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The proinflammatory cytokine tumor necrosis factor alpha (TNF-�) regulates immune responses, inflam-
mation, and programmed cell death (apoptosis). TNF-� exerts its biological activities by activating multiple
signaling pathways, including I�B kinase (IKK), c-Jun N-terminal protein kinase (JNK), and caspases. IKK
activation inhibits apoptosis through the transcription factor NF-�B, whose target genes include those that
encode inhibitors of both caspases and JNK. Despite activation of the antiapoptotic IKK/NF-�B pathway,
TNF-� is able to induce apoptosis in cells sensitive to it, such as human breast carcinoma MCF-7 and mouse
fibroblast LM cells. The molecular mechanism underlying TNF-�-induced apoptosis is incompletely under-
stood. Here we report that in TNF-�-sensitive cells activation of the IKK/NF-�B pathway fails to block
TNF-�-induced apoptosis, although its inactivation still promotes TNF-�-induced apoptosis. Interestingly,
TNF-�-induced apoptosis is suppressed by inhibition of the JNK pathway but promoted by its activation.
Furthermore, activation of JNK by TNF-� was transient in TNF-�-insensitive cells but prolonged in sensitive
cells. Conversion of JNK activation from prolonged to transient suppressed TNF-�-induced apoptosis. Thus,
absence of NF-�B-mediated inhibition of JNK activation contributes to TNF-�-induced apoptosis.

The proinflammatory cytokine tumor necrosis factor alpha
(TNF-�) regulates immune responses, inflammation, and pro-
grammed cell death (apoptosis) (5). TNF-� exerts its biological
activity by binding to type 1 and type 2 receptors (TNF-R1 and
TNF-R2), thereby activating multiple signaling pathways (5,
31, 51, 53). The TNF-R1 signaling complex is composed of the
trimerized receptor, the TNF-R1-associated death domain
protein, the Fas-associated death domain protein, TNF recep-
tor-associated factors 2 and 5, and the receptor-interacting
protein (5, 51). The Fas-associated death domain protein re-
cruits and activates procaspase 8 (39), initiating the apoptotic
pathway, in which caspases 3 and 7 are two major effector
caspases (9). Activated caspase 8 also cleaves Bid (BH3 inter-
action domain death agonist) (24, 32, 58), which triggers the
release of cytochrome c from mitochondria to induce apoptosis
(62). TNF receptor-associated factors 2 and 5 and the recep-
tor-interacting protein are involved in activation of I�B kinase
(IKK) and c-Jun N-terminal protein kinase (JNK) (1, 5, 30),
leading to activation of NF-�B and c-Jun, respectively.

The IKK complex contains two catalytic subunits, IKK� and
IKK� (IKK-1 and IKK-2) (12, 23, 37, 42, 59, 61), and an
essential regulatory subunit, NEMO/IKK�/IKKAP1 (36, 43,
60), and can be activated by a variety of stimuli (20). Activated
IKK phosphorylates I�Bs, a group of cytoplasmic inhibitors of
NF-�B, on specific serines (Ser-32 and -36 in I�B� and Ser-19
and -23 in I�B�), triggering their ubiquitination and subse-
quent degradation by the 26S proteosome (20). Degradation of
I�B unmasks NF-�B’s nuclear translocation signals. This al-
lows NF-�B to translocate into the nucleus, where it stimulates

transcription of target genes that are involved in immune re-
sponses, inflammation, viral infection, and cell survival (2–4,
13, 46, 52, 55). Compelling evidence shows that the IKK/
NF-�B pathway is required for cell survival (20). Genetic dis-
ruption experiments reveal that mice deficient in RelA, a ma-
jor activating subunit of NF-�B, die from massive apoptosis of
hepatocytes in the liver (6). A similar phenotype was observed
in mice deficient in IKK� (26, 27, 48) or IKK� alleles (33, 44,
45). In contrast, disruption of IKK� alleles only slightly affects
NF-�B activation by proinflammatory cytokines such as TNF-�
and interleukin-1 (IL-1), although mice die of perinatal lethal-
ity with severe defects in keratinocyte proliferation and differ-
entiation (17, 25, 47). Biochemical data also show that NF-�B
controls expression of several inhibitors of apoptosis (IAPs),
including c-IAP1, c-IAP2, and X chromosome-linked IAP
(XIAP) (8, 18, 29, 56, 57). Indeed, overexpression of NF-�B
suppresses apoptosis (6, 30, 54), while the “superrepressor”
I�B�(A32/36) mutant, which can no longer be phosphorylated
and is therefore resistant to ubiquitin-mediated degradation,
suppresses NF-�B activation and sensitizes cells to apoptotic
insults (57).

JNK is a member of the mitogen-activated protein (MAP)
kinase family and is activated by a variety of extracellular
stimuli through a MAP kinase cascade consisting of JNK ki-
nases (JNKK1/MKK4/SEK1 and JNKK2/MKK7) and multiple
MAP kinase kinase kinases (7, 10, 11, 16, 21, 22, 28, 38).
Activated JNK, in turn, phosphorylates and activates c-Jun, a
major component of the transcription factor AP-1, as well as
other targets (7, 10). The contribution of JNK activation to
apoptosis has been shown to be cell type and stimulus depen-
dent (7, 10). Moreover, the precise role of JNK activation in
TNF-�-induced apoptosis is less clear (30, 40). Recently, we
have shown that negative regulation of JNK activation by
NF-�B contributes to inhibition of TNF-�-induced apoptosis
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(49). Thus, regulation of JNK activation by NF-�B may play a
critical role in cell survival in response to TNF-�.

