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ABSTRACT

Previous reports have suggested that transient inhibition of DNA
synthesis by chemicals or ultraviolet light causes some of the DNA to
replicate more than once in one cell cycle, i.e., that it induces overrepli-

cation of DNA. The data that led to this suggestion were obtained from
cesium chloride equilibrium density gradient analyses, in which cells were
incubated with bromodeoxyuridine so that the DNA synthesized after
incubation with the inhibitor could be densitometrically separated from
the DNA that had been radioactively labeled before incubation with the
inhibitor. An unresolved problem with these analyses was that the data
also suggested that over-replication must have occurred in control cells,

i.e., those not incubated with an inhibitor of DNA synthesis. We show
here that the latter result is probably due to an artifact of cesium chloride
equilibrium density gradient analysis, probably because of nonspecific
trapping of DNA in regions of the gradients where there are large amounts
of DNA. We also used another protocol that avoids this artifact; with
this protocol any overreplicated DNA would be found where heavy-heavy

DNA bands and nonspecific trapping cannot occur. When this protocol
was used there was no evidence that transient inhibition of DNA synthesis
induces overreplication of DNA.

INTRODUCTION

The mechanism by which cellular genes are amplified in
mammalian cells is not understood (see Ref. l for review). It is
difficult to observe the early steps in gene amplification; often,
the first cells that are isolated have several gene copies per cell,
rather than the three or four that would be expected if a
mechanism such as unequal sister chromatid exchange were
operable. However, it is important to note that these results
have been obtained from experiments in which increased resist
ance to drugs is used to select for cells with amplified genes, so
that at least 8 to 10 cell generations occur before a single
resistant colony can be isolated, even in single-step experiments
(2).

As a result of the finding that the first drug-resistant cells
contain several copies of the pertinent gene, the model of DNA
overreplication, the "onion-skin" model (i.e., several successive

initiations at one origin producing several gene copies in one
cell cycle) (3), has become popular as the proposed mechanism
for gene amplification in drug-treated mammalian cells. It is
almost certain that this model is valid for the developmentally
controlled amplification of the chorion gene in Drosophila (4).
Furthermore, multiple initiations at virus origins apparently
are responsible for the DNA damage-induced amplifications of
SV-40 (5) and polyoma virus sequences (6) that are integrated
into mammalian cell chromatin.

There are two sets of data in the recent literature that form
the principal experimental support for DNA overreplication as
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the basis for cellular gene amplification in drug-treated mam
malian cells. One set is the results of Mariani and Schimke (7).
They incubated synchronized CHO3 cells that were 2 h into the

S phase with 0.3 mw HU for 6 h; 12 h after the end of the HU
incubation, almost all of the DNA that had replicated before
the incubation with HU, including the dihydrofolate reducÃase
gene, had replicated again. Mariani and Schimke interpreted
these results as evidence that the cells had replicated almost all
of the early S-phase DNA twice within a single cell cycle.
However, Hahn et al. (8) and Morgan et al. (9) have shown that
the cells that contained the overreplicated early S-phase DNA
were all in a second cell cycle; cells arriving at the first mitosis
after the 6-h incubation with HU never contained overreplicated
DNA.

The second series of experiments supporting overreplication
of DNA are those of Woodcock and coworkers (10-12). The
protocol for these experiments was to incubate a very large
number of cells with [3H]thymidine for 1 h, chase in unlaoeled

medium for 1 h, then incubate with an inhibitor of DNA
synthesis for 1 h (or expose to a DNA-damaging agent). Finally,
they incubated the cells with BrdUrd and Colcemid for 4 h to
density-label the DNA synthesized after removal of the inhibi
tor (or after exposure to the DNA-damaging agent) and to
prevent progression of cells into a second cell cycle. The DNA
was then analyzed by multiple rebanding of the hybrid density
(heavy-light) DNA on CsCl equilibrium density gradients. In
substance, Woodcock et al. found 3H in the heavy-light DNA.
Moreover, much of this 3H was in light strands of the heavy-

light DNA, suggesting that DNA that had been synthesized
before the inhibition of DNA synthesis was used as a template
for the DNA that replicated after the removal of the inhibitor.
Therefore, aberrant overreplication of DNA was believed to
have occurred. However, a persistent unexplained problem with
these data was the finding of significant amounts of 3H in the

light strands from control cells, those that were not incubated
with an inhibitor or treated with a DNA-damaging agent.

