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Etoposide induces a mixed type of programmed cell death
and overcomes the resistance conferred by
Bcl-2 in Hep3B hepatoma cells
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Abstract. The Bcl-2 protein is known to exert not only anti-
apoptotic but also anti-autophagic activities. Numerous studies
have demonstrated that etoposide, which is one of the most
widely used cancer chemotherapy agents, induces apoptotic
cell death. However, the exact molecular mechanism leading
to cell death by etoposide remains to be resolved. This study
aimed to dissect the mode of cell death induced by etoposide in
Hep3B hepatoma cells. Furthermore, this study was conducted
to examine whether etoposide overcomes the resistance
conferred by Bcl-2 in Hep3B hepatoma cells. We observed that
Hep3B cells treated with etoposide show not only apoptotic but
autophagic phenotypes. Autophagy inhibition by 3-methylad-
enine (3MA) and caspase inhibition by zZVAD-fmk effectively
decreased autophagic and apoptotic phenotypes, respectively.
However, either zZVAD-fmk or 3MA only partially prevented
cell death. These data indicate that etoposide concomitantly
induces autophagic cell death and apoptosis in Hep3B cells.
Importantly, etoposide can effectively induce cell death in
Bcl-2-overexpressing Hep3B cells. Conversely, staurosporine,
which exclusively induces apoptosis in Hep3B cells, did not effi-
ciently induce cell death in Bcl-2-overexpressing Hep3B cells.
Staurosporine-treated Hep3B cells also showed an autophagic
phenotype. While autophagy is cell death-inducing in Hep3B
cells treated with etoposide, it is cytoprotective in Hep3B
cells treated with staurosporine. To this end, we observed that
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etoposide-induced mixed type of programmed cell death is
associated with the dissociation of Bcl-2 from Beclin-1. Taken
together, etoposide induces a mixed type of programmed cell
death and overcomes the resistance conferred by Bcl-2 in
Hep3B hepatoma cells.

Introduction

Despite the large number of studies in this field, controversies
regarding the definition of cell death and the classification of cell
death types have not yet been resolved. Based on morphological
criteria, three types of cell death have been defined: apoptosis,
autophagic cell death and necrosis. Apoptosis (programmed
cell death-type I, PCD-type I) and necrosis are well-known
mechanisms of cell death induced by several stimuli. Emerging
studies have demonstrated the existence of a nonapoptotic
form of programmed cell death called autophagic cell death
(programmed cell death-type II, PCD-type II). However, the
clear-cut distinctions among these three types of cell death are
still controversial, and a clear equivalence between the ultra-
structural alterations and biochemical cell death characteristics
has not been established (1).

All Bcl-2 family members contain at least one of the four
conserved oa-helical motifs known as Bcl-2 homology (BH)
domains (BH1-BH4) (2). Bcl-2 family members are grouped
into three categories: the anti-apoptotic members, including
Bcl-2, Bel-xL and Mcl-1; the multidomain proapoptotic
members, such as Bax and Bak; and the BH3 domain only
proteins, such as Bim, Bid, Bad and Bik (3). Bcl-2 family
members are known to regulate apoptosis. Although Bcl-2
family proteins have been found to have diverse subcellular
locations, the principal site in which the action of apoptosis is
regulated by Bcl-2 family proteins is likely the mitochondrial
membrane. The anti-apoptotic multidomain proteins (Bcl-2,
Bcl-xL, Bel-w and Mcl-1) mainly reside in the mitochon-
dria. The anti-apoptotic Bcl-2 family members prevent the
translocation and/or activation of Bax-like proteins in the
mitochondria (4), inhibiting cytochrome c release from the
mitochondria or mitochondrial membrane depolarization.
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Certain members of the Bcl-2 family are present on the endo-
plasmic reticulum (ER), where they participate in regulating
ER-mediated apoptosis (5).

Previous studies have elucidated that Bcl-2 inhibits
autophagy. Antisense knockdown of Bcl-2 in HL-60-induced
autophagy (6), and Bcl-2 gene silencing increase autophagy,
and Bcl-2 transgenic expression reduces the level of starvation-
induced autophagy. Furthermore, the study using Bcl-2 mutants
restricting subcellular localization showed that Bcl-2 functions at
the ER and not at the mitochondria to inhibit starvation-induced
autophagy (7). Thus, Bcl-2 not only functions as an anti-apop-
totic protein but also as an anti-autophagic factor. Increasing
data suggest that Bcl-2 plays a pivotal role in modulating the
complex interaction that exists between autophagy and the
apoptotic cell death pathway. Bcl-2 is known to interact with the
evolutionarily conserved autophagy protein, Beclin-1 protein,
which is part of a Class III PI3K complex that participates in
autophagosome formation, mediating the localization of other
autophagy proteins to the preautophagosomal membrane (8).
Bcl-2 overexpression interferes with the formation of the
autophagy-promoting Beclin-1/hVps34 complex (7).

The resistance of tumor cells to the current chemotherapeutic
drugs is a challenging hurdle to cancer treatment. Upregulation
of the anti-apoptotic molecules in tumors impairs remission and
cure with chemotherapy, protecting the tumor cells from the
apoptotic effects of various antineoplastic agents. High expres-
sion of the anti-apoptotic protein Bcl-2 is found in numerous
human tumors (9). Anti-apoptotic Bcl-2 proteins inhibit apoptosis
induced by various stimuli including chemotherapeutics (10).
The functional blockade of Bcl-2 or other anti-apoptotic proteins,
such as Bcl-xL, could either induce apoptosis in cancer cells or
sensitize these cells to chemotherapy (11). Because anti-apoptotic
factors, including Bcl-2, impair the ability to achieve remission
and cure with chemotherapy, protecting the tumor cells from the
apoptotic effects of various antineoplastic agents, anti-apoptotic
members of the Bcl-2 family have attracted interest in drug
discovery to develop a new class of anticancer agents.

Etoposide (VP-16) is a semi-synthetic derivative of podo-
phyllotoxin and acts as a topoisomerase II inhibitor by forming
a ternary complex. Etoposide, which is one of the most widely
used cancer chemotherapy agents (12), has been used clini-
cally both as a single agent and a constituent of combination
chemotherapy regimens and is known to improve the treatment
of various human cancers (13). Numerous studies have demon-
strated that etoposide induces apoptotic cell death. However, the
exact molecular mechanism leading to apoptotic cell death by
etoposide remains to be elucidated.

