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ABSTRACT: This study is the first detailing drug-induced changes in EBV DNA replication intermediates
(RIs). Both EBV replication inhibition and damage induction were studied in latently infected human
Raji cells treated with the enediyne DNA strand-scission agent C-1027. Analysis of RIs on two-dimensional
agarose gels revealed a rapid loss in the EBV bubble arc. When elongation of nascent chains was blocked
by aphidicolin, this loss was inhibited, suggesting that C-1027-induced disappearance of RIs was related
to maturation of preformed replication molecules in the absence of initiation of new RIs. C-1027 damage
to EBV DNA was limited at concentrations where loss of the bubble arc was nearly complete, and none
was detected within the replicating origin (ori P)-containing fragment, indicating that replication inhibition
occurred in trans. By contrast, the non-nuclear mitochondrial genome was insensitive to replication inhibition
but highly sensitive to damage induced by C-1027. C-1027-induced trans inhibition of nuclear but not
mitochondrial DNA replication is consistent with a cell cycle checkpoint response to a DNA-damaging
agent. EBV replication and Raji cell growth were inhibited at equivalent C-1027 doses.

DNA damage initiates a cascade of cellular events (1-
3), which can lead to arrest in any phase of the cell cycle,
including S-phase (4, 5), in lower organisms as well as in
mammalian cells (1, 6). Replication can be inhibited in cis,
that is by production of a lesion which physically blocks
initiation or elongation of the replication fork. This type of
inhibition might occur with high levels of a DNA-damaging
agent or with specific types of DNA damage (e.g., alkylation
(4), cisplatin adducts (5), etc.). Replication inhibition also
may occur in trans, in which replication fork movement is
blocked by alterations in or inhibition of essential replication
factors (6-8). Cell cycle checkpoint regulation is a cellular
response to DNA damage which is associated with trans
inhibition of DNA replication (6, 9, 10).

In concert with cis or trans effects on DNA replication,
damage can inhibit replication at the level of initiation or
elongation (11-13). Earlier studies using sucrose gradient
techniques suggested that irradiation and certain enediyne
DNA strand-scission agents blocked replication primarily at
the level of initiation (14, 15). In contrast, alkylation with
cisplatin inhibited both initiation and chain elongation at the
site of the DNA lesion (16). More recently, two-dimensional
(2-D) agarose gel electrophoresis (17) has been used to study
changes in DNA replication intermediates. Examination of
SV40 replication intermediates on 2-D gels indicated that
elongation was blocked by agents that interfere with the
incorporation of dNTPs into DNA (17, 18), while initiation

was inhibited by treatment with very low concentrations of
either adozelesin, a DNA alkylator (19), or C-1027, an
enediyne strand-scission agent (20).

While providing novel information about drug effects on
replicating molecules, SV40 was not an ideal system for
studying “normal” eucaryotic replication, since an infected
host cell ceases to divide within one round of replication
after viral infection in a process terminating in cell lysis and
death (21). Thus, metabolic responses to drug-induced DNA
damage could differ in SV40 lytically infected cells and in
immortalized cells in culture. In addition, the SV40 replicon
is very small (5243 bp) compared to the average-sized
mammalian replicon (2.0× 105 bp (22)).

The large-sized (1.84× 105 bp (23)) EBV episome in
human Raji cells (22) provides an excellent model of a
mammalian replicon in which both damage induction and
replication effects can be quantitated in immortalized cells
in culture. Since the EBV genome is circular, the overall
damage is readily quantitated by forms conversion analysis
(24). Much of the EBV genome has been sequenced,
allowing for detection of damage at specific sites (25). The
locations of some replication origins have been defined, and
initiation events are distributed over a broad region resem-
bling initiation of replication in mammalian chromosomal
loci. (26). Replication of the EBV genome occurs during
S-phase (27) along with cellular genomic DNA and is
dependent on the cellular replication machinery in the nucleus
(28, 29). Recently, the isolation of EBV replication inter-
mediates has been described (26).

This study is the first assaying drug-induced changes in
EBV replication intermediates. Raji cells were treated with
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C-1027, an enediyne-chromophore containing DNA strand-
scission anticancer agent (30, 31) which inhibits initiation
of SV40 replication in trans in lytically infected BSC-1 cells
(20). Electrophoresis of EBV origin-containing fragments on
2-D agarose gels was used to distinguish C-1027 effects on
replication initiation and elongation. EBV DNA damage was
quantitated to assess whether replication was affected in cis
or in trans. Drug levels inducing EBV replicative effects were
assayed for cell growth inhibition. The amount of C-1027-
induced damage to nuclear Raji cell genomic and non-nuclear
(mitochondrial) DNA damage also was determined, and
changes in mitochondrial replication intermediates were
examined.

EXPERIMENTAL PROCEDURES

Chemicals. C-1027, a generous gift from Taiho Pharma-
ceuticals Co., Ltd, Saitama, Japan, was diluted in water and
stored at-20 °C. [2-14C]Thymidine (56 mCi/mmol) was
from Moravek Biochemical (Brea, CA). [R-32P]dCTP and
Genescreen membranes were from Dupont NEN (Boston,
MA). DECA-prime II DNA-labeling kit was from Ambion
(Austin, TX). Agarose MP, used for pulsed-field gels, and
proteinase K were from Boehringer Mannheim (Indianapolis,
IN). High-strength analytical grade agarose used for 2-D gels
was obtained from Bio-Rad Laboratories (Hercules, CA).
Incert agarose was obtained from FMC Bioproducts (Rock-
land, ME) and prepared in phosphate-buffered saline (PBS).
All other chemicals were of reagent grade.

