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Tumor necrosis factor (TNF) signaling through the TNF receptors involves the recruitment of key signaling
factors, leading to the activation of both the transcription factor NF-kB and the stress-activated Jun kinase
(JNK). In most cells, TNF signaling leads to a rapid and transient increase in JNK activity. However, we show
that TNF treatment leads to the sustained activation of JNK in cells that are null for the p65/RelA subunit of
NF-kB as well as in cells expressing the super-repressor form of IkB. In addition, the data indicate that the
ability of p65/RelA to regulate gene expression is required to suppress the persistent activation of JNK.
Interestingly, this suppression occurs upstream of JNK, within the signal transduction cascade leading to JNK
activation, without affecting the stress-activated kinase p38. Since NF-kB has previously been shown to be
involved in the suppression of TNF-induced apoptosis, we were interested in determining the role of deregu-
lated JNK activity, induced by the loss of NF-kB, in controlling the cell death response. Through the use of
different approaches for inhibition of JNK, we show that the suppression of JNK activity in cells that lack active
NF-kB enhances the apoptotic response to TNF. These data suggest that the activity of JNK in cells blocked
for NF-kB function provides an antiapoptotic signal and explains, at least partly, why a significant number of

NF-kB null cells remain viable following TNF treatment.

The transcription factor NF-«B is a dimeric complex com-
posed of members of the Rel family of proteins (12, 29). The
classic form of NF-«kB is a dimer consisting of the transcrip-
tionally inactive pS0 subunit and the p65/RelA (p65) subunit,
which contains a potent, C-terminal transactivation domain
(12, 28). NF-kB activity is suppressed primarily through inter-
actions with various IkB proteins that promote the cytoplasmic
localization of NF-kB (12). The activation of NF-«kB is
achieved when signals, such as those elicited by tumor necrosis
factor (TNF), activate a kinase known as IKK that causes the
phosphorylation of IkB proteins (16, 43). This phosphorylation
triggers the ubiquitination and subsequent degradation of the
IkB proteins, allowing for the nuclear accumulation of NF-«kB
(12, 16). Gene-specific transcription by NF-«kB is achieved
through the recognition of distinct DNA binding sites in genes
typically associated with inflammatory and immune responses
as well as cell cycle regulation and apoptosis (2, 12, 29).

Recently it was demonstrated that NF-«B is a potent regu-
lator of apoptosis. Evidence from a number of groups has
indicated that NF-kB suppresses apoptosis induced by TNF
and other apoptotic stimuli by inhibiting the activation of the
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cell death caspase cascade as well as by inhibiting the release of
cytochrome ¢ from the mitochondria (3, 23, 35, 38, 40). The
inhibition of apoptosis by NF-kB appears to be largely tran-
scriptional, since several antiapoptotic genes, such as those
encoding Bcl-xL, c-IAP1, c-IAP2, A1/Bfl-2, and the death do-
main proteins TRAF1 and TRAF2, have been shown to be
transcriptionally regulated by NF-«B (7, 36, 37, 44). Therefore,
when cells that lack functional NF-«kB are treated with TNF, a
significant proportion of cells undergo apoptosis (3, 35, 38).
Interestingly, cell death under these circumstances never
reaches 100%, so it has been speculated that an additional
pathway activated by TNF may play an antiapoptotic role when
NF-kB is suppressed.

TNF is a key inflammatory cytokine that regulates signal
transduction cascades, gene expression, and apoptosis. The
biological effects of TNF are mediated through two distinct cell
surface receptors, TNF-RI and TNF-RII (1). Ligand-induced
trimerization of the TNF receptors leads to the recruitment of
the TNF-receptor-associated death domain protein, TRADD,
which serves to recruit additional proteins involved in the ac-
tivation of specific signal transduction pathways (1). For exam-
ple, when FADD is recruited to TRADD, a caspase cascade is
initiated through the recruitment of caspase-8. In addition,
binding of TRAF2 to TRADD leads to the recruitment of
additional proteins that can activate both the stress-activated
protein kinase cascade, which includes Jun kinase (JNK) (9,
18), and as the NF-«B signaling pathway (1, 25). Therefore, the
stimulation of cells with TNF can have both apoptotic and
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antiapoptotic consequences and can lead to the simultaneous
activation of different pathways. How these pathways interact
and potentially regulate each other may have a profound effect
on the activity of a particular signaling pathway as well as on
the outcome of cell death.

