
The ultimate goal of all current cancer therapies, includ­
ing radiotherapy, chemotherapy and immunotherapy, 
is the destruction of the cancer cell. The effects of most 
therapeutic agents and the success of current thera­
peutic intervention schemes heavily rely on the ability 
of a cancer cell to engage its own cell death programme. 
This exposes a conundrum as one of the hallmarks of 
a cancer cell is the acquired ability to dampen and/or 
circumvent the engagement of pro­death programmes1. 
Therefore, the same mutations that permit tumour for­
mation by suppressing cell death will also reduce treat­
ment sensitivity and inevitably contribute to treatment 
failure and relapse.

This has provided the necessary incentive for the 
development of more specific approaches to re­establish 
an apoptotic programme in cancer cells. A promising 
approach is the development of small therapeutic com­
pounds, referred to as Smac mimetics, that are designed 
to block the function of members of the inhibitor of 
apoptosis (IAP) protein family, and these are currently 
in clinical trials for the treatment of cancer2 (TABLE 1). 
Alterations in IAPs are found in many types of human 
cancer and are associated with chemoresistance, disease 
progression and poor prognosis2,3. Consistent with the 
idea that different types of cancer cells are addicted to 
IAPs for their survival, the inactivation of IAPs, par­
ticularly when combined with other treatments, results 
in the death of most tumour cells, at least under tis­
sue culture conditions4–9. Furthermore, inactivation of 
IAPs does not seem to be detrimental to normal cells. 
Paradoxically, however, loss of IAPs is also associated with 

the development of certain types of cancer. Therefore, 
depending on cellular context, IAPs seem to have both 
pro­tumorigenic and anti­tumorigenic roles10.

IAPs were thought to function primarily by regu­
lating caspases, which are cysteine proteases that are 
involved in apoptosis. However, IAPs also influence a 
multitude of other cellular processes, such as ubiquitin 
(Ub)­dependent signalling events that regulate activa­
tion of nuclear factor­κB (NF­κB) transcription factors, 
which in turn drive the expression of genes important 
for inflammation, immunity, cell migration and cell 
survival. Further, IAPs reportedly modulate signal­
ling events that promote the activation of cell motil­
ity kinases and metastasis11,12. Moreover, they regulate 
mitogenic kinase signalling, proliferation and mitosis 
(BOX 1). Many of these cellular processes are frequently 
deregulated in cancer and contribute directly or indi­
rectly to disease initiation, tumour maintenance and/or 
progression2,3. In this Review, we discuss new insights 
into the cancer­related roles of IAPs. In particular we 
focus on celluar IAP1 (cIAP1; encoded by BIRC2), cIAP2 
(encoded by BIRC3) and XIAP (encoded by BIRC4). The 
biological functions of the other BIR­containing pro­
teins NAIP (encoded by BIRC1), Survivin (encoded by 
BIRC5), BRUCE (encoded by BIRC6), MLIAP (encoded 
by BIRC7) and ILP2 (encoded by BIRC8) are covered  
elsewhere13 and are not the subject of this Review.

The IAP tool box
The defining feature of an IAP protein is the pres­
ence of the baculovirus IAP repeat (BIR) domain, a  
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Abstract | The realization that alterations in inhibitor of apoptosis (IAP) proteins are found 
in many types of human cancer and are associated with chemoresistance, disease 
progression and poor prognosis, has sparked a worldwide frenzy in the development of 
small pharmacological inhibitors of IAPs. The development of such inhibitors has radically 
changed our knowledge of the signalling processes that are regulated by IAPs. Recent 
studies indicate that IAPs not only regulate caspases and apoptosis, but also modulate 
inflammatory signalling and immunity, mitogenic kinase signalling, proliferation and 
mitosis, as well as cell invasion and metastasis.
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Intrinsic apoptosis pathway
This pathway is dependent on 
mitochondria and is activated 
by developmental cues and 
cellular stresses such as DNA 
damage and oncogene 
activation. Pro-apoptotic 
BCL-2 family proteins facilitate 
the release of cytochrome c 
and other apoptogenic factors 
from the mitochondrial 
intermembrane space.

Extrinsic apoptosis pathway
This pathway is initiated on 
ligation of cell surface 
receptors of the TNFR 
superfamily. Activation of these 
receptors triggers the assembly 
of death-inducing signalling 
complexes that serve as a 
platform to activate caspase 8 
and caspase 10.

zinc­binding fold of approximately ~70 amino acid 
residues that mediates protein–protein interactions14–16 

(BOX 1), and is essential for the anti­apoptotic potential 
of most IAPs. IAPs, of which there are eight in humans, 
carry between one and three copies of this domain 
(FIG. 1). The mammalian IAPs, XIAP, cIAP1 and cIAP2, 
contain three such domains in their amino­terminal por­
tion. These IAPs also harbour additional domains such 
as the carboxy­terminal RINg finger domain that pro­
vides them with Ub ligase (E3) activity17. Moreover, they 
carry a Ub­associated (UBA) domain through which 
they interact with ubiquitylated proteins18,19. Finally, 
cIAP1 and cIAP2 contain a caspase­recruitment domain 
(CARD), the function of which is currently unknown.

Although BIR domains generally mediate inter­
actions with other proteins, it is important to note 
that individual BIR domains possess specific binding 
characteristics. on the basis of the presence of a deep 
peptide­binding groove, BIR domains can be approxi­
mately grouped into type I and type II domains (BOX 1). 
Type I BIR domains lack a peptide­binding groove, or  
possess a shallow pocket only, whereas type II BIRs 
carry a distinctive hydrophobic cleft through which 

they bind to N­terminal tetrapeptides called IAP­binding 
motifs (IBMs)20–22. Apoptosis­regulatory IAPs such as 
XIAP, cIAP1, cIAP2 and Drosophila melanogaster IAP1 
(DIAP1) and DIAP2 carry two such type II BIR domains. 
Apart from DIAP1, all these IAPs also carry a type I BIR 
domain20. These domains do not bind caspases or IAP 
antagonists but use distinct modes to interact with an 
altogether different set of proteins. For example, the type I 
BIR (BIR1) of cIAPs mediates binding to tumour necrosis 
factor receptor (TNFR)­associated factor 1 (TRAF1) and 
TRAF2, whereas XIAP BIR1 mediates interaction with 
transforming growth factor­β (TgFβ)­activated kinase 
(TAK1) binding protein, TAB1 (REFs 23–25).

Apoptotic pathways
The key destructive molecules of apoptosis are the cas­
pases, a family of specific cysteine proteases26. generally, 
caspases are ubiquitously expressed as inactive zymogens, 
however, in response to specific death stimuli, cas­
pases are activated in cascades of auto­stimulation and  
trans­stimulation27 (BOX 2).

IAPs as direct caspase inhibitors. of all IAPs, mam­
malian XIAP is the only IAP that functions as a direct 
caspase inhibitor in a strict biochemical sense28. other 
IAPs, such as DIAP1, DIAP2, cIAP1 and cIAP2, are 
inefficient in directly inhibiting caspases in vitro. 
overexpression of XIAP efficiently inhibits caspase 
activation and apoptosis stimulated by the intrinsic 
apoptosis pathways and extrinsic apoptosis pathways29–34. 
Conversely, cells that lack XIAP are sensitized to apop­
tosis8,35–37. Cancer cells can propagate under adverse 
conditions such as nutrient limitation, hypoxia, onco­
gene deregulation, DNA damage and chromosomal 
aberrations — circumstances that trigger caspase acti­
vation and apoptosis in normal cells. In some cases, 
this failure of cancer cells to engage caspases might 
be because of deregulated expression and activity of 
IAPs and this could increase the apoptotic threshold. In 
this respect, IAPs seem to have crucial roles in tumour 
maintenance and resistance to chemotherapy treat­
ments, although IAP expression on its own is clearly 
not the only determinant that increases the apoptotic 
threshold and enables tumour growth2,3,38,39.

XIAP can directly bind and inhibit caspase 3,  
caspase 7 and caspase 9. Residues in the linker region 
between the BIR1 and BIR2 domain of XIAP bind to the 
active site pocket of caspase 3 and caspase 7 (REFs 16,40–44) 

(FIG. 2). In particular, several of these caspase­binding 
residues are conserved in other IAPs, including cIAP1, 
cIAP2 and DIAP2, which is most similar to XIAP. 
Insertion of the BIR1–BIR2 linker region of XIAP into 
the catalytic pocket of active effector caspases occludes 
substrate entry and results in the inhibition of the 
catalytic activity of the caspase. Surprisingly, the BIR2 
domain has little direct role in the inhibitory mecha­
nism, as the linker region preceding the BIR2 domain 
makes almost all inhibitory contacts. Nevertheless, 
the BIR2 domain is functionally important as it makes 
additional contact with an IBM motif present at the  
neo-amino-terminus  of the caspase subunit44,45.  

 At a glance

•	Alterations	in	inhibitor	of	apoptosis	(IAP)	proteins	are	prevalent	in	many	types	of	
human	cancer	and	are	associated	with	chemoresistance,	disease	progression	and	
poor	prognosis.

•	IAPs	are	best	known	for	their	ability	to	regulate	caspases;	however,	IAPs	also	
influence	a	multitude	of	other	cellular	processes.

•	Possibly	the	most	important	contribution	of	IAPs	to	cell	survival	and	tumorigenesis	
resides	in	the	ability	of	cIAP1,	cIAP2	and	XIAP	to	regulate	ubiquitin-dependent	
activation	of	nuclear	factor-κB	(NF-κB)	and	innate	immune	responses.

•	Constitutive	activation	of	NF-κB	and	chronic	inflammation	both	have	a	major	role	in	
tumour	development	and	are	seen	in	most	tumour	types,	including	leukaemia,	
lymphomas	and	solid	tumours.

•	NF-κB	can	be	activated	through	the	canonical	and	non-canonical	signal	transduction	
cascade,	and	cIAPs	are	crucial	regulators	of	both	these	pathways.

•	cIAPs	are	also	indispensable	in	protecting	cancer	cells	from	the	lethal	effects	of	
tumour	necrosis	factor	receptor	1	activation.

•	Small-molecule	IAP	antagonists,	termed	Smac	mimetics,	cause	the	rapid	depletion	of	
cIAPs	and	show	potent	anti-tumorigenic	activity	in vitro	and	in vivo.	

Table 1 | IAP antagonists in clinical trials

Organization Compound 
name

Condition Clinical 
stage

Genentech GDC-0152 Locally advanced or metastatic solid 
malignancies, or non-Hodgkin’s 
lymphoma without leukaemic phase

Phase I

Novartis 
Pharmaceuticals

LCL161 Advanced solid tumours Phase I

TetraLogic 
Pharmaceuticals

TL32711 Solid tumours and lymphomas Phase I

Ascenta 
Therapeutics

AT-406 Advanced solid tumours and 
lymphomas

Phase I

Human Genome 
Sciences

HGS1029 Advanced solid tumours and 
lymphomas

Phase I

IAP, inhibitor of apoptosis.
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Neo-amino-terminus
On proteolytic cleavage of a 
polypeptide, the amino acid 
immediately C terminal to the 
cleavage site becomes the new 
N terminal amino acid of the  
C terminal fragment.

In non­active caspases, this motif is hidden, but becomes 
exposed following cleavage­mediated activation of cas­
pase 3 and caspase 7. The concerted binding of XIAP to 
the catalytic pockets and IBMs of these effector caspases 
substantially  strengthens caspase binding, and is essen­
tial for XIAP to effectively dock onto effector caspases 
for inhibition. The strategy through which XIAP inhibits 
caspase 9 is fundamentally different (FIG. 2). Here, the 
BIR3 domain of XIAP binds to the homodimerization 
surface of caspase 9 (REFs 22,46). Caspase 9 requires a 
dimerization­induced conformational change to gener­
ate a productive catalytic pocket, and XIAP interferes 
with caspase 9 dimerization.

XIAP­mediated inactivation of caspase 3, caspase 7 
and caspase 9 does not require a functional RINg fin­
ger under in vitro conditions or when overexpressed26,47. 
However, recent evidence indicates that this might be 
different under physiological conditions. In vivo, endog­
enous XIAP reportedly requires a functional RINg to 
exert its full anti­apoptotic potential48. gene targeting 
techniques have been used to create an endogenous 
Birc4 gene that lacks the RINg finger (XIAPΔRINg). 
This sensitizes fibroblasts to TNFα­induced cell death 
and leads to increased rates of apoptosis in an Eμ­MYC 
mouse model of B cell lymphoma. In both these sys­
tems, XIAPΔRINg­mutant cells respond in the same way 
as XIAP­null cells. Moreover, following death stimuli, 
caspase activity is significantly higher in XIAPΔRINg 
cells than in wild­type controls, suggesting that the 
BIR domains alone are not sufficient to block caspase 
activity in vivo. However, these observations are also 
consistent with a role for the RINg finger of XIAP in 
regulating survival signalling pathways, such as signal­
ling to NF­κB (see below)49, that impinge on the sensi­
tivity of cells to apoptotic triggers. Therefore, additional 
experiments are needed to fully clarify the mechanisms 
by which the RINg finger domain of XIAP contributes 
to cell survival in vivo.

Ubiquitin-mediated regulation of caspases. The strongest 
genetic evidence for a role of the RINg finger domain, 
and Ub conjugation, in regulating caspases and apopto­
sis comes from studies in D. melanogaster50–65, in which 
DIAP1 has a pivotal role in cell viability51. DIAP1 regulates 
apoptosis by directly binding to the caspase 9 homologue 
DRoNC (also known as caspase Nc) and the caspase 3­like 
effector caspases drICE and DCP1 (REFs 50,53,60) (FIG. 2). 
Although the IAP–caspase association is a decisive step 
in the regulation of apoptosis in D. melanogaster, physical 
interaction between DIAP1 and caspases alone is insuf­
ficient to regulate caspases in vivo. In addition to binding, 
DIAP1 requires RINg finger­mediated Ub ligase activity 
to neutralize caspases. Mutations in the RINg finger of 
DIAP1 that abrogate its Ub ligase activity, but not caspase 
binding, cause a severe loss­of­function phenotype52,56. 
Following binding, the RINg is required to ubiquitylate 
and inactivate the initiator caspase DRoNC, and the effec­
tor caspases drICE and DCP1 (REFs 56,63). The precise 
mechanism through which polyubiquitylation inactivates 
DRoNC is controversial and might involve degradative as 
well as non­degradative inactivation mechanisms66.

