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Abstract The induction of p53 expression and
stimulation of the Fas/caspase-8 pathway represent
major mechanisms by which cytotoxic drugs induce
apoptosis, but in neuroblastomas, the caspase-8 gene is
often not expressed. Purpose: The aim of this study was
to determine whether doxorubicin could induce apop-
tosis in caspase-8-deficient neuroblastoma cells and to
define its mechanism of action. Methods: The caspase-8-
deficient human neuroblastoma cell line, SKN-SH, was
incubated with doxorubicin and the apoptotic response,
as well as expression of apoptotic molecules in the p53/
Fas/caspase-8 pathway, were determined. Results: SKNN-
SH cells incubated with doxorubicin readily underwent
apoptosis in a concentration-dependent manner. West-
ern blot analyses with specific antibodies demonstrated
that both p53 and Fas ligand were endogenously
expressed in SKN-SH cells, but their expression was not
stimulated by doxorubicin. Fas receptor was not
detected in these cells and caspase-8 was totally absent.
Electron microscopic analyses of SKN-SH cells treated
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with doxorubicin revealed pronounced alterations in
mitochondrial structure. This treatment also induced the
release of cytochrome ¢ from mitochondria and acti-
vated the downstream apoptotic intermediate, caspase-3.
Conclusion: These results indicate that the p53/Fas/cas-
pase-8 system does not play a role in mediating the
apoptotic action of doxorubicin in the human neuro-
blastoma cell line SKN-SH. Thus, mitochondria and
downstream apoptotic signaling intermediates may be
considered as key targets for doxorubicin-induced
apoptosis in neuroblastoma tumors having deficiencies in
the Fas/caspase-8 system.
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Introduction

Recent advances in understanding the relationship
between the action of chemotherapeutic drugs and
altered cell signaling have demonstrated that drugs such
as doxorubicin, methotrexate, cytarabine, etoposide and
cisplatin induce apoptosis via activation of the Fas/
caspase-8 system [1, 2, 3]. These drugs lead to increased
transcriptional activity of the death ligand (Fas-L)
which in turn activates the Fas receptor in an autocrine/
paracrine manner. Activated Fas receptor links via its
cytosolic domain to adapter proteins such as the Fas-
associated death domain (FADD) and to the apoptosis
initiator caspase-8 [4]. Activated caspase-8 cleaves Bid
[5, 6] and when truncated Bid is incorporated into
mitochondria, it leads to cytochrome c¢ release. This
activates caspase-9 which transmits apoptotic signals to
the nucleus through activation of downstream targets
such as caspase-3 and endonucleases, ultimately causing
DNA fragmentation and cell death [4]. Mitochondria
can also secrete an apoptosis-inducing factor (AIF)
which acts directly at the nuclear level to induce
apoptosis in a caspase-independent manner [7].

The mechanism leading to increased expression of
Fas-L by cytotoxic drugs is believed to be mediated by
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the tumor suppressor molecule p53 [8]. Consistent with
this model, p53 mutations are associated with reduced
drug toxicity in panels of tumor cell lines including
Burkitt’s lymphoma [9], astrocytomas [10], gliomas [11]
and melanomas [12]. They have also been linked with
drug resistance in tumors such as breast cancer where
these mutations represent a strong predictor of relapse
and death [13], and have also been associated with
resistance to several therapeutic regimens [14, 15, 16].

Neuroblastoma is the most prevalent solid tumor of
the peripheral sympathetic nervous system in young
children. One distinguishing feature of these tumors is
that the caspase-8 gene is frequently silenced through
DNA hypermethylation as well as by gene deletion [17,
18]. In light of these findings, it is critical to ascertain
whether cytotoxic drugs such as doxorubicin can induce
apoptosis in these tumors and, if so, by what mecha-
nisms. In the present study the cytotoxic action of
doxorubicin in the human neuroblastoma cell line,
SKN-SH, was investigated by analyzing activation of
the p53/Fas/caspase-8 system and induction of apopto-
sis in these cells. Our findings showed that doxorubicin
elicits apoptosis in SKN-SH cells in a p53/Fas/caspase-
8-independent manner and that mitochondria and the
downstream apoptotic intermediate, caspase-3, appear
to be the primary targets.

