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Abstract-Etoposide, a DNA topoisomerase II inhibitor, caused a concentration-dependent induction 
of apoptosis in immature thymocytes. Using a flow cytometric method to separate and quantify normal 
and apoptotic cells, etoposide-induced apoptosis was inhibited by cycloheximide and actinomycin D 
but not by zinc. Etoposide induced a marked cleavage of DNA into nucleosomal length fragments or 
multiples thereof, which was completely inhibited if the thymocytes were also incubated in the presence 
of zinc. Etoposide, alone, induced the classical ultrastructural features of apoptosis, but in the presence 
of zinc, the morphological pattern was markedly different and dominated by discrete clumps of 
condensed chromatin abutting the nuclear membrane. These latter changes resemble those described 
as the earliest changes in apoptosis. These results support the hypothesis that, in the induction of 
apoptosis, critical alterations in nuclear chromatin occur prior to endonuclease cleavage of DNA into 
nucleosomal fragments. 

Apoptosis is a form of active cellular self destruction 
or cell suicide [l-3]. It is a major form of cell death 
occurring in a wide variety of different biological 
systems and is characterized by chromatin con- 
densation and a requirement for energy as well as 
RNA and protein synthesis [2-41. Biochemically, 
apoptosis has been best characterized by the cleavage 
of DNA into nucleosomal size fragments of 180- 
200 bp, or multiples thereof, which are detected by 
gel electrophoresis as a DNA ladder [5,6]. A number 
of agents including glucocorticoids, y-irradiation, 
the calcium ionophore A23187, tributyltin oxide, 
and anti-CD3 antibodies, induce apoptosis in 
immature thymocytes [2,3,7,8]. Recently, it has 
been observed that a number of anticancer agents 
may exert their action, at least in part, by increasing 
apoptosis and a better understanding of these 
mechanisms may lead to the development of novel 
anticancer agents [9, lo]. 

DNA topoisomerases are important nuclear 
enzymes, whose function is to resolve topological 
problems in DNA [ll]. Two major topoisomerases, 
types I and II, have been found in all eukaryotic 
cells, which function by forming transient enzyme- 
bridged DNA breaks on one (type I) or both DNA 
strands (type II) [ll, 121. DNA topoisomerase II is 
an important intracellular target for a number of 
clinically useful antitumour drugs, including the 
epipodophyllotoxin, etoposide (VP-16). These drugs 
interfere with the breakage-rejoining reaction of 
topoisomerase II, by trapping a covalently linked 
complex of the enzyme and the 5’ cleaved termini 
of the DNA molecule, known as a cleavable complex 
[ 11,131. The cleavable complexes appear responsible 
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at least in part for a number of cellular effects of 
topoisomerase poisons, including cell death and 
elevated levels of sister chromatid exchange and 
chromosome aberrations [ll]. In general, there is a 
good relationship between cleavable complex 
formation and cytotoxicity, although exceptions have 
been observed suggesting the importance of other 
cellular processes [ 141. Results using a human colonic 
carcinoma cell line suggest that in addition to 
topoisomerase II-mediated DNA breaks, calcium- 
dependent cellular processes are required for cell 
killing [15]. The mechanism by which the lesions 
induced by topoisomerase inhibitors induce cell 
death is unclear [14-171. 

Cycloheximide, an inhibitor of protein synthesis, 
prevents the cytotoxicity of etoposide without 
altering the extent of the DNA lesions [18]. This 
data, together with a number of other studies suggest 
that DNA topoisomerase II inhibitors induce 
apoptosis in some cells including thymocytes [ 191, 
initially by an interaction with topoisomerase II, 
followed by an endonuclease cleavage of DNA [ 191. 
Recently, we have shown that whilst zinc prevented 
dexamethasone-induced DNA fragmentation and 
internucleosomal cleavage, it did not prevent key 
early morphological changes of apoptosis [20]. In 
this study, we demonstrate that etoposide induces 
all the characteristic morphological and biochemical 
changes of apoptosis in thymocytes. Zinc, an 
inhibitor of the endonuclease, prevents some but 
not all of these changes. 

