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Background: The possible role of ML-IAP in regulating MAPK signaling and cell migration is examined.
Results: ML-IAP directly binds to C-RAF and targets it for proteasomal degradation. Loss of ML-IAP leads to an increase in
MAPK activity and cell migration. ML-IAP interacts directly with XIAP.
Conclusion:ML-IAP regulates C-RAF stability and cell migration.
Significance: There is a novel role of ML-IAP in regulating cell migration and MAPK signaling. IAPs exist in heteromeric
complexes and regulate C-RAF stability.

Inhibitor of apoptosis (IAPs) proteins are characterizedby the
presence of evolutionarily conserved baculoviral inhibitor of
apoptosis repeat (BIR) domains, predominantly known for their
role in inhibiting caspases and, thereby, apoptosis. We have
shown previously that multi-BIR domain-containing IAPs, cel-
lular IAPs, and X-linked IAP can control tumor cell migration
by directly regulating the protein stability of C-RAF kinase.
Here, we extend our observations to a single BIR domain con-
taining IAP familymembermelanoma-IAP (ML-IAP).We show
that ML-IAP can directly bind to C-RAF and that ML-IAP
depletion leads to an increase in C-RAF protein levels, MAPK
activation, and cell migration in melanoma cells. Thus, our
results unveil a thus far unknown role forML-IAP in controlling
C-RAF stability and cell migration.

Melanoma IAP (ML-IAP/Livin)2 is amember of the IAP fam-
ily highly expressed in tumors (1). IAPs are a conserved class of
proteins primarily characterized by the presence of one to three
baculoviral IAP repeat (BIR) domains, which are protein-pro-
tein interaction motifs (2). BIR domains are zinc-coordinated
folds stabilized by the presence of conserved cysteine and his-
tidine residues, and these domains are required for the interac-
tion of IAPs with various proteins including caspases (2). There
are eight known mammalian IAPs: cellular IAPs (cIAP1 and
cIAP2), XIAP, NAIP (Neuronal Apoptosis Inhibitory Protein),
BRUCE (BIR repeat containing ubiquitin-conjugating enzyme),

Survivin, ILP2, and ML-IAP. Five of these IAPs (cIAP1, cIAP2,
XIAP, NAIP, ILP2, and ML-IAP) also possess a RING (really
interesting new gene) domain that has two coordinated zinc
atoms linked to seven cysteines and three histidines (3). RING
domains act as E3 ubiquitin ligases and catalyze the conjugation
of ubiquitin moieties to the substrates contributing to cellular
signaling or substrate protein degradation via the proteasomes
or lysosomes (4). These domains are also shown to be respon-
sible for heteromerization between the IAPs and also for their
cross-regulation (5). Some IAPs also possess an ubiquitin bind-
ing UBA (ubiquitin-associated) domain (6, 7).
The anti-apoptotic function of these IAPs makes them a

potential target for cancer chemotherapy. Several of these IAPs
have been linked to tumor cell survival (8), resistance to chem-
otherapy, and radiotherapy and tumor metastases (9–11).
cIAP1 is recognized as an oncogene in hepatocellular carci-
noma (12). ML-IAP is a single BIR domain containing IAP
detected to be highly expressed in malignant melanoma and
was therefore named melanoma IAP (1). Since then, ML-IAP
has been found to be significantly increased in various other
tumors like colon cancer (13), bladder cancer (14), renal cell
carcinoma (15, 16), non-small cell lung carcinoma (17), leuke-
mia (18), neuroblastoma (19), glioma (20), and so forth and,
thus, have been associated with prognostic significance in sev-
eral solid and liquid tumors. Further, ML-IAP is located in
chromosome 20q13, a region frequently amplified in many
tumors. ML-IAP exerts its anti-apoptotic function via both the
BIR and RING domains. Apart from inhibiting caspases 3 and 7
in vitro and caspase 9 in vivo, it also promotes ubiquitin-pro-
teasome-mediated degradation of Smac/DIABLO (Second
mitochondria-derived activator of caspases/direct IAP binding
protein with low pI), an important antagonist of IAPs (21, 22).
Smac, on the other hand, has also been shown to antagonize
ML-IAP by direct binding (23). Further, ML-IAP has been
shown to be transcriptionally regulated by microphthalmia-
associated transcription factor in melanoma cells (24) and
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�-catenin/TCF complex in non-small cell lung carcinoma (25)
andMycN in neuroblastoma (26). Apart from being associated
with apoptosis inhibition, ML-IAP has been shown to inhibit
cell proliferation and induce cell cycle arrest in G0/G1 phase
(27, 28).
C-RAF is a central member of the classical MAPK pathway