We report here that drug-induced inhibition of DNA synthe
sis does not induce detectable amounts of aberrant DNA over-
replication and that the results of Woodcock and coworkers are
probably caused by an artifact of equilibrium density gradient
centrifugation.

MATERIALS AND METHODS

Cell Culture and Labeling. CHO cells, used for many years in this
laboratory, were grown in Eagle's minimal essential medium supple

mented with 15% fetal bovine serum and gentamicin.
Two labeling protocols were used. One was a modification of the

protocol that Woodcock et ai. (12) used for their controls. About IO7
cells in a 100-mm dish were incubated with medium containing [3HJ-

tIn midine (10 /ÃCi/ml;specific activity, 80 Ci/mmol) for 1 h. The cells
were washed twice with nonradioactive medium and then incubated in
nonradioactive medium for 1 h. Medium containing IO"5 M BrdUrd

3The abbreviations used are: CHO, Chinese hamster ovary; HU, hydroxyurea;
BrdUrd, bromodeoxyuridine; SSC, 0.15 M sodium chloride-0.015 M sodium
citrate.
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was then added, and the cells were incubated for 4 h before preparation
for CsCl equilibrium density centrifugation. As a control for this
protocol, two different cultures of about Id cells each were set up. One
culture was incubated with 10 Â«<'i of [3H]thymidine per ml for l h and
in nonradioactive medium for 1 li. the other with Id M UrdÃ'ni alone

for 4 h. The cells from the two cultures were mixed before analysis by
equilibrium density centrifugation.

For the second protocol, about IO6 cells in T-150 flasks were first
incubated with medium containing | 'H |ih> midinc (5 M 'i ml. 80 Ci/

ninnili and Id M Unii ni for 3 h. The medium was removed, and
medium containing [3H]thymidine and BrdUrd plus one of the follow
ingâ€”(a) normal medium, (b) caffeine (1 or 5 MIMIor 111 (1 or 2.5
HIM)or l-j3-D-arabinofuranosylcytosine (l IHM),or (c) caffeine and one
of the inhibitorsâ€”was added and incubation continued for 2 h. (The
inclusion of radioactive and density labels along with the inhibitors
ensured that overreplication of any DNA synthesized during the inhi
bition of DNA synthesis would be detected.) The medium containing
the inhibitor was then replaced with medium containing HIM BrdUrd
without inhibitor and incubation continued for 4 h. The cells were then
prepared for equilibrium density gradient analysis.

Cesium Chloride Equilibrium Density Centrifugation. For neutral
equilibrium density gradient analysis, cellular DNA was isolated as
previously described (13). Cell monolayers were washed with SSC and
lysed with 0.1 % sodium dodecyl sulfate. The lysate was incubated for
I h with RNase (100 ^g/ml, 37Â°C)and for 1 h with Pronase (100 /ig/
ml, 37*C). The preparation was extracted with chloroform:isoamyl

alcohol (24:1) 2 or 3 times. The aqueous layer was then removed and
dialyzed against SSC. After dialysis, the DNA samples were sheared
with a Virus homogenizer. Exactly 4.5 ml of sample were added to 6.0
g of CsCl and centrifuged at 37,000 rpm for 48 h or more in a Beckman
TI-50 rotor. This concentration of CsCl causes DNA that is unifilarly
substituted with BrdUrd (heavy-light DNA) to sediment near the middle
of the gradient and ensures that bifilarly substituted (heavy-heavy) DNA
will sediment well away from the bottom of the gradients. After cen
trifugation, a hole was made in the bottom of each tube, and 20 equal-

volume (0.3 ml) samples were collected. For original gradients and first
and second rebanded gradients, 10 ^1 from each fraction were spotted
onto glass filters, the filters were dried, and the '11 was measured by

liquid scintillation spectometry. For the third rebanded gradients, the
DNA from each fraction was precipitated with 4% perchloric acid and
the suspension passed through glass fiber filters.

