[CANCER RESEARCH 64, 7183–7190, October 15, 2004]

Review

Inhibitor of Apoptosis Proteins: Translating Basic Knowledge into Clinical Practice
Aaron D. Schimmer
Ontario Cancer Institute, Princess Margaret Hospital, Toronto, Ontario, Canada

Abstract
The inhibitor of apoptosis proteins (IAPs) are a family of antiapoptotic
proteins that bind and inhibit caspases 3, 7, and/or 9, but not caspase 8.
Growing evidence also indicates that IAPs also modulate cell division, cell
cycle progression, and signal transduction pathways. As our basic understanding of IAPs has increased, the knowledge is being translated into
clinically useful applications in the diagnosis and treatment of malignancy.
For example, IAPs such as survivin are being investigated as diagnostic
markers for the presence of occult malignancy. In addition, IAP overexpression is a poor prognostic marker in a variety of solid tumors and
hematologic malignancies. Finally, IAPs are attractive therapeutic targets,
and efforts are under way to develop antisense and chemical IAP inhibitors that may be useful for the treatment of a variety of malignancies. For
all of these potential clinical applications, however, the challenge remains
to incorporate these findings into actual clinical practice.

Introduction
At a fundamental level, cancer fails to respond to treatment because
the malignant cells fail to die in response to chemotherapy, radiation,
or the immune surveillance by endogenous cytotoxic T cells and
natural killer cells. In part, the failure of cell death is due to failure of
the apoptosis and caspase activation pathways. The inhibitor of apoptosis proteins (IAPs) are a family of antiapoptotic proteins that block
cell death, in part, by inhibiting the downstream portion of the caspase
activation pathways. This review will describe the mechanism by
which these proteins modulate apoptosis and discuss how the basic
understanding of IAP function is being translated into the clinical
practice of oncology in the form of new diagnostic and prognostic
markers as well as novel therapies.
Caspase Activation Pathways
Molecularly, classical apoptosis is caused by the activation of
caspases, a family of intracellular cysteine proteases that cleave substrates at aspartic acid residues (1, 2). Caspases lie in a latent (zymogen) state in cells but become activated in response to a wide variety
of cell death stimuli. Through a proteolytic cascade, caspases are
functionally connected to each other, with upstream (initiator)
caspases cleaving and activating downstream (effector) caspases (3).
At present, IAPs inhibit at least two of the major pathways for
initiation of caspase activation: (a) the mitochondrial pathway with
cytochrome c, and (b) the death receptor pathway with the tumor
necrosis factor (TNF) family of death receptors. IAPs also influence
a third minor pathway in which granzyme B directly activates caspase
3 (refs. 4 and 5; Fig. 1).
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The Mitochondrial Pathway of Caspase Activation. The intrinsic pathway for caspase activation is initiated by the release of
cytochrome c from the mitochondria. Cytochrome c is normally
sequestered between the inner and outer membranes of the mitochondria. In response to a variety of proapoptotic stimuli, cytochrome c is
released into the cytosol (6). Cytochrome c then binds and activates
Apaf-1. Apaf-1 activates procaspase 9, which in turn cleaves procaspase 3 (7, 8).
The Death Receptor Pathway of Caspase Activation. The death
receptor pathway for caspase activation begins with the TNF family of
cytokine receptors, which includes Fas (CD95), DR4 (Trail-R1), and
TNF-R1 (CD120a). Death receptors are activated by ligand binding to
the extracellular domain of the receptor. Once activated, death receptors recruit the death domain protein Fadd/Mort-1. When bound to the
death receptor, Fas-associated death domain in turn binds caspase 8
(9, 10), thereby forming the death-inducing signaling complex
(DISC). As caspase 8 concentrates at the DISC, it dimerizes and
thereby becomes active (11). Cleavage of caspase 8 enhances its
stability in the dimerized form (11). Active caspase 8 is released from
the DISC into the cytosol, where it cleaves and activates the downstream effector caspases (12, 13).
Convergence Point and Cross-Talk. The intrinsic and extrinsic
pathways converge at the activation of downstream effector caspases
such as caspase 3. Active caspase 3 then cleaves critical intracellular
proteins to induce the final stages of cell death. Although the two
caspase pathways are presented as separate entities, cross-talk exists
between them. For example, the two pathways cooperate to enhance
apoptosis through Bid. Bid, a member of the BH3-only family of
proapoptotic proteins, is cleaved and activated by caspase 8. When
cleaved, Bid migrates to the mitochondria, where it promotes permeabilization of the mitochondrial membrane, cytochrome c release, and
initiation of the intrinsic pathway of caspase activation (14 –16).
The Inhibitor of Apoptosis Protein Family of
Caspase Inhibitors
The IAPs are a family of caspase inhibitors that specifically inhibit
caspases 3, 7, and 9 and thereby prevent apoptosis. Crook et al. (17)
identified the first IAP family member serendipitously while studying
vAcAnh-induced apoptosis in SF21 baculovirus cells. During a screen
for baculovirus genes that mimicked the actions of p35 and inhibited
vAcAnh-induced apoptosis, they identified a novel 1.6-kb gene encoding a 31-kDa antiapoptotic protein with a zinc finger-like motif
(17). Subsequent studies identified IAPs in a diverse range of species
and discerned that IAPs inhibit apoptosis by blocking caspases (reviewed in ref. 18).
The Inhibitor of Apoptosis Protein Family
To date, eight human IAP family members have been identified
(Fig. 2), and IAP homologues have also been described in insects and
yeast. IAP proteins are grouped into this family based on the presence
of one to three baculovirus IAP repeat (BIR) domains, a zinc-binding
region of ⬃70 amino acids. Although the BIR domain is required for
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Fig. 1. Caspase activation pathways. Currently,
at least two major pathways for initiation of
caspase activation have been identified: (a) the
intrinsic (mitochondrial) pathway with cytochrome
c, and (b) the extrinsic (death receptor) pathway
with the TNF family of death receptors. A third
minor pathway has been identified in which granzyme B directly activates caspase 3.

membership in the IAP family, not all BIR-containing proteins appear
to have antiapoptotic functions (19 –22), so the presence of a BIR
domain is necessary but not sufficient for inclusion in this protein
family. IAP proteins may also contain a RING or caspase activation
recruitment (CARD) domain (reviewed in ref. 18). The IAP proteins
have been divided into three classes (classes 1, 2, and 3) based on the
presence or absence of a RING finger and the homology of their BIR
domains (23).
Class 1 Inhibitor of Apoptosis Proteins. Class 1 IAPs contain
homologous BIR domains and a RING finger motif. X-linked IAP
[XIAP (also known as hILP, MIHA, and BIC4)] has three BIR
domains and a RING finger. It was the first IAP in this class to be
identified and remains the best characterized. Duckett et al. (24)
identified XIAP in 1996 in a search for mammalian genes homologous to the baculovirus IAP. It binds and inhibits caspases 3, 7, and
9 with nanomolar affinity, but it does not bind or inhibit caspase 8 (25,