Cell Culture. Conditions for maintenance of Raji cell
cultures were described earlier (24). Briefly, cells were
maintained in suspension at (0.5-3) × 106 cells/mL in RPMI
1640 medium supplemented with 10% Hyclone bovine calf
serum.

C-1027 Treatment and Preparation of DNA.Logarithmi-
cally growing Raji cells (0.5× 106/mL) were radiolabeled
for 24 h with [2-14C]thymidine (0.0125µCi/mL) to permit
detection of Raji cell genomic DNA. Labeled cells were
adjusted to 1× 106/mL and treated with C-1027. After the
appropriate incubation time at 37°C, cells were harvested
by centrifugation and washed twice in PBS. Three cell
dilutions in 0.66% agarose were prepared. For detection of
EBV RIs, cells were adjusted to 2.6× 108 cells/mL (cell
stock A). Since mitochondrial RIs could be detected using
10-fold less DNA, cells were diluted to 2.6× 107 cells/mL
(cell stock B). For detection of the damage to the EBV
episome, Raji cell genomic DNA, or mitochondrial DNA,
cells were diluted to 1.43× 107/mL (cell stock C). For
detection of EBV or mitochondrial RIs, 0.039 mL of cell
stock A (1× 107 cells) or B (1× 106 cells), respectively,
was aliquoted into 2.2 mL graduated microfuge tubes
(Laboratory Product Sales, Rochester, N. Y), and 0.013 mL
of 1.0 mg/mL proteinase K in 1% sodium dodecyl sulfate,
100 mM EDTA, pH 8.0 (lysis A) was added. For detection
of the damage to the EBV episome, Raji cell genomic DNA,
or mitochondrial DNA, 0.021 mL of cell stock C (3× 105

cells) was aliquoted, and 0.007 mL of 1% Sarcosyl, 0.5 M
EDTA, pH 8.0, 2 mg/mL proteinase K (lysis B) was added.
In all cases, samples were mixed only once (finger-tapped,
three times) after the addition of lysis buffer. Samples were
incubated for 2 h ateither 37°C (EBV and mitochondrial
RI samples) or 55°C (EBV, genomic, and mitochondrial

DNA damage detection). After incubation, samples were
spun in a microfuge for 2 s and placed at 4°C for 0.5 h to
allow a hardened agarose plug to form. TE (0.5 mL) was
added to each tube, samples were tapped to suspend the plug,
and plugs were stored at 4°C for g16 h to allow for diffusion
of detergent, proteinase K, and other impurities from the plug.
The plugs, which could be stored for several months without
DNA degradation, were used for pulsed-field gel and agarose
gel analysis of nuclear and mitochondrial DNA damage,
respectively, and for 2-D gel electrophoresis of EBV and
mitochondrial RIs, as described below.

Analysis of EBV and Mitochondrial RIs by 2-D Gel
Electrophoresis.Isolated DNA embedded in agarose plugs
as described above was prepared for 2-D gel electrophoresis
by restriction enzyme digestion. The day of restriction, each
plug was washed by placing it in a 10-fold excess of
restriction enzyme buffer (0.5 mL) for 0.5 h at 4°C. The
wash was repeated twice. The plug was drained and heated
at 68°C for 10 min to melt the agarose, then placed at 37
°C. A 0.028 mL aliquot of restriction enzyme mix (35 units
of each enzyme in 1× restriction buffer) was added directly
into the viscous 0.052 mL of DNA, and samples were finger-
mixed. Samples were finger-mixed every 15 min for 2 h,
and then every 0.5 h for a total of 4 h of incubation. The
restricted DNA was loaded into the wells of 0.6% agarose
gels, then placed at 4°C for 0.5 h to harden the agarose in
the well before submerging the gel in electrophoresis buffer.
After electrophoresis at 0.84 V/cm for 20 h in 1× TAE, 0.1
µg/mL ethidium bromide, lanes were visualized over an
ultraviolet light source and cut out and placed in a slot cut
in the top of a 1% agarose gel. The second dimension gel
was electrophoresed at 4 V/cm for 20 h in 0.5× TBE, 0.5
µg/mL ethidium bromide.

Southern Blots and DNA Hybridization.All gels were
Southern blotted to Genescreen, and DNA was UV cross-
linked to the blots according to the manufacturer’s instruc-
tions. Blots were hybridized to the appropriate DNA probe
which had been radiolabeled with [R-32P]dCTP using the
DECAprime II DNA-labeling kit. After hybridization, the
[32P]-radiolabeled DNA was detected by phosphorimaging.
Images were analyzed using ImageQuant software (Molec-
ular Dynamics, Sunnyvale, CA). To detect EBV DNA, blots
of 2-D gels were hybridized to the [32P]-radiolabeled 5.9 kb
BamHI-EcoRI restriction enzyme digestion fragment of the
EBV episome from B95-8 cells containing ori P, the latent
origin of EBV replication (32). To detect mitochondrial
DNA, blots of 2-D gels were hybridized to the [32P]-
radiolabeled human mitochondrial DNA probe (41-2578 bp
on the human mitochondrial DNA map (33)) generously
provided by Dr. A. Chomyn in the laboratory of Dr. G.
Attardi, California Institute of Technology, Pasadena, Cali-
fornia.

Quantitation of EBV RIs. The effects of C-1027 on EBV
RIs (see Figure 1) were determined from phosphorimages
of Southern blots as described earlier for SV40 DNA RIs
(20). Briefly, identical ellipses were inserted over the tips
of the fork arc (FA) and the bubble arc (BA) (i.e., to include
the most intense signal), the 1n spot (1n), and over a portion
of the phosphorimage in which no DNA was located (to
provide a background value [BG]). The volumes of the
ellipses were quantitated, and the fork arc signal was
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calculated according to the following formula:

where 1n and 1ncontrol refer to the amount of unreplicated
PVuII -BamHI restricted EBV DNA in the sample and in the
control, respectively. Changes in the bubble arc (BA) were
calculated by substituting the values obtained for the BA
for FA in the above formula.