For alkaline equilibrium density gradient analysis, the five fractions
to be rebanded from each of the previous neutral gradients were
combined, 1 ml of O.S M NaOH was added, and the samples were
brought to 4.5 ml with SSC. Exactly 4.8 g of CsCl and 1.0 g of Cs2SO4
were added, and the samples were centrifuged at 33,000 rpm for 60 h.

RESULTS

To determine if we could reproduce the results of Woodcock
and coworkers, we used their labeling protocol for CHO cells
(11, 12). Briefly, about IO7 cells were first incubated with 10
Â¿iCiof [3H]thymidine per ml for 1 h, washed, incubated in

nonradioactive medium for 1 h, and then incubated in nonra
dioactive medium that contained 10~5M BrdUrd for 4 h. The

DNA from these cells was analyzed in CsCl equilibrium density
gradients (Fig. \A). When the heavy-light fractions (corre
sponding to DNA labeled in only one strand with BrdUrd)
from the original gradients were rebanded twice under neutral
conditions, the second reband showed a sharp peak of radioac
tivity only at the density of heavy-light DNA (Fig. IB). When
the DNA from this peak was rebanded under alkaline condi
tions, to separate the heavy and light strands, peaks of radio
activity were found at both the density of unsubstituted (light)
DNA and the density of BrdUrd-substituted (heavy) DNA (Fig.
1C). This result is similar to that shown in profiles of untreated
CHO cells by Woodcock et al. (Il, 12).

As a control, we incubated about IO7cells for 1 h with [3H]-
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Fig. 1. CsCl equilibrium density gradient profiles of DNA from CHO cells
incubated for 1 h with [3H]thymidine, then in nonradioactive medium for 1 h,

and then in medium containing BrdUrd for 4 h.. 1. original neutral gradient; H.
neutral gradient of second reband from heavy-light Fractions 9 to 13 of first
rebanded gradient (tirsi reband not shown); C, alkaline gradient of reband from
Fractions 8 to 12 of gradient shown in B. H, heavy, BrdUrd-substituted single-
stranded DNA; /.. light, unsubstituted single-stranded DNA; ///., heavy-light,
unifilarly substituted double-stranded DNA; /./.. light, unsubstituted double-
stranded DNA. Bars, fractions that were used for rebanding.

thymidine and then for 1 h in nonradioactive medium; another
IO7cells were incubated with 10~5M BrdUrd for 4 h. The cells
from these two cultures (i.e., one containing only 3H-labeled
cells, the other containing only BrdUrd-labeled cells) were then
mixed, and the DNA was isolated and analyzed on CsCl equi
librium density gradients (Fig. 2). When rebanding procedures
were performed for the DNA from these cells, in the second
reband there was a peak of radioactivity at the position of
heavy-light DNA (Fig. 2B), as in the previous experiment.
Rebanding of this peak into an alkaline gradient resulted in a
peak of 3H radioactivity only at the position of unsubstituted

(light) DNA (Fig. 1C). These data show that, under the condi
tions of this experiment, normal-density DNA can, to a small
extent, associate nonspecifically with hybrid-density DNA. The
reproducibility of this phenomenon is poor, but, in general,
lesser amounts of this artifactually banding material were found
when fewer total counts were loaded on the gradients (data not
shown).

To avoid this artifact, we chose a protocol, based on that of
Marian! and Schimke (7), that does not require searching for a
small amount of 3H in regions of CsCl gradients that contain

large amounts of DNA and thereby might trap DNA from other
regions. CHO cells were incubated with [3H]thymidine and

