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Two ubiquitously expressed isoforms of c-Jun N-terminal protein kinase (JNK), JNK1 and JNK2, have
shared functions and different functions. However, the molecular mechanism is unknown. Here we report that
JNKI1, but not JNK2, is essential for tumor necrosis factor alpha (TNF-«)-induced c-Jun kinase activation,
c-Jun expression, and apoptosis. Using mouse fibroblasts deficient in either JnklI or Jrnk2, we found that JNK1
was activated by TNF-«, whereas JNK2 activation was negligible. In addition, JNK2 interfered with JNK1
activation via its “futile” phosphorylation by upstream kinases. Consequently, expression and activation of
c-Jun, which depends on JNK activity, were impaired in JnkI null cells but enhanced in Jrk2 null cells.
TNF-a-induced apoptosis was also suppressed in Jukl null fibroblasts but increased in Jnk2 null cells. Thus,
our results provide a molecular mechanism underlying the different biological functions of JNK isoforms.

c-Jun N-terminal protein kinase (JNK) (also known as
stress-activated protein kinase [SAPK]) (8) is a subfamily of
the mitogen-activated protein kinase (MAPK) superfamily.
JNK has two ubiquitously expressed isoforms, JNK1 and
JNK2, and a tissue-specific isoform, JNK3, all of which have
two different splicing forms (p54 and p46) (1, 3, 16). JNK is
activated by sequential protein phosphorylation through a
MAP kinase module (i.e., mitogen-activated protein kinase
kinase kinase [MAP3K] — MAP2K — MAPK [12, 16]) in
response to a variety of extracellular stimuli, including tumor
necrosis factor alpha (TNF-a) and UV. Two MAP2Ks
(JNKK1/MKK4/SEK1 and JNKK2/MKK?7) for JNK have been
identified (5, 17, 18, 21). Several MAP3Ks, such as MEKKI,
ASK1, MLK, TAK1, and TPL-2, have been reported to act as
MAP3Ks for JNK (16). Activation of JNK is also regulated by
scaffold proteins, such as JIP, B-arrestin, and JSAP1, protein
phosphatases, and NF-kB-mediated inhibition (13, 16, 19, 24,
25).

JNK has been implicated in regulation of many cellular
activities from gene expression to programmed cell death (apo-
ptosis) (1, 3, 16). JNK regulates the activity of several tran-
scription factors, including c-Jun, ATF-2, Elk-1, pS3, and c-
Myc, as well as other factors, such as members of the Bcl-2
family (12, 30). Of the transcription factors, c-Jun autoregu-
lates its expression via binding to its own promoter as a c-Jun/
ATF-2 dimer (12). Phosphorylation of c-Jun at Ser63 and
Ser73 by JNK increases the transcriptional activity of c-Jun
(12), leading to increased expression of c-Jun (12).

The evidence showing that JNK plays a critical role in both
cell survival and apoptosis is overwhelming. In the absence of
NF-«kB activation, prolonged JNK activation promotes TNF-
a-induced apoptosis (24, 25), probably via its contribution
to the proteolysis of the proapoptotic molecule BID (4). INK
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activation is also required for UV-induced apoptosis (27).
However, there is evidence that JNK also contributes to cell
survival. Genetic evidence reveals that JNK1 and JNK2 are
involved in survival of neuronal cells in mouse hindbrain and
forebrain regions during development (14, 20). Recently, it has
been shown that JNK activation is required for interleukin 3
(IL-3)-mediated survival via phosphorylation and inactivation
of the proapoptotic Bcl-2 family protein BAD (30). Thus, the
function of JNK in apoptosis depends on the cell type, nature
of the apoptotic stimulus, duration of its activation, and activity
of other signaling pathways (16).

Different JNK isoforms have shared functions and different
functions. JNK1 and JNK2 have been considered redundant
isoforms, both of which contribute to JNK activity (3, 8, 11).
This assumption is reinforced by the finding that while mouse
embryos deficient in JukI or Jnk2 survive, genetic disruption of
both Jnkl and Jnk2 alleles in mouse embryos is lethal (14, 20).
Recent studies suggest that JNK1 and JNK2 also have different
functions. For example, activation of CD8" T cells is impaired
in JnkI '~ mice but enhanced in Jnk2~'~ mice (2). Skin tu-
morigenesis is enhanced in Jnkl '~ mice but suppressed in
Jnk2™'~ mice (23). Genetic disruption of the Jnkl allele in
mice is sufficient to suppress obesity (9). However, the molec-
ular mechanism underlying the differences between the JNK1
and JNK2 isoforms is unknown. Here we show that JNK1, but
not JNK2, is activated by TNF-a and UV and only JNK1 is
required for c-Jun expression and apoptosis. Thus, our results
provide a molecular mechanism underlying the different bio-
logical functions of JNK isoforms.

MATERIALS AND METHODS

Materials. Antibodies against JNK (antibody 333 for immunoprecipitation
and antibody 666 for immunoblotting) and poly(ADP-ribose) polymerase (PARP)
were from PharMingen. Antibodies against c-Jun, phospho-c-Jun(Ser63) (phosphor-
ylated c-Jun [phosphorylated at Ser63]), and phospho-c-Jun(Ser73), phospho-
JNK, p38, phospho-p38, extracellular signal-regulated kinase (ERK), and phos-
pho-ERK were from Cell Signaling. Cycloheximide (CHX), anisomycin, Hoechst
33258, and antibodies against M2 tag and B-actin were from Sigma. Antibody
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against hemagglutinin (HA) was from Santa Cruz. Mouse TNF-a was from R &
D Systems. [y-*2P]ATP (3,000 mCi/nmol) was from Dupont NEN.

Plasmids. Expression vectors encoding HA-tagged JNK1 (HA-JNK1), M2-
tagged JNK1 (M2-JNK2), HA-JNK2, HA-JNK2(KM) mutant, c-Jun, GAL4—c-
Jun, GAL4-luciferase (GAL4-Luc), AP-1 Luc, and enhanced green fluorescent
protein (EGFP) have been described previously (18, 25, 30). An adenoviral
vector encoding the superrepressor IkBa(AA) has also been described previ-
ously (24).

