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Caspase Cleavage Product Lacking Amino-Terminus
of IkBa Sensitizes Resistant Cells to TNF-a and
TRAIL-Induced Apoptosis

Ki-Woo Kim, Byung Ju Kim, Chul-Woong Chung, Dong-Gyu Jo, In-Ki Kim, You-Hyun Song,
Yun-Kyung Kwon, Ha-Na Woo, and Yong-Keun Jung*

Department of Life Science, Kwangju Institute of Science and Technology, Puk-Gu,
Kwangju 500-712, Korea

Abstract In response to a diverse array of signals, IxBa is targeted for phosphorylation-dependent degradation
by the proteasome, thereby activating NF-kB. Here we demonstrate a role of the cleavage product of IkBa in various
death signals. During apoptosis of NIH3T3, Jurkat, Rat-1, and L929 cells exposed to tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL), Fas, serum deprivation, or TNF-a, respectively, IkBa was cleaved in a caspase-
dependent manner. In vitro and in vivo cleavage assays and site-directed mutagenesis showed that caspase-3 cleaved
IkBa between Asp31 and Ser32. Expression of the cleavage product lacking amino-terminus (1-31), AlkBa, sensitized
otherwise resistant NIH3T3 fibroblast cells to apoptosis induced by TNF-o or TRAIL, and Hela tumor cells to TNF-a.
AlkBa was more pro-apoptotic compared to wild type or cleavage-resistant (D31E)lxBo. mutant and the sensitization
elicited by AlkBa was as effective as that by the dominant negative mutant, (S32,36A)lkBa, in NIH3T3 cells. AlkBa
suppressed the transactivation of NF-kB induced by TNF-a or TRAIL, as reflected by luciferase-reporter activity. Con-
versely, expression of the p65 subunit of NF-kB suppressed TNF-a-, TRAIL-, and serum deprivation-induced cell death.
On the contrary, AlkBa was less effective at increasing the death rate of Hela cells that were already sensitive to death
signals including TRAIL, etoposide, or taxol. These results suggest that AlkBo generated by various death signals

sensitizes cells to apoptosis by suppressing NF-kB activity. J. Cell. Biochem. 85: 334-345, 2002.  © 2002 Wiley-Liss, Inc.
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Programmed cell death or apoptosis is cru-
cially involved in processes of development,
tissue homeostasis, and disease [Kerr et al.,
1994; Schul et al., 1999; Yuan and Yankner,
2000]. Caspases have been shown to play a
critical role in apoptosis of both cell culture and
animal models. For instance, caspase inhibitors
including both peptide inhibitors and CrmA, a

Grant sponsor: KOSEF (through Protein Network
Research Center of the Korean Ministry of Science and
Technology); Grant sponsor: Korean Ministry of Education;
Grant number: 1998-019-D00019.

Ki-Woo Kim and Byung Ju Kim contributed equally to this
work.

*Correspondence to: Yong-Keun Jung, Department of Life
Science, Kwangju Institute of Science and Technology, 1
Oryong-dong, Puk-Gu, Kwangju 500-712, Korea.

E-mail: ykjung@eunhasu.kjist.ac.kr

Received 27 April 2001; Accepted 31 December 2001

DOI 10.1002/jcb.10139

© 2002 Wiley-Liss, Inc.

serpin encoded by the cowpox virus [Ray et al.,
1992; Komiyama et al., 1994], suppress pro-
grammed cell death induced by anti-Fas Ab
[Enari et al., 1995; Tewari and Dixit, 1995],
TNF-o [Miura et al., 1995], and growth factor
deprivation [Milligan et al., 1995; Garland and
Halestrap, 1997]. Moreover, caspase (—/—)
mutant mice exhibit defective tissue develop-
ment resulting from suppression of apoptosis
[Kuida et al., 1996, 1998; Varfolomeev et al.,
1998; Nakagawa et al., 2000].

The members of caspase family include at
least 14 isoforms [Alnemri et al., 1996; Ahmad
et al., 1998; Humke et al., 1998; Thornberry and
lazebnik, 1998; Nicholson, 1999]. They are
known to be synthesized as inactive zymogens
and are activated through proteolysis when
cells receive apoptotic signals. Dozens of pro-
teins have been identified as substrates for
caspases [Cryns and Yuan, 1998; Nunez et al.,
1998; Thornberry and Lazebnik, 1998; Nichol-
son, 1999; Utz and Anderson, 2000]. All caspases
cleave protein substrates at the C-terminus side
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of aspartic acids, and individual caspases also
show distinct substrate specificity [Nicholson
and Thornberry, 1997]. Overall, however, the
caspase cascade and critical caspase substrates
remain largely uncharacterized, although it is
likely that in many cell types, signal-specific
caspases are activated sequentially or in paral-
lel to execute cell death.

