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The primary role of autophagy is adaption to starvation.

However, increasing evidence suggests that autophagy

inhibition also plays an important role in tumorigenesis.

Upregulation of X-linked inhibitor of apoptosis (XIAP) has

been associated to a variety of human cancers, yet the

underlying mechanisms remain obscure. Here, we report

that XIAP suppresses autophagy by exerting a previously

unidentified ubiquitin E3 ligase activity towards Mdm2,

which is a negative regulator of p53. XIAP controls

serum starvation-induced autophagy downstream of the

PI3K/Akt pathway. In mouse models, inhibition of

autophagy by XIAP promotes tumorigenecity of HCT116

cells. XIAP-mediated autophagy inhibition is also largely

validated in clinical tumour samples. These findings

reveal a novel XIAP-Mdm2-p53 pathway that mediates the

inhibition of autophagy, by which XIAP may contribute to

tumorigenesis.
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Introduction

Autophagy is an intracellular bulk degradation process that

mediates the clearance of most long-lived proteins and

damaged organelles (Levine and Klionsky, 2004; Mizushima,

2007). Upon induction of autophagy, cytosolic proteins and

organelles are first sequestered within multimembrane-bound

autophagosomes and subsequently delivered to lysosomes,

where the autophagic cargo undergoes protease-dependent

degradation (Klionsky, 2007). The basal level of autophagy is

important for maintaining normal cellular homeostasis.

Inhibition of basal autophagy in the brain leads to

neurodegeneration in mouse models (Hara et al, 2006;

Komatsu et al, 2006). In response to nutrient starvation,

autophagy is induced as a pro-survival mechanism, which

generates new metabolic substrates to meet the bioenergetic

needs of cells and thus promotes cell survival (Lum et al,

2005; Mizushima and Komatsu, 2011). However, autophagy is

also considered as a self-destructive process under certain

circumstances (Levine and Kroemer, 2008).

Recent studies suggest that autophagy dysfunction plays an

important role in the development of cancer (Mathew et al,

2007; Mizushima et al, 2008; Mah and Ryan, 2012). For

example, allelic loss of the essential autophagy gene Beclin-

1 is associated with high frequency of human ovarian, breast,

and prostate cancers (Aita et al, 1999; Liang et al, 1999).

Beclin-1 heterozygous mice with impaired autophagy are

more prone to the development of spontaneous tumours,

including lymphomas, lung carcinomas, hepatocellular

carcinomas, and mammary precancerous lesions (Qu et al,

2003; Yue et al, 2003). Moreover, restoration of Beclin-1

expression in MCF-7 cells decreases their cellular prolifera-

tion, in vitro clonigenicity and tumour formation in nude mice

(Liang et al, 1999). These genetic evidence strongly suggest

that autophagy is a tumour suppressor pathway. However, the

detailed molecular mechanisms by which autophagy

suppresses tumour development remain largely undefined.

Inhibitor of apoptosis proteins (IAPs) were initially identi-

fied in baculoviruses, where they prevent defensive apoptosis

of host cells (Crook et al, 1993; Birnbaum et al, 1994).

Structurally, IAPs are characterized by the presence of one

to three copies of BIR (baculovirus IAP repeat) motif

(Salvesen and Duckett, 2002). In addition to BIR domains,

many members of the IAPs also contain the RING (really

interesting new gene) zinc finger domain at the very

C-terminus of these proteins and possess ubiquitin E3 ligase

activity that regulates auto- or trans-ubiquitination and

protein degradation (Yang et al, 2000; Vaux and Silke, 2005;

Hanson et al, 2012). Among the mammalian IAPs, X-linked

inhibitor of apoptosis (XIAP) is most extensively studied and

well characterized, containing three BIR domains and

c-terminal RING domain. XIAP has the most potent anti-

apoptotic ability (Eckelman et al, 2006), which is believed

to be primarily related to direct binding and inhibiting of

caspases, the apoptotic proteases that are responsible for the

initiation and execution of apoptosis (Mizushima et al, 2008).

XIAP strongly binds to both an initiator caspase (caspase-9)

and effector caspases (caspase-3 and -7) via different parts of

the BIR domains (Deveraux et al, 1997; Shiozaki and Shi,

2004). In addition, a recent study suggests that the ubiquitin

E3 ligase activity of XIAP, which mediates proteasome-

dependent degradation of caspases, is needed for its anti-

apoptotic function (Schile et al, 2008).

Although XIAP has been well known for its anti-apoptotic

function in regulating cell survival and cell proliferation

(Liston et al, 1996; Schile et al, 2008; Gyrd-Hansen and

Meier, 2010), it remains unclear whether XIAP also

participates in the regulation of autophagy. Here, we

provide evidence that XIAP functions as an endogenous

repressor of autophagy. XIAP exerts its anti-autophagic
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function via acting as a ubiquitin E3 ligase for Mdm2 and

thereby preventing Mdm2-mediated p53 degradation in the

cytoplasm. We also show that XIAP-mediated autophagy

inhibition indeed occurs in clinical tumour samples. Thus,

our results suggest that XIAP-mediated autophagy inhibition

may contribute to tumorigenesis.

Results

XIAP is a physiological inhibitor of autophagy

To determine whether XIAP involves in the regulation of

autophagy, we first assessed the levels of basal autophagy

in HCT116 XIAPþ /þ (WT) and HCT116 XIAP� /� (KO) cells

by tracking the conversion of LC3-I to LC3-II and evaluating

autophagic vesicle formation using electron microscopy. We

found that the percentage of cells with GFP-LC3 puncta was

much higher in HCT116 XIAP KO cells than in HCT116 XIAP

WT cells (Figure 1A). The subsequent western blot analysis

also showed that conversion of LC3-I to LC3-II was greatly

increased when XIAP was depleted in HCT116 cells

(Figure 1B; Supplementary Figure S1A). Similar result was

obtained using XIAP KO and the matching XIAP wild-type

mouse embryonic fibroblasts (MEFs) (Figure 1C). In addition,

XIAP deficiency led to a dramatic increase in autophagic

vesicle formation in HCT116 cells (Figure 1D). Consistent

with these results, treatment of HCT116 cells with Embelin, a

specific inhibitor of XIAP (Nikolovska-Coleska et al, 2004),

enhanced both conversion of LC3-I to LC3-II and formation of

GFP-LC3 puncta in a dose- and time-dependent manner

(Figure 1E; Supplementary Figure S1B and C). By contrast,

Embelin failed to enhance autophagy in HCT116 XIAP KO

cells (Figure 1F). In addition, the levels of LC3-II were further

increased in the presence of leupeptin, a lysosomal protease

inhibitor (Figure 1G, lane 3 versus 4; Supplementary Figure

S1D), indicating that XIAP-mediated autophagy inhibition is

through autophagic/lysosomal pathway. Knocking down

XIAP expression in ATG5þ /þ (WT) MEF cells also dramati-

cally increased LC3-I to LC3-II conversion (Figure 1H, lane 1

versus 2; Supplementary Figure S1E). In contrast, ATG5� /�

(KO) MEF cells, which are unable to undergo autophagy,

showed no enhanced conversion of LC3-I to LC3-II by XIAP

knockdown (Figure 1H, lane 3 versus 4; Supplementary

Figure S1E). These results strongly suggest that XIAP is a

physiological inhibitor of autophagy.

