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The antiapoptotic properties of the inhibitor of apoptosis (IAP) family of proteins have been linked to
caspase inhibition. We have previously described an alternative mechanism of XIAP inhibition of apoptosis
that depends on the selective activation of JNK1. Here we report that two other members of the IAP family,
NAIP and ML-IAP, both activate JNK1. Expression of catalytically inactive JNK1 blocks NAIP and ML-IAP
protection against ICE- and TNF-a-induced apoptosis, indicating that JNK1 activation is necessary for the
antiapoptotic effect of these proteins. The MAP3 kinase, TAK1, appears to be an essential component of this
antiapoptotic pathway since IAP-mediated activation of JNKI, as well as protection against TNF-a- and
ICE-induced apoptosis, is inhibited when catalytically inactive TAK1 is expressed. In addition, XIAP, NAIP,
and JNKI1 bind to TAK1. Importantly, expression of catalytically inactive TAK1 did not affect XIAP inhibition
of caspase activity. These data suggest that XIAP’s antiapoptotic activity is achieved by two separate mecha-
nisms: one requiring TAK1-dependent JNK1 activation and the second involving caspase inhibition.

Apoptosis, or programmed cell death (PCD), is an active
process in which an individual cell responds to internal and/or
external cues by dying. PCD is involved in many homeostatic
processes in multicellular organisms, both during development
and in the mature organism. Too much cell death can lead to
impaired development and degenerative diseases, whereas too
little cell death can lead to diseases such as cancer and persis-
tent viral infections (23, 47, 62). Apoptosis is controlled by
several pro- and antiapoptotic families of genes that are con-
served from nematodes through mammals and viruses (46).

The inhibitor of apoptosis (IAP) family of proteins was first
discovered in baculovirus, where IAPs were shown to substi-
tute for the viral inhibitor p35 in suppressing the host cell
death response to viral infection (4, 38). IAP homologues were
subsequently isolated from Drosophila, Caenorhabditis elegans,
yeast, and mammalian cells. To date, seven members of the
IAP family in mammalian cells have been identified (8, 13, 38):
XIAP (32, 12, 66), c-IAP1 and c-IAP2 (49), NAIP (51, 32),
Survivin (1), Bruce (16), and the most recent member, ML-
IAP (also known as Livin and KIAP) (25, 31, 67). When com-
pared with other antiapoptotic proteins, such as p35 or CrmA,
IAPs are found to protect against the broadest spectrum of
apoptotic signals.

A suggested mechanism of IAP apoptotic suppression ap-
pears to be through direct caspase inhibition. Several of the
human IAP family proteins have been reported to directly bind
and inhibit specific members of the caspase family. For exam-
ple, XIAP, c-IAP1, c-IAP2, and Survivin directly bind and
inhibit caspases 3, 7, and 9 but not caspase 1, 6, 8, or 10 (9, 10,
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26, 50, 56, 61). In contrast, NAIP does not seem to bind
caspases (50), even though inhibition of caspase 3-like caspases
(3 and 7) has been reported (48, 57). In fact, recent studies
indicate that NAIP acts by both caspase-dependent and
-independent pathways (35).

Other intracellular components, such as the NF-kB pathway
and JNK1, reportedly play a role in the antiapoptotic activity of
IAPs (19, 53, 58). Transcription of c-IAP1, c-IAP2, and XIAP
genes was found to be strongly up regulated upon treatment of
cells with tumor necrosis factor alpha (TNF-a), interleukin 13,
or lipopolysaccharide (LPS). c-IAP1 and c-IAP2 have been
shown to activate NF-kB (58). XIAP also strongly stimulates
NF-kB via the TAKI signaling pathway (19).

We found previously that selective activation of the mitogen-
activated protein (MAP) kinase JNKI1 is necessary for the
antiapoptotic activity of XIAP but not that of c-IAP1 and
c-IAP2 (53). These findings lead us to investigate whether
other members of the IAP family would depend on a similar
MAP kinase-dependent mechanism to exert their antiapo-
ptotic effect. Therefore, we compared the effects of other com-
ponents of the IAP family, NAIP, Survivin, and ML-IAP on
the activation of MAP kinase pathways, we identified addi-
tional components of this antiapoptotic pathway, and we in-
vestigated the mechanism by which activation of MAP kinase
inhibits apoptosis.

MATERIALS AND METHODS

Plasmids. Plasmids encoding JNK1, JNK2, p38, ERK2, MKK4, B-galactosi-
dase (B-Gal)-ICE, XIAP, and the catalytically inactive mutants MKK4 (AA),
JNKI1 (AF), and p38 (AF) used in this study have been previously described (53).
JNK3, MKK7, catalytically inactive mutant MKK7 (KM), Survivin, NAIP-
BIR1-3, ML-IAP, TABI1, and ASK1 (KM) were expressed from pcDNA3 (In-
vitrogen); TAK1 and TAK1 (KW) were expressed in pCMV6. Human Survivin
was subcloned into a pcDNA3 vector containing an HA tag. JNK3-FLAG was
also subcloned into pcDNA3. We, as well as others (35, 50), have not been able
to express the full-length NAIP protein in 293T cells. For this reason, we used a



VoL. 22, 2002

truncated form of the NAIP protein that contains the first 367 amino acids (aa),
inclusive of the three baculovirus IAP repeats (BIR domains), which has been
described to be a functional protein since it is able to protect against apoptosis
(35, 48, 50).

The ability of the MKK4 (AA) and MKK7 (KM) mutants to act as dominant
negatives was determined by their ability to block at least 50% of MEKKI-
mediated JNKI1 activation (data not shown). The capacity of TAK1 (KW) to act
as dominant negative was determined previously (28). The ability of INK1 (AF)
to act as a dominant-negative mutant and therefore to inhibit JNK1 activation
was assessed as previously described (53). In addition, JINK1 (AF) was also able
to block ~60% of TAKI/TAB1 mediated c-Jun phosphorylation (data not
shown). The same effect was also observed in 293T cells transfected with ICE-
and TNF-a-treated MCF7-Fas cells. The expression of INK1 (AF) did not affect
expression of XIAP, NAIP-BIR1-3, or ML-IAP in any of the in vivo and in vitro
experiments, as assessed by Western blotting.

Transfection and cell culture. Human embryonic kidney cells (293T) were
grown at 37°C in 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum, 2 mM glutamine, 100 U of penicillin/ml, and 100 p.g of
streptomycin/ml. For transfection, each well of a six-well plate was seeded with
7 X 10° cells. Cells were transfected 18 h later using Lipofectamine Plus reagent
(Gibco) for 3 h and incubated for 18 h before lysis. MCF7-Fas cells were grown
in RPMI 1640 containing 10% FBS, 200 pg of G418/ml, and 100 pg of hygro-
mycin/ml and were grown at 37°C in 5% CO,. For transfection, each well of a
six-well plate was seeded with 2.5 X 10° cells, and 24 h after plating, wells were
transfected using Lipofectamine Plus reagent (Gibco). Twenty-four hours after
transfection, cells were treated with TNF-a (100 ng/ml). After 16 h, cells were
fixed and stained as described below.

