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ABSTRACT

The cytotoxic and cell kinetic effects of the epipodophyllotoxin 4,6-
demethylepipodophyllotoxin-9-(4,6-O-ethylidene-j3-D-glucopyranoside)

(VP-16) in cultured mammalian cells are thought to relate to the induction
of DNA damage, specifically DNA strand interruptions. In an effort to
explore this relationship in human cells we have identified a VP-16-
hypersensitive human cell system, namely an SV40-transformed fibro-

blast line (AT5BIVA) originally derived from an ataxia telangiectasia
(AT) patient. Evidence is presented that enhanced VP-16 sensitivity may

be a consistent in vitro feature at AT derived cells. However, the intrinsic
sensitivity (DNA strand breaks per lethal hit quantitated by nucleoid
sedimentation) was the same for AT5BIVA and a corresponding normal
control, indicating that the AT cell line accumulated more drug-induced
DNA damage during short-term VP-16 exposures. It is suggested that

AT cells may have abnormal topoisomerase II activity. The cell cycle
responses of normal and AT cells to VP-16 exposure were complex, with

the generation of parasynchronous S phase populations and the accu
mulation of cells in (.;. Differences in cell killing or DNA strand breakage
between normal and AT cells could only be correlated with the magnitude
and kinetics of the G2 retention phenomenon. In short, there are several
similarities in the action of ionizing radiation and VP-16. We suggest
that the sensitivity of cellular DNA to VP-16-induced DNA damage and

the kinetics of the (Â¡_>delay may be useful parameters for predicting the
survival probability of drug-treated human tumor populations.

INTRODUCTION
The epipodophyllotoxin VP-16' (etoposide) is a semisyn-

ihoi Â¡cderivative of the naturally occurring antibiotic podophyl-
lotoxin (for review, see Ref. 1). VP-16 has promising antitumor
activity in small cell lung carcinoma, testicular cancer, and
malignant lymphoma (for review, see Ref. 2). Unlike the parent
compound, VP-16 does not exert its cytotoxic effects by inhib
iting microtubule assembly; rather, there is increasing evidence
that drug-induced DNA damage constitutes critical biological
lesions (3-5).

VP-16 induces a spectrum of DNA lesions (including single-
strand and double-strand breaks and DNA-protein cross-links)
in intact mammalian cells (2,6). However, the exact nature and
origin of such damage is unclear since VP-16 does not bind to
DNA and appears to require certain nuclear components to
effect strand breakage (7). Current evidence suggests that VP-
16 exerts its cytotoxic effects by "poisoning" type II topoisom

erase leading to protein-associated DNA strand breaks (8-11).
Thus it is envisaged that VP-16 acts in a manner similar to the
ability of the antibacterial drug nalidixic acid to inhibit prokar-
yotic DNA gyrase (12).

Irrespective of the molecular origin of the drug-induced
DNA-strand interruptions, the critical question remains of
whether this class of DNA damage is biologically important in
human cells. Since VP-16 inhibits DNA synthesis and causes
major delays in the cell cycle (13), it is pertinent to question
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also the dependence of such cellular drug responses on DNA
damage and repair events. Interestingly, in view of the DNA
strand-breaking activity of VP-16, Gupta (14) has concluded
that the cellular effects of VP-16 are similar to those of X-
radiation.

This paper represents an attempt to explore the role of DNA
strand breakage/repair, perturbation of cell cycle traverse, and
inhibition of DNA synthesis in the cytotoxic action of VP-16.
We present dosimetrie comparisons of the above biological
responses to VP-16 exposure for SV40-transformed human
fibroblasts originally derived from a normal donor and an AT
patient. AT-derived cell lines (for review, see Refs. 15 and 16)
demonstrate enhanced sensitivity to certain classes of DNA
strand breaking agents (e.g., ionizing radiation and neocarzin-
ostatin) (15-17) with associated anomalies in DNA synthesis
patterns (18-22) and cell cycle traverse (23-27). Thus AT cells
provide a potentially hypersensitive biological system in which
to explore the factors which control VP-16 cytotoxicity.