C-1027-Induced Double-Strand Damage to Nuclear (i.e.,
EBV and Cellular Genomic) and Non-nuclear (Mitochon-
drial) DNAs. Damage to genomic DNA and to the EBV
episome was detected using the pulsed-field gel electro-
phoresis conditions described earlier (24). Briefly, plugs
containing 3× 105 cells were loaded into the wells of a
0.75% agarose gel (Agarose MP), and 0.5% molten Incert
agarose was added to seal each well. To provide a positive
measure of double-strand DNA damage, at least four DNA
samples isolated from Raji cells X-irradiated with 200-
12000 rads were loaded on each pulsed-field gel in addition
to drug-treated samples. Gels were electrophoresed in 0.5×
TBE buffer for 18 h at 200 V with ramped pulse conditions
of 0.1-100 s using a BioRad Chef DR II and subjected to
Southern blotting as described above. For detection of
damage to total cellular DNA, [14C]-radiolabeled DNA was
detected on the Southern blots by phosphorimaging prior to
hybridization to [32P]-radiolabeled probe. Image analysis and
quantitation of double-strand break (DSB) induction in
cellular genomic DNA was performed as described earlier
(13). Damage to total cellular DNA was converted to rad
equivalents by comparing the loss of [14C]-radiolabeled DNA
from the well in C-1027-treated samples with that observed
in DNA from cells irradiated with 200-12000 rads. After
[14C] detection, the same blots were hybridized to the [32P]-
radiolabeled EBV DNA probe described above. After
hybridization, blots were covered with plastic wrap to block
the [14C] signal and the [32P]-radiolabeled EBV detected by
phophorimaging. An increase in EBV Form III was indicative
of DSB damage to the EBV episome. C-1027-induced DSB
damage to the EBV episome was converted to rad equivalents
by comparing the increase in Form III in DNA from C-1027-
treated cells with that in cells subjected to 200-12000 rads.
X-irradiation induces a known level of double-strand damage.
Rad equivalents were converted to double-strand breaks per
nucleotide by multiplying the rad equivalent damage by (8.3
× 10-14 DSB Da-1 rad-1) × (320 Da) (13).

Damage to mitochondrial DNA was detected by the
separation of topological forms on agarose gels (34). Plugs

containing 3× 105 cells were drained and placed at 68°C
for 10 min to melt the agarose. Samples were loaded into
the wells of a 0.8% agarose gel, and the gel was placed at 4
°C for 0.5 h to harden the agarose in the wells. Mitochondrial
forms were separated by electrophoresis at 6 V/cm for 18 h
in 1× TBE. After electrophoresis, gels were Southern blotted
and hybridized to the [32P]-radiolabeled mitochondrial probe
described above. The blots were covered with plastic wrap,
and the [32P]-mitochondrial signal was detected by phos-
phorimaging. Increases in mitochondrial Form III DNA were
indicative of DSB damage to mitochondrial DNA. DSB in
mitochondrial DNA were quantitated as described earlier for
SV40 DNA (13). Briefly, the fractional increase in mito-
chondrial Form III was divided by the number of mitochon-
drial nucleotides (2× 16500) to give the number of DSBs
per nucleotide.

Cell Growth Inhibition. Logarithmically growing cells
were adjusted to 0.5× 106/mL in 1640 medium and treated
with 0.1-100 pM C-1027. Cells were counted 3 days after
C-1027 addition.

RESULTS

This study examined the effect of C-1027 on EBV DNA
replication in immortalized cultured human Raji cells latently
infected with the EBV virus. Since in Raji cells the amounts
of EBV DNA and its replication intermediates are limited
(26), an isolation method was used which optimized DNA
recovery (35). After intact cells were mixed with molten
agarose, proteins were digested by incubation with proteinase
K. The agarose then was hardened at 4°C, and impurities
were removed by suspending the hardened agarose plug at
4 °C in TE buffer overnight. DNA isolated by this method
was used for electrophoresis of EBV RIs on 2-D gels and
for analysis of EBV and genomic DNA damage on pulse-
field gels.

2-D Agarose Gel Analysis of EBV Replication Intermedi-
ates. Samples were restriction digested withPVuII and
BamHI. PVuII cuts EBV at sites 6776 and 12412, producing
a fragment that encompasses ori P (7315-9312 bp on the
EBV map) (36). BamHI restriction was necessary to reduce
the signal from repetitive sequences outside the ori P
fragment which hybridized to the [32P]-radiolabeled EBV
probe. Restricted DNA was electrophoresed on neutral 2-D
agarose gels. 2-D agarose gel electrophoresis separates
replication intermediates on the basis of size in the first
dimension and size and shape in the second dimension (20).
The migration pattern of EBV replicating intermediates after
electrophoresis of the 5637 bp ori P fragment on a second
dimension agarose gel is shown in Figure 1 and is described
below. In Raji cells, EBV replication is bidirectional and
can initiate over a range of sequences within and outside ori
P (26). The bubble arc consists of replicating molecules
(bubbles) which have initiated at or near ori P but have not
yet elongated beyond the restriction sites bordering the ori
P-containing fragment. The fork arc consists of “Y”-shaped
molecules which have replicated to differing extents. As
shown elsewhere (26), the EBV fork arc signal is more
intense than the bubble arc signal. When replicating mol-
ecules were quantitated as described in Experimental Pro-
cedures, the fork arc represented 0.92 ((0.018 SEM) of the
total RIs (i.e., fork plus bubble arcs). While forks may be

FIGURE 1: Pattern of EBV DNA RIs after electrophoresis on 2-D
agarose gels. Raji cell DNA was restriction enzyme digested with
PVuII and BamHI, and replication intermediates were visualized
by hybridization to a [32P]-radiolabeled EBV ori P-containing
fragment. Electrophoresis conditions, Southern blotting, and hy-
bridization methods are described in Experimental Procedures.

