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The c-Jun NH2-terminal kinase (JNK) is activated by the cytokine tumor necrosis factor (TNF). This
pathway is implicated in the regulation of AP-1-dependent gene expression by TNF. To examine the role of the
JNK signaling pathway, we compared the effects of TNF on wild-type and Jnk1�/� Jnk2�/� murine embryo
fibroblasts. We show that JNK is required for the normal regulation of AP-1 by TNF. The JNK-deficient cells
exhibited decreased expression of c-Jun, JunD, c-Fos, Fra1, and Fra2; decreased phosphorylation of c-Jun and
JunD; and decreased AP-1 DNA binding activity. The JNK-deficient cells also exhibited defects in the regu-
lation of the AP-1-related transcription factor ATF2. These changes were associated with marked defects in
TNF-regulated gene expression. The JNK signal transduction pathway is therefore essential for AP-1 tran-
scription factor regulation in cells exposed to TNF.

Tumor necrosis factor alpha (TNF-�) is a potent cytokine
that influences immune response, proliferation, differentiation,
and apoptosis (6). These effects of TNF-� are mediated by
several signal transduction pathways, including the activation
of caspases, the NF-�B pathway, and mitogen-activated pro-
tein kinases (MAPK). Dysregulated TNF-� function is impli-
cated in the pathology of many diseases, including rheumatoid
arthritis, Crohn’s disease, and several neuropathologies. Un-
derstanding the mechanism of signal transduction by TNF-� is
therefore important, because this knowledge will allow the
design of novel therapeutic strategies for these diseases.

The binding of TNF to TNF receptor-1 (TNF-R1) causes
trimerization of the receptor and recruitment of the adapter
protein TRADD to the cytoplasmic domain of the receptor
(6). TRADD acts as a scaffold protein that recruits FADD,
RIP1, and TRAF2. In contrast, TNF-R2 directly binds
TRAF1, which subsequently recruits TRAF2. These adapter
proteins act to initiate signal transduction pathways within a
complex that is bound to the receptor. Thus, apoptosis and
anti-inflammatory responses are mediated by the activation of
caspase 8 by TRADD (43). In contrast, antiapoptosis and
inflammatory responses are mediated by activation of MAPK
pathways by TRAF2 (44) and the NF-�B pathway by TRAF2
plus RIP1 (11, 19).

The inflammatory response of cells to TNF is mediated, in
part, by the regulation of gene expression by the AP-1 and
NF-�B groups of transcription factors (2). The NF-�B signal
transduction pathway is directly engaged by the TNF receptors.
In contrast, the AP-1 group of transcription factors is activated
by an indirect mechanism that involves MAPK. The activation

of AP-1 is mediated by at least two regulatory events. First,
some AP-1 proteins (e.g., c-Jun) are encoded by immediate-
early genes that are transcriptionally induced following treat-
ment of cells with TNF. Second, some AP-1 proteins (e.g.,
c-Jun) are posttranslationally modified to increase transcrip-
tion activity. The relative roles of different MAPK in these
processes is unclear. For example, the transcriptional induc-
tion of c-Jun expression may be mediated by several MAPK-
responsive elements in the promoter, including MEF2, a con-
sensus AP-1 site that binds c-Jun, and a nonconsensus AP-1
site (Jun2 TRE) that binds c-Jun/ATF2 heterodimers (30). The
p38 MAPK can phosphorylate and activate MEF2 (15), c-Jun
NH2-terminal kinase (JNK) can phosphorylate and activate
c-Jun (10, 20), and both p38 MAPK and JNK can phosphor-
ylate and activate ATF2 (14, 22, 27, 28, 37). Together, these
data suggest that the regulation of AP-1 activity by TNF may
involve the concerted actions of MAPK.

The purpose of this study was to examine the role of JNK in
cells treated with TNF. It is known that TNF activates JNK by
a pathway that is initiated by TRAF2 (44). The MAPK kinase
kinase in this pathway has not been defined, although a role for
ASK1 has been proposed at late times of TNF signaling (33).
It is established that the MAPK kinase MKK7 is essential for
JNK activation caused by TNF (34). However, the role of
activated JNK in TNF-treated cells is unclear. Gene disruption
studies demonstrate that JNK is not required for TNF-stimu-
lated apoptosis (35). Here we demonstrate that JNK is critical
for TNF regulation of the AP-1 group of transcription factors.
Loss of AP-1 activation in JNK-deficient cells causes marked
defects in the response of cells following treatment with TNF.

MATERIALS AND METHODS

Materials. Recombinant murine TNF-�, the p38 inhibitor PD 169316, myelin
basic protein, and [�-32P]ATP were obtained from R&D Systems, Calbiochem,
Sigma, and Pharmacia-Amersham, respectively. Recombinant glutathione
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S-transferase (GST)–c-Jun (residues 1 to 79) (10) and GST-ATF2 (residues 1 to
109) (14) were expressed in bacteria and purified by affinity chromatography.

