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Various stresses activate the c-Jun N-terminal kinase (JNK), which is involved in the regulation of many
aspects of cellular physiology, including apoptosis. Here we demonstrate that in contrast to UV irradiation,
heat shock causes little or no stimulation of the JNK-activating kinase SEK1, while knocking out the SEK1 gene
completely blocks heat-induced JNK activation. Therefore, we tested whether heat shock activates JNK via
inhibition of JNK dephosphorylation. The rate of JNK dephosphorylation in unstimulated cells was high, and
exposure to UV irradiation, osmotic shock, interleukin-1, or anisomycin did not affect this process. Conversely,
exposure of cells to heat shock and other protein-damaging conditions, including ethanol, arsenite, and
oxidative stress, strongly reduced the rate of JNK dephosphorylation. Under these conditions, we did not
observe any effects on dephosphorylation of the homologous p38 kinase, suggesting that suppression of
dephosphorylation is specific to JNK. Together, these data indicate that activation of JNK by protein-damaging
treatments is mediated primarily by inhibition of a JNK phosphatase(s). Elevation of cellular levels of the
major heat shock protein Hsp72 inhibited a repression of JNK dephosphorylation by these stressful treat-
ments, which explains recent reports of the suppression of JNK activation by Hsp72.

Exposure of eukaryotic cells to various stresses stimulates
the stress-activated kinases JNK (c-Jun N-terminal kinase) and
p38 (for a review, see reference 22). JNK activates the tran-
scription factor AP-1, thus regulating cell proliferation, im-
mune responses, inflammation, and programmed cell death, or
apoptosis (6, 19, 22, 35). UV irradiation, osmotic stress, as well
as certain cytokines and mitogens activate JNK via a signal
transduction pathway which involves small GTP-binding pro-
teins (7, 29) and a cascade of protein kinases. This kinase
cascade includes MEKKs (30) followed by the dual-specificity
kinases SEK1 (MKK4) (39, 44) and MKK7 (41), both of which
phosphorylate JNK at the vicinal threonine and tyrosine resi-
dues, thus activating this kinase (23).

Heat shock, ethanol, oxidative stress, and certain other
stresses, on the other hand, activate JNK through a pathway
which has not yet been established. Furthermore, recent data
indicate that heat shock and UV irradiation activate JNK via
distinct pathways (1). Consistent with this notion, the yeast
Spc1 kinase, a homolog of p38 and JNK, is activated by heat
shock through a pathway different from that used by other
stresses (38, 40). This pathway was reported to involve inhibi-
tion of Spc1 dephosphorylation by its phosphatase Pyp1 (al-
though this report has recently been disputed [40]). Phospha-
tases were also implicated in activation of JNK in mammalian
cells. For example, the protein-damaging agent arsenite was
demonstrated to activate JNK through specific inhibition of a
constitutively active JNK phosphatase (2).

Certain stresses including heat shock and ethanol not only
activate JNK and p38 but also induce synthesis of heat shock
proteins. Heat shock proteins repair damaged proteins and
protect cells from exposure to stressful conditions (see refer-

ence 9 for a review). Recently a member of the family of
70-kDa heat shock proteins, Hsp72, was shown to prevent a
programmed cell death in response to certain stresses (31). We
have demonstrated that this antiapoptotic effect of Hsp72 is
due to suppression of activation of JNK (12, 43, 43a). Further-
more, Hsp72 suppresses UV-induced JNK activation probably
downstream of SEK1 in the JNK-signaling cascade (43a),
which suggests that a JNK phosphatase could be a target for
regulation by Hsp72. It is noteworthy that total cellular phos-
phatase activity is reportedly increased in cells which overex-
press Hsp72 (8, 24). Moreover, members of the Hsp70 family
can directly associate with some phosphatases in cells (36).

In the present work, we investigated the mechanism of JNK
activation by heat shock, ethanol, and certain other stresses
and the role of JNK dephosphorylation in this activation. We
also investigated the involvement of Hsp72 in the regulation of
JNK dephosphorylation.