FA signal)
(FA - BG)

(1n - BG)/(1ncontrol- BG)
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produced by damage to replicating bubbles, the large number
of forks observed likely results from progressive replication
of DNA already initiated at multiple sites outside the ori P
fragment (26). The sum of both bubble and fork arcs is
minimal compared to the 1n spot (the fraction of nonrepli-
cating ori-P fragments) and equals only 0.002 ((0.0002
SEM) of the total EBV signal, indicating that only a small
proportion of the isolated EBV DNA consists of replicating
genomes. Random termination (i.e., over a range of se-
quences) is indicated on the figure by a broad area of
radioactivity between the left tip of the fork and bubble arc.
Although bidirectional, replication is asynchronous, due to
forks pausing at discrete sites (e.g., at the Eber 1 and Eber
2 genes (26)). The accumulation of replicating molecules at
pause sites results in an especially strong DNA signal as
seen in Figure 1. The arc of linear molecules consists of
cellular genomic DNA. The intense signal associated with
this arc indicates homology between portions of genomic
DNA and the EBV ori-P probe.

C-1027 Effects on EBV RIs. The effect of C-1027 on EBV
replication intermediates is shown in Figure 2. Compared
to the control (panel 1), 0.5 h treatment with 0.1 nM C-1027
(panel 2) caused a near total loss of the bubble arc signal
with little or no effect on the fork arc or on molecules with
terminating structures. The intensities of the fork arc and of
terminating molecules decreased after 0.5 and 2 h of
incubation with 10 nM C-1027 (panels 3 and 4). When
quantitated as described in Experimental Procedures, a 2 h
treatment with 10 nM C-1027 reduced the fork arc to 0.16
((0.04 SEM) times the control value.

C-1027 Effects on Initiation. If C-1027 inhibits initiation
but not elongation, formation of replicating bubbles should
be blocked, while replicons already initiated should continue
to elongate. As the replicating molecules elongate past the
restriction sites, they will migrate as forks rather than as
bubbles on a 2-D gel. Thus, reduced initiation in the absence
of an elongation block would effect a decrease in the bubble
arc. Mammalian genomic DNA replicates at a rate of 1.7-
1.9 kb/min (37), and complete elongation of the 5637 bp ori
p fragment should occur very rapidly (i.e., within 6-7 min1).
Thus, in the absence of new initiation events, the ori P bubble
arc should disappear rapidly. The rapid disappearance within
0.5 h of the bubble arc (see Figure 2) indicated that C-1027

inhibited initiation of EBV replication. In addition, C-1027
caused a much slower decrease over 2 h in theintensity of
the fork arc. While the persistence of the fork arc could
reflect an inhibitory effect on elongation, the eventual
disappearance of the forks indicated that any elongation block
was not complete.

Evidence that C-1027 inhibited initiation of EBV replica-
tion also was obtained by treating cells with C-1027 in the
presence of the elongation inhibitor, aphidicolin (20). C-1027
inhibition of new initiation events would lead over time to
the disappearance of EBV replication bubbles due to the
elongation of replication forks past the restriction sites. By
inhibiting elongation, aphidicolin should block the loss of
replication bubbles, and the same proportion of EBV bubbles
and forks should be observed in cells treated with both
aphidicolin and C-1027 and those treated with aphidicolin
alone.

The effect of aphidicolin on C-1027-induced changes in
EBV RIs is shown in Figure 3. Compared to the control
(panel 1), the bubble arc was reduced nearly completely by
10 nM C-1027 (panel 2), while no decrease was observed
in the presence of aphidicolin alone (panel 3) after a 0.5 h
treatment. The treatment of cells for 5 min with 5µM
aphidicolin prior to the addition of C-1027, followed by
incubation in the presence of both agents for 0.5 h, prevented
any C-1027-induced loss of the bubble arc (panel 4). These
data suggested that the disappearance of the EBV bubble
arc after C-1027 treatment resulted from elongation of
preformed replication structures.

DNA Damage. C-1027 concentrations which inhibited
EBV replication were assayed for DNA damage induction.
Damage to the EBV episome was quantitated by topological
forms analysis. EBV forms were separated by pulsed-field
gel electrophoresis and detected by hybridization of Southern
blots of pulsed field gels to the [32P]-radiolabeledEcoRI-
BamHI EBV fragment described in Experimental Procedures.
Figure 4A is a phosphorimage of the [32P]-radiolabeled blot
of a representative pulsed-field gel. A large amount of EBV
signal was detected in the well at the top of the gel. This
signal is contributed by DNA species which cannot readily
enter the gel, such as relaxed circular form II (24, 38), and
EBV sequences which have integrated into genomic DNA1 Pausing could slow the replication rate somewhat.

FIGURE 2: C-1027 effects on EBV DNA replication intermediates.
Cells were treated for 0.5 h with (1) 0, (2) 0.1 nM, or (3) 10 nM
C-1027, or for 2 h with (4) 10 nM C-1027. To detect EBV RIs,
samples were assayed as described in Figure 1. Each panel shows
Southern blots of DNA from 7× 106 cells.

