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Previously, we have identified aloe-emodin (AE) as a new
type of anticancer agent, with activity that is based on apo-
ptotic cell death promoted by a neuroectodermal tumor-
specific drug uptake. We attempt to clarify the intracellular
target of AE and the apoptosis-signaling pathway activated
by AE in neuroblastoma cell lines. Two-photon excitation
microscopy and spectroscopic titrations documented that
AE is highly concentrated in susceptible cells and binds to
DNA. One of the most important mediators of apoptotic
response to genotoxic stimuli, such as anticancer agents, is
the p53 tumor suppressor gene. To evaluate the role played
by p53 in AE-induced apoptosis a p53 mutant cell line, which
lacks transcriptional activity of p53 targeted genes, was
tested. AE displayed a reduced growth inhibitory and pro-
apoptotic activity in p53 mutant cells (SK-N-BE(2c)) with
respect to the p53 wild-type line (SJ-N-KP). This effect was
not caused by a reduced drug uptake in the mutant neuro-
blastoma cell line but was related to a different apoptotic cell
phenotype. Whereas SJ-N-KP cells were susceptible to a p53
transcription-dependent pathway of apoptosis, SK-N-BE(2c)
cells underwent apoptosis with up-regulation of p53 expres-
sion but not of p53-target genes. After AE treatment p53
translocates to the mitochondria inter-membrane space in
both neuroblastoma cell lines. Due to its high accumulation
in neuroectodermal tumor cells AE could also kill tumor cells
harboring p53 mutant genes. This property would further
contribute to AE specific anti-tumor activity and might be
exploitable in the clinic.
© 2003 Wiley-Liss, Inc.
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Neuroblastoma is an embryonal tumor of the peripheral nervous
system. It arises from the neural crest and is the most common
solid extracranial tumor in infants, accounting for 10% of all
childhood cancers. At the diagnosis about 50% of affected children
have disseminated neuroblastoma disease.1 Despite the array of
chemotherapeutic agents available presently and current strategies
employing intensive myeloablative chemotherapy, only 25% of
patients with metastatic disease are long-term survivors over the
age of 1 year.2

We have identified previously aloe-emodin (AE), a natural
hydroxyanthraquinone, as a new antitumor agent against neuroec-
todermal tumors. We have described the selective in vitro and in
vivo killing of neuroblastoma cells by AE. We have already
demonstrated that anticancer activity of AE is based on apoptotic
cell death, promoted by a tumor-specific drug uptake process in
susceptible cells.3

Few cytotoxic drugs with different mode of action, including
molecules with anthraquinone structure, have been found to induce
programmed cell death.4–7 One of the most important mediators of
apoptosis is the p53 tumor suppressor gene, the central integrator
of cellular response to stress stimuli, such as DNA damage, on-
cogenic signals, hypoxia and growth factor withdrawal.8 In re-
sponse to these stimuli p53 is stabilized, resulting in nuclear
translocation and transactivation of numerous target genes.9–11

Known p53 targets include genes involved in growth arrest (p21
and GADD45) and apoptosis (Bax, CD95).12–14 Although the exact
mechanism of programmed cell death induction remains unknown
it would likely involve, in the end stage, activation of the mito-
chondrial pathway. Accordingly different pro-apoptotic signals
eventually provoke a change in mitochondrial integrity and the
formation of the apoptosome.15,16 This pathway results in cell
dismantling with proteolysis of diverse cellular substrates, i.e.,
poly(ADP-ribose)polymerase (PARP).17

The importance for p53-induced apoptosis in tumor suppression
is further underlined by some tumor-derived p53 mutants. These
mutants can acquire a selective loss of function for apoptosis18 or
have a gain of function phenotype,19 manifested by augmented cell
growth and tumorigenic potential.

Whatever p53 mutation can impact chemotherapeutic out-
comes.20–22 In this regard, different p53 mutants could be more or
less responsive to a particular type of treatment. It is therefore
important to define the functional differences between wild-type
and mutant p53 to design rational therapeutic strategies that can
selectively either restore wild-type tumor suppressor properties
from mutant p53 or that can interfere with mutant p53 loss or gain
of function activities.

The aim of our study was to clarify the intracellular target of AE
and the apoptosis-signaling pathway activated by AE in neuroblas-
toma cell lines expressing a wild-type p53 gene or a transcription-
ally deficient p53 mutant gene.

Abbreviations: AE, aloe-emodin; ATP, adenosine 5!-triphosphate; DTT,
dithiothreitol; EGTA, ethyleneglycol-bis-(b-aminoethylether)-N,N,N!,N!-
tetraacetic acid; IgG, immunoglobulin G; MIT, mitoxantrone dihydrochlo-
ride; MTT, 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan; NP-40,
Nonidet P-40; PARP, poly(ADP-ribose)polymerase; PI, propidium iodide;
PMSF, phenylmethylsulfonyl fluoride; TEM, transmission electron micro-
scope; TPE, two-photon excitation microscopy; VP-16, etoposide.

Grant sponsor: AIDS; Grant sponsor: MIUR; Grant sponsor: CNR;
Associazione Italiana per la lotta al Neuroblastoma.

The first two authors equally contributed to this paper.
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MATERIAL AND METHODS

Drugs
Aloe-emodin was purchased from Sigma-Aldrich (Italy) and

was dissolved in DMSO, to reach a concentration of 200 mM and
stored at #20°C. The compound was diluted in the appropriate
medium immediately before use. Aloe-emodin is a fluorescent
compound with a maximum excitation wavelength at 410 nm ($ex)
and a maximum emission wavelength at 510 nm ($em). Mitox-
antrone dihydrochloride (MIT) and etoposide (VP-16) were also
purchased from Sigma-Aldrich. Pifithrin-% (PFT%) was purchased
from Alexis (San Diego, CA).