Like NF-kB, JNK and its downstream target, c-Jun, have
each been implicated in the control of cell death, although
their roles have proven to be complex. In particular, JNK has
been shown to either positively or negatively regulate cell
death depending on the biological context. For instance, JNK-
deficient (JNK1 and JNK2 null) embryonic fibroblasts are
blocked in UV-induced apoptosis, while animals that are null
for JNK exhibit enhanced forebrain cell apoptosis (17, 33).
Also, JNK has been shown to be involved in the protection of
cells against taxol-induced cell death by epidermal growth fac-
tor (22). Importantly, c-Jun, the downstream effector of JNK,
has also proven to play both pro- and antiapoptotic roles. c-Jun
can prevent apoptosis during hepatogenesis, but it is necessary
for excitotoxin-induced cell death in neurons (13, 14). Further-
more, depending on the differentiation state of PC12 cells,
c-Jun can function in a positive or negative manner towards
cell death (20). It is these disparities that led us to ask whether
the activation status of NF-«kB might determine the pro- or
antiapoptotic status of JNK or other members of the stress
kinase signaling pathway.

We show, as other groups have, that TNF leads to the rapid
and transient activation of JNK in wild-type cells. However, the
transient nature of this activation depends on the p65 subunit
of NF-kB, since JNK activity in response to TNF is sustained
in cells that lack functional NF-kB. In addition, this regulation
requires the transcription function of the p65 subunit and
appears to involve the inhibition of upstream signals that con-
trol JNK activity but not of those that regulate another stress-
activated kinase, p38. Therefore, based on the involvement of
JNK in cell death, we speculated that the sustained activation
of JNK in NF-kB null cells could play an antiapoptotic role,
possibly explaining the lack of complete TNF-induced cell
death in p65~/~ fibroblasts. In accordance, the use of inhibitors
to suppress sustained JNK activity in cells that lack functional
NF-«kB results in enhanced cell death in response to TNF.
Therefore, the INK pathway appears to inhibit cell death when
the antiapoptotic role for NF-«B is suppressed. Recently it has
been shown that NF-«kB negatively modulates JNK activity (15,
30, 32). However, in contrast to our studies, those studies
indicate that deregulated JNK activity, resulting from inhibi-
tion of NF-«kB, provides a proapoptotic signal in response to
TNF. Two of these papers (30, 32) indicate that the ability of
NF-kB to regulate either XIAP or GADDA458 suppresses JNK
activity. However, a recent paper indicates that XIAP anti-
apoptotic function requires JNKI1 activation (27). Our data
provide new evidence of functional cross-regulation between
NF-kB and the JNK pathway at a level upstream of JNK-
specific activation and provide a rationale to explain why loss
of NF-kB does not fully sensitize cells to the apoptotic poten-
tial of TNF.

MATERIALS AND METHODS

Cell culture. 32D myeloid cells were maintained in RPMI-1640 medium sup-
plemented with 10% fetal calf serum (FCS) (Life Technologies Inc., Gaithers-
burg, Md.), 10% WEHI-conditioned medium as a source of interleukin 3 (IL-3),
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and 100 pg (each) of penicillin and streptomycin (P/S) (Sigma-Aldrich, St. Louis,
Mo.)/ml. 32D cells stably expressing IkBa super-receptor (IkBa-SR) have been
previously described (26). 32D-IkBa-SR cells were additionally supplemented
with 0.5 mg of Geneticin (Life Technologies, Inc.)/ml. p65™/* and p65~/~ mouse
embryo fibroblast cells were maintained in Dulbecco’s modified Eagle medium H
supplemented with 10% FCS and P/S. 293T cells were maintained in RPMI 1640
supplemented with 10% FCS and P/S. p65~/~-TAMG67 cells were additionally
supplemented with 1 g of puromycin/ml.

Cell extract preparation and reagents. For Western analysis, p65~/~ and
p65™/* cells were plated at 1 X 10° to 3 X 10° cells in a six-well dish and
incubated at 37°C. The following day, cells were treated with 1 to 25 ng of mouse
TNF-a (Roche Molecular Biochemicals, Indianapolis, Ind.)/ml or with 5 ng of
IL-1B (Life Technologies, Inc.)/ml for the indicated times. 32D and 32D-
IkBa-SR cells were plated at 2 X 10° to 3 X 10° cell/ml in a 10-ml volume and
incubated at 37°C for 2 h prior to treatment with 1 to 25 ng of mouse TNF-o/ml
for the indicated times. For experiments involving actinomycin D, cells were
pretreated with 5 g of actinomycin D (Sigma-Aldrich)/ml for 5 min prior to the
addition of TNF. For experiments involving SP600125, cells were pretreated with
10 to 20 pm SP600125 (4) (Celgene, San Diego, Calif.) 1 h prior to treatment
with TNF. All cell protein extracts were obtained by collecting total cells, wash-
ing them with 1X phosphate-buffered saline (PBS), resuspending them in four
volumes of sample buffer (125 mM Tris [pH 6.8], 20% glycerol, 4% sodium
dodecyl sulfate, 1.44 mM B-mercaptoethanol, bromphenol blue), and boiling
them for 5 min.