26). cIAP1 (also known as MIHB, hiap2, and BIRC2) and cIAP2 (also
known as MIHC, hiap2, and BIRC3) are structurally related to XIAP
with three BIR domains and a RING finger. These IAPs were identified through the biochemical purification of proteins associated with
the death receptor TNF-R2, but their role at this receptor remains
unclear (27). cIAP1 and cIAP2 are expressed in most human tissues,
but cIAP1 expression is highest in the thymus, testis, and ovary, and
cIAP2 expression is highest in the spleen and thymus (27). cIAP1 and
cIAP2 bind and inhibit caspase 3 and 7, albeit less strongly than XIAP
(25). They do not inhibit caspases 1, 6, and 8. ML-IAP (also known
as livin, KIAP, and BIRC7) and ILP-2 have a RING finger and only
one BIR domain, but their BIR domain is most homologous to the
BIR3 domain of XIAP, cIAP1, and cIAP2 (hence their inclusion in
this class). ML-IAP is expressed in normal fetal liver, kidney, and
adult testis and thymus as well as melanoma and lymphoma cell lines.
ML-IAP inhibits caspases 3 and 9 with an affinity similar to that of

Fig. 2. The IAP family of proteins. To date,
eight human IAP family members have been identified, based on shared BIR domains. IAP members
may also contain a CARD domain and RING finger
motif. BRUCE has an E2 ubiquitination enzyme
motif (Ubc), and NAIP has a nucleotide binding
domain (NB). To group the IAP proteins, they have
been divided into three classes (classes 1–3), based
on the presence or absence of a RING finger and
the homology of their BIR domains.
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cIAP1 but does not bind or inhibit caspases 1, 2, 6, or 8 (28). ILP-2
expression is normally restricted to the adult testis but has also been
documented in a lymphoblastoid cell line. ILP-2 inhibits caspase 9,
but not caspases 3, 7, or 8 (29). It remains to be determined whether
the variations in affinity for caspases among the different IAPs relate
to their endogenous intracellular functions.
Class 2 Inhibitor of Apoptosis Proteins. The Class 2 IAP family
member NAIP has three BIR domains but no RING finger motif. Its
BIR domains are more distantly related to the BIR domains of the
class 1 IAPs. NAIP was identified in 1995 by Roy et al. (30), while
they were searching for the gene on 5q13 responsible for childhood
spinal muscular atrophies. NAIP is expressed in adult liver, placenta,
and central nervous system. It inhibits caspases 3 and 7, but not
caspases 1, 4, 5, or 8 (31).
Class 3 Inhibitor of Apoptosis Proteins. Class 3 IAP members,
such as survivin, contain only a single BIR domain and no RING
finger. Survivin is expressed in the fetal liver, kidney, lung, and
gastrointestinal tract, but it is not expressed in most normal adult
tissue (32). The preferential expression of survivin in fetal tissue
suggests that it plays a role in development. Survivin is frequently
overexpressed in a variety of malignancies including adenocarcinomas of the lung, pancreas, colon, breast, and prostate (32–36).
The differential expression between normal and malignant cells can
be exploited for therapeutic purposes. For example, the survivin
promoter could be used as a tumor-specific promoter in which a gene
of interest is turned on in malignant cells, but not in normal cells. This
transcriptional targeting may be of value in cancer gene therapy (37).
Alternatively, survivin expression could be used as a tumor marker for
the early identification of malignancy as discussed in detail below.
Inhibitor of Apoptosis Proteins Inhibit Active Caspases
Caspase inhibition is the best understood mechanism by which
IAPs prevent apoptosis. In enzymatic reactions, recombinant XIAP
inhibits caspase 3, 7, and 9, but not caspase 8. In vitro, overexpression
of XIAP in 293T cells prevents BAX- and FAS-induced cleavage of
procaspase 3 and apoptosis (38). The effect of XIAP on caspase
activation has been mapped to its BIR domains, with the BIR2 domain
inhibiting caspases 3 and 7, and the BIR3 RING domain inhibiting
caspase 9.
Structural Basis of Caspase Inhibition by X-Linked Inhibitor of
Apoptosis Protein. Given the cellular and enzymatic data indicating
that IAPs inhibit caspases, efforts were undertaken to explore the
physical interactions between IAPs and caspases. Most studies have
focused on XIAP because it can be produced in recombinant form and
crystallized. XIAP inhibits caspases 3 and 7 and caspase 9 through
separate domains. Its BIR2 domain (amino acids 163–240) with its
NH2-terminal extension (amino acids 124 –162) inhibits caspases 3

and 7, whereas its BIR3 domain (amino acids 241–356) inhibits
caspase 9 (39). These studies provided the basis for developing IAP
inhibitors that target the caspase-binding pockets of the molecule.
BIR2 Domain Inhibits X-Linked Inhibitor of Apoptosis Protein.
A “hook, line, and sinker” model has been proposed to explain how
XIAP inhibits caspase 3 (Fig. 3). The “hook” (residues 138 –146 of
the NH2 terminus) inhibits capase 3 by lying across the active site of
the caspase, thereby blocking the substrate-binding pocket of active
caspase 3. The “line” represents two peptide bonds on Val147 that
connect the hook to the sinker. The “sinker” (residues 148 –150)
stabilizes the interaction between XIAP and caspase 3 (40). In this
model, XIAP inhibits caspase 3 through steric hindrance. As such, it
inhibits caspases 3 and 7 through a mechanism distinct from peptidyl
caspase inhibitors such as benzyloxycarbonyl-VAD-fluoromethyl ketone that compete with the caspase substrate for the binding pocket.
BIR3 Domain Inhibits X-Linked Inhibitor of Apoptosis Protein.
Early studies determined that the BIR3 domain of XIAP could inhibit
caspase 9 (26, 41), but only recently has the mechanism been elucidated. The BIR3 domain of XIAP forms a heterodimer with monomeric caspase 9, thereby preventing caspase 9 dimerization and activation. In addition to trapping caspase 9 in a monomeric form, it also
keeps the active site of caspase 9 in an inactive conformation (42).
Thus, it is interesting to note that XIAP inhibits caspase 9 without
physically touching the active site.
In an extension to the structural studies, the effects of mutations in
the BIR domains on the antiapoptotic effects of XIAP have been
examined. Mutations affecting the NH2-terminal extension of BIR2
(e.g., D148A) abolish the protective role of XIAP in preventing Fas
ligand (a stimulus of the extrinsic pathway of caspase activation) or
Bax-induced apoptosis (a stimulus of the intrinsic pathway of caspase
activation). In contrast, mutations affecting the BIR3 domain (e.g.,
W310A) reduce XIAP-mediated inhibition of apoptosis induced by
BAX, but not by CD95 (43). Thus, these mutations support the
structural studies demonstrating that the BIR2 domain is required for
the inhibition of caspase 3 and that the BIR3 domain inhibits caspase
9.
Survivin. Whereas XIAP inhibits caspases 3, 7, and 9 through
direct interactions, the mechanism by which survivin inhibits caspases
is less clear. According to some studies (44, 45), survivin binds and
inhibits active caspases 3 and 7, but not caspase 8. In contrast, others
(46) do not detect an interaction of survivin with caspase 3. A study
by Marusawa et al. (47) reported that survivin does not inhibit
recombinant caspases 3, 7, or 9 in enzymatic reactions or in cytosolic
extracts previously stimulated with cytochrome c and dATP. However, when survivin is added to cytosolic extracts before the activation
of caspase 9 by addition of cytochrome c and dATP, it prevents
caspase 3/7 activation. Thus, these results suggest that survivin inhib-

Fig. 3. The hook, line, and sinker model for
caspase inhibition by XIAP. A hook, line, and
sinker model can explain how XIAP inhibits
caspase 3 by steric hindrance. The hook in the
NH2-terminal extension of the BIR2 domain of
XIAP inhibits caspase 3 by lying across the active
site of the caspase, thereby blocking the substratebinding pocket of active caspase 3. The line is
formed by two peptide bonds that connect the hook
to the sinker. The sinker stabilizes the interaction
between XIAP and caspase 3.
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its active caspase 9, but not active caspases 3 and 7, and that the
inhibition of caspase 9 requires a cofactor. To identify such a cofactor,
Marusawa et al. (47) used a two-hybrid screen to identify survivinbinding proteins and identified HBXIP. In enzymatic reactions, survivin and HBXIP in combination (but neither protein alone) inhibited
caspase 9 activity. Additional studies will be necessary to resolve
these discrepant studies and decipher the mechanism by which survivin inhibits caspases. Furthermore, to generalize the importance of
HBXIP as a necessary cofactor for survivin, it will need to be
evaluated in other cell systems. Such work will be an important step
toward developing chemical survivin inhibitors.

