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ABSTRACT
In this report, we reveal that etoposide inhibits the proliferation
of SK-N-AS neuroblastoma cancer cells and promotes protein
kinase C� (PKC�)- and caspase-dependent apoptosis. Etopo-
side induces the caspase-3-dependent cleavage of PKC� to its
active p40 fragment, and active PKC� triggers the processing
of caspase-3 by a positive-feedback mechanism. Treatment of
cells with the caspase-3-specific inhibitor N-benzyloxycar-
bonyl-Asp-Glu-Val-Asp-fluoromethyl ketone or caspase-3-
specific small interacting RNA (siRNA) prevented the etopo-
side-induced activation of caspase-8 and inhibited apoptosis.
The silencing of the caspase-2 or caspase-8 genes using
siRNAs did not affect the etoposide-induced processing of
caspase-3, indicating that these caspases lie downstream of
caspase-3 in this signaling pathway. Furthermore, the etopo-
side-induced processing of caspase-2 required the expression

of caspase-8, and the etoposide-mediated processing of
caspase-8 required the expression of caspase-2, indicating
that these two caspases activate each other after etoposide
treatment. We also observed that etoposide-mediated apopto-
sis was decreased by treating the cells with the caspase-
6-specific inhibitor benzyloxycarbonyl-Val-Glu(OMe)-Ile-Asp-
(OMe)-fluoromethyl ketone and that caspase-6 was activated
by a caspase-8-dependent mechanism. Finally, we show that
rottlerin blocks etoposide-induced apoptosis by inhibiting the
PKC�-mediated activation of caspase-3 and by degrading
caspase-2, which prevents caspase-8 activation. Our results
add important insights into how etoposide mediates apoptotic
signaling and how targeting these pathways may lead to
the development of novel therapeutics for the treatment of
neuroblastomas.

Apoptosis is a type of cell death that occurs without the
production of inflammation and is essential for human de-
velopment, tissue homeostasis, and immunity. The dysfunc-
tion of the apoptotic signaling process often leads to serious
consequences such as cancer (Vermeulen et al., 2005), neu-
rological disorders (Ekshyyan and Aw, 2004), or autoimmune
diseases (Mahoney and Rosen, 2005). One of the ways that
chemotherapeutic agents kill tumor cells is by inducing
apoptosis. The two main apoptotic pathways are the death
receptor and mitochondrial pathways (Debatin and Kram-
mer, 2004; Cereghetti and Scorrano, 2006). Apoptotic signal-
ing through these two pathways is dependent on caspases,
which comprise a family of cysteine proteases that cleave key

protein substrates close to specific aspartic acid residues
(Green and Kroemer, 1998). In the death receptor pathway,
the cell surface death receptors DR4/DR5 and Fas encounter
their specific ligands Apo2L/TRAIL and Fas, respectively,
inducing a conformational change that activates the recep-
tors. The activated receptors recruit the adaptor protein
FADD, which binds to the initiating caspases-8 and -10
through homophilic death effector domain interactions, form-
ing the death-inducing signaling complex (Ashkenazi and
Dixit, 1998; Sprick et al., 2000). The close proximity of the
initiating caspases in the death-inducing signaling complex
leads to their dimerization and proteolytic activation. The
active caspase-8 cleaves the proapoptotic protein Bid as well
as the downstream caspases-3, -6, and -7 initiating the apop-
totic process (Li et al., 1998). Furthermore, the caspase-8-
mediated cleavage of Bid induces the activation of the down-
stream proapoptotic proteins such as Bak and Bax, which
promote mitochondrial cytochrome c release into the cytosol,
thereby linking the death receptor and mitochondrial apop-
totic pathways (Gogvadze and Orrenius, 2006). Cytosolic cy-
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tochrome c associates with caspase-9, dATP, and apoptotic
protease activating factor-1, forming the apoptosome com-
plex leading to the activation of caspase-9 (Liu et al., 1996;
Jiang and Wang, 2004). The activated caspase-9 cleaves the
downstream effector caspases-3, -6, and -7 (Jiang and Wang,
2004). In addition, caspase-2 adds a level of complexity to
apoptotic signaling because it has features of both initiator
and executioner caspases (Zhivotovsky and Orrenius, 2005).
Furthermore, it has been shown that caspase-2 plays a role
in mediating genotoxic-induced apoptosis (Tinel and
Tschopp, 2004; Panaretakis et al., 2005; Cao et al., 2008).