Cell culture, transfection, and transcription assays. Wild-type (WT), Jnkl /™,
and Jnk2~/~ mouse fibroblasts were prepared from WT, Jukl ', and Jnk2~/~
mice. Jnkl™/~ and Jnk2™/~ mice were a gift from Michael Karin (20) (generation
of Jnk1 and Jnk2 null mice was supported by National Institutes of Health grant
ES04151 to Michael Karin). The mouse fibroblasts were immortalized by the 3T3
protocol. Cells were cultured in Dulbecco’s modified Eagle medium supple-
mented with 10% fetal bovine serum, 2 mM glutamine, 100 U of penicillin per
ml, and 100 pg of streptomycin per ml. Transfection was performed using
Exgene 500 (MBI Fermentas), according to the manufacturer’s protocol. GAL4-
Luc and AP-1 Luc activities were determined as described previously (17).

Protein kinase assays and immunoblotting. Immune complex kinase assays
and glutathione S-transferase (GST)-c-Jun pulldown kinase assays were per-
formed and quantitated as described previously (8, 17). Immunoblotting was
performed as described previously (25).

Apoptosis and caspase 3 assays. Apoptosis assays and caspase 3 assays were
performed as previously described (26).

RESULTS

Differential activation of JNK1 and JNK2 by TNF-a. Two
closely related JNK isoforms, JNK1 and JNK2, have shared
functions (14, 20); however, they also have distinct biological
activities (2, 9, 23). To understand the molecular mechanism
underlying the difference between JNK1 and JNK2, we em-
ployed immortalized mouse embryonic fibroblasts (MEFs)
that are deficient in either the Jnkl or Jnk2 allele. Immuno-
blotting analysis using an anti-JNK antibody (antibody 666)
(PharMingen), which can detect JNK isoforms only in immu-
noblots, showed that WT cells had both INK1 (p46™%!, which
is the prominent splicing form of JNKI, and p54™*!) and
JNK2 (p54™%2, which is the prominent splicing form of JNK2,
and p46"™%?) (Fig. 1A). As predicted, Jakl /~ cells had two
different splicing forms of JNK2, whereas Jnk2 ™/~ cells had
two different splicing forms of JNK1 (Fig. 1A). Expression of
two other MAPKSs, p38 and ERK, was comparable in WT,
Jnkl™'~, and Jnk2~'~ cells (Fig. 1A).

It is possible that JNK1 and JNK2 have different biological
activities because their enzymatic activities are differentially
regulated. To test this scenario, activation of endogenous
JNK1 or JNK2 by TNF-a was examined. Immunoprecipitation
using a second anti-JNK antibody (antibody 333) (PharMin-
gen) (which has commonly been used for immunoprecipitation
of JNK), in combination with immunoblotting using an anti-
JNK antibody (antibody 666) (PharMingen) revealed that only
JNK1, not JNK2, was immunoprecipitated by the anti-JNK
antibody (antibody 333; PharMingen) (Fig. 1B, compare the
INPUT gel to the IP gel). Thus, the routine immune complex
kinase assays using the anti-JNK antibody (antibody 333;
PharMingen) were unable to measure JNK2 activity inJnkl /'~
cells. Similar results were obtained when another commonly
used anti-JNK antibody (sc-571; Santa Cruz) was tested (data
not shown).

To overcome the limitations of anti-JNK antibodies (anti-
body 333 [PharMingen] or sc-571 [Santa Cruz]), whole-cell
extracts prepared from cells stimulated with TNF-a or left
alone were used to phosphorylate purified GST—c-Jun fusion
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proteins in the presence of nonradioactive ATP. Immunoblot-
ting analysis of GST—c-Jun phosphorylation using anti-phos-
pho-c-Jun(Ser73) antibody revealed that JNK activation by
TNF-a was robust in both WT and Jnk2 ™/~ fibroblasts but was
very weak in Jnk1 '~ fibroblasts (Fig. 1C). Note that Jnk2~'~
cell extracts appeared to have even higher JNK activity than
WT cell extracts, although the amount of JNKI in Jnk2™/~
cells was slightly less than the amount of JNK1 and JNK2 in
WT cells (Fig. 1C). These results suggest that while JNK1 was
significantly activated by TNF-a, JNK2 was poorly activated by
TNF-a.

To precisely compare the activation of JNK1 and JNK2, we
employed the approach of GST—c-Jun pulldown kinase assays,
which have been used successfully to analyze the activity of
both JNK1 and JNK2 (8, 11). Indeed, GST—c-Jun pulldown
performed in combination with immunoblotting analysis using
an anti-JNK antibody (antibody 666; PharMingen) demon-
strated that both JNK1 and JNK2 were isolated from WT,
Jnk1~'~, and Jnk2~/~ fibroblasts (Fig. 1D). In vitro kinase
assays showed that activation of JNK by TNF-a was robust in
both WT and Jnk2~/~ fibroblasts (Fig. 1E). Note that JNK
activation was even higher in Juk2™/~ cells than in WT cells
(Fig. 1E). In contrast, there was negligible activation of JNK2
in Jnkl ™'~ cells (Fig. 1E). This was not the result of different
amounts of JNK1 and JNK2 isolated, as demonstrated by
GST—c-Jun pulldown in combination with immunoblotting
analysis (Fig. 1E). There was not a general defect in TNF-a
signaling in JnkI '~ cells either, since activation of p38 and
ERK by TNF-a was comparable in WT, Jnkl ', and Jnk2~/~
cells, as measured by anti-phospho-p38 and anti-phospho-
ERK antibodies (Fig. 1E). However, it is possible that endog-
enous JNKI1 and JNK2 have different substrate specificities,
resulting in the apparent differences in their activation when
GST-c-Jun was used as the substrate. This was unlikely. Under
the same conditions, JNK activation by TNF-« in JnkI '~ cells
was also greatly reduced when GST-ATF-2 was used as the
substrate (Fig. 1F). Similar results were obtained with multiple
established cell lines prepared from individual embryos (data
not shown).

Another possibility is that the anti-JNK antibody (antibody
666; PharMingen) may have a higher affinity for JNK2. In that
case, the amount of JNK2 isolated by GST—c-Jun pulldown
could be overestimated by immunoblotting using this antibody,
and consequently, the inability of TNF-a to activate JNK2 in
Jnkl™'~ cells might be due to less JNK2 being isolated by
GST-c-Jun pulldown. To exclude this possibility, Juk2 null
cells were transfected with expression vectors encoding HA-
JNK1 or HA-JNK2. Immunoblotting analysis using anti-HA
antibody revealed that the levels of HA-JNK1 and HA-JNK2
expressed were similar (Fig. 1G, top gel). In a parallel exper-
iment, anti-JNK antibody 666 (PharMingen) detected similar
amounts of HA-JNK1 and HA-JNK2 (Fig. 1G, bottom gel),
suggesting that the anti-JNK antibody 666 (PharMingen) had
similar affinities for JNK1 and JNK2. Taken together, activa-
tion of JNK2 by TNF-a was impaired in Jnkl null fibroblasts.