MATERIALS AND METHODS

Cell Culture. The fibroblast lines (MRC5CVI and AT5BIVA) are
SV40-transformed derivatives of the normal primary strains MRC5
and AT5BI (obtained from a normal donor and an AT patient, respec
tively). The transformed fibroblasts and AT5BI were kindly supplied
by Dr. C. Arieti (Medical Research Council Cell Mutation Unit,
Sussex). The Epstein-Barr virus-transformed lymphoblastoid culture
(SC) was derived from lymphocytes from a normal donor, and was
kindly supplied by Dr. A. M. R. Taylor (Cancer Research Campaign
Laboratories, University of Birmingham, United Kingdom). GM717
(Human Genetic Mutant Cell Repository, Institute for Medical Re
search, Camden, NJ) is an Epstein-Barr virus-transformed lymphoblas
toid line derived from lymphocytes of an ataxia telangiectasia homo
zygote patient. Cell culture conditions have been described previously
(26, 27).

X-iiradiation and Drug Treatments. X-irradiation conditions have
been described previously (26).

Etoposide (VP 16-213; Vepesid; Bristol-Myers Pharmaceuticals) was
supplied as 100-mg ampuls. Drug dilutions were prepared immediately
before use. Cultures were treated at the indicated VP-16 concentration
in complete medium for 30 min at 37Â°C.Cultures were washed twice

with phosphate-buffered saline prior to analysis.
Growth Curves and Cell Survival. Following drug removal or X-

irrad Â¡atHUIsuspension cultures were diluted (5 x IO4cells/ml) in fresh
growth medium and incubated at 37Â°C.Cultures were resuspended by

aspiration at various intervals and cell concentrations were determined
using a Coulter Counter. Fibroblasts were collected from logarithmic
phase cultures and allowed to attach to 2.5 x 102-5 x IO4cells/9-cm
plastic dish (Sterilin) containing growth medium at 37*C for a period

of 16 h prior to drug treatments. Clonogenicity and survival curve
analyses have been described previously (26, 28).

Cell Cycle Distribution Analysis. Cells were detached by a brief
versene-trypsin treatment and resuspended in fresh growth medium at
2.5 x 10* cells/ml and cellular DNA was stained by the addition of

ethidium bromide (0.125 ml stock solution/1 ml cell suspension; stock
solution of 400 ng ethidium bromide/ml in 1% Triton \ 100). Fluo
rescence above 630 nm from individual cells was monitored using a
flow cytometer (29) incorporating a Spectra Physics (Mountain View,
CA) 164-05 argon laser tuned to 488 nm. Fluorescence distributions
were analyzed by computer using a cell cycle phase-fitting program (30)
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which assumes normal distributions for ( i, and G2+M populations and
calculates a probability function for the S-phase distribution based upon
the means and standard deviations of the ( ;, and Gz+M compartments.

Measurement of de Novo DNA Synthesis. The method has been
described previously (22) and involved the quantitation of [methyl-'H]
-thymidine uptake during a 10-min pulse for cells prelabeled with a low
level ot | mcr/ir/ I4('lilumiiliru' as a means of correcting for the amount

of DNA recovered by precipitation in trichloroacetic acid.
Detection of DNA Strand Breakage by Nucleoid Sedimentation. As

says for DNA damage were carried out on cultures which had been
subjected to a standard protocol for the generation of freeze-thawed
(permeabilized) cells directly from monolayer, adapted from the method
described by Ganesan et al. (31). The procedure has been described
previously (29) and permits the assay points in experiments to be
collected within 1 min of the cessation of VP-16 treatment.

Nucleoid sedimentation (32) detects changes due to intercalation or
DNA strand breakage in the extent of DNA supercoiling in residual
nuclear structures (i.e., nucleoids) obtained by exposure of cells to non-
ionic detergent and high-salt conditions. The current version of the
technique is essentially that described by Farzaneh et al. (33), adapted
as described previously (34).

