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Recent studies have shown that members of the inhibitor of apoptosis (IAP) protein family are highly expressed
in several classes of cancer. The primary implication of these findings is that the elevated expression of IAPs is not
coincidental but actually participates in oncogenesis by helping to allow the malignant cell to avoid apoptotic cell
death. This concept, together with the discovery of several IAP-regulatory proteins that use a conserved mode of
action, has stimulated a major effort by many research groups to devise IAP-targeting strategies as a means of devel-
oping novel antineoplastic drugs. In this Review, we consider the evidence both for and against the IAPs being valid
therapeutic targets, and we describe the types of strategies being used to neutralize their functions.

IAPs: structure and function

Inhibitor of apoptosis (iap) genes were first described in insect
viruses through a genetic screen to identify compensatory replace-
ments for the loss of the baculoviral antiapoptotic p35 protein,
which functions to block baculovirus-induced apoptosis during
infection (1-3). Since the initial identification in baculoviruses,
iap homologs have been identified across phyla from Caenorbabditis
elegans and yeast to insects and mammals. As many as 8 human iap
gene products have been identified (reviewed in ref. 4), XIAP (hILP/
MIHA/BIRC4), hILP-2 (TS-IAP), cellular IAP1 (c-IAP1/HIAP2/
MIHB/BIRC2), cellular IAP2 (c-IAP2/HIAP1/MIHC/BIRC3), mel-
anoma-associated IAP (ML-IAP/Livin/KIAP1/BIRC7), neuronal
apoptosis-inhibitory protein (NAIP/BIRC1), survivin (TIAP1/
BIRCS), and Apollon (BRUCE/BIRC6) (Figure 1A). These IAP pro-
teins have been shown to play, for the most part, nonredundant
cellular roles that range from apoptotic inhibition to the formation
of the mitotic spindle during cytokinesis. For this reason, the term
“IAP” is somewhat misleading, and these factors are often referred
to as BIR-containing proteins, or BIRPs (5), a term derived from the
presence of what has become the defining motif of this family, an
approximately 65-residue domain rich in histidines and cysteines
known as the baculovirus iap repeat (BIR). BIRPs contain 1-3 imper-
fectly repeated BIRs (Figure 1). Most of the IAP family members
also harbor a RING domain at the carboxy terminus. The RING
functions as an E3 ubiquitin ligase, which is preceded by ubiquitin-
activating enzymes (E1) and ubiquitin-conjugating enzymes (E2)
in the cascade of protein ubiquitination (6-9). E3 ubiquitin ligases
provide specificity for the transfer of ubiquitin moieties onto the
target protein. Therefore, JAP-mediated protein ubiquitination has
a pivotal role in the regulation of apoptosis, allowing the IAP to
control stability of itself and other proteins (10).
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Survivin is a small (17 kDa) protein composed of a single BIR
motif and is similar in structure to the IAPs/BIRPs of yeasts and
nematodes (11). Targeted deletion of the murine survivin gene
revealed a critical role for this protein in the cell cycle through regu-
lation of the spindle formation during mitosis (12, 13), a role that is
similar to that found in yeasts and the nematode C. elegans (14, 15).
Additionally, a number of reports have also implicated survivin in
apoptotic inhibition, although the details of this role are not entire-
ly clear (16). Nevertheless, survivin is highly expressed in dividing
cells and cancer-derived cell lines and has become a valid target for
anticancer drugs, including those that use antisense approaches.

In addition to survivin, much attention has been focused on XIAP,
in large part because its antiapoptotic properties have been best
demonstrated (17). XIAP is a ubiquitously expressed 56-kDa pro-
tein that contains 3 BIRs, as well as a RING domain at the carboxy
terminus that has been shown to exhibit E3 ubiquitin ligase activity
(9,18). Anumber of reviews have examined the clinical utility of sur-
vivin in more detail (19); therefore, this Review will focus on XIAP.

Ectopic expression of XIAP has been shown to confer protec-
tion from a wide range of apoptotic stimuli, and this protection is
presumed to be largely mediated by the ability of XIAP to directly
bind and enzymatically inhibit key components of the apoptotic
machinery, the caspases (20, 21). This group of cysteine proteases
with a specificity for aspartate residues (reviewed in this issue of the
JCI, ref. 22) play essential roles in apoptotic cell death. They are ini-
tially produced as inactive zymogens, which are typically activated
in a hierarchical sequence in which initiator caspases, such as cas-
pase-8, are activated following, for example, engagement of a death
receptor signal. Processed initiator caspases subsequently activate,
through cleavage, downstream or effector caspases, such as cas-
pase-3, which then disassemble the cell through the orchestrated
proteolysis of essential cellular proteins. XIAP has been shown to
directly bind and inhibit caspase-3, caspase-7, and caspase-9, which
are important mediators of the apoptotic program (20, 23). c-IAP1
and c-IAP2 can also block caspase activity; however, they inhibit
caspases 100- to 1,000-fold less efficiently than XIAP (24).