Beyond Caspase Inhibition
Most attention has focused on IAPs as caspase inhibitors, but
multiple lines of evidence indicate that IAPs can inhibit apoptosis
through effects on cell cycle progression, cell division, and signal
transduction.
Inhibitor of Apoptosis Proteins Regulate Cell Division. The IAP
proteins likely play a role in cell division. For example, yeast lack
caspases but have IAP homologues that contain one BIR domain.
Deletion of the yeast IAP leads to inefficient spore formation, indicating that, at least in yeast, IAP plays a role in meiosis (20 –22). In
mammalian cells, survivin colocalizes with the mitotic apparatus
including B tubulin, microtubules, centrosomes, and kinetochores
(48 –50). Inhibition of survivin with anti-survivin antibody results in
delayed metaphase and produces mitotic cells with shorter and less
dense mitotic spindles (48, 50).
Inhibitor of Apoptosis Proteins Regulate Cell Cycle Progression. Evidence also implicates IAPs as regulators of the cell cycle.
For example, overexpression of XIAP arrests cells in the G0-G1 phase
of the cell cycle, and this growth arrest is associated with downregulation of cyclin A and D1 and induction of the cyclin-dependent
kinase inhibitors p21 and p27 (51). In addition, XIAP binds the cell
cycle regulators MAGE-D1 and NRAGE, but the significance of
this interaction is unclear (52). Survivin has also been implicated
in the regulation of the cell cycle. In HeLa cells, survivin is
virtually undetectable in G1 cells and rises ⬃5- and 40-fold in
S-phase and G2-M cells, respectively (50). Changes in survivin
mRNA levels also correlate with increases in survivin protein and
promoter activity.
Inhibitor of Apoptosis Proteins Regulate Cell Signaling. The
IAP family of proteins also plays a role in cell signaling by activating
nuclear factor (NF)-B. XIAP and NAIP, for example, form a complex with the TAK1 kinase and its cofactor, TAB1, that leads to
activation of c-Jun-NH2-terminal kinase 1 (53). Activated c-Jun-NH2terminal kinase 1 subsequently activates NF-B through the mitogenactivated protein kinase phosphorylation cascade (54). In addition,
XIAP promotes the translocation of the NF-B p65 subunit to the
nucleus, which is a prerequisite for NF-B activity (55). Finally,
XIAP promotes the degradation of the NF-B inhibitor I␤ (51).
As the role of IAPs in regulating cell division, cell cycle, and signal
transduction is clarified, it will be important to identify the IAP
domains responsible for these activities. If it becomes possible to
identify separate domains of the proteins that inhibit caspases, cell
cycle, and signal transduction, then mutant IAPs could be made that
dissociate these functions. This work could lead to the development of
IAP inhibitors that specifically block the inhibition of caspases by
IAPs while IAPs retain their role as cell cycle and signal transduction
regulators.

Regulation of Inhibitor of Apoptosis Protein Function by
Endogenous Inhibitory Proteins
IAP family members are regulated at the level of the gene, message,
and protein, but the details of this regulation are beyond the scope of
this review. Rather, this review will focus on the regulation of IAPs by
endogenous inhibitory proteins because they serve as prototypes for
therapeutic chemical IAP inhibitors.
Regulatory IAP-binding proteins were first identified in Drosophila. The proteins Reaper, Hid, Grim (56), and Sickle (57) were shown
to bind and inhibit the Drosophila IAP, DIAP1. Later, human versions
of Reaper (Rpr), Hid, Grim (Grm), and Sickle (Skl) were identified
and named SMAC/DIABLO and HTRA2. These IAP inhibitors share
a homologous sequence in their NH2 terminus that is responsible for
binding and inhibiting IAPs (Fig. 4).
SMAC and HTRA2. Human SMAC and HTRA2 are mitochondrial
proteins that are released along with cytochrome c during the disruption
of the mitochondria. On release, they are cleaved to an active form. In
their active state, SMAC and HTRA2 bind IAPs, thereby preventing their
association with caspases (58 – 61). The IAP-inhibitory functions of the
SMAC family of proteins are encoded in their NH2 terminus. Peptides
corresponding to the seven NH2-terminal amino acids are capable of
binding XIAP (62). Mutation of the NH2-terminal alanine to glycine
abolishes the ability of the SMAC peptide to bind IAPs and exert its
proapoptotic function (63). When internalized into cells, peptides corresponding to the seven NH2-terminal amino acids of SMAC are capable of
sensitizing H460 lung cancer cells to cisplatin and Taxol (64) and
neuroblastoma cells to tumor necrosis factor-related apoptosis-inducing
ligand [TRAIL (65)]. Similar results have been observed with HTRA2
and the IAP inhibitors in Drosophila. The antitumor properties of SMAC
peptides have been extended into xenografts, where cell-permeable versions of these peptides shrink tumors when combined with cisplatin (64)
or TRAIL (65) in lung carcinoma and glioma xenografts, respectively.
Thus, these SMAC peptides serve as prototypes for small molecules that
mimic the actions of SMAC and inhibit IAPs and would be useful
therapeutically for a variety of malignancies.
Structural Studies. Given the potential clinical utility of SMAClike molecules, efforts have been made to understand the physical
interactions between SMAC and IAPs. Structural studies have demonstrated that SMAC binds XIAP at two distinct sites. The NH2
terminus of active SMAC (residues 56 –59) binds the BIR3 pocket of
XIAP and competitively inhibits the BIR3 domain from binding
caspase 9. Mutations in the BIR3 domain that prevent the binding to
caspase 9 (e.g., W310) also prevent the BIR3 domain from binding
SMAC, suggesting that the binding sites of SMAC and caspase 9
overlap. However, the binding sites are not identical because some
mutations in BIR3 (e.g., H343A) abolish the binding of BIR3 to
caspase 9 but not SMAC (63, 66).

