arrest
pathway in maintaining genetic stability after y-irradiation is
through elimination of cells with DNA damage from the reproduc-@
tively viable population by permanent arrest or apoptosis, rather
than through enhanced repair during temporary arrest (34). We
observed previously that y-irradiated NDFs undergo a permanent,
p53-dependent arrest resembling senescence (34, 35). Such cells
exhibit prolonged induction of the cyclin-dependent kinase inhib
itor @21WAF1/CIP1/SDI1(34), which has been associated with senes
cence (36). They remain viable as determined by trypan blue
exclusion but are enlarged, irregularly shaped, and do not divide to
form viable colonies for up to 10 weeks (21, 34, 37). These
findings are consistent with other studies showing that large frac
tions of normal cells irradiated in G0 remain in G0-G1 for a
prolonged period after treatment (38, 39). A role for p53 in the
irreversible G0-G1 arrest of NDF following â€˜y-irradiationis more
concordant with the higher radiosensitivity of p53k versus pS3@
cells.

In this report, we determine the fate of several isogenic p53@ and
p53_ human fibroblast and epithelial strains following -y-irradiation in
G0. It is well established in cell types that normally undergo apoptosis,

such as thymocytes, that pS3@ strains are more radiosensitive than
isogenic pS3@ strains, primarily because of the resistance of pS3@
cells to apoptosis (4, 6). Analogously, the data presented here indicate
that in cells that do not normally undergo apoptosis, such as NDF,
p53@ strains are more radiosensitive than p53 strains because of
induction of a senescent-like state over multiple cell cycles.
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ABSTRACT

A new technique that monitors cell cycle progression over multiple
cycles was used to gain insight into how p53 limits the emergence of
variants with structural chromosome alterations following y-irradiation.
G0-synchronized, p53k (with a functional p53 pathway) normal human
fibroblast and epithelial strains underwent a dose-dependent permanent
arrest in the initial G0-G1 phase after irradiation. The dose-response
curves indicate that a single event, such as an irreparable DNA break,
may be sufficient to induce arrest. p53' cells that escaped the initial G0-G1
phase after irradiation entered S phase in at least two waves. However,
many of these cells underwent long-term arrest in subsequent phases. In
contrast, virtually all of the cells in isogenic p53 (with a nonfunctional
p53 pathway) strains escaped from the first G0-G1 phase without delay,
regardless of the dose. p53W@ were also eliminated in subsequent
phases but at significantly lower frequencies. Consistent with these find
ings, the reproductive viability of p53 cells was higher than p53@ cells.
The nonclonogemc fraction appeared to be eliminated within three cycles
for both cell types. In addition, artificial holding in G0 after Irradiation,
which allows for the repair of potentially lethal damage, led to similar
increases in survival in pS3@ and p53 cells. These data are inconsistent
with the hypothesis that the primary function of p53-dependent G0-G1
arrest in response to 7-irradiation Is to allow additional time for DNA
repair. Rather, they indicate that p53 helps maintain genetic stability by

eliminating cells with damaged chromosomes from the reproductively

viable population.

INTRODUCTION

The p53 tumor suppressor is an important factor for maintaining
genetic stability through its participation in multiple cell cycle check
points. Cells undergo a p53-dependent G0-G1 phase cell cycle arrest
or apoptosis in response to a variety of environmental insults and
cancer treatments, including y-irradiation, UV radiation, and some
chemotherapeutic drugs (1â€”7).Radiation and DNA strand-breakage
drugs induce p53-dependent arrest by directly damaging DNA (5),
whereas drugs that deplete ribonucleotide pools can induce p53-
dependent arrest in the absence of DNA damage (7). Because p533
cells progress into S phase with depleted nucleotide pools, they can
undergo DNA breakage, which can lead to structural chromosome
changes such as gene amplification (2, 3). Thus, p53 can both prevent
cells with DNA damage from entering S phase and prevent cells from
entering S phase under conditions favoring replication-associated
damage. p53 is also involved in a checkpoint that prevents re-repli
cation of DNA in the presence of mitotic spindle inhibitors (8). In
addition, other studies suggest that p53 may also contribute to DNA
repair, S-phase progression, a G2 checkpoint, and centrosome repli
cation (9â€”16).
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mally interpreted as a functional p53 arrest response. However, inter
pretation of such data is confounded by a number of variables, which
could lead to the erroneous conclusion that a transient G1 arrest is
occurring. For example, cell cycle delays in G2 and/or M phase can
cause partial synchronization, which would subsequently appear as a
G1 enrichment, followed by a wave of entry into S. In addition,
permanent arrest of a subset of G1 cells after irradiation followed by
progression and expansion of undelayed surviving cells could also
have such an effect. More precise measurements of progression from
G0-G1 into S phase have been conducted using cumulative labeling
with [3H]thymidine, mitotic inhibitors, or a combination of the two
(42). These techniques have distinct advantages over simple flow
cytometry analyses of asynchronous populations, but they are limited
to assessing progression through only one cell cycle. In addition, the
use of radiolabeled thymidine as a tracer may be problematic in p53
studies, because it can directly induce p53 and cell cycle arrest (43,
44). These considerations led us to develop a procedure using con
tinuous labeling of DNA with BrdUrd to quantify cell cycle progres
sion for up to three cell cycles. A similar technique using continuous
BrdUrd labeling followed by Hoechst staining has been described
(45), but we fmd that the present technique is more reliable and gives
consistently better resolution of second and third cycle events.