We report here that activation of the IKK/NF-�B pathway is
necessary, but not sufficient, for suppression of TNF-�-induced
apoptosis in cells sensitive to it, such as MCF-7 cells. This is
most likely due to absence of NF-�B-mediated inhibition of
prolonged JNK activation.

MATERIALS AND METHODS

Cell culture, transfection, and transcription assays. TNF-�-sensitive human
breast carcinoma MCF-7 (50) and mouse fibroblast LM (American Type Culture
Collection) cells, as well as TNF-�-insensitive MCF-7 (MCF-7-R), COS-1, and
human fibrosarcoma HT-1080 cells, were grown in RPMI 1640 or MEDM (41)
medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U of
penicillin per ml, and 100 �g of streptomycin per ml. Transfections were per-
formed by the Ca2� phosphate method, and 2� NF-�B–luciferase reporter gene
activity was determined as previously described (50).

Reagents. Antibodies against JNK and hemagglutinin (HA) were purchased
from PharMingen. Antibody against �KK�, IKK�, �KK�, and ��B� was pur-
chased from Santa Cruz. Anti-actin antibody was purchased from Sigma. Anti-
phospho antibodies of p38 and ERK were from New England BioLabs. IL-1 and
human TNF-� were purchased from R & D Systems. The proteosome inhibitor
N-acetyl-Leu-Leu-Nle-CHO (ALLN), 12-O-tetradecanoylphorbol-13-acetate
(TPA), and sodium vanadate (OV) were purchased from Sigma. The specific
JNK inhibitor SP600125 was synthesized and purified as previously published
(15), and the specific IKK inhibitor NEMO-binding domain (NBD) peptide (34)
was synthesized by the Peptide Synthesis Core Facility, University of Chicago.
The caspase 7 substrate DEVD-AFC was purchased from Clontech. [�-32P]ATP
(3,000 mCi/nmol) was from Dupont NEN.

Plasmids and adenovirus. Mammalian HA-IKK�, HA-JNKK2-JNK1, HA-
JNKK2(K149M), HA-IKK�(EE), HA-RelA, HA-XIAP, and M2-JNK1 expres-
sion vectors, adenovirus I�B�(A32/36) and green fluorescent protein vectors,
glutathione S-transferase (GST)–I�B�, and GST–c-Jun(1-79) have been de-
scribed previously (41, 49, 50, 63).

Protein kinase assays and immunoblotting. Immune complex kinase assays
were performed as previously described (28). Kinase activity was quantitated
with a PhosphorImager. Immunoblot analysis was performed as previously de-
scribed (28). The antibody-antigen complexes were visualized by the enhanced
chemiluminescence detection system (Amersham).

Apoptosis assays. Cells were cotransfected with various constructs in the
presence of a GFP plasmid at a ratio of 4:1. Under these conditions, cells
expressing GFP also expressed the cotransfected plasmid (50). Cells were sub-
sequently infected with Ad/GFP or Ad/I�B�(A32/A36) (multiplicity of infection
[MOI], 500) or left uninfected. At the time points indicated, cells were treated
with stimuli and stained with Hoechst. Cell nucleus condensation was detected by
fluorescence microscopy. Caspase 7 activity was measured with the synthetic
fluorogenic substrate AC-Asp-Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin
(AC-DEVD-AFC) in accordance with the manufacturer’s (Clontech) manual.
The liberation of 7-amino-4-trifluoromethylcoumarin from AC-DEVD-AFC was
read by a cytofluorometer at a 400-nm excitation wavelength and a 505-nm
emission wavelength.

RESULTS

Activation of the IKK/NF-�B pathway is insufficient to sup-
press TNF-�-induced apoptosis in sensitive MCF-7 cells. De-
spite activation of the antiapoptotic IKK/NF-�B pathway,
TNF-� induces apoptosis in a subline of human breast carci-
noma MCF-7 cells by activation of caspases (30, 50). This
indicates that activation of NF-�B alone may be insufficient to
suppress TNF-� killing of MCF-7 cells. To test this possibility,
TNF-�-insensitive MCF-7 (MCF-7-R) cells and TNF-�-sensi-
tive MCF-7 cells were transfected with an expression vector
encoding GFP and either RelA, which is active when overex-
pressed (20, 49), or the constitutively active IKK�(EE) mutant
(37, 41) or an empty vector. In the absence of stimuli,
IKK�(EE) was fully active (20), as measured by immune com-