To determine whether other JNK inducers also differentially
activate JNK1 and JNK2, cells were stimulated by UV and
anisomycin, both of which strongly activate JNK. Like TNF-q,
JNK activation by UV and anisomycin was robust in WT and
Jnk2~'~ fibroblasts but was greatly reduced in Juk1 '~ cells as
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FIG. 1. Differential activation of JNK1 and JNK2 by TNF-a. (A) Expression of JNK, p38, and ERK were analyzed by immunoblotting (IB)
using anti-JNK antibody (antibody 666; PharMingen) («-JNK), anti-p38 antibody, and anti-ERK antibody. (B) Immunoprecipitation (IP) of JNK
isoforms from cell extracts (500 pg each) by a second anti-JNK antibody (a-JNK) (antibody 333; PharMingen) were analyzed by immunoblotting
(IB) with the anti-JNK antibody (antibody 666; PharMingen). Whole-cell extracts were used as a control (INPUT gel). (C) Extracts from WT,
Jnkl1~'~, and Jnk2~'~ cells treated with TNF-a (5 ng/ml) for 15 min (+) or not treated with TNF-a (—) were incubated with purified GST—c-Jun
proteins (50 ng) in a kinase reaction buffer containing nonradioactive ATP (100 wM). Phosphorylation and amount of GST—c-Jun proteins were
measured by immunoblotting analysis with anti-phospho-c-Jun(Ser73) (a-P-c-Jun) and anti-c-Jun antibodies, respectively. P-GST-c-Jun, phos-
phorylated GST—c-Jun. (D) Purified GST—c-Jun proteins (8 wg) preloaded on glutathione beads were mixed with cell extracts (500 pg each) for
3 h and washed extensively. Isolation of JNK by a GST—c-Jun pulldown kinase assay was detected by immunoblotting analysis as described for panel
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measured by GST—c-Jun pulldown kinase assays (Fig. 2A).
Again, JNK activation was enhanced in the absence of JNK2
(Fig. 2A). These results suggest that JNK1 is the main JNK
isoform that is activated by other JNK inducers, such as UV
and anisomycin.

The immortalization process may change the response of
cells to extracellular stimuli and account for the poor activation
of INK2 by TNF-a inJnk1 /" cells. To exclude this possibility,
primary MEFs (passage 3) were used to examine activation of
JNK isoforms by TNF-a or UV. GST—c-Jun pulldown kinase
assays showed that JNK activation by TNF-a or UV was robust
in WT and Jnk2~/~ primary MEFs (Fig. 2B). Like immortal-
ized Jnkl '~ fibroblasts, primary JukI '~ MEFs had negligible
JNK activation, whereas primary Jnk2 '~ MEFs had enhanced
JNK activation compared to primary WT MEFs (Fig. 2B).
Similar results were obtained when multiple preparations of
primary MEFs from different embryos were tested (data not
shown). Thus, JNKI1 is also the main functional JNK isoform in
primary MEFs.

JNK?2 interferes with JNKI1 activation. The increase in JNK
activation in Jnk2 ™'~ cells prompted us to test the hypothesis
that JNK2 may negatively regulate JNK1 activity. Since the
anti-JNK antibody (antibody 333; PharMingen) was able to
immunoprecipitate only JNK1, not JNK2 (Fig. 1B), we used it
to analyze the effect of JNK2 on JNKI1 activation. Immune
complex kinase assays using anti-JNK antibody 333 (PharMin-
gen) showed that JNKI1 activation by TNF-a was twofold
higher inJnk2 '~ cells than in WT cells, even though there was
slightly less JNK1 in Juk2~/~ cells than in WT cells as mea-
sured by immunoblotting analysis (Fig. 3A). This was not the
result of upregulation of TNF-a signaling in Jnk2~/~ cells,
since activation of p38 by TNF-a was comparable in WT,
Jnkl™'~, and Jnk2~'~ cells (Fig. 3A). As predicted, JNK acti-
vation was not detected in Juk1 '~ cells (Fig. 3A). Activation
of JNK1 by UV and anisomycin was also modestly enhanced in
Jnk2~'~ cells (Fig. 3B). Again, p38 activation was comparable
in WT, Jnkl~/~, and Jnk2~'~ cells (Fig. 3B). The increase in
JNK1 activation in Jnk2 ™/~ cells was much more profound in
response to IL-1 and 12-O-tetradecanoylphorbol-13-acetate
(TPA), which induced JNK weakly in fibroblasts (Fig. 3C). In
contrast, ERK activation by IL-1 and TPA was comparable in
WT, Jnkl~'~, and Juk2~'~ cells (Fig. 3C). These results sug-
gest that JNK2 does indeed negatively regulate JNKI1 activa-
tion.

To determine how JNK2 negatively regulates JNK1 activa-
tion, we analyzed phosphorylation of JNKI1 and JNK2 at
Thr183 and Tyr185, which are required for JNK activation
(17), in WT, JnkI '~ and Jnk2~’'~ cells. Immunoblotting anal-
ysis using anti-phospho-JNK antibody (Cell Signaling) re-
vealed that phosphorylation of JNK1 was significantly higher in
Jnk27'~ cells than in WT cells (Fig. 3D). This was not the
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FIG. 2. Differential activation of JNK1 and JNK2 is not limited to
TNF-a and immortalized fibroblasts. (A) Activation (+) of JNK iso-
forms by UV (60 J/m?, 30 min) or anisomycin (Aniso.) (50 ng/ml, 30
min) was measured by GST—c-Jun pulldown kinase assays as described
in the legend to Fig. 1E. (B) Primary MEFs of WT, JnkI ~/~, and
Jnk2~'~ (passage 3) were stimulated by TNF-« (5 ng/ml, 15 min) or
UV (60 J/m?, 30 min) (+), and activation of JNK isoforms was mea-
sured by GST—c-Jun pulldown kinase assays as described in the legend
to Fig. 1E.

result of changes in the levels of JNK1 expressed in WT and
Jnk2~'~ cells as measured by immunoblotting using anti-JNK
antibody 666 (PharMingen) (Fig. 3D). Interestingly, JINK2 was
still phosphorylated by upstream kinases of INK (Fig. 3D). The
phosphorylation of JNK2 by upstream kinases was futile, since
its activation was negligible (Fig. 1E). This suggests that JNK2
may interfere with JNKI1 activation by competing upstream
kinases. In support of this notion, expression of HA-JNK2
inhibited activation of cotransfected M2-JNK1 by TNF-« in
Jnk2~'~ cells (Fig. 3E). The inhibitory effect of HA-JNK2 did
not require its enzymatic activity, since the kinase-deficient
HA-JNK2(KM) mutant also inhibited M2-JNK1 activation
(Fig. 3E). This inhibition was not the result of changes in

