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ABSTRACT Members of the NF-kByRel and inhibitor of
apoptosis (IAP) protein families have been implicated in
signal transduction programs that prevent cell death elicited
by the cytokine tumor necrosis factor a (TNF). Although
NF-kB appears to stimulate the expression of specific pro-
tective genes, neither the identities of these genes nor the
precise role of IAP proteins in this anti-apoptotic process are
known. We demonstrate here that NF-kB is required for
TNF-mediated induction of the gene encoding human c-IAP2.
When overexpressed in mammalian cells, c-IAP2 activates
NF-kB and suppresses TNF cytotoxicity. Both of these c-IAP2
activities are blocked in vivo by coexpressing a dominant form
of IkB that is resistant to TNF-induced degradation. In
contrast to wild-type c-IAP2, a mutant lacking the C-terminal
RING domain inhibits NF-kB induction by TNF and enhances
TNF killing. These findings suggest that c-IAP2 is critically
involved in TNF signaling and exerts positive feedback control
on NF-kB via an IkB targeting mechanism. Functional cou-
pling of NF-kB and c-IAP2 during the TNF response may
provide a signal amplification loop that promotes cell survival
rather than death.

The pro-inflammatory cytokine tumor necrosis factor a (TNF)
can induce a wide spectrum of biologic responses via its
interaction with two cell-surface receptors, termed TNF-R1
and TNF-R2 (1, 2). In many cell types, ligand binding to
TNF-R1 triggers programmed cell death (1, 3). This process is
dependent on the presence of an '80 amino acid ‘‘death
domain’’ in the cytoplasmic region of TNF-R1, which is absent
in TNF-R2 (1, 4). Although TNF-induced cell death is medi-
ated primarily via TNF-R1 (3), both TNF-R1 and TNF-R2 can
transduce intracellular signals that stimulate the proteolytic
breakdown of IkBa, a cytoplasmic inhibitor of transcription
factor NF-kB (5–8). In turn, NF-kB is rapidly translocated to
the nucleus, where it regulates the expression of many TNF-
responsive genes (7, 8). None of these transcription units are
required for TNF-induced killing, because this death response
occurs in the absence of either protein synthesis (9, 10) or
NF-kB signaling (11). Indeed, disruption of the NF-kB path-
way enhances the cytolytic effects of TNF, suggesting that one
or more downstream genes mediate protective functions (12–
15). Despite these findings, the precise mechanisms that
determine a cell’s decision to survive or die in response to TNF
are largely undefined.

In addition to NF-kB, cellular proteins homologous to
baculovirus inhibitors of apoptosis (IAPs) have been identified
that interfere with the transmission of intracellular death
signals (16–21). For example, members of this family defined
in Drosophila suppress normal cell death when expressed in the

developing eye (17). In humans, mutations in the gene encod-
ing the structurally related neuronal apoptosis inhibitory pro-
tein correlate with excessive motor neuron death (16, 19).
More recent studies have revealed two novel mammalian IAP
homologs, designated c-IAP1 and c-IAP2 (18, 19, 21), which
appear to suppress apoptosis induced by serum withdrawal
(19). With respect to TNF signaling, Rothe et al. (18) have
found that c-IAP1 and c-IAP2 form cytoplasmic complexes
with TNF receptor-associated factor 2 (TRAF2). Importantly,
TRAF2 associates with TNF receptors (22, 23) and is essential
for triggering NF-kB activation by TNF (11, 24). However, the
significance of c-IAP1 and c-IAP2 in the regulation of either
NF-kB activation or TNF-induced death has not been defined.

In this report, we present evidence for the involvement of
c-IAP2 in protecting cells from TNF-induced death. After
TNF stimulation, steady-state levels of c-IAP2 transcripts are
markedly elevated, whereas expression of c-IAP1 transcripts is
unaffected. Stimulus-dependent expansion of the c-IAP2
mRNA pool proceeds in the absence of new protein synthesis,
but requires the presence of an intact NF-kB signaling path-
way. Functional studies revealed that overexpressed c-IAP2
stimulates NF-kB-directed transcription in the absence of TNF
and interferes with TNF-induced cell death. In contrast,
deletion of the C-terminal RING domain of c-IAP2 yields a
trans-dominant inhibitor of NF-kB that enhances the cytolytic
effects of TNF. These findings suggest an important functional
interplay between c-IAP2 and NF-kB that facilitates a pro-
tective cellular response.