FIGURE 3: Aphidicolin inhibition of C-1027 effect on EBV RIs.
Treatment of cells for 5 min with 5µM aphidicolin was followed
by addition of C-1027 and incubation in the presence of both agents
for 0.5 h. Representative Southern blot of DNA from cells treated
with (1) no drug, (2) 10 nM C-1027, (3) 5µΜ aphidicolin, or (4)
10 nM C-1027 plus 5µΜ aphidicolin. Samples were assayed as
described in Figure 1.
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(39). The amount of EBV Form III, indicative of double-
strand damage, increased after 0.5 h with>0.1 nM C-1027.
Figure 4B is a graphical representation of the increase in
Form III expressed as a fraction of total EBV detected on
the blot. No increase in Form III was observed with 0.1 nM
C-1027, while a minimal increase was observed with 1.0
nM C-1027. Only with a very high C-1027 concentration
(50 nM) was DSB damage observed in more than 50% of
the EBV DNA as evidenced by>50% of the EBV signal
migrating as Form III. Since the EBV bubble arc was reduced
nearly completely with only 0.1 nM C-1027 (see Figure 2),
much lower C-1027 concentrations were required for EBV
replication inhibition than for detection of DSB damage to
the EBV episome.

While damage to the entire EBV genome was very limited,
replication inhibition could be directly inhibited if lesions
were localized to the origin-containing fragment. Specific
damage to the EBV ori P-containing fragment was assayed
by sub-band formation as described earlier for SV40 DNA
(13). Briefly, DNA isolated from Raji cells treated with 0-50
nM C-1027 was digested withEcoRI, PVuII, andBamHI to
produce a 5097 bp ori P-containing fragment (i.e., 7315-
12412 on the Raji cell EBV map (23)). This DNA was
electrophoresed on a 0.6% agarose gel (1× TAE) for 17 h
at 0.45 V/cm and Southern blotted. After hybridization to
the [32P]-radiolabeledKpnI-EcoRI ori P fragment of B-95-8
EBV DNA2 and phosphorimaging, only a single band was
evident on the blot, both in the absence and in the presence
of 1.0-50 nM C-1027 (see Figure 5). The absence of DNA
sub-bands smaller than 5097 indicated that C-1027 did not
induce DSB damage within the ori P-containing fragment.

Replication inhibition in the presence of very limited DNA
damage reportedly is mediated by a trans acting mechanism
(40) by which damage anywhere in the cellular genome can
signal a halt in replication even at sites remote from the DNA
lesion. Since 0.1 nM C-1027 strongly inhibited EBV replica-
tion while inducing very limited damage to the EBV genome

(see Figures 2 and 4), the extent of damage to nuclear
genomic DNA also was determined. Figure 6A shows the
migration on a pulsed-field gel of [14C]-radiolabeled genomic
DNA from Raji cells treated for 0.5 h with 0-50 nM C-1027.
A decrease in the amount of [14C]-DNA remaining in the
well, indicative of DNA damage, was detectable with>1.0
nM C-1027. Figure 6B is a graphic representation of the
decrease in DNA in the well occurring 0.5 and 2 h after
C-1027 addition. In control samples (no C-1027), 0.8 of the
DNA remained in the well. After treatment for 0.5 or 2 h
with 1.0 nM C-1027, the amount of DNA in the well was
reduced to 0.59 ((0.055 SEM) and 0.73 ((0.047 SEM) of
the total DNA, respectively (or 750 and 460 DSB/cell,
respectively, when calculated as described earlier (13)). That
damage at 0.5 h was slightly higher than at 2 h suggested
limited repair of genomic DNA at later times after C-1027
addition. EBV replication was strongly inhibited after
treatment for 0.5 h with 0.1 nM C-1027 (see Figure 2). At
this dose, the PFG method was not sensitive enough to detect
DSB damage to cellular genomic DNA. However, if damage
induction is assumed to be linear, extrapolation of the damage
induced with 1.0 nM predicted that 0.1 nM C-1027 induced

2 The KpnI-EcoRI fragment (7315-10312 bp on the EBV map)
hybridizes to the ori P origin-containing fragment. TheEcoRI-BamHI
probe described in the earlier figures contains a portion of theBamHI
repetitive sequence and can hybridize to other regions of the genome
outside the origin fragment.

FIGURE 4: C-1027 damage to Raji cell EBV DNA. DNA was
electrophoresed on a pulsed-field gel and analyzed on a Southern
blot as described in Experimental Procedures. (A) Southern blot
of a representative pulsed-field gel showing EBV DNA from cells
treated for 0.5 h with 0, 0.1, 1.0, or 10 nM C-1027. FI is intact
supercoiled Form I DNA, and FIII is linear Form III DNA (i.e.,
containing at least one double-strand break per molecule). (B)
Graphic representation of the ratio of Form III EBV DNA to total
EBV DNA with increasing C-1027 concentrations. Data are from
five experiments and are expressed(SEM.

FIGURE 5: Absence of C-1027-induced damage within the EBV
ori P fragment. Raji cell DNA was isolated from cells treated with
0-50 nM C-1027, digested withEcoRI, PVuII, and BamHI, and
electrophoresed on a 0.6% agarose gel (1× TAE) for 17 h at 0.45
V/cm. The gel was Southern blotted and hybridized to the [32P]-
radiolabeledKpnI-EcoRI2 ori P-containing fragment of B-95-8 EBV
DNA. The phosphorimage shows the 5097 bp ori P fragment from
cells treated with the following: lane 1, 0; lane 2, 1.0 nM; and
lane 3, 50 nM C-1027. Lane M shows the migration of EBV size
markers from 1679 to 10300 bp long.

