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X-linked inhibitor of apoptosis protein (XIAP) overexpres-
sion has been found to be associated withmalignant cancer pro-
gression and aggression in individuals with many types of can-
cers. However, the molecular basis of XIAP in the regulation of
cancer cell biological behavior remains largely unknown. In this
study, we found that a deficiency of XIAP expression in human
cancer cells by either knock-out or knockdown leads to a
marked reduction in �-actin polymerization and cytoskeleton
formation. Consistently, cell migration and invasion were also
decreased in XIAP-deficient cells compared with parental wild-
type cells. Subsequent studies demonstrated that the regulation
of cell motility by XIAP depends on its interaction with the Rho
GDP dissociation inhibitor (RhoGDI) via the XIAP RING
domain. Furthermore, XIAP was found to negatively regulate
RhoGDI SUMOylation, which might affect its activity in con-
trolling cell motility. Collectively, our studies provide novel
insights into the molecular mechanisms by which XIAP regu-
lates cancer invasion and offer a further theoretical basis for
setting XIAP as a potential prognostic marker and specific tar-
get for treatment of cancers with metastatic properties.

The X-linked inhibitor of apoptosis protein (XIAP)3 is a
member of the IAP family that has received substantial atten-
tion during the last few years. Biochemical and structural stud-
ies have indicated thatXIAPhas three zinc-binding baculovirus
IAP repeat (BIR) domains (BIR1–3), a loop region, and a RING

finger (1). The BIR3 domain of XIAP is able to bind and inhibit
caspase-9, whereas the BIR2 region binds and inhibits active
caspase-3 and caspase-7. The RING domain of XIAP has E3
ligase activity and is able to degrade proteins by linking them
to ubiquitin molecules (2–4). More recently, XIAP has been
found to be a regulator of the cell cycle through binding the
cell cycle regulators MAGED1 and NRAGE and to play an
important role in the control of intracellular copper levels
through ubiquitin ligase-dependent regulation of the cop-
per-regulating gene MURR1 (5, 6). The ability of XIAP to
regulate these pathways, uncoupled with its caspase inhibi-
tory activities, indicates its distinct properties and functions.
Based on the finding that XIAP-deficient mice do not display
obvious apoptotic phenotypes (7), it was hypothesized that
there might be new functions and signaling pathways
affected by XIAP, which are probably distinct from those
involved in apoptotic caspase cascades.
There is growing evidence showing the correlation between

high XIAP overexpression and malignant cancer aggression (8,
9). Comparison of XIAP expression between adjacent malig-
nant tissue and normal tissue invariably demonstrates that
XIAP is much more highly expressed in the malignant cancer
tissue (10–20). Poorly differentiated carcinomas also display
significantly higher levels of XIAP expression than do well dif-
ferentiated carcinomas (13, 17–20). Moreover, XIAP expres-
sion in metastatic specimens is much higher than that in pri-
mary cancers (10–12, 14–20). However, the molecular
mechanism linking XIAP to cancer metastasis is largely unex-
plored. Here, we show that XIAP depletion or knockdown in
cancer cells leads to a reduction in cell migration and invasion
accompanied by decreased actin polymerization and cell motil-
ity. Furthermore, we show that the impaired cell migration in
XIAP�/� cells can be rescued by knockdown of Rho GDP dis-
sociation inhibitor (RhoGDI) expression, indicating that
RhoGDI might be a downstream target of XIAP in the regula-
tion of cancer motility. Finally, our studies show that XIAP
forms a complex with RhoGDI through its RING domain and
regulates RhoGDI SUMOylation, which might be involved in
the modulation of cell migration.
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EXPERIMENTAL PROCEDURES

Plasmids, Antibodies, and Other Reagents—Plasmids ex-
pressing HA-tagged XIAP, �RING, �BIR, and �loop and the
pEBB empty vector were gifts from Dr. Colin S. Duckett (Uni-
versity of Michigan) (21). The pEGFP-C3/RhoGDI vector
expressing GFP-tagged RhoGDI was kindly provided by Dr.
Mark R. Philips (NewYorkUniversity School ofMedicine) (22).
pRNA-U6/siRhoGDI and pEGFP-C3/mRhoGDI (with the
RhoGDI gene mutated from 403AAA GGC GTC AAG ATT
GAC420 to 403AAG GGA GTA AAA ATC GAT420 to prevent
destruction of exogenous mRNA by the corresponding
siRNA) were described in a previous study (23). The ade-
noviruses carrying Dual-His-S-SUMO1/IRES/HA-UBC9 (Ad-
SUMO1-WT), Dual-His-S-SUMO1-Q94P/IRES/HA-UBC9
(Ad-SUMO1-Q94P), andDual-His-S-SUMO1�GG/IRES/HA-
UBC9 (Ad-SUMO1�GG) as well as the control LacZ virus
(Ad-LacZ) and all the plasmid constructs were provided by Dr.
German Rosas-Acosta (24). The antibodies against XIAP, the
phospho-EGF receptor, the EGF receptor, and ubiquitin were
purchased from Cell Signaling Technology (Boston, MA). The
anti-Arp2, anti-Arp3, anti-GFP, anti-cyclin D1, anti-UBC9,
anti-HDAC6, and anti-N-WASP (neuronal Wiskott-Aldrich
syndrome protein) antibodies and the agarose-conjugated
anti-HA beads were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-�-actin and anti-�-tubulin antibodies
were obtained from Sigma. The anti-SUMO1 antibody was
from Epitomics (Burlingame, CA). The anti-RhoGDI antibody
was fromMillipore (Billerica, MA). MG132 and cycloheximide
were purchased from Calbiochem. EGF was purchased from
Invitrogen.
Cell Culture andTransfection—The human colon cancer cell