Establishment of stable transfectants were obtained as follows: human embry-
onic kidney cells (293T) were transfected with pBMN-Z-I-Blasto, pBMN-
TAK1(KW)-I-Blasto, or pPBMN-ASK1(KW)-I-Blasto by the calcium phosphate
precipitation method and selected in medium containing blasticidine S (10 pg/
ml) (28).

Cell lysis and kinase assay. Cell lysis was performed for 30 min at 4°C with
lysis buffer (25 mM HEPES [pH 7.6], 1% Triton X-100, 137 mM NaCl, 3 mM
B-glycerophosphate, 3 mM ethylendiaminetetraacetic acid, 0.1 mM sodium or-
thovanadate, 1 mM phenylmethylsulfonyl fluoride [PMSF]). Expression of MAP
kinase proteins was quantified by densitometry after Western blot analysis, and
equivalent amounts were immunoprecipitated at 4°C for 2 h. The immunopre-
cipitates were washed twice with lysis buffer and twice with kinase buffer (see
below) before performing the kinase assay. Hemagglutinin (HA)- and Myc-
tagged proteins were immunoprecipitated using 20 pl of agarose-protein A
(Pierce) pre-incubated with anti-HA antibody or anti-Myc antibody (5 pg;
Boehringer Mannheim and Upstate, respectively) and FLAG-tagged proteins
with 20 ul of agarose conjugated with the M2 anti-FLAG monoclonal antibody
(Sigma).

In vitro kinase assays were performed as previously described (53) with the
difference that a 30-min incubation time was used for the detection of JNK2 and
JNK3 kinase activity. Activation of JNKI was carried out in 293T cells. As
previously reported (53), ICE expression did not inhibit XIAP-mediated JNK1
activation. We performed similar experiments with MCF7-Fas cells. We found
that XIAP, NAIP, or ML-IAP activates JINK1 in MCF7-Fas cells and that neither
expression of ICE in 293 cells or treatment with TNF-a in MCF7-Fas cells
affected XIAP-, NAIP-, or ML-IAP-mediated activation of JNKI.

Detection of apoptotic cells. (i) B-Gal staining. Cells were transfected with the
indicated plasmids together with B-Gal-expressing vector and stained with X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) (reagent for B-Gal expres-
sion) to allow the visualization of transfected cells and morphology observation.
Quantification of apoptotic cells was determined at the microscope by counting
over five fields for each sample. Apoptotic cells appear to be smaller and rounder
and show condensed and misshapen nuclei compared to viable cells, which are
flat and well spread and have easily discernible nuclei. Protein expression for all
the transfected constructs was assessed by Western blotting on duplicate lysates
of original transfections used for the apoptosis assays.

(i) AnnexinV-PE/FACS analysis. Cell were transfected with the indicated
plasmids together with green fluorescent protein (GFP) vector (Clontech Lab-
oratories) to allow quantitation of transfection efficiency. AnnexinV-phycoeryth-
rine (PE) staining was performed as suggested by the manufacturer (PharMin-
gen). Briefly, adherent cells were detached from the plates and centrifuged for 5
min at 65 X g. After removing the supernatant, cells were washed with AnnexinV
binding buffer and centrifuged again, and the supernatant decanted by inversion
of the tube. Cells were resuspended, and AnnexinV-PE conjugate (5 pl) was
added to each sample, incubated for 10 min in the dark, and then analyzed by
fluorescence-activated cell sorting (FACS) within 1 h.
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Death by apoptosis was quantified both by X-Gal staining of cells and Annex-
inV-PE-FACS analysis for each experiments. The results obtained using the two
different techniques were comparable, and therefore, the data show representa-
tive experiments.

Coimmunoprecipitations and immunoblot assays. Cells were washed exten-
sively and lysed in 200 pl of lysis buffer containing 50 mM HEPES, 100 mM
NaCl, 2 mM EDTA, 10% glycerol, 1% Nonidet P-40, 14 mM pepstatin A, 100
mM leupeptin, 3 mM benzamidine, 1 mM PMSF, 1 mM sodium pyrophosphate,
10 mM sodium orthovanadate, 100 U of aprotinin/ml, and 100 mM sodium
fluoride. After incubation for 30 min on ice, cell lysates were centrifuged (13,000
X g, 10 min, 4°C) and the supernatants were recovered. Cell lysates were pre-
cleared three times for 20 min at 4°C with 20 pl of protein A-Sepharose beads
and were mixed with specified antibodies for 3 h at 4°C under constant agitation.
Immune complexes were allowed to bind to 20 pl of protein A-Sepharose beads
overnight, beads were washed three times with lysis buffer, and the washed beads
resuspended in 30 wl of Laemmli buffer and boiled for 10 min. Immunoprecipi-
tates were separated on sodium dodecyl sulfate (SDS)-12% polyacrylamide gels
and transferred to nitrocellulose membranes. Filters were blocked with 5%
nonfat milk in blocking buffer (Tris-buffered saline [TBS], 50 mM Tris-Cl [pH
7.5], 150 mM NaCl, 0.1% Tween 20) and incubated with specified antibody for
2 h and with peroxidase-conjugated secondary antibody for 1 h at ambient
temperature. Specific bands were revealed using the ECL Plus system (Amer-
sham).

In vitro binding assays. In vitro translation of TAK1 was performed using
standard procedures (Promega). XIAP-GST protein was expressed from a
pGEX vector (Pharmacia) and purified as suggested by the manufacturer, and
JNKI-HIS protein was purchased from Santa Cruz. Gluthatione- or Ni-nitrilo-
triacetic acid (NTA)-conjugated beads (from Sigma and Qiagen, respectively)
were used to precipitate XIAP-GST and JNKI1-HIS. Binding assays were per-
formed in lysis buffer, and TAK1 interaction with XIAP or JNK1 was detected
by Western blotting using an anti-TAKI antibody (Santa Cruz).

Caspase activation in cytosolic extracts. Cytosolic extracts from transfected
293T (100-mm-diameter dishes) were prepared essentially as previously de-
scribed (33), with several modifications (11). Briefly, cells were washed once with
ice-cold buffer A and pelleted by centrifugation. Packed cell pellets were sus-
pended in 1 or 2 volumes of buffer A, incubated on ice for 20 min, and then
disrupted by 15 to 30 passages through a 26-gauge needle. Cell extracts were
clarified by centrifugation at 16,000 X g for 10 min, and the resulting superna-
tants were used for cell-free assays. For initiating caspase activation, 10 pM
horse heart cytochrome ¢ (Sigma) together with 1 mM dATP was added, and the
assays were incubated at 30°C for 10 min. One microliter (10 wg of total protein)
was measured for caspase activity by monitoring the release of 7-amino-4-triflu-
oromethyl coumarin (AFC) DEVD-containing synthetic peptides using contin-
uously reading instruments as previously described (10). Fluorogenic AFC
caspase substrate (Ac-DEVD-AFC) was purchased from Sigma.

