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Cell death induced by etoposide in the human lymphoma cell
line U-937 GTB was characterized. Activity of caspases -3, -8
and -9 was measured by spectrophotometric detection of
specific cleavage products, DNA fragmentation by TdT-
mediated dUTP nick end-labelling (TUNEL), and apoptotic
morphology by conventional staining and microscopy, as
well as by a novel methodÐthe microculture kinetics (MiCK)
assay. Synthesis of protein and DNA during exposure was
monitored by incorporation of radioactive leucine and
thymidine, respectively. The effects of caspase inhibitors
on total viability, as well as early and late morphological
changes were studied. Etoposide rapidly induced apoptosis,
dependent on caspase-3 and -8, but inhibition of these
caspases did not prevent major cell death, but promoted a
switch in late morphology. The novel MiCK assay added
valuable information on early morphological events during
cell death. Hence, this study provides support for caspase-8-
mediated apoptosis in U-937 GTB when exposed to etopo-
side. General caspase inhibition switches cell death to one
with a different morphology. [# 2001 Lippincott Williams &
Wilkins.]

Key words: Anticancer treatment, apoptosis, caspases,
CHS 828, etoposide, human lymphoma.

Introduction

Overwhelming evidence that anti-tumoral drugs kill
malignant cells by inducing apoptotic cell death has
accumulated over the past 10 years.1±6 Apoptosis is a
genetically conserved cell death program, ultimately
leading to stereotypic morphological features, such as
membrane blebbing, nuclear condensation and frag-
mentation.7 This physiological mode of cell death,

crucial during normal development and tissue homeo-
stasis, allows the organism to eliminate damaged,
infected or dying cells without an inflammatory
response. Aberrant cell death signaling can cause,
for example, malignancy and autoimmune disease.
The apoptotic program is generally believed to be
initiated either via cell surface receptors [CD95/Fas or
tumor necrosis factor (TNF)-RI] or damage to DNA,
or other vital cellular structures, and is propagated by
key proteases, known as caspases.8±10 Caspase-811

and -912 are the most apical caspases of separate, yet
not entirely exclusive pathways.13 Eventually they
both activate caspase-3, -6 and/or -7,14 leading to
DNA degradation, one of the hallmarks of apopto-
sis,15,16 and to the typical morphology of apoptosis.
Other events in the programmed cell death course
may or may not be dependent on caspase activ-
ity.13,17±19

Etoposide is a semisynthetic podophyllotoxin
derivative, described to inhibit topoisomerase II.20

Its mechanism of action starts with stabilization of
covalent topoisomerase II±DNA complexes and
induction of DNA double-strand breaks in the
vicinity of these complexes, subsequently leading
to activation of stress-associated signaling pathways,
cell cycle arrest and activation of caspases.21

Previous reports have described various parts of
the apoptotic cell death pathway induced by
etoposide in the human lymphoma cell line U-
937.15,22±26

The present study was undertaken to further
characterize etoposide-induced apoptotic cell death
in U-937 GTB cells. The kinetics of protein and DNA
synthesis, as well as the involvement of the separate
signaling pathways, represented by caspase-8 and -9,
respectively, were addressed. Conventional morphol-
ogy, kinetic monitoring of cell cultures and total
viability measurements were used as endpoints for
caspase dependency.
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Materials and methods

Cells

The histiocytic lymphoma cell line U-937 GTB,27

harvested during logarithmic growth, was used for all
experiments. The cells were maintained in RPMI 1640
medium (without phenol red for microculture kinetic
(MiCK) experiments; Sigma-Aldrich, Irvine, UK), sup-
plemented with 10% heat-inactivated fetal bovine
serum (Sigma-Aldrich), 2 mM glutamin, 50 mg/ml
streptomycin and 60 mg/ml penicillin (Sigma-Aldrich).
Cell culture flasks were kept in a controlled humidified
atmosphere of 378C, 5% CO2. Cultures were mon-
itored and passaged twice weekly. Etoposide was
obtained from the hospital pharmacy (as Vepesid;
Bristol-Myers Squibb, Bromma, Sweden) and was used
at 25 mM for all experiments.

