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Summary

Originally described in insect viruses, cellular proteins with Baculoviral IAP Repeat (BIR) motifs
have been thought to function primarily as inhibitors of apoptosis. The subsequent finding that a
subset of IAPs that contain a RING domain have ubiquitin protein ligase (E3) activity implied the
presence of other functions. It is now known that IAPs are involved in mitotic chromosome
segregation, cellular morphogenesis, copper homeostasis, and intracellular signaling. Here we review
the current understanding of the roles of IAPs in apoptotic and non-apoptotic processes, and explore
the notion that the latter represent the primary physiologic activities of IAPs.

Introduction

Since the discovery 15 years ago by Miller and colleagues of iap, a baculovirus gene that
inhibits apoptosis in virally-infected Spodoptera frugiperda insect cells (Crook et al., 1993),
cellular homologs have been identified in yeast, nematodes, flies, and higher vertebrates.
Members of this family of Inhibitors of Apoptosis (IAP) are characterized by the presence of
a variable number of Baculoviral IAP Repeat (BIR) motifs, a sequence of approximately 70
amino acids that coordinates a zinc ion via histidine and cystine residues. Apoptosis is a
genetically programmed process of controlled cell suicide that has critical roles in organismal
development and homeostasis. Dysregulation of apoptosis contributes to the pathogenesis of
a host of diseases including cancers, autoimmunity, and neurological disorders. The
observation that some IAPs are highly expressed in several neoplasms, and the identification
of a genetic translocation involving the gene encoding c-1AP2 in a subset of B cell lymphomas,
also led to the idea that IAPs might contribute to the resistance to cell death that marks many
cancers. The pursuit of this idea led to the discovery that the BIR domains bind directly and
inhibit the proteolytic activity of caspases, central components of the apoptotic machinery
(Eckelman et al., 2006). A significant body of biochemical, structural, and in vivo data now
show that IAPs regulate caspases through distinct mechanisms, and that different family
members serve different functions (Shi, 2004). Interestingly, even in plants, which possess
programmed cell death mechanisms and inducible caspase-like activity, | AP-like proteins
(ILPs) with BIR-like domains (BLDs) have been found (Higashi et al., 2005).

In addition to having distinct functional domains, posttranslational modifications and changes
in the level of expression can be crucial factors in determining 1AP function. For example,
phosphorylation of some 1APs affects intracellular localization, protein-protein interactions,
and IAP stability (Samuel et al., 2005; Kuranaga et al., 2006; Oshima et al., 2006). Likewise,
cross-talk between IAP molecules can affect IAP levels (Dohi et al., 2004; Conze et al.,
2005; Arora et al., 2007; Silke et al., 2005). Interestingly, molecules containing a particular
IAP-binding motif (IBM) antagonize IAP function either by directly binding BIR domains and
displacing bound caspases or by promoting IAP degradation (Yang and Du, 2004; Vaux and
Silke, 2005). Because of its obvious clinical implications, early studies dealt mainly with the
characterization of the anti-apoptotic functions of IAPs. However, like many other complex
molecular families, IAPs defy a simple assignment to a particular functional category. There
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is now compelling evidence that |APs have important roles in cell division, morphogenesis,
heavy metal homeostasis, NF-«B activation, and MAP kinase signaling. In this review we will
focus on Drosophila and mammalian 1APs, particularly but not exclusively the RING-
containing subset, and explore the current appreciation of their roles not only in cell death but
also these other functions, which may in fact prove to be more important in normal
physiological processes. We will begin by describing the characteristic structural features of
different BIRs and their interacting partners, and will then discuss the functional significance
of these interactions in signaling.

and functional features

The BIR domain is the defining structural characteristic of IAP molecules. BIRs can be present
in a single copy or an array of two to three repeats in the N-terminal portion of IAPs, which
often include additional functional regions such as a RING or CARD (caspase-associated
recruitment domain) domain near the C-terminus (Fig. 1). XIAP (X-linked IAP), c-IAP1, and
c-1AP2, which are the most extensively characterized of the mammalian IAPs, each contain
three BIRs and a RING domain. BIRs are regions of approximately 70 amino acids that contain
the signature sequence CX,CX16HXgC (C = cysteine, H = histidine, X = any amino acid), and
fold as three-stranded beta sheets surrounded by four alpha helices (Hinds et al., 1999;Sun et
al., 1999;Sun et al., 2000;Verdecia et al., 2000). The BIR helices and beta strands pack tightly
to form a hydrophobic core, at the center of which lies an atom of zinc coordinated by the three
cysteines and the histidine.

BIRs function principally by mediating protein-protein interactions. The presence of multiple
copies ina molecule can increase the affinity for a given protein as well as the range of proteins
with which the AP can interact. Interestingly, the binding properties of sequentially-
corresponding BIRs in multi-BIR-containing molecules is conserved, with BIR2 and -3
involved in the binding of caspases and apoptosis-regulatory molecules, and BIR1 interacting
with a diverse array of signaling intermediates. For example, XIAP BIR2 and -3 share nearly
40% identity with each other and each have two distinct sites that are responsible for protein-
protein interactions. One of these sites, common to both BIRs and conserved in BIRs from
other 1APs, is an acidic surface grove that functions as an anchoring motif for caspases. This
motif in BIR2, along with a short N-terminal flanking region of 18 amino acids that harbors
the second interacting site, binds strongly to caspase-3 and -7 but not caspase-9 (Eckelman et
al., 2006). By contrast, the common anchoring motif in BIR3, with the help of a helical region
towards the C-terminus, selectively targets caspase-9 but not caspase-3 or -7 (Shiozaki and
Shi, 2004). As a result, GST-BIR2 binds caspase-3 nearly 200 times more strongly than does
GST-BIR3 (Takahashi et al., 1998). The BIR2 and -3 regions of c-1AP1 and c-1AP2 exhibit
the same specificity with regard to caspase binding (Eckelman et al., 2006).

