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Abstract

Purpose: Cancer cells can use X-linked inhibitor of apoptosis (XIAP) to evade apoptotic cues,
including chemotherapy. The antitumor potential of AEG35156, a novel second-generation
antisense oligonucleotide directed toward XIAP, was assessed in human cancer models when
given as a single agent and in combination with clinically relevant chemotherapeutics.
Experimental Design: AEG35156 was characterized for its ability to cause dose-dependent
reductions of XIAP mRNA and protein in vitro and in vivo, to sensitize cancer cell lines to death
stimuli, and to exhibit antitumor activity in multiple human cancer xenograft models as a single
agent or in combination with chemotherapy.

Results: AEG35156 reduced XIAP mRNA levels with an ECsq of 8 to 32 nmol/L and decreased
XIAP protein levels by >80%. Loss of XIAP protein correlated with increased sensitization to
tumor necrosis factor —related apoptosis-inducing ligand (TRAIL) — mediated apoptosis in
Panc-1 pancreatic carcinoma cells. AEG35156 exhibited potent antitumor activity relative to
control oligonucleotides in three human cancer xenograft models (prostate, colon, and lung)
and was capable of inducing complete tumor regression when combined with taxanes. Antitumor
effects of AEG35156 correlated with suppression of tumor XIAP levels.

Conclusions: AEG35156 reduces XIAP levels and sensitizes tumors to chemotherapy.
AEG35156 is presently under clinical assessment in multiple phase | trials in cancer patients as
a single agent and in combination with docetaxel in solid tumors or cytarabine/idarubicin in

leukemia.

Chemotherapy is the mainstay of clinical treatment for many
solid tumors. However, the development of chemoresistance is
a common feature, resulting in a decrease or loss of therapeutic
effectiveness. One of the major mechanisms responsible for
chemoresistance is the loss of apoptotic sensitivity in cancer
cells. Possible causes include alterations in the initiation or
execution of the apoptotic machinery, which results from
increased activity of antiapoptotic proteins. Novel anticancer
therapies that specifically target antiapoptotic mechanisms or
that act to lower the apoptotic threshold of cancer cells are in
preclinical development or under clinical evaluation (1). An
appealing therapeutic candidate target is the X-linked inhibitor
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of apoptosis (XIAP), a potent antiapoptotic protein whose
overexpression and dysfunction is associated with resistance to
chemotherapy and radiotherapy (2-5).

Although apoptotic pathways in cells are complex, most
seem to converge on a single family of proteases, the caspases
that dismantle the cell in an orderly, noninflammatory fashion.
The human IAP family, characterized by the presence of one to
three baculovirus TAP repeat motifs at the NH, terminus of the
polypeptide chain (reviewed in refs. 3, 6), are the only known
cellular inhibitors of caspases. Specifically, they inhibit two key
effector caspases, caspase-3 and caspase-7, and the key initiator
caspase, caspase-9, which is responsible for the intrinsic
mitochondrial death pathway triggered by chemotherapy and
radiotherapy. In addition, IAPs effectively block the extrinsic,
death receptor-mediated cell death pathway [triggered by Fas
ligands, tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL), and other ligands] by inhibiting caspase-3
activity, the target of activated caspase-8 (6).

XIAP is recognized to be the most potent member of the IAP
family with respect to caspase inhibition, with Kjs in the high
picomolar range, and its overexpression provides the greatest
protection for cells both in vitro and in vivo from apoptotic
events and conditions. There is growing evidence that activity of
XIAP, and perhaps other IAPs, extends beyond the inhibition of
caspases and that multiple cellular events may contribute to the
overall antiapoptotic activity of XIAP (7).
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A wide range of evidence suggests that cancer cells use XIAP,
and perhaps other IAPs, to evade extrinsic (death receptor-
mediated) and intrinsic (mitochondria-mediated) apoptotic
cues that normally would cause their demise. XIAP mRNA or
protein is overexpressed relative to levels found in normal
tissues in all 60 cell lines of the National Cancer Institute tumor
cell line panel (8, 9). Overexpression of XIAP has been observed
in prostate, pancreatic, gastric, and colorectal cancers, glioblas-
toma, and acute myelogenous leukemia (AML); (refs. 5, 10).
XIAP levels are also elevated in malignant cells isolated from
effusions around ovarian, lung, and breast tumors (11). In
AML, XIAP overexpression has been associated with poor
clinical outcome (9, 12). XIAP expression is also reported to be
elevated in AML blasts and biphenotypic blasts from acute
mixed lineage leukemia that are associated with the chemo-
therapy-resistant nature of these diseases (13). Furthermore,
XIAP expression increases from the preleukemic disease,
myelodysplastic syndrome, to the overt form of AML, a finding
consistent with a role for XIAP in transformation and/or
therapy resistance (14). A gene profile analysis of >16,000
genes from 218 tumor samples identified XIAP as one of the
major genes in a cluster that accurately predicted ovarian
carcinomas (15). Furthermore, XIAP expression has been
identified as an independent, unfavorable, prognostic indicator
for clear cell renal carcinoma (16, 17). These data suggest that
inhibition of cellular XIAP activity, specifically in cancer cells
under stress and primed for apoptosis due to genetic and
chromosomal aberrations, would facilitate the execution of the
proapoptotic signals capable of tipping the balance toward
death, when challenged by chemotherapeutic agents.