RESULTS

XIAP, NAIP, and ML-IAP selectively activate JNK kinases.
The ability of the IAP family members NAIP and ML-IAP to
induce MAP kinase activation was assessed. 293T cells were
transfected with plasmids encoding XIAP, NAIP-BIR1-3, or
ML-IAP and MAP kinase JNK1, p38, or ERK2. After immu-
noprecipitation, an in vitro kinase assay was performed using
ATF-2 or MBP as substrates. As previously reported (53),
XIAP activates INK1 (Fig. 1A). Expression of NAIP-BIR1-3
or ML-IAP together with JNKI1 resulted in 10- and 8-fold
increases in the phosphorylation of ATF-2 substrate, respec-
tively (Fig. 1A). In contrast, neither p38 nor ERK?2 activity was
increased by coexpression with XIAP, NAIP-BIR1-3, or ML-
IAP (Fig. 1B). We also observed activation of JNK2 and JNK3
when XIAP was coexpressed; however, detection required pro-
longed incubation with the ATF-2 substrate, suggesting that
the extent of activation of these isoforms was markedly less
than that observed with JNK1 (Fig. 1C and D). NAIP-BIR1-3
and ML-IAP activated JNK1 and JNK2 but not JNK3 (Fig. 1A,
C, and D). However, NAIP and ML-IAP activation of JNK2
was weaker than that observed for JNK1 (Fig. 1A and C).
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FIG. 1. XIAP, NAIP, and ML-IAP selectively activate JNK kinases. 293T cells were transfected with vectors encoding JNK1 (A), p38 or ERK2
(B), INK2 (C), or JNK3 (D) (200 ng each) in the absence or presence of increasing concentrations of XIAP, NAIP-BIR1-3, or ML-IAP (200 or
800 ng). The amount of transfected cDNA was kept constant in each sample by adding control pcDNA3 vector. An in vitro kinase assay was
performed using ATF-2 or MBP as substrate. Kinase activity was quantitated by PhosphorImager and is expressed as fold induction relative to the
basal level of phosphorylation of each MAP kinase. UV and phorbol myristate acetate were used as positive controls. Western blottings showing
equal expression levels of JNK1 are reported for each experiment. Expression levels of XIAP, NAIP-BIR1-3, or ML-IAP were comparable in each

experiment and therefore are shown only in panel A.

Therefore, NAIP-BIR1-3 and ML-IAP activate both JNK1
and JNK2 although to a lesser extent than XIAP. JNK1 acti-
vation mediated by XIAP, NAIP-BIR1-3, and ML-IAP was
also observed in MCF7-Fas cells (data not shown). These data
support the contention that the IAP family members have a
selective effect on activation of the JNK pathway with the
predominant effect being on JNKI1.

Survivin was also assayed for MAP kinase activation. Ex-
pression vectors encoding for mouse or human Survivin were
transiently transfected, together with JNK1, p38, and ERK2,
into 293T cells and activation of the MAP kinases measured.
Neither murine nor human Survivin was able to activate JNK1,
p38, or ERK2 (data not shown).

XIAP, NAIP, and ML-IAP require JNK1 for protection
against TNF-a- and ICE-induced apoptosis. Previous reports
demonstrated the ability of XIAP and NAIP to protect against
TNF-induced apoptosis (12, 14, 32, 59, 61). In order to inves-
tigate whether activation of JNKI1 is also important for the
protective activity of the IAPs against TNF-a-induced apopto-
sis, MCF7 cells were transiently transfected with plasmids ex-
pressing XIAP, NAIP-BIR1-3, or ML-IAP together with ei-
ther empty vector, wild-type (wt) JNK1, or catalytically inactive
JNKI1 [INKI1 (AF)]. The ability of JNK1 (AF) to act as a
dominant-negative mutant and therefore inhibit activation of

endogenous JNK1 has been previously assessed (see Materials
and Methods). Cells were then treated with TNF-«, and the
effects of coexpression of wt JNK1, JNK1 (AF), or a catalyti-
cally inactive form of p38 [p38 (AF)] used as a control on
XIAP, NAIP-BIR1-3, or ML-IAP protection against apoptosis
were assessed. Each apoptotic assay was quantified both with
X-Gal staining of cells and AnnexinV-PE-FACS analysis. The
results obtained using the two different techniques were com-
parable, and therefore, the data show representative experi-
ments performed with X-Gal. Interestingly, in the presence of
JNK1 (AF), the protective effect of XIAP against TNF-a-
induced apoptosis was markedly reduced (Fig. 2A). Moreover,
the ability of NAIP-BIR1-3 and ML-IAP to protect against
TNF-a-induced apoptosis also was impaired when the catalyt-
ically inactive form of JNK1 was coexpressed (Fig 2A). On the
contrary, expression of p38 (AF) did not inhibit XIAP, NAIP-
BIR1-3, and ML-IAP protection against TNF-a-induced apo-
ptosis, therefore showing the specificity of the JNK1 pathway.
In addition, whereas expression of p38 (AF) or JNKI1 (AF)
alone did not seem to significantly affect TNF-a—induced
apoptosis, some degree of protection was observed in the pres-
ence of wt JNKI. These results further support our contention
that a functional JNK1 is important for the full inhibition of
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FIG. 2. XIAP, NAIP, and ML-IAP require JNK1 for protection
against apoptosis. (A) Effect of wt JNK1, JNK1 (AF), or p38 (AF) on
XIAP, NAIP, or ML-IAP protection against TNF-a-induced apopto-
sis. MCF7 cells were transfected with control vector pcDNA3 alone or
plasmids encoding XIAP, NAIP-BIR1-3, or ML-IAP (200 ng each),
together with control vector, wt JNK1, JNK1 (AF), or p38 (AF) as a
control (800 ng each). Transfected cells were treated with TNF-a for
12 h (100 ng/ml) and processed as described in Materials and Methods.
Effects on cell viability were determined using X-Gal staining and
AnnexinV-PE/FACS analysis. % apoptosis, incidence of apoptotic
cells among the B-Gal-positive cells (transfected cells). Data represent
the mean * standard error of at least three experiments, each run in
duplicate and scored blind. *, P < 0.05 (determined by an unpaired ¢
test); #x, P < 0.001. Values were calculated compared to the control
samples expressing only pcDNA3. (B) Effect of wt JNK1 or INK1 (AF)
on XIAP, NAIP, or ML-IAP protection against ICE-induced apopto-
sis. 293T cells were transfected with plasmids encoding ICE-B-Gal
alone (200 ng) or together with wt JNK1, JNK1 (AF), or p38 (AF)
alone or in the presence of pcDNA3, XIAP, NAIP-BIR1-3, or ML-
IAP (200 ng each). Parental pcDNA3 vector was added to normalize
the amount of transfected DNA.

