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ABSTRACT In response to a moderate dose of radiation,
asynchronous mammalian cell populations rapidly and tran-
siently down-regulate the rate of DNA synthesis to '50% of
preirradiation values. We show here that only half of the
reduction in overall replication rate can be accounted for by
direct inhibition of initiation at origins in S-phase cells. The
other half results from the operation of a newly defined cell
cycle checkpoint that functions at the G1yS transition. This
checkpoint senses damage incurred at any time during the last
2 hr of G1 and effectively prevents entry into the S period. The
G1yS and S-phase checkpoints are both p53-independent and,
unlike the p53-mediated G1 checkpoint, respond rapidly to
radiation, suggesting that they may represent major damage-
sensing mechanisms connecting the replication machinery
with DNA repair pathways.

Mammalian cells operate several different mechanisms for
coping with DNA damage. One of these is a p53-mediated
checkpoint that functions at or near the restriction point in
mid-G1 (1–6). This control either stalls cells in the G0yG1
compartment for an extended time interval to allow for repair
(7) andyor shunts them toward an apoptotic death (8–10). A
second checkpoint functions in G2 to prevent the fragmenta-
tion of incomplete or damaged templates by the shear forces
of mitosis.
Neither of these pathways could protect cells that are either

beyond the restriction point in G1 or in the S phase itself at the
time of radiation from replicating through single-strand
breaks. However, in response to a moderate dose of ionizing
radiation, the overall rate of [3H]thymidine incorporation in an
asynchronously growing mammalian cell culture is reduced to
'50% of pre-irradiation values within 1.5–2 hr (11–15). It has
been suggested that this rapid response functions by inhibiting
subsequent initiation at origins of replication, while allowing
forks already in progress to continue (12). Recently, this was
shown directly by demonstrating the loss of replication bubbles
from the amplified dihydrofolate reductase (DHFR) locus in
the methotrexate-resistant Chinese hamster ovary (CHO) cell
line, CHOC 400, using a two-dimensional (2D) gel replicon
mapping technique (13). Since CHOC 400 cells have amutated
p53 gene (16) and lack the radiation-sensitive G1 checkpoint
(13, 16), we have proposed the existence of a p53-independent
S-phase damage-sensing pathway (13).
Interestingly, however, when CHOC 400 cells are collected

at the beginning of the S period with either of the replication
inhibitors, mimosine or aphidicolin, they are quite insensitive
to a radiation challenge: the overall rate of [3H]thymidine
incorporation is inhibited only slightly after drug removal, and
2D gel analysis shows that the majority of DHFR origins
subsequently fires normally (ref. 13; unpublished observa-

tions). Thus, it is possible that mimosine- or aphidicolin-
blocked cells have passed an important cell cycle checkpoint
after which they are relatively refractile to DNA damage for
some time period.
In the present report, we show that, indeed, there is a

p53-independent damage-sensing checkpoint that functions at
or near the G1yS boundary. The operation of this control
prevents late G1 cells from entering the S period by directly or
indirectly inhibiting initiation at the earliest-firing origins, with
the consequence that the entire S period is effectively repo-
sitioned (delayed) along the cell cycle axis. This G1yS check-
point appears to have a memory since cells that are as much
as 2 hr away from entering the S period at the time of a
radiation challenge are prevented from doing so.

MATERIALS AND METHODS

Cell Culture and Cell Synchrony. CHOC 400 cells were
maintained in MEM supplemented with nonessential amino
acids and 10% HyClone II. To obtain synchronized S-phase
cells, cultures were first arrested in G0 by isoleucine depriva-
tion for 45 hr, followed by release into complete medium
containing 200 mM mimosine for 14 hr (17). After drug
removal, cells enter the S period '30 min later.
Radiation Treatment. Radiation treatments were per-

formed with a General Electric Maxima 250-III instrument
operating at 200 kVp and 15 mA without a filter, or with a
Gammacell 40 (energy source, Cs-137; Atomic Energy of
Canada, Ontario). The dose rate was 100–250 cGyymin. Cells
were irradiated in a container designed tomimic the conditions
of the cell culture incubator (5% CO2 and 95% air at 378C).
Determination of Replication Rates. Cells growing in 24-