AEG35156/GEM 640 (hereafter called AEG35156) is an anti-
XIAP antisense oligonucleotide synthesized with second-gener-
ation antisense chemistry. It is a 19-mer, fully phosphoro-
thioated (replacement of a nonbridging oxygen in the normal
phosphate backbone with sulfur) oligonucleotide in which the
core 11 DNA bases are flanked by four 2"-O-methyl-modified
RNA residues at the 3" and 5’ ends. The sequence of this mixed
backbone oligonucleotide (MBO) was optimized for specificity
and cellular potency in the absence of CpG residues to
eliminate activities that may arise from CpG-mediated immu-
nostimulation (18). Extensive nonclinical and clinical publica-
tions attest to the safety and efficacy of antisense compounds
with second-generation chemistry (19, 20).

In this report, we describe a broad set of in vitro and in vivo
preclinical studies that show that inhibition of XIAP expression
by AEG35156 enhances apoptosis in cancer cells and results in
antitumor activity either as a single agent or in conjunction
with clinically relevant chemotherapeutic regimens. AEG35156
is currently being evaluated in phase I clinical trials in humans
as either a single agent or in combination with docetaxel or
idarubicin/cytarabine (for AML) based in part on the preclinical
results presented here.

Materials and Methods

Antisense and control oligonucleotides. Oligonucleotides used in the
study include AEG35156 (XIAP antisense), AEG35157 (reversed
control), AEG35187 (scrambled control), AEG35191 (4-base mis-
match), and AEG35185/Hyb931a (nonsense control). All the oligonu-
cleotides used in this study are 19-mer fully phosphorothioated MBOs
with four 2"-O-methyl RNA bases at both 5" and 3’ ends. Oligonucleo-
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tides were synthesized using B-cyanoethylphosphoramidite chemistry
on a PerSeptive Biosystems 8909 Expedite DNA synthesizer (Boston,
MA) as described earlier (19). After the synthesis, oligonucleotides were
deprotected using standard protocols, purified by high-performance
liquid chromatography, and dialyzed against USP quality sterile water
for irrigation (Braun, Bethlehem, PA). The oligonucleotides were
lyophilized and dissolved again in distilled water and the concen-
trations were determined by measuring the UV absorbance at 260 nm.
All the oligonucleotides synthesized were characterized by capillary gel
electrophoresis and matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (Voyager DE STR Biospectrometry Work-
station, Applied Biosystems, Foster City, CA) for purity and molecular
mass, respectively. The purity of full-length oligonucleotides ranged
from 90% to 95% accompanied by small quantities of synthetic
product reduced by one or two nucleotides (n — 1 and n — 2) as
determined by capillary gel electrophoresis and/or denaturing PAGE.
Some batches of the oligonucleotides were obtained from Integrated
DNA Technologies (Coralville, IA) or Biosource (Camarillo, CA).

Cancer cell lines. For in vitro studies, cell culture medium and fetal
bovine serum (FBS) were purchased from Invitrogen (Burlington,
Ontario, Canada). The human pancreatic carcinoma cell line Panc-1
and the human prostate carcinoma cell line PC-3 were obtained from
American Type Culture Collection (Manassas, VA) and maintained in
DMEM and Ham'’s F-12 supplemented with 10% FBS, respectively. The
cisplatin-resistant human ovarian carcinoma cell line A2780-cp was
generously supplied by Dr. T. Chow (Montreal General Hospital,
McGill University) and maintained in RPMI 1640 supplemented with
10% FBS. The human non-small cell lung carcinoma cell line NCI-
H460 was kindly provided by Dr. Gerald Batist (Lady Davis Institute/
Jewish General Hospital, McGill University) and maintained in RPMI
1640 supplemented with 10% FBS. The human breast cancer cell line
MDA-MB-231 was supplied by Dr. C. Pratt (University of Ottawa) and
maintained in low-glucose DMEM supplemented with 5% FBS. All cell
lines were incubated at 37°C in a humidified atmosphere containing
5% CO,. Cell lines (LS174T and PC-3) for xenograft studies were
purchased from American Type Culture Collection and cultured
following the manufacturer’s instructions (20-23). H460 cells (Amer-
ican Type Culture Collection) were plated in 850 cm? roller bottles
using RPMI 1640 containing 10% FBS, 1% penicillin/streptomycin, and
1% L-glutamine. Cells were trypsinized, counted, and resuspended in
serum-free medium at a concentration of 10 million cells/1 mL for
xenograft studies.

Xenograft models. Athymic nude (nu/nu) mice (4-6 weeks old) for
the cancer xenograft models were purchased from Frederick Cancer
Research and Development Center (Frederick, MD). The animal use
and care protocol was approved by the Institutional Committee for
Animal Use and Care of the University of Alabama at Birmingham
and all procedures were done according to the relevant guidelines of
NIH/Department of Human and Health Services. For the PC-3 human
prostate cancer establishment model (22, 23), male athymic nude
(nu/nu) mice were injected s.c. with 5 x 10° cells in FBS-free Ham’s
F-12K and Matrigel (Matrigel basement membrane matrix, Becton
Dickinson Labware, Bedford, MA) into the left inguinal area. Animals
were randomly divided into treatment and control groups (8-12
animals per group) and treatment was initiated on day 1 (24 hours
after cell injection). Sterile 0.9% NaCl solution for the control group
and the test MBOs (aseptically dissolved in 0.9% NaCl solution) for
the treatment groups were given by i.p. injection at five doses weekly
for 6 weeks. For the PC-3 human prostate cancer regression model,
the animals were injected with PC-3 cells as described above, but
tumors were allowed to establish for 5 days (mean tumor size, ~70
mm?®) before treatment commenced on day 0. Random groups of six
animals each were injected with sterile 0.9% NaCl solution for the
control group and MBOs for the treatment groups as described in the
establishment model. For the combination models, carboplatin
(Bristol-Myers Squibb Co., Princeton, NJ) at 120 mg/kg in 0.9%
NaCl solution was given i.p. on day 4 or Taxotere (Aventis,
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Bridgewater, NJ) at 15 mg/kg (dissolved in polysorbate 80, ethanol,
and water) on days 4 and 11.

