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At a concentration of 10 m, camptothecin inhibited vaccinia deoxyribonucleic
acid (DNA) synthesis in HeLa cells. Inhibition of viral DNA synthesis was ob-
served when the drug was added before infection or at 1 or 2 hr after infection.
Inhibitory effects of camptothecin on vaccinia DNA synthesis could be reversed,
even after exposure to the alkaloid for 2 hr. Viral DNA, isolated from vaccinia-
infected, camptothecin-treated cells, displayed an altered sedimentation constant
after alkaline sucrose density gradient centrifugation. Incorporation of uridine into
vaccinia messenger ribonucleic acid was inhibited by camptothecin, but the activity
of ribonucleic acid polymerase, as tested in isolated vaccinia cores, was not affected
by the drug. Camptothecin had essentially no effect on replication of poliovirus in
HeLa cells.

Camptothecin is a cytotoxic plant alkaloid iso-
lated from Camptotheca acuminata (family Nys-
saceae; 25). We previously showed that campto-
thecin inhibits synthesis of deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA) in HeLa cells
and induces degradation of DNA (14). The drug
inhibits the synthesis of nucleic acid in leukemia
L1210 cells (21, 22) but has no effect on macro-
molecular synthesis in mitochondria prepared
from various tissues in the rat (3). Camptothecin
inhibits growth of experimental tumors in rodents
(8, 10) and has been used for chemotherapy of
certain neoplasms in man (9).
The present studies were undertaken to deter-

mine whether camptothecin would inhibit growth
of viruses that replicate in the cytoplasm of the
host cell. Vaccinia, a DNA virus whose nucleic
acids are replicated on a DNA template, and
poliovirus, a virus with an RNA template, were
chosen for these experiments. Vaccinia virus cores
were used to study the effects of camptothecin on
cell-free synthesis of viral RNA.
Our results indicate that camptothecin inhibits

synthesis of viral DNA and RNA in vaccinia-
infected HeLa cells. Furthermore, the sedimenta-
tion characteristics of vaccinia DNA were altered
when the drug was added to vaccinia-infected
HeLa cells. The latter observation may underlie
the antiviral action of camptothecin on DNA
viruses. The alkaloid has essentially no effect on
replication of poliovirus in HeLa cells. (A pre-

1 Publication no. 266 from the Joan and Lester Avnet Institute
of Molecular Biology.

liminary report of these studies was presented
before the American Association of Immunolo-
gists, April 1972 [Fed. Proc. 31:810, 1972].)

MATERIALS AND METHODS
Chemicals. Camptothecin was kindly provided by

M. E. Wall of the Research Triangle Institute, North
Carolina, and by J. L. Hartwell and H. B. Wood, Jr.,
of the Cancer Chemotherapy National Service Center,
National Cancer Institute, Bethesda, Md. The alka-
loid, in the form of its sodium salt, was dissolved in
water just prior to use. Actinomycin D was purchased
from Mann Research Laboratories; fetal calf serum
and tissue culture media, from Grand Island Biologi-
cal Co.; and nonradioactive nucleotides, from P-L
Biochemicals, Inc. 3H-thymidine (6.7 Ci/mmole),
3H-uridine (13.8 Ci/mmole), and 3H-uridine triphos-
phate (UTP, 17.1 Ci/mmole) were obtained from
New England Nuclear Corp.

Cells and viruses. HeLa S3 cells were grown in sus-
pension culture in Eagle minimal essential medium
(MEM; 6) supplemented with 5% fetal calf serum.
The WR strain of vaccinia virus, kindly provided by
W. Joklik, was grown in HeLa cells and purified as
described by Joklik (16). The number of vaccinia
virions was determined by measuring the absorbance
at 260 nm (17). Purified type 1 poliovirus was a gift
from E. Ehrenfeld. Infection of actinomycin-treated
HeLa cells with poliovirus at a multiplicity of 300
plaque-forming units/cell was performed as described
by Summers et al. (24). Infectivity of poliovirus was
determined by the plaque assay of Bishop and Koch
(2).

