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Early activation of c-Jun N-terminal kinase (JNK) is
elieved to block apoptosis in response to death sig-
als such as tumor necrosis factor (TNF). Brief expo-
ure of murine L929 fibroblasts to anisomycin for 1 hr
o activate JNK resulted in resistance to TNF killing.
NF rapidly induced cytoplasmic shrinkage in control
ells, but not in the anisomycin-pretreated L929 cells.
owever, the induced TNF resistance was suppressed

n the L929 cells which were engineered to stably in-
ibit IkBa protein expression by antisense mRNA

;80% reduction in protein expression). No constitu-
ive NF-kB nuclear translocation and increased TNF
esistance were found in these IkBa antisense cells.
otably, these cells had a significantly reduced basal

evel of JNK activation (50–70%), compared to vector
ontrol cells. Furthermore, brief exposure of L929 cells
o wortmannin, an inhibitor of phosphatidylinositol
-kinase (PI3-kinase), resulted in resistance to TNF
illing, probably due to preconsumption of caspases
y wortmannin. Nonetheless, wortmannin-induced
NF resistance was suppressed in the IkBa antisense
ells. Thus, these observations indicate that IkBa is
ssential for maintaining the basal level of JNK acti-
ation and regulating the JNK-induced TNF resistance.
1999 Academic Press

c-Jun N-terminal kinase (JNK) (or stress-activated
rotein kinase) has been shown to play dual roles
n regulating cell survival and apoptosis (1–5). JNK1
nd JNK2 regulate region-specific apoptosis during
arly brain development (1). Roulston et al. demon-
trated that early activation of JNK increases cell sur-
ival in response to tumor necrosis factor (TNF or
NF-a) (2). In contrast, a persistent activation of JNK

nduces cell death (3). A defect in JNK activation is

1 To whom correspondence should be addressed. Fax: 570-882-
643. E-mail: nschang@inet.guthrie.org.
107
reast MCF-7 cells (4). JNK activation also contributes
o TRAIL-induced apoptosis (5). However, in contrast
o these observations, Fas induces JNK activation, and
his activation has no effect on Fas-mediated apoptosis
n human colonic epithelial cells (6). Also, activation of
NK and p38 kinase in calphostin C-induced apoptosis
oes not contribute to cell death (7).
In this study, the role of JNK activation in regulation

f TNF cytotoxicity was investigated. When murine
929 fibroblasts were briefly exposed to anisomycin (8),
potent agonist of JNK, for 1 hr, the cells became

esistant to killing by TNF in the presence or absence
f actinomycin D (ActD). In contrast, a prolonged ex-
osure of L929 cells to anisomycin induced cell death,
nd anisomycin synergistically enhanced the TNF
illing.
Interestingly, the anisomycin-mediated TNF resis-

ance was significantly suppressed in L929 cells which
ere engineered to stably express antisense mRNA for
locking IkBa protein expression. IkBa is a specific
nhibitor of nuclear factor kB (NF-kB). IkBa binds
F-kB in the cytoplasm and prevents NF-kB nuclear

ranslocation and activation (9). IkBa may translocate
ndependently to the nucleus and prevents the binding
f NF-kB to nuclear DNA (10). IkBa promotes the ex-
ort of NF-kB from nucleus to cytoplasm (10). Here, a
ovel function of IkBa in controlling the basal level of
NK activation and regulating JNK-mediated TNF re-
istance is described.

ATERIALS AND METHODS

L929 fibroblasts and stable transfectants with IkBa cDNA. The
ouse full-length IkBa cDNA (Genbank accession AA517353) was

btained from Genome Sciences (St. Louis, MO), and the DNA se-
uence was determined. The coding region of this cDNA was ampli-
ed by polymerase chain reaction (PCR) and ligated, either in a
ense or an antisense direction, with a mammalian expression vector
cDNA3.1.TOPO (Invitrogen, San Diego, CA) to the TA cloning site.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