For the LS174T human colon cancer xenograft establishment model
(20), female athymic nude mice were injected s.c. with 3 x 10° cells
resuspended in FBS-free MEME and Matrigel into the left inguinal area.
Treatment with 0.9% NaCl solution or MBOs i.p. at various doses was
initiated on day 2 and continued for 3 weeks at five doses weekly. The
animals in all models were monitored by general clinical observation,
body weight, and tumor growth. Tumor growth for all xenograft studies
was monitored by caliper measurements of two perpendicular diameters,
and tumor size (mm?) was calculated using the formula: 1/ 2a x b?, where
where a is the long diameter and b is the short diameter (mm).

For the H460 lung carcinoma xenograft regression model, female,
CD-1 nu/nu mice (Charles River, Saint-Constant, Quebec, Canada)
were anesthetized with isofluorane, and 1 x 10° cells were injected
subdermally on the right flank. Animals were assessed for tumor growth
and general health 3 days weekly, with tumor size calculated as
(A x B)?/ 2, where A is the longest dimension and B is the width.
On day 11, when tumors were ~40 mm?>, drug treatments began.
Docetaxel (30 mg/kg i.p.) or cisplatin (6 mg/kg i.p.) was given as two
injections 1 week apart. AEG35156 and AEG35187 treatments were also
started on day 11 and continued for 5 days on, 2 days off for the
balance of the experiment.

MBO transfection and XIAP mRNA quantification by real-time
quantitative reverse transcription-PCR. Depending on the cell line,
1.5 x 10* to 3 x 10* cells per well were seeded into 96-well plates and
incubated overnight and transfected with 8 to 500 nmol/L control or
antisense MBO and 0.8 uL/well LipofectAMINE 2000 (Invitrogen)
according to the manufacturer’s protocol. After 8 hours of transfection,
H460 and A2780-cp cells were harvested for total RNA extraction. For
Panc-1, MDA-MB-231, and PC-3 cells, the transfection mixes were
replaced with normal medium after 8 hours and harvested 12 hours
later. Total RNA was extracted using the RNeasy 96 kit (Qiagen,
Mississauga, Ontario, Canada) according to the manufacturer’s protocol
for use with the QIAvac 96 vacuum manifold. XIAP mRNA levels were
determined using real-time quantitative reverse transcription-PCR
(RT-PCR). The forward (5-GGTGATAAAGTAAAGTGCTTTCACTGT-3")
and reverse (5-TCAGTAGTTCTTACCAGACACTCCTCAA-3’; both from
Qiagen) primers were designed to hybridize to exon 3 and a region
spanning exons 4 and 5, respectively. The human XIAP probe (5"-FAM-
CAACATGCTAAATGGTATCCAGGGTGCAAATATC-3BHQ-1-3; Inte-
grated DNA Technologies) hybridizes to a region spanning exons
3 and 4. Briefly, the RNA was reverse transcribed and amplified in an
ABI PRISM 7700 Sequence Detection System using the Tagman EZ RT-
PCR Core Reagent kit and the human glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) control reagents (Applied Biosystems) for
normalization of XIAP levels to GAPDH mRNA content (24). XIAP
levels were expressed as fold increases versus endogenous levels. Real-
time RT-PCR analysis of HIAP2 expression was done under identical
conditions as those for XIAP, with the exception of using HIAP2-specific
primers and probes. The forward (5-TCTGGAGATGATCCATGGG-
TAGA-3") and reverse (5-TGGCCTTTCATTCGTATCAAGA-3') primers
were both synthesized by Qiagen, whereas the probe (5-FAM-
CTCACACCTTGGAAACCACTTGGCATG-TAMRA-3'), which spans the
exon 3/4 boundary, was synthesized by Applied Biosystems.

XIAP protein quantification by Western blot analysis. For a XIAP
protein knockdown time course, H460 cells were seeded at 4.2 X 10’
per well into six-well plates and incubated overnight. They were
transfected with 31 nmol/L control or antisense MBO and 13.6 pL/well
LipofectAMINE 2000 for 18 hours each, on 3 consecutive days,
according to the manufacturer’s protocol. Sets of samples were
harvested after 24, 48, and 72 hours after the first, second, and third
transfections, respectively. For a time course on XIAP protein
knockdown and poly(ADP-ribose) polymerase (PARP) expression
during TRAIL exposure, Panc-1 cells were seeded at 4 X 10> per well
into six-well plates and grown overnight. They were transfected with
100 nmol/L control or antisense MBOs and 10 pL/well LipofectAMINE
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2000 for 5 hours on 2 consecutive days. After the second transfection,
the cells were exposed to 100 ng/mL TRAIL (recombinant human
TRAIL/TNFSF10, R&D Systems, Minneapolis, MN) and samples were
harvested after 3, 7, and 20 hours. Cell pellets were homogenized in
radioimmunoprecipitation assay buffer and the concentration of total
protein in the lysates was determined using the Bio-Rad Protein Assay
(Bio-Rad, Hercules, CA) according to the manufacturer’s protocol.
Protein samples were separated on 10% SDS polyacrylamide gels using
a Bio-Rad Mini-PROTEAN setup and transferred to Immobilon-P
membrane (Millipore, Billerica, MA) in a SemiPhor semidry transfer
unit (Hoefer, San Francisco, CA) using standard protocols. Membranes
were blocked in a 5% skim milk/TBS-Tween 20 buffer and subsequently
incubated with monoclonal mouse anti-hILP/XIAP clone 28 (BD
Biosciences, Bedford, MA) or monoclonal mouse anti-GAPDH clone
6C5 (Advanced ImmunoChemical, Inc., Long Beach, CA) and anti-
mouse IgG horseradish peroxidase-conjugated secondary antibody
(Amersham Biosciences, Piscataway, NJ; ref. 24). For PARP detection,
membranes were incubated with rabbit anti-PARP antibody (Cell
Signaling Technology, Beverly, MA) followed by donkey anti-rabbit
Ig horseradish peroxidase-linked whole antibody (Amersham Bio-
sciences). Signal detection and enhancement was carried out with
enhanced chemiluminescence Western blotting detection reagents and
exposure on Hyperfilm enhanced chemiluminescence (all reagents were
from Amersham Biosciences). Films were scanned using a Hewlett-
Packard Scan Jet 4C/T flatbed scanner (Palo Alto, CA) and analyzed with
NIH Scion Image Version Beta 4.02 software.

