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-Terminal Kinase-Mediated Enhancement
f Fas Cytotoxicity
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role in the of regulation of cell survival and death (1–3).
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The role of c-Jun N-terminal kinase (JNK) in the
egulation of Fas-mediated cell death was investi-
ated. Murine L929 fibroblasts were pretreated with
nisomycin for 1 h to activate JNK, followed by expo-
ure to anti-Fas antibodies/actinomycin D (ActD) for
6–24 h. Compared to untreated controls, the induc-
ion of JNK activation failed to raise cellular sensitiv-
ty to anti-Fas/ActD killing. Notably, a significant in-
rease in anti-Fas/ActD killing as induced by JNK
reactivation was observed in L929 cells which were
ngineered to suppress IkBa protein expression by
ntisense mRNA. Restoration of the IkBa protein level
n these cells by ectopic expression of a cDNA con-
truct abolished the JNK-increased anti-Fas/ActD kill-
ng. Despite the suppression of IkBa, no constitutive
65 (RelA) NF-kB nuclear translocation was observed

n the IkBa-antisense cells. Also, inhibition of NF-kB
y curcumin failed to inhibit the JNK-increased Fas
ytotoxicity, suggesting that NF-kB is not involved in
he observed effect. Most interestingly, culturing of
929 cells on extracellular protein matrices resulted

n partial suppression of IkBa expression and consti-
utive JNK and p42/44 MAPK activation. Upon stimu-
ation with anisomycin, these matrix protein-
timulated cells further exhibited reduced IkBa
xpression and p42/44 MAPK activation, as well as
ecame sensitized to JNK-increased anti-Fas/ActD
illing. Again, ectopic expression of IkBa in these cells
bolished the enhanced anti-Fas/ActD killing effect.
ogether, these results indicate that suppression of

kBa expression is essential for JNK-mediated en-
ancement of Fas cytotoxicity. © 2000 Academic Press

As a key protein in the stress response, c-Jun
-terminal kinase (JNK) (also known as stress-
ctivated protein kinase) has been shown to play a dual
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643. E-mail: nschang@inet.guthrie.org.
4006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
umor necrosis factor a (TNF), inflammatory cyto-
ines, UV light, and different forms of cellular stress
ctivate JNK. JNK1 and JNK2 regulate region-specific
poptosis during early brain development (1). We and
thers demonstrated that early activation of JNK in-
reases cell survival in response to TNF (2, 3). In con-
rast, a persistent activation of JNK induces cell death
4). A defect in JNK activation is associated with resis-
ance to TNF cytotoxicity in breast MCF-7 cells (5).
NK activation also contributes to TRAIL-induced
poptosis (6). Nonetheless, how JNK regulates cell sur-
ival and death is unclear.
In a recent study, we demonstrate that IkBa, the

nhibitor of nuclear factor NF-kB, is involved in the
NK activation and JNK-regulated cellular resistance
o TNF killing (2). Early activation of JNK as induced
y anisomycin in L929 fibroblasts protects these cells
rom TNF killing (2). However, the induced TNF resis-
ance was suppressed in L929 cells which were engi-
eered to stably inhibit IkBa protein expression by
ntisense mRNA. Despite the suppression of IkBa pro-
ein expression, no constitutive NF-kB nuclear trans-
ocation and increased TNF resistance were found in
hese IkBa antisense-expressing cells, suggesting that
F-kB is not involved in the JNK-mediated TNF resis-

ance. These observations are indeed contradictory to
he proposed protective function of NF-kB against TNF
ytotoxicity (7–9). In parallel with our findings, Hehner
t al. (10) demonstrated that TNF-mediated cell killing
nd activation of NF-kB are uncoupled in L929 cells,
nd NF-kB fails to protect L929 cells from TNF-
ediated cell death.
Most interestingly, the basal level of JNK activation

s significantly reduced (50–70%) in the IkBa
ntisense-expressing cells, as compared to empty
ector-transfected control cells (2). However, anisomy-
in invokes a greater extent of JNK activation in the
kBa antisense-expressing cells than in the vector con-
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aintaining the basal level of JNK activation and reg-
lating the JNK-induced TNF resistance.
In contrast to the role of IkBa in induction of the

NK-induced TNF resistance, in this study we demon-
trated that suppression of IkBa expression is neces-
ary for JNK-mediated enhancement of Fas (CD95)
illing of L929 fibroblasts. Restoration of IkBa expres-
ion abolished the functional enhancement of Fas cy-
otoxicity by JNK. Notably, the JNK enhancement of
as cytotoxicity could be achieved in extracellular ma-
rix (ECM) protein-stimulated L929 cells, which were
hown to have reduced IkBa protein levels.