Tissue culture and preparation of cell extracts. Wild-type (WT), Jnk1�/�

Jnk2�/� (Jnk�/�), and Mkk4�/� Mkk7�/� (Mkk�/�) fibroblasts were established
from embryonic day 13.5 mouse embryos (34, 35). The cells were maintained in
Dulbecco’s modified Eagle medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 2 mM glutamine, penicillin (100 U/ml), and strepto-
mycin (100 �g/ml) (Life Technologies) at 37°C in a humidified atmosphere with
5% CO2. JNK was expressed in the cells in transient-transfection assays using
plasmid expression vectors and the Lipofectamine reagent (Invitrogen). Retro-
viral transduction experiments were performed using mouse stem cell retroviral
vector (MSCV)-internal ribosome entry site-green fluorescent protein vectors,
and the transduced cells were isolated by flow cytometry. The JNK1 and JNK2
retroviral vectors were constructed by subcloning the cDNAs as blunt-ended
fragments into the EcoRI site of the vector MCSV-internal ribosome entry
site-green fluorescent protein (46).

Cell lysates were prepared from cells starved of serum (2 h) prior to treatment
with TNF-� (10 ng/ml). The cells were washed twice with phosphate-buffered
saline (PBS), and extracted (10 min at 4°C) with lysis buffer (25 mM HEPES [pH
7.5], 0.3 M NaCl, 0.2 mM EDTA, 0.1% Triton X-100, 0.5 mM dithiothreitol, 20
mM �-glycerophosphate, 0.1 mM vanadate, leupeptin [2 �g/ml], aprotinin [2
�g/ml], 1 mM phenylmethylsulfonyl fluoride). The extracts were clarified using
an Eppendorf microcentrifuge (14,000 rpm for 10 min at 4°C). The concentration
of total soluble protein in the supernatant was quantitated by the Bradford
method (Bio-Rad). These extracts were employed for immunoblot analysis and
protein kinase assays.

Luciferase reporter gene assays. Transfection assays were performed using
Lipofectamine reagent (Invitrogen) according to manufacturer’s recommenda-
tions. The cells were transfected with 0.2 �g of the GAL4 fusion protein expres-
sion vector pGAL4, pGAL4-ATF2, or pGAL4-ATF2-Thr69Ala/Thr-71Ala (14),
0.5 �g of the luciferase reporter plasmid pG5E1bLuc (14), and 0.05 �g of the
control vector pRL-null (Promega). The effect of cotransfection with 0.2 �g of
pCMV-MEKK1 (40), pCDNA3-Flag-MKK6(Ser207Glu/Thr211Glu) (28), or
pCDNA3-HA-MLK3 (40) was examined. Control studies were performed using
the empty expression vectors. Cell extracts and luciferase quantitation were
performed using the Dual-Luciferase Reporter assay system (Promega Corp.,
Madison, Wis.).

Measurement of protein kinase activity. The activities of JNK, p38, and ex-
tracellular signal-regulated kinase (ERK) were determined by immunoprecipi-
tation-kinase assays using antibodies to JNK (FL; Santa Cruz Biotechnology,
Inc.), p38 MAPK (27), and ERK1/2 (C16/C14; Santa Cruz Biotechnology, Inc.).
Cell lysates were incubated for 3 to 4 h at 4°C with antibodies and then isolated
by incubation with protein G- or protein A (Pharmacia-LKB Biotechnology)-
Sepharose beads for 2 h at 4°C. Complexes were washed three times with a
solution containing 1� PBS, 1% NP-40, and 2 mM vanadate; once with 100 mM
Tris (pH 7.5)–0.5 M LiCl, and once with kinase buffer (12.5 mM morpholinepro-
panesulfonic acid [pH 7.5], 12.5 mM �-glycerophosphate, 7.5 mM MgCl2, 0.5
mM EGTA, 0.5 mM NaF, 0.5 mM vanadate). The activity was measured by
adding 30 �l of kinase buffer containing 50 �M [�-32P]ATP (10 Ci/mmol) and 1
�g of GST–c-Jun (JNK), 1 �g of GST-ATF2 (p38 MAPK), or 1 �g of MBP
(ERK). The reactions were terminated by addition of Laemmli sample buffer.
Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (12 to 15% polyacrylamide gel) and identified by autoradiography. The
incorporation of [32P]phosphate was quantitated by PhosphorImager analysis.

Electrophoretic mobility shift assays. Cytosol and nuclear extracts were pre-
pared (1) and DNA binding activity was examined using oligonucleotide probes
for AP-1 and Jun2 TRE. The AP-1 probe was a double-stranded oligonucleotide
(5	-CGCTTGATGACTCAGCCGGAA-3	) and was labeled with T4 polynucle-
otide kinase and [�-32P]ATP. The Jun2 TRE probe was made by annealing
5	-AGCTAGCATTACCTCATCCC-3	 and 5	-GATCGGGATGAGGTAATG
CT-3	 and was labeled with Klenow and [�-32P]ATP. Binding assays were per-
formed (for 30 min at 4°C) and examined on a 6% nondenaturing polyacrylamide
gel. Competition analysis was performed using a 100-fold excess of unlabeled
probe.

Immunoblot analysis. Proteins were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (10% polyacrylamide gel) and electrophoretically
transferred to an Immobilon-P membrane (Millipore, Inc.). The membranes
were incubated with 5% nonfat dry milk (at 4°C for 5 h) and then probed with
antibodies to ATF2 (N-96 and F2BR-1; Santa Cruz), phospho(Thr-71)-ATF2
(F1; Santa Cruz), c-Jun (H-79; Santa Cruz), JunD (329; Santa Cruz), phospho
(Ser-73)-Jun (Upstate Biotechnology), JNK 1/2 (PharMingen), ERK 1/2 (C14/
16; Santa Cruz) and p38 MAPK (N-20; Santa Cruz). Immune complexes were
detected by enhanced chemiluminescence (NEN).