TdT-mediated dUTP nick end-labelling
(TUNEL)

Cytospin slides of U-937 GTB cells, continuously
exposed to 25 mM etoposide [or phosphate buffered
saline (PBS) for control slides] in a culture flask at a cell
density of 56105 cells/ml, were prepared and kept in
7208C and thawed prior to analysis. TUNEL was
performed stringent to the commercial protocol (In
situ cell death detection kit, fluorescein; Boehringer
Mannheim, Mannheim, Germany). In brief, cytospin
preparations were fixed in 4% formaldehyde for
30 min, rinsed with PBS, and permeabilized in a
solution of 0.1% Triton X-100 and 0.1% sodium citrate
for 2 min. After rinsing twice with PBS the labeling
reaction was allowed to take place under Parafilm M
for 60 min under standard incubation conditions
(378C, controlled humidified atmosphere with 5%
CO2, protected from light). The slides were rinsed in
PBS, air-dried and mounted with antifade mounting
medium (Vectashield; Vector, Burlingame, CA) and
coverslips. Analysis of TUNEL staining was performed
in a confocal microscope and the experiment was
repeated 3 times. TUNEL-positive and -negative cells
from two random visual fields from each experiment
were counted.

Detection of DNA and protein synthesis

Synthesis of DNA and protein was measured by
detecting the incorporation of radio labeled thymidine
or leucine, respectively. A Cytostar-T plate (`In Situ

mRNA Cytostar-T assay' kit; Amersham International,
Little Chalfont, UK), which is a pre-made scintillating
microtiter plate with scint fluid molded into the

bottom of the wells,28,29 was used. Cells were
collected by centrifugation and suspended in fresh
culture medium containing 111 nCi/ml [14C]thymi-
dine (Amersham CFA.532, 56 mCi/mmol, 50 mCi/ml)
for DNA synthesis experiments or 222 nCi/ml
[14C]leucine (Amersham CFB.183, 56 mCi/mmol,
50 mCi/ml) for protein synthesis experiments, yielding
a final radioactivity in the wells of approximately 20
and 40 nCi, respectively. Aliquots of 180 ml cell
suspension containing 56104 cells were added to
each well. Blank wells received only medium contain-
ing isotope. Etoposide, synthesis inhibitors or PBS
(blank and untreated control wells) were added in
duplicates (20 ml/well) 2 h after cell seeding when the
measured radioactivity in cell containing wells was at
least twice the baseline value. Positive synthesis
inhibition controls received 10 mg/ml aphidicholine
(DNA synthesis experiments) or 5 mg/ml cyclohexi-
mide (protein synthesis experiments). Radioactivity
was measured using a Wallac 1450 MicroBeta trilux
liquid scintillation counter (Wallac, Turku, Finland)
with MicroBeta Windows workstation software (Wal-
lac).

Detection of the activity of caspase-3, -8
and -9

Caspase activity was assayed by colorimetric detection
of p-nitroanilidine (pNA) after cleavage of the peptide
substrates DEVD±pNA, IETD±pNA or LEHD±pNA for
caspases-3, -8 and -9, respectively, The reagents were
part of a `Caspase-8 Colorimetric Assay' or `Caspase-9
Colorimetric Assay' (R&D Systems, Minneapolis, MN),
except DEVD±pNA (from ApoAlert caspase-3 colori-
metric assay kit; Clontech, Palo Alto, CA).