This study examined whether etoposide overcomes the resis-
tance conferred by Bcl-2 in Hep3B hepatoma cells. We found
that etoposide overcomes the resistance conferred by Bcl-2 in
Hep3B hepatoma cells via the induction of autophagic cell death.

Materials and methods

Reagents and antibodies. The following reagents were obtained
commercially: rabbit polyclonal anti-human Bcl-2, Beclin-1,
retinoblastoma protein (pRB), p130, E2F1, E2F4, cyclin DI,
cyclin E, cyclin-dependent kinases (Cdk2, Cdk4 and Cdk6) and
goat polyclonal anti-human MAP LC3f and mouse monoclonal
anti-human cyclin A antibodies from Santa Cruz Biotechnology
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(Santa Cruz, CA, USA); rabbit polyclonal anti-human caspase-3,
caspase-0, caspase-7 and SQSTM1/p62, mouse monoclonal
anti-human caspase-9 antibodies, HRP-conjugated goat anti-
rabbit and horse anti-mouse IgGs from Cell Signaling (Danvers,
MA, USA); mouse monoclonal anti-human [-actin antibody,
Hoechst 33342, dimethyl sulfoxide (DMSO), propidium iodide
(PI), staurosporine, acridine orange, monodansylcadaverine,
3-methyladenine (3MA), and Annexin V-FITC apoptosis detec-
tion kit from Sigma-Aldrich (Irvine, CA, USA); caspase inhibitor
I zZVAD-fmk and neomycin sulfate (G418), mouse monoclonal
anti-human p27, p21, pl6 antibodies and necrostatin-1 from
Calbiochem (San Diego, CA, USA); 3,3'-dihexyloxacarbo-
cyanine iodide (DiOC,) from Molecular Probes (Eugene, OR,
USA); SuperSignal West Pico enhanced chemiluminescence
western blot detection reagent from Pierce (Rockford, IL, USA);
RNase A and proteinase K from Biosesang (Sungnam, Korea);
etoposide (VP-16) from Nippon Kayaku (Tokyo, Japan); siPORT
Amine was from Ambion (Austin, TX, USA); Lipofectamine
was from Invitrogen (Calsbad, CA, USA).

Cells. Hep3B cells were obtained from the American Type
Culture Collection (ATCC HB-8064; Rockville, MD, USA).

Cell culture and establishment of Hep3B/Bcl-2 cells. Hep3B
cells were cultured in complete Dulbecco's modified Eagle's
medium (DMEM; Gibco, Gaithersburg, MD) supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Gibco) and
100 U/ml penicillin in 5% CO, at 37°C. Mammalian expres-
sion vector encoding Flag-tagged Bcl-2 was kindly provided
by Professor A. Strasser (The Walter and Eliza Hall Institute
of Medical Research, Melbourne, Australia). Hep3B cells were
transfected with the expression vector encoding Flag-tagged
Bcl-2 using FuGENESG reagent (Roche, Mannheim, Germany)
according to the manufacturer's instructions. The transfected
cells were incubated for two days, and stable cells were then
selected with changes of fresh medium containing puromycin
(4 ug/ml) for four weeks. Single-cell clones were isolated by
limiting dilutions and subsequently analyzed for an increase
of Bcl-2 expression relative to identically cloned empty vector
controls.

Treatment with etoposide and other pharmacological agents.
Forty-eight hours after Hep3B/vec and Hep3B/Bcl-2 cells
were cultured, the original medium was removed. Cells were
washed with PBS and then incubated in the same fresh medium.
Etoposide and staurosporine were stocked in DMSO. Etoposide
from a stock solution was added to the medium to obtain indicated
dilutions (0-70 pg/ml) of the drug for 0-48 h. Staurosporine from
a stock solution was added to the medium to obtain indicated
dilutions (0-500 nM) of the drug for 0-48 h. The concentration
of DMSO used in this study had no effect on Hep3B/vec and
Hep3B/Bcl-2 cells proliferation in our preliminary studies. To
examine the effect of caspase or autophagy inhibitor, cells were
incubated in the presence or absence of 100 uM zVAD-fmk or
1 mM 3MA for 3 h. Cells then exposed to 40 xg/ml etoposide or
300 nM staurosporine for 48 h.

Cell viability assay. Cell viability was determined by the Vi-Cell
cell counter (Beckman Coulter, Miami, FL, USA), which
performs an automated trypan blue exclusion assay.
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Nuclear morphology. Cell suspensions were cytospun onto clean
fat-free glass slides using a cytocentrifuge. Centrifuged samples
were fixed in 4% paraformaldehyde for 10 min and stained in
4 ng/ml Hoechst 33342 for 30 min at 37°C. Cells were observed
and photographed under an epifluorescence microscope by an
observer who was blinded to the experimental group.

Quantification of DNA hypoploidy and cell cycle phase analysis
by flow cytometry. Ice-cold 95% ethanol with 0.5% Tween-20
was added to cell suspensions to a final concentration of
70% ethanol. Fixed cells were pelleted and washed with PBS
containing 1% bovine serum albumin (BSA). Cells were
resuspended in 1 ml PBS containing 11 Kunitz U/ml RNase,
incubated at 4°C for 30 min, washed once with BSA-PBS and
resuspended in PI solution (50 pg/ml). After the cells had been
incubated at 4°C for 30 min in the dark and washed with PBS,
DNA content was measured using Epics XL (Beckman Coulter),
and the data were analyzed using the Multicycle software which
allowed a simultaneous estimation of cell cycle parameters and
apoptosis.

Western blot analysis. Cells (2x10%) were washed twice with
ice-cold PBS, resuspended in RIPA buffer (Elpis Biotech,
Daejeon, Korea) and incubated at 4°C for 30 min. The lysates
were centrifuged at 14,000 rpm for 20 min at 4°C. Protein
concentrations of cell lysates were determined with Bradford
protein assay reagent (Bio-Rad) and 30 ug of proteins were
loaded onto 7.5-15% SDS-PAGE. The gels were transferred
to nitrocellulose membrane (Amersham Pharmacia Biotech,
Piscataway, NJ, USA) and reacted with each antibody.
Immunostaining with antibodies was performed using the
Super Signal West Pico enhanced chemiluminescence substrate
and detected with LAS-4000PLUS (Fuji Photo Film Company,
Kanagawa, Japan).

