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Abstract
To further understand the role of XIAP in acute myeloid leukemia (AML), we suppressed XIAP
expression by antisense oligonucleotides and determined the effect on gene expression profiles
and biological pathways. XIAP inhibition upregulated expression of proteasome genes in a
manner similar to the proteasome inhibitor bortezomib or MG132; decreased 20S proteasome
activity, an effect which was diminished in the presence of a pan-caspase inhibitor; and increased
IκBα, Mcl-1, and HSP70in AML cells. In addition to multiple functions already described, XIAP
contributes to increased proteasome activity in AML cells, and the antitumor effect of XIAP
inhibition may be mediated in part through caspase-dependent proteasome inhibition.

Keywords
XIAP; proteasome; gene expression; AML; caspase; IκBα

Introduction
It is well established that X-linked inhibitor of apoptosis (XIAP), a member of the inhibitors
of apoptosis (IAP) family, inhibits caspases and suppresses apoptosis mediated through both
intrinsic and extrinsic pathways(1–6). XIAP is highly expressed in many types of cancer and
is associated with chemoresistance. However, it has become evident in recent years that
XIAP not only inhibits caspases and suppresses apoptosis, but also modulates multiple
cellular functions.

XIAP was found to be critical in modulating reactive oxygen species levels via regulation of
antioxidative genes, leading to inhibition of reactive oxygen species-induced apoptosis(7).
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Overexpression of XIAP in endothelial cells increases the level of the CDK inhibitor
p21cip1/waf1 and decreases the rate of cell proliferation(8), while patients deficient in XIAP
develop an X-linked lymphoproliferative syndrome(9). XIAP was also reported to play a
role in mammary development(10). XIAP is involved in multiple signaling pathways. For
example, XIAP is a component of the TGFβ family signaling pathway(11)and can regulate
TGFβ-mediated JNK activation(12). It can also activate NF-κB(8). Interestingly, it was
found recently that the activation of NF-κB by XIAP/survivin leads to autocrine production
of fibronectin, which activates the cell motility kinase FAK and SRC via β1 integrin
signaling, resulting in tumor cell invasion in vitro and metastasis in vivo(13). Clearly, in
addition to regulating apoptosis, XIAP participates in many processes ranging from adaptive
response to cellular stress, cell proliferation, differentiation, signaling, and motility.

To exploit XIAP as a therapeutic target, it is important to fully understand its function and
participating pathways. To understand the function of XIAP in a more comprehensive way
in AML, we downregulated XIAP expression by antisense oligonucleotide (ASO) in AML
cell lines, determined the resulting changes in gene expression profiles, and analyzed
pathways affected by XIAP downregulation in these cells. We report that inhibition of XIAP
reduced proteasome activity in a caspase-dependent manner, leading to the activation of the
proteasome recovery pathway. To our knowledge, this is the first report that XIAP plays a
role in proteasome activity.

Materials and Methods
Cells and cell cultures

HL -60 (ATCC) and OCI-AML3 cells were cultured in RPMI 1640 medium, supplemented
with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin, and
100 μg/mL streptomycin. OCI-AML3 cells were kindly provided by Dr. M. Minden
(Ontario Cancer Institute, Toronto, Ontario, Canada).

Treatment of cells
To inhibit the expression of XIAP by ASO, exponentially growing HL-60 and OCI-AML3
cells were electroporated as described previously(14) with XIAP ASO or a control
oligonucleotide (both from ISIS Pharmaceuticals, Carlsbad, California) using Nucleofector
solution T and program K-17 for HL-60 cells (3 μg oligonucleotide/106 cells) and program
X-001 for OCI-AML3 cells (2 μg oligonucleotide/106 cells) according to the manufacturer’s
instructions (Amaxa Biosystems, Cologne, Germany) for 24 and 48 hours. To inhibit
proteasome activity, exponentially growing OCI-AML3 cells (0.4 ×106 cells/mL) were
treated with proteasome inhibitor bortezomib (20 nM, LC Laboratories, Woburn, MA) or
MG132 (1 μM). For cells treated with both oligonucleotide and pan-caspase inhibitor z-
VAD (EMB Millipore Chemicals, Billerica, MA), cells were incubated with z-VAD (20
μM) for 1 hour prior to electroporation. For cells treated with both oligonucleotide and
proteasome inhibitor bortezomib, bortezomib (10 nM) was added right after cells were
electroporated.