and the first effector of RAS to be discovered (29, 30). C-RAF
phosphorylates and activates MEK1/2, leading to further acti-
vation of ERK1/2, forming the prototype of a three-tier MAPK
cascade to transmit signals from outside the cells to the nucleus
(31, 32). This cascade regulates various cellular processes,
including proliferation,migration, differentiation, and survival,
and deregulation of the components of this pathway is often
associated with cancers (33). Previous observations from our
group have revealed an unexpected role of IAPs inMAP kinase
signaling pathway by directly controlling the stability of C-RAF
kinase (34). We have shown that cIAP1, cIAP2, and XIAP
directly bind to C-RAF kinase to promote its polyubiquitina-
tion and proteasomal degradation. Also, down-regulation of
IAPs either by the siRNA or IAP antagonist compound leads to
an enhancement in MAPK-dependent cell migration in cancer
cells (34, 35). Here, we extend our studies and show that ML-
IAP also binds to C-RAF directly and that silencing of ML-IAP
expression leads to stabilization of C-RAF protein inmelanoma
cells. This, in turn, leads to MAPK-dependent cell migration,
revealing a novel role forML-IAP.We characterize themode of
interaction between ML-IAP and C-RAF and further present
evidence that IAPs interact with each other, thus emphasizing a
role for IAP-IAP heteromeric complexes in regulating C-RAF
stability.

EXPERIMENTAL PROCEDURES

Antibodies and Constructs—The following antibodies have
been employed in this study: anti-ML-IAP mouse monoclonal
antibody (R&D Systems), a second anti-ML-IAPmouse mono-
clonal antibody (a gift from Genentech), anti-C-RAF rabbit
polyclonal C-12 antibody (Santa Cruz Biotechnology), anti-C-
RAF-p-Ser-338 rabbit monoclonal antibody (Cell Signaling
Technology), anti-C-RAF-p-Ser-259 rabbit polyclonal anti-
body (Cell Signaling Technology), anti-C-RAF-p-Ser-621
mouse monoclonal antibody (Santa Cruz Biotechnology), anti-
�-actin rabbit polyclonal antibody (Sigma), anti-phospho-
ERK1/2 rabbit polyclonal antibody (Thr-202/Tyr-204) (Cell
Signaling Technology), anti-XIAPmousemonoclonal antibody
(BD Biosciences), anti-cIAP1 goat antibody (R&D Systems),
anti-HA probe (12CA5) mouse monoclonal antibody (Santa
Cruz Biotechnology), normal rabbit IgG (Santa Cruz Biotech-
nology), and normal mouse IgG (Santa Cruz Biotechnology).
The following expression constructs have been employed in

the study: pcDNA3 FLAG-ML-IAP WT, pcDNA3-FLAG ML-
IAPD120A, pcDNA3-FLAGML-IAPD138A, pcDNA3 FLAG-
ML-IAP C124A, pcDNA3 FLAG-ML-IAP�RING, pcDNA3
HA-C-RAF WT, pcDNA3 HA-C-RAF DD, and pcDNA3 EV.
The various point mutations in the ML-IAP BIR domains were
generated with a site-directed mutagenesis kit (Stratagene) fol-
lowing the instructions of the manufacturer.
Cell Culture and siRNAKnockdown—MEL-HOandColo829

cells (a gift from Richard Marais) were cultured in RPMI 1640

medium supplemented with 10% FCS (Invitrogen) and 0.2%
penicillin (100 units/ml)/streptomycin (100 �g/ml) (Invitro-
gen) at 37 °C in 5% CO2. 293T cells were cultured in DMEM
(Invitrogen) supplementedwith 10%FCS (Invitrogen) and 0.2%
penicillin (100 units/ml)/streptomycin (100 �g/ml) (Invitro-
gen) at 37 °C in 5% CO2. Sbcl2 cells (a kind gift from Richard
Marais, Institute for Cancer Research, UK) were cultured in
MCDB153 (Sigma)/L15 medium (Invitrogen, v/v:4/1) supple-
mented with CaCl2 (2 mmol/liter), insulin (5 �g/ml, Sigma),
and 2% FCS. The cells were treated with U0126 (Calbiochem,
catalog no. 662005) at a final concentration of 10 �M when
needed.
To silence ML-IAP, XIAP, cIAP1, and C-RAF expression by

RNA interference, �75,000 cells/well were seeded in a 12-well
plate at least 20 h prior to transfection. Scrambled control
siRNA as well as siRNAs directed against various genes were
transfected using the Hiperfect (Qiagen), DharmaFECT� Duo
(Dharmacon), or Lipofectamine RNAimax (Invitrogen) trans-
fection kits. The cells were normally lysed at 48 h post-trans-
fection. Unless otherwise mentioned, we transfected siRNAs at
a final concentration of 60 nM. The following siRNAs were
employed in this study:ML-IAP siRNA-1, target sequenceTTG-
GATGCTTCTGAATAGAAA (Qiagen); ML-IAP siRNA-2, tar-
get sequence ATGGCTTAACTGTACCTGTTT (Qiagen);
XIAP 3�UTR siRNA, target sequence CTGACTGATCTAAT-
TGTATTA (Qiagen); cIAP1 siRNA-1, catalog no. J-004390-12-
0010 (Dharmacon on target plus siRNA); cIAP1 siRNA-2, tar-
get sequence CTAGGAGACAGTCCTATTCAA (Qiagen);
cIAP2 siRNA-1, target sequenceAATTGGGAACCGAAGGA-
TAAT (Qiagen); C-RAF 3�UTR siRNA, target sequence GTG-
GATGTTGATGGTAGTACA (Qiagen); and control siRNA,
catalog no D-001210-01-20 (Dharmacon).
Transwell Migration Experiments—MEL-HO cells were