Cell viability assays. H460 or Panc-1 cells were seeded at 1.2 x 10*
or 2.5 x 10" per well into 96-well plates, respectively, and grown
overnight. They were transfected with either 30 or 100 nmol/L control
or antisense MBO, respectively, and 0.5 or 0.8 pL/well LipofectAMINE
2000, respectively, for 5 hours each on 2 consecutive days. On the
second day, after the second and last transfections, the cells were
exposed to either medium alone for the controls or medium containing
1, 10, or 100 ng/mL TRAIL. A WST-1 cell viability assay (Roche,
Mannheim, Germany) was carried out 18 to 20 hours later. The
absorbance was measured in an E,, . plate reader (Molecular Devices,
Sunnyvale, CA) at 450 nm with a reference wavelength of 650 nm, and
the data were analyzed using Softmax PRO 2.2.1 software.

Mouse splenomegaly assay. Female BALB/c mice (4-6 weeks, 19-21 g;
Taconic Farms, Germantown, NY) were injected s.c. with 5 mg/kg
AEG35156 or an immunostimulatory 18-mer phosphorothioate
oligonucleotide (25) or 0.9% NaCl solution (PBS). The oligonucleo-
tides were dissolved in sterile PBS. After 72 hours, the mice were
sacrificed and the spleens were harvested, blotted dry, and weighed.

Immunohistochemistry. Nude mice bearing H460 tumors were
treated with 25 mg/kg AEG35156 or 0.9% NaCl solution vehicle i.p.
for 8 consecutive days. Tumors were excised, fixed, paraffin embedded,
and then sectioned and stained with a monoclonal antibody specific for
XIAP (BD Biosciences, Bedford, MA) (clone 48, 1:50 dilution). Sections
were dewaxed and processed by antigen retrieval in a microwave.
Following blocking for endogenous mouse IgG and peroxidase, sections
were stained with clone 48 followed by anti-mouse horseradish pero-
xidase. Enzyme catalyzed deposition of tyramide-biotin was followed
by treatment with horseradish peroxidase-streptavidin and 3,3"-diami-
nobenzidine staining. Hematoxylin counterstaining was applied.

RNase H assay. Hela cervical carcinoma cell total RNA (20 pg) was
preincubated with 0.2 pmol/L AEG35156 for 5 minutes at 65°C (to
denature RNA) and then chilled on ice for 2 minutes. Recombinant
RNase H (5 units; New England Biolabs, Pickering, Ontario, Canada)
was added after a 2-minute incubation at 37°C; a time course of 0, 20,
60, and 120 minutes at 37°C was initiated for the enzymatic reaction.
At the end of the incubation, RNase H was inactivated by heating at
65°C for 20 minutes. RNA was run through a RNA cleanup procedure
using Qiagen RNeasy MinElute column (Qiagen) before mRNA
analysis. Real-time quantitative RT-PCR analyses (Tagman) were done
in triplicate for XIAP, HIAP2/cIAP1, and GAPDH in two separate
multiplexed reactions as described above.
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Results

AEG35156 antisense suppresses XIAP mRNA and

protein in vitro

AEG35156 was selected from cellular-based screens compar-
ing >100 different antisense oligonucleotide sequences and
nominated as a clinical development candidate based on the
promising in vitro and in vivo results shown below.

AEG35156 effectively down-regulated XIAP mRNA expres-
sion in in vitro transfection studies with multiple human cancer
cell lines derived from cancers of the lung (H460), pancreas
(Panc-1), ovary (A2780-cp), breast (MDA-MB-231), and
prostate (PC-3; Fig. 1A). XIAP mRNA levels at each concentra-
tion of AEG35156 were normalized to XIAP RNA levels
observed using the same concentration of a nonsense control
oligonucleotide sequence (AEG35185). AEG35156 caused the
down-regulation of XIAP mRNA with an ECs, in the range of
8 to 32 nmol/L for H460, Panc-1, A2780cp, and PC-3 cells, and
the ECsy in MDA-MB-231 was significantly below the lowest
tested concentration of 16 nmol/L. Panc-1 and A2780cp cells
showed a dose-dependent reduction in XIAP-mRNA, whereas

4 Unpublished results.
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the other cell lines caused a suppression of XIAP mRNA in the
low nanomolar range without a clear dose response at higher
doses. By comparison, the nonsense control oligonucleotide,
AEG35185, in the EC5o range for AEG35156 (i.e., 8-32 nmol/L)
reduced XIAP mRNA levels by 8.7 + 14% for the five cell lines
tested (data not shown).