line HCT116 and XIAP�/� HCT116 cells were kind gifts from
Dr. BertVogelstein (HowardHughesMedical Institute and Sid-
ney Kimmel Comprehensive Cancer Center, The Johns Hop-
kins Medical Institutions) (25). The human bladder cancer cell
line T24was from the laboratory of Dr. Xue-RuWu. These cells
weremaintained at 37 °C in a 5%CO2 incubator inMcCoy’s 5A
medium supplemented with 10% FBS, 2 mM L-glutamine, and
25 �g/ml gentamycin. Human cervix adenocarcinoma HeLa
cells were cultured in DMEM with 10% FBS. Cell transfections
were performed with Lipofectamine reagent (Invitrogen) or
FuGENE� HD transfection reagent (Roche Applied Science)
according to the manufacturer’s instructions. For stable trans-
fection, cultures were subjected to either hygromycin B (200–
400 �g/ml) or G418 drug selection, and cells surviving the anti-
biotics selection were pooled as stable mass transfectants.
RT-PCR—Total RNA was extracted with TRIzol reagent

(Invitrogen), and cDNAs were synthesized with the Thermo-
Script RT-PCR system (Invitrogen). Two oligonucleotides (5�-
AGA AGG CTG GGG CTC ATT TG-3� and 5�-AGG GGC
CAT CCA CAG TCT TC-3�) were used as the specific primers
to amplify human GAPDH cDNA. The human �-actin cDNA
fragments were amplified by primers 5�-GCG AGAAGA TGA
CCCAGATCA T-3� and 5�-GCT CAGGAGGAGCAA TGA
TCT T-3�.
Northern Blotting—Total RNA was extracted from WT and

XIAP�/� cells using TRIzol. A probe of �-actin for hybridiza-

tion was obtained by PCR using primers 5�-CTC GCC TTT
GCC GAT CCG CCC-3� and 5�-AGT GGT ACG GCC AGA
GGCGTAC-3�. After purification using aQIAquick PCR puri-
fication kit (Qiagen), a 25-ng DNA fragment was labeled with
[�-32P]dCTP (PerkinElmer Life Sciences) using aDECAprimeTM
II kit (Ambion) following the manufacturer’s protocol. The
probe was purified using a Sephadex G-25 column, and its
radioactivity was detected by liquid scintillation analysis
(PerkinElmer Life Sciences). 16 �g of RNA was run on agarose
gel (3.7% formaldehyde); after overnight transfer, the mem-
brane was cross-linked using a Stratalinker� 1800 UV system
(Stratagene). The membrane was prehybridized, hybridized,
and exposed to x-ray film following the protocol recommended
for ExpressHybTM hybridization solution (Clontech).
NF-�B-Luciferase Assay—The constructs of the NF-�B-lu-

ciferase reporter and pRL-TK were cotransfected into WT or
XIAP�/� cells. After starvation with 0.1% FBS-supplemented
McCoy’s 5Amedium for 12 h, cellswere treatedwith orwithout
60 ng/ml EGF for 12 or 24 h. Luciferase was detected as
described in our previous report (26).
Western Blotting—Cell extracts were prepared with cell lysis

buffer A (10 mM Tris-HCl (pH 7.4), 1% SDS, and 1 mM

Na3VO4). Protein concentrationswere determined using a pro-
tein quantification assay kit (Bio-Rad). 30 �g of proteins was
subjected to aWestern blot system as described in our previous
reports (27).
Pulse-Chase Assays—A pulse-chase assay was carried out as

described in our previous study (28). WT, XIAP�/�, and
XIAP�/�(HA-XIAP) cells were incubated with methionine/
cysteine-free DMEM (Invitrogen) containing 2% dialyzed fetal
calf serum (Invitrogen) for 1 h. [35S]Methionine/cysteine (250
�Ci/dish; Tran35S-label, ICN) was added and cultured for 45
min, and cells were harvested in cell lysis buffer B (1% Triton
X-100, 150 mM NaCl, 10 mM Tris (pH 7.4), 1 mM EDTA, 1 mM

EGTA, 0.2 mMNa3VO4, 0.5%Nonidet P-40, and one Complete
protein inhibitor mixture tablet) on ice at the indicated time
points. 0.5 mg of total lysate was incubated with anti-�-actin
antibody for 2 h at 4 °C. Protein A/G Plus-agarose beads (Santa
Cruz Biotechnology) that were precleared with 20 mg/ml BSA
for 2 h were incubated with agitation for an additional 2 h at
4 °C. The immunoprecipitated samples were washed with cell
lysis buffer B and heated at 100 °C for 5min. Radiolabeled�-ac-
tin proteins were assessed by SDS-PAGE analysis.
F-actin Content Assay—The cells were treated with 50 ng/ml