Protein kinase C (PKC) isozymes comprise a family of at
least 10 related serine-threonine kinases that play important
roles in the regulation of various cellular processes, including
proliferation, differentiation, malignant transformation, and
apoptosis (Nishizuka, 1984; Toker, 1998). Based on their
structures and cofactor requirements, the PKC isoforms are
divided into the classic PKCs (�, �1, �2, and �), novel (�, �, �,
and �), and atypical (� and 	/i) groups (Mackay and Twelves,
2007). Members of this family have been shown to be either
pro- or antiapoptotic depending on the isoform and cellular
context. For instance, PKC� and PKC� have been shown to
inhibit apoptosis by phosphorylating or increasing the ex-
pression of the antiapoptotic protein Bcl-2 (Gubina et al.,
1998; Ruvolo et al., 1998), whereas caspase-3- and caspase-
2-dependent activation of PKC� promotes apoptosis (Reyland
et al., 1999; Panaretakis et al., 2005; Lu et al., 2007).

Etoposide is a major antitumor agent that is used to treat
a variety of cancers, including neuroblastomas (Simon et al.,
2007). It exerts its antineoplastic activity by inhibiting topo-
isomerase II, which leads to DNA strand breaks, inhibition of
DNA replication, and apoptotic cell death (Kaufmann, 1998).
However, the detailed mechanism of how etoposide triggers
apoptosis has not been clearly defined. The aim of this study
was to further the understanding of how the interplay of

PKC� and caspases mediate etoposide-induced apoptosis of
cancer cells.

Our results reveal that etoposide inhibits the proliferation
of SK-N-AS neuroblastoma cells and promotes PKC�- and
caspase-dependent apoptosis. Furthermore, we show that
caspase-3 cleaves PKC�, active PKC� processes caspase-3
through a positive-feedback mechanism, and active
caspase-3 leads to the activation of caspase-8. The knock-
down of caspases-2 or -8 does not affect the etoposide-induced
processing of caspase-3, but it does inhibit the caspase-8-
dependent activation of caspase-6 and apoptosis. Moreover,
we made a novel finding that the etoposide-induced activa-
tion of caspase-2 requires caspase-8 expression, and the ac-
tivation of caspase-8 requires caspase-2 expression, indicat-
ing that they directly activate each other after etoposide
treatment.

Materials and Methods
Cell Culture, Materials, and Antibodies. The SK-N-AS human

neuroblastoma cell line was obtained from American Type Culture
Collection (Manassas, VA) and was maintained in Dulbecco’s modi-
fied Eagle’s medium/F-12 medium with 15% fetal calf serum and 100
ng/ml each of penicillin and streptomycin (Invitrogen, Carlsbad, CA)
at 37°C in 5% CO2. The caspase-2 inhibitor [benzyloxycarbonyl-Val-
Asp(OMe)-Val-Ala-Asp(OMe)-fluoromethylketone], caspase-9 inhibi-
tor (z-LEHD-fmk), caspase-6 inhibitor (z-VEID-fmk), and caspase-3
inhibitor (z-DEVD-fmk) were purchased from R&D Systems (Minne-
apolis, MN). Etoposide, rottlerin, and Gö6976 were purchased from
EMD Biosciences (Gibbstown, NJ). The inhibitors were dissolved in
dimethyl sulfoxide and added to the cultured cells so that the final
concentration of dimethyl sulfoxide was 0.1%. In this study, the
following primary antibodies were used: anti-caspase-8, anti-
caspase-6, anti-PKC� (BD Biosciences, San Jose, CA), anti-
caspase-9, anti-caspase-3 (Cell Signaling Technology, Danvers, MA),
anti-caspase-2 (Assay Designs, Inc., Ann Arbor, MI), and anti-�-actin
clone AC-74 (Sigma-Aldrich, St. Louis, MO).

Fig. 1. Etoposide inhibits the prolifer-
ation and triggers apoptosis in SK-
N-AS cells. A, cells were treated with
10, 25, 50, or 100 
M etoposide for
48 h, and cell proliferation was deter-
mined by using the CellTiter 96 Aque-
ous One solution cell proliferation
assay reagent. Values are representa-
tive of three independent experi-
ments, and error bars show S.D. from
triplicate counts. B, cells were treated
with 50 
M etoposide for 48 h, har-
vested, and apoptosis was determined
by FACScan analysis as described un-
der Materials and Methods. Compen-
sation was executed for each experi-
ment using untreated cells stained
with Annexin V and propidium iodide.
Error bars show S.D. from triplicate
measurements. C, fluorescence mi-
croscopy images at 40� magnification
of Hoechst 33342-stained nuclei of un-
treated cells or cells treated with 50