plex kinase assays with GST-I�B� as the substrate (Fig. 1A).
Expression of IKK�(EE) or RelA also significantly stimulated
NF-�B transcriptional activity, as measured by NF-�B–lucif-
erase reporter gene assays (Fig. 1B). Treatment with TNF-�
induced apoptosis in MCF-7 cells (30, 50), including nucleus
condensation as measured by Hoechst staining (Fig. 1C) or
caspase activation (F. Tang and A. Lin, unpublished data; Fig.
2D). However, expression of IKK�(EE) or RelA did not sig-
nificantly inhibit TNF-�-induced apoptosis in MCF-7 cells
(Fig. 1C). In the presence of the protein synthesis inhibitor
cycloheximide (CHX), which inhibits the synthesis of antiapo-
ptotic proteins induced by NF-�B (30, 50), TNF-� also induced
apoptosis in TNF-�-insensitive MCF-7-R cells (Fig. 1D). Ex-
pression of RelA or IKK�(EE), which results in activation of
NF-�B and accumulation of antiapoptotic proteins prior to
TNF-�–CHX treatment, suppressed TNF-�–CHX-induced
apoptosis in MCF-7-R cells (Fig. 1D, 50 and 64% less death
than with TNF-�–CHX alone, respectively). Thus, activation

FIG. 1. Activation of NF-�B is insufficient to suppress TNF-�-in-
duced apoptosis in MCF-7 cells. (A) MCF-7 cells were transfected with
an expression vector encoding wild-type HA-IKK� (WT) or HA-
IKK�(EE) (1.5 �g of each). After 48 h, cells were treated with or
without TNF-� (20 ng/ml) for 15 min. The activity of wild-type HA-
IKK� or HA-IKK�(EE) was measured by immune complex kinase
assays (KA) with GST-I�B� as the substrate, and their expression was
analyzed by immunoblotting with anti-HA antibody (IB). (B) MCF-7
or MCF-7-R cells were transfected with the 2� NF-�B-Luc reporter
plasmid (0.2 �g each), along with expression vectors encoding either
HA-IKK�(EE), HA-RelA, or an empty vector (0.4 �g of each). After
30 h, cells were treated with or without TNF-� (20 ng/ml) for 8 h.
Relative luciferase (LUC) activity was determined as previously de-
scribed (28). The results are presented as means 	 standard errors and
represent three separate experiments done in duplicate. (C and D)
MCF-7 (C) or MCF-7-R (D) cells were transfected with expression
vectors encoding HA-IKK�(EE), HA-RelA, or an empty vector (2.0
�g of each), along with the transfection marker GFP (0.5 �g). After
48 h, cells were treated with or without TNF-� (20 ng/ml) for 11 h
(C) or treated with or without TNF-� (20 ng/ml) plus CHX (10 �g/ml)
or CHX alone for 6 h (D). Cells were stained with Hoechst, and
nuclear condensation was visualized by fluorescence microscopy. The
apoptotic death of transfected (GFP-positive) cells was calculated by
counting eight randomly selected areas (total, 40 to 50 cells per area).
The results are presented as means 	 standard errors and represent
three separate experiments.
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of the IKK/NF-�B pathway alone is insufficient to block TNF-�
killing of MCF-7 cells.

Not all NF-�B inducers are able to inhibit TNF-� killing of
MCF-7 cells. Pretreatment with NF-�B inducers can inhibit
TNF-� killing (30, 34, 50). We tested whether pretreatment
with IL-1 or TPA can suppress TNF-� killing of MCF-7 cells.
Both IL-1 and TPA activated IKK and NF-�B transcriptional

activity, as measured by immune complex kinase assays (Fig.
2A) and NF-�B–luciferase reporter gene assays (Fig. 2B), re-
spectively. Unlike TNF-�, neither IL-1 nor TPA induced apo-
ptosis in MCF-7 cells (Fig. 2C). Pretreatment with IL-1 had
little effect on TNF-� killing or caspase 7 activity (Fig. 2C and
D). The failure of IL-1 to prevent TNF-� killing was not
generic, since it was able to suppress TNF-�–CHX-mediated
apoptosis of MCF-7-R cells (Fig. 2E, 50% less death than with
TNF-�–CHX alone). Since IL-1 induced similar levels of
NF-�B activation in both MCF-7 and MCF-7-R cells (Tang
and Lin, unpublished), it is unlikely that the inability of IL-1 to
protect MCF-7 cells from TNF-�-induced apoptosis was
caused by weaker activation of NF-�B. In contrast to IL-1,
pretreatment with TPA significantly suppressed TNF-�-in-
duced apoptosis in MCF-7 cells (Fig. 2C, 89% less death than
with TNF-� alone), likely through a classical protein kinase C
pathway (Tang and Lin, unpublished) (14, 35). Taken together,
preactivation of NF-�B alone cannot inhibit TNF-�-induced
apoptosis in MCF-7 cells.

Inhibition of the IKK/NF-�B pathway promotes TNF-� kill-
ing. The inability of NF-�B activation to suppress TNF-� kill-
ing raised the question of whether the IKK–NF-�B pathway is
needed for survival of MCF-7 cells. To address this, we used a
synthetic peptide that resembles the NBD of IKK� and IKK�
to inhibit IKK activation by TNF-�. This synthetic peptide
inhibits IKK by competing with IKK� and IKK� for binding to
IKK�/NEMO (34). Immune complex kinase assays showed
that pretreatment with NBD inhibited TNF-�-induced IKK
activation in a dose-dependent manner (Fig. 3A). This inhibi-
tion was not a result of decreased expression of IKK� (Fig.
3A), IKK�, or IKK� (Tang and Lin, unpublished). Pretreat-
ment with NBD promoted TNF-� killing of MCF-7 cells (Fig.
3B). Consistently, pretreatment with ALLN, a proteosome in-
hibitor that inhibits I�B� degradation (Fig. 3C) and NF-�B
transcriptional activity (Fig. 3D), promoted TNF-� killing of
MCF-7 cells (Fig. 3E). These data suggest that activation of the
IKK/NF-�B pathway is still necessary for survival of MCF-7
cells.