Transfection of GFP-LC3 in Hep3B/vec and Hep3B/Bcl-2 cells
and confocal microscopy. Hep3B/vec and Hep3B/Bcl-2 cells
plated in six-well dishes were transfected with 4 ug of LC3
cDNA using Lipofectamine reagent (Invitrogen, Calsbad, CA,
USA). The mammalian expression construct of human LC3
cloned into pEGFP was a gift from Dr N. Mizushima (Tokyo
Medical and Dental University, Tokyo, Japan). An empty
pPEGFP vector was used as a control for the stable expression of
LC3. Stable transfectants of Hep3B/vec and Hep3B/Bcl-2 cells
were selected with changes in medium containing 400 ug/ml
of G418. Cells grown in coverslides were treated as indicated
and fixed with 4% paraformaldehyde for 10 min. Fluorescent
images were observed and analyzed under Zeiss LSM 700 laser-
scanning confocal microscope (Goettingen, Germany).

Transmission electron microscopy. Forty-eight hours after
treatment, cells were harvested, pelleted and fixed in 2.5%
glutaraldehyde (Sigma-Aldrich) in phosphate buffer. After
rinsing with phosphate buffer, the samples were postfixed
in 1% osmium tetroxide (Sigma-Aldrich) for 1 h, rinsed with
water, dehydrated in a graded series of ethanol followed by
propylene oxide (Sigma-Aldrich) and kept overnight in Epon812
(Sigma-Aldrich). The samples were embedded in Epon812 and
cured in an oven at 60°C. Ultrathin sections were obtained with
aReichert Ultracut E microtome. The sections were stained with
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uranyl acetate and lead citrate and observed using an H7650
transmission electron microscope (Hitachi, Tokyo, Japan).

Detection of autophagosome formation with acridine orange
and monodansylcadaverine (MDC) by flow cytometry. Cells
were seeded on 6-well plates (1x10° cells/ml). After 24 h of
incubation, cells were treated with etoposide and staurosporine,
and cultured for 48 h. Cells were trypsinized, collected, and
stained with acridine orange (final concentration of 1 pg/ml) or
MDC (final concentration of 50 xM) for 10 min at 37°C. After
centrifugation, cells were resuspended in PBS and analyzed
with Epics XL.

Flow cytometric analysis of Annexin V-FITC binding for
apoptosis. Apoptosis was determined by flow cytometry
with the Annexin V-FITC apoptosis detection kit according
to the manufacturer's instruction. Cells were incubated with
etoposide and staurosporine for 48 h. The cells were collected,
centrifuged, and resuspended in binding buffer, and incubated
with Annexin V-FITC and PI for 20 min at room temperature
in the dark. After double staining, the cells were analyzed with
Epics XL.

DNA electrophoresis. Cells (0.6x10°) were resuspended in 1.5 ml
of lysis buffer (10 mM Tris-HCI, 10 mM EDTA, 10 mM NaCl,
0.5% SDS, pH 7.5) into which proteinase K (200 ug/ml) was
added. After samples were incubated overnight at 48°C, 200 ul
of ice cold 5 M NaCl was added and the supernatant containing
fragmented DNA was collected after centrifugation. The DNA
was then precipitated overnight at -20°C in 50% isopropanol and
RNase A-treated for 1 h at 37°C. The DNA from 1x10° or 2x10°
cells (15 ml) was equally loaded on each lane of 2% agarose gels
in Tris-acetic acid/EDTA buffer containing 0.5 ug/ml ethidium
bromide at 50 mA for 1.5 h.

Pulsed-field gel electrophoresis (PFGE). For PFGE, cells
(2x10°) were suspended in 50 pl of PBS and mixed with 50 ul of
PBS containing 1% low melting temperature agarose. The cell
suspension was poured into a template (5x2x10 mm), plugged,
and cooled on ice. The hardened agarose gel blocks were
incubated with 250 pl of a mixture of proteinase K (1 mg/ml),
N-lauroyl sarcosine sodium (1% w/v), and 0.5 M EDTA (pH 9.2)
at 50°C for 48 h. After incubation, half the volume of the digested
agarose gel block was loaded into a sample well of a 1% (w/v)
agarose gel (Sigma type II, 150x150x4.4 mm) in 0.5X TBE
buffer (89 mM Tris-boric acid, 2 mM EDTA, pH 8.0). The
PFGE apparatus used was the Gene Path System from Bio-Rad.
PFGE was carried out in 0.5X TBE maintained at 14°C by
circulating cool water for 16 h (constant, 6 V; switch times are
initial 60 sec and final 90 sec). DNA in the gel was stained
with ethidium bromide and detected with LAS-4000Plus (Fuji
Photo Film Company, Kanagawa, Japan). Chromosomal DNA
from Saccharomyces cerevisiae (from Bio-Rad), a mixture of
L DNA, its concatemers, and HindIII-digested A DNA (from
Sigma-Aldrich) were used as DNA size markers.

Beclin-1 small interfering RNA (siRNA) transfection and combi-
nation treatment with etoposide or staurosporine. Transfection
of siRNA against Beclin-1 transcripts was performed by using
siPORT Amine (Ambion, Austin, TX, USA) in Opti-MEM
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Figure 1. Etoposide, but not staurosporine, bypasses the chemoresistance conferred by Bcl-2 in Hep3B cells. Ctrl, control; Et, etoposide; St, staurosporine; Hep3B/
vec, Hep3B cells transfected with empty vector; Hep3B/Bcl-2, Bcl-2-overexpressing Hep3B cells. Four independent assays were performed, and the data are shown
as the mean + SD obtained from triplicates of each experiment. (A) Reduction in viability after treatment with etoposide or staurosporine at various doses. Etoposide
at 5-60 ug/ml significantly reduced the viability of both Hep3B/vec and Hep3B/Bcl-2 cells. Staurosporine at 10-500 nM significantly reduced the viability of Hep3B/
vec but not Hep3B/Bcl-2 cells. “p<0.01. (B) The reduction in viability after treatment with etoposide or staurosporine at various time points. Etoposide at 40 yg/ml
reduced the viability of both Hep3B/vec and Hep3B/Bcl-2 cells in a time-dependent manner. Staurosporine at 300 nM for 48 h reduced the viability of Hep3B/vec

but not Hep3B/Bcl-2 cells in a time-dependent manner.