RESULTS

VP-16 Cytotoxicity. The parental and transformed fibroblast
lines were initially screened (Fig. 1) for their sensitivity to VP-
16 using a standard exposure of 30 min. Both AT-derived lines
showed significant levels of enhanced cell killing compared to
the normal donor-derived cells. Computer analyses of the sur
vival data yield />,, values (and 95% confidence limits) of 21.7
(19.5-24.5), 8.5 (7.8-9.3), 8.9 (7.9-10.1), and 3.4 MM(3.2-3.7)
for MRC5, AT5BI, MRC5CVI, and AT5BIVA, respectively.

Cytotoxicity enhancement ratios (ratios of D0 values) of 2.6
are obtained for both the parent and transformed AT cell types
when compared to the normal controls, although SV40 trans
formation per se appears to have increased the sensitivity of
both cell lines to a similar degree (D0 parent/Do transformed
= approximately 2.4).

VP-16 CONCENTRATION ( uM)
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Fig. l. Concentration-dependent survival responses of human fibroblasts to

30-min exposure to VP-16. A, MRC5 (n = 1; plating efficiency = 7%); A, AT5BI
(n = 1; plating efficiency = 6%); O, MRC5CVI (n = 3; mean plating efficiency =
44%); â€¢,ATSBIVA (n = 3; mean plating efficiency = 27%). Data represent mean
Â±SE (bars) for n experiments.

The significant difference between the responses of normal
and AÃ•-transformed lines provides the biological basis for

determining the involvement of DNA damage and cell cycle
responses in VP-16 Cytotoxicity. However, we have also at
tempted to explore whether enhanced VP-16 Cytotoxicity is a
feature of other AT derived cells by determining the effects of
the drug on the growth of normal and AT lymphoblastoid
cultures. Fig. la shows the expected high radiosensitivity of an
AT lymphoblastoid cell line (GM717) and Fig. 2b provides
evidence that the growth of GM717 is abnormally depressed
following VP-16 treatment.

VP-16-induced Cell Cycle Perturbations. The transformed
fibroblast cell lines provide suitable cell systems for use in flow
cytometric studies (26). To aid in the interpretation of the
effects of VP-16 on cell cycle transit we present both represent

ative DNA profiles (Fig. 3) and abstracted cell cycle phase
distributions (Fig. 4). The VP-16 concentration range selected

permits the comparison of equitoxic doses (Fig. 1) for the two
cell lines, namely, 2.5 Â¡IMdrug (ATSBIVA) versus 10 //M drug
(MRC5CVI) for the 50% survival level and 5 MM(ATSBIVA)
versus 20 ^M (MRC5CVI) for the 20% survival level.

The general temporal effects of drug exposure on MRC5CVI
can be described as follows: (a) an early (t = 6 h) dose-
dependent accumulation of cells in S phase and a continued
emptying of d; (b) movement of a parasynchronous population
from S phase into a late S phase-G2 delayed state; (c) dose-
dependent accumulation in G2 at t = 12 h (direct light micro

scope examinations of cultures revealed no increase in mitotic
index; data not shown); (d) recovery from Gj delay (/ = 18-24

h) and reentry of cells into subsequent G,; (e) reentry of a
parasynchronous population into a second cycle G2.

In the case of ATSBIVA, qualitatively similar results were
obtained for the drug responses although the effects were ob
servable at lower VP-16 concentrations. The S phase accumu
lation effect resulted in a discrete population of cells (Fig. 3; t
= 6 h) which appeared to be arrested at increasingly earlier
points in S phase as the drug concentration was increased. The
actual proportion of cells accumulated in S phase (Fig 4; t = 6
h) appeared to decrease with increasing drug concentration in
ATSBIVA whereas the reverse was true for MRC5CVI. The
time course of the S phase recovery was faster (occurring

80 Â«00 100 200
INCUBATION PERIOD (h)

Fig. 2. Effects of X-radiation (a; 1.5 Gy) or VP-16 (ft; 5 Â»IMx 30 min) on the
growth kinetics of two lymphoblastoid cell lines. O, SC and A, GM717, untreated
control; Â».SC and A, GM717, exposed to X-rays or VP-16. X-ray data derived
from a representative experiment and the VP-16 data represent accumulated
results from two experiments.
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MRC5CVI

0 2.5 5 10 20
VP-16 CONCENTRATION (uM)

Fig. 3. Representative DNA content/frequency distribution profiles for two
transformed human fibroblast lines as a function of time after the indicated
treatment with VP-16 (30-min exposure). Dotted lines are drawn at channels 100
and 700 for reference.