Fig. 1A is a schematic diagram of the populations of cells that
appear during progression through the cell cycle using the continuous
labeling technique. Fig. lB shows typical results in the @53@NDF
strain WSlneo. Typically, fewer than 3% of cells incorporated
BrdUrd during G@synchrony by contact inhibition. Cells began en
tering the first S phase 12â€”16h after release. By 24 h, the fastest
progressing cells had divided and entered the second G0-G1 phase,
appearing as a concentration of BrdUrd@ events with a G1 DNA
content. Release from G0 synchrony was relatively asynchronous, as
cells continued exiting the initial G0-G1 for 36 to 48 h. At 48 h, cells
were present in the second S and G2-M phases and were starting to
appear in the third G0-G1. Some cells had entered the third S phase by
96 h, although the percentages were relatively small, and they were
somewhat obscured by second cycle events due to the small increment
in FITC signal. Presumably, this was due to saturation of the DNA
with BrdUrd and/or contact inhibition. Even after 96 h, approximately
20% of the cells remained in the initial G0-G1.

The continuous labeling analysis revealed a significantly different
response in WSlneo cultures treated with y-radiation during G0
synchrony. Cells were retained in the initial G0-G1 in a dose-depen
dent manner. For example, at 1 Gy, approximately 30% of the cells
remained arrested relative to the untreated control (data not shown),
whereas about 60% remained arrested at 4 Gy after 96 h (Fig. 1C).
Furthermore, a majority of the cells that entered the cycle did not
progress beyond the second G0-G1 at 4 Gy (Fig. 1C). Similar results
were obtained in the other normal human cell strains used in this study
and in cells synchronized in G@by serum deprivation, although slight
differences were observed in the rates of progression and the percent
ages of cells that progressed to successive phases (data not shown).

y-Irradiation of a Variety of G0-Synchronized Normal Human
Cells Causes a Dose- and p53-dependent Permanent G0-G1 Ar
rest. -y-Irradiation induces a dose-dependent, permanent G0-G1 arrest
in mouse and human cells treated during G0 or G@synchrony (34, 38).
This permanent arrest is dependent on a functional p53 arrest pathway
(21, 34, 35, 37, 46, 47). However, the responses of isogenic pS3@ and
p53_ cells of different genetic and tissue backgrounds have not been
studied in detail. Therefore, cell cycle responses were analyzed in
p53+ (neo) and pS3@ (E6) pools of three NDF strains (NHF3, WS1,
and WI-38) and a normal human epithelial strain (RPE-h).

Significant differences were observed 72 to 96 h after irradiation of
G0-synchronized pS3@ and p53 cells. Fig. 2 shows the percentage of
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MATERIALS AND METHODS

Cells and Culture Conditions. WS1 (embryonic skin NDF; ATCC CRL
1502), NHF3 (foreskin NDF; provided by Dr. M. Cordeiro-Stone, University

of North Carolina, Chapel Hill, NC), WI-38 (embryonic lung NDF; ATCC
CCL-75), and RPE-h (normal human retinal pigmented epithelial cells; pro
vided by Cell Genesys, Inc., Foster City, CA) are normal parental strains. p53k
pools expressing a neomycin resistance gene (neo) and p53 pools expressing
neomycin resistance and the oncogenic human papillomavirus type 16 E6
protein (E6) were prepared by retroviral gene transduction as described in (40)
using murine PA317 producer lines (provided by Dr. D. Galloway, Fred
Hutchinson Cancer Research Center, Seattle, WA). Cells expressing E6 have
a nonfunctional p53 pathway because E6 hastens the ubiquitination of p53
(41). Immunoblot analysis revealed that the E6 pools contained extremely low
levels of p53 relative to the neo pools.