MATERIALS AND METHODS

Antibodies. In this study, we used antibodies against active JNK, phospho-JNK
active (pTPpY; Promega, Madison, Wis.), JNK1 (C-17; Santa Cruz Biotechnol-
ogy, Santa Cruz, Calif.), active p38 kinase, phospho-p38 (Tyr182), and phospho-
SEK1 (Thr223) (New England Biolabs, Beverly, Mass.), and Hsp72 (SPA-810;
StressGen, Victoria, British Columbia, Canada). A working dilution of 1:1,000
was used for all antibodies except the anti-phospho-JNK antibody (1:5,000).

After immunoblotting analysis, secondary antibodies conjugated with peroxi-
dase were visualized with enhanced chemiluminescence substrates (Amersham,
Arlington Heights, Ill.), and resulting films were quantified by densitometry.

Cell lines and stresses. The H9c2 (2-1) rat myogenic cell line was grown in
Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bo-
vine serum. Mice embryonic stem (ES) cells were grown in DMEM supple-
mented with 15% fetal bovine serum, nonessential amino acids, 0.1 mM 2-mer-
captoethanol, and 50 ng of mouse leukemia inhibitory factor (R&D Systems Inc.,
Minneapolis, Minn.) per ml. All cells were grown at 37°C in an atmosphere of 5%
CO2 to 60 to 85% confluence.

To activate stress kinases, cells were subjected to one of the following stimuli:
osmotic stress (0.7 M NaCl), exposure to anisomycin (10 mg/ml), exposure to
interleukin-1 (IL-1; 20 ng/ml), exposure to 150 mM sodium arsenite, heat shock
(20 min at 45°C, unless stated otherwise), exposure to 8% ethanol for 1 h,
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exposure to 1 mM menadione sodium bisulfite for 30 min, or UV irradiation (400
J/m2, unless stated otherwise; performed in a UV Stratalinker 1800 [Stratagene,
La Jolla, Calif.]). The time of exposure to each stress is indicated in figure
legends.

Adenovirus-based expression of Hsp72. A recombinant adenovirus vector ex-
pressing Hsp72 (AdTR5-DC/HSP70-GFP) was constructed by cloning a dicis-
tronic transcription unit encoding human Hsp72 and the Aequorea victoria green
fluorescent protein gene, separated by the encephalomyocarditis virus internal
ribosome entry site from pTR-DC/HSP70-GFP (31, 32), into an adenovirus
transfer vector. Expression of this transcription unit is controlled by the tetra-
cycline-regulated transactivator protein tTA (15), which we expressed from the
separate recombinant adenovirus (AdCMV/tTA [26]). Recombinant adenovi-
ruses were generated by standard techniques as detailed by Jani et al. (18).
Inoculation of cells with 3 3 107 PFU of each virus per 35-mm-diameter dish was
sufficient to infect almost 100% of cells. This was confirmed each time by
observation under a fluorescence microscope of a fraction of the cells expressing
the green fluorescent protein. Twenty-four hours after infection, the medium was
changed and cells were left for another 12 h. Thirty-six hours after infection, the
cells accumulated large amounts of Hsp72, as judged by immunoblotting of
cytosol extracts (not shown).

Inhibition of JNK activation. For ATP depletion, cells were washed twice with
phosphate-buffered saline (PBS) preheated to 37°C and then left for the indi-
cated times in PBS supplemented with 5 mM rotenone and 10 mM 2-deoxyglu-
cose. Alternatively, staurosporine was added to cells in DMEM to 4 mM. To
inhibit JNK activation in cells after their exposure to ethanol, staurosporine was
added in DMEM supplemented with 10% fetal bovine serum. Inhibitor of JNK
pathway CEP-1347 (KT7515; kindly provided by Cephalon, Inc. [West Chester,
Pa.]) (25) was added to cells in the medium without fetal bovine serum to 2 mM.

Measurement of ATP content. Cellular ATP content was measured by the
luciferin-luciferase method, using an ATP bioluminescent somatic cell assay kit
(Sigma). Bioluminescence was determined with a scintillation counter (37). The
cytosolic ATP content was normalized to total cytosolic protein.