ATERIALS AND METHODS

L929 cells and stable transfectants with IkBa cDNA. A stable
ransfectant of L929 cells which constitutively expressed antisense
ouse IkBa mRNA was established and maintained in culture as

escribed previously (2). The IkBa cDNA was constructed in an
ntisense orientation using the pcDNA3.1 vector (Invitrogen, San
iego, CA) and introduced into L929 cells by electroporation (2). In

ontrols, L929 cells were transfected with the empty pcDNA3.1 vec-
or only. Approximately 80% reduction of IkBa protein expression
as observed in the antisense-expressing cells (2).
Additionally, the coding region of IkBa cDNA was constructed

n-frame with an N-terminal green fluorescent protein (GFP) in the
EGFP-C1 vector (Clontech, Palo Alto, CA).

Western blotting. Antibodies used in the Western blotting were
gainst Fas ligand (FasL), phosphorylated p42/44 MAPK, IkBa, p65
F-kB (RelA), JNK1, phosphorylated JNK1 (these antibodies from
anta Cruz Biotechnology, Santa Cruz, CA, and Pharmingen, San
iego, CA), and a-tubulin (Accurate Chemical, Westbury, NY).

Anisomycin activation of JNK and regulation cellular sensitivity to
as cytotoxicity. L929 cells were cultured in 96-well microtiter
lates (Corning Glass Works, Corning, NY) overnight and then ex-
osed to anisomycin (0–40 mM; Sigma) for 1 h to activate JNK. The
ells were washed with phosphate-buffered saline (PBS) once, and
reated with anti-Fas antibodies (62.5–500 ng/ml; Pharmingen) in
he presence of actinomycin D (ActD, 1 mg/ml; Biomol, Plymouth
eeting, PA) for 16–24 h. The extent of cell death was determined by

rystal violet staining and calculated as follows: % Cell Death 5 [(OD
rom control cells 2 OD from anti-Fas-treated cells)/OD from control
ells] 3 100 (2). Where indicated, these anisomycin-treated or control
ells were exposed to recombinant human TNF-a (25–500 pg/ml;
&D Systems, Minneapolis, MN) in the presence of ActD (1 mg/ml)

2).
Similar experiments were performed by exposure of the estab-

ished IkBa antisense-expressing L929 cells or the vector control
ells (2) to anisomycin for 1 h, followed by washing with PBS once,
nd exposure to anti-Fas/ActD for 16–24 h. The extent of cell death
as determined as described above. Where indicated, the IkBa
ntisense-expressing L929 cells were transiently transfected with
he GFP-IkBa pEGFP-C1 construct or the pEGFP-C1 vector by a
iposome-based reagent GeneFECTOR (Venn Nova, Pompano Beach,
L) for 16–24 h. The cells were then exposed to anisomcyin for 1 h,

ollowed by washing with PBS once and exposure to anti-Fas/ActD
or 16–24 h. Expression of GFP-IkBa or GFP protein was examined
nder fluorescence microscopy.
The following chemicals (2.5–40 mM) were used to block the

nisomcyin-induced enhancement of anti-Fas/ActD killing of IkBa
ntisense-expressing L929 cells: the MEK inhibitor PD98059
11) (Calbiochem, La Jolla, CA), the NF-kB inhibitor curcumin (12)
Sigma), the wide-ranging caspase inhibitor zVAD.fmk (13) (Alexis,
an Diego, CA), the p38 inhibitor SB202190 (14) (Calbiochem), in-
5

Calbiochem), the inhibitor of the JAK-2 tyrosine kinase AG490 (16)
Biomol, Plymouth Meeting, PA), and the tyrosine kinase inhibitor
avendustin A (17) (Calbiochem).