All infected NDFneo and NDFE6 pools were maintained in Earle's Minimal
Essential Medium supplemented with 1X nonessential amino acids (Life
Technologies, Inc.), 10%dialyzed FBS (Sigma Chemical Co.), and 200 j.@g/m1
G-4l8 sulfate. RPE-hneo and RPE-hE6 were maintained in a 1:1 mix of
DMEM and F12 (Life Technologies, Inc.) supplemented with 10% dialyzed
FBS and 200 @g/mlG-4l8 sulfate. Parental strains were maintained in medium
without G-418 sulfate. All cells were grown at 37Â°Cin a humidified atmo
sphere containing 7% CO2. Cells were split 1:5 approximately every 3 days at
about 70% confluence for maintenance.

Chemicals and 7-Irradiation. BrdUrd was obtained from Sigma Chemi
cal Co. Cells were treated with y-radiation at room temperature with a @Â°Co
-y-irradiator (Gammabeam 150-C) at a distance of 40 cm at a rate of approx
imately 3.5 Gy/min.

Continuous BrdUrd Labeling. G0 synchrony was achieved by contact
inhibition or serum deprivation. Contact-inhibited cultures were obtained by
holding cells at confluence for 48 h, and serum-deprived cultures were ob
tamed by reducing the dialyzed FBS concentration in the medium of cells at
approximately 80% confluence from 10 to 0.1% for 48 h. Cells were released
by subculture at ratios between 1:4 and 1:10 in medium containing 10%
dialyzed FBS. This prevented slow growth due to low cell density while
allowing sufficient room for at least two population doublings prior to contact
inhibition. BrdUrd was added to 65 @.LMat the time of release for continuous
labeling of cells undergoing DNA synthesis. BrdUrd is continuously incorpo
rated during ensuing S phases. Because BrdUrd-substituted DNA is very
sensitive to light-induced breakage, the culture dishes were wrapped loosely in
aluminum foil. Cultures were harvested and subjected to flow cytometric cell
cycle analysis 0 to 96 h after release, as described below.

Flow Cytometric Cell Cycle Analysis. After harvest by trypsinization,
cells were fixed in 70% ethanol until the day of analysis. Cells were treated
with 0.1 MHC1containing 0.5% Triton X-lOOto extract histones, followed by
boiling and rapid cooling to denature the DNA. Cells were then incubated with
anti-BrdUrd-FITC (PharMingen, San Diego, CA) and counterstained with
propidium iodide containing RNase. Samples were run on a Becton Dickinson
FACScan using color compensation when appropriate. Data analysis was done
using SunDisplay3 (J. Trotter, Scripps Research Institute, La Jolla, CA).

Cellular debris and fixation artifacts were gated out, and the G0-G1, S. and
G2-Mfractions were quantified. The D0 for inactivation of S phase entry is the
dose at which progression into S phase is reduced to 37% of control.

Colony-forming Assay. Cells were synchronized in G0 by contact inhibi
tion, treated with 0, 1, 2, or 4 Gy y-radiation, and plated in duplicate or
triplicate at l0@-l0@cells per 10-cm dish. Colonies of at least 50 cells were
counted after 1 to 2 weeks. Survival percentages in the irradiated samples were
adjusted relative to the untreated controls to account for plating efficiency. The
D0 for survival is the dose at which survival is reduced to 37% of control.