The NF-kB family of transcription factors
plays essential roles in apoptosis and immune
responses. Heterodimeric NF-xB [p50/RelA
(p65)] family proteins are sequestered in the
cytoplasm through their association with IxB
proteins (e.g., IkBa, a conserved family of pro-
teins that act as inhibitors of NF-«B [Gilmore
and Morin, 1993]). In response to a variety of
signals including tumor necrosis factor (TNF)-a
and TNF-related apoptosis-inducing ligand
(TRAIL), IxBu is phosphorylated at Ser®” and
Ser®6, which marks it for degradation by the
proteasome [Brown et al., 1995; Chen et al.,
1995; Finco and Baldwin, 1995; Traenckner
et al., 1995; Baldi et al., 1996; Hu et al., 1999].
The resultant free NF-kB can then enter into
the nucleus and affect gene transcription.
Fibroblasts from p65 (—/—) mutant mouse
embryos are sensitive to death induced by
several forms of stimuli including TNF-q, ioniz-
ing radiation, and cancer chemotherapeutic
agents [Beg and Baltimore, 1996; Liu et al.,
1996; Van Antwerp et al., 1996; Wang et al.,
1996]. More recent evidence shows that
NF-xB controls expression of a number of genes
involved in inhibition of cell death [Chu et al.,
1997; Wang et al., 1998; Stehlik et al., 1999].

The fact that TNF-o generates at least two
conflicting signals in certain types of tumor
cells, a proapoptotic signal through caspases
and a pro-survival signal through activation of
NF-«B, prompted us to examine the interaction
between NF-xB and caspases. IkBo was pre-
viously reported to be cleaved by caspase or
calpain [Barkett et al., 1997; Han et al., 1999;
Reuther and Baldwin, 1999]. We report here
that caspase-mediated cleavage product of IxBa
lacking the amino-terminal region is generated
during apoptosis induced by various signals.
Moreover, expression of the caspase cleavage
product of IxBa sensitized otherwise resistant
cells to receptor-mediated apoptosis. Based on
these observations, we suggest that an amino-
terminal cleavage product of IkBa acts as a
potent dominant inhibitor of NF-kB to facilitate
the death process.

MATERIALS AND METHODS
Reagents

The caspase peptide inhibitors, z-Val-Ala-
Asp-fluoromethylketone (zVAD-fmk), z-Asp-
Glu-Val-Asp-fmk (DEVD-fmk), and z-Ile-Glu-
Thr-Asp-fmk (IETD-fmk) were purchased from
Enzyme Systems Products (Livermore, CA);
calpeptin and MG132 were obtained from CAL-
BIOCHEM (Darmstadt, Germany); anti-IxBo
Abs (C-21, C-15) and anti-o-tubulin Ab were
from Santa Cruz (Santa Cruz, CA) and Sigma
Chemical (St. Louis, MO), respectively. Fas
ligand (7C11) was from MBL (Nagoya, Japan);
TRAIL was a gift from Genentech, Inc. (San
Francisco, CA); etoposide (VP-16), okadaic acid,
taxol, and luciferase assay system were from
Sigma (St. Louis, MO) and Promega (Madison,
WI), respectively. All other molecular biology
grade reagents were from Sigma or New
England Biolabs (Hertfordshire, England).

Plasmid Constructs

Full-length cDNA encoding human IxkBa was
cloned into the EcoRI site of the eukaryotic
expression vector pcDNA3 (Invitrogen, Carls-
bad, CA). pcDNA3-Flag-(S32,36A)IxBa was con-
structed by subcloning 1.5 kb of the Kpnl and
Xbal fragments of pCMV4-Flag-(S32,36A)IxBa
into pcDNAS3. The N-terminal deletion mutant
of IxBa encoding amino acids from 32 to 317
(AIxBa) was amplified by PCR using synthetic
oligonucleotides (5-GCGGA TCCAT GAGCG
GCCTG GACTCC-3 and 5-CATTT AGGTG
ACACTA-3') as primers and inserted into the
BamHI and Xbal sites of pcDNA3. pcDNAS3-
Flag-(D31E)IxBa [p(D31E)IxBa] and pcDNA3-
Flag-(S32A)IkBa  [p(S32A)IkBa] were esta-
blished by site-directed mutagenesis using a
protocol modified from the overlapping exten-
sion PCR method [Higuchi et al., 1998]. PCR
was performed using the following synthetic
oligonucleotides as primers. For p(D31E)IxBa:
5-AATAC GACTC ACTAT AGGGA-3'; 5'-
GGAGTCCAGGCCGCTCTCGT GGCGGTCG-
TCC-3'; 5-GGACG ACCGC CACGA GAGCG
GCCTG GACTCC-3’; and 5-CATTT AGGTG
ACACTA-3'. For p(S32A)IxBa: 5'-AATAC GAC-
TCA CTATA GGGA-3; 5-ATGGA GTCCA
GGCCG GCGTC GTGGC GGTCGTC-3
and 5-GACGA CCGCC ACGAC GCCGG
CCTGG ACTCCAT-3'. The p65 subunit of NF-
kB was inserted into pGL plasmid (Promega).
Bacterial expression plasmid of caspase-3
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was previously described by Chung et al.
[2001].