B. (E) Cells were stimulated with TNF-« (5 ng/ml) for 15 min (+) or not stimulated by TNF-a (—), and the activity of JNK isolated by GST-c-Jun
pulldown was measured by in vitro kinase assays (KA) (17). The amount of JNK isoforms being isolated by GST—c-Jun pulldown was measured
by immunoblotting (IB) analysis using an anti-JNK antibody (antibody 666; PharMingen). The levels of expressed protein and activation of p38
and ERK were measured by the appropriate antibodies, as indicated. (F) Activation of JNK in WT, Jnkl~/~, and Jnk2~'~ cells by TNF-« was
measured by GST—c-Jun pulldown kinase assays as described above for panel E, except that GST-ATF-2 was used as a substrate. (G) Jnk2 ™/~ cells
were transfected with an expression vector encoding HA-JNK1 or HA-JNK2 (2 pg each). The levels of HA-JNK1 and HA-JNK2 expressed were
measured by immunoblotting using the anti-HA antibody and anti-JNK antibody (antibody 666; PharMingen).
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FIG. 3. JNK2 interferes with JNK1 activation. Cells were stimulated (+) with TNF-a (5 ng/ml, 15 min) (A), UV (60 J/m?, 30 min) and anisomycin
(Aniso.) (50 ng/ml, 30 min) (B), and IL-1B8 (2 ng/ml, 15 min) and TPA (100 ng/ml, 30 min) (C). Endogenous JNK1 was isolated by using the anti-JNK
antibody (a-JNK) (antibody 333; PharMingen), and its activity was measured by immune complex kinase assays (KA). The levels of JNK isoforms
expressed were measured by immunoblotting (IB) with an anti-JNK antibody (antibody 666; PharMingen). The levels of protein expressed and activation
of p38 and ERK were analyzed by immunoblotting with the appropriate antibodies. P-p38, phosphorylated p38. (D) Phosphorylation of endogenous JNK
isoforms was analyzed by immunoblotting with anti-phospho-JNK antibody (a-P-JNK). The levels of INK expressed were analyzed by immunoblotting
with the anti-JNK antibody (antibody 666; PharMingen). (E) Jnk2 ™/~ cells were transfected (+) with expression vectors encoding M2-JNK1, HA-JNK2,
the kinase-deficient HA-JNK2(KM) mutant, or empty vector (2 pg each) and stimulated with TNF-a (5 ng/ml, 15 min) (+) or left alone. The activities
of M2-JNK1 and HA-JNK?2, as well as expression of M2-JNK1 and HA-JNK2, were analyzed by immune complex kinase assays (KA) and immuno-
blotting (IB), respectively. (F) Cells were transfected with an expression vector encoding HA-JNK2 (2 pg) (+) and stimulated with TNF-a (5 ng/ml, 15
min) (+) or not stimulated with TNF-« (—). The activity and expression of HA-JNK2 were measured above as described for panel E.
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M2-JNK1 expression (Fig. 3E). Taken together, JNK2 may
interfere with JNK1 activation via occupation of JNK upstream
kinases.

In contrast to endogenous JNK2, transfected HA-JNK2 was
significantly activated by TNF-a in Jukl '~ cells (Fig. 3F).
GST—c-Jun pulldown kinase assays revealed that the c-Jun
kinase activity of transfected HA-JNK2 was similar to that of
transfected HA-JNK1 (data not shown). These data suggest
that activation of endogenous JNK2 may be suppressed by an
endogenous inhibitor.

c-Jun expression and activation are impaired in JrkI null
fibroblasts but are upregulated in Juk2 null cells. The tran-
scription factor c-Jun autoregulates its expression via binding
to its own promoter as a c-Jun/ATF-2 dimer (12). Phosphor-
ylation of c-Jun by JNK at Ser63 and Ser73 increases c-Jun
transcription activity, resulting in enhanced expression of c-Jun
proteins (12). If JNKI is the main JNK isoform activated by
extracellular stimuli, c-Jun activation and expression should be
impaired in Jnkl '~ cells. To test this hypothesis, expression
and activation of c-Jun were examined in WT, Jnkl ~/~, and
Jnk2~'~ fibroblasts. Under resting conditions, c-Jun expression
was much lower in Jukl '~ cells than in WT cells, whereas
c-Jun expression inJnk2 ™'~ cells was similar to that in WT cells
as measured by immunoblotting using anti-c-Jun antibody (Fig.
4A). As predicted, c-Jun phosphorylation at Ser63 and Ser73
was rapidly induced by TNF-a (30 min) in WT cells as mea-
sured by immunoblotting using antibodies against phospho-c-
Jun(Ser63) and phospho-c-Jun(Ser73), respectively (Fig. 4B).
However, phosphorylation of c-Jun at Ser63 and Ser73 was
nearly eliminated in JnkI '~ cells but was modestly enhanced
inJnk2~'~ cells (Fig. 4B). When cells were treated with TNF-a
for a longer period of time (1 h), the levels of c-Jun protein
expressed also increased in both WT and Jnk2~/~ fibroblasts
but remained unchanged in JnkI '~ cells (Fig. 4C). Note that
c-Jun expression was even higher in Jnk2~/~ cells than in WT
cells (Fig. 4C). Similar results were obtained in cells treated
with UV (Fig. 4D).

To determine whether c-Jun transcription activity was also
altered in Jnkl null fibroblasts, cells were transfected with
GALA4-c-Jun along with GAL4-Luc. GAL4—c-Jun activity was
stimulated by TNF-a in WT fibroblasts as measured by lucif-
erase assays (Fig. 4E). However, TNF-a-induced GAL4—c-Jun
activation was significantly lower in JnkI '~ cells but enhanced
inJnk2~'~ cells compared to that in WT cells (Fig. 4E). Taken
together, JNK1, but not INK2, is required for c-Jun expression
and activation by TNF-a and UV.

