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All eukaryotic cells manifest cell cycle delay after
exposure to DNA damaging agents. It has been
proposed that such cell cycle checkpoints may allow
DNA repair but direct evidence of such activity during
the radiation-induced G2 delay has been lacking. We
report here that cells arrested in G2 by radiation
(2 ± 3 Gy) and etoposide incorporate bromodeoxyuridine
(BrdU) at discrete foci in the nucleus. We detected G2
cells with CENP-F, a nuclear protein maximally
expressed in G2. Ca�eine and okadaic acid, both
established radiosensitizers, inhibit the incorporation of
BrdU in G2 cells. Radioresistant HT29 and OVCAR
cells demonstrate BrdU foci formation more frequently
during the G2 delay when compared to the more
radiosensitive A2780 cell line. The repair foci formed
during G2 may be followed through mitosis and
observed in daughter cells in G1. Taken together, these
observations are consistent with the detection of DNA
repair activity during the radiation-induced G2 delay
after relatively low doses of radiation. Oncogene (2001)
20, 3486 ± 3496.
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Introduction

Arrest at speci®c points in the cell cycle is an almost
universal response to DNA damage in eukaryotic cells.
The most commonly studied checkpoints have been at
G1 and G2. Many human cancer cell lines that lack
p53 do not show the DNA-damage induced G1 delay
but still block prominently in G2. A number of factors
have been implicated as components of the G2 block
induced by DNA damage that include transiently
decreased p34cdc2/cyclin B1 kinase activity (Lock,
1992; Nishii et al., 1996; O'Connor et al., 1993; Tsao
et al., 1992), inhibitory phosphorylation of the p34cdc2/
cyclin B complex, increased cyclin B1 mRNA in-
stability, decreased cyclin B1 protein levels, exclusion

of cyclin B1 and cyclin B1-associated kinase activity
from the nucleus (Li et al., 1997; Jin et al., 1998; Maity
et al., 1995; Kao et al., 1999). The G2 DNA damage
checkpoint is only partially abrogated by ectopic
expression of cyclin B1 (Kao, 1997), constituitively
active form of p34cdc2 (Jin et al., 1998), or cyclin B1
tagged with a nuclear localization signal (Li et al.,
1998).

It has been postulated that the G2 cell cycle
checkpoint after DNA damage in eukaryotic cells
helps ensure the integrity of the genome (Hartwell et
al., 1994; Featherstone and Jackson, 1999). This
could be achieved by allowing time to repair DNA
damage-induced lesions, or by preventing cell
division and subsequent distribution of damaged
DNA or improperly segregated chromosomes to
daughter cells. Direct evidence supporting or contra-
dicting either of these hypotheses is scarce, but
circumstantial evidence suggests a relationship be-
tween the G2 delay and the ability to survive DNA
damage. For example, cells treated with agents that
shorten the G2 delay, such as ca�eine, okadaic acid,
or pentoxyphylline, increase radiosensitivity (Jung
and Stre�er, 1992; Lau and Pardee, 1982). Yeast
rad9 mutants do not manifest a G2 delay after
DNA damage, and are radiosensitive. To our
knowledge, direct evidence of DNA repair during
the G2 delay has yet to be demonstrated.

The use of BrdU uptake to mark proliferating cells
is well established. Other investigators have pulse-
labeled cells exposed to DNA damaging agents with
BrdU to obtain evidence of DNA repair (Kalle et al.,
1993; Selden et al., 1993; Balajee et al., 1998).
However, since both normal S phase cells as well as
those engaged in the unscheduled DNA synthesis
(UDS) after DNA damage will take up BrdU, the
data is di�cult to interpret because of the di�culty in
ascertaining the cell cycle status of the DNA damaged
cells.

In this report, we show unambiguously that cells
arrested in G2 after low doses of ionizing radiation and
brief etoposide treatment incorporate BrdU in discrete
foci. Identi®cation of cells in G2 is made possible by
the use of a G2-speci®c marker protein, CENP-F.
BrdU foci were sensitive to radiosensitizers, and could
be tracked through recovery from the DNA damaged-
induced G2 delay.
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Results