Immunofluorescence microscopy. Cells grown on glass coverslips were fixed at
�20°C in methanol (5 min) and acetone (2 min). The cells were then incubated
(30 min) in blocking buffer (3% bovine serum albumin in PBS) and subsequently
incubated (60 min) in blocking buffer with primary antibodies, including mouse
monoclonal anti-phospho(Thr-71) ATF2 (F1 [1/100]; SantaCruz), rabbit anti-
ATF2 (N-96 [1/100]; SantaCruz), rabbit anti-phospho(Thr183 and Tyr 185) JNK
(anti-active JNK [1/100]; Promega) and anti-JNK1/2 (1/100; Pharmingen). Im-
mune complexes were detected with Texas red-conjugated anti-rabbit immuno-
globulin (Ig) and fluorescein isothiocyanate (FITC)-conjugated anti-mouse Ig
antibodies (1/300; Jackson Immunoresearch, Inc.) in blocking buffer. The cov-
erslips were mounted in Vectashield with DAPI (4	,6	-diamino-2-phenylindole)
(Vector Laboratories) and examined by immunofluorescence microscopy using a
conventional Axioplan 2 microscope with a MicroImager charge-coupled device
camera (Carl Zeiss).

Flow cytometry. The cells were detached in PBS with 0.53 mM EDTA and
washed once in PBS with 1% FBS, and 106 cells were treated (5 min on ice) with
Fc Block (anti-mouse CD16/CD32; BD Pharmingen). The cells were then incu-
bated (1 h on ice) with an antibody to TNF-R1 (559915; BD Pharmingen).
TNF-R1 immunocomplexes were detected with biotin-conjugated mouse anti-
hamster IgG antibody (BD Pharmingen) followed by phycoerythrin-conjugated
streptavidin (BD Pharmingen). The cells were incubated (60 min on ice) and
washed in PBS with 1% FBS between incubations. The cells were fixed in 100 �l
of 4% paraformaldehyde (Ted Pella, Inc.) in PBS (for 20 min at 25°C), washed,
and resuspended in PBS with 1% FBS prior to analysis by flow cytometry.

RNase protection assays. Total RNA (5 �g) was examined using the Multi-
probe RNase protection assay (Pharmingen) with the template sets mCK3,
mCK4, mCR4, and mFos/Jun following the manufacturer’s recommendations.
The products were separated on a 5% sequencing gel, detected by autoradiog-
raphy, and quantitated by PhosphorImager analysis (Molecular Dynamics).

RESULTS

WT and Jnk�/� murine embryo fibroblasts were examined in
culture. Control experiments demonstrated equal expression
of TNF receptor mRNA (TNF-R1 and TNF-R2) in RNase
protection assays (data not shown). In addition, equal amounts
of TNF-R1 were detected by flow cytometry on the surface of
WT and Jnk�/� fibroblasts (data not shown). Furthermore, the
rate and extent of TNF-stimulated degradation of I�B and
nuclear accumulation of NF-�B was similar in WT and Jnk�/�

cells (data not shown). These data indicate that the TNF sig-
naling pathway is functional in both WT and Jnk�/� fibro-
blasts. This is consistent with the results of previous studies
which indicate that TNF (in the presence of protein or mRNA
synthesis inhibitors) causes apoptosis of both WT and Jnk�/�

cells (35). Together, these data indicate that JNK deficiency
does not cause generalized defects in TNF receptor activation
in fibroblasts. In contrast, a marked and selective defect in
MAPK activation was observed in JNK-deficient cells.

Treatment of WT fibroblasts with TNF caused increased
activity of the ERK, JNK, and p38 MAPK (Fig. 1). Compar-
ative studies of WT and Jnk�/� fibroblasts indicated that the
regulation of ERK activity and the regulation of p38 MAPK
activity were similar. In contrast, both JNK protein and activity
were absent in the Jnk�/� fibroblasts (Fig. 1). To confirm the
loss of JNK in the Jnk�/� fibroblasts, we examined the expres-
sion of JNK by immunofluorescence analysis (Fig. 2). In WT
fibroblasts, JNK was detected in both the cytoplasm and the
nucleus. Treatment with TNF caused a marked increase in the
amount of activated JNK that was detected using an antibody
that binds phospho-Thr-185/Tyr-185 JNK (Fig. 2). Neither
JNK nor activated JNK was observed in Jnk�/� cells (Fig. 2).
Together, these data indicate that the Jnk�/� cells appear to
have a selective defect in the JNK signaling pathway.