The functional consequence of caspase ubiquity lation 
is clearer for drICE and DCP1. Although the precise 
mechanism of inhibition requires structural verifica­
tion, the conjugated Ub chains seem to sterically occlude 
the catalytic pocket of the caspases, thereby interfering 
with substrate entry63. IAP­mediated ubiquitylation of 
caspases is not restricted to D. melanogaster, as XIAP, 
cIAP1 and cIAP2 also reportedly ubiquitylate caspase  3 
and caspase 7, targeting them for either monoubiquit­
ylation67 or polyubiquitylation42,68. Although the func­
tional consequence of caspase monoubiquitylation 
remains unexplored, polyubiquitylation of caspase 3 and 
caspase 7 has been linked to their degradation42,68  
and non­degradative inactivation48.

Caspase-independent survival signalling
Probably the most important contribution of IAPs to 
cell survival and tumorigenesis is the ability of several 
IAPs to regulate NF­κB signal transduction and innate 
immune responses. A large body of evidence indicates 
that constitutive activation of NF­κB and chronic inflam­
mation have a major role in tumour development and are 
seen in most tumour types, including leukaemia, lympho­
mas and solid tumours69–71. NF­κB transcription factors 
are important regulators of the genes necessary for innate 
and adaptive immune responses and for the survival and 
proliferation of certain cell types. Moreover, NF­κB also 
controls cell growth and motility. The realization that IAPs 
function as crucial components of various NF­κB signal 
transduction pathways has sparked renewed activities in 
studying the role of IAPs in health and disease.

Ubiquitin-dependent regulation of NF-κB. Transcription 
factors of the NF­κB and Rel family are activated in 
response to receptor stimulation and various intracel­
lular stressors, including DNA damage72,73. NF­κB is a 
family of transcription factors that consists of RELA 
(also known as p65), RELB, CREL and the precur­
sor and ankyrin repeat­containing proteins NF­κB1 

 Box 1 | BIR domains and IAP equality

Inhibitor	of	apoptosis	(IAP)	proteins	are	classified	by	the	presence	of	one	or	more	
baculovirus	IAP	repeat	(BIR)	domains.		BIR	domains	can	be	grouped	into	type	I	and	
type	II	BIR	domains	on	the	basis	of	the	presence	or	absence	of	a	deep	peptide-binding	
groove.	Type	I	BIR	domains	do	not	possess	this	groove	and		associate	with	a	different	
range	of	proteins	than	the	type	II	BIRs23–25.	Type	II	BIR	domains	predominantly	
associate	with	proteins	that	carry	an	amino	terminal	IAP-binding	motif	(IBM).	The	most	
prominent	feature	of	IBMs	is	the	presence	of	an	N	terminal	alanine	or	serine,	which	
must	be	exposed	and	unblocked.	This	inserts	into	the	extensive	hydrophobic	cleft	on	
the	surface	of	type	II	BIRs	and	forms	hydrogen	bonds	with	neighbouring	residues21,22,121	
(FIG. 1).	An	arginine	side	chain	in	the	third	position	provides	favourable	interactions	
with	the	hydrophobic	moiety	in	the	BIR	binding	pocket,	and	hydrophobic	residues	in	
the	second	and	fourth	positions	also	contribute	to	IBM-mediated	BIR	binding.	This	
firmly	anchors	IBM-carrying	proteins	to	IAPs.	Subtle	changes	in	the	peptide-binding	
groove	of	type	II	BIR	domains	alter	the	preference	for	particular	IBMs157.	Therefore,	
different	type	II	BIR	domains	have	distinct	binding	preferences	for	specific	
IBM-carrying	proteins.	Thus,	the	BIR2	of	XIAP	binds	to	the	IBMs	of	caspase	3	and	
caspase		7,	and	the	BIR3	binds	to	the	IBM	of	caspase	9	(REFs 22,44–46).	XIAP,	cIAP1,	
cIAP2,	Drosophila	melanogaster	IAP1	(DIAP1)	and	DIAP2	carry	two	such	type	II	BIR	
domains.	The	tandem	arrangement	of	these	type	II	BIRs	increases	the	repertoire	of	
proteins	with	which	these	IAPs	can	interact	and	enhances	the	binding	affinity	to	
IBM-carrying	proteins	that	form	dimers	or	trimers,	such	as	Smac158.
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(p105, which is processed to generate p50) and NF­κB2 
(p100, which is processed to generate p52). NF­κB1  
and NF­κB2 do not contain transactivation domains, and 
they rely on their interaction with RELA, RELB or CREL 
to positively regulate transcription. Depending on the 
mechanism leading to NF­κB activation, NF­κB signal 
transduction can be roughly classified into the canonical 
pathway and the non-canonical pathway72,73. Importantly, 
both these pathways are Ub­dependent signal transduc­
tion cascades in which Ub ligases, Ub receptors and deu­
biquitylating enzymes (DUBs) build up, recognize and 
remove Ub signals, allowing the temporally controlled 
assembly of protein complexes that lead to the activation 
of kinases that regulate NF­κB74,75.

The initial genetic evidence for a role of IAPs in 
regulating NF­κB came from D. melanogaster, in which 
DIAP2 was found to be essential for TAK1–TAB2­ or 

TAB3­mediated activation of NF­κB transcription fac­
tors in the immune deficiency (Imd) signalling cas­
cade76–78 — a cascade that bears a striking resemblance 
to the signalling cascade that is induced by activation 
of TNFR1. In the absence of DIAP2, flies fail to activate 
NF­κB, which is needed to drive the expression of anti­
microbial peptide genes and to mount an innate immune 
reaction in response to infection by gram­negative bac­
teria. DIAP2­mediated signalling to NF­κB depends 
on its Ub ligase activity. In conjunction with the E2 
Ub­conjugating enzymes UBC5  and UBC13–UEv1A, 
DIAP2 is thought to promote the conjugation of K63­
linked Ub chains on IMD79. These chains then serve 
as scaffolds for Ub receptors to allow Ub­dependent 
recruitment and activation of downstream kinases, ulti­
mately leading to the phosphorylation and activation of 
NF­κB. IAP­mediated activation of NF­κB is also crucial 

Figure 1 | Family association and domain characteristics. a | The first inhibitor of apoptosis (IAP) protein, OpIAP, was 
identified from a baculovirus strain in 1993 by Miller and colleagues168, on the basis of its ability to suppress virus-induced 
apoptosis of infected cells. Cellular IAPs were subsequently identified in insects and vertebrates. Several of the IAPs 
discussed in this Review are depicted schematically. In mammalian IAPs, baculovirus IAP repeat (BIR) domains enable 
interactions with proteins. The BIR domains of IAPs can be grouped into type I (yellow) and type II (red) BIR domains on the 
basis of the presence or absence of a deep peptide-binding groove (BOX 1). b | Proteins such as caspases and  IAP 
antagonists  interact with type II BIR domains, whereas tumour necrosis factor receptor-associated factor 1 (TRAF1) and 
TRAF2 interact with type I BIR domains. The structure of the cIAP1-BIR3 peptide-binding groove bound to the 
amino-terminal portion of the IAP antagonist Smac is shown (AVPI; red). The AVPI structure was modelled into the groove 
of BIR3. The ubiquitin (Ub)-binding UBA domain binds polyubiquitin (polyUb). The structure of the IAP2 UBA domain is a 
prediction. The amino acid residues MGF and LL (shown in red and blue, respectively) of the UBA domain form the 
hydrophobic interaction surface that mediates binding to polyUb chains. The function of the caspase-recruitment domain 
(CARD), which generally serves as a protein interaction surface, is unknown. The carboxy-terminal RING domain is 
required for Ub ligase activity, and is a dimerization interface and docking site for ubiquitin conjugating enzymes (E2s).  
The structure of a cIAP2 RING dimer is shown; the grey and green stuctures depict two respective cIAP2 molecules169. 
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in zebrafish. Using a forward­genetic approach, the gene 
encoding zebrafish cIAP1, birc2, was identified as an 
essential positive regulator of TNFR­mediated activation 
of NF­κB80. Loss of birc2 results in deficient NF­κB sig­
nalling, and activation of a caspase 8­dependent apop­
totic programme that leads to vascular haemorrhage and 
blood pooling. This phenotype, which is referred to as 
the tomato phenotype, can be rescued by microinjection 
of Ikkγ mRNA. As overexpression of IKKγ can result 
in NF­κB activation, this result suggests that the tomato 
phenotype is caused by defective NF­κB signalling. 
Zebrafish cIAP1­mediated signalling to NF­κB relies on 
functional RINg finger and UBA domains18.

cIAP1, cIAP2 and XIAP are also implicated in modu­
lating NF­κB activation and inflammatory signalling. 
Notably, NF­κB reportedly induces the expression of 
cIAP1, cIAP2 and XIAP, thereby promoting NF­κB acti­
vation in a positive feedback loop. XIAP is implicated in 
the activation of NF­κB in response to DNA damage and 
bacterial infection49,81,82. Although little is known about 
how XIAP mediates signalling to NF­κB under physi­
ological conditions, mechanistic studies based on the 
ectopic expression of XIAP suggest that XIAP recruits 
TAK1 through BIR1­mediated binding of the TAK1 
adaptor protein TAB1. This facilitates the dimerization 
and activation of TAK1 (REF. 25) (see below). In addi­
tion, functional RINg and UBA domains are required, 
but how these contribute to NF­κB activation remains 
unclear18,83. XIAP also mediates NF­κB activation by pro­
moting degradation of CoMMD1, a negative regulator of 

NF­κB84,85. Reportedly, XIAP also functions as a cofactor 
in TgFβ and bone morphogenetic protein (BMP) sig­
nalling, and mechanistic studies indicate that the ectopic 
expression of XIAP stimulates SMAD4­dependent 
transcription from JUN N­terminal kinase (JNK)­ and 
TgFβ­responsive promoters86,87. However, whether XIAP 
is rate­limiting for these signalling pathways remains to 
be determined.

A flurry of recent studies has indicated that cIAP1 and 
cIAP2 have a particularly important role in regulating 
canonical and non­canonical NF­κB signalling4,5,80,88–93. 
cIAPs regulate these pathways in opposite directions: 
cIAP1 and cIAP2 are essential positive regulators of 
the canonical pathway and are required to suppress 
constitutive activation of non­canonical NF­κB signal­
ling. Therefore, overexpression as well as loss of cIAPs 
can result in deregulated NF­κB activation, tumour cell  
survival and chemoresistance4–6,10,18. 

Canonical NF-κB pathway. The role of cIAPs in acti­
vating the canonical pathway in response to TNFR1 
has been studied in detail. Binding of trimeric TNFα to 
TNFR1 triggers the recruitment of the adaptor protein 
TNFRSF1A­associated via death domain (TRADD), the 
Ub ligases TRAF2, TRAF5, cIAP1 and cIAP2, and  
the protein kinase RIPK1 (FIG. 3). This membrane­local­
ized complex is frequently referred to as complex­I94. 
cIAP­mediated ubiquitylation of the components of 
complex­I, such as RIPK1, stimulates Ub­dependent 
recruitment of the dimeric linear ubiquitin chain assem­
bly complex (LUBAC), which is composed of HoIL1 and 
HoIP, and the kinase complexes TAK1–TAB2–TAB3 
and IKKγ–IKKα–IKKβ74. Ub­binding domains that are 
present in HoIP95, TAB2 (REF. 96) and IKKγ97 mediate 
the recruitment of LUBAC, TAK1–TAB2–TAB3 and 
IKKγ–IKKα–IKKβ, respectively. once tethered to the 
Ub chains of complex­I, LUBAC promotes the synthe­
sis of polyUb chains on IKKγ, as well as other com­
ponents of complex­I95,98, resulting in the stabilization 
of complex­I. Ubiquitylation also supports additional 
recruitment, retention, ubiquitylation and activation 
of IKKγ–IKKα–IKKβ  by TAK1 (REF. 95). IKKβ phos­
phorylates NF­κB inhibitor­β (NF­κBIβ), targeting it 
for Ub­dependent proteasomal degradation, allowing 
NF­κB to translocate to the nucleus where it drives the 
expression of target genes.

Until recently it was thought that TRAF2 and UBC13 
functioned as the Ub ligase and E2­conjugating enzyme, 
respectively, that target RIPK1 for K63­linked polyubiq­
uitylation. However, recent data indicate that TRAF2 
and TRAF1 function as adaptors to recruit cIAPs to the 
TNFR1 signalling complex, and that cIAPs function as 
the apical Ub ligases for TNFR1­mediated activation of 
NF­κB89,92,95,99–101. Notably, cIAP1 and cIAP2, which are 
highly similar proteins, seem to function redundantly 
in the relay of the TNFα signal. Accordingly, Birc2- 
and Birc3­single knockout mice are asymptomatic and 
do not display noticeable defects in TNFR1­mediated 
ubiquitylation of RIPK1 and activation of NF­κB102,103. 
However, loss of both of these cIAPs strongly impairs 
TNFα­mediated NF­κB activation89,90,92,95.