We next determined whether XIAP-mediated autophagy

inhibition is related to apoptosis inhibition. HCT116 XIAP

WT and XIAP KO cells were treated with caspase inhibitor

Z-VAD-FMK, followed by detecting LC3-I to LC3-II conver-

sion. The enhancement of autophagy in HCT116 XIAP KO

cells was not affected by Z-VAD-FMK treatment (Figure 1I,

lane 2 versus 4; Supplementary Figure 1F). The reintroduc-

tion of a mutated form of XIAP (XIAP D148A/W310A) that

cannot inhibit caspases into these XIAP KO cells was still able

to protect the cells from autophagy (Figure 1J; Supplementary

Figure 1G). These indicate that XIAP inhibits autophagy

independent of caspase-mediated apoptosis.

XIAP inhibits autophagy via the Mdm2-p53 pathway

p53 has been recently recognized as a negative regulator of

autophagy (Tasdemir et al, 2008). We sought to determine

whether XIAP could regulate autophagy via a p53-dependent

mechanism. We first examined whether XIAP affects the

steady-state levels of p53 and its main negative regulator

Mdm2. Intriguingly, in several tested human cell lines, small-

interfering RNA (siRNA)- or small-hairpin RNA (shRNA)-

mediated knockdown of XIAP led to a marked increase in

Mdm2 levels and a dramatic decrease in p53 levels, which

was accompanied with the enhanced conversion of LC3-I to

LC3-II (Figure 2A; Supplementary Figure S2A–C). Similarly,

compared to XIAP wild-type MEFs, XIAP KO MEFs expressed

increased levels of Mdm2 and decreased levels of p53

(Figure 1C). Furthermore, ectopic expression of Flag-XIAP

greatly reversed XIAP knockdown or knockout effects on

the levels of Mdm2 and p53 and the conversion of LC3-I to

LC3-II (Figure 2B, lane 3 versus 4 and lane 7 versus 8;

Supplementary Figure 2D).

The subsequent fractionation assays revealed that lack of

XIAP in HCT116 cells led to the elevated levels of Mdm2 and

the reduced levels of p53 in cytosol, while the nuclear levels

of Mdm2 and p53 remained relatively unaffected (Figure 2C,

lanes 1 and 2 versus 5 and 6). Consistently, ectopic expres-

sion of XIAP specifically altered the cytosolic levels of Mdm2

and p53 (Figure 2C, lanes 1 and 2 versus 3 and 4, and lanes 5

and 6 versus 7 and 8). Previous study has shown that

cytosolic but not nuclear p53 is able to antagonize autophagy

(Tasdemir et al, 2008). Therefore, our results suggest that

XIAP inhibits autophagy through upregulating cytosolic p53

levels. To further confirm this, we first determined the effect

of XIAP expression on autophagy in HCT116 p53þ /þ and

HCT116 p53� /� cells by evaluating the conversion of

LC3-I to LC3-II. In HCT116 p53þ /þ cells, XIAP knockdown

resulted in a dramatic increase in autophagy (Figure 2D,

lane 1 versus 2; Supplementary Figure 2E), whereas

XIAP overexpression showed the opposite effect (Figure 2E,

lane 1 versus 2; Supplementary Figure 2F). However, when

p53 was ablated, neither of these effects occurred (Figure 2D,

lane 3 versus 4; Figure 2E, lane 3 versus 4; Supplementary

Figure S2E and F). Moreover, ectopic expression of wild-type

p53 or its tumour-derived mutants, including p53 R175H,

p53 R273H, p53 G279E, and p53 K386R, effectively prevented

autophagy occurred in HCT116 XIAP KO cells (Supplementary

Figure S2G). We also evaluated the levels of autophagy in the

presence and absence of Nutlin, a pharmacological inhibitor

of Mdm2 that disrupts the Mdm2-p53 association. Nutlin was

shown to greatly inhibit autophagy induction by XIAP

depletion (Figure 2F and G; Supplementary Figure S2H).

Together, these results indicate that XIAP inhibits autophagy

via regulating the Mdm2-p53 pathway.

XIAP is a novel ubiquitin E3 ligase for Mdm2

We next investigated the molecular mechanism underlying

the regulation of Mdm2 and p53 by XIAP. Using reciprocal

co-immunoprecipitation assays with anti-XIAP or anti-Mdm2

antibodies, the interaction between endogenous XIAP and

Mdm2 was readily detected (Figure 3A; Supplementary

Figure S3A). This XIAP-Mdm2 interaction appears to be

direct, as shown by an in vitro GST-pulldown assay with

recombinant proteins (Figure 3B). Furthermore, the half-life

of endogenous Mdm2 was increased in cycloheximide-treated

XIAP knockdown cells compared to control cells (Figure 3C;

Supplementary Figure S3B). Similar result was also obtained

when XIAP was depleted (Supplementary Figure S3C and D).

These results indicate that increased Mdm2 levels by XIAP

depletion occur through its stabilization.
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Since Mdm2 stability is largely regulated by its autoubiqui-

tination, we then examined the effect of XIAP on the RING

finger-domain mutant MDM2 C464A which is inactive in

autoubiquitination. Strikingly, similar to the effect of XIAP

on wild-type Mdm2, induction of XIAP also led to the reduced

levels of Mdm2 C464A (Figure 3D, lane 2 versus 6 and lane 3

versus 8), and the accompanying enhancement of its poly-

ubiquitination (Figure 3E, lane 2 versus 6 and lane 3 versus 8)

in MEF cells deficient in both p53 and Mdm2 (DKO).