Fig. 4. The SMAC family of IAP inhibitors. Members of the SMAC family of IAP
inhibitors share a homologous NH2-terminal region. The NH2 terminus is sufficient for
binding the BIR3 domain of XIAP.
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SMAC full-length protein and NH2-terminal peptides also bind the
BIR2 domain of XIAP, but with an affinity ⬃5- to 10-fold lower than
that for BIR3. The mechanism by which SMAC disrupts the association of BIR2 from caspase 3 is unclear, but it may be related more to
steric hindrance than competitive binding (63).
HTRA2 binds to the BIR3 domain of XIAP, but with weaker
affinity than SMAC (67). In its active state, HTRA2 exists as a trimer,
and mutations that prevent trimer formation render HTRA2 inactive.
In addition to inhibiting IAPs through binding the BIR3 pocket,
HTRA2 can also cleave and inactivate multiple IAPs including XIAP,
cIAP1, and cIAP2, but not survivin (68).
SMAC ␤. SMAC and HTRA2 may also exert their proapoptotic
activity through effects independent of IAP binding. A study by
Roberts et al. (69) described a naturally occurring alternate splice
form of SMAC, termed SMAC ␤, that lacked the mitochondrialtargeting sequence. SMAC ␤ did not interact with XIAP, cIAP1, or
cIAP2, likely due to loss of its NH2 terminus. Although unable to bind
IAPs, SMAC ␤ enhanced TRAIL- and VP-16-mediated apoptosis in
293 cells. Likewise, mutant versions of HTRA2 (67) that are unable
to bind IAPs are still able to induce apoptosis when overexpressed in
MCF7 breast cancer cells. It is unclear from this study how these
alternate splice forms can still induce apoptosis. Perhaps they maintain their ability to ubiquitinate IAPs, thereby promoting IAP destruction. Alternatively, SMAC and HTRA2 may have additional binding
partners unrelated to the IAPs through which they exert a proapoptotic
influence. In the case of HTRA2, it has protease activity independent
of its role in binding IAPs, and this protease activity may regulate
apoptosis in some systems (68).
XAF1. XAF1 is another IAP inhibitor. XAF1 is a nuclear protein that
binds and sequesters XIAP in the nucleus. In biochemical reactions,
XAF1 binds and inhibits XIAP. In cells, overexpression of XAF1 blocks
XIAP-mediated inhibition of apoptosis. It remains unclear, however,
whether the sequestration of XIAP in the nucleus simply separates the
XIAP from cytosolic caspases or whether there are additional effects
from XIAP located in the nucleus (70). Molecules that mimic XAF1
would likely function differently than SMAC and would be an alternative
strategy to the development of an XIAP inhibitor.
Translational Applications of Inhibitor of Apoptosis Proteins
Given the importance of IAPs as downstream inhibitors of apoptosis
and contributors to chemoresistance in vitro, efforts are being made to
translate this information into clinical practice. Currently, IAPs are
being evaluated as diagnostic markers of malignancy, prognostic
markers, and therapeutic targets.
Inhibitor of Apoptosis Proteins as a Diagnostic Marker for the
Presence of Occult Malignancy
Survivin shows significant differential expression between malignant and normal adult cells, with very low to absent levels in normal
adult tissue but increased levels in a wide variety of solid tumors and
hematologic malignancies. Therefore, the detection of survivin in
body fluids could serve as a diagnostic marker and allow the early
detection of malignancy. Such a study was performed by Smith et al.
(71), who measured survivin protein in urine samples from patients
with bladder cancer and controls. Using a novel detection method for
survivin, urine samples were filtered onto nitrocellulose membranes
and probed with an anti-survivin antibody. In their study, 100% of
patients with bladder cancer and none of the control patients had
detectable levels of survivin in their urine. Similar results were obtained by measuring survivin by reverse transcription-polymerase
chain reaction in cells isolated from urine samples. In a study of oral

cancers, Lo Muzio et al. (72) reported increased survivin expression
by immunohistochemistry in 94% of precancerous oral lesions that
progressed to squamous cell carcinoma but in only 33% of lesions that
did not progress. Taken together, these results suggest that survivin
can be measured in samples easily obtained from patients and can be
used to screen for the presence of malignancy. Furthermore, the
results suggest that survivin expression can identify the lesions at
highest risk for malignant transformation and invasion. The use of
survivin as a diagnostic might also find a role in other clinical settings.
For example, survivin in bronchial washings could be used to support
a diagnosis of malignancy in the work-up of patients with a lung
nodule, but this application has not been tested in clinical trial.
Inhibitor of Apoptosis Protein Expression as a Prognostic Marker
The importance of IAPs as prognostic markers in malignancy has
also been investigated; here too, most attention has focused on survivin. The prognostic importance of survivin expression at both the
level of the message and protein has been demonstrated in multiple
studies. For example, in a study of 43 patients with astrocytic brain
tumors, survivin mRNA expression in the tumor was associated with
increased malignant grade of the tumor and decreased overall survival
(73). Survivin mRNA levels were also measured in a series of 144
patients with colon cancer treated with curative resection. In this
study, increased survivin mRNA was associated with decreased overall survival (53% versus 77.5% estimated 5-year survival for patients
with low versus high survivin mRNA; ref. 34). Likewise, increased
survivin mRNA levels have been reported as a poor prognostic factor
in malignancies including gastric (74), urothelial cell (75), and hepatocellular carcinoma (76). In addition to its level of expression, the
localization of survivin may also be prognostically important. In a
study of 84 patients with esophageal carcinoma, increased nuclear
survivin expression correlated with reduced overall survival (estimated mean survival of 28 months for patients with nuclear survivin
versus 108 months for patients with no nuclear survivin), but cytoplasmic levels of survivin were not predictive of outcome (33). This
discrepancy between nuclear and cytoplasmic survivin highlights the
different antiapoptotic functions of survivin and suggests that the role
of survivin as a cell cycle regulator may be a more important determinant of patient outcome than its role as a caspase inhibitor.
The prognostic importance of the other IAP members has also been
examined, For example, IAP expression was studied in a series of 48
men with early (T2N0M0) prostate cancer treated with external beam
radiation. cIAP1, cIAP2, XIAP, and survivin expression was measured by immunohistochemistry in needle biopsy samples that contained both normal and malignant prostate tissue. In this small cohort,
increased levels of cIAP2 in the malignant cells were associated with
a shorter relapse-free survival (77).
XIAP levels were studied in a series of 78 patients with newly
diagnosed acute myelogenous leukemia. In this study, patients with
the lowest levels of XIAP had significantly longer median survival
(133 weeks) than patients with higher levels (52.5 weeks; ref. 78).
This study has recently been expanded to include 172 patients with
newly diagnosed acute myelogenous leukemia. In this follow-up
analysis, XIAP no longer correlated with remission or survival (79).
Paradoxically, some studies have demonstrated that increased levels of XIAP are associated with an improved prognosis. For example,
XIAP expression was studied in a series of patients (n ⫽ 144) with
stage I–IIIA non–small-cell lung cancer treated with surgical resection. The number of cells within a sample staining positive for XIAP
varied from 0% to 100% (median, 20%). Patients with XIAP expression above the median had a longer overall survival (median, 60
months) than patients with lower XIAP expression (median, 24

7187

Downloaded from cancerres.aacrjournals.org on July 23, 2017. © 2004 American Association for Cancer
Research.

