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0.5 xCi/ml [*H]thymidine, chased twice with equal volumes of ice-cold
1 mM thymidine in Hanks’ balanced salt solution (GIBCO, Grand
Island, NY) for 5 min on the surface of an ice/H,O bath then fixed for
1 min with Carnoy’s solution (3:1, methanol:glacial acetic acid, vv) at
4°C. Air-dried preparations were then dipped in 45°C 1:1 (v/v) H;O/
NTB-2 Kodak nuclear emulsion and exposed for 4 days at 4°C. The
slides were developed at room temperature in Kodak D-19. The per-
centage of labeled cells was determined by microscopy at 1000X using
a 100x oil immersion objective. 100 to 300 cells were examined per
preparation per time point.

Bromodeoxyuridine Labeling. Two different labeling protocols were
used (Fig. 3). In the first protocol (Protocol 1; Fig. 34), the start of S
phase was assumed to be at 8 h after seeding the synchronized cell
harvest, as approximated from the inflection point of the autoradi-
ographic data at 13-14 h after seeding (Fig. 1). Cultures used for
examination of labeled DNA species following treatment with HU were
continuously labeled with 10 uM BrdUrd and [*H]thymidine (2 xCi/ml;
100:1 mass ratio BrdUrd:[*H]thymidine) from the onset of S phase at
8 h after seeding. In some experiments, colcemid was included during
the labeling period at a final concentration of 25 ug/ml. 2 h after the
start of S phase all cultures were given HU at a final concentration of
1 mM, except control cultures which received an equal volume of NGM
without HU. After the 6-h exposure to HU, the culture medium was
aspirated from all flasks and the cells were given a 10-min incubation
in HU-free NGM to allow for cytoplasmic clearing of the drug. Previous
studies have shown that HU enters mammalian cells by passive diffu-
sion and requires approximately 10 min for equilibration across the
cell membrane (14). The cultures were then briefly washed two more
times with NGM and refed with NGM supplemented with BrdUrd and
[*H]thymidine and incubated a further 6-12 h before the DNA was
prepared for equilibrium density centrifugation. In the second protocol
(Protocol 2; Fig. 3B), the start of S phase was assumed to be at 6 h
after seeding the synchronized cell harvest, as determined by the time
at which the autoradiographic data showed an increase in the percentage
of labeled nuclei (Fig. 1). Unlike Protocol 1, simultaneous exposure to
BrdUrd and [*H]thymidine was confined to the first 2 h of S phase. 2
h after the start of S phase the cultures were washed three times with
NGM and refed with NGM supplemented with 1 mmM HU (control
cultures received no HU), then incubated for 6 h in the presence of the
drug, but in the absence of BrdUrd and [*H]thymidine. At the end of
the exposure to HU the cultures were washed free of the drug as
described above. Pairs of control and HU-treated cultures were then
pulse labeled with BrdUrd (in the absence of [*H]thymidine) for 8 h,
for a total of three sets of paired cultures spanning a 24-h period after
removal of HU. DNA was prepared for equilibrium density centrifu-
gation at the end of each of the 8-h pulses with BrdUrd. In these
experiments, the final concentration of BrdUrd was increased to 30 uM
(and an accompanying increase in the concentration of [*H]thymidine
to 6 xCi/ml to maintain the 100:1 mass ratio of BrdUrd:[*H]thymidine)
to aid in the resolution of the BrdUrd-labeled DNA species. Colcemid
was not used in any of the experiments employing Protocol 2.

DNA Preparation and CsCl Equilibrium Density Centrifugation. DNA
was isolated from cell lysates as described by Mariani and Schimke (7)
and sheared by 12 passes through a 25-gauge needle followed by six
passes through a 30-gauge needle (on ice) to a size of <15 kilobase
pairs as determined by electrophoresis in 1.1% agarose gels. Equilib-
rium centrifugation was performed as described by Mariani and
Schimke (7), with a total of 1 optical density unit of DNA per sample
(as measured at 260 nm). Aliquots of each sample were mixed with 10
ml of scintillation cocktail and analyzed for *H.