Consistently, when XIAP was co-expressed, the half-life of

both wild-type Mdm2 and mutant Mdm2 C464A was mark-

edly decreased (Supplementary Figure S3E). Of note, the

caspase-binding mutant XIAP D148A/W310A still can bind

to Mdm2 and mildly decreased the half-life of Mdm2

(Supplementary Figure S4A and B). Collectively, these results

demonstrate that XIAP regulates Mdm2 stability is not through

promoting its autoubiquitination activity. We also found that

XIAP H467A, a mutant that lost intrinsic E3 ligase activity in

RING domain (Yang et al, 2000), failed to suppress the levels

of wild-type Mdm2 or mutant Mdm2 C464A (Figure 3D, lane 2

Inhibition of autophagy by XIAP
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versus 7 and lane 3 versus 9; Supplementary Figure S3E),

although XIAP H467A still retained the Mdm2-binding ability

(Supplementary Figure S4C). In addition, XIAP H467A neither

promoted the polyubiquitination of wt-Mdm2 or mutant

Mdm2 C464A (Figure 3E, lane 2 versus 7 and lane 3 versus

9) nor decreased their half-life (Supplementary Figure S3E),

suggesting that XIAP could be a ubiquitin E3 ligase for Mdm2.

To confirm this, an in vitro ubiquitination assay was

performed with purified recombinant proteins. Consistent

with previous study (Fang et al, 2000), Mdm2 underwent

autoubiquitination, which was diminished by its C464A

mutation (Figure 3F, lane 3 versus 6). Interestingly, when

recombinant XIAP protein was included in the reaction mix-

ture, ubiquitination of both wild-type Mdm2 and mutant

Mdm2 C464A was strongly enhanced (Figure 3F, lane 3 versus

4 and lane 6 versus 7). However, compared with wild-type

XIAP, the RING-inactive mutant XIAP H467A failed to show

any effect on the ubiquitination of Mdm2 and its C464A

mutant (Figure 3F, lane 3 versus 5 and lane 6 versus 8). The

specificity of XIAP as a ubiquitin E3 ligase towards Mdm2 was

further concluded by the observation that XIAP promoted

Mdm2 C464A ubiquitination in a dose-dependent fashion

in vitro (Supplementary Figure S5A).

To further test whether XIAP regulates p53 degradation

through Mdm2, a co-transfection assay was performed in

DKO MEF cells. When wild-type XIAP or mutant XIAP H467A

was co-expressed with p53 in these cells, levels of p53

remained unaltered (Figure 3G, lanes 5–7). However, by

additional expression of Mdm2, wild-type XIAP, but not

mutant XIAP H467A, was shown to increase p53 level

(Figure 3G, lanes 8–10). This correlated well with a

decline in Mdm2 levels by expression of wild-type

XIAP but not mutant XIAP H467A (Figure 3G, lanes 8–10).

The subsequent in vivo ubiquitination assay further

revealed that Mdm2-mediated ubiquitination of p53 was

inhibited by wild-type XIAP, but not mutant XIAP H467A

(Figure 3H, lanes 8–10). Knockdown of XIAP decreased

ubiquitination of Mdm2, but increased ubiquitination of

p53 (Supplementary Figure S5B). Additionally, XIAP did not

affect the Mdm2-p53 interaction (Supplementary Figure S5C).

Therefore, these data demonstrate that XIAP possesses an

intrinsic ubiquitin E3 ligase activity towards Mdm2, by which

XIAP regulates Mdm2-p53 axis.

XIAP regulates serum deprivation-induced autophagy

The inhibitory effect of XIAP on the basal autophagy

prompted us to investigate whether XIAP regulates serum

deprivation-induced autophagy. In HCT116 cells with wild-

type XIAP expression, EBSS (Earle’s balanced salt solution)

treatment increased autophagy in a time-dependent manner

as manifested by enhanced GFP-LC3 puncta formation and

increased conversion of endogenous LC3-I to LC3-II.

However, the EBSS-induced autophagic effect was substan-

tially minimized by XIAP depletion (Figure 4A;

Supplementary Figure S6A). The subsequent analysis showed

that, in wild-type XIAP expressing cells, EBSS treatment

resulted in increased levels of Mdm2 and decreased levels

of p53, which was accompanied by elevated conversion of

LC3-I to LC3-II (Figure 4B, lane 1 versus 2; Supplementary

Figure 6B). However, when XIAP was ablated, these EBSS-

mediated effects were inhibited (Figure 4B, lane 3 versus 4;

Supplementary Figure 6B). These results strongly suggest the

critical role of XIAP in regulating serum deprivation-induced

autophagy. In agreement with previous report that XIAP is

phosphorylated and stabilized by Akt at Ser87 (Dan et al,

2004), the levels of phosphorylated XIAP (p-XIAP) were

found to be significantly reduced when the endogenous

PI3K/Akt pathway was inhibited by serum starvation,

although total levels of XIAP were not affected (Figure 4B,

lane 1 versus 2). This indicates that dephosphorylation of

XIAP by Akt inhibition might set up a switch for autophagy

induction in response to serum deprivation. In supporting of

this, treatment of API-2, a specific inhibitor of Akt, dramati-

cally increased autophagy in the cells with wild-type XIAP

expression, but not in the XIAP-deficient cells (Figure 4C,

lane 1 versus 2 and lane 3 versus 4; Supplementary

Figure 6C).

