
Abstract. Resistance to conventional chemotherapy is a
major problem in several paediatric tumours. One explanation
for this is that tumour cells are unable to engage apoptosis
after cytotoxic drug-induced damage. Inhibitor of apoptosis
proteins (IAPs) function by inhibiting both effector (9) and
initiator (3 and 7) caspases. Repression of the widely expressed
X-linked IAP (XIAP) by RNAi sensitises adult tumour cells
to cytotoxics in vitro. Antisense oligonucleotide (ASO)-
induced down-regulation of XIAP is effective at inducing
cell death and delaying the growth of adult tumour cells as
xenografts and these agents are currently in phase II clinical
trials. The importance of XIAP in paediatric tumours has not
been characterised but high expression correlates with poor
survival in childhood AML. We have used the novel XIAP
ASO (AEG35156) to evaluate the effects of down-regulation
of XIAP in paediatric tumour cells. Here, we show that
AEG35156 can down-regulate XIAP in a number of paediatric
cell lines including models of osteosarcoma, rhabdomyo-
sarcoma and Ewing's sarcoma. Cell death assays demonstrated
a higher proportion of dead cells after XIAP down-regulation
by ASO and these cells displayed increased levels of cleaved
caspase-3 and cleaved PARP, showing cell death was due to
apoptosis. In long-term clonogenic assays, XIAP ASO
sensitised 791T osteosarcoma cells to doxorubicin, etoposide
and vincristine. The work presented here suggests that
AEG35156, as a monotherapy or in combination with cyto-
toxic agents, may be of benefit in the treatment of paediatric
tumours.

Introduction

Cancer is one of the most common causes of death amongst
children between the ages of 1 and 11. Although the overall
survival rate from childhood cancer is now approaching 75%
(1), there still remain a subset of paediatric tumours for which
survival is poor. In children presenting with metastatic osteo-
sarcoma, metastatic Ewing's sarcoma, metastatic rhabdomyo-
sarcoma or stage 4 neuroblastoma, survival rates remain very
low despite intensive multi-agent therapy. Thus, for these
diseases there is an urgent need for new agents.

Resistance to apoptotic cell death is a major survival
mechanism for cancer cells and is likely to underlie the
resistance to many chemotherapeutic agents (2). The
apoptotic signalling cascade consists of two pathways, the
intrinsic (via the mitochondria) and the extrinsic (through
cell surface death receptors) leading ultimately to the acti-
vation of the cysteine-dependent aspartate specific proteases
or caspases.

Inhibitor of apoptosis proteins (IAPs), prevent the
activation of caspases downstream of the mitochondria. The
most abundant member of this family is the X-linked IAP
(XIAP). In the apoptotic cascade XIAP inhibits the cleavage
of the activator caspases-3, -7 and the initiator caspase-9.
Baculovirus IAP repeat (BIR) domains within the protein
structure of XIAP are able to bind and inhibit caspase
activation. Specifically the BIR2 domain inhibits caspase-3
and -7 and the BIR3 RING domain inhibits caspase-9 (3-5).
XIAP is regulated endogenously by the structurally similar
mitochondrial proteins SMAC and HTRA2 and by the nuclear
protein XAF1. On release SMAC and HTRA2 are cleaved to
active forms which bind IAPs thus preventing their association
with caspases. XAF1 regulates XIAP by sequestering it to
the nucleus (6).

Overexpression of XIAP in adult cancers and childhood
acute myeloid leukaemia has been reported to confer chemo-
resistance (7). Indeed, inhibiting XIAP in several different
cancer settings results in cell death and sensitises cells to
chemotherapeutic agents (8-11).

AEG35156 is a second generation antisense oligo-
nucleotide (ASO) which has been designed to target XIAP
and lower the threshold of cancer cells to apoptotic stimuli
whilst protecting normal healthy cells. Pre-clinically in adult
tumour cell lines AEG35156, and a similar sequence
AEG35146, have been reported to reduce XIAP at the mRNA
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level and induce cell death (8,12). Furthermore, AEG35156
is effective as a single agent in human tumour xenograft
models and enhances response to chemotherapeutic agents,
including TRAIL, taxanes and vinorelbine in both in vitro
and in vivo models (8,13). AEG35156 is currently in an adult
phase II combination study with sorafenib in first-line
hepatocellular carcinoma and a phase 1/2 monotherapy
study in CLL/indolent B-cell lymphomas.

Here, we demonstrate that XIAP is widely expressed
across a panel of paediatric tumour cell lines. In a subset of
these cell lines, we show that XIAP can be down-regulated
by AEG35156 and that this results in increased cell death
which we suggest is due to apoptosis. Furthermore, we demon-
strate XIAP down-regulation sensitises 791T osteosarcoma
cells to conventional chemotherapeutic agents (doxorubicin,
etoposide and vincristine).