Cell culture
Human neuroblastoma cell lines SJ-N-KP (with wild-type p53)

and SK-N-BE(2c) with deficient p53 transcriptional activity (kind-
ly provided by Paolo Montaldo, Gaslini Institute, Genova, Italy)
and Ewing’s sarcoma cells (TC106), were cultured in RPMI 1640
supplemented with 25 mM HEPES buffer and with 2 mM L-
glutamine (all from Life Technologies, Ltd, Paisley. Scotland).
SK-N-BE(2c) cell line derived from a neuronal clone of a bone
marrow aspirate of a 2-year-old male patient when the tumor
relapsed after treatment with doxorubicin, cyclophosphamide, vin-
cristine and radiotherapy.23 Primitive peripheral neuroectodermal
tumor (pPNET) cell line (SK-PN-DW), human lung fibroblasts
(MRC5), human hepatocellular carcinoma cell line (HepG2) and
human cervix epithelioid carcinoma cell line (HeLa) were cultured
in Dulbecco’s modified Eagle’s medium supplemented with 25
mM HEPES buffer and 2 mM L-glutamine (all from Life Tech-
nologies, Ltd, Paisley. Scotland). All culture medium were sup-
plemented with 10% heat-inactivated FBS (Sigma-Aldrich, Milan.
Italy), 100 U/ml penicillin and 100 &g/ml streptomycin (Sigma-
Aldrich, Irvine. UK). All cell lines were grown at 37°C with 5%
CO2 humidified atmosphere.

Two-photon excitation microscopy
SJ-N-KP cells were seeded on microscope cover slips, in 12-

well plates and cultured with drug-free medium 24 hr before
treatment. Then AE was added at 5 &M of concentration. At 5 and
45 min AE uptake was analyzed with fluorescence two-photon
excitation microscopy (TPE) in viable cells. Optical sections were
acquired with a TPE architecture described in detail elsewhere.24

Specific AE cellular uptake
Aloe-emodin cellular uptake was carried out according to a

published method.25 In brief, SJ-N-KP, SK-N-BE(2c), HeLa and
MRC5 cells were seeded in 60 mm dishes the day before and then
incubated in complete drug-free medium or with AE 5 &M. After
5 and 45 min cells were washed twice in PBS to remove most of
the free drug. Cells were then incubated with 0.3 N HCl in 50%
ethanol for 15 min at 37°C; scraped and centrifuged for 5 min at
13,000g. The resulting supernatant was the cell-associated frac-
tion. Aloe-emodin contents was evaluated by fluorometric readings
using appropriate drug standard and drug-free control material for
comparison. The $ex was 410 nm and the $em was 510 nm.

Fluorescent microscopy
SJ-N-KP cells were plated in 25-cm2 flasks in complete me-

dium. After an overnight incubation, cells were placed for 1 hr in
medium with 5 &M AE. Cells were then washed twice in cold PBS
and fixed with 1% paraformaldehyde for 15 min at 4°C as de-
scribed previously.26 After washing with cold PBS, cells were
resuspended in 70% ethanol at 4°C and stored at #20°C until used.
Cytospins were carried out with fixed cells resuspended in PBS.
Cell nuclei were counterstained with 0.3 &g/ml propidium iodide
(PI). Cytospins were examined under a Zeiss Axioplan microscope
equipped with fluorescence lamps.

Spectrophotometric experiments
Spectrophotometric measurements were carried out in a Perkin-

Elmer Lambda 5 instrument, equipped with a Haake F3C thermo-

stat. According to a published method,27 titrations were carried out
at 25°C by addition of known amounts of double stranded calf
thymus DNA to solutions containing a given concentration of the
ligand (AE). Alternatively, known amounts of drug were added at
constant DNA concentrations. Experimental binding data were
evaluated according to the equation of McGhee and Von Hippel28

for non-cooperative ligand-lattice interactions:

r/m ! Ki'1 " nr(n/)1 " 'n " 1(r*n#1

where r is the molar ratio of bound ligand to DNA, m is the free
ligand concentration, Ki the intrinsic binding constant, and n the
exclusion parameter.

Topoisomerase II cleavage assay
The plasmid pBR322 was cut at the EcoR1 site, and labeled by

fill-in with the Large (Klenow) Fragment of DNA Polymerase I
and [%-32P]dATP. 0.1 &g of DNA were reacted with the indicated
concentrations of drugs (0.1, 1 and 10 &M) and 2 U of human
topoisomerase II-% (TopoGEN, Inc., Columbus, OH) at 37°C in 50
mM Tris-HCl (pH 8.0), 10 mM MgCl2, 120 mM KCl, 0.5 mM
DTT, 30 &g/ml BSA and 1 mM ATP. After 30 min of incubation
at 37°C, samples were stopped by incubation with 0.5 mg/ml
proteinase K and 1% SDS at 60°C for 3 hr, and then loaded on 1%
agarose gel (0.09 M Tris-borate pH 8.3, 2.5 mM EDTA) and run
for 16 hr at 40 volts. The gel was then dried and autoradiographed.
DMSO or EtOH concentration was 1% in all samples.

Cell viability assays
The cytotoxic activity of AE was determined on exponentially

growing cells in complete medium at 72 hr. Cells were plated in
quadruplicate at a density of 5 + 103 cells per well, in 96-well
plate. On the following day AE was added to the experimental final
concentrations. Seventy-two hours later, cells were incubated with
MTT dye (Cell Proliferation Kit I, Roche Diagnostics GmbH,
Mannheim, Germany) according to the manufacturer’s instruc-
tions. Optical density was determined by measuring absorbance at
550 nm. All experiments were conducted at least in triplicate.

