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BSTRACT

 

: DNA topoisomerase inhibitors induce a specific signaling cascade
that promotes an active apoptotic caspase-dependent cell death process. How-
ever, little is known about the initial signals elicited by these agents. In the
present study, we compared apoptosis in HL-60 cells treated either with the che-
motherapeutic drug etoposide (VP16) alone or combined with the broad caspase
inhibitor ZVAD.fmk. Apoptosis was assessed by changes in cell morphology and
agarose gel electrophoresis of extracted cell DNA. We found that ZVAD.fmk
prevents VP16-induced DNA fragmentation and the appearance of an increased
number of apoptotic cells in the culture. We also compared the effects of etopo-
side alone or together with the pan-caspase inhibitor ZVAD.fmk on proliferat-
ing cell nuclear antigen, Bcl-2, and actin expression in human promyelocytic
leukemia HL-60 cells. In addition, we screened for proteins that were initially
upregulated in a caspase-dependent manner. Indeed, some proteins were in-
duced in the cytoplasm and subsequently accumulated in the nuclei after eto-
poside treatment. This process was slightly inhibited by the caspase inhibitor
ZVAD.fmk. We suggest that these proteins are associated with the induction of
specific signaling cascades that characterize the apoptotic cell death process.
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INTRODUCTION

 

Many natural and synthetic DNA-targeting agents are now under study. Many of
these are quite promising in cancer therapy (i.e., in the treatment of acute promyelo-
cytic leukemia), where new chemotherapeutic agents with different mechanisms of
action are tested.

DNA topoisomerase enzymes are important nuclear enzymes. They regulate
DNA metabolism and affect replication, transcription, chromatin assembly, and con-
sequently also cell division. The functions of the DNA topoisomerases I, II

 

α

 

, and II

 

β
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thus have significant consequences for cancer development and cancer chemother-
apy.

 

1,2

 

 Indeed, important chemotherapeutic agents that are either in clinical use or the
subjects of clinical trials target these enzymes. These include etoposide and doxorubi-
cin (topoisomerase II inhibitors) and topotecan and irinotecan (topoisomerase I inhib-
itors). Inhibitors of topoisomerase II either stabilize DNA-topoisomerase II complexes
by blocking DNA religation and thereby cause direct DNA damage (e.g., etoposide) or
block their catalytic activity (e.g., dexrazoxane) without causing DNA damage.

 

1

 

It has been known for some time that DNA-damaging topoisomerase II inhibitory
anticancer drugs, such as etoposide and doxorubicin, cause apoptosis. Etoposide
(VP16), like other drugs, is used in the treatment of various tumors, such as breast
and lung cancer and leukemia.

 

3

 

 However, the mechanisms for the induction of apo-
ptosis are less well understood.

It has been shown that apoptosis induced by the chemotherapeutic drug etoposide
is caspase-dependent.

 

4

 

 Two classes of caspase-dependent pathways have been iden-
tified. The first is dependent on the release of mitochondrial factors, which initiate
the apoptosis process. In this case, apoptosis can be inhibited by overexpression of
Bcl-2. The second class is not dependent on mitochondrial factors, and overexpres-
sion of Bcl-2 fails to prevent apoptosis.

 

5

 

In the present study, we used the human promyelocytic cell line HL-60 as an 

 

in
vitro

 

 model and studied the effects of caspase inhibition on etoposide-induced apo-
ptosis. We found that ZVAD.fmk prevents VP16-induced DNA fragmentation and
the appearance of increased numbers of apoptotic cells in the culture. This confirms
that apoptosis induced by VP16 is caspase-dependent. The appearance of character-
istic proteins after treatment either with etoposide alone or together with the pan-
caspase inhibitor ZVAD.fmk indicates that the expression of these proteins was not
a downstream event of caspase activation. Our results clearly demonstrate that dis-
tinct alterations in the expression of both cytosolic and nuclear proteins take place
during the apoptotic process.

 

MATERIALS AND METHODS

 

Cell Culture

 

Human leukemic HL-60 cells were grown in RPMI 1640 medium (Gibco BRL,
Invitrogen Corporation, Paisley, Scotland) supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 

 

µ

 

g/mL streptomycin (Gibco BRL, Invitrogen
Corporation) at 37

 

°

 

C in 5% CO

 

2

 

. Cultures were seeded at a density of 4 

 

×

 

 10

 

5

 

 cells/
mL (maximum 1.5 

 

×

 

 10

 

6

 

 cells/mL) and subsequently transferred to fresh medium.
Apoptosis of these cells was induced by treatment with 68 

 

µ

 

M etoposide. Cells were
scored as apoptotic using acridine orange and ethidium bromide.

