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Abstract

X-chromosome-linked inhibitor of apoptosis protein (XIAP) has an important regulatory role in 

programmed cell death by inhibiting the caspase cascade. Activation of XIAP-dependent signaling 

culminates into regulation of multiple cellular processes including apoptosis, innate immunity, 

epithelial-to-mesenchymal transition, cell migration, invasion, metastasis and differentiation. 

Although XIAP localizes to the cytosolic compartment, XIAP-mediated cellular signaling 

encompasses mitochondrial and post-mitochondrial levels. Recent findings demonstrate that XIAP 

also localizes to mitochondria and regulates mitochondria functions. XIAP acts upstream of 

mitochondrial cytochrome c release and modulates caspase-dependent apoptosis. The new 

function of XIAP has potential to enhance mitochondrial membrane permeabilization and other 

cellular functions controlling cytochrome c release. These findings could exploit the 

overexpression of XIAP in human tumors for therapeutic benefits.
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Introduction

The inhibitor of apoptosis proteins (IAPs) are potentially involved in multiple cellular 

signaling pathways including cell death, immunity, inflammation, cell cycle and cell 

migration [1,2]. Members of the IAP family have the unique ability to regulate cell death 

and survival induced by numerous stimuli [1,3,4]. IAPs were first identified in the 

baculoviral genome in 1993 by genetic screening, and were found to be inhibitors of 
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apoptosis, a form of programmed cell death [5,6]. X-chromosome-linked IAP (XIAP) is a 

key member of the IAP protein family and a central regulator of apoptotic cell death [6]. 

XIAP is ubiquitously expressed in all human adult and fetal tissues except in peripheral 

blood leukocytes [7]. XIAP inhibits active caspase-9, −3 and −7, thus functioning as an 

endogenous inhibitor of caspase-dependent apoptotic cell death [6,8–11].

Alterations in IAPs including XIAP overexpression in numerous types of human cancer 

associate with chemoresistance, progression of disease and poor prognosis [12–14]. 

Additionally, XIAP also provides apoptosis resistance to post-mitotic cardiomyocytes and 

sympathetic neurons [15,16]. One of the features of mitochondrial apoptosis is the 

mitochondrial outer membrane permeabilization (MOMP) leading to the release of 

cytochrome c into the cytosol which triggers the activation of caspases [17–19]. The 

findings from the past few years suggest that XIAP also regulates mitochondrial membrane 

permeabilization, which provides avenues to enhance apoptosis and develop new agents for 

cancer therapy [20–23]. In this review, we briefly discuss the impact of established and new 

functions of XIAP in regulating apoptotic cell death in cancer via modulation of 

mitochondrial permeabilization.

Types and functions of IAPs

IAPs were first identified in a genetic screen designed to evaluate suppressors of apoptosis 

and were called baculovirus IAP repeat (BIR)-containing proteins (BIRCs) [5,24]. 

Currently, the mammalian IAP family has eight members characterized by the presence of 

1–3 BIR domains (Figure 1). Neuronal AIP[s1]/BIRC1 contains three BIR domains, a 

NACHT domain and a leucine-rich repeat (LRR), which can modulate innate immune 

signaling [25]. Cellular IAP (c-IAP)1/[s2]BIRC2 and c-IAP2[s3]/BIRC3 have three BIR 

domains, one ubiquitin-associated domain (UBA), one caspase-recruitment domain (CARD) 

and a really interesting new gene (RING) domain. The RING domain imparts the E3 

ubiquitin ligase activity to IAPs and is important for mono- or poly-ubiquitination of 

substrate proteins and other IAPs. The UBA domain binds to mono- or poly-ubiquitin chains 

to promote protein complex assembly during cellular signaling. XIAP/BIRC4 is the most 

studied member of the IAP family and has three BIR domains, one UBA and one RING 

domain. Additional functions of XIAP are described in detail in the next section. Survivin/

BIRC5 is the smallest protein of the group and has only one BIR domain. Survivin has been 

shown to play a part in chromosome segregation and spindle checkpoint control during cell 

division [26,27]. BRUCE[s4]/Apollon/BIRC6 contains one BIR domain and lacks the UBA 

and RING domains, but interestingly has one ubiquitin conjugation (UBC) domain. The 

UBC domain of BRUCE can catalyze the conjugation of ubiquitin to the substrates such as 

second mitochondria-derived activator of caspase (Smac) [28]. BRUCE is required for 

placental development and cellular differentiation [29]. Melanoma IAP (ML-IAP)/[s5]Livin/

BIRC7 contains one BIR domain and one RING domain and it is highly expressed in 

melanomas. ML-IAP has been shown to be involved in cell migration of melanoma cells but 

dispensable for mouse development [30,31]. Lastly, IAP-like protein 2/ILP[s6]2/BIRC8 is 

the final member of the group and has one BIR domain, one UBA domain and one RING 

domain. It is a tissue-specific homolog of XIAP and could be important in inhibiting 

caspase-9-mediated apoptosis with the help from an as yet unidentified protein [32,33].
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Regulation of IAP function occurs at multiple levels and IAPs can be auto-ubiquitinated or 

cross-ubiquitinated by their RING domain [34,35]. Endogenous inhibitors of IAPs such as 

Smac/DIABLO and Omi/HtrA2 [s7]also regulate the levels and function of IAPs by 

competitively binding the BIR2 and BIR3 domains of XIAP. As a result the binding of 

caspases to XIAP and subsequent caspase sequestration by XIAP will be prevented [36]. 