FIGURE 6: C-1027 damage to Raji cell genomic DNA. DNA was
electrophoresed on a pulsed-field gel and analyzed on a Southern
blot as described in Experimental Procedures. (A) Southern blot
of a representative pulsed-field gel showing [14C]-radiolabeled
genomic DNA from cells treated for 0.5 h with 0, 1.0, 10, or 50
nM C-1027. (B) Graphic representation of DNA remaining in the
well after electrophoresis of [14C]-radiolabeled DNA from cells
treated with C-1027 for 0.5 h (b) or 2 h (O). Radioactivity per
lane was summed, and the amount remaining in the well was
expressed as a percent of the total radioactivity. Data are from five
experiments and are expressed(SEM.
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75 DSB/cell in genomic DNA. Thus, DSB damage was
induced in cellular genomic DNA at C-1027 doses which
inhibited EBV replication.

2-D Agarose Gel Analysis of Mitochondrial RIs. The above
data suggested that C-1027 strongly inhibited nuclear EBV
replication in trans. If replication inhibition resulted from a
cell cycle checkpoint response, replication of a non-nuclear
DNA target might not be similarly affected. The effect of
C-1027 on the replication of non-nuclear DNA was examined
by assaying C-1027 effects on mitochondrial RIs and
induction of mitochondrial DNA damage. RIs associated with
the heavy-strand origin of mitochondrial replication (ori H)
were prepared byEcoRV restriction enzyme digestion of Raji
cell DNA. This enzyme cuts human mitochondrial DNA at
sites 13754 and 3181, producing a fragment encompassing
ori H (i.e., 16000-200 on the human mitochondrial DNA
map (41)). Restricted DNA was electrophoresed on 2-D
agarose gels, and mitochondrial RIs were detected by
Southern blot hybridization as described in Experimental
Procedures. Figure 7 is a phosphorimage of a Southern blot
of a representative gel showing the 2-D migration pattern
of the Raji cell mitochondrialEcoRV ori H-containing
fragment3. Molecules which migrated in a nonlinear fashion
were identified as replication intermediates. The intense spots
of radioactivity at discrete sites along RI arcs suggest the
location of replication pause sites (42, 43). The positions of
the unreplicated fragment (1n spot) and the arc of linears
also are indicated.

C-1027 Effects on Mitochondrial RIs.The effect of C-1027
on mitochondrial RIs is shown in Figure 8. Mitochondrial
RIs were much more resistant than EBV RIs to C-1027
treatment. After 0.5 h of incubation with 1.0 and 50 nM
C-1027 (panels 2 and 3) or 2 h with 50 nM C-1027 (panel
4), mitochondrial RIs were similar to those in the control
(panel 1). Some pause sites showed increased intensity after
a 2 h treatment with 50 nM C-1027, suggesting that higher
C-1027 concentrations induce a decrease in the rate of
mitochondrial replication (44).

C-1027-Induced Mitochondrial DNA Damage. Damage to
the non-nuclear mitochondrial DNA target was assayed by
agarose gel migration of mitochondrial DNA topological
forms as described elsewhere (34) and in Experimental
Procedures. Mitochondrial sequences were detected on
Southern blots by hybridization to the [32P]-radiolabeled

human mitochondrial DNA probe described in Experimental
Procedures. Figure 9 shows C-1027 damage to mitochondrial
DNA. Panel A is the phosphorimage of a Southern blot of
a representative gel showing electrophoretic migration of Raji
cell mitochondrial DNA forms. Increases in mitochondrial
Form III, indicative of double-strand damage, were noted
after a 0.5 h treatment withg1.0 nM C-1027. In Panel B,
this increase in Form III is plotted graphically. Form III
increased to 30% ((4 SEM) of the total mitochondrial DNA
with 10 and 50 nM C-1027. While DSB damage increased
significantly with>1.0 nM C-1027, effects on mitochondrial
RIs were limited even with 50 nM C-1027 (see Figure 8,
panels 3 and 4). Thus, higher C-1027 concentrations were
required for the detection of mitochondrial replication
inhibition than for DSB damage to the mitochondrial
genome. Since only C-1027 concentrations associated with
high levels of damage induction produced an effect on
mitochondrial RIs (i.e., an increase in pause site intensity),
inhibition of mitochondrial replication probably occurs in
cis.

Comparison of C-1027-Induced Double-Strand Damage
to Nuclear (i.e., EBV and Cellular Genomic) and Non-
nuclear (Mitochondrial) DNA.Since EBV and mitochondrial
DNA differed in their replication response to C-1027, the

3 Since mitochondrial replication is unidirectional, the 2-D gel
migration pattern of the ori H-containing fragment differs from that
observed with the ori P-containing fragment of EBV which replicates
bidirectionally.

FIGURE 7: Pattern of mitochondrial DNA RIs after electrophoresis
on 2-D agarose gels. Raji cell DNA was restriction enzyme digested
with EcoRV. Electrophoresis conditions, Southern blotting, and
hybridization to a [32P]-radiolabeled mitochondrial probe are
described in Experimental Procedures.

FIGURE 8: C-1027 effects on Raji cell mitochondrial DNA
replication intermediates. Cells were treated for 0.5 h with (1) 0,
(2) 1.0, or (3) 50 nM C-1027, or for 2 h with (4) 50 nM C-1027.
To detect mitochondrial RIs, samples were assayed as described
in Figure 7. Each panel shows Southern blots of DNA from 1×
106 cells.