MRC5CVI AT5BIVA

360 12 24 36 0 12 24
POST - TREATMENT INCUBATION PERIOD (h)

Fig. 4. Perturbation of cell cycle phase distribution for two transformed human
fibroblast lines exposed to various VP-16 concentrations for 30 min. Points,
arithmetic mean of two determinations (SD = <5%). The data represent the loss
or gain of cells with respect to the untreated parallel control within a given cell
cycle compartment. O, â€¢,A, A, 2.5, 5, 10, and 20 Â¡MVP-16, respectively.

between t = 6 and 12 h) in the AT line compared to MRC5CVI
(recovery between 12 and 24 h).

Interestingly, this apparently rapid S phase recovery in AT
cells is not due to an initial resistance of de novo DNA synthesis
to drug induced inhibition (Table 1). Furthermore it is worth
while noting that even after highly toxic VP-16 treatments (20
/IM;<0.5% survival; Fig. 1) AT cells can recover DNA synthesis
and enter G2 phase.

The transit of S-phase delayed cells in AT5BIVA is not
accompanied by an eventual resupply to the second cycle (â€¢,
due to the expression and maintenance of a G2 block. Compar
ison of the (â€¢:delay in the two cell lines indicates that
MRC5CVI treated with 20 ^M drug (Fig. 4) yields a G2 response
similar in magnitude and kinetics to the responses achieved by
AT5BIVA for the concentration range 2.5-5 ^M. Thus the G2
delay phenomenon reflects the dose modification observed for
cell survival.

VP-16-induced DNA Damage and Repair. We have used the
nucleoid sedimentation assay as a means of quantitating drug-
induced DNA strand breakage. For comparative purposes the
X-ray responsiveness of nucleoid preparations of transformed
cells (Fig. 5a) was determined so that levels of damage could
be analyzed in terms of radiation (Gy) equivalents. The AT cell
line appeared to be less responsive to X radiation for changes
in nucleoid sedimentation, there being no significant difference
between the sedimentation rate of unirradiated AT5BIVA and
MRC5CVI nucleoids. Fig. 5b shows that there are striking
differences in the levels of VP-16 damage induced in each cell
type. Indeed the abnormally high levels of VP-16-induced DNA
damage in AT5BIVA (Fig. 5Â¿>)are greater than the sedimen
tation values suggest, given that the AT cell line is less sensitive
to a random DNA strand-breaking agent such as X-radiation

(Fig. Sa).
The sedimentation data (Fig. 5/>) indicate that similar levels

Table 1 VP-16-induced inhibition of de novo DNA synthesis in human
transformed fibroblasts

DNA synthesis (% control) after a 30-min exposure to
20 MMVP-16 at

Ceil line O min 30 min 60 min 120min

MRC5CVIAT5BIVA57.3Â±15.6'

59.5 Â±4.761.4
Â±1.5

55.2 Â±5.167.0
Â±12.7

54.6 Â±5.769.5
Â±8.1

51.0 Â±6.8
' Arithmetic mean Â±SEfor three determinations.
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Fig. 5. Nucleoid sedimentation analyses of human transformed fibroblasts. a,
responses of permeabilized cells exposed to X-radiation; b and c, respectively,
dose-dependent induction and repair (initial dose of 20 //M VP-16 X 30 min) of
DNA damage in VP-16-treated cells, a, collected data from two experiments for
each cell line; h and <â€¢.mean values Â±SE (bars) derived from three to five
experiments. O, MCR5CVI; â€¢.AT5BIVA.
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of DNA damage (approximately, 1 Gy equivalent) are induced
by 5 MM VP-16 in AT5BIVA and by 20 MM VP-16 in
MRC5CVI. The magnitude of this dose modification effect is
of the same order as that observed for cell survival (Fig. 1) and
G2 delay (Figs. 3 and 4).