(GibcoBRL) media according to manufacturer's recommenda-
tions. Beclin-1 siRNA was purchased from Cell signaling. Cells
were treated with etoposide and staurosporine for 48 h.

Co-immunoprecipitation (Co-IP). Cell extracts that were
incubated with antibodies were precipitated with protein
A-Sepharose beads. Immunoprecipitated proteins were sepa-
rated on SDS-PAGE, and western blot analysis was performed
as described.

Statistical analysis. Four independent experiments were carried
out in vitro. The results are expressed as means + SD from
four experiments, each performed in triplicate. The results of
the experimental and control groups were tested for statistical
significance by the nonparametric Kruskall-Wallis test. In all
cases, a p-value <0.05 was considered significant.

Results

Etoposide, but not staurosporine, bypasses the chemoresistance
conferred by Bcl-2 in Hep3B cells. Etoposide at 5-60 ug/ml
significantly reduced the viability of Hep3B cells compared to
the control Hep3B cells. Noticeably, etoposide at the same doses
also significantly reduced the viability in Bcl-2-overexpressing
Hep3B cells, indicating that etoposide bypasses the chemoresis-
tance conferred by Bcl-2 in Hep3B cells. Another representative
apoptosis inducer staurosporine at 10-500 nM also significantly
reduced the viability of Hep3B cells in a dose-dependent
manner. However, staurosporine at the same doses did not

significantly reduce viability in Bcl-2-overexpressing Hep3B
cells, indicating that staurosporine does not bypass the chemo-
resistance conferred by Bcl-2 in Hep3B cells (Fig. 1A). Because
the viability of Hep3B/vec cells treated with 40 pg/ml etoposide
or 300 nM staurosporine for 48 h was approximately 50%, this
single concentration was utilized for further study. Etoposide at
40 pg/ml reduced the viability of Hep3B/Bcl-2 and Hep3B/vec
cells in a time-dependent manner. Staurosporine at 300 nM for
48 h reduced the viability of Hep3B/vec cells in a time-depen-
dent manner. However, ectopic expression of Bcl-2 prevented the
reduction in viability by staurosporine in Hep3B cells (Fig. 1B).

Etoposide induces G,/S phase arrest in Hep3B/vec and
Hep3B/Bcl-2 cells. Analysis via a flow cytometric method, which
allows the simultaneous estimation of cell cycle parameters and
apoptosis, elucidated not only the rate at which etoposide altered
cell cycle progression but also the correlation between cell cycle
progression and cell death. Time-course analysis of cell cycle
distribution after etoposide treatment revealed an increase in the
percentage of S-phase cells and also a sustained increase in the
S-phase population, while producing a concomitant fall in the
percentage of G,/G, phase cells. The increase in the S-phase cell
percentage and decrease in the G,/G, phase populations paral-
leled an increase in the subG, portion. In contrast to etoposide,
staurosporine treatment revealed an increase in the percentage
of G,/M-phase cells, while producing a concomitant fall in
the percentage of G,/G, phase cells. The increase in the G,/M
phase cell percentage and concomitant fall in the percentage
of G,/G, phase cells paralleled an increase in the subG, portion
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Figure 2. Etoposide induces G,/S phase arrest in Hep3B/vec and Hep3B/Bcl-2 cells. (A) The kinetic analysis of the effect of 40 yg/ml etoposide or 300 nM stau-
rosporine on Hep3B cell cycle progression and the induction of subG; cells. Time-course analysis of cell-cycle distribution after etoposide treatment revealed an
increase in the percentage of S-phase cells and also a sustained increase in the S-phase population, while producing a concomitant fall in the percentage of G,/G,
phase cells. Staurosporine treatment revealed an increase in the percentage of G,/M-phase cells, while producing a concomitant fall in the percentage of G/G,
phase cells. Representative DNA histograms are shown. (B) Western blot assay showing the expression levels of checkpoint proteins in the G,/S transition and cell
cycle regulating factors at the G,/S boundary in Hep3B cells treated with etoposide but not with staurosproine. 3-actin serves as a loading control. Figures are a
representative result of four independent experiments. See Fig. 1 for other definitions.

(Fig. 2A). We next examined the expression levels of checkpoint
proteins in the G,/S transition and cell cycle regulating factors
at the G,/S boundary by western blot analysis. The total level
of pRB expression decreased remarkably and changed from
the hyperphosphorylated form to the hypophosphorylated form
after etoposide treatment; however, staurosporine-treated cells
remained unchanged. Moreover, the protein level of E2F-4
was completely inhibited after 48 h of exposure to etoposide;
however, the level of E2F-1 was not. These results suggest that
etoposide inhibits the release of E2F family proteins from pRB.
Furthermore, while the protein levels of cyclin A, cyclin E and
Cdk6 were significantly inhibited by etoposide treatment in a
time-dependent manner, the levels of cyclin D1, Cdk2 and Cdk4
remained unchanged in the etoposide-treated cells. These results
suggest that the suppressive effects of etoposide at the G,/S
phase in Hep3B cells are partly caused by downregulating the
levels of cyclin A, cyclin E and Cdk6. Because Cdk activity is

highly regulated by an association with Cdk inhibitors, such as
pl6, p21 and p27, we next examined the possible upregulation of
these proteins in cells treated with etoposide or staurosporine.
Noticeably, etoposide treatment resulted in a time-dependent
increase in p27 protein, which was not undetectable in untreated
control cells and staurosporine-treated cells. The expression
levels of other Cdk inhibitors, such as pl6 and p21, did not
change after etoposide treatment (Fig. 2B). These data suggested
that the etoposide-induced G,/S phase arrest in human hepato-
carcinoma Hep3B/vec and Hep3B/Bcl-2 cells requires increased
p27 expression but not pl6 and p21 expression. Taken together,
etoposide, but not staurosporine, induces G,/S phase arrest in
Hep3B/vec and Hep3B/Bcl-2 cells.