Determination of vaccinia DNA synthesis. Virus-
specific DNA synthesis was measured by determining
the rate of incorporation of 3H-thymidine into cold
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trichloroacetic acid-insoluble material in the cytoplasm
of infected HeLa cells. Cells (4 X 106/ml) were sus-
pended in MEM supplemented with 5% fetal calf
serum, and were then infected with purified vaccinia
virus strain WR at a concentration of approximately
650 virions/cell. After incubating for 20 min at 37 C,
the cell suspension was diluted to a concentration of
4 X 105 cells/ml; the time of dilution is represented as
the initial point for all experiments shown. At the
indicated times, samples (2 ml) of the cell suspension
were removed, S ,uCi of 3H-thymidine was added, and
the incubation was continued for 30 min at 37 C. Cells
were collected by centrifugation, washed twice with a
cold buffered saline solution (7), and resuspended in
1.5 ml of buffer composed of 10 mm tris(hydroxy-
methyl)aminomethane (Tris)-HCI, pH 7.5, 10 mM
KCl, and 1.5 mm MgC92. The cells were allowed to
swell in the buffer for 7 min at 4 C and then ruptured
with a Dounce homogenizer calibrated to break more
than 95% of the cells but less than 1% of the nuclei.
Nuclei and unbroken cells were removed by centrifu-
gation for 4 min at 800 X g. Trichloroacetic acid was
added to the supernatant solution at a final concentra-
tion of 5%, and the acid-insoluble material was col-
lected on 2.5-cm type HA membrane filters (Millipore
Corp.). Radioactivity was determined by liquid scin-
tillation counting after suspension of the dried filters in
10 ml of a toluene solution containing 0.5% 2,5-di-
phenyloxazole and 0.003% 1 ,4-bis[2-(4-methyl-5-
phenyloxazolyl)]-benzene. The counting efficiency of
this system for tritium was 14%.
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Determination of vaccinia RNA synthesis. Viral
RNA synthesis was measured by determining the rate
of incorporation of 3H-uridine into cold trichloroacetic
acid-insoluble material in the cytoplasm of infected
cells (1). Cells were infected, incubated for 20 min at
37 C, and diluted as described in the preceding section.
Samples (4 ml) were removed from the suspension
culture at the indicated times, and 2.5 ,uCi of 3H-uri-
dine was added. Cells were further incubated for 10
min at 37 C, washed, and ruptured with a Dounce
homogenizer; the acid-insoluble material was meas-
ured as described above for the synthesis of DNA.

Assay for RNA polymerase activity in vaccinia cores.
Vaccinia cores were prepared by treatment of purified
virus with detergent as described by Kates and Beeson
(20). The rate of RNA synthesis by this core-asso-
ciated RNA polymerase was determined as follows.
The reaction mixture contained, in a total volume of
0.4 ml: 2 X 1010 cores; adenosine triphosphate, 1
,Mmole; guanosine triphosphate, 0.5 ,umole; cytidine
triphosphate, 0.5 jMmole; UTP, 0.02,Amole; 3H-UTP,
1 ,uCi; MgCl2, 2,umoles; 2-mercaptoethanol, 4 jpmoles;
and Tris-HCl, pH 8.5, 20 ,umoles. All components of
the reaction mixture, except the four nucleotides, were
preincubated for 5 min at 37 C in the presence or ab-
sence of inhibitor. The assay was initiated by addition
of the nucleotides.