EGF for the indicated time periods, fixed with 3.7% formalde-
hyde for 10 min, and permeabilized with 0.1% Triton X-100 in
PBS for 10 min. After washing three times with PBS, the cells
were blocked in 1% BSA and PBS at room temperature for 20
min and then stained on a rotator with Oregon Green 488-
phalloidin (1:40 in 1% BSA and PBS; Molecular Probes) for 30
min. Cells were washed three times again with PBS, and the
bound Oregon Green 488-phalloidin was extracted using 100%
methanol at 4 °C for 90 min. After extraction, the fluorescence
of the methanol extraction solution for each sample was
recorded at 465 nm excitation and 535 nm emission and nor-
malized against cell protein concentration (29). The results are
expressed as relative F-actin content, where F-actin�t/F-
actin-t0 � (fluorescence�t/mg/ml)/(fluorescence-t0/mg/ml).
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The quantification of polymerized F-actin within cells was also
performed by flow cytometry according to Kobayyahsi’s
method using phallacidin (30). Relative F-actin content was
expressed as an F-actin index (mean channel of test cells at
specified time/mean channel of buffer sample at 0 min).
Isolation of Cell Fractions—Cells were incubated with or

without 50 ng/ml EGF, and the incubations were terminated by
the addition of 10 ml of cold PBS. The cells were harvested in
HEPES buffer (20 mM HEPES (pH 7.4), 150 mM KCl, 2 mM

MgCl2, 4 mM benzamidine, and 1 mM PMSF). After centrifuga-
tion, the pellet was resuspended in 0.5 ml of HEPES buffer and
forced 15 times through a 25-gauge needle. Intact cells and cell
nuclei were pelleted by centrifugation at 4 °C. After centrifuga-
tion at 8000 � g for 20 min at 4 °C, the fraction enriched in
membrane/cytoskeleton was recovered from the pellet (insolu-
ble fraction), and the supernatant represented predominantly
the cytosolic fraction (soluble fraction) (31). The cytosolic,
nucleus, membrane/particulate, and cytoskeletal fractions
were isolated with the FractionPREPTM cell fractionation sys-
tem (BioVision) following the manufacturer’s protocol.
Immunoprecipitation—For determination of protein-pro-

tein interaction and protein ubiquitination and SUMOylation,
cells were lysed in cell lysis buffer B on ice. Lysate (0.5 mg) was
precleared by incubation with Protein A/G Plus-agarose and
then incubated with 2 �g of anti-XIAP, anti-RhoGDI, anti-HA,
or anti-GFP antibodies as indicated overnight at 4 °C. Protein
A/G Plus-agarose (40 �l) was incubated with agitation for an
additional 4 h at 4 °C. The immunoprecipitated samples were
washed extensively with cell lysis buffer B and subjected to
Western blot assay.
Immunofluorescence Staining and Confocal Microscopy—

Cells grown on cover slides were starved for 4 h and treated
with EGF (50 ng/ml). The cells were fixed with 3.7% parafor-
maldehyde for 15min and then permeabilizedwith 0.1%Triton
X-100 in PBS for 15 min at room temperature. The cells were
blocked with 1% BSA and PBS for 30 min. Oregon Green 488-
conjugated phalloidin was diluted into 5 units/�l, incubated
with the cells for 30min at room temperature, and stained with
0.1�g/mlDAPI for 1min. The slideswerewashedwith PBS and
mounted with antifade reagent. The cells were observed under
a confocal microscope (Leica TCS SP5).
Cell Wound Healing Assay—Wounds were made by sterile

pipette tips when the cells reached 80% confluence. Cells were
washed with serum-free PBS and then cultured in fresh
medium for the time periods indicated. The photographs were
taken at the times indicated until thewoundswere healed in the
control group (32). The wound area was quantified using cell
migration analysis software (Muscale LLC, Scottsdale, AZ).
Cell Invasion Assay—A BD BioCoatTM MatrigelTM invasion

chamber (BD Biosciences) was used in the invasion assay. Cells
were seeded per insert in triplicate in 500 �l of serum-free
medium. Inserts were placed in wells containing 500 �l of
medium with 5% FBS and 12-O-tetradecanoylphorbol-13-ace-
tate (20 ng/ml). The cells were incubated for 72 h. The same
invasion chamber withoutMatrigel was used as a cell migration
control (33). At the end of the culture period, cells on the upper
surface of the filters were completely removed by wiping with a
cotton swab. The membrane was cut with a sharp knife and

placed in a 96-well plate. The invaded/migrated cells were
determined using the CellTiter-Glo� luminescent cell viability
assay (Promega) according to the manufacturer’s instructions.
Invasion (%) � (ATP activity of invaded cells/ATP activity of
migrated cells) � 100%.
Statistical Methods—Student’s t test was utilized to deter-

mine the significance of differences in actin polymerization, cell
migration, and cell invasion among various cell lines and/or
treatments. The differences were considered to be significant at
p � 0.05.