BrdUrd for 3 h, then with HU (2.5 mivi) or caffeine (5 mivi), or
both, for 2 h, and finally with BrdUrd for 4 h. (In this protocol,
overreplicated DNA would have incorporated BrdUrd in both
strands and therefore be found in heavy-heavy DNA.) The DNA
was then extracted and analyzed by equilibrium density centrifu
gation (Fig. 3); in no case was there any evidence for the
presence of heavy-heavy DNA in these original gradients. The
specific activity of DNA in samples incubated with inhibitors
was less than the specific activity of control samples (data not
shown), indicating that the inhibitors had reduced the rate of
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Fig. 2. CsCl equilibrium density gradient profiles of DNA from cells of two
different cultures that were mixed before DNA was extracted. One culture had
been incubated with [3Hjthymidine for l h and then in nonradioactive medium
for 1 h; the other had been incubated with BrdUrd for 4 li. A, original neutral
gradient; B, neutral gradient of second reband; C alkaline gradient of final
reband. H, heavy, BrdUrd-substituted single-stranded DNA; L, light, unsubsti-
tuted single-stranded DNA; HL, heavy-light, unifilarly substituted double-
stranded DNA; /./.. light, unsubstituted double-stranded DNA. Bars, fractions
that were used for rebanding.
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Fig. 3. CsCl equilibrium density gradient profiles of DNA from cells incubated
with [3H]thymidine and BrdUrd for 3 h, then for 2 h with normal medium I.-II:
medium containing 5 HIMcaffeine (B); medium containing 2.5 m\i HU (Q; or
medium containing both caffeine and HU (D); then for 4 h with BrdUrd. There
were about 1.6 x 10" cpm in the whole gradient from control cells, and about 1.2
X 10' cpm in the other gradients. Bars, fractions that were used for rebanding.
////, peak of a heavy-heavy DNA marker run simultaneously.

DNA synthesis. The fractions spanning the regions where pu
tative heavy-heavy DNA would be in the gradient were com
bined and run in a second CsCl gradient (i.e., first reband).
There was a small peak at the heavy-heavy region in the reband
of the gradient with DNA from cells incubated with caffeine
and HU together, and there were small shoulders at the heavy-

heavy region in the others (Fig. 4). Again, the fractions from
the heavy-heavy regions of each sample were combined, and
second rebands of each of the gradients were prepared. In the
gradient of the second reband from control cells (Fig. 5), there
was a peak around Fraction 6, where heavy-heavy DNA would
be expected, and a less-sharp peak at Fraction 6 in the other
gradients. When the fractions of DNA in the heavy-heavy
regions of the final gradients were calculated as a function of
the total DNA in the original samples (Table 1), it was apparent
that neither HU nor caffeine caused greater amounts of DNA
to appear there than were found in the control gradient. The
0.05% excess found in gradients from cells treated with both
chemicals was probably caused by the poor recovery in the last
rebanded gradient. When other experiments were performed
with lower amounts of HU (1 HIM)and caffeine (1 HIM)or with
l-/3-D-arabinofuranosylcytosine (1 HIM)and caffeine (2.5 ITIM),
excess amounts of DNA were not found in the heavy-heavy
regions of the resulting gradients (data not shown).

DISCUSSION

In the protocol in which cells that had been incubated with
[3H]thymidine alone were mixed with cells that had been incu

bated with BrdUrd alone, density gradient analysis showed that
there was an aggregation of DNA from different cells forming
a stable complex in the heavy-light region of the gradient. The
fraction of total DNA that was trapped in this way was about
9 x 10~3. This artifactual aggregation could, of course, also

occur during density gradient analysis of cells from cultures
that have been sequentially incubated with [3H]thymidine and
BrdUrd. This could be the basis for some or all of the 3H
observed in the heavy-light region for HU-treated cells in Fig.
IB, as well as in similar control gradient profiles published by
Woodcock and coworkers (11, 12).

In the protocol in which cells were labeled so that all newly
made DNA would be both 'II labeled and substituted in one
strand with BrdUrd (heavy-light density), a small amount of 3H
radioactivity was found at the position near heavy-heavy DNA.
However, incubation with high concentrations of HU, l-ÃŸ-D-
arabinofuranosylcytosine, or caffeine, or with combinations of
HU and caffeine or 1-0-o-arabinofuranosylcytosine and caf
feine, did not cause significantly greater amounts of radioactiv
ity to band at the position of heavy-heavy DNA, as would be
expected if these agents had caused aberrant DNA overrepli-
cation. The presence of small peaks of radioactivity at heavy-
heavy regions in the second rebanded gradients may have been
caused by branch migration and renaturation, during DNA
extraction, of nascent heavy single strands containing a small
amount of tritium (owing to incomplete chase in BrdUrd), as
reported by Tatsumi and Strauss (14).