Measurement of phosphorylation of purified SEK1 and JNK1. Recombinant
JNK2, SEK1, and a constitutively active deletion form of MEKK1 (DN terminus)
(kindly provided by J. Kyriakis and J. Avruch) were expressed in Escherichia coli
as glutathione S-transferase (GST) fusion polypeptides and isolated by using a
glutathione-Sepharose affinity column according to the Pharmacia protocol.
MEKK1 (1 mg), SEK1 (2 mg), and JNK2 (2 mg) were mixed in 14 ml of buffer
containing 25 mM HEPES (pH 7.4), 10 mM MgCl2, 2 mM dithiothreitol, and 20
mM ATP. Then 10 mCi of [g-32P]ATP was added, and the mixture was incubated
at 30°C for 10 min. The reaction was stopped by addition of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. Stauro-
sporine was added to the reaction immediately before addition of labeled ATP.

Plasmid minipreps were done with Turbomix (Scientific Industries).
Preparation of cytosol extracts and analysis of JNK activity. Cells were

washed twice with PBS (unless they were depleted of ATP and hence already in
PBS), aspirated, and lysed in 200 ml of lysis buffer (40 mM HEPES [pH 7.5], 50
mM KCl, 1% Triton X-100, 2 mM dithiothreitol, 1 mM Na3VO4, 50 mM b-glyc-
erophosphate, 50 mM NaF, 5 mM EDTA, 5 mM EGTA, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM benzamidine, 5 mg each of leupeptin, pepstatin A, and
aprotinin per ml) per 35-mm-diameter dish. The lysates were clarified by cen-
trifugation in a microcentrifuge at 15,000 rpm for 5 min. Total protein concen-
tration was measured in the supernatants, after which they were diluted with lysis
buffer to equalize the protein concentration among all samples. All procedures
were performed at 4°C.

To measure JNK activity, 5 ml of extract was added to a reaction mixture (20
ml, final volume) containing (final concentration) 40 mM HEPES (pH 7.5), 1 mM
Na3VO4, 25 mM b-glycerophosphate, 10 mM MgCl2, 20 mM ATP, 15 mCi of
[g-32P]ATP, and 40 ng of recombinant c-Jun–GST. The reaction was allowed to
proceed for 25 min at 30°C and then stopped by addition of 10 ml of SDS-PAGE
sample buffer. Samples were separated by SDS-PAGE, transferred to nitrocel-
lulose membranes, and analyzed on a Molecular Imager. Membranes were sub-
sequently immunoblotted with an anti-JNK1 antibody to verify equivalent pro-
tein loading.

RESULTS

Heat shock activates JNK in H9c2 cells without an increase
in SEK1 activity. As shown previously with several cell lines,
the majority of stresses activate JNK through SEK1 (39, 46).
Accordingly, UV irradiation (400 J/m2) of H9c2 cells led to a
severalfold increase in SEK1 activity (as revealed by an anti-
body which specifically recognizes the active form of this ki-
nase) and subsequent dramatic JNK activation (Fig. 1A). Sur-
prisingly, heat shock (20 min at 45°C) of H9c2 cells, which
activated JNK to a similar level, caused little if any activation
of SEK1 above basal levels (Fig. 1A). These data taken to-
gether indicated that JNK activation by heat shock is not de-
pendent on SEK1 activation. This conclusion was in apparent

contradiction with the previously reported observation that
SEK1 is essential for heat-induced JNK activation. Indeed,
inhibition of SEK1 activity by expression of its dominant-neg-
ative mutant in various cell lines or by gene knockout in either
mouse ES cells or fibroblasts blocked activation of JNK by heat
shock almost completely (13, 28, 34, 45). To clarify the con-
tradiction, we used mouse ES cells, in which SEK1 is known to
be essential for the heat-induced JNK activation (13, 34), to
test whether this kinase is activated by heat shock. Similar to
previously reported results, there was an almost complete lack
of JNK activation in response to heat shock (44°C, 20 min) and
profound reduction of JNK activation after UV irradiation in
SEK12/2 ES cells in comparison with the isogenic SEK11/1 ES
cells (Fig. 1B).