Western analysis. Cell protein extracts, approximately equivalent to 2 X 10°
p65 fibroblast cells or 1 X 10° 32D myeloid cells, were separated on a sodium
dodecyl sulfate-10% polyacrylamide gel and transferred to nitrocellulose. For all
Western experiments, equal protein loading was confirmed by staining the ni-
trocellulose membrane with Ponceau S. Western analysis with the anti-phospho-
JNK, anti-phospho-SEK-1, anti-phospho-ATF-2, and anti-phospho-p38 poly-
clonal antibodies (Cell Signaling Technologies, Beverly, Mass.) was performed as
per the manufacturer’s instructions. Western analysis with the anti-phospho-c-
Jun polyclonal antibody (Upstate Biotechnology, Lake Placid, N.Y.) was per-
formed as per the manufacturer’s instructions. Western analyses with the anti-
carboxy-terminal IkBa polyclonal antibody (Santa Cruz Biotechnology, Inc.,
Santa Cruz, Calif.) and the anti-carboxy-terminal p65 polyclonal antibody (Rock-
land, Boyertown, Pa.) were performed identically and have been previously
described (26).

Transfections. (i) Luciferase reporter assays. 293T cells (3 X 10°) were plated
in six-well dishes and incubated at 37°C. The following day, transfections were
performed by the calcium phosphate method by diluting 15 ng of Gal4-c-Jun
fusion protein, 300 ng of Gal5-luciferase reporter construct, and 150 ng of either
pCMV4, pCMV-p65, pPCMV-1kBa, pCMV-p52, or pCMV-c-Rel to a total of 2
g of DNA into 250 ul of HEPES-buffered saline, pH 7.05 (137 mM NaCl, 5 mM
KCI, 0.7 mM Na,HPO,-7H,0, 6 mM dextrose, 20 mM HEPES). To this mix, 25
wl of 1.25 M CaCl, was quickly added, vortexed for 10 s, and incubated for 5 min
at room temperature. Transfection mixes were subsequently added drop-wise to
cells and incubated at 37°C for 3 h. Cells were then washed once with 1X PBS
and replenished with complete media. Cells were collected 48 h posttransfection
for luciferase activity analysis.

(ii) Generation of p65~/~-TAMG67 cells. p65 /™ cells were transfected with the
TAMG67 expression vector or the control vector and subsequently selected with 1
pg of puromycin/ml for 12 days. The presence of TAM67 in these p65~/~
resistant clones was verified by Western blot analysis with an anti-c-Jun/AP-1
(Ab-1) antibody (Calbiochem-Novabiochem Corp., San Diego, Calif.). Positive
clones expressing similar levels of TAMG67 protein were pooled and utilized for
subsequent experiments.

(iii) Luciferase reporter assays. Cell extracts were prepared by washing cells
with 1X PBS and resuspending in 100 pl of M-PER Mammalian Protein Ex-
traction Reagent (Pierce, Rockford, Ill.) for 10 min. The cell lysate was collected
by centrifugation, and 50 pl was used in a Luciferase reporter assay that has been
previously described (26).

Cell death assays. (i) Inmunohistochemistry. The day before TNF treatment,
0.5 X 10° p65~/~ cells were plated on coverslips in a six-well dish. Cells were
treated with 20 ng of TNF/ml for the indicated times, rinsed with PBS, and
placed in fixative (3% paraformaldehyde, 2% sucrose in PBS) for 1 h at room
temperature. Fixed cells were washed with PBS and stained for 1 h at 37°C using
the cell death detection kit-TMR Red as per the manufacturer’s instructions
(Roche Molecular Biochemicals). Subsequently, cells were washed twice with
PBS, incubated with Hoechst 33342 (Molecular Probes, Eugene, Oreg.) for 2
min, washed with PBS, and mounted for visualization by microscopy.