Our results do not support the concept that severe inhibition
of DNA synthesis introduced by high concentrations of HU or
1-ÃŸ-D-arabinofuranosylcytosine causes DNA overreplication, as
has been reported by Mariani and Schimke (7) and Woodcock
et al. (10-12), respectively. SchnÃ¶sand Inman (15) conclusively
demonstrated by electron microscopy that caffeine does cause
reinitiation at bacteriophage A origins in EscherÃ¬chiacoli. Our
results indicate that this is not the case for CHO cells. However,
our results do demonstrate that, when one is searching for very
infrequent events that might accompany semiconservative DNA
synthesis, peculiarities of CsCl equilibrium density gradient
analysis can produce artifacts that must be carefully controlled.

The general question of whether DNA overreplication is ever
responsible for gene amplification cannot be answered by neg-

5597

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/21/5595/2429054/cr0470215595.pdf by guest on 19 M

ay 2023



DNA SYNTHESIS INHIBITION WITHOUT OVERREPLICATION

Table 1 CsCI equilibrium density gradient analysis of DNAfrom CHO cells incubated with DNA synthesis inhibitors
Data are taken from Figs. 3 to 5.

Radioactivity in wholegradientTreatment

GradientNone

Original
First reband
SecondrebandH

U only Original
First reband
SecondrebandCaffeine

only Original
First reband
SecondrebandIII

+ calli-ini' Original
First reband
Second rebandcpm1.6

x IO6
4.3 x IO4
5.1 xIO21.3

x10"4.7
x IO4

3.2 XIO21.2

x 10*
4.9 x IO4
3.8 xIO21.2

xIO65.5
x IO4

2.5 x IO2%

recovery
from previous

gradient100

41
8100

48
6100

46
710047

4Radioactivity

in heavy-heavyregioncpml.Ox

10*
6.4 x IO3
2.1 xIO29.6

x IO4
5.5 x IO3
1.2 xIO21.1

x 10s
5.3 x IO3
1.3 xIO21.2

x IO5
6.9 x IO3
0.9 x IO2%

of cpm
in whole
gradient6.47

15.9741.737.24

11.80
36.658.74

10.85
33.339.86

12.40
37.45%

of cpm in
original whole

gradient6.47

0.97
0.417.24

0.85
0.318.74

0.95
0.329.86

1.23
0.46

10

Fraction Number

Fig. 4. CsCI equilibrium density gradient profiles of DNA from rebanded
regions shown in Fig. 3. (Letters correspond to the samples in Fig. 3.) In the
whole gradients there were 4.8 x IO4cpm (A); 5.1 x IO4cpm (lÃ¬):4.8 x IO4cpm
(C)\ 5.7 x 10* cpm (D). Ban, fractions that were used for rebanding.

ative results of the kind reported here and previously (8, 9). It
is still possible that DNA overreplication in a very small fraction
of the cells could be responsible for the low frequency of gene
amplification that has been observed in drug-treated mamma
lian cells. However, it is important to note that, in addition to
these negative results, there have been recent reports that show
that overreplication of cellular genes does not occur during the
time that integrated virus DNA in the same cells is greatly
overreplicated (6,16). Lambert et al. (6) found that, after fusing
carcinogen-treated cells to untreated cells containing integrated
polyoma virus DNA, the polyoma DNA replicated several
times, but the dihydrofolate reducÃase and metallothionein
genes in the same cells did not. LÃ¼cke-Huhleet al. (16) found
that ionizing radiation, as well as UV radiation, induced a
severalfold amplification of SV-40 virus DNA, but that there
was no concurrent amplification of the cellular dihydrofolate

10 15 20 5 10 IS 20

Fraction Number
Fig. 5. CsCI equilibrium density-gradient profiles of DNA from rebanded

regions shown in Fig. 4. (Letters correspond to the samples in Fig. 3.) There were
182 net cpm in Fractions 5 to 10 of Gradient. I (of a total of 460); 98 net cpm in
Fractions 5 to 10 of Gradient B (of a total of 264); 87 net cpm in Fractions 5 to
10 of Gradient C (of a total of 202); and 64 net cpm in Fractions 5 to 10 of
Gradient /> (of a total of 131).

reducÃaseor actin genes, or of two protooncogenes in the same
cells. In light of these several failures to detect overreplication
of cellular genes, it is more important than ever to consider
other explanations for drug-induced gene amplification in
mammalian cells.
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