Another example of BIR-interacting molecules includes the mitochondrial proteins SMAC
(also known as DIABLO) and Omi (also known as HtrA2), which both possess an IBM motif.
Both SMAC and Omi are synthesized as full-length precursors with N-terminal mitochondrial
signal sequences. The N-terminal tetrapeptide (AVPI in human SMAC and AVPS in human
Omi) is exposed upon mitochondrial import owing to cleavage of the mitochondrial targeting
sequence. When a cell undergoes apoptosis these mature molecules are released from the
intermembrane space into the cytosol, where they bind IAP BIR2 and -3 via the IBM.
Biochemical and structural evidence has provided a molecular explanation for XIAP BIR3/
IBM binding (Shiozaki and Shi, 2004; Srinivasula et al., 2000). The first N-terminal residue,
alanine, is inserted into a hydrophobic pocket on the BIR3 surface and forms hydrogen bonds
with neighboring residues. Modeling has suggested that only a free alanine can form a stable
interaction. Consistent with this finding, replacement of the alanine with methionine or glycine
in the SMAC IBM abrogates its interactions with BIRs. Moreover, the same acidic surface
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groove on BIRs interacts with IBM molecules and caspases in a mutually exclusive manner.
For example, recombinant mature SMAC, or short peptides containing the SMAC IBM, block
caspase-9 binding to BIR3 (Srinivasula et al., 2001). Importantly, the presence of BIR2 and
BIR3 in tandem in XIAP enhances its binding to SMAC many-fold. SMAC, which exists as a
dimer in solution, makes a stable complex with XIAP in a 2:1 ratio by interacting
simultaneously with both BIR2 and -3 in a single IAP molecule. As a result, surface plasma
resonance measurements showed that recombinant SMAC interacts nearly 1000 times more
strongly with XIAP containing both BIRs than with isolated BIR2 or BIR3 (Huang et al.,
2003). This mode of interaction between BIRs, caspases, and IBM molecules is conserved
amongst species, including the fly. Unlike mammalian XIAP, which contains three BIRs,
Drosophila IAP1 (DIAP1) contains only two BIRs, its BIR2 being structurally similar to XIAP
BIR3 and having a precisely matching array of interacting residues. Correspondingly, DIAP1
BIR2 functions like XIAP BIR3 and binds strongly to the IBM-containing Drosophila
molecules Reaper, Grim, Hid, Sickle, and the caspase Dronc. Interestingly, another
mitochondrial protein that is released during apoptosis, AIF (apoptosis-inducing factor),
interacts with the XIAP BIR2 despite lacking the IBM binding motif (Wilkinson et al.,
2008).

BIRs mediate interactions with molecules not directly involved in signaling for, or executing,
the apoptotic program. Unlike BIR2 and -3, the BIR1 domain of XIAP, c-IAP1, and c-1AP2,
does not bind caspases or IBM proteins. Rather, it functions in several signaling pathways via
oligomerization of binding partners. Overexpressed XIAP BIR1 interacts with TAB1 (TGF-
f activating kinase 1 (TAK1) associating subunit 1), an event that has been suggested to be of
importance for XIAP-induced MAPK kinase kinase TAK1 activation and TGF-p signaling
(Lu et al., 2007). Structural analysis of BIR1 alone or in a complex with TAB1 shows that
BIR1 exists as a dimer, indicating that BIR1 probably functions via proximity-induced
activation of signaling molecules in the oligomerized complex. Consistent with this idea, point
mutations that disrupt either BIR1-BIR1 dimerization or BIR1-TAB1 interactions reduce
XIAP-induced signaling (Lu et al., 2007). This mechanism applies to other IAP BIR1 motifs
as well, as both c-IAP1 and -2 interact with TRAF-1 and -2 via their BIR1 regions (Samuel et
al., 2006; Varfolomeev et al., 2006). Additionally, BIRs mediate binding between members of
the 1AP family itself. For example, the XIAP BIR1 and BIR3 domains interact with the single
BIR of survivin, and upon being signaled for apoptosis these molecules form higher order
complexes (Dohi et al., 2004). In addition to its involvement in homodimerization, the survivin
BIR binds Aurora B, a serine/threonine kinase that regulates processes during cell division.
Point mutations in the acidic patch of the BIR abrogate the survivin-Aurora B interaction. The
survivin BIR, along with a short C-terminal proximal region, also binds Borealin, and the three
proteins form the chromosomal passenger complex (CPC) (Jeyaprakash et al., 2007).

Although most of our structural knowledge of BIR-protein interactions has been obtained using
isolated domains, a few biochemical approaches have unraveled the complex nature of these
interactions with full-length IAP molecules. One example is mammalian NAIP (neuronal
apoptosis-inhibitory protein), which in addition to three BIRs contains a unique central
nucleotide binding oligomerization domain (NOD) and a C-terminal leucine-rich repeat (LRR)
domain (Fig. 1). The NOD and LRR domains regulate the NAIP BIR interaction with caspase-9
in a manner not seen in any other members of the family (Davoodi et al., 2004). The full length
NAIP binds caspase-9 only in the presence of ATP or in the absence the LRR domain, indicating
that access to BIRs is spatially blocked by the C-terminal domains and that ATP-mediated
conformational changes are required for caspase-9 binding. In another example, SMAC
binding to XIAP BIR2 and -3 gives rise to changes that affect BIR1 interactions, in particular
preventing full-length XIAP BIR1/TABL interactions (Lu et al., 2007). Unlike full-length
SMAC, dimeric SMAC peptides (dAVPI) fail to disrupt XIAP/TABL interactions, suggesting
that the inhibitory effect is likely a result of steric exclusion rather than direct competition (Lu
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et al., 2007). Therefore, despite their overall similarity, individual BIRs recognize distinct
intermediates involved in diverse apoptotic and signaling pathways.

Caspases are a family of cysteine-dependent aspartate-specific proteases that are synthesized
as inactive precursors (procaspases). Generally, procaspases are activated by proteolytic
processing that yields two unequal subunits that form a hetero-tetramer containing two copies
of each (Eckelman et al., 2006). Caspase activity is either essential for (e.g., Type I, or death
receptor-induced) or at least a major component of (Type Il, or mitochondrial) apoptotic
pathways. Initial biochemical studies using GST-IAP fusion proteins and overexpression
analyses demonstrated that human survivin, XIAP, c-1AP1, and c-1AP2 bind and effectively
inhibit caspase-3, -7, and -9. However, subsequent and more quantitative studies have made it
clear that, with the exception of XIAP, no IAP in this group contains all the elements required
for potent caspase inhibition. The elucidation of the precise structural elements of BIRs that
are involved in caspase inhibition has revealed that XIAP inhibits caspase-3/7 and caspase-9
by unrelated mechanisms. XIAP BIR2 and a short preceding peptide strand bind the substrate
binding cleft of caspase-3/7, with the peptide strand in reverse orientation to that of substrate
(“back to front”) (Eckelman et al., 2006). By contrast, BIR3 inhibits caspase-9 by a novel
allosteric mechanism in which its distal helix forces caspase-9 into an inactive monomeric
conformation by interposition between the caspase dimerization interfaces (Shiozaki and Shi,
2004). This provides an example of diversity within BIRs, with two closely related BIRs
acquiring the ability to inhibit different caspases by fundamentally distinct mechanisms. This
finding also illustrates that caspase binding is by itself insufficient to inhibit enzymatic activity,
as both c-1AP1 and c-1AP2 bind caspases efficiently but are weak caspase inhibitors because
they lack the structural features present in the XIAP BIRs (Eckelman and Salvesen, 2006).

In addition to the family-defining BIRs, some IAPs contain another more widely distributed
region called a RING domain (an acronym for Really Interesting New Gene). RING domains
are characterized by the presence of six to seven cysteines and one or two histidines that form
a cross-brace architecture and coordinate two zinc ions (Weissman, 2001). RING domains
often function as modules that confer ubiquitin protein ligase (E3) activity, and in conjunction
with a ubiquitin activating enzyme (E1) and a ubiquitin conjugating enzyme (E2) catalyze the
transfer of ubiquitin to target proteins (Lorick et al., 1999). Ubiquitin moieties themselves are
subject to ubiquitination, and in an iterative process involving the conjugation of the C-terminal
glycine of one ubiquitin to a lysine in another, extended ubiquitin chains can form, and proteins
bearing chains with ubiquitins connected via lysine 48 linkages are usually recognized by
proteasomes and degraded (Weissman, 2001). All known RING-containing 1APs have E3
activity, and the range of substrates includes molecules involved in apoptosis and signaling,
and even themselves in a homo- or heterotypic fashion. These substrates will be discussed in
context in the following sections.