Materials and methods

Cell culture. The following cell lines were used in this study,
HCT116 XIAP-/- (kind gift from Dr Bert Vogelstein, Johns
Hopkins University) 791T (osteosarcoma), RD (rhabdo-
myosarcoma), SH-SY5Y (neuroblastoma; kindly provided
by Professor Robert Ross, Fordham University, New York),
RD (rhabdomyosarcoma; ECACC), CEM (acute lympho-
blastic leukaemia), D283 (medulloblastoma; kindly provided
by Dr Steve Clifford, University of Newcastle), RDES and
A673 (Ewing's sarcoma; kindly provided by Professor Sue
Burchill, CRUK Clinical Research Centre, St. James's
Hospital, Leeds). Cells were maintained in RPMI-1640 or
DMEM F12 media (Gibco) supplemented with 10% fetal
bovine serum. All cytotoxic chemotherapeutic agents were
purchased from Sigma-Aldrich™.

Antisense transfections. Cells/ml (2x105) were seeded per well
of a 6-well plate and left to adhere for 24 h. Stocks (2 mg/ml)
of the antisense oligos against XIAP (AEG35156) and the
scrambled control (AEG35187) were formulated in sterile
water. Transfection of the oligos was facilitated by Oligo-
fectamine (Invitrogen) in OptiMEM media as per manu-
facturer's instructions. Prior to the addition of transfection
reagents, cells were washed twice and growth media replaced
with OptiMEM media. Transfection reagents were added to
the cells and left to incubate for 16 h, after which time cells
were washed twice with PBS and fresh growth media added.

Immunoblotting. Protein lysates were prepared as previously
described (14) resolved by sodium dodecyl sulphate poly-
acrylamide gel electrophoresis and transferred to PVDF mem-
brane (Immobilon). Standard immunoblotting procedures were
followed with overnight incubation at 4˚C with the following
primary antibodies: XIAP 1:1000 (Clone 28, BD Transduction
Laboratories), cIAP-1 and cIAP-2 1:1000 (R&D Systems),
Survivin 1 μg/ml (Novus Biologicals), SMAC 1:1000 (BD
Transduction Laboratories), XAF1 1:1000 (Imgenex), PARP
1:1000 (Cell Signalling), cleaved caspase-3 1:100 (Cell
Signalling), Tubulin 1:1000 (Cell Signaling) and GAPDH
1:2000 (Abcam). Blots were visualised with the enhanced
chemiluminescence system (Amersham) and analyzed on a
Fuji LAS-1000 Plus imaging system with AIDA software
(Fuji).

Live/dead counts. At 24, 48 and 72 h post-transfection,
scrambled and XIAP antisense transfected cells were
harvested and immediately analysed for live/dead analysis
by the incorporation of trypan blue. Three counts were
performed per sample on a haemocytometer and the average
live or dead cells were recorded. Each experiment was per-
formed 3 times on separate occasions and results presented
as an average of the 3 studies ± SEM.

Clonogenic assays. Twenty-four hours post transfection of
ASO, 500 cells per well were plated into 6-well plates. Forty-
eight hours post-transfection cells were treated with varying
concentrations of either, cisplatin, doxorubicin, etoposide or
vincristine for 1 h, before the medium was aspirated, cells
washed with PBS, and fresh medium added. Plates were
incubated at 37˚C and 5% CO2 for 10-14 days until visible
colonies (>50 cells) were present in the untreated well. All
assays were performed in triplicate. The surviving fraction was
calculated as number of colonies in the test condition/number
of colonies in the untreated well and plotted logarithmically
against drug concentration.

Results

XIAP is widely expressed across a panel of paediatric tumour
cell lines. XIAP expression in paediatric tumour cell lines has
been previously reported in acute lymphoblastic leukaemia
(ALL) (15) and in childhood AML (7). However, we wanted
to investigate the therapeutic potential of down-regulating
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Figure 1. Immunoblot analysis across a panel of paediatric tumour cell lines
showing; (A) XIAP, Xaf-1 and (B) cIAP1, cIAP2, survivin and Smac protein
expression levels. The human tumour cell line HCT116 XIAP-/- is shown
as a negative control for XIAP expression. GAPDH and tubulin were used
as protein loading controls.
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XIAP across a panel of paediatric tumour cell lines. We
have previously screened 29 paediatric tumour cell lines
and observed XIAP expression in a large proportion of cells.
Here, we show a panel of paediatric tumour cell lines,
from a range of disease settings [CEM (leukaemia), D283
(medulloblastoma), RD (rhabdomyosarcoma), NGP and SH-
SY5Y (neuroblastoma), 791T (osteosarcoma) and A673 and
RDES (Ewing's sarcoma)], with similar expression levels of
XIAP to the adult colorectal cancer cell line HCT116, which
expresses XIAP at a level above the mean for the NCI60 panel
(Fig. 1A). Across this panel we observed only low levels of
expression of the endogenous XIAP inhibitor XAF1.