M etoposide for 48 h. D, quantifica-
tion of apoptosis was carried out by
counting fragmented nuclei stained
with Hoechst 33342 among 200 cells.
Shown are representative apoptosis
rates from three independent counts.
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Western Blotting. SK-N-AS cells were harvested, rinsed in cold
phosphate-buffered saline, and lysed in mammalian protein extract
reagent (Pierce Biotechnology, Rockford, IL) containing 1% protease
inhibitor cocktail (Sigma-Aldrich) followed by centrifugation
(10,000g, 15 min). Protein concentration was determined by using
the BCA/Cu2SO4 protein (Sigma-Aldrich) assay as described by the
manufacturer. One hundred micrograms of lysate was separated on
a NuPAGE 4 to 12% or 10% bis-Tris Gel (Invitrogen) and transferred
to an Immobilon-P membrane (Thermo Fisher Scientific, Pittsburgh,
PA). Membranes were incubated in blocking buffer (phosphate-buff-
ered saline, 0.1% Tween 20, and 5% skim milk) and then incubated
first with specific antibodies in blocking buffer followed by the addi-
tion of anti-mouse, anti-rabbit (both from GE Healthcare, Chalfont
St. Giles, Buckinghamshire, UK), or anti-goat (Santa Cruz Biotech-
nology, Santa Cruz, CA) IgG antibodies. Immunoreactive proteins
were visualized by using SuperSignal West Pico solutions (Pierce
Biotechnology).

Small Interfering RNA Preparation and Transfection. The
caspase-2 small interfering RNA (siRNA) was synthesized by In-
vitrogen according to the sequences published in Cao et al. (2008).
The ON-TARGET plus SMARTpool PKC� siRNA, caspase-8 siRNA,
caspase-3 siRNA, and siCONTROL NonTargeting siRNA were pur-
chased from Dharmacon RNA Technologies (Lafayette, CO). SK-
N-AS cells were seeded at a density of 2 � 105 cells/ml in antibiotic-
free medium 1 day before transfection. For transfection, 100 nM
siRNA was mixed with DharmaFECT 1 transfection reagent (Dhar-
macon) according to the manufacturer’s instructions. The cells were
incubated with the siRNA-DharmaFECT 1 complexes for 72 h and
50 
M etoposide was added for an additional 48 h before further
analysis.

Proliferation Assay. SK-N-AS cells (1 � 104) were plated in 100

l of complete medium in 96-well plates and incubated in the pres-

ence or absence of increasing concentrations of etoposide (10, 25, 50,
and 100 
M) for 48 h. Twenty microliters of CellTiter 96 Aqueous
One solution cell proliferation assay reagent (Promega, Madison, WI)
was added and incubated at 37°C for 1 h, and the plate was read in
a microplate reader at 490 nM.

Apoptosis Detection Assays. SK-N-AS cells were treated with
50 
M etoposide for 48 h, stained with 10 
M Hoechst 33342 stain
(Sigma) for 1 h, and the nuclear morphologies were visualized by
fluorescence microscopy using a Nikon Diaphot 200 Inverted Micro-
scope at 40� magnification. The images were captured using a
Diagnostic Instruments SPOT color camera (Diagnostic Instru-
ments, Inc., Sterling Heights, MI). For the Annexin V binding assay,
the cells were incubated as described above, harvested, and stained
with fluorescein isothiocyanate-labeled Annexin V (BD Biosciences)
and propidium iodide according to the manufacturer’s protocol. The
cells were analyzed using a FACScan (BD Biosciences) flow cytom-
etry and CellQuest software (BD Biosciences).

Cytochrome c Release. SK-N-AS cells were treated with 50 
M
etoposide for 48 h, and the cytosolic and mitochondrial fractions were
generated using a digitonin-based subcellular fractionation tech-
nique as described previously (Adrain et al., 2001; Ekert et al., 2001).
Equal amounts of cytosolic fractions (100 
g) or mitochondrial frac-
tions (100 
g) were subjected to SDS-polyacrylamide gel electro-
phoresis followed by immunoblotting with an anti-cytochrome c an-
tibody (Santa Cruz Biotechnology).