(ii) Cell death enzyme-linked immunosorbent assay (ELISA). 32D-IkBa-SR
cells were plated at 3 X 10° cells/ml and incubated at 37°C for 2 h. Cells were
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FIG. 1. In the absence of NF-kB, TNF leads to sustained activation of JNK. (A) TNF leads to sustained activation of JNK in p65~/~ cells. Cell
extracts were prepared from p65™/" and p65 /" cells treated with 10 ng of TNF/ml for 0, 15, 30, 60, or 120 min by lysing an equal number of cells
in sample buffer. Extracts were analyzed by Western blotting with an anti-phospho-JNK or an anti-carboxy-terminal p65 antibody. Mobilities of
phosphorylated JNK and p65 protein are indicated with arrows. (B) TNF leads to sustained activation of JNK in 32D-IkBa-SR cells. Cell extracts
from 32D and 32D-IkBa-SR cells treated with 10 ng of TNF/ml for 0, 15, 30, 60, or 120 min were prepared as for panel A. Extracts were analyzed
by Western blotting with an anti-phospho-JNK, anti-phospho-Jun, or an anti-carboxy-terminal IkBa antibody. Mobilities of phosphorylated JNK,

phosphorylated Jun, IkBa, and IkBa-SR are indicated with arrows.

subsequently treated with TNF for the indicated times and analyzed utilizing the
cell Death detection ELISAPYS kit as per the manufacturer’s directions (Roche
Molecular Biochemicals).

(iii) Annexin V staining. p65 '~ and p65 /" -vector cells were plated at 2 X 10°
to 3 X 10° cells in a six-well dish and incubated at 37°C. The following day, cells
were treated with 1 or 5 ng of TNF/ml for the indicated times with or without
SP600125 and stained utilizing the ApoAlert Annexin V-FITC apoptosis kit as
per the manufacturer’s instructions (Clontech, Palo Alto, Calif.). Stained cells
were analyzed on a FACScalibur (Becton Dickinson, Franklin Lakes, N.J.), and
the data were compiled using Summit version 3.0 (Cytomation, Fort Collins,
Colo.).

(iv) TAM-67 cell death assay. p65~'~-TAMG67 cells were plated at 2 X 10° to
3 X 10° cells in a six-well dish and incubated at 37°C. The following day, cells
were treated with TNF for the indicated times and cell viability was determined
utilizing the trypan blue exclusion assay.

RESULTS

Inhibition of NF-kB in a variety of cell lines leads to sus-
tained JNK activation in response to TNF or IL-1(3 treatment.
In order to address the potential for cross-regulation between
NF-kB and JNK activity, we analyzed JNK activation in re-
sponse to TNF treatment with p65 wild-type (p65 /") cells and
with p65~/~ null fibroblast cells. In wild-type fibroblasts, TNF
treatment caused a transient induction of JNK activity as mea-
sured by the enhanced phosphorylation of JNK. The activation
of INK peaked 15 min post-TNF treatment, with complete loss
of activity within 1 h of cell stimulation (Fig. 1A, lanes 1 to 5,

upper panel). In contrast, TNF treatment of p65 '~ fibroblasts
led to a persistent activation of JNK, with sustained activity
extending past the 2-h time point (Fig. 1A, lanes 6 to 10, upper
panel). The absence of p65 in p65 '~ cells is verified by West-
ern analysis (Fig. 1A, lower panel). Since we have observed
that c-Rel is strongly activated in response to TNF treatment in
p65~/~ cells (data not shown), these data indicate that p65 is
the primary mediator of the suppression of JNK activity in
response to TNF.