MATERIALS AND METHODS 

Materials. Etoposide (VP-16), dexamethasone, 
actinomycin D, cycloheximide, Hoechst 33342, 
propidium iodide and Percoll were obtained from 
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(a> 

Forward Light Scatter 
Fig. 1. Flow cytometric determination of the induction of apoptosis in thymocytes by etoposide. 
Thymocytes (2 x 10’ cells/ml) were incubated for 4 hr either alone (a) or in the presence of 1 (b) and 
10 (c) PM etoposide, or with etoposide (10pM) in the presence of zinc (1 mM) (d). The cells were 
then spun down and resuspended in medium together with Hoechst 33342 for 10 min as described in 
Materials and Methods. Propidium iodide was added and the cells examined by flow cytometry. Non- 
viable ceils were gated out and two populations of viable cells separated, i.e. normal cells in region 2 
with low blue fluorescence and higher forward light scatter and apoptotic cells in region 1 with high 

blue fluorescence and lower forward light scatter. 

the Sigma Chemical Co. (Poole, U.K.). Zinc 
diacetate was from Fisons Scientific (Loughborough, 
U.K.). Density marker beads were from Pharmacia 
LKB, Biotechnology AB (Uppsala, Sweden). 

Thymocyte incubations. Isolated rat thymocytes 
were prepared from male Fischer 344 rats (4-5 weeks 
old) as described previously [8] and the resulting cell 
suspension was diluted with RPM1 1640 containing 
10% foetal bovine serum to give a final cell sus- 
pension of 18-20 x 106cells/mL. Incubations were 
carried out for up to 4 hr at 37” under an atmosphere 
of 95% air: 5% CO2 with dexamethasone (0.1 yM), 
etoposide (l-25 PM), cycloheximide (10 PM), actino- 
mycin D (1 PM) or zinc diacetate (1 mM). 

Flow cytometry. A flow cytometric method was 
used to separate and quantify normal and apoptotic 
thymocytes [21]. Cells (2 X 106) were incubated with 
Hoechst 33342 (1 pg/mL) for 10 min at 37”, cooled 
to 4”, centrifuged at 400 g for 5 min and resuspended 
in PBS containing propidium iodide (5 pg/mL). 
Flow cytometric analysis was carried out at a flow 
rate of 2OOcells/sec using an Ortho System 50H 
Cytofluorograph linked to a 2150 computer system, 
with krypton laser excitation at 352nm. Forward 
light scatter and blue (400-500nm) versus red 
(>630 nm) fluorescence were recorded using linear 
amplification. Blue fluorescent cells were gated and 

displayed as a two-dimensional cytogram of blue 
fluorescence intensity versus forward light scatter. 

Percoll gradients. Purified populations of normal 
and apoptotic thymocytes were prepared by dis- 
continuous Percoll gradients as described previously 
[22]. Beads of buoyant density of 1.063, 1.075, 1.099 
and 1.119 g/mL banded at the O-60%, 60-70%) 70- 
80% and 80-100% Percoll interfaces, respectively 
(fractions Fl-F4, respectively). 

Agarose gel electrophoresis and DNA fragmen- 
tation. Agarose gel electrophoresis was used to 
detect DNA laddering in whole cells (2 x lo6 cells) 
by the method of Sorenson et al. (231. DNA 
fragmentation was measured by the percentage of 
diphenylamine-reactive material present in the 
13,OOOg supernatant fractions of lysed cells [24]. 

Electron microscopy. Aliquots of cell suspension 
(approx. 1 x lo6 cells, 0.1 mL) were fixed in 0.4 mL 
of 2% glutaraldehyde at room temperature for at 
least 30min and then spun down. Pellets were 
resuspended in 0.5mL of 2% glutaraldehyde and 
spun down. Resulting pellets were postfixed in 1% 
osmium tetroxide and stained, en bloc, in 2% 
aqueous uranyl acetate before being dehydrated 
through a series of ethanols and embedded in 
Araldite. Semi-thin (1 pm) sections were cut, axially, 
through all layers of each pellet to select areas for 
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Table 1. Induction of apoptotic cells and DNA fragmentation by etoposide 

Compound 

Control 
Etoposide 

Dexamethasone 

Concentration 
(FM) 

- 
: 

10 
2.5 
0.1 

Viability 
(%) 

86.3 r 1.9 
81.3 rt 2.0 
79.3 * 1.5 
79.9 f 2.6 
74.3 f 0.8 
78.9 + 1.2 

Apoptosis 
(%) 