Apoptosis is a process in which a cascade of proteolytic events involving caspases results in
the elimination of damaged or unwanted cells. It was anti-apoptotic activity that gave |APs
their name, and it is therefore not surprising that it is this aspect of AP biology that has received
the most attention. Even before the identification of caspases as positive regulators of apoptosis,
a baculovirus Autographa californica protein called p35 was known to prevent cell death, its
deletion resulting in apoptosis of insect cells during viral infection (Clem et al., 1991). Efforts
to identify other such molecules using genetic complementation resulted in the initial
identification of two viral IAPs: Cp-1AP (from Cydia pomonella granulosis virus) and Op-1AP
(from Orgyia pseudotsugata nuclear polyhydrosis virus) (Birnbaum et al., 1994; Crook et al.,
1993). Overexpression studies found that IAPs from virus to human can inhibit apoptosis
induced by a variety of stimuli, leading to the belief that the primary role of IAPs is to prolong
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cell survival. There is in fact strong genetic evidence from gene deletion or mutation analyses
that for at least some 1APs this hypothesis is correct. For example, flies harboring DIAP1
mutations that disrupt caspase binding exhibited increased cell death and embryonic lethality
(Martin, 2002). BRUCE (also known as Apollon) is a very large (530 kDa) IAP molecule with
an N-terminal BIR and a C-terminal UBC (ubiquitin conjugating enzyme) domain. Gain-of-
function mutations in DBRUCE potently inhibited apoptosis induced by Reaper and GRIM
(Vernooy etal., 2002), and targeted disruption of BRUCE in mice caused embryonic or neonatal
lethality, with BRUCE-deficient embryonic fibroblasts (MEFs) exhibiting greater sensitivity
to cell death by the combination of TNF and a cell-permeable N-terminal peptide derived from
SMAC (Hao et al., 2004). Contrary to expectations, the BRUCE BIR domain alone was not
sufficient for anti-apoptotic function, and in both fly and mouse deletion of the C-terminal half
containing the UBC domain resulted in mortality owing to excessive apoptosis (VVernooy et
al., 2002; Ren et al., 2005).

Unlike BRUCE, none of the common RING-containing IAPs (XIAP, c-1AP1, and c-1AP2) is
required in mice for survival or normal development (Harlin et al., 2001; Conze et al., 2005;
Conte et al., 2006) (Table I). In fact, given the large amount of evidence from overexpression
studies in cells and transgenic mice (Conte et al., 2001), the lack of obvious abnormal apoptotic
phenotypes was remarkable. In the initial report using immortalized XIAP-deficient MEFs it
was suggested that this resulted from compensatory upregulation of c-1AP1 and c-1AP2 (Harlin
etal., 2001) but studies using primary cells subsequently showed that c-IAP1 and c-1AP2 levels
are normal in XIAP-deficient animals (Conze et al., 2005). Despite the absence of major
abnormalities, a few stimulus-specific and tissue-dependent defects in apoptosis have been
identified in IAP knockout mice. For example, sympathetic neurons and postmitotic
cardiomyocytes from XIAP-null mice were reported to be more sensitive to cell death induced
by cytochrome ¢ microinjection (Potts et al., 2005; Potts et al., 2003). In addition, macrophages
derived from c-IAP2-deficient mice were hypersensitive to Fas-induced apoptosis after LPS
treatment (Conte et al., 2006). The resistance of wild-type cells in this case might be due to the
transcriptional regulation of c-IAP2, which unlike XIAP and c-1AP1, is upregulated 30-fold
in LPS-stimulated macrophages. This idea is consistent with other observations showing that
constitutive IAP levels are insufficient to antagonize apoptotic signals, but that IAPs can have
this activity when expression is upregulated.

Another factor to consider when interpreting the lack of an obvious phenotype in the knockout
mice is the post-translational regulation of IAP expression in normal cells. XIAP, c-1AP1, and
c-1AP2 catalyze their own ubiquitination in RING-dependent manner in cells subjected to a
pro-apoptotic stimulus (Yang et al., 2000; Li et al., 2002). This autoubiquitination and
degradation is an important regulatory step, because RING-mutant XIAP that lacks E3 activity
is relatively stable and confer resistance to apoptotic stimuli (Yang et al., 2000). The reason
that apoptotic stimuli cause IAP autoubiquitination in mammalian cells is likely due to the
release of AP antagonists containing the IBM motif. Direct evidence for this idea comes from
studies in Drosophila, in which the IBM protein HID causes DIAP1 degradation in embryos
and wing compartments with a corresponding increase in caspase activity and apoptosis
(Martin, 2002). Similarly, expression of Reaper or GRIM in the eye promotes DIAP1
degradation and organ ablation. Addition of Reaper to Xenopus laevis egg extracts, or
expression of Reaper in mammalian cells, along with DIAP1, XIAP, or c-1AP1, destabilized
the 1AP-level in a RING-dependent manner, suggesting that this mechanism for IAP E3
activation is conserved across species (Holley et al., 2002; Yoo et al., 2002). Consistent with
this idea, mammalian SMAC promotes c-1AP1 and c-1AP2 polyubiquitination and degradation
(Vaux and Silke, 2005; Yang and Du, 2004). Although SMAC binding triggers XIAP E3
activity, its effect on XIAP levels in cells remains controversial, with some groups finding
degradation and others not (Vaux and Silke, 2005). One possible function of IAP
autodegradation in healthy cells is to target accidentally-released IBM proteins from the
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mitochondria for co-degradation to prevent toxic consequences. In cells committed to
apoptosis, however, substantial loss of IAPs as a result of a large release of IBM proteins would
ensure minimal resistance to cell death. Therefore, because RING IAPs are downregulated in
some normal cells that receive an apoptotic stimulus, it is not surprising that deficiencies in
these proteins do not have a marked apoptotic phenotype.

Given the lack of an overt phenotype in XIAP-deficient mice, the severe consequences of
XIAP mutations in humans came as a surprise. Studies of patients with X-linked
lymphoproliferative syndrome (XLP) manifested by splenomegaly, lymphomas,
hypogammaglobulinaemia, and lymphohystiocytosis identified male individuals from three
families with mutations in XIAP (Nichols et al., 2005). Lymphocytes from these XLP patients
had no detectable XIAP protein expression and showed enhanced apoptosis in response to
stimulation with TRAIL (TNF-related apoptosis-inducing ligand), anti-Fas (CD95), and anti-
CD3 (Rigaud et al., 2006). Introduction of XIAP into XIAP-deficient T cells by lentiviral
infection rendered them resistant to activation-induced apoptosis. In addition, these patients
had low numbers of natural killer T cells (NKT cells), perhaps suggesting that XIAP is required
for survival of this lymphocyte subset, despite the fact that NKT cell numbers were normal in
XIAP-deficient mice. The reasons for differences in the phenotype exhibited by XIAP-
deficiency in human and mouse are unknown. Although unlikely, it is possible that XIAP has
acquired functions in humans that it does not have in mice. It is also possible that in mice, but
not in humans, other IAPs perform XIAP-overlapping activities.