Synthetic PCR primers were: forward 59-ATGTTTCAGCCAGCT-
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GG; reverse 59-TAATGTCAGACGCTGGCC. The sense construct
as tagged with a v5 epitope at the C-terminus. TNF-sensitive L929

ells were cultured in RPMI-1640 medium (Mediatech, Washington,
C), supplemented with 10% fetal bovine serum (FBS) (Sigma, St.
ouis, MO), in a 5% CO2, humidified 37°C incubator as described
reviously (11). L929 cells were electroporated with the sense or
ntisense IkBa cDNA construct (or the empty pcDNA3.1 vector), and
eo-resistant cells were established by G418 selection (12, 13). The
ntisense mRNA-mediated suppression of IkBa protein expression
as determined by Western blotting using specific antibodies

Pharmingen, San Diego, CA; Santa Cruz Biotechnology, Santa
ruz, CA). Similarly, expression of the v5-tagged IkBa protein in
929 cells was determined by Western blotting using anti-v5 anti-
odies (Invitrogen).
Where indicated, the levels of apoptosis regulatory and inhibitory

roteins in the established stable transfectants were examined by
estern blotting. Specific antibodies used were against Bad (14),
cl-2 (14), Bcl-xL (14), CAS (cellular apoptosis susceptibility protein)

15), caspase 8 (16), Fas ligand (FasL), p53, TIAR (an RNA binding
rotein) (17), p65 (RelA) NF-kB, and RIP (14) (Transduction Labo-
atories, Lexington, KY and Santa Cruz Biotechnology). As control
or protein loading into gels, antibodies against the house-keeping
-tubulin (Accurate Antibodies, Westbury, NY) were used in the
estern blotting.

Anisomycin activation of JNK and regulation cellular sensitivity to
NF. To activate JNK, L929 cells (2.5 3 105/ml) were cultured in
6-well microtiter plates (Corning Glass Works, Corning, NY) over-
ight, and exposed to anisomycin (0–40 mM; Sigma, St. Louis, MO)
or 1 hr. The cells were washed with phosphate-buffered saline (PBS)
nce, and then treated with recombinant human TNF (1000–4000
nits/ml; Genzyme, Boston, MA), or TNF (2.5–10 units/ml) in the
resence of actinomycin D (ActD; 1 mg/ml) (11–13) for 16–24 hr. The
ells were stained with crystal violet and lysed with 33% acetic acid,
nd the absorbance was determined at OD 580 nm using a microtiter
late reader (TECAN, Research Triangle Park, NC) (11–13). The
xtent of cell death was calculated as: % Cell Death 5 [(OD from
ontrol cells 2 OD from TNF-treated cells)/OD from control cells] 3
00 (11–13). Where indicated, anisomycin-mediated resistance to
NF killing was calculated as: % Resistance to TNF Killing 5 [1 2

% TNF killing of anisomycin-treated cells/% TNF killing of control
ells)] 3 100.
Similar experiments were performed by exposure of the estab-

ished L929 transfectants to anisomycin for 1 hr, followed by wash-
ng with PBS once and exposure to TNF/ActD for 16–24 hr and
etermining the extent of cell death (11–13).
In some experiments, the established L929 transfectants were

retreated with wortmannin (Sigma), an inhibitor of phosphatidyl-
nositol 3-kinase (PI3-kinase) (18–20), for 1 hr, followed by washing
ith PBS once, and exposure to TNF/ActD for 16–24 hr.

Western blotting. To examine JNK activation, untransfected
929 cells or the stable transfectants were cultured in 60 mm petri
ishes overnight, and treated with anisomycin (40 mM) for 0, 20, 40,
0 and 120 min. The cells were lysed with a lysis buffer (11) and
ubjected to SDS-PAGE and Western blotting using specific antibod-
es against JNK or a phosphorylated JNK peptide (Santa Cruz Bio-
echnology). Additionally, the L929 stable transfectants were pre-
reated with anisomycin for 1 hr, followed by exposure to TNF (4000
nits/ml) for various indicated times. The extent of TNF-mediated
kBa degradation and JNK phosphorylation was determined by

estern blotting using antibodies against IkBa and the phosphory-
ated JNK peptide, respectively (Santa Cruz Biotechnology).

Fluorescent microscopy. Where indicated, the stable L929 trans-
ectants were cultured on cover glasses overnight, and treated with
r without anisomycin (40 mM) for 1 hr, followed by exposure to TNF
4000 units/ml) for 0, 15, 30, 60 and 120 min. The cells were fixed
ith 3.3% formaldehyde (in PBS) for 15 min at room temperature,
108
ith PBS, and incubated with antibodies against p65 (RelA) NF-kB
Santa Cruz Biotechnology) for 1 hr at room temperature. The cover
lasses were washed 3 times with PBS, incubated with rodamine-
onjugated anti-goat antibodies for 1 hr, again washed 3 times with
BS, and subjected to fluorescent microscopy.