Hep3B cells undergoing cell death after treatment with etopo-
side show apoptotic manifestations. To examine whether
etoposide reduces the viability of Hep3B/vec and Hep3B/Bcl-2
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Figure 3. Hep3B cells undergoing cell death after treatment with etoposide or staurosporine show apoptotic phenotypes. (A) Hoechst staining showing nuclear
condensation or fragmentation. (B) DNA electrophoresis and PFGE. While etoposide did not demonstrate ladder-like DNA fragments on agarose gel, disintegration
of nuclear DNA into giant fragments of 1-2 Mbp and high molecular weight fragments of 200-800 kbp was recognized by PFGE. Staurosprine demonstrated a
DNA ladder on an agarose gel. (C) Flow cytometry indicated a reduction in the mitochondrial membrane potential after treatment with etoposide or staurosporine.
(D) Flow cytometry using Annexin V-FITC/PI double staining indicated the induction of apoptosis in Hep3B cells treated with etoposide or staurosporine. (E) Both
etoposide and staurosporine produced the cleaved products procaspase-3, -6, -7 and -9. (F) A pan-caspase inhibitor ZVAD-fmk significantly protected Hep3B cells
against apoptosis in Hep3B cells induced by etoposide or staurosporine. “p<0.01. See Fig. 1 for other definitions.

cells by inducing apoptosis, various assays were performed.
Hoechst staining showed nuclear condensation in Hep3B
cells treated with etoposide or staurosporine (Fig. 3A). While
etoposide did not demonstrate ladder-like DNA fragments
on agarose gel, disintegration of nuclear DNA into giant
fragments of 1-2 Mbp and high molecular weight fragments
of 200-800 kbp were recognized by PFGE. Conversely,
staurosporine demonstrated DNA ladder on an agarose gel
(Fig. 3B). Flow cytometry indicated a reduction in the mito-
chondrial membrane potential (Fig. 3C). Flow cytometry using

Annexin V-FITC/PI double staining also demonstrated the
induction of apoptosis in Hep3B cells treated with etoposide or
staurosproine (Fig. 3D). Etoposide or staurosporine produced
the cleaved products procaspase-3, -6, -7 and -9 in Hep3B cells
(Fig. 3E). Etoposide treatment caused similar apoptotic pheno-
types in Hep3B/Bcl-2 cells. However, Bcl-2 overexpression
protected Hep3B cells against apoptosis induced by stauro-
sporine (Fig. 3A-E). The pan-caspase inhibitor zZVAD-fmk
protected Hep3B cells against apoptosis induced by etoposide
or staurosporine (Fig. 3F). Taken together, etoposide bypasses
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Figure 4. Hep3B cells treated with etoposide or staurosporine showed autophagic manifestations. (A) Transmission electron microscopy. Bars indicate 2 ym.
(Panel a) A control Hep3B/vec cell. The Hep3B/vec cell shows a normal appearing nucleus (N) and a normal distribution of organelles with numerous micro-
villi (arrows). Mitochondria have a round to tubular shape with intact outer and inner membranes and cristae. The lumen of the ERs is not dilated. (Panel b) A
control Bcl-2-overexpressing Hep3B cell. The Hep3B/Bcl-2 cell shows a normal appearing nucleus (N) and a normal distribution of organelles with numerous
microvilli (arrows). Most mitochondria have a round shape with intact outer and inner membranes and cristae. The lumen of the ERs is not dilated. (Panel c) An
etoposide-treated Hep3B/vec cell. Mitochondria were fragmented (arrowheads). Cellular organelles are merged with lysosomes, indicating the formation of autopha-
golysosomes (arrows). (Panel d) Another etoposide-treated Hep3B/vec cell. Numerous vesicles are observed. Cytoplasmic materials (arrow head) and mitochondria
(arrow) were sequestered in these vesicles. (Panel e) A Bcl-2-overexpressing Hep3B cell treated with etoposide. Numerous vesicles are observed in the cytoplasm.
Cup-shaped membrane structures were found, reflecting preautophagosomal structure phagopore formation (arrowhead). Autophagosomes contain mitochondria
with membranous structures in different stages of degradation (arrows). Numerous autophagosomes were fused with lysosomes (asterisks). (Panel f) Another Bcl-2-
overexpressing Hep3B cell treated with etoposide. Autophagosome residual digested materials (arrowheads). Numerous autophagosomes were fused with lysosomes
(arrows). (Panel g) A staurosporine-treated Hep3B/vec cell. The cell has numerous vacuoles, which includes cell organelles and cytoplasmic materials (insets).
(Panel h) A Bcl-2-overexpression Hep3B cell treated with staurosporine. This cell shows a normal appearing nucleus (N) and a normal distribution of organelles with
numerous microvilli. (Panel i) Another Bcl-2 overexpression Hep3B cell treated with staurosporine. The cell has numerous vacuoles, which include cell organelles,
membranous structures and cytoplasmic materials (insets). (B) Confocal microscopy demonstrated that etoposide or staurosporine treatment induced LC3 puncta
in Hep3B/Bcl-2 cells and Hep3B/vec cells transfected with GFP-LC3. Additionally, 3MA suppressed the appearance of a punctuate LC3 pattern and prevented the
formation of LC3 puncta. Bars, 10 mm. See Fig. 1 for other definitions.

the chemoresistance conferred by Bcl-2 in Hep3B cells via the
induction of apoptosis.

Hep3B cells treated with etoposide or staurosporine show
autophagic phenotypes. We next observed the fine structure of
Hep3B/vec and Hep3B/Bcl-2 cells treated with etoposide. The
control Hep3B/vec cell has a normal appearing nucleus and a
normal distribution of organelles with numerous microvilli.
Mitochondria have a round to tubular shape with intact outer
and inner membranes and cristae. The lumen of the ERs is not