FACS analysis
To evaluate the effect of AE on the cell cycle of neuroblastoma

cell lines, 1 + 106 cells were cultured for different time periods in
the presence of AE, of PFT% an inhibitor of the p53-dependent
transcriptional activity, or in drug-free medium. After treatment
cells were harvested, washed twice with PBS and fixed with cold
70% ethanol at 4°C. After centrifugation of the samples, PI (50
&g/ml in PBS) and RNAse were added to the pellet for 20 min at
37°C. DNA fluorescence was measured by flow-cytometry
(EPICS XL, Coulter, Miami, FL) analysis according to a published
method.29

Real time RT-PCR
The relative quantitative expression of some genes involved in

cell cycle control and apoptosis was detected by real-time PCR
combined with reverse transcriptase.

Cells were plated in 60 mm dishes in complete medium. The day
after cells were treated for designated time points and harvested by
trypsinization. Total RNA was extracted using the Qiagen Total
RNA Kit (Qiagen S.p.A. Milan, Italy). After treatment with
RNase-free DNase (Roche Diagnostics GmbH), 5 &l of total RNA
were PCR amplified, after retrotranscription, using random prim-
ers (PE Applied Biosystem, Milan, Italy). The RT reaction was
carried out on 100 &l of final volume in according to the manu-
facturer’s instructions (PE Applied Biosystem). The real-time PCR
reaction was carried out in 25 &l final volume utilizing 5 &l of
cDNA, 0.2 &M of each specific primers (Table I), 0.6 mM (each)
dNTPs, 100 mM KCl, 10 mM Tris-HCl, 20 mM EDTA, 10 mM
MgCl2, 0.03 U AmpliTaq Gold DNA polymerase and the SYBR-
green reagents according to the manufacturer’s instructions (PE
Applied Biosystem). PCR reactions were cycled 40 times after an
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initial denaturation step (95°C, 10 min) according to the following
parameters: denaturation at 95°C, 15 sec and annealing/extension
at 60°C, 1 min in an ABI PRISM 7700 Sequence Detection
system. To normalize the RNA amount of the extracted samples, a
real-time PCR analysis of the human ,-actin cDNA was carried
out with TaqMan ,-actin reagents (PE Applied Biosystem). Gene
expression was measured by quantification of cDNA correspond-
ing to the target gene relative to a calibrator sample serving as a
physiological reference. The calibrator sample was the cDNA from
the untreated cells. All quantification were also normalized to an
endogenous control (,-actin) to account for the variability in the
initial concentration, the quality of the total RNA and the conver-
sion efficiency of the reverse transcription reaction. The relative
quantification analysis of a target template in the samples requires
the following data: i) the mean of the threshold cycle value (CT,
the cycle at which a statistically significant increase of fluorescent
signal is first detected) for each sample; ii) the difference (-CT)
between the CT values of the samples of the target gene and those
of the endogenous control; iii) the difference (--CT) between the
-CT values of the sample for each target and the mean CT value of
the calibrator for that target. The relative quantification value is
expressed as 2#--CT. This method was validated by Applied
Biosystem. In all PCR reactions melting curve analysis and aga-
rose gel electrophoresis confirmed the specificity of the amplifi-
cation product. The PCR products were run at 60 V for 2 hr on a
2% agarose gel stained with ethidium bromide and visualized by
UV illumination. Primers were designed using the Primer 3 program
(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi). All ex-
periments were conducted at least in triplicate.

Preparation of total cell lysates
Cells were seeded onto 10-cm plates and incubated with or

without AE. After incubation, cells were washed once with cold
PBS, scraped gently with a rubber policeman and collected by
low-speed centrifugation. The collected cells were solubilized on
ice in RIPA cell lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Igepal, 0.5% sodium deoxycholate, 0.1%
SDS) supplemented with complete protease inhibitor cocktail tab-
let (Roche Diagnostics) followed by removal of DNA and cell
debris by centrifugation at 14,000 rpm for 5 min at 4°C. The
resulting supernatants were collected and frozen at #80°C.

Isolation of nuclear and cytosolic fractions
Cells were plated in 75 cm2 flasks in complete medium and

treated the day after for designated time points. Cells were washed
twice with PBS, scraped using ice-cold PBS and centrifuged for 5
min at 450g. Cell pellets were resuspended in lysis buffer (50 mM
Tris-HCl pH 8, 140 mM NaCl, 150 mM MgCl2) and incubated on
ice for 15 min; 10% Igepal solution was added to a final concen-
tration of 0.6% and mixture was vortexed vigorously for 10 sec.
Cell lysates were centrifuged for 30 sec at 10,000g; the resulting
supernatant was the cytoplasmic fraction; nuclear pellets were
resuspended in the same buffer and stored at #80°C.

Isolation of enriched mitochondrial fraction
Cells were plated in 75 cm2 flasks in complete medium. After

an overnight incubation, cells were treated for designated time
points, harvested by trypsinization and spun down at 200g for 5
min. Cell pellets were washed once with fresh medium and once
with ice-cold PBS. Cells were lysed in Mitobuffer (250 mM
sucrose, 20 mM HEPES [pH 7.5], 1 mM EGTA, 1 mM EDTA,
10 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 0.1 mM PMSF, 2
&g/ml Leupeptin, 2 &g/ml Pepstatin, 2 &g/ml Aprotinin). Ly-
sates were spun at 800g for 20 min at 4°C. The pellet contained
nuclei and intact cells, whereas the supernatant was the cytosol
including the mitochondria. The supernatant was then spun at
10,000g for 20 min at 4°C. The pellet contained an enriched
mitochondrial fraction which was washed at least once with
Mitobuffer and spun down again at 10,000g. The mitochondrial
enriched pellet was lysed by incubation for 15 min in TNC
buffer (10 mM Tris-acetate (pH 8.0), 0.5% NP-40, 5 mM CaCl2,
1 mM DTT, 0.1 mM PMSF, 2 &g/ml Leupeptin, 2 &g/ml
Pepstatin, 2 &g/ml Aprotinin) on ice. The supernatant was
centrifuged at 16,000g for at least 20 min to remove residual
mitochondria and stored at #80°C.