JNK activation is required for TNF-� killing. The results
reported above suggest that other TNF-� effectors may play a
critical role in TNF-�-induced apoptosis. To test this possibil-
ity, we examined whether activation of JNK is involved in
TNF-� killing.

First, we tested whether the specific JNK inhibitor SP600125
(15) can suppress TNF-� killing of MCF-7 cells. SP600125
inhibited TNF-�-induced activation of JNK, as measured by
immune complex kinase assays (Fig. 4A). SP600125 had no
detectable effect on activation and expression of p38 or ERK,
as measured by immunoblotting with anti-phospho or pan an-
tibodies, respectively (Fig. 4A) or by immune complex kinase
assays, respectively (Tang and Lin, unpublished). Pretreatment
of MCF-7 cells with SP600125 significantly suppressed TNF-
�-induced apoptosis (Fig. 4B). Furthermore, expression of the
dominant negative JNKK2(K149M) mutant, which blocks
TNF-�-induced JNK activation (Tang and Lin, unpublished)
(48), suppressed TNF-�-induced apoptosis (Fig. 4C). Con-
versely, expression of the JNKK2-JNK1 fusion protein, which
has constitutive Jun kinase activity (49, 63), promoted TNF-�
killing (Fig. 4C). Expression of the JNKK2-JNK1 fusion pro-
tein alone had no detectable effect on apoptosis of MCF-7 cells

FIG. 2. TPA, but not IL-1, inhibits TNF-�-induced apoptosis in
MCF-7 cells. (A) MCF-7 cells were treated with or without TNF-� (20
ng/ml) for 15 min, TPA (100 ng/ml) for 30 min, or IL-1 (5 ng/ml) for
15 min. IKK activity and expression were examined as described in the
legend to Fig. 1. (B) MCF-7 cells were transfected with the 2� NF-
�B-Luc reporter plasmid (0.2 �g). After 30 h, cells were treated with
or without TNF-� (20 ng/ml), TPA (1.0 ng/ml), or IL-1 (5 ng/ml) for
8 h. Luciferase (LUC) activity was determined as previously described
(28). The results are presented as means 	 standard errors and rep-
resent three separate experiments done in duplicate. (C) MCF-7 cells
were pretreated with TPA (100 ng/ml) or IL-1 (5 ng/ml) for 3 h and
then stimulated with TNF-� (20 ng/ml) for 11 h. Apoptotic cell death
was calculated by counting six to eight randomly selected areas (total,
150 to 200 cells per area) as described in the legend to Fig. 1. The
results shown represent three separate experiments. (D) MCF-7 cells
were pretreated with or without TPA (1.0 ng/ml) or IL-1 (5 ng/ml) for
3 h and then stimulated with TNF-� (20 ng/ml) for 11 h. Caspase
(Casp) activity was measured with DEVD-AFC as the substrate in
accordance with the manufacturer’s (Clontech) manual. Caspase 7
activity is presented as means 	 standard errors and represents three
separate experiments. (E) MCF-7-R cells were pretreated with or
without IL-1 (5 ng/ml) for 3 h and then stimulated with TNF-� (20
ng/ml)–CHX (10 �g/ml) for 10 h. Apoptotic cell death was calculated
as described for panel C, and the results shown represent three sepa-
rate experiments. (F) MCF-7-R cells were pretreated with or without
IL-1 (5 ng/ml) for 3 h and then stimulated with TNF-� (20 ng/ml) and
CHX (10 �g/ml) for 6 h. Caspase activity was measured as described
for panel D.
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(Tang and Lin, unpublished). These results suggest that JNK
activation may contribute to TNF-� killing of MCF-7 cells.

Since pretreatment with TPA, but not IL-1, suppresses
TNF-� killing of MCF-7 cells (Fig. 2C), we were curious if this
was due to their differential ability to inhibit TNF-�-mediated
JNK activation. Indeed, pretreatment with IL-1 had little in-
hibitory effect on TNF-�-induced JNK activation, as measured
by immune complex kinase assays (Fig. 5A). In contrast, pre-
treatment with TPA significantly inhibited TNF-�-induced
JNK activation (Fig. 5B). The inhibition was not the result of
decreased expression of p46JNK (Fig. 5B) or p54 JNK (Tang and
Lin, unpublished). The inhibitory effect of TPA on TNF-�-
induced JNK activation and apoptosis was significantly abro-
gated by the tyrosine phosphatase inhibitor OV (Fig. 5C and
D), suggesting that an OV-sensitive JNK phosphatase(s) may,
in part, mediate the inhibitory effect of TPA on JNK activation
and apoptosis in MCF-7 cells.