MATERIALS AND METHODS

Expression Vectors. Epitope-tagged derivatives of human
c-IAP2 (clone MIHC; kindly provided by David Vaux, The
Walter and Eliza Hall Institute of Medical Research, Victoria,
Australia) (21) were constructed by PCR-assisted amplifica-
tion with a 59 primer (59-CCCGGTACCACCATGGACTA-
CAAAGACGATGACGATAAAATGAACATAGTAG-
AAAACAGC-39) that fused sequences encoding the FLAG
epitope (25) in frame with N-terminal coding sequences of
c-IAP2. To construct the RING-deleted form of c-IAP2
(c-IAP2DC; amino acids 1–382), a premature termination
codon was introduced into the amplified product by site-
directed mutagenesis (Muta-Gene kit; Bio-Rad). These mod-
ified cDNAs were inserted into the polylinker of pCMV4
downstream of the cytomegalovirus immediate-early promoter
(26). Expression vectors encoding FLAG-tagged wild-type
IkBa (IkBaWT), FLAG-tagged IkBaDN (amino acids 37–
317), and CrmA (kindly provided by Tom Gilmore, Boston
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University) have been described (27, 28). The chloramphen-
icol acetyltransferase (CAT) reporter contained two NF-kB
binding sites from the HIV-1 enhancer linked to a heterolo-
gous TATA box (HIV-kB-CAT) (29). A reporter plasmid
encoding b-galactosidase (pZeoSVLacZ) and the pHook-1
expression vector were purchased from Invitrogen.

Generation of Jurkat T Cell Lines Stably Expressing Ec-
topic IkB. Coding sequences for FLAG-tagged IkBaWT and
IkBaDN were inserted into the polylinker of the murine
leukemia virus-based retroviral vector LH-M, a derivative of
LN-M that confers resistance to hygromycin B (30). Retroviral
stocks were generated by transient cotransfection of a A293T
cell monolayer with either of these two vectors in the presence
of plasmids pHIT60 and pHIT456 (31). After retroviral infec-
tion of Jurkat T cells (2.5 3 106 cells), stably transduced bulk
cultures were selected in RPMI 1640 medium containing 10%
fetal bovine serum and hygromycin B (300 mgyml). Cell lines
expressing comparable levels of wild-type and mutant IkBa
were cloned by limiting dilution and identified by immuno-
blotting with monoclonal anti-FLAG antibodies (M2; IBI-
Kodak).

Subtractive Hybridization and RNA Analysis. Jurkat cells
stably expressing either IkBaWT or IkBaDN were stimulated
for 4 hr with combinations of phorbol 12-myristate 13-acetate
(50 ngyml; Calbiochem) and ionomycin (1 mM; Calbiochem)
(P1I). Total RNA was prepared using an Ultraspec RNA
isolation kit (Biotecx) according to the manufacturer’s instruc-
tions. Poly(A)1 RNA was purified from total RNA ('2 mg) by
chromatography on oligo(dT) cellulose (GIBCOyBRL). Com-
plementary DNAs were synthesized from 2 mg of poly(A)1

RNA, and subtractive hybridization was performed using a
PCR-Select cDNA subtraction kit (CLONTECH) as previ-
ously described (32). To select for NF-kB-directed transcripts,
cDNAs derived from IkBaWT-expressing cells were ligated to
oligonucleotide linkers (32) and hybridized with excess cDNAs
(30-fold) derived from cells expressing IkBaDN. After hybrid-
ization, differential transcripts were selectively amplified by
suppression PCR as described (32). Amplified cDNAs were
ligated into pT7Blue T vector (Novagen). Partial cDNA se-
quences were determined and compared with entries in the
GenBank database using the BLAST homology search program.

For Northern analysis, total RNA was fractionated by
electrophoresis on 6% formaldehydey1.2% agarose gels buff-
ered in 20 mM Hepes (pH 7.6) and 10 mM EDTA. After
electrophoresis, RNA was transferred to Zeta Probe mem-
branes (Bio-Rad) and hybridized with the indicated 32P-
radiolabeled cDNA probes at 65°C in a solution containing 6 3
standard saline citrate (SSC), 1% SDS, and 10% dextran
sulfate (Pharmacia). Radiolabeled probes were generated by
using a Random Primed DNA Labeling Kit (Boehringer-
Mannheim).