RESULTS

XIAP Plays an Important Role in �-Actin Protein Expression
in HCT116 Cells—The cytoskeletal system is a dynamic struc-
ture in both prokaryotes and eukaryotes and is responsible for
maintaining cell shape and enabling cell movement and cell
division. There are threemain kinds of cytoskeletal filaments in
eukaryotic cells, including microfilaments (also known as actin
filaments), intermediate filaments, and microtubules. Actin is
one of themost highly conserved proteins in all eukaryotic cells
and is involved in many important cell processes, such as mus-
cle contraction and cell motility (34, 35). During our experi-
ment utilizing�-actin as a protein loading control for theWest-
ern blot assay, we unexpectedly found that �-actin protein
expression was dramatically down-regulated in XIAP�/� cells
in comparison to that in parental HCT116 cells, whereas �-tu-
bulin andGAPDHexpressionwas comparable between the two
types of cells (Fig. 1A). To exclude the possibility of selection
bias during the establishment of the knock-out cell line, we
transfected the HA-XIAP construct back into XIAP�/� cells,
and the stable transfectants were established and identified as
shown in Fig. 1B (upper panel). The results showed that recon-
stituted expression of XIAP in XIAP�/� cells completely
restored �-actin protein expression (Fig. 1B), indicating that
XIAP plays a role in the regulation of �-actin protein expres-
sion. Because the XIAP protein is already overexpressed in
HCT116 cells, transfection of the exogenous HA-XIAP con-
struct intoWT cells did not render additional effects. Thus, the
effect of HA-XIAP expression in HCT116 cells on �-actin
expression was marginal (Fig. 1C). Then, we tested �-actin
mRNA levels in WT, XIAP�/�, and XIAP�/�(HA-XIAP) cells
to further explore the molecular mechanism. Our results
showed that �-actin mRNA levels were comparable among the
three cell lines (Fig. 1D, upper left panel), which excluded the
possibility that XIAP regulates �-actin protein expression at
the mRNA level. Consistent with the results of Western blot-
ting, there was no change in �-actin mRNA levels in WT and
WT(HA-XIAP) cells (Fig. 1D,upper right panel).Moreover, the
results from the Northern blot assay further confirmed that the
regulation of �-actin by XIAP did not occur at the mRNA level
(Fig. 1E). The ubiquitin-proteasome and autophagy-lysosome
pathways are two major routes of protein and organelle clear-
ance in eukaryotic cells (36–38). XIAP has a zinc-bindingmotif
RING domain, which can recruit E2 ubiquitin-conjugating
enzymes and catalyze the transfer of ubiquitin onto target pro-
teins for protein degradation by the 26 S proteasome (38). Thus,
we employed a 26 S proteasome inhibitor, MG132, to see
whether XIAP can regulate �-actin degradation. As shown in
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Fig. 1F, there was no observable �-actin protein accumulation
in either WT or XIAP�/� cells after treatment with MG132,
and cyclin D1 accumulation was used as a positive control (39).
Similarly, treatment of the cells with ammonium chloride
(NH4Cl), a lysosome inhibitor, did not show any observable
�-actin accumulation either (Fig. 1G), whereas it showed a pos-
itive effect on HDAC6 protein accumulation. It has been
reported that XIAP can attenuate the cleavage activity of
caspase on actin (1). To test this potential, Z-VAD-fmk, a pan-
caspase inhibitor, was used. As shown in Fig. 1H, treatment

with Z-VAD-fmk increased �-actin protein levels in HCT116
cells, but not in XIAP�/� cells, suggesting that the down-regu-
lation of �-actin in XIAP�/� cells is not due to caspase-medi-
ated degradation of �-actin protein. The validation of Z-VAD-
fmk was achieved by inhibition of the apoptotic response of
HCT116 cells exposed to JKA97 (Fig. 1J), an apoptosis inducer,
as reported in our previous study (40). Further investigation in
a pulse-chase experiment showed that therewere noobservable
differences in �-actin protein degradation rates among the
three cell types (Fig. 1I). Taken together, our results demon-

FIGURE 1. XIAP deficiency results in reduction in �-actin expression in HCT116 cells. A–C, protein expression of �-actin, �-tubulin, HA-XIAP, and GAPDH
was determined by Western blotting in various cells as indicated. D and E, �-actin mRNA levels were evaluated by RT-PCR or Northern blotting. F–H, WT and
XIAP�/� cells were treated with MG132 (F), NH4Cl (G), or 20 �M Z-VAD-fmk (H) at the indicated concentrations for 24 h (F and G) or for the indicated time periods
(H), and �-actin expression was detected by Western blotting. I, the indicated cells were used for pulse-chase assay as described under “Experimental
Procedures.” J, WT HCT116 cells were pretreated with Z-VAD-fmk (20 �M) for 60 min and then exposed to JKA97 (10 �M), and changes in cell morphology were
photographed under a microscope.

FIGURE 2. XIAP regulates �-actin polymerization and cytoskeleton formation. A and B, the soluble and insoluble fractions were isolated, and G-actin,
F-actin, and GAPDH were detected by Western blotting. C, the induction of F-actin polymerization upon treatment with EGF (50 ng/ml) was evaluated by
spectrophotometry in WT, XIAP�/�, and XIAP�/�(HA-XIAP) cells (p � 0.05). D, the indicated cells were stained with Oregon Green 488-conjugated phalloidin,
and cytoskeleton and F-actin fibers were observed by confocal microscopy. E, the induction of F-actin polymerization upon treatment with EGF (50 ng/ml) was
evaluated by flow cytometry in the various cell lines indicated.
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strate that XIAP can regulate �-actin protein expression
through a mechanism that does not affect mRNA, protein deg-
radation, or proteolysis.
XIAPDeficiency Specifically Decreases the Expression of F-ac-