Suppression of apoptotic programs is often a key factor in tumor formation because it allows
cells to survive and grow in microenvironments deficient in oxygen and necessary growth
factors, conditions that are hostile to normal cells. Cancer therapy strategies based on the
activation of apoptotic pathways therefore are an attractive means of intervention. In fact, many
anti-cancer therapies that have long been in clinical use, such as ionizing radiation and
chemotherapy, kill cells primarily by activating intrinsic death programs (Brown and Wilson,
2003). These therapies often, however, offer modest discrimination between normal and
neoplastic tissue. Another approach that is currently under clinical investigation is the use of
TNF ligand family members, such as TRAIL, to induce apoptosis by triggering extrinsic death-
receptor pathways (Duiker et al., 2006). A major impediment to such treatments is that tumor
cells often express high levels of anti-apoptotic proteins, including IAP family members.

The observation that survivin is elevated in cancers (e.g. breast, colorectal, esophageal and
gastric carcinoma, lymphoma, and neuroblastoma) out of proportion to the number of mitotic
cells, and that its expression correlates with poor prognosis, led to the hypothesis that AP
overexpression might be an oncogenic event (Altieri, 2003; Duffy et al., 2007). Although the
prognostic significance of elevated XIAP levels is not clear (Fulda, 2007), correlative genetic
evidence suggests that c-IAP1 and c-1AP2 have a role in mammalian cancers (Hunter et al.,
2007; Zender et al., 2006). The genes encoding c-1AP1 and c-IAP2 are closely linked on the
chromosome, and this region (11921-Q23 in human and 9gA1 in mouse), which also contains
atranscription factor known as Yap, is amplified in a variety of human malignancies, including
esophageal, liver, lung, and ovarian carcinomas, and in mouse hepatocellular carcinoma
(HCC). mRNA for all three genes is elevated in tumor samples, but only c-IAP1 and Yap
protein levels are increased (Zender et al., 2006). The lack of an increase in c-1AP2 protein
levels likely occurs because c-1AP1, via its ubiquitin protein ligase activity, promotes c-
IAP2ubiquitination and degradation, as shown in c-1AP1 knockout mice and in c-lIAP1
overexpression studies (Conze et al., 2005). In agreement with this idea, the addition of
proteasome inhibitors to murine HCC cells with an amplified 9gA1 region increased c-1AP2
protein levels (Zender et al., 2006). These findings suggest that high levels of c-1AP1, but not
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c-1AP2, promote tumorigenesis. Interestingly, in mouse HCC models 9gA1 amplification was
identified in tumors derived from p537- hepatoblasts expressing Myc, but not Ras or Akt,
indicating that c-IAP1 and Yap might cooperate with Myc. More importantly, c-IAP1 and Yap
acted synergistically with Myc in p53-null ES cells to cause hepotomas in nude mice (Zender
et al., 2006). The answer to how c-1AP1 might affect Myc signaling came from a screen for c-
IAP1-mediated ubuiquitination of genes involved in tumorigenesis (Xu et al., 2007). Madl
(Max-dimerization protein-1), an important cellular Myc antagonist, was identified asa c-1AP1
substrate, which triggers its degradation in cells. Unlike c-IAP1, XIAP did not ubiquitinate
Mad1, which is consistent with the localization of c-1AP1 in the nucleus where it can
ubiquitinate Mad1, whereas XIAP is mostly found in the cytosol (Samuel et al., 2005). When
expressed in cell lines, c-IAP1 increased Mad1l degradation and cooperated with Myc to
enhance proliferation in an E3-dependent manner (Xu et al., 2007). These studies suggest that
suppression of c-lIAP1 expression or E3 activity might have some beneficial effects in the
treatment of Myc-mediated oncogenesis.

c-1AP2 is involved in a particular form of neoplasia known as MALT (mucosa-associated
lymphoid tissue) lymphomas, a disease in which there is an accumulation of B-lineage cells,
often in extranodal locations (Inagaki, 2007). c-IAP2 gene rearrangements are found in
approximately 50% of extranodal MALT lymphomas, which results in the formation of a fusion
protein between c-1AP2 BIR domains (that is, excluding the RING domain) and the C-terminal
portion of MALT1, the latter being an E3 that is a critical mediator of T cell receptor-stimulated
activation of NF-kB (Oeckinghaus et al., 2007). The chimeric c-IAP2/MALT1 fusion protein,
but not wild type c-IAP2 or MALT1, constitutively activates NF-xB, which might be critical
for B cell transformation and lymphoma progression. c-IAP2/MALT1 self-oligomerizes via
BIR1, resulting in increased MALT1 E3 activity, increased NEMO ubiquitination, and NF-
kB activation (Varfolomeev etal., 2006; Zhou et al., 2005). This finding establishes a feedback
loop for transcriptional activation of the c-IAP2 promoter, a known NF-«B target, which could
result in uncontrolled cell proliferation. Another as yet untested possibility is that the missing
c-1AP2 E3 activity might contribute to B-cell survival/proliferation.

Cancer cells might also acquire resistance to apoptosis by downregulating molecules that
suppress the caspase-inhibitory activity of XIAP. One example is the mitochondrial protein
ARTS (apoptosis-related protein in the TGF-beta signaling pathway), whose expression is lost
owing to defective methylation in more than 70% of patients with childhood acute
lymphoblastic leukemia (ALL) (Gottfried et al., 2004); resistant leukemic cell lines that lack
ARTS can be killed by chemotherapeutic agents once ARTS has been reintroduced (Elhasid
et al., 2004). Similarly, expression of another suppressor of XIAP activity, XAF1 (XIAP-
associating factor 1), is reduced in some tumor cells and cell lines (Liston et al., 2001;
Plenchette et al., 2007). Together, these data provide provocative associations between cancer
and AP expression and/or activity. Whether they are mechanistically involved in the etiology
of de novo human neoplasms or simply promote tumor maintenance by providing a survival
advantage remains to be determined.

Targets of anticancer therapy

Given their possible importance in tumorigenesis, strategies have been developed to target
IAPs by downregulating their expression with RNA interference technologies, or directly
neutralizing their functions with compounds that mimic naturally-occurring IAP antagonists
(Wright and Duckett, 2005). XIAP downregulation using antisense oligonucleotides sensitized
various tumor cell types to death caused by y-irradiation, chemotherapy, or TRAIL both in
vitro and in vivo (Fulda, 2007; Hunter et al., 2007). More importantly, antisense
oligonucleotides against XIAP by themselves exhibited potent anti-tumor activity in several
preclinical cancer xenograft solid tumor models (Lacasse et al., 2005). Similarly, survivin or
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c-1AP1 suppression also sensitized cancer cells to death by chemotherapeutic agents and death
receptors (Altieri, 2003; Gordon et al., 2002; McEleny et al., 2004). Preclinical data obtained
from human tumor samples and animal models suggest that targeting AP expression with
antisense oligonucleotides is a viable treatment option in combination with other anti-cancer
modalities (Cummings et al., 2006). Antisense compounds against XIAP (AEG35156, Aegera
Therapeutic Inc.), and survivin (YM-155, Astellas Pharma, Inc. and LY-2181308, ISIS
Pharmaceuticals, Eli Lilly & Company) currently are being evaluated in Phase 1/11 trials for
treatment of a variety of cancers (http://clinicaltrials.gov).