transfected with siRNAs for 36 h and then seeded on to 8-�m
transwell migration chambers (Corning, catalog no. 3422). The
cells were stimulated with serum-free RPMI or RPMI with 10%
FCS and added to the lower chamber. The cells were left to
migrate for 12–14 h. Cells on the upper part of the membrane
were scraped using a cotton swab, and the migrated cells were
fixed in 3.7% (v/v) paraformaldehyde and stained with 0.4%
crystal violet in 10% ethanol. The experiment was performed in
triplicates for all conditions described. From every transwell,
several imageswere taken under a phase contrastmicroscope at
10�magnification, and eight random fields per condition were
considered for quantification. Analyses were performed using
two special algorithms as described before (34). The results of
the analysis are depicted as graphs. Student’s t test was per-
formed to check for the significance (*, p� 0.05; **, p� 0.01; ***,
p � 0.005).
ReporterGeneAssays—SRE luciferase reporter assaywas per-

formed using two different expression systems. Firstly, using
the 293T overexpression system, where the ELK1-GAL4 trans-
activator plasmid and reporter gene plasmid with a synthetic
GAL4 promoter, GAL4-luciferase (a kind gift from Walter
Kolch), were transiently transfected with C-RAF 340D/341D
with or withoutML-IAP. The luciferase activity wasmonitored
using the dual luciferase reporter assay system (Promega,
Mannheim, Germany) in accordance with the protocol of the
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manufacturer. Secondly, MEL-HO cells were transduced with
the Cignal Lenti Pathway Reporter lentiviral particles using the
Cignal Lenti SRE reporter (luc) kit (Qiagen, catalog no. CLS-
010L). Following viral infection, the cells were cultured under
puromycin selection to generate a homogenous population of
transduced cells. The SRE luciferase assay to monitor the
ERK1/2 activation was performed using the dual luciferase
reporter assay system (Promega) in accordance with the proto-
col of the manufacturer. Briefly, transduced and selected
MEL-HO cells were seeded on a 12-well plate and transfected
withML-IAP siRNAs using Lipofectamine RNAimax. The cells
were harvested in lysis buffer 48 h after transfection, luciferase
assays were performed in triplicates, and the activity of firefly
luciferase was used as a reporter for detecting the activation of
the MAPK pathway.
SDS-PAGE and Western Blotting—For SDS-PAGE, cells

were lysed in 4� Laemmli buffer and boiled at 100 °C for 5 min
before loading onto the polyacrylamide gels. After separation,
the proteins were transferred to nitrocellulose membranes. For
immunoblot analysis, membranes were blockedwith 5% low fat
milk in phosphate-buffered saline for 1 h and then incubated
with various primary antibodies diluted in blocking buffer or in
TBST (50mMTRIS, 150mMNaCl, and 0.05% Tween 20). Anti-
gen antibody complexes were detected by incubating with
horseradish peroxidase-coupled secondary antibodies followed
by enhanced chemiluminescence (Amersham Biosciences).
Quantification ofWestern blot analyses was performed by den-
sitometry (ImageJ software, National Institutes of Health).
Immunoprecipitation—To immunoprecipitate endogenous

proteins, cells were seeded on 10-cm dishes and, if required,
transfected after 24 h and then lysed 48hpost-transfection. The
cells were lysed with lysis buffer (50 mM Tris-HCl (pH 7.5), 250
mM NaCl, 1% Triton X-100, 1 mM NaVO3, 25 mM NaF, 1.5 mM

MgCl2, 1 mM PMSF, �-mercaptoethanol (1:1000 dilution,
Applichem), protease inhibitor mixture (1:100 dilution, Calbi-
ochem), 10% glycerol) for 30min on ice and sonicated twice for
10 s. Lysates were cleared by centrifugation for 15min at 14,000
rpm. Endogenous ML-IAP or C-RAF proteins were then
immunoprecipitated with respective antibodies for 15 h at 4 °C.
The antigen-antibody complexes were precipitated by Sephar-
ose-coupled protein A/G beads (Roche). The beads were then
washed three times with the lysis buffer, and bound proteins
were analyzed by SDS-PAGE and immunoblotting. For immu-
noprecipitation of coexpressed proteins in 293T cells, we trans-
fected 293T cells with various plasmids. The cells were lysed at
48 h post-transfection, and proteins were immunoprecipitated
as mentioned above. Whenever needed, the cells were treated
with proteasome inhibitorMG132 (Calbiochem) at a final con-
centration of 10 �M for 6 h before lysis. Controls immunopre-
cipitations were performed with IgG isotype control antibodies
(Santa Cruz Biotechnology). Immunoprecipitation of purified
proteins was done using the lysis buffer mentioned above.
Briefly, the proteins were added to the lysis buffer and incu-
bated with the XIAP antibody for 15 h at 4 °C, and then the
complexes were processed as described above.
Expression of GST-tagged proteins and Their Purification—