Box 2 | Caspase-mediated cell death (apoptosis)

Caspases	are	synthesized	as	inactive	zymogens	that	become	activated	through	
internal	proteolysis	or	by	induced	proximity.	Apoptotic	caspases	are	classified	into	
initiator	caspases	with	long	pro-domains	and	effector	caspases	with	short	
pro-domains.	In	mammals,	the	initiator	caspases,	caspase	8	(and	its	close	homologue,	
caspase	10)	and	caspase	9,	are	activated	by	signal-induced	dimerization	in	multiprotein	
complexes	known	as	a	death-inducing	signalling	complex	(DISC)	and	apoptosome,	
respectively159.	DISCs	are	formed	on	the	ligation	of	death	receptors	(DRs),	which	
constitute	a	subset	of	cell	surface	receptors	of	the	tumour	necrosis	factor	receptor	
(TNFR)	superfamily.	Activation	of	TNFR1	by	TNF	leads	to	oligomerization	of	the	
receptor	and	formation	of	a	multiprotein	complex	consisting	of	TNFRSF1A-associated	
via	death	domain	(TRADD),	TNFR-associated	factor	2	(TRAF2),	TRAF5,	cellular	inhibitor	
of	apoptosis	1	(cIAP1),	cIAP2,	RIPK1	and	additional	proteins.	By	mechanisms	that	are	
not	clearly	understood,	this	complex	is	released	from	the	receptor	and	the	death	
domain	of	TRADD	is	able	to	interact	with	Fas-associated	death	domain	(FADD),	which	
in	turn	recruits	caspase	8	and	caspase	10	through	their	death	effector	domain94,160.	
Through	induced	proximity,	caspase	8	and	caspase	10	are	activated	and	may	process	
downstream	effector	caspase	3	and	caspase	7	as	well	as	the	pro-apoptotic	BCL-2	family	
protein	BID.	The	caspase	8	processed	BID	(tBID)	induces	a	conformational	change	of	
the	multi-domain	BCL-2	family	proteins	BAX	and	BAK,	which	leads	to	their	insertion	
into	the	outer	mitochondrial	membrane,	the	permeabilization	of	the	outer	membrane	
and	the	release	of	apoptogenic	factors,	including	cytochrome	c,	Smac	(also	known	as	
DIABLO),	OMI	(also	known	as	HTR2A)	and	apoptosis-inducing	factor	(AIF),	into	the	
cytosol.	In	the	cytosol,	cytochrome	c	binds	APAF1	and	facilitates	the	formation	of	the	
apoptosome	—	a	heptameric	complex	of	APAF1	and	caspase	9.	Within	this	complex,	
caspase	9	becomes	activated	owing	to	induced	proximity,	and	in	turn	activates	
caspase	3	and	caspase	7	through	proteolytic	cleavage	between	the	large	and	small	
subunits.	These	activated	effector	caspases	then	orchestrate	the	execution	phase		
of	apoptosis	through	limited	proteolysis	of	multiple	substrates.	The	mitochondrial	
apoptosis	pathway	can	also	be	activated	by	numerous	non-receptor	stimuli,	including	
genotoxic	stress	and	oncogene	activation160.
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cIAP­mediated ubiquitylation of the components of 
complex­I is also essential to protect cells from the lethal 
effects of TNFα6,104,105. Unlike CD95 ligand, TNFα does 
not kill cells in most circumstances, and instead stimu­
lates NF­κB and MAP kinases, leading to cell survival 
and stimulation of inflammation. Notably, although 

ubiquitylation of RIPK1 is thought to be a crucial step 
in Ub­mediated activation of NF­κB, a recent report sug­
gests that RIPK1 is not essential for TNFα­induced acti­
vation of NF­κB, at least in mouse cells106. Consistently, 
Ripk1–/– MEFs are not particularly sensitive to TNFα. 
In the absence of cIAPs, however, TNFα stimulates 
the formation of a secondary cytoplasmic complex, 
complex­II, which contains RIPK1, Fas­associated via 
death domain (FADD) and caspase 8  (REFs 6,104). This 
complex is formed within 2 hours of stimulation, is 
entirely RIPK1­dependent and derives from the plasma 
membrane­bound complex­I following its detachment 
from TNFR1 (FIG. 3). In the absence of cIAPs, formation 
of complex­II results in the rapid activation of caspase 8 
and induction of apoptosis. In most cases, this form of 
death is completely blocked by caspase inhibitors, indi­
cating that it is executed by caspases4–6. However, in some 
cells, exposure to caspase inhibitors or genetic defects 
that prevent caspase 8 activation switches the apoptotic 
response to necrosis107–111. The switch to necrotic cell 
death depends on the levels of RIP3, as RIP3 is recruited 
to complex­II and phosphorylates and activates RIPK1, 
thereby promoting necrosis109,110,112. Interestingly, cIAPs 
have a similar function in regulating the cells response to 
CD95 ligation. cIAPs prevent the recruitment of RIPK1 
and the formation of a RIPK1­dependent complex­II 
that triggers programmed necrosis following CD95 
stimulation113.

Together, these data indicate that cIAPs function at a 
pivotal step in death receptor signalling. The involvement 
of cIAPs in maintaining cell survival is consistent with 
their role in the Ub­dependent formation of complex­I, 
recruitment of LUBAC, stabilization of complex­I and 
efficient activation of NF­κB. Additionally, cIAPs also 
contribute to cell survival by preventing the formation 
of a RIPK1­dependent, caspase 8­activating complex by 
ubiquitylating RIPK1 at the receptor complex.

Non-canonical NF-κB pathway. Non­canonical activa­
tion of NF­κB predominantly occurs in response to lig­
ands of the TNF receptor superfamily such as CD40L, 
B cell activating factor (BAFF) and TwEAK114. This 
pathway depends on the inducible phosphorylation 
and proteasome­mediated partial degradation of the 
NF­κB family member NF­κB2 to its p52 form (FIG. 4). 
This process is regulated by the NF­κB­inducing kinase 
(NIK) and IKKα, but not IKKβ or IKKγ114. NIK phos­
phorylates IKKα at Ser176 and Ser180, and NF­κB2 
at Ser866 and Ser870. This recruits IKKα heterodim­
ers, which phosphorylate additional residues in the  
N and C termini of NF­κB2, leading to the ubiquityla­
tion and proteasome­mediated processing of NF­κB2 
to its mature form, p52 (REF. 115). Non­canonical acti­
vation of NF­κB is normally shut down in resting cells 
owing to the constitutive degradation of NIK through an 
Ub–ligase complex consisting of TRAF3–TRAF2–cIAP1 
and/or cIAP2 (REFs 91,116). TRAF3 directly binds to NIK 
and recruits it to TRAF2–cIAP1 through its ability to 
heterodimerize with TRAF2 through its C terminal  
TRAF domain. TRAF2 and TRAF3 both have a RINg 
finger domain; however, the Ub ligase activity of cIAP1 

Figure 2 | IaP-mediated regulation of caspases: inhibition versus Ub-dependent 
inactivation. a | XIAP directly inhibits the effector caspase 3 and caspase 7, and the 
initiator caspase 9. The sequence preceding the BIR2 domain of XIAP occupies the 
catalytic pocket of caspase 3 or caspase 7, thereby blocking substrate entry. In addition, 
the BIR2 domain interacts with the inhibitor of apoptosis (IAP)-binding motif (IBM) of 
caspase 3 or caspase 7 that is exposed following their proteolytic activation (shown in 
green). XIAP-mediated inhibition of caspase 9 requires proteolytic cleavage of caspase 9, 
which exposes an IBM that binds to the BIR3 of XIAP. Caspase 9 activity is blocked 
because XIAP prevents caspase 9 dimerization, a prerequisite for initiator caspase 
activity. The RING domain of XIAP does not contribute to caspase binding and, therefore, 
is not required for caspase inhibition in vitro. b | IAP-mediated regulation of caspases as 
exemplified by the Drosophila melanogaster IAP1 (DIAP1), which is an essential negative 
regulator of the initiator caspase DRONC and the effector caspases drICE and DCP1. 
Direct physical interaction with drICE or DCP1 and DRONC is mediated through the 
BIR1 and BIR2 domains of DIAP1, respectively. The BIR2–DRONC association is essential 
for DIAP1 to neutralize DRONC but mere binding alone is not sufficient. Following 
binding, the RING finger of DIAP1 promotes ubiquitin (Ub) conjugation of caspases. 
Several Ub-dependent inactivation mechanisms have been suggested and include 
non-degradative ubiquitylation of monomeric DRONC that suppresses activation; 
limitation of spontaneous apoptosome formation by targeting apoptosome-associated 
DRONC for degradation; and suppression of effector caspases through non-degradative 
Ub conjugation. Potentially, deubiquitylating enzymes may remove Ub chains following 
exposure to cell death stimuli causing rapid caspase reactivation. A predicted structure 
of drICE is shown ubiquitylated at K178 (for simplicity only one Ub moiety (yellow) is 
shown). Ub conjugation interferes with substrate binding (the substrate peptide is 
indicated in green), suggesting steric hindrance as potential mechanism of Ub-mediated 
caspase inhibition.
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and cIAP2 is responsible for the conjugation of degradative 
K48­linked polyUb chains to NIK. TRAF2 and TRAF3 
seem to function as adaptor proteins only: recruiting 
NIK to cIAPs. genetic or pharmacological deletion of 
TRAF2, TRAF3 or cIAPs prevents NIK turnover and 
results in the accumulation of NIK protein levels, caus­
ing spontaneous activation of NIK and stimulation of 
non­canonical NF­κB signalling.

Activation of non­canonical NF­κB signalling is 
induced in response to the activation of a subset of TNFR 
superfamily members that includes CD40, BAFF recep­
tor (BAFFR) and TNFRSF12A114,117. Although it is clear 
that cIAPs are required for receptor­mediated activation 
of the non­canonical pathway, the precise mechanism 
through which this is achieved is not fully understood, 
and might vary depending on the receptor91,93,116. 
Although different receptors use distinct mechanisms 
to deplete the components of the TRAF3–TRAF2–cIAP 
Ub ligase complex, the overall outcome is the same: the 
liberation and stabilization of NIK, which results in the 
spontaneous activation of the non­canonical pathway.

The idea that NIK levels are kept low by the TRAF3–
TRAF2–cIAP Ub ligase complex explains why genetic 
deletion of TRAF2, TRAF3 or cIAPs is sufficient to 
cause NF­κB2 activation. It also explains how certain 
cancer types achieve constitutive activation of NF­κB.  

For example, 20% of patients with multiple myeloma 
have genetic lesions that drive unrestrained non­canonical 
NF­κB signalling10,118. Strikingly, biallelic deletions of 
BIRC2 and BIRC3, TRAF2, TRAF3 and CYLD were 
among the most frequent genetic alterations identified. 
Moreover, enhanced expression of CD40, lymphotoxin­β 
receptor (LTβR), TNFRSF13B, NFKB2 and NIK is also 
frequently found10,118. Mutations causing increased levels 
of NIK and non­canonical activation of NF­κB might 
not be exclusive to multiple myeloma — breast119 and 
pancreatic cancers120 might also have mutations that 
result in the activation of the non­canonical pathway. 
The identification of multiple genetic alterations affect­
ing genes that are involved in regulating NIK levels pro­
vides evidence that unrestrained non­canonical NF­κB 
signalling substantially contributes to tumorigenesis. As 
IAPs are essential for preventing the accumulation of 
NIK and unrestrained NF­κB signalling, it seems likely 
that IAPs suppress NIK­mediated tumour development 
in some cell types.

Inhibition of IAPs as anti-cancer therapy
To date more than 50 patents have been filed that are 
aimed at blocking IAPs and pushing cancer cells into 
apoptosis. The observation that a short IBM tetrapep­
tide can bind and block the interaction between type II 

Figure 3 | IaPs function as e3 ligases in TnFr1-mediated activation of nF-κB. Activation of tumour necrosis factor 
receptor 1 (TNFR1) stimulates the formation of complex-I that consists of TNFR1, TNFR-associated via death domain 
(TRADD), RIPK1, TNFR-associated factor 2 (TRAF2) and cellular inhibitor of apoptosis 1 (cIAP1). cIAPs ubiquitylate (through 
K63-linked chains, shown in cream) several components of this complex, which causes ubiquitin (Ub)-dependent 
recruitment of linear ubiquitin chain assembly complex (LUBAC), transforming growth factor-β (TGFβ)-activated kinase 
(TAK1)–TAB2–TAB3 and IKKγ–IKKα–IKKβ  through their respective Ub-binding domains (UBDs). Once recruited, LUBAC 
conjugates M1-linked Ub chains (shown in pink) on to IKK, and probably other components of complex-I. In addition to 
stimulating TNFα-mediated activation of nuclear factor-κB (NF-κB), cIAPs also suppress the formation of the 
death-inducing complex-II, which is the activation platform for caspase 8 that induces death by the extrinsic pathway. In 
the absence of cIAPs, this complex is formed by RIPK1, but in the absence of NF-κB activation it is formed by TRADD. 
FADD, Fas-associated via death domain; NF-κBIA, NF-kB inhibitor-α.
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BIR domains and caspases21,121–124, led to the develop­
ment of small pharmacological drugs mimicking the  
N terminal IBM motif (AvPI) of mature Smac (also 
known as DIABLo), a member of the loosely defined 
family of IAP antagonists (BOX 3; FIG. 1). These com­
pounds selectively bind to the type II BIR domains of 
numerous IAPs. Most Smac mimetic compounds are 
dimers resembling the higher­order architectural struc­
ture of IAP antagonists2. Although originally designed to 
inactivate XIAP, Smac mimetics are most effective with 
cIAP1 and cIAP2. within minutes of exposure, Smac 
mimetics trigger auto­ubiquitylation and proteasomal 
degradation of cIAP1 and cIAP2 — although cIAP2 
is depleted with slower kinetics than cIAP1in most 
cases4,5,104. This results in the spontaneous activation 
of non­canonical NF­κB, NF­κB­mediated enhance­
ment of TNFα production and autocrine stimulation 
of TNFR1. It is clear that the depletion of cIAPs causes 
a dramatic reduction in RIPK1 ubiquitylation89,90,92 and 
the formation of a RIPK1­dependent activation plat­
form that binds and activates caspase 8, causing cell 
death. Apoptotic or necrotic cell death that is induced 
by Smac mimetics and TNFα crucially depends on 
RIPK1, as Ripk1­deficient MEFs and cancer cells in 
which RIPK1 is depleted are resistant to TNFR1 killing 
following treatment with a Smac mimetic4–6,88,89,106.