Materials and methods

Chemicals and reagents

The following items were purchased from the companies indicated:
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were from BioWhittaker (Walkersville, Md.), and
doxorubicin and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazo-
lium bromide (MTT) from Sigma (St. Louis, Mo.). Antibodies to
p53, Fas-L, and Fas-R were from Upstate Biotechnology (Lake
Placid, N.Y.). Caspase-8 antibody was generously provided by
Dr. Honglin Li, Children’s Memorial Hospital, Chicago.
Cytochrome ¢ antibody was purchased from Pharmingen (San
Diego, Calif.). Specific antibody for cleaved caspase-3 was from Cell
Signaling Technology (Beverly, Mass.). Beta actin, and AIF anti-
bodies were from Santa Cruz Biotechnology (Santa Cruz, Calif.);
secondary antibodies conjugated to horseradish peroxidase and
enhanced chemiluminescence reagents (ECL) were from Amersham
(Arlington Heights, I1l.); and Immobilon-P transfer membrane for
Western blotting was from Millipore (Bedford, Mass.).

Cell culture and cytotoxicity assay

Neuroblastoma (SKN-SH) cells were maintained in DMEM
supplemented with 10% FBS at 37°C in an atmosphere containing
5% CO,. The cytotoxic activity of doxorubicin was quantitatively
determined by a colorimetric assay utilizing MTT. Cells were
seeded at 10* cells/well in 96-well plates and maintained in culture
for 24 h at 37°C in DMEM supplemented with 10% FBS. Doxo-
rubicin (10 to 10~ M) was then added to designated wells and the
cells incubated for an additional 72 h. MTT (10 pl of 5 mg/ml
solution) was added to each well followed by incubation for 4 h at
37°C. The cells were solubilized in 100 pl 0.5 N HCl/isopropanol
and incubated for 15 h at 37°C. The optical density of this solution
was measured at 570 nm and cell survival estimated by comparison
with untreated control cells.

Measurement of DNA fragmentation

Cells were incubated with doxorubicin (0.5 uM) for 24 h at 37°C
and DNA prepared from Triton X-100 lysates for analysis of
fragmentation. Briefly, cells were lysed in hypotonic solution
containing 10 mM Tris HCl (pH 7.4), 1 mM EDTA, and 0.2%
Triton X-100, and centrifuged at 1,1000 g for 5 min. Supernatants
were electrophoresed on a 1% agarose gel and the DNA fragments
visualized under UV light after staining with ethidium bromide.

Western blot analysis

The cells were seeded in 25-cm? flasks containing DMEM supple-
mented with 10% FBS and incubated at 37°C. After incubation
with doxorubicin, the cells were washed with cold PBS, and the
monolayer was solubilized by the addition of 200 pl lysis buffer
(50 mM HEPES, pH 7.4, 150 mM NaCl, 100 mM NaF, 1 mM
MgCl,, 1.5 mM EGTA, 10% glycerol, 1% Triton X100, 1 pg/ml
leupeptin, and 1 mM phenylmethyl sulfonyl fluoride). Insoluble
material was removed by centrifugation and the protein concen-
tration of the supernatant determined. The soluble protein fraction
(50 pg) was electrophoresed by SDS-PAGE and transferred to an
Immobilon-P membrane. P53, Fas-L, Fas receptor, caspase-8,
cleaved caspase-3, and f-actin were identified by incubation of the
membrane with specific antibodies. Complexes were detected by
sequential blotting with biotinylated secondary antibodies linked to
peroxidase and reactive bands identified by ECL.

Electron microscopy

SKN-SH cells incubated with doxorubicin (0.5 pM for 24 h), and
appropriate controls, were harvested in trypsin. Cell suspensions
were centrifuged at 1000 g for 5 min at 4°C, and the culture
medium discarded. The cell pellet was immediately fixed in 2.5%
glutaraldehyde, postfixed with 2% osmium tetroxide and processed
for electron microscopy using conventional techniques. Ultrathin
sections stained with lead citrate and uranyl acetate were then
examined with a Zeiss-10 A electron microscope (Carl Zeiss,
Oberkochen, Germany).

Cytochrome ¢ and AIF release

The cells were seeded in 25-cm? flasks at 5x10° cell/ml in DMEM
with 10% FBS and incubated for 24 h. Doxorubicin was then
added for an additional 24 h. Cells were harvested in trypsin and
the cell suspension centrifuged at 1,000 g for 5 min at 4°C. After
washing with ice-cold phosphate-buffered saline, mitochondria
were isolated by resuspending the cell pellets in five volumes of ice-
cold buffer A (20 mM Hepes-KOH, pH 7.5, 10 mM KCl, 1.5 mM
MgCl,, 1 mM sodium EDTA, 1 mM sodium EGTA, 1 mM
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 20 pg/ml
leupeptin, 10 pg/ml aprotinin, and 10 pg/ml pepstatin A) contain-
ing 250 mM sucrose. Cells were lysed by 15-20 passages through a
25-gauge needle, and homogenates centrifuged at 1000 g for 5 min
at 4°C. The supernatants were then centrifuged at 10,000 g for
15 min at 4°C, and the resulting mitochondria pellets resuspended
in 50 pl lysis buffer. Protein concentration was determined and
50 pg of each specimen were separated on 12% polyacrylamide gel,
electrotransferred to Immobilon-P membrane and stained with
anti-cytochrome ¢ and AIF antibodies.