well dishes were labeled with 0.5 mCi of [3H]thymidine (80
Ciymmol; 1 Ci 5 37 GBq; Amersham) per ml of culture
medium for the intervals indicated in the figure legends, after
which they were washed twice with PBS and fixed with citric
acid; the amount of insoluble radioactivity was then deter-
mined at the end of the experiment as described (17).
Preparation of Replication Intermediates and 2D Gel Anal-

ysis. Cells were harvested at the appropriate times and repli-
cation intermediates were purified exactly as described else-
where (18). Briefly, nuclear matrix-halo structures were pre-
pared by using lithium diiodosalicylate to extract histones, and
matrix-affixed replication intermediates were isolated by di-
gesting away loop (nonreplicating) DNA with EcoRI. The
matrix-bound DNA replication intermediates were then puri-
fied by proteinase K treatment, followed by dialysis and
ethanol precipitation; the resuspended DNA was fractionated
further on benzoylated-naphthoylated DEAE cellulose (Sig-
ma) to select for partially single-stranded DNA. Intermediates
from an equal number of cells from each sample (53 107) were
loaded and run on individual neutralyneutral 2D gels (18),
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which separate in the first dimension on the basis of molecular
mass and in the second dimension by bothmass and shape (19).
After transfer to HyBond N1, digests were hybridized with a
32P-labeled 0.5 kb PvuII–XmnI probe specific for EcoRI
fragment RF9, which contains ori-b (20).
p53 cDNA Isolation and Cell Transfection. A 1.8-kb

BamHIyEcoRI cDNA fragment containing the entire coding
sequence of wild-type Chinese hamster p53 was cloned into
pCDNA3 (Invitrogen) to generate the pCDNA-Chp53 plas-
mid (16). The plasmid was linearized at the single ScaI site and
was transfected into CHOC 400 cells by electroporation (ca-
pacitance 980 mF at 200 volts) using a PG200 Progenitor II
electroporator (Hoefer). Selection was carried out in 500
mgyml G418 (BRL) for 2 days postelectroporation, and several
healthy colonies were recloned and analyzed to select those
with a pronounced G1 arrest phenotype (16).
Fluorescence-Activated Cell Sorter (FACS; Becton Dickin-

son) Analysis. Cultures were washed once with cold PBS and

were trypsinized and washed again in cold PBS. The cell pellet
was immediately suspended in DNA staining solution contain-
ing 0.1% (wtyvol) sodium citrate, 0.3% (volyvol) Nonidet P-40,
100 mgyml RNase A (Sigma), and 150 mgyml propidium iodide
(Sigma). Samples were analyzed in the University of Virginia
FACS facility.

RESULTS

Synchronized S-Phase Cells Are Less Sensitive to Radiation
Than an Asynchronous Cell Population. When an asynchro-
nous population of CHOC 400 cells is irradiated with 10 Gy
(which is the approximate dose at the inflection point between
the steep and shallow components of the dose-response curve;
refs. 13 and 21), the rate of DNA synthesis is almost imme-
diately suppressed (refs. 11–13; Fig. 1B, log sample indicated
with f). The replication rate is inhibited maximally to about

FIG. 1. Radiation effects on DNA synthesis in synchronized CHOC 400 cells. CHOC 400 cells growing in multiwell dishes were synchronized
at the G1yS boundary and were released into the S period by removal of mimosine. (A) Replicate samples were mock-irradiated or gamma-irradiated
(10 Gy) at different times in the S phase. Duplicate wells were labeled for 20 min with [3H]thymidine (0.5 mCiyml, 80 CiymM; Amersham) at the
indicated intervals thereafter. The averages of duplicate samples are plotted at the midpoint of the pulse period. (B) The data from A are expressed
as percentage incorporation relative to a mock-irradiated control pulsed at the same time. Data are also shown for an asynchronous (log) cell
population irradiated, pulsed, and sampled identically. (C) Synchronized CHOC 400 cells were irradiated with different doses at the indicated times
in the S period. Duplicate wells were labeled for 20 min with [3H]thymidine at the following times, which correspond to the points of maximum
depression (determined as in A): 0.5 hr, 2.0 hr later; 1.0 hr, 2.0 hr later; 1.6 hr, 2.0 hr later; 4.5 hr, 1.7 hr later; 3.0, 1.7 hr later; and 4.5 hr, 1.7 hr
later. Asynchronous (log) cell cultures (m) were irradiated at the same doses, pulsed with [3H]thymidine for 20 min, and harvested 1 hr later.
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50% by 2 hr, followed by a slow recovery to pre-irradiation
values 7–8 hr later (13).
To study this acute response in more detail, we characterized