Although several cancer cell lines are sensitive to 
Smac mimetics alone, most cancer cell lines seem  
to be resistant6,125. Such ‘Smac mimetic­resistant cells’ 
survive because they fail to produce TNFα. However, 
when supplied with exogenous TNFα, these cells 
also rapidly succumb to TNFR1­mediated apoptosis. 
Currently, it is not clear why certain cells respond to 
Smac mimetics by producing TNFα and others do not. 
Notably, both resistant and sensitive cells have compa­
rable levels of non­canonical NF­κB signalling follow­
ing Smac mimetic­mediated depletion of cIAPs. In vivo 
this distinction may be of little relevance as malignant 
cancer cells are flooded with TNFα that is produced by 
the tumour microenvironment. Therefore, it is expected 
that in vivo many types of tumour cells are sensitive  
to Smac mimetic treatment. Thus, the difference 
between Smac mimetic­resistant and Smac mimetic­
sensitive tumour cells may predominantly apply to 
in vitro culture settings. Importantly, Smac mimetics 
are well tolerated in vivo and do not seem to sensitize 
normal primary cells to TNFα­induced killing, which 
provides a promising therapeutic window4,6,126–128. 
Currently, five Phase I clinical trials are under way 
assessing the safety, tolerability and pharmacokinetic 
profiles of Smac mimetics in patients with advanced 
solid tumours and lymphomas (TABLE 1).

Figure 4 | regulation of non-canonical nF-κB signalling. a | Under resting conditions cellular inhibitor of apoptosis 
(cIAP) proteins target nuclear factor-κB (NF-κB)-inducing kinase (NIK) for ubiquitylation and proteasomal degradation. 
cIAP-mediated degradation of NIK requires tumour necrosis factor receptor associated factor 2 (TRAF2) and TRAF3. 
TRAF3 functions as an adaptor that directly binds to NIK, and recruits it to the TRAF2–cIAP complex through its ability to 
heterodimerize with TRAF2. b | Engagement of CD40 with its ligand CD40L results in the recruitment of the 
TRAF3–TRAF2–cIAP complex to the receptor. At the receptor, TRAF3 undergoes cIAP-dependent K48-linked 
polyubiquitylation (Ub) that targets it for proteasomal degradation. In the absence of TRAF3, NIK protein levels 
accumulate as it can no longer be recruited to the TRAF2–cIAP complex. As NIK levels increase, NIK presumably becomes 
activated by autophosphorylation (P). Subsequently, NIK activates IKKα, which in turn phosphorylates NF-κB2. This 
stimulates limited proteasome-mediated proteolysis of NF-κB2 to p52. Removal of the carboxy-terminal ankyrin repeats 
from NF-κB2 releases the p52–RELB heterodimer, allowing its translocation to the nucleus where it instigates the 
expression of NF-κB target genes.
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cIAPs and cancer-related inflammation
Although the loss of IAPs favours the development of mul­
tiple myeloma, the genomic amplification of 11q22, which 
contains BIRC2 and BIRC3, occurs at high frequency in 
hepatocellular carcinoma (HCC), lung and pancreatic 
cancers, oral squamous cell carcinomas, medulloblas­
tomas and glioblastomas129–134. Moreover, recurrent 
amplification of Birc2 and Birc3 also frequently occurs in 
mouse models of MYC­driven liver cancer and sponta­
neous osteo sarcomas135,136. In both these tumour models, 
high levels of cIAP1 expression were required to sustain 
the rapid growth of amplicon­containing tumours135,136. 
Although it has been postulated that cIAP1 cooperates 
with MYC by targeting MAD1, a cellular antagonist of 
MYC, for K48­linked polyubiquitylation and proteasomal 
degradation137, it seems likely that cIAP1 also modulates 
the cellular response to TNFα that is produced by the 
tumour microenvironment (FIG. 5). In this respect it is 
interesting to note that the activation of MYC induces the 
expression of numerous chemokines, which are attract­
ants for inflammatory cells138 that are thought to support 
tumour development by releasing growth, trophic and 
chemotactic factors139. In particular, mast cells produce 
a large amount of vascular endothelial growth factor A 
(vEgFA), fibroblast growth factor 2, matrix metallo­
proteinase 9 (MMP9) and TNFα139. Emerging evidence 
indicates that TNFα is one of the key mediators of cancer­
related inflammation that drives tumour development 
and/or progression140,141. Consistently, constitutive pro­
duction of TNFα from the tumour microenvironment is 
seen in many malignant tumours, and is frequently associ­
ated with a poor prognosis142. given that cIAP1 and cIAP2 
function as key mediators of TNFα­induced activation of 
NF­κB and protect cells from the lethal effects of TNFα, 
it seems likely that increased levels of IAPs at least partly 
support cancer cell survival by modulating their response 
to TNFα. Clearly further work is required to fully eluci­
date how cIAPs contribute to the development and/or 
progression of various types of cancers.

IAP-mediated regulation of metastasis
The dissemination of tumour cells to distant organs and 
their proliferation at these sites is one of the hallmarks 
of tumour progression, and is invariably associated 

with a fatal disease outcome. Metastatic cells need to  
suppress the cell death programme following detach­
ment from the trophic environment and extracellular 
matrix as well as acquire the ability to migrate, pass 
through basement membranes, invade blood vessels and 
colonise distant sites1.

Two recent reports link several mammalian IAPs to 
tumour cell invasion and metastasis. The physical asso­
ciation of XIAP with survivin was found to drive NF­κB 
activation, which in turn leads to increased autocrine 
production of fibronectin, signalling by β1 integrins 
and activation of the cell motility kinases focal adhesion 
kinase (FAK) and SRC11. This results in tumour cell 
invasion in vitro and metastatic dissemination in vivo. 
Importantly, the role of XIAP in regulating metastasis 
seems to be independent of its ability to modulate cell 
survival through caspase inhibition. IAP­mediated regu­
lation of cell invasion and metastasis is not restricted to 
XIAP–survivin but also extends to cIAPs. Accordingly, 
targeted knock down of cIAP1, similar to knock down 
of XIAP or survivin, inhibits MDA­MB231 and PC3 
cell invasion. This suggests that controlling tumour cell  
invasion is a general property of multiple IAPs.

Although high IAP expression levels can contribute 
to cell migration and metastasis, Rajalingam and col­
leagues find that XIAP, cIAP1 and cIAP2 actually sup­
press cell motility in vitro in response to growth factor 
stimulation12. XIAP, cIAP1 and cIAP2 bind to CRAF 
and target it for proteasomal degradation. Accordingly, 
small interfering RNA­mediated downregulation of 
XIAP, cIAP1 or cIAP2 stabilizes CRAF and enhances cell 
migration in a CRAF­dependent manner. Clearly, future 
studies will need to clarify the precise cellular state and 
microenvironmental contexts in which XIAP, survivin, 
cIAP1 and cIAP2 function as genes that either support 
or suppress metastasis.

Regulation of innate immune responses
Inflammatory responses are mostly beneficial but can 
also become detrimental if deregulated. It is now rec­
ognized that chronic situations, in which unresolved 
inflammation causes tissue damage and triggers inces­
sant tissue repair and remodelling, strongly contributes 
to a multitude of human diseases, including cancer69,143. 
Importantly, tissue stress and malfunction, a key char­
acteristic of human tumours, also induces an inflamma­
tory response that is similar to that elicited by invading 
microbes. Particularly, the necrotic death of tumour 
cells potently stimulates tissue­resident macrophages. 
Consequently, tumour­associated necrosis stimulates 
macrophage recruitment and triggers tissue repair and 
remodelling, which in turn fuels tumour growth.

MALT lymphoma. The development of MALT lym­
phoma is a prime example of how the inability to 
resolve an inflammatory response can contribute  
to cancer. MALT lymphoma, which is the most com­
mon extra­nodal non­Hodgkin B cell lymphoma, arises 
in the mucosa, primarily in the gastric tract and lungs, 
and is closely associated with chronic infection by 
Helicobactor pylori144. Initially, inflammation­associated 

 Box 3 | IAP antagonists

Antagonists	of	the	inhibitor	of	apoptosis	(IAP)	proteins	are	characterized	by	the	
presence	of	an	alanine	at	position	1	that	anchors	these	proteins	to	the	surface	of	
specific	baculovirus	IAP	repeat	(BIR)	domains	of	IAPs	(FIG. 1).	IAP	antagonists	have	little	
in	common	apart	from	this	feature.	The	activities	of	the	Drosophila melongaster	IAP	
antagonists,	Reaper,	Grim	and	Hid,	are	essential	for	apoptosis	during	development161.	
Cells	that	lack	these	proteins	fail	to	activate	the	apoptosis	programme,	just	like	cancer	
cells.	In	normal	D. melanogaster	cells	these	proteins	are	either	not	expressed	or	post-
transcriptionally	silenced	by	microRNAs	or	MAPK	activity162–164.	In	mammalian	cells,	IAP	
antagonists	are	constitutively	expressed	but	sequestered	to	mitochondria	(Smac	(also	
known	as	DIABLO)	and	OMI	(also	known	as	HTRA2))	or	the	endoplasmic	reticulum	
(GSPT1;	also	known	as	eRF3),	from	where	they	are	released	to	the	cytosol	on	receipt	of	
a	death	stimulus123,124,165,166.	IAP	antagonist	proteins	predominantly	function	by	binding	
to	the	BIR	domains	of	IAPs	and	blocking	their	access	to	caspases,	and	possibly	many	
other	molecules.	In	addition,	some	IAP	antagonists,	such	as	Reaper,	Grim	and	Hid,	also	
stimulate	IAP	auto-ubiquitylation	and	proteasomal	degradation54,57,167.
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tumours are infection­dependent and regress when 
patients receive antibiotics. However, such tumours fre­
quently progress to become self­sustaining as a result 
of genetic rearrangements and no longer respond to 
antibiotics.

The most prevalent chromosomal aberration associ­
ated with MALT lymphoma is the reciprocal transloca­
tion of BIRC3 and MALT1 (t(11q21:18q21))144 (FIG. 6). 
The resulting chimeric oncoprotein consists of the  
N terminal portion of cIAP2, which includes the three 
BIR domains and the Ub­binding domain18, and the 
C terminal component of the paracaspase MALT1. 
cIAP2–MALT1 drives B cell transformation and lym­
phoma progression through constitutive activation 
of the canonical NF­κB signalling pathway145. As the 
BIRC3 promoter is a direct downstream target of NF­κB, 
cIAP2–MALT1­mediated activation of NF­κB results in 
a positive feedback loop that drives high level expression 
of cIAP2–MALT1.

Under normal circumstances, MALT1 is an essential 
intermediate in antigen receptor­mediated activation 
of NF­κB. Engagement of antigen receptors results in 
MALT1 oligomerization through its recruitment to a 
multimeric protein complex that is formed by the adap­
tor proteins CARMA1 and BCL10 (REF. 75). MALT1 
multimerization then recruits and activates the Ub 
ligase TRAF6, which in turn stimulates K63­linked 
polyubiquitylation of IKKγ, BCL10, MALT1 and TRAF6 
(REFs 146–149). Particularly important is the conjuga­
tion of K63­linked polyUb chains on K399 of IKKγ, 
which results in IKKα and IKKβ activation, and, in turn,  
activation of NF­κB147.

In MALT lymphoma, cIAP2–MALT1 bypasses 
the requirement for BCL10 and upstream signalling 
events because the first BIR domain of cIAP2 medi­
ates heterotypic oligomerization through binding to 
the MALT1 C terminus145,150 (FIG. 6), allowing TRAF6 
recruitment, IKKγ ubiquitylation and NF­κB activa­
tion. Analysis of t(11q21:18q21)­positive MALT lym­
phomas indicates that in 98% of all reported cases the 
breakpoint in BIRC3 occurs in the intron downstream 
of exon 7 (REF. 144), which encodes the UBA domain that 
enables cIAP2–MALT1 to bind to K63­ and M1­linked 
polyUb chains. The specific selection of the breakpoint 
frequency downstream of exon 7 of BIRC3 and the 
consistency of in­frame cIAP2–MALT1 fusions points 
to a selective advantage for the inclusion of the UBA 
domain. Consistently, an intact UBA domain is required 
for trapping ubiquitylated forms of IKKγ, and efficient  
cIAP2–MALT1­mediated activation of NFkB18.

Toll-like receptors. Unbalanced production of type I 
interferons and pro­inflammatory cytokines following 
the activation of Toll­like receptors (TLRs) contributes 
to the pathogenesis of autoimmune disease and modu­
lates tumour responses to inflammation70,143. Most TLRs 
are transmembrane receptors that sense derivatives of 
extracellular microbes through their ligand­binding 
domains151. on stimulation, TLRs trigger the recruit­
ment of adaptor proteins through homotypical protein 
interactions between Toll and interleukin 1 receptor 
(TIR) domains that are present in the receptors and adap­
tors, such as MyD88 and TRIF (FIG. 6). oligomerization 
of the receptor and adaptor results in the association  

Figure 5 | IaPs in oncogenesis. Cellular inhibitor of apoptosis 1 (cIAP1) synergises with MYC in tumorigenesis and this 
might be partly through its ability to protect cancer cells from the lethal effects of tumour necrosis factor-α (TNFα) 
produced by the tumour microenvironment. Deregulation of MYC in tumour cells stimulates the expression of numerous 
chemokines that are attractants for inflammatory cells, such as mast cells, that are essential for macroscopic tumour 
expansion. Inflammatory cells are thought to support tumour development by releasing growth, trophic and chemotactic 
factors such as vascular endothelial growth factor (VEGF), fibroblast growth factor 2 and TNFα. As cIAPs suppress 
TNFα-induced cell death, it is likely that increased levels of cIAPs support cancer cell survival by modulating their response 
to TNFα. cIAPs and XIAP are thought to contribute to cancer cell invasion and metastasis through their ability to drive 
nuclear factor-κB (NF-κB)-mediated expression of genes involved in cell motility, migration and invasion.
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of additional signalling proteins that trigger the expres­
sion of antimicrobial peptides, pro­inflammatory chemo­
kines and cytokines, as well as enzymes that catalyse the 
production of secondary inflammatory mediators. of 
particular importance is the balanced production of 
interferons and pro­inflammatory cytokines. TLR4­
mediated production of interferon and TLR4­mediated 
production of pro­inflammatory cytokines take differ­
ent signalling routes and rely on distinct TIR domain­
containing adaptors — TRIF and MyD88, respectively151. 
MyD88­dependent production of pro­inflammatory 
cytokines requires cIAPs, as their depletion resulted in 
the specific inhibition of production of TNFα, inter­
leukin­6 (IL­6), IL­12α, IL­12β, CXCL2 and CXCL1 
(REF. 152). Smac mimetic­mediated inhibition of cIAPs 
blocks TLR4­mediated and MyD88­dependent activa­
tion of MAPK signalling. cIAPs are also required for 

ligand­induced degradation of TRAF3, which functions 
as an inhibitor of MAPK activation and inflammatory 
cytokine production. Therefore, elimination of cIAPs 
results in the specific inhibition of pro­inflammatory 
genes without any effect on the anti­inflammatory and 
tumour­suppressive interferon response152. This may 
be of particular relevance for inflammatory diseases 
and cancer in which cells propagate in response to pro­
inflammatory cytokines, such as TNF, but the growth of 
which is suppressed by type I interferons153.