Transient Transfection Assays. Human Jurkat T lympho-
cytes were cultured and transfected by electroporation as
described (27). Transfected cells were expanded in culture for
24 hr and then stimulated with TNF (20 ngyml; Promega) for
16 hr. For CAT assays, whole cell extracts were prepared,
normalized for protein concentration (33), and analyzed by the
diffusion-based liquid scintillation counting method of Neu-
mann et al. (34). HeLa cells were maintained in Iscove’s
medium supplemented with 10% fetal bovine serum and
transfected using the calcium phosphate precipitation method
(35). In some experiments, transfectants were selected by
coexpression with pHook-1, followed by solid-phase adsorp-
tion to Capture-Tec magnetic beads (Invitrogen) (36). To
monitor for TNF cytotoxicity, HeLa cells were transfected
with pZeoSVLacZ in combination with the indicated effector
plasmids. After treatment with TNF, monolayer cells were
washed with PBS, fixed (2% formaldehydey0.05% glutaralde-
hyde in PBS) for 5 min, and stained for b-galactosidase
expression with 0.1% 5-bromo-4-chloro-3-indolyl-b-D-

galactoside (X-Gal) in PBS supplemented with 5 mM potas-
sium ferricyanide, 5 mM potassium ferrocyanide, and 2 mM
MgCl2.

Subcellular Fractionation and Extract Analyses. Cytosolic
and nuclear protein fractions were prepared as described (37).
Electrophoretic mobility shift and DNAyprotein crosslinking
assays were performed as described using a kB probe derived
from the interleukin 2 receptor-alpha promoter (kB-pd; 59-
CAACGGCAGGGGAATTCCCCTCTCCTT-39) (38). Pho-
toreactive derivatives of the kB-pd probe containing 5-bromo-
2-deoxyuridine 59-triphosphate (BrdU) were synthesized as
described (39). FLAG-tagged IkBa was isolated from cytosolic
extracts by immunoprecipitation with agarose beads conju-
gated with monoclonal anti-FLAG antibodies (M2; IBI-
Kodak). Immunoprecipitates were fractionated by SDSy
PAGE and transferred to polyvinylidene difluoride mem-
branes (DuPont). Membranes were incubated with antipeptide
antisera raised against C-terminal sequences of IkBa (amino
acids 289–317). Immunoreactive proteins were detected with
an enhanced chemiluminescence kit (Pierce).

RESULTS

The c-IAP2 Gene Is Under NF-kB Control. In most cell
types, the biologic activity of NF-kB and other dimeric mem-
bers of the Rel protein family is controlled from the cytoplas-
mic compartment by IkB proteins (7, 8). Recent biochemical
studies have established that TNF-mediated induction of
NF-kB involves site-specific phosphorylation and ubiquitina-
tion of IkBa, which is required to target this inhibitor to the
26S proteasome (7, 8, 40). To identify NF-kB-responsive genes
that help protect cells from TNF-induced death, human Jurkat
T cells were stably transduced with murine leukemia virus-
based retroviral expression vectors for either wild-type IkBa
(IkBaWT) or a truncated form of this inhibitor lacking the
requisite phosphoacceptor and ubiquitin attachment sites
(IkBaDN) (27, 40). In transiently transfected T cells, IkBaDN
functions as a constitutive repressor of NF-kB that escapes
from signal-dependent breakdown (27). As demonstrated in
gel retardation assays with nuclear extracts from representa-
tive stable clones, NF-kB DNA binding activity was potently
induced in IkBaWT-expressing cells after stimulation with
TNF (Fig. 1 A, compare lanes 1 and 3). Similar results were
obtained with phorbol 12-myristate 13-acetate and ionomycin
(P1I), a combination that mimics signals discharged from the
T cell antigen receptor (Fig. 1 A, lane 2). In sharp contrast, both
of these agonists failed to induce the nuclear translocation of
NF-kB in T lymphocytes expressing IkBaDN (Fig. 1 A, lanes 5
and 6).