CENP-F as a marker for cells in G2 and mitosis

CENP-F is a kinetochore protein that is ®rst detected
in the nuclear matrix of cells in the G2 phase of the cell
cycle but is then recruited to kinetochores in prophase,
where it remains throughout mitosis, and is degraded
after cells exit mitosis (Liao et al., 1995). As mitotic
cells are easily distinguished from interphase cells, we
wished to con®rm the reliability of using CENP-F
nuclear staining as a marker of G2 cells. HeLa cells
that were uniformly blocked at the G1/S boundary by
thymidine/aphidicolin double block were harvested at
9 ± 10 h after release, when the majority (490%) had
reached G2, with a few cells having entered mitosis.
Cyclin B1 expression is also known to be maximal in
G2/M (Pines and Hunter, 1994; Juan et al., 1997). G2
cells stained brightly for cyclin B1 in the cytoplasm,
while the CENP-F were entirely nuclear (Figure 1a). In
early prophase cells (in which the chromatin is
beginning to condense), cyclin B1 translocated into
the nucleus and is colocalized with CENP-F, while
mitotic cells also stain brightly for cyclin B1 but
CENP-F is concentrated at kinetochores (as discrete
pairs of foci). Finally, cells that have just divided and
are in G1 no longer expressed CENP-F and cyclin B1.

Three additional experiments were performed to
validate CENP-F as a speci®c marker of G2 cells. To
exclude the possibility that these patterns of expression
could be an artifact of synchronization, staining was
performed on exponentially growing asynchronous
cells. As shown above, there was excellent correlation
between cells expressing cytoplasmic cyclin B1 and
nuclear CENP-F staining (Figure 1b).

To further examine relative expression patterns of
proteins known to be cell-cycle regulated, we compared
cyclin E and CENP-F. Cyclin E is a nuclear protein
expressed in late G1 and S phase cells, and is destroyed
prior to onset of G2 phase (Ohtsubo et al., 1995). As
expected, cyclin E and CENP-F produced mutually
exclusive staining patterns (Figure 1c). Cells exhibiting
CENP-F staining were negative for cyclin E, while
cyclin E positive cells were CENP-F negative.

Lastly, cell-cycle speci®c expression of CENP-F was
examined via dual-parameter ¯ow cytometry, simulta-
neously probing for CENP-F and DNA content (via
Propidium Iodide). This technique allows identi®cation
of the protein expression status of individual cells while
also identifying where they lie in the cell cycle. In
asynchronous cells (Figure 2a), G2/M cells were 2N
DNA content show high levels of CENP-F expression,
while G1/S phase cells show low levels, consistent with
the speci®c patterns noted via immuno¯uorescent
microscopy. Cells arrested in G2 after 5 Gy ionizing
radiation show high levels of CENP-F (Figure 2b).

The combined results demonstrate that in situ
expression patterns of these proteins are useful markers
of the cell-cycle status of individual cells in both
synchronized and asynchronous cultures. G2 cells
strongly express nuclear CENP-F (as well as cytoplas-

mic cyclin B1), but cyclin E is absent. In contrast, late
G1 and S phase cells show nuclear cylcin E, but not
CENP-F, while early G1 cells express none of these
proteins. Furthermore, we found CENP-F can be
reliably used to identify G2 cells by ¯ow cytometry.

CENP-F staining is not detected in S phase cells

By de®nition S phase cells are actively replicating DNA
and so readily incorporate BrdU, which in turn is
readily detectable by immuno¯uorescence. We next
studied the relationship between BrdU uptake, which
labels S phase cells, and CENP-F staining patterns in
synchronized HeLa cells. Cells were harvested 1 h after
release from thymidine/aphidicolin block and then
pulsed with BrdU for 1 h and harvested. At this time,
the majority of the cells had not yet incorporated
su�cient BrdU for detection. These cells also did not
exhibit detectable CENP-F (Figure 3a).

When synchronized cells were labeled 3 h after
release, they showed robust BrdU incorporation, but
still expressed no detectable CENP-F (Figure 3b). Flow
cytometry showed that the majority (490%) of cells at
this point had entered S phase. To examine cells that
had reached late S and early G2 phase, synchronized
cells were prepared as in Figure 3a,b, but BrdU was
added 7 h after release, and harvested after 1 h of
labeling. By this time, ¯ow cytometry showed most
(490%) of cells had duplicated their DNA, suggesting
that S was completed or near so in most cells at this
time-point. Far fewer cells showed BrdU uptake, and
those that did showed few and limited areas of BrdU
uptake (Figure 3c), in contrast to the robust BrdU
uptake in early-mid S phase cells in Figure 3b. Most
notably, at this cell-cycle stage, cells that showed BrdU
uptake still expressed undetectable CENP-F (cell at the
right aspect of Figure 3c), while cells strongly
expressing CENP-F no longer incorporated BrdU,
suggesting that these respectively represent cells in late
S and G2.