ESULTS

Anisomycin-mediated TNF-resistance. To activate
NK, untransfected or control L929 cells were exposed
o anisomycin for 1 hr. These cells were then washed
ith PBS once and exposed to TNF or TNF/ActD for 24
r. The anisomycin-stimulated cells became resistant
o TNF killing in the presence or absence of ActD (Fig.
A). Anisomycin alone failed to induce L929 cell death
uring this short-term treatment. However, a sus-
ained activation of JNK in L929 cells by continuous
timulation with anisomycin for longer than 2 hr
aused cell death. Also, TNF killing of L929 cells was
ignificantly enhanced in the continuous presence of
nisomycin (data not shown).
As determined by immunostaining and fluorescent
icroscopy, TNF rapidly induced NF-kB nuclear trans-

ocation and reduced the volume of L929 cells after
reatment for 15 min (Fig. 1B). In contrast, TNF me-
iated NF-kB nuclear translocation in the anisomycin-
retreated cells, without reducing the cell volume (Fig.
B). Anisomycin alone failed to mediate NF-kB nuclear
ranslocation in L929 cells.

Anisomycin-mediated TNF resistance is suppressed
n the IkBa antisense-expressing L929 cells. To exam-
ne the role of IkBa in regulating anisomycin-mediated
NF-resistance, L929 cells were electroporated with
n IkBa sense or antisense cDNA/pcDNA3.1 construct
r the empty pcDNA3.1 vector, and stable transfec-
ants were established by G418 selection. IkBa protein
xpression was suppressed approximately by 80% in
he antisense transfectants, compared to empty vector
ransfectants (Fig. 2A). Also, the expression of several
poptosis regulatory and effector proteins was not al-
ered in the IkBa antisense cells, compared to the vec-
or control cells (Fig. 2A). These proteins were Bad,
cl-2, Bcl-xL, CAS, caspase 8, FasL, p53, TIAR, NF-kB,
nd RIP. Despite the suppression of IkBa expression,
o significant NF-kB nuclear translocation was ob-
erved in the IkBa antisense cells, compared to the
ector control cells (Fig. 2A).
Compared to the empty vector-transfected cells, the

ense or antisense expression of IkBa failed to alter
ellular sensitivity to TNF-mediated death. For exam-
le, TNF at 5 units/ml (in the presence of ActD) was
ufficient to achieve 50% killing (EC50) of these cell
ransfectants.

Exposure of the IkBa sense or the vector control cells
o anisomycin for 1 hr, followed by washing with PBS
nce and exposure to TNF/ActD for 16–24 hr, resulted
n resistance to TNF/ActD killing (Fig. 2B). In contrast,
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he anisomycin-mediated TNF-resistance was signifi-
antly suppressed (by approximately 50%) in the IkBa
ntisense cells (Fig. 2B). Expression of the v5-tagged
kBa protein in the IkBa sense L929 cells was ob-
erved, as determined by Western blotting (data not
hown).

The basal level of JNK activation was reduced in the
kBa antisense cells, and both anisomycin and TNF
ncreased IkBa expression in these cells. Compared to
he vector control cells, the IkBa antisense L929 cells
ad a reduced basal level of JNK activation by 50–70%
Fig. 3). No significant differences in the expression of
NK were found between the vector control and the
kBa antisense cells, and anisomycin failed to modu-
ate JNK expression in these cells (Fig. 3). Upon acti-
ation of JNK with anisomycin, a greater extent of
NK activation was observed in the IkBa antisense
ells (;120% increase) than in the vector control cells
;45% increase) (Fig. 3).