Preparation of extracellular protein matrix. Preparation of extra-
ellular protein matrices was performed as described (18, 19).
riefly, untransfected control L929 cells were cultured on 96-well
lates overnight, followed by removing the cells with trypsin/EDTA,
eutralizing the residual trypsin with 200 ml of fetal bovine serum,
nd thoroughly washing the plates with PBS. These washed plates,
hich were coated with ECM proteins, were seeded with freshly
arvested untransfected L929 cells. After culturing overnight, these
ells were treated with anisomcyin for 1 h, washed once with PBS,
nd then exposed to anti-Fas/ActD or TNF-a/ActD for 16–24 h. The
xtent of cell death was determined. Where indicated, L929 cells
ere pretreated with TGF-b1 (2 ng/ml; R&D Systems) for 4 h, fol-

owed by preparing extracellular protein matrices. The effect of TGF-
1-induced matrix proteins on JNK-induced cellular sensitivity to
nti-Fas/ActD or TNF-a/ActD cytotoxicity was determined.

JNK activation. Where indicated, both control and matrix
rotein-stimulated cells were exposed to anisomycin (40 mM) for
arious indicated times, followed by lysing the cells with an extrac-
ion buffer (18) and examining the cellular levels of IkBa, NF-kB,
NK1, phosphorylated JNK1, and phosphorylated p42/44 MAPK in
estern blotting. Additionally, nuclear extracts were prepared using

he Nuclear and Cytoplasmic Extraction Reagents (Pierece, Rock-
ord, IL) and Western blotting was performed to determine the
uclear levels of IkBa and NF-kB.

ESULTS

Suppression of IkBa expression is necessary for JNK-
ediated enhancement of Fas cytotoxicity. Preexpo-

ure of L929 cells to anisomycin for 1 h to activate
NK, followed by exposure to TNF-a or TNF-a/ActD for
6–24 h, results in resistance to TNF-mediated cyto-
oxicity (2). In contrast, under similar experimental
onditions, the anisomycin-pretreated or JNK-
ctivated L929 cells could not resist anti-Fas/ActD kill-
ng (Fig. 1A). Notably, anisomycin increased cellular
ensitivity to anti-Fas/ActD killing in the established
kBa antisense-expressing cell line. That is, prestimu-
ation of the IkBa antisense-expressing cells with ani-
omycin for 1 h, followed by exposure to anti-Fas/ActD,
esulted in enhanced cell death as compared to control
ells without anisomycin treatment (Fig. 1A). Aniso-
ycin had no effect in increasing anti-Fas/ActD killing

n empty vector-transfected cells (Fig. 1A). Anisomycin
lone failed to induce L929 cell death during this short-
erm treatment for 1 h. Prolonged exposure of cells to
nisomycin for 2–24 h results in apoptosis (2). The
stablished IkBa antisense-expressing cells had ap-
roximately 80% reduction of IkBa protein expression,
hereas no constitutive NF-kB nuclear translocation
as observed in this cell line (2).
Restoration of the cellular IkBa level by transient

xpression of a sense-oriented GFP-IkBa construct in
he IkBa antisense-expressing cells resulted in abroga-
ion of the anisomycin-enhanced anti-Fas/ActD killing
Fig. 1B). In controls, expression of a control GFP vec-
or in these cells could not abolish the enhanced killing
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Fig. 1B). Expression of GFP-IkBa and GFP proteins in
hese cells was confirmed by fluorescence microscopy
data not shown).