Results
Etoposide Inhibits the Proliferation and Induces

PKC�-Mediated Apoptosis in SK-N-AS Neuroblastoma
Cancer Cells. To examine the effect of etoposide on the

Fig. 2. Etoposide induces PKC�-mediated apoptosis in SK-N-AS cells. A, immunoblot analysis of PKC� and �-actin in cell lysates after the treatment
with 2 
M rottlerin, 50 
M etoposide, or 2 
M rottlerin and 50 
M etoposide for 48 h. B, cells were treated as described above, and the percentage
of apoptotic cells was determined by staining with annexin V and propidium iodide and analyzed by flow cytometry. All values are representative of
three independent experiments, and error bars show S.D. from triplicate measurements. C, immunoblot analysis of PKC� and �-actin from whole-cell
lysates after the transfection with 100 nM nontargeting siRNA (SC) or PKC� -specific siRNA for 72 h (inset), cells were treated with 50 
M etoposide
for an additional 48 h, and apoptosis was determined by counting fragmented nuclei after staining with Hoechst 33342 among 200 cells. Shown are
representative apoptosis rates from three independent counts. D, cells were treated with 10 nM Gö6976 for 2 h followed by 50 
M etoposide for 48 h,
and the percentage of apoptotic cells was determined by staining with annexin V and propidium iodide and analyzed by flow cytometry. All values are
representative of three independent experiments, and error bars show S.D. from triplicate measurements.
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proliferation of SK-N-AS cells, we treated cells with 10, 25,
50, and 100 
M etoposide for 48 h and performed a cell
proliferation assay. As shown in Fig. 1A, etoposide decreased
the proliferation of SK-N-AS in a dose-dependent fashion,
and the IC50 value was approximately 50 
M. After 48 h,
etoposide decreased the proliferation by 50%, and the IC50

value was approximately 50 
M. An early event in apoptosis
is the exposure of phosphatidylserine on the outer leaflet of
the plasma membrane. Annexin V is a protein that binds to
phosphatidylserine and is used to detect apoptotic cells. Fur-
thermore, double staining the cells with annexin V and pro-
pidium iodide allowed us to detect apoptotic cells by flow
cytometry. We also identified apoptotic cells by fluorescence
microscopy of Hoechst 33342-stained SK-N-AS cells, because
apoptosis is characterized by changes in nuclear morphology
(Willingham, 1999). As shown in Fig. 1, B through D, treat-
ment with 50 
M etoposide for 48 h induced apoptosis in 40%
of the cells. Next, we determined whether PKC� was involved
in mediating etoposide’s apoptotic signals, because several
laboratories have shown that it is involved in mediating
chemotherapeutic drug-induced apoptosis in various cell
types (Reyland et al., 1999; Basu et al., 2001; Blass et al.,
2002; Panaretakis et al., 2005). Immunoblot analysis of
whole-cell lysates showed that etoposide induced the cleav-
age of PKC� to its constitutive active p40 fragment, suggest-
ing that active PKC� may be involved in etoposide-mediated
apoptosis (Fig. 2A). Therefore, to investigate the function of

PKC� in etoposide-induced apoptosis, we used the PKC�-
specific inhibitor rottlerin (Gschwendt et al., 1994). Rottlerin
inhibited the etoposide-induced cleavage and activation of
PKC� and decreased apoptosis from 43 to 15%, revealing that
etoposide-triggered apoptosis occurs by a PKC�-mediated
pathway in SK-N-AS cells (Fig. 2, A and B). Furthermore, we
silenced PKC� expression using a PKC�-specific siRNA and
showed that PKC� gene knockdown reduced etoposide-medi-
ated apoptosis from 45 to 18% (Fig. 2C).

The etoposide-triggered apoptosis observed in PKC�-
siRNA-treated cells was most likely due to incomplete silenc-
ing of the PKC� gene or by PKC�-independent apoptotic
signaling (Fig. 2C). To confirm that PKC� and not other PKC
isoforms were involved in etoposide-induced apoptosis, we
treated the cells with Gö6976, which is an inhibitor of classic
PKCs such as PKC� and -�. The 10 nM Gö6976 concentration
that we used has been demonstrated not to inhibit PKC� or
other Ca2�-independent PKC isoforms (Martiny-Baron et al.,
1993). Inhibition of the classic PKCs with 10 nM Gö6976 did
not decrease apoptosis but instead increased it from 40 to
50%, revealing that the classic PKC isoforms inhibit the
etoposide-induced apoptosis in SK-N-AS cells (Fig. 2D). Fur-
thermore, our results show that PKC� mediates etoposide-
induced apoptosis in SK-N-AS cells.