dilated. The control Bcl-2 overexpressing Hep3B cell also shows
a normal appearance of the nucleus and a normal distribution of
organelles with numerous microvilli. Most mitochondria have a
round shape with intact outer and inner membranes and cristae.
The lumen of the ERs is not dilated (Fig. 4Aa and 4Ab). The
etoposide-treated Hep3B/vec cells have mitochondria that are
fragmented. Cellular organelles are merged with lysosomes,
indicating the formation of an autophagolysosome. Numerous
vesicles with a double membrane are observed in the cytoplasm.
The Bcl-2 overexpressing Hep3B cells treated with etoposide also
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Figure 5. Autophagy in Hep3B cells induced by etoposide and staurosporine is cell death-inducing and cyto-protective in Hep3B cells, respectively. Cells with
positive staining were monitored using flow cytometry 48 h after treatment with etoposide or staurosporine. (A) Flow cytometric histograms showing the intensity
of red fluorescence in acridine orange-stained cells (left panel). Flow cytometric analysis indicates the percent of acridine-orange positive cells, which is represented
as the mean + SD (right panel). The percentage of acridine orange-positive cells is larger in cells treated with etoposide or staurosporine compared to untreated
control cells. The percentage of acridine orange-positive cells is larger in cells treated with etoposide than in cells treated with staurosporine. (B) Flow cytometric
histograms showing increased MDC recruitment to autophagosomes in Hep3B/vec and Hep3B/Bcl-2 cells treated with etoposide or staurosporine (left panel).
Flow cytometric analysis indicates the percent of MDC positive cells, which is represented as the mean + SD (right panel). The percentage of MDC-positive cells
is larger in cells treated with etoposide or staurosporine compared to untreated control cells. The percentage of MDC-positive cells is larger in cells treated with
etoposide compared to cells treated with staurosporine. (C) Autophagy flux assay based on the turnover of LC3-II by western blot analysis in the presence and
absence lysosomal degradation. The cells were pretreated with bafilomycin A1 for 3 h and were further exposed to etoposide or staurosporine for 48 h. BfA1, bafilo-
mycin Al. Western blot analysis shows that an increase in LC3-II in cells treated with etoposide was markedly enhanced by bafilomycin Al treatment. Although
LC3-I1 is not observed in Hep3B cells treated with staurosporine alone, bafilomycin Al treatment evidently increased LC3-II in staurosporine-treated Hep3B cells.
(D) Viability assay showing the effect of the inhibition of autophagy by 3MA, which also significantly prevents the reduction in viability by etoposide, in Hep3B/
vec and Hep3B/Bcl-2 cells. “p<0.01. Conversely, 3SMA significantly augmented the reduction in viability by staurosporine in Hep3B/vec and Hep3B/Bcl-2 cells.
“p<0.01. (E) Viability assay showing the effect of the inhibition of autophagy by siRNA against Beclin 1. Additionally, siRNA against Beclin-1 significantly prevents
the reduction in viability by etoposide in Hep3B/vec and Hep3B/Bcl-2 cells. “p<0.01. Conversely, siRNA against Beclin-1 significantly augments the reduction in
viability by staurosporine in Hep3B/vec and Hep3B/Bcl-2 cells. “p<0.01. SC, scrambled siRNA; SiBec, siRNA Beclin-1. See Fig. 1 for other definitions.

had numerous vesicles with a double membrane in the cytoplasm.
Cup-shaped membrane structures were found, reflecting preau-
tophagosomal structure phagopore formation. Autophagosomes
contained mitochondria and membranous structures in different
stages of degradation. Numerous autophagosomes were fused
with lysosomes. Autophagosomes contained mitochondria
and lamellar structures with residual digested materials
(Fig. 4Ac-Af). Staurosporine-treated Hep3B cell also showed
autophagic phenotypes (Fig. 4Ag). Bcl-2 overexpressing Hep3B
cells showed the normal appearance (Fig. 4Ah) or autophagic
phenotypes (Fig. 4Ai). Confocal microscopy demonstrated that
etoposide or staurosporine induced LC3 puncta in Hep3B cells

transfected with GFP-LC3 (Fig. 4B). These findings indicate
that etoposide or staurosporine treatment induces autophagy in
Hep3B and Hep3B/Bcl-2 cells.

Autophagy in Hep3B cells induced by etoposide and staurosp-
roine is cell death-inducing and cyto-protective, respectively.
We next examined autophagic flux. Flow cytometry revealed
increased acridine orange intensity or MDC recruitment to
autophagosomes in Hep3B/vec and Hep3B/Bcl-2 cells treated
with etoposide or staurosporine. These data indicate that both
etoposide and staurosporine increase the percent of cells with
acidic vesicular organelles. Importantly, the percent of both
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Figure 6. Apoptosis and autophagic cell death occurs independently in etoposide-treated Hep3B cells. The cells were pretreated with 3MA (1 mM) and ZVAD-fmk
(100 uM) for 3 h, respectively, and were further exposed to etoposide or staurosporine for 48 h. (A) A pan-caspase inhibitor ZVAD-fmk did not prevent an increase
in LC3-II, although it efficiently prevented the activation of effect of caspase-3 and -7. (B) 3MA did not prevent the activation of caspase-3 and -7, although it

efficiently prevented an increase in LC3-II. (C) Beclin-1 siRNA did not prevent

the activation of caspase-3 and -7, although it efficiently prevented an increase in

LC3-II. (D) The viability assay showed that co-treatment with 3MA and zZVAD-fmk almost completely abolished the reduction in viability by etoposide. “p<0.01.
(E) Decreased interaction between Bcl-2 and Beclin-1 by etoposide. Vec, Hep3B/vec cells; Bcl-2, Hep3B/Bcl-2 cells. Western blot assay shows that both etoposide
and staurosporine slightly downregulate the expression of Bcl-2 protein in Hep3B/Bcl-2 cells (upper panel). Co-immunoprecipitation shows that etoposide but not
staurosporine reduces the interaction between Bcl-2 and Beclin-1 in Hep3B/Bcl-2 cells (lower panel). PC, positive control. See Figs. 1 and 5 for other definitions.

acridine orange- and MDC-positive cells was substantially
higher in staurosporine-treated cells than in etoposide-treated
cells (Fig. 5A and B). We further conducted an autophagy flux
assay based on the turnover of LC3-II by western blot analysis
in the presence and absence lysosomal degradation. To prevent
lysosomal degradation, bafilomycin Al was used. A western blot
assay showed that an increase in LC3-II levels in cells treated
with etoposide was markedly enhanced by bafilomycin Al
treatment (Fig. 5C). Although LC3-II is not observed in Hep3B
cells treated with staurosporine alone, bafilomycin Al treat-
ment evidently increased LC3-II level in staurosporine-treated
Hep3B cells. These data indicate that autophagic flux, which
refers to the complete process of autophagy, is more active in
staurosporine-treated cells compared to etoposide-treated cells.
We next examined the effect of the inhibition of autophagy on
the reduction of cell viability by etoposide or staurosporine. We
observed that the inhibition of autophagy by 3MA or siRNA
against Beclin-1 prevented the reduction in viability by etoposide
in Hep3B/vec and Hep3B/Bcl-2 cells. Conversely, the inhibition

of autophagy by 3MA or siRNA against Beclin-1 augmented
the reduction in viability by staurosporine in Hep3B/vec and
Hep3B/Bcl-2 cells (Fig. 5D and E). These findings indicate that
autophagy in Hep3B cells induced by etoposide and staurosp-
roine is cell death-inducing and cyto-protective in Hep3B cells,
respectively.