GST-XIAP- or GST-encoding plasmids were transformed into
BL21-CodonPlus-competent cells, and transformation and

protein purification was performed following standard proto-
cols. Briefly, the transformed cells were grown in a liquid cul-
ture at 37 °C overnight with chloramphenicol and ampicillin
with constant shaking. Part of this overnight culture was then
added to fresh Luria-Bertani medium (Applichem) and incu-
bated at 37 °C until it reached A600 0.6. Bacteria transformed
with GST were then induced with 1 mM isopropyl 1-thio-�-D-
galactopyranoside for 4 h at 37 °C, whereas bacteria trans-
formed with GST-XIAP were induced with 1 mM isopropyl
1-thio-�-D-galactopyranoside overnight at 16 °C. The cells
were pelleted and lysed in GST lysis buffer (50 mM Hepes (pH
7.5), 150 mM NaCl, 1 mM EDTA, 5% glycerol, 0.1% Nonidet
P-40), 1 mM DTT, and 1 mM protease inhibitor mixture (Calbi-
ochem). The GST proteins were bound to glutathione-Sephar-
ose beads (GE Healthcare). ML-IAP and cIAP1 proteins were
obtained from R&D Systems (catalog nos. 787-LV and 818-IA,
respectively), andHis-C-RAFwas purified from SF9 cells in the
laboratory of Ulf Rapp.
GST Pull-downs—GSH as well as GST beads were washed

with GST pull-down buffer (20 mM HEPES (pH 7.5), 150 mM

NaCl, 1 mM DTT, 1% Nonidet P-40), and the GST-tagged pro-
teins were added to the respective Eppendorf tubes with 3%
BSA and incubated for 1 h at 4 °C. The beads were washed with
washing buffer (20 mM HEPES (pH 7.5), 250 mM NaCl, 1 mM

DTT, 1% Nonidet P-40) three times and then the untagged
protein was added. The mix was incubated at 4 °C for 2 h. The
beads were washed three times with wash buffer. The buffer
was then removed completely using an insulin syringe. The
samples were then prepared for SDS-PAGE.
ElectronicManipulation of Images—In some cases, thewhole

images were subjected to contrast or brightness adjustments.
No other manipulations were performed unless stated
otherwise.

RESULTS

ML-IAP Directly Interacts with C-RAF via Its BIR Domain—
We have shown previously that C-RAF kinase can directly bind
tomulti-BIR domain-containing IAPs, cIAP1, cIAP2, andXIAP
in a BIR domain-dependent manner (34). To further corrobo-
rate these observations and to further characterize the interac-
tion, we generated several mutants of XIAP, including single
BIR domains tagged toGST.Consistentwith our previous stud-
ies, GST pull-down experiments with these mutants suggested
a strong interaction between C-RAF and type II BIR domains
(BIR2 and BIR3 domains) of XIAP. A XIAP mutant lacking the
BIR1 domain binds more efficiently to C-RAF as compared
with single BIR domains, and a XIAP mutant lacking BIR
domains failed to interact with C-RAF under these settings
(supplemental Figs. S1, A and B). We extended these studies to
ML-IAP, a single BIR domain containing IAP. TheML-IAPBIR
domain resembles the BIR2 domain of XIAP (1). To investigate
whether ML-IAP can bind directly to C-RAF, we employed
GST pull-down assays using purified proteins. These experi-
ments revealed that ML-IAP could be precipitated by GST-
taggedC-RAF andnot byGSTbead control (Fig. 1A). The inter-
action between His-C-RAF and GST-XIAP was used as a
positive control.We tested a panel of tumor cell lines for endog-
enous expression of ML-IAP and found ML-IAP in detectable
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levels in only two melanoma cell lines, MEL-HO and Colo829,
with two different ML-IAP antibodies. Therefore, we resorted
to these two cell lines for our subsequent experiments. We
tested for endogenous interaction betweenC-RAF andML-IAP
in these cells lines and could observe coprecipitatingML-IAP in
C-RAF immunoprecipitates (Figs. 1,B andC). To further ascer-
tain the residues responsible for driving the interaction
between ML-IAP and C-RAF in vivo, we resorted to coimmu-
noprecipitation experiments in 293T cells. Various mutants of
ML-IAP were generated, as shown in Fig. 1D. ML-IAPD120A
and D138A are well characterized ML-IAP surface mutants
lacking the capability to bind to IAP antagonist Smac (Fig. 1E)
(23). HA-tagged C-RAF was expressed in 293T cells with the
FLAG-tagged ML-IAP wild type and two other mutants,
ML-IAPD138A and one lacking the RING domain (ML-
IAP�RING) (Fig. 1F). As expected, wild-type ML-IAP copre-
cipitated with C-RAF and, interestingly, the ML-IAPD138A
mutant exhibited a reduced binding to C-RAF. Surprisingly, we
detected a stronger interaction between C-RAF and
ML-IAP�RING as compared withML-IAP, suggesting that the
RINGdomain could possibly limit this interaction. As activated
C-RAF exhibited a stronger interaction with XIAP (34), we
explored whether a constitutively active C-RAF interacts with
ML-IAP and whether this interaction can be disrupted by the
mutations in the Smac binding domain of ML-IAP. A similar
293T overexpression experiment was performed with ML-IAP
and its mutants to check for their interaction with a constitu-
tively active C-RAF mutant, Y340DY341D (referred to here as
C-RAFDD). These experiments revealed similar results, imply-
ing that mutations of residues Asp-120 and Asp-138 in the BIR
domain of ML-IAP can largely impede C-RAF/ML-IAP inter-
action, although they are not sufficient to completely abolish
this interaction (Fig. 1G).
Loss of ML-IAP Leads to Stabilization in C-RAF Protein