These results indicate that SEK1 is essential for the heat-
induced JNK activation and significantly contributes to UV-
induced JNK activation. On the other hand, effects of heat
shock and UV on SEK1 phosphorylation (and hence activa-
tion) in SEK11/1 cells differed dramatically. While UV irradi-
ation caused strong SEK1 phosphorylation, the effect of heat
shock (20 min at 43 or 44°C) on SEK1 phosphorylation was
negligible (Fig. 1B). More severe heat shock (20 min at 45°C),
which led to JNK activation threefold higher than that after
UV irradiation, caused slight SEK1 phosphorylation (not
shown), possibly because of the feedback activation by JNK.
The likely explanation for these data is that heat shock acti-
vates JNK via a distinct pathway which requires only basal
activity of SEK1. We suggested that heat shock can inhibit JNK
dephosphorylation, leading to an accumulation of phosphory-
lated JNK which has been activated by SEK1. If SEK1 activity
is abolished, inhibition of a JNK phosphatase(s) would not
result in an increased level of JNK phosphorylation.

FIG. 1. Effects of UV irradiation and heat shock on phosphorylation of
SEK1. (A) Activation of SEK1 and JNK in H9c2 cells. Top, immunoblot of
cytosol extracts probed with anti-phospho-SEK1 antibody; bottom, JNK activity
in the same extracts, as measured with c-Jun as a substrate (see Materials and
Methods). Cont, unstressed cells; UV, cells exposed to UV irradiation (400 J/m2)
followed by a 15-min rest; HS, cells exposed to heat shock at 45°C for 20 min. (B)
Activation of SEK1 and JNK in ES cells. Top, immunoblot of cytosol extracts
probed with anti-phospho-SEK1 antibody; bottom, JNK activity in the same
extracts. Wild-type and SEK1 double-knockout ES cells were exposed to heat
shock (HS) at 44°C for 20 min or UV irradiation (UV; 400 J/m2) followed by a
20-min rest.
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Development of experimental approaches to observe in vivo
dephosphorylation of JNK. To test the hypothesis that the
activity of a JNK phosphatase(s) is affected by heat shock, we
developed an assay to compare the rate of JNK dephosphor-
ylation in cells under various stressful conditions. The level of
JNK phosphorylation in cells is determined by two processes:
its phosphorylation by upstream kinases and its dephosphory-
lation by a putative phosphatase(s). The most straightforward
approach to assess the rate of JNK dephosphorylation is to
activate JNK by different stresses and then to block its further
activation by upstream kinases and follow the decrease of the
levels of phosphorylated JNK. Under these conditions, the
phosphatase activity would become the only factor which con-
trols the level of JNK phosphorylation. Unfortunately, there is
no well-characterized specific inhibitor of JNK activation.
Chase of 32P-pulse-labeled JNK with unlabeled phosphate (16)
was too slow to measure rapid JNK dephosphorylation. There-
fore, in this study we inhibited JNK activation by one of three
independent methods: (i) addition of the protein kinase inhib-

itor staurosporine, which was successfully used to analyze de-
phosphorylation of Stat1 (17); (ii) rapid depletion of ATP, a
substrate for all protein kinases; or (iii) addition of CEP-1347,
a compound designed by Cephalon to specifically inhibit JNK
activation by various stimuli (25).

To test the efficiency of staurosporine in the inhibition of
JNK activation, we pretreated cells with this inhibitor (see
Materials and Methods) and then exposed the cells to either
UV irradiation or heat shock. A 5-min preincubation with
staurosporine appeared to be sufficient to block completely
heat shock (45°C for 20 min)- and UV irradiation (400 J/m2)-
induced (Fig. 2A) as well as ethanol-induced (not shown) JNK
activation. This was demonstrated by immunoblotting with an
antibody which recognizes only the phosphorylated forms of
JNK1 and JNK2 and by a more sensitive assay of JNK activity
that uses recombinant c-Jun as a substrate (both methods
reflect JNK activity and in this study provided similar results
when used in parallel). It is important that staurosporine did
not reduce activation of SEK1 by UV significantly, as detected