TNF-a-mediated apoptosis by XIAP, NAIP-BIR1-3, and ML-
IAP.

To address the role of IAP-mediated activation of JNKI in
other apoptosis pathways, 293T cells were transfected with an
expression vector encoding for B-Gal-ICE (caspase 1) fusion
protein plus a control vector, XIAP, NAIP-BIR1-3, or ML-
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IAP in the absence or presence of JNK1 or JNKI1 (AF). Sam-
ples were stained for B-Gal and cell mortality was assessed
(39). Each of the IAP proteins protected against ICE-induced
apoptosis. A remarkable decrease in their antiapoptotic activ-
ity was observed when the catalytically inactive JNK1, but not
wt JNK1, was coexpressed (Fig 2B). Wt JNK1 or JNKI1 (AF)
expression vectors were also transfected with B-Gal-ICE in the
absence of XIAP, NAIP-BIR1-3, or ML-IAP to determine the
effect of their expression on apoptosis. These results suggest
that activation of JNKI1 contributes to XIAP, NAIP-BIR1-3,
or ML-IAP protection against ICE-induced apoptosis.

XIAP, NAIP, and ML-IAP activate JNK1 independently of
MKK7/MKK4 signaling cascade. JNK proteins are directly
activated by the MAP kinase kinase family member MKK4 (6,
40), which also activates p38, and by MKK?7, which selectively
activates the components of the JNK family (20, 63). We have
previously reported that XIAP-induced activation of JNK1 is
independent of the MKK4 signaling cascade (53). Catalytically
inactive mutants of both MKK7 [MKK?7 (KM)] and MKK4
[MKK4 (AA)] were used to determine whether NAIP-BIR1-3
or ML-IAP acts through MKK7 or MKK4 to activate JNKI.
The ability of MKK7 (KM) and MKK4 (AA) to behave as
dominant negatives was established in control experiments
(see Materials and Methods). Expression of MKK?7 (KM) did
not decrease XIAP-mediated activation of JNK1 (Fig. 3A).
Moreover, transfection of increasing amounts of MKK7 (KM)
in 293T cells did not significantly affect NAIP-BIR1-3- or
ML-IAP-dependent JNK1 activation (Fig. 3B and C). Similar
results were observed when using MKK4 (AA) (data not
shown). XIAP, NAIP, and ML-IAP expression were not al-
tered by the expression of the MKK?7 wild type or MKK7 (KM)
(data not shown).

To exclude the possibility that MKK4 and MKK?7 function in
the IAP-JNKI1 pathway redundantly, increasing concentrations
of MKK7 (KM) and MKK4 (AA) were coexpressed together
with XIAP and the effects on JNKI1 activation were deter-
mined. XIAP-mediated activation of JNKI1 was not altered by
simultaneous expression of catalytically inactive MKK7 and
MKK4 (data not shown). These data suggest that XIAP,
NAIP-BIR1-3, and ML-IAP activate JNK1 by a mechanism
that is independent of the MKK7 and MKK4 signaling cas-
cade.

XIAP, NAIP, and ML-IAP activate JNK1 through TAKI.
Since XIAP-, NAIP-, and ML-IAP-mediated activation of
JNKI1 occurs independently of the MKK4/MKK7 pathway, we
searched for other molecules that could be responsible for the
transmission of the signal. XIAP has been reported to func-
tionally interact with both the BMP receptor and the adapter
molecule TABI, which is a coactivator of TAK1 (70). TAK1 is
an upstream MAP3 kinase that activates JNK1 and p38 in
response to transforming growth factor g1 (TGF-B1) stimula-
tion (17, 18, 41, 68). In addition, XIAP-mediated stimulation
of NF-kB is inhibited in the presence of a catalytically inactive
mutant of TAKI [TAK1 (KW)] (19). Therefore, we investi-
gated whether TAK1 might be involved in the IAP-mediated
activation of JNK1. We also used a catalytically inactive mu-
tant of ASK1 [ASK1 (KM)] as a control of specificity. For this
purpose, 293T stably transfected cells expressing either LacZ
control vector, TAK1 (KW), or ASK1 (KM) were transfected
with vectors encoding XIAP, NAIP-BIR1-3, or ML-IAP and
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JNKI1 activation was determined. XIAP-, NAIP-BIR1-3-, or
ML-IAP-mediated JNKI1 activation was inhibited in the pres-
ence of TAK1 (KW) (Fig 4B), whereas LacZ or ASK1 (KM)
had no effect (Fig. 4A and C). These data suggest that activa-
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tion of JNK1 by XIAP, NAIP, and ML-IAP is dependent upon
TAKI.

In order to investigate the functional interactions between
XIAP, TAKI1, and TABI1, 293T cells were transfected with
plasmids encoding JNK1 plus XIAP, TAKI1, or TABI alone or
in combination, and the effects on JNKI1 activation were de-
termined by in vitro kinase assay. TAB1 expression had no
effect on JNK1 activation and did not increase XIAP-mediated
activation of JNKI1 (Fig. 4D). As expected, TAKI1 alone acti-
vated JNKI, and a strong activation of JNK1 was observed
when TAK1 and TAB1 were coexpressed. Interestingly, a sig-
nificantly enhanced activation of JNK1 was observed when
XIAP was coexpressed with TAKI1; however, the most dra-
matic increase of JNKI activation was observed when XIAP
was coexpressed with TAK1/TABI, indicating that XIAP/
TAKI1/TABI synergistically activate JNK1 and suggesting that
TABI1 is a required element for the XIAP/TAKI-mediated
activation of JNKI.

XIAP, NAIP, and JNKI1 interact with TAK1. Since TAK1
and TABI appear to transmit the signal between the IAPs and
JNKI1, we investigated the possibility that the IAPs and JNK1
would physically interact with TAK1 and TABI. In in vivo
binding assays, vectors encoding XIAP-FLAG, NAIP-BIR1-
3-Myc, ML-IAP-Myc, JNKI-FLAG, or JNKI1 (AF)-FLAG
were cotransfected with wt TAK1-HA or TAK1 (KW)-HA in
293T cells. Cell extracts were immunoprecipitated using anti-
FLAG or anti-Myc antibody and analyzed by Western blotting
with an anti-HA antibody. Cell extracts were also directly sub-
jected to immunoblot analysis to check for protein expression
(Fig. 5A, B). XIAP, NAIP, JNK1, and JNK1 (AF), but not
ML-IAP, were found to coprecipitate with TAKI and to a
lesser extent with TAK1 (KW), thereby demonstrating that an
interaction exists between XIAP, NAIP, JNKI1, and TAK1
(Fig. 5A and B).