RESULTS

Continuous BrdUrd Labeling Allows Quantification of Cells
through Multiple Cell Cycles. The majority of studies on the cell
cycle arrest mediated by p53 have been conducted by treating asyn
chronous cultures with DNA-damaging agents and determining cell
cycle distribution approximately 16 h later. A reduction in the S phase
fraction with a corresponding increase in the G0-G1 fraction is nor
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Fig. 1. Analysis of the progression of cells through multiple cycles by
continuous BrdUrd labeling. G0-synchronized cultures were released in
medium containing BrdUrd for continuous DNA labeling. Cells were
harvested at the indicated times, stained with propidium iodide and
anti-BrdUrd-FITC, and analyzed by flow cytometry. A, schematic dia
gram of flow cytometry dot plots showing the different cell populations
that appear during progression through the cell cycle: a, initial G2-M
(background of the G0-synchromzed population); b, initial G0-G1of the
G0-synchronized population; c, first S phase after release; d, first G2-M;
e, second G@/G1;f second S; g, second G2-M; h, third G0-G1; and i, third
S. B, time course after release of untreated WSlneo cells. The initial
G0-synchronized sample (0 h) contains a majority of cells in the initial
G0-G1(typicallybetween85 and 90%)with somecells in the initial
G2-M (typically about 10%) and some in S phase (typically less than
3%). C, time course after release of WSlneo cells treated with 4 Gy
-y-radiation.
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24h 36h 48h 96h
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cells that incorporated BrdUrd relative to the untreated controls at
each dose. Progression of all four pS3@ cell strains out of the initial
G0-G1 after â€˜y-irradiationwas dose and p53 dependent. NHF3neo was
the most sensitive strain (D0 for inactivation of S phase entry, 2.12
Gy), and RPE-hneo was the most resistant (D0, 13.03 Gy), whereas
WSlneo (D0, 4.36 Gy) and WI-38neo (D0 = 4.66 Gy) had an
intermediate level of sensitivity. Progression of the isogenic pS3@
strains out of the initial G0-G1 was virtually unaffected, regardless of
the dose. Only minor differences were observed between parental
strains and their neo counterparts or between contact-inhibited and
serum-deprived cells. Few floating, necrotic, or apoptotic cells were
seen in these cell strains at the doses used (data not shown).

p53@ Cells Irradiated during G0 Enter S Phase in at Least Two
Subsets. A dose-dependent fraction of p53k cells progress into S
phase after treatment with y-radiation. To more precisely determine
the kinetics of entry into S phase, density-inhibited cultures of pS3@
and p53W WS1 and RPE-h pools were treated with â€˜y-radiationand
harvested between 0 and 96 h after subculture with continuous
BrdUrd labeling (Fig. 3). Untreated p53@ cells began entering S phase
approximately 12â€”14h after subculture and continued entering
through about 48 h (Fig. 3, A and C). In the irradiated cultures, one

subset of cells began entering S phase at about the same time as the
untreated control cells, starting approximately 12â€”14h after release. A
second subset of cells also appeared to begin progression into S phase
later, 36â€”48h after release for WSlneo and 24â€”30h after release for
RPE-hneo. The sizes of these populations decreased substantially at
higher doses.

The response of the pS3@ cells was radically different. Untreated
cells entered the first S phase between approximately 12 and 48 h after
release from G0. In contrast to the p53@ cells, progression into the first
S phase did not appear to be hindered relative to the untreated control,
even after treatments with 4â€”6Gy (Fig. 3, B and D).

The Fraction of Surviving Cells Is Much Lower than the Frac
lion of Cells That Enters the First S Phase after 7-Irradiation.
Colony-forming assays were conducted to determine the long-term,
reproductive viability of cells after y-irradiation. Density-inhibited
cells were treated with 1, 2, or 4 Gy y-radiation. Duplicate samples
were plated for cell cycle analysis and colony-forming ability. Con
sistent with previous studies (22, 35, 37, 39, 48, 49), the p53 cells
(WS1E6 and RPE-hE6; D0 for survival, 1.73 and 2.08 Gy, respec
lively) were significantly more radioresistant than the isogenic p53k
cells (WSlneo and RPE-hneo; D0, 0.49 and 0.69 Gy, respectively;

1173

Untreated

4Gy

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/6/1171/2465726/cr0570061171.pdf by guest on 19 M

ay 2023



Iv
02468

Dose (Gy)

eâ€¢â€”. oI 00

+

Fig. 4 and data not shown). The percentage of p53f cells that survived
to form macroscopic colonies was significantly lower than the per
centage that progressed out of the initial G0-G1 after treatment (Fig.
4). Interestingly, the higher radioresistance of RPE-hneo cells relative
to WSlneo cells with regard to clonogenic survival is also consistent
with their greater ability to progress out of the initial G0-G1 after
treatment.

Many Cells That Progress into the First S Phase after Irradi
ation in G0 Become Arrested in Subsequent G0-G1 Phases. Be
cause the clonogenic survival of cells was notably lower than the
percentage of cells that escaped the initial G0-G1 after irradiation, we
inferred that many cells were becoming arrested in subsequent cell
cycle phases. Further analysis of the cumulative BrdUrd labeling data
shown in Fig. 2 enabled us to determine the fates of the isogemc pS3@
and pS3@ strains two to three cycles after treatment. The fraction of
p53Â±cells that failed to progress beyond the second G0-G1 within
96 h generally followed single-hit kinetics, similar to the fraction that
failed to progress beyond the initial G0-G1 (Fig. 5). In contrast to their
virtually complete escape from the initial G0-G1, however, pS3 cells
were sensitive to arrest in subsequent phases (Fig. 5). The magnitude
of the arrest was related to the dose similar to the pS3@ cells but was
significantly less severe, as can be seen by the shallower slopes. A
similar effect was seen in the WS1 and WI-38 derivatives (data not