Absence of NF-�B-mediated inhibition of JNK activation
contributes to TNF-�-induced apoptosis. In the absence of
NF-�B-mediated JNK inhibition, TNF-� induces prolonged
JNK activation, which contributes to the apoptotic process

(49). The fact that TNF-� killing of MCF-7 cells was blocked
by inhibition of JNK, but not by activation of NF-�B, provoked
us to test whether there is a defect in NF-�B-mediated inhibi-
tion of JNK in these cells and whether this contributes to
killing by TNF-�.

Immune complex kinase assays showed that JNK activation
by TNF-� was transient in MCF-7-R cells (Fig. 6A). This
transient activation of JNK is due to NF-�B-mediated inhibi-

FIG. 3. Inhibition of the IKK/NF-�B pathway promotes TNF-�-
induced apoptosis in MCF-7 cells. (A) MCF-7 cells were pretreated
with or without NBD at various doses for 3 h and stimulated with
TNF-� (20 ng/ml) for 15 min. IKK activity and expression were mea-
sured as described in the legend to Fig. 2. (B) MCF-7 cells were
pretreated with NBD (150 �M) for 3 h and stimulated with TNF-� (20
ng/ml) for 11 h. Cells were Hoechst stained, and apoptotic cells were
calculated as described in the legend to Fig. 2C. The results are pre-
sented as means 	 standard errors and represent three separate ex-
periments. (C) MCF-7 cells were pretreated with ALLN (150 �M) for
2 h and stimulated with TNF-� (20 ng/ml) for 15 min. Degradation of
I�B� proteins was analyzed by immunoblotting with anti-I�B� anti-
body. (D) MCF-7 cells were transfected with the 2� NF-�B-Luc re-
porter plasmid (0.2 �g). After 30 h, cells were pretreated with or
without ALLN (150 �M) for 2 h and stimulated with TNF-� (20 ng/ml)
for 8 h or left untreated. Cells were harvested, and relative luciferase
(LUC) activity was determined. The results are presented as means 	
standard errors and represent three separate experiments done in
duplicate. (E) MCF-7 cells were pretreated with ALLN (150 �M) for
2 h and stimulated with TNF-� (20 ng/ml) for 11 h. Apoptotic cell
death was calculated as described for panel B. FIG. 4. JNK activation is involved in TNF-� killing of MCF-7 cells.

(A) MCF-7 cells were pretreated with SP600125 (20 �M) for 30 min
and stimulated with TNF-� (20 ng/ml) for 15 min. JNK was immuno-
precipitated with anti-JNK1 antibody, and its activity was measured by
immune complex kinase assay with GST–c-Jun(1-79) as the substrate.
JNK content was analyzed by immunoblotting with anti-JNK antibody.
The same cell lysates were also analyzed for activation of p38 or ERK
by immunoblotting with corresponding anti-phospho antibodies. (B)
MCF-7 cells were pretreated with SP600125 (SP; 20 �M) for 30 min
and stimulated with TNF-� (20 ng/ml) for 11 h. Apoptotic cell death
was calculated as described in the legend to Fig. 2C. (C) MCF-7 cells
were cotransfected with expression vectors encoding GFP (0.5 �g) and
either the HA-JNKK2-JNK1 fusion protein, the dominant negative
mutant HA-JNKK2(K149M), or an empty vector (2.0 �g of each).
Cells were treated with or without TNF-� (20 ng/ml) for 11 h and
stained with Hoechst. The death of transfected (GFP-positive) cells
was calculated as described in the legend to Fig. 1.
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tion since infection of MCF-7-R cells with adenovirus encoding
the superrepressor I�B�(A32/36) mutant converted JNK acti-
vation from transient to prolonged (Fig. 6B). Suppression of
protein synthesis by CHX also converted JNK activation by
TNF-� from transient to prolonged (Tang and Lin, unpub-
lished). Since JNK activation was already transient, expression
of RelA or the JNK inhibitor XIAP only slightly inhibited
TNF-�-induced activation of cotransfected M2-JNK1 (Fig. 6C
and D). The activation of M2-JNK1 by TNF-� was weaker
than that of endogenous JNK because of the higher basal
activity of M2-JNK1 when it is ectopically expressed. In con-
trast, JNK activation by TNF-� was prolonged in MCF-7 cells
(Fig. 6E). This prolonged activation did not result from in-
creased expression of either p46JNK (Fig. 6E) or p54JNK (Tang
and Lin, unpublished). Infection of MCF-7 cells with adeno-
virus encoding I�B�(A32/36) showed little effect on prolonged
JNK activation by TNF-� (Fig. 6F). Conversely, expression of
RelA in MCF-7 cells failed to convert JNK activation by
TNF-� from prolonged to transient (Fig. 6G). However, ex-
pression of XIAP, an NF-�B-induced inhibitor of JNK activa-
tion (49), converted JNK activation by TNF-� from prolonged
to transient (Fig. 6H). These data suggest that NF-�B activa-
tion may be decoupled from its inhibition of JNK activation in
MCF-7 cells.