In Vitro Caspase Cleavage Assays

Bacterial plasmids expressing caspases were
transformed into BL21(DE3) and incubated
with 0.2 mM IPTG for 3 h, harvested, and lyzed
by sonication in a buffer containing 0.05%
Nonidet P-40, 20 mM HEPES (pH 7.4), and
100 mM NaCl. The lysates were cleared by
centrifugation, and the protein concentration
was determined with a Bio-Rad protein assay.
The pIkBa, p(D31E)IxBa, p(S32A)IkBa, and
p(S32,36A)IkBa plasmids were transcribed
and translated in vitro using TNT® Systems
(Promega) in the presence of T7 RNA polymer-
ase and ?*S-methionine. In vitro caspase clea-
vage reactions were carried out in a buffer
containing 0.5% Nonidet P-40, 20 mM HEPES
(pH 7.4), 100 mM NaCl, and 20 mM dithiothrei-
tol for 30 min at 30°C. Cleavage products were
separated by SDS—PAGE and exposed to X-ray
film.

Cell Culture, DNA Transfection

Rat-1, Rat-1/CrmA (Rat-1 cells expressing
CrmA), NIH3T3, HeLa, and COS-7 cells were
grown in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented by 100 U/ml penicillin-
G, 100 pg/ml streptomycin, and 10% fetal bovine
serum (FBS) (Biofluids: Rockville, MD). Jurkat
and L929 cells were maintained in RPMI1640
with 10% FBS. DNA transfection was per-
formed using Lipofect AMINE PLUS™ Reagent
following the protocol from Gibco-BRL (Grand
Island, NY).

Western Blot Analysis

Western blot analysis was performed as
described by Jung et al. [1996]. Briefly, cells
were lyzed in buffer containing 60 mM Tris-Cl
(pH 6.8), 1% sodium dodecyl sulfate (SDS), 10%
glycerol, and 0.5% p-mercaptoethanol. The
lysates were separated by electrophoresis on
polyacrylamide gels and then transferred to
PVDF membranes (Bio-Rad) using Semi-Dry
Transfer system (Bio-Rad). The membranes
were treated overnight at 4°C with TBST
blocking buffer (20 mM Tris-Cl at pH 7.5,
150 mM NaCl, 0.2% Tween-20) containing 5%
nonfat dried milk, incubated with primary Ab
(1:500-5,000 dilution), washed, and incubated
with horse-radish peroxidase-conjugated sec-
ondary Ab (1:5,000 dilution). Proteins were

visualized on X-ray film using Enhanced Che-
miluminescence (ECL™, Amersham).

Apoptosis Assay

Cells were incubated with soluble Fas ligand
(7C11), TNF-o, TRAIL, okadaic acid, cadmium,
etoposide, and taxol for the indicated times.
Rat-1 and Rat-1/CrmA cells were incubated in
serum-free medium after washing three times
with DMEM and cell viability was determined
with trypan exclusion assay. To determine via-
bility of cells transfected with plasmids, cells
were initially cotransfected with ppactgal and
effector plasmids at a ratio of 1:3. After 24 h, the
cells were fixed for 10 min in 1% glutaraldehyde,
rinsed three times with PBS, and then stained
in p-galactosidase (X-gal) reaction buffer
(0.5 mg/ml 5-bromo-4-chloro-3-indolyl B-galac-
toside, 3 mM Ks3Fe(CN)g-3H,0O, 3 mM K, Fe
(CN)g-3H20, 1 mM MgCl,, 10 mM KCl, and
0.1% Triton X-100 in 0.1 M sodium phosphate
buffer, pH 7.5) for 6 h at 37°C. Cell viability was
determined based on cell morphology of X-gal
positive cells. Round cells were eventually de-
tached from the culture plate and were counted
as dead cells.