shown).
Detailed profiles showing the ability of cells to progress beyond the

first and second G0-G1 and G2-M phases within 96 h are presented in
Fig. 6. Distinct differences were seen between cell types. For exam

plc, a majority of NHF3neo and WSlneo cells were eliminated from
the reproductively viable population in the initial G0-G1, whereas the
elimination of WI-38neo and RPE-hneo occurred more gradually. As
described previously, virtually all pS3@ cells progressed beyond the
first G0-G1. Elimination of pS3@ cells in subsequent phases occurred
at much lower frequencies than their pS3@ counterparts. Both p53f
and pS3@ cells appeared to undergo normal G2 arrest. Interestingly,
the percentages of cells that escaped the second G2-M to reach the
third cycle approximated the percentages of cells that eventually
formed colonies (compare with data for WS1 in Fig. 4 and data not
shown), suggesting that the cells that became arrested in earlier phases
had been eliminated from the reproductively viable population.

G1 Cells in Asynchronous NDF Are More Sensitive to y-Irra
diation than G0-synchronized Cells. We found previously that, like
G0-synchronized cells, asynchronous NDF also undergo a prolonged
arrest following y-radiation (34). Asynchronous WSlneo and WS1E6
were treated with -y-radiation and continuously labeled with BrdUrd to
compare their arrest kinetics to those of G0-synchronized cultures.
The number of cells present in S phase in the asynchronous cultures
at the time of the treatment was subtracted from the total number of
BrdUrd@ cells. The G0-G1 cells in asynchronous populations of
WSlneo were more sensitive to â€˜y-irradiationthan cells synchronized
in G0-G1 (Fig. 7A).

Sustained Incubation in G0 after Irradiation Enhances Survival
of Both pS3@ and pS3@ Cells. Maintaining cells in G0 at confluence
after y-irradiation allows for repair of potentially lethal damage, as
evidenced by increased progression of cells into S phase, decreased
chromosomal aberrations, and increased survival to form colonies (50,
51). Because this is similar to the p53 â€œarrestfor repairâ€•model, we
determined the potential role of p53 in PLD repair. Density-inhibited
WSlneo and WS1E6 cultures were treated with 1, 2, or 4 Gy y-ra
diation in parallel with the samples shown in Fig. 4A and then held for
6 h prior to subculture. Confluent holding increased D0 survival
values similarly in WSlneo and WS1E6 cells, approximately 2- and
1.5-fold, respectively (Fig. 7B). This enhancement in survival is
significantly less than that afforded by inactivation ofp53. In WSlneo
cultures, increased survival correlated with an increase in the number

of cells that escaped the initial G0-G1 and enhanced progression of
cells from the first G2-M after release into the second G0-G1 (data not
shown). Somewhat surprisingly, the enhanced survival in held
WS1E6 cultures was accompanied by a reduction in the fraction of
cells that escaped the initial G0-G1, although progression through later
phases was enhanced (data not shown). These results support the
theory that PLD repair during the holding period enhances reproduc
tive viability but suggest that p53 is not required for this process.

DISCUSSION

This study uses a new kinetic analysis to show the consequences of
â€˜y-irradiationover multiple cell cycles in normal human fibroblasts
and epithelial cells. Several conclusions emerge from these studies:
(a) the linearity of the dose-response curves and the fact that they
intersect the Y-axis at 100% suggest that a single event is responsible
for the permanent arrest of pS3@ cells in the initial G0-G1 ; (b)
elimination of cells after â€˜y-irradiationin subsequent phases has both
p53-dependent and p53-independent components; (c) potentially le
thai damage repair in G0 enhances cell viability but does not appear to
be dependent on p53 status; and (d) the major function of p53-
mediated G0-G1 arrest appears to be elimination of cells containing
DNA damage from the reproductively viable population, perhaps
through a senescence-like arrest.