the effects of the same radiation dose on DNA synthesis at
different times in the S period. CHOC 400 cells were released
from a G0 block and were then collected at the beginning of
the S period with the replication inhibitor, mimosine; the drug
was then removed, allowing synchronous entry into the S
period after a lag of '30 min (17). Replicate cultures were
irradiated at the indicated times (arrows) and the effect on the
rate of [3H]thymidine incorporation was determined at se-
lected intervals thereafter. The resulting time-course data is
shown in Fig. 1A and is summarized in Fig. 1B.
Surprisingly, at no point in the S period did radiation

treatment result in a 50% reduction in the subsequent rate of
[3H]thymidine incorporation (Fig. 1A), even though 10 Gy
delivered to an asynchronous culture inhibits the rate of DNA
synthesis by '50% within 1.5–2 hr (Fig. 1B, f; refs. 11–13).
With the exception of cells irradiated 5 hr after entry into the

S period, in which inhibition reached'40% in this experiment,
the average maximum inhibition was '25%. We have shown
previously that when cells are irradiated immediately after
removal of mimosine, DNA synthesis is not significantly
inhibited when cells enter the S period 30 min later (13).
Furthermore, cells synchronized at the G1yS boundary with
aphidicolin, which begin replication immediately after drug
removal, are similarly refractile to a radiation challenge (un-
published observations). Therefore, the inhibition of DNA
replication in S-phase cells alone cannot account for the 50%
reduction in the overall rate of DNA synthesis detected in an
asynchronous population after a dose of 10 Gy (Fig. 1B, f).
To uncover any dose-dependent differences in response to

radiation, CHOC 400 cells were irradiated with a range of
doses either in asynchronous (log) populations, or at different
times in the S period in synchronized cells. The rates of
[3H]thymidine incorporation were determined at intervals
thereafter. The percentage incorporation at the time of max-
imum depression was then plotted as a function of dose (Fig.
1C).

FIG. 2. Radiation effects on initiation in the DHFR ori-b locus. CHOC 400 cells were synchronized as in Fig. 1, and were mock-irradiated or
irradiated with 9 Gy either 50 min (Upper) or 90 min (Lower) after release from mimosine. Replication intermediates were prepared 30 or 90 min
later for analysis by the neutralyneutral 2D gel replicon mapping method (19). D is a cartoon of the patterns traced by restriction fragments
containing either replication bubbles or single forks (see text). (Lower) A map of the 120 kb region surrounding the DHFR and 2BE2121 genes
and the intergenic region, which contains ori-b and ori-g, as well as a matrix attachment region (M; ref. 22).
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As anticipated, the dose-response curve for an asynchronous
culture displays a steep, initial component that reaches '50%
inhibition at '10 Gy, as well as a shallow, insensitive compo-
nent at higher doses. These two components are thought to
represent effects on initiation and elongation, respectively
(21). However, at each of the times tested in the S period in
synchronized cells, inhibition of replication rates at lower doses
is much less dramatic than in the asynchronous population
(Fig. 1C), and is particularly evident in samples irradiated 0.5
and 1.0 hr after removal of mimosine. These data suggest that
this analysis excludes a subpopulation of cells in which the
replication rate is inhibited much more severely.
Radiation Effects on the Early-Firing DHFR Origin. To