JNK is required for TNF-stimulated expression of AP-1
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transcription factors. TNF regulates AP-1 transcription factor
activity, in part, by increasing the expression of members of the
Jun and Fos families. Studies of WT cells indicated that TNF
caused increased expression of c-Jun, JunB, JunD, c-Fos, Fra1,
and Fra2 (Fig. 3). Marked changes in the expression of these
transcription factors were observed in Jnk�/� fibroblasts, with
the exception of JunB, which was expressed at similar levels in
WT and Jnk�/� fibroblasts. The TNF-stimulated increase in
expression of c-Jun, JunD, c-Fos, Fra1, and Fra2 was strongly
suppressed in the Jnk�/� cells (Fig. 3). In addition, the basal
expression of c-Jun, JunD, c-Fos, and Fra2 in cells treated
without TNF was greatly reduced in Jnk�/� cells compared to
WT cells. These data indicate that JNK-deficient fibroblasts
have severe defects in the expression of the AP-1 group of
transcription factors. To confirm this conclusion, we examined
AP-1 DNA binding activity in electrophoretic mobility shift
assays. Studies using a consensus AP-1 probe demonstrated
that TNF caused a time-dependent increase in AP-1 DNA
binding activity, which was strongly suppressed in Jnk�/� fi-
broblasts (Fig. 4A). Similar observations were made in exper-
iments using a nonconsensus AP-1 probe (Jun2 TRE) that
preferentially binds heterodimeric complexes of Jun proteins
with ATF2 (Fig. 4A). These data demonstrate that Jnk�/� cells
exhibit a severe defect in TNF-stimulated AP-1 transcription
factor expression.

JNK is required for TNF-stimulated phosphorylation of
AP-1 transcription factors. It is established that TNF regulates
AP-1 activity, in part, by increasing the expression of members
of the Jun and Fos families. However, AP-1 activity can also be
regulated by posttranslational modification of these transcrip-
tion factors, including phosphorylation by MAPK. Previous
studies indicate that the NH2-terminal phosphorylation of c-
Jun, JunD, and ATF2 contributes to AP-1 activation (8). We
therefore examined the phosphorylation of endogenous AP-1
proteins in WT and Jnk�/� fibroblasts.

TNF caused a marked increase in the NH2-terminal phos-
phorylation of c-Jun in WT fibroblasts, but no phosphorylation
of c-Jun was detected in Jnk�/� cells (Fig. 4B). These data are
consistent with previous studies that indicate a role for JNK in
the NH2-terminal phosphorylation of c-Jun (8). In contrast to
the essential requirement of JNK for the TNF-stimulated
phosphorylation of c-Jun, the NH2-terminal phosphorylation
of JunD was only partially suppressed in Jnk�/� fibroblasts
(Fig. 4B). The presence of TNF-stimulated JunD phosphory-
lation in Jnk�/� cells is particularly striking because these cells
expressed lower amounts of JunD protein than WT fibroblasts.
Together, these data establish that JunD phosphorylation is
partially controlled by a JNK-independent mechanism (e.g.,
ERK or p38 MAPK) in TNF-treated cells. However, JNK is
essential for TNF-stimulated NH2-terminal phosphorylation of
c-Jun.

The NH2-terminal phosphorylation of the ATF2 transcrip-
tion factor has been reported to be regulated by JNK (14, 22),
and also by other MAPK, including ERK (23) and p38 MAPK
(27). The role of JNK in the NH2-terminal phosphorylation of
ATF2 is therefore unclear. TNF caused a marked increase in
ATF2 phosphorylation in WT cells, but only a very low level of
ATF2 phosphorylation was detected in Jnk�/� cells. These
data indicate that while several TNF-stimulated MAPK are
capable of phosphorylating ATF2 in vitro, the major TNF-
stimulated activity in vivo is JNK. This conclusion was con-
firmed by immunofluorescence analysis (Fig. 5). Studies of WT
cells demonstrated that ATF2 was detected in the cytoplasm
but was predominantly localized to the nucleus. A similar dis-
tribution of ATF2 was observed in Jnk�/� cells. Treatment of
WT cells with TNF caused the accumulation of ATF2 in the
nucleus and the disappearance of this transcription factor from
the cytoplasm. This change in subcellular localization was as-
sociated with a marked increase in the NH2-terminal phos-
phorylation of ATF2 (Fig. 5). In contrast, studies of TNF-

FIG. 1. Effect of TNF on the activation of MAPK in WT and Jnk�/� fibroblasts. The activities of JNK (A), p38 MAPK (B), and ERK (C) in
cells treated with TNF-� (10 ng/ml) for different times were measured in an immunocomplex protein kinase assay (KA). The amount of MAPK
was examined by immunoblot (IB) analysis. The substrate phosphorylation in the kinase assays was quantitated using a PhosphorImager and is
presented graphically in relative units. The data shown were derived from a single experiment and are representative of three independent
experiments.
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treated Jnk�/� cells demonstrated markedly different ATF2
phosphorylation and subcellular localization compared with
TNF-treated WT cells. First, cytoplasmic ATF2 was detected
in TNF-treated Jnk�/� cells, although the majority of the

ATF2 was localized to the nucleus. Second, very little NH2-
terminally phosphorylated ATF2 was detected in TNF-treated
Jnk�/� cells. Interestingly, this phosphorylated ATF2 localized
to the perinuclear region in the cytoplasm rather than in the