The fate of a cell after y-irradiation probably depends, at least in
part, on the different types and amounts of DNA damage induced and
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Fig. 2. pS3@ cells undergo a dose-dependent permanent G0-G1 arrest in response to
-y-radiation.Cells were synchronized in G0 by serum deprivation, treated with 0.5â€”8Gy
y-radiation, and immediately subcultured at lower density in medium containing
BrdUrd. Samples were harvested 72 to 96 h later and analyzed by flow cytometry. The
total number of BrdUrd@cells (regions c through i of Fig. lA) was normalized to the
starting populations by dividing the number of second cycle events by two and third cycle
events by four. Results are expressed as percentages of the untreated controls. The
numbers in parentheses after the pool names below indicate the number of separate
experiments conducted on each strain (n) and the D0 for inactivation of S phase entry, if
applicable. Note that the Y-axisscales are different for clarity. Bars. SE. Points without
error bars indicate that the error was too small to display. A, NHF3neo (n = 3; D0 = 2.12
Gy) and NHF3E6 (n = 3); B, WSlneo (n = 6; D0 = 4.36 Gy) and WS1E6 (n = 6); C,
WI-38neo (n = 2; D0 4.66 Gy) and WI-38E6 (n = 3); D, RPE-hneo (n 3; D0 13.03
Gy) and RPE-hE6 (n = 3).
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Fig. 3. p53@ NDFs enter S phase in at least two waves following
y-irradiation. Cells were synchronized in G0 by contact inhibition and
treated with 1â€”6Gy y-radiation. They were released and harvested at
the indicated time points and analyzed for BrdUrd@ events by flow
cytometry. One representative experiment is presented, because the
timing of entry into S phase after release from contact inhibition can
vary by a few hours between experiments. Results are expressed as
percentages of BrdUrd@events relative to the untreated controls at
96 h. A. WSlneo; B, WS1E6; C, RPE-hneo; D, RPE-hE6.

D
1

â€”0â€”WS1E6 BidU
â€”.â€” WS1E6 cFA

â€”0---WSlneo BrdU
â€”.â€” WSlneo @FA

o@1 â€¢@â€¢a 4
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Fig. 4. The colony-forming ability of irradiated NDFs is significantly lower than their
ability to escape the initial G0-G1. Cells were synchronized by contact inhibition and
treated with 1â€”4Gy y-radiation. Duplicate samples were subjected to cell cycle analysis
(BrdUrd), harvested 72 h after irradiation, and colony-forming assay (CFA), counted 1 to
2 weeks after irradiation. The experiments were repeated twice; bars, SE. Results are
expressed as percentages of the untreated controls. Points without error bars indicate that
the error was too small to display.
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the ability of specific cell types to accurately repair the damage.
y-radiation produces several types of lesions, including single-strand
breaks, DSBs (i.e., two proximal single-strand breaks), base modifi
cations, and cross-links, but it is generally accepted that DSBs are the
primary lesions that lead to chromosomal aberrations and reproduc
tive cell death (reviewed in Ref. 52). Several studies suggest that DSB
repair has both a fast and a slow component (53, 54). Interestingly,
cells that repair DSBs more rapidly appear to have a lower frequency
of misrejoining events and enhanced survival over cells with slower
repair (55). Individual DSBs also likely differ in terms of their
molecular structure and ease of repair (52). More severe DSBs can
lead to loss of genetic information due to misrepair, misrejoining with
an end in another DSB, or generation of irreparable breaks. Notably,
the residual frequency of â€˜y-irradiation-induced DSBs in NDF after
prolonged opportunity for repair correlates with the frequency of
chromosome aberrations (56). These data suggest that the specific
subtype of DSB induced by y-irradiation can affect the speed and
ability of repair, thereby impacting on the frequency of mutation and
the rate of survival.

Although the type of DNA damage incurred by a cell probably
plays a significant role in its cell cycle fate, the status of the p53 arrest
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pathway is also important. This study shows that the responses of
p53+ and pS3@ cells are significanfly different following irradiation.
We observed at least three subsets of p53@ cells after treatment in G0:
(a) cells that began entering S at about the same time as the untreated

control; (b) cells that entered S phase toward the end of the entry
period of the untreated control; and (c) cells that remained perma
nently arrested in the initial G0-G1.

The p53@ cells that remained irreversibly arrested in the initial
G0-G1 after irradiation probably represent cells that incurred irrepa
rable DNA DSBs. Higher radiation doses probably increase the com
plexity of the DSBs produced, thereby decreasing their reparability
(57). Such persistent breaks might represent the molecular substrate
that activates permanent p53-mediated arrest. In yeast, a single DSB
is sufficient to induce a RAD9-dependent G2 arrest (58, 59), and it has
been proposed that a single unrepaired DSB can be a lethal event in
mammalian cells (60, 61). Our finding that permanent arrest of pS3@
cells in the initial G0-G1 follows single-hit kinetics with respect to
radiation dose (Fig. 2; Refs. 34 and 35) and studies on microinjection
of linearized plasmid DNA (62), cytogenetics after y-irradiation (34),
and gene amplification (2, 3, 63â€”65)in mammalian cells also support
the theory that the p53-mediated DSB sensor can prevent cells with a
single break from progressing into S phase and eliminate them from
the reproductively viable population.