In light of these biochemical results, mRNA was prepared
from each of these stably transduced lines after cellular
stimulation. Transcripts were converted to cDNAs by reverse
transcription and subjected to subtractive hybridization as
previously described (ref. 32; see Materials and Methods).
Primary structural analysis of a partial cDNA clone isolated
from the subtracted products ('200 bp) revealed a sequence
corresponding precisely to that present in the 39 untranslated
region of the human c-IAP2 gene (18, 19, 21). Subsequent
RNA hybridization studies conducted with a cDNA encoding
the full-length c-IAP2 protein confirmed increased steady-
state levels of the c-IAP2 transcript ('10-fold over basal) in
IkBaWT-expressing cells after stimulation with either TNF or
P1I (Fig. 1B, lanes 1–3). In contrast, c-IAP2 messages failed
to accumulate in response to these two NF-kB-inducing agents
in T lymphocytes expressing IkBaDN (Fig. 1B, lanes 4–6).
Parallel RNA blotting studies conducted with a cDNA probe
for the closely related c-IAP1 protein (18) revealed that
steady-state expression of the corresponding transcript was
unaffected by the activation status of NF-kB (Fig. 1C). These
studies with transformed human T cells suggest that NF-kB is
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required for TNF-mediated induction of the gene encoding
c-IAP2 but not c-IAP1.

To extend these findings to a more physiologically relevant
setting, we next monitored the steady-state levels of c-IAP2
mRNA in primary human T cells derived from peripheral
blood. As shown in Fig. 2, stimulation of primary T cells with
P1I led to a significant elevation in the c-IAP2 mRNA pool
(Fig. 2A, lanes 1 and 2). This induction event correlated
temporally with the appearance of the RelA transactivating
subunit of NF-kB in the nuclear compartment (Fig. 2C, lane
2). Treatment of cells with the protein synthesis inhibitor
cycloheximide (CHX) before exposure to P1I had no detect-
able inhibitory effect on these two signal-dependent events
(Fig. 2 A and C, lane 3), suggesting that c-IAP2 is encoded by
an immediate-early gene subject to control by preformed
factors. To confirm that one of these pre-existing factors is
NF-kB, primary T cells were treated with the antioxidant
pyrrolidinedithiocarbamate, which prevents the signal-induced
phosphorylation of IkBa (42). Alternatively, cells were ex-
posed to the proteasome antagonist N-acetyl-Leu-Leu-
norleucinal, an agent known to interfere with the signal-
induced degradation of IkBa (43). Both of these agents
blocked the induction of NF-kB in primary T cell cultures (Fig.
2C, lanes 4 and 5). Inhibition of NF-kB activity by either
mechanism correlated with a substantial reduction in the level
of c-IAP2 mRNA in P1I-treated cells (Fig. 2 A, lanes 4 and 5).
These findings with primary T lymphocytes are fully consistent
with results obtained using transformed T cells expressing
IkBaDN (Fig. 1).

Overexpression of c-IAP2 Inhibits the Cytolytic Activity of
TNF. The human c-IAP2 protein shares two domains of
homology with viral and mammalian IAPs, including c-IAP1
(18). The N-terminal half of c-IAP2 (amino acids 1–382)
contains three tandem zinc finger motifs, termed baculovirus
IAP repeats (BIRs). Mutational studies indicate that the BIR

domain of c-IAP2 mediates its stable interaction with TRAF2
(18), a cytoplasmic factor that is required for the induction of
NF-kB by TNF (22, 24). In addition, the C-terminal region of
c-IAP2 (amino acids 383–604) contains a cysteine-rich RING-
finger motif of unknown function (18). To examine the po-
tential role of c-IAP2 in the control of TNF-induced death, we
constructed expression plasmids for full-length c-IAP2 (c-
IAP2WT) and a truncated derivative lacking its C-terminal
RING domain (c-IAP2DC; amino acids 1–382). As shown in
Fig. 3A, these two proteins were comparably expressed in the
cytoplasmic compartment of transiently transfected HeLa
cells.

In subsequent studies, we monitored the effect of c-IAP2
overexpression on the cytolytic activity of TNF. For these
experiments, HeLa cells were cotransfected with either the
c-IAP2WT or c-IAP2DC effector plasmid in the presence of
a lacZ reporter construct and treated with TNF. Under our
conditions, '70% of the transfected cells were killed by TNF
in the absence of ectopic IAP (Fig. 3B). Overexpression of
wild-type c-IAP2 led to a significant increase in cell viability
('2.4-fold). In contrast to these protective effects, overexpres-
sion of truncated c-IAP2 potentiated cell death in response to
TNF. Enhanced killing in the presence of c-IAP2DC could not
be attributed to ectopic protein toxicity, because coexpression
with wild-type c-IAP2 rescued the protective response. These
opposing functional effects suggested that sequences contain-
ing the C-terminal RING domain of c-IAP2 are required for
protection.

