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ABSTRACT

We report that fibroblasts from individuals with Cockayne's Syndrome

(CS), an autosomal recessive disease exhibiting hypersensitivity to UV, are
also hypersensitive to the killing action of camptothecin (CPT). In normal
and CS cell lines the level of the protein-linked single strand DNA breaks

(SSBs) induced by equal doses of CPT is similar, and these DNA breaks
disappear within minutes of the removal of CPT. Thus, the toxicity of CPT
does not correlate with the primary DNA lesions induced by the drug, and
the hypersensitivity of CS cells cannot be explained by excessive topoi-

somerase I activity or by a defect in the enzyme ligation step. We have
reported that CPT toxicity in normal cells is closely associated with the
generation of double-strand DNA breaks (DSBs), predominantly at sites of

DNA replication. The hypersensitivity of CS cells to CPT correlates closely
with the much higher level of DSBs in nascent DNA than in normal cells.
These DSBs are long-lived in all cells, but in CS many more (about 10-fold)

remain 24 h after CPT removal and are presumably responsible for the
higher frequency of chromosome aberrations in these cells. In CS as in
normal cells aphidicolin prevents the generation of replication-related

DSBs, suggesting that the movement of the DNA polymerase is necessary
for the induction by CPT of the cytotoxic DSBs. Resistance to CPT and UV
is restored to wild type in proliferating hybrids constructed between CS
lines from two different complementation groups as is the abundance of
replication-related DSBs. On the basis of this complementation we con

clude that the UV and CPT sensitivities are distinct phenotypic traits
arising from mutations in the CS A and B genes.

INTRODUCTION

CS3 is a rare autosomal human disorder, clinically characterized by

skeletal and neurological abnormalities, mental retardation, and pre
mature aging ( 1). Like patients with XP, CS patients are sun sensitive,
but unlike the majority of XP patients they do not have increased
incidence of skin cancer (2). The CS disorder is genetically hetero
geneous, and several complementation groups have been identified
(3, 4), of which at least two show clinical manifestations of not only
CS but also XP.

Cells taken from CS patients are hypersensitive to killing by UV
irradiation, show increased levels of UV-induced mutations and sister
chromatid exchange, and show a reduced ability to reactivate UV-

irradiated viruses (reviewed in Ref. 5). These characteristics suggest
that they are defective in some aspect of UV excision repair. At first,
CS cells did not appear to be defective either in their ability to remove
UV-induced DNA lesions or in UV-induced DNA repair synthesis

(6, 7). However, the rate of sealing of the nucleotide excision repair
sites after UV irradiation was found to be slower in CS cells (8), and
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also in damaged plasmids introduced into them (9), a finding that
could be due to the abnormal response of the DNA precursor pools in
CS cells after UV (10). A characteristic feature of CS cells in vitro is
their failure to recover normal levels of RNA or DNA synthesis after
UV irradiation (11, 12). DNA lesions induced by UV will terminate
transcription and inhibit DNA synthesis (5). In wild-type cells the

recovery of RNA synthesis is resumed before the majority of lesions
have been removed from the genome as a whole, probably due to the
preferential repair of the major photoproducts induced by UV in
actively transcribed DNA (13, 14). CS cells are defective in the
preferential repair of UV-induced lesions located in nuclear matrix-
bound DNA and in actively transcribed regions of genomic and plas-
mid DNA (15-17). It has been argued that the UV sensitivity of CS

cells is the result of a defect in the preferential repair pathway(s) of
transcriptionally active DNA (12, 16).

In view of the fact that the recovery of both transcription and
replication is defective in CS cells after UV irradiation, we suspected
a possible DNA Topo I malfunction. DNA Topo I plays a central role
in replication, transcription, and suppression of mitotic rDNA recom
bination (18-20). The Topo I enzyme regulates DNA topology by

introducing a transient break in the phosphodiester backbone of one of
the two DNA strands and is localized in areas of the genome under
going high rates of transcription. These areas of the genome have also
been shown to repair UV-induced DNA damage at a much faster rate

than nontranscribed or inactive genes. Though as yet there is no
evidence that Topo I or Topo II is directly involved in nucleotide
excision repair, it is possible that their activity is modified during
repair and that they are involved in the later stages of the recovery of
RNA and DNA synthesis after UV irradiation (21).

CPT is a cytotoxic alkaloid with strong antitumor activity. In eu-

karyotes it specifically inhibits DNA Topo I and is widely used as a
tool in assessing the role(s) of the enzyme in vivo. CPT inhibits both
DNA and RNA synthesis and is specifically cytotoxic to cells in S
phase. It inhibits the rejoining step of the Topo I action by stabilizing
intermediates known as "cleavable complexes," where the enzyme is
covalently linked to the 3'-end of a DNA SSB (reviewed in Ref. 22).