The irradiated pS3@ cells that began entering S phase at about the
same time as the untreated control cells probably incurred only
simple, rapidly repaired damage. Because rapid repair occurs within a
few hours, little or no delay would be apparent. It has been shown that
the fraction of cells without chromosomal aberrations at the first
postirradiation metaphase is substantially the same as the fraction that
forms colonies (56). Consistent with this observation, the percentage
of WSlneo cells that entered the first S phase with litfie or no delay
roughly corresponded to the percentage survival at each dose. This is
also in agreement with a recent study in yeast showing that rapidly
repaired DSBs have no effect on cell cycle progression or survival
(66). Thus, the cells that progress into S phase with little or no delay
probably represent a major component of the clonogenic population.

The second wave of irradiated p53@ cells that entered S phase may
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Fig. 5. Many cells that progress out ofthe initial G0-G1after irradiation do not progress
beyond the subsequent G0-G1. Two representative experiments from Fig. 2 were re
analyzed to determine the percentage of cells that progressed beyond the second G0-G1
(2nd GJG,) after treatment with 0.5â€”8Gy y-irradiation (regions f through i of Fig. 1A
normalized to the starting population). The frequency of escape from the first G0-G1,as
indicated in Fig. 2, is repeated here for reference (ist G@/GI). Bars, SE. Points without
error bars indicate that the error was too small to display. Results are expressed as
percentages of the untreated controls. A. NHF3; B. RPE-h. Symbols for both panels are
located in A.

Fig. 6. Arrest of pS3@ and pS3@ cells over multiple phases
after Y-irradiation. The representative experiments shown in
Fig. 5 were furtheranalyzedfor the abilityof the cells to
progress beyond the first G0-G1 (regions c through i of Fig. lA
normalized to the starting population), the first G2-M (regions
e through0@the secondG@JG1(regionsf through1),andthe
second G2-M (regions h through i) at 1â€”4Gy y-irradiation.
Initial, the original G0-synchronized populations. Results are
expressed as percentages of the untreated controls. A, NHF3; B,
WS 1; C, W!-39; D, RPE-h. Symbols for all panels are located
inD.
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substantially affected at any dose, but they appeared to undergo
normal G2 delay/arrest and many underwent long-term arrest after
escape from the first G0-G1. This indicates that there is a p53-
independent mechanism of cell elimination in G0-G1, which probably
responds after mitosis of cells containing severe chromosomal aber

rations. Because none of these cells arrested in the initial @,
progression through and/or attempted repair in 5, G2, or M may be
required to physically alter the damage prior to causing arrest. The
integrity of the G2-M DNA damage checkpoint may play a significant
role in repairing residual damage, especially in pS3@ cells. It remains
to be determined whether the damage-induced arrest in G2 cells also
enables elimination of cells with irreparable damage. Interestingly,
fibroblasts from patients affected with ataxia-telangiectasia are very
resistant to arrest in the initial G0-G1 after y-irradiation, similar to
p53_ cells, but they are extremely sensitive to long-term arrest in the
first postirradiation G2 (67).@This may account, at least in part, for the
high radiosensitivity of such cells. It should be noted that G2 delay/
arrest likely occurs in both pS3@ and pS3@ cells. However, loss of p53
probably increases the tolerance to genetic instability, such as that
arising from repeated breakage and misrepair events between mitoses.
This may lead to a selection for faster growing cells that have an
impaired G2-M checkpoint, generating further instability.

Potentially lethal damage repair does not appear to be dependent on
p53. PLD repair occurs when cells are artificially held in G0 after
irradiation prior to subculture. It enables cells to enter S phase with
reduced delay, reduces the percentage of cells with chromosome
aberrations, and enhances survival (50, 68). It has been shown that the
rate of repair of interphase chromosome breaks correlates with the rate
of increased survival (56). These characteristics are similar to those
predicted by the p53 â€œarrestfor repairâ€•model. However, this study
shows that holding cells for PLD repair results in about the same
degree of survival enhancement in both p53@ and p53 cells. Because
NDF normally take 12â€”18h to enter S phase, and because maximal
PLD repair usually occurs within a 6-h holding period, it is somewhat
surprising that such repair cannot occur during normal@ progression
without holding. It has been suggested that immediate subculture of
cells irradiated in G@leads to modification of damage into an irrep
arable form (â€œfixationâ€•),increasing the potential for misrejoining (68,
69). This â€œfixationâ€•of damage may be due to changes in chromatin
structure as cells progress into cycle (reviewed in Ref. 70). Thus, a