Like c-IAP2, recent studies indicate that NF-kB plays a role
in protection from TNF-induced death (12–15). Our finding
that the c-IAP2 gene is under NF-kB control led us to test
whether c-IAP2 alone is sufficient to mediate protection under
conditions in which the expression of other NF-kB-responsive
genes is blocked. For these studies, HeLa cells were cotrans-
fected with expression vectors for IkBaDN, c-IAP2, and lacZ.
In keeping with previous reports (12–15), cell killing induced
by TNF was markedly amplified in cultures expressing IkBaDN

FIG. 1. Regulation of the c-IAP2 gene by TNF and NF-kB. Jurkat
T cells stably expressing FLAG-tagged forms of wild-type IkBa (lanes
1–3) or the IkBaDN mutant (lanes 4–6) were stimulated for 2 hr with
either combinations of phorbol 12-myristate 13-acetate (50 ngyml)
and ionomycin (1 mM) (P1I, lanes 2 and 5) or TNF (20 ngyml; lanes
3 and 6). Nuclear extracts and total RNA were prepared as described
in Materials and Methods. (A) Induction of NF-kB expression. Nuclear
extracts (5 mg) were incubated with a 32P-labeled kB-pd probe under
standard reaction conditions (38). Resultant DNAyprotein complexes
were resolved on a nondenaturing 5% polyacrylamide gel and visu-
alized by autoradiography. (B and C) Northern blot analysis of c-IAP
mRNA expression. Total RNA (10 mg) was fractionated on a 1.2%
agaroseyformaldehyde gel, transferred to a Zeta Probe membrane,
and hybridized with 32P-radiolabeled cDNA probes for either human
c-IAP2 or c-IAP1 (18). After hybridization, the membrane was washed
at 50°C in 2 3 standard saline citrate (SSC)y0.1% SDS, and specific
transcripts were detected by autoradiography.

FIG. 2. NF-kB-dependent expression of c-IAP2 mRNA in primary
T lymphocytes. Human peripheral blood T lymphocytes were purified
by sheep erythrocyte rosetting (41) and cultured overnight in RPMI
1640 medium supplemented with 10% fetal bovine serum. Cells were
stimulated for 2 hr with P1I in the presence or absence of CHX (50
mgyml), pyrrolidinedithiocarbamate (PDTC) (200 mM), or N-acetyl-
Leu-Leu-norleucinal (ALLN) (100 mgyml) as indicated. Total RNAs
('5 mg) were fractionated by agarose gel electrophoresis, transferred
to a Zeta Probe membrane, and sequentially hybridized with 32P-
radiolabeled probes for human c-IAP2 (A) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (B). (C) Nuclear extracts were
prepared from a portion of these cells and incubated with a photo-
reactive kB-pd probe (38). After exposure to UV light, DNAyprotein
adducts were immunoprecipitated with RelA-specific antisera and
fractionated by SDSyPAGE (38, 39). Only the major adduct detected
by autoradiography ('70 kDa) is shown.
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as compared with IkBaDN-deficient cells (Fig. 3C). Coexpres-
sion of c-IAP2 in cells defective for NF-kB signaling failed to
elicit a protective response. Similar results were obtained when
c-IAP2 was introduced into Jurkat T cells that stably express
IkBaDN (see Fig. 1; data not shown). In contrast, IkBaDN-
expressing cells were shielded from TNF killing by coexpres-
sion of CrmA, a cowpox virus protein that prevents apoptosis
via an NF-kB-independent mechanism (44). These findings
demonstrate that an intact NF-kB signaling pathway is re-
quired to endow c-IAP2 with its protective function.

Overexpression of the c-IAP2 Protein Stimulates NF-kB-
Directed Transcription and IkBa Degradation. The observed
loss of c-IAP2 function in cells arrested for NF-kB activation
could reflect the involvement of other protective genes under
NF-kB control. Alternatively, c-IAP2 may act upstream of
NF-kB in the TNF signaling cascade at a step leading to IkB
degradation (7, 8, 40). In this regard, previous biochemical

studies have suggested that the induction of NF-kB by TNF is
mediated via TRAF2 (22, 24), a cytoplasmic protein that is
recruited to TNF receptors in a ligand-dependent fashion (23).
Although recent experiments indicate that TRAF2 interacts
with c-IAP2 (18), the precise role of c-IAP2 in this cytokine
signaling pathway remains unclear.