Western blot analysis
The total proteins extracted were quantified by the bicinchoninic

acid assay with BSA as standard (BCA protein assay, Pierce, IL).
Equal total protein of nuclear, cytosolic and mitochondrial protein
fractions were subjected to Western blot analysis. Sample buffer
was added to aliquots (25 &g of protein) of lysates that were boiled
for 3 min and then resolved by 12.5% SDS-PAGE. The resolved
proteins were transferred to PVDF membranes and immunoblotted
with monoclonal Abs against p53 (DO-1), p21 (C-19), Bcl-2
(N-19) and Bax (N-20) (Santa Cruz Biotechnology, Santa Cruz,
CA), CD95 (Oncogene, Boston, MA) and cytochrome c (BD
Biosciences, San Jose, CA) and PARP (New England Biolabs,
UK). The blots were washed and followed by detection with
colorimetric detection system (Opti 4CN, BioRad Laboratories
S.r.l., Milan, Italy).

Measurement of caspase enzymatic activity
Caspase activation was determined with a colorimetric “ApoA-

lert Caspase Assay Kit” following the manufacturer’s instructions
(Clontech, Palo Alto, CA). Briefly, after treatment of cells with 30
&M AE for the indicated time periods, cells were harvested,
pelleted, and frozen on dry ice. Cell lysis buffer was added to the
cell pellets, and protein concentration was determined by using
Bradford analysis. A total of 150 &g of cell lysate was incubated
with 5 &l of a 1 mM stock of the respective labeled substrate at
37°C for 1 hr.

This assay utilizes a synthetic tetrapeptide, (DEVD or IEVD),
labeled with a colorimetric molecule,p-nitroaniline (pNA) as
substrate. DEVD/IEVD-dependent protease activity was as-
sessed by detection of the free pNA cleaved from the substrates.
The release of the chromophore p-nitroaniline (pNA) was mea-

TABLE I – SPECIFIC PRIMERS FOR REAL TIME RT-PCR

Oligonucleotide primers Sequence Product size (bp)

p53 5!-GCA CTG GTG TTT TGT TGT GG-3!
5!-GTG GTT TCA AGG CCA GAT GT-3!

307

Bcl-2 5!-AGA TGT CCA GCC AGC TGC ACC TGA C-3!
5!-AGA TAG GCA CCC AGG GTG ATG CAA GCT-3!

367

Bax 5!-AAG CTG AGC GAG TGT CTC AAG CGC-3!
5!-TCC CGC CAC AAA GAT GGT CAC G-3!

366

p21WAF1/CIP 5!-GAC ACC ACT GGA GGG TGA CT-3!
5!-CAG GTC CAC ATG GTC TTC CT-3!

172

,-actin 5!-TCA CCC ACA CTG TGC CCA TCT ACG A-3!
5!-CAG CGG AAC CGC TCA TTG CCA ATC G-3!

2951

1PE Applied Biosystem.
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FIGURE 1 – Aloe-emodin intracellular distribution. Two-photon excitation analysis in neuroblastoma cells treated with AE 5 &M. SJ-N-KP
cells in drug-free medium (a), after 5 min (b) and 45 min (c) of treatment. (d) Intracellular drug uptake by fluorometric analysis in neuroblastoma
cells (SJ-N-KP and SK-N-BE(2c)), human cervix epithelioid carcinoma cells (HeLa) and normal fibroblast cells (MRC5) treated for the indicated
time points with 5 &M of AE (p . 0.05). Fluorescent microscopy of PI-counterstained neuroblastoma cells nuclei (SJ-N-KP) after 1 hr of
incubation without (e) or with AE 5 &M (f). The results are presented as the average / SD of 3 experiments.



sured with a microplate reader (Spectra I, Tecan) at 405 nm.
Caspase activities were assayed in duplicate samples.
Caspase-8- and caspase-3-like enzymatic activities were as-
sessed in parallel.

Immunoelectron microscopy
Cells were plated in 75 cm2 flasks in complete medium. After an

overnight incubation SJ-N-KP and SK-N-BE(2c) cell lines were
treated with 30 &M AE or with drug-free medium. At designed
time points cells were scraped, washed twice in PBS and fixed at
room temperature for 2 hr, in 4% paraformaldehyde and 0.25%
glutaraldehyde in PBS. Fixed cells were then processed for immu-
nogold labeling according to a modified described method.30 In
brief, cells were dehydrated in ethanol and embedded in London
Resin White. Ultrathin sections, cut with an Ultramicrotome (Ul-
tracut, Reichert-jung), were picked up on nickel grids, washed with
PBS, incubated for 1 hr in 1% BSA in PBS and treated with p53
(FL-393) polyclonal Ab (Santa Cruz Biotechnology). After wash-
ing with PBS, sections were incubated with secondary antibody
IgG conjugated to 10 nm colloidal gold (Sigma-Aldrich, Italy) and
observed with a transmission electron microscope (TEM 300,
Hitachi) operating at 75 kV. Experiments without incubation of the
primary antibody were carried out as control.

Statistical analysis
Statistical significance of the experimental results was deter-

mined by the Student’s t-test.31 For all analyses p . 0.05 was
accepted as a significant probability level.