Alkaline sucrose density gradient analysis of the
cytoplasmic fraction obtained from vaccinia-infected
HeLa cells. Vaccinia virus-infected HeLa cells (4.5 X
106 cells) were collected by centrifugation, washed
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FIG. 1. Effect of camptothecin on incorporation of thymidine into DNA in vaccinia-infected and uninfected

HeLa cells. Cells were infected with vaccinia virus as described in Materials and Methods. Camptothecin was
added I min prior to infection and maintained at a final concentration of 40 pM throughout the experiment. Cells
(2.5 ml) were removed at intervals of 1 hr, and the rate ofDNA synthesis was determined as described in Materials
and Methods by adding 3H-thymidine and continuing the incubation for 30 min. A sample (0.5 ml) ofthe suspension
was removed, the cells were washed, 5% trichloroacetic acid was added, and the precipitates were collected on
membrane filters. Radioactivity in the precipitate was taken as a measure of total DNA synthesis. Total DNA
(panel A) represents the combined rate ofhost and viral DNA synthesis in infected cells. The remaining cells (2.0
ml) were ruptured mechanically, as described in Materials and Methods, and were centrifuged; the trichloroacetic
acid-precipitable radioactivity in the cytoplasm was determined as a measurement of viral DNA synthesis (panel
B). All data shown represent the average rate ofDNA synthesis per 30 min per ml of cells. (C1) Uninfected; (a)
uninfected, camptothecin added; (0) infected; (@) infected, camptothecin added.
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twice with a buffer composed of 50 mr Tris-HCI, pH
8.0, 5 mrm disodium ethylenediaminetetraacetate
(EDTA), and 0.15 M NaCl, and then resuspended in
1.5 ml of a cold solution composed of 10 mM Tris-HCl,
pH 8.0, 50 mm KCI, and 5 mm EDTA. These buffers
were supplemented with 40 ,uM camptothecin for those
experiments in which the drug was used as an inhibitor.
Cells were allowed to swell for 7 min and then rup-
tured with a Dounce homogenizer. Nuclei and un-
broken cells were removed by centrifugation; 0.5 ml
of the cytoplasmic supernatant solution was layered
on a 5 to 20% alkaline sucrose density gradient and
immediately centrifuged at 15,000 rev/min for 15 hr
at 4 C in a Spinco SW27 rotor, as previously de-
scribed (14).

RESULTS
Effect of camptothecin on the synthesis and

properties of vaccinia DNA. At a concentration of
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FIG. 2. Effect of concentration of comptothecin on
vaccinia DNA synthesis. Camptothecin was added I
min prior to infection at the following concentrations:
A, 20 MM; 0, 10 JM; *, 1 JM; A, 0.1 JM; *, 0.01
,m; 0, uninhibited control. Viral DNA synthesis was
measured in the cytoplasmic fraction of vaccinia-in-
fected HeLa cells, as described in Materials and Meth-
ods.

40 Mm, camptothecin inhibited "total DNA" syn-
thesis (Fig. 1A, representing the combined rate of
DNA synthesis in host cell and virus) and pre-
vented synthesis of DNA in the cytoplasm (Fig.
iB, representing synthesis of viral DNA). The
effect of various concentrations of camptothecin
on cytoplasmic DNA synthesis in infected cells is
shown in Fig. 2. Camptothecin strongly inhibited
synthesis of viral DNA at a concentration of 10
jAM. At a camptothecin concentration of 1 jAM, the
apparent rate of DNA synthesis did not differ
significantly from the control, and at 0.1 and 0.01
jAM camptothecin the rate of thymidine incorpora-
tion into acid-insoluble material exceeded that of
the control reaction.
The effect of camptothecin on viral DNA syn-

thesis, when the drug was added at various times
during the infectious cycle, is shown in Fig. 3. The
results of this experiment indicated that campto-
thecin is an effective inhibitor either when added
prior to the infection or at 1 or 2 hr after infection.
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FIG. 3. Inhibition of vaccinia DNA synthesis by

camptothecin. Camptothecin was present at a final
concentration of40 MM. (a) Camptothecin added 1 min
prior to infection; (A) camptothecin added I hr after
infection; (a) camptothecin added 2 hr after infection;
(0) uninhibited control. Viral DNA synthesis was
measured as described in Materials and Methods.
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The inhibitory effect of camptothecin on viral 4 -0