AEG35156 produced a dose- and time-dependent reduction
of XIAP protein in H460 cells after one or repeated transfections
over a 24- to 72-hour period (Fig. 1B). Repeated transfections
caused a progressive loss of XIAP protein with a near-complete
loss achieved (87%) by 72 hours relative to a reverse polarity
control oligonucleotide AEG35157. Other cells lines, including
Panc-1, PC-3, and A2780cp, also showed substantial losses of
XIAP protein (50-72%) when treated with 16 to 31 nmol/L
AEG35156 as a double transfection (data not shown).

The chimeric nature of MBOs is purposely designed to
enhance stability to nucleases while maintaining RNase H-
activating properties of the antisense mRNA target duplex (19).
RNase H activation is the principal mechanism by which
antisense oligonucleotides degrade target mRNAs once the
antisense hybridizes to the target region. Mixing AEG36156 with
recombinant RNase H in a total cellular RNA extract caused a
selective and progressive loss of XIAP mRNA (Fig. 1C). The
selectivity of this RNase H activity was shown by the fact that
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neither GAPDH-mRNA or the mRNA of another IAP family
member, cIAP1, underwent similar degradation under the con-
ditions employed (Fig. 1C). These data are consistent with the
loss of XIAP-mRNA and protein observed in cells by AEG35156
being mediated principally via a RNase H mechanism.

AEG35156 enhances sensitization of Panc-1

pancreatic carcinoma cells to TRAIL-induced cell
death

Growing evidence indicates that XIAP activity is effective in
blunting extrinsic death stimuli, particularly TRAIL-induced
apoptosis (6, 26-33). The effect of suppressing XIAP levels on
the sensitivity to the death receptor agonist TRAIL was assessed
in Panc-1 cells. As shown in Fig. 2A, Panc-1 cells are highly
resistant to TRAIL at concentrations up to 100 ng/mL. Similarly,
AEG35156 had no effect on Panc-1 cell survival when used at
100 nmol/L (data not shown). However, when applied in
combination, AEG35156 (100 nmol/L) sensitized cells to
TRAIL, causing a dose-dependent cell death that reached 63%
of the population at 100 ng/mL TRAIL. This sensitization to
TRAIL was not observed in Panc-1 cells treated with the control
MBO, AEG35157, relative to untransfected cells or cells
subjected to a mock transfection (Fig. 2A). The TRAIL-
sensitizing effect of AEG35156 was also observed in H460 cells
(Fig. 2B), which are intrinsically more sensitive to TRAIL than
Panc-1 cells. AEG35156, at 30 nmol/L, sensitized cells to TRAIL,

causing a dose-dependent cell death that reached 62% of the
population at 10 ng/mL TRAIL (Fig. 2B).

The synergistic effects of TRAIL and AEG35156 on Panc-1 cell
death correlated with the progressive loss of XIAP protein and
increased PARP cleavage (Fig. 2C). TRAIL alone (100 ng/mlL;
lanes 2 and 3) had little effect on the levels of XIAP protein,
only marginal effects on PARP cleavage over the 20-hour time
course, and caused the death of ~15% of the cell population.
However, TRAIL added to cells in which a moderate reduction
(~40% by densitometric analysis) of XIAP protein was induced
by AEG35156 (lane 5; O time) caused a significant time-
dependent cleavage of PARP (lane 5) most likely due to the
effects of active caspase-3 and/or caspase-7 released from XIAP
inhibition. TRAIL also caused a further time-dependent
decrease in XIAP protein levels (lane 5; i.e., up to 90% by
densitometric analysis at 20 hours) possibly through a feed-
forward amplification loop initiated by caspase activities.

AEG35156 shows antitumor effects in vivo as a
single agent and in combination with docetaxel
AEG35156 was tested in three different xenograft models of
human prostate, colon, and lung cancers (i.e., PC-3, LS174T,
and H460, respectively) either as a single agent or in
combination with clinically relevant chemotherapeutics.
LS174T human colon cancer xenografts. 1S174T xenografts
were established by s.c. injection of cells into the left inguinal

120
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indicated doses of TRAIL. Columns, percent
survival of cells compared with non-TRAIL-
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Fig. 3. Dose-dependent single-agent antitumor effects of AEG35156 in a LS174T
colon cancer xenograft (establishment) model. Dose-dependent antitumor effect of
AEG35156 as a single agent in nude mice implanted with LS174T human colon
carcinoma cells. As described in Materials and Methods, animals were treated i.p.
with AEG35156 at 1, 10, or 25 mg/kg body weight/d on a 5 days on, 2 days off
regimen for 3 weeks. The control oligonucleotide, AEG35185, was given at

25 mg/kg body weight/d. Points, mean (n = 10 per group); bars, SE.

area of female athymic nude mice. Injected animals were
randomized into treatment and control groups, and AEG35156
treatment initiated on day 3 by i.p. injection at 1, 10, or 25
mg/kg body weight/d, five doses weekly. Control groups received
sterile 0.9% NaCl solution or a nonsense control sequence,
AEG35185, by i.p. injection at 25 mg/kg body weight/d, five
doses weekly. Tumor measurements are presented in Fig. 3.
Tumor growth in AEG35185-treated animals was not different
from that in the 0.9% NacCl solution control group. By contrast,
AEG35156 exhibited a dose-dependent inhibitory effect on
tumor growth, with a 60% reduction in tumor volume relative to
the 0.9% NaCl solution control group observed at the highest
dose given. Tumor growth inhibition was observed within 3 days
of initiating AEG35156 treatment on day 3.