The increased sensitivity to anti-Fas/ActD killing
as not due to induction of FasL (Fas ligand) expres-

FIG. 1. Suppression of IkBa expression is necessary for JNK-
ediated enhancement of Fas killing of L929 cells. (A) L929 cells
ere pretreated with anisomycin for 1 h to activate JNK, followed by
ashing once with PBS and exposure to anti-Fas (250 ng/ml)/ActD (1
g/ml) for 16–24 h. No significant increases in killing of L929 cells by
nti-Fas/ActD was observed (left panel). In contrast, enhancement of
nti-Fas/ActD killing was observed in the IkBa antisense-expressing
929 cells which were pretreated with anisomycin for 1 h (right
anel). No enhancement of killing was observed in the empty vector
ransfected L929 cells (right panel). (B) Transient expression of a
ense-oriented IkBa-pEGFP-C1 construct in the IkBa antisense-
xpressing L929 cells resulted in abrogation of the anisomycin-
ediated enhancement of anti-Fas/ActD cytotoxicity in these cells.
o effect was observed when these cells were transfected with a

ontrol pEGFP-C1 vector only. There were 35 and 26% cytotoxicity in
he vector transfected cells, which were treated with 500 and 250
g/nl anti-Fas antibody, respectively, in the presence of ActD. (C).
xposure of the vector-transfected cells to anisomycin resulted in

ncreased expression of FasL (Fas ligand). However, the IkBa anti-
ense cells had an increased level of FasL, compared to the vector
ontrol cells. Anisomycin failed to increase FasL expression in the
kBa antisense cells.
6

ransfected cells to anisomycin resulted in increased
xpression of cytosolic FasL, whereas there was no
ignificant increase in sensitivity to Fas/ActD killing in
hese control cells (Fig. 1C). However, the IkBa
ntisense-expressing cells had an increased level of
ytosolic FasL as compared to the vector control cells,
nd anisomycin failed to further increase FasL expres-
ion in these cells (Fig. 1C). Thus, FasL did not con-
ribute to the increased Fas/ActD killing in the
nisomycin-treated IkBa antisense cells.
The enhanced Fas/ActD killing could not be blocked

y the NF-kB inhibitor curcumin (Fig. 2). That is, the
kBa antisense cells were pretreated with curcumin for

h, followed by cotreating with anisomycin for 1 h,
ashing once with PBS, and treating with anti-Fas/
ctD for 16–24 h. These data suggest that NF-kB is
ot involved in the JNK-increased Fas cytotoxicity.
imilarly, inhibitors of IkBa phosphorylation Bay 11-
082 and Bay 11-7085 could not block the JNK-induced
ffect (Fig. 2). Similar results were observed using
he following chemical inhibitors: the MEK inhib-
tor PD98059, the wide-ranging caspase inhibitor
VAD.fmk, the p38 inhibitor SB202190, the JAK-2 ty-
osine kinase inhibitor AG490, and the tyrosine kinase
nhibitor lavendustin A (Fig. 2). As expected, pretreat-

ent of the cells with zVAD.fmk for 1 h, followed by
emoval of the chemical, resulted in partial resistance
o Fas/ActD cytotoxicity (;50% increase), due to inhi-

FIG. 2. JNK-enhanced Fas cytotoxicity could not be blocked by
he inhibitor of NF-kB and other chemical inhibitors. The IkBa
ntisense-expressing L929 cells were pretreated with curcumin (40
M) or buffer for 1 h, followed by co-treating with anisomycin (40
M) for 1 h, washing once with PBS, and exposure to anti-Fas (250
g/ml)/ActD (1 mg/ml) for 16–24 h. Similar experiments were per-
ormed using the following inhibitors: The inhibitors for IkBa phos-
horylation Bay 11-7082 and Bay 11-7085, the MEK inhibitor
D98059, the NF-kB inhibitor curcumin, the wide-ranging caspase

nhibitor zVAD.fmk, the p38 inhibitor SB202190, the JAK-2 tyrosine
inase inhibitor AG490, and the tyrosine kinase inhibitor lavendus-
in A (all 40 mM except 10 mM for Bay 11-7082 and Bay 11-7085).
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ition of caspase function. JNK-enhanced Fas/ActD cy-
otoxicity was also partially reduced by zVAD.fmk
;30% decrease).