To explore the functional significance of c-IAP2 in the
mechanism for NF-kB induction, Jurkat T cells expressing
either IkBaWT or IkBaDN (see Fig. 1) were cotransfected
with an effector plasmid encoding full-length c-IAP2 and a
CAT reporter plasmid containing two NF-kB binding sites
from the 59 long-terminal repeat of HIV-1 (HIV-kB-CAT). As
shown in Fig. 4A, treatment of IkBaWT-expressing transfec-
tants with TNF led to a significant increase in NF-kB-directed
transcription relative to the magnitude of this functional
response in cells containing the constitutive repressor
IkBaDN. More importantly, overexpression of c-IAP2 in the

FIG. 3. Human c-IAP2 protects cells from TNF-induced killing via an NF-kB-dependent mechanism. (A) HeLa cells were transfected with 10
mg of the indicated FLAG-tagged expression vectors. Cytoplasmic extracts were prepared 48 hr after transfection and fractionated by SDSyPAGE.
Proteins were transferred to polyvinylidene difluoride membranes and subjected to immunoblotting with monoclonal anti-FLAG antibodies. (B)
Effects of wild-type and mutant c-IAP2 on TNF-induced death. HeLa cells (3 3 105) were cotransfected with pZeoSVLacZ DNA (1 mg) and
pCMV4-based expression plasmids (1 mg) encoding either c-IAP2WT or c-IAP2DC. Total DNA input was normalized with pCMV4. After 24 hr
of growth, transfected cultures were split into 24-well plates and propagated for 24 hr in the presence or absence of TNF (15 ngyml). Cells were
stained for b-galactosidase expression and scored. Cell viability is expressed as the percentage of blue cells in TNF-treated versus unstimulated
cultures. The data shown represent the mean viability (6 SEM) of cells determined from triplicate transfections in two separate experiments. (C)
Requirement of NF-kB for c-IAP2-mediated protection. HeLa cells were cotransfected with pZeoSVLacZ (1 mg) and the indicated combinations
of expression vectors for IkBaDN (0.1 mg), c-IAP2 (1 mg), and CrmA (1 mg). The percentage of cells (6 SEM) surviving exposure to TNF (24
hr) under each experimental condition was determined as described for B. Similar results were obtained in three separate experiments.

FIG. 4. Overexpressed c-IAP2 activates NF-kB. (A) Stimulation of NF-kB-directed transcription. Jurkat cells stably expressing either IkBaWT
(filled bars) or IkBaDN (empty bars) were cotransfected with HIV-kB-CAT (5 mg) and 10 mg of either empty pCMV4 vector or the wild-type c-IAP2
expression plasmid. After 24 hr of growth, the indicated cultures were exposed to TNF (20 ngyml) for 16 hr. Whole cell extracts were prepared
at 40-hr posttransfection and assayed for CAT activity. Results from triplicate transfections are reported as the fold induction in CAT activity
(mean 6 SEM) relative to that measured in unstimulated JurkatyIkBaWT cells transfected with HIV-kB-CAT alone (normalized to 1). (B)
Induction of NF-kB DNA binding activity. HeLa cells (2 3 106) were cotransfected with pHook-1 (5 mg) and 15 mg of either blank pCMV4 plasmid
(lanes 1 and 2) or the c-IAP2WT expression vector (lane 3). Transfected cells were selected by magnetic bead capture (36) after 24 hr of growth.
Selected transfectants were propagated for 24 hr and then treated with CHX (50 mgyml; 4 hr) in the presence (lane 2) or absence (lanes 1 and
3) of TNF (20 ngyml). Nuclear extracts were prepared and analyzed in gel retardation assays with a radiolabeled kB probe (see Fig. 1A). (C)
Stimulation of IkBa degradation. HeLa cells were cotransfected with an expression vector for wild-type IkBa (1 mg) and 10 mg of either pCMV4
(Upper) or c-IAP2WT (Lower). Cytoplasmic extracts were prepared from transfected cells after treatment with CHX (50 mgyml) for the indicated
times. Ectopic forms of IkBa were isolated by immunoprecipitation with anti-FLAG antibodies, resolved by SDSyPAGE, and immunoblotted with
IkBa-specific antisera.
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absence of TNF treatment induced reporter gene activity to
similar levels. As determined by gel retardation assays, the
induction of NF-kB-directed transcription by ectopic c-IAP2
correlated with its capacity to activate NF-kB DNA binding
activity in transfected HeLa cells (Fig. 4B, lane 3). However,
the ability of c-IAP2 to mediate NF-kB activation was com-
pletely abolished in transfectants harboring IkBaDN, which is
resistant to TNF-induced degradation (Fig. 4A) (27). These
functional studies strongly suggest that overexpressed c-IAP
induces NF-kB by a mechanism involving the proteolytic
inactivation of IkBa.

