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WX20120108, a novel IAP antagonist, induces tumor cell
autophagy via activating ROS-FOXO pathway
Rui Ding1,2, Xin Wang1, Wei Chen1, Zhi Li1, Ai-li Wei1, Qing-bin Wang1, Ai-hua Nie1 and Li-li Wang1,2

Recently, inhibitor of apoptosis proteins (IAPs) and some IAP antagonists were found to regulate autophagy, but the underlying
mechanisms remain unclear. WX20120108 is an analogue of GDC-0152 (a known IAP antagonist) and displays more potent anti-
tumor and autophagy-regulating activity in tumor cells, we investigated the regulatory mechanisms underlying WX20120108-
induced autophagy. Using molecular docking and fluorescence polarization anisotropy (FPA) competitive assay, we first
demonstrated that WX20120108, acting as an IAP antagonist, bound to the XIAP-BIR3, XIAP BIR2-BIR3, cIAP1 BIR3, and cIAP2 BIR3
domains with high affinities. In six cancer cell lines, WX20120108 inhibited the cell proliferation with potencies two to ten-fold
higher than that of GDC-0152. In HeLa and MDA-MB-231 cells, WX20120108 induced caspase-dependent apoptosis and activated
TNFα-dependent extrinsic apoptosis. On the other hand, WX20120108 induced autophagy in HeLa and MDA-MB-231 cells in dose-
and time-dependent manners. We revealed that WX20120108 selectively activated Foxo3, evidenced by Foxo3 nuclear
translocation in both gene modified cell line and HeLa cells, as well as the upregulated expression of Foxo3-targeted genes (Bnip3,
Pik3c3, Atg5, and Atg4b), which played a key role in autophagy initiation. WX20120108-induced autophagy was significantly
suppressed when Foxo3 gene was silenced. WX20120108 dose-dependently increased the generation of reactive oxygen species
(ROS) in HeLa cells, and WX20120108-induced Foxo3 activation was completely blocked in the presence of catalase, a known ROS
scavenger. However, WX20120108-induced ROS generation was not affected by cIAP1/2 or XIAP gene silencing. In conclusion,
WX20120108-induced autophagy relies on activating ROS-Foxo3 pathway, which is independent of IAPs. This finding provides a
new insight into the mechanism of IAP antagonist-mediated regulation of autophagy.
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INTRODUCTION
Induction of tumor cell apoptosis is considered to be an important
therapeutic strategy for cancer [1]. Overexpression of X-linked
inhibitor of apoptosis protein (XIAP) and cellular IAP1/2 (cIAP1/2),
the three major members of the IAP family, has been reported in a
variety of cancer tissues and relevant cancer cells [2, 3]. They
inhibit apoptosis by directly or indirectly hindering the activation
of caspase-3/7 (executioner caspases for apoptosis) through
intrinsic and extrinsic apoptotic pathways, respectively [4–7].
Therefore, anticancer therapies that target IAPs have attracted
extensive attention [8], and several small-molecule IAP antagonists
mimicking the endogenous antagonist Smac (second
mitochondria-derived activator of caspases) protein have been
designed and synthesized. Among these molecules, GDC-0152,
SM-406, LCL161, TL32711, and others have reached Phase I or II
clinical trials [9–11].
The anticancer mechanism of the known IAP antagonists has

been studied systematically since the discovery of the first
antagonist. All IAP antagonists can selectively bind to the BIR
domains of XIAP, cIAP1, cIAP2, or ML-IAP (melanoma inhibitor of
apoptosis protein), but with different affinities. They abrogate
XIAP-mediated and cIAP1/2-dependent caspase inhibition and

thus increase caspase-3, caspase-7, and caspase-9 activity to
induce apoptosis [12]. Meanwhile, IAP antagonists induce cIAP1/2
degradation, augment TNFα-induced cell death [13], and activate
the NF-κB pathway to stimulate the adaptive antitumor immune
response in cancers [14]. Recently, several IAP antagonists,
including embelin, GDC-0152, and APG-1387, have been reported
to exhibit autophagy-regulating activity [15–25]. These IAP
antagonists showed autophagy-inducing activity in different cell
lines; however, the mechanisms underlying this activity appear to
be different and the information available regarding them is less.
Meanwhile, XIAP and cIAPs have also been found to be involved in
the regulation of autophagy [26, 27]. However, the underlying
regulatory mechanisms are diverse, including IAP-dependent and
IAP-independent mechanisms [15].
Normally, autophagy is a cell survival pathway that plays

essential roles in maintaining cellular homeostasis via degradation
and recycling of damaged organelles and toxic macromolecules.
However, excessive autophagy is implicated in autophagic cell
death [28, 29]. Links between autophagy and apoptotic pathways
have already been validated [30]. Autophagy has been speculated
to have an antiapoptotic effect; however, under some circum-
stances, it also demonstrates an apoptosis-promoting effect [31].
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Therefore, clarifying the mechanism of autophagy regulation by
an IAP antagonist could not only facilitate further disclosure of the
mutual relationship between apoptosis and autophagy but also
contribute to the development of novel anticancer drugs.
WX20120108 is a novel IAP-targeted compound designed and

synthesized at our institute. As an analogue of GDC-0152 (a known
IAP antagonist, Fig. 1), WX20120108 shows more potent antitumor
activity and autophagy-regulating activity in tumor cells than its
parent molecule in addition to exhibiting the profile of an IAP
antagonist. Here, WX20120108-mediated autophagy induction
and the underlying regulatory mechanism were studied, and the
ROS-FOXO pathway was confirmed as a key mediator involved in
the WX20120108-induced tumor cell autophagy.

MATERIALS AND METHODS
Compounds and reagents
Compound WX20120108 was designed and synthesized in our
institute. The structure (Fig. 1) was validated using nuclear
magnetic resonance/mass spectrometry (1H-NMR/MS), and the
purity (>98%) was determined via high-performance liquid
chromatography.
GDC-0152 (Cat. no. S7010, Fig. 1) and wortmannin (S2758) were

purchased from Selleck (TX, USA). Z-VAD-FMK (ab120382) was
purchased from Abcam (MA, USA). Chloroquine (CQ, P36235)
was purchased from Thermo Scientific (MA, USA). Catalase was
purchased from Beyotime (Shanghai, China).
Hoechst 33342 (H21492), rabbit antibodies against human LC3B

(L10382), donkey anti-rabbit Alexa Fluor 488 (A21206) and donkey
anti-mouse Alexa Fluor 546 (A10036) secondary antibodies were
purchased from Life Technologies (CA, USA). Rabbit antibodies
against human Foxo3 (2497), caspase-3 (9662), and cleaved
caspase-3 (9664) were purchased from CST (MA, USA). Mouse
antibodies against human p62 (ab109012) were purchased from
Abcam. Rabbit antibodies against human XIAP (sc-11426), cIAP1
(sc-7943), and cIAP2 (sc-7944) were purchased from Santa Cruz
(Texas, USA). The Alexa Fluor 488 Annexin V/Dead Cell Apoptosis
Kit (V13241) and CM-H2DCFDA (C6827) were purchased from
Thermo Scientific. The cathepsin B (CTSB) (K140-100) and
cathepsin D (CTSD) (K143-100) activity assay kits were purchased
from BioVision (CA, USA). Mouse antibodies against human
GAPDH, horseradish peroxidase-labeled goat anti-rabbit (ZB-
2301) and goat anti-mouse (ZB-2305) secondary antibodies were
purchased from ZSGB-Bio (Beijing, China).