Next, we tested whether c-Jun expression also depends on
JNKI in primary MEFs. Intriguingly, immunoblotting analysis
revealed that in early passage primary MEFs (passage 3), the
levels of c-Jun expressed were comparable in WT, Jnkl ',
and Jnk2~'~ cells. The levels of c-Jun phosphorylation in re-
sponse to TNF-a were also comparable in WT, Jnk1~/~, and
Jnk2~'~ cells (Fig. 4F). However, in late passage MEFs (pas-
sage 8), the levels of c-Jun expressed and phosphorylation of
c-Jun were much lower in Jukl ™/~ MEFs than in WT or
Jnk2~'~ MEFs (Fig. 4G), similar to that seen in immortalized
fibroblasts (Fig. 4A). This suggests that regulation of c-Jun
expression and activation may be different in early embryonic
development and after exposure to the environmental stresses
associated with cell culture.
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Jnk1-deficient fibroblasts are resistant to apoptosis induced
by TNF-a. In the absence of NF-«B activation, prolonged JNK
activation contributes to TNF-a-induced apoptosis (13, 16, 19,
24, 25). If INK1 were the main JNK isoform activated by
TNF-a (Fig. 1), TNF-a-induced apoptosis should be impaired
in Jnkl ™'~ cells. To test this hypothesis, cells were infected
with an adenoviral vector encoding IkBa(AA) [Ad/IkBa(AA)]
(25), which is a superrepressor of NF-kB, or with a control
adenoviral vector encoding LacZ (Ad/LacZ) and then treated
with TNF-«a for 6 h. Under these conditions, WT cells under-
went apoptosis as measured by apoptosis assays, caspase 3
activation, and proteolysis of PARP (Fig. 5A, B, and C). How-
ever, Jnkl '~ cells were resistant to TNF-a-induced apoptosis
(Fig. 5A, B, and C). In contrast, Jak2 '~ cells were more
sensitive to TNF-a killing (Fig. 5A, B, and C). Similar results
were obtained when the cells were irradiated by UV (Fig. 5D).
Thus, JNK1 is required for apoptosis induced by TNF-a and
UV, whereas JNK2 negatively regulates the apoptotic process,
consistent with JNK activity in these cells (Fig. 1 to 3).

To determine whether JNK1 and JNK2 also differentially
regulate apoptosis in primary MEFs, WT, Jnkl~/~, and
Jnk2~/~ primary MEFs (passage 3) were infected with Ad/
IkBa(AA) or Ad/LacZ and then treated with TNF-o. Immor-
talized mouse fibroblasts were used as controls. Surprisingly,
TNF-a did not induce apoptosis in all these primary MEFs 6 h
poststimulation, when TNF-a had already induced significant
apoptosis in immortalized WT and Jnk2~/~ fibroblasts (Fig.
5E, 70 and 80% apoptosis, respectively; also see Fig. 5B). After
24 h, TNF-a induced modest apoptosis in all three types of
primary MEFs (Fig. SE, ~30% apoptosis). In contrast, the rate
of UV-induced apoptosis in primary MEFs was similar to that
in immortalized fibroblasts (Fig. 5E), suggesting that there
were no general defects in the apoptosis machinery in primary
MEFs. Importantly, UV-induced apoptosis was also impaired
in Jnk1~/~ primary MEFs, as seen in immortalized fibroblasts
(Fig. 5E). Similar results were obtained with cells prepared
from several individual embryos (data not shown). These data
suggest that primary MEFs were less sensitive to TNF-a-in-
duced apoptosis and that JNK activity was not critical for the
delayed apoptosis in response to TNF-a.

Distinct roles of JNK1 and c-Jun in apoptosis induced by
TNF-a. The observations that Jnkl '~ fibroblasts were resis-
tant to apoptosis and had greatly reduced c-Jun expression and
activation in response to TNF-a prompted us to determine
whether c-Jun mediates the proapoptotic function of JNKI.
Jnkl™'~ cells were cotransfected with expression vectors en-
coding EGFP and HA-JNKI (at a ratio of 1:4) or empty vector,
infected with Ad/IkBa(AA), and treated with TNF-a or left
alone. Transfected HA-JNK1 was activated by TNF-a (Fig.
6A). Apoptosis assays revealed that TNF-a-induced death of
EGFP-positive Jukl '~ cells transfected with HA-JNK1 was
significantly higher than that of Jukl /'~ cells transfected with
empty vector (Fig. 6B and C, 60 versus 7%). Thus, the resis-
tance of Jukl/~ cells to TNF-a-induced apoptosis was due to
the absence of JNKI itself, rather than possible secondary
effects caused by disruption of the Jnkl allele. Similar results
were obtained when cells were treated with either high (60
J/m?) or low (10 J/m?) doses of UV (Fig. 6D). Similar results
were also obtained when multiple cell lines prepared from
several individual embryos were tested (data not shown).
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FIG. 4. Expression and activation of c-Jun are impaired in JnukI null fibroblasts. (A) The levels of c-Jun expressed were measured by
immunoblotting (IB) using anti-c-Jun antibody («a-c-Jun). (B) Cells were treated with TNF-a (5 ng/ml) for 30 min (+) or not treated with TNF-a
(—). c-Jun phosphorylation at Ser63 and Ser73, as well as the levels of protein expressed, were measured by immunoblotting using anti-phospho-
c-Jun(Ser63), anti-phospho-c-Jun(Ser73), and anti-c-Jun antibodies. (C) As in panel B, except that the cells were treated with TNF-a for 1 h.
(D) Cells were treated with UV (60 J/m?) for 1 h (+) or not treated with UV (—). c-Jun expression and phosphorylation were measured as
described for panel B. (E) Cells were transfected with expression vectors encoding GAL4-Luc (0.5 pg), along with GAL4—c-Jun or empty vector
(10 ng each), and treated with TNF-a (5 ng/ml) for 10 h (+) or not treated with TNF-a (—). GAL4-Luc activity was measured as described
previously (31). (F) Activation and levels of c-Jun expressed in early passage WT, JnkI /", and Jnk2~/~ primary MEFs (passage 3) treated by
TNF-a as described for panel B. (G) The levels of c-Jun protein expressed and activation of c-Jun by treatment with TNF-a (5 ng/ml) for 30 min
in late passage WT, Jnkl /", and Jnk2~/~ primary MEFs (passage 8) were analyzed as described for panel B.