The strategy of neutralizing IAP function with reagents that are structural mimics of the SMAC
N-terminal IBM motif is appealing for several reasons. As discussed above, SMAC binds the
BIRs of many IAPs including XIAP, c-1AP1, and c-1AP2, and neutralizes their antiapoptotic
activity (Shiozaki and Shi, 2004). Thus, unlike IAP-specific antisense oligonucleotides, SMAC
mimetics can in principle target multiple IAPs simultaneously. More importantly, SMAC
binding triggers autoubiquitination and downregulation of c-1AP1 and c-1AP2, but not XIAP,
suggesting that SMAC could promote apoptosis by at least two mechanisms: preventing
caspase-inhibition (e.g. XIAP), and targeting of c-IAP1 and c-1AP2 for degradation (Yang and
Du, 2004). The crystallization of XIAP BIR3 in a complex with SMAC led to the design of
small compounds or peptides that mimic SMAC function (Shiozaki and Shi, 2004; Nikolovska-
Coleska et al., 2007). SMAC peptides not only neutralized IAP inhibition of caspase activity
in vitro, they also sensitized primary cancer cells to death-receptor or chemotherapy-induced
apoptosis (Srinivasula et al., 2000; Fulda et al., 2002). SMAC peptides also strongly enhanced
anti-tumor activity of TRAIL in a mouse model of malignant glioma (Fulda et al., 2002).
Additionally, a number of non-peptide SMAC mimetics have been shown to be effective
potentiators of cell death induced by anti-neoplastic therapies (Fulda, 2007; Hunter et al.,
2007). Although many mechanistic details remain to be explored, a number of studies using
SMAC mimetics have revealed a novel apoptotic mechanism. Treatment of some transformed
cell lines with SMAC mimetics resulted in NF-xB activation and autocrine TNF production
(Petersen et al., 2007; Vince et al., 2007; Varfolomeev et al., 2007; Gaither et al., 2007). NF-
kB is sequestered in the cytosol by a family of inhibitors called 1kBs (Inhibitor of NF-xB) and
can be activated by two distinct mechanisms. In the canonical NF-xB pathway, activation via
receptors such as TNF-R1 (TNF receptor 1) results in 1xB degradation and subsequent NF-
kB translocation to the nucleus. In the non-canonical pathway, receptors such as CD40 activate
NIK (NF-xB inducing kinase), which results in processing of the NF-xB family member p100
to p52 and its translocation, with other NF-xB components, to the nucleus. SMAC mimetics
initiated both NF-xB pathways by triggering c-IAP1 autoubiquitination and degradation, and
to a lesser extent that of c-1AP2, with no effect on XIAP or TRAF proteins. Loss of c-IAP1
induced the canonical NF-xB pathway by increasing recruitment of RIP to TNF-R1 and
subsequent IxB phosphorylation and degradation, and the non-canonical pathway by
stabilizing and increasing levels of NIK and subsequent processing of p100 (Vince et al.,
2007; Varfolomeev et al., 2007). Blocking NF-xB activation reduced TNF production and
protected cells from SMAC mimetic-induced death, and knockdown either TNF or TNF-R1
with siRNA or treatment with TNF-blocking antibodies protected cells from death (Petersen
etal., 2007; Vince et al., 2007; Varfolomeev et al., 2007). In addition, c-IAP1 silencing or
treatment with SMAC mimetics sensitized cells to death induced by exogenous TNF. SMAC
mimetic-induced cell death required caspase-8 but not, surprisingly, IAP-inhibitable caspase-9,
consistent with the fact that caspase-8 is the primary initiator caspase in TNF-induced
apoptosis. Because its acute loss might result in enhanced TNF-induced apoptosis, c-IAP1
degradation might also contribute to sensitization of SMAC mimetic-treated cells to TNF
(Deng et al., 2003; Partheniou et al., 2001; Wang et al., 1998). Thus, SMAC mimetics appear
to kill transformed cells by a mechanism far different from that for which they were originally
developed. Although SMAC mimetics are known to have anti-tumor effects in mice, it is not
known whether they act in this case by causing autocrine TNF-mediated cell death. It remains
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to be seen whether SMAC mimetic-induced TNF production occurs in humans, and if so at
concentrations that are effective for tumor elimination without causing inflammatory
responses. It is important to consider the potential deleterious consequences of SMAC-
mimetics on B-cell homeostasis, especially in light of the association between deletion of c-
IAP1/2 and constitutive activation of the non-canonical NF-xB pathway in some multiple
myloma cell lines (Keats et al., 2007).

Non-apoptotic functions

Although the initial presumption was that |APs function mainly by antagonizing cell death
pathways, there is a rapidly growing body of evidence that an important, if not a predominant,
role for IAPs is the regulation of a diverse set of non-apoptotic signaling pathways, including
those involved in heavy metal metabolism, cell division, morphogenesis, MAP kinase
activation, and NF-xB activation. This is perhaps not surprising, because many of the
components of the apoptotic machinery also participate in non-cell death pathways, as
exemplified by the regulation of cell proliferation and differentiation by caspases (Yuan,
2006).

Receptor signaling

TNF elicits diverse biological responses by binding to two members of its receptor superfamily:
TNF-R1 (p55/p60) and TNF-R2 (p75/p80) (MacEwan, 2002). TNF-R1, which contains an
intracellular death domain, is ubiquitiously expressed and the better studied of the two, and
initiates signaling via activation of caspase-8, IxB kinase (IKK), and mitogen-activated protein
kinases (MAPKSs) such as p38 and JNK (c-Jun N-terminal kinase). TNF-R2, which is expressed
primarily in immune cells and lacks a death domain, also promotes activation of IKK and
MAPKS, but not caspase-8. The finding that c-1AP1 and c-1AP2 are components of the TNF-
R1 and TNF-R2 signaling complexes led to the suggestion that they regulate TNF-R function
(Rothe et al., 1995; Shu et al., 1996). TNF-R-associated factor-2 (TRAF-2) is a component of
both receptor complexes and binds and recruits c-1AP1 and c-IAP2. The interaction between
c-1APs and TRAF2 occurs via a motif in BIR1 (PXXER) (Samuel et al., 2006). c-1AP1 has a
unique role in regulating the duration of TNF-R2-initiated signaling and an indirect effect on
TNF-R1-mediated death signals. Upon stimulation via TNF-R2, TRAF2 and c-1AP1
translocate to an ER-associated perinuclear compartment, where c-IAP1 and its cognate E2,
the ER transmembrane protein Ubc6, ubiquitinate and target TRAF2 for degradation (Li et al.,
2002; Wu et al., 2005). Another signaling intermediate, the MAPK Kkinase kinase ASK1, is
also in a complex with TRAF2 and c-1AP1 and is targeted for ubiquitination and degradation.
Notably, stimulation of primary c-lIAP1-deficient B cells via TNF-R2 was unable to cause
TRAF2 or ASK1 degradation, thus resulting in prolonged p38 and JNK activation (Zhao et al.,
2007). Signaling via TNF-R1 does not trigger c-IAP1 translocation or ubiquitination of either
substrate. Therefore, c-1AP1 is responsible for the elimination of signaling intermediates
downstream of TNF-R2, which might explain the paradoxical synergy between TNF-R2
(which does not activate caspase-8) and TNF-R1 for the induction of apoptosis (Chan and
Lenardo, 2000; Duckett and Thompson, 1997; Erickson et al., 1994; Rothe et al., 1993). In this
case, reductions in TRAF2, MAPKS, and perhaps other unknown targets remove biological
barriers (such as NF-«xB) to the pro-apoptotic activity of caspase-8 induced by TNF-R1
signaling.