Cell lines and culture conditions
HepG2, HeLa, Skov3, MDA-MB-231, and HLF cells were purchased
from the Basic Medical Center of the Institute of Basic Medical
Sciences, Chinese Academy of Medical Sciences (Beijing, China).
HeLa-bcl2 and Skov3/T cells were established and cultured in our
laboratory. HeLa, HeLa-bcl2, MDA-MB-231, and HLF cells were

cultured in RPMI-1640 medium (GIBCO, USA) at 37 °C in a
humidified 5% CO2 incubator. HepG2, Skov3, and Skov3/T cells
were maintained in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM, GIBCO, USA). All media were supplemented with
10% fetal bovine serum (FBS, GIBCO, USA), 100 U/mL
penicillin–streptomycin–ampicillin, and for Skov3/T cells, 10
nmol/L Taxol (Merck, Darmstadt, Germany) was added. Fluores-
cently labeled reporter cell lines were purchased from Thermo
Scientific, except for the Akt1-EGFP_CHO cell line, which was
purchased from GE Healthcare (Fairfield, CT, USA). All cell lines
were cultured following the manufacturer’s recommendation. To
be specific, Foxo3-EGFP_U2OS cell lines were cultured in DMEM
supplied with 10% FBS and 1% G418.

Docking methodology
Molecular docking was performed using the program Discovery
Studio from BIOVIA Inc. (San Diego, CA, USA). Discovery Studio
(http://www.3dsbiovia.com/products/collaborative-science/biovia-
discovery-studio/) is an exhaustive flexible docking algorithm with
a scoring function that incorporates both empirical and
knowledge-based features and was used for active site detection
and docking. The pictures were attained via PyMOL (V 2.0) from
DeLano Scientific LLC (San Carlos, CA, USA).

FPA competition assay
The binding affinities of WX20120108 for XIAP BIR3, XIAP BIR2-
BIR3, and cIAP1/2 BIR3 were determined using a fluorescence
polarization anisotropy (FPA) competition assay developed by the
Wang laboratory [32]. Primarily, 5 μL of various concentrations of
WX20120108 was added to each well of black 96-well round-
bottom plates (Microfluor 2, Thermo Scientific) and then
incubated with 120 μL assay buffer (100 mmol/L potassium
phosphate, pH 7.5; 100 μg/mL bovine γ-globulin; 0.02% sodium
azide, Invitrogen) containing target protein and SM-F2
(a fluorescently tagged compound that specifically binds to the
BIR3 domain) at room temperature for 2–3 h with gentle shaking.
The polarization values in millipolarization units were measured at
an excitation wavelength of 485 nm and an emission wavelength
of 530 nm using an Infinite M-1000 plate reader (Tecan U.S.,
Research Triangle Park, NC). For each experiment, the concentra-
tions of target protein and SM-F2 in different target protein
competitive binding tests were determined according to a
previous study [33], and each 96-well plate had a negative control
and a positive control group. The negative control group contains
the complex of protein and compound SM-F2, which has an
inhibitory rate of 0%. The positive control group contains free
protein only, and the inhibitory rate equals 100%. The Ki value for
each compound was calculated based upon the IC50 value, the Kd
value of the protein–probe complex, and the concentrations of
the protein and probe in the competition assay, using a previously
reported algorithm and the associated computer program [34].
The equation is Ki= [I]50/([L]50/Kd+ [P]0/Kd+ 1), in which [I]50
denotes the concentration of the free inhibitor at 50% inhibition,
[L]50 is the concentration of SM-F2 at 50% inhibition, [P]0 is the
concentration of the free protein at 0% inhibition and Kd is the
dissociation constant of the protein–SM-F2 complex. The IC50
value, the inhibitor concentration at which 50% of the bound
tracer was displaced, was determined from the plot using
nonlinear least-squares analysis. Curve fitting was performed
using Prism software (GraphPad Software, Inc., San Diego, CA,
USA) [34].

Antiproliferative activity assay
A sulforhodamine B (SRB) assay was used to assess the
antiproliferative activity of the tested compounds [35]. Briefly,
tumor cells (2.5 × 103–5.0 × 103 cells/well depending on cell type)
were seeded into 96-well plates and cultured overnight before
compound exposure. After 72 h of compound treatment, the cells

Fig. 1 Chemical structures of WX20120108 and GDC-0152
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were fixed with trichloroacetic acid (TCA, 10%) at 4 °C for 1 h,
washed with double-distilled water five times and dried at room
temperature. Then, the cells were dyed with SRB (0.4% in 1%
acetic acid) at room temperature for 30 min, washed with 1%
acetic acid five times, and dried at room temperature successively.
Finally, 10 mmol/L Tris base solution was added, and the
absorbance at 510 nm was measured in the microplate reader
(EL800, Bio-TEK, USA). The data were processed as described [36].
The results were expressed as the means ± SD of at least three
independent experiments. The antiproliferative activity
was expressed as the inhibitory rate. The inhibitory rate (%)=
(Acontrol,72 h− Acompound,72 h)/(Acontrol,72 h− Acontrol,0 h) × 100, where
A is the absorbance at 510 nm.

FCM analysis
To detect cellular apoptosis induced by the tested compounds, we
used an Alexa Fluor 488 Annexin V/Dead Cell Apoptosis Kit. In
brief, HeLa and MDA-MB-231 cells seeded in six-well plates at a
density of 8 × 104 cells/mL were cultured overnight and then
treated with test compounds for 24 h before harvesting via
centrifugation. The cells were stained with Annexin V and
propidium iodide (PI) according to the manufacturer’s instructions
and measured using a FACSCalibur Cytometer (BD Biosciences, CA,
USA). Cells were classified as “survival (PI−/Annexin V−)”, “early
apoptosis (PI−/Annexin V+)”, “late apoptosis (PI+/Annexin V+)”, or
“necrosis (PI+/Annexin V−)” according to the extent of staining by
Annexin V or/and PI. The values of apoptotic cells (%) were the
total number of early apoptotic cells and late apoptotic cells.