NF-kB Activity Assays: Luciferase
and B-Galactosidase Assays

Cells were collected and lyzed in 100 pl of lysis
buffer containing 25 mM Tris-phosphate (pH
7.8), 2 mM dithiothreitol, 2 mM 1,2-diaminocy-
clohexane-N,N,N’,N’-tetraacetic acid, 10% gly-
cerol, and 1% Triton X-100. After spinning
briefly, 50 ul aliquots of supernatant were mixed
with 50 pl of luciferase assay reagent, and
luciferase activity was measured using a lumin-
ometer (Lumat LB9501, Berthold, Germany).
For the B-galactosidase assay, cell lysates were
incubated for 30 min at 37°C with B-galactosi-
dase assay buffer containing 100 mM sodium
phosphate (pH 7.3), 1 mM MgCl,, 50 mM
B-mercaptoethanol, and 0.66 mg/ml ONPG.
Absorbance at 420 nm was then measured using
a Microplate reader (Bio-Rad).

Statistical Analysis

All results are presented as means+ SD of
n independent experiments. Student’s ¢-test
was used and P values smaller than 0.05
were considered significant. Asterisks indicate
the statistical significance with respect to the
other (®).
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RESULTS

IkBa is Cleaved by Caspase in a Variety
of Cell Types During Apoptosis

Figure 1A shows that consistent with our
earlier findings [Jung et al., 1996], when Rat-1
fibroblast cells were incubated with serum-free
medium, they underwent apoptosis that was
blocked in the presence of 5 pg/ml insulin or
0.1 uM dexamethasone (DEX), a synthetic
glucocorticoid hormone. Western blot analysis
showed that IxBo was cleaved in serum-
deprived (SD) cells exhibiting a 30% rate of
viability, which yielded a cleavage product de-
signated as AIkBa. Treatment of the cells with
insulin or DEX suppressed SD-induced clea-
vage of IkBa. The cleavage of IxkBa to AlkBo was
also observed in Jurkat cells incubated with
soluble Fas ligand (7C11) (Fig. 1B) and in
L1929 cells exposed to TNF-a (Fig. 1C, left
panel). NIH3T3 fibroblast cells, otherwise
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resistant to TNF-a or TRAIL alone, became
sensitive to TNF-o or TRAIL-induced apoptosis
after being exposed to low concentration of
okadaic acid (Fig. 1C, right panel) or cadmium
(Fig. 1D), generating AlkBa during apoptosis.
These results show that a distinct cleavage of
IxBa is induced during apoptosis by various
signals.

The protease responsible for cleaving IxBa
during apoptosis was characterized in Rat-1
and Jurkat cells. Expression of CrmA in Rat-1
cells (Fig. 1A) or preincubation of Jurkat cells
with the caspase inhibitors, zZVAD-fmk (a pan
caspase inhibitor), DEVD-fmk (caspase-3 inhi-
bitor), and IETD-fmk (caspase-8 inhibitor),
suppressed cleavage of IkBa (Fig. 1B). On the
other hand, calpeptin (calpain inhibitor) and
MG132 (a proteasome inhibitor) did not affect
the cleavage of IxkBa (Fig. 1B). These results
indicate that IxBa is cleaved by a caspase or a
caspase-downstream protease.
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IkBa Ab (C-21). AlkBa denotes the cleavage
products of lkBa. B: Fas-mediated apoptosis.
Jurkat cells were preincubated with zZVAD-fmk
(100 uM), DEVD-fmk (100 pM), IETD-fmk
(100 pM), calpeptin (20 pg/ml), or MG132
(1 uM) for 2 h and then exposed to soluble Fas
ligand (7C11) for 8 h. C: TNF-a-induced
apoptosis. L929 (left panel) and NIH3T3 (right
panel) cells were incubated for the indicated
times with TNF-a in the presence or absence of
okadaic acid (OA, 10 nM). D: TRAIL-induced
apoptosis. NIH3T3 cells were exposed to TRAIL
for 24 h in the presence of cadmium (10 pM).
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Asp31 of IkBa is Cleaved in Apoptotic Cells

The anti-IkBa Ab (C-21) used in Figure 1
recognized the carboxyl-terminus of IkBa. On
the contrary, Western blot analysis using anti-
IxBa Ab (C-15) recognizing the amino-terminus
of the human IxBa failed to detect the AlxBa in
dying cells (Fig. 2C), suggesting that the cleav-
age site must be in the amino-terminus that
contains a putative cleavage site: 28Asp-Arg-
His-Asp-Ser-Gly-Leu-Asp-Ser36 [Nicholson
and Thornberry, 1997]. In vitro cleavage assays
showed that the (D31E)IxBa mutant, in which
Asp31 was substituted by Glu, was resistant to
cleavage by caspase-3 (Fig. 2A). In contrast, the
(S32A)IkBa and (S32,36A)IkBa mutants, which
contain mutations (Ser to Ala) at the signal-
induced phosphorylation sites, remained sub-
ject to cleavage by caspase-3, consistent with
previousreports [Barkett et al., 1997; Han et al.,
1999; Reuther and Baldwin, 1999]. AlxBo
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{kDa)
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lkBaAb  (C-21) (C-15)
7C11 - + . +