Levels—Mutations in NRAS and B-RAF are common in mela-
nomas, and the V600E mutation in B-RAF enhances its kinase
activity more than 500-fold. Although NRAS mutant melano-
mas are dependent on C-RAF kinase for the activation of the
MEK1/2 and ERK1/2 kinases, B-RAF V600E mutant melano-
mas are completely dependent on B-RAF for their downstream
signaling (36). To test whether IAPs influence C-RAF kinase in
melanomas, we have screened various cell lines with mutations
in NRAS or B-RAF V600E. We depleted IAPs in various cell
lines, including Sbcl2 (NRAS*), A375, Colo829 (both expressing
B-RAF V600E), and MEL-HO (Myc-amplified). As expected,
C-RAF levels are increased in all these cases when individual
IAPs are depleted with validated siRNAs (supplemental Fig. S2,
A–D).
ML-IAP was then depleted in Colo829 and MEL-HO cells

with two different siRNAs, and any alterations in the protein

levels of C-RAF were tested by immunoblot analyses. We
detected an increase (1.4–2-fold) in the protein level of C-RAF
upon knockdown of ML-IAP in both cell lines (Fig. 2, A and B).
We then tested whether the detected increase in the level of
C-RAF protein is a result of increased protein stability. We
performed cycloheximide chase experiments, which revealed
that knockdown of ML-IAP in Colo829 as well as MEL-HO
cells led to increased C-RAF protein stability (Fig. 2, C and D,
and supplemental Fig. S3, A and B). These data confirm that
ML-IAP regulates C-RAF protein stability in melanoma-de-
rived cell lines.
It has been shown previously that C-RAF kinase is stabilized

in the cytosol by binding to 14-3-3, which is facilitated by phos-
phorylation at two residues, Ser-259 and Ser-621 (37). Ser-621
is an autophosphorylation site of C-RAF, preventing its protea-
somal degradation, and Ser-259 has been identified as an inhib-
itory phosphorylation site (38, 39). Because binding of IAPs to
C-RAF affects its stability, we wanted to test the effect of IAP
knockdown on the phosphorylation status of Ser-621.We have
shown previously that knockdown of X-/c-IAPs in HeLa cells
leads to an increase in both the cytosolic and membrane pools
of C-RAF with a consistent increase in the phosphorylation of
both Ser-338 and Ser-259 (34). We knocked down XIAP in
HeLa cells and ML-IAP in Colo829 cells and checked for the
phosphorylation status of Ser-621 in the immunoprecipitates of
endogenous C-RAF from control and knockdown cells by
Western blotting (Fig. 2, E and F). We found that phosphory-
lation at Ser-621 and at Ser-259 in C-RAF is increased in IAP-
depleted cells.
ML-IAP Is Required for Chaperone-mediated C-RAF Ubiq-

uitination and Proteasomal Degradation—AsC-RAF is a chap-
erone client protein, we tested whether ML-IAP could play a
role in chaperone-mediated C-RAF degradation. We knocked
down ML-IAP in Colo829 using siRNAs and checked for the
kinetics of C-RAF degradation upon treatment with 17-AAG,
which is a geldanamycin analog. Treatment with 17-AAG
inhibits Hsp90 function in vivo and thereby triggers C-RAF
degradation via proteasomes. Interestingly, degradation of
C-RAF with 17-AAG was reduced at every time point when
ML-IAP levels were depleted with siRNAs (Fig. 3A). These data
demonstrated that ML-IAP functionally synergizes with the
Hsp90 quality control system to regulate C-RAF protein stabil-
ity in these cells. As the basal C-RAF levels are increased upon
ML-IAP depletion, we tested whether ML-IAP regulated
C-RAF polyubiquitination at endogenous levels. We trans-
fectedColo829 cells withML-IAP siRNAs, treatedwithMG132
for 6 h prior to lysis, and then immunoprecipitated C-RAF.
Western blot analyses of the immunoprecipitated samples
show a decrease in the polyubiquitinated smear of C-RAF in
ML-IAP knockdown cells as compared with control cells (Fig.

FIGURE 1. ML-IAP directly interacts with C-RAF via its BIR domain. A, ML-IAP was precipitated with GST-bound C-RAF, and the interaction was visualized by
Western blot analysis. Interaction of GST-bound XIAP with C-RAF was used as a positive control for the experiment. B, ML-IAP interacts with C-RAF at
endogenous levels in MEL-HO and Colo829 cells (C). Endogenous C-RAF was immunoprecipitated (IP), and the presence of coprecipitating (co-IP) ML-IAP was
checked by immunoblot analyses. D, pictorial representation of ML-IAP WT and mutants used for overexpression experiments. E, representations of ML-IAP
surface amino acid residues Asp-120 and Asp-138 adapted from the crystal structure of ML-IAP (PDB code 3F7G) generated using PyMOL software. F, Western
blot analysis of HA-tagged C-RAF WT and FLAG-tagged ML-IAP WT and mutants expressed in 293T cells and immunoprecipitated using HA antibody. Arrow
indicates the HA-tagged C-RAF. G, HA-tagged C-RAF Y340D Y341D (C-RAF DD) and FLAG-tagged ML-IAP WT and mutants were overexpressed in 293T cells, and
ML-IAP was immunoprecipitated using FLAG antibody. Coprecipitated C-RAF was visualized by Western blotting. The asterisk represents residual endogenous
C-RAF observed because of stripping and reprobing of blots after detection with C-RAF antibody. EV, empty vector control.
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3B). These experiments reveal that ML-IAP promotes C-RAF
ubiquitination to regulate its protein homeostasis.
Loss of ML-IAP Activates the MAPK Cascade and Promotes