RESULTS

Aloe-emodin cellular uptake
The process of AE uptake in neuroblastoma cells was followed

using two-photon excitation microscopy at concentrations close to

ED50 values. Information was obtained on the relative amount of
AE uptake and drug’s intracellular fate in sensitive cells. In the
first few minutes of incubation, AE staining moved from the
plasma membrane to the cytoplasm of SJ-N-KP cells in a spotty
fashion inside vesicles (Fig. 1a–c). As described in our previous
work,3 non-neuroectodermal tumor cell lines and human lung
fibroblast were not susceptible to AE; in fact only a barely detect-
able fluorescence was noticed at concentrations up to 100 &M
(data not shown). Fluorometric evaluation of cellular drug uptake
was carried out to explain the relative amount of AE in susceptible
cells compared to cervix epithelioid carcinoma cells (HeLa) and
normal fibroblast cells (MRC5) (Fig. 1d). Our data indicate that
AE is incorporated at high concentrations in both p53 wild-type
(wt) and mutant (mut) neuroblastoma cells (Fig. 1d). In these cells
intracellular molarities of 2.8–2.5 mM were reached after 45 min
incubation with 5 &M AE. This represents an intracellular con-
centration process of 570-fold. The fluorometric signal in MRC5
and HeLa cells did not allow to appreciate a relative increase in
drug uptake with time, suggestive of a membrane background
value (Fig. 1d).

AE binding to DNA and nuclear localization
Having shown that AE is selectively incorporated in the cyto-

plasm of susceptible cells and knowing that AE-DNA interaction
yields fluorescence quenching (not shown) and hypochromic ef-
fects (see below), nuclear components were evaluated as potential
drug targets. PI counter-staining experiments (Fig. 1e) were con-
ducted in intact cells to verify whether AE reached the nuclear
compartment and bound to the chromatin structure. The orange
emission from nuclei found at 1 hr post-AE treatment and imme-
diately after PI addition, gave evidence that the two fluorochromes
co-localized in this compartment (Fig. 1f).

FIGURE 2 – Interaction of AE with DNA. (a) Scatchard plot for the binding of AE to Calf Thymus DNA. r, ratio between bound drug and total
DNA on a phosphate basis; m, free drug concentration. (b) Topoisomerase IIa-dependent DNA cleavage stimulated by VP16, MIT and AE.
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Spectrophotometric drug titration techniques were carried out to
characterize the interaction of AE with DNA, using conditions
close to the active ones. Substantial spectral modifications were
observed upon addition of the polynucleotide to buffered solutions
of the examined drug. A red shift of the maximum absorption
occurred, along with hypochromicity for the drug (data not
shown). From the observed spectroscopic changes it was possible
to evaluate the concentration of free and DNA-bound drug. The
results were reported as a Scatchard plot in Figure 2a. The number
of base pairs involved in the complex formation is close to 2 and
the binding constant is about 12,000 M#1.

Inhibition of topoisomerase II activity
Many known Topo II inhibitors, including anthracycline deriv-

atives bind non-covalently to DNA and poison the enzyme by
inhibiting the DNA resealing reaction after double stranded nu-
cleic acid cleavage.32,33 Activation of DNA cleavage is the con-
sequence. The ability of AE, VP16 and mitoxantrone in stimulat-
ing double-stranded DNA breaks in the presence of purified human
topoisomerase II% (Fig. 2b) was evaluated. Radioactively labeled

DNA fragments were used in this assay, and cleavage sites were
mapped by agarose gel electrophoresis. As expected on the basis of
previous studies34,35 the cleavage efficiencies of mitoxantrone and
VP16 were high. On the other hand, AE did not stimulate double-
stranded DNA breaks formation but rather inhibited this activity.

Specific cytotoxicity of AE for neuroblastoma cells
The cytotoxic potential of AE was evaluated on exponentially

growing cells over a period of 72 h. Cells were cultured in
drug-free medium or in the presence of increasing AE concentra-
tions. AE displayed a specific dose-dependent cytotoxic effect on
many neuroectodermal tumor cell lines, i.e., neuroblastoma, Ewing
sarcoma and pPNET cells with ED50 values (half-maximal effec-
tive doses) ranging from 4.2 / 1 &M and 29.1 / 2.5 &M (Fig. 3a).
In particular SJ-N-KP cells expressing a wild-type p53 were more
sensitive to AE than SK-N-BE(2c) cells, which exhibit a p53 loss
of transcriptional activity. ED50 values range between 4.2 / 1 &M
and 29.1 / 2.5 &M, respectively. The effect of AE on the cell
cycle of neuroblastoma cells exhibited apoptosis induction in both
cell lines. In SJ-N-KP (the wild-type p53 cell line) programmed
cell death appeared earlier than in SK-N-BE(2c) (the mutant p53
cell line) (Fig. 3b).

Effects on mRNA expression of p53 and its target genes
Having found that AE kills neuroblastoma cells, both with

wild-type p53 and with transcriptionally deficient p53, we evalu-
ated the effects of this compound on the expression of some genes
involved in the cell cycle regulation and apoptosis. The relative
quantitative expression of these genes was detected by real-time
PCR combined with reverse transcriptase. SJ-N-KP and SK-N-
BE(2c) cells were treated with a concentration of 5 &M and 30 &M
AE respectively (Fig. 4). Treatment with AE induced a time-
dependent increase of mRNA-expression of p53 in both SJ-N-KP
and in SK-N-BE(2c) cells (Fig. 4a). p21, Bcl-2, Bax and CD95
mRNA levels started to increase at 12 hr post AE-treatment in
SJ-N-KP cells (Fig. 4b–e). Conversely there was no transactiva-
tion of p53-target genes, such as p21, Bax, Bcl-2 and CD95 (Fig.
4b–e) in SK-N-BE(2c) cells; these results are consistent with loss
of function for p53 in this mutant cell line.23 All studied genes
were considered significantly induced when the induction ratio
(I.R.) was #2.0.