p53-dependent delayed arrest for repair would be oflittle consequence
for PLD, because â€œfixationâ€•probably occurs rapidly in both p53k and
p53_ cells if they are actively cycling. Our finding that asynchronous
populations of NDF are more sensitive to arrest in the initial G0-G1
than G0-synchronized cells is consistent with this hypothesis, because
a large percentage of asynchronous cells are actively progressing
through G1, where DNA damage may be more likely to become
â€œfixedâ€•than in G0 cells. It is also interesting to note that the increased
survival imparted by PLD repair is a minor fraction, further suggest

ing that cells are more likely to be removed from the cycling popu
lation than to be repaired.

The radiosensitivity of pS3@ cells with respect to survival correlates
well with sensitivity to long-term arrest in the initial G0-G1 . Although
the dose-response curves for all of the @53@strains obeyed single-hit
kinetics, significant differences were observed in the slopes. Consist
ent with these results, NDFs from presumably normal individuals
display a wide range of radiosensitivities, as measured by clonogenic
survival (7 1). Such differences between cells from various individu
als, and also differences between cell types within an individual, may
be due to the age of the cells and/or intrinsic variabilities in the

4 S. P. Linke, unpublished data.
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Fig. 7. Differential responses of asynchronous and confluently held NDFs to y-irra
diation. A, asynchronous cells (async) or cells synchronized by contact inhibition (G0)
were treated with 1â€”4Gy y-radiation, harvested after 72 h, and scored for the ability to
progress beyond the initial G0-G3 by flow cytometry. The number of S-phase cells at 0 h
in the asynchronous samples was subtracted prior to normalization. B, cells were syn
chronized in G0 by contact inhibition, treated with 1â€”4Gy y-radiation, and their ability
to form colonies was assessed after 1 to 2 weeks. Duplicate samples were released
immediately after irradiation or after a 6-h holding period in G0 (held). Bars, SE. Points
without en@orbars indicate that the error was too small to display. Results are expressed
as percentages of the untreated controls.

have incurred more complex, slowly repaired damage, resulting in a
G1 delay while the damage was present and detectable by the p53
arrest pathway. However, a majority of these cells arrest within about
three cycles, suggesting that the initial radiation treatment also has
delayed effects. The damaged DNA in these cells may undergo
misrejoining, characteristic of slow repair, or the damaged sites may
be modified in such a way that they no longer produce a damage
signal detectable by the p53 pathway. Persistent breaks or misrejoined
chromosomes may signal G2 arrest and/or undergo further modifica
tion during mitosis, signaling cell cycle arrest in subsequent phases.
For example, formation of a dicentric chromosome in G1 due to
misrejoining would not elicit an arrest signal until breakage occurred
at the subsequent anaphase. The broken ends could then activate arrest
in the following G1. These data are consistent with observations in
yeast in which the RAD9 system adapts to low levels of DNA damage
over time, allowing progression with persistent residual breaks and
leading to the formation of small, abortive colonies of inviable cells
(58,59).Recentevidenceindicatesthatasinglelong-livedbreakcan
lead to cell death in yeast even when located within human DNA on
a dispensable artificial chromosome (66). These observations suggest
that the subset of cells that entered S phase late after irradiation may
have incurred more complex damage in the initial G0-G1, making
them only a minor component of the clonogenic population.

The entry of pS3@ cells into the first postirradiation S phase was not
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cellular environment, such as free radical scavenger levels, repair
capacity, and/or the stringency of the p53 arrest pathway. These
factors may contribute to different levels of genetic stability and the
likelihood of neoplastic transformation.

Our model that p53@ cells undergo a senescence-like arrest in
response to y-irradiation differs greatly with the widely held belief
that p53 induces a transient arrest for DNA repair. However, an
attractive, albeit teleological, argument is that it is more advantageous
to eliminate cells that have incurred DSBs for the long-term survival
of metazoan organisms, rather than risking error-prone repair. In
addition, the model is analogous to the apoptotic response, because
both result in the permanent removal of cells from the reproductively
viable population when they contain persistent DSBs. Such â€œaltruistic
cell suicide,â€•that is, senescence, apoptosis, and/or delayed reproduc
tive death, have previously been suggested as mechanisms to prevent
multi-step transformation (72) and to remove genetically altered cells
from developing embryos (73).
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