FIG. 1. Anisomycin-mediated TNF-resistance in L929 fibroblast
ollowed by washing with PBS once, and exposure to TNF (1000 units

dose-dependent resistance to TNF and TNF/ActD killing of L929
uclear translocation and reduced the cell volume of L929 after tre
icroscopy. TNF also induced NF-kB nuclear translocation but faile
NF concentration was increased to 4000 units/ml in this short-term
109
TNF-mediated JNK activation occurred in both the
ector control and the IkBa antisense cells, pretreated
ith or without anisomycin (Fig. 4A). Again, the basal

evel of JNK activation was suppressed in the IkBa
ntisense cells (Fig. 4A).
TNF increased the expression of IkBa protein in the

kBa antisense cells after treatment for 20 min (Fig. 4B).
owever, TNF-mediated the subsequent IkBa degrada-

ion, as mediated by TNF, was less efficient in these cells
;50% in 40 min) than in the vector control cells (;80%
n 20 min) (Fig. 4B). Similarly, anisomycin increased
kBa protein expression in the IkBa antisense cells, and
NF also induced IkBa degradation (;50% in 20 min) in
hese anisomycin-pretreated cells (Fig. 4B).

In parallel with IkBa degradation, TNF induced
F-kB nuclear translocation in both the vector control
nd the IkBa antisense cells, pretreated with or with-
ut anisomycin, as determined by immunostaining and
uorescent microscopy (data not shown).

A) L929 cells were pretreated with or without anisomycin for 1 hr,
) or TNF (5 units/ml)/ActD (1 mg/ml) for 24 hr. Anisomycin mediated
ls. (B) Compared to control cells, TNF mediated p65 (RelA) NF-kB
ent for 15 min, as determined by immunostaining and fluorescent
reduce the volume of anisomycin-pretreated cells (40 mM for 1 hr).
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Wortmannin-mediated TNF resistance was sup-
ressed in the IkBa antisense cells. Wortmannin has
een shown to activate caspase 3 and increase TNF-
ediated caspase 3 activation (19, 20). Pre-exposure of

he vector control L929 cells to wortmannin for 1 hr
esulted in resistance to TNF/ActD killing, whereas
he resistance was significantly suppressed in the IkBa
ntisense cells (Fig. 5). Anisomycin increased the TNF
esistance with wortmannin in the vector control cells

FIG. 2. Anisomycin-mediated TNF-resistance was suppressed i
ngineered to stably express v5-tagged IkBa protein, or to suppre
ransfected with an empty vector only. (A) Compared to vector cont
IAR, NF-kB, and RIP was not altered in the IkBa antisense cells, a
owever, IkBa protein expression was inhibited by ;80% in the
ouse-keeping a-tubulin was examined. Despite the suppression of Ik
bserved in the antisense-expressing cells, compared to vector contr
f cells with anti-p65 and anti-goat rodamine antibodies. (B) Expos
ashing with PBS once, and exposure to TNF (5 units/ml)/ActD (1 m
nd vector control cells. However, anisomycin-mediated TNF-resista
ntisense cells. (Data not shown for the expressed v5-tagged IkBa p
110
n an additive manner; however, this effect was not
bserved in the IkBa antisense cells (Fig. 5).

ISCUSSION

In this report a novel function of IkBa is described.
re-activation of JNK by anisomycin rendered L929
ells resistant to killing by TNF and TNF/ActD. The
nduced TNF resistance was significantly suppressed

he IkBa antisense-expressing L929 cells. L929 transfectants were
IkBa protein expression by antisense mRNA. Control cells were
cells, expression of Bad, Bcl-2, Bcl-xL, CAS, caspase 8, FasL, p53,

etermined by Western blotting using specific antibodies (left panel).
a antisense cells. For protein loading control, expression of the
, no significant NF-kB (p65) activation or nuclear translocation was
ells (right panel). The results were determined by immunostaining
of the above established cells to anisomycin for 1 hr, followed by
l) for 24 hr resulted in resistance to TNF killing of the IkBa sense

e was significantly suppressed (by approximately 50%) in the IkBa
ein in the IkBa sense cells.)
n t
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n the IkBa antisense-expressing cells, indicating that
kBa regulates the JNK-induced TNF resistance. Fur-
hermore, IkBa is essential for maintaining the basal
evel of JNK activation in L929 cells, since the basal
NK activation was significantly suppressed in the
kBa antisense cells.