Effects of AE on cell cycle regulators and apoptosis-related
proteins expression

Western blot analysis was carried out after treatment of SJ-
N-KP and SK-N-BE(2c) cells for the indicated time-points in the
range of their respective ED50 values. These ED50 concentrations
were used to appreciate the real apoptotic phenotype of mutant and
wild-type p53 cells. Our data showed that there was a time-
dependent increase of p53 protein in both cell lines (Fig. 5). p53
protein level, in the nuclear fraction, began to rise at 12 hr in
SJ-N-KP cells and at 36 hr in SK-N-BE(2c) cells. An increase in
the p21 and CD95 protein levels occurred at a later time point, in
SJ-N-KP cells. There was no induction in p21 and CD95 protein
expression in SK-N-BE(2c) cells. Moreover there was no induc-
tion of CD95L protein in both cell lines (data not shown). A
translocation of Bax protein to the mitochondria was observed in
both neuroblastoma cell lines, as shown by the increase of Bax
levels in mitochondria enriched fraction. An increase of Bcl-2
protein was also observed in the mitochondria enriched fraction of
both cell lines (Fig. 5a,b).

Cytochrome c release and proteolytic cleavage of PARP
The release of cytochrome c from the mitochondria inter-mem-

brane space into the cytosol is a prominent downstream manifes-
tation of the evolution of apoptotic cell death.16,36 To assess
whether p53 activates the apoptosome by inducing cytochrome c
release, a subcellular fractionation of neuroblastoma cells was
carried out at various time-points after AE treatment. Cytochrome
c release into the cytosolic fraction of SJ-N-KP cells began to rise

FIGURE 3 – (a) Aloe-emodin cytotoxicity. The cells were incubated
with different concentrations of AE for a period of 72 hr. Toxicity
dose-response curves were carried out on neuroectodermal and non-
neuroectodermal tumor cell lines: SJ-N-KP (F), with wild-type p53,
SK-N-BE(2c) (!), a transcriptional-deficient p53 mutant, SK-PN-DW
(Œ), TC 106 (!) and HepG2 (&cross;). The fraction of viable cells was
calculated by defining the viability of cells without treatment of AE as
100%. All determinations were made in triplicate. The results are
presented as the average / SD. (b) Effect of AE on cell-cycle
dynamics determined by flow-cytometry. DNA content of 10,000
nuclei was assessed and mean values / SD of percentages of nuclei
with DNA content below 2n (sub-G0 fraction) of 3 experiment are
given. *p # 0.05.
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at 8 hr, together with a decrease in the cytochrome c content in the
mitochondria enriched fraction (Fig. 6a, upper panel). Release into
the cytosol began to rise at 24 hr, in SK-N-BE(2c), and a decrease
in the cytochrome c content is also evident in the mitochondria
enriched fraction (Fig. 6b, upper panel). Cleavage of PARP, a
substrate of caspase 3, was detected at 24 hr in SJ-N-KP cells (Fig.
6a, lower panel) and at 36 hr in SK-N-BE(2c) cells (Fig. 6b, lower
panel).

Caspase 3 and 8 activity
To identify whether AE induced apoptosis involved caspases

pathway we assessed the activation of caspases-3 and -8 by col-
orimetric assay in cultured cells. Both cell lines were treated, at
different time-points, with 30 &M AE. Caspase-3-like enzymatic
activity increased at 24 hr in SJ-N-KP cells (Fig. 7a) and at 36 h
in SK-N-BE(2c) (Fig. 7b); conversely there was no induction of
caspase-8 activity in both cell lines.

Effects of pifithrin-$ on the sensitivity of neuroblastoma
cells to AE

PFT% is a small molecule that was isolated for its ability to
reversibly block p53-dependent transcriptional activation.37 We
used this compound to investigate whether a p53 transcription-
dependent pathways was involved in AE-apoptosis induction.
FACS analysis was conducted on wt- and mut-p53 cell lines. Cells
were pretreated with PFT% 30 &M for 18 hr and then treated with
30 &M AE for 48 hr. As shown in Figure 7c, a significant decrease
in the number of apoptotic cells, indicative of a reduction in the
sensitivity of SJ-N-KP cell line to AE, was observed. There was no
difference in the number of apoptotic cells in SK-N-BE(2c) cell
line, as an indication for a different apoptotic cell phenotype.
Whereas SJ-N-KP cells were susceptible to a p53 transcription-
dependent pathway of apoptosis, SK-N-BE(2c) cells underwent

apoptosis with up-regulation of p53 expression but not of p53-
target genes.

AE-induction of mitochondria p53 accumulation
SK-N-BE(2c) cells, although carrying a missense mutation at

codon 135 of exon 5 of p53 gene (part of the DNA-binding domain
essential for p53 transcriptional activity)23 remain relatively sen-
sitive to AE-induced apoptosis (Fig. 3). Because p53 has been
shown to possess a transcription-independent action involving
mitochondria,38–41 the possibility of p53 translocation to these
organelles was investigated in SK-N-BE(2c) cells. Western blot
analysis on mitochondria enriched fractions of SJ-N-KP and SK-
N-BE(2c) cells were carried out after 30 &M AE treatment. This
concentration was used to verify if p53 mutant cells behave dif-
ferently from wild-type ones under similar conditions of drug
exposition. A scarce presence of p53 in the mitochondria and no
increase in the cytosol was observed in SJ-N-KP cells (Fig. 8a).
Conversely the level of p53 protein increased both in the mito-
chondria and in the cytosol, post-AE treatment, in SK-N-BE(2c)
cells (Fig. 8f). Immuno-electron microscopy was carried out to
evaluate the presence of p53 protein in intact cells and to verify
whether p53 traffics from the cytosol to the mitochondria. Staining
was quantified by randomly selecting 50 fields. Whereas p53
appeared poorly abundant in mitochondria of SJ-N-KP cells (Fig.
8c,e), a more intense labeling was present in the same subcellular
fraction of SK-N-BE(2c). Grains preferentially localized on the
mitochondria cristae (Fig. 8h,l). Only background was obtained in
untreated cells (Fig. 8b,g). The p53 mitochondrial localization in
SK-N-BE(2c) cells, as shown by immunoblotting (Fig. 8f), pre-
cedes cytochrome c release into the cytosol (Fig. 6b). These
findings support a role of the p53 protein in direct apoptotic
signaling at mitochondria, as supported previously.38 There is no
evidence of such a pathway in SJ-N-KP cells.