IAPS: BASIC KNOWLEDGE INTO CLINICAL PRACTICE

months). Patients with high levels of XIAP were also more likely to
have earlier stage disease (80).
It is not entirely clear why some studies have demonstrated that
increased levels of XIAP are associated with a good prognosis. XIAP
is just one of eight family members, so perhaps a sum or a weighted
average of all eight IAP members is needed to accurately predict
patient outcome. Likewise, incorporating levels of IAP inhibitors such
as SMAC, HTRA2, and XAF1 may be required to demonstrate
prognostic importance.
The prognostic importance of IAPs such as survivin has been
demonstrated repeatedly, but the challenge remains how to incorporate these molecular markers into clinical algorithms. Perhaps patients
with elevated IAPs such as survivin could be offered more intensive
or novel therapies at diagnosis. However, such investigational approaches should only be done as part of a properly controlled trial.
Inhibitor of Apoptosis Proteins as Therapeutic Targets
Because IAPs are preferentially expressed in malignant cells and
are prognostically important, they are attractive therapeutic targets,
and efforts are under way to develop IAP inhibitors for clinical use
using antisense oligonucleotides or small molecule chemical inhibitors. The interest in developing therapeutic IAP inhibitors has been
piqued by the observation that temporary inhibition of IAPs may not
be toxic to normal cells. In support of this hypothesis, XIAP knockout
mice have a normal survival with no histologic or gross abnormalities.
In vitro, cells from XIAP knockout mice undergo chemotherapy and
ultraviolet-induced apoptosis like wild-type control cells. However,
deleting XIAP in these mice results in a compensatory increase in
cIAP1 and cIAP2 protein levels that could mask the effects of IAP
inhibition in normal cells (81).
Like the XIAP knockout mice, NAIP knockout mice are also
normal, without any gross or histologic defects or any evidence of
cognitive dysfunction. However, the survival of pyramidal neurons in
the hippocampus after kainic acid-induced seizures is decreased in
NAIP knockout mice compared with wild-type controls, suggesting
that NAIP is required for normal neuronal survival under certain
stresses (82).
In contrast to the effects of the IAP knockout studies in mice,
deletion of the Drosophila IAP, DIAP1, results in embryonic lethality
due to widespread apoptosis (83). Whereas the mammalian knockout
models are reassuring, this study must be considered as one begins
testing therapeutic IAP inhibitors.
Antisense Oligonucleotides as Inhibitor of Apoptosis Protein
Inhibitors. One therapeutic strategy to inhibit IAPs uses antisense
oligonucleotides to decrease the target IAP mRNA and subsequently
decrease the protein. Antisense oligonucleotides inhibit IAPs by forming duplexes with intracellular native mRNA. The duplexes disrupt
ribosome assembly and inhibit protein translation. More importantly,
the mRNA-antisense oligonucleotides complex recruits RNase H enzymes that cleave the native mRNA strand while leaving the antisense
oligonucleotide intact. The antisense oligonucleotide is then released
back into the cytosol, where it is capable of inhibiting additional
native mRNA (reviewed in ref. 84). Antisense oligonucleotides are
being actively developed for both XIAP and survivin.
Survivin Antisense Oligonucleotides. The efficacy of survivin antisense oligonucleotides has been demonstrated both in vitro and in
vivo. In vitro, survivin antisense molecules directly induce apoptosis
in lung cancer and mesothelioma cell lines overexpressing this IAP.
However, cell lines and normal cells such as peripheral blood mononuclear cells that do not express survivin are unaffected by the
antisense oligonucleotides (85, 86). In vivo, antisense survivin oligonucleotides administered by transfecting the tumor cells with plasmids

encoding survivin antisense before tumor implantation reduced tumor
growth in xenograft models of gastric carcinoma (87) and thymic
lymphoma (88). Although not strictly an antisense strategy, adenoviral delivery of a nonphosphoryable dominant negative of survivin
suppressed de novo tumor formation in a breast cancer xenograft and
shrunk existing tumors by almost half without significant toxicity to
the mouse (89). Clinical grade antisense survivin oligonucleotides are
currently under development by Isis Pharmaceuticals and Lily Pharmaceuticals and should enter phase I clinical trials shortly.
X-Linked Inhibitor of Apoptosis Protein Antisense Oligonucleotides. Like survivin, XIAP antisense oligonucleotides can reduce
XIAP mRNA and protein. XIAP antisense molecules can directly
induce apoptosis as well as sensitize cells to chemotherapy and
␥-irradiation (90 –92). In a lung carcinoma xenograft, XIAP antisense
therapy combined with vinorelbine reduced tumor establishment in
mice (93). Clinically, antisense XIAP oligonucleotides are being
developed as therapeutic agents by Aegera Therapeutics Inc. Their
antisense XIAP molecule AEG35156 is currently in phase I clinical
trials.
Small Molecule Inhibitor of Apoptosis Protein Inhibitors. Another strategy to block IAPs involves identifying small molecules that
reverse IAP inhibition of caspases. A prototype for such a compound
is the endogenous IAP inhibitor SMAC. Peptides that correspond to
the NH2 terminus of SMAC are necessary and sufficient for binding
and inhibiting XIAP. Given these encouraging results, efforts have
been made to identify nonpeptidyl small molecule IAP inhibitors to
serve as the lead compounds for therapeutic agents. Currently, most
efforts are focusing on developing small molecules that inhibit XIAP
because its crystal structure is known and the mechanism by which it
inhibits caspases is well understood.
To date, three separate screening strategies have been used to
identify XIAP inhibitors. The first strategy was based on the ability of
SMAC peptides to bind to the BIR3 pocket of XIAP. Using fluorescence polarization assays or similar fluorescence-based assays, peptides and small molecules were identified that compete with SMAC
peptides for binding to the BIR3 pocket (94, 95). Further work,
however, is required to determine whether these peptides can induce
apoptosis or sensitize cells to chemotherapy. In the second strategy,
phage display was used to identify XIAP-binding peptides. This
approach identified peptides unrelated to SMAC that bound selectively to the BIR2 domain but not to the BIR1, BIR3, or RING finger
domains. These XIAP inhibitors and directly induced cell death in
leukemia cells (96). In the third screening strategy, biochemical-based
assays have been used to identify small molecules and peptides that
inhibit XIAP (97). Here, libraries were screened for compounds that
reversed XIAP-mediated repression of recombinant caspase 3, as
evidenced by increases in the cleavage of a fluorogenic substrate.
Through these screens, both small molecule peptidyl and nonpeptidyl
XIAP inhibitors were identified. The small molecules identified by
Wu et al. (97) appear to inhibit XIAP by binding to the linker region
between the BIR1 and BIR3 domains of XIAP. These molecules are
capable of sensitizing TRAIL-resistant cells to TRAIL-induced apoptosis. In a separate screen based on a similar strategy, peptidyl and
nonpeptidyl XIAP inhibitors were identified that reversed XIAPmediated inhibition of caspase 3. In a recently reported study (98),
XIAP inhibitors based on the polyphenylurea pharmacophore were
shown to derepress inhibition of caspase 3 by the BIR2 domain of
XIAP but not to derepress the inhibition of caspase 9 by the BIR3
domain of XIAP. These XIAP inhibitors directly induced apoptosis in
cell lines and primary leukemia blasts and sensitized cells to chemotherapy-induced apoptosis. When extended into mouse models, these
compounds directly reduced tumor size in a prostate xenograft model,
even when used as single agents.
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Given the current developmental status of the IAP inhibitors, antisense oligonucleotides against survivin or XIAP will likely be used in
clinical practice before chemical IAP inhibitors. Over the next 10
years, however, I speculate that chemical IAP inhibitors will also
move forward into clinical evaluation. An algorithm for the clinical
use of antisense and chemical IAP inhibitors can be derived from the
experience with the BCR-ABL tyrosine kinase inhibitor, STI571.
STI571 was first used in patients with refractory chronic myelogenous
leukemia and acute lymphocytic leukemia, but it is now used as
first-line therapy. As more experience with the compound is gained, it
is being studied in combination with standard chemotherapy, and it is
in combination with standard treatment that it is likely to be most
effective. Likewise, molecules that target IAPs such as XIAP or
survivin will initially be used as single agents or in combination with
low-dose chemotherapy in patients with relapsed or refractory disease.
As more experience is gained, these targeted therapies will be used
up-front in the treatment of de novo disease in combination with
standard chemotherapy. In the future, when more small molecules that
modulate the apoptosis cascade are developed, they will be used
together to simultaneously target different molecular defects.
Summary
In summary, the IAPs are potent caspase inhibitors, but they also
inhibit cell death by modulating cell cycle progression, cell division,
and signal transduction pathways. Our basic understanding of the
structure and function of IAPs is now being translated into clinical
practice as IAPs are being investigated as diagnostic markers for
early-stage malignancy and novel prognostic markers. In addition,
these molecules have been validated as therapeutic targets, and efforts
are under way to develop IAP inhibitors. These IAP antagonists will
be important biological tools to further our understanding of the role
of IAPs in normal and malignant cells; hopefully, they will also find
a place in the clinical management of patients with malignancy.
Acknowledgments
The author thanks John C. Reed for helpful advice and discussion and
Francesca Pulice for assistance with preparation of the manuscript.