Apoptotic and autophagic cell death occur independently in
etoposide-treated Hep3B cells. Because our data support that
etoposide induces a mixed type of programmed cell death,
we further examined whether necroptosis, another type of
programmed cell death, plays a role in the cell death of etopo-
side-treated Hep3B cells. However, necrostatin-1 did not alter
the amount of the etoposide-mediated cell death (negative data
not shown). These data suggest that etoposide induces a mixed
type of programmed cell death via apoptosis and autophagic cell
death and overcomes the resistance conferred by Bcl-2 in Hep3B
hepatoma cells. We next asked whether autophagic cell death
induced by etoposide interplays with apoptosis in this type of
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cell death. We observed that a pan-caspase inhibitor zZVAD-fmk
did not prevent the increase in LC3-II, although it efficiently
prevented the activation of caspase-3 and -7 (Fig. 6A). We further
observed that 3MA did not prevent the activation of caspase-3 or
caspase-7, although it efficiently prevented the increase in LC3-11
(Fig. 6B). Beclin-1 siRNA also showed a similar effect with 3aMA
(Fig. 6C). The viability assay showed that co-treatment with
3MA and zVAD-fmk almost completely abolished the reduc-
tion in viability by etoposide (Fig. 6D). Although we did not
completely exclude the possibility that autophagic cell death leads
to apoptosis or vice versa in Hep3B cells treated with etoposide,
our data suggest that autophagy and apoptosis may contribute to
cell death independently, bypassing the resistance conferred by
Bcl-2. Conversely, co-treatment with 3MA and zVAD-fmk did
not prevent the reduction in viability induced by staurosporine
(Fig. 6D), although zZVAD-fmk and 3MA or Beclin-1 siRNA
protected Hep3B cells against apoptotic and autophagic pheno-
types in Hep3B cells treated with staurosporine, respectively. In
concert with the data showing that ZVAD-fmk almost completely
abolished the reduction in viability by staurosporine (Fig. 3F),
these data indicate that autophagy does not contribute to cell
death in Hep3B cells treated with staurosporine.

Etoposide decreases the Bcl-2 to Beclin-1 interaction. To this
end, we examined whether etoposide has the ability to disso-
ciate the interaction between Bcl-2 and Beclin-1. According
to western blot data, both etoposide and staurosporine slightly
downregulated the expression of Bcl-2 protein in Hep3B/Bcl-2
cells. Importantly, etoposide but not staurosporine dissociated
the interaction between Bcl-2 and Beclin-1 (Fig. 6E).

Discussion

Although surgery is the most effective treatment for hepato-
cellular carcinoma (HCC), the numbers of patients with HCC
who are eligible for surgical intervention are limited. Thus,
numerous approaches have been conducted to search for other
options, such as efficient chemotherapeutic agents. However,
HCC is weakly chemosensitive (14).

One of the most important problems that hamper the effi-
ciency of cancer chemotherapeutic drugs, such as cisplatin and
etoposide, is chemoresistance (15,16). Accumulated data strongly
suggest a causal relationship between defects in apoptosis and
drug resistance (17). The expression of genes that regulate
apoptotic cell death plays an important role in determining the
sensitivity of tumor cells to chemotherapy. Although most of the
anticancer drugs, regardless of their targets and mechanisms,
ultimately induce apoptosis, cancer cells are genetically predis-
posed to apoptotic resistance, blocking the action of anticancer
drugs. For example, the efficacy of anthracycline antibiotics can
be significantly reduced after cancers develop apoptotic resis-
tance (18). Similarly, the efficacy of other anticancer agents, such
as vinca alkaloids, taxanes, epipodophylotoxins, and imatinib, is
reduced with the cancer resistance to apoptosis (19).

Autophagy has been used to describe the catabolic pathways
of the degradation of intracellular macromolecules. Autophagy
begins with the sequestration of intracellular cargo, such as
protein aggregates, organelles and ribosomes, in a membrane
vacuole called an autophagosome. Next, the loaded autophago-
some fuses with lysosomes, where the cellular materials are
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degraded by lysosomal acid proteases, and lysosomal permeases
and transporters export amino acids and other by-products
of degradation back out to the cytoplasm, where they can be
re-used for building macromolecules and for metabolism (20).
In theory, autophagy may help promote cell survival either by
promoting energy efficiency through ATP generation or by
mediating damage control by removing non-functional proteins
and organelles (21). Numerous studies have demonstrated that
autophagy protects cells by preventing them from undergoing
apoptosis. Autophagy sequesters damaged mitochondria,
preventing cytochrome ¢ from being able to form a functional
apoptosome, and protects cells from the caspase-independent
death that occurs after mitochondrial outer membrane permea-
bilization (MOMP) (22,23). Thus, autophagy may contribute to
chemoresistance by preventing apoptosis.

Paradoxically, autophagy may also represent a form of
nonapoptotic cell death. Numerous recent studies have shown
that increased autophagic activity is associated with cell
death (24,25). Although it is unclear whether autophagy directly
contributes to cell death or is a failed effort to preserve cell
viability, autophagy appears to promote cell death through the
excessive self-digestion and degradation of essential cellular
constituents. Unlike apoptosis, autophagic cell death is usually
considered caspase-independent (25). Furthermore, autophagic
cell death is known to occur in cells with profound defects in
the apoptotic machinery (26). However, autophagic cell death
undergoes cross-talk with apoptosis via classical apoptotic
mediators and involves the caspase-dependent mechanism
in some circumstances (27). In this context, autophagic cell
death defects may also contribute to chemoresistance. Thus,
the induction of autophagic cell death could be a strategy in
circumventing cancer drug resistance.

Etoposide acts as a topoisomerase II inhibitor.
Topoisomerase I modulates DNA topology during synthesis
by passing an intact helix through a transient double stranded
break before closing up for further extension, thereby regulating
over- and under-winding of the backbone and resolving knots
and tangles (28). Etoposide induces covalent protein DNA
complex formation, impairing this mode of progression (29).
Although topoisomerase inhibitor-induced DNA damage is
known to induce apoptosis, the signaling pathway has not been
fully defined (18). The mechanisms involved in the induction
of apoptosis by topoisomerase inhibitors are believed to be
largely mediated by the mitochondrial apoptotic pathway (30).
Because Bcl-2 plays a central role in regulating changes in
mitochondrial outer membrane permeability (3), Bcl-2 inhibits
the mitochondria-dependent apoptosis induced by etoposide.
Because increased expression of Bcl-2 has been associated
with poor response to chemotherapy in various malignancies,
overexpression of Bcl-2 justly appears to inhibit or attenuate the
pathway to apoptosis (31).