FIGURE 4 – Real-time RT-PCR analysis of p53 (a), p21 (b), bcl-2 (c), bax (d) and CD95 (e) gene expression in neuroblastoma cell lines.
SJ-N-KP (F) and SK-N-BE(2c) (!) cells were treated with 5 and 30 &M of AE respectively, for the designated time points. The results were
expressed as induction ratio (I.R.) referred to the control levels of gene expression. The experiments were conducted, at least, in duplicate. I.R.
# 2.0 was considered significant.
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FIGURE 5 – Western blot analysis in neuroblastoma cells (30 &g of protein per lane in all subfigures). The analyses were carried out for
SJ-N-KP (a) and SK-N-BE(2c) (b) after treatment with 5 and 30 &M of AE respectively. p53 and p21 proteins were analyzed in the nuclear
fractions. CD95 protein was detected in all cellular lysates. Bax was detected in cytosolic (Cyt) and mitochondrial enriched (Mit) fractions and
Bcl-2 was detected in the mitochondrial enriched fraction. C32, positive control for p21 protein in SK-N-BE(2c) cells; Jurkat, positive control
for CD95 protein in SK-N-BE(2c) cells; C, untreated cells. ,-Actin validates equal gel loading and cytochrome oxidase IV (cyto ox IV) is a
mitochondrial marker.

FIGURE 6 – Immunoblots (30 &g of protein per lane) in cytosolic fraction of neuroblastoma cells for cytochrome c (Cyt c) relapse from
mitochondria and PARP cleavage. Cytochrome c was also detected in mitochondrial enriched fraction (Mit). The analyses were carried out in
SJ-N-KP (a) and SK-N-BE(2c) (b) after treatment with 5 and 30 &M of AE respectively. C, untreated cells ,-actin validates equal gel loading
and cytochrome oxidase IV (cyto ox IV) is a mitochondrial marker.



DISCUSSION

We have demonstrated in a previous work3 that AE is a new
type of anticancer agent. Its activity is based on apoptotic cell
death promoted by a neuroectodermal tumor-specific drug uptake
with lack of appreciable toxicity for dividing normal host tissues.

We have identified the intracellular target of AE and the apop-
tosis-signaling pathway that AE activates in susceptible neuroblas-
toma cells.

Other groups, including ourselves, investigated AE as a cyto-
toxic agent on non-neuroectodermal tumor cell lines, namely leu-
kemia, hepatoma, colon adenocarcinoma, cervix epithelial carci-
noma and lung carcinoma cell lines.3,42–44 The ED50 values that
were reported for those cell lines were much higher (40–100 &M
AE) than those for neuroectodermal tumor cells (1–13 &M). The
mode of drug uptake must certainly be crucial to explain the nature
and specificity of AE cytotoxicity for neuroblastoma cells shown
to rely upon a temperature and energy dependent process.3 Exper-
iments of TPE microscopy were therefore carried out to follow fate
and intracellular distribution of AE in susceptible cells. Early after
incubation with an AE concentration near the ED50 (5 &M), the
drug was incorporated prevalently into a vesicular compartment, a
finding suggestive of an endocytic pathway. By contrast, fluores-
cence emission was barely detectable in HeLa cells3 and MRC5
cells maintained under the same experimental conditions (data not

shown). Fluorometric evaluation of drug uptake by neuroblastoma
cells allowed to appreciate that AE is concentrated intracellularly
by over 500-fold compared to the extracellular concentration of the
molecule. This is further evidence suggesting the occurrence of an
active transport process that might involve endocytosis via an as
yet uncharacterized receptor. As shown by co-localization exper-
iments, the anthraquinone already interacts with the nuclear com-
ponents of neuroblastoma cells at 1 hr post-treatment. Such a
nuclear localization of AE was not manifest in non-neuroectoder-
mal tumor cells. Spectroscopic titrations documented that AE
binds to DNA with an intrinsic binding constant value (12,000
M#1) that compares favorably with the one reported for other
DNA-targeted drugs like m-AMSA.45 At variance with other an-
thraquinone32,33 AE did not behave as a DNA topoisomerase II
poison, as measured by induction of nucleic acid cleavage. An-
other group reported that high doses of AE inhibited cleavage
rather than stabilizing the DNA-enzyme cleavage complex, a find-
ing consistent with Topo II-competition of AE for DNA binding.46

The high concentration reached by AE in susceptible cell lines
(about 2 mM) together with the considerable affinity for DNA
suggests that a large part of the drug should be bound to DNA in
the nucleus, where AE can efficiently interfere with chromatin
structure and DNA template functions. In response to DNA dam-
age the cellular levels of p53 are greatly increased. Apoptosis

FIGURE 7 – (a,b) Kinetics of AE-induced caspases activation. SJ-N-KP (a) and SK-N-BE(2c) (b) cells were treated with 30 &M for the
indicated times; cell lysates were made, and caspase-8 and caspase-3-like enzymatic activities were measured by hydrolysis of IETD-pNA and
DEVD-pNA, respectively. The experiments were conducted, at least, in duplicate. The results are presented as the average / SD (*p # 0.05).
(c) Inhibitory effect of PFT% on AE-induced apoptosis in neuroblastoma cell lines. DNA content of 10,000 nuclei was measured by flow
cytometry and mean values / SD of percentages of nuclei in sub-G0 phase of 3 independent experiment are given. *p # 0.05.
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described at high drug concentrations in AE-insensitive tumor
cells42–44 could rest on the effects produced at the plasma mem-
brane level by a rather lipophilic molecule (evaluated log P of
about 4.1).