LB
. - AlkBiz

Fig. 2. Caspase-3 cleaves IkBa at Asp31 in vitro and in vivo.
A: Asp31 of IkBa is the cleavage site of caspase-3. Site-directed
mutagenesis was used to substitute Asp31, Ser32, or Ser32/
Ser36 of lkBo with Glu, Ala, or Ala/Ala, respectively, generating
(D31E)IkBa, (S32A)IkBa, and (S32,36A)IkBa. These IkBa
mutants translated in vitro in the presence of **S-methionine
were incubated with 4 pul (20-25 pg) of caspase-3 extract. In
some experiments, lkBa mutants were incubated with caspase-3
in the presence of 100 nM DEVD-cho. The reaction mixtures
were then analyzed by SDS—PAGE followed by autoradio-
graphy. B: In vitro cleavage product of IkBa by caspase-3 co-
migrates with the AlkBa generated in apoptotic cells. In vitro
caspase-3 cleavage assay of IkBa was performed as in Figure 2A.
Reaction mixtures were then analyzed by SDS—PAGE followed

- AlkBax

generated in Jurkat cells undergoing apoptosis
co-migrated with the cleavage product of IxBa
generated by caspase-3 in vitro (Fig. 2B). To
confirm the cleavage in vivo, COS-7 cells
were transiently transfected with plkBa or
p(D31E)IxkBa mutant and then exposed to
okadaic acid (Fig. 2D). Western blot analysis
showed that AlxBoa was detected in apoptotic
cells expressing IkBa (Fig. 2D, left panel) but
not in cells expressing (D31E)IxBa mutant
(Fig. 2D, right panel). These results indicate
that during apoptosis, caspase-3 cleaves IkBa
between Asp31 and Ser32.

Overexpression of AlkBa Sensitizes NIH3T3
Fibroblast Cells to TNF-a- and
TRAIL-Induced Apoptosis

To characterize a role of AlxBo, NIH3T3
embryo fibroblast cells, which are resistant
to TNF-o and TRAIL, were transiently trans-
fected with plkBa, pAlkBa, p65NF-«B, or
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by autoradiography (right panel). Jurkat cells were exposed to
7C11 for 8 h, and cell lysates were then analyzed by Western
blot using anti-lkBo Ab (C-21) (left panel). C: Generation of
AlkBa by cleavage in the amino-terminus of IkBa. Jurkat cells
exposed to 7C11 for 8 h were analyzed for the cleavage of the
endogenous lkBo with Western blot using anti-lkBa Abs (C-21)
and (C-15) recognizing the carboxyl-terminus (left panel) and
the amino-terminus (right panel) of IkxBao, respectively. D: In
vivo cleavage assay of IkBa and (D31E)lkBo. COS-7 cells were
transfected with kB (left panel) or (D31E)lkBo mutant (right
panel). After 24 h, cells were treated for 24 h with okadaic acid
(OA, 50 nM) and then analyzed for the cleavage of the
transfected lkBo with Western blot.
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p(S32,36A)IxBa, and then exposed to TNF-a.
Western blot analysis showed that expression
levels of the exogenous IkBa in the transfected
cells were similar (Fig. 3A). After being exposed
to TNF-a, dying cells shrank in size and even-
tually detached from the culture plate (Fig. 3B).
Determination of cell viability showed that
expression of AlkBa increased death rates of
NIHS3T3 cells exposed to TNF-a compared to
death rate observed in wild-type IkBa-expres-
sing cells. The effects of AIxkBa on cell death
were further examined in TRAIL-signaling.
While expression of IkBa, (D31E)IxBa, or
(S32A)IxkBo showed little effects on TRAIL-
induced apoptosis (Fig. 3C), expression of AlxBa
increased death rates by twofold (11-22%),
which was equivalent to that of the increase
observed in cells expressing (S32,36A)IkBoa.
These results indicate that AlkBa sensitizes
NIHS3T3 cells to TNF-o and TRAIL-mediated
apoptosis.