Cells were exposed to etoposide for up to 4 h in
culture flasks at a cell density of 2.56105 cells/ml
(cells from a flask not exposed served as control).
Aliquots of 26106 cells were collected in duplicates
by centrifugation 1, 2 and 4 h after start of exposure.
Supernatants were removed by aspiration and pellets
were frozen and kept in 7708C, for a maximum of 4
weeks until analysis. The pellets were thawed and lysis
induced by 10 min exposure to 100 ml cell lysis buffer,
on ice. After 3 min of centrifugation at 12 000 g, 50 ml
of the protein containing cell lysate was transferred to
a microtiter plate with flat-bottomed wells. Subse-
quently, 50 ml of reaction buffer with 1% dithiothreitol
was added, together with 5 ml of the pNA substrates
(yielding final concentrations of 48 nM of DEVD±pNA
or 190 mM of IETD±pNA and LEHD±pNA). Blank wells
received 100 ml reaction buffer and 5 ml substrate.
Absorbance was measured at 405 nm in an ELISA
reader (SpectraMax Plus; Molecular Devices, Sunny-
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vale, CA) after 90 min incubation at 378C, protected
from light. Activity was calculated as (mean of test
duplicates 7 mean of blanks)/(mean controls 7 mean
of blanks) and expressed as percentages.

Investigation of caspase dependency

Ninety-six-well microtiter plates were prepared with
10 ml 500 mM etoposide for test triplicates (final
exposure concentration 25 mM), and 20 ml PBS for
blanks and controls (six of each), and kept at 7708C.
At the start of an experiment one flat-bottomed
microtiter plate and one with V-shaped well bottoms
were thawed and 10 ml of either caspase inhibitor was
added in triplicates at 20 times the desired final
concentration (12.5±50 mM). DEVD-fmk (sequence
Asp-Glu-Val-Asp-CH2F; Clontech) is a cell-permeable,
irreversible inhibitor of caspase-3 and Z-Asp-CH2-DCB
(Z-Asp-CH2-[(2,6-dichlorpbenzoyl)oxy]methane; Cal-
biochem, La Jolla, CA) is a cell-permeable, irreversible
general caspase inhibitor. Aliquots of 180 ml U-937
GTB cells (111 000/ml) were seeded into the V-shaped
microtiter plate which was placed in a regular
incubator at 378C, 5% CO2 in humidified air. Cytospin
slides for morphologic examination were prepared
from designated wells at selected time points and
stained with May±GruÈnwald/Giemsa. After 72 h the
fluorometric microculture cytotoxicity assay (FMCA)
was performed. This total viability assay has been
described in detail previously30 and is based on
measurement of fluorescence generated by the in-
tracellular hydrolysis of fluorescein diacetate (FDA) to
fluorescein by cells with preserved membrane integ-
rity, after 72 h of continuous drug exposure at
standard incubation conditions. The results are pre-
sented as survival indices (SI), defined as the
fluorescence in experimental wells as percent of that
in control wells, with blank values subtracted.

MiCK assay

Characterizing cell death through detecting changes in
cell morphology by monitoring absorbance of undis-
turbed cell cultures was recently developed and
validated.31,32 Control cultures of proliferating cells
show a steady increase in absorbance, whereas
cultures undergoing necrosis exhibit a lowering in
absorbance followed by a plateau. Apoptotic cultures
display a steep increase, exceeding that of controls,
and a subsequent decrease and plateau phase, each
representing cellular and nuclear condensation, initial
post-apoptotic cellular disintegration and cell debris. A
flat-bottomed microtiter plate was seeded with 180 ml
aliquots of 555 000 cells/ml and placed in a regular

incubator for 30 min for gas and temperature equili-
bration, and subsequently each well was layered with
50 ml sterile mineral oil (Sigma, St Louis, MO).
Absorbance at 600 nm was measured automatically
every 14 min for 48 h in a SpectraMAX Plus 96-well
microtiter plate spectrophotometer (Molecular De-
vices) at 378C.

Data presentation and statistics

The unpaired t-test was employed for all calculations
of statistical significance. Calculations were performed
on raw data with blank values subtracted.

Results

The TUNEL protocol was performed on U-937 GTB
cells continuously exposed to 25 mM etoposide for up
to 8 h to investigate whether this in situ method can
detect the DNA fragmentation previously shown by
agarose gel electrophoresis in this system. The cells
formed large aggregates, and showed extensive
chromatin condensation, nuclear fragmentation and
increasing TUNEL positivity (Figure 1). The extent of
these changes was time dependent (Table 1).