VoL. 24, 2004 DIFFERENTIAL ACTIVATION OF JNKI AND JNK2 10851

A B
WI ekt .rm*-

CJControl
700| my TNF-aixBa(AR)
Control > 600
2=
-- £z 0
i3 b A8
TNF-a/ (B0 '.-:" . E 8 300
IBal(AR) =
R A 2% m0
° 100
= 100; [IControl o ¢.+
- M TNF-a/ixBa(Ad) WT ki Jnk2
S 80
3
S 60 .
g 40 7ol & Control
3 8 ot
) . o
WT  Jnk1™  Jnk2*+ o
.g
C g
WIT  Jnk1* Jnie™ -
T TNF -alxBa(AA) s
- e o e -4+ PARP *® 0
- — 4 APARP WT  Jnki+  Jnk2*

E @AW O Jnk1™ W Jnk2*

Fibroblasts (FB) pMEF s FB_ pMEFs
90 i
|

% of Apoptotic Cell Deah

- N
=

(=]
NN

QRN
RN,
AN

C TAMA C TIAA T/AA uv
(6 hr) 6hn (24hr) (60 Jim?, 24 hr)
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immunoblotting (IB) were performed with anti-HA antibody (a-HA). (B) JukI null cells were transfected with an expression vector encoding
EGFP (0.8 pg) and HA-JNKI1 or empty vector (3.2 pg each) for 12 h, and then the cells were infected with Ad/IkBa(AA) for 16 h. Cells were
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were examined by phase-contrast microscopy or by microscopy with Hoechst 33258 staining. (C) Schematic presentation of the results in panel B.
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Reintroduction of HA-JNK1 not only restored the apoptotic
response of Jnk1 '~ cells but also restored expression of c-Jun
proteins as measured by immunoblotting analysis (Fig. 6E). To
determine the roles of JNK1 and c-Jun in apoptosis induced by
TNF-a and UV, we examined whether expression of c-Jun
itself, which has transcriptional activity when overexpressed,
can restore the apoptotic response of Jukl '~ cells. Cells were
transfected with an expression vector encoding c-Jun or an
empty vector, along with the AP-1 Luc reporter gene. Immu-
noblotting analysis confirmed that the level of transfected c-
Jun expressed in Jnk1 '~ cells was about twofold higher than
that of endogenous c-Jun in WT cells (Fig. 6F). As expected,
overexpression of c-Jun stimulated AP-1 transcription activity
(Fig. 6F). In parallel, cells were transfected with expression
vectors encoding EGFP and c-Jun (at a ratio of 1:4) or empty
vector, infected with Ad/IkBa(AA), and treated with TNF-«
or left alone. Apoptosis assays showed that Jukl '~ cells trans-
fected with an expression vector encoding c-Jun remained re-
sistant to apoptosis induced by TNF-a (Fig. 6G). Similar re-
sults were obtained when cells were treated with high doses of
UV (60 J/m?) (Fig. 6G). Thus, JNK1, but not c-Jun, is required
for apoptosis induced by TNF-a or high doses of UV (60 J/m?)
in fibroblasts. However, when cells were treated with low doses
of UV (10 J/m?), expression of c-Jun partially restored the
apoptotic response of Jnk!I null cells to UV (Fig. 6G), suggest-
ing that c-Jun is involved in the proapoptotic function of JNK1
in response to low doses of UV (10 J/m?). Similar results were
obtained when c-Jun/~ fibroblasts were used (data not shown).

DISCUSSION

The MAPK JNK regulates many important cellular events
from gene expression to apoptosis (1, 3, 16). The JNK family
has two ubiquitously expressed isoforms, JNK1 and JNK2, and
a tissue-specific isoform, JNK3, all of which have two different
splicing forms, p54 and p46 (12). At this time, the paradigm is
that both JNK1 and JNK2 contribute to cellular JNK activity in
response to extracellular stimuli (3, 8, 11). Indeed, JNK1 and
JNK2 have shared biological functions (14, 20). However,
there is evidence that JNK1 and JNK2 also have distinct or
even opposing biological functions (2, 9, 23). The molecular
mechanism underlying the different biological functions of
JNK isoforms is unknown. In this report, we demonstrate that
only JNKI is activated by various extracellular stimuli, includ-
ing TNF-a, UV, anisomycin, IL-1, and TPA, whereas activa-
tion of JNK2 is not only negligible but also interferes with
JNKI1 activation. The differential activation of JNK1 and JNK2
determines the role of these two JNK isoforms in regulation of
c-Jun expression and apoptosis. Thus, our results provide a
molecular mechanism underlying the different biological func-
tions of JNK isoforms.
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The enzymatic activity of JNK1 and JNK2 is differentially
regulated by extracellular stimuli. Using immortalized mouse
fibroblasts deficient in the Jukl or Jnk2 allele, we found that
the commercial anti-JNK antibodies (antibody 333 [PharMin-
gen] or sc-571 [Santa Cruz]), which have been used widely in
immune complex kinase assays to study JNK activation by
extracellular stimuli, were unable to immunoprecipitate en-
dogenous JNK2 (Fig. 1B). Using the GST—c-Jun pulldown
approach, which isolates both endogenous JNK1 and JNK2
(Fig. 1D), we found that JNKI1 was significantly activated by
the extracellular stimuli examined, including TNF-«, UV, and
anisomycin, whereas JNK2 activation was negligible (Fig. 1E
and 2A). This was not the result of defects in TNF-« signaling
inJnkI '~ cells (Fig. 1E), different substrate specificities (Fig.
1F), different affinities of GST—c-Jun for JNKI1 versus JNK2
(Fig. 1D and G), or altered responses of Jukl '~ and Jnk2 '~
cells to TNF-«a after immortalization (Fig. 2B). Thus, JNK1 is
the main JNK isoform that is activated by extracellular stimuli.

The regulation and function of JNK2 are complicated. Un-
like JNK1, JNK2 was poorly activated by various extracellular
stimuli, such as TNF-a, UV and anisomycin in Jnkl '~ cells
(Fig. 1E and 2A). Unlike TNF-a and anisomycin, UV slightly
activated JNK2 (Fig. 2A and B), consistent with a previous
report (27). This suggests that endogenous JNK2 is not an inert
enzyme. The differential activation of JNK2 cannot be attrib-
uted to the differences in the strength of stimulation by UV,
anisomycin, and TNF-«, since activation of JNK2 by anisomy-
cin, which activates JNK as strongly as UV does, was also
negligible (Fig. 2A). Future studies are needed to elucidate the
molecular mechanism underlying this phenomenon.