RESULTS

The cell cycle kinetics of synchronized BP6T cells are shown
in Fig. 1. Mitotically selected cells seeded at time = 0 h attached
firmly to the plastic substrata within 1 h and completed cyto-
kinesis, nearly doubling in cell number, by the time the media
was changed at 3 h after plating. The next increase in cell
number was seen at 12 h after seeding. An increase in the
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Fig. 1. Synchronous growth of BP6T Syrian hamster cells selected by mitotic
shakeoff. Syncronization of the cells, autoradiography, and cell number determi-
nations were performed as described in “Materials and Methods.” The mean
values obtained from three independent experiments are shown. Vertical bars,
one standard deviation from the mean values shown. Percentage of labeled nuclei
@), relative cell number (H).

percentage of labeled nuclei first became evident at 6 h and
continued to a maximum of 60-70% at 11 h after seeding,
declining sharply thereafter for another 3 h. From these data
we conclude that the start of S phase begins at 6-8 h after
plating the mitotic cell harvest and continues through to the
14th hour. Thus, we estimate that under these conditions, G,
phase lasts 6-8 h and the total cell cycle time was 13-14 h. In
some experiments an estimate of the total number of cells in
metaphase, anaphase, and telophase was determined by giemsa
staining of cells swollen in hypotonic salt solution immediately
after mitotic harvest. Neglecting prophase cells, which were
difficult to distinguish from cells in later phases of mitosis, we
observed an average of 75% mitotic cells in the initial cell
harvest. All mitotic harvests were monitored for the percentage
of cells in anaphase and early telophase immediately after
harvest, by phase contrast microscopy. This rough estimate of
the quality of the mitotic harvest was used to reject those
occasional harvests which exhibited less than 50% of cells in
anaphase and telophase. Typical values were 55-65%. These
conservative estimates, coupled with the near doubling of cell
number within 3 h after seeding the mitotic cell harvest, sug-
gested to us that the initial degree of cell synchrony was >75%,
declining to 60-70% by the start of S phase. Cell viability at
the time of harvest was >90% and control experiments per-
formed with HU, BrdUrd, and colcemid, at the concentrations
used in the experiments for the determination of DNA rerepli-
cation, remained at control levels (data not shown).

When synchronous BP6T cells are insulted with 1 mm HU
for a period of 6 h beginning after the second hour of S phase
(estimated at 8 h after seeding), DNA synthesis is rapidly
inhibited but resumes promptly upon removal of the drug (Fig.
2). No labeled nuclei were evident during the treatment with
HU, but upon removal of the block to DNA synthesis by
thorough washing, DNA synthesis resumed with nearly normal
kinetics as compared to untreated control cultures. These data
suggested to us that if rereplication occurred as a result of
transient blockage by HU, then this aberrant form of DNA
synthesis should be evident within the first few hours after
release from DNA synthesis inhibition. To investigate this
possibility, we employed two DNA-labeling schemes designed
to detect the rereplication of DNA within the first few hours
after release of the HU-induced S-phase block, modeled after
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Fig. 2. Effect of a 6-h block to DNA synthesis with 1 mm HU in synchronized
BP6T cells. HU was given at 10 h after seeding the mitotically synchronized cells,
then removed at 16 h after seeding. Cells were synchronized and pulse labeled
with [’H]thymidine for autoradiography as described in “Materials and Methods.”
Data shown are from parallel experiments. Untreated control (O), treated with
HU @).

the methods described by Mariani and Schimke (7).

The unifilial density labeling of nascent DNA (LH-DNA) in
mitotically synchronized cells by exposure to BrdUrd prior to
transient treatment with HU has been adopted as a method in
which the “rereplication” of nascent DNA following insult may
be detected as bifilarly density labeled DNA (HH-DNA) in
isopycnic CsCl gradient fractions of sheared total genomic
DNA. The labeling and blockage protocols used in our experi-
ments are shown schematically in Fig. 3. Colcemid was included
in experiments employing Protocol 1 to reduce or eliminate the
possibility that a positive detection of HH-DNA was the result
of a second (subsequent) S-phase period in a second cell cycle.
Thus, when colcemid was included, any HH-DNA appearing
in the first few hours after treatment with HU would be due to
rereplication of DNA in the same S phase as the block to DNA
synthesis by HU. Control experiments established that follow-
ing CsCl gradient centrifugation, unlabeled DNA (LL-DNA),
LH-DNA, and HH-DNA exhibited buoyant densities of 1.70,
1.73, and 1.77 g/ml, respectively.