IAPs in cancer

Many studies have revealed a circumstantial association of IAPs
and neoplasia (25). For example, XIAP levels are elevated in many
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The IAP family members. (A) All IAP members contain 1 or more imperfect baculovirus iap repeats (BIRs), the defining motif of the IAP family. Many
of the IAP proteins also posses an E3 ubiquitin ligase RING domain at the carboxy terminus. (B) XIAP can bind and enzymatically inhibit caspase-3,
caspase-7, and caspase-9. XIAP binds caspase-3 and caspase-7 at a sequence directly upstream of BIR2, while it binds caspase-9 in a region of

BIR3. CARD, caspase recruitment domain.

cancer cell lines, and several reports have shown that suppression of
XIAP protein levels can sensitize cancer cells to chemotherapeutic
drugs (26-29). IAP proteins appear to regulate the transcriptional
activator NF-kB family, which itself has been associated with malig-
nancy (30-32). NF-kB activation in turn upregulates expression of
c-IAP2, providing a positive feedback loop for cell survival that may
be important in the development of some cancers (32). Also, the
presence of increased levels of c-IAP2 protein is correlated with car-
cinogenesis and chemotherapeutic resistance in malignant pleural
mesothelioma, a tumor that attacks the pleura of the lung (33).
Survivin expression is normally limited to cells of the developing
fetus and is not expressed in differentiated adult tissue (11). How-
ever, aberrant expression of survivin has been detected in a number
of different cancers and lymphomas (11), and expression of a domi-
nant-negative form of survivin induced apoptosis in cancer but not
normal cell lines (27). Furthermore, ML-IAP was identified as an
IAP that is highly expressed in the majority of melanoma cell lines
tested, but undetectable in primary melanocytes (34).

Although heightened expression of IAPs has been reported in and
may contribute to the progression of many cancers, it is important
to caution that many of these results are correlative in nature. For
example, to our knowledge, no solid evidence has been reported
to show that XIAP is itself an oncogene, or specifically that muta-
tions, translocations, or amplifications at the XIAP locus have ever
been found in natural tumors. This is true for all of the IAP/BIRP
family, with the single exception of c-IAP2, which has been found
to be translocated in mucosal-associated lymphoid tissue (MALT)
lymphoma, where a RING-deleted form of c-IAP2 is fused to the
MALT1 protein (35, 36). Furthermore, while elevated expression
of IAPs has been reported in many cancers, it has also been shown
2674
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that IAP levels are not always correlated with disease progression
or prognosis (37-39). However, this does not invalidate the target-
ing of, for example, XIAP, for therapeutic intervention, but it does
emphasize that the relevance of XIAP as an anticancer target should
be scrutinized more rigorously than that of a typical oncogene. It
is quite possible that future studies will identify alterations in IAPs
as a major causative genetic lesion in specific malignancies, and
indeed a recent study reported the presence of the closely linked
c-IAP1 and c-IAP2 genes in an amplicon associated with esophageal
squamous cell carcinoma (40). Nevertheless, the current model of
targeting IAPs, particularly XIAP, relies exclusively on expression
differences between malignant and normal cells and presumes
that tumor cells have selected for enhanced expression levels in the
absence of apparent genetic alterations at the XIAP locus.

Two pathways of caspase activation

regulated by the IAP proteins

Two major apoptotic signaling cascades have been described and
are generally referred to as the extrinsic (or receptor-mediated) and
intrinsic (or mitochondrial) pathways (41) (Figure 2). The extrin-
sic pathway transduces an intracellular signal into an apoptotic
response and is exemplified by proapoptotic members of the TNF
receptor superfamily, such as the TNF-related apoptosis-inducing
ligand (TRAIL) receptor and the Fas receptor. Ligand-mediated
activation of these receptors results in the binding of adaptor mol-
ecules that subsequently recruit and promote the activation of pro-
caspase-8 (42-44). In this scheme, activated caspase-8 is thought
to function as an initiator caspase, leading to the subsequent
cleavage and activation of effector caspases, such as caspase-3,
and thus leading to cell death (Figure 2).
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The intrinsic pathway is activated by a range of apoptotic stim-
uli, including DNA damage, treatment of cells with chemothera-
peutic agents, and growth factor withdrawal. The mitochondria
serve as the control point for this pathway (45). A pivotal step in
this process is the release of cytochrome ¢ from the mitochon-
dria into the cytosol (46). The Bcl-2 family of proteins very care-
fully regulates this release.