study radiation effects on initiation independently from effects
on chain elongation and repair, we employed a 2D gel replicon
mapping procedure (19) to analyze the well-defined ori-b
initiation locus in the amplified DHFR domain of CHOC 400
cells before and after radiation treatment. This method allows
the separation of restriction fragments containing replication
bubbles (and therefore origins) from fragments replicated
passively by a single fork emanating from an outside origin
(Fig. 2D). Any fragment of interest can be analyzed in a
transfer of such a gel by hybridization with an appropriate
radioactive probe. ori-b and ori-g are somewhat preferred
initiation regions lying within a broad zone of potential
initiation sites encompassing the entire region between the
DHFR and 2BE2121 genes (refs. 20, 23, and 24; Fig. 2 Lower).
Therefore, a restriction fragment containing either origin (e.g.,
fragment RF9) is sometimes replicated from an internal ini-
tiation site (thereby contributing to the bubble arc) and
sometimes by a single fork that originated from another site in
a neighboring fragment in the intergenic zone (contributing to
the fork arc). As a consequence, in the first few hours of the
S period when initiation occurs at one of the many potential
sites in the intergenic region, fragment RF9 displays a com-
posite pattern consisting of both a bubble arc and a single fork
arc (Fig. 2D; refs. 20, 23, and 24).
We showed previously that when CHOC 400 cells are

irradiated before or immediately after removal of mimosine,
there is very little effect on initiation 80, 120, or 240 min later
(13). Cells released from an aphidicolin block were similarly
insensitive to radiation before or immediately after removal of
the drug (unpublished observations). To analyze radiation
effects on initiation at ori-b later in the S period, CHOC 400
cells were irradiated with 10 Gy either 50 or 90 min after
release from mimosine, and cells were harvested 30 or 90 min
later for 2D gel analysis. Transfers of the gels were then
hybridized with a radioactive probe specific for fragment RF9,
which contains ori-b (Fig. 2 Lower).
As shown in Fig. 2B, radiation treatment 50 min after entry

into the S period had only a small effect on the pattern of
replication intermediates in cells sampled 30 min later (i.e., 80
min after release from mimosine): neither the bubble arc nor
the fork arc is greatly reduced in response to radiation
(compare Fig. 2B to the mock-irradiated control sampled at
the same time in Fig. 2A). However, 90 min after radiation
treatment (140 min into the S period), the bubble arc has been
reduced by more than 75% (Fig. 2C).
When cells are irradiated 90 min after entry into the S

period, there is an obvious diminution in the number of
replication bubbles after only 30min (Fig. 2F). By 180min (i.e.,
90 min after irradiation), the bubble arc has almost disap-
peared (Fig. 2G), and comparison to the mock-irradiated
control harvested 180min after removal of mimosine (Fig. 2H)
shows that initiation is still occurring at this time in the absence
of DNA damage. This 2D gel analysis has been repeated four
times on synchronized CHOC 400 cells with similar results in
each experiment. Note that there is very little effect on the
single fork arcs in any of the irradiated samples, indicating that
effects on chain elongation are probably minimal (compare

single fork arcs to mock-irradiated controls sampled at the
same time in the S period).
Thus, the damage-sensing mechanism is quite insensitive

and slow to respond in the early S period, but appears to be
reactivated later in the S period. These data contrast with
radiation effects on asynchronous CHOC 400 cells, in which
the bubble arc in ori-b largely disappears within 30 min of
irradiation (13).
Radiation Uncovers a New Checkpoint at the Beginning of

the S Period. Since neither the overall replication rates (Fig.
1) nor the behavior of the early-firing DHFR origin in syn-
chronized cells (Fig. 2) can fully account for the extent of
inhibition of DNA replication observed in asynchronous cell
populations, it appears that a particularly sensitive component
of the population is missing from our analysis of synchronized
S-phase cells. This raised the possibility of a cell-cycle block
that prevents entry of late G1 cells into the S period after a
radiation challenge. In cells arrested at the beginning of the S
period with either mimosine or aphidicolin, the earliest-firing
origins effected by such a block would presumably have passed
the critical activation window and would thus be immune to
down-regulation.
To address the possibility of a bona fide cell cycle arrest

point at the beginning of S, we used FACS analysis to monitor
the changing cell cycle distribution after a radiation challenge
delivered to an asynchronous population. As shown in Fig. 3B,
by 2 hr after a 10 Gy insult, the height of the G1 (2n) peak
begins to diminish and it measurably broadens at its base. By
3 hr postirradiation, (Fig. 3C), a small shoulder is detected,
which emerges as a discrete peak of synchronized cells by 4 hr
postirradiation (Fig. 3D; compare with profile of mock-
irradiated cells sampled at the same time in Fig. 3A). This
synchronized population continues to progress through the S
period, while the G1 peak continues to be depleted, presum-
ably by cells that were in an unresponsive window of the G1
period at the time of irradiation. After 3–4 hr, cells with the
4nDNA content begin to accumulate at the G2yM checkpoint.