We next examined whether EBSS treatment regulates the

interaction of XIAP and Mdm2. Treatment of HCT116 cells

with EBSS greatly abolished the XIAP-Mdm2 interaction

(Figure 4D). The strong correlation between decreased

levels of p-XIAP and increased levels of Mdm2 upon EBSS

or API-2 treatment (Figure 4B, lane 1 versus 2; Figure 4C,

lane 1 versus 2) led us to explore the possibility that it is the

p-XIAP that preferably binds to Mdm2 and controls its

stability. The interaction between endogenous Mdm2 and

p-XIAP was confirmed by a co-immunoprecipitation assay

Figure 1 XIAP inhibits autophagy. (A) Representative images of GFP-LC3 staining in HCT116 XIAP WT and XIAP KO cells with stable
expression of GFP-LC3. Quantification of LC3 punctate cells was shown on the right. The data are represented as means±s.d. of three
independent experiments. (B) Endogenous LC3 expression in HCT116 XIAP WTand XIAP KO cells was analysed by western blotting with anti-
LC3 antibody. The data are representative of three biological replicates. The ratio of LCII/LC3I to actin is presented in Supplementary Figure
S1A. (C) Lysates from XIAPþ /þ and XIAP� /� mouse embryonic fibroblasts were analysed by western blotting with the indicated antibodies.
The data are representative of two biological replicates. (D) Autophagic vesicles in HCT116 XIAP WT and XIAP KO cells were evaluated
by electron microscopy. The images are representative of three biological replicates. (E) HCT116 cells were treated with Embelin as indicated.
LC3-II accumulation was determined by western blot analysis with anti-LC3 antibody. The data are representative of three biological replicates.
The ratio of LCII/LC3I to actin is presented in Supplementary Figure S1B. (F) HCT116 XIAP KO cells were treated with Embelin as indicated.
LC3-II accumulation was determined by western blot analysis with anti-LC3 antibody. The data are representative of three biological replicates.
(G) HCT116 cells were treated with Leupeptin and Embelin in the indicated combinations. Cell lysates were analysed by western blotting. The
data are representative of three biological replicates. The ratio of LCII/LC3I to actin is presented in Supplementary Figure S1D. (H) MEF ATG5
WTand ATG5 KO cells were individually transfected with XIAP-specific or control siRNAs. Forty-eight hours after transfection, cell lysates were
analysed by western blotting with the indicated antibodies. The data are representative of three biological replicates. The ratio of LCII/LC3I to
actin is presented in Supplementary Figure S1E. (I) HCT116 XIAP WTand XIAP KO cells were treated with 20mM Z-VAD-FMK or DMSO for 2 h.
Cell lysates were then analysed by western blotting. The data are representative of three biological replicates. The ratio of LCII/LC3I to actin is
presented in Supplementary Figure S1F. (J) HCT116 XIAP KO cells were transfected with either Flag-XIAP (D148A/W310A) or control plasmid.
Twenty-four hours after transfection, cell lysates were subjected to western blot analysis with the indicated antibodies. The data are
representative of three biological replicates. The ratio of LCII/LC3I to actin is presented in Supplementary Figure S1G.
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(Figure 4E). The effects of wild-type XIAP, phosphorylation

defective mutant XIAP S87A, and phosphorylation mimics

XIAP S87D on expression levels of Mdm2 and p53 were also

assessed. Ectopic expression of XIAP consistently led to a

decrease in Mdm2 and an increase in p53 (Figure 4F, lane 1

versus 2). Differing from XIAP S87A, which failed to show

any effect on the steady-state levels of Mdm2 or p53, XIAP

S87D exhibited an even stronger ability to regulate levels of

Mdm2 and p53 than wild-type XIAP (Figure 4F, lanes 2–4).

Correlating with the effect on Mdm2 and p53, XIAP S87D

Figure 2 XIAP inhibits autophagy via the Mdm2-p53 pathway. (A) A549 and IMR90 cells were transfected with XIAP-specific or control
siRNAs. Cell lysates were subjected to western blot analysis with the indicated antibodies. The data are representative of two biological
replicates. The ratio of LCII/LC3I to actin is presented in Supplementary Figure S2A. (B) HCT116 cells expressing XIAP-specific or control
siRNAs, HCT116 XIAP WT and XIAP KO cells were individually transfected with Flag-XIAP or control vector. Cell lysates were analysed by
western blotting. The data are representative of three biological replicates. The ratio of LCII/LC3I to actin is presented in Supplementary Figure
S2D. (C) HCT116 XIAP WTand XIAP KO cells were individually transfected with Flag-XIAP or control vector. Cytoplasmic/nuclear fractionation
was performed to analyse cellular localization of Mdm2 and p53. PARP and GAPDH were used as nuclear (N) and cytoplasmic (C) fraction
markers, respectively. The data are representative of three biological replicates. (D) HCT116 p53þ /þ and p53� /� cells were individually
transfected with XIAP-specific or control siRNAs. LC3 conversion was detected by western blot analysis. The data are representative of three
biological replicates. The ratio of LCII/LC3I to actin is presented in Supplementary Figure S2E. (E) HCT116 p53þ /þ and p53� /� cells were
individually transfected with Flag-XIAP or control vector. LC3 conversion was detected by western blot analysis. The data are representative of
three biological replicates. The ratio of LCII/LC3I to actin is presented in Supplementary Figure S2F. (F) HCT116 XIAP WT and XIAP KO cells
treated with 10mM Nutlin3 for 6 h. LC3 conversion was evaluated by western blot analysis. The data are representative of three biological
replicates. The ratio of LCII/LC3I to actin is presented in Supplementary Figure S2H. (G) HCT116 XIAP KO cells were treated with the indicated
amounts of Nutlin for 8 h. Cell lysates were analysed by western blotting with anti-LC3 antibody. The data are representative of three biological
replicates.
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showed the strongest ability to inhibit autophagy (Figure 4F,

lanes 2–4; Supplementary Figure 6D). These results were in

good agreement with the differential binding preferences

of Mdm2 towards wt-XIAP, XIAP S87A, and XIAP S87D.

Under unstressed condition, unlike wild-type XIAP, XIAP

S87A had lost its ability to interact with Mdm2, and XIAP

S87D showed even stronger binding affinity with Mdm2 than

wild-type XIAP (Figure 4G, lanes 2–4). Interestingly, under

stressed condition of EBSS treatment, the interaction of

wild-type XIAP and Mdm2 was strongly inhibited

(Figure 4G, lane 2 versus 6), which further confirmed our

endogenous co-immunoprecipitation result (Figure 4D).

However, the interaction between XIAP S87D and Mdm2

was little, if any affected by EBSS treatment (Figure 4G, lane

4 versus 8). Taken together, these results indicate that

dephosphorylation of XIAP by Akt inhibition is essential for

the dissociation of XIAP from Mdm2, thereby enhancing

Mdm2 ubiquitin E3 ligase activity towards p53 and facilitating

EBSS-induced autophagy.