DNA synthesis apparently can be reversed by
washing the cells twice with warm MEM and re- I
suspending the cells in MEM supplemented with
5% fetal calf serum (Fig. 4). In these experiments, _ I
the drug was added 1 min prior to infection. Full b 3
reversal of inhibition could still be achieved up to x I
2 hr after infection. E

Viral DNA obtained from the cytoplasm of /
camptothecin-treated HeLa cells displayed a lower
sedimentation constant than that obtained from > 2
untreated cells, as determined by alkaline sucrose U
density gradient centrifugation (Fig. 5). In these
experiments, viral DNA was labeled by incubat- <
ing infected cells with '4C-thymidine for 60 min.
Incorporation of radioactivity was stopped by 1
washing the cells twice with 12C-thymidine.
Camptothecin was added, and the incubation was
continued for 30 min. The pellet from the drug- I

10 Pellet 4 8 12 16
FRACTION NUMBER

FIG. 5. Alkaline sucrose density gradient analysis of
vaccinia DNA. Cells (4.0 ml) were infected and diluted

78 - as described in Materials and Methods. At 60 min after
infection, the cells were labeled for 60 min by addingX 3H-thymidine (I ,uCi/ml). Cells were washed twice with

E
E 1l \ \\ cold MEM containing 20 jum 'I2C-thymidine, re-

suspended in MEM containitng 5%° fetal calfserum, and
°6 itcubated at 37 Cfor 15 miii. The cuilture was divided;
<i D \ \ 7 camptothecin, at a final contcentration of 40 gM, was

added to owe half, and both cultures were incubatedfor
X ID \\ \ an additional 30 min. Cytoplasmic fractions were pre-
o pared and anialyzed onz alkaline sucrose density gradients
u

4 - ID u \ as described in Materials and Methods. (a) Campto-
zL thecin-treated; (0) uniinhibited control.
z

treated preparation contained only about 30%O as
much viral DNA as the pellet from the untreated
preparation. These alterations in sedimentation
properties were observed only if camptothecin was
present in the buffers used for the washing and
swelling of drug-treated cultures.

4, 1?) (e) T Effect of camptothecin on synthesis of vaccinia
2 4 6 8 mRNA. Because camptothecin altered the sedi-

TIME AFTER INFECTION (hours) mentation properties of DNA, the drug could in-

FIG. 4. Reversal of inhibition of vaccinia DNA syn- hibit synthesis of messenger RNA (mRNA)
thesis. Camptothecin was added 1 min prior to infection copied from the DNA template. Vaccinia virus
at a final concentration of40 JiM. At the times indicated mRNA is synthesized in the cytoplasm of infected
by the arrow, cells (18 ml) were collected by centrifuga- cells and can be specifically labeled with a 10-min
tion, washed twice with warm MEM, and resuspended pulse of radioactive uridine. Significant amounts
in MEM containinzg 5% fetal calf serum. Samples (2 of host-cell RNA are not released from the nu-
ml) were removed from the culture at 60-min intervals, cleus into the cytoplasm during this period of time
and viral DNA synithesis was determined as described in (1). The results shown in Fig. 6 indicate thatMaterials anid Methods. (0) Camptothecini-treated;
(-) exposed to camptothecin for 1 hr prior to reversal; camptothecin ihibits most of the synthesis of
(Ol) exposed to camptothecin for 2 hr prior to re- viral mRNA in infected cells.
versal; (AL) exposed to camptothecin for 4 hr prior to The effect of camptothecin on synthesis of
reversal; (0) uninhibited conitrol. mRNA was also determined in isolated viral cores
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sucrose gradients by the method of Hecht and
Summers (11). Under these conditions, a virus-
specific 35S RNA peak was observed (data not
shown); the sedimentation characteristics of this
material were indistinguishable from those of the
untreated control.
Camptothecin did not alter the yield of polio-

virus when virus-infected HeLa cells were incu-
bated with 4 X 10-1 M camptothecin for 6 hr
(Table 1). Guanidine significantly inhibited infec-
tivity of poliovirus when tested under similar
conditions.