Gene deletion of most IAP proteins has been carried out and single gene knockout studies in 

mice show that c-IAP1−/−, c-IAP2−/− and XIAP−/− mice mostly develop normally 

[34,37,38]. This indicates that there exists a redundancy in function between various IAPs. 

Studies carried out by Vaux and colleagues elegantly demonstrated that mice lacking c-IAP2 

and XIAP were viable and fertile whereas mice lacking the combination of c-IAP1 and c-

IAP2 or c-IAP1 and XIAP died at 10 days post-conception [39]. Thus, c-IAP1 seems to be 

more important in regulating various functions of IAPs.

Based on the above information it is clear that domains of IAPs including XIAP are key 

regulatory elements of various functions of IAPs. Therefore, the absence of only one IAP 

protein such as c-IAP2 might not have significant deleterious effect on physiological 

function including embryonic development owing to the fact that c-IAP1 and/or XIAP with 

similar domain structure could compensate for c-IAP2 function.

Structure and function of XIAP

XIAP is a 497 amino acid E3 ubiquitin protein ligase encoded by the Xq25 region of the X 

chromosome. Genetic evidence shows that BIR domains are essential for the caspase 

inhibitory function of XIAP, because these domains directly bind to active caspase-9, −3 and 

−7; and thus protect cells from apoptosis induction (Figure 2) [8,40,41]. XIAP also performs 

prosurvival function by interacting and facilitating the ubiquitination of caspases such as 

caspase-9 and caspase-3, as well as its inhibitor, Smac [42–44]. XIAP, like other members 

of the IAP family proteins such as c-IAP1 and c-IAP2, is expressed in many types of cells 

[10,11]. XIAP has unique roles in cellular signaling pathways including innate immunity 

and inflammation, mitosis, c-Jun N-terminal kinase (JNK) activation and nuclear factor 

(NF)-κB activation [1,45–48]. XIAP also possesses other nonclassical functions including 

cell motility and migration and human muscle cell differentiation as depicted in Figure 3 

[49–53]. These diverse functions of XIAP as well as c-IAPs are attributed to the basic 

structure of XIAP with multiple domains.

NF-κB is a protein complex that controls transcription of DNA in eukaryotes. NF-κB is 

found in almost all animal cells and is involved in cellular responses to different stimuli such 

as cytokines, free radicals and bacterial or viral antigens [54]. NF-κB activation has been 

linked to many aspects of the tumorigenesis process. XIAP involvement in NF-κB activation 

is reported to occur via a novel method where BIR1 domain directly interacts with 

transforming growth factor (TGF)-β-activated kinase (TAK)1-binding protein (TAB)1 to 

form the BIR1/TAB1 complex, which induces TAK1 and NF-κB activation [55]. In addition 

to TAB1 binding, XIAP also interacts with the receptor for bone morphogenetic protein 

(BMP), thus regulating early developmental processes in mammals [56]. Dimerization of 

BIR1 domain is sufficient to induce NF-κB activation, which is, however, disrupted by 

Smac binding to XIAP leading to inhibition of the XIAP–TAB1 interaction [55]. Because 
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NF-κB upon activation mediates various pathways including the cellular processes 

discussed above, BIR1 domain could be linked to mitochondrial dynamics and apoptosis. 

Additionally, association of XIAP with mitochondrial apoptosis-related protein in the TGF-β 

signaling pathway (ARTS) is facilitated by BIR1 domain of XIAP. ARTS-binding with 

XIAP via BIR1 domain is also associated with recruitment of seven in absentia homolog 

(Siah)-1 causing ubiquitination and degradation of XIAP [57]. It is also interesting to note 

that XIAP has been linked to the regulation of stem-cell-dependent skin regeneration [58]. 

Thus, targeting XIAP by Smac or Smac-like mimetics of BIR1 dimerization will affect 

multiple cellular functions regulated by NF-κB and mitochondrial pathways.