FIG. 2. Comparison of JNK expression and activation in WT and Jnk�/� fibroblasts. JNK and activated JNK (Phospho-JNK) were examined
by immunofluorescence microscopy. The cells were treated without (A) and with (B) TNF-� (10 ng/ml for 15 min), fixed, and stained with
antibodies to JNK (FITC [green]) and phospho-JNK (Texas red [red]). DNA was stained with DAPI (blue). The cells were imaged by conventional
fluorescence microscopy.
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FIG. 3. AP-1 transcription factor expression in WT and Jnk�/� fibroblasts. WT and Jnk�/� cells were treated without (�) and with (�) TNF-�
(10 ng/ml). The cells were harvested after different times, and total RNA was isolated. The c-Jun, JunB, JunD, c-Fos, Fra1, Fra2, and ribosomal
protein L32 mRNAs were examined in an RNase protection assay. The mRNAs were detected by autoradiography (A) and quantitated by
PhosphorImager analysis (B). The normalized AP-1 mRNA/L32 mRNA ratio is presented. The data shown are representative of data obtained
in three independent experiments.
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FIG. 4. AP-1 transcription factors in WT and Jnk�/� fibroblasts. (A) WT and Jnk�/� cells were treated without and with TNF-� (10 ng/ml).
Nuclear extracts were prepared at different times and used to examine DNA binding activity with an electrophoretic mobility shift assay using
probes containing a consensus AP-1 site (TRE) and a nonconsensus site (Jun2 TRE). The DNA binding activity was detected by autoradiography
(upper panel) and was quantitated by PhosphorImager analysis (lower panel). (B) WT and Jnk�/� cells were treated without and with TNF-� (10
ng/ml). The cells were harvested after different times. Cell lysates were examined by immunoblot analysis by probing with antibodies to ATF2,
c-Jun, and JunD. The phosphorylation of these transcription factors on sites that are phosphorylated by JNK was examined using phospho-specific
antibodies. Blots were probed with an antibody to �-tubulin to monitor protein loading on each lane of the gel.
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nucleus (Fig. 5). Studies using the small-molecule inhibitor PD
169316 indicated that this residual phosphorylation of ATF2 in
Jnk�/� cells was accounted for by p38 MAPK (data not
shown). These data indicate that JNK is essential for TNF-

stimulated NH2-terminal phosphorylation of ATF2 in the nu-
cleus.

Expression of JNK in Jnk�/� cells corrects the defect in
TNF-stimulated NH2-terminal phosphorylation of ATF2 and

FIG. 5. Effect of JNK deficiency on phosphorylation and subcellular location of ATF2. ATF2 and phospho-ATF2 were examined by immu-
nofluorescence microscopy. Fibroblasts were treated without (A) and with (B) TNF-� (10 ng/ml for 15 min), fixed, and stained with antibodies to
ATF2 (Texas red [red]) and phospho-ATF2 (FITC [green]). DNA was stained with DAPI (blue). The cells were imaged by conventional
fluorescence microscopy.
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c-Jun. To test whether the defect in TNF-stimulated NH2-
terminal phosphorylation of ATF2 and c-Jun in Jnk�/� cells
was caused by JNK deficiency, we performed complementation
analysis by expression of JNK1 and JNK2 in the Jnk�/� cells.
Control experiments were performed using kinase-negative
JNK1 and JNK2 (replacement of the activating sites of Thr and
Tyr phosphorylation with Ala and Phe, respectively). These
studies were performed using cells derived from pools of
clones that were obtained following transduction using retro-
viral vectors. Immunoblot analysis of WT cells demonstrated
the expression of p46 and p55 forms of JNK1 and JNK2 (Fig.
6A). No JNK was detected in Jnk�/� cells. Complemented
Jnk�/� cells expressing WT or kinase-negative p46 JNK1 or
p55 JNK2 were obtained. Immunoblot analysis demonstrated
that the defect in endogenous ATF2 and c-Jun NH2-terminal
phosphorylation was corrected by expression of WT JNK1 or
JNK2, but not by expression of kinase-negative JNK1 or JNK2
(Fig. 6A). These data demonstrate that the defective NH2-
terminal phosphorylation of ATF2 and c-Jun in Jnk�/� cells
was caused by the absence of JNK in these cells.

The observation that TNF stimulates JNK, ERK, and p38
MAPK (Fig. 1) and that Jnk�/� cells have severe defects in
ATF2 NH2-terminal phosphorylation (Fig. 4 to 6) is intriguing.
This finding indicates that while other MAPK can phosphor-
ylate ATF2, the physiologically relevant kinase in TNF-treated
cells is JNK. This conclusion led us to reexamine the role of
p38 MAPK and JNK in the regulation of ATF2. Studies of
ATF2 transcription activity were performed with a GAL4 re-
porter assay (14) using WT and Jnk�/� fibroblasts (Fig. 7).
Cotransfection assays using activators of the JNK signaling
pathway (MEK kinase 1 or mixed-lineage kinase 3) strongly
increased ATF2-dependent reporter gene expression in WT
cells, and this transcription activity was suppressed in Jnk�/�

cells (Fig. 7A). Complementation assays demonstrated that the
defect in ATF2 transcription activity detected in Jnk�/� cells
could be corrected by ectopic expression of JNK1 or JNK2
(Fig. 7B). Together, these data are consistent with a role for
the JNK signaling pathway in the activation of ATF2. Studies
performed using a strong activator of the p38 MAPK pathway
(MKK6) also demonstrated increased ATF2-dependent tran-
scription activity, but this activity was not suppressed in the
Jnk�/� cells (Fig. 7A). These data confirm previous conclu-
sions that the transcription activity of ATF2 can be regulated
by a JNK-independent mechanism, including the p38 MAPK
signaling pathway. The selective requirement of JNK for TNF
action therefore appears to reflect physiologically relevant sig-
nal transduction specificity.