Several X-ray-sensitive yeast and Chinese hamster cell mutants as
well as cells from AT are also hypersensitive to CPT (23-25). In all the
mutants examined so far, the level of the protein-linked SSBs induced
by CPT is similar to that of the corresponding wild-type cell lines.
Based on the S-phase specificity of CPT toxicity and the lack of
correlation between CPT toxicity and the level of induced protein-

linked SSBs, it has been argued that, while the formation of these
"cleavable complexes" coincides with CPT toxicity, these SSBs are

probably not the lethal lesions (24â€”26).Recently we demonstrated
that CPT cytotoxicity is associated with the generation of long-lived

DNA DSBs, predominantly at or near sites of DNA replication, and
have suggested that these DSBs are the cytotoxic DNA lesions in
duced by CPT (27, 28).

In this paper we determine whether the Topo I enzyme in CS cells
is in some way defective. We compare the response of CS cells to CPT
toxicity with that of other mutant and normal human cell lines. We
report that CS cells are hypersensitive to the toxicity of CPT, although
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the frequency of the CPT-induced "cleavable complexes" is similar to

that of normal cells. CS sensitivity is associated with the much higher
level of DSBs generated in the fraction of DNA that was replicating
at the time of CPT exposure, and a high proportion of these DSBs
remain 24 h after removal of CPT. We have generated permanent
proliferating hybrids between transformed CS fibroblasts from A and
B complementation groups. In these hybrids resistance to UV and
CPT is restored to wild-type levels, indicating that the hypersensitivity

to CPT is another manifestation of the mutations in CS which result
in elevated UV sensitivity.

MATERIALS AND METHODS

Materials

Camptothecin sodium salt (Sigma) and teniposide (VM-26) were stored in
solution in dimethyl sulfoxide at -20Â°C in small aliquots of 1 to 10 m\i. The

drugs were protected from visible light and were diluted in growth medium
immediately before use. Hydroxyapatite was purchased from Boehringer
Mannheim. Ltd.; Eagle's MEM. vitamins, and essential amino acids were

purchased from Life Technologies. Ltd.: and fetal calf serum was from ICN
Flow. Agarose (5510UB) for gel electrophoresis and low-melting-point agar-

ose (5517UB) for embedding cells were obtained from Bethesda Research

Laboratories, Inc.

Cell Culture

Human diploid fibroblast strains and SV-40-transtbrmed human fibroblast

cell strains and their sources were as follows: (alHuman diploid fibroblast cell
strains were normal embryonic lung HEL (Life Technologies, Ltd.); CS ho
mozygote donor CS3BE = GM1846 (complementation group A), a gift from

Dr. C. Arlett and Dr. A. Lehmann. MRC Cell Mutation Unit, University of
Sussex, United Kingdom; and XP/CS donor ABBA and PBBA (sibs of com
plementation group XPB/CS). a gift from Dr. H-J. Muller. University of Basel,
and Dr. J. H. J. Hoeijmakers. Erasmus University, Rotterdam, (/>) SV40-

transformed human fibroblast cell lines were MRC5SV (normal donor), a gift
from the MRC Cell Mutation Unit. University of Sussex, United Kingdom;

AT5B1VA (AT homozygote donor), a gift from Dr. P. J. Smith. Clinical On
cology Unit, MRC Cambridge, United Kingdom; XPD/CS donor (XPH =
XP-Sc-8 transformed with SV40 on"), a gift from Professor A. van der Eb.

University of Leiden, Holland; and CS homozygote donors transformed with
pSV3gpt CS3BEpSV (CS complementation group A) and CSlANpSV (CS
complementation group B), a gift from Dr. L. Mayne, University of Sussex,
United Kingdom. Cells were grown in Eagle's MEM buffered with bicarbonate

and supplemented with glutamine, penicillin, streptomycin, and PCS, 10% for
normal embryonic fibroblasts and transformed lines and 15% for all the other
diploid fibroblasts.

Cell Survival Assay

The toxicity of each treatment was assayed by cell proliferation and clonal
cell survival. Cells from exponentially growing cultures were exposed a day
after seeding for 60 min to different concentrations of freshly prepared CPT or
VM26. After the removal of the drugs the cultures were washed twice in warm
medium or in PBS and incubated further in medium. The rate of proliferation
was determined by means of cell counting (Coulter Electronics, Inc.) 2 to 6
days after seeding, and the cell number is expressed as the percentage of
untreated controls. In clonal survival assays the cells were plated at low density
in growth medium (0.5 to 5 X IO3 cells/60-mm dish) and were treated as

above. After drug treatment the dishes were further incubated for a period of
8 to 14 days to allow colonies to develop.

Hybrid Production and Selection

Cells (IO6) of each line CSlANpSV and CS3BEpSV were fused and se

lected as described (10). The hybrid nature of the UV resistant clones was
verified by DNA fingerprinting analysis as described (10). The complementing
hybrid clones that showed a normal UV survival were also examined for their
camptothecin sensitivity.

CPT-induced DNA Damage Measurements

Determination of Protein-linked SSBs. For the determination of the pro
tein-linked SSBs cells were prelabeled for two to three generations (3 to 5
days) with ['H]thymidine (0.1 uCi/ml) and then seeded at a cell concentration

of 1 to 2 x 105/35-mm dish. A day after seeding (he cells were exposed for 15

to 30 min to different concentrations of CPT. After incubation the cells were
lysed on ice for 25 min in alkaline sucrose solution (5%, w/v, sucrose, 10 nisi
disodium EDTA. 150 mM NaCl, and 100 HIMNaOH). The DNA in KHjPO.,-

neutrali/ed lysate was sonicated to reduce its length to sizes ranging between
1 and 10 kilobases. In the lysate the frequency of DNA breaks was measured

by alkaline unwinding followed by hydroxyapatite chromatography as de
scribed (8), and the DNA-protein cross-links were estimated by a modification
of the K4-SDS coprecipitation assay as described (28).