AlkBa Inhibits NF-kB Activation Induced
by TNF-a and TRAIL in NIH3T3 Cells

TNF-a, TRAIL, and ionizing radiation have
all been found to activate NF-kB via ubiquitina-
tion-mediated degradation of IxBa. To address
whether AlxBa affected NF-xB activity,
NIHS3TS3 cells were cotransfected with a lucifer-
ase reporter gene under the control of the NF-xB
regulatory element, designated as pNF-«xB-luc,
and various NF-xB expression plasmids includ-
ing pAlkBa (Fig. 4). NF-xB activity assays
showed that NF-xB activity, as reflected by
luciferase reporter activity, was suppressed
by the expression of IkBa, (D31E)IkBa, or
(S32A)IkBa, and further decreased by AlkBa
and (S32,36A)IxBa (Fig. 4, left panel), showing
that AlkBa inhibited TNF-a-induced activation
of NF-«xB as effectively as the dominant nega-
tive mutant. The suppressive effects of AlxBa on
the TRAIL-induced activation of NF-«xB was
also observed in NIH3T3 cells transfected with
AlxBa and subsequently exposed to TRAIL
(Fig. 4, right panel).

Expression of p65NF-kB Overcomes Cell Death

If AIxBa generated by caspase in apoptotic
NIHS3TS3 cells increases apoptosis by inhibiting
NF-xB activity, overexpression of the p65
subunit of NF-kB may antagonize TNF-a- and
TRAIL-induced apoptosis by overcoming the
inhibitory effects of AIkBa on NF-xB activity.
NIH3TS3 cells were therefore transfected with
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Fig. 3. Expression of AlkBa sensitizes NIH3T3 cells to TNF-a
and TRAIL. A: NIH3T3 cells were transfected with pcDNA3 or
expression plasmids encoding either p65NF-kB, IkBo, N-termi-
nal deletion A(1-31)IkBo (AlkBa), or dominant negative Flag-
(S32,36A)IkBa. After 24 h, expression level of the exogenous
IkBo was examined with Western blot analysis using anti-lkBo
Ab (C-21), or (B) the transfectants were exposed to 30 ng/ml of
murine TNF-o. for an additional 12 h, and morphological
profiles of cells undergoing apoptosis were observed under
phase contrast microscopy and indicated by arrows. C: NIH3T3
cells transfected with the indicated expression plasmids were
exposed to 20 ng/ml TRAIL for 24 h and then incubated with
X-gal reaction buffer for 6 h at 37°C. Cell viability was assessed
based on the morphology of X-gal-positive cells. Death rates are
expressed as the percent (%) apoptotic cells among the total
number of cells. The data shown are the means+SD from at
least three independent experiments.
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Fig. 4. AlkBa suppresses transactivation of NF-xB. NIH3T3
cells were cotransfected with 0.1 pg of luciferase reporter
plasmid containing NF-kB binding element (pNF-xB-luc) and
0.5 pg of either pcDNA3, plkBo, pAlkBa, p(S32,36A)lkBa,
p(D31E)IkBa, or p(S32A)IkBa. pPactgal (0.3 pug) was included in
every transfection as an internal control. After 24 h, cells were
treated with murine TNF-o. (30 ng/ml) (left panel) or TRAIL
(20 ng/ml) (right panel) for 8 h, and luciferase activity was then
measured. The luciferase activity of control (pcDNA3) was
arbitrarily set to a value of 100. Other values are expressed as
percentages of the control cells and represented as means + SD.

p65NF-xB and then exposed to TNF-a or TRAIL
in the presence of cadmium and okadaic
acid, respectively (Fig. 5A). Cell viability assays
showed that NIH3T3 cells overexpressing
p65NF-xB became resistant to apoptosis. Simi-
larly, Rat-1 cells expressing exogenous p65NF-
kB became resistant to serum deprivation-
induced cell death (Fig. 5B). These results
suggest that the pro-apoptotic effects of AlxBa
result from its inhibition of NF-xB activity.

Overexpression of AlkBo Sensitizes Hela
Cervical Carcinoma Cells to TNF-« in the Absence
of Protein Synthesis Inhibitor

We then examined the sensitization effects of
AlxBa on tumor cells. HeLa cells are derived
from human cervical carcinoma cells and are
resistant to TNF-a in the absence of cyclo-
heximide or actinomycin D. HeLa cells were
transfected with various IxBa expression plas-
mids and then incubated with 30 ng/ml TNF-a
(Fig. 6A). Determination of cell viability showed
that, while TNF-«o alone exerted only marginal
effects on death rates of control cells (pcDNAS3:
19-26% cell death) or cells expressing IxBa
(25% cell death), AlxkBa increased death rates to
52%, indicating that AIxBo sensitized these
tumor cells to TNF-a-induced cell death. Simi-
larly, (S32,36A)IkBa mutant, but not the
(D31E)IxBa and (S32A)IkBa mutants, effec-
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Fig. 5. Overexpression of p65 NF-kB overcomes cell death
induced by TRAIL, TNF-a, or serum deprivation in NIH3T3 (A)
and Rat-1 cells (B), respectively. NIH 3T3 and Rat-1 cells were
transfected at a 1:3 ratio with pPactgal and either pcDNA3 or
p65NF-kB. After 24 h, the cells were incubated with TNF-o
(30 ng/ml)/okadaic acid (OA, 40 nM) for 36 h, TRAIL (20 ng/ml)/
cadmium (10 uM) for 20 h, or in serum-free medium for 6 h. Cell
viability (% of cell death) was assessed after X-gal staining as
described in Materials and Methods. Data are expressed as
means £ SD.

tively increased death rates of HeLa cells (51%
cell death). These results showed that AlkBa
functioned to sensitize HelLa cells to apoptosis
as effectively as the dominant-negative IxBa
mutant.