Cellular immunofluorescence
Immunofluorescence staining for LC3B and Foxo3 was conducted
as described below. Briefly, cells were plated in Corning 3603
plates (blackwall, clear bottom 96-well plates; Cat. no. 3603,
Corning, NY, USA), treated with different compounds, fixed with
4% formaldehyde, and washed twice with 1× phosphate-buffered
saline. After permeabilizing the cell membranes using 0.1% Triton
X-100 and blocking with 5% bovine serum albumin, target
proteins were visualized using primary antibodies and fluores-
cently labeled secondary antibodies. Lysosomes were stained with
0.05 μmol/L LysoTracker Red before cells were fixed. Cell nuclei
were labeled with 1 μmol/L Hoechst 33342 and subjected to
image acquisition on a high-content analysis (HCA) platform or
other detection systems, and the cell count was measured to
reflect cell viability.

HCS for signaling pathways or target proteins
Twelve genetically modified reporter cell lines were used in cell-
based signaling pathways or target protein screening. For each
cell line, we followed the screening procedures recommended by
the manufacturer, and the key information is briefly summarized
in Fig. 6a. The concentrations of WX20120108 used for screening
were 1, 3, 10, 30, and 100 μmol/L. Detailed information regarding
the Foxo3 assays is provided below. Foxo3-EGFP_U2OS cells
(U2OS cells stably expressing the Foxo3-EGFP fusion protein) were
seeded in Corning 3603 plates at a density of 6 × 103 cells/well for
24 h to allow adhesion. Then, different concentrations of
WX20120108 were added, and the plates were incubated for
1 h. Finally, cells were fixed with 4% formaldehyde, and the nuclei
were dyed with 1 μmol/L Hoechst 33342 for 30min at 37 °C. The
cells were then subjected to HCA acquisition and analysis using an
IN Cell Analyzer 2000 platform. The activity of WX20120108 in
Foxo3 pathway assays was expressed as the activation rate relative
to that of the positive compound (300 nmol/L wortmannin) and
negative control (0.2% DMSO).

Cathepsin activity assay
The catalytic activity of cathepsins was determined by CTSB and
CTSD activity fluorometric assay kits. Briefly, 2 × 106 cells were

harvested by centrifugation and lysed in 200 μL of chilled cell lysis
buffer for 20 min. Then, 50 μL of supernatant cell lysate was
collected via centrifugation at 4 °C for 5 min at top speed and
transferred into 96-well plates, mixed with reaction buffer and
substrate, and incubated at 37 °C for 2 h. The samples were read in
a fluorometer with 400 nm excitation and 505 nm emission filters.
The activity was normalized to the samples’ protein concentration.

Intracellular ROS measurement
Intracellular ROS levels were measured via HCA after staining with
CM-H2DCFDA as described previously [37]. Briefly, 8 × 103 cells
were plated in black 96-well culture plates, allowed to attach
overnight, and exposed to DMSO (control) or the indicated
concentrations of WX20120108 for 6 h. The cells were stained with
1 μmol/L CM-H2DCFDA and 1 μmol/L Hoechst 33342 for 45min at
37 °C, and the fluorescence was measured using an IN Cell
Analyzer 2000. In some experiments, the cells were pretreated for
6 h with siRNA against IAPs prior to WX20120108 exposure and
analysis of ROS generation. All settings were identical between the
different experimental groups.

High-content image acquisition and analysis
The images were acquired with an IN Cell Analyzer 2000 (GE
HealthCare, USA) under a 20× objective lens for the assays [38].
For all measurements, filters were set according to the wavelength
of the fluorescent dyes, and nine fields from each well and no
fewer than 200 cells were obtained. The acquired images were
analyzed using an IN Cell Analyzer Workstation 3.5 and the Multi
Target Analysis Module (GE Healthcare). The final measurements
were averaged over the population of cells detected in the fields
of view.

Colocalization analysis
HeLa cells were grown on coverslips overnight and incubated with
tested compounds for a certain time. Then, lysosomes and LC3B
were labeled as described above. All samples were examined
under an UltraVIEW VoX confocal microscope (PerkinElmer, MA,
USA) equipped with a 63× oil immersion objective. The confocal
images were acquired using Improvision Volocity software. The
Pearson correlation coefficient (PCC) was calculated to quantify
colocalization. This calculation was performed by Volocity Demo
2.0 software between the stacks of images from two channels.

Western blotting analysis
Cells were lysed after the indicated treatments. Approximately,
40 μg of total protein for each sample was separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis on 10% gels
and then transferred to polyvinylidene difluoride membranes. The
membranes were blocked with 5% fat-free milk and incubated
with the appropriate primary antibodies at 4 °C overnight,
followed by incubation with horseradish peroxidase-conjugated
secondary antibodies at room temperature for 1 h. The immunos-
taining signal was visualized using ECL Plus reagent (Applygen,
Beijing, China), imaged, and analyzed with an Alpha Imager 5500
(Alpha Innotech, San Leandro, CA, USA).

Transmission electron microscopy (TEM)
HeLa cells were seeded in 6-well plates and treated with
WX20120108 for 16 h. Cells were harvested, collected and prefixed
in 2.5% glutaraldehyde overnight at 4 °C. The samples were then
postfixed, dehydrated, embedded, sectioned, and stained as
previously described [39]. Finally, electron micrographs were
captured using a transmission electron microscope.

Quantitative polymerase chain reaction
HeLa cells were exposed to the WX20120108 (30 μmol/L) for the
indicated times. Total RNA was extracted using a BioTeke Total
RNA Extraction Kit (Cat. no. RP1201, BioTeke, Beijing, China). RNA
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was then reverse transcribed into single-stranded cDNA using
TransScript SuperMix (Cat. no. AT311-03, TransGen, Beijing, China).
The resulting cDNA was used as a template for quantitative
polymerase chain reaction (qPCR). The primers used in this study
are listed in Table 1. qPCR was conducted using the ABI Prism
7900 sequence detection system (Applied Biosystems, Foster City,
CA, USA), as previously described [40]. The relative change in
mRNA levels was determined using the 2−ΔΔCT method, and
β-actin was used as the internal standard.

Small interfering RNA (siRNA) and transient transfection
The scrambled RNAi oligonucleotides and siRNAs targeting Foxo3,
XIAP, cIAP1, and cIAP2 (GenePharma, Shanghai, China) were
transfected into HeLa cells using Lipofectamine RNAiMAX (Cat.
no. 13778-150, Invitrogen) according to the manufacturer’s
protocol. The siRNA sequences were as follows: Foxo3, 5′-CA
AGCACAGAGUUGGAUGATT-3′; XIAP, 5′-GGUCAGUACAAAGUUGAA
ATT-3′; cIAP1, 5′-CCCUACAGUUAUGCAAUGATT-3′; cIAP2, 5′-CGUG
GCUCUUAUUCAAACUTT-3′. After the designated treatments, cell
lysates were prepared for Western blotting.