Measurement of DSBs by AFIGE. Exponentially growing cells were uni
formly labeled with 0.1 uCi/ml of [ l4C]thymidine for 2 to 3 days. A day before

CPT treatment the labeled medium was replaced with fresh medium, and the
cells were incubated further for 16 h. Cells were treated with various concen
trations of CPT (0.2 to l UM)fora period of 50 min in fresh medium containing
[-'Hjthymidine (1 uCi/ml. 42 to 50 Ci/mmol). The drug and label were re

moved, cells were washed twice with buffered saline, and the cells were
assayed for DSBs immediately or after a 2-, 5-, or 24-h incubation. To examine
the effect of aphidicolin the l4C-prelabeled cells were first labeled with the
['Hjthymidine (1.5 uCi/mll for 5 min. then 5 UMaphidicolin was added to the

dish, and the cells were incubated further for 10 min; finally, l UMCPT was
added to the dishes, and the incubation was continued for a further 50 min.

To measure the DSBs generated in replicating and bulk DNA at the end of
the indicated incubation period, we used the gel electrophoresis system devel

oped by Starnato and Denko (29). as described (27). Briefly, cells were PBS
washed, detached with viokase. spun down, and resuspended at a concentration
of 0.3 to 1.0 x IO7 cells/ml in 0.8% low-melting-point agarose at 37Â°C.The

agarose/cell mixture was taken up into 3-mm internal-diameter tubing, solid
ified on ice, and cut into 5-mm pieces. These agarose plugs were incubated
overnight at 50Â°Cin 0.5 MEDTA (pH 8.0): 1% sarkosyl:50 ug/ml of proteinase

K. Electrophoresis and the method of estimating the DSBs in Gy equivalent
were carried out as described (27). The amount of radioactive labeled DNA
which enters the gel from an agarose plug is a measure of DSBs. It has been
shown that, for a given dose of X-irradiation. the release of the DNA from the
plug is significantly reduced in S-phase cells relative to cells in other phases of

the cell cycle (30). We have also shown, using the AFIGE technique (27), that
with increasing doses of y-irradiation (up to about 150 Gy) the percentage of

FAR is approximately linear for both bulk and pulsed radiolabeled DNA, but
the FAR values in the replicating DNA (|'H]thymidine) are severalfold smaller
in comparison to the bulk DNA (['4C]thymidine). The relative response of the

replicating and bulk DNA in the AFIGE assay after a dose of 100 Gy, for
instance, can vary in different cell lines and at different times after treatment.
To compare between samples and cell types, we expressed drug-induced DSBs
in pulse-labeled and bulk-labeled DNA as gray equivalent DSBs (27). This
value represents the dose of y-irradiation in Gy which gives an equivalent FAR

to that observed in the experimental sample. To estimate this value for a given
sample, CPT treated or untreated, we also subjected a few agarose plugs to
100-Gy irradiation and thereafter determined the FAR value by AFIGE anal

ysis (for detailed analysis see Ref. 27). For all experimental conditions the FAR
values of the mock-treated controls were deducted from the values of the
drug-treated cells.

Determination of Chromosomal Aberrations

Cells from exponentially growing cultures were seeded at a concentration of
2 X IO4 per 35-mm dish and incubated for 3 days in complete medium, with

one change of medium a day before CPT exposure. After exposure for 30 min
the drug was removed, and the dishes were washed twice with PBS and
incubated further. For the accumulation of mitotic cells 0.04 pg/ml of nocoda-

zole was added 20 h after CPT treatment, and dishes were further incubated for
48 h. The mitotic index at the end of this incubation period was about 10% for
all the cell lines examined. Colcemid (0.25 ug/ml; Life Technologies, Ltd.) was
added an hour before chromosome preparation to disrupt the mitotic spindle
and enhance the spreading of chromosome preparations. Chromosome spreads
were prepared as previously described (31). Cells in S phase were labeled
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during the 30-min incubation in medium containing ['H]thymidine (I (jCi/ml).

Autoradiography was performed as described (32).