Etoposide Induces Caspase-3-Dependent Apoptosis
in SK-N-AS cells. Caspase-9 has been shown to be an apical
caspase in DNA damaged-induced apoptosis (Zou et al., 1999;

Fig. 3. Etoposide triggers caspase-3-dependent apoptosis in SK-N-AS cells. A, cells were treated with 50 
M etoposide for 48 h and harvested. The
cytosolic fractions were obtained by a digitonin-based subcellular fractionation procedure. One hundred micrograms of cytosolic (Cy) and mitochon-
drial protein fractions (Mi) was analyzed by SDS-polyacrylamide gel electrophoresis, and cytochrome c and �-actin levels were determined by
immunoblotting. B, immunoblot analysis of caspase-9 and �-actin in cell lysates treated with 50 
M etoposide for 48 h. C, immunoblot analysis of
caspase-3 and �-actin in cell lysates treated with 50 
M etoposide with or without 20 
M caspase-9 inhibitor (z-LEHD-fmk) for 48 h. D, immunoblot
analysis of PKC� and �-actin in cell lysates treated with 50 
M etoposide with or without 20 
M caspase-3 inhibitor (z-DEVD-fmk) for 48 h. E,
immunoblot analysis of caspase-3 and �-actin in cell lysates treated with or without 2 
M rottlerin, 50 
M etoposide, or 2 
M rottlerin and 50 
M
etoposide for 48 h. F, cells were treated with 50 
M etoposide with or without 20 
M caspase-3 inhibitor (z-DEVD-fmk) for 48 h, and the percentage
of apoptotic cells was quantified by counting fragmented nuclei stained with Hoechst 33342 among 200 cells. Shown are representative apoptosis rates
from three independent counts.
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Chen et al., 2000; Yu et al., 2007; Feng et al., 2008). There-
fore, we analyzed whether etoposide triggered the activation
of caspase-9 in SK-N-AS cells. We observed that etoposide
induces mitochondrial cytochrome c release (Fig. 3A) and
triggers the activation of caspase-9, as indicated by the pro-
duction of its p37 band (Fig. 3B). Next, we determined
whether the activation of caspase-9 triggered the cleavage of
caspase-3 and whether caspase-3 was required for PKC�
activation, because caspase-3 has been shown to cleave PKC�
after etoposide treatment (Reyland et al., 1999; Blass et al.,
2002). Treating cells with the caspase-9 inhibitor z-LEHD-
fmk decreased the etoposide-induced processing of caspase-3,
showing that caspase-9 is involved in cleaving caspase-3
after etoposide treatment (Fig. 3C). Moreover, treating cells
with the caspase-3 inhibitor z-DEVD-fmk prevented the eto-
poside-induced cleavage of PKC�, indicating that the etopo-
side-induced activation of PKC� is mediated by a caspase-3-
dependent mechanism (Fig. 3D). Rottlerin treatment
inhibited the etoposide-mediated activation of caspase-3, re-
vealing that active PKC� is required for the processing of
caspase-3 (Fig. 3E). These results are in agreement with
previous studies showing that PKC� activates caspase-3 af-
ter etoposide treatment (Reyland et al., 1999; Blass et al.,

2002). Furthermore, treating cells with the caspase-3 inhib-
itor decreased apoptosis from 45 to 12%, revealing caspase-3
activation is required for etoposide-induced apoptosis in SK-
N-AS cells (Fig. 3F). These results reveal that etoposide
induces caspase-3-dependent apoptosis, that caspase-3 is
processed by caspase-9 and PKC�, and that caspase-3 itself
can activate PKC� by a positive-feedback mechanism.

Etoposide Triggers Caspase-8- and Caspase-6-De-
pendent Apoptosis in SK-N-AS Cells. We next examined
the role of caspase-8 in etoposide-induced apoptosis, because
it is a central caspase in the death receptor and mitochon-
drial apoptotic signaling pathways. Etoposide induced the
activation of caspase-8 in SK-N-AS cells as indicated by the
production of the caspase-8-p43/41-activated bands, and the
processing of caspase-8 was decreased by treating the cells
with the caspase-3-specific inhibitor z-DEVD-fmk (Fig. 4A) or
by silencing the expression of caspase-3 using a caspase-3-
specific siRNA (Fig. 4B). These results reveal that the etopo-
side-induced activation of caspase-8 occurs by a caspase-3-
dependent mechanism. Moreover, the knockdown of the
caspase-8 using a caspase-8-specific siRNA did not prevent
the etoposide-mediated cleavage of caspase-3, indicating that
caspase-8 is not required for the processing of caspase-3 in