tin, but Not G-actin, and Leads to Reduction in F-actin
Polymerization—In eukaryotic cells, actin exists in two forms, a
globular monomer called G-actin and a filamentous polymer
called F-actin, a linear chain of G-actin subunits. Actin dynam-
ics, or the rapid turnover of actin filaments, plays a central role
in numerous cell functions (41). To determine whether XIAP is
able to mediate the regulation of actin dynamics, the soluble
fraction (cytoplasm) and insoluble fraction (membrane and
cytoskeleton) were isolated from WT(Vector), XIAP�/�(Vec-
tor), and XIAP�/�(HA-XIAP) cells. As shown in Fig. 2A, G-ac-
tin, which exists mostly in soluble fractions, was similar among
the three types of cells, whereas F-actin, which is presentmainly
in insoluble fractions, wasmuch lower in XIAP�/� cells than in
parental HCT116(Vector) cells and could be rescued by recon-
stituted expression of HA-XIAP in XIAP�/� cells, indicating
that XIAP may regulate actin polymerization. Consistent with
the relatively low expression of HA-XIAP in WT(HA-XIAP)
cells, the effect ofHA-XIAPon�-actin distribution in the insol-
uble fraction was also marginal (Fig. 2B). Next, we treated the
cells with EGF and then extracted cells for determination of
F-actin levels. Induction of actin polymerization by EGF was
observed in HCT116 cells, but it was dramatically reduced in
XIAP�/� cells, and such reduction was rescued by reconsti-
tuted expression of HA-XIAP (Fig. 2C). Consistently, these
three types of cells showed differences in cytoskeletal morphol-
ogy when stained with phalloidin, a dye that specifically binds
F-actin. Actin stress fibers in WT HCT116 cells were more
abundant than those observed in XIAP�/� cells, whereas the
cytoskeleton levels in XIAP�/�(HA-XIAP) and WT cells were
comparable (Fig. 2D). Moreover, F-actin polymerization was
induced upon EGF treatment by �2-fold at 1 min (20.24% ver-
sus 9.91%) in WT cells, whereas only a marginal induction was
observed inXIAP�/� cells (8.97% versus 7.73%) (Fig. 2E). Again,
reconstituted expression of XIAP in XIAP�/� cells showed
remarkable F-actin induction upon EGF treatment (9.96% ver-
sus 17.45%) (Fig. 2E). These results demonstrate that XIAP reg-
ulates F-actin polymerization and cytoskeleton formation.
XIAP Promotes Tumor Cell Migration and Invasion—It has

been demonstrated that actin polymerization is one of themost
essential driving forces for cell motility. To explore the poten-
tial role ofXIAP in tumor invasion, thewoundhealing assaywas
performed inWT(Vector), XIAP�/�(Vector), andXIAP�/�(HA-
XIAP) cells.As shown inFig. 3A, knock-out of XIAP resulted in a
great decrease in spontaneous wound healing. The wounded
area inWT(Vector) cells was almost covered by migrating cells

at day 4, whereas there was still an obvious open area in the
XIAP�/�(Vector) cells (Fig. 3A). Consistently, reconstituted
expression of XIAP in XIAP�/�(HA-XIAP) cells increased the
wound healing rate (Fig. 3A). This finding was further con-
firmed in human cervix adenocarcinoma HeLa cells and blad-
der cancer T24 cells using the XIAP knockdown approach. The
knockdown efficiency is shown in Fig. 3B. More importantly,
knockdown of XIAP expression in HeLa cells (XIAP shRNA)
impaired F-actin formation induced by EGF treatment (Fig. 3C)
and inhibited the wound healing rate as well (Fig. 3D). A similar
result was also reproducible in highly invasive human bladder
cancer T24 cells by using XIAP shRNA (Fig. 3E). IAP was
reported to regulate cell migration through theNF-�B pathway
(42). Thus, we compared the NF-�B activation between WT
HCT116 and XIAP�/� cells using the NF-�B-luciferase
reporter assay. The results did not show any significant differ-
ence in NF-�B transactivation between the two cell lines in the
NF-�B promoter-luciferase reporter assay (Fig. 3F), which was
further confirmed by the Western blot assay (data not shown).
Previous studies have shown that migration of cancer cells is
associatedwith their invasion capability (43). To evaluate this, a
Transwell assay was employed to test the role of XIAP in the
invasion process. The results showed that knocking out of
XIAP inhibited cell invasion compared with that in WT(Vec-
tor) cells (1.7% versus 10.0%, p � 0.01), whereas restoration of
XIAP expression in XIAP�/� cells rescued the invasion ability
to a level similar to that in WT(Vector) cells (10.0% versus
10.1%) (Fig. 3G). Our results demonstrate that XIAP plays a
crucial role in the regulation of cancer cell motility.
The RING Domain of XIAP Is Crucial for Actin Polymeriza-

tion, and RhoGDI Is a Putative Downstream Target of XIAP
in the Regulation of Cancer Cell Migration—To identify the
structure basis of XIAP regulation of actin polymerization,
the constructs containing full-length HA-XIAP, deletion of the
RING domain (HA-XIAP�RING), deletion of three BIR
domains (HA-XIAP�BIR), and deletion of the loop region
(HA-XIAP�loop)were transfected intoXIAP�/� cells to deter-
mine the structure-function relationship in EGF-induced actin
polymerization. The results showed that expression of
HA-XIAP, HA-XIAP�BIR, or HA-XIAP�loop restored actin
polymerization in comparison with that in XIAP�/� cells,
whereas expression of HA-XIAP�RING did not show any
effect (Fig. 4A). These data demonstrated that the RING
domain might be crucial for XIAP-mediated actin polymeriza-
tion. Consistent with actin polymerization, HA-XIAP�RING
expression was not able to restore cell migration, whereas HA-
XIAP did increase cell migration in XIAP�/� cells (Fig. 4B).
RhoGDI is a key modulator of F-actin polymerization (44). It
interacts with the GTP-bound form of the Rho GTPase and