FIG. 3. FACS analysis of asynchronous CHOC 400 cells after a
radiation challenge. Asynchronous CHOC 400 cells were irradiated
with 10 Gy, and samples were taken 2, 3, 4, 5, and 6 hr later for FACS
analysis as previously described, using propidium iodide (PI) to stain
the DNA (17). A is the mock-irradiated control sampled 4 hr after
irradiation of the other samples. Arrows indicate the peak of synchro-
nized cells discussed in the text.
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These data show that a population of CHOC 400 cells with
the G1 DNA content is prevented from synthesizing DNA (i.e.,
entering the S period) for 2–3 hr after radiation treatment.
Since the S period in these cells is 8–9 hr long, and since both
initiation and elongation must be inhibited to prevent a net
increase in DNA content, we believe that this population
effectively accounts for the 25% inhibition of DNA synthesis
that is not recapitulated in S-phase cells (as in Fig. 1A). Thus,
there appears to be a damage-sensing checkpoint or pathway
not only in the S phase itself, but also at or near the G1yS
transition.
To investigate how this proposed G1yS-phase checkpoint is

related to the p53-mediated G1 checkpoint, CHOC 400 cells
were stably transfected with a wild-type p53 mini-gene, and
several cell lines displaying the characteristic G1 arrest phe-
notype were isolated (H.L., unpublished observations). Asyn-
chronous populations of one of these p53-positive cell lines, as
well as control cells transfected with the vector alone, were
then irradiated with 10 Gy, and cell cycle positions at various
times thereafter were determined by FACS analysis (Fig. 4).
As indicated in Fig. 4 B, D, and F, the p53-negative control

cells completely vacate the G1 compartment by 9 hr after
irradiation, and cells move toward and accumulate at the
G2yM checkpoint; this includes the subpopulation synchro-
nized transiently at the G1yS boundary by the radiation insult.
However, in cells expressing wild-type p53, the G1 checkpoint
is restored, as indicated by retention of a percentage of the
population in G1 even after 9 hr (Fig. 4E). The subpopulation
transiently synchronized at the G1yS boundary by radiation
treatment is still observed, but is arrested for a somewhat
shorter time than in the p53-negative control (compare Fig. 4
C and D). Since p53 may be involved in DNA repair (25–28),
certain types of damage may be immediately repaired, thereby
reducing the time that cells are arrested at the G1yS transition.
In addition to the three different CHOC 400 cell lines

examined in Figs. 3 and 4, this synchronized late G1 subpopu-
lation has been detected in two independent CHO cell lines

(CHO-K1 and CHO Toronto). Several FACS analyses have
been performed on each of the five cell lines after radiation
treatment, and, in each case, the synchronized peak represents
30–40% of the total S phase population and 15–20% of the
total cell population when measured 5–6 hr after irradiation
(unpublished observations).

DISCUSSION

Our data indicate that a p53-independent damage-sensing
checkpoint operates to prevent late G1 or very early S-phase
cells from progressing through the S period for 2–3 hr after a
radiation challenge. As shown here and in a previous study
(13), cells that are in the S phase itself at the time of irradiation
also respond acutely toDNAdamage by down-regulatingDNA
synthesis at the level of individual origins. While the inhibition
of overall replication rate rarely exceeds'25% when synchro-
nized cells are irradiated at any time in the S period, the
proposed G1yS checkpoint appears to completely suppress
replication (i.e., prevent entry into the S period) for 2–3 hr.
Therefore, we believe that the sum of the responses of the two
populations can account for the 50% reduction in replication
rate observed after irradiation of an unsynchronized cell
population. Presumably, both of these pathways function to
allow DNA damage to be repaired before it can be fixed into
lethal consequences by conversion to double-strand breaks.
The kinetics of both G1yS and S-phase arrest suggest that