In order to confirm the in vivo binding assays, in vitro bind-
ing assays were performed using in vitro-translated TAKI pro-
tein and recombinant GST-XIAP and HIS-JNK1. Glutathione
S-transferase (GST) protein and a HIS-peptide were used as
negative controls. XIAP-GST, JNK1-HIS, or their respective
negative control proteins were incubated with glutathione- or
Ni-NTA-conjugated beads, respectively. TAK1 was then added
to the reaction mixtures, and products were detected by West-
ern blotting using an anti-TAK1 antibody. Input proteins were
also directly subjected to immunoblot analysis (Fig. 6A and B).
TAK1 was found to coprecipitate with XIAP or JNK1 but not
with GST or HIS-peptide, thereby confirming the in vivo in-
teractions and suggesting that XIAP and JNKI1 interact di-
rectly with TAK1 (Fig. 6A and B). These results support the
idea that XIAP, TAKI1, and JNKI coexist in a complex.

XIAP, NAIP, and ML-IAP interact with TAB1. XIAP report-
edly recruits TAB1 to the BMP/TAKI receptor complex which
results in TAK1 activation (55, 71). Thus, we investigated the
possibility that NAIP, ML-IAP or JNKI1 also would coprecipi-
tate with TABI1. Vectors encoding XIAP-FLAG, JNK1-FLAG,
JNK1 (AF)-FLAG, NAIP-BIR1-3-Myc, or ML-IAP-Myc
were cotransfected with plasmid encoding TABI in 293T cells.
Cell extracts were subjected to immunoprecipitation with anti-
TABI1 antibody, and XIAP, JNKI1, JNK1 (AF), NAIP, and
ML-IAP were detected by Western blotting using an anti-
FLAG or anti-Myc antibody. Cell extracts were also directly
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FIG. 4. XIAP, NAIP, and ML-IAP activate JNK1 through TAKI.
(A, B, C) Effects of LacZ, TAK1 (KW), or ASK1 (KM) on XIAP-,
NAIP-, and ML-IAP-dependent JNKI activation. Plasmids encoding
wild-type JNK1 (100 ng) and increasing amounts of XIAP, NAIP-
BIR1-3, or ML-IAP (200 and 600 ng) were transfected in 293T cells
stably expressing LacZ control gene (A), TAK1 (KW) (B), or ASK1
(KM) (C). An in vitro kinase assay was performed on immunoprecipi-
tated JNK1 using ATF-2 as substrate, and kinase activity was quanti-
tated by Phosphorlmager. UV stimulation is also shown. Western
blottings show equal expression of JNKI1. Expression of XIAP, NAIP,
or ML-IAP was not altered by the expression of TAK1 (KW) (data not
shown). (D) Effects of XIAP, TAKI, and TAB1 on JNKI activation.
293T cells were transfected with vectors encoding JNK1 (100 ng) plus
XIAP (600 ng), TAK1 (15 ng), or TAB1 (5 ng) alone or in combina-
tion. In vitro kinase assay was performed using ATF-2 as a substrate.
The levels of kinase activity are expressed as fold induction normalized
to the XIAP-mediated activation of JNKI.
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subjected to immunoblot analysis to check for protein expres-
sion. All analyzed IAPs did bind to TAB1 (Fig. 7A and B).

We also investigated whether the IAPs would interact with
JNKI1. XIAP-Myc, NAIP-BIR1-3-Myc, and ML-IAP-Myc
were cotransfected together with INK1-FLAG or JNK1 (AF)-
FLAG, and cell lysates were immunoprecipitated with anti-
Myc antibody. JNK1-FLAG or JNK1 (AF)-FLAG were de-
tected by Western blot analysis with an anti-FLAG antibody.
We were not able to detect significant interactions between
XIAP, NAIP, or ML-IAP and JNK1 (data not shown), there-
fore suggesting that TAK1 and TAB1 may mediate the func-
tional interaction between XIAP and JNKI.

IAP protection against TNF-a- and ICE- or BAX-induced
apoptosis occurs via distinct mechanisms. Expression of
TAK1 (KW) blocked the XIAP-, NAIP-, and ML-IAP-medi-
ated activation of JNKI. In addition, JNKI1 activation appears
necessary for the suppression of TNF-a- and ICE-induced
apoptosis by these proteins. Thus, we next evaluated the ability
of TAK1 (KW) to inhibit the anti-apoptotic effect of XIAP,
NAIP-BIR1-3-, or ML-IAP on TNF-a-, ICE-, or BAX-in-
duced cell death. MCF7 cells were transiently transfected with
plasmids expressing XIAP, NAIP-BIR1-3, or ML-IAP to-
gether with either empty vector, TAK1, or TAK1 (KW). A
B-Gal-expressing plasmid was also transfected to allow cell
morphology observation and quantitation of the transfection
efficiency. Cells were then treated with TNF-a, and the effects
of TAK1 or TAK1 (KW) on XIAP, NAIP-BIR1-3 or ML-IAP
protection against apoptosis were assessed by B-Gal staining.
Similar experiments were performed using AnnexinV-PE-
FACS analysis to quantify cell death. Expression of TAK1 did
not affect the ability of XIAP, NAIP-BIR1-3, or ML-IAP to
protect against TNF-a-induced apoptosis. In contrast, the
presence of TAK1 (KW) remarkably reduced the protective
effect of XIAP, NAIP-BIR1-3, or ML-IAP to protect against
TNF-a-induced apoptosis (Fig. 8A). Expression of wt TAK1
partially inhibited the ability of TNF-a to induce apoptosis,
whereas TAK1 (KW) partially enhanced TNF-a-induced apo-
ptosis (Fig. 8A). As a control, catalytically inactive ASKI1
(ASK1 (KM)) was transfected together with XIAP, NAIP-
BIR1-3, or ML-IAP and had no effect on their ability to pro-
tect against TNF-a-induced apoptosis (data not shown). Thus,
XIAP, NAIP, and ML-IAP antiapoptotic activity against TNF-
a-induced apoptosis is inhibited by JNK1 (AF) and TAKI
(KW).

We also assessed the effects of expression of TAK1 (KW) on
XIAP, NAIP, and ML-IAP protection against ICE-induced
apoptosis. 293T cells were transfected with expression vector
encoding a B-Gal-ICE plus control vector or XIAP, NAIP-
BIR1-3, or ML-IAP in the absence or presence of TAK1 (KW)
mutant and cell death was evaluated by X-Gal staining (Fig.
8C). A significant increase in ICE-induced apoptosis was ob-
served when TAK1 (KW) was coexpressed together with
XIAP, NAIP-BIR1-3, or ML-IAP (Fig. 8B and C). As a con-
trol, ASK1 (KM) was transfected together with XIAP, NAIP-
BIR1-3, or ML-IAP and had no effect on their ability to pro-
tect against ICE-induced apoptosis (data not shown).
Expression of TAK1 (KW) alone slightly increase the ability of
ICE to induce apoptosis whereas TAK1 wt partially reduced
ICE apoptotic effect (Fig. 8B). Thus, XIAP, NAIP, and ML-
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FIG. 5. XIAP, NAIP, and JNKI1 interact with TAK1 in vivo. (A) In vivo interaction of XIAP, INKI, or JNK1 (AF) with TAK1 or TAK1 (KW).
Vectors encoding XIAP-FLAG, JNK1-FLAG, or INK1 (AF)-FLAG were cotransfected with wt TAK1-HA or TAK1 (KW)-HA in 293T cells. Cell
extracts were immunoprecipitated (IP) using anti-FLAG antibody-conjugated beads. Coprecipitated TAK1 or TAK1 (KW) was detected by
Western blot analysis with an anti-HA antibody. Cell extracts were also directly subjected to immunoblot analysis (IB) to check for protein
expression. Asterisks indicate the presence of an unspecific band that appears when the anti-HA antibody is used. (B) Interaction of NAIP or
ML-IAP with TAK1 or TAK1 (KW). Vectors encoding NAIP-BIR1-3-Myc or ML-IAP-Myc were cotransfected with TAK1-HA or TAK1
(KW)-HA in 293T cells. Cell extracts were immunoprecipitated using anti-Myc antibody. Coprecipitated TAK1 or TAK1 (KW) was detected by
Western blot analysis with an anti-HA antibody. Cells extracts were also directly subjected to immunoblot analysis to check for protein expression.