However, previous studies have demonstrated that chemo-
therapeutic drugs can bypass Bcl-2-mediated protection against
apoptosis in Bcl-2-overexpressing cells (32). Although the
molecular mechanism of cell death in Bcl-2-overexpressing
cells remains unclear, the involvement of lipid peroxidation, the
modulation of p53 target genes, such as Puma and Noxa, and
the formation of PML (promyelocytic leukemia) nuclear bodies
have been suggested to underlie the induction of apoptosis in
Bcl-2-overexpressing cells.
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Arguably, the most intriguing finding of our study is that
etoposide bypasses the resistance by inducing a mixed type of
programmed cell death in Hep3B hepatoma cells. On the basis
of previous studies showing that blocked apoptosis contributes
to cancer drug resistance, most pharmacological approaches
have been aimed at restoring the efficacy of chemotherapeutics
by activating apoptosis. However, cancer drug resistance is
complex in nature, and many different types of cell death appear
to contribute to cancer drug resistance. Previous studies have
shown that the induction of necroptosis circumvents apoptotic
resistance (33). Therefore, simultaneous activation of multiple
death pathways seems to be an effective strategy to bypass
cancer cell resistance. To date, few chemicals have been demon-
strated to induce multiple types of programmed cell death. The
concomitant occurrence of autophagy and necroptosis (34) or
apoptosis and autophagic cell death has been reported (35).
According to their data, two PCDs independently contribute to
cell death execution or the one PCD is the consequence of the
other PCD. Our data suggest that etoposide induces PCD I and
PCD II concomitantly, both of which contribute to the cytotoxic
effects in Hep3B /Bcl-2 and Hep3B cells.

Another interesting finding is that the concomitant occur-
rence of apoptosis and autophagy after etoposide treatment is
mediated with cell cycle arrest in the G,/S phase. The progres-
sion of eukaryotic cells through the cell cycle is orchestrated
by the sequential activation and inactivation of the Cdks,
which is associated with their respective cyclin subunits. G,
progression and G,/S transition are regulated by Cdk4/Cdk®6,
which assemble with D-type cyclins during the mid-G, phase
and with Cdk2, which later combines with cyclin E. Although
Cdk2 controls the S-phase when it is associated with cyclin A,
the G,/M transition is regulated by Cdk?2 in combination with
cyclins A and B (36). Moreover, the relative balance between
the cellular concentrations of Cdk inhibitors also regulates cell
cycle progression. Cdk inhibitors are divided into two families
according to substrate specificity. In mammalian cells, these
are the CIP/KIP family, which consists of p21, p27 and p57,
and the INK4a family, including p15, p16 and p18 (37). Cdk
inhibitors mediate cell cycle arrest in response to several anti-
proliferative signals. The activity of Cdks is also negatively
regulated by binding to Cdk inhibitors in response to a variety
of antiproliferative signals and thus modulates retinoblastoma
protein (pRB) phosphorylation events, which are essential for
various cell cycle transitions (38). These observations suggest
new approaches that could alter uncontrolled human cancer
cell growth by modulating cell cycle regulators causing cell
cycle arrest and could be useful in prevention and/or interven-
tion in human cancer (39). In line with several previous studies
reporting that etoposide could induce S-phase arrest (40),
etoposide induced S-phase arrest in Hep3B cells. Numerous
previous studies have reported that cell cycle arrest is asso-
ciated with the induction of apoptosis. Furthermore, recent
studies have suggested that cell cycle arrest is associated with
autophagy. Among those studies, only a few studies have
shown that autophagy is associated with S-phase arrest (41).
According to recent studies, the functional networks of cell
cycle, apoptosis and autophagy appear to be intermingled. Cell
cycle machineries are involved in the progress of apoptosis
and autophagy. In light of our results, etoposide targets many
proteins in Hep3B cells, leading to cell cycle arrest, apoptosis

1453

and autophagic cell death, which determine cell fate; however,
the entire molecular mechanism is not fully understood.

Because autophagy and apoptosis can be triggered by
overlapping signaling mechanisms, and because Bcl-2 plays
important roles in inhibiting not only apoptosis but also
autophagy (42), Bcl-2 is an important potential therapeutic
target for overcoming cancer cell resistance by a simultaneous
activation of apoptosis and autophagy. However, to date,
only a few chemicals have been reported to simultaneously
activate apoptosis and autophagic cell death. In contrast to
a previous study showing Bcl-2-mediated etoposide resis-
tance in 697 leukemia cells, we observed that etoposide
concomitantly activates apoptosis and autophagic cell death in
Bcl-2-overexpressing Hep3B cells.

This study revealed that etoposide dissociates the interac-
tion between Bcl-2 and Beclin-1 in Hep3B cells, efficiently
inducing autophagic cell death in Hep3B cells. Bcl-2 helps
maintain mitochondrial integrity, protects cells from apoptosis,
and when bound to Beclin-1, can inhibit autophagy as well (43).
Autophagy is initially induced to prolong cell survival, but
when taken to extremes, it causes cell death. Bcl-2 suppresses
autophagy by binding to the protein Beclin-1. Thus, Bcl-2 can
help cells evade autophagic cell death. We also observed the
induction of autophagy in Hep3B cells treated with staurospo-
rine, which is a strong inducer of apoptosis in many different
cell types. However, autophagy induced by staurosproine
in Hep3B cells is associated with cell survival but not with
autophagic cell death. Importantly, staurosporine neither disso-
ciated the interaction between Bcl-2 and Beclin-1 nor bypassed
the resistance conferred by Bcl-2 in Hep3B cells. These data
suggest that bypassing resistance with etoposide in Hep3B cells
can be associated with the efficacy of etoposide in dissociating
the interaction between Bcl-2 and Beclin-1.

In conclusion, etoposide bypasses the resistance by
inducing a mixed type of programmed cell death in Hep3B
hepatoma cells. Because multiple mechanisms may be involved
in etoposide-cell death in Bcl-2-overexpressing cancer cells
and may vary between different cell types, further studies are
required.
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