In addition to NF-κB regulation, IAP proteins play an important part in signaling pathways, 

such as JNK, mitogen-activated protein kinase (MAPK), TGF-β, Myc and 

phosphoinositide-3-kinase (PI3K)/Akt pathways [52,59–62]. Fado et al. reported that XIAP 

negatively regulates neuronal differentiation and these effects of XIAP are mediated by the 

mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinases (ERK) 

pathway. It is interesting to note that XIAP binds to cRaf and Trk receptors causing negative 

regulation of neuronal differentiation [63]. XIAP binding to c-Raf associates with 

ubiquitination of c-Raf through heat shock protein (Hsp)-90-mediated signaling, which is 

independent of E3-ligase activity. Thus, XIAP as well as c-IAPs has an important role in 

regulating turnover of c-Raf modulating the MAPK signaling, which regulates diverse 

cellular functions including cell growth, proliferation, migration, differentiation and 

survival. Further studies demonstrate that XIAP also directly interacts with mitogen-

activated protein kinase kinase kinase (MEKK)2/3 and competes with PB1 domain-

mediated binding to MEK5 [mitogen-activated protein (MAP)/extracellular-signal-regulated 

kinase (ERK) kinase 5] [52,64]. The above discussion clearly indicates that XIAP not only 

functions as an inhibitor of apoptosis but also plays an important part in diverse cellular 

signaling and functions (Figure 3). It is also important to note that the endogenous level of 

XIAP in cancer cells is regulated by factors such as heat shock transcription factor (HSF)1 

and XIAP-associated factor (XAF)1 [65]. XAF1 binds XIAP and, thus, blocks XIAP-

mediated inhibition of active caspases [65]. XAF1 is under the negative transcriptional 

control of HSF1 [66,67]. Therefore, it is possible that, under environmental stress, HSF1 

downregulates the expression of XAF1, thus making XIAP available to bind active caspases 

and inhibiting apoptosis. The diverse cellular functions of XIAP can be assigned to its 

domains. The most important domains for caspase inhibition are: (i) BIR2/BIR3 domain 

inhibiting active caspases; and (ii) RING domain with E3-ligase activity causing 

ubiquitination of XIAP-bound caspases. As discussed in the previous section, c-IAPs and 

XIAP possess redundant functions as a result of the presence of a similar domain structure. 

In contrast to the IAPs redundant function, XIAP and c-IAPs differ in some key aspects. For 

example, XIAP inhibits initiator caspase-9 and executioner caspase-3 and −7 via direct 

physical interaction, whereas c-IAP1 and c-IAP2 bind caspase-3 and −7 but the inhibition of 

caspase activity is not efficient, instead these two proteins favor proteasomal degradation of 

caspases.
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Mitochondrial apoptosis and death-receptor signaling

Neoplastic transformation to cancer cells is characterized by reprogrammed energy 

metabolism and evasion of cell death among other crucial hallmarks [68]. At the root of 

these changes are the mitochondria. The mitochondrion, a cellular organelle, is ultra-

structurally composed of the outer mitochondrial membrane (OMM), inner mitochondrial 

membrane (IMM), inter-membrane space (IMS) and the mitochondrial matrix. Mitochondria 

function as the powerhouses of the cell by generating energy (ATP) via oxidative 

phosphorylation (OXPHOS) [19,69]. Byproducts of OXPHOS are reactive oxygen species 

(ROS), which act as signaling molecules in cells [70]. Mitochondria also act as a signaling 

center for the cell death mechanism by playing an essential part in programmed cell death or 

apoptosis [18,19]. The crucial mediators of apoptosis are cysteine proteases called caspases 

that cleave crucial protein substrates after the aspartate residues and lead to the disassembly 

of cellular components and ultimately cell death. Caspase-dependent apoptosis can be 

divided into two main pathways: one receiving and responding to stress signals from outside 

the cell (extrinsic pathway) and the other activated by stress signals from within the cells 

(intrinsic pathway) [18,19,71,72]. Activation of either of these pathways leads to the 

initiation of the caspase cascade and execution of apoptosis (Figure 2).

In the extrinsic pathway, the binding of the extracellular ligands [FasL or tumor necrosis 

factor (TNF)-related apoptosis-inducing ligand (TRAIL)] to their transmembrane receptors 

(Fas or TRAIL receptor) leads to the formation of death-inducing signaling complex 

(DISC). DISC activates caspase 8, which then activates downstream caspases to initiate 

apoptotic cell death [19,73]. In the intrinsic pathway stress signals including DNA damage 

and loss of survival factors lead to the permeabilization of the OMM, which leads to loss of 

membrane potential and release of apoptogenic proteins such as cytochrome c from the IMS. 

The released cytochrome c along with caspase-9 and Apaf-1 forms the apoptosome 

complex, which then activates downstream caspases to initiate apoptotic cell death [19,74]. 

The activation of caspases does not always induce apoptosis because of the abundant 

expression of IAPs including XIAP, which are known to bind active caspase-9, −3 and −7 

leading to suppression of the caspase cascade, and thus apoptosis [75]. This suggests that 

XIAP inhibits the caspase cascade initiated by mitochondrial and death-receptor signaling. 