In order to extend these findings, we analyzed additional cell
types that were inhibited for NF-kB activation to determine
whether TNF induced persistent JNK activity in these cells as
well. In particular, cells expressing a dominant inhibitory form
of IkB (IkB super-repressor, IkB-SR), a potent inhibitor of
NF-kB complexes, were analyzed. Using 32D and 32D-
IkBa-SR cells (26), we measured the phosphorylation status of
JNK as well as the phosphorylation status of the JNK sub-
strate, c-Jun. As with wild-type fibroblasts, control 32D my-
eloid cells showed a transient stimulation of JNK activity peak-
ing within 15 min of TNF treatment (Fig. 1B, lanes 1 to 5,
upper and middle panels). However, 32D-IkBa-SR cells ex-
hibited sustained activation of JNK as well as phosphorylated
c-Jun up to 2 h following TNF treatment (Fig. 1B, lanes 6 to 10,
upper and middle panels). The presence of IkBa-SR in 32D-
IkBa-SR cells was verified by Western analysis (Fig. 1B, lower
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FIG. 2. In the absence of NF-kB, TNF leads to sustained activation of the JNK pathway. (A) In p65~/~ cells, TNF leads to sustained activation
of several members of the JNK pathway. p38 is not differentially regulated in the p65*/* and p65~'~ cells. Cell extracts were prepared from p65™/*
and p65~'~ cells treated with 10 ng of TNF/ml for 0, 15, 30, 60, or 120 min by lysing an equal number of cells in sample buffer. Extracts were
analyzed by Western blotting with an anti-phospho-SEK-1/MKK4, anti-phospho-ATF2, or anti-phospho-p38 antibody. Mobilities of phosphory-
lated SEK-1/MKK4, ATF2, and p38 are indicated with arrows. (B) In 32D-IkBa-SR cells, TNF leads to sustained activation of several members
of the JNK pathway but p38 is not differentially affected. Cell extracts were prepared from 32D and 32D-IkBa-SR cells and analyzed as in panel

A. Mobilities are indicated with arrows as in panel A.

panel). Virtually identical results were obtained with HT1080
fibrosarcoma cells expressing the IkBa-SR (data not shown).
In addition, we were interested in determining whether IL-1B,
which can activate both the JNK and NF-«B pathways, would
also lead to the sustained activation of JNK in the absence of
NF-kB. As with TNF, IL-1B leads to a transient phosphoryla-
tion of c-Jun in p65*'* cells and in 32D cells, while this phos-
phorylation is sustained in both p65~/~ cells and 32D-IkBa-SR
cells (data not shown). These results demonstrate that inhibi-
tion of NF-kB in several cell types leads to the sustained
activation of JNK and the inability to down regulate this ac-
tivity following TNF or IL-1f treatment.

Induction of sustained JNK activity is associated with en-
hanced SEK-1/MKK4 activation. The inhibition of JNK activ-
ity by NF-«kB could be controlled at the level of JNK, possibly
through the control of a phosphatase (see Discussion) or
through the inhibition of upstream proteins within the JNK
signaling pathway. Two different mitogen-activated protein ki-
nases (SEK-1/MKK4 and MKK?7) have been implicated as
direct, upstream activators of JNK (8, 34). Therefore, we
tested whether SEK-1/MKK4 was persistently activated in cells
lacking NF-kB. In p65 /" cells and 32D-IkBa-SR cells, TNF
treatment led to the sustained phosphorylation of SEK-1/
MKK4 (Fig. 2A and B, lanes 6 to 10, top panel) but only
transient activation in control cells (Fig. 2A and B, lanes 1 to
5, top panels). Interestingly, another stress-activated kinase,

p38, exhibited sustained activity in the presence or absence of
NF-kB in response to TNF treatment (Fig. 2A and B, bottom
panels). In addition, the transcription factor ATF-2, another
substrate for JNK, was persistently phosphorylated in the
p65~'~ cells and 32D-IkBa-SR cells but only transiently phos-
phorylated in control cells (Fig. 2A and B, middle panels).
These results indicate that one mechanism for sustained JNK
activity is through the loss of control of the down regulation of
SEK-1/MKK4 activity or of a regulatory factor upstream of
SEK-1/MKK4 when NF-kB is inhibited.