To determine whether prolonged JNK activation contributes
to TNF-�-induced apoptosis in MCF-7 cells, cells were treated
with the JNK inhibitor SP600125 30 min after TNF-� stimu-
lation to convert JNK activation from prolonged to transient
(Fig. 7A). Under this condition, TNF-�-induced apoptosis was
significantly suppressed (Fig. 7B). In MCF-7-R cells expressing
I�B�(A32/36), JNK activation was prolonged (Fig. 6B) and

cells were sensitized to TNF-�-induced apoptosis (Fig. 7D).
Treatment with SP600125 30 min after TNF-� stimulation
converted JNK activation from prolonged back to transient
(Fig. 7C) and suppressed TNF-� killing (Fig. 7D). These data
suggest that the absence of NF-�B-mediated inhibition of JNK
activation by TNF-� in MCF-7 cells contributes to TNF-�-
induced apoptosis.

In the absence of NF-�B-mediated inhibition, prolonged
JNK activation also contributes to TNF-�-induced apoptosis in
other cell types. In TNF-�-sensitive LM fibroblasts, activation
of JNK by TNF-� was prolonged (Fig. 8A) and TNF-� alone

FIG. 5. JNK phosphatase(s) mediates the inhibitory effect of TPA
on JNK activation in MCF-7 cells. (A and B) MCF-7 cells were pre-
treated with IL-1 (5 ng/ml) or TPA (100 ng/ml) for 1 h and stimulated
with TNF-� (20 ng/ml) for 15 min. JNK activity and expression was
measured as described in the legend to Fig. 4. (C and D) MCF-7 cells
were pretreated with OV (100 �M) for 30 min prior to treatment with
TPA (100 ng/ml) for 1 h. Cells were stimulated with TNF-� (20 ng/ml)
for either 15 min (C) or 11 h (D). JNK activity and expression were
measured as described in the legend to Fig. 4, while apoptotic cell
death was detected and calculated as described in the legend to Fig. 1.
The results shown represent three separate experiments.

FIG. 6. Prolonged JNK activation by TNF-� in MCF-7 cells is due
to absence of NF-�B-mediated inhibition. (A and E) MCF-7-R or
MCF-7 cells were treated with TNF-� (20 ng/ml) for various times as
indicated. JNK activity and expression were measured as described in
the legend to Fig. 4. (B and F) MCF-7-R or MCF-7 cells were infected
with Ad/I�B�(A32/36) (MOI, 500). After 24 h, cells were treated with
TNF-� (20 ng/ml) for various times as indicated. JNK activity and
expression were measured as described in the legend to Fig. 4. (C, D,
G, and H) MCF-7-R or MCF-7 cells were transfected with an expres-
sion vector encoding HA-XIAP or HA-RelA or with an empty vector
(1 �g of each), along with M2-JNK (0.5 �g). After 48 h, cells were
treated with TNF-� (20 ng/ml) for various times as indicated. JNK
activity was measured as described in the legend to Fig. 4. (H) M2-
JNK1 was immunoprecipitated from extracts from vector- and HA-
XIAP-transfected cells that had been normalized to contain the same
amount of M2-JNK1 protein. Expression of M2-JNK, HA-RelA, and
HA-XIAP was analyzed by immunoblotting with anti-M2 or anti-HA
antibody.
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was able to induce apoptosis (Fig. 8C). TNF-�-induced apo-
ptosis was suppressed by the dominant negative JNKK2
(K149M) mutant, which inhibits JNK activation by TNF-�
(Fig. 8B and C). In TNF-�-insensitive HT-1080 cells, JNK
activation by TNF-� was transient (Fig. 8D). Infection of HT-
1080 cells with adenovirus encoding I�B�(A32/36) converted
JNK activation from transient to prolonged (Fig. 8E) and sen-
sitized cells to TNF-� killing (Fig. 8G). Treatment of cells with
SP600125 30 min after TNF-� stimulation converted JNK ac-
tivation from prolonged back to transient (Fig. 8F) and sup-
pressed TNF-�-induced apoptosis (Fig. 8G). Similar results
were obtained with COS-1 cells (Tang and Lin, unpublished).
Thus, the duration of JNK activation affects the susceptibility
of cells to TNF-�-induced apoptosis.

DISCUSSION

In this report, we show that decoupling of NF-�B activation
from its inhibition of JNK activation sensitizes cells to TNF-�
killing.

Typically, TNF-� does not induce apoptosis unless NF-�B
activation is impaired (49). In the presence of CHX, which
blocks or reduces synthesis of proteins including NF-�B-in-
duced antiapoptotic gene products, TNF-� does kill various
types of cells (30, 50). An exception to this scenario is MCF-7

cells, which undergo TNF-�-induced apoptosis despite activa-
tion of NF-�B (30, 50). Overexpression of RelA or the consti-
tutively active IKK�(EE) mutant in MCF-7 cells was unable to
suppress TNF-� killing (Fig. 1C). However, RelA or IKK�(EE)