Inhibition of RING domain stabilizes XIAP causing TNF sensitivity as a result of increased 

retention of DISC-mediated active caspase-3, which ultimately overcomes the caspase-

inhibitory function of XIAP [76]. Interestingly, active caspase-3 also cleaves XIAP and 

potentiates the caspase cascade in a positive regulatory feedback loop [77].

Antiapoptotic function of XIAP is inhibited by the release of proapoptotic Smac from 

mitochondria [44,78,79] as well as binding of XIAP with cellular stress response 1, a tumor 

suppressor protein [80]. Thus, the release of Smac along with cytochrome c will facilitate 

the caspase cascade, and XIAP might not significantly influence the outcome of 

mitochondria-mediated apoptosis. Indeed, XIAP downregulation via genetic and/or 

pharmacological approaches does not modulate mitochondrial apoptosis but sensitizes tumor 

cells to TNF exposure [36]. Together, higher expression and prosurvival function of IAPs 

including XIAP in cancer cells could be attenuated by increased release of proapoptotic 

proteins including cytochrome c and Smac. Therefore, MOMP regulation in cancer cells 
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remains an important target for the development of anticancer agents for efficient apoptosis 

induction.

Known regulators of mitochondrial membrane permeabilization

The Bcl-2 family proteins regulate the permeability of the mitochondrial membrane, and 

thus have key roles in the regulation of apoptosis [18,81]. Extrinsic and intrinsic apoptotic 

pathways are initiated in response to a variety of stress signals and complex interplay of 

Bcl-2 family proteins at the mitochondrial outer membrane to initiate Bak and Bax 

activation, oligomerization and outer mitochondrial membrane damage [18,19]. The 

proapoptotic BH3-only proteins such as Bim and Bid activate Bax and Bak causing their 

oligomerization and channel formation [82]. Mitochondrial membrane permeabilization 

leads to the release of apoptogenic proteins such as cytochrome c, apoptosis-inducing factor 

(AIF), Smac, HtrA2 and endonuclease G [18,36], which trigger apoptotic cell death [17].

Bax primarily localizes in the cytosol in an inactive state, whereas prosurvival protein Bcl-

xL is present in soluble and membrane-bound forms [83]. Additionally, many apoptosis-

related proteins have dual functions regulating apoptosis and survival signaling depending 

on the overall cellular physiology. This dichotomy in their functions has important 

implications in cellular physiology and could influence efficient execution of the cell death 

process in response to distinct stimuli. For instance, Bcl-2 family members Bid and Bad in 

addition to their proapoptotic functions possess cell survival roles in response to DNA 

damage and altered glucose metabolism, respectively [84,85]. Furthermore, proapoptotic 

Bax and Bak in the absence of apoptotic stimuli regulate mitochondrial dynamics [86]. 

These findings suggest that the majority of proteins involved in apoptotic pathways harbor 

nonapoptotic functions, which is further supported by the fact that IAPs including XIAP 

have been shown to be involved in apoptotic, survival and nonapoptotic processes [1,47,49–

53,87].

XIAP regulation of mitochondrial membrane permeabilization

Under physiological conditions, XIAP normally resides in the cytosol and suppresses the 

caspase cascade favoring cell survival. Surprisingly, evidence supports that abrogation of 

extracellular matrix-dependent survival signals leads to XIAP translocation to mitochondria 

prior to mitochondrial membrane permeabilization and caspase activation [20]. The 

endogenous mitochondrial XIAP then forms a novel ~400 kDa protein complex, which 

precedes cytochrome c release and apoptosis [20]. Mechanistic analysis reveals that 

exogenously expressed XIAP associates with mitochondria and induces release of 

apoptogenic proteins such as cytochrome c and Smac in a Bax/Bak-dependent manner 

(Figure 4). This proapoptotic function of XIAP could be suppressed by antiapoptotic Bcl-2 

family protein Bcl-xL [20]. This unexpected proapoptotic function of XIAP was further 

supported by our findings on XIAP-mediated cytochrome c release in response to resveratrol 

in cancer cells [21]. XIAP seems to activate Bax in the cytosolic compartment and could 

help translocate Bax to the mitochondrion [21], at the mitochondrion Bax undergoes 

oligomerization and channel formation causing cytochrome c release (Figure 4). 

Proapoptotic factors like Bim and t-Bid concurrently translocate to mitochondria similar to 

XIAP during resveratrol-induced apoptosis, suggesting a possibility of crosstalk between 
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proapoptotic BH3-only proteins and XIAP to induce Bax oligomerization on the 

mitochondrial membrane [21]. Indeed, recent findings provide evidence that Bim 

overexpression induces XIAP translocation to mitochondria [22]. These findings suggest 

that XIAP interaction with proapoptotic proteins Bax, Bid and Bim could represent early 

events during apoptosis [20–23]. Whether XIAP translocation and its role in mitochondria 

permeabilization during apoptosis are cell-type- or stress-specific are factors that need 

further evaluation. However, if XIAP has the ability to interact with Bim or Bid either 

directly or indirectly and activate Bax/Bak this new function of MOMP regulation by XIAP 

and possibly of other IAPs could be a novel mechanism to regulate apoptotic cell death in 

cancer.