Transcriptional activity of NF-kB/p65 is required for the
inhibition of JNK activity. It can be envisioned that NF-xB
would regulate JNK activity through the ability of p65 to reg-
ulate the transcription of a gene or a set of genes (30, 32). First,
to demonstrate that JNK activity is regulated specifically by
p65, we reconstituted p65~/~ cells with p65 and examined
whether transient stimulation of JNK is restored in these cells.
Again, p65~'~ cells show persistent JNK phosphorylation (Fig.
3A, lanes 6 to 10), whereas p65™/" cells and p65 /" cells
reconstituted with p65 showed only transient activation of JNK
(Fig. 3A, lanes 11 to 15). It was then important to determine
whether NF-kB transcriptional activity is required for the sup-
pression of JNK activity. The first approach was to examine
whether actinomycin D, a general inhibitor of transcription,
would modulate the activation of JNK. As seen in Fig. 3B, the
transient phosphorylation of INK that occurs in p65™/* cells in
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FIG. 3. The transcriptional activity of the p65 subunit of NF-kB is responsible for the regulation of the JNK pathway. (A) Cell extracts were
prepared from p65*/", p65~/~, and p65~'~ cells reconstituted with p65 treated with 10 ng of TNF/ml for 0, 15, 30, 60, or 90 min by lysing equal
numbers of cells in sample buffer. Extracts were analyzed by Western blotting with an anti-phospho-JNK antibody. The mobility of phosphorylated
JNK is indicated with an arrow. (B) The down regulation of JNK activity by NF-«B requires transcription. Cell extracts were prepared from p65™"*
cells treated with 10 ng of TNF/ml for 0, 15, 30, or 60 min with or without a 5-min pretreatment with 5 pg of actinomycin D/ml and prepared and
analyzed as for panel A. For control purposes, p65™/* cells were also treated with 5 pg of actinomycin D/ml for 0, 20, 35, or 65 min, and p65~/~
cells were treated with 10 ng of TNF/ml for 0, 15, 30, or 60 min. The mobility of phosphorylated JNK is indicated with an arrow. (C) The p65
subunit of NF-kB is sufficient to suppress Jun-dependent Gal4 transcriptional activity. Luciferase reporter assays were performed with cell extracts
from 293T cells cotransfected with a luciferase reporter containing five Gal4-DNA binding sites (GalS luciferase) and a c-Jun/Gal4 fusion protein
(Fal4-c-Jun). In addition, all cotransfections contained a pCMV empty vector, pCMV-p65, pCMV-IkBa, pCMV-p52, or a pCMV-c-Rel expression
vector. Transfections were incubated for 48 h. The data shown are representative of three experiments, each performed in triplicate. Relative
luciferase activity is indicated = the standard deviation.

response to TNF is increased in p65™/" cells pretreated with
the transcription inhibitor actinomycin D. The concentration
of actinomycin D used did not, on its own, induce JNK acti-
vation. These data suggest that transcriptional activity is re-
quired for the down regulation of JNK activity following TNF
stimulation. Second, we examined whether expression of p65
was sufficient to block the activation of a Gal4-c-Jun fusion
protein known to be regulated by JNK (9, 18). As seen in Fig.
3C, luciferase reporter assays reveal that transient expression
of p65 strongly suppressed Gal4-c-Jun activity whereas the p52
and c-Rel subunits of NF-kB and IkBa are significantly less

effective at blocking this activity (although c-Rel exhibits more
activity in blocking Gal-4-c-Jun than p52). Combined, these
results are consistent with the model that p65 is the primary
NF-«kB regulator that serves to suppress sustained JNK activity
following TNF stimulation and that this suppression is con-
trolled through the ability of NF-«kB to transcriptionally regu-
late an unknown target gene.

SP600125 inhibits sustained JNK activity and promotes
TNF-induced apoptosis. Since we have established that NF-xB
plays a role in regulating JNK activity, we were interested in
determining what potential biological consequences this regu-
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FIG. 4. SP600125 effectively blocks JNK activation and promotes apoptosis in cells that lack functional NF-kB. (A) Sp600125 effectively blocks
the sustained activation of JNK in p65~/~ cells treated with TNF. Cell extracts were prepared from p65~/~ cells pretreated with 20 uM SP600125
or DMSO for 1 h and subsequently treated with 10 ng of TNF/ml for 0, 5, 15, 30, 60, or 120 min by lysing equal numbers of cells in sample buffer.
Extracts were analyzed by Western blotting with an anti-phospho-JNK antibody or an anti-phospho-Jun antibody. Mobilities of phosphorylated
JNK and phosphorylated Jun are indicated with arrows. (B) Sp600125 effectively blocks the sustained activation of JNK in 32D-IkBa-SR cells
treated with TNF. Cell extracts were prepared from 32D-IkBa-SR cells treated and analyzed as in panel A. Mobilities are indicated with an arrow.
(C) Inhibition of JNK activity leads to an increase in TNF-induced apoptosis in p65~/~ cells. p65 null cells were pretreated with 20 M SP600125
or with DMSO for 2 h and subsequently treated with 25 ng of TNF for 8 and 16 h. Cellular death was determined by analyzing the cell lysate with
a cell death ELISA kit. Relative cell death is indicated on the y axis. (D) Inhibition of JNK in p65*/* cells augmented cell death. The experiment
was identical to that performed in Fig. 4C. (E) Inhibition of JNK activity leads to an increase in TNF-induced apoptosis in p65~/~ cells. p65~/~
cells were pretreated with 20 pM SP600125 or with DMSO and subsequently treated with 1 or 5 ng of TNF/ml for 12 h. Total cells were collected
and incubated with Annexin V-FITC for 15 to 30 min and analyzed by flow cytometry.