Gene expression profiling
Total RNA was extracted using the RNAqueous kit (Ambion, Austin, TX). After
confirmation of RNA quality using a Bioanalyzer 2100 instrument (Agilent), 300 ng of total
RNA was amplified and biotin-labeled through an Eberwine procedure using an Illumina
TotalPrep RNA Amplification kit (Ambion) and hybridized to Illumina HT12 version 4
human whole-genome arrays. Processing of bead-level data was by methods previously
described(15). Significance testing for differentially-expressed probes was by the Wilcoxon
rank-sum test applied to individual processed bead values, with false-discovery rate
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significance values (q) determined by the method of Benjamini and Hochberg(16). No fold-
change threshold was applied, and significance was set at p≤0.01, FDR≤0.1. Hierarchical
clustering and heat mapping used Cluster and Treeview software from Eisen et al(17). Gene
set analysis applied gene set enrichment analysis(18) and the hypergeometric distribution
test(19), using gene sets with 20–300 genes and FDR≤0.1, to gene sets from MSigDB and
individual literature sources.

RT-PCR
RNAs were reverse-transcribed with random heximers (Roche Applied Science,
Indianapolis, IN, USA) by superscript III reverse transcriptase (Invitrogen) at 50°C for 50
minutes and then 70°C for 15 minutes. The PCR amplification mixture (25μL) contained
cDNA, primers and probe for Nrf1 (Hs00192316_m1), PSMB4 (Hs00160598_m1), PSMC2
(Hs00739800_m1), PSMC4 (Hs00197826_m1), or PSMD12 (Hs00356667_m1) and Taq-
Man universal PCR master mix (Applied Biosystems, Foster City, CA, USA). Thermal
cycle conditions included holding the reaction at 50°C for 2 minutes and at 95°C for 10
minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Results were
collected and analyzed by an ABI Prism 7900HT fast real-time PCR Sequence Detection
System (Applied Biosystems). The abundance of each transcript relative to that of ABL1
was calculated using the 2−ΔCtmethod, where ΔCt is the mean Ct of the transcript of interest
minus the mean Ct of the transcript for ABL(20). Results are expressed as folds of gene
expression levels in treated cells over respective control cells.

Cell viability
Cell viability was determined by trypan blue exclusion using a Vi-Cell XR Cell Counter
(Beckman Coulter, Fullerton, California). Apoptosis was estimated by flow cytometry
measurements of phosphatidylserine externalization(21) with the Annexin V-Cy5 (BD
Biosciences, San Jose, CA) using a FACSArray Bioanalyzer (BD Biosciences, San Jose,
CA). Membrane integrity was assessed simultaneously by 7-amino-actinomycin D (7AAD)
exclusion in the annexin V-stained cells.

Western blot analysis
XIAP, IκBα, Mcl-1, and HSP70 protein levels were determined by western blot analysis, as
described previously(14). Antibodies against XIAP were purchased from BD-Transduction
Laboratory (San Diego, CA), against IκBα from Imgenex (San Diego, CA), and against
Mcl-1 and HSP70 from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and Cell Signaling
Technology (Danvers, MA), respectively. Signals were detected using Odyssey Infrared
Imaging System (LI-COR Biosciences, Lincoln, Nebraska), and quantitated using Odyssey
Software version 3.0 (LI-COR Biosciences). β-Actin was used as a loading control.