Foci of BrdU incorporation in G2 cells after exposure to
irradiation and etoposide

BrdU is incorporated during replication, but we
reasoned that repair of DNA damage would likely
also require nucleotide incorporation and therefore
may take up BrdU. It would likely be di�cult to use
BrdU incorporation as a marker for DNA damage
during S phase because of the high background BrdU
uptake in actively replicating cells. However, as noted
above BrdU uptake normally ceases by G2 and
therefore repair of DNA damage during G2 could
result in detectable BrdU incorporation. In a control
experiment, HeLa cells synchronized in G2 were mock
irradiated and then pulsed with BrdU for 1 h. As
expected, these cells were BrdU negative but CENP-F
positive (Figure 4). Parallel samples were irradiated
with 2 Gy, and pulsed with BrdU. We selected this
dose of irradiation as it has been established to result
in the survival of at least half of the irradiated HeLa
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Figure 1 CENP-F is highly expressed by G2 cells. (a) Di�use nuclear staining of CENP-F marks G2 cells. Synchronized HeLa
cells harvested in G2/M were stained for CENP-F, cyclin B1, and DAPI. Arrowheads denote G2 cells, which show cytoplasmic
cyclin B1 and nuclear CENP-F. Arrows indicate mitotic cells, which show colocalization of cyclin B1 and CENP-F. The arrow in
the right panel indicates a late G2/early prophase cell while the left panel arrow indicates a cell in metaphase. A parallel tissue
sample of cells synchronized and handled in an identical manner was harvested simultaneously for ¯ow cytometry, and the cell cycle
pro®le shown in the corner histogram. (b) CENP-F marks asynchronous G2 cells. Unsynchronized HeLa cells growing in
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cells (Nagasawa et al., 1994) and so should allow DNA
repair activity to occur in a substantial proportion of
cells. These irradiated G2 cells again showed strong
CENP-F expression, but in contrast to mock-irradiated
control cells, discrete foci of BrdU incorporation were
readily detectable after irradiation (Figure 4, center
panels), many of which were in pairs.

In common with ionizing radiation, treatment of
cells lacking wild-type p53 function with etoposide
results in a G2 delay (Barratt et al., 1998), and is
thought to likewise result in double-strand DNA
breaks (Kau�mann and Kies, 1998). We therefore
assessed the e�ect of etoposide treatment on BrdU
uptake in synchronized G2 cells. Cells treated with
etoposide readily showed BrdU uptake during G2
(Figure 4, right-hand panels), in accord with results
after irradiation.

We completed two other measures of verifying the
speci®city of our observations. First, we veri®ed that
our observations were not an artifact related to the
synchronization procedure, and second, we con®rmed

that the observations were independent of the type of
anti-BrdU antibody used. Asynchronously growing
HeLa cells were either mock irradiated, or irradiated
with 3 Gy. Cells were returned to the incubator for 2 h
before BrdU was added. After 1 h of exposure to
BrdU, all cells were harvested. G1 cells showed neither
BrdU nor CENP-F staining. In both irradiated and
unirradiated cells, strong and di�use BrdU staining
and undetectable CENP-F expression easily identi®ed S
phase cells (Figure 5). At the modest dose of radiation
used, BrdU uptake is not noticeably changed in S
phase cells. Strong CENP-F expression and the

Figure 3 BrdU uptake and lack of CENP-F expression in G1
and S phase cells. (a) Synchronized HeLa cells were released,
immediately pulsed with BrdU for 1 h, harvested, and stained for
BrdU, CENP-F and DAPI. No BrdU and CENP-F is detectable.
A parallel tissue sample of cells synchronized and handled in an
identical manner was harvested simultaneously for ¯ow cytome-
try, and the cell cycle pro®le shown in the histogram. (b) HeLa
cells were prepared harvested and stained as in (a), except that 4 h
after release the cells were pulsed with for BrdU for 1 h. A
parallel tissue sample of cells synchronized and handled in an
identical manner was harvested simultaneously for ¯ow cytome-
try, and the cell cycle pro®le shown in the histogram. (c) HeLa
cells were prepared harvested and stained as in (a), except that 7 h
after release the cells were pulsed with BrdU for 1 h. A parallel
tissue sample of cells synchronized and handled in an identical
manner was harvested simultaneously for ¯ow cytometry, and the
cell cycle pro®le shown in the histogram. Bar, 10 mm