Not only is JNK2 poorly activated, it also interferes with
JNKI activation. Our results showed that JNK1 activation was
higher in Jnk2~'~ cells than in WT cells (Fig. 1 to 3). Interest-
ingly, JNK2 was still phosphorylated by upstream kinases of
JNK in response to TNF-a (Fig. 3D). Since activation of JNK2
by TNF-a was negligible (Fig. 1), this phosphorylation was
futile. These observations suggest that through its futile phos-
phorylation, JNK2 may compete with JNK1 for upstream ki-
nases, thereby interfering with JNK1 activation. This hypoth-
esis was supported by the observation that phosphorylation of
JNKI1 was higher in Jnk2~'~ cells than in WT cells (Fig. 3D).
Furthermore, expression of WT HA-JNK2 or the kinase-defi-
cient HA-JNK2(KM) mutant also inhibited activation of co-
transfected M2-JNK1 by TNF-«a (Fig. 3E), suggesting that the
inhibition was independent of the enzymatic activity of HA-
JNK2. In contrast to endogenous JNK2, transfected HA-JNK2
was activated by TNF-a (Fig. 3F). It is possible that endoge-
nous JNK2 associates with a yet-to-be-identified inhibitor,
which may suppress the enzymatic activity of JNK2 (Fig. 1 and
2) but not its phosphorylation by upstream kinases (Fig. 3D).
Since the amount of endogenous inhibitor is limited, overex-

by immunoblotting analysis using anti-c-Jun antibody. Expression of HA-JNK1 and different isoforms of JNK was measured by immunoblotting
analysis using anti-HA antibody and anti-JNK antibody (antibody 666; PharMingen), respectively. (F) Jnkl null cells were transfected with
expression vectors encoding the AP-1 Luc reporter gene (0.5 pg), along with c-Jun or empty vector (3 pg each). The levels of transfected c-Jun
protein expressed in Jnkl~/~ cells were analyzed by immunoblotting using anti-c-Jun antibody. WT, Jnkl ~/~, and Jnk2~'~ cells were used as
controls. AP-1 Luc activity was measured as described previously (17). (G) JnkI null cells were transfected with expression vectors encoding EGFP
(0.8 ng) and c-Jun or empty vector (3.2 pg each). The cells were then treated with TNF-a (5 ng/ml) for 6 h plus Ad/IkBa(AA) (T/AA) or with
UV (60 or 10 J/m?) for 24 h or left alone (control [C]). Apoptosis was analyzed as described in the legend to Fig. 5A.
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pression of exogenous HA-JNK2 should overcome this inhibi-
tion (Fig. 3F). This hypothesis also explains why JNK2 was
active in in-gel kinase assays, where JNK2 would have already
been separated from its inhibitor during sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (8). Future studies are
needed to test this hypothesis.

Is genetic disruption of the Jnk!I allele alone sufficient to
eliminate c-Jun expression and activation? It is known that
JNK is required for c-Jun expression and activation (12). Our
results showed that c-Jun expression and activation were im-
paired in Jnkl '/~ fibroblasts but enhanced in Jnk2~'~ fibro-
blasts stimulated by TNF-a and UV (Fig. 4). c-Jun expression
was also greatly reduced in nonstimulated JnkI '~ cells (Fig.
4), suggesting that basal JNK1 activity was required for main-
taining c-Jun expression. Introduction of exogenous HA-JNK1
into Jnk1~/~ fibroblasts restored c-Jun expression (Fig. 6E),
suggesting that the greatly reduced c-Jun expression was due to
the absence of JNKI, rather than a consequence of immortal-
ization or a secondary effect of genetic disruption of the Jnkl
allele. These data further support the conclusion that JNKI1 is
the main JNK isoform that is activated by extracellular stimuli,
such as TNF-a and UV, whereas JNK2 may interfere with
JNKI activation.

It is intriguing that c-Jun expression and activation in an
early passage of JukI '~ primary MEFs (passage 3) were sim-
ilar to those in WT and Jnk2~'~ primary MEFs (Fig. 4F).
However, expression and phosphorylation of c-Jun in a late
passage of Jnkl ™/~ primary MEFs (passage 8) were much
lower than in an early passage of cells (Fig. 4G), as seen in
Jnkl~'~ fibroblasts (Fig. 4A). One possible explanation is that
the molecular mechanism governing c-Jun expression and ac-
tivation may be different during embryonic development and
after exposure to the environmental stress of cell culture. Dur-
ing embryonic development, the weak activity of JNK2 or
other kinases may contribute to maintaining c-Jun expression
and activity in Jnkl /= mice. After exposure to the environ-
mental stress of cell culture, JNK1 is essential for maintaining
c-Jun expression and activation. This is analogous to the role of
JNKK2/MKK?7 in the regulation of cdc2 expression (28).
JNKK2/MKK?7 was required for cdc2 expression in immortal-
ized fibroblasts and late passage primary MEFs but dispens-
able in early passage primary MEFs (28). It will be interesting
to study how c-Jun expression and activation are differentially
regulated during development and under environmental stress.

Is JNK1, but not JNK2, required for TNF-a-induced apo-
ptosis? Previous studies have shown that in the absence of
NF-«kB activation, prolonged JNK activation promotes TNF-a
killing in cultured cells and in vivo (13, 16, 19, 24, 25). Our
results consistently showed that TNF-a-induced apoptosis was
lower in JnkI '~ fibroblasts but higher in Jnk2~'~ fibroblasts
(Fig. 5). Introduction of exogenous HA-JNKI1 restored the
apoptotic response of Jukl '~ fibroblasts to TNF-« (Fig. 6A,
B, and C), suggesting that the resistance of Jukl '~ fibroblasts
to TNF-a-induced apoptosis is due to the absence of JNKI,
rather than a possible secondary effect of gene disruption or
immortalization. Similar results were obtained when several
established cell lines from multiple embryos were tested (data
not shown). These data suggest that JNK1, but not JNK2, is
required for TNF-a-induced apoptosis.

The requirement of JNKI1 for apoptosis in primary MEFs is
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complicated. Our results showed that when NF-«kB activation
was blocked, it took 24 h for TNF-a to induce modest apopto-
sis (35%) in primary MEFs (Fig. 5E). In contrast, TNF-a
induced significant apoptosis (70%) in fibroblasts as early as
6 h (Fig. 5SA and E), when apoptosis was not detected in
primary MEFs (Fig. SE). Thus, the apoptotic machinery that
mediates TNF-a-induced apoptosis may be less efficient in
primary MEFs than in fibroblasts. One possibility is that some
components in the apoptotic machinery may be underex-
pressed in primary MEFs. We also found that primary MEFs
were insensitive to Fas ligand-induced apoptosis but immor-
talized fibroblasts were sensitive (data not shown). Another
difference between fibroblasts and primary MEFs is that there
was no significant difference in apoptotic responses to TNF-a
in WT, Jnkl~/~, and Jnk2~'~ primary MEFs (Fig. 5E). Con-
sidering the fact that JNK activation was impaired in Jnkl /'~
primary MEFs (Fig. 2B), it is likely that JNK activation may
not be essential for the delayed TNF-a-induced apoptosis in
primary MEFs, probably due to the different mode of TNF-a-
induced apoptosis in these cells. In contrast, UV-induced apo-
ptosis occurred at the same rate in both fibroblasts and primary
MEFs (Fig. 5E). More importantly, like JnkI ™'~ fibroblasts,
Jnk1~'~ primary MEFs were resistant to UV killing (Fig. SE).
These data support the notion that the requirement of JNK
(JNK1) for apoptosis depends on cellular contents and death
stimuli (16). This is analogous to the function of c-Jun in cell
death, which differs in primary and transformed hepatocytes
(7). The different roles of JNKK2/MKK?7 in the regulation of
cdc2 expression in fibroblasts and primary MEFs are another
example (28). While JNKK2/MKK?7 was required for cdc2 ex-
pression in immortalized fibroblasts and late passage primary
MEFs, it was dispensable in early passage primary MEFs (28).
Future studies will elucidate the mechanism underlying the
different apoptotic responses of Jukl /'~ fibroblasts and pri-
mary MEFs to TNF-a.