XIAP regulation of NF-κB activation via the BIR1/TAB1 complex [55] can lead to 

expression of various NF-κB target genes including c-IAP1 and c-IAP2 [88]. As mentioned 

above, c-IAPs shares similar domains to XIAP, except for the presence of a CARD domain 

in c-IAP1 and c-IAP2. Thus, increased expression of c-IAPs can manifest and/or regulate 

mitochondrial membrane permeabilization by interacting with Bax/Bak. Together, combined 

action of c-IAPs and XIAP could lead to synergistic enhancement of MOMP-dependent 

apoptosis in cancer cells. In cancer cells that are Bax- and/or Bak-deficient or possess 

defective Bax/Bak-mediated MOMP, pharmacological inhibition of XIAP or XIAP-

silencing will overcome TRAIL resistance in cancer owing to retention of active caspases 

generated by DISC. Also, stabilization of XIAP or inhibition of the XIAP/proteasome 

pathway will enhance MOMP in Bax/Bak-sufficient cells causing restoration of 

mitochondrial apoptosis.

Mechanisms of XIAP translocation to mitochondria

How XIAP translocates to and activates Bax on mitochondria is not clearly defined; 

however, based on published findings [20–23], multiple possibilities exist. First, XIAP 

associates with Bax in the cytosol and translocates to mitochondria via a Bim- or t-Bid-

dependent manner [21]. However, it is unclear whether Bim or Bid directly interact with the 

XIAP/Bax complex in the cytosol or mitochondria. It is also interesting to note that reduced 

expression of XIAP was observed upon exposure to anticancer agents such as mithramycin 

A and Smac mimetic BV6 to cancer cells that do not express Bax [89]. Further studies using 

Bax-expressing cells are required to define the correlation of Bax and XIAP expression, 

which could provide insights on the role of Bax in XIAP translocation to mitochondria. 

Indeed, recent findings demonstrate the requirement of Bax or Bak, and XIAP translocation 

is inhibited by prosurvival Bcl-2 proteins such as Bcl-2 and Bcl-xL [23]. Second, Bim could 

have a direct role in XIAP translocation to mitochondria [22] because, in the absence of 

Bim, XIAP translocation to mitochondria was inhibited. Third, it is possible that XIAP gains 

access to the mitochondrial membrane upon mitochondrial depolarization as a result of 

either exogenous or endogenous stress [22].

In addition to the above-mentioned scenarios including involvement of Bim and Bax in 

facilitating XIAP translocation to mitochondria, it is also possible that active caspase−3 and 

−9 could help translocate XIAP to mitochondria. Active caspase-9 and −3 are known to 

translocate to mitochondria and regulate mitochondria membrane structure and function 

Chaudhary et al. Page 7

Drug Discov Today. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[90,91]. Active executioner caspases such as caspase-3 and −7 depolarize mitochondria to 

enhance apoptotic cell death [90,92], whereas active caspase-9 induces cytochrome c release 

leading to mitochondrial uncoupling and ROS production [90]. Thus, early activation of 

caspase-3 and caspase-9 could promote apoptosis by depolarizing mitochondrial membrane 

and ROS production, respectively. Based on well-known prosurvival function of XIAP, it is 

reasonable to presume that low levels of active caspase-9 and −3 are inhibited by XIAP 

binding in the cytosol causing inhibition of the caspase cascade. By contrast, XIAP binding 

with active caspase-9 and −3 forms XIAP/caspase complex, which can amplify the caspase 

cascade such that XIAP/caspase complex translocates to mitochondria and permeabilizes the 

mitochondrial membrane. Thus XIAP/caspase complex can function as a unique mechanism 

to permeabilize the mitochondrial membrane to induce or amplify mitochondrial apoptosis.

Which domain of XIAP has a role in the recruitment of XIAP to mitochondria? Above-

mentioned scenarios suggest that XIAP can gain access to mitochondria during early 

mitochondrial depolarization or through association with Bax, Bak and Bim or through 

association with active caspases. XIAP interacts with active caspases either via BIR2 or 

BIR3 domain whereas XIAP interacts with mitochondrial ARTS protein via BIR1 domain 

[40,41,57]. These findings suggest that all three BIR domains of XIAP can play a part in 