Data processing and statistical analysis
All data from the in vitro experiments were expressed as
the means ± SD of three independent experiments. IC50 values
were calculated with Origin 6.1 software. Statistical analyses were
performed using one-way analysis of variance (ANOVA) with
GraphPad Prism 5 software (*P < 0.05, **P < 0.01, ***P < 0.001).

RESULTS
WX20120108 binds to the BIR3 domains of cIAP1, cIAP2, and
XIAP with high affinity
Based on the key structural features of the XIAP-BIR3 domain

interacting with Smac-Ala-Val-Pro-Ile (AVPI, the binding peptide of
endogenous IAP antagonist Smac), WX20120108 was designed.
Docking results of this compound with XIAP-BIR3, as shown in
Fig. 2a, b, indicated that WX20120108 inserts well in the pockets
of XIAP-BIR3, and several hydrogen bonds with W323, E314,
T308, and Q319 residues in the backbone of BIR3 were formed,

which were previously also observed in the binding mode of
Smac-AVPI [41].
An FPA competitive binding experiment was used to further

analyze the binding ability of WX20120108 with XIAP BIR3, XIAP
BIR2-BIR3, or cIAP1/2 BIR3 domains. Saturation binding experi-
ments were performed to determine the binding affinity of the
fluorescent probes to the IAP constructs of interest, as reported
[33]. As shown in Table 2, WX20120108 displayed high affinities
with XIAP BIR3, XIAP BIR2-BIR3, cIAP1 BIR3, and cIAP2 BIR3
domains. Meanwhile, the IC50 values of WX20120108 on the
competitive inhibitor SM-F2 for the BIR3 domains of cIAP1 and
cIAP2 were comparable and were slightly higher than that for
XIAP-BIR3. These data showed that WX20120108 binds to cIAP1,
cIAP2, and XIAP with high affinity.

WX20120108 inhibits the proliferation of cancer cells
The anticancer activity of WX20120108 was first screened in
HepG2, Skov3, Skov3/T, MDA-MB-231, HeLa, and HeLa-bcl2 cancer
cell lines by detecting the antiproliferative activity of WX20120108
using an SRB assay. Compared to GDC-0152, the IAP antagonist
that has been entered into phase I clinical trial, WX20120108
exhibited stronger inhibitory activity in all tested cancer cell lines
(Table 3); the potency of WX20120108 was two to tenfold higher
than that of GDC-0152. In contrast to the differential antiproli-
ferative effect of GDC-0152 on these cancer cells,
WX20120108 showed nearly comparable potency except on the
HeLa-bcl2 cells. Moreover, both GDC-0152 and WX20120108
exhibited reduced cytotoxicity in human lung fibroblast (HLF)
cells; the IC50 values were higher than those in the tested cancer
cells.

WX20120108 exhibits the anticancer properties typical of IAP
antagonists
Overexpression of IAPs has been correlated with certain types of
advanced progressive cancer, poor prognosis, or low response to
treatment [42, 43], and IAP antagonists are currently under clinical
considerations for these solid cancers (e.g., cervical and breast
cancers) [11]. Herein, HeLa and MDA-MB-231 cells were chosen as
the target cells for validating the IAP antagonist-like characteristics

Table 1. The primers used in quantitative real-time PCR

Sense Antisense

p62 5′-GAACTCCAGTCCCTACAGATGCC-3′ 5′-CGGGAGATGTGGGTACAAGG-3′

Bnip3 5′-CGCAGACACCACAAGATACCA-3′ 5′-CGATGGCCAGCAAATGAGAG-3′

PIK3C3 5′-GCCTCTTCCTCCACCAATGAA-3′ 5′-CCACTGCAGCAAAAAGAGCAT-3′

Atg4B 5′-CTCATCTACCTGGACCCCCA-3′ 5′-TCGAAGAATCTTTCCAGTCGCT-3′

Atg5 5′-TGCAAAATGACAGATTTGACCAGT-3′ 5′-CCGGGTAGCTCAGATGTTCA-3′

β-actin 5′-TAAAGACCTCTATGCCAACACAGT-3′ 5′-CACGATGGAGGGGCCGGACTCATC-3′

Fig. 2 WX20120108 (shown as sticks) docked with XIAP-BIR3 in the surface mode (a) and in the wire frame mode (b). Hydrogen bonds are
shown in yellow dashed lines in (a) and (b)
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of WX20120108. First, flow cytometry (FCM) following Annexin V-
FITC/PI dual labeling showed that WX20120108 increased the
proportion of apoptotic and dead cells in these two cell lines in a
dose-dependent manner (Fig. 3a), and this effect was found to be
almost completely counteracted by cotreatment with the pan-
caspase inhibitor Z-VAD-FMK (Fig. 3b). Second, Western blotting
assays indicated that WX20120108 reduced the levels of IAPs,
especially cIAP1, in a dose-dependent manner (Fig. 3c). p-NF-κB
and p-IκB-α levels were increased after ~0.5–6 h of WX20120108
treatment (Fig. 3d), and cleaved caspase-3 levels increased in a
dose-dependent manner after 24 h of WX20120108 treatment
(Fig. 3e). Finally, WX20120108-mediated promotion of the TNFα-
induced cell death pathway was validated using a cell survival
experiment with HCA. WX20120108 significantly reduced the
number of viable cells when cotreated with TNFα (Fig. 3f), which is
consistent with previous reports that IAP antagonists synergisti-
cally promote TNFα-induced cell death [13, 44]. In addition, in
accordance with the above results, Z-VAD-FMK supplementation
also rescued the TNFα-induced reduction in cell viability (Fig. 3f).
The above results indicated that WX20120108 promotes caspase-
dependent apoptosis mainly through the cIAP and TNFα pathways
and exhibits the same cancer cell inhibitory profile as typical IAP
antagonists.

WX20120108 regulates cancer cell autophagy in a dose- and time-
dependent manner
The impact of WX20120108 on autophagy was further studied in
HeLa and MDA-MB-231 cells using fluorescence image-based HCA,
Western blot, and transmission electron microscopy (TEM). Similar
to the autophagy inhibitor CQ, WX20120108 apparently increased
the green fluorescence intensity and puncta number of antibody-
labeled LC3B (as shown in Fig. 4a), which is visualized either as the
cytoplasmic localization or as punctate structures that primarily
represent autophagosomes [45, 46]. Quantitative analysis indi-
cated that WX20120108 can increase the content of LC3B puncta
in a dose- and time-dependent manner in both HeLa and MDA-
MB-231 cells (Fig. 4a). However, the number of cells decreased as
the concentrations of WX20120108 increased, particularly from 3
to 30 μmol/L. There was a drastic increase in LC3B puncta and a
dramatic decrease in cell viability after 20 h incubation, which
suggested that a dynamic “switch” from autophagy to cell death
occurred with the increase in WX20120108 concentration and
incubation time. Corroborating the HCA results, Western blotting
confirmed that WX20120108 treatment led to significantly
increased formation of LC3B-II in a dose- and time-dependent
manner; meanwhile, p62 was also increased in both cells (Fig. 4b).
It is noteworthy that the mRNA levels of p62 also increased with

prolonged WX20120108 incubation time (Fig. 4c). More impor-
tantly, autophagosomes were observed in WX20120108-treated
HeLa cells (Fig. 4d). These results clearly demonstrated that
WX20120108 regulated autophagy in HeLa and MDA-MB-231 cells.