JNK is required for TNF-stimulated cytokine gene expres-
sion. A hallmark of the cellular response to TNF is an increase
in cytokine expression. To examine the role of JNK in this
process, we measured the amount of cytokine mRNA present
within WT and Jnk�/� cells using an RNase protection assay
(Fig. 8A). TNF was found to increase the expression of TNF,
interleukin-6 (IL-6), gamma interferon (IFN-�), leukemia in-
hibitory factor (LIF), granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), and macrophage colony-stimulating
factor (M-CSF) in WT cells. JNK deficiency caused no marked
changes in GM-CSF and M-CSF expression but did cause
some decrease in TNF-stimulated LIF expression. In contrast,
the TNF-stimulated expression of IL-6 and IFN-� was severely

reduced in JNK-deficient cells. These data suggest that JNK is
selectively required for TNF-stimulated expression of the in-
flammatory cytokines IL-6 and IFN-�. To confirm this conclu-
sion, we examined TNF-stimulated IL-6 and IFN-� expression

FIG. 6. Phosphorylation of ATF2 and c-Jun is restored in Jnk�/�

fibroblasts following ectopic expression of JNK1 or JNK2.
(A) Complementation analysis of Jnk�/� cells by ectopic expression of
JNK1 or JNK2. Jnk�/� cells were transduced with retroviruses that
expressed WT JNK1 or JNK2. Studies were also performed using
retroviruses expressing kinase-inactive JNK1 or JNK2 (APF, replace-
ment of the tripeptide dual phosphorylation motif Thr-Pro-Tyr with
Ala-Pro-Phe). The WT cells, Jnk�/� cells, and the four complemented
Jnk�/� cell populations were treated with TNF (15 min) and harvested
to prepare lysates that were probed with antibodies to JNK, ATF2,
phospho-ATF2, and phospho-c-Jun. (B and C) WT cells, Jnk�/� cells,
and Jnk�/� cells complemented with JNK1 or JNK2 were treated
without (�) and with (�) TNF-� (10 ng/ml for 60 min). Total RNA (5
�g) was isolated and examined using an RNase protection assay to
measure the expression of c-Jun, JunB, and JunD (B) and IL-6 mRNA
(C). Control assays were performed to measure the expression of the
ribosomal protein L32.
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in Mkk�/� cells which lack a functional JNK signal transduc-
tion pathway (34). Like JNK-deficient cells, the MKK-deficient
cells exhibited marked defects in TNF-stimulated IL-6 and
IFN-� expression (Fig. 8B). Together, these data indicate that
the JNK signaling pathway is essential for TNF-stimulated
expression of IL-6 and IFN-�.

A role for the JNK signaling pathway in the TNF-stimulated
expression of TNF-� was also identified, but it appears that
JNK was only required for sustained signaling (Fig. 8). Neither
JNK deficiency (Fig. 8A) nor MKK deficiency (Fig. 8B) pre-
vented the immediate increase in TNF-� expression caused by
treatment of cells with TNF. However, sustained increase in
TNF-� expression (24 h) caused by TNF was observed in WT
cells, but not in the JNK-deficient or MKK-deficient cells (Fig.
8). This selective requirement of the JNK signaling pathway for
sustained TNF-� expression (Fig. 8) differs from observations
obtained in studies of IL-6 and IFN-� expression where JNK
signaling was required for both the sustained response and the
immediate response of cells to TNF (Fig. 8).

To test whether the observed defect in gene expression in
Jnk�/� cells was caused by JNK deficiency, we performed
complementation analysis by expression of JNK1 and JNK2 in
Jnk�/� cells. In control studies, the expression of members of
the Jun family was examined (Fig. 6B). JNK deficiency caused
no change in JunB expression but caused decreased expression
of c-Jun and JunD. These defects in c-Jun and JunD expres-
sion were restored by ectopic expression of JNK1 or JNK2 in
the Jnk�/� cells (Fig. 6B). Similarly, the loss of TNF-stimu-
lated IL-6 expression in Jnk�/� cells was restored by ectopic
expression of JNK1 or JNK2 (Fig. 6C). Together, these data
indicate that JNK is an important regulator of AP-1-dependent
gene expression in cells exposed to TNF.

DISCUSSION

TNF-� is a critical mediator of the stress response that
influences immune cell function, proliferation, differentiation,
and apoptosis (6). TNF-� can cause apoptosis by activating
caspases. However, TNF-� can also promote inflammation by
suppressing apoptosis by a mechanism that involves both the
NF-�B and AP-1 groups of transcription factors (2). Since
dysregulation of TNF-� expression or signaling is implicated in
the pathology of many diseases, including rheumatoid arthritis,
Crohn’s disease, and several neuropathologies (e.g., stroke,
multiple sclerosis, and Alzheimer’s disease), an understanding
of the mechanism of proinflammatory signaling by TNF-� is
essential for the design of novel therapeutic strategies.