Biological significance of XIAP-mediated autophagy

inhibition

Autophagy malfunction has been recently linked to promo-

tion of tumorigenesis (Mathew et al, 2007). The effect of

p-XIAP on autophagy inhibition prompted us to examine

whether phosphorylation of XIAP is essential for its ability

to promote tumorigenecity of human cancer cells. We used a

xenograft mouse model. XIAP ablation significantly

suppressed tumorigenecity of HCT116 cells as revealed by

measuring tumour mass (Figure 5A1, B1, and C1). When

wild-type XIAP was reconstituted into HCT116 XIAP KO cells,

their tumorigenecity was greatly improved (Figure 5A2, B2,

and C2). However, phosphorylation defective mutant XIAP

S87A was unable to recover tumorigenecity of HCT116 XIAP

KO cells (Figure 5A3, B3, and C3), whereas phosphorylation

mimics mutant XIAP S87D showed the comparable activity to

wild-type XIAP in promoting tumorigenecity of HCT116 XIAP

KO cells (Figure 5A4, B4, and C4).

To verify whether the effect of wild-type XIAP or XIAP

mutants on tumorigenecity is indeed an autophagy-related

process, the extent of autophagy in respective excised

tumours was evaluated by tracking the conversion of LC3-I

to LC3-II using western blot analysis. As was expected,

increased autophagy levels were observed in XIAP KO

tumours compared with those in the XIAP WT samples

(Supplementary Figure S7, upper left panels). However, this

XIAP depletion-induced autophagy was greatly inhibited by

re-expressed wild-type XIAP (Supplementary Figure S7, lower

left panels) or XIAP S87D (Supplementary Figure S7, lower

right panels), but not by re-expressed XIAP S87A

(Supplementary Figure S7, upper right panels). Overall, the

extent of autophagy was correlated well with the expression

levels of Mdm2 and p53 in their respective tumours

(Supplementary Figure S7). These were further confirmed

by the immunohistochemical analyses (Supplementary

Figure S8). More importantly, we found that when XIAP

caspase-binding mutant (XIAP D148A/310A) was reconsti-

tuted into HCT116 XIAP KO cells, the tumorigenecity of these

transfected cells was markedly improved (Figure 5D–F),

indicating that the inhibition of apoptosis contributes little

if any to the tumour-promoting effect of XIAP. Together, these

results suggest that phosphorylation of XIAP is essential

in regulating tumorigenecity and indicate the critical role of

autophagy inhibition mediated by the XIAP-Mdm2-p53

signalling pathway in facilitating tumorigenesis.

To further validate the biological significance of XIAP-

mediated autophagy inhibition in cancer, we analysed the

expression levels of XIAP, p-XIAP, Mdm2, and p53 and

conversion of LC3-I to LC3-II in several different types of

human primary tumours, including oesophagus, colon,

breast, lung, and stomach, along with their matched adjacent

normal tissues. We found that 5 of 16 oesophagus cancers, 3

of 5 colon cancers, 1 of 3 breast cancers, 2 of 8 lung cancers,

and 3 of 10 stomach cancers showed great autophagy inhibi-

tion along with the elevated expression of p-XIAP, XIAP, and

p53 and the decreased expression of Mdm2 compared to

those from their matched adjacent normal tissues

(Figure 5G and H; Supplementary Figures S9 and S10). The

XIAP-mediated autophagy inhibition in these tumours was

also confirmed by the subsequent immunohistochemical

analyses (Supplementary Figure S11). Since p53 status

could affect p53 expression levels in the different tumors,

we currently cannot totally exclude the possibility that in-

creased levels of p53 are due, at least in part, to mutant p53 in

human clinical tumour samples. However, based on the data

presented here, autophagy inhibition mediated by the XIAP-

Mdm2-p53 signalling pathway will likely play a significant

role in promoting human tumour formation.

Discussion

The biological effects of XIAP have been largely attributed to

its effects on the apoptotic pathway, although it has been

recognized that XIAP is involved in the regulation of the

NFkB pathway, inflammatory signalling, and cell migration

(Lu et al, 2007; Gyrd-Hansen and Meier, 2010; Wu et al, 2010;

Damgaard et al, 2012). Here, we demonstrate a novel and

unexpected function of XIAP in negatively regulating the

autophagy pathway.

In unstressed cells, p-XIAP interacts with Mdm2 and

mediates its rapid degradation, thereby maintaining the

relative high levels of cytosolic p53 (Figure 5I). Mdm2 is

the major ubiquitin E3 ligase of p53, both of them are labile

proteins. Although the trans-E3 activity of Mdm2 towards p53

has been well established, how Mdm2 itself is regulated still

remains largely unknown. Previous studies suggest that

cis-E3 ligase activity of Mdm2 is not responsible for its

short-lived nature (Itahana et al, 2007). Recently, PCAF and

SCFb-TRCP were reported to be involved in the rapid

degradation of Mdm2 (Linares et al, 2007; Inuzuka et al,

2010). Our finding that XIAP is an intrinsic ubiquitin E3

ligase for Mdm2 uncovers a novel, unexpected molecular

mechanism that controls Mdm2 stability and indicates the

complexity of the regulation of Mdm2. p53 has been

suggested to play an two-faceted function in the regulation

of autophagy (Maiuri et al, 2010). Within the nucleus, p53

induces autophagy through transcriptional effects (Crighton

et al, 2006). Within the cytosol, p53 acts as a master repressor

of autophagy (Tasdemir et al, 2008). Thus, XIAP may inhibit

autophagy through regulating the levels of cytosolic p53. Our

data also show that in response to serum starvation, XIAP

undergoes dephosphorylation due to the inhibition of Akt,

thus promoting the dissociation of XIAP from Mdm2. This is

likely to make Mdm2 stable and subsequently lead to the
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accelerated degradation of cytosolic p53, thereafter

facilitating the induction of autophagy (Figure 5I). Overall,

XIAP appears to be an important molecular switch that

controls initiation of serum starvation-induced autophagy.

It has been recently shown that Mdm2 induces XIAP

expression via enhancing its translation following irradiation

(Gu et al, 2009). Interestingly, our data show that XIAP

negatively regulates Mdm2 stability through its ubiquitin E3

ligase activity. These combined findings suggest the existence

of a feedback loop between XIAP and Mdm2 under

certain situation, but this hypothesis needs to be further

investigated.

Autophagy is well considered as a pro-survival mechanism

for supporting the long-term survival of mammalian cells.

Recent studies suggest that autophagy dysfunction plays an

important role in various human diseases, such as cancer,

neurodegenerative diseases, and ageing (Mizushima et al,

2008; Kimmelman, 2011; Rubinsztein et al, 2011). A causal

effect of autophagy inhibition on tumorigenesis has been

initially revealed by the finding that Beclin-1 heterozygous

knockout mice with decreased autophagy levels are more

prone to spontaneous tumour development. The subsequent

studies with mice lacking Atg4C and BIF1 also show that

deficiency in these autophagic factors leads to an increased
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frequency of tumour formation (Marino et al, 2007;

Takahashi et al, 2007). Furthermore, mutations in other

autophagy-related genes such as Atg2B, Atg5, Atg12, and

UVRAG have been associated with the development of gastric

and colorectal cancers (Kim et al, 2008; Kang et al, 2009).