FIG. 2. Methods of inhibition of JNK activation by stresses. (A) Staurosporine blocks JNK activation after heat shock and UV irradiation. H9c2 cells were incubated
for 5 min in the presence (1) or absence (2) of 4 mM staurosporine (Staur) in serum-free DMEM for 5 min and then exposed to either heat shock (HS) or UV
irradiation (UV) as described for Fig. 1A. JNK activity was measured in cytosolic extracts. Con, unstressed cells. (B) Staurosporine inhibits activity of SEK1 in vitro.
Isolated recombinant MEKK1 (DN terminus), SEK1, and JNK2 were incubated with [g-32P]ATP for 10 min in the presence or absence of staurosporine. Proteins were
separated by SDS-PAGE, and incorporation of 32P into SEK1 and JNK2 was measured. (C) Decrease in cytosolic ATP levels in the ATP depletion experiments. ATP
concentration was measured in cytosolic extracts prepared from either unstressed cells or cells exposed to stresses collected at the indicated times after addition of
rotenone and 2-deoxyglucose (see Materials and Methods). The histogram represents data of a typical experiment which was repeated three times. Samples for these
measurements were taken from the experiment described in the legend to Fig. 3A. (D) ATP depletion inhibits activation of JNK after heat shock and UV irradiation.
Cells either in regular medium or incubated in PBS with rotenone and 2-deoxyglucose for the indicated time periods were exposed to either UV (400 J/m2) followed
by a 15-min rest or to heat shock (45°C for 20 min). Cont., unstressed cells. Top, immunoblot of cytosol extracts probed with anti-phospho-JNK antibody; bottom, JNK
activity measured in the same extracts. (E) CEP-1347 inhibits JNK activation by heat shock and osmotic shock. Cells were transferred to serum-free DMEM with or
without 2 mM CEP-1347 and 5 min later were exposed to either heat shock (45°C for 20 min) or osmotic shock (0.7 M NaCl for 15 min). Cytosol extracts were subjected
to immunoblotting with anti-phospho-JNK antibody.
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by immunoblotting with anti-phospho-SEK1 antibody (not
shown). These data suggest that in the JNK signaling pathway,
SEK1 is the target for staurosporine inhibition. To test this
possibility directly, we assessed effects of staurosporine on ac-
tivities of SEK1 and MEKK1 by using purified kinases. Re-
combinant SEK1, JNK2, and a constitutively active deletion
mutant of MEKK1 (DN terminus) were incubated with [g-32P]
ATP. In this reaction, MEKK1 phosphorylates SEK1, which
becomes active and, in turn, phosphorylates JNK2. Addition of
staurosporine had little effect on phosphorylation of SEK1 but
dramatically inhibited phosphorylation of JNK2 (Fig. 2B).
These data indicate that staurosporine could be used as an
inhibitor of SEK1-dependent activation of JNK.

To rapidly and completely block JNK activation by all stress-
ful treatments, we also developed a method based on ATP
depletion (see Materials and Methods). Cells were transferred
into PBS, and synthesis of ATP was blocked by rotenone, an
inhibitor of the respiratory chain, and 2-deoxyglucose, a com-
petitive inhibitor of glycolysis. This treatment led to a 10-fold
decrease in cytosolic ATP concentration in less than 10 min
(Fig. 2C). The choice of H9c2 cardiomyocytes for this investi-
gation was determined by the rapid drop of ATP concentration
in these cells after addition of rotenone and 2-deoxyglucose. In
cells exposed to stresses, initial ATP concentrations and the
rates of ATP depletion were similar to those in untreated cells
(Fig. 2C).

The sharp decrease in ATP levels rapidly blocked JNK ac-
tivation de novo. Indeed, JNK was activated in cells exposed to
UV within 15 min after the irradiation, but in ATP-depleted
cells we did not observe any UV-induced JNK activation even
if cells were irradiated immediately after starting the depletion
procedure (Fig. 2D). Similarly, ATP depletion completely
blocked JNK activation by heat shock within minutes (Fig.
2D). These experiments indicated that both staurosporine and
ATP depletion can be used to study JNK dephosphorylation.

Similarly, addition of CEP-1347 rapidly (within 5 min) and
strongly (by about 80%) inhibited activation of JNK by heat
shock, osmotic stress, and some other stimuli (but less than
40% by UV irradiation) in H9c2 cells (Fig. 2E). Therefore, we
used CEP-1347 to evaluate the effects of heat shock and os-
motic stress on rates of JNK dephosphorylation.