Substantial evidence implicates a role for the AP-1 group of
transcription factors in many of the nonapoptotic cellular re-
sponses to TNF-� (2). The mechanism of AP-1 activation
involves increased expression (5) and phosphorylation (20, 32,
39) of AP-1 proteins. The mechanism by which TNF regulates
these functions of AP-1 proteins is unclear. However, an im-
portant role for the JNK signaling pathway in AP-1 activation
by TNF has been proposed (8). The studies we present were
designed to test this hypothesis. Our approach was to compare
the effects of TNF on WT fibroblasts and compound knockout
fibroblasts that lack expression of both Jnk1 and Jnk2. The
JNK-deficient fibroblasts expressed similar amounts of
TNF-R1 and demonstrated no defects in the TNF-stimulated
activation of NF-�B. In addition, TNF caused an efficient ap-
optotic response in both the WT and the JNK-deficient cells
(in the presence of inhibitors of protein or mRNA synthesis).
These data demonstrate that JNK-deficient fibroblasts respond
to treatment with TNF. However, these cells exhibited marked
defects in TNF-stimulated JNK activation and AP-1 transcrip-

FIG. 7. ATF2 transcription activity in WT and Jnk�/� fibroblasts. ATF2 activity was examined in a luciferase reporter assay using the activation
domain of ATF2 fused to the GAL4 DNA binding domain (14). The effect of replacement of the sites of activating phosphorylation (Thr-69 and
Thr-71) with Ala was investigated (GAL4/ATF2A). The relative firefly luciferase activity was measured and was normalized to the amount of
activity detected for a cotransfected control Renilla luciferase reporter plasmid. (A) The effect of coexpression of MEK kinase 1 (MEKK1), MKK6
(Ser208Glu/Thr-211Glu), and mixed-lineage kinase 3 (MLK3) was examined. (B) Complementation analysis of Jnk�/� cells by ectopic expression
of JNK1 or JNK2. The cells were cotransfected with an expression vector for JNK1 or JNK2. Control studies were performed by cotransfecting
the empty expression plasmid.
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tion factor expression, phosphorylation, and function. These
data confirm the hypothesis that JNK is essential for the acti-
vation of AP-1 in cells treated with TNF-�.

Role of JNK in AP-1 transcription factor expression. WT
and JNK-deficient fibroblasts exhibited similar basal and TNF-
stimulated expression of JunB (Fig. 3). The absence of a re-
quirement of JNK for JunB expression is consistent with the
results of previous studies that indicate a critical role for ERK-
regulated Ets transcription factors in the expression of JunB
(7). Similarly, the expression of the AP-1 related transcription
factor ATF2 was not altered in JNK-deficient cells. However,
the JNK-deficient cells exhibited marked defects in the TNF-
stimulated expression of c-Jun, JunD, c-Fos, Fra1, and Fra2
(Fig. 3). These defects in AP-1 expression were confirmed by
measurement of AP-1 DNA binding activity in TNF-treated
cells (Fig. 4A). These data indicate that JNK is required for the
normal regulation of AP-1 transcription factor expression by
TNF.

It is interesting that JNK is not required for TNF-stimulated
expression of JunB, an AP-1 protein that has previously been
implicated as an antagonist of c-Jun transcription activity (9).
The expression of the c-Jun antagonist JunB and the selective
loss of expression of other AP-1 proteins indicate that TNF-
treated JNK-deficient cells have profound defects in AP-1
function.

Role of JNK in the NH2-terminal phosphorylation of AP-1
transcription factors. Treatment of WT fibroblasts with
TNF-� caused a marked increase in the NH2-terminal phos-
phorylation of c-Jun, JunD, and ATF2 (Fig. 4B). Interestingly,
the effect of JNK deficiency on this phosphorylation was dif-
ferent for each transcription factor. Phosphorylated c-Jun was
not detected in JNK-deficient cells, indicating that JNK is the
physiologically relevant NH2-terminal c-Jun kinase in TNF-
treated cells. This finding contrasts with the conclusions drawn
in previous studies that indicate a role for multiple MAPK in
the NH2-terminal phosphorylation of c-Jun, including mem-

FIG. 8. Role of JNK in TNF-stimulated cytokine expression. (A) WT and Jnk�/� fibroblasts were starved for 3 h and then treated with TNF-�
(10 ng/ml). Total RNA was purified, and 5 �g was used for RNase protection assays to measure the amount of TNF-�, IL-6, IFN-�, LIF, GM-CSF,
M-CSF, and ribosomal protein L32 mRNA. The ratio of cytokine mRNA/L32 mRNA was calculated and is presented as the relative amount of
cytokine expression. The data shown are representative of three independent experiments. (B) RNase protection assays were used to measure the
amount of TNF-�, IL-6, and IFN-� mRNA expressed by WT and Mkk�/� cells.
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bers of both the JNK and ERK groups of MAPK (21, 26). The
selective role of JNK in the NH2-terminal phosphorylation of
c-Jun in TNF-treated cells provides evidence for the specificity
of protein phosphorylation by MAPK in vivo.

JunD phosphorylation was only partially affected in the ab-
sence of JNK. Thus, JNK is not a major contributor to the
NH2-terminal phosphorylation of JunD in TNF-treated cells.
This phosphorylation is therefore largely mediated by other
protein kinases. Candidate protein kinases that may phosphor-
ylate JunD include the ERK group of MAPK. The absence of
an important role for JNK in the NH2-terminal phosphoryla-
tion of JunD is consistent with the results of previous studies
that demonstrate a requirement for a docking site in c-Jun for
NH2-terminal phosphorylation by JNK (10, 17). This docking
site is absent in JunD and in vitro studies demonstrate that
JunD is a poor JNK substrate, although the sites of c-Jun
phosphorylation are conserved in JunD (13, 18).