Fig. 4. Etoposide induces caspase-8-dependent apoptosis. A, immunoblot analysis of caspase-8 and �-actin in cell lysates treated with 50 
M etoposide
with or without 20 
M caspase-3 inhibitor (z-DEVD-fmk) for 48 h. B, cells were transfected with 100 nM nontargeting siRNA (SC) or caspase-3-specific
siRNA (C3) for 48 h followed by the addition of 50 
M etoposide for an additional 48 h, and cell lysates were obtained and caspase-3, caspase-8, and
�-actin levels were determined by immunoblotting. C, cells were transfected with 100 nM nontargeting siRNA (SC) or caspase-8-specific siRNA (C8)
for 72 h followed by the addition of 50 
M etoposide for an additional 48 h, and cell lysates were obtained and caspase-8, caspase-3, and �-actin levels
were determined by immunoblotting. D, cells were transfected with 100 nM nontargeting siRNA (SC) or caspase-8-specific siRNA (C8) for 72h followed
by the addition of 50 
M etoposide for an additional 48 h, and the percentage of apoptotic cells were quantified by counting fragmented nuclei after
staining with Hoechst 33342 among 200 cells. Shown are representative apoptosis rates from three independent counts.
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these cells (Fig. 4C). These data are in agreement with pre-
vious studies showing that genotoxic stress can trigger
caspase-8 activation downstream of caspases-9 and -3 via a
mitochondrial amplification loop (Slee et al., 2001; Shamimi-
Noori et al., 2008). To delineate the function of caspase-8 in
etoposide-induced apoptosis, we silenced the caspase-8 gene
using a caspase-8-specific siRNA (Fig. 4C), treated cells with
etoposide, and detected apoptotic cells. As shown in Fig. 4D,
the knockdown of caspase-8 decreased etoposide-induced
apoptosis from 48 to 15%, showing that etoposide-triggered
apoptosis occurs by a caspase-8-dependent mechanism. Be-
cause the silencing of caspase-8 did not alter the etoposide-
induced processing of caspase-3, we analyzed whether
caspase-6 was involved in etoposide-induced apoptosis, be-
cause caspase-6 can be processed by caspase-8. As shown in
Fig. 5A, the knockdown of caspase-8 expression reduced the
etoposide-mediated production of the caspase-6-p11 active
subunit, indicating that caspase-6 is cleaved by a caspase-8-
dependent mechanism. Furthermore, treating the cells with
the caspase-6-specific inhibitor z-VEID-fmk decreased etopo-
side-induced apoptosis from 52 to 23%, revealing that
caspase-6 mediates etoposide-induced apoptosis in SK-N-AS
cells (Fig. 5B).

Etoposide Triggers Caspase-2-Dependent Apoptosis
in SK-N-AS Cells. Rottlerin has been shown to promote the
proteosomal degradation of caspase-2 (Basu et al., 2008).
Therefore, we determined whether rottlerin induced the deg-
radation of caspase-2 and whether caspase-2 plays a role in
triggering etoposide-mediated apoptosis, because rottlerin

inhibits etoposide-induced apoptosis in SK-N-AS cells (Fig.
2B). As shown in Fig. 6A, etoposide triggered caspase-2 acti-
vation, and rottlerin induced the degradation of caspase-2,
indicating that besides the PKC�, caspase-2 may also be
involved in mediating etoposide’s effects in SK-N-AS cells. To
directly assess the function of caspase-2 in etoposide-induced
apoptosis, we silenced the caspase-2 gene using a caspase-2-
specific siRNA (Fig. 6B). The knockdown of caspase-2 expres-
sion inhibited the etoposide-induced activation of caspase-8
and decreased apoptosis from 41 to 14%, showing that apop-
tosis is mediated by a caspase-2-dependent mechanism and
that caspase-2 is required for the etoposide-induced activa-
tion of caspase-8 in these cells (Fig. 6, B and C). Furthermore,
we observed that the knockdown of the caspase-2 gene by
siRNA did not inhibit the etoposide-mediated activation of
caspase-3, revealing that caspase-2 is not required for the
processing of caspase-3 in these cells (Fig. 6B). It is notewor-
thy that the knockdown of caspase-8 expression, by using a
caspase-8-specific siRNA, inhibited the etoposide-induced ac-
tivation of caspase-2, revealing that caspase-8 and caspase-2
activate each other downstream of caspase-3 in SK-N-AS
cells (Fig. 6D).