Figure 2 CENP-F expression is maximal in G2/M cells as
measured by dual-parameter ¯ow cytometry. (a) Asynchronous
HeLa cells were simultaneously analysed for CENP-F and DNA
content. Permeabilized and paraformaldehyde-®xed cells were
probed with Anti-CENP-F antibody, followed by anti-rabbit,
FITC-conjugated secondary antibody, while DNA was stained
with Propidium Iodide. G1 and early S phase cells (left half of
scattergram) show only background CENP-F expression. CENP-
F expression is increased in G2/M cells (right half of scattergram).
(b) Cells were prepared as in (a) with the exception that the cells
were irradiated with 5 Gy and allowed to accumulate in G2 for
12 h before harvesting. The majority of cells are blocked in G2
(accumulated in the right half of the scattergram), and show high
levels of CENP-F expression. The small proportion of residual
G1 and S phase cells continue to show low levels of CENP-F
expression

exponential phase were harvested and stained for cyclin B1, CENP-F, and DAPI as in (a) Arrowheads indicate G2 cells expressing
both cyclin B1 and CENP-F, while the arrow points to a mitotic cell in anaphase, in which cyclin B1 has disappeared while CENP-
F is fading. A parallel sample of cells handled in an identical manner was harvested simultaneously for ¯ow cytometry, and the cell
cycle pro®le as shown in the histogram. (c) Cyclin E and CENP-F expression are mutually exclusive. Unsynchronized HeLa cells
growing in exponential phase were harvested and stained for cyclin E, CENP-F, and DAPI. Di�erential staining patterns of G2, S,
and G1 phase cells are as indicated in the merged images. Bar, 10 mm
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absence of uniformly di�use BrdU staining (as seen in
S phase cells) marked G2 cells in both irradiated and
unirradiated samples. Irradiation resulted in a greater
proportion of G2 cells and fewer G1 cells compared to
mock-irradiated cells, re¯ecting the induction of the G2
checkpoint. More importantly, many irradiated G2
cells showed the punctate foci of BrdU uptake similar
to those seen in irradiated synchronized cells, con®rm-
ing our earlier observation was not due to artifact of
cell synchronization restricted to irradiated synchro-
nized cells.

Secondly, in order to exclude the possibility that our
observations were dependent on the speci®c type of
anti-BrdU antibody used, we compared two di�erent
commercial preparations. HeLa cells were irradiated
and pulsed with BrdU as in previous experiments. Cells
were harvested and probed with either anti-BrdU from
Pharmingen (clone 3D4) or Becton-Dickinson Immu-
nocytometry (antibody number 34758083). Results
were similar with either antibody (data not shown),
supporting the speci®city of our observations.

Time course of formation of BrdU repair foci during the
radiation-induced G2 delay

In order to determine the time course of formation of
radiation-induced BrdU foci, we harvested samples at
serial time points after irradiation of synchronized
cells. G2 cells were irradiated with 3 Gy and BrdU was
immediately added to the media, and samples were
harvested (1, 2, 4, 7, and 10 h after irradiation). As
expected, irradiation resulted in activation of the G2
checkpoint and cells were inhibited from progression
into mitosis (Figure 6). At 15 h after release from the
G1/S block, 85% of irradiated cells were still in G2,
compared to only 16% for unirradiated cells. There
appeared however to be a lag in the formation of BrdU
repair foci. One hour after irradiation, even though the
majority of cells had reached G2 phase, few showed
BrdU repair foci. BrdU repair foci were evident in a
considerable proportion of cells at 2 h after irradiation,
and the proportion of G2 cells showing BrdU repair
foci steadily increased through the G2 delay.