FIGURE 3. XIAP is required for cancer cell migration and invasion. A, D, and E, the cell migration behavior was evaluated during a wound healing assay, and
images were taken at different time points as indicated. The wound area was quantified using cell migration analysis software, and the quantitative data are
shown as indicated. Error bars represent S.D. (n � 3). *, significant difference between/among the indicated cell lines (p � 0.05). Scale bars � 300 �m.
B, knockdown of XIAP expression in HeLa and T24 cells was identified by Western blotting. C, the induction of F-actin polymerization upon treatment with EGF
(50 ng/ml) was evaluated by spectrophotometry in non-silencing and XIAP shRNA transfectants in HeLa cells. *, significant decrease compared with non-
silencing cells (p � 0.05). F, NF-�B-dependent transactivation in both WT and XIAP�/� cells upon treatment with EGF (50 ng/ml) was determined at the
indicated times using the NF-�B-luciferase reporter transient transfection assay. G, WT, XIAP�/�, and XIAP�/�(HA-XIAP) cells were used for determination of
cancer invasion in the Transwell assay. The results are expressed as a percentage of invasion and are represented as means � S.D. of the data from three
independent experiments. *, significant decrease compared with the WT(Vector) and XIAP�/�(HA-XIAP) groups (p � 0.01).
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inhibits GTP hydrolysis, therefore allowing RhoGDI to inhibit
actin polymerization and cell motility (45). To explore whether
RhoGDI acts as an inhibitor of cell migration, an siRNA target-
ing RhoGDI was transfected into both WT and XIAP�/� cells.
Western blot analysis showed that RhoGDI expressionwas dra-
matically reduced in both WT(Si-RhoGDI) and XIAP�/�(Si-
RhoGDI) cells (Fig. 4C, upper panels). Thewound healing assay
showed remarkable increase in cell migration in XIAP�/�(Si-
RhoGDI) cells compared with XIAP�/�(Si-Control) transfec-
tants (Fig. 4C, lower panels). To further verify this observation,
we developed the pEGFP-C3/RhoGDI-re construct, containing
a full-length RhoGDI cDNA with numerous mutations in the
sequence spanning residues 401–419, the region complemen-
tary to the siRNA oligonucleotide targeting RhoGDI. The
mutations introduced in pEGFP-C3/RhoGDI-re prevented its
destruction by RhoGDI siRNA (23). pEGFP-C3/RhoGDI-re
was transfected into XIAP�/�(Si-RhoGDI) cells, and stable
transfectants were identified and named XIAP�/�(Si-
RhoGDI	RhoGDI-re) (Fig. 4D, right panels). The migration
ability of these cells was lower in the wound healing assay com-
pared with XIAP�/�(Si-RhoGDI) cells (Fig. 4D). This finding
further suggested that RhoGDI might be an XIAP downstream
target for XIAP regulation of cell motility. Therefore, we car-
ried out a co-immunoprecipitation assay utilizing an XIAP-
specific antibody to determine whether XIAP can interact with
RhoGDI. The results showed that RhoGDI was detected in the
co-immunoprecipitated complex (Fig. 4E), suggesting that
RhoGDI might interact with endogenous XIAP in the cell. To
test whether the RING domain was involved in the XIAP-
RhoGDI protein-protein interaction, we utilized XIAP�/�

(HA-XIAP) and XIAP�/�(HA-�RING) transfectants to carry
out co-immunoprecipitation using anti-HA antibody. Our
results showed that RhoGDIwas detected only in the co-immu-
nocomplex from XIAP�/�(HA-XIAP) cells, whereas there was
no detectable RhoGDI in the co-immunocomplex from
XIAP�/�(HA-�RING) cells (Fig. 4F). These results demon-
strate that the RING domain is required by XIAP to interact
with RhoGDI and subsequently for its mediation of actin
polymerization. Collectively, our results demonstrate that
XIAP is able to interact with RhoGDI through its RINGdomain
and that this interaction confers to XIAP the ability to regulate
actin polymerization and cell migration.
XIAP Mediates Recruitment of the Arp2/3 Complex to the

Cytoskeleton and Affects RhoGDI SUMOylation—A family of
actin-related proteins (Arp) shares
50% homology with actin,
and one group of Arp proteins (Arp2/3) is involved in the stim-
ulation of actin assembly. The activated Arp2/3 complex is able
to bind to the ends of existing actin filaments and induces actin