Concluding remarks
Although IAPs were originally identified by their ability  
to suppress apoptosis, it is now clear that they contribute to 
cell survival and tumorigenesis by more than simply 
blocking caspases. Most prominently, many IAPs, such 
as XIAP, cIAP1 and cIAP2, regulate signalling pathways 

Figure 6 | IaP-mediated regulation of innate immune responses. a | The cellular inhibitor of apoptosis 2 
(cIAP2)–MALT1 fusion protein drives constitutive activation of nuclear factor-κB (NF-κB) through a mechanism that 
depends equally on domains contributed by cIAP2 and MALT1. A schematic representation of the position and frequency 
of the chromosomal breakpoints in BIRC3 and MALT1 observed in t(11q21:18q21)-positive MALT lymphomas is shown. 
Arrowheads show the exon (E) boundaries and position of breakpoints. b | Model of cIAP2–MALT1-mediated NF-κB 
activation: the baculorvirus IAP repeat (BIR) 1 domain of cIAP2 mediates oligomerization of cIAP2–MALT1, permitting the 
recruitment of tumour necrosis factor receptor-associated factor 6 (TRAF6) and unmodified IKKγ. Following cIAP2–
MALT1-assisted polyubiquitylation (Ub) of IKKγ, K63-linked polyubiquitylated IKKγ is tightly bound by cIAP2–MALT1 
through the Ub-associated (UBA) domain of cIAP2. This allows the recruitment of transforming growth factor-β-activated 
kinase 1 (TAK1), activation of the NF-κB kinase complex (IKKα and IKKβ) and subsequent phosphorylation (P) of NF-κBIA 
leading to its degradation and NF-κB activation. c | Binding of lipopolysaccharide (LPS) to the Toll-like receptor 4 
(TLR4)–MD2 receptor complex stimulates the MyD88- and TRIF-dependent pathways, which mediate expression of 
pro-inflammatory cytokines and type I interferons (IFRs). In a stimulus-dependent manner, cIAPs target tumour necrosis 
factor receptor-associated factor 3 (TRAF3) for proteasomal-mediated degradation. TRAF3 degradation is required to 
allow MyD88-dependent activation of TAK1 and the production of pro-inflammatory cytokines such as tumour necrosis 
factor-α (TNFα), interleukin-6 (IL-6) and IL-12β. Notably, LPS-mediated activation of the NF-κB kinase complex and NF-κB 
seems to be unaffected by the loss of cIAPs. CARD, caspase-recruitment domain; DD, death domain; Ig, immunoglobulin; 
TAB2, TAK1 binding protein 2. 

R E V I E W S

NATURE REvIEwS | CanCer  voLUME 10 | AUgUST 2010 | 571

© 20  Macmillan Publishers Limited. All rights reserved10



1. Hanahan, D. & Weinberg, R. A. The hallmarks of 
cancer. Cell 100, 57–70 (2000).

2. LaCasse, E. C. et al. IAP-targeted therapies for cancer. 
Oncogene 27, 6252–6275 (2008).

3. Hunter, A. M., LaCasse, E. C. & Korneluk, R. G. The 
inhibitors of apoptosis (IAPs) as cancer targets. 
Apoptosis 12, 1543–1568 (2007).

4. Vince, J. E. et al. IAP antagonists target cIAP1 to 
induce TNFα-dependent apoptosis. Cell 131,  
682–693 (2007).

5. Varfolomeev, E. et al. IAP antagonists induce 
autoubiquitination of c-IAPs, NF-κB activation, and 
TNFα-dependent apoptosis. Cell 131, 669–681 (2007).

6. Petersen, S. L. et al. Autocrine TNFα signaling renders 
human cancer cells susceptible to 
Smac-mimetic-induced apoptosis. Cancer Cell 12, 
445–456 (2007).
References 4–6 demonstrate that Smac mimetics 
trigger the rapid degradation of cIAPs and 
sensitize cancer cells to RIPK1-dependent 
TNFα-mediated apoptosis. Depletion of cIAPs is 
shown to activate non-canonical NF-κB signalling, 
which leads to TNFα production in some cell types.

7. Shaw, T. J., Lacasse, E. C., Durkin, J. P. & 
Vanderhyden, B. C. Downregulation of XIAP 
expression in ovarian cancer cells induces cell death 
in vitro and in vivo. Int. J. Cancer 122, 1430–1434 
(2008).

8. McManus, D. C. et al. Loss of XIAP protein expression 
by RNAi and antisense approaches sensitizes cancer 
cells to functionally diverse chemotherapeutics. 
Oncogene 23, 8105–8117 (2004).

9. Hu, Y. 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. 9, 2826–2836 (2003).

10. Keats, J. J. et al. Promiscuous mutations activate the 
noncanonical NF-κB pathway in multiple myeloma. 
Cancer Cell 12, 131–144 (2007).

11. Mehrotra, S. et al. IAP regulation of metastasis. 
Cancer Cell 17, 53–64 (2010).
This paper shows that XIAP contributes to 
metastasis in vivo and cell invasion in vitro 
independently of caspase binding and inhibition. 
XIAP in complex with Survivin drives the activation 
of NF-κB to promote cell invasion and metastasis. 
cIAP1 and cIAP2 are also implicated in cancer cell 
invasion.

12. Dogan, T. et al. X-linked and cellular IAPs modulate 
the stability of C-RAF kinase and cell motility. Nature 
Cell Biol. 10, 1447–1455 (2008).

13. Srinivasula, S. M. & Ashwell, J. D. IAPs: what’s in a 
name? Mol. Cell 30, 123–135 (2008).

14. Birnbaum, M. J., Clem, R. J. & Miller, L. K. An 
apoptosis-inhibiting gene from a nuclear polyhedrosis 
virus encoding a polypeptide with Cys/His sequence 
motifs. J. Virol. 68, 2521–2528 (1994).

15. Hinds, M. G., Norton, R. S., Vaux, D. L. & Day, C. L. 
Solution structure of a baculoviral inhibitor of apoptosis 
(IAP) repeat. Nature Struct. Biol. 6, 648–651 (1999).

16. Sun, C. et al. NMR structure and mutagenesis of the 
inhibitor-of-apoptosis protein XIAP. Nature 401,  
818–822 (1999).

17. Yang, Y., Fang, S., Jensen, J. P., Weissman, A. M. & 
Ashwell, J. D. Ubiquitin protein ligase activity of IAPs 
and their degradation in proteasomes in response to 
apoptotic stimuli. Science 288, 874–877 (2000).

18. Gyrd-Hansen, M. et al. IAPs contain an evolutionarily 
conserved ubiquitin-binding domain that regulates 
NF-κB as well as cell survival and oncogenesis. Nature 
Cell Biol. 10, 1309–1317 (2008).

19. Blankenship, J. W. et al. Ubiquitin binding modulates 
IAP antagonist-stimulated proteasomal degradation of 
c-IAP1 and c-IAP2. Biochem. J. 417, 149–160 (2009).
References 18 and 19 describe how IAPs harbour 
a UBA domain and interact preferentially with 
polyUb chains. Reference 18 describes how the 
UBA domain contributes to IAP-mediated 
regulation of NF-κB signalling, cell survival and 
oncogenesis. Reference 19 describes how the UBA 
domain is involved in proteasomal degradation of 
cIAPs in response to Smac mimetics.

20. Lin, S. C., Huang, Y., Lo, Y. C., Lu, M. & Wu, H. Crystal 
structure of the BIR1 domain of XIAP in two crystal 
forms. J. Mol. Biol. 372, 847–854 (2007).

21. Liu, Z. et al. Structural basis for binding of Smac/
DIABLO to the XIAP BIR3 domain. Nature 408, 
1004–1008 (2000).

22. Srinivasula, S. M. et al. A conserved XIAP-interaction 
motif in caspase-9 and Smac/DIABLO regulates caspase 
activity and apoptosis. Nature 410, 112–116 (2001).

23. Rothe, M., Pan, M. G., Henzel, W. J., Ayres, T. M. & 
Goeddel, D. V. The TNFR2-TRAF signaling complex 
contains two novel proteins related to baculoviral 
inhibitor of apoptosis proteins. Cell 83, 1243–1252 
(1995).

In this study, cIAP1 and cIAP2 were identified and 
cloned as components of the TNFR2 complex 
through their interaction with TRAF1 and TRAF2. 
More than a decade later, cIAPs are now 
recognized as essential for NF-κB activation and 
cell survival in response to TNFR activation.

24. Uren, A. G., Pakusch, M., Hawkins, C. J., Puls, K. L. & 
Vaux, D. L. Cloning and expression of apoptosis 
inhibitory protein homologs that function to inhibit 
apoptosis and/or bind tumor necrosis factor receptor-
associated factors. Proc. Natl Acad. Sci. USA 93, 
4974–4978 (1996).

25. Lu, M. et al. XIAP induces NF-κB activation via the 
BIR1/TAB1 interaction and BIR1 dimerization. Mol. 
Cell 26, 689–702 (2007).

26. Shi, Y. Mechanisms of caspase activation and 
inhibition during apoptosis. Mol. Cell 9, 459–470 
(2002).

27. Pop, C. & Salvesen, G. S. Human caspases: activation, 
specificity, and regulation. J. Biol. Chem. 284, 
21777–21781 (2009).

28. Eckelman, B. P., Salvesen, G. S. & Scott, F. L. Human 
inhibitor of apoptosis proteins: why XIAP is the 
black sheep of the family. EMBO Rep. 7, 988–994 
(2006).

29. Deveraux, Q. L., Takahashi, R., Salvesen, G. S. & 
Reed, J. C. X-linked IAP is a direct inhibitor of cell-
death proteases. Nature 388, 300–304 (1997).

30. Trapp, T. et al. Transgenic mice overexpressing XIAP 
in neurons show better outcome after transient 
cerebral ischemia. Mol. Cell. Neurosci. 23, 302–313 
(2003).

31. Deveraux, Q. L. et al. IAPs block apoptotic events 
induced by caspase-8 and cytochrome c by direct 
inhibition of distinct caspases. EMBO J. 17,  
2215–2223 (1998).

32. Conte, D., Liston, P., Wong, J. W., Wright, K. E. & 
Korneluk, R. G. Thymocyte-targeted overexpression of 
xiap transgene disrupts T lymphoid apoptosis and 
maturation. Proc. Natl Acad. Sci. USA 98,  
5049–5054 (2001).

33. Takahashi, R. et al. A single BIR domain of XIAP 
sufficient for inhibiting caspases. J. Biol. Chem. 273, 
7787–7790 (1998).

34. Wilkinson, J. C., Cepero, E., Boise, L. H. & Duckett, 
C. S. Upstream regulatory role for XIAP in receptor-
mediated apoptosis. Mol. Cell. Biol. 24, 7003–7014 
(2004).

that activate NF­κB, which in turn drives the expres­
sion of genes involved in inflammation, immunity, cell 
migration and cell survival. given that cIAPs protect 
cancer cells from the lethal effects of TNFα, it is likely 
that cIAPs also contribute to neoplastic lesions by modu­
lating the response of the cancer cell to TNFα that is 
produced by the tumour microenvironment. Notably, 
production of TNFα, which is seen in many malignant 
tumours, is one of the key mediators of cancer­related 
inflammation that drives tumour development and/or 
progression140,141. Consistent with the idea that IAPs 
protect cells from the cytotoxic consequences that are 
associated with cancer­related inflammation, alterations 
in IAPs are found in many types of human cancer, and 
are associated with chemoresistance, disease progression 
and poor prognosis2,3. In such situations, intervention 
strategies that involve the use of small pharmacological 
inhibitors of IAPs could have a major therapeutic impact 
as they deplete cIAPs and leave cancer cells fully exposed  
to the lethal effects of TNFα. Targeting XIAP in addition to 
IAPs seems to be beneficial as XIAP suppresses caspases 
and contributes to metastasis through regulating NF­κB 
signalling11,81,82.

However, the discovery that biallelic deletion of BIRC2 
and BIRC3 leads to constitutive non­canonical NF­κB 
activation and multiple myeloma highlights the fact that 

the presence of IAPs can be beneficial, and that loss of 
IAPs may contribute to carcinogenesis. The presence  
of frequent biallelic deletions of the cIAP locus in human 
malignancies is somewhat surprising because such cells 
are thought to be highly sensitive to TNFα. In multiple 
myeloma, as in most other malignancies, inflammatory 
cytokines and growth factors that are produced by the 
bone marrow microenvironment, as well as recruited 
leukocytes, contribute to disease progression154,155. How 
cIAP­deficient cells survive and propagate in such an 
environment is currently unclear. However, this is  
an important point to clarify as it implies that the pro­
longed application of Smac mimetics may, under certain 
settings, support carcinogenesis. Therefore, combination 
therapies involving Smac mimetics are likely to be safest 
when used as transient treatment regimens. Such regi­
mens will also have to take into account that inhibition of 
XIAP may not only render cancer cells more susceptible 
to apoptosis, and limit inflammatory signalling, but also 
perturb natural killer T cell homeostasis and contribute 
to X­linked lymphoproliferative syndrome156. Clearly, a 
deeper understanding of IAP biology, and the situations in 
which the inhibition of IAP function is beneficial, is needed 
to limit the potential effects of erroneous sensitization to 
apoptosis, inadvertent generation of chronic inflammation  
and/or defects in innate immune signalling.