Cell Migration in a MAPK-dependent Manner—To test
whether ML-IAP depletion-mediated C-RAF increase can lead
to the activation of the classical MAPK cascade and increased
ERK1/2 activity, we performed SRE (serum-responsive ele-
ment) reporter assays. We used a 293T overexpression system
where we transiently transfected the ELK1-GAL4 transactiva-
tor plasmid and reporter gene plasmid with a synthetic GAL4
promoter, GAL4-luciferase, with C-RAF DD with or without
ML-IAP. The luciferase activity was monitored using the dual-
luciferase reporter assay system. We observed a more than
50-fold increase in SRE activity upon expression of C-RAF DD,
and this activity is significantly reduced upon coexpression of
ML-IAP with C-RAF DD (Fig. 4A). Further, MEL-HO cells
were stably transduced with lentiviruses carrying the SRE-re-
sponsive luciferase reporter constructs, and the cells were sub-
sequently transfected with two different siRNAs targeted

against ML-IAP. The cells were harvested in lysis buffer 48 h
after transfection, and the activity of firefly luciferasewasmeas-
ured as a reporter for detecting the activation of the MAPK
pathway. We detected a modest but significant increase in the
SRE activity upon knockdown of ML-IAP in comparison to the
controls (supplemental Fig. S4A). We used EGF stimulation as
positive control and MEK inhibitor UO126 as a negative con-
trol (supplemental Fig. S4B).
Wewanted to test the functional significance of ERK1/2 acti-

vation upon ML-IAP depletion and checked for the migration
ability of MEL-HO cells. We performed a transwell migration
assay with cells transfected with control or ML-IAP siRNAs.
ML-IAP-depleted MEL-HO cells exhibited an enhanced tran-
swell migration (Fig. 4, B and C). To check whether the high
migration index observed in ML-IAP depleted cells is depend-
ent on MAPK activation, the cells were pretreated with
MEK1/2 inhibitor UO126. As expected, the migration of ML-
IAP-depleted MEL-HO cells were blocked by treatment with
UO126 (Fig. 4, B and C). These data demonstrated that deple-

FIGURE 2. Loss of IAPs lead to stabilization in C-RAF protein levels. siRNA-mediated knockdown of ML-IAP in Colo829 cells (A) as well as in MEL-HO cells (B)
leads to an increase in C-RAF levels, which was monitored by Western blot analysis. The levels of C-RAF were quantified using ImageJ software as detailed under
“Experimental Procedures.” C, cycloheximide chase in Colo829 cells with knockdown of ML-IAP shows an increase in the C-RAF protein levels at all time points
as compared with control cells using Western blotting. D, quantification of relative C-RAF protein levels in C by ImageJ software. HeLa cells (E) and Colo829 cells
(F) were transfected with control and XIAP siRNAs, and the changes in C-RAF phosphorylation status were observed by Western blotting in the C-RAF
immunoprecipitates (IP).
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FIGURE 3. ML-IAP is required for chaperone-mediated C-RAF ubiquitination. A, knockdown of ML-IAP was performed using siRNA in Colo829 cells and then
treated with 17AAG for various time points. ML-IAP knockdown leads to an increase in C-RAF levels as compared with siControl cells for every time point that
was monitored by Western blot analysis. B, ML-IAP was knocked down using siRNA in Colo829 cells. 48 h after transfection, cells were treated with MG132 for
6 h, and then endogenous C-RAF was immunoprecipitated (IP) as stated under “Experimental Procedures.” C-RAF ubiquitination was observed by Western blot
analysis.

FIGURE 4. Loss of ML-IAP activates the MAPK cascade and promotes cell migration in MAPK-dependent manner. A, luciferase assay was performed using
293T overexpression system. The ELK1-GAL4 transactivator plasmid and reporter gene plasmid with a synthetic GAL4 promoter, GAL4-luciferase, were
transiently transfected with C-RAF DD with or without ML-IAP, and the luciferase activity was monitored as mentioned under “Experimental Procedures.” B, a
transwell migration assay was performed using MEL-HO cells with control as well as ML-IAP siRNAs 48 h after transfection and also with and without UO126
treatment overnight. C, quantification of transwell migration assay in B is graphically represented. Student’s t test was performed to check for significance. *,
p � 0.05; **, p � 0.01; ***, p � 0.005).
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tion ofML-IAP enhances cell migration in aMAPK-dependent
manner.
IAPs Interact with Each Other to Form Heteromeric