IAP antiapoptotic activity against ICE-induced apoptosis is
inhibited by JNK1 (AF) and TAKI (KW).

Since XIAP protection from ICE- and TNF-a- mediated
apoptosis involves TAK1-mediated activation of JNKI, sug-
gesting that an active TAK1 molecule is needed for protection,
the effects of the expression of active TAK1 on ICE- and
TNF-a-induced apoptosis were investigated. 293T cells were
transfected with expression vector encoding for B-Gal-ICE or
GFP plus control vector or TAK1, TABI alone, or in combi-
nation, and cell death was evaluated by X-Gal staining and

AnnexinV-PE staining (Fig. 8D). Similar experiments were
performed using MCF7-Fas cells and TNF-a to induce apo-
ptosis, and comparable results were obtained (data not shown).
TABI itself had no effect on ICE- or TNF-a-induced apoptosis
(data not shown), whereas some degree of protection was
observed in the presence of TAK1 alone, possibly due to TAK1
activation by endogenous components. However, higher pro-
tection was obtained when TAK1 and TAB1 were coexpressed,
suggesting that activation of TAK1 is important for protection
against ICE- and TNF-a-induced apoptosis. Interestingly, co-
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FIG. 6. XIAP, NAIP, and JNK1 directly interact with TAKI. (A
and B) In vitro interaction of XIAP or JNK1 with TAK1. GST-XIAP
or HIS-JNKI1 or the respective negative controls GST and HIS-peptide
recombinant proteins were incubated with gluthatione or Ni-NTA-
conjugated beads and in vitro-translated TAK1 protein was added.
Coprecipitation of TAK1 was detected by Western blotting using an
anti-TAK1 antibody. Input proteins were detected by Western blot
using anti-GST and anti-HIS antibodies.

expression of increasing concentrations of JNK1 (AF) inhib-
ited the protective effect of TAB1-activated TAK1, therefore
supporting the idea that protection against apoptosis by the
XIAP/TAKI1 pathway involves activation of JNKI1.

The proapoptotic activity of BAX is correlated with its abil-
ity to induce the release of cytochrome ¢, normally secluded in
the mitochondria, in the cytoplasm, thereby leading to caspase
activation (2, 5, 64). XIAP as been shown to inhibit BAX-
induced apoptosis by binding and directly inhibiting caspase 9
(9, 10). In order to investigate if JNK1 (AF) or TAK1 (KM)
would also block XIAP inhibition of caspase activity, we trans-
fected 293T cells with BAX alone or BAX plus XIAP in the
presence of control vector, JNK1 (AF), or TAK1 (KW). Trans-
fection efficiency and morphological observation of the cells
was evaluated cotransfecting a cDNA expressing 3-Gal (Fig.
9B). Expression of neither JNK1 (AF) nor TAK1 (KW) inhib-
ited the antiapoptotic activity of XIAP against BAX-induced
apoptosis (Fig. 9A and B). Wild-type JNK1, TAK1, ASK1,
ASK1 (KM), or GFP was also coexpressed with XIAP as con-
trols, and no effect on BAX-induced apoptosis was observed
(Fig. 9A and B). Therefore, INK1 (AF) and TAK1 (KW) did
not inhibit the XIAP antiapoptotic effect against BAX-induced
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FIG. 7. XIAP, NAIP, and ML-IAP interact with TABI. (A) Inter-
action of XIAP, JNK1, or JNKI1 (AF) with TABI. Vectors encoding
XIAP-FLAG, JNK1-FLAG, or JNK1 (AF)-FLAG were cotransfected
with TABI in 293T cells. Cell extracts were subjected to immunopre-
cipitation with anti-TAB1 antibody, and coprecipitated XIAP, JNK1,
or JNK1 (AF) was detected by Western blot analysis using anti-FLAG
antibody. Cells extracts were subjected to immunoblot analysis to
check protein expression. (B) Interaction of NAIP or ML-IAP with
TABI. Vectors encoding NAIP-BIR1-3-Myc or ML-IAP-Myc were
cotransfected with TAB1 in 293T cells. Cell extracts were subjected to
immunoprecipitation with anti-TAB1 antibody and precipitated NAIP
or ML-IAP were detected by Western blot analysis with anti-Myc
antibody. Cells extracts were subjected to immunoblot analysis to
check protein expression.

apoptosis. These observations suggest that XIAP protection
against ICE- or BAX-induced apoptosis is achieved by two
separate mechanisms: one requiring JNK1 activation and pass-
ing through TAKI1 and a second involving caspase inhibition.

To further investigate this possibility, we used a cell-free
system where exogenously added cytochrome ¢ was used to
induce proteolytic activation of caspase 9 and subsequently
caspase 3 in cytosolic extracts, which can be measured using
short fluorogenic peptides (DEVD-AFC [10, 33]). In these
cell-free assays, IAPs, and in particular XIAP, have been re-
ported to be strong inhibitors of caspase activity (10, 50).
Addition of cytochrome c to extracts prepared from 293T cells
transfected with control vector or vectors encoding JNKI,
TAK1, wt ASK1, or catalytically inactive ASK1 caused a rapid
accumulation of DEVD-specific protease activity (Fig. 9C).
Cotransfection of XIAP with the above-mentioned encoding
vectors markedly reduced cytochrome c-induced generation of
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(KW) on XIAP, NAIP, or ML-IAP protection against TNF-a-induced apoptosis. MCF7-Fas cells were transfected with plasmids encoding XIAP,
NAIP-BIR1-3, or ML-IAP (200 ng each), together with control vector or increasing concentrations of wt TAK1 or TAK1 (KM) (200 and 800 ng).
Plasmid expressing B-Gal (200 ng) was also transfected to allow quantitation of apoptotic cells. The effect of expression of empty vector, TAKI,
or TAK1 (KW) (800 ng each) without IAPs is also shown. Cells were treated with TNF-a (100 ng/ml) and processed as described in Materials and
Methods. Effects on cell viability were determined by X-Gal staining (shown) and AnnexinV-PE/FACS analysis (not shown) and produced similar
results. % apoptosis, incidence of apoptotic cells among the B-Gal positive (transfected cells). Data represent the mean = standard error of at least
three experiments, each run in duplicate and scored blind. (B and C) Effect of TAK1 (KW) on XIAP, NAIP, or ML-IAP protection against
ICE-induced apoptosis. 293T cells were transfected with plasmids encoding ICE--Gal (200 ng) in the absence or presence of wt TAK1, TAK1
(KW), XIAP, NAIP-BIR1-3, or ML-IAP (300 ng each). Parental pcDNA3 vector was added to normalize the amount of transfected DNA. Cell
viability was determined by X-Gal staining and AnnexinV-PE/FACS analysis. Arrows indicate examples of apoptotic cells. (D) Effect of activated
TAKT1 on apoptosis. 293T cells were transfected with plasmids encoding ICE-f-Gal (100 ng) in the presence or absence wt TAK1 or TAB1 alone
(50 ng each) or in combination with increasing concentrations of JNK1 (AF) (200 and 800 ng). Cell viability was determined by X-Gal staining
and AnnexinV-PE/FACS analysis and produced similar results.