R E V I E W S

572 | AUgUST 2010 | voLUME 10  www.nature.com/reviews/cancer

© 20  Macmillan Publishers Limited. All rights reserved10



35. Cummins, J. M. et al. X-linked inhibitor of apoptosis 
protein (XIAP) is a nonredundant modulator of tumor 
necrosis factor-related apoptosis-inducing ligand 
(TRAIL)-mediated apoptosis in human cancer cells. 
Cancer Res. 64, 3006–3008 (2004).

36. Sasaki, H., Sheng, Y., Kotsuji, F. & Tsang, B. K. Down-
regulation of X-linked inhibitor of apoptosis protein 
induces apoptosis in chemoresistant human ovarian 
cancer cells. Cancer Res. 60, 5659–5666 (2000).

37. Chawla-Sarkar, M. et al. Downregulation of Bcl-2, FLIP 
or IAPs (XIAP and survivin) by siRNAs sensitizes 
resistant melanoma cells to Apo2L/TRAIL-induced 
apoptosis. Cell Death Differ. 11, 915–923 (2004).

38. Hwang, C. et al. X-linked inhibitor of apoptosis 
deficiency in the TRAMP mouse prostate cancer 
model. Cell Death Differ. 15, 831–840 (2008).

39. Harlin, H., Reffey, S. B., Duckett, C. S., Lindsten, T. & 
Thompson, C. B. Characterization of XIAP-deficient 
mice. Mol. Cell. Biol. 21, 3604–3608 (2001).

40. Silke, J. et al. Direct inhibition of caspase 3 is 
dispensable for the anti-apoptotic activity of XIAP. 
EMBO J. 20, 3114–3123 (2001).

41. Huang, Y. et al. Structural basis of caspase inhibition 
by XIAP: differential roles of the linker versus the BIR 
domain. Cell 104, 781–790 (2001).

42. Suzuki, Y., Nakabayashi, Y. & Takahashi, R. Ubiquitin-
protein ligase activity of X-linked inhibitor of apoptosis 
protein promotes proteasomal degradation of 
caspase-3 and enhances its anti-apoptotic effect in 
Fas-induced cell death. Proc. Natl Acad. Sci. USA 98, 
8662–8667 (2001).

43. Chai, J. et al. Structural basis of caspase-7 inhibition 
by XIAP. Cell 104, 769–780 (2001).

44. Riedl, S. J. et al. Structural basis for the inhibition of 
caspase-3 by XIAP. Cell 104, 791–800 (2001).

45. Scott, F. L. et al. XIAP inhibits caspase-3 and -7 using 
two binding sites: evolutionarily conserved mechanism 
of IAPs. EMBO J. 24, 645–655 (2005).

46. Shiozaki, E. N. et al. Mechanism of XIAP-mediated 
inhibition of caspase-9. Mol.Cell 11, 519–527 
(2003).

47. Deveraux, Q. L. et al. Cleavage of human inhibitor of 
apoptosis protein XIAP results in fragments with 
distinct specificities for caspases. EMBO J. 18,  
5242–5251 (1999).

48. Schile, A. J., Garcia-Fernandez, M. & Steller, H. 
Regulation of apoptosis by XIAP ubiquitin-ligase 
activity. Genes Dev. 22, 2256–2266 (2008).

49. Jin, H. S. et al. cIAP1, cIAP2, and XIAP act 
cooperatively via nonredundant pathways to regulate 
genotoxic stress-induced nuclear factor-κB activation. 
Cancer Res. 69, 1782–1791 (2009).

50. Hawkins, C. J., Wang, S. L. & Hay, B. A. A cloning 
method to identify caspases and their regulators in 
yeast: identification of Drosophila IAP1 as an inhibitor 
of the Drosophila caspase DCP-1. Proc. Natl Acad. 
Sci. USA 96, 2885–2890 (1999).

51. Wang, S. L., Hawkins, C. J., Yoo, S. J., Muller, H. A. & 
Hay, B. A. The Drosophila caspase inhibitor DIAP1 is 
essential for cell survival and is negatively regulated 
by HID. Cell 98, 453–463 (1999).

52. Lisi, S., Mazzon, I. & White, K. Diverse domains of 
THREAD/DIAP1 are required to inhibit apoptosis 
induced by REAPER and HID in Drosophila. Genetics 
154, 669–678 (2000).

53. Meier, P., Silke, J., Leevers, S. J. & Evan, G. I. The 
Drosophila caspase DRONC is regulated by DIAP1. 
EMBO J. 19, 598–611 (2000).

54. Hays, R., Wickline, L. & Cagan, R. Morgue mediates 
apoptosis in the Drosophila melanogaster retina by 
promoting degradation of DIAP1. Nature Cell Biol. 4, 
425–431 (2002).

55. Muro, I., Hay, B. A. & Clem, R. J. The Drosophila 
DIAP1 protein is required to prevent accumulation of 
a continuously generated, processed form of the apical 
caspase DRONC. J. Biol. Chem. 277, 49644–49650 
(2002).

56. Wilson, R. et al. The DIAP1 RING finger mediates 
ubiquitination of Dronc and is indispensable for 
regulating apoptosis. Nature Cell Biol. 4, 445–450 
(2002).

57. Yoo, S. J. et al. Hid, Rpr and Grim negatively regulate 
DIAP1 levels through distinct mechanisms. Nature Cell 
Biol. 4, 416–424 (2002).

58. Chai, J. et al. Molecular mechanism of 
Reaper-Grim-Hid-mediated suppression of DIAP1-
dependent Dronc ubiquitination. Nature Struct. Biol. 
10, 892–898 (2003).

59. Ditzel, M. et al. Degradation of DIAP1 by the N-end 
rule pathway is essential for regulating apoptosis. 
Nature Cell Biol. 5, 467–473 (2003).

60. Yan, N., Wu, J. W., Chai, J., Li, W. & Shi, Y. Molecular 
mechanisms of DrICE inhibition by DIAP1 and removal 
of inhibition by Reaper, Hid and Grim. Nature Struct. 
Mol. Biol. 11, 420–428 (2004).

61. Yokokura, T. et al. Dissection of DIAP1 functional 
domains via a mutant replacement strategy. J. Biol. 
Chem. 279, 52603–52612 (2004).

62. Herman-Bachinsky, Y., Ryoo, H. D., Ciechanover, A. & 
Gonen, H. Regulation of the Drosophila ubiquitin ligase 
DIAP1 is mediated via several distinct ubiquitin system 
pathways. Cell Death Differ. 14, 861–871 (2007).

63. Ditzel, M. et al. Inactivation of effector caspases 
through nondegradative polyubiquitylation. Mol. Cell 
32, 540–553 (2008).

64. Shapiro, P. J., Hsu, H. H., Jung, H., Robbins, E. S. & 
Ryoo, H. D. Regulation of the Drosophila apoptosome 
through feedback inhibition. Nature Cell Biol. 10, 
1440–1446 (2008).

65. Ribaya, J. P. et al. The deubiquitinase emperor’s 
thumb is a regulator of apoptosis in Drosophila. Dev. 
Biol. 329, 25–35 (2009).

66. Broemer, M. & Meier, P. Ubiquitin-mediated regulation 
of apoptosis. Trends Cell Biol. 19, 130–140 (2009).

67. Huang, H. et al. The inhibitor of apoptosis, cIAP2, 
functions as a ubiquitin-protein ligase and promotes 
in vitro monoubiquitination of caspases 3 and 7.  
J. Biol. Chem. 275, 26661–26664 (2000).

68. Choi, Y. E. et al. The E3 ubiquitin ligase cIAP1 binds 
and ubiquitinates caspases-3 and -7 via unique 
mechanisms at distinct steps in their processing.  
J. Biol. Chem. (2009).

69. Nathan, C. & Ding, A. Nonresolving inflammation. Cell 
140, 871–882 (2010).

70. Grivennikov, S. I., Greten, F. R. & Karin, M. Immunity, 
inflammation, and cancer. Cell 140, 883–899 (2010).

71. Karin, M. & Greten, F. R. NF-κB: linking inflammation 
and immunity to cancer development and progression. 
Nature Rev. Immunol. 5, 749–759 (2005).

72. Perkins, N. D. Integrating cell-signalling pathways with 
NF-κB and IKK function. Nature Rev. Mol. Cell Biol. 8, 
49–62 (2007).

73. Bonizzi, G. et al. Activation of IKKα target genes 
depends on recognition of specific kappaB binding 
sites by RelB:p52 dimers. EMBO J. 23, 4202–4210 
(2004).

74. Bianchi, K. & Meier, P. A tangled web of ubiquitin 
chains: breaking news in TNF-R1 signaling. Mol. Cell 
36, 736–742 (2009).

75. Bhoj, V. G. & Chen, Z. J. Ubiquitylation in innate and 
adaptive immunity. Nature 458, 430–437 (2009).

76. Leulier, F., Lhocine, N., Lemaitre, B. & Meier, P. The 
Drosophila inhibitor of apoptosis protein DIAP2 
functions in innate immunity and is essential to resist 
gram-negative bacterial infection. Mol. Cell. Biol. 26, 
7821–7831 (2006).

77. Gesellchen, V., Kuttenkeuler, D., Steckel, M., Pelte, N. 
& Boutros, M. An RNA interference screen identifies 
Inhibitor of Apoptosis Protein 2 as a regulator of 
innate immune signalling in Drosophila. EMBO Rep. 
6, 979–984 (2005).

78. Kleino, A. et al. Inhibitor of apoptosis 2 and TAK1-
binding protein are components of the Drosophila Imd 
pathway. EMBO J. 24, 3423–3434 (2005).

79. Paquette, N. et al. Caspase-mediated cleavage, IAP 
binding, and ubiquitination: linking three mechanisms 
crucial for Drosophila NF-κB signaling. Mol. Cell 37, 
172–182 (2010).

80. Santoro, M. M., Samuel, T., Mitchell, T., Reed, J. C. & 
Stainier, D. Y. Birc2 (cIap1) regulates endothelial cell 
integrity and blood vessel homeostasis. Nature Genet. 
39, 1397–1402 (2007).

81. Krieg, A. et al. XIAP mediates NOD signaling via 
interaction with RIP2. Proc. Natl Acad. Sci. USA 106, 
14524–14529 (2009).

82. Bauler, L. D., Duckett, C. S. & O’Riordan, M. X. XIAP 
regulates cytosol-specific innate immunity to Listeria 
infection. PLoS Pathog. 4, e1000142 (2008).

83. Lewis, J. et al. Uncoupling of the signaling and 
caspase-inhibitory properties of X-linked inhibitor of 
apoptosis. J. Biol. Chem. 279, 9023–9029 (2004).

84. Ganesh, L. et al. The gene product Murr1 restricts 
HIV-1 replication in resting CD4+ lymphocytes. Nature 
426, 853–857 (2003).

85. Burstein, E. et al. A novel role for XIAP in copper 
homeostasis through regulation of MURR1. EMBO J. 
23, 244–254 (2004).

86. Birkey Reffey, S., Wurthner, J. U., Parks, W. T., 
Roberts, A. B. & Duckett, C. S. X-linked inhibitor of 
apoptosis protein functions as a cofactor in 
transforming growth factor-β signaling. J. Biol. Chem. 
276, 26542–26549 (2001).

87. Yamaguchi, K. et al. XIAP, a cellular member of the 
inhibitor of apoptosis protein family, links the 
receptors to TAB1-TAK1 in the BMP signaling 
pathway. EMBO J. 18, 179–187 (1999).

88. Gaither, A. et al. A Smac mimetic rescue screen 
reveals roles for inhibitor of apoptosis proteins in 
tumor necrosis factor-α signaling. Cancer Res. 67, 
11493–11498 (2007).

89. Bertrand, M. J. et al. cIAP1 and cIAP2 facilitate 
cancer cell survival by functioning as E3 ligases that 
promote RIP1 ubiquitination. Mol. Cell 30, 689–700 
(2008).
In this paper it is shown that cIAPs mediate 
TNFα-induced RIPK1 ubiquitylation that is 
important for the activation of the NF-κB kinase 
complex and NF-κB.

90. Mahoney, D. J. et al. Both cIAP1 and cIAP2 regulate 
TNFα-mediated NF-κB activation. Proc. Natl Acad. Sci. 
USA 105, 11778–11783 (2008).

91. Vallabhapurapu, S. et al. Nonredundant and 
complementary functions of TRAF2 and TRAF3 in a 
ubiquitination cascade that activates NIK-dependent 
alternative NF-κB signaling. Nature Immunol. 9, 
1364–1370 (2008).

92. Varfolomeev, E. et al. c-IAP1 and c-IAP2 are critical 
mediators of tumor necrosis factor alpha (TNFalpha)-
induced NF-kappaB activation. J. Biol. Chem. 283, 
24295–24299 (2008).

93. Vince, J. E. et al. TWEAK-FN14 signaling induces 
lysosomal degradation of a cIAP1-TRAF2 complex to 
sensitize tumor cells to TNFα. J. Cell Biol. 182,  
171–184 (2008).

94. Micheau, O. & Tschopp, J. Induction of TNF receptor 
I-mediated apoptosis via two sequential signaling 
complexes. Cell 114, 181–190 (2003).

95. Haas, T. L. et al. Recruitment of the linear ubiquitin 
chain assembly complex stabilizes the TNF-R1 
signaling complex and is required for TNF-mediated 
gene induction. Mol. Cell 36, 831–844 (2009).

96. Kanayama, A. et al. TAB2 and TAB3 activate the 
NF-κB pathway through binding to polyubiquitin 
chains. Mol. Cell 15, 535–548 (2004).

97. Rahighi, S. et al. Specific recognition of linear ubiquitin 
chains by NEMO is important for NF-κB activation. 
Cell 136, 1098–1109 (2009).