AlkBa Partially Promotes Apoptosis Induced by
TRAIL, Etoposide, and Taxol in Hela Cells

TRAIL is a member of the TNF family and
induces apoptosis mainly in tumor-derived cell
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Fig. 6. Overexpression of AlkBa sensitizes Hela cells to TNF-o
and partially promotes the TRAIL-induced cell death. HeLa cells
were cotransfected with ppactgal along with pcDNA3 or
expression plasmids encoding either IxBa, AlxBa, (532,36A)
IkBa, (D31E)IkBa, or (S32A)lkBa. After 24 h, cells were exposed
to 30 ng/ml human TNF-a for an additional 24 h (A) and 20 ng/
ml TRAIL for 3 h (B). Cell viability was assessed based on the
morphology of X-gal-positive cells. Death rates are expressed as
the percentage of apoptotic cells among the total blue cells.

lines including HeLa cells. TRAIL itself in-
duced apoptosis in 59% of HeLa cells (Fiig. 6B)
and unlike TNF-o, expression of AlkBa and
(S32,36A)IkBa. mutants marginally enhanced
the death rate of HeLa cells exposed to TRAIL

(75% cell death) (Fig. 6B). Thus, these results
indicate that the sensitization effects of AlxBa
on cell death may be signal-specific.

To examine a correlation between the selec-
tive sensitization effects of AIkBo on receptor-
mediated death signals and the activation of
NF-xBin HeLa cells, the effects of AlckBo on NF-
kB activity were addressed. Co-expression with
pNF-kB-luc and various plkBa expression plas-
mids and subsequent exposure to TNF-a (Fig. 7,
left panel) or TRAIL (Fig. 7, right panel) showed
that NF-xB activation induced by TNF-a or
TRAIL was suppressed by the expression of
AlxBa as much as (S32,36A)IxBa. However,
efficient suppression of NF-«xB activation by
(D31E)IkBa and (S32A)IkBa in HeLa cells
indicates that the pro-apoptotic activity of
AlxBo may not always be tightly associated
with its inhibitory effects on NF-kB activity.

It was known that the induction of apoptosis
by etoposide was accompanied by a transient
stimulation of AP-1 and NF-xB binding activity
[Bessho et al., 1994; Kim and Beck, 1994]. Thus,
we further examined the effects of AlkBa on
apoptosis of HeLa cells triggered by other non-
receptor signals such as etoposide (Fig. 8A) and
taxol (Fig. 8B). Expression of AlkBa partially
but significantly enhanced apoptosis induced by
etoposide or taxol compared to IxBa, indicating
that AlkBa promotes apoptosis of HeLa cells
exposed to the non-receptor death signals as
well as receptor signals.
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Fig. 7. AlxBa suppresses TNF-o. and TRAIL-mediated transac-
tivation of NF-kB in Hela cells. Hela cells were cotransfected
with pNF-kB-luc and the indicated effector plasmids. After 24 h,
cells were treated for 8 h with TNF-a (30 ng/ml) (left panel) or
TRAIL (20 ng/ml) for 2 h (right panel). The luciferase activity of
control (pcDNA3) was arbitrarily set to a value of 100, and other
values (means + SD) are expressed as percentages of the control
cells.
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Fig. 8. AlxBo promotes apoptosis induced by etoposide and
taxol. HeLa cells were transfected with the indicated expression
plasmids. After 24 h, the transfectants were exposed to
etoposide (100 pM) for an additional 30 h (A) or taxol (4 ng/
ml) for 20 h (B). Cell viability was assessed from at least three
independent experiments and represented as means+SD.
Death rates are expressed as the percent (%) apoptotic cells
among the total number of cells.