Expression of other IAP family members, cIAP1 and
cIAP2, in these cell lines was variable but correlated such
that cells expressing lower levels of cIAP-1, such as the MYCN
amplified neuroblastoma cell line NGP, the rhabdomyo-
sarcoma cell line RD and the medulloblastoma cell line
D283, also expressed low levels of cIAP-2 (Fig. 1B).
Expression of survivin, another member of the IAP family,
was also variable  with highest expression in D283 cells, and
relatively low level expression in SH-SY5Y and NGP neuro-
blastoma cells. Smac, a protein known to relieve the inhibitory
effect of a number of IAPs, was expressed at a similar level
across the panel of cell lines except for RD cells, with lower
level expression, and NGP cells with higher level expression.

AEG35156 antisense down-regulates XIAP expression in
paediatric cancer cell lines. We selected three cell lines from
different types of paediatric cancer (791T, A673 and RD)
which expressed XIAP (as well as cIAP-1, cIAP-2, survivin

and Smac) at variable levels (Fig. 1A). In order to determine
the optimum time for XIAP down-regulation, the 791T cell
line was transfected with either the XIAP or scrambled ASO
and cells harvested 24, 48, 72 or 96 h post transfection.
Immunoblot analysis of XIAP protein levels suggested that
XIAP repression was maximal 48 h post-transfection and that
protein levels were starting to recover beyond 72 h (Fig. 2A).
Immunoblot analysis demonstrated that protein levels of
XIAP were decreased 48 h after transfection of XIAP ASO
in all three cell lines (Fig. 2B).

To ensure that the XIAP antisense was not inducing
compensatory changes in other IAP family members, 791T
and RD cells were analysed for cIAP1 and survivin levels
after transfection. In both cell lines cIAP1 and survivin levels
did not significantly change after XIAP down-regulation
compared to controls (Fig. 2C).

Down-regulation of XIAP enhances cell death and induces
apoptosis in paediatric cancer cells. In order to investigate if
XIAP repression induced cell death, 791T cells were trans-
fected with XIAP or control antisense and samples harvested
24, 48 or 72 h post-transfection. At these time points cell
death was determined by counting live/dead cells by trypan
blue exclusion. In the scrambled control group, the number
of live and dead cells was consistent across the time course
at ~80 and ~15% of cells respectively (Fig. 3A). In contrast,
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Figure 3. Down-regulation of XIAP in 791T cells by AEG35156 induces
(A) cell death as measured by a trypan blue live/dead assay, and results in
(B) the cleavage of PARP and caspase-3 in 791T, A673 and RD cells. All
experiments are representative of 3 individual experiments and error bars
are ± SEM. S, scrambled ASO (AEG35187); X, XIAP ASO (AEG35156).

Figure 2. AEG35156 down-regulates XIAP (A) maximally at 48 h post trans-
fection (B) across a panel of paediatric tumour cell lines including 791T
(osteosarcoma), A673 (Ewing's sarcoma) and RD (rhabdomyosarcoma) and
(C) does not alter expression of cIAP1 or survivin in 791T or RD cells.
GAPDH was used as a loading control on the immunoblots. S, scrambled ASO
(AEG35187); X, XIAP ASO (AEG35156).
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when XIAP was down-regulated the number of dead cells
24 h post-transfection was initially higher (~25%) compared
to the control group (~15%) (Fig. 3A). The number of dead
cells increased over time in the XIAP antisense treatment and
after 72 h ~40% of cells were dead compared to ~15% in the
control group. In order to determine if the cell death observed
was a result of apoptosis, 791T, A673 and RD cells were
transfected with control or XIAP antisense, harvested 48 h
post transfection and analysed for cleavage of caspase-3 and
PARP. In all three cell lines PARP and caspase-3 cleavage
was observed after XIAP down-regulation (Fig. 3B). These
findings suggest that down-regulating XIAP in paediatric
cancer cells results in an increase in apoptotic cell death.