Heat shock inhibits JNK dephosphorylation. The described
methods of inhibition of JNK-activating kinases allowed us to
follow the rate of JNK dephosphorylation. Dephosphorylation
of JNK in unstressed cells (starting from a basal level) follow-
ing ATP depletion (see Fig. 4) or addition of staurosporine or
CEP-1347 (not shown) was very rapid. ATP depletion also led
to a remarkably fast dephosphorylation of UV-activated JNK.
In UV-irradiated cells, the level of JNK activity increased
severalfold within 20 min and then decreased slowly during the
next hour (Fig. 3B). However, when such cells at the peak of
JNK activity were subjected to ATP depletion, JNK activity
plunged below the basal (in unstressed cells) levels in less than
15 min (Fig. 3A and B). Treatment of cells with staurosporine
15 min after UV irradiation also led to a rapid decrease in JNK
activity. In fact, in 4 min after addition of staurosporine, JNK
activity decreased by about 80%, and in 8 min its activity was
at the basal level (Fig. 3B).

In contrast, dephosphorylation of heat-induced JNK was
much slower. Upon heat shock (45°C), the level of JNK activity
in cells increased steadily during 20 min and continued to rise
for 20 more min after a shift of the temperature back to 37°C
(Fig. 3B). ATP depletion or addition of staurosporine rapidly
blocked the raise of JNK activity in such cells, allowing JNK to
undergo dephosphorylation. As opposed to the swift JNK de-
phosphorylation in unstressed or UV-irradiated cells, the rate
of its dephosphorylation in heat-shocked cells was slow, since
less than 50% of JNK was inactivated in 30 min following ATP
depletion or addition of staurosporine (Fig. 3A and B). Similar
rates of JNK dephosphorylation in cells after heat shock (less

FIG. 3. Heat shock delays JNK dephosphorylation. (A) Comparison of dephosphorylation of JNK activated by heat shock and UV in ATP-depleted cells. Cells were
exposed to UV (400 J/m2) followed by a 15-min rest or to heat shock (45°C for 20 min), then rotenone and 2-deoxyglucose were added, and samples were collected
at the indicated time periods after the beginning of ATP depletion. Cytosolic extracts were probed with the anti-phospho-JNK antibody on an immunoblot. Cont.,
unstressed cells. ATP levels in these samples are presented in Fig. 2C. (B) Comparison of the rates of JNK dephosphorylation in ATP-depleted (ATP depl) and
staurosporine (Staur)-inhibited cells. JNK was activated by either heat shock (HS) or UV irradiation (UVC) as described for Fig. 3A. The plot represents data of a
typical experiment which was repeated three times. (C) Heat shock does not affect dephosphorylation of p38 kinase. The samples used for panel A were immunoblotted
with the anti-phospho-p38 antibody. Cont., unstressed cells. (D) Comparison of the rates of JNK dephosphorylation in CEP-1347-inhibited cells. Cells were exposed
to osmotic shock (0.7 M NaCl for 15 min) or heat shock (45°C for 20 min), and samples were collected at the indicated time periods after the addition of CEP-1347
to 2 mM in serum-free DMEM. Cytosolic extracts were immunoblotted with the anti-phospho-JNK antibody.
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than 50% in 30 min) were observed when JNK phosphoryla-
tion was blocked with CEP-1347 (Fig. 3D). On the other hand,
if CEP-1347 was added to cells exposed to osmotic stress, JNK
was dephosphorylated much faster than in heat-shocked cells
(Fig. 3D). The suppressive effect of heat shock on JNK de-
phosphorylation is emphasized by the fact that in the absence
of the inhibitors, JNK activity decayed more slowly in heat-
shocked cells than in UV-irradiated cells (Fig. 3B).

It is important that the effect of heat shock on JNK dephos-
phorylation was very specific, since we did not observe any
suppression of dephosphorylation of the homologous stress
kinase p38 under these conditions (Fig. 3C).

We next tested if the extent of inhibition of JNK dephos-
phorylation correlates with the severity of heat shock. Indeed,
in cells stressed for 20 min at temperatures ranging from 43 to
45°C, the degree of inhibition of JNK dephosphorylation in-
creased with an increase of temperature and was highest at
45°C (Fig. 4). It is noteworthy that an increase of the energy of
UV irradiation from 400 J/m2 to the extremes of more than
3,000 J/m2 caused no significant decrease in the rate of JNK
inactivation (not shown). This finding indicates that in contrast
to heat shock, UV does not affect JNK dephosphorylation even
at doses which cause 100% cell death.