 

6

 

 For inhibition of
apoptosis, the broad caspase inhibitor ZVAD.fmk was used at 25 

 

µ

 

M.

 

Isolation and Fractionation of Apoptotic DNA Fragments

 

After harvesting, the cell samples were washed with PBS and pelleted by centrif-
ugation. The cell pellets were then treated for 10 s with lysis buffer (1% Nonidet
P-40 in 20 mM EDTA, 50 mM Tris-HCl, pH 7.5; 10 

 

µ

 

L/10

 

6 

 

cells). After centrifugation
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for 5 min at 1,600

 

g

 

, the supernatant was collected and the extraction was repeated
with the same amount of lysis buffer. The supernatants were brought to 1% SDS and
treated for 2 h with RNAse A (final concentration, 2.5 

 

µ

 

g/

 

µ

 

L) at 56

 

°

 

C followed by
digestion with proteinase K (final concentration, 2.5 

 

µ

 

g/

 

µ

 

L) for at least 2 h at 37

 

°

 

C.
After addition of 0.5 volume of 10 M ammonium acetate, DNA was precipitated with
2.5 volumes of ethanol and dissolved in TE buffer (10 mM Tris-HCl, 1 mM EDTA,
pH 8.0).

 

7

 

DNA (15 

 

µ

 

g) in 10 

 

µ

 

L of TAE buffer containing 0.2 volume of 30% glycerol,
0.25% bromphenol blue was loaded into each well and electrophoresed on a 1.5%
agarose gel containing TAE running buffer (40 mM Tris-acetate, 20 mM sodium ac-
etate, 2 mM EDTA, pH 7.8) at 100 V for 2–3 h. The agarose gel was stained with
ethidium bromide for 10 min and destained in H

 

2

 

O. The DNA was visualized by UV
illumination. A DNA marker of 123 bp was used as a molecular weight standard
(Sigma Chemical Co.).

 

Isolation of Cytosolic and Nuclear Proteins

 

Cytosolic proteins and nuclei were isolated by using the Nuclear Isolation Kit
(Sigma) according to the manufacturer’s instructions. The supernatant correspond-
ing to the cytosol fraction was clarified by centrifugation at 20,000

 

g

 

 for 30 min and
frozen at 

 

−

 

76

 

°

 

C. For SDS-PAGE analysis of total nuclear proteins, we resuspended
nuclei (

 

∼

 

5 

 

×

 

 10

 

7

 

/mL) in 2 volumes (v/v) of 2

 

×

 

 lysis buffer (100 mM Tris, pH 7.4, 5
mM magnesium chloride, 200 mM DTT, 4% SDS). Thereafter, we added 3 volumes
of 1

 

×

 

 lysis solution and benzonase (Benzonase Pure Grade; Merck, Damstadt, Ger-
many) to give a final concentration of 2.5 U/mL. These lysates were further incu-
bated for 1 h at 0

 

°

 

C and then centrifuged at 15,000

 

g

 

 for 30 min. The supernatants
were immediately subjected to electrophoresis or frozen at 

 

−

 

76

 

°

 

C.
The concentrations of the analyzed proteins were established by the RC DC pro-

tein assay (Bio-Rad). The cytosolic and nuclear proteins were resolved by SDS-
PAGE. For this technique, we used 8–16% polyacrylamide gradient gels (Cambrex
Bio Science, Inc., Rockland, ME, USA) in Tris-glycine electrophoresis buffer. Two-
dimensional (2-D) gel electrophoresis (isoelectric focusing/SDS) was used for the
fractionation of cytosolic and nuclear proteins. For 2-D electrophoresis, we used an
Immobiline DryStrip Kit, pH range 3–10, and Exel Gel SDS, gradient 8–18%, ac-
cording to the manufacturer’s instructions (Amersham Pharmacia, Uppsala, Swe-
den). For analysis of total cytosolic and nuclear proteins, 2-DE gels were stained
using the Pharmacia Silver Staining Kit (Amersham Pharmacia).