FIGURE 4. XIAP regulates cancer cell migration by interacting with
RhoGDI. A, the induction of F-actin polymerization upon treatment with EGF
(50 ng/ml) was evaluated by flow cytometry as indicated. B–E, cell migration
ability was determined by wound healing assays of the indicated transfec-
tants. *, significant difference in the indicated cell lines (p � 0.05). Scale bars �
300 �m. The indicated stable transfectants were identified by Western blot-
ting using anti-RhoGDI antibody (C, upper panels, and D). F–G, lysates from
WT cells (F) and XIAP�/�(HA-XIAP) and XIAP�/�(HA-�RING) cells (G) were
immunoprecipitated (IP) with anti-XIAP (F) or anti-HA (G) antibody, and
immunoprecipitates were then subjected to Western blotting with anti-
RhoGDI antibody.
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polymerization (46), and suppression of Arp2/3 activation is a
key step in RhoGDI inhibition of actin polymerization (47). To
test whether the impairment of actin polymerization induced
by EGF in XIAP�/� cells is due to failure to recruit the Arp2/3
complex, the distribution of Arp2/3 protein in cytosolic, mem-
brane, and cytoskeletal fractions was evaluated in EGF-treated
WT and XIAP�/� cells. As shown in Fig. 5A, there was a strong
recruitment of Arp2/3 in the cytoskeletal fractions of EGF-
treated WT HCT116 cells, whereas no obvious change in
Arp2/3 translocation was observed in the cytoskeletal fractions
of EGF-treated XIAP�/� cells. However, EGF receptor phos-
phorylation was comparable between WT and XIAP�/� cells,
suggesting that the impairment of actin polymerization and
Arp2/3 recruitment in EGF-treated XIAP�/� cells occurs
downstream of the EGF receptor. The RING domain of XIAP
has its E3 ubiquitin ligase activity, which is responsible for reg-
ulation of the ubiquitination of several proteins (5). We trans-
fected GFP-tagged RhoGDI into WT and XIAP�/� cells and
compared the ubiquitination levels of RhoGDI between the two
cells using the anti-GFP antibody to pull down exogenous
RhoGDI. As shown in Fig. 5B, although RhoGDI ubiquitination
was detected in co-pulldown complexes fromboth types of cells
followingMG132 treatment, there were no obvious differences
in ubiquitination in WT and XIAP�/� cells, suggesting that
RhoGDI ubiquitination is not affected by the E3 ubiquitin ligase
activity of XIAP. The post-translational conjugation of the
small ubiquitin-like modifier (SUMO) exerts a wide variety of
effects on the target proteins, including altered protein confor-
mation, activity, localization, and protein-protein interactions
(48). We next tested whether XIAP can alter the activity of
RhoGDI by affecting its SUMOylation. However, testing this
possibility in vitro was complicated by the unstable and tran-
sient nature of this post-translational modification, which is
associated with the high abundance and unmatched stability of
the de-SUMOylating enzymes. Therefore, two methods were
employed to produce substantial increases in overall cellular
SUMOylation: transfecting cells with dicistronic expression
plasmids for SUMO1 and UBC9 (the E2 SUMO-conjugating
enzyme) and transducing cells with recombinant adenoviruses
carrying these constructs (24). In addition to thewild-type form
of SUMO, two additional forms of SUMO were used in these
experiments: SUMO1�GG, which carries a C-terminal end
deletion of the diglycine motif that renders SUMO non-conju-
gatable, and SUMO1-Q94P, which contains a single amino acid
substitution that prevents deconjugation by the cellular de-
SUMOylating enzymes and therefore produces even greater
increases in cellular SUMOylation compared with wild-type
SUMO. As shown in Fig. 5C for 293T cells and in Fig. 5D for
HCT116 cells infected with the recombinant adenoviruses,
expression of the Dual-His-S-SUMO1-Q94P/IRES/HA-UBC9

construct (Ad-SUMO1-Q94P) led to the detection of a high
molecular weight form of RhoGDI by Western blotting,
whereas expression of either the wild-type dicistronic con-
struct, Dual-His-S-SUMO1/IRES/HA-UBC9 (Ad-SUMO1-
WT), or the non-conjugatable construct, His-S-SUMO1�GG/
IRES/HA-UBC9 (Ad-SUMO1�GG), did not, indicating that
RhoGDI might be modified by SUMOylation. We then used
immunoprecipitation to pull down endogenous RhoGDI and
detected its SUMOylation with anti-SUMO1 antibody. As
shown in Fig. 5E, the anti-RhoGDI antibody not only pull
downed the unmodified RhoGDI molecule but also the modi-
fied form, indicated by the migrated band, which was also
detected by the anti-SUMO1 antibody. Therefore, our results
suggested that RhoGDI was post-translationally modified by
SUMOylation. Finally, we compared the putative SUMOylation
levelofRhoGDI inWTandXIAP�/�cells.AsshowninFig.5F, the
retardedmigrated bandof RhoGDIwas stronger inXIAP�/� cells
comparedwithWTcells. Taken together, our studies suggest that
XIAPmight negatively regulate RhoGDI SUMOylation.

DISCUSSION

Cancer progression is a multistep process in which cancer
cells disperse from a localized primary tumor mass to both
invade adnexa and metastasize to distant organs. Clinical stud-
ies have shown that themortality of�90%cancer patients is not
due to the primary tumor, but is due to the development of
metastasis (49). Therefore, one of the major aims in the cancer
research field is to explore and understand the factors involved
in cancer metastasis. In this study, we found that either knock-
out or knockdown of XIAP decreased insoluble �-actin expres-
sion, actin polymerization, cytoskeleton formation, and cell
motility. Moreover, reconstituted expression of XIAP in
XIAP�/� cells restored all of these biological effects. We have
also demonstrated that the cell motility regulated by XIAP
depended on its RING domain. Furthermore, we identified
RhoGDI as a downstream target of the effects of XIAP on cell
motility. TheXIAPRINGdomainwas found to form a complex
with RhoGDI, which further regulated Arp2/3 recruitment and
EGF-induced actin polymerization.Moreover, XIAP seemed to
negatively regulate RhoGDI SUMOylation, which could regu-
late the activity of RhoGDI in controlling cell motility. Collec-
tively, our results demonstrate that XIAP is an essential regula-
tor of cancer cell motility and that this activity is distinct from
its reported function as a regulator of caspase cascades.
Elevated expression ofXIAPhas been associatedwith aggres-

sive malignant cancer behavior and cancer progression and is
considered a good predictor of poor clinical outcomes in a
number ofmalignancies (8–20). However, the biological signif-
icance of the increased XIAP expression in cancer invasion and
metastasis is controversial and still largely unknown. It has been