98. Tokunaga, F. et al. Involvement of linear 
polyubiquitylation of NEMO in NF-κB activation. 
Nature Cell Biol. 11, 123–132 (2009).

99. Mace, P. D., Smits, C., Vaux, D. L., Silke, J. & Day, C. L. 
Asymmetric recruitment of cIAPs by TRAF2. J. Mol. 
Biol. 400, 8–15 (2010).

100. Zheng, C., Kabaleeswaran, V., Wang, Y., Cheng, G. & 
Wu, H. Crystal structures of the TRAF2: cIAP2 and the 
TRAF1: TRAF2: cIAP2 complexes: affinity, specificity, 
and regulation. Mol. Cell 38, 101–113 (2010).

101. Vince, J. E. et al. TRAF2 must bind to cellular 
inhibitors of apoptosis for tumor necrosis factor (tnf) to 
efficiently activate nf-{kappa}b and to prevent tnf-
induced apoptosis. J. Biol. Chem. 284,  
35906–35915 (2009).

102. Conze, D. B. et al. Posttranscriptional downregulation 
of c-IAP2 by the ubiquitin protein ligase c-IAP1 in vivo. 
Mol. Cell. Biol. 25, 3348–3356 (2005).

103. Conte, D. et al. Inhibitor of apoptosis protein cIAP2 is 
essential for lipopolysaccharide-induced macrophage 
survival. Mol. Cell. Biol. 26, 699–708 (2006).

104. Wang, L., Du, F. & Wang, X. TNF-α induces two distinct 
caspase-8 activation pathways. Cell 133, 693–703 
(2008).

105. O’Donnell, M. A., Legarda-Addison, D., Skountzos, P., 
Yeh, W. C. & Ting, A. T. Ubiquitination of RIP1 
regulates an NF-κB-independent cell-death switch in 
TNF signaling. Curr. Biol. 17, 418–424 (2007).

106. Wong, W. W. et al. RIPK1 is not essential for TNFR1-
induced activation of NF-κB. Cell Death Differ. 17, 
482–487 (2010).

107. Vercammen, D. et al. Inhibition of caspases increases 
the sensitivity of L929 cells to necrosis mediated by 
tumor necrosis factor. J. Exp. Med. 187, 1477–1485 
(1998).

108. Vanden Berghe, T., Kalai, M., van Loo, G., Declercq, W. 
& Vandenabeele, P. Disruption of HSP90 function 
reverts tumor necrosis factor-induced necrosis to 
apoptosis. J. Biol. Chem. 278, 5622–5629 (2003).

109. Zhang, D. W. et al. RIP3, an energy metabolism 
regulator that switches TNF-induced cell death from 
apoptosis to necrosis. Science 325, 332–336 
(2009).

110. He, S. et al. Receptor interacting protein kinase-3 
determines cellular necrotic response to TNF-alpha. 
Cell 137, 1100–1111 (2009).

R E V I E W S

NATURE REvIEwS | CanCer  voLUME 10 | AUgUST 2010 | 573

© 20  Macmillan Publishers Limited. All rights reserved10



111. Zheng, L. et al. Competitive control of independent 
programs of tumor necrosis factor receptor-induced 
cell death by TRADD and RIP1. Mol. Cell. Biol. 26, 
3505–3513 (2006).

112. Cho, Y. S. et al. Phosphorylation-driven assembly of 
the RIP1-RIP3 complex regulates programmed 
necrosis and virus-induced inflammation. Cell 137, 
1112–1123 (2009).

113. Geserick, P. et al. Cellular IAPs inhibit a cryptic CD95-
induced cell death by limiting RIP1 kinase recruitment. 
J. Cell Biol. 187, 1037–1054 (2009).

114. Bonizzi, G. & Karin, M. The two NF-κB activation 
pathways and their role in innate and adaptive 
immunity. Trends Immunol. 25, 280–288 (2004).

115. Hayden, M. S. & Ghosh, S. Shared principles in NF-κB 
signaling. Cell 132, 344–362 (2008).

116. Zarnegar, B. J. et al. Noncanonical NF-κB activation 
requires coordinated assembly of a regulatory 
complex of the adaptors cIAP1, cIAP2, TRAF2 and 
TRAF3 and the kinase NIK. Nature Immunol. 9, 
1371–1378 (2008).
This reference and reference 91 show that cIAP1 
and cIAP2 form a complex with TRAF2 and TRAF3 
and are responsible for the constitutive 
degradation of NIK to suppress non-canonical 
NF-κB activity. In response to ligation of CD40 or 
BAFF-R, cIAPs change substrate and degrade 
TRAF3, which results in the accumulation of NIK 
and NF-κB activation.

117. Winkles, J. A. The TWEAK-Fn14 cytokine-receptor 
axis: discovery, biology and therapeutic targeting. 
Nature Rev. Drug Discov. 7, 411–425 (2008).

118. Annunziata, C. M. et al. Frequent engagement of the 
classical and alternative NF-κB pathways by diverse 
genetic abnormalities in multiple myeloma. Cancer 
Cell 12, 115–130 (2007).
This reference and reference 10 identify frequent 
and multiple genetic mutations that activate 
non-canonical NF-κB activity in multiple myeloma 
cells. Among these are recurrent biallelic deletions 
of BIRC2 and BIRC3.

119. Yamaguchi, N. et al. Constitutive activation of nuclear 
factor-kappaB is preferentially involved in the 
proliferation of basal-like subtype breast cancer cell 
lines. Cancer Sci. 100, 1668–1674 (2009).

120. Wharry, C. E., Haines, K. M., Carroll, R. G. & May, 
M. J. Constitutive non-canonical NFκB signaling in 
pancreatic cancer cells. Cancer Biol. Ther. 8,  
1567–1576 (2009).

121. Wu, G. et al. Structural basis of IAP recognition by 
Smac/DIABLO. Nature 408, 1008–1012 (2000).

122. Srinivasula, S. M. et al. Molecular determinants of the 
caspase-promoting activity of Smac/DIABLO and its 
role in the death receptor pathway. J. Biol. Chem. 
275, 36152–36157 (2000).

123. 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 102, 33–42 (2000).

124. Verhagen, A. M. et al. Identification of DIABLO, a 
mammalian protein that promotes apoptosis by 
binding to and antagonizing IAP proteins. Cell 102, 
43–53 (2000).

125. Cheung, H. H., Mahoney, D. J., Lacasse, E. C. & 
Korneluk, R. G. Down-regulation of c-FLIP Enhances 
death of cancer cells by smac mimetic compound. 
Cancer Res. 69, 7729–7738 (2009).

126. Dineen, S. P. et al. Smac mimetic increases 
chemotherapy response and improves survival in mice 
with pancreatic cancer. Cancer Res. 70, 2852–2861 
(2010).

127. Weisberg, E. et al. Potentiation of antileukemic 
therapies by Smac mimetic, LBW242: effects on 
mutant FLT3-expressing cells. Mol. Cancer Ther. 6, 
1951–1961 (2007).

128. Lu, J. et al. SM-164: a novel, bivalent Smac mimetic 
that induces apoptosis and tumor regression by 
concurrent removal of the blockade of cIAP-1/2 and 
XIAP. Cancer Res. 68, 9384–9393 (2008).

129. Imoto, I. et al. Identification of cIAP1 as a candidate 
target gene within an amplicon at 11q22 in 
esophageal squamous cell carcinomas. Cancer Res. 
61, 6629–6634 (2001).

130. Dai, Z. et al. A comprehensive search for DNA 
amplification in lung cancer identifies inhibitors of 
apoptosis cIAP1 and cIAP2 as candidate oncogenes. 
Hum. Mol. Genet. 12, 791–801 (2003).

131. Snijders, A. M. et al. Rare amplicons implicate 
frequent deregulation of cell fate specification 
pathways in oral squamous cell carcinoma. Oncogene 
24, 4232–4242 (2005).

132. Reardon, D. A. et al. Extensive genomic abnormalities 
in childhood medulloblastoma by comparative 
genomic hybridization. Cancer Res. 57, 4042–4047 
(1997).

133. Weber, R. G., Sommer, C., Albert, F. K., Kiessling, M. & 
Cremer, T. Clinically distinct subgroups of glioblastoma 
multiforme studied by comparative genomic 
hybridization. Lab. Invest. 74, 108–119 (1996).

134. Bashyam, M. D. et al. Array-based comparative 
genomic hybridization identifies localized DNA 
amplifications and homozygous deletions in pancreatic 
cancer. Neoplasia 7, 556–562 (2005).

135. Ma, O. et al. MMP13, Birc2 (cIAP1), and Birc3 
(cIAP2), amplified on chromosome 9, collaborate with 
p53 deficiency in mouse osteosarcoma progression. 
Cancer Res. 69, 2559–2567 (2009).

136. Zender, L. et al. Identification and validation of 
oncogenes in liver cancer using an integrative 
oncogenomic approach. Cell 125, 1253–1267 (2006).
In this paper, the amplicon encoding cIAP1, cIAP2 
and YAP is found to be spontaneously amplified in 
this Myc-driven HCC model, and cIAP1 and YAP1 
function as oncogenes. The amplicon identified is 
syntenic, with amplicons identified in human 
cancers including HCC.

137. Xu, L. et al. c-IAP1 cooperates with Myc by acting as a 
ubiquitin ligase for Mad1. Mol. Cell 28, 914–922 
(2007).

138. Soucek, L. et al. Mast cells are required for 
angiogenesis and macroscopic expansion of Myc-
induced pancreatic islet tumors. Nature Med. 13, 
1211–1218 (2007).

139. Murdoch, C., Muthana, M., Coffelt, S. B. & Lewis, C. E. 
The role of myeloid cells in the promotion of tumour 
angiogenesis. Nature Rev. Cancer 8, 618–631 
(2008).

140. Kim, S. et al. Carcinoma-produced factors activate 
myeloid cells through TLR2 to stimulate metastasis. 
Nature 457, 102–106 (2009).

141. Wu, Y. & Zhou, B. P. TNF-α/NF-κB/Snail pathway in 
cancer cell migration and invasion. Br. J. Cancer 102, 
639–644 (2010).

142. Lin, W. W. & Karin, M. A cytokine-mediated link 
between innate immunity, inflammation, and cancer.  
J. Clin. Invest. 117, 1175–1183 (2007).

143. Mantovani, A., Allavena, P., Sica, A. & Balkwill, F. 
Cancer-related inflammation. Nature 454, 436–444 
(2008).

144. Isaacson, P. G. & Du, M. Q. Gastrointestinal 
lymphoma: where morphology meets molecular 
biology. J. Pathol. 205, 255–274 (2005).

145. Zhou, H., Du, M. Q. & Dixit, V. M. Constitutive 
NF-kappaB activation by the t(11;18)(q21;q21) 
product in MALT lymphoma is linked to deregulated 
ubiquitin ligase activity. Cancer Cell 7, 425–431 
(2005).
This paper demonstrates that the MALT lymphoma 
associated t(11q21;18 q21) product cIAP2–MALT1 
drives constitutive NF-κB activation through 
deregulated formation of K63-linked polyUb 
chains.

146. Wu, C. J. & Ashwell, J. D. NEMO recognition of 
ubiquitinated Bcl10 is required for T cell receptor-
mediated NF-κB activation. Proc. Natl Acad. Sci. USA 
105, 3023–3028 (2008).

147. Zhou, H. et al. Bcl10 activates the NF-κB pathway 
through ubiquitination of NEMO. Nature 427,  
167–171 (2004).

148. Sun, L., Deng, L., Ea, C. K., Xia, Z. P. & Chen, Z. J. The 
TRAF6 ubiquitin ligase and TAK1 kinase mediate IKK 
activation by BCL10 and MALT1 in T lymphocytes. 
Mol. Cell 14, 289–301 (2004).

149. Oeckinghaus, A. et al. Malt1 ubiquitination triggers 
NF-κB signaling upon T-cell activation. EMBO J. 26, 
4634–4645 (2007).

150. Lucas, P. C. et al. A dual role for the API2 moiety in 
API2-MALT1-dependent NF-κB activation: heterotypic 
oligomerization and TRAF2 recruitment. Oncogene 
26, 5643–5654 (2007).

151. Takeuchi, O. & Akira, S. Pattern recognition receptors 
and inflammation. Cell 140, 805–820 (2010).

152. Tseng, P. H. et al. Different modes of ubiquitination of 
the adaptor TRAF3 selectively activate the expression 
of type I interferons and proinflammatory cytokines. 
Nature Immunol. 11, 70–75 (2010).
This report demonstrates that cIAPs control the 
production of pro-inflammatory and 
pro-tumorigenic cytokines and chemokines in 
response to TLR4 activation, whereas cIAPs do not 
affect the production of anti-viral and 
anti-tumorigenic type I interferons.

153. Luo, J. L., Maeda, S., Hsu, L. C., Yagita, H. & Karin, M. 
Inhibition of NF-κB in cancer cells converts 
inflammation- induced tumor growth mediated by 
TNFα to TRAIL-mediated tumor regression. Cancer 
Cell 6, 297–305 (2004).

154. Podar, K., Chauhan, D. & Anderson, K. C. Bone 
marrow microenvironment and the identification of 
new targets for myeloma therapy. Leukemia 23, 
10–24 (2009).

155. Chauhan, D. et al. Functional interaction of 
plasmacytoid dendritic cells with multiple myeloma cells: 
a therapeutic target. Cancer Cell 16, 309–323 (2009).

156. Rigaud, S. et al. XIAP deficiency in humans causes an 
X-linked lymphoproliferative syndrome. Nature 444, 
110–114 (2006).

157. Sweeney, M. C., Wang, X., Park, J., Liu, Y. & Pei, D. 
Determination of the sequence specificity of XIAP BIR 
domains by screening a combinatorial peptide library. 
Biochemistry 45, 14740–14748 (2006).

158. Huang, Y., Rich, R. L., Myszka, D. G. & Wu, H. 
Requirement of both the second and third BIR 
domains for the relief of X-linked inhibitor of 
apoptosis protein (XIAP)-mediated caspase 
inhibition by Smac. J. Biol. Chem. 278,  
49517–49522 (2003).