Complexes—Knockdown of individual IAPs (XIAP, cIAP1,
cIAP2, as well as ML-IAP) leads to a similar increase in the
levels of C-RAF in various cell lines. These data suggested that
these IAPs might form a functional heteromeric complex to
regulate C-RAF stability. Further, previous studies have shown
that IAPs exist in heteromeric protein complexes (IAPosomes)
in the cytosol of various tumor cell lines (40). To directly test
whether ML-IAP exist in complex with other IAPs at endoge-
nous levels, we immunoprecipitated ML-IAP from Colo829
cells and checked for the presence of coprecipitating IAPs. As
expected, we could detect significant amounts of XIAP and
trace amounts of cIAP1 in ML-IAP immunoprecipitates, sug-
gesting thatML-IAP exists in an IAP-IAP heteromeric complex
in these cells (Fig. 5A). We then checked whether ML-IAP can
directly interact with other IAPs by employing purified pro-

teins. GST pull-down experiments confirmed that cIAP1 and
ML-IAP could directly form a complex with GST-XIAP (Fig.
5B). As IAPs exhibit some background binding to GST beads,
we repeated the experiments with an immunoprecipitation
strategy. These experiments reaffirmed that cIAP1 and ML-
IAP can directly interact with XIAP and that, when mixed
together, they can be precipitated together, suggesting the for-
mation of an IAP�IAP complex between these IAPs (Fig. 5C).
These results confirmed that IAPs can directly interact with
each other and that ML-IAP can directly interact with XIAP.

DISCUSSION

ML-IAP/Livin is a single BIR domain containing IAP and has
been shown to resist apoptosis to regulate tumor cell survival
(1).ML-IAP is overexpressed in various solid and liquid tumors
with prognostic significance. Because ML-IAP expression has
been significantly correlated with the tumor stage, it has turned
out to be an attractive target for cancer therapy, and inhibition

FIGURE 5. IAPs interact with each other to form heteromeric complexes. A, ML-IAP was immunoprecipitated (IP) from Colo829 cells, and the coprecipitating
cIAP1 and XIAP was analyzed by Western blot analyses. WCL, whole cell lysates. B, ML-IAP and His-cIAP1 interacts with GST-XIAP. The interaction between
GST-XIAP and cIAP1 or ML-IAP or both was monitored with a GST pull-down assay. The proteins were detected by Western blot analyses. Arrow indicates GST
tagged XIAP or GST proteins. C, purified GST-XIAP was immunoprecipitated from RIPA buffer containing His-cIAP1 or ML-IAP or both, and the coprecipitated
proteins were monitored by Western blot analyses.
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of ML-IAP by various strategies is pursued as an adjunct to
chemotherapy.
This study identifies another role of ML-IAP in regulating

MAPK signaling and cell migration. Our previous observations
unveiled a role of cellular IAPs and XIAP in MAPK pathway
regulation by affecting the stability of C-RAF kinase.We extend
our observations to a single BIR domain containing IAP to
observe if a single BIR domain IAP can bind to C-RAF and
promote its degradation via the protein quality controlmachin-
ery. Modeling studies revealed that the BIR domain of ML-IAP
closely resembled the XIAP BIR2 domain, and our current data
suggest that C-RAF preferentially binds to type II BIR domains
and not to type I BIR domains (supplemental Fig. S1). Further, a
combination of the BIR2 and BIR3 domains significantly
enhanced the interaction between IAPs and C-RAF (supple-
mental Fig. S1). In these lines, it is interesting to point out that
residues Asp-138 and Asp-120 ofML-IAP, which contribute to
Smac binding, are also exploited for the interaction between
ML-IAP andC-RAF, although themutation of these residues in
ML-IAP failed to completely abrogate interaction with C-RAF.
These data are consistent with the observations that treatment
of HeLa cells with cell-permeable Smac-N7-peptides led to sta-
bilization of C-RAFprotein inHeLa cells (34). The domain(s) of
C-RAF responsible for driving IAP interaction is/are currently
unclear, although kinase activity seems to enhance the interac-
tion between XIAP and C-RAF in vitro (34). On the IAP front,
we observed that the RING domain of ML-IAP seems to limit
the interaction between C-RAF and ML-IAP (Fig. 1F). Loss of

the RING domain facilitated stronger interaction betweenML-
IAP and C-RAF. Although BIR domains have been shown to
regulate the activity of RING domains (41), it is interesting to
detect a role for the RINGdomain in regulating the BIR binding
activity. We have also observed that mutation of Zn2�-coordi-
nating residues in ML-IAP leads to a strong destabilization of
the ML-IAP protein, possibly by triggering the RING activity.3
Further, ML-IAP autoubiquitinates itself, and the RING
domain might impair the binding of BIR domain to its putative
partners by ubiquitinating the BIR domain. For instance, XIAP
autoubiquitination sites are shown to be present in the BIR3
domain, contributing to its turnover (42).
IAPs directly bind to C-RAF, and it is tempting to propose

that the interaction between IAPs andC-RAF is highly dynamic
and dependent on various factors, including the activation sta-
tus of C-RAF in vivo. Our experiments with RAF inhibitors
revealed that C-RAF inactivation leads to destabilization of this
kinase, and, in fact, recent studies from the laboratory of Cath-
rin Pritchard demonstrated that C-RAF autophosphorylates at
Ser-621, which is crucial for 14-3-3 binding, failing which, the
kinase is degraded via proteasomes (39). Consistently, the
phosphorylation of Ser-621 is increased in IAP-depleted cells.
PP5, on the other hand, has been shown to dephosphorylate
C-RAF at Ser-338, leading to the direct inactivation of this
kinase (43, 44). We propose that interaction with IAPs adds