cells can retain memory of damage incurred for '2 hr. By
memory, we mean that actual down-regulation of DNA syn-
thesis can occur at times considerably after the radiation
challenge is received. For example, in a log population, all
further initiations in the DHFR locus are prevented for 2 hr
after irradiation (13), even though most DNA damage is
thought to be repaired within 30–40 min of radiation treat-
ment (29, 30). Furthermore, a substantial late G1 subpopula-
tion in a log culture is synchronized at or near the G1yS
boundary by radiation (Figs. 3 and 4) and cell cycle progression
is delayed for 2–3 hr. There appears to be a short, relatively
refractory period in early S phase when cells are insensitive to
radiation damage, but at some point during the next 50 min,
they regain their ability to sense and remember the damage,
even though they are not able to respond to it until 120–140
min into the S period.
It is tempting to suggest that the insensitive, early S-phase

component corresponds to the first bank of replicons to fire,
which, once activated in some way, cannot be deactivated by
the pathway that senses DNA damage. By this model, a
subsequent bank of replicons normally firing 120–140 min
later retains damage-sensing ability since it has not yet effected
the critical activation step. This model requires, in addition,
that the latter bank of replicons retains memory of the
radiation insult for 2–3 hr. Because many cells in an asynchro-
nous cell population respond immediately to irradiation by
down-regulating DNA synthesis (Fig. 1), it is unlikely that the
cell has to convert DNA damage to some secondary signal
required to activate the damage-sensing mechanism.
These data cannot distinguish between a single S-phase-

dependent damage-sensing pathway that functions at all indi-
vidual origins regardless of when they fire in the S period, as
opposed to two separate pathways, one of which functions at
a G1yS control point and the other at individual origins. By
either model, however, the net effect is far greater than when
a radiation challenge is received at later times in S: entry into
and passage through the S period by late G1 cells appears to
be completely inhibited for about 2 hr and effectively reposi-
tions the S period in the cell cycle, a phenotype that has been
used to define cell cycle checkpoints (31, 32); in contrast,
samples irradiated in the S period itself continue to synthesize
DNA at 50% of pre-irradiation values because chain elonga-
tion is not affected. The dose of radiation used in these studies

FIG. 4. Cells expressing wild-type p53 operate the p53-mediated
G1 and the G1yS checkpoints. p53-negative CHOC 400 cells were
stably transfected with a p53 minigene consisting of wild-type Chinese
hamster p53 cDNA cloned into an expression vector (16). A second
cell line was stably transfected with the vector only. Asynchronous
cultures of each cell line were irradiated with 10 Gy, and samples were
taken and prepared for FACS analysis 3 hr (A and B), 6 hr (C and D),
or 9 hr (E and F) after irradiation.

530 Cell Biology: Lee et al. Proc. Natl. Acad. Sci. USA 94 (1997)



(10 Gy) has been shown to produce one single-strand hit every
500–600 kb in mammalian DNA (33), and mammalian origins
are spaced '100 kb apart (34). Thus, it seems unlikely that
every origin in the cell could be directly down-regulated by a
cis-acting structural hindrance to initiation. We consider it
more likely that this regulatory mechanism(s) involves a
trans-acting signal transduction pathway(s), and compelling
evidence for this proposal has been obtained (35–37). In
combination with data showing that the repair machinery is
activated immediately after DNA damage (29, 30), we propose
that this G1yS checkpoint may represent a major control
mechanism connecting the replication machinery with dam-
age-sensing and repair pathways.
This paper reports a possible G1yS checkpoint in a mam-

malian system that is independent of the p53-mediated G1
checkpoint. However, there are precedents for both types of
checkpoints in Saccharomyces cerevisiae. One operates at
START in mid-G1 and is apparently mediated by the RAD9
gene product (37, 38). A second checkpoint functions near the
G1yS transition and acts between the cell cycle steps effected
by the DBF4 and CDC7 gene products (36, 37). Interestingly,
a defect in the G1yS checkpoint in yeast dramatically reduces
cell survival rates after a radiation challenge (36, 37). It will be
important to determine whether loss of the mammalian G1yS
checkpoint is equally sensitizing to radiation-induced cell
killing, since this pathway appears to be intact in most human
tumors (21), and therefore may protect against radiation-based
therapeutic strategies.
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