RESULTS

SV40-transformed and Diploid CS Fibroblasts Are Hypersen
sitive to CPT Cytotoxicity. The toxicity of CPT to SV40-trans-
formed wild-type and CS cells was determined by cell proliferation

and colony survival. In both assays the cells were exposed for 60 min
to a range of CPT concentrations 1 day after seeding. Acute exposure
to CPT reduces the rate of proliferation, and inhibition is much more
pronounced in CS cells; 2 UMCPT inhibits the growth of normal
MRC5SV cells by about 30%, while that of CS3BEpSV and
CSlANpSV is reduced by 55% and 64%, respectively. In parallel
control cultures, growth during the same period is logarithmic with 4-
to 10-fold increase in cell number. The colony survival assay (Fig. \A)

confirms that CS appears to be more sensitive to the drug toxicity than
wild-type cells; at a concentration of 0.5 UMCPT, the survival of

MRC5SV is 55% and that of CSSBEpSV and CSlANpSV is 25% and
36%, respectively. CPT toxicity is limited to a fraction of the popu
lation, and it does not increase in either wild-type or CS cells at

concentrations above 2 UM.This is consistent with previous reports
which show that the cytotoxicity of CPT is predominantly S phase
specific (33-35). The S-phase indices at the time of CPT exposure in

the proliferating cultures of the two CS and the normal cell lines were
all about 40%. The increased sensitivity of CS cells to CPT cannot be
explained, therefore, on the basis of differences in the size of the
S-phase population, nor can we explain why only 20% of the CS cell

population is insensitive to the acute application of the drug. It has
been shown for various cells that the G, population is resistant to CPT
(28, 33-35), but it remains possible that a fraction of the G2 popula

tion is sensitive to CPT treatment, as was suggested by Li et al. (33).
If the G2 phase of CS cells is indeed sensitive to the drug, that might
perhaps explain why almost 75% of CS cells are killed by CPT. Unlike
cells from another human disorder, AT, which is hypersensitive to the
inhibitors of either DNA Topo I or Topo II (25, 36; Fig. \A), the
sensitivity of CS cells to VM26, an inhibitor of Topo II, falls within
the normal range (data not shown).

To eliminate the possibility that the hypersensitivity of the CS lines
to CPT toxicity is an unexpected consequence of SV40 transforma
tion, we measured the effect of CPT on the survival of diploid CS
fibroblasts. It can be seen in Fig. IÃŸthat the diploid CS3BE is also
more sensitive than the normal cells to the toxicity of low concentra
tions of CPT. The smaller difference in sensitivity to CPT between
CS3BE and the normal HEL diploid cell strains can be attributed to
the much slower rate of proliferation of CS3BE; the S-phase index at

the time of CPT exposure was 55% for HEL and 33% for CS3BE
cells. Cells derived from individuals displaying both XP and CS
[XPB/CS and XPD/CS (37)] showed a similar sensitivity to CPT as
wild-type or XPD (XP6BESV) cells (Fig. 1, A and B). These results

suggest that the hypersensitivity to CPT is restricted to CS mutants
from complementation groups A and B.

In CS and Normal Cells, Similar Levels of Protein-linked SSBs

Are Induced by CPT. These SSBs disappear rapidly after drug re
moval. In yeast, overproduction of Topo I leads to increased CPT
sensitivity (23). It has been shown in mammalian cells that the pri
mary cellular lesions induced by CPT are the protein-linked SSBs

(reviewed in Ref. 22). To assess whether the hypersensitivity of CS
cells to CPT is associated with an increased level of DNA damage, we
compared the levels of CPT-induced protein-linked SSBs in MRC5SV

cells to those of the two transformed CS lines. We used the alkaline
unwinding assay to determine the frequency of SSBs induced by CPT
and to verify that they are protein linked by precipitating the "cleav-
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Fig. 1. CS cells, SV40 transformed (A) and diploid fibroblasts (B). are hypersensitive
to CPT toxicity. Known numbers of cells were seeded in duplicate and exposed for 60 min
to different concentrations of CPT 18 h after seeding. The drug was then removed, and the
dishes were washed twice with medium containing 5% FCS. Fresh medium containing 10
to 15% FCS was added to the dishes, and colonies were counted 1 to 2 wk later. In
SV40-transformed cells (A): normal MRC5SV (O); CSlANpSV (A); CS3BEpSV (D);
the CS A X CSB hybrid HAB 1 ( Â»); XPD cell lines XP6BES V (â€¢)and XPD/CS (A); and
AT5BIVA (*). In diploid f.broblasts (ÃŸ):normal HEL (O); CS3BE (GM1846) (D);

XPB/CS PBBA ( 0 ). The data present an average of at least seven independent experi
ments for the normal, the CS. and the hybrid cell lines and at least two with the rest of the
cell lines. The values and the standard errors of 0.2 UMCPT treatment are as follows: in
A, O, 63 Â±8; A, 48 Â±7; D, 48 Â±7; Â«,64Â± 8; â€¢¿�.55 Â±13;*, 42 Â±5; A. 76 Â±16.

In B, O, 60 Â±20; D, 48 Â±20; O, 65. insufficient data to obtain meaningful SE.

able-complexes" in K+-SDS, as described in "Materials and Meth
ods." Fig. 2, A and B, shows that the level of protein-linked DNA

breaks induced by CPT during a 15-min exposure is similar in normal

and the two CS cells; the level of breaks is dose dependent, reaching
a plateau at concentrations of 1 to 2 UM,within the range of maximum
cytotoxicity for these cells (Fig. 1/4). Thus, the hypersensitivity of CS
cells to CPT cannot be explained by an excessive Topo I activity.