WX20120108 induces autophagic flux
The impact of WX20120108 on autophagic flux was assayed to
further elucidate the mechanism by which WX20120108
modulates autophagy, as both the induction and the suppres-
sion of autophagy can lead to an increase in the abundance of
LC3B and autophagosomes [47]. In the presence of CQ, the
formation of LC3B-II was significantly enhanced in HeLa and
MDA-MB-231 cells after WX20120108 treatment for 6 and 16 h,
respectively (Fig. 5a). The colocalization of autophagosomes and
lysosomes revealed that WX20120108-treated cells exhibited a
significant degree of fusion of autophagosomes and lysosomes.
In contrast, there was almost no fusion of the fluorescent signals
for autophagosomes and lysosomes in CQ-treated cells, which is
consistent with the autophagic flux blocker characteristics of CQ.
RGB profile analysis by ImageJ (V 1.8.0) and PCC values further
confirmed the confocal microscopy results (Fig. 5b). The PCC
value of CQ-treated cells (0.28 ± 0.01) was significantly lower
than that of the control group (0.32 ± 0.02) (P < 0.05), whereas it
was much higher in the WX20120108 treatment group (0.59 ±
0.05) than that of the control group (P < 0.001), indicating that
colocalization was abolished by CQ treatment, while
WX20120108 treatment induced colocalization. Since the p62
level increased in the above experiment, the activities of the
major lysosomal proteases CTSB and CTSD were further assayed
using the fluorometric assay to investigate whether
WX20120108 regulates autophagy at this stage. Both CTSB and
CTSD activity levels were increased in a time-dependent manner
upon WX20120108 treatment in HeLa and MDA-MB-231 cells
(Fig. 5c). Taken together, these results suggest that WX20120108
induces autophagic flux.

WX20120108 selectively activates FOXOs, especially Foxo3
Given that WX20120108 induced autophagy, the main signaling
pathways or target proteins related to autophagy were screened on
twelve EGFP-labeled reporter cell lines representing different
signaling pathways or targets in an unbiased screening assay using
HCA. The Z′ factors for these assays were greater than 0.5,
confirming that these cellular models were eligible for high-
content screening (HCS) and that the screening system was reliable
[48]. Apart from the weak disturbance in phosphatidylinositol 3-
kinase (PI3K)-Foxo1, PI3K-Foxo3, PI3K-Foxo4, and PI3K-FYVE pathway
assays, 30 and 100 μmol/L GDC-0152 showed almost no effect in the

Table 3. IC50 of WX20120108 in different cell lines

IC50 (μmol/L)

HepG2 Skov3 Skov3/T MDA-MB-231 HeLa HeLa-bcl2 HLF

GDC-0152 78.95 ± 8.40 28.16 ± 3.31 123.18 ± 6.03 22.40 ± 6.55 25.10 ± 7.50 60.12 ± 9.32 114.53 ± 11.37

WX20120108 11.98 ± 3.70 12.33 ± 2.28 12.49 ± 2.47 14.37 ± 1.49 12.72 ± 4.46 26.92 ± 5.15 42.12 ± 3.09

Cells were treated with different compounds for 72 h then assayed using SRB method. Values are means ± SD, n= 3

Table 2. Biophysical effects of WX20120108 and IAP protein interaction (nmol/L)

XIAP BIR3 cIAP1 BIR3 cIAP2 BIR3 XIAP BIR2-BIR3

IC50 Ki IC50 Ki IC50 Ki IC50 Ki

WX20120108 206 ± 39 69.0 ± 13.5 31.9 ± 7.2 5.6 ± 1.4 28.4 ± 11.0 6.9 ± 3.0 77.2 ± 4.1 19.0 ± 1.0
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Fig. 3 WX20120108 exhibits the anticancer properties of IAP antagonist. The apoptosis-inducing effect of WX20120108 (a) and its
dependence on the caspases (b) were assayed by flow cytometry. The cells were stained with Annexin V-FITC/PI after treatment with
WX20120108 and/or Z-VAD-FMK (25 μmol/L) for 24 h. c IAP proteins (XIAP, cIAP1, and cIAP2) were examined by Western blot analysis in HeLa
cells treated with different concentrations of WX20120108 (3, 10, and 30 μmol/L) for 6 h. GAPDH was used as a loading control. dWX20120108
activated the NF-κB signaling pathway. HeLa cells were incubated with 30 μmol/L WX20120108 for 0.5, 2, and 6 h and then examined by
Western blot analysis to detect the expression levels of NF-κB, p-NF-κB, IκBα, and p-IκBα. e Activation of caspase-3 was induced by
WX20120108 administration. Caspase-3 protein levels in HeLa cells were detected by Western blot analysis 24 h after WX20120108 (3, 10, and
30 μmol/L) administration. f WX20120108 and TNFα synergistically promote caspase-dependent cell death. Cells were treated with
WX20120108 and/or TNFα (1 ng/mL) in the absence or presence of 25 μmol/L Z-VAD-FMK, and cell viability was examined by HCA. The results
are shown as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, compared with control group, #
compared with TNFα group, & compared with control group. D% percentage of dead cells, LA% percentage of late apoptotic cells, EA%
percentage of early apoptotic cells, S% percentage of survival cells. Ctrl control, Z-VAD: Z-VAD-FMK, casp-3 caspase-3, WX WX20120108
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other eight cell lines (Fig. 6a). Similarly, treatment with 3 and 30
μmol/L WX20120108 did not affect the majority of signaling
pathways or target proteins, except for PI3K-Foxo3, PI3K-Foxo1,
PI3K-Foxo4, and PI3K-FYVE. Significant dose-dependent effects were
observed in the PI3K-Foxo3 pathway after WX20120108 treatment
(Fig. 6a, b); the EC50 value was 28.87 ± 4.87 μmol/L. Since PI3K-PDK,
PI3K-Rac1, and PI3K-Ras were not affected by WX20120108, the
FOXO activation, particularly Foxo3 nuclear translocation, was
speculated to be the selective action of WX20120108. To further
investigate whether this effect exists in tumor cells, the same assay
was performed in HeLa cells using immunofluorescence staining
with anti-Foxo3 antibody to label Foxo3 (Fig. 6c). As expected,
WX20120108 promoted the nuclear translocation of Foxo3 in
HeLa cells and dose-dependently induced Foxo3 activation
without significantly affecting cell viability at concentrations less

than 10 μmol/L, which suggested that WX20120108-induced Foxo3
activation is an early and selective event.