We also found that rapid dephosphorylation of UV-induced
JNK can be delayed by various protein phosphatase inhibitors.
Sodium vanadate, an inhibitor of tyrosine phosphatases (14),
significantly decreased the rate of dephosphorylation of JNK
activated by UV (Fig. 5). JNK inactivation was also reduced by
calyculin A, an inhibitor of serine-threonine phosphatases (4)
(Fig. 5). The inhibitory effects of these agents were additive
(Fig. 5). Interestingly, dephosphorylation of the JNK2 isoform
was affected by both inhibitors slightly more than that of JNK1
(not shown).

Various stresses differ in the ability to affect JNK dephos-
phorylation. To determine how unique heat shock is in its
ability to suppress JNK dephosphorylation, we compared the
dephosphorylation rates in cells exposed to different kinds of
stresses. To inhibit JNK-activating kinases in these experi-
ments, we also used either ATP depletion or staurosporine as
described above. In the presence of the inhibitors, phosphatase
activity becomes the sole factor which determines the level of
JNK phosphorylation. Therefore, under these conditions the

rate of decay of phosphorylated JNK is not dependent on the
duration of activity of upstream kinases, which varies for dif-
ferent stresses.

We found that there is a group of stresses which activate
JNK without causing any detectable delay in JNK dephosphor-
ylation. Indeed, in cells treated with either IL-1 or anisomycin
(Fig. 6A and B) or exposed to either osmotic stress (0.7 M
NaCl or 0.4 M sorbitol for 15 min) or the phorbol ester analog
phorbol dibutyrate (1 mM for 7 min) (not shown), the rates of
JNK dephosphorylation were similar to those in UV-irradiated
or unstimulated cells.

On the other hand, we identified several stresses which re-
duced the rate of JNK dephosphorylation. Exposure of cells to
sodium arsenite or ethanol activated JNK and led to a delay in
its dephosphorylation (Fig. 6C and D). Similarly, when JNK
was activated by menadione sodium bisulfite (menadione),
which causes oxidative stress through generation of reactive
oxygen species (5), the rate of JNK1 dephosphorylation mark-
edly decreased. As seen in the Fig. 6E, exposure of cells to
menadione preferentially activated the JNK1 isoform, most
likely because menadione has a specific inhibitory effect on
phosphorylation of the JNK2 isoform (27a). Dephosphoryla-
tion of p38 kinase was not affected by any stress tested in this
study except exposure of cells to menadione (not shown).
Taken together, these data strongly suggest that there are two
types of stresses, both of which activate JNK but which differ in
the ability to inhibit JNK dephosphorylation.

As shown above, heat shock activates JNK without stimula-
tion of its immediate upstream kinase, SEK1 (Fig. 1). Do other
stresses which inhibit JNK dephosphorylation activate SEK1?
To answer this question, we exposed cells to various JNK-
activating stimuli and analyzed cytosolic extracts for SEK1
phosphorylation. As seen in Table 1, most stresses which in-
hibit JNK dephosphorylation did not activate SEK1, while
most of the stresses which have no effect on JNK dephosphor-
ylation stimulated SEK1. There were two exceptions from this
correlation: IL-1, which reportedly activates JNK through an-
other kinase, MKK7 (10), and arsenite, which activates JNK by
both stimulation of SEK1 and suppression of JNK dephos-
phorylation. These observations imply that inhibition of JNK
dephosphorylation plays a major role in JNK activation by a
group of stresses including heat shock and ethanol.

FIG. 4. Extent of inhibition of JNK dephosphorylation correlates with sever-
ity of heat shock. After activation of JNK by UV irradiation (1000 J/m2) or heat
shock (at indicated temperatures for 20 min), ATP depletion was started and
samples were collected during the time course. JNK activity was measured in
cytosolic extracts, and membranes were quantified with a Molecular Imager.