These findings uncover the importance of autophagy

inhibition in promoting tumorigenesis. In this study, we

show that XIAP is a physiological inhibitor of autophagy.

XIAP-mediated autophagy inhibition appears to be important

for tumour promoting effect, as revealed by the finding that

reintroduction of XIAP S87A, which has lost its anti-

autophagy activity, into HCT116 XIAP KO cells failed to

recover the tumorigenecity of these cells in a xenograft

mouse model. More importantly, the autophagy inhibition

mediated by the XIAP-Mdm2-p53 pathway was also largely

confirmed in clinical tumour samples. These data strongly

suggest that XIAP-mediated autophagy inhibition may play

an important role in tumour formation.

Overexpression of XIAP has been reported in a variety of

human cancers (Tamm et al, 2000). Studies in human cancer

cell culture models have demonstrated that ectopic

expression of XIAP inhibits, whereas downregulation of

XIAP enhances, caspase activation and apoptosis triggered

by various apoptotic stimuli (Gyrd-Hansen and Meier, 2010).

Moreover, studies in xenograft tumour models also reveal

that loss of XIAP abrogates tumour growth (Ravi et al, 2006).

These evidence suggest that XIAP may facilitate cancer

development by exerting its anti-apoptotic function.

However, XIAP knockout mice exhibit normal development

and have no obvious apoptosis-related phenotype, indicating

that the anti-apoptotic function of XIAP may not be essential

for its tumour-promoting effect (Harlin et al, 2001). Based

on our findings, it is conceivable that inhibition of autophagy

by XIAP may represent an important mechanism by which

XIAP functions as an oncogenic molecule to promote

tumorigenesis.

Materials and methods

Antibodies and reagents
The following reagents were purchased from the designated sup-
pliers: Embelin (Santa Cruz), EBSS (Sigma), MG-132 (Sigma),

Cycloheximide (Sigma), API-2 (Sigma), Etoposide (Sigma),
Doxorubicin (Sigma), and Ubiquitination Kit (Boston Biochem).
The antibodies against the following proteins/epitopes were pur-
chased from the indicated sources: XIAP (E-2, Santa Cruz; H-202,
Santa Cruz), p-XIAP (S87, Abcam), Mdm2 (Ab-1, Calbiochem;
HDM2-323, Santa Cruz), p53 (DO-1 HRP, Santa Cruz; C-term,
Abgent), LC3 (NB100, Novus; L7543, Sigma; #2775, Cell
Signaling), Ub (U5379, Sigma), p-AKT (pS473, Epitomics), Actin
(#4967, Cell Signaling), GAPDH (A-3, Santa Cruz), PARP
(5A5, Santa Cruz), HA (HA-7, Sigma; Y-11, Santa Cruz), Flag
(M2, Sigma), GFP (JL-8, Clontech), His (27E8, Cell Signaling),
AP/ HRP-conjugated secondary antibodies (Promega).

Cell culture and transfection
HCT116, p53� /�Mdm2� /� MEF, HEK293T cell lines were culti-
vated in Dulbecco’s modified Eagle’s medium (GIBCO) supplemen-
ted with 10% FBS and antibiotics (GIBCO) at 371C under an
atmosphere of 5% CO2 in air. IMR90, A549, LO2, HepG2,
MCF10A, and MCF7 cell lines were maintained using standard
culture conditions specified by ATCC. HCT116 cells stably trans-
fected with GFP-LC3 were pooled after culturing for 2–3 weeks in
medium containing 40mg ml� 1 G418. Transfection of HCT116 XIAP
WT and XIAP KO cells and Mdm2� /�p53� /� MEF cells by
lipofectamine 2000 (Invitrogen, USA) was performed according
to manufacturer’s instruction, which gives B85% transfection
efficiency.

RNAi
Transfection of cells with RNA oligos by Oligofectamine or
Lipofectamine 2000 (Invitrogen, USA) was carried out according to
manufacturer’s specification. XIAP siRNA sequence: 50-GCTGAAACA
GGACTACCAC-30 (GenePharma), XIAP shRNA sequences: (1) 50-CCG
GAGCTGTAGATAGATGGCAATACTCGAGTATTGCCATCTATCTACAGCT
TTTTT-30; (2) 50-CCGGGCACTCCAACTTCTAATCAAACTCGAGTTTG
ATTAGAAGTTGGAGTGCTTTTT-30; (3) 50-CCGGCAGAATGGTCAGT
ACAAAGTTCTCGAGAACTTTGTACTGACCATTCTGTTTTT-30 (Sigma).
Lentivirus-mediated knockdown system (pLKO.1, VSV-G, Gag and
Rev) and overexpression system (PWPI, psPAX2, and pMD2.G) were
performed as described elsewhere. Stable knockdown or overexpres-
sion transfectants was selected in medium containing puromycin
(1mg ml� 1) and pooled after culturing for 1–2 weeks. Cells were
then cultured in growth medium for further analysis.

Autophagy tests
Autophagy was measured by light microscopic quantification of
cells transfected with GFP-LC3 as Furuya described or by western
blot analysis of the LC3II level. For most experiments, the percen-
tage of cells with GFP-LC3 punctuation was determined under
fluorescence microscopy (Olympus DP71X). Cells presenting a
mostly diffuse distribution of GFP-LC3 in the cytoplasm and nucleus
were considered as non-autophagic, whereas cells representing