Fig. 5c shows that the majority of VP-16-induced DNA
damage is repaired rapidly in both strains after removal of the
drug. Strand breaks disappear from MRC5CVI cells with an
approximate t<hof 18 min resulting in less than 0.1 Gy equiva
lent of DNA damage remaining in cells at 60 min after exposure
to 20 MMVP-16. Although AT5BIVA cells can repair at least
75% of VP-16-induced strand breaks (20 MMexposure; Fig. 5c)
a significant level of DNA damage (approximately, 1 Gy equiv
alent) remains after a 60-min incubation period.

DISCUSSION

Our findings relate to two specific areas: (a) the molecular
basis of the unusual sensitivity of AT-derived cells to certain
classes of DNA damaging agents, and (b) the dependence of
the cytostatic and cytotoxic effects of VP-16 on the initial levels
of DNA damage induced by the drug.

To begin with, in terms of understanding the action of VP-
16 in radiation-sensitive AT-derived cells, the results are con
sistent with the existence of a similarity in the biological effects
of VP-16 and X-radiation in mammalian cells (14). Increased
VP-16 cytotoxicity was observed in an SV40-transformed AT
fibroblast cell line (AT5BIVA), its nontransformed parental
strain, and an independently derived AT lymphoblastoid cell
line. Such findings warrant verification in other AT-derived cell
lines since enhanced sensitivity to VP-16 may be a consistent
in vitro phenotype of AT derived cells, as is the case for other
potent DNA strand-breaking agents (e.g., X-radiation and ne-
ocarzinostatin) (15-17).

However, this view is complicated by the observation that the
frequency of DNA lesions (frank breaks) induced per lethal hit
is the same for the normal MRC5CVI (Z>0= 8.9 MMVP-16 x
30 min; 0.5 Gy equivalent of DNA damage) and the sensitive
AT5BIVA (D0 = 3.4 MMVP-16 x 30 min; 0.5 Gy equivalent
of DNA damage) cell lines. Thus, the data suggest that the
normal and AT SV40-transformed cell lines do not differ in
their intrinsic sensitivity to VP-16; rather, DNA damage is
accumulated more efficiently in the AT5BIVA line compared
to the normal control.

It is unlikely that differences in the initial levels of VP-16
DNA damage in AT5BIVA and MRC5CVI are due to slow
repair in the AT cell line since (a) short drug exposure periods
were used [30 min, longer periods typically resulting in the
saturation of lesion accumulation (6)] and (Â¿>)the initial capac
ity of the two cell types to handle the majority of DNA strand
breaks was found to be similar (see "Results" and Fig. 5c). It is

possible that increased lesion frequency may be due to enhanced
drug transport in AT cells. However, this does not appear to be
the case for other drugs which use the same uptake and efflux
pathway (29).2 We suggest that the molecular process of damage

induction is more efficient in the AT line. A previous study (35)
has suggested that the mild detergent cell lysis and neutral pH
conditions used in the nucleoid sedimentation technique do not
reveal the putative topoisomerase H-associated DNA strand
breaks in mouse leukemic cells treated with the intercalator 4'-

(9-acridinylamino)-methanosulfonate-/w-anisidide. However,
the relationship between DNA damage monitored by either

2P. J. Smith and J. V. Watson, unpublished data.

alkaline elution or nucleoid sedimentation has not been ex
plored for a drug such as VP-16 which has no direct DNA
binding capacity.

Although further experimentation is required to clarify these
points, there exists the intriguing possibility that AT cells may
have increased topoisomerase II activity or express an increased
number of DNA target sites at which enzyme molecules can
effect strand breakage. In support of the latter model, a chro-
matin anomaly of enhanced accessibility has been defined pre
viously in AT5BIVA (29).

In addition, the observation that a transformed fibroblast cell
line shows enhanced sensitivity to VP-16 provides a unique
opportunity to explore the factors which determine the re
sponses of human cells to this drug. In the present study, short
exposures (30 min) to relatively high concentrations of VP-16
were used so that cell kinetic parameters could be followed
more closely with respect to initial levels of DNA damage.