Extracellular matrix protein-stimulated cells are sus-
eptible to JNK-increased anti-Fas/ActD killing, but
esist TNF-a/ActD-mediated cell death. In parallel
ith the above findings, extracellular matrix proteins
ere shown to be involved in the JNK-increased anti-
as/ActD killing (Fig. 3). Untransfected control L929
ells were cultured on 96-well plates overnight, fol-
owed by removing the cells with trypsin/EDTA and
horoughly washing the plates with PBS. Freshly har-
ested untransfected L929 cells were then seeded onto
hese plates (which were coated with matrix proteins)
nd grown overnight. These cells were treated with
nisomcyin for 1 h, washed once with PBS, and then
xposed to anti-Fas/ActD for 16–24 h. These extracel-
ular matrix protein-stimulated cells had a significant
ncrease in sensitivity to the JNK-induced anti-Fas/
ctD killing (Fig. 3), as compared to control cells with-
ut stimulation with matrix proteins (Fig. 1A).
Transforming growth factor b-1 (TGF-b1) has been

hown to induce an antiapoptotic matrix protein (p46)
hich blocks TNF-a/ActD-mediated cell death (18, 19).
o determine whether TGF-b1-induced matrix pro-
eins enhance the JNK-induced anti-Fas/ActD killing,
ntransfected L929 cells were treated with TGF-b1 for
h, followed by preparing extracellular protein matri-

es (as described above) and culturing freshly har-

FIG. 3. Extracellular matrix proteins mediated JNK-increased
nti-Fas/ActD killing and resistance to TNF-a/ActD killing. Extra-
ellular protein matrices, referred to as control or TGF-b matrix,
ere prepared by from L929 cells pretreated with or without TGF-b1

see Materials and Methods). L929 cells were grown on these protein
atrices or on uncoated plastic wells, regarded as background (Bkg).
fter culturing overnight, the cells were pretreated with anisomycin

or 1 h, followed by washing once with PBS and exposure to anti-Fas
250 ng/ml)/ActD (1 mg/ml) or TNF (50 pg/ml)/ActD (1 mg/ml) for
6–24 h. Compared to the background control cells, the JNK-
ctivated cells became sensitive to anti-Fas/ActD killing, but resisted
NF/ActD killing.
7

xposed to anisomycin for 1 h, and then treated with
nti-Fas/ActD. Again, these cells acquired an enhanced
illing by anti-Fas/ActD (Fig. 3). However, there were
o significant differences in the responsiveness to anti-
as/ActD killing between these cells as stimulated by
ontrol and TGF-b1-induced matrix proteins. These
esults indicate that the matrix protein(s) which is
esponsible for mediating JNK-increased Fas cytotox-
city is not induced by TGF-b1.

In control experiments, anisomycin ($5 mM)
trongly evoked cellular resistance to TNF-a/ActD kill-
ng (.80%) in the matrix protein-stimulated cells,
hereas no TNF resistance was observed in cells with-
ut anisomycin treatment (Fig. 3). In comparison,
ithout stimulation with matrix proteins, L929 cells
cquired less than 50% of TNF resistance upon stimu-
ation with anisomycin using 5 mM, as determined in
ur previous studies (2). TGF-b1-induced matrix pro-
eins also induced ;70% TNF resistance in anisomycin
5 mM)-stimulated L929 cells (Fig. 3). Without stimu-
ation with anisomycin, the TGF-b1-induced antiapop-
otic matrix protein (p46) increased TNF resistance
;38%) in L929 cells, which is in agreement with our
revious observations (19).
Extracellular matrix proteins stimulate constitutive

NK activation in L929 cells. For example, culturing of
929 cells on the extracellular protein matrix (without
GF-b1 induction) overnight resulted in JNK activa-

ion and anisomcyin could not further increase the
xtent of JNK activation in these cells (Fig. 4A). No
onstitutive JNK activation was observed in control
929 cells (without stimulation with matrix proteins),
nd anisomycin stimulated JNK activation in 20 min
n these cells (Fig. 4A). Similarly, constitutive activa-
ion of p42/44 MAPK was observed in the matrix
rotein-stimulated cells, but not in the control cells
Fig. 4A). Anisomycin stimulated p42/44 MAPK activa-
ion in control cells, but suppressed the p42/44 MAPK
ctivation in the matrix protein-stimulated cells
Fig. 4A).