Employing the labeling protocol diagrammed in Fig. 34
(Protocol 1), we examined the DNA species present in whole
BP6T cell lysates following a transient 6-h block to DNA
synthesis by HU and a subsequent 6-h period of recovery, in
which BrdUrd was present from the start of S phase, 2 h prior
to HU treatment (Fig. 4). Simultaneous labeling with [*H}-
thymidine in a mass ratio of 1:100 with BrdUrd allows the
detection of all BrdUrd-labeled species of DNA following frac-
tionation of the CsCl gradients, without appreciably altering
their buoyant densities. We were unable to detect HH-DNA in
three independent experiments with HU-treated BP6T cells in
the presence or absence of colcemid. Similar results have been
obtained with HU-treated cells in the presence of colcemid even
12 h after release from the HU block (data not shown).

In a series of modified assays for DNA rereplication employ-
ing a new estimate for the onset of S phase at 6-h after seeding
(Protocol 2; Fig. 3B) and labeling with 30 uM BrdUrd, we have
examined the time-course appearance of HH-DNA in control
and HU-treated synchronized BP6T cells. Through the restric-
tion of the initial exposure to [*H]thymidine and BrdUrd to the
first 2 h of S phase, and the use of 8-h pulses of BrdUrd at
different intervals (without [*H]thymidine) following removal
of HU, we were able to examine for DNA rereplication in a
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Fig. 3. Schematic representation of drug treatment and density labeling pro-
tocols. Bars, duration of treatment with the agent listed to the left. The estimated
period of S phase DNA synthesis is shown on the time scale for each protocol.
DNA was isolated for analysis at the times indicated by the arrows. 4, Protocol
1. Mitotically synchronized cells seeded at time 0 had a DNA synthetic period
estimated at 8-14 h after seeding (compare with autoradiographic data shown in
Fig. 1). Exposure to BrdUrd, [*H]jthymidine, and colcemid was continuous from
the start of S phase through to 6 h after removal of HU at which time the DNA
was isolated. In some experiments, colcemid was not used. A 6-h recovery period
preceded the isolation of DNA for analysis. In experiments in which the DNA
was isolated 12 h after removal of HU, apometo&dUrd,[’H]thymldme,lnd
colcemid was extended for a further 6-h period. B, mitotically cells
seeded at time 0 had an S phase period estimated at 6-14 h after seeding.
Exposure to BrdUrd, and [’H]thymidine was confined to the first 2 h of S phase.
Thereafter, 8-h pulses of BrdUrd, in the absence of [*H]thymidine, were given to
three pairs of parallel cultures of control and HU-treated cells at the indicated
times after the removal of HU and the DNA isolated after each 8-h pulse, as
described in “Materials and Methods.”
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Fig. 4. CsCl gradient profiles of *H-labeled BP6T DNA. Synchronized cells
were transiently insulted with HU in the presence of 25 ug/ml of colcemid as
illustrated in Fig. 34 (Protocol 1). Arrow, indicates the expected position of HH-
DNA. The coincident peaks in the figure are LH-DNA. Gradient density increases
from left to right. Data shown are from single, parallel experiments. Similar
results have been obtained in three independent experiments. Untreated control
@), treated with HU (H).
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more exacting manner (Fig. 5, A-C and Fig. 6, 4-C). HH-
DNA was undetectable during the first 16 h after removal of
HU in treated cultures (Fig. 6, 4 and B) while HH-DNA was
apparent in control cells from the first 8-h time window onward
(Fig. 5, A-C). HU treated cultures were found to contain HH-
DNA during a period 17-24 h after release from the HU block
to DNA synthesis (Fig. 6C). This data indicated that HH-DNA
began to appear in the second cell cycle after the HU block, but
not in the first cell cycle. Similar results have been obtained
using a final concentration of 0.6 mm HU (data not shown).