Once released into the cytosol, cytochrome ¢ binds directly to
a key cellular component of the apoptotic cascade, apoptotic
protease-activating factor-1 (Apaf-1), which subsequently oligo-
merizes to form a high-molecular weight structure designated
the apoptosome (47). This complex is able to recruit and activate
caspase-9, which is the key initiator caspase in the intrinsic path-
way. Apoptosome-activated caspase-9 is subsequently able to act
on downstream effector caspases, such as caspase-3 and caspase-7,
to generate the apoptotic signal (Figure 2).

Signaling crosstalk exists between the intrinsic and extrinsic cell
death pathways. For example, the proapoptotic Bcl-2-related pro-
tein Bid can be cleaved by caspase-8 to produce an active form,
known as tBid, which can subsequently translocate to mitochon-
dria and lead to the induction of the intrinsic pathway (48, 49).
Thus, in certain situations, the intrinsic pathway is required for
the full induction of receptor-mediated apoptosis and is thought
to exert these effects through an amplification loop.

Numerous studies of XIAP have revealed its ability to directly
bind to caspase-3, caspase-7, and caspase-9 (50). Consequently,
in the scheme of apoptosis shown in Figure 2, XIAP can function
directly at the most downstream effector caspase (caspase-3 or
caspase-7) in the extrinsic pathway and can block cell death at 2
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Figure 2

XIAP in apoptosis regulation. Following an apoptotic stimulus, enzymes
known as caspases are activated and initiate a cascade leading to the
destruction of the cell. The caspases are activated via 2 main avenues,
by the stimulation of death receptors (the extrinsic pathway) and by
the release of apoptogenic factors from the mitochondria (the intrinsic
pathway). XIAP regulates both the extrinsic and the intrinsic apoptotic
pathways through direct inhibition of caspase-3 and caspase-9.

distinct points (caspase-9 and caspase-3) in the intrinsic pathway.
Indeed, biochemical studies have shown that XIAP can be found in
the apoptosome (51), presumably in complex with caspase-9, and
a number of elegant structural studies have revealed the presence
of 2 distinct domains of XIAP that interact with caspase-3 and cas-
pase-7, and with caspase-9 (52). The caspase-3/caspase-7-binding
domain is located directly aminoterminal to the second BIR within
XIAP, while the caspase-9-binding domain is contained within the
third (most carboxyterminal) BIR (Figure 1B).

IAP antagonists
After the realization that XIAP can directly bind caspases, the cru-
cial discovery that enforced the concept that XIAP is an attractive
therapeutic target came from studies that identified endogenous
regulators of its activity. The first, and best, characterized of these is
second mitochondria-derived activator of caspase/direct IAP-bind-
ing protein with low pI (Smac/DIABLO), a nuclear-encoded protein
that in healthy cells is localized to the mitochondria in a mature
form lacking the aminoterminal 55 residues, which are removed
during mitochondrial translocation (53, 54). Smac/DIABLO
is a functional homolog of 3 proapoptotic factors in Drosopbhila,
namely reaper (rpr), bead involution defective (hid), and grim (55, 56).
The main functional motif of these IAP antagonists is at the
extreme amino terminus of Rpr, Hid, and Grim, and the mature
form of Smac/DIABLO. Thus, this sequence has been termed the
Rpr/Hid/Grim (RHG) motif, or IAP-binding motif (IBM) as a
more general term (57). With kinetics that appear to be identical to
those of cytochrome ¢, Smac/DIABLO is released from the mito-
chondria into the cytosol, where it can bind XIAP. Importantly,
Smac/DIABLO has been shown to bind precisely into the same 2
grooves within XIAP that can be occupied by caspase-3 and -7 or
caspase-9 (Figure 3), and this leads to an attractive model in which
Smac/DIABLO can act as a proapoptotic molecule that functions
through the displacement of XIAP from caspases (23).
Subsequent studies in mammalian cells have revealed the
existence of additional molecules that target IAPs in a manner
akin to that of Smac/DIABLO. Specifically, 2 factors have been
described, designated Omi/HtrA2 (58-62) and GSPT1/eRF3 (63),
that share with Smac/DIABLO the properties of mitochondrial
localization and cytoplasmic release, as well as the presence of an
IBM at the amino terminus of the mature protein. Beyond the
tetrapeptide sequence, however, there is virtually no similarity
between these proteins, and at least in the case of Omi/HtrA2,
which appears to function as a chaperone and a regulator of oxi-
dative stress (64), the primary physiological role appears to be
very distinct from caspase/XIAP regulation.