XIAP translocation to mitochondria. However, molecular analysis suggests that RING 

domain has a crucial role in XIAP targeting to mitochondria [20,22]. Based on this 

information, we suggest that XIAP can translocate to mitochondria directly via RING 

domain association with mitochondria and indirectly via association with XIAP-interacting 

proteins including active caspases, ARTS or Smac. c-IAP1 and c-IAP2 contain all three BIR 

domains as well as RING domains, thus it is possible that c-IAPs could also localize to 

mitochondria and possess functions similar to XIAP. Although BIR2 and BIR3 domains can 

influence XIAP translocation to mitochondria via interacting with active caspase-3 and −9, 

direct translocation of XIAP might be mediated by its RING domain. This notion is 

supported by the fact that caspase-binding mutant XIAP (D148A) can translocate to 

mitochondria and degrade Smac, whereas RING-less XIAP or RING-less survivin or mutant 

XIAP (F495L) deficient in ubiquitin transfer activity did not translocate to mitochondria 

leading to the accumulation of XIAP in the cytosolic compartment [20,22]. It is also 

important that XIAP-mediated Bax/Bak-dependent MOMP does not require E3-ligase 

activity, whereas the E3-ligase-activity-dependent mechanism seems to promote XIAP 

translocation to mitochondria.

Impact of XIAP translocation to mitochondria

Once translocated to the mitochondria, XIAP performs multiple functions. For example, 

XIAP can activate Bax even in the absence of BH3-only protein signaling, causing Bax/Bak 

oligomerization and permeabilization of mitochondrial membrane leading to induction of 

apoptosis [22]. As stated above, this function of XIAP does not require the E3-ligase 

activity. By contrast, XIAP translocation to mitochondria is associated with mitochondrial 

ubiquitination in an E3-ligase-dependent manner, suggesting that intramitochondrial XIAP 

degrades Smac in a manner that requires XIAP binding with Smac (Figure 4) [22,23]. 

RING-domain-mediated translocation of XIAP can also regulate function or levels of other 

mitochondria proteins including ARTS, HtrA2 and AIF that are known to interact with 
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XIAP, which can ultimately regulate apoptotic cell death in cancer. Although the underlying 

mechanism on the role of XIAP in regulating MOMP and consequent apoptosis is not yet 

defined, further research on the function of mitochondrial XIAP could provide new avenues 

for cancer therapy.

Our previous findings suggest that apoptosis induced by many stimuli involves an early 

mitochondrial activation, which might be responsible for the subsequent disruption of 

mitochondrial respiratory chain (MRC) functions, loss of membrane potential, cytochrome c 

release and, ultimately, cell death [93]. Early mitochondrial activation and biogenesis was 

further supported by our recent findings that mitochondria accumulate higher levels of 

proteins and DNA during DNA-damage-induced apoptosis in cancer cells [94]. The 

mitochondrial activation leads to translocation and accumulation of multiple proapoptotic 

and antiapoptotic proteins at the mitochondria including proapoptotic BH3-only protein Bim 

and XIAP [21,93]. Similar to XIAP overexpression, Bim was constitutively overexpressed 

in multiple prostate and breast cancer cells as well as in primary tumor cells [95]. These 

findings suggest that constitutively overexpressed Bim and XIAP could coordinate to 

perform either proapoptotic or prosurvival functions in epithelial cancer cells. It is also 

interesting to note that XIAP-mediated cytochrome c release and subsequent apoptosis 

induction happens in a p53-independent manner [21]. Because cancer cells are known to 

harbor p53 mutations or loss of p53 function, further characterization of this new role of 

XIAP will allow development of novel strategies to enhance apoptotic cell death in cancer 

including in p53-deficient cancers.

Functions of XIAP at mitochondria other than induction of MOMP

The release of cytochrome c induces caspase activation in the cytosol leading to the 

generation of active caspase-9 and −3, both of which could be inactivated by their binding 

with XIAP in the cytosol [11,40]. Because caspase-9 can also be activated by redox stress in 

the mitochondrial compartment [96], there is a possibility that active caspase-9 could be 

inhibited by the mitochondria translocated and/or resident XIAP. Thus, active caspases 

generated in the cytosol and mitochondria are inhibited by XIAP. By contrast, XIAP 

translocates to mitochondria, and this mitochondrial XIAP plays an important part in 

permeabilization of the mitochondrial membrane to enhance cytochrome-c-mediated 

apoptosis [20–22]. Mitochondria harbor other proapoptotic proteins such as Smac and AIF 

[79,97], thus it can also be postulated that mitochondrial XIAP render prosurvival function 

at mitochondria by binding with Smac and AIF. Indeed, during apoptosis XIAP translocates 

to mitochondria and binds with Smac [98] and thus prevents the amplification of 

cytochrome c release and caspase activation. Smac degradation in the mitochondria 

compartment was further supported by recent findings that XIAP translocates to 

mitochondria and degrades Smac in a lysosomal- and proteasomal-activity-dependent 

manner [22,23].