FIG. 7. Prolonged JNK activation contributes to TNF-�-induced
apoptosis in MCF-7 cells. (A) MCF-7 cells were stimulated with
TNF-� (20 ng/ml). After 30 min, cells were treated with SP600125 (20
�M) and harvested at the time points indicated. JNK activity and
expression were measured as described in the legend to Fig. 4.
(B) MCF-7 cells were treated with TNF-� (20 ng/ml) and 30 min later
were treated with or without SP600125 (20 �M). After 11 h, cells were
stained with Hoechst and visualized by fluorescence microscopy. Cell
death was calculated as described in the legend to Fig. 2C. (C) MCF-
7-R cells infected with Ad/I�B�(A32/36) (MOI, 500) were treated with
TNF-� (20 ng/ml). After 30 min, cells were treated with SP600125 (20
�M). JNK activity and expression were measured as described in the
legend to Fig. 4. (D) MCF-7-R cells were infected with Ad/I�B�(A32/
36) or Ad/GFP (MOI, 500) and treated with TNF-� (20 ng/ml). After
30 min, cells were treated with SP600125 (20 �M) and cell death was
calculated 7 h later as described in Fig. 2C. The results shown repre-
sent three separate experiments.

FIG. 8. Prolonged JNK activation affects the susceptibility of cells
to TNF-�-induced apoptosis. (A) TNF-�-sensitive LM cells were
treated with TNF-� (20 ng/ml) and harvested at the time points indi-
cated. JNK activity and expression were measured as described in the
legend to Fig. 4. (B) LM cells were cotransfected with expression
vectors encoding M2-JNK (1.5 �g) and either the JNKK2(K149M)
mutant or an empty vector (6.0 �g of each). Cells were treated with or
without TNF-� (20 ng/ml) for 15 min. The activity of M2-JNK and the
expression of transfected constructs were determined as previously
described (49). (C) LM cells were cotransfected with expression vec-
tors encoding GFP (1.5 �g) and either the JNKK2(K149M) mutant or
an empty vector (6.0 �g of each). Cells were treated with or without
TNF-� (20 ng/ml) for 8 h, stained with Hoechst dye, and visualized by
fluorescence microscopy. The death rate of transfected (GFP-positive)
cells was calculated by counting six randomly selected areas (total, 30
to 40 cells per area). Results are presented as means 	 standard errors
and represent two individual experiments. (D) TNF-�-insensitive HT-
1080 cells were treated with TNF-� (20 ng/ml) for various times as
indicated. JNK activity and expression were measured as described in
the legend to Fig. 4. (E) HT-1080 cells were infected with Ad/I�B�
(A32/36) (MOI, 500). After 24 h, cells were treated with TNF-� (20
ng/ml) for various times as indicated. JNK activity and expression were
measured as described in the legend to Fig. 4. (F) HT-1080 cells in-
fected with Ad/I�B�(A32/36) (MOI, 500) were stimulated with TNF-�
(20 ng/ml). After 30 min, cells were treated with SP600125 (20 �M)
and harvested at the time points indicated. JNK activity and expression
were measured as described in the legend to Fig. 4. (G) HT-1080 cells
were infected with Ad/I�B�(A32/36) or Ad/GFP (MOI, 500) and
treated with TNF-� (20 ng/ml). After 30 min, cells were treated with or
without SP600125 (20 �M) and cell death was calculated 9 h later as
described in the legend to Fig. 2C. The results shown represent three
separate experiments.
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did inhibit TNF-�–CHX-induced apoptosis in TNF-�-insensi-
tive MCF-7-R cells (Fig. 1D). Although both TPA and IL-1 are
activators of the IKK/NF-�B pathway (Fig. 2A and B), pre-
treatment with TPA, but not IL-1, suppressed TNF-� killing of
MCF-7 cells (Fig. 2C). In contrast, IL-1 was able to suppress
TNF-� killing of MCF-7-R cells (Fig. 2D). Since IL-1 induces
similar levels of NF-�B activation in MCF-7 and MCF-7-R
cells (Tang and Lin, unpublished), it is unlikely that the inabil-
ity of IL-1 to suppress TNF-� killing of MCF-7 cells is due to
weaker induction of NF-�B. Interestingly, inactivation of the
IKK/NF-�B pathway promoted TNF-� killing of MCF-7 cells
(Fig. 3B and E). Thus, activation of NF-�B is necessary but not
sufficient for inhibition of TNF-� killing of cells sensitive to it.