 

Western Blot Analysis

 

After SDS-PAGE, proteins were transferred to an Immobilon PVDF transfer
membrane (Millipore) and then blocked with 5% BSA dissolved in PBS containing
0.18% Tween 20 by incubation overnight at 4

 

°

 

C. After washing in PBS–Tween 20,
the filters were probed with monoclonal antibodies against proliferating cell nuclear
antigen (PCNA), Bcl-2, and actin (Santa Cruz Biotechnology, Santa Cruz, CA) as
described below. The membranes were incubated for 1 h at room temperature with
primary antibodies at a concentration of 2 

 

µ

 

g/mL in PBS–Tween 20, washed four
times during 30 min with PBS–Tween 20, and incubated with a 1:2,000 dilution of
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horseradish peroxidase-conjugated secondary antibody in PBS–Tween 20 for 1 h at
room temperature. The filters were then washed again as described above and further
developed by enhanced chemiluminescence.

 

RESULTS

 

Modulation of Apoptosis in Human Promyelocytic Leukemia HL-60 Cells

 

HL-60 cells were treated for different times in culture with either 68 

 

µ

 

M etopo-
side alone or combined with 25 

 

µ

 

M ZVAD.fmk or pretreated for 1 h with 25 

 

µ

 

M
ZVAD.fmk. F

 

IGURE

 

 1A displays the time-dependent proportion of apoptotic cells in
HL-60 cell populations as assessed by morphology. Etoposide induced apoptotic cell
appearance after 3 h of treatment, and this fraction of cells increased up to 100% at
18 h. The constant presence of ZVAD.fmk in the cell population significantly decreased
the level of apoptotic cells. In parallel, the number of apoptotic cells with ZVAD.fmk
pretreatment started to increase after 3 h, and at 18 h it amounted to 80%. The pro-
portion of apoptotic cells treated with both VP16 and ZVAD.fmk was only 40% after
18 h. F

 

IGURE

 

 1B presents the DNA fragmentation in proliferating HL-60 cells and
cells grown in the presence of etoposide, ZVAD.fmk, or both in combination. The
DNA fragmentation analyses indicate that after 3 h with 68 

 

µ

 

M etoposide HL-60 cells
started to undergo apoptosis. Cells pretreated with ZVAD.fmk or grown in the pres-
ence of the broad caspase inhibitor did not display enhanced DNA fragmentation.

 

Effects of ZVAD.fmk on PCNA, Bcl-2, and Actin Levels in Response 
to VP16 Treatment of HL-60 Cells

 

Previous studies have shown that the levels of some proteins involved in DNA
replication and repair, including PCNA,

 

8,9

 

 change during the onset of apoptosis. In
this study, we examined the levels of a number of proteins that potentially

 

 

 

are asso-
ciated with the induction of apoptosis. F

 

IGURE

 

 2

 

 

 

presents cytosolic and nuclear levels
of PCNA, Bcl-2, and actin in proliferating HL-60 cells and in cells treated for apo-
ptosis with etoposide in the absence or presence of the broad caspase inhibitor
ZVAD.fmk. In the cytosol of HL-60 cells treated with etoposide in the presence or
absence of ZVAD.fmk, the levels of PCNA did not change and were thus similar to
those of proliferating cells (F

 

IG

 

. 2A, CytP). The nuclear level of PCNA decreased
slightly during etoposide-induced apoptosis of HL-60 cells. However, PCNA expression
after simultaneous exposure to etoposide and ZVAD.fmk decreased at the beginning
of treatment but again reached the level of control cells after 3 h of treatment.

We further examined Bcl-2 expression changes in HL-60 cells undergoing apo-
ptosis. The cytosolic levels of Bcl-2 (F

 

IG

 

. 2B) decreased slightly during the course
of apoptosis induced with etoposide. Similar changes in cytosolic Bcl-2 expression
occurred in the presence of ZVAD.fmk. The nuclear level of Bcl-2 increased slightly
in parallel with the induction of apoptosis in this population. In these studies, cleav-
age of nuclear Bcl-2 was observed after etoposide-induced apoptosis. Incidentally,
we did not detect Bcl-2 cleavage when ZVAD.fmk was used together with etoposide.

F

 

IGURE

 

 2C presents the effects of the broad caspase inhibitor ZVAD.fmk on actin
level in response to etoposide treatment of HL-60 cells. It was not substantially al-
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FIGURE 1. Influence of ZVAD.fmk on etoposide-induced apoptosis and stimulation of
DNR fragmentation in human promyelocytic leukemia HL-60 cells. HL-60 cells were incu-
bated either with etoposide (68 µM) alone or together with ZVAD.fmk (25 µM). Apoptosis
was assessed by morphological criteria by staining with acridine orange and ethidium bro-
mide (A) or by DNR fragmentation (B). DNA fragmentation was analyzed from control pro-
liferating HL-60 cells and cells grown in the presence of etoposide or ZVAD.fmk, or both
in combination, by agarose gel electrophoresis. The migration distance and size (bp) of
DNA standards (λ/HindIII) are shown at right.