To test this hypothesis directly, vectors encoding FLAG
epitope-tagged forms of IkBa and c-IAP2 were expressed
transiently in HeLa cells. Transfected cells were exposed to
CHX to prevent de novo synthesis of IkBa in this overexpres-
sion system. As shown in Fig. 4C, coexpression with full-length
c-IAP2 led to a significant reduction in the cytoplasmic level
of ectopic IkBa as compared with control cells transfected
with the empty parental vector. In contrast, overexpressed
c-IAP2 failed to accelerate the turnover of ectopic IkBaDN,
which lacks sequences required for phosphorylation, ubiquiti-
nation, and proteasome-mediated breakdown in TNF-treated
cells (data not shown) (7, 8, 40).

The C-Terminal RING Domain of c-IAP2 is Required for
NF-kB Induction by TNF. The above findings indicated that
overexpressed c-IAP2 functions not only to suppress apoptosis
(Fig. 3B), but also to activate NF-kB (Fig. 4). Importantly,
results from cell viability assays suggested that the C-terminal
RING domain of c-IAP2 is essential for its protective function
(Fig. 3B). To examine the role of the RING domain in the
regulation of IkBa turnover, HeLa cells were cotransfected
with plasmids encoding either c-IAP2WT or c-IAP2DC in
combination with an expression vector for FLAG-tagged
IkBa. After cellular stimulation with TNF, cytoplasmic ex-
tracts were prepared and subjected to immunoprecipitation
with FLAG-specific antibodies. As demonstrated by immuno-
blotting, steady-state levels of this inhibitor in IAP-deficient
controls were dramatically reduced in response to TNF (Fig.
5A, lanes 1 and 2). Similar results were obtained using cells
transfected with a full-length cDNA for c-IAP2 (Fig. 5A, lanes
3 and 4). However, overexpression of the RING-deleted form
of c-IAP2 prevented cytokine-induced breakdown of IkBa
(Fig. 5A, lanes 5 and 6). These findings suggest that the RING
domain of c-IAP2 couples this protein to the NF-kB signaling
pathway via an IkBa-dependent mechanism.

To complement these biochemical results, we next trans-
fected Jurkat T cells with the HIV-kB-CAT plasmid and
graded doses of expression vectors for either full-length or
C-terminally truncated c-IAP2. Recipient cells were stimu-
lated with TNF and then monitored for relative levels of
reporter gene expression (Fig. 5B). In control cells lacking
ectopic c-IAP, TNF induced the transcriptional activity of the
HIV-1 enhancer 7- to 8-fold over basal levels. This activity was
modestly stimulated ('2-fold) in cells titrated with full-length
c-IAP2. In contrast, the RING-deleted mutant of c-IAP2
(c-IAP2DC), which retains its TRAF2-binding activity (18),
inhibited the TNF functional response in a dose-dependent
fashion. However, c-IAP2DC failed to efficiently block the
induction of promoter activity by interleukin 1 (data not
shown), a cytokine that stimulates the expression of NF-kB by
a TRAF2-independent mechanism (11). Together with our
biochemical data (Fig. 5A), this trans-dominant phenotype
implicates c-IAP2 as an integral component of the TNF
signaling cascade that mediates IkBa inactivation and the
induction of NF-kB.

DISCUSSION

In addition to its cytolytic effects on receptor-bearing target
cells, TNF is a potent inducer of NF-kB (7, 8). Paradoxically,

recent studies have established that NF-kB has the capacity to
shield mammalian cells from TNF-induced apoptosis, presum-
ably by activating the expression of specific protective genes
(12–15). The present work indicates that one of these NF-kB-
responsive genes encodes c-IAP2. Specifically, in transformed
human T cells, steady-state levels of the c-IAP2 transcript are
dramatically up-regulated by TNF, whereas this response is
completely blocked by overexpressing a constitutive inhibitor
of NF-kB. Moreover, in primary human T cells, pharmacologic
agents that inhibit NF-kB activation also prevent the accumu-
lation of c-IAP2 transcripts. Although effects of NF-kB on
c-IAP2 mRNA stability cannot be completely excluded, one
explanation for these results is that the c-IAP2 gene contains
a functional kB enhancer element(s). In contrast to c-IAP2, we
have been unable to detect significant steady-state changes in
the amount of message encoding c-IAP1, a closely related
protein that forms cytoplasmic complexes containing c-IAP2
(18, 23). This differential response may impact the intracellular
ratio of c-IAP1 and c-IAP2, perhaps leading to distinct
biologic consequences.