caspase activity similar to control extract expressing only by showing that two other members of the IAP family, NAIP
XIAP. Thus, expression of INK1, TAK1, wt ASK1, or catalyt- and the newly discovered ML-IAP, are also able to activate
ically inactive ASK1 does not appear to affect XIAP inhibition JNK1 and that this activation is necessary for protection
of caspase activity, suggesting that XIAP protection against against TNF-a- and ICE-induced apoptosis. XIAP-, NAIP-,
ICE- or BAX-induced apoptosis is achieved by two separate and ML-IAP-mediated activation of JNK1 requires the TAB1/

mechanisms (Fig. 10). TAKI1 but not the MKK4/MKXK?7 signaling cascade. Expression
of TAK1 (KW) inhibited IAPs-mediated activation of JNKI,

DISCUSSION suggesting that this activation is dependent upon TAK1. More-

We previously described another feature of the antiapo- over, a dramatic increase of JNKI activation was observed

ptotic mechanism of XIAP which involves the activation of the when XIAP was coexpressed with TAK1/TABI, indicating that
MAP kinase JNK1 (53). Herein, we extend our initial findings XIAP/TAKI1/TABI synergistically activate JNK1. In addition,
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FIG. 10. Model for the activation of JNK1 by IAPs. IAP-mediated
activation of JNKI1 passes through TAK1 and promotes cell survival by
inhibiting TNF-a- and ICE-induced apoptosis. This event is separate
from XIAP inhibition of caspases (see text for details).

we demonstrate that XIAP, NAIP, and JNKI1 associate with
TAKI, whereas JNK1 does not seem to coprecipitate with the
IAPs, suggesting that TAK1 may mediate the functional inter-
actions between the IAPs and JNK1. Expression of TAKI or
JNKI1 inhibitory mutants interfered with the ability of XIAP,
NAIP, or ML-IAP to suppress TNF-a- and ICE-induced apo-
ptosis, suggesting that the antiapoptotic function of these IAPs
depends upon the TAK1 and JNKI signaling transduction
pathway. However, TAK1 (KW) or JNK1 (AF) did not block
XIAP’s ability to inhibit BAX or cytochrome c¢ activation of
caspases nor did they interfere with the ability of XIAP to
directly inhibit caspase 9 or caspase 3. These data suggest that
the antiapoptotic effect of XIAP and possibly of other IAPs is
achieved by at least two mechanisms: one requiring JNKI1
activation and passing through TAKI1 and the second involving
caspase inhibition (Fig. 10).

Certainly, the ability of some IAP family members to acti-
vate MAP kinases is intriguing, as we found that only XIAP,
NAIP, and ML-IAP activated JNK1 whereas c-IAP1, c-IAP2
(53), and Survivin failed to do so. We also investigated whether
JNK2 and JNK3 were activated by coexpression of XIAP,

fected with plasmids encoding BAX (100 ng) or XIAP together with
one of the following: wt JNK1, JNK1 (AF), TAK1, TAK1 (KW),
ASK1, or ASK1 (KM) (600 ng each). Plasmid encoding GFP was also
transfected with BAX alone or BAX plus XIAP as a control. Expres-
sion vector encoding B-Gal (50 ng) was transfected together with the
different plasmids to allow morphological observation of the cells.
Effects on cell viability were determined as described above. Arrows
indicate examples of apoptotic cells. (C) Effect of JNK1 (AF), TAK1
(KW), or ASK1 (KM) on XIAP inhibition of caspase activity. 293T
cells were seeded in 100-mm-diameter dishes and transfected with
plasmids encoding XIAP alone (3 pg) or with one of the following: wt
JNK1, TAK1, ASK1, JNK1 (AF), TAK1 (KW), or ASK1 (KM) (3 p.g).
Empty vector was also transfected alone as a control (6 pg). Cell
extracts were prepared and cytochrome ¢ was added to induce proteo-
lytic processing of pro-caspase 3. Caspase activity was measured by
monitoring the release of AFC DEVD-containing synthetic peptides.
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NAIP, and ML-IAP. XIAP, NAIP, and ML-IAP activated
JNK2, although to a lesser extent than JNK1. XIAP was also
able to activate JNK3, but only a very weak activation was
observed in the presence of NAIP and ML-IAP. However, we
cannot rule out the possibility that full-length NAIP would be
able to activate all three JNK proteins as we observed with
XIAP. The diverse activation of JNKs is interesting and may
reflect the distinct tissue expression/function patterns. In con-
trast, none of the IAP family was able to activate p38 or ERK2.

XIAP-, NAIP-, and ML-IAP-mediated activation of JNK1
occurs independently of the MKK4/MKK7 pathway. XIAP has
been shown to participate in the BMP signaling pathway by
binding with both the BMP receptor and the adapter molecule
TABI, which is a coactivator of TAK1, thus linking the BMP
receptors to TAB1-TAK1 (70). Therefore, we investigated the
possibility of a functional interaction between XIAP, NAIP,
ML-IAP, and TAK1. We found that a catalytically inactive
form of TAK1 blocks XIAP, NAIP, and ML-IAP activation of
JNKI. Using in vivo binding assays, we were able to show that
TAKI1 binds to XIAP and NAIP and also to JNKI1. In addition,
in vitro binding experiments determined that TAK1 and XIAP
or JNKI1 bind directly. Surprisingly, we were not able to detect
any interaction between ML-IAP and TAKI1. However, the
possibility that ML-IAP and TAKI1 do interact in a physiolog-
ical relevant manner cannot be totally ruled out since some
protein-protein interactions are transient and unstable, making
these associations difficult to detect by coprecipitation. Cer-
tainly the ability of ML-IAP to bind to TABI could support the
idea that a binding with TAKI1 exists, although this difficult to
detect by in vivo coprecipitation. In this scenario it could be
envisioned that ML-IAP activation of JNKI1 passes through
TAKI.