H460 human lung cancer xenografts. H460 xenografts were
established by s.c. injection of cells into the right flank of
female athymic nude mice. On day 11, tumor-bearing animals
were assigned to treatment groups, such that each group had a
similar mean tumor size of ~40 mm?®. AEG35156 treatment
was initiated by i.p. injection on day 11 at 10 or 25 mg/kg body
weight/d, five doses weekly. Control groups received sterile
0.9% NaCl solution alone or a scrambled control sequence,
AEG35187 at 25 mg/kg body weight/d, five doses weekly.
Animals received AEG35156 alone or in combination with
either docetaxel (30 mg/kg i.p.) or cisplatin (6 mg/kg i.p.)
twice, 1 week apart.

In this instance, H460 xenografts were largely refractory to
AEG35156 given as a single agent (Fig. 4A). By contrast,
AEG35156 given in combination with docetaxel had a
dramatic, dose-dependent effect on tumor size, with the
10 mg/kg group exhibiting a 56% reduction in tumor size
compared with controls and the 25 mg/kg group in combina-
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tion with docetaxel having a mean tumor size ~80% smaller
than controls (Fig. 4B). This inhibitory effect on tumor
growth was a clear example of synergy, because neither the
antisense nor the docetaxel dose used (30 mg/kg) was effective
as a single agent. The control sequence, AEG35187 in com-
bination with docetaxel, was not different than either saline
or docetaxel alone groups. By comparison, the combination of
cisplatin with AEG35156 did not show increased antitumor
activity (Fig. 4C).

XIAP protein knockdown was observed by immunohisto-
chemistry in tumors excised from H460 xenografts following
8 days of treatment with 25 mg/kg AEG35156 (Fig. 4D).
Excised tumors from AEG35156-treated animals showed a
substantial reduction in XIAP-specific staining intensity relative
to tumors isolated from 0.9% NaCl-treated animals. Back-
ground staining is shown in the “no primary” control sections
for the respective treatment groups (Fig. 4D).

PC-3 human prostate carcinoma xenografts. PC-3 human
prostate cancer xenografts were established in male athymic
nude using methods reported previously (22). On the first
AEG35156 treatment day (day O; 5 days after implantation),
animals were divided into treatment and control groups so that
each group had a similar mean tumor size distribution of
70 mm?®. AEG35156 was given by i.p. injection at 10 or
25 mg/kg body weight/d, 5 days weekly for 6 weeks.
AEG35191, a 4-base mismatch to AEG35156, served as a
negative control and was given at 25 mg/kg body weight/d, five
doses weekly. Some groups received docetaxel (15 mg/kg i.p.)
on days 4 and 11 or carboplatin (120 mg/kg i.p.) on day 4.

PC-3 tumor growth in animals treated with the control
oligonucleotide, AEG35191, was comparable with that ob-
served with the 0.9% NaCl solution control group (Fig. 5A). By
contrast, AEG35156 showed a dose-dependent reduction in the
rate of tumor growth, with a ~80% reduction in tumor size
reported at the highest dose level. Modest tumor regression was
observed over the first 14 days of AEG35156 treatment, where
tumor size values were lower than those determined on day 0
(Fig. 5B).

Docetaxel was used at a dose that elicited a ~50% reduction
in tumor growth when given as a single agent (Fig. 5C). The
combination of AEG35156 and docetaxel showed significantly
enhanced and dose-dependent antitumor activity, with com-
plete regression of tumors observed at the 25 mg/kg body
weight/d dose level (Fig. 5D). In the study, AEG35156
treatment was curtailed on day 42, and subsequent tumor
regrowth was evaluated in the high-dose group for an addi-
tional 56 days after stopping antisense treatment (day 98), at
which time tumors were only barely perceptible.

Carboplatin was used at a dose and regimen that gave a
suboptimal antitumor effect (~30% tumor reduction) when
applied as a single agent. As shown in Fig. 5D, the combination
of AEG35156 and carboplatin was significantly better than
carboplatin alone (~80%) but not substantially better that
AEG35156 as a single agent at the same dose (Fig. 5A). Thus,
little or no additivity was observed between carboplatin and
AEG35156.

Body weight measurements from xenograft studies
General health status and body weight measurements were
done for all the xenograft studies. In general, AEG35156 was
well tolerated both when given alone or combined with the
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chemotherapeutic agents used (Fig. 6). Animals did show signs
of weight loss (<10%) after prolonged AEG35156 treatment at
25 mg/kg/d in the PC-3 study (Fig. 6A). This weight loss was
not specific to AEG35156, as it was also seen for the control
MBO, AEG35191, which showed greater weight loss (Fig. 6A)
without significant antitumor activity (Fig. 5A). Animal body
weights were observed to recover quickly after antisense
treatments were stopped (Fig. 6A and B).

AEG35156 does not show immunostimulatory

activity in a splenomegaly assay compared with

TLRY-activating immunomers

Although AEG35156 was designed not to contain CpG
immune stimulating motifs, an in vivo study was undertaken
to examine the immunostimulatory activity of AEG35156.
AEG35156 (5 mg/kg) or an 18-mer CpG oligonucleotide (25)
was injected s.c. into mice and spleen weights were
determined 3 days later. AEG35156 produced an insignificant
increase (6%) in spleen weight relative to 0.9% NacCl solution
injected mice, whereas the CpG oligonucleotide produced an
82% increase in spleen weight (Table 1). These results suggest
that AEG35156 exhibits little or no immunostimulatory
activity.