159. Boatright, K. M. et al. A unified model for apical 
caspase activation. Mol. Cell 11, 529–541 (2003).

160. Meier, P. & Vousden, K. H. Lucifer’s labyrinth--ten 
years of path finding in cell death. Mol. Cell 28,  
746–754 (2007).

161. White, K. et al. Genetic control of programmed cell 
death in Drosophila. Science 264, 677–683 (1994).

162. Bergmann, A., Agapite, J., McCall, K. & Steller, H. The 
Drosophila gene hid is a direct molecular target of Ras-
dependent survival signaling. Cell 95, 331–341 (1998).

163. Kurada, P. & White, K. Ras promotes cell survival in 
Drosophila by downregulating hid expression. Cell 95, 
319–329 (1998).

164. Brennecke, J., Hipfner, D. R., Stark, A., Russell, R. B. & 
Cohen, S. M. bantam encodes a developmentally 
regulated microRNA that controls cell proliferation 
and regulates the proapoptotic gene hid in 
Drosophila. Cell 113, 25–36 (2003).

165. Hegde, R. et al. The polypeptide chain-releasing factor 
GSPT1/eRF3 is proteolytically processed into an IAP-
binding protein. J. Biol. Chem. 278, 38699–38706 
(2003).

166. Suzuki, Y. et al. A serine protease, HtrA2, is released 
from the mitochondria and interacts with XIAP, 
inducing cell death. Mol. Cell 8, 613–621 (2001).

167. Holley, C. L., Olson, M. R., Colon-Ramos, D. A. & 
Kornbluth, S. Reaper eliminates IAP proteins through 
stimulated IAP degradation and generalized 
translational inhibition. Nature Cell Biol. 4, 439–444 
(2002).

168. Crook, N. E., Clem, R. J. & Miller, L. K. An apoptosis-
inhibiting baculovirus gene with a zinc finger-like 
motif. J. Virol. 67, 2168–2174 (1993).

169. Mace, P. D. et al. Structures of the cIAP2 RING 
domain reveal conformational changes associated with 
ubiquitin-conjugating enzyme (E2) recruitment. J. Biol. 
Chem. 283, 31633–31640 (2008).

170. Verhagen, A. M. et al. Identification of mammalian 
mitochondrial proteins that interact with IAPs via 
N-terminal IAP binding motifs. Cell Death Differ. 14, 
348–357 (2007).

Acknowledgements
The authors would like to apologize to those whose work 
could not be cited or were cited only indirectly owing to space 
limitations. The authors would like to thank T. Nyman (BIR3-
AVPI), M. Zvelebil (UBA) and C. Day (RING) for help with the 
structures, and members of the Meier Laboratory for helpful 
discussion and critical reading of the manuscript.

Competing interests statement
The authors declare no competing financial interests.

DATABASES
UniProtKB: http://www.uniprot.org
caspase 3 | caspase 7 | caspase 9 | cIAP1 | cIAP2 | DIAP1 | 
DIAP2 | TAB1 | TRAF1 | TRAF2 | XIAP

FURTHER INFORMATION
Pascal Meier’s homepage: http://www.breakthroughresearch.
org.uk/breakthrough_research_centre/research_teams/
apoptosis/index.html 
Mads Gyrd-Hansen’s homepage: www.gyrd.dk

all lInks are aCTIve In The OnlIne PdF

R E V I E W S

574 | AUgUST 2010 | voLUME 10  www.nature.com/reviews/cancer

© 20  Macmillan Publishers Limited. All rights reserved10

http://www.uniprot.org
http://www.uniprot.org/uniprot/P42574
http://www.uniprot.org/uniprot/P55210
http://www.uniprot.org/uniprot/P55211
http://www.uniprot.org/uniprot/Q13490
http://www.uniprot.org/uniprot/Q13489
http://www.uniprot.org/uniprot/Q24306
http://www.uniprot.org/uniprot/Q24307
http://www.uniprot.org/uniprot/Q15750
http://www.uniprot.org/uniprot/Q13077
http://www.uniprot.org/uniprot/Q12933
http://www.uniprot.org/uniprot/Q6GPH4
http://www.breakthroughresearch.org.uk/breakthrough_research_centre/research_teams/apoptosis/index.html
http://www.breakthroughresearch.org.uk/breakthrough_research_centre/research_teams/apoptosis/index.html
http://www.breakthroughresearch.org.uk/breakthrough_research_centre/research_teams/apoptosis/index.html
www.gyrd.dk

	The IAP tool box
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	Figure 1 | Family association and domain characteristics. a | The first inhibitor of apoptosis (IAP) protein, OpIAP, was identified from a baculovirus strain in 1993 by Miller and colleagues168, on the basis of its ability to suppress virus-induced apoptosis of infected cells. Cellular IAPs were subsequently identified in insects and vertebrates. Several of the IAPs discussed in this Review are depicted schematically. In mammalian IAPs, baculovirus IAP repeat (BIR) domains enable interactions with proteins. The BIR domains of IAPs can be grouped into type I (yellow) and type II (red) BIR domains on the basis of the presence or absence of a deep peptide-binding groove (BOX 1). b | Proteins such as caspases and  IAP antagonists  interact with type II BIR domains, whereas tumour necrosis factor receptor-associated factor 1 (TRAF1) and TRAF2 interact with type I BIR domains. The structure of the cIAP1-BIR3 peptide-binding groove bound to the amino-terminal portion of the IAP antagonist Smac is shown (AVPI; red). The AVPI structure was modelled into the groove of BIR3. The ubiquitin (Ub)-binding UBA domain binds polyubiquitin (polyUb). The structure of the IAP2 UBA domain is a prediction. The amino acid residues MGF and LL (shown in red and blue, respectively) of the UBA domain form the hydrophobic interaction surface that mediates binding to polyUb chains. The function of the caspase-recruitment domain (CARD), which generally serves as a protein interaction surface, is unknown. The carboxy-terminal RING domain is required for Ub ligase activity, and is a dimerization interface and docking site for ubiquitin conjugating enzymes (E2s).  The structure of a cIAP2 RING dimer is shown; the grey and green stuctures depict two respective cIAP2 molecules169. 
	Box 2 | Caspase-mediated cell death (apoptosis)
	Figure 2 | IAP-mediated regulation of caspases: inhibition versus Ub-dependent inactivation. a | XIAP directly inhibits the effector caspase 3 and caspase 7, and the initiator caspase 9. The sequence preceding the BIR2 domain of XIAP occupies the catalytic pocket of caspase 3 or caspase 7, thereby blocking substrate entry. In addition, the BIR2 domain interacts with the inhibitor of apoptosis (IAP)-binding motif (IBM) of caspase 3 or caspase 7 that is exposed following their proteolytic activation (shown in green). XIAP-mediated inhibition of caspase 9 requires proteolytic cleavage of caspase 9, which exposes an IBM that binds to the BIR3 of XIAP. Caspase 9 activity is blocked because XIAP prevents caspase 9 dimerization, a prerequisite for initiator caspase activity. The RING domain of XIAP does not contribute to caspase binding and, therefore, is not required for caspase inhibition in vitro. b | IAP-mediated regulation of caspases as exemplified by the Drosophila melanogaster IAP1 (DIAP1), which is an essential negative regulator of the initiator caspase DRONC and the effector caspases drICE and DCP1. Direct physical interaction with drICE or DCP1 and DRONC is mediated through the BIR1 and BIR2 domains of DIAP1, respectively. The BIR2–DRONC association is essential for DIAP1 to neutralize DRONC but mere binding alone is not sufficient. Following binding, the RING finger of DIAP1 promotes ubiquitin (Ub) conjugation of caspases. Several Ub-dependent inactivation mechanisms have been suggested and include non-degradative ubiquitylation of monomeric DRONC that suppresses activation; limitation of spontaneous apoptosome formation by targeting apoptosome-associated DRONC for degradation; and suppression of effector caspases through non-degradative Ub conjugation. Potentially, deubiquitylating enzymes may remove Ub chains following exposure to cell death stimuli causing rapid caspase reactivation. A predicted structure of drICE is shown ubiquitylated at K178 (for simplicity only one Ub moiety (yellow) is shown). Ub conjugation interferes with substrate binding (the substrate peptide is indicated in green), suggesting steric hindrance as potential mechanism of Ub-mediated caspase inhibition.
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	Figure 3 | IAPs function as E3 ligases in TNFR1-mediated activation of NF-κB. Activation of tumour necrosis factor receptor 1 (TNFR1) stimulates the formation of complex-I that consists of TNFR1, TNFR-associated via death domain (TRADD), RIPK1, TNFR-associated factor 2 (TRAF2) and cellular inhibitor of apoptosis 1 (cIAP1). cIAPs ubiquitylate (through K63-linked chains, shown in cream) several components of this complex, which causes ubiquitin (Ub)-dependent recruitment of linear ubiquitin chain assembly complex (LUBAC), transforming growth factor-β (TGFβ)-activated kinase (TAK1)–TAB2–TAB3 and IKKγ–IKKα–IKKβ  through their respective Ub-binding domains (UBDs). Once recruited, LUBAC conjugates M1-linked Ub chains (shown in pink) on to IKK, and probably other components of complex-I. In addition to stimulating TNFα-mediated activation of nuclear factor-κB (NF-κB), cIAPs also suppress the formation of the death-inducing complex-II, which is the activation platform for caspase 8 that induces death by the extrinsic pathway. In the absence of cIAPs, this complex is formed by RIPK1, but in the absence of NF-κB activation it is formed by TRADD. FADD, Fas-associated via death domain; NF-κBIA, NF-kB inhibitor-α.
	Figure 4 | Regulation of non-canonical NF-κB signalling. a | Under resting conditions cellular inhibitor of apoptosis (cIAP) proteins target nuclear factor-κB (NF-κB)-inducing kinase (NIK) for ubiquitylation and proteasomal degradation. cIAP-mediated degradation of NIK requires tumour necrosis factor receptor associated factor 2 (TRAF2) and TRAF3. TRAF3 functions as an adaptor that directly binds to NIK, and recruits it to the TRAF2–cIAP complex through its ability to heterodimerize with TRAF2. b | Engagement of CD40 with its ligand CD40L results in the recruitment of the TRAF3–TRAF2–cIAP complex to the receptor. At the receptor, TRAF3 undergoes cIAP-dependent K48-linked polyubiquitylation (Ub) that targets it for proteasomal degradation. In the absence of TRAF3, NIK protein levels accumulate as it can no longer be recruited to the TRAF2–cIAP complex. As NIK levels increase, NIK presumably becomes activated by autophosphorylation (P). Subsequently, NIK activates IKKα, which in turn phosphorylates NF-κB2. This stimulates limited proteasome-mediated proteolysis of NF-κB2 to p52. Removal of the carboxy-terminal ankyrin repeats from NF-κB2 releases the p52–RELB heterodimer, allowing its translocation to the nucleus where it instigates the expression of NF-κB target genes.
	Box 3 | IAP antagonists
	cIAPs and cancer-related inflammation
	IAP-mediated regulation of metastasis
	Regulation of innate immune responses
	Figure 5 | IAPs in oncogenesis. Cellular inhibitor of apoptosis 1 (cIAP1) synergises with MYC in tumorigenesis and this might be partly through its ability to protect cancer cells from the lethal effects of tumour necrosis factor-α (TNFα) produced by the tumour microenvironment. Deregulation of MYC in tumour cells stimulates the expression of numerous chemokines that are attractants for inflammatory cells, such as mast cells, that are essential for macroscopic tumour expansion. Inflammatory cells are thought to support tumour development by releasing growth, trophic and chemotactic factors such as vascular endothelial growth factor (VEGF), fibroblast growth factor 2 and TNFα. As cIAPs suppress TNFα-induced cell death, it is likely that increased levels of cIAPs support cancer cell survival by modulating their response to TNFα. cIAPs and XIAP are thought to contribute to cancer cell invasion and metastasis through their ability to drive nuclear factor-κB (NF-κB)-mediated expression of genes involved in cell motility, migration and invasion.
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	Figure 6 | IAP-mediated regulation of innate immune responses. a | The cellular inhibitor of apoptosis 2 (cIAP2)–MALT1 fusion protein drives constitutive activation of nuclear factor-κB (NF-κB) through a mechanism that depends equally on domains contributed by cIAP2 and MALT1. A schematic representation of the position and frequency of the chromosomal breakpoints in BIRC3 and MALT1 observed in t(11q21:18q21)-positive MALT lymphomas is shown. Arrowheads show the exon (E) boundaries and position of breakpoints. b | Model of cIAP2–MALT1-mediated NF-κB activation: the baculorvirus IAP repeat (BIR) 1 domain of cIAP2 mediates oligomerization of cIAP2–MALT1, permitting the recruitment of tumour necrosis factor receptor-associated factor 6 (TRAF6) and unmodified IKKγ. Following cIAP2–MALT1-assisted polyubiquitylation (Ub) of IKKγ, K63-linked polyubiquitylated IKKγ is tightly bound by cIAP2–MALT1 through the Ub-associated (UBA) domain of cIAP2. This allows the recruitment of transforming growth factor-β-activated kinase 1 (TAK1), activation of the NF-κB kinase complex (IKKα and IKKβ) and subsequent phosphorylation (P) of NF-κBIA leading to its degradation and NF-κB activation. c | Binding of lipopolysaccharide (LPS) to the Toll-like receptor 4 (TLR4)–MD2 receptor complex stimulates the MyD88- and TRIF-dependent pathways, which mediate expression of pro-inflammatory cytokines and type I interferons (IFRs). In a stimulus-dependent manner, cIAPs target tumour necrosis factor receptor-associated factor 3 (TRAF3) for proteasomal-mediated degradation. TRAF3 degradation is required to allow MyD88-dependent activation of TAK1 and the production of pro-inflammatory cytokines such as tumour necrosis factor-α (TNFα), interleukin-6 (IL-6) and IL-12β. Notably, LPS-mediated activation of the NF-κB kinase complex and NF-κB seems to be unaffected by the loss of cIAPs. CARD, caspase-recruitment domain; DD, death domain; Ig, immunoglobulin; TAB2, TAK1 binding protein 2. 