Figure 4 BrdU incorporation is detectable in irradiated and
etoposide-treated G2 cells. Synchronized HeLa cells were
irradiated with 2 Gy or treated with etoposide (20 ug/ml) when
the cells had reached G2 (8 h after release) pulsed with BrdU for
1 h, and stained for BrdU, CENP-F and DAPI, and with parallel
samples harvested for cell-cycle analysis via ¯ow cytometry. The
etoposide was removed after 15 min incubation and the cells
washed twice with PBS prior to replacement with media. Strong
CENP-F staining and ¯ow cytometry con®rmed that the cells
were in G2. In the absence of irradiation, no BrdU is detectable,
while irradiated and etoposide-treated cells readily show foci of
BrdU uptake. Bar, 10 mm

Figure 5 Speci®city of BrdU repair foci after irradiation:
detection in unsynchronized cells (right hand panels). Unsynchro-
nized HeLa cells were either mock irradiated (left-hand panels), or
irradiated with 3 Gy ionizing irradiation. Cells were returned to
the incubator for 2 h before BrdU was added. After 1 h of
exposure to BrdU, all cells were harvested. Cells in respective
phases of the cell cycle are indicated by arrows in merged images
(bottom-most panels). G1 cells showed neither BrdU nor CENP-
F staining, while strong and di�use BrdU staining and low levels
of CENP-F expression easily distinguished S phase cells. After
irradiation, many (but not all) G2 cells show discrete BrdU repair
foci (right bottom-most panel). Bar, 10 mm

Detection of repair during G2 DNA damage checkpoint
GD Kao et al

3490

Oncogene



Foci of BrdU incorporation in irradiated G2 cells
correlates with radioresistance

A number of agents such as ca�eine and okadaic acid
(OA) are known to increase radiosensitivity (Murnane,
1995; Rieber and Rieber, 1997; Jacquet et al., 1995).
While these agents are likely to have myriad
intracellular e�ects, including alterations of kinase
activities, we hypothesized that the net result may be
inhibition of DNA repair. To test this hypothesis, G2
cells were irradiated (3 Gy) and 200 uM okadaic acid
was added at the same time as BrdU and cells were
harvested after 1 h. We found that OA profoundly
inhibited the formation of foci of BrdU incorporation
(Figure 7a, right hand panels) that is usually apparent
in control irradiated cells (Figure 7a, center panels).
Cells treated with OA but not irradiated also showed
no BrdU (Figure 7a, left hand panels) incorporation.
Treatment of irradiated cells with 2 mM of ca�eine also
inhibited irradiation-induced BrdU foci formation

(data not shown). In contrast to its inhibitory e�ects
on BrdU incorporation by cells irradiated in G2,
ca�eine and okadaic acid did not interfere with BrdU
incorporation in S phase cells (Beetham and Tolmach,
1982; Jacquet et al., 1995; and data not shown).

We wished to determine whether other human cell
lines incorporate BrdU in response to irradiation during
G2. We reasoned that if BrdU incorporation during
irradiation in G2 phase was consistent with DNA repair
activity, it might be possible to detect di�erences
between cell lines that re¯ect their respective degree of
radiosensitivity. A recent report measured the radio-
sensitivities of a panel of cell lines after synchronization
(Biade et al., 1997). Each cell line was irradiated with
3 Gy 7 h after release from G1/S phase block, pulsed
2 h later with BrdU, harvested, and stained for BrdU
and CENP-F. The proportion of G2 cells of each cell
line showing foci of BrdU incorporation was recorded.
The average (and standard deviation) of three experi-
ments is listed and plotted in Figure 7b and representa-
tive images of the majority of cells of each cell line
shown in Figure 7c. HT29, HeLa, OVCAR, A2780
show respectively decreasing proportion of cells show-
ing BrdU foci; this order also corresponds respectively
to their decreasing established radioresistances. As
noted above, the radiosensitizers ca�eine and okadiac
acid markedly reduced the foci formation in HT29 cells.

Dual parameter flow cytometry detection of BrdU uptake
by G2 cells after irradiation

The pattern of BrdU foci in irradiated G2 cells di�er
from the pattern seen in S phase cells in several ways.
As shown in Figures 3 and 5, S phase cells show
di�use staining of BrdU with a 1 h exposure to pulse
BrdU, and do not show the discrete paired foci of
BrdU that are often characteristic of irradiated G2
cells. Additionally, S phase cells do not exhibit CENP-
F staining. Nonetheless, it remains a formal albeit
unlikely possibility that BrdU foci formation in
irradiated G2 cells may re¯ect cells regressing back
into S phase where they re-replicate some of their
DNA. In order to exclude this possibility, we
performed ¯ow cytometry to assay simultaneously for
BrdU uptake and DNA content to determine where
each cell lies in the cell cycle and whether it has taken
up BrdU (Hoy et al., 1993; Wang and Ellem, 1994). As
expected, S phase cells exhibited strong BrdU signal,
while unirradiated G2 cells show minimal BrdU uptake
(Figure 8b,c). in contrast, irradiated G2 cells with a 2N
DNA content showed robust uptake of BrdU (Figure
8d). These data support the ®ndings on immuno¯uor-
escence of BrdU foci formation in cells blocked in G2
after irradiation.