Unlike TNF-R2, what physiologic role, if any, IAPs might play in TNF-R1 signaling is not
clear. Data from several groups suggest that XIAP and c-1APs might positively regulate TNF-
R1-induced NF-«B activation. For example, silencing of XIAP expression in cell lines that do
not constitutively express TNF-R2 decreased TNF-induced NF-«B reporter activity (Gaither
et al., 2007; Hofer-Warbinek et al., 2000). Similarly, expression of c-1AP2 without its RING
domain or siRNA-mediated reduction of c-1AP1 expression inhibited TNF-induced 1xB
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degradation and thus NF-«B activation (Tang et al., 2003; Chu et al., 1997). Primary HUVECs
(human umbilical vein endothelial cells) deficient in both c-1AP1 and c-1AP2 also showed
limited NF-xB activation as assessed by reduced phosphorylation of IKKa, IKKB, and RelA
in response to TNF but not IL-1f (Santoro et al., 2007). One possible mechanism for c-1AP1’s
involvement in this process has been suggested by a study in which its overexpression resulted
in NEMO polyubiquitination and NF-kB activation (Tang et al., 2003). Because all of the data
favoring a role for AP function in TNF-R1 signaling are indirect, usually involving protein
overexpression, these findings and their interpretations should be treated with caution,
especially given that mice lacking either XIAP, c-1AP1, or c-1AP2 had no apparent changes in
this pathway (Conte et al., 2006; Conze et al., 2005; Harlin et al., 2001).

IAPs also participate in signaling mediated by BMPs (bone morphogenetic proteins), proteins
that regulate diverse activities throughout development in vertebrates and invertebrates
(Shiozaki and Shi, 2004). The C-terminal portion of XIAP binds BMP receptors and the N-
terminal BIR1 binds TABL, thus recruiting the TAB1-interacting MAPK kinase kinase TAK1
(Yamaguchi et al., 1999). This oligomerization of the TAB1/TAK1 complex triggers
proximity-induced TAK1activation and upregulation of NF-xB activity (Lu et al., 2007). The
XIAP/TABL interaction is critical for XIAP-induced NF-kB activation, because mutations in
XIAP that disrupt TAB1 binding or loss of TAB1 expression reduces the ability of XIAP to
activate NF-xB (Lu et al., 2007). Furthermore, XIAP but not c-1AP1 acted synergistically with
TAB1 and TAK1 in Xenopus embryos to affect neural differentiation (Yamaguchi et al.,
1999). Thus, XIAP-mediated NF-xB activation is probably important for BMP signaling.

Innate immunity

IAPs play a role in defending organisms against microbial infection by regulating immune
responses in both Drosophila and mammals. Unlike their mammalian counterparts, flies lack
an adaptive immune system and depend on an innate immune response mediated by two distinct
signaling pathways to ward off bacterial infection. Infiltrating Gram-negative bacteria trigger
activation of the IMD (immune deficiency) pathway, which shares striking similarities with
the mammalian TNF-R1 signaling cascade leading to NF-«xB activation and expression of
peptides with anti-microbial properties (AMPs). Expression of AMPs in response to Gram-
negative bacteria was reduced in cell lines in which DIAP2 was knocked down, suggesting a
role for this IAP in the IMD response (Gesellchen et al., 2005; Kleino et al., 2005). RNAI-
mediated depletion of DIAP2 in the adult fat body, the insect analog of the mammalian liver
and the major organ of AMP synthesis, also abrogated anti-peptide gene expression upon
infection. Importantly, DIAP2-null flies exposed to Gram-negative bacteria failed to mount an
IMD response and died (Huh et al., 2007; Leulier et al., 2006). The mutant flies were rescued
by wild type, but not the E3-deficient RING-mutant, DIAP2. The role of DIAP2, however, is
limited to IMD signaling because DIAP2-null flies showed no defects in immune responses
triggered via the Toll pathway, a second innate signaling mechanism flies use to protect from
Gram-positive infections. This ability of IAPs to protect from bacterial infection is conserved
in mammals. By example, mutations in NAIP5, one of the polymorphic NAIP alleles, in mice,
enhanced susceptibility to infection by Legionella pneumophila, a Gram-negative bacterium
that replicates in macrophages (Wright et al., 2003). Interestingly, in contrast to DIAP2, NAIP
contains NOD and LRR domains that can function as microbial-product sensors and possess
no E3 activity. Thus, the ability of NAIP5 to confer resistance to microbial infection is likely
to be mediated by a mechanism distinct from that of DIAP2. Such a notion is supported by the
finding that in mouse macrophages, NAIPS5 restricts replication of intracellular pathogens by
promoting caspase-1 activation (Zamboni et al., 2006). Although the mechanistic details are
sparse, it appears that the NAIP5 LRR domain detects invading L. pneumophila and triggers
caspase-1 activation, restricting microbial growth either by cleavage of molecules that are
necessary for pathogen replication or by promoting death of infected macrophages.
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Copper homeostasis

Copper is an essential trace metal that is a co-factor for enzymes involved in a variety of
biological processes. A complex network of protein interactions regulates cellular uptake and
efflux of copper and ensures proper homeostasis to avoid toxic effects of excessive copper
levels (Stern et al., 2007). Among these proteins are ATP7B (a P type ATPase) and COMMD1
(copper metabolism gene MURR1 Domain containing 1), which are involved in the export of
copper from cells. Point mutations in ATP7B cause Wilson’s disease, an autosomal recessive
condition manifested by pathological accumulation of copper, particularly in brain and liver,
thereby resulting in neurological damage to the basal ganglia and cirrohosis, respectively.
Copper toxicosis syndrome resembling Wilson’s disease occurs in Bedlington terriers, and is
caused by a deletion in COMMDL that results in a non-functional truncated product. The first
clue that IAPs might have an unexpected role in copper homeostasis came from yeast two
hybrid studies which identified an association between XIAP and COMMD1 (Burstein et al.,
2004). Subsequent studies showed that XIAP binds COMMD1 via its BIR3 domain, and that
XIAP-mediated COMMDY1 ubiquitination promotes its proteasomal degradation. Ecotopic
expression of XIAP decreased COMMDL1 levels and increased intracellular copper
concentrations. Conversely, silencing of endogenous XIAP in 293 cells increased COMMD1
expression and lowered the intracellular concentration of copper. More importantly, liver tissue
and fibroblasts from XIAP-deficient mice had increased COMMD1 and decreased copper
levels compared to wild-type controls (Burstein et al., 2004). These observations provide an
excellent example of how two functional motifs, a BIR and a RING domain, cooperate in an
unpredictable manner to regulate a metabolic process unrelated to apoptosis.