(A)(A)

(B)

Figure 1. TUNEL staining in U-937 GTB cells exposed to
25 mM etoposide for 4 h (A) or untreated control cells at the
same time point (B). Shown as 50% of 640 magnification.
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U-937 GTB cells exposed to etoposide promptly
ceased to synthesize DNA, although the suppression of
DNA synthesis was not as complete as for cells
exposed to the specific DNA synthesis inhibitor
aphidicholin (Figure 2A). Protein synthesis, on the
other hand, was largely unaffected by etoposide for
4 h, then tapered off (Figure 2B) and reached a plateau
at 20 h (not shown).

Colorimetric detection of caspase activity, rather
than the presence of the cleaved proteases, was used
to investigate the patterns of involved caspases.
Continuous exposure of U-937 GTB cells to etoposide
for up to 2 h produced no increase in activity of the
investigated caspases (Figure 3). After 4 h the activity
of caspase-3 was greatly increased compared to
control (p50.001) as was, albeit to a lesser degree,
caspase-8 activity (p50.001). For caspase-9 no statis-
tically significant activation was observed during this
period (Figure 3).

The morphology of U-937 GTB cells continuously
exposed to etoposide for 5 h was characterized by
chromatin condensation, nuclear fragmentation, cell
shrinkage and grouping of affected cells (Figure 4A).
Blocking caspase activity in etoposide-exposed cells
resulted in dramatically altered morphology. Co-
incubation with the specific caspase-3 cleavage
inhibitor DEVD-fmk for 5 h at 12.5 mM resulted in
increased membrane blebbing, inhibited cell shrinkage
and an altered pattern of nuclear fragmentation in a
majority of the cells (Figure 4B). At 25 mM the same
pattern in a smaller proportion of the cells was
apparent (Figure 4C), and 50 mM resulted in complete
inhibition of nuclear fragmentation and cellular
aggregation, while remaining membrane blebbing
(Figure 4D). Similar results were evident when cells
were co-incubated with the pancaspase inhibitor Z-
Asp-CH2-DCB (not shown). DEVD-fmk did not sig-
nificantly affect total viability compared to etoposide

Table 1. Percentage of TUNEL-positive cells after
continuous exposure to 25 mM etoposide

Exposure time (h) TUNEL-positive cells [% (SD)]

2.5 6 (9)
4 49 (6)
8 100 (0)

Control
Aphidicholin
Etoposide
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Figure 2. Whole cell synthesis of DNA (A) and protein (B)
assessed in U-937 GTB cells assessed by incorporation of
radioactive thymidine and leucine, respectively. Data points
represent the mean of three or four consecutive experiments
(+SEM).
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Figure 3. The activity of caspases in U-937 GTB cells
exposed to 25 mM etoposide for the indicated time periods.
Results are expressed as percentages of the activity in
untreated control cells (indicated by horizontal line). Activity
was measured as optical density of the respective caspases'
colored cleavage products. Means of three consecutive
experiments, with error bars representing SEM. ***p50.001.
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exposure alone, as measured by the FMCA, while 50 M
Z-Asp-CH2-DCB slightly increased cell viability
(p50.005) However, total viability remained low
(Table 2). To further characterize the effect of the
inhibitors, kinetics of crude morphology of U-937 GTB
cells continuously exposed to etoposide was mon-
itored by the MiCK assay (Figure 5). For etoposide
alone there was an early peak in absorbance, followed
promptly by a lowered plateau as the cells die and
disintegrate, a typical MiCK pattern of apoptotic cell
cultures. Adding increasing concentrations of DEVD-
fmk caused a prolongation of the process, with a less
steep increase of absorbance and wider peaks.
However, there were still obvious MiCK signs of
apoptotic processes at inhibitor concentrations result-
ing in complete prevention of apoptotic features as
judged by morphology.

Discussion

It has been established that when U-937 cells are
exposed to etoposide, caspases are cleaved and
thereby activated.13,15,22,23 Further downstream, en-
donucleases15,25,26 are activated and together they are
ultimately responsible for the observed morphological
features of apoptosis and the cells eventually die.
However, inhibition of endonucleases does not pre-

vent cell death,26 suggesting that apoptotic nuclear
morphology and cell death are partially independent of
one another in vitro.