WX20120108-induced autophagy depends on Foxo3 activation
It has already been demonstrated that FOXO activation is involved
in autophagy induction via the upregulation of the expression
of downstream target genes, such as Bnip3, Pik3c3, Atg4b,
and Atg5, which are relevant to the formation of the autophagy
initiation complex [49, 50]. To confirm the role of Foxo3
in WX20120108-mediated autophagy, Foxo3 expression was
knocked down in HeLa cells using the RNAi technique.
As expected, LC3B puncta and LC3B-II protein levels were reduced
remarkably (Fig. 7a, b), indicating that Foxo3 knockdown
markedly reduced WX20120108-induced autophagy. Moreover,
WX20120108 time-dependently increased the expression of genes

Fig. 4 WX20120108 affects autophagy in tumor cells assayed by HCA (a), Western blotting analysis (b), qPCR (c), and transmission electron
microscopy (d). a Typical image of LC3B puncta accumulation (treatment for 16 h) and quantitative analysis of dose- and time-dependent
effects of WX20120108 in HeLa and MDA-MB-231 cells using HCA. The total intensity of LC3B puncta and the cell count reflect the status of
autophagy and cell death, respectively. Scale bar= 10 μm. b LC3B-II and p62 protein examined by Western blotting in HeLa or MDA-MB-231
cells treated with different concentrations of WX20120108 (3, 10, and 30 μmol/L) for 16 h or 30 μmol/L WX20120108 over a certain time period
(2, 6, 12, 16, and 24 h). GAPDH was used as a loading control. c Relative p62 mRNA levels (compared with ACTIN) in HeLa and MDA-MB-231
cells treated with 30 μmol/L WX20120108 for different time periods were analyzed by quantitative RT-PCR. d Typical transmission electron
microscopy images after treatment of HeLa cells with 30 μmol/L WX20120108 or 60 μmol/L CQ for 16 h. *P < 0.05, **P < 0.01, ***P < 0.001 vs
HeLa control. #P < 0.05, ##P < 0.01, ###P < 0.001 vs MDA-MB-231 control, Scale bar= 1 μm. CQ chloroquine
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involved in the induction of the autophagic pathway (Bnip3 and
Pik3c3) and the formation of autophagosomes (Atg4b and Atg5),
which occurred as early as 2 h after WX20120108 treatment
(Fig. 7c). Taken together, these data suggest that Foxo3 is an
essential regulator of cellular autophagy induced by WX20120108.

WX20120108-mediated Foxo3 activation depends on ROS
production
While searching for the reason behind the induction of Foxo3 by
WX20120108, we first examined the impact of IAPs. Knockdown of
XIAP, cIAP1, and cIAP2 did not affect WX20120108-induced Foxo3
nuclear translocation (Fig. 8a, b), indicating that the target
proteins of WX20120108 were not involved in Foxo3 activation.
Then, the upstream regulator of Foxo3 activation was explored.
We assessed intracellular ROS generation after WX20120108
treatment via HCA using CM-H2DCFDA, an indicator for ROS,
which is cleaved by nonspecific cellular esterases and is oxidized
in the presence of peroxides to yield fluorescent 2′,7′-dichloro-
fluorescein (DCF) [51]. The results showed that
WX20120108 significantly induced ROS generation in HeLa cells

in a dose-dependent manner (Fig. 8c). Moreover, the known ROS
scavenger catalase almost completely blocked WX20120108
induced-Foxo3 nuclear translocation (Fig. 8d, e) and suppressed
the LC3B-II formation induced by WX20120108 (Fig. 8f). In
addition, knockdown of XIAP or cIAP1 and cIAP2 did not affect
ROS release induced by 30 μmol/L WX20120108 (Fig. 8g). These
results indicated that WX20120108-induced Foxo3 activation
depends on ROS but not XIAP or cIAP1 and cIAP2.

DISCUSSION
Several studies have demonstrated that small-molecule IAP
antagonists induce tumor cell apoptosis by binding to IAPs,
particularly XIAP, cIAP1, or cIAP2 to activate caspases [2, 14].
Notwithstanding the recently reported relationship between IAP
antagonists and autophagy, the understanding of the underlying
mechanism is still shallow [17]. This study focused on a novel IAP
antagonist, WX20120108, and its potent autophagy regulatory
activity. The autophagy induction mechanism was systematically
unraveled based on the validation that WX20120108 exhibits the

Fig. 5 WX20120108 promotes autophagic flux. a WX20120108 (30 μmol/L) significantly increased the LC3B-II level in the presence of 60 μmol/L
CQ in HeLa and MDA-MB-231 cells after treatment for 6 h (up) or 16 h (down) as analyzed by Western blotting. FluorChem 5500 densitometric
analysis of the LC3B-II/GAPDH ratio obtained from LC3B immunoblots (mean ± SD of three independent experiments). *P < 0.05, **P < 0.01.
b Typical cell images of colocalization of LC3B (green, labeled by primary anti-LC3B antibody and Alexa Fluor 488-conjugated secondary
antibody) and lysosomes (red, stained with LysoTracker Red) using an UltraVIEW VoX confocal microscope and colocalization analysis by the
RGB profiler in ImageJ software (V1.8.0) after treatment of HeLa cells with 30 μmol/L WX20120108 or 60 μmol/L CQ for 16 h. Scale bar= 2 μm.
c WX20120108 upregulates lysosomal cathepsins. Enzymatic activity of CTSB and CTSD in WX20120108-treated HeLa cells. Cells were treated
with DMSO or WX20120108 (30 μmol/L) at 2, 4, 6, 12, 16, and 24 h, as indicated. Enzymatic activity was analyzed by fluorogenic kits. Data are
presented as the mean ± SD from three independent experiments and analyzed using Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001)
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properties of an IAP antagonist and shows more potent antitumor
activity than other such compounds.
WX20120108 is a new compound targeting the