FIGURE 5. XIAP depletion causes failure to recruit the Arp2/3 complex upon EGF treatment and increased RhoGDI SUMOylation. A, after the WT and
XIAP�/� HCT116 cells were treated with EGF (50 ng/ml) for 0.5 or 1.5 min, the cell fractions were isolated and subjected to Western blotting. p-EGFR,
phospho-EGF receptor. B, lysates from WT(GFP-RhoGDI) and XIAP�/�(GFP-RhoGDI) cells were co-immunoprecipitated (IP) with anti-GFP antibody, and immu-
noprecipitates were then subjected to Western blotting. UB, ubiquitin; IgG-H, IgG heavy chain. C and D, 293T and HCT116 cells, respectively, were infected with
the indicated viruses for 24 h, and the cells were lysed in 2� SDS sample buffer and subjected to Western blotting (WB). E, lysates from HCT116 cells were
immunoprecipitated with anti-RhoGDI antibody, and immunoprecipitates were then subjected to Western blotting. F, WT and XIAP�/� cells were lysed in
buffer containing 62.5 mM Tris (pH 6.8) and 2% SDS, boiled for 10 min, and subjected to the Western blot assay. G, the proposed model for XIAP regulation of
cancer cell motility.
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reported that knockdown of XIAP impaired cancer metastasis
in hepatocellular carcinoma cells (50), whereas another study
suggested that XIAP did not play a role in the regulation of
HeLa cell migration (51). cIAP1 and cIAP2 are other important
members of the IAP family, whose roles in cancermetastasis are
also complicated. Altieri and co-workers (42) have found that
knockdown of XIAP as well as cIAP1 and cIAP2 inhibited cell
invasion in human breast and prostate adenocarcinoma cells,
which is entirely consistent with our findings in human colon
cancer HCT116 cells. After completion of this manuscript,
there was another report showing that XIAP regulates metas-
tasis in prostate cancer cells through activating the NF-�B
pathway (42). Thus, further investigations into the pathological
role of XIAP expression in mediation of cancer invasion and
metastasis are of significance. Considering the fact that
XIAP�/�HCT116 cells contain very few (0–1%) apoptotic cells
(25), our results provide clear evidence demonstrating that the
requirement for XIAP in the regulation of cancer cell migration
is distinct from its well characterized anti-apoptotic function.
Actin polymerization and cytoskeleton formation act as a

central intracellular “motor” for cell migration. Our results
showed that �-actin expression was significantly down-regu-
lated in XIAP�/� cells and that only F-actin, but not G-actin,
was affected, indicating that XIAP can regulate actin polymer-
ization rather than its transcription or protein degradation.
Our findings further showed that the defect in actin polymeri-
zation in XIAP�/� cells was due to failure to recruit Arp2/3 to
the cytoskeleton. By utilizing various XIAP deletions and co-
immunoprecipitation, we showed that XIAP formed a complex
with RhoGDI through its RING domain and that XIAP-
RhoGDI interaction led to the inhibition of RhoGDI function as
an inhibitor of Arp2/3 recruitment and actin polymerization.
Our results further showed that RhoGDI could be modified by
SUMOylation, a newly identified modification of RhoGDI pro-
tein. Our findings that knock-out of XIAP led to an increase in
RhoGDI SUMOylation, coupled with previous reports that pro-
tein SUMOylation can affect protein activity and localization in
cells, suggested that XIAP-regulated RhoGDI SUMOylation may
be responsible for XIAP-mediated cancer cell motility. Further
investigations of this possibility and the detailedmolecular mech-
anisms linking XIAP to RhoGDI SUMOylation and function are
among some of the major projects under way in our laboratory.
We noted that knockdown of RhoGDI in WT HCT116 cells did
not accelerate the cell migration rate, but its effect on XIAP�/�

cells was remarkable (Fig. 4C). The explanation for this discrep-
ancy may be that XIAP overexpression in WT HCT116 cancer
cells provides a high level of the inhibitory effect on RhoGDI
SUMOylation, and consequently, the normal function of
RhoGDI in constraining cell migration is very limited or
impaired. As a result, knockdown of RhoGDI by siRNA did not
show any additional effect on the migration of WT HCT116
cancer cells. On the other hand, in XIAP�/� cells, there was no
inhibitory effect of XIAP on RhoGDI SUMOylation, so
RhoGDI is a major participant in the negative regulation of cell
migration. Therefore, knockdown of RhoGDI shows a marked
effect on cell migration.
In summary, the results obtained from this study suggest that

XIAP has the function of regulating cell motility via regulation

of �-actin polymerization and cytoskeleton formation. We
have shown that XIAP regulates actin polymerization and cell
motility through its interaction with RhoGDI. Moreover, our
study indicates that XIAP negatively regulates RhoGDI
SUMOylation, by which XIAP might target and inhibit the
RhoGDI biological effect in the regulation of Arp2/3 recruit-
ment and �-actin polymerization. Thus, our study provides
new molecular insights into the understanding of XIAP-medi-
ated cancer cell motility as proposed in Fig. 5G. These findings
may enable us to explore the potential utilization of XIAP as a
target for cancer prevention and therapy.
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