The role of JNK activation in apoptosis is highly controver-
sial, as it has been reported to have a proapoptotic role, an
antiapoptotic role, or no role in this process (21, 30, 40, 49).
Our results suggest that, in the absence of NF-�B-mediated
inhibition, JNK activation may contribute to TNF-� killing.
Pretreatment of MCF-7 cells with the specific JNK inhibitor
SP600125 blocked JNK activation (Fig. 4A) and TNF-� killing
(Fig. 4B). Under the same conditions, SP600125 has no de-
tectable inhibitory effect on activation of p38, ERK (Fig. 4A),
or IKK (Tang and Lin, unpublished). Although we cannot
formally exclude the possibility that SP600125 can block TNF-
�-induced apoptosis by inhibiting a target(s) other than JNK, it
is likely that JNK activation is involved in TNF-� killing. This
notion is supported by the findings that TNF-� killing was
suppressed by expression of the dominant negative JNKK2
(K149M) mutant (Fig. 4C) but promoted by the JNKK2-JNK1
fusion protein that has constitutive JNK activity (Fig. 4C). It is
important to note that expression of the JNKK2-JNK1 fusion
protein alone did not induce apoptosis in MCF-7 cells (Tang
and Lin, unpublished) (49), suggesting that JNK activation
may promote, but is unable to initiate, the apoptotic process.
Although both IL-1 and TPA activate NF-�B in MCF-7 cells,
pretreatment with TPA, but not IL-1, suppressed TNF-� kill-
ing and JNK activation (Fig. 2C and 5A and B). Thus, regu-
lation of JNK, but not NF-�B, may be a critical event that
determines whether MCF-7 cells exposed to TNF-� live or die.
Consistently, the inhibition by TPA of TNF-�-induced JNK
activation and apoptosis is, in part, mediated by an OV-sensi-
tive JNK phosphatase(s) (Fig. 5C and D). In contrast, inacti-
vation of NF-�B by infection of MCF-7 cells with adenovirus
encoding the superrepressor I�B�(A32/36) only slightly af-
fected the inhibitory effect of TPA on TNF-�-induced JNK
activation and apoptosis (Tang and Lin, unpublished).

The duration of activation appears to be critical for whether
JNK affects the susceptibility of cells to TNF-� killing. Resto-
ration of transient JNK activation in MCF-7 cells with JNK
inhibitor SP600125 treatment (Fig. 7A) suppressed TNF-� kill-
ing (Fig. 7B). Inhibition of prolonged JNK activation in LM
cells also suppressed TNF-� killing (Fig. 8G). Furthermore,
expression of I�B�(A32/36) in cells that are originally resistant
to TNF-� killing, such as MCF-7-R and HT-1080 cells, con-
verted JNK activation from transient to prolonged (Fig. 6B and
8E) and sensitized cells to TNF-�-induced apoptosis (Fig. 7D
and 8G). Interestingly, treatment of I�B�(A32/36) expressing
MCF-7-R or HT-1080 cells with SP600125 for 30 min following
TNF-� stimulation restored transient JNK activation (Fig. 7C
and 8F) and resistance to TNF-� killing (Fig. 7D and 8G).

These data are consistent with our previous finding (49) that,
in addition to inhibition of caspases, NF-�B inhibits prolonged
JNK activation by TNF-�, thereby suppressing apoptosis.

The failure of NF-�B activation to suppress TNF-�-induced
apoptosis in MCF-7 cells is likely due, at least in part, to its
inability to prevent prolonged JNK activation. Activation of
JNK by TNF-� was transient in TNF-�-insensitive MCF-7-R
cells (Fig. 6A). This is due to NF-�B-mediated inhibition since
suppression of NF-�B activation by I�B�(A32/36) expression
or CHX treatment converted JNK activation from transient to
prolonged (Fig. 6B; Tang and Lin, unpublished). In contrast,
JNK activation by TNF-� was prolonged in MCF-7 and LM
cells (Fig. 6E and 8A), suggesting that TNF-� activation of the
IKK/NF-�B pathway in MCF-7 cells (Fig. 2A and B) and in
LM cells (Tang and Lin, unpublished) may be incapable, for
reasons unknown, of inhibiting prolonged JNK activation by
TNF-�. In support of this notion, overexpression of RelA is
unable to prevent prolonged JNK activation by TNF-� (Fig.
6G). Consistently, expression of I�B�(A32/36) had little effect
on JNK activation by TNF-� (Fig. 6F). Since NF-�B can still be
activated by TNF-� (Fig. 2B; Tang and Lin, unpublished), it is
likely that there is a decoupling of NF-�B activation from
inhibition of JNK activation.

The molecular mechanism underlying the decoupling of
NF-�B activation from inhibition of JNK activation by TNF-�
in MCF-7 cells remains to be determined. Although NF-�B
activation is unable to prevent JNK activation in MCF-7 cells
(Fig. 6G), overexpression of XIAP, an NF-�B-induced JNK
inhibitor, converted JNK activation from prolonged to tran-
sient (Fig. 6H). Note that overexpression of XIAP in MCF-7
cells enhances expression levels of cotransfected JNK, result-
ing in higher basal JNK activity (Tang and Lin, unpublished),
in agreement with our previous finding (49). However, XIAP is
unlikely to be responsible for the different sensitivities of
MCF-7 and MCF-7-R cells to TNF-�-induced apoptosis since
they have similar levels of endogenous XIAP (Tang and Lin,
unpublished). Thus, overexpression of XIAP in MCF-7 cells
may compensate for the need of other yet-to-be identified JNK
inhibitors. Nevertheless, it is possible that NF-�B may fail to
induce, for reasons yet to be identified, a certain inhibitor(s) of
JNK activation (49). Another possibility is that proteolysis of
IKK� by caspase 3-related caspases, such as caspase 7 (MCF-7
cells have no detectable caspase 3 activity) (19), may blunt
NF-�B activation during apoptosis (50). This could reduce the
production of NF-�B-induced antiapoptotic gene products,
which otherwise inhibit caspases and JNK. Consequently, in
addition to caspase activation, proteolysis of IKK� may con-
tribute to apoptosis by allowing prolonged JNK activation.
Further studies are needed to explore these possibilities.
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