The rates of accumulation of protein-linked SSBs and their disap

pearance after CPT removal appear similar in normal and CS cells
(Fig. 2C). These results indicate that the hypersensitivity of CS cells
cannot be attributed to the presence of long-lived SSBs.
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Fig. 2. The induction of protein-linked SSBs by CPT and their disappearance after drug
removal in normal MRC5SV (O), CSlANpSV (A), and CS3BEpSV O cells. |-'H]-
Thymidine-labeled cells were treated with various concentrations of CPT a day after

seeding. In A and B, the cells were treated for 15 min and lysed, and the DNA unwound
in alkali. The sonicated samples were assayed for SSBs by hydroxyapatite chromatogra-
phy (A ) and for protein-linked DNA breaks by K *-SDS precipitation (B). as described in
"Materials and Methods." Samples were treated with proteinase K (plus PK) before
K +-SDS precipitation. In C, the cells were treated with I UMCPT for 30 min, before drug

removal. The cells were then washed twice with PBS and incubated further in fresh
medium.

The Recovery of RNA and DNA Synthesis Is Slower in CS Than
in Normal Cells after CPT Treatment. With increasing CPT con
centrations more breaks are induced in cellular DNA, and this corre
lates with the extent of inhibition of RNA and DNA synthesis (34, 35;
reviewed in Ref. 22). We have compared the extent of inhibition of
RNA and DNA synthesis by CPT and the rate of recovery of synthesis
after drug removal in normal and CS cell lines. Fig. 3 shows that

synthesis of both RNA and DNA is inhibited to a similar extent in
MRC5SV and the two CS cell lines by the same concentration of CPT.
Fig. 3 also shows, however, that the rate of recovery of synthesis of
RNA and DNA after CPT removal is greatly retarded in CS compared
with normal cells. While the inhibition of RNA synthesis in normal
cells is fully reversed by 90 min, in CS cells reversal takes about 3 h.
Moreover the surge in RNA synthesis in the CPT-treated MRC5SV

cells, seen 3 to 5 h after drug removal, does not occur in CS cells (Fig.
3A).

The recovery of DNA synthesis after removal of CPT ( 1 ^M) is
slower than that for RNA, and it takes about 5 h in asynchronous
cultures of MRC5SV before the control level is reached. Ten h after
the removal of CPT the rate of DNA synthesis in normal cells is
almost double that of the control. These results are in good agreement
with our recent report of cell cycle progression of MRC5SV after a
short exposure to CPT (28). The flow cytometric analysis showed that
a I-h exposure to 1 \IMCPT resulted in the accumulation of cells in S

phase up to 12 h following treatment, presumably due to the arrest of
those cells in S phase by CPT. and by the progression of G, cells into

0246

Incubation time (h)

Â«

â€¢¿�P

O 4 8 12 16 20

Incubation time (h)

Fig. 3. Inhibition of RNA and DNA synthesis by CPT. In CS cells the rate of recovery
of nucleic acid synthesis after CPT removal is reduced. Logarithmically growing cultures
were exposed for 60 min to CPT 3 days after seeding. The drug was then removed, and
the cells were further incubated as described in Reference 28. For RNA synthesis (A), the
cells were treated with 5 UMand. for DNA synthesis (fl). with l UMCPT. Cells were pulse
labeled for 30 min with either 2 pCi/ml of |'H|uridinc or I nCi/ml of |'H]thymidine at the
indicated times. The points correspond to amounts of acid-insoluble radioactivity in
CPT-treated versus untreated cells, normalized for cell number by means of radioactivity
present in the equilibrated acid-soluble pool of each sample. O, MRC5SV; A,
CSlANpSV;D, CS3BEpSV.
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S. The extent of DNA synthesis at 10 h is greater than the level of the
untreated control, indicating that DNA synthesis is taking place in
cells that at the time of CPT exposure were probably either in S phase
or in G i and then progressing into S phase. The flow of CPT-treated

MRC5SV cells from S to G2 results in a sharp drop in the rate of DNA
synthesis by 24 h and in the accumulation of cells in G2 (Fig. 3B; Ref.
28).

The picture that emerges with both of the CS cell lines is of a
marked delay in the recovery of DNA synthesis after an acute expo
sure to l UMCPT; 10 h are required in CS cells for DNA synthesis to
reach the level of the untreated control, which is twice as long as for
the normal cells. Moreover, as can be seen in Fig. 3ÃŸ,the rate of DNA
synthesis never exceeds that of the control, perhaps indicating that
those CS cells that were in S phase at the time of exposure are either
very slow to recover or do not recover DNA synthesis at all, which
may result in their arrest in S phase and not in G2.

The Frequency of Persistent DSBs Induced by CPT Is Mark
edly Higher in CS Than in Normal Cells. Recently we reported (27,
28) that in the normal cell, CPT cytotoxicity is associated with the
generation of long-lived DSBs. predominantly at or close to sites of

DNA replication, and we now examine whether the hypersensitivity of
CS cells to CPT can be explained by the level of persistent DSBs
induced by the drug.