Discussion
In the present study, we demonstrated that etoposide in-

duces apoptosis in SK-N-AS neuroblastoma cancer cells by a
PKC�- and caspase-dependent mechanism and that
caspase-3 serves as the initiating caspase in this process.
Moreover, etoposide induces the caspase-3-dependent activa-
tion of caspases-8, -2, and -6, which triggers apoptosis. We
revealed that the knockdown of the caspase-8 gene or the
caspase-2 gene does not affect the etoposide-mediated acti-
vation of caspase-3, but the knockdown of caspase-3 expres-
sion prevented the activation of caspase-8. In addition, we
showed that etoposide induces caspase-3 activation by a
caspase-9- and PKC�-mediated mechanism. For the first
time, we showed that caspase-2 and caspase-8 are required
for the processing of each other after etoposide treatment and
that caspase-6 induces apoptosis downstream of caspase-8.
Thus, this work identified novel mechanisms of how etopo-
side induces apoptosis in cancer cells.

By using the caspase-3 inhibitor z-DEVD-fmk or caspase-
3-specific siRNA, we showed that the etoposide-mediated
processing of caspase-3 is required for the activation of
caspase-8. Furthermore, the knockdown of the caspase-8 or
caspase-2 genes using siRNA did not affect the etoposide-
mediated processing of caspase-3, revealing that both
caspases are activated downstream of caspase-3 in this sig-
naling pathway. Moreover, the silencing of the FADD gene
using a FADD-specific siRNA did not inhibit the etoposide-
induced processing of caspase-8, indicating that etoposide
triggers the activation of caspase-8 by a death receptor-inde-
pendent pathway (data not shown). These results are in
agreement with previous reports showing that genotoxic
agents can trigger the caspase-3-dependent activation of
caspase-8 by a mitochondrial amplification loop (Slee et al.,
2000; von Haefen et al., 2003; Wang et al., 2006; Conrad et
al., 2008). It is noteworthy that we showed the expression of
caspase-8 to be required for the etoposide-induced activation
of caspase-2 in SK-N-AS cells. To our knowledge, this is the
first report showing that the expression of caspase-8 is re-

Fig. 5. Etoposide induces the caspase-8-dependent activation of
caspase-6 and apoptosis. A, cells were transfected with 100 nM nontar-
geting siRNA (SC) or caspase-8-specific siRNA (C8) for 72 h followed by
the addition of 50 
M etoposide for an additional 48 h, and cell lysates
were obtained and caspase-8, caspase-6, and �-actin levels were deter-
mined by immunoblotting. B, cells were treated with 50 
M etoposide
with or without 20 
M caspase-6 inhibitor (z-VEID-fmk) for 48 h, and the
percentage of apoptotic cells was quantified by counting fragmented
nuclei stained with Hoechst 33342 among 200 cells. Shown are represen-
tative apoptosis rates from three independent counts.
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quired for the processing of caspase-2 after the treatment
with a DNA-damaging agent. We also revealed that the ex-
pression of caspase-2 was required for the etoposide-trig-
gered processing of caspase-8. This finding is in agreement
with a recent finding by Basu et al. (2008) showing that the
knockdown of caspase-2 using a caspase-2-specific siRNA
decreased the cisplatin-mediated processing of caspase-8.
Furthermore, Shin et al. (2005) showed that caspase-2 ex-
pression was required for the processing of caspase-8 after
the treatment of human esophageal cancer cells with the
protein kinase casein kinase II inhibitor 5,6-dichloro-1-�-D-
ribofuranosylbenzimidazole. Current studies are underway
to determine whether the formation of the PIDDosome, a
protein complex of p53-induced protein with a death domain
(PIDD), is required for the etoposide-mediated activation of
caspase-2 and whether the expression of caspase-8 is re-
quired for the PIDDosome formation, or whether caspase-8
can directly interact with and activate caspase-2. We also
found that etoposide induces the caspase-8-dependent acti-
vation of caspase-6 and that this effector caspase is required
for mediating etoposide’s death signals downstream of
caspases-3, -2, and -8 in SK-N-AS cells.

Rottlerin was originally identified as a PKC�-specific in-
hibitor and has been used to determine the function of PKC�
in genotoxic drug-induced apoptosis (Reyland et al., 1999;
Blass et al., 2002; Panaretakis et al., 2005). In this report, we
showed that 2 
M rottlerin blocked the etoposide-mediated
processing of PKC� to its 40-kDa active fragment, prevented
caspase-3 activation, and inhibited apoptosis. However, re-
cent reports suggest that rottlerin has additional intracellu-
lar targets besides PKC�. For instance, Lim et al. (2008,
2009) reported that 5 to 10 
M rottlerin induced endoplasmic
reticulum stress, triggered the CCAAT/enhancer-binding
protein homologous protein-mediated up-regulation of DR5,
and sensitized HT29 human colon carcinoma cells to tumor
necrosis factor-related TRAIL-induced apoptosis by a PKC�-
independent pathway. Moreover, Tillman et al. (2003) re-
ported that rottlerin sensitizes colon carcinoma cells to
TRAIL-induced apoptosis by uncoupling the mitochondria
via a PKC�-independent mechanism.