DISCUSSION

Receptors such as TNF-R and TRAIL-R have
been shown to generate at least two conflicting
signals: a pro-apoptotic signal leading to acti-
vation of caspase through TRADD/FADD
signaling and an anti-apoptotic signal mediated
by activation of NF-xB which controls the

expression of inducible genes such as IEX-1L
[Wu et al., 1998] and IAP [Wang et al., 1998].
Frequently, signaling molecules evoke NF-«B
activation, which subsequently mediates pro-
survival signaling in cells. The present report
established a biochemical linkage between cas-
pases and NF-«B signaling in a subset of cells.
We provided evidence that IkBa was cleaved in
dying cells by various signals likely functioning
to facilitate cell death. This proposal is rein-
forced by other’s observations showing that the
truncated IxkBa functions as a stable inhibitor
of NF-xB [Whiteside et al., 1995; Reuther and
Baldwin, 1999]. The caspase-mediated genera-
tion of pro-apoptotic molecule in the NF-kB
signal has also been shown for p65 [Levkau
et al., 1999], RIP [Lin et al., 1999], and TRAF1
[Irmler et al., 2000].

The sensitization effects of AlkBao on cell
death may depend on the contribution of NF-
kB activity to anti-apoptotic signaling. We have
investigated the extent of apoptosis after over-
expression of AIkBa in TNF-o- or TRAIL-resis-
tant NIH3T3 cells and TNF-o-resistant but
TRAIL-sensitive HeLa cells. Interestingly, over-
expression of AlkBo dramatically sensitized
otherwise resistant cells to death: NIH3T3
became sensitive to TNF-o or TRAIL, and HeLa
cells sensitive to TNF-a. On the other hand,
AIkBoa did not significantly enhance death of
HeLa cells exposed to TRAIL and non-receptor
stimuli including etoposide and taxol. Although
AlxBa suppressed TRAIL-induced activation of
NF-xB in NIH3T3 and HeL.a cells, death rates of
cells that were already sensitive to the death
signals were not significantly affected by NF-xB
activity (Figs. 7 and 8). TRAIL activated NF-xB
depending on tumor cell types [Degli-Esposti
et al.,, 1997; Trauzold et al., 2001]. Thus, a
downstream signaling of TRAIL-receptor may
be different among various cell types.

IkBa was previously shown to be cleaved
during apoptosis of 32D myeloid cells [Reuther
and Baldwin, 1999]. Our result showed that
expression of either (D31E)IxBa or IxkBa in
HeLa cells and NIH3T3 cells did not signifi-
cantly sensitize cells to TNF-a-mediated death.
We speculate that (D31E)IkBa may behave like
IxBa and be subjected to other processing such
as proteasome-mediated degradation. Thus, the
effects of IxkBa cleavage on cell death may de-
pend on signals, as degradation pattern of IxBa
varies depending on the extracellular signals.
White et al. [1995, 1996] showed that the
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appearance of a truncated form of chicken IxBa
could be blocked by CrmA without affecting
apoptosis of v-Rel-transformed cells.

The cleavage pattern of IkBa by caspase-3 is
distinct from the typical proteasome-mediated
degradation of IkBa [Chen et al., 1995; Traenck-
ner et al.,, 1995]. It is for this reason that
expression of (S32,36A)IkBa, which is a well-
known dominant negative mutant that cannot
be phosphorylated at Ser®? and Ser®® and is
resistant to ubiquitination-based degradation
[Wang et al., 1996], prevents activation of NF-
kB and increases the rates of TNF-a-induced
apoptosis. Caspase-mediated cleavage of IkBa,
by contrast, does not likely require phosphory-
lation [Barkett et al., 1997], implying that
signal-induced phosphorylation may determine
the degradation pathway of IxBa.

An additional IxkBa cleavage pattern was
recently reported to be mediated by calpain or
a calcium-sensitive protease [Han et al., 1999].
While cleavage of IxBa by proteasome or calpain
led to activation of NF-kB, caspase-mediated
cleavage of IxBa generated a dominant negative
inhibitor of NF-kB activation. IxBa interacts
with Rel/NF-«B complexes via ankyrin repeats
at the central core resulting in retention of
the Rel complex within the cytosol. Caspase-
mediated deletion of the IxBa amino-terminus
removes the Lys residues at positions 21 and 22
responsible for ubiquitination, but the ankyrin
repeats are retained [Baldi et al., 1996]. Conse-
quently, the IkBa cleavage product retains its
ability to bind NF-xB [Reuther and Baldwin,
1999] and would be expected to escape both
signal-induced and ubiquitination-mediated
degradation and remain associated with the
Rel/NF-kB complex in the cytosol [Whiteside
et al., 1995]. A functional role of different trun-
cation form of IxBa, which was isolated by
expression cloning, was demonstrated to affect
radiation sensitivity in Ataxia Telangiectasia
cells [Jung et al., 1995]. At the present time,
there is much that still needs to be clarified with
respect to cell types and apoptotic signals
converting IkBa to a truncated form to deter-
mine the fate of affected cells.
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