8.3 2 1.2 
12.3 + 0.9 
24.3 2 1.6 
26.8 f 3.4 
40.8 ‘- 3.4 
27.1 2 1.0 

DNA fragmentation 
(%) 

6.6 k 0.9 
16 +: 1.7 

29.3 rfr 5.7 
33.8 + 4.7 
47.7 f: 5.9 
20.3 -c 2.0 

Thymocytes were incubated for 4 hr either alone or in the presence of etoposkie (l-2.5 @M) or 
dexamethasone. After incubation, either the % DNA fragmentation was determined by the 
diphenylamine method as described in Materials and Methods or the cells were incubated with 
Hoechst 33342. The % viability was assessed as the % of cells excluding propidium iodide. The % 
of apoptotic cells was determined by the number of cells with high blue fluorescence expressed as 
a % of the total number of viable cells. The results represent the mean zt SEM of at least three 
separate experiments. 

,ultra-microtomy. Ultrathin sections were stained 
with lead citrate and examined in a Jeol 108CX 
electron microscope. 

RESULTS 

Induction of apoptosti 

Viable normal and apoptotic thymocytes were 
separated by flow cytometry following incubation of 
the cells with the vital bisben~midazole dye, Hoechst 
33342 [21]. The non-viable cells, which included 
propidium iodide and fluoresced red, were gated out 
during the computer analysis. Two populations of 
viable cells were clearly distinguished: (a) normal 
cells in region 2 (Fig. la-d), which had a higher 
forward light scatter (indicative of a larger size) and 
exhibited low blue fluorescence due to the Hoechst 
33342 and (b) apoptotic cells in region 1 (Fig. l), 
which had a lower forward light scatter and exhibited 
high blue fluorescence. These cells have been shown 
to be apoptotic based on a number of criteria 
including ultrastructure and the appearance of 
DNA ladders on agarose gel electrophoresis [21]. 
Etoposide caused an induction of apoptosis in 
thymocytes, as determined by the increase in cells 
exhibiting high blue fluorescence compared to 
control cells (compare regions 1 in Fig. la, b and 
c). Etoposide (l-25 PM) caused a time- (results not 
shown) and concentration-dependent increase in 
apoptotic cells without any marked increase in 
cytotoxicity, as assessed by the number of cells 
including propidium iodide, within the 4 hr incubation 
period (Table 1). Support for this conclusion was 
obtained by the concentration-dependent increase 
in DNA fragmentation caused by etoposide (Table 
1). The proportion of cells undergoing apoptosis, as 
determined by fIow cytometry, correlated with the 
amount of DNA fragmentation (I = 0.98) (Table 1). 
Dexamethasone, a glucocorticoid, well known to 
induce apoptosis in thymocytes [5], was included as 
a positive control (Table 1). Further support for the 
induction of apoptosis was obtained from the results 
of the agarose gel electrophoresis, when etoposide 

caused a concentration-dependent induction of 
internucleosomal cleavage of DNA (Fig. 2). 

Inhibjtion of etoposi~-indeed apoptosk 

The induction of apoptosis by etoposide was 
inhibited by cycloheximide and actinomycin D, as 
assessed by flow cytometry (Table 2) and agarose 
gel electrophoresis (Fig. 3). Zinc inhibited etoposide- 
induced fragmentation as assessed by agarose gel 
elec~ophoresis (Fig. 3) and DNA fra~entation 
(Table 2) but not when assessed by flow cytometry 
(Fig. Id and Table 2). In some early experiments, 
zinc caused some inhibition of the high blue 
fluorescent cells but no inhibition was observed in 
any of our recent studies. The reason for this 
variability is not known. As we have recently 
shown that zinc prevented dexamethasone-induced 
internucleosomal cleavage, but did not prevent 
certain key ultrastructural changes, we investigated 
the effects of zinc on etoposide-induced apoptosis. 