lation may have with respect to cell death in response to TNF
stimulation. In order to answer this question, it was necessary
to ask what happens when persistent JNK activity is blocked in
cells that lack NF-kB. One approach involves a recently de-
scribed compound (SP600125) that has been shown to block
JNK activity (4). We demonstrate, as expected, that SP600125
inhibits sustained JNK activity and sustained phospho-Jun in
p65~'~ cells (Fig. 4A, lanes 7 to 12) and in 32D-IkBa-SR cells
(Fig. 4B, lanes 7 to 12). We then tested what effect the pre-
treatment of cells with SP600125 had on TNF-induced cell

death using a cell death ELISA assay. As shown in Fig. 4C,
treatment of p65 null cells with SP600125 caused an approxi-
mately twofold increase in cell death at 8 and 16 h post-TNF
treatment over that for cells given dimethyl sulfoxide (DMSO)
alone. Similar results were obtained using 32D/IkBa-SR cells
(data not shown). In order to address whether JNK plays an
antiapoptotic role in p65*'* cells, we performed an experi-
ment similar to that performed for Fig. 4C. Treatment of these
wild-type mouse embryo fibroblasts with TNF alone did not
induce cell death, as expected (Fig. 4D). However, treatment
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with TNF and SP600125 led to a significant increase in death
at the 16-h time point, suggesting that JNK plays an antiapop-
totic role in response to TNF. In addition, we measured cell
death with Annexin V staining and flow cytometry analysis.
p65 '~ cells were pretreated with SP600125 or DMSO and
subsequently treated with 1 or 5 ng of TNF/ml. After 12 h, cells
were collected and stained with antibodies to Annexin V. Once
apoptosis is initiated in a cell, phosphatidylserine is often
translocated from the inner to the outer membrane (11, 24).
Annexin V specifically stains phosphatidylserine on the outer
membrane, and an increase in this staining along the x axis
indicates an increase in cell death. As seen in Fig. 4E, Annexin
V staining increases (as indicated with a shift to the right), and
therefore cell death increases, in cells pretreated with
SP600125. It is important to note that 1 ng of TNF/ml is
sufficient to cause the sustained phosphorylation of c-Jun in
p65~/~ cells (data not shown). These data suggest that in the
absence of NF-«kB, sustained activation of JNK can serve to
suppress apoptosis induced by TNF.

Expression of an inhibitor of JNK enhances TNF-induced
cell death in NF-kB null cells. To further address the potential
antiapoptotic role for JNK in TNF-stimulated NF-kB null
cells, we tested the effects of a second inhibitor of INK activity.
TAMG67 is a mutant form of c-Jun that binds JNK but is not
able to be phosphorylated or released from the kinase, thus
rendering JNK inactive (5, 6). Therefore, p65 null cells were
generated that stably express TAMG67. Treatment of the
p65~/"-TAMG67 cells with TNF for 24, 36, or 48 h led to an

approximately twofold enhancement in cell death compared to
results for p65~/~ control cells (Fig. 5A). In order to show that
TAMG67 suppressed the sustained activation of c-Jun induced
by TNF in p65 —/— cells, we assayed for phospho-c-Jun in the
vector control p65 null cells and in the p65 null TAM67 cells.
The data indicate that TAMG67 blocks the sustained activation
of c-Jun (Fig. 5B), consistent with its ability to augment apo-
ptosis in p65 null cells in response to TNF treatment.

DISCUSSION

These data reveal a surprising negative cross talk mechanism
between the NF-kB response pathway and the JNK pathway.
Our experiments demonstrate that a feedback control mecha-
nism exists downstream of NF-«B, involving a presumed tran-
scriptional target of NF-«kB, which functions to inhibit JNK
activity. The block appears to be upstream of JNK, since inhi-
bition of NF-kB leads to sustained SEK-1/MKK4 phosphory-
lation without affecting p38 regulation. Additionally, it appears
as if the p65 subunit is the dominant regulator of the suppres-
sive response, since c-Rel is strongly activated in p65~/~ cells
in response to TNF and because transfection of c-Rel only
partially blocked the activity of Gal4-c-Jun. Consistent with our
findings, other groups recently published experiments showing
that inhibition of NF-«kB led to a similar sustained JNK re-
sponse (15, 30, 32). Furthermore, our data indicate that de-
regulated JNK activity functions in an antiapoptotic manner to
block TNF-induced cell death.
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FIG. 5. Inhibition of JNK activity leads to an increase in apoptosis
cells that lack functional NF-kB. (A) TAM67 enhances TNF-induced
apoptosis in p65~/~ cells. p65~/~ cells expressing vector or TAM67
were treated with 20 ng of TNF/ml for 0, 24, 36, or 48 h. Cell viability
was analyzed by the trypan blue exclusion assay. Fold activation is
indicated * the standard deviation. (B) TAM67 blocks sustained c-jun
phosphorylation. Whole-cell extracts from p65 null/vector control cells
or from p65 null cells stably expressing TAM67 (either untreated or
treated) with TNF for the indicated times were probed with the phos-
pho-c-Jun antibody.