In addition, Kim et al. (2005) showed that rottlerin-sensi-
tized glioma cells to TRAIL-induced apoptosis by decreasing
the X-linked inhibitor of apoptosis protein and survivin levels
via the inhibition of cdc2 independently of PKC�. Finally,

Fig. 6. Etoposide induces caspase-2-dependent apoptosis. A, immunoblot analysis of caspase-2 and �-actin in cell lysates treated with or without 2 
M
rottlerin, 50 
M etoposide, or 2 
M rottlerin and 50 
M etoposide for 48 h. B, cells were transfected with nontargeting siRNA (SC) or caspase-2-specific
siRNA (C2) for 72 h followed by the addition of 50 
M etoposide for an additional 48 h, and cell lysates were obtained, and caspase-2, caspase-8,
caspase-3, and �-actin levels were determined by immunoblotting. C, cells were transfected with 100 nM nontargeting siRNA (SC) or caspase-2-specific
siRNA (C2) for 72 h followed by the addition of 50 
M etoposide for an additional 48 h, and the percentage of apoptotic cells was quantified by counting
fragmented nuclei after staining with Hoechst 33342 among 200 cells. Shown are representative apoptosis rates from three independent counts. D,
cells were transfected with 100 nM nontargeting siRNA (SC) or caspase-8-specific siRNA (C8) for 72 h followed by the addition of 50 
M etoposide for
an additional 48 h, and cell lysates were obtained and caspase-8, caspase-2, and �-actin levels were determined by immunoblotting. �, a nonspecific
protein that is recognized by the caspase-2-specific antibody.
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Basu et al. (2008) showed that rottlerin induces the down-
regulation of caspase-2 by a PKC�-independent pathway. We
also observed that 2 
M rottlerin induced the degradation of
caspase-2 in SK-N-AS cells, which suggests that besides in-
hibiting the etoposide-mediated activation of PKC�, rottlerin
also protects cells from etoposide’s effects by inhibiting the
caspase-2-dependent activation of caspase-8 (Fig. 6, A and
B). Moreover, 2 
M rottlerin did not induce apoptosis in
SK-N-AS cells (Fig. 2B), but treating cells with 10 
M rot-
tlerin for 24 h triggered a 3-fold increase in apoptosis, in-
creased the expression of CCAAT/enhancer-binding protein
homologous protein and DR5, and sensitized SK-N-AS cells
to TRAIL (Day et al., unpublished results). These findings
reveal that in SK-N-AS cells, 2 
M rottlerin inhibits apopto-
sis and does not affect DR5 expression (T. W. Day and A. R.
SaFa, unpublished results), whereas at a concentration of 10

M, rottlerin induces DR5 expression and triggered apopto-
sis. These results indicate that rottlerin has diverse intracel-
lular targets and that the concentration of rottlerin and the
type of cancer being studied can dictate whether it functions
to inhibit or promote apoptosis.

Based on the results from this study, we have proposed a
model depicting how etoposide triggers apoptosis in SK-N-AS
neuroblastoma cancer cells (Fig. 7). Etoposide induces the
release of mitochondrial cytochrome c, leading to the activa-
tion of caspase-9. Caspase-9 triggers the activation of
caspase-3, which triggers the caspase-3-dependent cleavage
of PKC� to its constitutively active p40 fragment, and active
PKC� triggers the processing of caspase-3 by a positive-
feedback mechanism. The activation of caspase-3 leads to the
activation of caspase-8. The expression of caspase-2 is re-

quired for the processing of caspase-8, and the expression of
caspase-8 is required for the processing of caspase-2, indicat-
ing that these two caspases form a positive activation loop
whereby they activate each other. The activation of caspase-8
triggers the processing of caspase-6 and apoptosis. Rottlerin
inhibits etoposide-induced apoptosis by blocking the PKC�-
mediated activation of caspase-3 and by directly down-regu-
lating caspase-2 expression, which prevents caspase-8 acti-
vation. The findings from this report have increased our
understanding of how etoposide triggers apoptosis and iden-
tified key apoptotic proteins that may be targeted to augment
etoposide’s effectiveness in treating neuroblastomas.
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