XIAP–BIR3 structure. Virtual molecular docking showed that
WX20120108 strongly interacted with XIAP–BIR3 via several
hydrogen bonds at W323, E314, T308, and Q319 residues in the
backbone of the BIR3 domain, which shares the same binding
sites of Smac-AVPI, the binding peptide of an endogenous IAP
antagonist, Smac [9, 52]. Furthermore, a molecular affinity assay
revealed that WX20120108 exhibited high affinity with XIAP,
cIAP1, and cIAP2, and the IC50 values on SM-F2 for the BIR3
domains of XIAP, cIAP1, and cIAP2 reached nanomolar levels. This

is consistent with many known IAP antagonists, such as GDC-0152
and SM-406 [11, 32]. Correspondingly, WX20120108 induced rapid
degradation of cIAP-1, cleavage of pro-caspase-3 and caspase-
dependent tumor cell apoptosis in a dose-dependent manner and
activated the NF-κB pathway and potentially promoted caspase-
dependent and TNFα-induced cell death synergistically as
revealed by cellular functional assays. These phenomena are
unique effects mediated by IAP antagonists through interaction
with the target pathway [14, 44, 53]. More interestingly,
WX20120108 exhibited much lower IC50 values than the known
IAP inhibitor GDC-0152 in six different tumor cell lines, including
HeLa, HeLa-bcl2, Skov3, Skov3/T, MDA-MB-231, and HepG2, and

Fig. 6 WX20120108 selectively activates Foxo3. a Heat map of the screening results for twelve signaling pathways or targets in EGFP-labeled
reporter cell lines. The activity of WX20120108 in pathway assays was expressed as the activity rate relative to the positive control compound
(150, 300, 150, and 100 nmol/L of wortmannin in the PI3K-Foxo1, PI3K-Foxo3, PI3K-Foxo4, and PI3K-FYVE pathways, respectively) and negative
control (0.2% DMSO). b Representative images and concentration response curves of WX20120108 in Foxo3-EGFP_U2OS cells. Scale bar=
10 μm. c Representative images and concentration response curves of WX20120108 in HeLa cells stained with Hoechst 33342 for nuclei (blue)
and primary anti-Foxo3 antibody and Alexa Fluor 488-conjugated secondary antibody for Foxo3 (green). Scale bar= 10 μm. In (b) and (c), cells
were incubated with vehicle (0.2% DMSO), wortmannin (300 nmol/L), and different concentrations of WX20120108 for 1 h and 12 h, and
concentration response curves of activities were calculated relative to the positive (300 nmol/L Wortmannin) and negative control (0.2%
DMSO). Values represent the mean ± SD, n= 3. Wort Wortmannin, WX-0108: WX20120108
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showed less cytotoxicity to normal cells than to cancer cells, just
as GDC-0152 does. This evidence clearly indicated that
WX2012018 is a novel IAP antagonist with high in vitro anticancer
activity.
Autophagic cell death, or type II programmed cell death (PCD),

and apoptosis, or type I PCD, can act as partners to induce cell
death in a coordinated or cooperative fashion, although they have
different processes. Several signaling pathways that are induced
by common cellular stressors regulate both autophagy and
apoptosis, such as Bcl-2, p53, NF-κB, and Beclin1, among others
[30, 54]. The potent activity of the novel IAP antagonist
WX20120108 on LC3B accumulation in HepG2 cells attracted our
attention. In screening experiments, treatment with 30 μmol/L
WX2012018 produced even more LC3B puncta than treatment
with 100 μmol/L CQ, a well-known autophagy inhibitor, which
prevents lysosomal endosomal acidification and blocks fusion of
autophagosomes with lysosomes and therefore leads to accumu-
lation of LC3B puncta [55]. This effect has been confirmed in
multiple tumor cell types (Supplementary Fig. 1). To systematically
investigate the autophagy-regulating characteristics of
WX20120108, HeLa, and MDA-MB-231 cells, the main targeting
cancers of IAP antagonists, were chosen for this study. Imaging-
based HCA, Western blot assay and transmission electron
microscopy observation revealed that WX20120108 dose- and
time-dependently increased LC3B puncta or LC3B-II formation and
formed well-defined autophagosomes in cancer cells, and CQ
coincubation significantly enhanced LC3B-II levels after both
short-term and long-term WX20120108 exposure. Moreover,
colocalization of autophagosomes and lysosomes and lysosomal
protease analysis demonstrated that, unlike CQ, WX20120108
promotes the fusion of autophagosomes and lysosomes and
significantly increases the activities of CTSB and CTSD, which are
the most abundant lysosomal proteases participating directly in

the proteolytic degradation of cellular macromolecules in the
execution of autophagy [56]. Therefore, apart from being an
apoptosis inducer, WX20120108 is also an autophagy inducer,
promoting autophagic flux. This was in agreement with the results
of previous studies on IAP antagonists, embelin, GDC-0152, and
APG-1387, which exhibited autophagy-inducing activity
[15, 16, 25].
Since WX20120108 has been demonstrated to be an autop-

hagy inducer, we first investigated the underlying mechanism
with respect to the mammalian target of rapamycin upstream
regulatory cascades, including PI3K and its associated proteins,
such as protein kinase B (PKB)/Akt [57–60], AMPK, and Ras/PKA
[58], which are widely accepted as core pathways and targets
during autophagy induction. The screening results of the 12
EGFP-tagged reporter cell lines representing PI3K-Akt, PI3K-Btk,
JAK-STAT1, p38 MAPK, PI3K-Foxo1, PI3K-Foxo3, PI3K-Foxo4, PI3K-
FYVE, PI3K-PDK, PI3K-Rac1, PI3K-Ras and TULP3 signaling path-
ways or targets are interesting. WX20120108 dose-dependently
activated PI3K-Foxo3 and activated PI3K-Foxo1, PI3K-Foxo4 and
PI3K-FYVE only at high concentration (30 μmol/L) but did not
affect any other PI3K-related proteins or pathways. Thus, FOXOs
activation seems to be a selective action of WX20120108. Foxo3 is
a member of the FOXO subfamily of transcription factors [61].
When Foxo3 is activated, it is translocated into the nucleus, where
it upregulates the expression of Bnip3, Pik3c3, BECN1, Ulk2, Atg4B,
and Atg5, genes that are involved in autophagic pathway
induction and autophagosome formation [50, 62]. Foxo3
activation-regulated autophagy has previously been described
in various cell types [63]. Here, WX20120108-induced Foxo3
activation and its relationship with autophagy were further
validated and explored in HeLa cells. Consistent with the results
of the EGFP-reporter cell lines, WX20120108 dose-dependently
activated Foxo3 in HeLa cells and upregulated the expression of

Fig. 7 WX20120108-induced autophagy is mediated by Foxo3 activation in HeLa cells. a, b Foxo3 knockdown significantly decreased
WX20120108-induced autophagy as revealed by HCA and Western blotting. Cells were transiently transfected with the Foxo3-specific siRNA
for 72 h, followed by treatment with 30 μmol/L WX20120108 for 16 h. Finally, cells were prepared for HCA (scale bar= 10 μm) or Western
blotting assay. The fluorescence intensity (FI) of LC3B puncta/cell was analyzed with an IN Cell Analyzer 2000. c Relative Bnip3, Pik3c3, Atg4b,
and Atg5 mRNA levels (compared with ACTIN) in HeLa cells treated with 30 μmol/L WX20120108 for different periods were analyzed by
quantitative RT-PCR. * indicates a significant difference vs. control. *P < 0.05, **P < 0.01, ***P < 0.001
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Foxo3-target genes after treatment for 2 h. Silencing of Foxo3
significantly suppressed LC3B-II formation produced by
WX20120108. Therefore, WX20120108-induced Foxo3 activation
is an important mediator of sustained autophagy induced by
WX20120108.