Results

Cytotoxic potency and apoptotic effects
of doxorubicin in SKN-SH cells

Anthracycline derivatives such as doxorubicin are
frequently used in the chemotherapy of numerous



human malignancies including neuroblastomas [19, 20].
The effect of doxorubicin on cell viability was deter-
mined by incubating SKN-SH cells with increasing
concentrations of drug ranging from 10~ to 10> M for
72 h, at which time the percentage of viable cells was
determined by MTT assay. Cytotoxicity was concen-
tration-dependent and doxorubicin had an ICsy, of
approximately 5x107 M (Fig. 1A).

The apoptotic response of SKN-SH cells to doxoru-
bicin was determined by measuring DNA fragmentation
following cell exposure to increasing concentrations of
the drug for 24 h. This treatment caused a concentra-
tion-dependent enhancement of DNA fragmentation
(Fig. 1B) which correlated with an increase in cytotox-
icity (Fig. 1A). These findings suggest that apoptosis
may account for doxorubicin-mediated cell death in
SKN-SH cells.

Effect of doxorubicin on the p53/Fas/caspase-8
system in SKN-SH cells

Experiments were performed to verify that p53 and/or
the Fas pathway were involved in the induction of
apoptosis by doxorubicin in SKN-SH cells. Western blot
analyses using specific antibodies to p53 and Fas-L
revealed that while both molecules were expressed in
these cells, their expression was not significantly altered
by incubation with doxorubicin (Fig. 2). In contrast,
expression of the Fas receptor was not detected in either
untreated or doxorubicin-treated SKN-SH cells (Fig. 2).
These findings are in agreement with previously reported
findings showing that neuroblastoma tumors may
express Fas-L but not the corresponding receptor [21].
Western blots performed to detect caspase-8 expres-
sion revealed that, as expected, this molecule was not
present in SKN-SH cells incubated with or without the
drug (Fig. 2). The lack of expression of these two key
elements (Fas receptor and caspase-8) of the apoptotic
pathway, indicates that the p53/Fas/caspase-8 system

Fig. 1A, B Effect of doxo- A
rubicin on cell death and DNA
fragmentation. A SKN-SH cells
were incubated with incremen- 140
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does not play a significant role in doxorubicin-induced
apoptosis in these cells.

Effect of doxorubicin on the structural integrity
of mitochondria in SKN-SH cells

SKN-SH cells incubated with doxorubicin (0.5 uM) for
24 h were analyzed by electron microscopy to determine
the effects of this drug on mitochondrial structures.
Marked changes consisting of increased matrix density,
altered cristae and a reduction in mitochondrial size
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Fig. 2 Effect of doxorubicin on expression of p53, Fas ligand
(FasL), Fas receptor (Fas), and caspase-8 (Casp-8) in SKN-SH
cells. Cells were incubated with doxorubicin 0.5 pM for the
indicated times. Proteins were extracted and separated on 12%
SDS-PAGE. Transferred to Immobilon-P membrane, and stained
with specific antibodies. The epidermoid carcinoma cell line A431
served as control. Data are representative of three independent
experiments
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(pyknosis) were observed (Fig. 3). Such structural
abnormalities may lead to disruption of the mitochon-
drial membranes, increasing their permeability and
causing the release of cytochrome ¢ [22]. A similar type
of mitochondrial injury has been observed in cardio-
myocytes cultivated in the presence of doxorubicin [23].
These findings suggest that interference with mitochon-
drial function was the primary causative event in
doxorubicin-induced cardiotoxicity. Our findings sug-
gest that mitochondria may serve as an initiation site for
doxorubicin-mediated apoptosis in SKN-SH cells.