Studies of ATF2 demonstrated marked defects in the NH2-
terminal phosphorylation of this transcription factor in TNF-
treated JNK-deficient cells. Thus, JNK is essential for TNF-
stimulated phosphorylation of ATF2. This conclusion was
surprising because we have previously reported that ATF2 is
phosphorylated and activated by both JNK and p38 MAPK
(27, 28). Furthermore, both JNK and p38 MAPK are activated
by TNF in these fibroblasts (Fig. 1). Indeed, control studies
demonstrated that activated p38 MAPK can stimulate ATF2 in
both WT and JNK-deficient cells (Fig. 7). Together, these data
suggest that while p38 MAPK can phosphorylate ATF2, JNK is
the physiologically relevant TNF-stimulated ATF2 NH2-termi-
nal kinase. The mechanism that accounts for the selective
requirement of JNK for ATF2 phosphorylation in TNF-
treated cells is unclear. However, there are several mechanisms
that could account for this observation. Among these possibil-
ities, the simplest hypothesis appears to be that p38 MAPK
only leads to ATF2 phosphorylation when p38 MAPK is mark-
edly activated and that lower levels of p38 MAPK activation
are insufficient for ATF2 phosphorylation. Such a mechanism
would account for the observation that high levels of sustained
p38 MAPK activation (e.g., in transfection assays using
MKK6) lead to ATF2 phosphorylation but treatment of cells
with TNF (which causes only a transient low level of p38
MAPK activation) does not lead to marked ATF2 phosphor-
ylation. This mechanism of high-activity-dependent phosphor-
ylation of a transcription factor by p38 MAPK has been pre-
viously reported for phosphorylation of the Ets protein Elk-1
by p38 MAPK (42). This hypothesis predicts that TNF should
cause a low level of p38 MAPK-dependent ATF2 phosphory-
lation in JNK-deficient cells. Consistent with this prediction,
the low level of residual ATF2 phosphorylation caused by TNF
in JNK-deficient cells was blocked by a small molecule inhib-
itor of p38 MAPK. A rigorous test of the physiological role of
p38 MAPK in ATF2 phosphorylation remains to be obtained.
Nevertheless, the data we present firmly establish JNK as a
physiologically relevant ATF2 kinase in TNF-treated cells.

JNK is essential for TNF-induced expression of inflamma-
tory cytokines. An important aspect of the response to TNF-�
is the production of cytokines that are secreted from the re-
sponding cell. These cytokines act by signaling to other cell
types and serve to amplify the initial response. Previous studies
have strongly implicated roles for the NF-�B and AP-1 groups

of transcription factors (2) and MAPK pathways (45). How-
ever, the specific role of JNK in the cytokine response of cells
to TNF-� was unclear. Comparison of WT and JNK-deficient
cells demonstrated that JNK was essential for TNF-stimulated
expression of the inflammatory cytokines IL-6 and IFN-�.

The IL-6 promoter contains several cis-acting elements, in-
cluding NF-�B, C/EBP�, AP-1, and CRE (38). Activation of
NF-�B is important, but is not sufficient, for IL-6 gene expres-
sion (24, 31). A role for p38 MAPK in IL-6 expression has also
been reported (4, 41). The results of this study indicate that
JNK is essential for TNF-stimulated IL-6 expression. This role
of JNK may include activation of factors that bind to the AP-1
and CRE sites in the IL-6 promoter. It is possible that ATF2 is
a major contributor to this response since ATF2 binding to the
CRE site is critical for IL-6 expression (12) and IL-6 expres-
sion is severely reduced in ATF2-deficient cells (29). An im-
portant role for ATF2 is also consistent with the observation
that JNK-deficient cells exhibit marked defects in TNF-stimu-
lated IFN-� expression, since the IFN-� promoter contains two
cis-acting elements (CRE and AP-1) that bind ATF2 (25).

JNK was also found to influence TNF-stimulated TNF-�
expression (Fig. 8). JNK did not affect the immediate increase
in TNF-� expression caused by TNF, but JNK was required for
the sustained TNF-stimulated expression of TNF-�. The
mechanism that accounts for this selective requirement of JNK
is unclear. The TNF-� promoter is complex and has been
shown to contain binding sites for NFAT and an enhanceo-
some with CBP/p300 in a complex with Ets/Elk-1, Egr-1, Sp1,
and ATF2/c-Jun (36). It is likely that the requirement of JNK
for sustained TNF-stimulated TNF-� expression is mediated,
in part, by the phosphorylation of ATF2 and AP-1 transcrip-
tion factors that bind to the promoter.

Conclusions. This study establishes that JNK is an essential
component of the response of cells to TNF. JNK is required for
the TNF-regulated expression and phosphorylation of AP-1
transcription factors and for the phosphorylation of the AP-1-
related transcription factor ATF2. Loss of JNK causes marked
defects in the effect of TNF to induce proinflammatory cyto-
kine expression. Consequently, JNK inhibition represents a
potential therapy for the treatment of TNF-mediated inflam-
matory diseases (3, 16).
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