As a transcription factor, FOXOs can be regulated by some
regulatory factors, including Akt [64], p38 pathway [65], as well as
oxidative stress [49], especially ROS. ROS could modulate the
activities of FOXOs at multiple levels, including posttranslational
modifications of FOXOs (such as phosphorylation and acetylation),

Fig. 8 WX20120108 induced-Foxo3 activation depends on ROS released in HeLa cells. a Representative images and quantitative results b of
HeLa cells transfected with siRNA against XIAP or cIAP1 and cIAP2, as indicated, followed by treatment with 30 μmol/L WX20120108 for 12 h.
Foxo3 nuclear translocation (activation) was assayed by HCA using an IN Cell Analyzer 2000. Scale bar= 10 μm. c WX20120108 dose-
dependently increased intracellular ROS levels after treatment for 6 h as measured using the green fluorescent dye CM-H2DCFDA.
d Representative images and quantitative results e of 500 U/mL catalase (a known ROS scavenger) on 30 μmol/L WX20120108-induced Foxo3
nuclear translocation (activation) as assayed by HCA. Scale bar= 10 μm. f The effect of 30 μmol/L WX20120108 on LC3B-II in the presence of
catalase, the ROS scavenger. g ROS produced by treatment with 30 μmol/L WX20120108 for 6 h was not affected by transfection of siRNA
against XIAP or cIAP1 and cIAP2. **P < 0.01, ***P < 0.001
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interaction with coregulators, alterations in the subcellular
localization of FOXOs, and protein synthesis and stability
[49, 66]. Considering that WX20120108 did not affect the Akt
and p38 pathways, we investigated cellular ROS levels. It is
interesting that WX20120108 dose-dependently promoted ROS
release after 6 h of incubation, and catalase (a known ROS
scavenger) suppressed Foxo3 activation and LC3B-II formation
induced by WX20120108. These results indicated that ROS-
mediated Foxo3 activation is involved in the WX20120108-
induced autophagy.
Although some studies have explored the relationship between

IAPs (including XIAP and cIAP1/2) or their antagonists and
autophagy, the exact role of XIAP or cIAP1/2 in autophagy is still
controversial. Huang et al. [26] reported that XIAP inhibited
autophagy via the XIAP-Mdm2-p53 pathway, whereas Lin et al.
[27] found that XIAP and cIAP1/2 induced autophagy via NF-κB
activation. Whether IAP antagonist-induced autophagy depends
on XIAP and cIAP1/2 has not yet been reported. In this study,
knockdown of XIAP or cIAP1/2 affected neither the release of ROS
nor Foxo3 activation induced by WX20120108. Transfection with
siRNA against cIAP1/2 and not against XIAP partially impaired
WX20120108-induced autophagy (Supplementary Fig. 2), which is
similar to GDC-0152 (unpublished). This indicated that apart from
the cIAP1/2-dependent pathway, the XIAP and cIAP1/2-indepen-
dent ROS-Foxo3 pathway plays an important role in WX20120108-
induced autophagy. In addition, we have observed in the
unbiased screening of autophagy-related signaling pathways that
GDC-0152 also exhibited similar selectivity on PI3K-Foxo1, Foxo3,
Foxo4, and FYVE; however, the effect is very weak, which might be
the reason that WX20120108 exhibits stronger autophagy activity.
p62 has been proposed to regulate the packaging and delivery

of polyubiquitinated, misfolded, and aggregated proteins and
dysfunctional organelles for their degradation via autophagy in
mammalian cells [67]. Therefore, p62 level is used as an indicator
for identifying autophagy inducers and blockers. Autophagy
inducers decrease the p62 level, while autophagy blockers or
inhibitors increase the p62 level [46]. In this study, the p62 level
increased after WX20120108 treatment in a time- and dose-
dependent manner in cancer cells, which seemed to be in contrast
to the general opinion. Recently, however, a p62-independent
autophagic pathway has been proposed [57], and p62-
upregulation has been reported in some studies while autophagic
flux increased [68–70]. In addition, p62 is a multifunctional factor
involved in several cellular pathways. The p62 level is regulated
not only by autophagic degradation but also by autophagy-
independent transcriptional regulation [71–75]. For example, the
transcription of p62 is modulated by oxidative stress (Nrf2), the
Ras/MAPK pathway, and the JNK/c-Jun pathway [76]. Based on
these findings, we further assessed p62 mRNA levels after
WX20120108 treatment. The results indicated that WX20120108
treatment increased p62 mRNA levels in both HeLa and MDA-MB-
231 cells in a time-dependent manner, which might explain why
the p62 level increased instead of decreasing after WX20120108
treatment. This finding is consistent with the WX20120108-
mediated regulation of oxidative stress.
Promotion of apoptosis has been speculated to be the major

way by which IAP antagonists cause cancer cell death [14]. In this
study, WX20120108 exhibited the profiles of IAP antagonists by
inducing caspase-dependent apoptosis, which accounts for
approximately 80%–90% of total cell death in both HeLa and
MDA-MB-231 cells after treatment with 30–100 μmol/L
WX20120108. On the other hand, the parallel dynamic observa-
tions on cellular autophagy and cell survival showed that as the
concentration of WX20120108 increased or the incubation time
prolonged, the cellular LC3B level increased, and there was an
evident “switch” from autophagy to cell death, and this autophagy
is not affected by Z-VAD-FMK, a pan-caspase inhibitor. These
results indicated that WX20120108-induced cell death embraced

apoptosis and autophagy, and autophagy took place earlier than
apoptosis. A similar phenomenon was reported by You-Jin Lee
et al. They found that the XIAP inhibitor embelin induces
autophagic and apoptotic cell death in human oral squamous
cell carcinoma cells [15]. However, the mechanism by which IAP
antagonist or WX20120108 switches autophagy to apoptosis
remains to be studied.
In summary, based on the characterizations of the novel IAP

antagonist WX2012018, this study revealed, for the first time,
that the IAP-independent ROS-Foxo3 pathway is involved in the
tumor cell autophagy induced by WX20120108. This finding
provides important insight into the molecular regulatory
mechanism of autophagy induced by an IAP antagonist and
provides more information for the development of a novel IAP
antagonist.
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