Mimetics of IAP antagonists in cancer treatment

The development of small molecules that mimic Smac/DIABLO
and therefore interfere with caspase-9 binding to XIAP is prov-
ing to be a promising avenue for the treatment of cancer (25, 65).
Number 10 2675
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Smac/DIABLO displaces caspase-9 from BIR3 of XIAP. (A) Crystal
structure of processed caspase-9 bound to BIR3 of XIAP. The purple
peptide represents the first 4 amino acids that contact XIAP, with the
amino terminus near the orange residue of XIAP. Coordinates were
obtained from Brookhaven Protein Databank file TNW9 (82). (B) NMR
structure of the Smac/DIABLO IBM (purple peptide with the amino ter-
minus near the orange residue of XIAP) bound to the same groove on
BIR3 of XIAP that binds caspase-9, thus abrogating the ability of XIAP to
block caspase-9 activity. Coordinates were obtained from Brookhaven
Protein Databank file 1G3F (83). The 4 residues displayed in van der
Waals radii spacefill on XIAP BIR3 are Gly306 (red), Leu307 (green),
Trp310 (yellow), and Glu314 (orange). These 4 residues are critical in
forming the Smac/DIABLO-binding groove on XIAP BIR3 (84). Images
were created using Protein Explorer (85, 86).

Furthermore, since the extrinsic and intrinsic pathways are both
regulated by XIAP at the step of caspase-3 activation, small mol-
ecules that interfere with this interaction are also being tested.
Smac/DIABLO IBM peptides, when used in conjunction with
TRAIL, proved to promote apoptosis in cancer cells through cas-
pase-9 and resulted in complete tumor regression in a murine
intracranial malignant glioma xenograft model (27, 66, 67).
However, the use of peptides in therapy is not feasible, because
of the proteolytic instability and low cellular permeability of the
peptide. Thus, variations on the first 4 residues of Smac/DIABLO
have been synthesized to make it a more stable moiety (68-70).
These alterations have provided reagents with higher affinity for
XIAP than Smac/DIABLO, and lower concentrations of the com-
pounds were required for activity. One of these molecules bound
to and antagonized c-IAP1 and c-IAP2, in addition to XIAP, and
sensitized HeLa cells to TNF-induced apoptosis (71). This find-
ing suggests that c-IAP1 and c-IAP2 are downstream of NF-xB
activity and function to inhibit caspase-8 activation, allowing
prosurvival signals to proceed. Thus Smac/DIABLO mimetics
could also provide therapy for inflammation disorders that arise
from increased TNF stimulation.

Continual efforts to increase the efficacy of Smac/DIABLO
peptide agonists have led other groups to devise small-molecule
nonpeptidic compounds that target BIR2 of XIAP, liberating
caspase-3 (72, 73). There may be an advantage to pharmaco-
logical agents that antagonize XIAP to release caspase-3, since
this caspase is at the convergence of both the extrinsic and the
intrinsic pathway. The use of these compounds resulted in apop-
tosis in cancer cells without the requirement for concomitant
chemotherapeutic treatment. Furthermore, targeting the release
of caspase-3 would eliminate the requirement for mitochondria-
mediated activation, which is blocked in many cancers by the
deregulation of the Bcl-2 pathway (72).

2676
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IAP antisense technology in cancer treatment

Another approach to blocking IAP activity in order to promote
caspase activation in cancer cells is to downregulate protein lev-
els by delivering IAP antisense into the cell. Downregulation of
XIAP protein levels by adenovirus-mediated introduction of anti-
sense induced apoptosis in chemoresistant ovarian cancer cells
(26). Furthermore, a similar antisense approach against c-IAP2
showed c-IAP2 to be a major contributor of chemotherapeutic
resistance in pleural mesothelioma (33).

More recently, antisense oligonucleotides (ASOs) have been
used in studies to reduce IAP protein levels. ASO technology uses
approximately 20-bp oligonucleotide sequences targeted to the
mRNA of the protein of interest; this interferes with expression
of the transcript. Reduction of XIAP protein levels in bladder
cancer using XIAP ASOs was reported to induce apoptosis and
contribute to doxorubicin cytotoxicity (28). Combining ASOs tar-
geted against XIAP and survivin with radiotherapy delayed tumor
growth in a mouse lung cancer model and decreased the survival
of H460 lung cancer cells (74).