Characterization of Percoll-fractionated cells fol- 
lowing exposure to etoposide alone or in the presence 
of zinc 

The higher density of apoptotic compared with 
normal thymocytes has been used as the basis for 
their separation and purification, using discontinuous 
Percoll gradients [22]. Thymocytes were incubated 
for 4 hr with etoposide (10 PM) either alone or in 
the presence of zinc (1 mM) and separated on Percoll 
gradients into four discrete fractions (Fl-F4), which 
were examined by flow cytometry, gel electrophoresis 
and electron microscopy. Ceils in F2 and F4 have 
been best characterized and shown to correspond to 
normal and apoptotic cells, respectively [22]. Cells 
in Fl also have a normal morphology and contain a 
large number of proliferatively competent cells [22], 
whilst those in F3 contain preapoptotic thymocytes 
at an early stage of apoptosis [25]. Control thymocytes 
yielded predominantly only two fractions (Fl and 
F2). Agarose gel electrophoresis of the cells from 
the different Percoll fractions obtained following 
exposure to etoposide showed little or no DNA 
laddering in these supposedly norma cells (Fig. 4a 
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Fig. 2. Induction of internucleosomal DNA cleavage by 
etoposide. Thymocytes were incubated for 4 h either alone 
(lane 2, control) or in the presence of etoposide (1, 5 or 
25 PM, lanes 3-5, respectively) or dexamethasone (0.1 PM, 
lane 6). The cells were then examined by agarose gel 
electrophoresis 1231 for evidence of DNA laddering. Lane 

1 contains markers of 123 bp or multiples thereof. 

Table 2. Abrogation of etoposide induced apoptosis by 
various inhibitors 

Apoptotic DNA 
cells fra~entation 
(%) (%) 

Control 7.5 c 0.3 5.7 * 1.7 
Etouoside 27.7 rt: 0.7 32.3 + 6.4 
+ dycloheximide (10 PM) 9.1 kO.6 11.3 -c 2.4 
+ Actinomvcin D (1 uM) 11.1 t 0.7 8.6 ‘- 2.4 
+ Zinc (item) ’ ’ ’ 26.3 rt 1.5 3.3 c 1.4 

Thymocytes were incubated for 4 hr with etoposide 
(10 PM) either alone or in the presence of various inhibitors. 
The % apoptotic cells and DNA fragmentation were 
determined as described in the legend to Table 1. The 
results represent the mean 2 SEM (N 2 3). 

Fig. 3. Inhibition of etoposide-induced DNA laddering by 
cycloheximide, actinomycin D and zinc. Thymocytes were 
incubated for 4 hr either alone (lane 1) or with etoposide 
(10 PM) (lane 2) in the presence of cycloheximide (10 PM) 
(lane 3) actinomycin D (1 PM) (lane 4) or zinc acetate 
dihydrate (1 mM) (lane 5). The cells were examined for 

DNA laddering by agarose gel electrophoresis 1231. 

and b), whereas extensive laddering was observed 
in the purported apoptotic cells in F4 as well as in 
the cells from F3 (Fig. 4c and d). No DNA laddering 
was observed in any of the four fractions obtained 
when etoposide was incubated in the presence of 
zinc (Fig. 4e-h). 

Flow cytometric analysis of Percoll-fractionated cells 

Cells in Fl and FZ in the presence (Fig. 4e and f) 
or absence of zinc (Fig. 4a and b), exhibited high 
forward scatter (indicative of larger size) and low 
blue fluorescence typical of normal cells. With 
etoposide alone, cells from F3 (Fig. 4c) appeared 
heterogenous containing both apparently normal 
cells, which exhibited low blue fluorescence and also 
smaller cells with high blue fluorescence. Further 
incubation of cells, exhibiting low blue fluorescence, 
purified by fluorescence-activated cell sorting, 
resulted in the formation of smaller cells with high 
blue fluorescence (results not shown). Cells in F4 
(Fig. 4d), following exposure to etoposide alone, 
were predominantly of a smaller size {lower forward 
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light scatter) and exhibited high blue fluorescence 
with Hoechst 33342. Treatment with etoposide in 
the presence of zinc resulted in cells in F3, which 
were somewhat smaller (lower forward light scatter) 
and mainly exhibited low blue fluorescence (Fig. 
4g), whilst the cells in F4 demonstrated a continuum 
of fluorescence intensities from low to high (Fig. 
4h). 