Figure 3 XIAP is a novel E3 ligase for Mdm2. (A) Lysates from HCT116 cells were immunoprecipitated separately with anti-XIAP antibody and
an isotype-matched control IgG. Immunoprecipitates and input were analysed by western blotting. The data are representative of two biological
replicates. (B) Recombinant His-XIAP protein was incubated separately with purified GSTand GST-Mdm2 fusion proteins on glutathione beads
for 4 h followed by western blot analysis using anti-His antibody. GSTand GST-Mdm2 were analysed by Coomassie blue staining. The data are
representative of two biological replicates. (C) HCT116 cells were treated with XIAP-specific or control siRNAs. Twenty-four hours later, cells
were cultured in the presence of 50 mg ml� 1 cycloheximide for the indicated periods of time, and subsequently analysed by western blotting.
We should mention that amounts of cell lysates were adjusted to achieve similar expression levels of Mdm2 at time 0, while the same amounts
of cell lysates were used to examine levels of XIAP and actin. The data are representative of three biological replicates. The ratio of Mdm2 to
actin is presented in Supplementary Figure S3B. (D) p53� /�Mdm2� /� MEF cells were co-transfected with the indicated Mdm2, XIAP, and p53
constructs. Cell lysates were analysed by western blotting with the indicated antibodies. We should mention that XIAP H467A expressing
plasmid was always used less than XIAP expressing plasmid to ensure expression levels of XIAP and XIAP H467A were similar. The data are
representative of three biological replicates. (E) p53� /�Mdm2� /� MEF cells were transfected with the indicated plasmids. Twenty-four hours
after transfection, cells were treated with 20mM MG-132 for additional 4 h. Cell lysates were denatured before proteins conjugated to His-
ubiquitin were pulled down by Ni2þ -NTA beads. The bead-bound proteins and total cell lysates (TCLs) were analysed by western blot with
anti-Mdm2 antibody. The data are representative of three biological replicates. (F) In all, 2mM Mdm2 or its C464A mutant and 1 mM XIAP or its
H467A mutant proteins were incubated with 100 nM E1, 2 mM E2 and 200 mM Ub in a total 20ml in vitro ubiquitination reaction buffer at 371C
for 1 h. The reaction mixtures were analysed by western blotting with anti-Mdm2 antibody. The data are representative of three biological
replicates. (G) p53� /�Mdm2� /� MEF cells were transfected with the indicated plasmids. Cell lysates were analysed by western blotting. The
data are representative of three biological replicates. (H) p53� /�Mdm2� /� MEF cells were transfected with the indicated plasmids. Twenty-
four hours after transfection, cells were treated with 20 mM MG-132 for additional 4 h. Cell lysates were denatured before proteins conjugated to
His-ubiquitin were pulled down by Ni2þ -NTA beads. The bead-bound proteins were analysed by western blotting with anti-p53 antibody. The
data are representative of three biological replicates.
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intense GFP-LC3 aggregates in the cytosol but not in the nucleus
were classified as autophagic. After serum starvation in EBSS for
2–8 h, cells were fixed in methanol and the GFP-LC3-positive cells

were counted in four random areas. Levels of LC3II, which directly
correlate with autophagosome numbers, were detected by western
blotting and densitometric analysis relative to actin.

Figure 4 XIAP regulates serum starvation-induced autophagy. (A) HCT116 XIAP WT and XIAP KO cells were treated with EBSS for the
indicated periods of time. GFP-LC3 puncta formation was observed by a microscope. Quantification of LC3 punctate cells was shown on the
right. The data are represented as means±s.d. of three independent experiments. (B) HCT116 XIAP WT and XIAP KO cells were treated with
EBSS for 4 h followed by western blot analysis with the indicated antibodies. The data are representative of three biological replicates. The ratio
of LCII/LC3I to actin is presented in Supplementary Figure S6B. (C) HCT116 XIAP WTand XIAP KO cells were treated with 1mM API-2 for 6 h.
Cell lysates were analysed by western blotting. The data are representative of three biological replicates. The ratio of LCII/LC3I to actin is
presented in Supplementary Figure S6C. (D) HCT116 cells were treated with or without EBSS for 4 h. Cell lysates were subjected to
immunoprecipitation with anti-XIAP antibody followed by western blot analysis. The data are representative of two biological replicates.
(E) Lysates from HCT116 cells were immunoprecipitated with anti-Mdm2 antibody. Immunoprecipitates and cell lysates were analysed by
western blotting with anti-p-XIAP antibody. The data are representative of two biological replicates. (F) HCT116 XIAP KO cells were transfected
with Flag-XIAP, Flag-XIAP S87A, Flag-XIAP S87D or control vector. Twenty-four hours after transfection, cells were harvested. LC3 conversion
was evaluated by western blot analysis. The data are representative of three biological replicates. The ratio of LCII/LC3I to actin is presented in
Supplementary Figure S6D. (G) p53� /�Mdm2� /� MEF cells were transfected with HA-Mdm2 plus Flag-XIAP, Flag-XIAP S87A or Flag-XIAP
S87D. Twenty-four hours later, cells were treated with 20 mM MG-132 for another 4 h. Cell lysates were subjected to immunoprecipitation with
anti-HA antibody. Immunoprecipitates were analysed by western blotting. The data are representative of two biological replicates.
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Figure 5 XIAP-modulated autophagy is associated with the tumorigenecity. (A–C) 1�106 HCT116 XIAP WTand 1�106 XIAP KO cells (group 1),
1�106 HCT116 XIAP KO cells (KO-Ctrl) and 1�106 HCT116 XIAP KO cells stably expressing wild-type XIAP (KO-XIAP) (group 2), 1�106 HCT116
XIAP KO cells (KO-Ctrl) and 1�106 HCT116 XIAP KO cells stably expressing XIAP S87A mutant (KO-XIAP SA) (group 3), or 1�106 HCT116 XIAP
KO cells (KO-Ctrl) and 1�106 HCT116 XIAP KO cells stably expressing XIAP S87D mutant (KO-XIAP SD) (group 4) were individually injected to
the left flank (Left) and right flank (Right) of nude mice as indicated. Five weeks after injection, the mice were sacrificed and photographed (A).
The volumes of all flank tumours excised from six mice in each group were compared (n¼ 6) (B). Tumour weights were represented as
means±s.d. from six mice in each group (C). (D–F) 1�106 HCT116 XIAP KO cells or 1�106 HCT116 XIAP KO cells stably expressing XIAP
D148A/310A were injected to the right flank of nude mice as indicated (n¼ 3). Five weeks after injection, the mice were sacrificed and
photographed (D). The volumes of excised tumours were shown (E). Tumour weights were represented as means±s.d. from three mice in each
group (F). (G, H) The human tumour tissues (T) from Oesophagus (G) and Colon (H) and their adjacent normal tissues (N) were homogenized
for protein extraction. Protein extracts were analysed by western blotting with the indicated antibodies. The data are representative of three
biological replicates. The blots in (G, H) were qualified and the ratio of LC3II/LC3I to actin was then calculated and shown in Supplementary
Figure 9A and B. (I) The schematic model of autophagic regulation by XIAP is shown. Under non-stressed condition, phosphorylated XIAP
interacts with Mdm2 and mediates its rapid degradation, thus maintaining the relative high levels of p53 and inhibiting basal levels of
autophagy. In response to serum starvation, XIAP undergoes dephosphorylation due to AKT inhibition, thereby promoting the dissociation of
XIAP from Mdm2. This in turn accelerates the degradation of p53 and facilitates serum starvation-induced autophagy.
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Electron microscopy
For ultrastructural analysis by EM, HCT116 XIAP WT or HCT116
XIAP KO cells were harvested and washed twice with PBS (pH 7.4).
Cells were then fixed in 3% glutaraldehyde in 0.1 M MOPS buffer
(pH 7.0) for 8 h at RT, in 3% glutaraldehyde/1% paraformaldehyde
in 0.1 M MOPS buffer (pH 7.0) for 16 h at 41C, and in 1% osmium
tetroxide for 1 h at RT. The cells were embedded in Spurr’s resin at
RT for 4–6 h and then polymerized at 601C for 2 days. The blocks
were cut into micrometre sections with a diamond knife, picked up
on 200 mesh grids, stained and observed according to the standard
electron microscopy procedures. At least 100 cells from randomly
chosen electron microscopy fields were analysed for quantification
of morphological features.