In contrast, a recent study in which ASO technology was used
to suppress XIAP levels in cells over time determined that not
all chemotherapeutic drugs are effective in combination with
decreased XIAP protein levels; this knowledge will prove benefi-
cial in the development of treatment schemes for patients in clin-
ical trials (29). A survivin ASO (ISIS 23722; Isis Pharmaceuticals
Inc.) is in preclinical development, and ASOs that target XIAP are
in phase I clinical trials (29).

Other functions of IAPs

It is widely assumed that the primary physiological role of XIAP is
as an apoptotic suppressor, and XIAP is often referred to as the only
known endogenous caspase inhibitor in mammals. The biochemical
evidence for this is compelling, and the caspase-suppressing effects
are so striking (with inhibitory constants in the nanomolar range)
that the argument has been made that the XIAP-caspase interaction
cannot be accidental. It is, however, worth bearing in mind that the
biological evidence for XIAP being an essential endogenous inhibi-
tor lags behind the in vitro data. For example, Xiap-deficient mice
exhibit no overt apoptotic abnormalities that might be expected
(75), although a sensitivity of sympathetic neurons following cyto-
chrome ¢ injection has been reported (76). This is not to say that
Xiap-null mice are indistinguishable from control animals: recent
reports have revealed alterations in intracellular copper levels (77),
and in mammary gland development (78), but these phenotypic
differences are unlikely to be caused by alterations in apoptotic
sensitivity. The prevailing view is that Xiap-deficient mice survive
through a degenerate mechanism, such as compensatory expres-
sion of other Iap family members, particularly of c-IAP1, which has
been reported in embryonic fibroblasts derived from these animals
(75). However, the caspase-inhibitory properties of the c-IAP pro-
teins are much weaker than those of XIAP; this indicates nonre-
dundant roles for these proteins. Other studies from several labo-
ratories have implicated XIAP in a number of cellular functions
unrelated to caspases, such as the activation of signal transduction
cascades including JNK, NF-kB, TGF-f3, and Akt (30, 31, 79, 80). To
date, however, these studies have all relied on ectopic expression of
XIAP, and to our knowledge no studies have been described to sug-
gest alterations in these signaling pathways in Xiap-null animals.
Thus, the evidence supporting a physiological role for XIAP as a
signal transduction intermediate is no stronger than that suggest-
Volume 115
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ing a function in apoptotic regulation. Recently, our laboratory has
linked XIAP to copper homeostasis (77), through an interaction
with MURRI, a mammalian factor whose gene was identified by
positional cloning in an inbred canine strain affected by a non-Wil-
sonian inherited copper toxicosis disorder (81). MURRI was found
to be a target of ubiquitination by the RING-mediated E3 ubiqui-
tin ligase activity of XIAP, and, consistent with a model in which
XIAP can function to regulate MURRI and copper, tissues from
Xiap-null mice were found to contain at the same time higher levels
of Murrl and lower levels of intracellular copper, compared with
control animals (77). Thus, clearly much work remains to elucidate
the true physiological functions of XIAP. The concept that XIAP
participates in oncogenesis and is an anticancer target remains
valid if XIAP’s participation is due not to caspase inhibition, but to
an alternative regulatory function in, for example, intracellular sig-
naling or copper metabolism. The possibility that XIAP is exerting
noncaspase-regulatory properties may, however, affect the experi-
mental approaches that need be taken to develop therapeutically
effective antagonists of XIAP function.

Conclusions

The multifunctional IAP proteins are involved in apoptosis regu-
lation, cell signaling, and cell division. Substantial progress has
been made in identifying the IAP proteins as factors in cancer
development, progression, and desensitization to a wide array of
chemotherapeutic drugs. This knowledge should lead to pharma-
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cological agents that antagonize or downregulate IAP proteins
for the treatment of cancer in patients. However, because of the
multifunctional nature of the IAP proteins, the consequences of
affecting other nonapoptotic processes in the cell need to be con-
sidered in the design of preclinical agents for use in clinical trials.
Nevertheless, the use of either Smac/DIABLO mimetics or IAP
ASOs has resulted in tumor regression in mouse cancer models.
Furthermore, ASO technology targeted against other apoptotic
regulatory proteins besides IAP proteins has already proven to be
a viable avenue of cancer treatment, making the promise of anti-
cancer therapy by targeting of IAP proteins a reality.
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