Discussion

It is widely recognized that although many cancer cells are
primed for apoptosis, they fail to die because of the
development of multiple mechanisms preventing final enact-

ment of the death process (34, 35). This is particularly true of
tumor cells challenged by chemotherapeutic agents that impart
powerful apoptotic signals to proliferating cells. Deregulation
of apoptotic pathways seems to be critical for the sustained
viability and proliferation of cancer cells and is an important
determinant in chemoresistance (4, 34, 35).

The up-regulation of IAPs is viewed as a fundamental means
by which many cancer cells evade death even in the presence of
strong extrinsic (death receptor-mediated) and intrinsic
(mitochondria-mediated) apoptotic cues (1, 6). It is thus
reasonable to assert that the inhibition of cellular IAP activity,
particularly in cells primed to undergo apoptosis either
intrinsically or under chemotherapeutic challenge, should
constitute a powerful proapoptotic signal capable of tipping
the balance toward death.

Previous proof-of-principle studies have shown the antican-
cer effects of XIAP antisense or small interfering RNA
oligonucleotides in cellular studies representing solid tumors
(36-48) and leukemias (49, 50). We have reported previously
that a first-generation antisense against XIAP used in combina-
tion with vinorelbine caused reductions in tumor growth rate of
lung cancer xenografts (51). In addition, experimental small-
molecule inhibitors of XIAP have also shown anticancer effects
in vitro by inducing apoptosis in solid tumor cell lines and
leukemia cells (2). In numerous experimental systems, cancer
cells induced to apoptose by various agents, a loss of XIAP
protein was found to precede cell death, suggesting that
removal of XIAP is a prerequisite for the final enactment of
cell death.
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We undertook the development of an optimized second-
generation antisense against XIAP to directly test this hypoth-
esis in xenograft models representing major cancer types.
AEG35156 was capable of reducing XIAP cellular mRNA levels
by >50% in transfection reactions at doses between 8 and
32 nmol/L (Fig. 1A). This represents a substantial improvement
over our best first-generation XIAP antisense that was effective
in the high nanomolar to low micromolar range under
comparable transfection conditions (51). These improvements
in potency are presumably due, in part, to the increased
stability of second-generation chemistries and the selection of
an optimal sequence. Repeated daily transfections of H460 cells
at low dose (31 nmol/L) resulted in a nearly complete (87%)
suppression of XIAP protein levels after 72 hours (Fig. 1B). We
have found that the repeated transfections of AEG35156 (two
to three times before harvesting samples for in vitro experi-
ments) allows for a more profound knockdown of the target
compared with a single transfection (Fig. 1B). This is likely due
to the required continued exposure to the antisense and the
time needed for mRNA and protein turnover to occur. The
AEG35156-mediated loss of XIAP protein could result in part
from translational interference or altered splicing because
AEG35156 spans an exon-intron boundary. However,
AEG35156 did specifically result in the loss of XIAP mRNA in
transfection reactions (Fig. 1A) and was able to induce RNase
H-mediated degradation of XIAP message in a pool of total
RNA, whereas two nontargeted sequences (HIAP2/cIAP1 and

GAPDH) remained intact (Fig. 1C). Hence, RNase H - mediated
degradation of the XIAP mRNA complexed to AEG35156 is
most likely the principal mechanism for the observed loss of
XIAP protein in cells and tumors.

The effectiveness of death receptor agonists, such as TRAIL,
Fas, and tumor necrosis factor-a, to evoke apoptosis is
substantially influenced by the status of XIAP in cells (e.g.,
refs. 27, 31, 52-54). We have reported previously that XIAP
overexpression protects against TRAIL-induced killing
(reviewed in ref. 6) and that XIAP depletion by RNA inter-
ference sensitizes cells to TRAIL-induced death (30, 40). In the
present study, TRAIL-sensitive H460 cells and TRAIL-resistant
Panc-1 cells were sensitized to 10 or 100 ng/mL TRAIL by
AEG35156 (Fig. 2A and B), respectively. In addition, Panc-1
cells were sensitized when XIAP protein levels were partially
depleted (~40%) with AEG35156 (63% cell death) compared
with a control oligonucleotide (23% cell death; Fig. 2C).
Although XIAP does not directly inhibit caspase-8, the apical
caspase activated by TRAIL, it inhibits caspase-3, the down-
stream effector of activated caspase-8. XIAP also inhibits
caspase-9 under conditions where caspase-8-mediated Bid
cleavage results in the release of cytochrome ¢ and activation
of caspase-9 (i.e., in type II cells). The addition of TRAIL to
XIAP-depleted Panc-1 cells resulted in enhanced caspase-3
activity as detected by the appearance of a specific PARP
cleavage product (89 kDa; Fig. 2C). Moreover, cell death
attributed to the combination of TRAIL and AEG35156
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Fig. 5. AEG35156 shows dose-dependent
single-agent and combination

antitumor effects in PC-3 prostate cancer
xenograft (regression) model. Dose-
dependent antitumor effects of AEG35156
as a single agent [A; enlarged view for the
single-agent data for days 0-28 (B)] orin
combination with docetaxel (C) or
carboplatin (D) in nude mice implanted with
PC-3 human prostate carcinoma cells.
Animals were treated i.p. with 0.9% NaCl
solution vehicle, AEG35156 at 10 or