Proteasome activity assay
20S proteasome activity was determined in a fixed number of cells using a 20S Proteasome
Assay Kit (Cayman Chemical, Ann Arbor, MI) following the manufactory’s instruction.
Briefly, treated cells were pelleted from the 20S proteasome assay buffer and lysed in the
20S proteasome lysis buffer. The lysates were then mixed with a specific 20S substrate,
SUC-LLVY-AMC which, upon cleavage by the active enzyme of 20S proteasome,
generates a highly fluorescent product that can be measured using excitation and emission
wavelength of 360 nm and 480 nm, respectively. Samples in duplicates or triplicates were
read by Victor3 Multilabel Reader (PerkinElmer, Waltham, MA) using Ex 355nm/Em
460nm filters.
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Statistical analysis
Experiments were carried out in triplicates and results are expressed as mean ± standard
error. Statistical differences between groups were determined using paired Student’s t-test. P
values of less than 0.05 were considered statistically significant (*).

Results
Inhibition of XIAP by ASO activates the proteasome recovery pathway in AML cells

To understand the function of XIAP in AML, we inhibited XIAP expression in HL-60 and
OCI-AML3 cells using XIAP ASO (Figure 1A) and determined gene expression profiles in
these cells. Each experiment was performed in duplicate or triplicate, using either ASO or a
control oligonucleotide (NSO), for a duration of 24 or 48 hr. For each cell line and duration,
differentially-expressed genes were identified by comparing one of two replicates of ASO
treatment to one of two control replicates. In all 16 possible comparisons, analysis (by the
hypergeometric distribution test) of the list of differentially-expressed genes was enriched
for the Gene Ontology term “proteasomal protein catabolic process”. This result was
confirmed by gene set enrichment analysis (data not shown). A subtracted heat map of
“proteasomal protein catabolic process” genes, comparing values for ASO-treated cells to
corresponding NSO-treated cells, showed a core of genes that were consistently upregulated
by ASO treatment in both cell lines (Figure 1B), consisting predominantly of genes
encoding proteasomal components.

Proteasome inhibition inducing new proteasome synthesis is an evolutionarily conserved
“bounce-back” phenomenon, recently reported to be induced by proteasome inhibitors in
human cancer cells via a proteasome recovery pathway mediated by the transcription factor
Nrf1(22). To investigate whether upregulation of proteasomal component genes by XIAP
inhibition was likely to indicate a bounce-back response, we assayed gene expression
profiles in OCI-AML3 cells after chemical inhibition of proteasome activity, by bortezomib.
Upregulation of genes in the larger Gene Ontology term “proteasome complex” induced by
bortezomib indicated a bounce-back response and were similar to changes induced by ASO
treatment (Figure 2), peaking at 9 to12 hours, strongly suggesting that XIAP downregulation
inhibits proteasome function. This bounce back phenomenon was further confirmed by
MG-132 (Figure 2A). At the concentration used, MG-132 was able to inhibit proteasome
activity as measured by 20S proteasome activity assay (Figure 2A).

To validate our findings, we determined the expression by Taq-Man RT-PCR of Nrf1 and
several genes that are involved in the “bounce-back” phenomenon and whose expressions
were induced by ASO and proteasome inhibitors using the same RNA samples as described
in Figure 2A. Figure 2B showed that the expression levels of PSMB4, PSMC2, PSMC4, and
PSMD12 were increased in both ASO and bortezomib treated cells compared to control
cells, while only a moderate increase in Nrf1 expression was observed in ASO treated cells
suggesting that in addition to Nrf1, other mediators may also regulate expression of
proteasome genes.

Inhibition of XIAP decreases proteasome activity in a caspase-dependent manner in AML
cells

We next used a proteasome activity assay to measure directly the effect of XIAP inhibition
on proteasome function inHL -60 cells. The degradation rate by 20S proteasomes was
decreased by XIAP inhibition, as well as by bortezomib treatment, and was further
decreased when XIAP inhibition was combined with bortezomib (Figure 3A). Similar
results were observed in OCI-AML3 cells (not shown). The assay was performed after 24
hours of treatment, when there was still minimal cell death produced by the treatments