Because BIR2 domain of XIAP binds with AIF [99], the presence of AIF in the 

mitochondrial compartment suggests that mitochondrial XIAP could bind AIF and inhibit 

caspase-independent and AIF-dependent apoptosis. Thus, XIAP harbors prosurvival 

functions including inhibition of caspases, Smac and AIF functions as discussed above. The 
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new XIAP function of promoting mitochondrial permeabilization could be exploited for 

development of therapeutic agents for human diseases such as cancer. Indeed, increased 

expression of XIAP does not always provide resistance to anticancer therapeutics but can 

also be associated with favorable clinical outcome [100–102].

Although HtrA2 was shown to bind and inactivate XIAP, binding of XIAP to HtrA2 does 

not inhibit the proteolytic activity of HtrA2. Furthermore, overexpression of XIAP does not 

inhibit the HtrA2-induced caspase-independent atypical cell death [36]. These findings 

demonstrate an interaction between HtrA2 and XIAP. However, any new scaffolding-like 

role of XIAP for HtrA2 on the mitochondria is currently unknown because we do not know 

if this interaction is specific to the cytosol or if it also occurs in mitochondria.

Targeting prosurvival and proapoptotic functions of XIAP for cancer therapy

XIAP binds with active caspases leading to the inhibition of the caspase cascade and 

apoptosis; thus, blocking prosurvival function of XIAP as well as of c-IAPs has been an 

attractive target for the development of novel therapeutic agents for cancer treatment. In 

contrast to the prosurvival function of XIAP, the induction of mitochondrial outer membrane 

permeabilization by XIAP could provide new avenues for designing novel anticancer agents 

to harness the therapeutic potential of overexpressed XIAP or c-IAPs in various types of 

cancer. Targeting the new function of XIAP has significance in cancer therapy because most 

of the anticancer agents developed based on prosurvival function of XIAP have not been 

translated successfully in the clinic for cancer therapy. Some of the strategies leading to 

inhibition of the prosurvival function of XIAP and their possible implications are discussed 

below.

Caspase inhibitory function of XIAP can be abrogated by its downregulation or silencing 

using antisense oligonucleotides or siRNA approaches. Additionally, development of small 

molecules that block caspase-inhibiting functions have therapeutic benefit [103]. Antisense 

oligonucleotides (AS ODNs) targeting XIAP have been developed for different types of 

cancer such as human non-small-cell lung carcinoma (NSCLC). AS-ODN-mediated 

downregulation of XIAP in human NSCLC cells inhibits growth and enhances therapeutic 

efficacy of the cytotoxic agent vinorelbine in a xenograft model [104]. In some studies, 

treatment with AS-ODN-mediated downregulation of XIAP or survivin alone did not reduce 

tumor burden but improved tumor control by radiotherapy in a mouse model of lung cancer 

[105]. AEG35156, a second-generation antisense oligonucleotide to XIAP, has been used 

for clinical trials in patients diagnosed with multiple types of cancer including lymphoma, 

melanoma, leukemia, breast, pancreatic and lung cancers [106]. AEG35156 in combination 

with standard chemotherapy was well tolerated in acute myeloid leukemia (AML) patients 

and shows effective antileukemic activity in patients who were refractive to single agents 

[106,107]. Multicenter Phase I and II trials of AEG35156, in combination with idarubicin or 

cytarabine, were conducted in relapsed/refractory AML patients. This study shows that 

AEG35156 effectively silences XIAP in circulating blasts and induces apoptosis in AML 

stem cells [108]. In spite of initial encouraging effects on tumor control by AEG35156, later 

studies, however, did not observe beneficial effects rendered by this XIAP inhibitor in other 

types of cancer [109,110]. These findings suggest that silencing XIAP or other IAPs might 
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not provide therapeutic benefits because reduced levels of IAPs including XIAP will not 

only inhibit prosurvival function but will also limit the exploitation of their proapoptotic 

function.

Because the BIR2 domain inhibits the terminal caspase-3 and −7 whereas the BIR3 domain 

of XIAP inhibits caspase-9 [6,8–10], various inhibitors of BIR3 domain of XIAP have been 

developed. However, these inhibitors also inhibit c-IAP1/2 causing the release of TNF-α, 

thus limiting the therapeutic benefit of the XIAP BIR3 inhibitors. To overcome this issue, 

benzodiazepinone 36 was developed, which shows high selectivity to XIAP BIR3 and c-

IAP1 BIR2/3 leading to increased efficacy while inhibiting the release of TNF-α in a 

xenograft pharmacodynamics model [111]. Recently, another study optimized XIAP-BIR2-

selective benzazepinone[s8] screening and identified benzoxazepinone 40, a more potent 

BIR2-selective inhibitor with better in vivo pharmacokinetic properties. Benzoxazepinone 

40 enhances mechanistically distinct apoptotic signaling compared to pan-IAP inhibitors 

[112]. Because Smac binds with XIAP leading to the induction of apoptotic cell death [44], 

various Smac mimetics have been developed to inhibit prosurvival function of XIAP, which 

could have significance in cancer therapy [113–118]. In addition, embelin, a non-peptide 

inhibitor of XIAP BIR3 domain, has also shown promising anticancer effects by blocking 