Our results that JNK activation is not essential for TNF-a-
induced apoptosis in primary MEFs contradicts the results of
some previous reports. In the absence of NF-«kB activation,
prolonged JNK activation promotes TNF-a-induced apoptosis
in cultured cells and in vivo (13, 16, 19, 24, 25). However, it was
proposed that JNK inhibits TNF-a-induced apoptosis in pri-
mary MEFs, since primary MEFs that are deficient in both
Jnkl and Jnk2 alleles were more sensitive to killing by TNF-a
plus CHX (15). The requirement for JNK may be different in
apoptosis induced by TNF-a plus CHX and apoptosis induced
by TNF-a plus Ad-IkBa(AA) (4). Another report suggested
that JNK inhibits TNF-a-induced apoptosis, since Jnk! or Jnk2
null primary MEFs were more sensitive to TNF-a plus CHX
(10). However, it is puzzling that 500 ng of TNF-o per ml, in
combination with 10 pg of CHX per ml, was used to induce
apoptosis in Jnk! or Jnk2 null primary MEFs in that study (10),
whereas only 5 ng of TNF-a per ml was sufficient to activate
JNK and apoptosis in primary MEFs in our study (Fig. 2B and
SE). The proposed antiapoptotic role of JNK in TNF-a-in-
duced apoptosis also contradicted the finding that Jnk2~/~
primary MEFs had higher JNK activity but were more sensitive
to TNF-a killing than WT MEFs (10). A recent report showed
that Jnk2~/~ primary MEFs were resistant to apoptosis in-
duced by TNF-a and CHX, whereas Jnkl '/~ primary MEFs
were more sensitive (6), suggesting that TNF-« killing is inhib-
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ited by JNKI1 but enhanced by JNK2. However, the levels of
JNK1 expressed in Jnk2 /'~ primary MEFs were very low for
unknown reasons (6). In contrast, the levels of INK1 expressed
in WT and Juk2~/~ MEFs were comparable in our experi-
ments (Fig. 2B) or the experiments of other investigators (10,
27). The extremely low levels of JNK1 expressed in Jnk2 ™/~
primary MEFs may account for the apoptotic response of these
cells in the previous report (6). It is possible that multiple
factors influence the role of JNK in primary MEFs, such as the
method used to measure apoptosis, the genetic background of
mice, and experimental conditions. Future studies are needed
to clarify the apparent controversy regarding the role of JNK in
TNF-a-induced apoptosis in primary MEFs.

Is the proapoptotic function of JNK1 mediated by c-Jun in
TNF-« killing? It was reported that c-Jun suppressed or did
not affect TNF-a-induced apoptosis (10, 29). Our results showed
that expression of exogenous JNKI1 restored the apoptotic
response of JukI null cells to TNF-a (Fig. 6B and C), as well as
c-Jun expression (Fig. 6E). However, expression of exogenous
c-Jun, which was active in transcription (Fig. 6F), failed to
restore the apoptotic response (Fig. 6G). Similar results were
obtained in c-jun~'" cells (data not shown). Thus, it is unlikely
that the proapoptotic function of JNKI in TNF-a-induced
apoptosis is mediated by c-Jun in fibroblasts.

Whether c-Jun mediates the proapoptotic function of JNK
in UV-induced apoptosis is also controversial, as c-Jun has
been suggested to be inhibitory, essential, or dispensable (22,
27, 29). Our results showed that expression of exogenous JNK1
in Jnkl null cells restored c-Jun expression (Fig. 6E) and the
apoptotic response to UV (Fig. 6D). In contrast, expression of
exogenous c-Jun, which was sufficient to stimulate AP-1 activ-
ity (Fig. 6F), did not restore the apoptotic response of Jukl null
cells to high doses of UV (60 J/m?) (Fig. 6G). However, ex-
pression of exogenous c-Jun partially restored the apoptotic
response of JnkI null cells to low doses of UV (10 J/m?) (Fig.
6G). Similar results were obtained in cjun "/~ cells (data not
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shown). The different effects of c-Jun on apoptosis induced by
high or low doses of UV is likely due to its effect on the cell
cycle. While a low dose of UV (10 J/m?) induces p53-depen-
dent cell cycle arrest, which is negatively regulated by c-Jun
(22), a high dose of UV (60 J/m?) does not induce cell cycle
arrest. Thus, c-Jun is involved in the proapoptotic function of
JNK1 in apoptosis induced by low doses of UV (10 J/m?) but
is not involved in the proapoptotic function of JNKI in apo-
ptosis induced by high doses of UV (60 J/m?).

It is a paradox how two closely related JNK isoforms, JNK1
and JNK2, have distinct or even opposing biological functions.
For example, activation of CD8" T cells was impaired in
Jnkl~'~ mice but enhanced in Jnk2~'~ mice (2). Skin tumor-
igenesis was also found to be enhanced in JnkI ™/~ mice but
suppressed in Jnk2 ™'~ mice (23). Finally, genetic disruption of
the Jnkl allele alone in mice was sufficient to suppress obesity
(9). These observations can be explained by our findings that
JNKI1 is the main JNK isoform that is activated by extracellular
stimuli, whereas JNK2 may interfere with JNKI1 activation
(Fig. 7). However, JNK1 and JNK2 may have overlapping
functions during development, since Jnk null mouse embryos
died, but Jnkl or Jnk2 null mice developed normally (14, 20).
Future studies are needed to examine how JNK1 and JNK2 are
differentially regulated in vivo.
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