References
1. Cryns V, Yuan Y. Proteases to die for. Genes Dev 1999;12:1551–70.
2. Thornberry NA, Lazebnik Y. Caspases: enemies within. Science (Wash DC) 1998;
281:1312– 6.
3. Salvesen GS, Dixit VM. Caspases: intracellular signaling by proteolysis. Cell 1997;
91:443– 6.
4. Zapata JM, Takahashi R, Salvesen GS, Reed JC. Granzyme release and caspase
activation in activated human T-lymphocytes. J Biol Chem 1998;273:6916 –20.
5. Barry M, Heibein JA, Pinkoski MJ, et al. Granzyme B short-circuits the need for
caspase-8 activity during granule-mediated cytotoxic T-lymphocyte killing by directly cleaving Bid. Mol Cell Biol 2000;20:3781–94.
6. Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. The release of cytochrome
c from mitochondria: a primary site for Bcl-2 regulation of apoptosis. Science (Wash
DC) 1997;275:1132– 6.
7. Saleh A, Srinivasula S, Acharya S, Fishel R, Alnemri E. Cytochrome c and dATPmediated oligomerization of Apaf-1 is a prerequisite for procaspase-9 activation.
J Biol Chem 1999;274:17941–5.
8. Zou H, Henzel WJ, Liu X, Lutschg A, Wang X. Apaf-1, a human protein homologous
to C. elegans CED-4, participates in cytochrome c-dependent activation of caspase-3.
Cell 1997;90:405–13.
9. Chang H, Yang X, Baltimore D. Dissecting Fas signaling with an altered-specificity
death-domain mutant: requirement of FADD binding for apoptosis but not Jun
N-terminal kinase activation. Proc Natl Acad Sci USA 1999;96:1252– 6.
10. Berglund H, Olerenshaw D, Sankar A, et al. The three-dimensional solution structure
and dynamic properties of the human FADD death domain. J Mol Biol 2000;302:
171– 88.
11. Boatright KM, Renatus M, Scott FL, et al. A unified model for apical caspase
activation. Mol Cell 2003;11:529 – 41.
12. Kang J, Schaber M, Srinivasula S, et al. Cascades of mammalian caspase activation
in the yeast Saccharomyces cerevisiae. J Biol Chem 1999;274:3189 –98.
13. Stennicke HR, Jürgensmeier JM, Shin H, et al. Pro-caspase-3 is a major physiologic
target of caspase-8. J Biol Chem 1998;273:27084 –90.

14. Tang D, Lahti JM, Kidd VJ. Caspase-8 activation and bid cleavage contribute to
MCF7 cellular execution in a caspase-3-dependent manner during staurosporinemediated apoptosis. J Biol Chem 2000;275:9303–7.
15. Kulik G, Carson JP, Vomastek T, et al. Tumor necrosis factor alpha induces BID
cleavage and bypasses antiapoptotic signals in prostate cancer LNCaP cells. Cancer
Res 2001;61:2713–9.
16. Gross A, Yin X-M, Wang K, et al. Caspase cleaved BID targets mitochondria and is
required for cytochrome c release, while BCL-XL prevents this release but not
TNF-R1/Fas death. J Biol Chem 1999;274:1156 – 63.
17. Crook NE, Clem RJ, Miller LK. An apoptosis-inhibiting baculovirus gene with a zinc
finger-like motif. J Virol 1993;67:2168 –74.
18. Salvesen GS, Duckett CS. IAP proteins: blocking the road to death’s door. Nat Rev
Mol Cell Biol 2002;3:401–10.
19. Uren AG, Coulson EJ, Vaux DL. Conservation of baculovirus inhibitor of apoptosis
repeat proteins (BIRPs) in viruses, nematodes, vertebrates and yeasts. Trends Biochem Sci 1998;23:159 – 62.
20. Fraser A, James C, Evan G, Hengartner M. Caenorhabditis elegans inhibitor of
apoptosis protein (IAP) homologue BIR-1 plays a conserved role in cytokinesis. Curr
Biol 1999;9:292–301.
21. Li F, Flanary PL, Altieri DC, Dohlman HG. Cell division regulation by BIR1, a
member of the inhibitor of apoptosis family in yeast. J Biol Chem 2000;275:6707–11.
22. Uren AG, Beilharz T, O’Connell MJ, et al. Role for yeast inhibitor of apoptosis
(IAP)-like proteins in cell division Proc Natl Acad Sci USA 1999;96:10170 –5.
23. Verhagen AM, Coulson EJ, Vaux DL. Inhibitor of apoptosis proteins and their
relatives: IAPs and other BIRPs. Genome Biol. Available at: http://genomebiology.
com/2001/2/7/reviews/3009.
24. Duckett C, Nava V, Gedrich R, et al. A conserved family of cellular genes related to
the baculovirus iap gene and encoding apoptosis inhibitors. EMBO J 1996;15:2685–9.
25. Deveraux QL, Roy N, Stennicke HR, et al. IAPs block apoptotic events induced by
caspase-8 and cytochrome c by direct inhibition of distinct caspases. EMBO J
1998;17:2215–23.
26. Deveraux QL, Leo E, Stennicke HR, et al. Cleavage of human inhibitor of apoptosis
protein XIAP results in fragments with distinct specificities for caspases. EMBO J
1999;18:5242–51.
27. Rothe M, Pan M-G, Henzel WJ, Ayres TM, Goeddel DV. The TNFR2-TRAF
signaling complex contains two novel proteins related to baculoviral inhibitor of
apoptosis proteins. Cell 1995;83:1243–52.
28. Vucic D, Stennicke HR, Pisabarro MT, Salvesen GS, Dixit VM. ML-IAP, a novel
inhibitor of apoptosis that is perferentially expressed in human melanomas. Curr Biol
2000;10:1359 – 66.
29. Richter BWM, Mir SS, Eiben LJ, et al. Molecular cloning of ILP-2, a novel member
of the inhibitor of apoptosis protein family. Mol Cell Biol 2001;21:4292–301.
30. Roy N, Mahadevan MS, McLean M, et al. The gene for neuronal apoptosis inhibitory
protein is partially deleted in individuals with spinal muscular atrophy. Cell 1995;
80:167–78.
31. Maier JK, Lahoua Z, Gendron NH, et al. The neuronal apoptosis inhibitory protein is
a direct inhibitor of caspases 3 and 7. J Neurosci 2002;22:2035– 43.
32. Ambrosini G, Adida C, Altieri DC. A novel anti-apoptosis gene, survivin, expressed
in cancer and lymphoma. Nat Med 1997;3:917–21.
33. Grabowski P, Kuhnel T, Muhr-Wilkenshoff F, et al. Prognostic value of nuclear
survivin expression in oesophageal squamous cell carcinoma. Br J Cancer 2003;88:
115–9.
34. Sarela AI, Macadam RC, Farmery SM, Markham AF, Guillou PJ. Expression of the
antiapoptosis gene, survivin, predicts death from recurrent colorectal carcinoma. Gut
2000;46:645–50.
35. Gianani R, Jarboe E, Orlicky D, et al. Expression of survivin in normal, hyperplastic,
and neoplastic colonic mucosa. Hum Pathol 2001;32:119 –25.
36. Tanaka K, Iwamoto S, Gon G, et al. Expression of survivin and its relationship to loss
of apoptosis in breast carcinomas. Clin Cancer Res 2000;6:127–34.
37. Zhu ZB, Makhija SK, Lu B, et al. Transcriptional targeting of tumors with a novel
tumor-specific survivin promoter. Cancer Gene Ther 2004;11:256 – 62.
38. Deveraux QL, Takahashi R, Salvesen GS, Reed JC. X-linked IAP is a direct inhibitor
of cell death proteases. Nature (Lond) 1997;388:300 – 4.
39. Sun C, Cal M, Gunasekera A, et al. NMR structure and mutagenesis of the inhibitorof-apoptosis protein XIAP. Nature (Lond) 1999;401:818 –21.
40. Riedl SJ, Renatus M, Schwarzenbacher R, et al. Structural basis for the inhibition of
caspase-3 by XIAP. Cell 2001;104:791– 800.
41. Sun C, Cai M, Meadows RP, et al. NMR structure and mutagenesis of the third Bir
domain of the inhibitor of apoptosis protein XIAP. J Biol Chem 2000;275:33777– 81.
42. Shiozaki EN, Chai J, Rigotti DJ, et al. Mechanism of XIAP-mediated inhibition of
caspase-9. Mol Cell 2003;11:519 –27.
43. Bratton SB, Lewis J, Butterworth M, Duckett CS, Cohen GM. XIAP inhibition of
caspase-3 preserves its association with the Apaf-1 apoptosome and prevents CD95and Bax-induced apoptosis. Cell Death Differ 2002;9:881–92.
44. Shin S, Sung B-J, Cho Y-S, et al. An anti-apoptotic protein human survivin ins a
direct inhibitor of caspase-3 and -7. Biochemistry 2001;40:1117–23.
45. Tamm I, Wang Y, Sausville E, et al. IAP-family protein survivin inhibits caspase
activity and apoptosis induced by Fas (CD95), Bax, and anticancer drugs. Cancer Res
1998;58:5315–20.
46. Banks DP, Plescia J, Altieri DC, et al. Survivin does not inhibit caspase-3 activity.
Blood 2000;96:4002–3.
47. Marusawa H, Matsuzawa S, Welsh K, et al. HBXIP functions as a cofactor of survivin
in apoptosis suppression. EMBO J 2003;22:2729 – 40.
48. Giodini A, Kallio MJ, Wall NR, et al. Regulation of microtubule stability and mitotic
progression by survivin. Cancer Res 2002;62:2462–7.