If XIAP is a rate-limiting component in determining intracellular copper concentration, one
might expect that there would be a feedback loop in which copper levels would modulates its
function, and the recent discovery that XIAP itself binds copper suggests that this might indeed
be the case (Mufti et al., 2006). In addition to zinc, XIAP has a strong binding affinity for
copper, but little affinity for other divalent metal ions such as iron or calcium, both in cells and
cell-free systems. XIAP-copper binding is apparently coordinated by cysteine residues in the
BIR and RING domains, although it is not yet clear if these are the same cysteines that
coordinate zinc. Given that increasing concentrations of zinc failed to reverse XIAP-copper
binding it is possible that the metal ions bind to XIAP via distinct cysteines, or that copper has
a greater affinity than zinc. Regardless, copper binding has profound and unusual effects on
XIAP. First, it induces a conformational change that can be seen as a characteristic shift in
electrophoretic mobility, with copper-bound XIAP from cells migrating more rapidly than
unbound XIAP. Increasing amounts of copper trigger a graded shift in XIAP mobility,
suggesting that copper can bind multiple regions of XIAP. This idea is in agreement with the
finding that copper is capable of binding individual XIAP BIR and RING domains.
Furthermore, the mobility shift was not due to cellular factors because it was recapitulated by
incubating recombinant bacterially-expressed XIAP with copper, indicating that the shift
results from an intrinsic change in the conformation of XIAP itself (Mufti et al., 2006). This
finding was confirmed by limited proteolytic digestion that showed that free and copper-bound
XIAP exhibited different mobility patterns. Second, copper-induced conformational changes
make XIAP quite unstable in cells and susceptible for proteasomal degradation. Culturing of
mammalian 293 cells with copper sulfate reduced XIAP levels and, more strikingly, liver from
Wilson’s disease patients and Bedlington terriers had decreased XIAP levels compared to
controls. XIAP from these samples also showed the mobility shift characteristic of copper-
bound XIAP (Mufti et al., 2006).

Importantly, whereas zinc binding is required for E3 activity (Lorick et al., 1999), copper

binding reduces the ability of XIAP to inhibit caspase activity (the effect on E3 activity has
not been reported) (Mufti et al., 2006). It is therefore intriguing that the copper-induced

Mol Cell. Author manuscript; available in PMC 2009 May 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Srinivasula and Ashwell Page 12

conformational changes in XIAP are not permanent, and can be reversed by copper chelators
including tetrathiomolybdate and bathocuproinedisulfonic acid (Mufti et al., 2006). This
reversible nature suggests that XIAP might be at the center of a copper ion feedback loop in
which increased copper levels alter XIAP conformation and inhibit function (in this case
decreasing COMMD1ubiquitination and degradation and promoting cellular copper export).
Conversely, low intracellular copper would enhance XIAP-mediated COMMD1
ubiquitination, resulting in a compensatory decrease in copper export. This possibility can be
tested by determining the effect of copper-binding on XIAP E3 activity.

Cell migration and morphogenesis in Drosophila

Cell migration and morphogenesis are normal developmental processes that involve the
reorganization of actin cytoskeleton and detachment of cells from their neighbors, features that
were originally described in apoptotic cells. This striking similarity led to the speculation that,
as in apoptosis, these developmental processes might also be controlled by IAPs. Subsequently,
DIAP1 was shown to regulate cell migration, actin dynamics, and differentiation of sensory
organ precursor cells apparently by controlling non-apoptotic caspase activity (Geisbrecht and
Montell, 2004; Oshima et al., 2006; Kuranaga et al., 2006; Kanuka et al., 2005). During
Drosophila oogenesis, specialized follicle cells migrate within the egg chamber in a manner
that requires the activity of small GTPase Rac, and expression of dominant negative Rac
(RacN17) inhibits cell migration. The surprising observation that DIAP1 has a role in
promoting cell motility came from a screen for Drosophila genes that, when overexpressed,
suppress the migration defect caused by RacN17 (Geisbrecht and Montell, 2004). DIAP1
suppressed cell migration mediated by Rac but not that mediated by an unrelated transcription
factor, and did not rescue the defect in myoblast fusion caused by RacN17. These results
coupled with the finding that DIAP1 binds Rac (both GTP and GDP bound forms) in cells
suggested that its role is limited to Rac signaling pathways that mediate cell migration.
Importantly, follicle cells in the egg chambers of flies with mutations in DIAP1 BIR1 or BIR2
exhibited defects in cell migration, indicating that both domains contribute to regulation of cell
migration. DIAP1 also affects actin-dependent cellular organization. Expression of DIAP1 in
Drosophila cells resulted in F-actin protrusions and a serrate/stellate morphology, which was
greatly enhanced by co-expression of constitutively active Rac (RacV12) (Oshima et al.,
2006). This finding suggests that a functional interaction between Rac and DIAP1 regulates
cell motility by affecting the actin cytoskeleton. Such a conclusion is consistent with the
observation of reduced F-actin staining of egg chambers from migration-defective DIAP1 BIR-
mutant flies. The defects in cell motility and F-actin staining were found to result from
increased DIAP1-inhibitable Drosophila caspase (Dronc) activity, not from increased
apoptosis, because loss-of-function mutations in Dark (an activator of Dronc), or expression
of dominant negative forms of Dronc, rescued RacN17-induced migration defects (Geisbrecht
and Montell, 2004). Furthermore, reduction of DIAP1 levels increased caspase activity and
destabilized F-actin-based structures without an increase in cell death (Oshima et al., 2006).
Conversely, a decrease in Dronc or Dark levels affected morphogenesis by stabilizing F-actin-
based structures. Thus, by negatively regulating the non-apoptotic function of Dronc, DIAP1
controls cell migration and actin cytoskeleton assembly/cell morphogenesis.

Itis increasingly clear that in some cells the quantity of DIAP1 controls caspase-mediated non-
apoptotic pathways that affect developmental processes, such as Drosophila sensory organ
precursor (SOP) development in imaginal wing discs (Kanuka et al., 2005). Expression of
DIAP1 or knockdown of a kinase (IKKg) that phosphorylates and causes the degradation of
endogenous DIAP1 resulted in improper SOP development (Kuranaga et al., 2006). Unlike
DIAP1, there is no evidence that mammalian IAPs control non-apoptotic caspase-mediated
signaling. Interestingly, however, the function of IKKze in the degradation of IAPs is conserved
in mammalian cells. The mammalian IKKe homolog, NAK (NF-«B activating kinase), directly
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phophorylates and promotes mammalian XIAP degradation (Kuranaga et al., 2006). As these
defects are not caused by apoptosis, it is conceivable that mammalian XIAP, like DIAP1, might
have a non-apoptotic role in certain development processes. One such example might be
mammary gland lobuloalveolar development, which is abnormal in the late stages of pregnancy
of XIAP-null mice (Olayioye et al., 2005).