FIGURE 9: C-1027 damage to Raji cell mitochondrial (mt) DNA.
DNA was electrophoresed on a 0.8% agarose gel and detected on
a Southern blot as described in Experimental Procedures. (A)
Phosphorimage of a representative Southern blot of mitochondrial
DNA from cells treated with 0, 1.0, or 50 nM C-1027. FI and FIII
topological forms are described in Figure 4. FII is relaxed circular
Form II DNA with at least one single-strand break per molecule.
(B) Graphic representation of the ratio of Form III mitochondrial
DNA to total mitochondrial DNA with increasing C-1027 concen-
trations. Data are from five experiments and are expressed(SEM.
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levels of damage induced in nuclear (EBV and cellular
genomic) and mitochondrial DNA were compared. Low
C-1027 levels (1 and 10 nM) induced similar increases in
Form III in EBV and mitochondrial DNA (see Figures 4
and 9, respectively). Form III results from at least one double-
strand break per intact circular molecule (i.e., 1/184113 bp
or 1/16500 bp for EBV or mitochondrial DNA, respectively).
Thus, C-1027 apparently directed greater numbers of lesions
per base pair to mitochondrial than to EBV DNA. To directly
compare the C-1027 damage induced in nuclear (i.e., EBV
and cellular genomic) and in non-nuclear (mitochondrial)
DNA, the number of double-strand breaks induced per
nucleotide (NT) was quantitated as described in Experimental
Procedures. Figure 10 shows damage to EBV, cellular
genomic, and mitochondrial DNA after 0.5 and 2 h of
treatment with 1.0 nM C-1027. After 0.5 h, slightly less
damage (1.5-fold) was observed in EBV DNA (0.073 DSB/
106 NT) than in cellular genomic DNA (0.114 DSB/106 NT).
Damage induced in mitochondrial DNA (2.165 DSB/106 NT)
was 30 and 19 times that in EBV and cellular genomic DNA,
respectively. After 2 h, the level of damage to cellular
genomic DNA had decreased to that of EBV DNA, sug-
gesting that some repair to genomic DNA had occurred. No
change in EBV damage, and hence no apparent repair of
EBV DNA, was observed after 2 h. While a slight decrease
in mitochondrial DNA damage (to 1.82 DSB/106 NT) was
observed after 2 h, the damage to mitochondrial DNA
remained at least twenty-five times that induced in nuclear
DNA (either EBV or cellular genomic). Even when the
damage was expressed per genome, 0.5 h of incubation with
1.0 nM C-1027 induced a DSB in 1/14 mitochondrial
genomes and in 1/37 EBV genomes. Thus C-1027 induced
higher amounts of damage in mitochondrial compared to
nuclear DNA.

Cell Growth InhibitionWhether decreases in EBV replica-
tion were indicative of overall Raji cell growth inhibition
was examined. Figure 11 shows the decrease in Raji cell
growth assayed as described in Experimental Procedures 3
days after treatment with 0.1-100 pM C-1027. A 50%
decrease in cell growth was observed with 27 pM C-1027
(i.e., 0.057 pmol C-1027/106 cells). Nearly complete loss of
the EBV bubble arc was observed with 0.1 nM C-1027 (i.e.,
0.1 pmol C-1027/106 cells) (see Figure 2). Thus, similar
C-1027 concentrations affected changes in EBV replication
and Raji cell growth.

DISCUSSION

The structure of replication intermediates has been a focus
of recent reports on mammalian DNA replication (44-47).
Recently, other workers described the 2-D gel electrophoretic
pattern of EBV replication intermediates from latently
infected human Raji cells (26). The present report describes
DNA strand-scission drug-induced alterations in EBV rep-
lication intermediates and their relationship to DNA damage.

Examination of the pattern of replication intermediates on
2-D gels revealed a rapid decrease in EBV replication
bubbles when Raji cells were treated with low nanomolar
concentrations of C-1027. The EBV bubble arc disappeared
within 0.5 h, while the fork arc intensity decreased more
slowly and still was visible 2 h after C-1027 treatment. These
observations, coupled with the ability of the elongation
inhibitor aphidicolin to prevent bubble arc disappearance,
suggested that C-1027 inhibited initiation of new EBV
replicons. If C-1027 inhibited initiation and not elongation,
no new replication bubbles would be initiated while already
initiated bubbles would continue to elongate. That C-1027
caused a more rapid decrease in the EBV bubble arc than in
the fork arc probably is related to the large size of the EBV
replicon (184 113 bp) and the time necessary for maturation
of RIs. Replication forks would remain visible until the EBV
molecules had completely replicated. Since the fork arc was
reduced but still visible 2 h after treatment, up to 2 h may
be required to complete a round of EBV replication.

DNA damage can inhibit replication in cis (i.e., by a direct
effect on the DNA template) or in trans, by inducing a cell
cycle checkpoint response which alters the levels of or
interactions with key replication components. When the entire
EBV genome was examined by pulsed-field gel electro-
phoresis, C-1027-induced double-strand lesions were few,
but detectable. Approximately 1/370 EBV molecules4 was
damaged by 0.1 nM C-1027 treatment which effected nearly
complete disappearance of the bubble arc. Since the fraction
of replicating molecules also was limited, it was possible,
though unlikely, that these lesions were localized to replicat-
ing molecules. However, when the ori P-containing fragment
of EBV was isolated from Raji cells treated with 0.1-10
nM C-1027 and examined by electrophoresis on agarose gels
(see Figure 5), no DSB damage (i.e., no fragments smaller
than the ori P-containing fragment) was detected.

4 EBV DNA DSB damage induced by treating Raji cells with 0.1
nM C-1027 was too low to quantitate using pulsed-field gel electro-
phoresis. This number (1/370 genomes) assumes that damage is linear
and that 0.1 nM C-1027 will induce one-tenth of the number of DSB
observed with 1.0 nM (i.e., 1/37 EBV genomes).