The most profound cell kinetic effects observed are the initial
but transitory effects on S phase together with the later accu
mulation of cells in G2. In normal cells VP-16 treatment gen
erated a parasynchronous S phase population due to the inhi
bition of DNA synthesis. Recovery from S phase accumulation
takes place at a rate which is dose independent, although the
ability to transit ( Â¡:effectively "recalls" the magnitude of the

initial insult. This principle is demonstrated again in the hyper
sensitive situation (namely AT5BIVA) in which neither the size
of the S phase delayed population nor the rate of recovery from
the S phase delayed state (even for highly toxic drug treatments
yielding >0.5% survival) are dose dependent. Indeed AT5BIVA
recovers more quickly than normal ceils from S phase delay,
despite a greater absolute accumulation of cells in the replicative
phase. The radiogenic anomaly in AT of increased resistance
to the initial inhibition of de novo DNA synthesis (the Synr

phenotype) (22) cannot be invoked to explain the rapid transit
of the lethally damaged parasynchronous S phase population
of AT5BIVA cells into G2.

Clearly under such complex circumstances it is difficult to
establish which kinetic responses correlate most closely with
cell survival. Consequently, we have sought to identify kinetic
parameters for the two cell types studied which demonstrate
the same trend when allowance is made for differences in the
cell survival. The results show that the G2 response of
MRC5CVI cells exposed to 20 MMVP-16 is essentially encom
passed by the kinetic responses of AT5BIVA exposed to either
2.5 or 5 MMVP-16, representing cell survival within the range
of 20-50%. Overall we suggest that kinetic analyses at higher
survival levels are confused by the poor distinction between a
true G2 delay and the passive enrichment of the number of cells
in that cell cycle phase due to the transit of a parasynchronous
population. On the other hand, at lower survival levels the
kinetic responses reach saturation. We conclude that compari
son of the kinetic parameters of the two human cell lines of
different VP-16 sensitivity shows that only the kinetics and
magnitude of the G2 delay phenomenon correlate with both the
survival probability and the DNA damaging potential of VP-
16.

The acute drug exposures used in the present study are more
comparable than are protracted low-dose treatments with acute
X-irradiation experiments which have previously shown that
AT5BIVA cells demonstrate a radiation dose-dependent and
cell death-related abnormal delay in G2+M due to the lack of a
recovery process (26). Thus both X-radiation and VP-16 invoke

similar cell cycle responses in normal cells and similar anoma
lous responses in AT-derived cells. However, one difference
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does exist between the two agents, namely, the prominent
parasynchronous S-phase population present in VP-16-treated

cells. This population may represent cells which accumulate at
the G|-S boundary and recover from this delay as a cohort.

At the practical level this study provides some insight into
which cell kinetic parameters (for a given background of VP-

16 indiimi DNA damage) are predictive of cell survival poten
tial. It is clear that the inhibition and recovery of cells from
DNA synthesis inhibition is not predictive and that important
cell death-related processes occur in G2 which recall the mag
nitude of the initial insult. Such a recall mechanism may involve
a persistent disruption of chromatin structure (e.g., relaxed
supercoiled domains) or persistent DNA damage (e.g., unre
solved DNA double-strand breaks).

In conclusion, VP-16 and presumably related epipodophyl-
lotoxins appear to constitute useful probes for determining the
molecular basis of the unusual sensitivity of AT cells to certain
classes of DNA-damaging agents. Conversely the existence of
a VP-16 hypersensitive human system has enabled us to asso
ciate more closely DNA damage events with defined cell kinetic
responses and cell survival probability. Our data suggest meth
ods for the rapid predictive assessments of the VP-16 sensitivity
of human tumor cells by monitoring the dosimetrie responses
of cells to DNA damage and the short-term cell cycle kinetic
effects. Hopefully, elucidation of the molecular mechanism by
which VP-16 exerts its DNA-damaging effects will provide a
rational basis for the cell type specificity of VP-16 or suggest a
means by which tumor selectivity may be effected.
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