Cytochrome c¢ release and caspase-3 activation
as determinants of doxorubicin cytotoxicity
in SKN-SH cells

Apoptosis elicited by mitochondrial dysfunction has
been shown to be initiated by an efflux of cytochrome ¢
from the inter-membrane space of mitochondria into the
cytosolic compartment [24, 25]. Incubation of SKN-SH
cells with doxorubicin for 24 h induced a concentration-
dependent release of cytochrome ¢ from mitochondria
(Fig. 4A). In contrast, doxorubicin treatment had no
effect on the release of AIF from mitochondria,
suggesting that the cytochrome c-related apoptotic
pathway may be prevalent in this cellular model. Cyto-
chrome ¢ has been shown to activate caspase-9, which in
turn cleaves and activates caspase-3, a downstream
molecular intermediate in the apoptotic pathway.
Caspase-3 activity in response to doxorubicin treatment
was measured by detection of cleaved caspase-3 using a
specific antibody. Doxorubicin treatment stimulated the
activation of caspase-3 in a concentration-dependent
manner implicating this apoptotic pathway in mediating
doxorubicin action in these cells (Fig. 4B).

Fig. 3 Effect of doxorubicin
on mitochondrial structure.
Representative electron micro-
graphs show structural altera-
tions at the cytoplasmic and the
mitochondrial level following
exposure of SKN-SH cells to
doxorubicin (Dox.) as
compared to control cells (Ctl.).
Note that the mitochondrial
structure is changed after drug
treatment. Both photographs
were taken under the same
magnification (x7000)

Discussion

The putative mechanism by which doxorubicin may
induce apoptosis in the human neuroblastoma cell line
SKN-SH, which lacks expression of caspase-8 but is
sensitive to this drug, was investigated. Although incu-
bation of SKN-SH cells with doxorubicin caused a
strong cytotoxic effect (Fig. 1A) and DNA fragmenta-
tion (Fig. 1B), it did not alter the expression of p53 or
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Fig. 4A, B Effect of doxorubicin treatment on cytochrome ¢ and
AIF release from mitochondria, and on caspase-3 activity. SKN-
SH cells were exposed to doxorubicin at the indicated concentra-
tions for 24 h. A Mitochondria were isolated and their content of
cytochrome ¢ (Mitoch. Cyt-c) and AIF (AIF) were analyzed by
Western blotting using specific antibodies. B Expression of
activated caspase-3 was measured in total cell lysate by Western
blotting using specific antibody for the cleaved caspase-3. f-Actin
was used as loading control




Fas ligand (Fig. 2). More significantly, Fas receptor, like
caspase-8, was not detected in these cells, nor did
incubation with doxorubicin modify this lack of
expression. These findings suggest that an alternative
mechanism to the Fas/caspase-8 system must be
functional in mediating doxorubicin-induced apoptosis
in these cells.

Although the majority of cytotoxic drugs are
believed to induce cellular apoptosis through activa-
tion of death receptor signaling pathways, evidence
has recently emerged indicating that cytotoxic drug-
mediated apoptosis may not depend solely on the Fas
pathway. Doxorubicin-induced apoptosis in human
T-cell leukemia has been found to be mediated by
caspase-3 activation in a Fas-independent manner [26].
Human glioma cells selected for resistance to Fas-L
do not acquire resistance to chemotherapy [27].
However, the general caspase inhibitor, ZVAD-fmk,
inhibits drug-induced cell death suggesting a role for
caspases but not Fas, in drug-induced apoptosis in
glioma cells [27].

The roles of mitochondria and downstream apoptotic
signaling molecules as putative transducers of doxoru-
bicin’s cytotoxic activity were evaluated in this study.
Electron microscopic analysis revealed that exposure of
SKN-SH cells to doxorubicin caused extensive structural
damage to mitochondria (Fig. 3). Further, we demon-
strated that cytochrome ¢ was released from mitochon-
dria following incubation of SKN-SH cells with
doxorubicin (Fig. 4). It is not known whether doxoru-
bicin-induced cytochrome ¢ release occurs via a direct
action on the mitochondrial transporter or on the
respiratory pathway leading to disruption of mitochon-
drial permeability as reported previously [28]. The effect
of doxorubicin on caspase-3, a downstream signaling
intermediate of cytochrome ¢ [29], was investigated.
Doxorubicin treatment of SKN-SH cells induced
activation of caspase-3 in a concentration-dependent
manner.

Collectively, these results indicate that doxorubicin
induces apoptosis in SKN-SH cells by initially acting at
the mitochondrial level leading to subsequent activation
of the caspase cascade. Determination of molecular
alterations caused by chemotherapeutic drugs at the
cellular level represents a crucial step in identifying new
signaling targets that may be useful in the design of a
new generation of drugs to enhance the efficacy of
classical cytotoxic drugs. Understanding these signaling
perturbations may help predict potential cellular adap-
tation mechanisms to chemotherapeutic agents. The
findings of this study suggest that targeting mitochon-
dria or downstream apoptotic molecules such as cas-
pase-9 or caspase-3 may enhance the activity of
doxorubicin in neuroblastomas.
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