Compared to control cells, the matrix protein-
timulated L929 cells had a reduced level of cytosolic
kBa (;50% reduction) and anisomycin further re-
uced the level of IkBa (Fig. 4B). The cytosolic levels of
F-kB were similar between control and the matrix
rotein-stimulated cells, and anisomycin had no effect
n the expression of this protein (Fig. 4B). As controls
or equal protein loading, a-tubulin levels were exam-
ned (Fig. 4B). Suppression of IkBa in the matrix
rotein-stimulated L929 cells could not lead to an in-
reased NF-kB nuclear translocation (Fig. 4C). Indeed,
ompared to control cells, both nuclear levels of NF-kB
nd IkBa were reduced in the matrix protein-
timulated cells (Fig. 4C).
Again, restoration of the IkBa protein level in the
atrix protein-stimulated cells by transient expres-
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ion of the IkBa-pEGFP-C1 construct resulted in abro-
ation of JNK-increased anti-Fas/ActD killing (Fig. 5).
hese effects were not observed in cells transfected
ith a control pEGFP-C1 vector (Fig. 5).

ISCUSSION

Previously we have shown that preactivation of JNK
y anisomycin confers L929 cells resistant to killing by

FIG. 4. Extracellular matrix (ECM) proteins stimulated JNK
nd p42/44 MAPK activation, suppressed IkBa expression, and block
65 NF-kB and IkBa nuclear localization. (A) L929 cells were grown
n uncoated petri dishes or ECM protein-coated dishes (without
GF-b1 induction) overnight and treated with anisomycin (40 mM)

or 0–60 min, followed by examining the extent of JNK and p42/44
APK activation Western blotting. Both JNK and p42/44 MAPK

ctivation were observed in the matrix protein-stimulated L929
ells. Anisomycin inhibited p42/44 MAPK activation but had no
ffect on JNK activation. In control cells, anisomycin activated both
NK and p42/44 MAPK. (B) Under similar experimental conditions,
CM proteins were shown to inhibit IkBa expression by ;50% in
929 cells, and anisomycin further reduced the expression. Com-
ared to control cells, both p65 NF-kB and a-tubulin levels were not
ffected by anisomcyin in the matrix protein-stimulated cells. (C)
uclear extracts showed the levels of p65 NF-kB and IkBa were

educed in the matrix protein-stimulated cells, compared to control
ells.
8

ance is IkBa dependent. Suppression of IkBa expres-
ion fails to support the induced TNF resistance. In
his study, it is further determined that inhibition of
kBa expression is necessary for JNK-increased Fas
ytotoxicity. These findings suggest that IkBa plays a
ovel role in the regulation of both TNF- and Fas-
ediated cell death as modulated by JNK.
Supporting evidence shows that NF-kB is not in-

olved in the JNK-induced Fas cytotoxicity. This was
etermined by the observation that there is no consti-
utive NF-kB activation in the L929 cells which were
ngineered to suppress IkBa expression. Anisomycin
ould not activate NF-kB (2). Additionally, the NF-kB
nhibitor curcumin could not inhibit the JNK-increased
as killing. Anisomcyin could not mediate phosphory-

ation of IkBa (data not shown), and prevention of IkBa
hosphorylation by Bay 11-7082 and Bay 11-7085
ailed to inhibit the increased Fas killing as induced by
NK pre-activation. Additional chemical inhibitors
ere tested, and their failure in blocking the JNK-

ncreased Fas killing suggests that cellular pathways
hich lead to the activation of p38 MAPK, p42/p44
APK, and protein tyrosine phosphorylation are not

nvolved in the enhanced Fas killing caused by JNK
reactivation.
IkBa also plays a role in the induction of Fas sensi-

ivity in extracellular matrix protein-stimulated L929
ells upon anisomcyin-mediated JNK activation. Ex-
racellular matrix proteins suppress IkBa expression
nd anisomycin further inhibits this expression. These
vents contribute to the JNK-increased Fas killing of
he matrix protein-stimulated cells. Abrogation of the