25 mg/kg body weight/d, or the control
sequence AEG35191 at 25 mg/kg/d on a

5 days on, 2 days off regimen for 6 weeks.
The antisense treatment period was from
days 0 to 42. Tumors were allowed to
establish to 70 mm?® for 5 days before
initiating antisense or control treatment.
Day 0 is the first day of treatment (5 days
after cell implantation). Docetaxel was given
i.p. at 156 mg/kg on days 4 and 11 and
carboplatin was given i.p. at 120 mg/kg on
day 4. Points, mean (n = 6 animals per
group); bars, SE.
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correlated with further time-dependent losses of XIAP protein.
Increased PARP cleavage and XIAP losses were seen as early as
3 hours after TRAIL addition to XIAP-depleted cells (Fig. 2C).
It is possible that partial depletion of XIAP by AEG35156 in
Panc-1 cells releases sufficient caspase activity in cells to prime
death receptor pathways (perhaps via caspase-3-mediated
caspase-8 activation) and this process is amplified in a feed-
forward manner resulting in further losses of XIAP, enhanced
caspase activity, and eventual cell death. In this report, we only
show increased sensitization of AEG35156-treated cells to
TRAIL for pancreatic carcinoma and non-small cell lung
carcinoma cell lines. However, based on previous RNA
interference (30) and other XIAP gene ablation approaches
(31) in breast cancer (30) and colon cancer (31) cell lines, we
believe that XIAP down-regulation by AEG35156 may generally

Table 1. Lack of splenomegaly in animals
treated with AEG35156 compared with an
immunostimulatory oligonucleotide

MBO dose Average spleen % Weight
(mg/kg) weight (mg) increase vs PBS
AEG35156 5 92.7 £ 6.6 6.4
(+) Control 5 158.9 + 14.8 82.4
PBS — 87.1+5.3 0
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increase TRAIL killing in death receptor- positive cancer cells,
although this remains to be proven.

In established PC-3 prostate carcinoma xenografts,
AEG35156 produced a dose-dependent antitumor effect as a
single agent when given as repeat daily dosing (cycles of 5
consecutive treatment days weekly). AEG35156-induced tumor
regression was observed during the initial treatment period,
resulting in a 2- to 4-week delay in tumor growth (Fig. 5B),
whereas the control oligonucleotide had no effect. AEG35156
also showed a dose-dependent single-agent activity against
established LS174T colon cancer xenografts (Fig. 3), thus
extending the finding of single-agent activity for AEG35156 to
a second unrelated cancer cell line. By contrast, in established
H460 lung cancer xenografts, AEG35156 failed to show
significant single-agent activity. Given the mechanisms by
which XIAP and AEG35156 function, it would be expected
that the ability of the antisense compound to exact single-agent
activity in tumors would be a function of the level of XIAP
suppression by AEG35156, and the extent to which cellular
caspases are active in the growing tumor mass under AEG35156
treatment conditions.

Although AEG35156 did not exhibit single-agent effects
in H460 xenografts, it did show robust, dose-dependent
antitumor activity when combined with docetaxel. In this
model, where the docetaxel treatment conditions were such
that minimal single-agent effects were observed, AEG35156
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significantly enhanced the antitumor effects of the taxanes (Fig.
4B). This antitumor activity in H460 xenografts correlated with
AEG35156-induced XIAP suppression in tumors excised from
mice at an early time point (day 8), measured by immunohis-
tochemistry (Fig. 4D), and immunofluorescence (data not
shown). The effectiveness of combining AEG35156 with
taxanes was confirmed in the PC-3 xenograft study, where the
combination of AEG35156 with docetaxel resulted in long-term
sustained tumor regression that persisted well beyond the end
of AEG35156 therapy on day 42 (Fig. 5C). The effectiveness of
combining XIAP down-regulation with the cytotoxic action of
paclitaxel/docetaxel may possibly be explained by the recent
finding that in human lymphoblastic leukemia cells, paclitaxel
triggers FADD-dependent apoptosis primarily through a direct
activation of caspase-10 but independently of death receptors
(55). These finding suggest that taxanes, in part, have
similarities in action to TRAIL and other death receptor agonists
and may explain why AEG35156 and TRAIL (in wvitro) or
docetaxel (in vivo) have produced dramatic combinational
results in the present study.

Although the results clearly indicate that AEG35156 worked
well in concert with taxanes, it was equally apparent that the
partnership of AEG35156 with the platinum-based drugs,
cisplatin and carboplatin, was unproductive. In H460 xeno-
grafts, AEG35156 failed to sensitize the tumor to cisplatin
(Fig. 4C), and in PC-3 xenografts, the combination of
carboplatin and AEG35156 suppressed tumor growth to a level
no greater than AEG35156 as a single agent (Fig. 5A and D).

In the PC-3 xenograft study, both AEG35156 and the control
AEG35191 produce a <10% body weight loss at the highest
tested dose, which was reversible on cessation of treatment
(Fig. 6A and B). This effect was regarded as a class-related effect
of oligonucleotides, which was not associated with the
antitumor effects observed for AEG35156, because the control
oligonucleotide showed even greater weight loss than
AEG35156 (Fig. 6A and B) without significant antitumor effects
(Fig. 5A and C). Similar findings where found in the H460 lung
xenograft study where a <10% reduction in body weight occurred
in the docetaxel/AEG35156 groups relative to the docetaxel
group alone but only at times well after the antitumor effects of
the combination became apparent (Fig. 6C).

The results presented indicate that AEG35156 effectively
reduces XIAP levels in cancer cells in both culture and animal

5 Shaw TJ, LaCasse EC, Durkin JP, Vanderhyden BC. Down-regulation of XIAP ex-
pression in ovarian cancer cells induces cell death /n vitro and in vivo, in preparation.
% Di Tullio KP, LaCasse EC, Winocour P, et al. Preclinical toxicological, pharmacoki-
netic and pharmacodynamic studies of a second generation antisense to XIAP,
AEG35156/GEM 640, in rodents and cynomolgus monkeys: Demonstration of
target knockdown in vivo, in preparation.
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