JNK proteins are directly activated by the MAP kinase ki-
nase family members MKK4 and MKK?7. The findings showing
that JAP-mediated activation of JNK1 occurs independently of
MKK4/MKK?7, XIAP/TAK1/TABI synergistically activate JNK1,
and IAPs coprecipitate with TAK1 and TAB1 and that direct
binding occurs between XIAP or JNK1 and TAKI1 suggest the
possibility that a mechanism of JNK1 activation alternative to
the TAK1/TAB1, MKK4/7 might exist. For instance, TAK1/
TABI1 could activate JNK1 directly. Preliminary results suggest
that this may be the case, and further work is in progress.

Activation of JNKI1, and therefore subsequent protection
against apoptosis, does not seem to correlate with the ability of
antiapoptotic proteins to inhibit a specific class of caspases. In
fact, XIAP, c-IAP1, and c-IAP2 are all capable of inhibiting
caspases 3, 7, and 9; nevertheless, c-IAP1 and c-IAP2 do not
activate JNK1. In addition, NAIP and ML-IAP are remarkable
activators of JNKI1, even though it is still not clear if they are
direct caspase inhibitors (48, 50, 57; K. Nomoto and Q. L.
Deveraux, unpublished data), suggesting that inhibition of
caspases by the IAP family members does not correlate with
activation of JNKI1. Consistent with this idea, we found that
expression of catalytically inactive mutants of TAK1 (KW) or
JNK1 (AF) inhibited XIAP, NAIP, and ML-IAP protection
against TNF-a- and ICE-induced apoptosis. In contrast, TAK1
(KW) or JNKI1 (AF) had no effect on BAX-induced apoptosis
or on XIAP inhibition of caspase activity. These observations
strongly suggest that XIAP protection against ICE- or BAX-
induced apoptosis is achieved by two separate mechanisms.

MoL. CELL. BIOL.

Although knockout studies of mice suggest that caspase 1
does not play a significant role in developmental PCD (27),
these studies failed to address the role of caspase 1 in apoptotic
pathways related to other aspects of mammalian cell biology
and disease development. For example, recent studies suggest
that silencing or loss of caspase 1 is a key mediator of the
oncogenic process and survival of renal cells (65) and prostate
carcinomas (69) and increased caspase 1 expression may be a
factor in Huntington-related neuronal cell death (30). Inter-
estingly, although caspase 1 was the first human caspase iden-
tified, its mechanism for inducing apoptosis is still unclear. In
this regard, our data suggest that caspase 1-induced apoptosis
does not necessarily depend upon caspase 9 or 3 since JNK1
(AF) or TAK1 (KW) block the ability of XIAP to inhibit
ICE-induced apoptosis without affecting XIAP ability to in-
hibit caspase 3 or 9.

Notably the JNK1 and TAK1 dependent antiapoptotic func-
tion of XIAP, NAIP, and ML-IAP appears confined to path-
ways that regulate a balance between apoptotic and pro-
inflammatory pathways (e.g., TNF and ICE). In contrast, IAP
protection against overexpression of proapoptotic BAX and
Fas pathways (data not shown) appears solely dependent upon
IAP interaction with caspases. In this regard, NF-kB is a key
regulator of the balance between apoptosis and inflammatory
responses, and NF-«B activation has been linked to protection
against apoptosis (24, 34, 43-45). Interestingly, XIAP-medi-
ated stimulation of NF-«kB is inhibited in the presence of cat-
alytically inactive TAK1 (19). Thus, we cannot rule out the
possibility that changes in NF-«kB activation in the presence of
TAKI1 (KW) will act downstream or synergistically with the
inhibition of JNKI activation to prevent XIAP protection
against PCD. Ongoing studies will aim to elucidate the rela-
tionship between XIAP activation of TAK1, JNKI, and NF-
kB.

IAP family proteins are characterized by a domain of ~70
amino acids termed the baculovirus IAP repeat (BIR). Three
tandem copies of the BIR domain are present within the
known IAP family proteins. In addition to BIR motifs, some
IAPs also contain C-terminal RING domains, which have been
recently described to be responsible for the autoubiquitination
and degradation of the IAPs during the apoptotic process (72,
73). Several studies have suggested that the presence of at least
one BIR domain (BIR2) is necessary to inhibit the activity of
caspases 3 and 7 and BIR3 for caspase 9 and is therefore
essential for the antiapoptotic activity of several IAPs (10, 50,
60). Caspase inhibition by BIR domains appears to be con-
served from insects to humans (21). Therefore, it is generally
agreed that BIRs are essential domains for the IAPs’ antiapo-
ptotic activity. BIR domains also appear to be important for
MAP kinase activation. We have previously shown that the
XIAP deletion mutant expressing only the three BIR domains
is still able to activate JNKI1 and to protect against ICE-
induced apoptosis (53). Here we show that a construct express-
ing only the three BIR domains of NAIP is also able to activate
JNKI1 and to protect against various stimuli such as TNF-a- or
ICE-induced apoptosis. Therefore, our results support the idea
that the BIR domains are important and sufficient for the
antiapoptotic activity of the IAPs.

The fact that the deletion mutant of NAIP carrying only the
three BIR domains is able to bind TAKI suggests the possi-
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bility that XIAP would also interact with TAK1 through its
BIR domains. Interestingly, we could not demonstrate binding
between JNKI1 and XIAP, NAIP, or ML-IAP, which suggests
that TAKI1 is connecting XIAP and NAIP with JNKI. In ad-
dition, XIAP, NAIP, and ML-IAP also bind to TAB1; there-
fore, we cannot exclude the possibility that the interaction
between XIAP, NAIP, and TAK1 is mediated by TABI1.

Reportedly, c-IAP1 and c-IAP2 were shown to associate
with TRAF1 and TRAF2, whereas XIAP and NAIP do not
(49, 50). This association occurs through their BIR domains,
which we have also shown to be important for XIAP- and
NAIP-mediated JNK1 activation (53), XIAP binding to TAB1
(70), and caspase inhibition (7, 50, 60). Thus, it could be
envisioned that the BIR domains have different functions
among the IAP family members, which allows them to selec-
tively bind to or activate different signaling molecules.

Taken together, our results describe a TAK1/JNK1-depen-
dent mechanism of IAP protection against apoptosis that ap-
pears distinct from caspase inhibition. Our data support the
contention that MAP kinase activation, specifically of JNK
family members, is related to protection against apoptosis (3,
29, 37, 42, 54). There is a growing consensus that if any cor-
relation exists between activation of MAP kinases and protec-
tion or induction of apoptosis, it is stimuli and/or cell type
dependent (15, 22, 36, 52). Thus, IAPs evolved as multifunc-
tional proteins that employ at least MAP kinase signal trans-
duction and caspase inhibition as mechanisms to regulate di-
verse cell death pathways.
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