FIG. 5. Abrogation of the JNK-increased anti-Fas/ActD killing in
xtracellular matrix protein-stimulated L929 cells by restoration of
he IkBa protein level in these cells. Transient expression of the
ense-oriented IkBa-pEGFP-C1 construct in the extracellular matrix
rotein-simulated L929 cells resulted in abrogation of the
nisomycin-mediated enhancement of anti-Fas/ActD cytotoxicity in
hese cells (;10–38% enhancement of killing). In contrast, the con-
rol pEGFP-C1 vector failed to abrogate the anisomycin-increased
nti-Fas/ActD cytotoxicity (;70–100% enhancement of killing).
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ellular level of IkBa protein in the matrix protein-
timulated cells. Notably, matrix proteins induce con-
titutive activation of p42/44 MAPK and JNK and re-
uce NF-kB nuclear translocation in L929 cells.
hether these events contribute in part to the JNK-

ependent Fas cytotoxicity is not known.
Structurally IkBa has a surface-exposed N-terminal

egion, a central, protease-resistant domain containing
ankyrin repeats, a flexible linker, and a compact,

ighly acidic C-terminal region (20). Both the ankyrin
epeats and the linker region are responsible for the
inding of IkBa with NF-kB/Rel proteins. IkBa lacks a
ydrophilic nuclear localization signal (NLS). How-
ver, the second ankyrin repeat of IkBa has been
hown to be responsible for nuclear translocation (21).
he nuclear translocation of IkBa is independent of
F-kB/Rel proteins. Nonetheless, importins a and b,

he small GTPase Ran and unidentified proteins which
nteract with the ankyrin repeats are involved in nu-
lear transport of IkBa (20). It is generally believed
hat IkBa binds NF-kB and sequesters this protein in
he cytoplasm, thereby preventing NF-kB activation or
uclear translocation. The nuclear IkBa prevents
F-kB from binding to target DNA and transports
F-kB from the nucleus to the cytosol. Nonetheless,

kBa may act independently of NF-kB. For example,
kBa binds the hepatitis B virus X protein and medi-
tes nuclear import of this protein (22). The functional
omain in IkBa that controls the JNK-dependent Fas
ytotoxicity is unknown. Since majority of the ectopi-
ally expressed GFP-IkBa protein is located in the
uclei, the observation suggests that IkBa functions at
he nuclear level which is necessary for controlling the
NK-dependent Fas cytotoxicity.
Two pathways have been shown to mediate IkBa

egradation. One pathway is the TNF-a-mediated ac-
ivation of IKK kinases that phosphorylate IkBa (23,
4). The phosphorylated IkBa dissociates from the NF-
B-IkBa complex and is degraded by the proteasome/
biquitin pathway (23). The other pathway is that
NF-a activates cytosolic calpains that degrades IkBa
nd activates NF-kB independently of the ubiquitin-
roteasome pathway (25, 26). In contrast, constitutive
uclear translocation of NF-kB in B cells fails to result

n degradation of IkB proteins (27). We found that
uppression of IkBa expression in L929 cells fails to
nduce constitutive NF-kB activation (2). Unlike in-
ammatory cytokines, hypoxia, reoxygenation and the
yrosine phosphatase inhibitor pervanadate activate
F-kB and tyrosine phosphorylation of IkBa, whereas

his event could not induce degradation of IkBa by the
roteasome/ubiquitin pathway (28, 29).
Mitogen-activated protein kinase/ERK kinase ki-

ase 1 (MEKK1), a kinase in the JNK activation path-
ay, has been shown to activate IkB kinase proteins

IKKa and IKKb) and induce phosphorylation and deg-
9

here is a cross-talk between the stress-induced JNK
athway and the NF-kB activation pathway as induced
y stress responses. However, anisomycin mediated-
NK activation did not induce IkBa phosphorylation
nd degradation (data not shown) and NF-kB activa-
ion (2). It is likely that anisomcyin directly activates
NK, bypassing the activation of MEKK1.
Overall, this study demonstrates a novel role of IkBa

n regulating JNK-mediated cellular resistance to TNF
illing, as well as maintaining the basal level of JNK
ctivation. This function is independent of NF-kB.
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