7189

Downloaded from cancerres.aacrjournals.org on July 23, 2017. © 2004 American Association for Cancer
Research.

IAPS: BASIC KNOWLEDGE INTO CLINICAL PRACTICE

49. Temme A, Rieger M, Reber F, et al. Localization, dynamics, and function of survivin
revealed by expression of functional survivin DsRed fusion proteins in the living cell.
Mol Biol Cell 2003;14:78 –92.
50. Li F, Ambrosini G, Chu EY, et al. Control of apoptosis and mitotic spindle checkpoint
by survivin. Nature (Lond) 1998;396:580 –7.
51. Levkau B, Garton KJ, Ferri N, et al. xIAP induces cell-cycle arrest and activates
nuclear factor-kappaB : new survival pathways disabled by caspase-mediated cleavage during apoptosis of human endothelial cells. Circ Res 2001;88:282–90.
52. Jordan BW, Dinev D, LeMellay V, et al. Neurotrophin receptor-interacting mage
homologue is an inducible inhibitor of apoptosis protein-interacting protein that
augments cell death. J Biol Chem 2001;276:39985–9.
53. Sanna MG, de Silva Correia J, Ducrey O, et al. IAP supression of apoptosis involves
distinct mechanisms: the TAK1/JNK1 signaling cascade and caspase inhibition. Mol
Cell Biol 2002;22:1754 – 66.
54. Sanna MG, Duckett CS, Richter BW, Thompson CB, Ulevitch RJ. Selective activation of JNK1 is necessary for the anti-apoptotic activity of hILP. Proc Natl Acad Sci
USA 1998;95:6015–20.
55. Hofer-Warbinek R, Schmid JA, Stehlik C, et al. Activation of NF-kB by XIAP, the
X chromosome-linked inhibitor of apoptosis, in endothelial cells involves TAK1.
J Biol Chem 2000;275:22064 – 8.
56. Claveria C, Caminero E, Martinez AC, Campuzano S, Torres M. GH3, a novel
proapoptotic domain in Drosophila Grim, promotes a mitochondrial death pathway.
EMBO J 2002;21:3327–36.
57. Srinivasula SM, Datta P, Kobayashi M, et al. sickle, a novel Drosophila death gene
in the reaper/hid/grim region, encodes an IAP-inhibitory protein. Curr Biol 2002;12:
125–30.
58. Verhagen AM, Ekert PG, Pakusch M, et al. Identification of DIABLO, a mammalian
protein that promotes apoptosis by binding to and antagonizing IAP proteins. Cell
2000;102:43–53.
59. Du C, Fang M, Li Y, Li L, Wang X. SMAC, a mitochondrial protein that promotes
cytochrome c-dependent caspase activation by eliminating IAP inhibition. Cell 2000;
102:33– 42.
60. Verhagen AM, Silke J, Ekert PG, et al. HtrA2 promotes cell death through its serine
protease activity and its ability to antagonize inhibitor of apoptosis proteins. J Biol
Chem 2002;277:445–54.
61. Suzuki Y, Imai Y, Nakayama H, et al. A serine protease, HtrA2/Omi, is released from
the mitochondria and interacts with XIAP, inducing cell death. Mol Cell 2001;8:
613–21.
62. Arnt CR, Chiorean MV, Heldebrant MP, Gores GJ, Kaufmann SH. Synthetic Smac/
DIABLO peptides enhance the effects of chemotherapeutic agents by binding XIAP
and cIAP1 in situ. J Biol Chem 2002;277:44236 – 43.
63. Liu Z, Sun C, Olejniczak ET, et al. Structural basis for binding of Smac/DIABLO to
the XIAP BIR3 domain. Nature (Lond) 2000;408:1004 – 8.
64. Yang L, Mashima T, Sato S, et al. Predominant suppression of apoptosome by
inhibitor of apoptosis protein in non-small cell lung cancer H460 cells: therapeutic
effect of a novel polyarginine-conjugated Smac peptide. Cancer Res 2003;63:831–7.
65. Fulda S, Wick W, Weller M, Debatin KM. Smac agonists sensitize for Apo2L/
TRAIL- or anticancer drug-induced apoptosis and induce regression of malignant
glioma in vivo. Nat Med 2002;8:808 –15.
66. Srinivasula SM, Hegde R, Saleh A, et al. A conserved XIAP-interaction motif in
caspase-9 and Smac/DIABLO regulates caspase activity and apoptosis. Nature (Lond)
2001;410:112– 6.
67. Li W, Srinivasula SM, Chai J, et al. Structural insights into the pro-apoptotic function
of mitochondrial serine protease HtrA2/Omi. Nat Struct Biol 2002;9:436 – 41.
68. Yang QH, Church-Hajduk R, Ren J, Newton ML, Du C. Omi/HtrA2 catalytic
cleavage of inhibitor of apoptosis (IAP) irreversibly inactivates IAPs and facilitates
caspase activity in apoptosis. Genes Dev 2003;17:1487–96.
69. Roberts DL, Merrison W, MacFarlane M, Cohen GM. The inhibitor of apoptosis
protein-binding domain of Smac is not essential for its proapoptotic activity. J Cell
Biol 2001;153:221–7.
70. Liston P, Fong WG, Kelly NL, et al. Identification of XAF1 as an antagonist of XIAP
anti-caspase activity. Nat Cell Biol 2001;3:128 –33.
71. Smith SD, Wheeler MA, Plescia J, et al. Urine detection of survivin and diagnosis of
bladder cancer. JAMA 2001;285:324 – 8.
72. Lo Muzio L, Pannone G, Leonardi R, et al. Survivin, a potential early predictor of
tumor progression in the oral mucosa. J Dent Res 2003;82:923– 8.
73. Kajiwara Y, Yamasaki F, Hama S, et al. Expression of survivin in astrocytic tumors:
correlation with malignant grade and prognosis. Cancer (Phila) 2003;97:1077– 83.