Mo~~o~ogy of Perco~~-fractionated cells 

The ultrastructure of cells treated with etoposide 
either alone, or in the presence of zinc, and separated 
into Fl and F2 resembled that of normal thymocytes. 
Following incubation with etoposide alone, cells in 
F4 contained typical apoptotic thymocytes which 
exhibited a regular, shrunken appearance with a 
condensed cytoplasm (Fig. 5a). Most organelles 
retained their normal appearance, although minimal 
swelling was observed in a few mitochondria and 
there was considerable dilation of many cisternae of 
the smooth endoplasmic reticulum. Fusion of the 
resulting vesicles with the cell membrane resulted in 
thecharacteristiccytoplasmic“bubbiing”ofapoptotic 
thymocytes (Fig. 5a). The nuclei were also shrunken 
and, although the euchromatin retained its normal 
appearance, the heterochromatin was condensed 
and usually coalesced against one pole of the nuclear 
membrane. The nucleus was often closely associated 
with the periphery of the cell and this usually resulted 
in the loss of a clear distinction between nuclear and 
cell membranes. This apparent coalescence of the 
two membranes could not be attributed to any 
obliquity of the sections. Most nuclei showed signs 
of nucleolar disintegration with several discrete 
clumps of particulate dense fibrillar components, 
which indicated dispersion of the transcriptional 
component from the fibrillar centre. Nuclear pores 
were rarely evident but the nuclear membrane of 
many of these cells was disrupted to such an extent 
that demarcation between the region of the 
particulate dense fibrillar components and that of 
the cytoplasmic organelles was indistinct. 

Cells incubated with etoposide in the presence of 
zinc also yielded an F4 fraction of shrunken 
thrones with regular profiles. These thymocytes 
exhibited rather less dilation of the smooth 
endoplasmic reticulum and little cytoplasmic “bub- 
bling”. The nuclear membrane was usually intact, 
but convoluted, and the euchromatin retained its 
normal density. The euchromatin often included one 
or more clusters of intensely stained nucleolar 
remnants but these remnants were usually stained 
less intensely than those present in cells incubated 
with etoposide alone. The heterochromatin was 
arranged in several sharply defined clumps, which 
were contiguous with the nuclear membrane (Fig. 
5b). The intervening regionsof the nuclear membrane 
were devoid of any trace of heterochromatin but 
they did retain nuclear pores. A clump of condensed 
chromatin, similar to those associated with the 
nuclear membrane was present in the centre of many 
of these nuclei. Continuity was often observed 
between this central region and one or more of the 
peripheral clumps of condensed chromatin. 

DISCUSSION 

Etoposide caused a concentration-dependent 
induction of apoptosis in immature rat thymocytes. 
This conclusion was based on a number of 
criteria including increased DNA fragmentation and 
laddering (Table 1 and Fig. 2), increased formation 
of smaller cells with high blue fluorescence due to 
Hoechst 33342 (Table 1 and Fig. 1) and increased 
formation of small high density cells with the 
morphological characteristics of apoptosis obtained 
following isopycnic cent~~gation (Fig. 5a). The 
inhibition of etoposide-induced apoptosis by cyclo- 
heximide and actinomycin D (Table 2) suggested 
that the induction of apoptosis was dependent upon 
new RNA and protein expression, as reported for 
glucocorticoid-induction of apoptosis in thymocytes 
[25,26]. These results are in good agreement with 
those of Walker et al. 1191, although our studies 
indicate less extensive inhibition of DNA laddering 
by actinomycin D (Fig. 3). The requirement for new 
RNA and protein synthesis in the induction of 
apoptosis appears to be dependent on the particular 
cellular system studied 13,271. 