AEG35156 sensitises 791T cells to cytotoxic agents in a
clonogenic assay. We finally wanted to know if AEG35156
could sensitise paediatric tumour cells to clinically relevant
chemotherapeutic agents and enhance the cytotoxic effect
of these agents. Twenty-four hours post-transfection of the
control or XIAP antisense, 791T cells were harvested and
plated out for clonogenic assays followed, 24 h later by a
1 h treatment with varying concentrations of either cisplatin,
doxorubicin, etoposide or vincristine. Cells were then left
for approximately 14 days to allow colonies to establish. A
1 h exposure of AEG35156-transfected cells to doxorubicin
(Fig. 4A), etoposide (Fig. 4B) or vincristine (Fig. 4C), induced
a marked decline in clonogenic survival compared to control
transfected cells. In contrast exposure of XIAP down-regulated
cells to cisplatin (Fig. 4D), did not appear to have an effect
upon clonogenic survival compared to control populations.
The observations here suggest that down-regulation of
XIAP with AEG35156 sensitises 791T osteosarcoma cells
to doxorubicin, etoposide and vincristine, but not cisplatin.

Discussion

In this report we show that XIAP can be down-regulated in
a range of paediatric tumour cell lines by the antisense oligo-
nucleotide, AEG35156. Detailed analysis of the osteosarcoma
cell line 791T, showed that XIAP down-regulation induced
cell death which bore the hallmarks of apoptosis. Further-
more, XIAP repression sensitised 791T cells to conventional
cytotoxic agents in a clonogenic assay.

In adult cancer, members of the IAP family are up-
regulated in a wide range of tumour types and this confer
a poor clinical outcome (16). In paediatric cancers, high
expression levels of the IAP family members, in particularly
XIAP, have been linked with poor clinical outcomes in
medulloblastoma, neuroblastoma and AML (17-19). There-
fore, down-regulating XIAP in paediatric tumours may offer
a novel therapeutic strategy for childhood cancer. Transient
transfection of the XIAP antisense, AEG35156, lead to
down-regulation of XIAP across a panel of paediatric tumour
cell lines; 791T (osteosarcoma), A673 (Ewing's sarcoma) and
RD (rhabdomyosarcoma), without altering levels of other
IAP proteins, consistent with observations in adult tumour
cell lines (12,13).

XIAP down-regulation alone was sufficient to induce cell
death in 791T osteosarcoma cells, and this was due to an
increase in apoptosis. In addition, previous observations from
our laboratory, using a small molecule inhibitor of XIAP, have
demonstrated induction of apoptosis in paediatric tumour cell
lines (unpublished data). Indeed, down-regulation/inhibition
of XIAP alone in childhood ALL, and in several adult tumour
types, has been shown to be sufficient to enhance cell death
(12,15,20,21). However, not all tumour cells readily undergo
apoptosis in response to XIAP inhibition. It is likely that

HOLT et al:  XIAP AND PAEDIATRIC CANCER1180

Figure 4. Surviving fraction of cells from a clonogenic assay post-transfection with control scrambled ASO (open circles) or XIAP (AEG35156) ASO (closed
squares) which 48 h post transfection were exposed to chemotherapeutic agents; (A) doxorubicin, (B) etoposide, (C) vincristine or (D) cisplatin. Results
are presented as the average of 3 independent experiments and error bars are ± SEM.
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there are subtle differences in the thresholds between cell
lines which prime them to undergo apoptosis in response to
XIAP inhibition/down-regulation.

Despite the activity of XIAP ASO as a single agent, it is
likely that it will be used in combination with conventional
cytotoxic agents in the clinic. Cancer cell lines which express
high levels of XIAP are resistant to conventional chemo-
therapeutic agents and can be sensitised by co-treatment with
XIAP ASO (12). In 791T osteosarcoma cells combining XIAP
ASO with doxorubicin, etoposide or vincristine, resulted
in greater sensitivity to the cytotoxic agent in a clonogenic
assay. However, down-regulation of XIAP did not sensitise to
cisplatin, an interaction that we have also previously observed
with a small molecule inhibitor of XIAP (unpublished data).
However, in the combination studies we describe here cells
were exposed to cisplatin 48 h following transfection with
XIAP ASO, as this was the time point at which we saw the
greatest down-regulation of XIAP protein levels. It is possible
that with different scheduling between XIAP ASO and
cisplatin dosing, a different interaction may emerge. In these
combination experiments 791T cells were only treated once
with XIAP antisense; it is possible that multiple transfections
of XIAP ASO may be needed to continually suppress XIAP
mRNA and protein turnover in order for sensitisation to
cisplatin to occur (13).

The effectiveness of XIAP ASO at inducing apoptosis
and sensitising to conventional cytotoxic agents in paediatric
solid tumour cell lines, in conjunction with the similar effects
seen in paediatric ALL (15), suggest that XIAP inhibition
may be a useful novel therapeutic strategy in drug-resistant
paediatric cancer.
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