3 K. Rajalingam and T. K. Oberoi-Khanuja, unpublished observations.

FIGURE 6. Spatiotemporal dynamics of IAP-C-RAF interaction. Growth factor binding to its receptor activates Ras, which, in turn, recruits C-RAF to the
plasma membrane. Prohibitin assists in the displacement of 14-3-3 bound to C-RAF, leading to dephosphorylation of Ser-259 by PP2A, which facilitates
stronger RAS binding and membrane localization, leading to activation. PP5 directly dephosphorylates Ser-338, leading to inactivation of C-RAF. Phosphory-
lation at Ser-259 and Ser-621 leads to 14-3-3 binding, which leads to stabilization and localization of C-RAF in the cytosol. Binding of IAP�IAP complexes could
possibly displace 14-3-3 from C-RAF, leading to polyubiquitination and degradation of C-RAF. Polyubiquitination of C-RAF mediated by IAP binding adds
another layer of regulation for this kinase. Inactivation of IAPs would stabilize C-RAF kinase, thus enhancing MAPK activation.
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another layer of regulation for this kinase through ubiquitina-
tion and proteasomal degradation (Fig. 6). C-RAF, upon phos-
phorylation at Ser-259 and Ser-621, binds to 14-3-3 which, in
turn, leads to the stabilization of the kinase in the cytosol.
Indeed, phosphorylation of C-RAF at these residues is in-
creased in IAP-depleted cells. These data suggest that there
could be a potential competition between 14-3-3 and IAPs for
binding to C-RAF in the cytosol, which could then decide the
fate ofC-RAFkinase in cells (Fig. 6). Clearly, the spatiotemporal
dynamics of IAP-C-RAF interaction deserves further investiga-
tion. Although IAPs failed to regulate the protein levels of other
RAF isoforms, A-RAF and B-RAF, theymight still influence the
activity of these kinases indirectly by influencing the dimer for-
mation between C-RAF and other isoforms.
RNAi-mediated depletion ofmultiple IAPs led to an identical

increase in C-RAF levels (supplemental Fig. 2). This could pri-
marily be attributed to the formation of a functional IAP�IAP
heteromeric complex (IAPosomes), which in turn regulate
C-RAF stability. Previous studies have shown that IAPs exist in
multimeric protein complexes and that they can heteromerize
via their BIR domains and RING domains (5, 40). In these lines,
we detected that cIAP1, XIAP, and ML-IAP coprecipitate at
endogenous levels in Colo829 cells (Fig. 5). Further, we present
evidence that ML-IAP can directly bind to XIAP and that
XIAP-cIAP1 and ML-IAP can directly form an IAP�IAP com-
plex in the absence of other proteins (Fig. 5). As several IAPs are
required to regulate C-RAF homeostasis, we propose that
IAP�IAP complexes rather than individual IAPs are functional
in vivo. Currently, we are testing the possibility whether an
IAP�IAP complex might function as a multisubunit E3 ubiqui-
tin ligase. IAPs also cross-regulate each other, and loss of one
IAP often leads to an increase in the protein levels of another
IAP, which could also contribute to the lack of anymajor devel-
opment phenotypes in single IAP-deficient mice (45). Further,
the effects could also be attributed to species and cell type-
specific differences. We have shown previously that the RING
domain ofXIAP is not required for promoting the polyubiquiti-
nation of C-RAF kinase in vivo and that XIAP recruits the
cochaperone E3 ligaseCHIP to theHsp90�C-RAF complex (34).
Our current data withML-IAP also suggest that IAPs synergize
with the chaperonemachinery to regulate C-RAF levels. In fact,
cIAP1 has been shown to be associated with Hsp90 during cel-
lular differentiation (46). Further, silencing of CHIP expression
has also led to an increase in C-RAF levels in these melanoma
cell lines (data not shown).
Finally, we observed that silencing of ML-IAP promotes

MAPK activation and cell migration, as revealed by the SRE
reporter assays and transwell migration experiments. Although
the activation ofMAPKuponML-IAP depletionwas subtle, the
effect was significant enough to drive the migration of these
cells. These observations are consistent with previous reports
from our group substantiating the fact that knockdown of IAPs
using various strategies promotes cell migration in a MAPK/
Rac1-dependent manner (35). ML-IAP has turned out to be a
strong candidate for targeting cancer progression. As IAP
antagonists are in clinical trials, these observations are impor-
tant, as they shed further light into the biology of IAPs, which
allow us to adroitly administer these promising therapeutic

drugs. Finally, our results revealed that ML-IAP functions in
concert with other IAPs, in heteromeric complexes, to regulate
MAPK activation and tumor cell migration.
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