We used the AFIGE system developed by Starnato and Denko (29)
for measuring DSBs. The level of DSBs induced by CPT in the DNA
is estimated by measuring the FAR into the gel from the well. The

Table 1 Sensitivity to CPT toxicity ami the generation of DSBs induced in replicating
DNA in various human cell lines

Hours after camptothecin removal
Fig. 4. CPT induces long-lived DSBs in nascent DNA. and their frequency is elevated

in CS cells. The DNA in cells was uniformly labeled with | MC]thymidine for 2 to 3 days.

The label was then removed, and the cells were further incubated in fresh medium for 16
h. Thereafter the cells were treated simultaneously with l UMCPT and I uCi/ml of
['Hjthymidme for 50 min. Label and CPT were removed, and the cells were embedded in

agarose immediately or after chasing for 2. 5. and 24 h after CPT removal. DSBs were
measured by AFIGE and are expressed in gray equivalents as described in "Materials and
Methods." Open symbols. DSBs generated in the DNA that was replicating at the time of
exposure (['Hlthymidine labeled); closed symbols. DSBs generated in the bulk DNA |A>
(|'4C|thymidine labeled in CSlANpSV cells). O. MRC5SV; A, CSlANpSV; D.

CS3BEpSV; X, hybrid HABÃ•.The data are an average of 8 independent experiments, and
their value for pulse labeled DNA with their standard errors for the various times post-CPT
removal is as follows: 0 h: O, 30 Â±9: A, 69 Â±17; D. 58 Â±23; X, 34 Â±9. 2 h: O, 23
Â±5.4; A, 42 Â±28; O. 30 Â±2.4; X. 17 Â±7.5. 5 h: O, 16 Â±6; A, 22 Â±10; D, 24 Â±
11; X, 13 Â±5.21. 24 h: O. 3.5 Â±2; A, 40 Â±9; D 45 Â±19; X, 20 Â±10.

Transformed
celllinesWild

typeMRC5SVHelaX-ray

sensitiveAT5B1VAUV

sensitiveXP6BESVXPD/CSCSlANpSVCS3BEpSVHybrid

HABÃ•D5(1

values (UMCPT)"0.50(1.0)'1.0(2.0)0.13(0.310.33

(0.7)0.6(1.0)0.13(0.3)0.13(0.3)0.40(0.8)DSBs

in nascent DNA
(Gy equivalent)'17.6

Â±4.4''16.0ND'14.018.044.0

Â±6.040.0
Â±8.016.0
Â±4.0

" The dose required to reduce the colony survival by 50%.
'' DSBs generated in |'H]thymidine-labeled DNA immediately after treatment

with 0.2 UMCPT.
' Numbers in parentheses, the D5()value relative to that of the normal MRC5SV

cell line.
'' Mean Â±SE determined from at least 3 independent experiments.
'' ND. not determined.

DSBs arising in newly replicating DNA (pulse labeled with [3H|-
thymidine) and those in bulk DNA (uniformly prelabeled with [14C]-
thymidine) are estimated as described in "Materials and Methods."

Exponentially growing cells, uniformly labeled with (MC|thymi-

dine. were treated for 50 min with l UMCPT and simultaneously pulse
labeled with ['Hjthymidine. The drug and the label were then re

moved, and the percentage of the FAR was measured in samples taken
immediately after exposure and at 2, 5, and 24 h. The data in Fig. 4
and Table 1 show that during CPT treatment DSBs are generated, in
a dose-dependent manner, almost exclusively in the DNA that was
synthesized at the time of exposure; i.e., the fraction of the 3H-labeled

DNA that is released is severalfold greater than the fraction of the bulk
14C-labeled DNA. In the normal MRC5SV cells these DSBs disappear

during the course of the experiment and, by 24 h after the removal of
1 JJMCPT, the majority of the DSBs are repaired; nevertheless DSBs
equivalent to about 3 Gy remain. The long-lived nature of these
CPT-induced DSBs contrasts with the extremely rapid repair of the

SSBs (Fig. 2).
At least twice as many DSBs are generated in the nascent DNA of

the two CS lines as in the normal cell lines, MRC5SV and Hela or
XP6BESV and XPD/CS after exposure to 0.2 and l UMCPT for 60
min (Fig. 4; Table 1), despite the similarity in S-phase indices. Five h

after the removal of l UMCPT. about two thirds of the DSBs have
disappeared, presumably repaired. Though a large fraction of the
DSBs are repaired in each of the CS lines, a substantial number of
DSBs remain and. at 24 h, the frequency of DSBs has actually in
creased relative to 5 h, reaching a 10- to 15-fold greater level than that

in normal MRC5SV cells (Fig. 4).
There is much evidence for the cytotoxic nature of DSBs (38), and

the hypersensitivity of CS cells correlates well with the much greater
level of DSBs induced by CPT and then persisting after drug removal.