 

tered in the cytosol during the course of apoptosis

 

 

 

induced by either etoposide alone
or in combination with ZVAD.fmk. However, the nuclear actin level increased sig-
nificantly after 6 h of etoposide treatment and decreased again when almost all cells
in the population were apoptotic. Actin was expressed at lower levels in the presence
of ZVAD.fmk, but increased starting from 6 h after simultaneous treatment with eto-
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poside. At 18 h (30% apoptotic cells) it reached the same level that was detected at
6 h in etoposide-only-treated cells (40% apoptotic cells).

 

Distribution of Cytosolic and Nuclear Proteins in Proliferating
and Apoptotic HL-60 Cells

 

To evaluate protein level changes during apoptosis of HL-60 cells, cytosolic and
nuclear proteins of proliferating, etoposide-, or etoposide/ZVAD.fmk-treated cells
were resolved by 2-D electrophoresis. We found some quantitative and qualitative
differences in the cytosolic and nuclear protein patterns of control cells, cells treated
with etoposide alone, or cells treated with etoposide together with ZVAD.fmk for 6 h
(FIG. 3). Analyses of cytosolic protein reference maps of control and drug-induced
HL-60 cells revealed some new protein spots, whereas the relative amount of other
proteins markedly diminished or vanished after induction of apoptosis. The number
of both cytosolic and nuclear polypeptides was different in HL-60 cells treated for
6 h with etoposide (60% apoptotic cells) compared with the control or 6-h etoposide/
ZVAD.fmk-treated cells (5–7% apoptotic cells) (FIG. 3). Proteins newly synthesized
in HL-60 cells treated for apoptosis and absent in pan-caspase inhibitor-treated cells

FIGURE 2. Western blot analysis of PCNA, Bcl-2, and actin in the cytosol and nucleus
of proliferating HL-60 cells and cells induced to apoptosis. Cytosolic (CytP) and nuclear
(NuP) proteins were isolated from proliferating cells and cells treated with etoposide (68
µM) alone or together with ZVAD.fmk (25 µM) for various times (0.5, 3, 6, 9, and 18 h) and
subsequently fractionated by SDS-PAGE, as described in Materials and Methods. Proteins
were transferred onto PVDF membranes and immunoblotted with antibodies against PCNA,
Bcl-2, and actin and developed with the enhanced chemiluminescence system.
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should have an apoptotic origin. Such proteins (marked by arrowheads in FIG. 3;
68 µM etoposide, CytP) had mostly acidic pI values of 4.5–5.1, with molecular masses
between 25 and 150 kDa.

Some proteins with acidic and neutral pI values of 4.5–7.0, which were detected
in the cytoplasm of both etoposide- and etoposide/ZVAD.fmk-treated cells, were
translocated exclusively into the nucleus of etoposide-treated cells (FIG. 3, NuP,
marked by arrowheads). These proteins could be involved in the regulation of genes
required in apoptosis.

DISCUSSION

Prolonged cell survival with resistance to apoptosis can be a primary oncogenic
event, since normally a balance between proliferation and apoptosis is maintained in
different tissues. Programmed cell death plays an indispensable role in the develop-
ment and maintenance of homeostasis within all cells. The aims of the present study
were to assess apoptosis-associated protein patterns in HL-60 cells as induced with
etoposide and influenced by the broad caspase and apoptosis inhibitor ZVAD.fmk.

Considerable progress has been made in identifying molecules that regulate the
apoptotic mechanisms at different levels. PCNA is one central molecule responsible
for decisions of cell life or death. PCNA activity is thus critical for the survival of
multicellular organisms. The percentage of PCNA-positive cells has been found to
be proportional to the percentage of proliferating cells. If PCNA is rendered non-
functional, is absent, or is present in low quantities in the cell, apoptosis occurs.10

FIGURE 3. Two-dimensional electrophoretic maps of cytosolic and nuclear proteins of
proliferating HL-60 cells and cells induced to apoptosis. Cytosolic (CytP) and nuclear (NuP)
proteins of HL-60 cells treated for 6 h with 68 µM etoposide alone or in the presence of 25 µM
ZVAD.fmk were fractionated by 2-D electrophoresis. The gels were stained by silver. Arrow-
heads indicate the positions of proteins of apoptotic cell origin, which appeared in cells
treated with etoposide, but were absent in broad caspase inhibitor-treated cells.
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Baez et al.11 studied the expression of PCNA in the growth inhibition of HT-29 cells
induced by various concentrations of camptothecin, etoposide, and aphidicolin.
They showed that VP16-induced cells accumulate in the G2+M phase of the cell cycle
and that this caused a strong increase in the cellular level of the antigen. We found
that the cytoplasmic levels of PCNA were not substantially altered during the course
of apoptosis induced by either etoposide alone or together with the pan-caspase in-
hibitor. However, in the nucleus etoposide induced an increased level of PCNA when
cells underwent apoptosis.