74. Miyachi K, Sasaki K, Onodera S, et al. Correlation between survivin mRNA expression and lymph node metastasis in gastric cancer. Gastric Cancer 2003;6:217–24.
75. Schultz IJ, Kiemeney LA, Witjes JA, et al. Survivin mRNA expression is elevated in
malignant urothelial cell carcinomas and predicts time to recurrence. Anticancer Res
2003;23:3327–31.
76. Ikeguchi M, Ueda T, Sakatani T, Hirooka Y, Kaibara N. Expression of survivin
messenger RNA correlates with poor prognosis in patients with hepatocellular carcinoma. Diagn Mol Pathol 2002;11:33– 40.
77. Krajewska M, Krajewski S, Banares S, et al. Elevated expression of inhibitor of
apoptosis proteins in prostate cancer. Clin Cancer Res 2003;9:4914 –25.
78. Tamm I, Kornblau SM, Segall H, et al. Expression and prognostic significance of
IAP-family genes in human cancers and myeloid leukemias. Clin Cancer Res 2000;
6:1796 – 803.
79. Carter BZ, Kornblau SM, Tsao T, et al. Caspase-independent cell death in AML:
caspase-inhibition in vitro with pan-caspase inhibitors or in vivo by XIAP or survivin
does not affect cell survival or prognosis. Blood 2003;102:4179 – 86.
80. Ferreira CG, van der Valk P, Span SW, et al. Expression of x-linked inhibitor of
apoptosis as a novel prognostic marker in radically resected non-small cell lung
cancer patients. Clin Cancer Res 2001;7:2468 –74.
81. Harlin H, Reffey SB, Duckett CS, Lindsten T, Thompson CB. Characterization of
XIAP-deficient mice. Mol Cell Biol 2001;21:3604 – 8.
82. Holcik M, Thompson CS, Yaraghi Z, et al. The hippocampal neurons of neuronal
apoptosis inhibitory protein 1 (NAIP1)-deleted mice display increased vulnerability to
kainic acid-induced injury. Proc Natl Acad Sci USA 2000;97:2286 –90.
83. Hay BA, Wassarman DA, Rubin GM. Drosophila homologs of baculovirus inhibitor
of apoptosis proteins function to block cell death. Cell 1995;83:1253– 62.
84. Crooke ST. Molecular mechanisms of antisense drugs: RNase H. Antisense Nucleic
Acid Drug Dev 1998;8:133– 4.
85. Olie RA, Simões-Wüst AP, Baumann B, et al. A novel antisense oligonucleotide
targeting survivin expression induces apoptosis and sensitizes lung cancer cells to
chemotherapy. Cancer Res 2000;60:2805–9.
86. Xia C, Xu Z, Yuan X, et al. Induction of apoptosis in mesothelioma cells by
antisurvivin oligonucleotides. Mol Cancer Ther 2002;1:687–94.
87. Tu SP, Jiang XH, Lin MC, et al. Suppression of survivin expression inhibits in vivo
tumorigenicity and angiogenesis in gastric cancer. Cancer Res 2003;63:7724 –32.
88. Kanwar JR, Shen WP, Kanwar RK, Berg RW, Krissansen GW. Effects of survivin
antagonists on growth of established tumors and B7–1 immunogene therapy. J Natl
Cancer Inst (Bethesda) 2001;93:1541–52.
89. Mesri M, Wall NR, Li J, Kim RW, Altieri DC. Cancer gene therapy using a survivin
mutant adenovirus. J Clin Investig 2001;108:981–90.
90. Holcik M, Yeh C, Korneluk RG, Chow T. Translational upregulation of X-linked
inhibitor of apoptosis (XIAP) increases resistance to radiation induced cell death.
Oncogene 2000;19:4174 –7.
91. Sasaki H, Sheng Y, Kotsuji F, Tsang BK. Down-regulation of X-linked inhibitor of
apoptosis protein induces apoptosis in chemoresistant human ovarian cancer cells.
Cancer Res 2000;60:5659 – 66.
92. Bilim V, Kasahara T, Hara N, Takahashi K, Tomita Y. Role of XIAP in the malignant
phenotype of transitional cell cancer (TCC) and therapeutic activity of XIAP antisense oligonucleotides against multidrug-resistance TCC in vitro. Int J Cancer 2003;
103:29 –37.
93. Hu Y, Cherton-Horvat G, Dragowska V, et al. Antisense oligonucleotides targeting
XIAP induce apoptosis and enhance chemotherapeutic activity against human lung
cancer cells in vitro and in vivo. Clin Cancer Res 2003;9:2826 –36.
94. Glover CJ, Hite K, DeLosh R, et al. A high-throughput screen for identification of
molecular mimics of Smac/DIABLO utilizing a fluorescence polarization assay. Anal
Biochem 2003;320:157– 69.
95. Kipp RA, Case MA, Wist AD, et al. Molecular targeting of inhibitor of apoptosis
proteins based on small molecule mimics of natural binding partners. Biochemistry
2002;41:7344 –9.
96. Tamm I, Trepel M, Welsh K, et al. Peptides targeting caspase inhibitors. J Biol Chem
2003;278:14401–5.
97. Wu TY, Wagner KW, Bursulaya B, Schultz PG, Deveraux QL. Development and
characterization of nonpeptidic small molecule inhibitors of the XIAP/caspase-3
interaction. Chem Biol 2003;10:759 – 67.
98. Schimmer AD, Welsh K, Pinilla C, et al. Small-molecule antagonists of apoptosis
suppressor XIAP exhibit broad antitumor activity. Cancer Cell 2004;5:25–35.

7190

Downloaded from cancerres.aacrjournals.org on July 23, 2017. © 2004 American Association for Cancer
Research.

Inhibitor of Apoptosis Proteins: Translating Basic
Knowledge into Clinical Practice
Aaron D. Schimmer
Cancer Res 2004;64:7183-7190.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/64/20/7183

This article cites 96 articles, 50 of which you can access for free at:
http://cancerres.aacrjournals.org/content/64/20/7183.full#ref-list-1
This article has been cited by 39 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/64/20/7183.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, contact the AACR Publications
Department at permissions@aacr.org.

Downloaded from cancerres.aacrjournals.org on July 23, 2017. © 2004 American Association for Cancer
Research.