Cell fractionation
After treatment, cells were harvested and the cytoplasmic and
nuclear protein fractions were separated using Beyotime Nuclear
and Cytoplasmic Protein Extraction Kit according to manufacturer’s
recommended procedures.

Immunoprecipitation
Cells were resuspended in lysis buffer (50 mM Tris–HCl pH 8.0,
150 mM NaCl, 0.5% Triton X-100, 0.5% NP-40, 0.5% deoxycholate,
100 mM NaF, 1 mM PMSF, 1 mM DTT, 10% glycerol and complete
protease inhibitors Cocktail; Roche) on ice for 1 h, and precleared
with protein A/G-coupled Sepharose beads for 2 h, then centrifu-
gated at 12 000 g for 15 min. The supernatants were incubated with
beads coated with the indicated antibodies for at least 4 h or
overnight at 4 1C. Beads were washed three times with lysis buffer
and boiled in 2� loading buffer.

Western blot analysis
Protein samples were boiled in 2� loading buffer, resolved by SDS–
PAGE and transferred onto nitrocellulose membrane. Membranes
were then blocked in 5% skim milk and incubated with the indicated
antibodies in TBST. Immunolabelling was developed with
Lumi-Phos WB Chemiluminescent Substrate (Thermo Pierce) or
ECL Western Blotting Detection Reagent (GE Amersham).
Visualized images were obtained using ImageQuant LAS-4000 mini
(GE Fujifilm). During capture of the images, the nearly identical
standard setting for brightness and contrast was used.

Ubiquitylation assay
In vivo ubiquitination assay was performed in the denaturing condi-
tions as previous described (Tang et al, 2006). Briefly, cells were treated
with MG-132 for 4–6h before harvesting to allow for the accumulation
of protein that are degraded in the cytoplasm and were then lysed in
SDS lysis buffer (50 mM Tris pH 6.8, 1% SDS, 10% glycerol, 1mM
Na3VO4, 1mM NaF and protease inhibitors). After boiling for 5min,
whole-cell lysates were diluted 10 times with cold lysis buffer supple-
mented with 1� complete inhibitor and 10 mM NEM (Sigma). The
diluted lysates were immunoprecipitated with the indicated antibodies
and probed with anti-ubiquitin antibody. Alternatively, the diluted
lysates were incubated with N2þ -NTA beads to pulldown proteins
conjugated to His-ubiquitin. Beads were then analysed by western
blotting with anti-Mdm2 or anti-p53 antibody.

In vitro ubiquitination assay: Flag-tagged Mdm2 and XIAP were
generated in 293T cells and purified using M2 beads as previously
described (Tang et al, 2006). The non-specific binding proteins were
removed by sequential washes with lysis buffers containing 0.25,
0.5, and 1 M KCl. Recombinant proteins were eluted using Flag
peptide, followed by mixing with 100 nM E1, 2mM E2 and 200mM
Ub (Boston Biochem) in a final volume of 20 ml reaction buffer
(50 mM Hepes pH 8.0, 100 mM NaCl, 10 mM Mg2þ -ATP, 0.5 mM
DTT). The reaction was carried out at 371C for 1 h and products
were analysed by immunoblotting with anti-Mdm2 antibody.

Tumorigenecity assays
HCT116 XIAP� /� cells (KO), XIAPþ /þ cells (WT) or HCT116
XIAP� /� cells stably expressing XIAP WT, XIAP S87A, XIAP
S87D or XIAP 148A/D310A (1�106) were subcutaneously injected
into the dorsal flanks of 4-week-old male athymic nude mice
(Shanghai SLAC Laboratory Animal Co. Ltd.). After 5 weeks, mice
were photographed and tumours were excised and weighed. The
tumours were homogenized and proteins were extracted for wes-
tern blot analysis. A total of 24 athymic nude mice were used and all
animal experiments were conducted strictly in accordance with the
Guide for the local Animal Care and Use Committee.

Human specimens
Total samples consisted of 42 cases of primary cancer tissues
(oesophagus, colon, breast, lung, and stomach) together with
the matched adjacent non-cancerous tissues were collected from
patients who underwent surgery at the Affiliated Hospital of Anhui
Medical University (Hefei, China) between 2010 and 2012. The
pathohistological diagnosis of the specimens at the Department of
Pathology was based on the WHO guidelines. Proteins extracted
from these tissues were used for immunoblotting. The protocol for
the use of tissue samples from patients and follow-up study was
approved by our Institutional Review Board, and every patient had
signed a consent form.

Immunohistochemistry
Immunohistochemical analysis of LC3, XIAP, p53, and Mdm2
protein expression was performed on formalin-fixed paraffin-em-
bedded tissue sections (3mm thick) with polyclonal antibodies
against LC3 (1:100), XIAP (1:25), p53 (1:100), and Mdm2 (1:100)
by the two-step method (Maixin Biotechnologies, Fuzhou, China)
as previously described (Wu et al, 2011).

Statistical analyses
Statistical analysis was carried out using Microsoft Excel software
and GraphPad Prism to assess the differences between experimental
groups. Statistical significance was analysed by Student’s t-test and
expressed as a P-value. P-values lower than 0.05 was considered to
indicate statistical significance.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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