A number of studies in thymocytes and other 
cellular systems have recognised zinc as an inhibitor 
of apoptosis, most probably due to its inhibition of 
the endonuclease [28,29]. In agreement with these 
studies, zinc had a profound effect on etoposide- 
induced DNA fragmentation (Table 2) and DNA 
laddering (Fig. 3). However, zinc did not inhibit 
etoposide-induced apoptosis as assessed by flow 
c~ometry (Table 2) in agreement with recent 
observations of the inability of zinc to inhibit 
dexamethasone-induced apoptosis [20,30]. The 
apparent discrepancy of zinc inhibiting apoptosis as 
assessed by inhibition of DNA laddering (Fig. 3) but 
not as assessed by flow cytometry (Table 2) may be 
explained by its ability to inhibit the endonuclease 
[28,29] whilst not affecting the increase in 
permeability of the apoptotic thymocytes responsible 
for the more rapid uptake of Hoechst 33342 and the 
higher blue fluorescence of these cells [31]. Of the 
four discrete fractions obtained following Percoll 
separation of cells treated with etoposide in the 
presence of zinc, F4 was of particular significance. 
These cells were smaller and denser than normal, 
exhibited high blue fluorescence with Hoechst 33342 
but showed little or no DNA laddering or DNA 
fragmentation (Fig. 4h). In these cells, the hetero- 
chromatin was condensed and arranged in sharply 
defined clumps, abutting the nuclear membrane 
(Fig. 5b). These ultrastructural changes were clearly 
distinct from those observed with etoposide alone 
and resemble those described as the earliest 
ultrastructural features of apoptosis [32,33]. These 
changes were accompanied by nucleolar disin- 
tegration, which appeared to involve dissociation of 
the dense fibrillar component from the fibrillar centre 
and its digestion into groups of dense particles. The 
formation of such particles has been attributed to 
cleavage of transcriptionally active ribosomal genes 
(rDNA) within the dense fibrillar components [6]. 
Other morphological features of apoptosis included 
cell shrinkage and the dilation of cisternae of the 
smooth endoplasmic reticulum, in the absence of 
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swelling in any other cytoplasmic organelles. These 
results demonstrated that, in the presence of zinc, 
etoposide induced many key features of apoptosis 
without any evidence of DNA laddering. We have 
recently observed similar effects on dexamethasone- 
induced apoptosis in the presence of zinc [ZO]. These 
results are in agreement with a number of recent 
studies, including oligodendrocytes [34], embryonic 
C3H/lOTi cells [35] and several instances of 
programmed cell death in insects [36], reporting that 
cell death with the classical morphology of apoptosis 
may occur in the absence of internucleosomal 
cleavage of DNA. Our results also suggest that in 
the induction of apoptosis, critical changes occur in 
nuclear DNA prior to endonuclease cleavage into 
nucleosomal fragments. In HL-60 cells exposed to 
etoposide, zinc inhibits DNA fragmentation but not 
the initial number of DNA strand breaks ]37]. Such 
strand breaks, at particularly susceptible sites in 
DNA, may result in the morphological pattern 
observed in our studies (Fig. 5b). Zinc has been 
shown to modulate topoisomerase II induced 
apoptosis in HL-60 cells without any alteration in 
topoisomerase-mediatedprimary DNAstrandbreaks 
[38]. Recently, we have shown that whilst zinc 
completely inhibited dexameth~one-induced intern- 
ucleosomal fragmentation of thymocytes, it did not 
prevent the cleavage of DNA into large molecular 
weight fragments of approximately 30-50, 200-245 
and 700 kbp in length [39]. The presence of these 
large fragments may be related to the distinct 
morpholo~ of the apoptotic cells observed in the 
presence of etoposide and zinc (Fig. 5b). Whilst our 
results are consistent with a role for zinc in inhibiting 
the endonuclease [26], they do not exclude other 
possibilities such as zinc binding to the DNA. Zinc 
may also modify apoptosis by activating protein 
kinase C or by inhibiting phosphorylases associated 
with inositol phosphate metabolism [40]. 

Our data support the hypothesis that zinc has 
arrested etoposide-induced apoptosis at an early 
stage, before internucleosomal DNA fragmentation 
[20]. Key early steps in apoptosis, which result in 
chromatin condensation, reduction in cell size and 
dilation of the endoplasmic reticulum, may thus 
occur independently of endonuclease cleavage of 
DNA into nucleosomal fragments. Intemucleosomal 
cleavage of DNA resulting in “DNA ladders” has 
been regarded by many investigators as a sine qua 
non for the induction of apoptosis [3], but our results 
demonstrate that it may be a late event rather than 
a critical early step in this process. One such step 
may involve interference with topoisomerase II 
function [29]. Many agents including glucocorticoids, 
anti-CD3 antibodies, y-irradiation, 2,3,7,8-tetra- 
chlorodibenzo-p-dioxin, tributyltin oxide and topo- 
isomerase I and II reactive drugs can induce apoptosis 
in thymocytes. Presumably this can be achieved by 
activation of a number of different pathways, which 
result in a smaller number of common inte~ediates 
leading to apoptosis. 
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