The proto-oncogene product Bcl-2 protects from apoptosis a wide variety of cell
types via a hitherto unknown mechanism. It has been shown to function upstream of
the death-associated proteases, caspases, in some apoptotic cells. Fadeel and
coworkers12 reported the chemotherapy-induced caspase-dependent cleavage of en-
dogenous Bcl-2 in the myeloid leukemic cell line P39. We found that etoposide treat-
ment of HL-60 cells triggered a time-dependent cleavage of Bcl-2 in the cell nucleus,
yielding a 23-kDa cleavage fragment. The emergence of this cleavage product was
blocked by the broad caspase inhibitor ZVAD.fmk. It has been reported12 that for-
mation of the Bcl-2 cleavage product was blocked by the type III caspase inhibitor
IETD.fmk and the caspase-9-selective inhibitor LEHD.fmk. Fadeel et al.12 suggested
that caspase-mediated cleavage after etoposide treatment of P39 myeloid leukemic
cells may represent a means for the attenuation of Bcl-2 function after apoptosis in-
duction. Moreover, Benson et al.13 showed that Bcl-2 overexpression and ZVAD.fmk-
sensitive caspase inhibition did not prevent chromatin condensation and cellular
fragmentation. However, ZVAD.fmk was not able to prevent the loss of plasma
membrane integrity, but did prevent VP16-induced cell shrinkage.

Mechanisms of etoposide resistance have been evaluated in the human promye-
locytic leukemia HL-60 cell line by Eliot et al.14 The level of Bcl-2 oncogene was
similar in human promyelocytic leukemia HL-60 cells and in a clone (HL-60/AR)
resistant to etoposide. There was no difference in the repair of VP16-induced DNA
damage, indicating that a mechanism of differential DNA repair was not involved in
VP16 resistance in HL-60 cells. These authors reported that VP16 treatment signif-
icantly inhibited c-myc expression and induced c-jun and c-fos expression in sensi-
tive cells. In contrast, VP16 had no effect on c-myc, c-jun, or c-fos expression in the
resistant cells.

Previous studies have demonstrated that actin is a substrate for a caspase.15,16 In
these studies, significant cleavage of actin was observed only 4 h after treatment of
U937 cells with VP16. However, in contrast to those studies, we were unable to detect
cleavage of actin after either etoposide or simultaneous etoposide/ZVAD.fmk treat-
ment. Polverino and Patterson17 have shown that the addition of either anisomycin,
a protein synthesis inhibitor, or geranylgeraniol, an intermediate in the cholesterol
biosynthetic pathway, indicates the processing and activation of caspase-3 and
causes a rapid induction of apoptosis in HL-60 cells. However, the levels of actin,
PCNA, and other proteins were not substantially altered during this process.

Finally, we screened cytosolic and nuclear protein maps in HL-60 control cells,
cells induced to apoptosis, or cells treated with a broad caspase inhibitor. In our previ-
ous studies,18 we demonstrated that the synthesis of new proteins and protein modifi-
cation occur during the induction of HL-60 cells to granulocytic differentiation. We
suggested that changes in protein synthesis and protein tyrosine phosphorylation
seen in differentiating HL-60 cells reflect both the formation of the differentiated
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granulocyte phenotype and the apoptotic process. Our present study shows that some
proteins are strongly upregulated in the cytoplasm and subsequently accumulated in
the nuclei after treatment of HL-60 cells with etoposide. These proteins could be in-
volved in the regulation of genes required for apoptosis. Proteins identified after treat-
ment with etoposide alone and together with the pan-caspase inhibitor ZVAD.fmk
indicate that they do not represent a downstream event of caspase activation. Taken
together, our results suggest that significant alterations in the expression of both cy-
tosolic and nuclear proteins occur in a highly regulated manner that results in pro-
grammed cell death. A selective activation of some caspases is necessary to induce
apoptosis in HL-60 cells.
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