Survivin plays essential role in cell division, its absence promotes abnormal mitosis and cell
death (Altieri, 2006; Lens et al., 2006). Survivin functions as a subunit of the CPC that
modulates multiple events during mitosis. During cell division, survivin directs CPC
movement to different locations from the inner centromere during prometaphase to midbody
during cytokenesis, and participates in the organization of the center spindle by associating
with polymerized microtubles (Jeyaprakash et al., 2007; Lens et al., 2006; Uren et al., 2000).
Reconstitution experiments in which survivin variants were expressed in survivin-depleted
cells revealed that different domains coordinate CPC localization and function. Whereas the
survivin BIR domain is essential for the localization of the CPC to centromeres, the survivin
C-terminus is sufficient to target it to the central spindle and midbody. Conditional knockout
of survivin in thymocytes results in multiple mitotic defects including formation of defective
spindles without microtubules leading to cell death (Okada et al., 2004). Conversely,
overexpression in cell lines stabilizes microtubules and suppresses spindle growth (Altieri,
2006; Lens et al., 2006). Furthermore, the cell division defects caused by survivin loss largely
overlap with those caused by depletion of other CPC complex components indicating that it
plays an indispensable role in the function of the CPC. This function of survivin is conserved
throughout evolution, with survivin orthologs being found in yeast (Birpl) and C elegans
(BIR1). The eventual death observed in cells upon survivin depletion likely results from
perturbed cell division rather than the loss of any putative anti-apoptotic activity (Altieri,
2006; Lens et al., 2006).

Concluding remarks

The original discovery that viral |AP proteins intervene in the apoptotic process directed the
focus of research on IAPs to their effects on cell death. This research led to a flurry of initial
observations that virtually all BIR-containing proteins can inhibit apoptosis by directly binding
and inhibiting caspases. It was subsequently realized that mammalian | APs suppress apoptosis
only when expressed at levels far in excess of their physiological concentrations, such as in
experimental overexpression systems and some cancers. At physiologic concentrations, RING-
containing mammalian 1APs appear to offer little resistance to apoptosis, perhaps in part
because of their autoubiquitination and degradation. Therefore, the term applied to this family,
IAP (“inhibitor of apoptosis”), might be considered a misnomer in that it does not reflect the
true nature of normal IAP biological activities. An alternative nomenclature that names the
family after its distinctive structural feature, the BIR, has been proposed for mammalian APs
(Silke and Vaux, 2001). The BIRC (BIR-containing protein) terminology has the advantage
that the names emphasize the only feature that all IAPs share and do not imply function,
especially as new functions continue to be identified at a rapid pace. The IAP common names
and the BIRC equivalents are shown in Fig. 1.

A key to understanding IAP function is its characteristic BIR motif, which is found in viruses,
yeast, C. elegans, invertebrates, and mammals, as well as in plant homologs. BIRs, like many
other zinc-coordinating domains, are protein-protein interaction modules, and various I1AP
BIRs (sometimes in conjunction with flanking sequences) bind such diverse proteins as
caspases (apoptosis and signaling), borealin and aurora B kinase (cell division), TAB1 (BMP
signaling), AIF (reactive oxygen species production), and TRAF2 (TNF receptor superfamily
intracellular signaling). Many 1APs have acquired one or more different functional domains,
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the best-studied being RINGs, and in this case BIR-protein interactions bring targeted
molecules into proximity with ubiquitin protein ligase activity. There are examples of other
motifs in 1APs, such as CARD and UBC domains, whose functional significance in these
contexts remains to be described. The findings that treatment of transformed cells with SMAC-
mimetics decreases c-IAP1 levels thereby triggering NF-kB activation and TNF-autocrine
signaling, and that the loss of XIAP in humans perturbs NKT cell homeostasis and leads to X-
linked lymphoproliferative syndrome, are as yet poorly understood clues that indicate the
complex nature of AP biology. Further analyses of knockout mice, targeted substitutions of
critical BIR and RING residues, and experiments of nature such as familial IAP mutations will
no doubt greatly increase our appreciation of the pleomorphic functions of the IAP family.
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Drosophila
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‘/

Fig. 1. Schematic representation of the human and Drosophila IAP family of proteins

The number of residues in each 1AP is shown, as well as the functional motifs that they contain.
The BIRC nomenclature equivalents are provided. ILP2, ML-IAP, and Deterin are shown in
this figure but not discussed in the review because little information about their function is
available. NCBI GenBank (http://www.ncbi.nlm.nih.gov/Genbank) accession numbers are
survivin: 015392; ILP2 : Q96P09; ML-IAP : Q96CAS5; XIAP : P98710; c-1AP1 : Q13490; c-
IAP2 : Q13489; NAIP : Q13075; Bruce : QINRO09; Deterin : NM_142351; DIAP1 : Q24306;
DIAP2 : Q24307: DBruce : NP_649995. CARD, caspase-associated recruitment domain;
UBC, ubiquitin-conjugation; NOD, nucleotide-binding oligomerization domain; LRR,
leucine-rich repeats.
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Summary of IAP gene mutation or ablation phenotypes in human and mouse
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Protein Mutation in human Knockout in mice Ref

Survivin NR® Lethal at early embryonic stage. Loss in (Okada et al., 2004;
thymocytes causes mitotic defects. Uren et al., 2000)

XIAP Loss of expression causes an X-linked Viable. Delayed lobuloalveolar (Rigaud et al., 2006;

lymphoproliferative syndrome with low
numbers of NKT cells.

development in mammary gland.

Harlin et al., 2001;
Olayioye et al., 2005)

c-IAP1 Deletion of c-IAP1/c-IAP2 associated with
increased activation of the non-canonical
NF-kB pathway in multiple myeloma
patients.

Viable. Loss of c-IAP1 causes elevated
levels of c-1AP2 expression.

(Conze et al., 2005;
Keats et al., 2007)

c-1AP2 c-IAP2/MALT1 fusion protein, generated
by chromosomal translocation associated
with MALT lymphoma, activates NF-kB.
Deletion of c-1AP1/c-1AP2 associated with
increased activation of the non-canonical
NF-«xB pathway in multiple myeloma

Viable. Mice are resistant to LPS-induced
shock. Protects macrophages from LPS-
induced death.

(Conte et al., 2006;
Zhou et al., 2005; Keats
etal., 2007)

patients.
NAIP NR Multiple alleles of NAIP are present in (Wright et al., 2003)
different strains of mice. Mice lacking
NAIPS are susceptible to Legionella
pneumophila infection.
BRUCE NR Embryonic lethal. Apollon-deficient MEFs (Hao etal., 2004; Ren et

are sensitive to SMAC-induced apoptosis.
Knockout of UBC domain alone causes
apoptosis in placenta and yolk sac.

al., 2005)

*
No mutation reported
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