Carter et al. Page 4

Leuk Res. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Figure 3B). Using the levels of proteasome target proteins as a further measure of
proteasome activity, we found that XIAP inhibition, as well as bortezomib treatment
increased the IκBα, HSP70, and Mcl-1 levels, more so when combined with bortezomib
(Figure 3C). Using the pan-caspase inhibitor z-VAD to determine whether the reduction in
proteasome activity by XIAP inhibition involves caspase activation, we found that caspase
inhibition abolished the reduction of proteasome activity by XIAP inhibition but had no
effect on bortezomib-induced reduction of proteasome activity (Figure 4), indicating that the
reduction of proteasome activity by XIAP inhibition is caspase-dependent in AML cells.

Discussion
In this study, we sought to understand the biological function of XIAP in AML cells. We
reduced XIAP levels by ASO, and first examined the effects by gene expression profiling.
Genes encoding proteasomal components were consistently upregulated by XIAP inhibition,
suggesting activation of a proteasome recovery pathway (mediated through transcription
factor Nrf1(22) or other regulators) that occurs in mammalian cells following inhibition of
proteasome activity. This suspicion was strengthened by the observation that treatment of
AML cells with the small-molecule proteasome inhibitor bortezomib or MG132 produced
similar upregulation of proteasomal genes, and confirmed by direct measurements of
proteasome activity following ASO treatment. Furthermore, the decrease in proteasome
activity following XIAP inhibition was caspase-dependent, as expected given the known
caspase-inhibitory function of XIAP. We have therefore identified a new function of XIAP
in AML cells: maintaining proteasome activity through suppression of caspase activity.

This study was carried out in HL-60 and OCI-AML3 cells. These two cell lines were
derived from different patients and both have a complex aberrant karyotype. This newly
identified function of XIAP likely applies to other AML cells. However, since AML is
molecularly extremely heterogeneous, we cannot rule out the possibility that XIAP may
function differently in other AML subtypes with a different genetic background.

Caspase-mediated apoptosis and proteasome system are two regulated proteolysis pathways
that play important roles in cell biology and pathological conditions. Activation of caspases
by targeting antiapoptotic proteins such as XIAP and inhibition of proteasome degradation
by proteasome inhibitors such as bortezomib were explored as therapeutic strategies for
cancer treatment. These two pathways also crosstalk and cooperate. The anticancer effect of
proteasome inhibition is mediated mainly by activation of apoptosis(23). Activated caspases
are substrates for proteasomal degradation and are stabilized by proteasome inhibitors(24). It
has been reported that caspases not only attack the 26S proteasome and can cleave 20 of its
33 subunits(24) but also degrade specific subunits of the 19S regulator complex of
proteasomes during apoptosis(25, 26), thereby inhibit the proteasomal degradation of
substrates and enhance apoptosis. XIAP is a potent cellular caspase inhibitor. Our results
that XIAP downregulation promotes caspase-dependent inhibition of proteasome activity in
AML cells agree with negative regulation of proteasomal activity by caspases as reported in
the literatures. Since these two protein degradation systems negatively regulate each other,
there is therapeutic potential for a synergistic combination of proapoptotic drugs and
proteasome inhibitors. Indeed, we observed that at 10 nM, bortezomib slightly enhanced cell
death induction of XIAP ASO (Figure 3B, 48 hours) although it had no effect on viability of
HL-60 cells at this dose by itself.

XIAP is known to activate NF-κB signaling, but the mechanism is not entirely known.
Because we found that XIAP inhibition increases levels of IκBα, a principal inhibitor of
NF-κB activity, it is plausible that high levels of XIAP, frequently observed in malignant
cells, function to maintain high proteasome activity, suppressing IκBα levels and activating
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the NF-κB pathway. Consistent with this, bortezomib also decreased the mRNA level of
XIAP, which is known to be a downstream target of NF-κB, further suggesting that
inhibition of XIAP and/or the proteasome can disrupt the feed-forward NF-κB activation
frequently found in malignant cells.