DNA damage repair foci may be detected in cells that
have recovered from the DNA-damaged induced G2 delay

Many cells that are irradiated with the modest doses of
radiation used in this report are eventually able to
overcome the G2 checkpoint and enter mitosis. Having

Figure 6 Time course of formation BrdU repair foci after
irradiation. (a) Synchronized HeLa cells were harvested at serial
time points after irradiation. A sample was harvested at 6 h to
establish a baseline, and cells were irradiated at 8 h after release
with 3 Gy. In all samples G2 cells were determined by CENP-F
expression and lack of chromatin condensation (see Figures 1, 2
and 4). Irradiated cells were delayed from exit out of G2 and
entry into mitosis compared to unirradiated controls. (b)
Synchronized cells were irradiated with 3 Gy 8 h after release.
BrdU was added immediately after irradiation. Samples were
harvested at time points after irradiation as indicated. At each
time point the percentage of G2 cells which show foci or BrdU
incorporation was determined. A sample was harvested at the
time of irradiation (time=0) to establish a baseline. These
experiments were performed three times with similar results
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established that DNA repair foci can be visualized
during the G2 delay, we wished to determine whether
these foci of BrdU could be detected as cells enter and
complete mitosis. Cells were synchronized, irradiated in
G2 with 2 Gy (to allow survival of most cells), and
pulsed with BrdU for 1 h followed by removal of the
BrdU and chase with 0.2 mM thymidine. Instead of
harvesting the cells during the G2 block as in previous
experiments, cells were allowed to complete mitosis and
progress into G1 (20 h after release). BrdU-labeled foci
can still be readily detected. Interestingly, occasional
foci are localized outside the nucleus (Figure 9a) and
between daughter cells (indicated by arrowheads in
Figure 9b,c) and which visibly colocalize with DAPI-
stained chromatin. It appears the DNA repair activity
that resulted in BrdU incorporation at these sites of
DNA damage may not have been su�cient to result in
nuclear retention of these fragments of chromatin.
These observations are consistent with previous reports
of the expulsion of portions of the chromatin from the
nucleus following exposure to DNA damage (Haaf et
al., 1999). It remains to be determined whether these
may in fact represent incomplete or unsuccessful repair
of DNA damage. Nonetheless, the techniques used
here allow one to track the fates of individual sites of
DNA damaged with radiation through the cell cycle.

Discussion

We have employed a number of techniques that allows
detection of the cell-cycle status of individual cells.
Synchronization enables a population of cells more
uniform in cell cycle status. CENP-F expression
allowed us to distinguish G2 from S phase cells. BrdU
uptake, normally absent in G2 cells that have
completed replication, was induced by DNA damage
in the form of clearly de®ned foci. The BrdU foci
induced by irradiation during the G2 checkpoint is
distinguishable from the di�use staining noted in S
phase cells, partially co-localize with BRCA1, and may
be tracked through the completion of mitosis. The
observations presented here provide evidence that
DNA damage repair occurs during the DNA dam-
age-induced G2 delay.

Patterns of BrdU incorporation have been exten-
sively characterized in proliferating cells (Kill et al.,
1991; O'Keefe et al., 1992; Nakayasu and Berezny,
1989; Van Dierendonck et al., 1989; Fox et al., 1991).
Using synchronized cells blocked in S phase with
hydroxy-urea, O'Keefe et al. (1992) identi®ed ®ve

a

b

c

Figure 7 BrdU foci after irradiation correlates with radio-
resistance. (a) Synchronized HeLa cells were released, irradiated,
and pulsed with BrdU as in Figure 4. The radiosensitizer okadaic
acid (200 nm) was added at the same time as BrdU. Coverslips
were stained for BrdU, CENP-F and DAPI as indicated. Okadaic
acid treatment of unirradiated cells has no e�ect on BrdU uptake
(left-hand panels), while irradiated cells readily show foci of BrdU
(center panels). In contrast, okadaic acid treatment markedly
inhibit BrdU uptake after irradiation. (b) The indicated cell lines
were synchronized, irradiated with 3 Gy during G2, pulsed with
BrdU, and stained for CENP-F and BrdU. At least 300 cells were
counted and the percentage of G2 cells of each cell line showing