DISCUSSION
Camptothecin, at a concentration of 10 ,UM,

promptly inhibited incorporation of thymidine
into vaccinia DNA and was effective even when

1 2 3 4 5
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FIG. 6. Effect of camptothecin on incorporation of
uridine into the cytoplasmic fraction ofvaccinia-infected
HeLa cells. Camptothecin was added 1 min prior to
infection at afinal concentration of40 Mu. (a) Campto-
thecin-treated; (0) uninhibited control.

(Fig. 7). Significant inhibition ofmRNA synthesis
did not occur when 0.1 mm camptothecin was pre-
incubated with viral cores for 5 min prior to
adding the four nucleotide triphosphate sub-
strates. In contrast, actinomycin D, added to viral
cores under similar conditions, totally inhibited
synthesis of mRNA.

Effect of camptothecin on replication of polio-
virus. The effect of camptothecin on RNA synthe-
sis in a single-stranded RNA virus was determined
by adding the drug to actinomycin-treated HeLa
cells infected with type 1 poliovirus. Incubation
was allowed to proceed for 30 min before the drug
was added. Camptothecin had essentially no effect
on incorporation of 3H-uridine into viral RNA
when tested at concentrations of 1, 10, or 100 ,UM
(Fig. 8). Small variations in the amount of RNA
synthesized were occasionally observed, but these
differences were not dose-dependent. Guanidine,
a compound known to inhibit poliovirus replica-
tion (5), served as a control for these experiments.

Cytoplasmic extracts of poliovirus-infected
HeLa cells, labeled with radioactive uridine and
exposed to 100 AM camptothecin throughout the
infectious cycle, were treated with sodium dodecyl
sulfate and analyzed on 15 to 30% neutral
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FIG. 7. Effect of camptothecin on activity of RNA
polymerase in vaccinia viral cores. Symbols: A, 10 ,uM
camptothecin; El, 100 ,AM camptothecin; 0, 100 liM
actinomycin; 0, uninhibited control. The assay was

performed as described in Materials and Methods. The
total volume of the reaction mixture was 3.0 ml. At the
times indicated, samples (0.4 ml) were removed and
added to 2.5 ml of cold 10% trichloroacetic acid. After
10 min at 4 C, 20 ,moles of sodium pyrophosphate were

added, and the precipitates were collected on membrane
filters. Filters were washed three times with 5% tri-
chloroacetic acid, treated with 0.6 ml ofNH4OHfor 15
min, and dissolved in 10 ml of the scintillation mixture
described by Bray (4) for determination of radio-
activity.
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FIG. 8. Effect ofcamptothecin on uridine intcorpora-
tion into poliovirus RNA. HeLa cells were inifected wit/
poliovirus as described in Materials and Methods;
camptothecin and '4C-uridine (0.15 ,ACi/ml) were
added 30 mihz after infection. At intervals of 30 min,
samples (0.2 ml) of the cell suspension were removed
and pipetted into 2.0 ml of cold Earle solution. Cells
were centrifuged and lysed in 1.0 ml of water and
precipitated by the addition of cold 5% trichloro-
acetic acid. Radioactivity in trichloroacetic acid-
insoluble material was determined as described in
Materials anud Methods. Symbols: *, 100 MM campto-
thecin; O, 10 AM camptothecin; A, 1 ym camptothecin;
U, 3 mM guanzidine; 0, no additions.

added 2 hr after infection. It would appear that
camptothecin does not act by preventing adsorp-
tion or penetration of vaccinia virus, as these
initial steps in the replicative cycle are completed
within 1 hr after infection (19). Inhibition of viral
DNA synthesis by camptothecin was reversed by
washing the infected cells and resuspending them

TABLE 1. Effect of camptothecin on yield
of poliovirusa

Addition Concn Virus yield(Ms) (PFU/rml)