NF-κB activation and promoting caspase activation [119] leading to synthesis of embelin 

derivatives for the development of XIAP-based anticancer agents. These agents targeting 

prosurvival function of XIAP might not lead to desirable outcomes to cure cancer because of 

the inhibition of proapoptotic function of XIAP or other IAPs. Although the exact strategy to 

design XIAP-based anticancer agents is still elusive because of the prosurvival and 

proapoptotic functions of XIAP, the screening of small molecules that enhance XIAP 

translocation to mitochondria while inhibiting BIR2 and BIR3 could provide novel avenues 

to design better and efficacious anticancer agents. XIAP possesses multiple cellular 

functions, the implications of which have been discussed in more detail in previous reviews 

[45,88,89,120,121]. Here, we have focused mostly on how MOMP regulatory function of 

XIAP could be modulated either alone or in combination with caspase inhibitory function of 

XIAP.

Concluding remarks and future perspectives

In this review we have summarized a potential role of XIAP in mitochondrial membrane 

permeabilization (Figure 4), which could potentially be a therapeutic target in cancer 

prevention and treatment. This novel function of XIAP is different from its classical caspase 

inhibitory function. Proapoptotic factors like Bim and t-Bid concurrently translocate to 

mitochondria along with XIAP during resveratrol-induced apoptosis [21]. There is a 

possibility of crosstalk between proapoptotic BH3-only proteins and XIAP to induce Bax 

oligomerization on the mitochondrial membrane. Indeed, the recent findings demonstrate the 

involvement of Bim in XIAP translocation to mitochondria [22]. Because apoptosis induced 

by many stimuli involves an early mitochondrial activation and loss of membrane potential 

[93,94], concomitant translocation of XIAP and Bax could represent an early event and 

enhance cytochrome c release, leading to cell death. The novel function of XIAP is 

consistent with multiple reports suggesting the nonclassical functions of apoptotic proteins 

including Bim, Bad, Bid, Apaf-1 and Fas [95,122–124]. Because XIAP is highly expressed 
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in multiple types of cancer [125–127] and XIAP activates Bax clustering and 

oligomerization at the outer mitochondrial membrane, development of agents that can 

enhance XIAP-mediated Bax-dependent mitochondrial permeabilization would be an 

efficient approach for cancer prevention and treatment. Because XIAP exerts its 

proapoptotic function via Bax/Bak, cancer cells that are Bax/Bak-deficient or harbor 

nonfunctional Bax/Bak can lead to the inhibition or attenuation of proapoptotic function of 

XIAP. Thus, in Bax/Bak-deficient cancer cells, XIAP will possess only a prosurvival 

function causing inhibition of the caspase cascade leading to therapy resistance. Because 

XIAP-mediated MOMP does not rely on p53 function [21], the XIAP-targeted therapeutics 

will benefit a majority of cancer patients including those with p53 mutations.
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Highlights

• XIAP harbors prosurvival, proapoptotic and nonapoptotic functions

• Proapoptotic BH3-only protein Bim can regulate XIAP translocation to 

mitochondria

• XIAP induces Bax-dependent permeabilization of the mitochondrial membrane

• XIAP translocation to mitochondria associates with mitochondrial 

ubiquitination

• Targeting the mitochondrial permeabilization function of XIAP could provide 

novel cancer therapeutics
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Teaser

X-chromosome-linked inhibitor of apoptosis protein (XIAP) inhibits caspases and blocks 

apoptosis. XIAP can also function as a proapoptotic protein by promoting mitochondrial 

membrane permeabilization, which could be exploited for therapeutic benefits in cancer.

Chaudhary et al. Page 20

Drug Discov Today. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 

[s10]Types and domains of mammalian inhibitor of apoptosis proteins (IAPs). (a) Functional 

domains of IAPs. (b) Types of mammalian IAPs. Abbreviations: BIR, baculoviral IAP 

repeat domain; CARD, caspase recruitment domain; LRR, leucine-rich repeats; NACHT/

NOD, nucleotide-binding and oligomerization domain; RING, really interesting new gene 

domain; UBA, ubiquitin-associated domain; UBC, ubiquitin conjugating domain.
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Figure 2. 
Apoptotic pathways in mammalian cells and key regulators of apoptosis. Abbreviations: 

Apaf-1, apoptotic protease activating factor 1; FADD, Fas-associated death domain; Smac, 

second mitochondria-derived activator of caspase; XIAP, X-chromosome-linked inhibitor of 

apoptosis protein.
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Figure 3. 
Various classical functions of X-chromosome-linked inhibitor of apoptosis protein (XIAP).
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Figure 4. 
X-chromosome-linked inhibitor of apoptosis protein (XIAP) regulation of mitochondrial 

membrane permeabilization and its impact on the regulation of other mitochondrial 

residence proteins.
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