BrdU foci of the total cells was recorded. Plotted values are the
average count and error bars show standard deviation. Relative
radioresistance of each cell line is derived from Chapman et al. (c)
Representative images of irradiated G2 cells of the cell lines
analysed in Figure 6b are shown. Cells were stained for CENP-F
and BrdU. The proportion of G2 cells (marked by strong CENP-
F) showing BrdU uptake correlated with the established radio-
resistance. Images shown were representative of the greater than
80% of cells in each cell line. Bar, 10 mm
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distinct patterns of DNA replication during S phase.
Immediately after release, cells in early-mid S phase
show di�use staining throughout the nucleus, while late
S cells show discrete but large areas of replicating
DNA. We have also seen these di�erent patterns in
proliferating HeLa cells (data not shown), but these
patterns appear distinct from the foci of BrdU uptake
noted in irradiated HeLa cells blocked in G2. In the
report by O'Keefe et al., (1992) immunoelectron
microscopy was additionally used to localize areas of
BrdU uptake to submicroscopic structures in hydro-
xyurea-synchronized cells, con®rming that early repli-
cation is localized to euchromatin, followed by
localization to the peripheral heterochromatin, includ-
ing electron-dense areas. It remains to be seen whether
techniques such as immunoelectron microscopy may
localize DNA repair foci to speci®c submicroscopic
nuclear structures.

The detection of DNA damage by measuring BrdU
uptake has been well-established (Beisker and Hittel-
man, 1988; Cohn and Lieberman, 1984; Vijg et al.,
1984; Stefanini et al., 1982; Zelle et al., 1980; Ahmed
and Setlow, 1977; Richold and Arlett, 1972). These
e�orts, however, are limited by the inability to reliably
distinguish S phase cells from those engaged in
unscheduled DNA synthesis (UDS) as a result of
damage. More recently, BrdU incorporation after
DNA and DNA content have been measured simulta-
neously with dual-parameter ¯ow cytometry (Wang
and Ellem, 1994; Hoy et al., 1993). This enabled the
tracking of individual and actively replicating cells, but
is still limited by the inability to reliably distinguish G2
from mitotic cells, as well as detecting patterns of
localization of the incorporated BrdU in the nucleus.
The use of a marker speci®c for G2 cells and visible via
immuno¯uorescence such as CENP-F should therefore

Figure 8 Two parameter ¯ow cytometry: G2-speci®c uptake of BrdU after irradiation. (a) shows unsynchronized control cells not
pulsed with BrdU. (b) shows synchronized control cells pulsed with BrdU for 1 h in S phase and harvested. (c) shows synchronized
HeLa cells harvested in G2 at the same time as (d), in which synchronized HeLa cells were irradiated in G2, pulsed with BrdU, and
harvested. All samples were processed for BrdU uptake and DNA content as described in Materials and methods
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be useful in studying cell-cycle speci®c events by
helping de®ne the cell cycle state of individual cells.

As noted above, BrdU uptake has traditionally been
used to distinguish S phase cells from G1 and G2 cells.
However, incorporation of BrdU by G2 cells in the
process of repairing DNA damage implies that BrdU
uptake alone is insu�cient to distinguish S phase cells
from G2 cells that are undergoing DNA repair. The
simultaneous detection of CENP-F as a G2-speci®c
marker therefore allows this distinction and establishes
with greater certainty the existence of repair activity in
G2 cells. It should be noted that our ®ndings of DNA
repair activity during the G2 checkpoint do not exclude
the possibility that DNA damage repair also occurs in
other parts of the cell cycle. Indeed, a number of
observations suggest that repair activities may occur in
S phase as well. BRCA1 foci have been reported to
form in S phase cells after exposure to DNA damage
(Scully et al., 1997; Paull et al., 2000; Zhong et al.,
1999; Wang et al., 2000)). It has been hypothesized that
DNA repair by non-homologous end-joining predomi-
nates in G1-early S phase cells, while recombinational
repair is preferentially used in late S-G2 cells (Takata

et al., 1998). Techniques such as those presented in our
studies may be useful in distinguishing such cell-cycle
speci®c activities.