In summary, our findings demonstrate an additional function of XIAP in AML cells
secondary to its suppression of caspase activity: maintaining the activities of the proteasome
and the NF-κB signaling pathway. This provides a potential mechanism for the efficacy of
XIAP inhibition in clinical trials of AML. In fact, we have demonstrated that an ASO
directed against XIAP induced apoptosis preferentially in AML stem/progenitor cells in a
clinical trial(27). NF-κB was reported to be highly active in primitive human AML
cells(28). Currently, various SMAC mimetics that target multiple IAPs, including XIAP are
entering clinical trials. Our findings provide additional support for the therapeutic targeting
of XIAP in AML.
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Figure 1.
Inhibition of XIAP by ASO upregulates the expression of proteasome component genes in
AML cells. A. Western blotting of HL60 and OCI-AML3 cells transfected with XIAP ASO
or control oligonucleotide (NSO) confirms reduction of XIAP levels by ASO. B. A heat map
shows hierarchically-clustered genes in the Gene Ontology term “proteasomal protein
catabolic process” with consistent upregulation following XIAP inhibition by ASO in both
HL-60 and OCI-AML3 cells. Each column represents a replicate of ASO treatment
compared to a time- and cell line-matched replicate of NSO treatment. Multiple rows for the
same gene indicate different probes for that gene. The color bar represents the relative fold-
change in gene expression values. hr, hour.
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Figure 2.
Inhibition of XIAP expression and chemical inhibition of proteasome activity similarly
upregulate the expression of proteasome component genes. For both A and B, each column
corresponds to one replicate of an experimental condition (ASO, bortezomib, or MG132) as
compared to a replicate of the appropriate control condition in the cell line indicated. For
ASO, replicates are matched to NSO-treated controls at the same time point shown. For
bortezomib and MG132, controls were at time zero, which for MG132 are the average of
two array replicates. Numbers on sample labels correspond to particular replicates among
multiple replicates. A. The heat map shows relative expression of consistently-upregulated
hierarchically-clustered genes compiled from Gene Ontology terms for the 20S proteasome
complex. Multiple rows for the same gene indicate different probes for that gene. The color
bar represents the relative fold-change in gene expression values. 20S proteasome activity is
also shown in OCI-AML3 cells treated with 1 μM MG-132. B. Relative gene expressions in
ASO or bortezomib treated vs. control cells determined by Taq-Man RT-PCR. hr, hour.
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Figure 3.
Inhibition of XIAP decreases proteasome activity. A. 20S proteasome activity is decreased
in HL-60 cells treated for 24 hours with ASO or bortezomib, and further decreased by their
combination. Data are the result of 3 experiments. Bars indicate the standard error of the
mean. Asterisks indicate significant (p < 0.05) differences from treatment with the NSO
control plus DMSO. B. An apoptosis assay shows no differences between treatments at 24
hours and apoptosis induction with ASO at 48 hours. The comparisons were between treated
groups with NSO control in cells positive for either Annexin V (AnnV) or 7-AAD. The
degree of apoptosis seen in the control is likely attributable to the effects of electroporation.
C. Western blotting shows increases in IκBα, HSP70, and Mcl-1 levels in HL-60 cells
treated for 24 hours with ASO or bortezomib, and a further increase by their combination.
Downregulation of XIAP by ASO is confirmed. hr, hour.
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Figure 4.
Inhibition of XIAP decreases proteasome activity in a caspase-dependent manner in HL-60
cells. HL-60 cells were pretreated for 1 hour with pan-caspase inhibitor z-VAD,
electroporated with XIAP NSO/ASO, and then treated with bortezomib for 24 hours in the
presence of z-VAD. The previously-seen reduction in 20S proteasome activity by ASO
treatment was abolished, including its enhancement of the effect of bortezomib by the
caspase inhibitor, but it had no effect on the inhibition of proteasome activity by bortezomib.
Data are the result of 3 experiments. Bars indicate the standard error of the mean. Asterisks
indicate significant (p < 0.05) differences from treatment with the NSO control plus DMSO.
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