Aphidicolin Prevents the Generation of DSBs and Thus Pro
tects Normal and CS Cells from the Lethal Effects of CPT. We
have shown recently that aphidicolin. an inhibitor of DNA poly-
merases a and 0, prevents both the CPT-induced DSBs and cytotox

icity in normal human cells (27. 28), a result which indicates that
ongoing movement of the replication fork is required for the produc
tion of DNA DSBs and cell killing (26, 39). We have examined
whether the process that leads to CPT-induced cell death in CS is

similar to that in normal cells.
The results presented in Table 2 show that (a) cotreatment of CPT

with aphidicolin protects both normal and CS cells from the cytotox
icity of CPT. suggesting that CS cells are hypersensitive to the drug
via the same route that leads to drug-induced cell death in normal cells
(27); (b) aphidicolin does not affect the level of protein-linked SSBs
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Table 2 Effects of aphidii itlin on DSBs ami SSBs
Aphidicolin prevenÃsinduction of DSBs by CRT and protects both CS and wild-type cells from CPT toxiciiy. It docs not affect the level of protein-linked SSBs induced.

Camptotheein concentration (I JJMx I h)

Cell proliferation (*Â£)DNASingle

strand
(per 10"dallons)'Cell

lineCSIANpSV

CSÃ•BEpSV
MRC5SVControl041Â±16''

5IÂ±I3
69Â±I3Aphidicolin*120

114
110Control4Â±2

4.5Â±0.4
5.5Â±2AphidicolinNDr

ND6.0hreaksDouble

strand
(Gyequivalent)'Control69Â±I7

58Â±23
30Â±9Aphidicolin0

ND
0

" A day alter seeding the cells were treated with l UMCPT for 60 min. Proliferation was determined by cell counting 2 and 4 days after the removal of CPT and is expressed as

a percentage of the proliferation of untreated control. The data present an average of at least 6 independent experiments.
'' Aphidicolin at 5 ug/ml was given IO min before CPT treatment and during CPT exposure.
' SSBs and DSBs were determined at the end of 60-min incubation as in Figs. 2 and 4. The data present an average of at least 8 independent experiments.
'' Mean Â±SE.
'' ND. not determined.

induced by CPT. indicating lhal aphidicolin does noi inhibil Topo I
activity and that the cytotoxicity of CPT does not correlate with the
level of the SSBs induced; and (c) cotreatment wilh aphidicolin abol
ishes the induction of DSBs by CPT in both normal and CS cells. By
preventing the generation of DSBs aphidicolin protects the cells from
the lethal effects of CPT. In CS cells, as in normal, the movement of
the replication fork is necessary for the induction of the DSBs. The
high level of generation of DSBs by CPT at or around the replication
fork in CS cells suggests the possibility of an unusually fragile rep
lication machinery in these mutant cells.

CS Cells Show Exaggerated Levels of CPT-induced Chromo
some Damage. The S-phase-dependent cytotoxicity and double

strand breakage of nascent DNA induced by CPT should be reflected
by chromosome aberrations. Since CPT generates greater S-phase
DNA damage in CS than in wild-type cells, we have examined
whether chromosome damage is greater in CS cells. After a 1-h pulse

of CPT (0.2 and l UM)both normal (28) as well as CS cells are delayed
in their passage through the cycle and, in these experiments, mitoses
were collected between 3 and 4 days after exposure. The data in Table
3 show that both transformed CS cell lines suffer more chromosome
damage (2- to 4-fold) than a normal counterpart. CS3BEpSV being the

more sensitive of the two CS mutants, in line with its greater cell
killing. A detailed analysis of chromosome damage induced by CPT is
in preparation, but it is clear that in CSIANpSV the main types of
damage are dicentric formation, chromatid breaks, pairs of acentric
fragments, and general fragmentation. The main damage in
CS3BEpSV is a dose-dependent increase in chromatid breaks and

fragmentation.
The Hypersensitivities to UV and CPT of CS Cells, Comple

mentation Groups A and B, Are Coordinately Corrected in CSA x
CSB Proliferating Hybrids. To assess whether the CPT-sensitive

phenotype of CS is a manifestation of the mutations which result in
elevated UV sensitivity, we have generated permanent hybrids be
tween the two SV40-transformed CS fibroblasts, CSIANpSV and

CS3BEpSV. which are members of different complemenlalion groups.
Several hybrid clones survived the UV selection, and all acquired
simultaneous normal resistance to the toxic effects of UV and CPT.
Hybrid production and verification have been reponed elsewhere (10).

One hybrid. HABÃ•, was analyzed further and shown to have full
resistance to UV as can be seen from the values for D{,expressed in
J/m2: MRC5SV, 3.9 Â±0.7; CS3BEpSV, 1.6 Â±0.13; CSIANpSV, 0.7

Â±0.1; HABÃ•,4.3 Â±0.3 (10). In addition, the exaggerated sensitivily
to CPT is also fully complemented (Fig. 1; Table 1). Moreover, the
characteristic high level of DSBs generated in the nascent DNA of CS
cells is normalized in the hybrid (Fig. 4; Table I). The concordant
complementation of the two hypersensitivities of CS cells. UV and
CPT. in addition to hypersensitivity to deoxyguanosine which has

Table 3 CiinnnoMinie ilittnii\>e induced by a l h CPT exposure in wild-type
unii CS celt lines

CellMRC5SVCSIANpSVCPTconcentration(UM)00.21.000.21.0Ã‡f
of mitoses

with chromosomeaberrations"0111352837

CSJBEpSV 0
0.2
1.0

14

53
70

" Forty to 80 metaphases were analyzed for each data point. Mitotic cells were

collected 3 days after CPT treatment.

been described elsewhere (10), suggests that they are phenotypic traits
of the same mutation.