The transcriptional target(s) of NF-kB to suppress JNK is
presently unclear. One candidate is A20, which is NF-kB reg-
ulated and which inhibits TNF induction of JNK (19). de
Smaele et al. (30) indicate that GADD458 induction is regu-
lated by NF-kB and expression of this protein blocked JNK
activity. Tang et al. (32) provided evidence that the antiapop-
totic protein XIAP blocked the sustained activity of JNK. Oth-
ers, however, have indicated that XIAP activity requires JNK
activity (27), so it is unclear if XIAP is the relevant protein.
Thus, it is possible that multiple activities regulated by NF-«xB
might block TNF signaling to the Jun kinase pathway. We
found (data not shown), as did others, that NF-kB does not
control the JNK phosphatase, MKP-1 (15), which has the abil-
ity to block JNK activity. This result is consistent with our
observation that the control of JNK lies upstream of JNK in
the signaling cascade.

As discussed previously, the role of JNK in apoptosis is
complex. Our data indicate that JNK plays an antiapoptotic
role when its activation is sustained in cells lacking NF-kB. We
have shown that two inhibitors of JNK or the JNK pathway
(namely, SP600125 and TAM67) lead to enhanced apoptosis in
response to TNF signaling when NF-«B is inhibited (Fig. 4 and
5). Additionally, SP600125 enhanced apoptosis in wild-type

MoL. CELL. BIOL.

cells treated with TNF, indicating that JNK activity is antiapop-
totic downstream of TNF. Expression of JIP, a scaffold protein
involved in stress-activated protein kinase signaling that blocks
JNK activity when it is overexpressed (10, 39, 42), enhanced
cell death in p65 /" cells (data not shown). However, we were
unable to maintain these cells for further study. Our results are
in contrast with those of other publications (15, 30, 32), which
have used dominant-negative inhibitors of the JNK pathway to
provide evidence for the pro-apoptotic role of JNK. It is un-
clear at this time whether the differences in our data are due to
the use of different cell types or to the use of different ap-
proaches to block JNK. It is worth noting that JNK has been
shown to function both pro- and antiapoptotically, depending
on the cell type and the differentiation state of the cell (20). It
is also intriguing to consider that differences in NF-«kB activa-
tion levels between different cell types or in response to dif-
ferent inductive stimuli could potentially explain why JNK may
function to promote either cell survival or cell death. Addi-
tionally, it has been shown that ERK stimulation can inhibit
the pro-apoptotic function of JNK (41); however, we did not
observe an increase in ERK activity when cells inhibited for
NF-«kB were treated with TNF (data not shown). These data,
taken together with the results obtained utilizing SP600125 and
TAMG67, indicate that deregulated JNK plays an antiapoptotic
role in certain cells that are treated with TNF and that lack
NF-kB.

Another interesting point is that NF-kB and AP-1 have been
shown to function together in regulating gene expression and
promoting transformation. For example, AP-1 and NF-«kB ac-
tivities are required to induce transformation of cells in re-
sponse to tumor promoters (21). Additionally, NF-kB and
AP-1 subunits have been shown to interact, at least in vitro,
and to coregulate gene expression (31). Whether the ability of
NF-kB to suppress JNK activity and the phosphorylation of
c-Jun has any influence on a functional or physical interaction
between these transcription factors remains to be determined.

Our data obtained with respect to apoptosis have significant
clinical applications. Since NF-«B activation typically serves to
protect cells from cancer therapy-induced cell death, it will be
interesting to determine if the parallel inhibition of NF-kB in
response to chemotherapy treatment leads to JNK activation
(2). If sustained JNK activation occurs under these conditions,
it will be important to determine whether therapy-induced
JNK activity modulates cell death in an antiapoptotic manner
and whether inhibition of JNK in conjunction with NF-kB
inhibitors and chemotherapy may augment cancer therapy-
induced apoptosis.
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