Nonen. 1.1 X 109
Camptothecin........ 4 X 10-5 1.0 X 109
Guanidine........ 3 X 10- 3 5.0 X 10l

a Suspensions of HeLa cells (107 cells/ml) were
inoculated with poliovirus at an input multiplicity
of 10 plaque-forming units (PFU)/cell. After
adsorption at 37 C for 60 min, the cells were cen-
trifuged, washed, and resuspended at a concen-
tration of 106 cells/ml in MEM containing the
indicated additions. After incubation at 37 C for
6 hr, the samples were frozen and thawed three
times and then centrifuged; the infectivity of the
supernatant fluids was measured in the absence
of camptothecin and guanidine.

in a drug-free medium. Even when this was carried
out 2 hr after the cells were infected and treated
with the drug, the subsequent rate of DNA syn-
thesis was similar to that in uninhibited controls.
This reversibility suggests the use of camptothecin
for studies of macromolecular synthesis in virus-
infected cells. &
The molecular weight of vaccinia DNA (as cal-

culated from the particle weight and DNA con-
tent) has been estimated at 160 X 106 (18). Proc-
essing of such high-molecular-weight DNA fre-
quently results in partial degradation of the
molecule, and isolation of vaccinia DNA from
infected HeLa cells necessarily involves some
mechanical shearing. The amount of high-molecu-
lar-weight viral DNA was further reduced in cells
that were treated with camptothecin.
Although camptothecin inhibits synthesis of

viral mRNA in infected cells, RNA polymerase
activity in vaccinia cores was unaffected by the
alkaloid. The enzyme contained in these cores is
known to initiate, terminate, and release RNA
chains (20). Failure of camptothecin to alter the
activity of this enzyme suggests that the inhibitory
activity of the drug requires additional factors
present in the host cell or, possibly, that the drug
is unable to penetrate viral cores.
The effects of camptothecin on viral DNA syn-

thesis resembled some of the actions of the drug
previously observed in HeLa cells (14). In those
experiments, low concentrations of camptothecin
were observed to inhibit synthesis of DNA and
RNA, although they did not initially influence
protein synthesis. Inhibition of RNA synthesis
was reversible; furthermore, camptothecin did not
significantly inhibit activity of isolated DNA and
RNA polymerases. Incubation of HeLa cells with
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camptothecin also resulted in partial degradation
of DNA.
Camptothecin inhibits replication of adeno-

virus and alters the sedimentation properties of
adenovirus DNA (12, 13). Like HeLa cells,
adenovirus replicates its DNA in the nucleus.
Since vaccinia virus replicates exclusively in the
cytoplasm, the effects of camptothecin are con-
fined neither to the nucleus nor to the cytoplasm.

Alterations in sedimentation of DNA observed
after exposure of virus-infected cells to campto-
thecin could result from the action of endonu-
cleases; such enzymes have been described in vac-
cinia virus (23). Degradation could also result
from a chemical action of camptothecin on DNA.
In either case, an altered template DNA could
affect the synthesis of DNA and RNA. Alter-
natively, camptothecin may inhibit the activity of
an enzyme involved in DNA repair, such as DNA
ligase (cf. 15); degradation of DNA would,
thereby, represent failure of DNA repair.
Camptothecin had essentially no effect on repli-

cation of poliovirus, a virus containing single-
stranded RNA. Concentrations of camptothecin
that did not influence synthesis of RNA in polio-
virus completely inhibited synthesis of vaccinia
virus DNA and mRNA. Apparently, campto-
thecin can inhibit synthesis of mRNA from a
DNA template in the cytoplasm but not mRNA
made from an RNA template. Since infectivity of
poliovirus was not altered after replication in the
presence of camptothecin, the drug does not seem
to alter synthesis or assembly of poliovirus pro-
teins. Actinomycin was not present during the
assay for poliovirus replication, eliminating the
possibility that camptothecin and actinomycin
might interact. Poliovirus synthesized RNA from
exogenously administered nucleosides in the pres-
ence of camptothecin; therefore, it is unlikely that
the drug acted on vaccinia virus by preventing up-
take of nucleosides required for nucleic acid syn-
thesis or the conversion of these nucleosides to
their respective phosphorylated forms.
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