FIG. 3. The basal level of JNK activation was suppressed in the
kBa antisense L929 cells. Exposure of IkBa antisense or vector
ontrol L929 cells to anisomycin (40 mM) resulted in JNK activation,
s determined using anti-JNK phosphopeptide antibodies. Anti-JNK
ntibodies were also used as controls. Anisomycin failed to modulate
he expression of JNK in both IkBa antisense or vector control cells.
ompared to control cells, the basal level of JNK activation was
educed in the IkBa antisense-expressing cells (50–70% reduction).
nisomycin induced a greater JNK activation in the IkBa anti-
ense cells (;120% increase) than in the vector control cells (;45%
ncrease).

FIG. 4. Anisomycin and TNF increased IkBa expression in the
kBa antisense cells. (A) TNF (4000 units/ml) mediated JNK activa-
ion in both IkBa antisense and vector control L929 cells. Pretreat-
ent of these cells with anisomycin (40 mM) for 1 hr, followed by

xposure to TNF, also resulted in JNK activation. The basal level of
NK activation was significantly reduced in the IkBa antisense cells.
B) TNF induced IkBa degradation (;80% degradation in 20 min) in
he vector control cells, pretreated with or without anisomycin (40
M; 1 hr). In contrast, TNF induced IkBa expression in the IkBa
ntisense cells in 20 min, followed by subsequent IkBa degradation
;50%). Pretreatment of the IkBa antisense cells with anisomycin
or 1 hr resulted in increased IkBa expression, and the subsequent
NF-mediated IkBa degradation also occurred (;50%).
111
NF-kB plays a critical role in blocking various cell
eath by TNF, ionizing radiation and anti-cancer drugs
21–26). However, NF-kB is not involved in the JNK-
ediated TNF resistance. Suppression of IkBa expres-

ion by antisense mRNA is expected to induce consti-
utive NF-kB activation and increase TNF resistance
n L929 cells. However, these events did not occur in
he IkBa antisense-expressing cells. It is likely that
locking of NF-kB activation is achieved by other pro-
eins such as the RelA-associated inhibitor and the
F-kB-inhibiting protein ABIN (27, 28), as well as

ther IkB proteins (IkBb, IkBg and IkBe). Anisomycin
lone could not induce NF-kB activation in L929 cells.
nisomycin mediates early JNK activation, which

eads to TNF resistance even in the presence of ActD.
hat is, prevention of NF-kB-mediated protective
ene transcription by ActD fails to abolish the JNK-
ediated TNF resistance.
Both anisomycin and TNF were shown to increase

he expression of IkBa protein in the IkBa antisense-
xpressing cells. Tzen et al. demonstrated that TNF
nd anisomycin upregulate IkBa gene expression (29).
NF-mediated NF-kB activation was not impaired in
he IkBa antisense-expressing or empty vector control
ells, pretreated with or without anisomycin. Again,
hese observations suggest that JNK-mediated TNF
esistance is not involved in NF-kB activation.
Despite its protective role against cell death, this

unction of NF-kB remains controversial. Induction of
F-kB activation by a dominant negative IkBa fails to

ncrease the sensitivity of various cancer cells to
NF and chemotherapeutic agents (30). Hyperoxia-
ediated NF-kB activation does not protect epithelial

ells from death (31). Activation of NF-kB contributes

FIG. 5. Wortmannin increased TNF resistance in the vector con-
rol cells but not in the IkBa antisense cells. Both the vector control
nd the IkBa antisense L929 cells were pretreated with wortmannin
or 1 hr, and then coincubated with anisomycin (40 mM) for 1 hr.
hese cells were washed once with PBS and exposed to TNF (5
nits/ml)/ActD (1 mg/ml) for 16–24 hr.
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nhibits the cell death by blocking NF-kB activation
32). The zinc finger protein A20 blocks IkBa degrada-
ion and prevents NF-kB activation in endothelial
ells; however, these events fail to sensitize these cells
o TNF killing (33). Overexpression of IkBa in MCF7
reast cancer cells inhibits NF-kB activation but does
ot block TNF-mediated death (34).
Wortmannin activates caspase 3 and increases TNF-
ediated caspase 3 activation (19, 20). Pretreatment of
929 cells with wortmannin for 1 hr resulted in TNF
esistance. The resistance could be due to consumption
f caspases in wortmannin-pretreated cells. However,
ortmannin-increased TNF resistance was suppressed

n the IkBa antisense-expressing cells, suggesting that
kBa is involved in controlling caspase activation. This
ossibility remains to be established.
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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