Recent studies suggest an evolutionarily conserved role for
viral and cellular IAP proteins in the negative control of
programmed cell death (17, 19–21). However, only c-IAP1 and
c-IAP2 have been shown to interact with TNF signal trans-
ducers such as TRAF2 (18, 21). This experimental observation

FIG. 5. Dominant-negative effects of RING-deleted c-IAP2 on
TNF-mediated NF-kB activation. (A) c-IAP2DC inhibits TNF-
induced degradation of IkBa. HeLa cells were cotransfected with a
plasmid encoding FLAG-tagged IkBa (1 mg) and 10 mg of either
pCMV4 (lanes 1 and 2) or the indicated c-IAP2 expression vectors
(lanes 3–6). After 48 hr of growth, transfected cells were treated for
1 hr with CHX (50 mgyml) in the presence or absence of TNF (20
ngyml). Ectopic IkBa was purified from cytoplasmic extracts by
immunoprecipitation with anti-FLAG antibodies, subjected to SDSy
PAGE, and detected by immunoblotting with IkBa-specific antibod-
ies. Molecular mass markers (in kDa) are indicated. (B) Effects of
c-IAP2DC on NF-kB-directed transcription in TNF-treated cells.
Jurkat T lymphocytes were cotransfected with HIV-kB-CAT (5 mg),
a CrmA expression vector (5 mg), and graded doses of the indicated
c-IAP2 expression vectors. Total DNA input in each transfection was
normalized with pCMV4. After 24 hr of growth, transfectants were
stimulated for 16 hr with TNF (20 ngyml). Whole cell extracts were
prepared and assayed for CAT activity. For each titration point (n 5
3), results are expressed as the mean percentage (6 SEM) of CAT
activity relative to that induced by TNF in cells lacking ectopic IAP
protein (fold-induction over basal level 5 7.6 6 1.5; normalized to
100%).
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prompted us to explore the significance of c-IAP2 in the
regulation of either TNF-mediated killing or NF-kB activation.
We have found that human c-IAP2 suppresses TNF-induced
death when this protein is overexpressed in mammalian cells.
In the absence of TNF stimulation, enforced expression of
c-IAP2 is sufficient to activate NF-kB. These two functions of
c-IAP2 are biochemically coupled, because both are lost in
cells harboring a dominant mutant of IkBa that constitutively
represses NF-kB. Furthermore, RING-deleted forms of c-
IAP2 block NF-kB activation and enhance cell killing by TNF.
Thus, like TRAF2 (24), c-IAP2 appears to be critically in-
volved in the regulation of NF-kB activity by TNF. This implies
that one mechanism by which c-IAP2 facilitates cellular re-
sistance to TNF cytotoxicity involves its direct interaction with
the NF-kB pathway rather than with the apoptotic machinery.
However, we cannot exclude the possibility that other NF-kB-
inducible gene products act in concert with c-IAP2 to suppress
the apoptotic response.

Taken together, our findings suggest a positive feedback
loop involving NF-kB and c-IAP2 that facilitates cell survival
in the presence of TNF. In this proposed model, newly
synthesized c-IAP2 can potentiate the NF-kB signaling cas-
cade via its capacity to destabilize IkBa. This mechanism of
c-IAP2 action may be subject to negative regulation. For
example, recent studies have identified another TNF-inducible
gene, termed A20, whose expression is stimulated by multiple
agents that activate NF-kB (45). Although both c-IAP2 and
A20 bind TRAF2 in vitro (18, 21, 46), overexpression of the
A20 protein in mammalian cells potently blocks NF-kB acti-
vation by TNF (46). As such, the precise stoichiometric balance
between c-IAP2 and the appropriate antagonist may provide
a key checkpoint for the regulated expression of survival
factors under NF-kB control, including c-IAP2 itself.
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