DISCUSSION

In this study we show that fibroblasts from the inherited UV-

sensitive human disease. CS. are also hypersensiiive to the toxicity of
the Topo I inhibitor CPT. Cells from the two complementation groups
A and B are hypersensitive to the drug. However, hypersensitivity to
CPT does not extend to cells from those individuals who inherit
characteristics of both XP as well as CS, i.e.. XPB/CS or XPD/CS.
This dual sensitivity in CS A and B indicates that mutations in at least
two different genes produce Â¡hesimilar UVSCPTS phenolype. In ihe

proliferating CSA X CSB hybrids, there is a concordant recovery of
wild-type UV and CPT resistance. Other cellular characteristics of CS

are corrected in the hybrids, including the recovery of RNA and DNA
synthesis after either UV or CPT and the level of induction of DNA
DSBs by CPT.

The cross-sensitivity of CSA and CSB cells to UV and CPT implies

a defect in a common repair pathway which is used by the cell in
response to DNA damage generated by these agents: as yel we are
unable lo provide a mechanistic explanation. CS cells do not recover
normal rates of RNA or DNA synthesis after UV irradiation (II, 12),
and we have used CPT to probe the CS phenotype since ihe larget of
CPT action is DNA Topo I. an enzyme involved in topologica!
changes necessary for both RNA and DNA synthesis (reviewed in
Refs. 18 and 19). We argued that an unusual response to the drug
could signify an abnormal Topo I in these cells. We have confirmed
that, as with UV irradiation, the recovery of transcription and repli
cation in CS cells after a brief exposure to CPT is delayed and
substantially reduced compared with normal cells. However, the in
duction by CPT of proiein-linked SSBs, predominancy al siles of
iranscripiion, is essenlially normal. Moreover, the protein-linked SSBs
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disappear from the genome of CS cells after CPT removal at the same
rate as from normal cells. We conclude, therefore, that the cellular
activity of Topo I in CS cells, as measured by the frequency of the
protein-linked SSBs. appears to be normal. The hypersensitivity of CS

cells to CPT cannot therefore be explained by excessive Topo I ac
tivity, which would have resulted in a greater number of SSBs. or by
a defect in the Topo I ligation step.

There is now a consensus that CPT kills cells in a cycle-related
manner, though the level of drug-induced protein-linked SSBs is
constant throughout the cycle (28, 33-35). The S-phase-specific cy-

totoxicity of CPT and the abolition of toxicity in both normal and CS
cells by aphidicolin. an inhibitor of DNA synthesis, strongly imply
that ongoing DNA replication is involved in CPT toxicity. Hsiang et
al. (26) proposed a model which invoked a collision between the
moving replication fork and the Topo I-DNA complex which trans

forms the normally reversible complex into a lethal lesion, perhaps a
DSB. Evidence in support of this model comes from the analysis of
viral DNA replication intermediates isolated from CPT-treated cells,

where it was shown that CPT induces breakage of DNA replication
forks on both the leading and lagging strands (40, 41).

Using pulsed-field gel electrophoresis to detect low levels of DNA

fragmentation we have shown that, in normal human cells. CPT tox
icity is closely associated with the generation of DSBs located almost
exclusively in the newly synthesized DNA (27. 28). These DNA
breaks are long-lived, in contrast to the SSBs induced by CPT and. as

we show in this paper, are almost certainly responsible for the en
hanced sensitivity of CSA and CSB cells to the drug. Thus, in CS
fibroblasts a similar concentration of 0.2 UMCPT results in the gen
eration of 4- to 5-fold more replication-associated DSBs than in nor

mal cells. In both normal and CS cells many of the DSBs induced are
repaired, but in CS 10- to 15-fold more DSBs remain 24 h after a 1 P.M

CPT treatment. These breaks are presumably responsible for the
higher frequency of chromosomal aberrations observed in CS cells.
The long-lived DSBs are also a likely cause of the G2 arrest reported

in mammalian cells after acute exposure to CPT (33, 42).
In CS as in normal cells the mechanisms by which the collision of

the replication machinery with CPT Topo I-DNA complexes leads to

the generation of frank DSBs is unknown. Further analysis of the
mutant CS phenotype may help to elucidate the mechanisms by which
the DNA damage induced by CPT in replicating DNA leads to fork
breakage. Whether the CS hypersensitivity is related to an unusually
fragile replication machinery or whether the Topo I-DNA complex is

particularly labile in these cells is now under investigation.
The A and B complementation groups of CS can now be added to

the list of mutant cells, mammalian and yeast, which are hypersensi
tive to acute CPT exposure (23-25, 43). Most of these cells have

problems in rejoining single and double strand DNA breaks induced
by ionizing radiation, and it is an intriguing possibility that their
sensitivity to CPT resides in the rejoining of replication fork-associ

ated DNA breakage. At the present time the CS mutations represent
the only hypersensitive phenotypes where a direct correlation between
the CPT-induced DNA lesions and cell survival is demonstrated.
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