In summary, the observations reported here are
consistent with the notion that cell cycle checkpoints
may allow the cell additional time to repair DNA
damage. We have further found a correlation between
the established radiosensitivity of a number of cell lines
with the proportion of cells that demonstrate DNA
repair foci during the G2 checkpoint. These ®ndings
teleologically may help explain why tumor cells employ
a multiplicity of seemingly redundant mechanisms to
e�ect the G2 DNA damage checkpoint. These results
further suggest that measures targeting the G2
checkpoint may increase the therapeutic e�cacy of
DNA-damaging treatments targeting tumor cells, many
of which already lack the G1 checkpoint due to
inactivation of wild-type p53 function.

Materials and methods

Cell lines, culture conditions, synchronization, irradiation, and
BrdU pulse-labeling

HT29, HeLa, OVCAR and A2780 cells were obtained from
American Type Culture Collection (ATCC). All synchroniza-
tion was performed via the double thymidine/aphidicolin
sequential block as previously described (Kao et al., 1999),
which results in synchronization of 490% of cells. Cells
blocked at the G1/S transition were released and ®xed at
times indicated. Cells were irradiated while attached to
culture dishes with Cesium-137 gamma rays from a Shepherd
81-14R Panoramic Irradiator (JL Shepherd and Associates)
at a dose rate of 1.35 Gy/min. Etoposide was ordered from
Sigma-Aldrich (St. Louis, MO, USA). After irradiation,
etoposide treatment, or mock-irradiation, cells were immedi-
ately returned to the incubator and allowed to equilibrate for
at least 1 h before subsequent processing. BrdU pulse-
labeling was performed with a cell proliferation kit from
BD Immunocytometry.

Antibodies

Rabbit polyclonal antibodies speci®c for CENP/F were
prepared and characterized as previously described (Liao et
al., 1995), and used at 1 : 1000. Anti-BrdU antibodies were
from BD Immunocytometry (San JoseÂ , CA, USA, Cat. No.
34758083) and Pharmingen (San Diego, CA, USA, clone
3D4, Cat. No. 33281A), and used at concentrations of 1 : 10
and 1 : 1000 respectively. Anti-cyclin B1 ((GNS-1) Pharmin-
gen) and anti-cyclin E ((HE111) Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA) antibodies were used at 1 : 1000.

Immunofluorescence

Immuno¯uorescence was performed via a modi®cation of the
methods used by Sherwood et al. (1994). Brie¯y, cells were
grown on glass coverslips, synchronized using the same
procedure described above, and treated as indicated in the
®gure legends. At the indicated times they were washed in
PBS, and ®xed by immersion in ice-cold absolute methanol/
acetone (1/1 v/v) for 5 min. Coverslips were incubated at
room temperature for 1 ± 2 h with the respective antibodies in
KB bu�er. The coverslips were washed in PBS containing

Figure 9 BrdU repair foci can be detected in irradiated cells that
have recovered from the G2 delay. Synchronized HeLa cells were
irradiated with 2 Gy and pulsed with BrdU in G2. Cells were
allowed to complete mitosis and divide into daughter cells (re-
entering G1 at 20 h after release) before harvest and staining for
BrdU (left-hand panels) and DAPI (BrdU and DAPI merged in
right-hand panels). BrdU repair foci are readily apparent in each
case. Occasional repair foci appear to be excluded from the
nucleus following mitosis (a), and stranded between daughter cells
(arrowheads (b,c)). The region represented by the dashed box is
magni®ed in c. Bar, 10 mm
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0.2% Triton after which ¯uorescein-labeled secondary
antibodies (Molecular Probes, Oregon) were applied for
1 h. Coverslips prepared in the same way, in which the
primary antibody was omitted, showed no immuno¯uores-
cence. The secondary antibody was removed and the
coverslips again washed in PBS prior to counterstaining
nuclei and chromosomes were stained with 4',6-Diamidino-2-
Phenylindole (DAPI) at 2.5 mg/ml. Photographs were taken
using a Nikon Microphot SA equipped with epi¯uorescence
optics.

Flow cytometry

All ¯ow cytometry were performed on a Becton Dickinson
(Sunnyvale, CA, USA) ¯ow cytometer following as described
in Dolbeare et al. (1983). Brie¯y, during ¯ow cytometry, cells
were excited at 488 nm. Red ¯uorescence from propidium
iodide was collected through a 600 nm-long wavelength pass

®lter and recorded as a measure of total DNA content. Dual
parameter ¯ow cytometry was performed according to the
method of Juan et al. (1997), and green ¯uorescence from
¯uorescein was also collected through a 514 nm bandpass
®lter. Ten thousand cells were analysed for each sample.
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