Caspase-3 has been shown to be the key actor13,23

and accelerates etoposide-induced apoptosis.33 In
addition caspases -7, -8 and -9 are cleaved as shown
by immuno blotting.13,34 The semi-quantitative method
for detecting caspase activity in the present study
confirms a massive activation of caspase-3. It is
generally believed that cytotoxic drugs, including
etoposide, induced activation of caspase-3 following
from activation of caspase-9 and the `mitochondrial'
pathway of apoptosis.13,34 The present results contra-
dicts this notion and indicate that the cleavage of
caspase-9 is not necessary for etoposide activity, and

(A)

(C)

(A) (B)

(D)

Figure 4. U-937 GTB cells stained with May±GruÈnwald/Giemsa and photographed at 640 magnification in a Nikon ECLIPSE
E400 microscope fitted with a Sony Exwave HAD digital color video camera. Cells were exposed for 4 h to 25 mM etoposide
only (A) or co-incubated with the caspase inhibitor DEVD-fmk at 12.5 (B), 25 (C) or 50 (D) mM. Size bars=50 mm.

Table 2. Survival index (SI) for cells exposed to etoposide
alone or in combination with indicated caspase inhibitors
(inh)

SI [% (SD)]

DEVD Z-Asp

Etoposide 25 mM 1.0 (+0.4) 0.4 (+0.2)
Etoposide + inh 12.5 mM 3.7 (+1.6) 1.0 (+0.7)
Etoposide + inh 25 mM 5.7 (+3.9) 2.4 (+1.5)
Etoposide + inh 50 mM 6.9 (+4.2) 6.8 (+1.7)a

ap50.005.

Etoposide-induced apoptosis in U-937

Anti-Cancer Drugs . Vol 12 . 2001 703



leads us to conclude that caspase-9 may not be the
main activator of caspase-3 in etoposide-induced
apoptosis in U-937 GTB cells.

The theory that in some cell lines, etoposide
treatment leads to upregulation of CD95/CD95 ligand
and the activation of the apoptosis pathway starting
with caspase-835 has received well founded criticism
(reviewed in Kaufmann21). However, we show that
protein synthesis is unaffected during the first 4 h of
exposure, which would allow for such an upregula-
tion. More convincingly, Wesselborg36 recently dem-
onstrated that caspase-8 is activated in cells exposed to
etoposide, irrespective of CD95 status. The caspase
activity pattern observed in the present study suggests
a similar route of action in U-937 GTB cells. In the
present study we also demonstrate that simple TUNEL
staining confirms the etoposide-induced DNA frag-
mentation previously shown with DNA gel electro-
phoresis.36

A variety of protease inhibitors have been shown to
circumvent the different features of the apoptotic
process induced by etoposide in U-937 cells. Mashima
was the first to show that apoptosis was blocked by Z-
Asp22 and Fujita later showed that this effect was due
to suppressed caspase-3 activation.33 DEVD was
shown to prevent DNA fragmentation.23 We demon-
strated that these two inhibitors suppress apoptotic
morphology in a dose-dependent manner, assessed by
conventional morphology. However, although the

apoptotic features were not visible to the eye, there
was obvious remaining cellular and/or nuclear con-
densation detectable by the novel MiCK assay.
According to this method it seems clear that the cells
are still significantly affected by etoposide, at inhibitor
concentrations approaching toxic levels. This clearly
adds to the information obtained by regular morpho-
logic examination. In addition, neither inhibitor
substantially prevented cell death, indicating either
that the commitment to cell death lies upstream of
these events or that a less apparent form of apoptosis
is allowed to proceed.

Conclusion

In summary, the present investigation of the effects of
etoposide on U-937 GTB morphology and cell death
suggests that caspase inhibitors partly prevent nuclear
apoptotic features, but does not inhibit cell death per

se. It also indicates that the etoposide-induced
apoptotic response involves the caspase-8-associated
apoptosis pathway.
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