The mechanism of p53-mediated apoptosis remains still unclear.
In particular, it remains controversial as to whether p53 transcrip-
tional activity is also necessary for p53-dependent apoptosis. From
current understandings, there are two p53-dependent pathways of
inducing programmed cell death,47,48 the “intrinsic” and the “ex-
trinsic” pathway, characterized by caspase activation with or with-
out involvement of mitochondria, respectively. The extrinsic path-
way is initiated through engagement of cell surface death receptors
that lead to caspase-8 activation (such as CD95, TNFR1 and
TRAIL, by their respective ligands).6,7 The intrinsic pathway is
regulated by the pro-apoptotic Bcl-2 family proteins (i.e., Bax),
that induce the release of apoptogenic factors, such as cytochrome
c, from the mitochondrial intermembrane space into the cytosol.
Cytochrome c release initiates formation of apoptosome, a com-
plex that includes procaspase-9, dATP and Apaf-1.15 In both the
death receptor/caspase-8 and the mitochondria/caspase-9 path-

ways, the eventual activation of effector proteases caspases 3,6 and
7 results in dismantling of the cell as diverse cellular substrates are
proteolyzed, i.e., poly(ADP-ribose)polymerase (PARP).17

In our experimental system we found that AE induced the
intrinsic pathway while failing to induce the extrinsic pathway, as
no CD95 involvement and no caspase-8 activation were observed.

To evaluate the role played by p53 in AE-induced apoptosis, and
to further confirm the genotoxic activity of intracellularly accu-
mulated AE, a p53 mutant cell line that lacks transcriptional
induction of p53 targeted genes was tested. This abnormality in the
p53 tumor suppressor gene pathway is one of the most important
mechanisms of chemo- and radio-resistance in many tumor cells.

Our data showed that the induction of apoptosis by AE in
mutant p53 was slower than that induced in wt p53 cell lines. This
effect was not caused by a lowered drug uptake in the mutant
neuroblastoma cell line but was related to a different apoptotic cell
phenotype. SJ-N-KP cells were susceptible to a p53 transcription-
dependent pathway of apoptosis, as confirmed by a consistent
reduction in apoptosis after treatment with PFT-%. Instead, SK-N-

FIGURE 8 – Kinetics and localization of mitochondrial p53. (a,f) Immunoblots (30 &g of protein per lane) of mitochondrial enriched (Mit) and
cytosolic (Cyt) fractions of SJ-N-KP and SK-N-BE(2c) after treatment with 5 and 30 &M of AE respectively. C, untreated cells. ,-Actin validates
equal gel loading and cytochrome oxidase IV (cyto ox IV) is a mitochondrial marker. Immunoelectron microscopy of p53 protein in mitochondria
of SJ-N-KP and SK-N-BE(2c) treated cells with 30 &M AE. (b–e) SJ-N-KP cells. (g–l) SK-N-BE(2c) cells. Untreated cells 20,000+ (b,g) and
62,000+ (d,i). Cells after adding AE 20,000+ (c,h) and 62,000+ (e,l). p53 immunogold staining is indicated by the arrows.
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BE(2c) cells underwent apoptosis with upregulation of p53 protein
level and without induction of p53-target genes. In both cell lines
release of mitochondrial cytochrome c into the cytoplasm occurred
with caspase-3 activation and PARP cleavage.

Because mutant p53 lacks measurable transactivation potential,
our findings suggest the existence of two p53 dependent-apoptotic
pathways: one involves activation of specific target genes and the
other is independent of it.

Evidence for a transcription-independent pattern of p53-medi-
ated apoptosis has been recently accumulating.38–41 The mecha-
nistic process involved would rely upon movement of a fractional
amount of p53 to the surface of mitochondria in response to death
signals from anticancer drugs and hypoxia.38,39 By doing so, p53
would normally contribute to apoptosis by direct signaling at the
mitochondria.

We show that p53 translocates to the mitochondria inter-mem-
brane space, close to the cristae, in both neuroblastoma cell lines
at variance with a previous report38 where an association to the
mitochondria membranous compartment was described. This is
unlikely to be an artifact because mitochondria localization in
SK-N-BE(2c) cells precedes cytochrome c release into the cytosol.
Moreover, for the first time, activation of a transcription-indepen-
dent pathway of p53-mediated apoptosis is described in a p53
transcriptionally deficient cell line. It is therefore reasonable to
assume that the higher ED50 exhibited by the mutant neuroblas-
toma cell line depends from the fact that apoptosis is caused solely
by the p53 direct mitochondrial pathway, that is less efficient than
the classical pattern. This assumption is substantiated by a delayed
cytochrome c release and PARP cleavage in mutant cells (Fig. 6).

In conclusion, we propose a model explaining pronounced AE
cytotoxicity in neuroblastoma cell lines. After a selective uptake
the molecule is concentrated in the nucleus of susceptible cells
where it can efficiently bind chromatin as a result of high drug/
DNA ratios. This extensive interaction is likely sufficient to impair
many DNA functions. As a consequence, p53 becomes alerted and,
once stabilized, can trigger an apoptotic cellular response, via both
a transcriptional dependent and independent pathway (Figure 9).
Due to its high accumulation in neuroectodermal tumor cells (mM
range) AE could also kill tumor cells harboring p53 mutant genes.
This property would further contribute to AE specific anti-neuro-
ectodermal tumor activity and might be exploitable in the clinic,
thanks to a safe toxicology record and a good pharmacokinetic
profile of AE, as emerged from our preliminary animal models.
Identification of the transporter system that affords selective tox-
icity to a drug with a non-selective target, such as DNA, may
prompt genetic manipulations aimed at treating AE-insensitive
tumors.
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