DISCUSSION

Our experiments with Syrian hamster cells transiently ex-
posed to HU during S phase, like those of others (7-10), were
limited to the detection of rereplication of the nascent strand
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Fig. 5. CsCl gradient profiles of *H-labeled BP6T DNA. Synchronized cells
were treated without exposure to HU as illustrated in Fig. 3B (Protocol 2) and
pulsed with BrdUrd from 0 to 8 h (4), 9-16 h (B), or 17-24 h (C) after mock
exposure to HU. Arrow, position of HH-DNA. Gradient density increases from
left to right. Similar results have been obtained in two independent experiments.
Data shown are from single parallel experiments conducted in unison with the
experiments shown in Fig. 6, 4-C.
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Fig. 6. CsCl gradient profiles of *H-labeled BP6T DNA. Synchronized cells
were transiently blocked with HU as illustrated in Fig. 3B (Protocol 2) and pulsed
with BrdUrd from 0 to 8 h (4), 9-16 h (B), or 17-24 h (C) after exposure to
HU. Arrow, expected position of HH-DNA. Gradient density increases from left
to right. Similar results have been obtained in two independent experiments. Data
shown are from single parallel experiments conducted in unison with the experi-
ments shown in Fig. 5, 4-C.
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of DNA synthesized prior to the HU insult. Rereplication of
the parental strand would go unnoticed in these assays as such
species would be light-heavy in the CsCl gradient analyses and
would thus be analytically equivalent to newly replicated (uni-
filarily BrdUrd substituted) DNA. Two experimental ap-
proaches designed in this study to detect the rereplication of
nascent DNA, initially synthesized prior to the HU block, have
shown that this DNA was apparently not replicated again until
the next cell cycle after the S phase in which HU treatment
occurred. Our results do not support the contention that DNA
is rereplicated in the same S phase as transient inhibition of
DNA synthesis by HU (7) and are therefore in agreement with
the reports by Hahn et al. (9, 10) and Morgan et al. (8) with
Chinese hamster ovary cells.

Autoradiographic evidence indicated that upon release from
the 6-h block to DNA synthesis by HU during S phase, DNA
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synthesis resumed quickly. If regions of DNA that had been
replicated before the blockage were subject to rereplication,
these data indicated that such a process should occur shortly
after removal of HU. When synchronized Syrian hamster cells
were labeled with BrdUrd and [*H]thymidine from the begin-
ning of S phase through to the time when their DNA was
isolated (Protocol 1), no HH-DNA indicative of rereplication
in S phase cells was detected after treatment with HU. We
could not rule out the possibility that the presence of colcemid
cryptically prevented DNA rereplication in the experiments
employing Protocol 1. However, observations with experiments
performed in the absence of colcemid indicated that this agent
had no effect on the outcome of the experiments, since identical
results were obtained in the presence and absence of colcemid.

Since it has been reported that the timing of the HU block
and the concentration of HU used for the insult are critical for
the detection of rereplicated DNA, we performed a series of
experiments with a new estimate for the beginning of DNA
synthesis and two different HU concentrations. Restricting the
time at which the cells were exposed to both BrdUrd and
[*H]thymidine to the first 2 h of S phase, we were able to
determine the time window in which DNA replicated in early
S phase was replicated a second time in HU-treated and control
cultures. Our results indicate that in cells transiently exposed
t0 0.6 or 1 mm HU during S phase, this DNA was not replicated
again until 17-24 h after release from the HU block. From our
estimates of the length of the cell cycle, we conclude that this
DNA was not replicated until a second, subsequent S phase. If
we assume that our estimate of 13-14 h for the cell cycle is
correct, we would estimate that a second round of DNA syn-
thesis should have occurred in HU-treated cells at a time 11-
12 h after removal of the HU. That a second round of DNA
synthesis was not detected by our procedures until 17-24 h
after removal of the HU was probably due to the steady decay
in the degree of cell cycle synchrony from the time at which the
cells were first harvested in mitosis.

In conclusion, our data from experiments with Syrian ham-
ster cells supports the conclusions of Hahn et al. (9, 10) and
Morgan et al. (8), that rereplication of hamster DNA does not
occur in the same S phase of the cell cycle as transient treatment
with HU. Our independent confirmation of their results, per-
formed prior to their publications and employing different
protocols and a highly neoplastic cell line from a different
species of animal, suggest that DNA rereplication in the same
S phase as hydroxyurea treatment, is undetectable by current
experimental techniques. The most likely reason for the large
amount of apparent rereplication reported by Mariani and
Schimke is that the bifilarly substituted DNA was produced in
the subsequent cell cycle following their drug treatment, and

was not in the same cell cycle as presumed. Our findings are
also in agreement with earlier studies in which rereplication of
DNA was not found in mammalian cells treated with this agent
(15, 16). It thus appears that this aspect of DNA synthesis is
under stringent control in these neoplastic cells.
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