FIGURE 10: Summary of C-1027-induced damage to Raji cell
nuclear (EBV and cellular genomic) and non-nuclear (mitochon-
drial) DNA. Cells were incubated with 1.0 nM C-1027 for 0.5 h
(9) or 2 h (0). DNA damage was quantitated as described in
Experimental Procedures and expressed as double-strand breaks
(DSB) per nucleotide. Data are the average of four experiments.

FIGURE 11: Cell growth inhibition by C-1027. The assay for cell
growth inhibition was described in Experimental Procedures. Cells
were counted 3 days after the addition of C-1027.
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In addition to DSB, C-1027 also induces single-strand
breaks (SSB) in intracellular DNA (13) which might inhibit
the progression of replicating DNA in cis. SSBs were not
detectable with the nondenaturing gel conditions described
above. However, an earlier study with intracellular SV40
DNA showed that with 0.7-33 nM C-1027, the average
SSB/DSB ratio was 2.0 (range) 2.9-1.4) (13). If 0.1 nM
C-1027 induced 1.0 DSB/370 EBV molecules,4 then no more
than 1.0 SSB/127 EBV molecules would be expected. Thus,
the inhibition of EBV replication initiation observed with
as little as 0.1 nM C-1027 probably does not occur in cis.

Very limited DNA strand damage anywhere in the cellular
genomic DNA can inhibit nuclear DNA replication and
progression of cells through the cell cycle in trans (1-3).
Radiation is an example of a trans acting DNA-damaging
agent, which reportedly inhibits initiation of mammalian
nuclear DNA replication and induces an S-phase cell cycle
checkpoint response (46). Trans inhibition of initiation of
SV40 DNA replication by C-1027 was reported earlier (20).
That initiation of EBV replication was inhibited with C-1027
concentrations which induced low levels of DSB damage to
cellular genomic and EBV DNA and no DSB damage in
the ori P-containing fragment suggested that EBV replication
also was inhibited in trans.

Whether C-1027-induced EBV DNA initiation inhibition
is associated with a cell cycle checkpoint response is
uncertain. Other workers have described C-1027-induced
inhibition of S phase progression and cell cycle arrest in
G2+M in hepatoma cells (48). Preliminary results using flow
cytometry indicate that cytotoxic doses of C-1027 also induce
Raji cell cycle arrest in G2+M (unpublished observation).
Agents which slow S phase progression may alter the
availability of replication initiation proteins such as cyclin
A, cdk2, RPA-34 and RPA-70 (49), while a G2+M block
has been associated with inhibition of topoisomerase II and
chromatid decatenation (50).

C-1027 was much more inhibitory to EBV than to
mitochondrial DNA replication. Other workers have shown
that ionizing radiation also is inhibitory to nuclear DNA,
but not mitochondrial DNA replication in human cells (51).
That nuclear DNA replication is dependent on the cell cycle
and occurs during S-phase (52) while mitochondrial DNA
replication can occur throughout the cell cycle (53) may
account for these differing effects. For example, agents which
inhibit cell cycle progression should inhibit nuclear to a
greater extent than non-nuclear (mitochondrial) DNA rep-
lication, resulting in an increased accumulation of mitochon-
drial mass per cell. Other workers have reported increased
accumulation of mitochondria in cultured human cells after
treatment with cytotoxic doses of either herbimycin A, a
tyrosine kinase inhibitor (54), or fialuridine, a nucleoside
analogue (55). An increase in mitochondrial DNA relative
to total cellular genomic DNA also was observed after Raji
cells were treated with a cytotoxic dose of C-1027 (unpub-
lished observation). Both mitochondrial proliferation (54, 56)
and the accumulation of mitochondrial DNA (57) have been
correlated with the induction of apoptosis which may result
from an increased mitochondrial production of reactive
oxygen species (58).

Preferential C-1027 strand break induction in mitochon-
drial compared to genomic DNA was described earlier in
murine 935 cells (34). In the present study, greater amounts

of C-1027-induced damage were observed in mitochondrial
than in either EBV or cellular genomic DNA. Larger
numbers of C-1027 lesions may inhibit mitochondrial
replication in cis. For example, 2 h with 50 nM C-1027,
which induced double-strand damage to 15% of the mito-
chondrial genomes (data not shown), also affected a change
in intensity of the replication pause sites (see Figure 8, panel
4). Damage within a specific mitochondrial DNA molecule
may halt replication of that molecule until the lesion has
been removed. Thus, direct damage to mitochondrial ge-
nomes could promote a decrease in mitochondrial DNA
replication.

The EBV episome is a good representative of a mam-
malian replicon and a facile model for investigating the
relationship between drug-induced DNA damage, nuclear
DNA replication and cell growth inhibition. The extent of
damage induced in the EBV episome was equivalent to that
in cellular genomic DNA, and concentrations of C-1027
which induced early EBV replication inhibition also inhibited
Raji cell growth. No damage was observed in the EBV ori
P region, making it unlikely that initiation was inhibited by
direct damage to ori P. These observations suggested that
C-1027 acted in trans to inhibit EBV DNA replication,
possibly by induction of a cell cycle checkpoint response.
The effect of high levels of DNA damage on mitochondrial
replication was limited, indicating that inhibition of mito-
chondrial replication probably occurred in cis. Thus, nuclear
and non-nuclear (mitochondrial) replication differ in their
DNA damage response.

Future studies will examine which replication factors are
affected by C-1027. Raji cells will be treated with C-1027
and cell extracts assayed for inhibitory potency in an in vitro
replication assay. Such studies should elucidate avenues
common to agents inducing trans regulation of DNA replica-
tion.
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