FIG. 5. Dephosphorylation of JNK is delayed by phosphatase inhibitors.
Cells were exposed to UV (400 J/m2), 15 min later washed with PBS, and then
not treated (■) or incubated for 5 min with either 1 mM sodium vanadate (E) or
100 nM calyculin A ({) or both (‚). Then rotenone and deoxyglucose were
added to start ATP depletion. The plot represents data from a typical experiment
which was repeated three times.
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Hsp72 suppresses stress-induced inhibition of JNK dephos-
phorylation. Recently, Hsp72 was shown to suppress activation
of JNK, thus protecting cells from heat-induced apoptosis (12,
31). We suggested that since heat shock activates JNK through
inhibition of a JNK phosphatase(s), Hsp72 might reduce such
inhibition, thus preventing JNK activation. To test this hypoth-
esis, we expressed Hsp72 by using an adenovirus-based expres-
sion system (see Materials and Methods). H9c2 cells were
infected with two adenoviruses, one with the Hsp72 gene under
a tetracycline-regulated promoter and another expressing the
transactivator protein. In these cells Hsp72 accumulated within
36 h to a high level (not shown). Cells infected with a double
dose of one type of virus did not express Hsp72 and were used
as a control. As expected, in cells with elevated levels of Hsp72,
heat shock activated JNK to a lesser degree, and the inhibitory
effect of heat shock on JNK dephosphorylation was signifi-
cantly less than in control cells (Fig. 7A and B).

An increase in the cellular concentration of Hsp72 also sup-
pressed the inhibition of JNK dephosphorylation by exposure
to arsenite, menadione (Fig. 7C and D), or ethanol (not
shown). Taken together, these data indicate that Hsp72 sup-
presses activation of JNK by certain stresses through a sup-
pression of their inhibitory effects on JNK dephosphorylation.

DISCUSSION

We have addressed in this report two major questions: the
mechanism of JNK activation by heat shock and the nature of
suppression of JNK activation by Hsp72. In the course of this
study, we developed methods which allowed us to monitor
JNK dephosphorylation in vivo. We established that stresses
differ in their influences on JNK dephosphorylation. Treat-
ment of cells with IL-1, phorbol dibutyrate, and anisomycin as
well as UV irradiation and osmotic stress activated JNK with
no inhibition of its dephosphorylation. In contrast, stresses in
another group, including heat shock and exposure to arsenite,
ethanol, and menadione, caused JNK activation through inhi-
bition of its dephosphorylation. The effect of heat shock on
JNK dephosphorylation was not unique for H9c2 cells, being
also observed in human IMR90 fibroblasts (not shown) and
Rat1 cells (12a). The regulation of JNK activity by heat shock
and other stresses could be related to the mechanism sug-
gested for the activation of the yeast stress kinase Spc1 (38).
While osmotic stress activates Spc1 through stimulation of its
upstream kinases, heat shock has been reported to activate
Spc1 via blocking the Pyp1 phosphatase, which keeps the basal
activity of this kinase at low levels. In mammalian cells, acti-
vation of JNK by arsenite has also been shown to involve
inhibition of JNK dephosphorylation (2).

Our working model is that the activity of JNK in unstressed
cells results from a basal activity of a kinase cascade(s) bal-
anced by JNK dephosphorylation. Cellular stresses which
inhibit JNK dephosphorylation would ultimately shift this
balance toward activation of JNK (Fig. 8). Accordingly, for
activation of JNK by such stresses, stimulation of an upstream
kinase cascade is not required but its basal activity is essential.
The source of such JNK phosphorylation activity appears to be
the basal activity of SEK1, because SEK1 is not activated by
heat shock over its basal level, while deletion of the SEK1 gene
completely blocks heat-induced JNK activation (Fig. 1B) (13,
34).

Do the stresses which act through inhibition of JNK dephos-
phorylation have something in common which distinguishes
them from other stresses? Unlike stresses which do not affect
JNK dephosphorylation, heat shock, ethanol, arsenite, and
menadione cause protein damage. Indeed, heat shock leads to
protein denaturation, ethanol reduces the fidelity of transla-
tion, and arsenite modifies thiol groups, while menadione

FIG. 6. Effects of different stresses on the rate of JNK dephosphorylation. JNK was activated by treatment of H9c2 cells with the indicated agents, and JNK
dephosphorylation was assayed by the ATP depletion method (or with staurosporine in the case of ethanol). Immunoblots of cytosol extracts were probed with the
anti-phospho-JNK antibody. Cont., unstressed cells. (A) Cells were treated for 15 min with anisomycin (10 mg/ml); (B) cells were treated for 15 min with IL-1 (20 ng/ml);
(C) cells were exposed to 150 mM arsenite for 30 min; (D) cells were exposed to 8% ethanol for 1 h, and then staurosporine was added instead of ATP being depleted;
(E) cells were exposed to 1 mM menadione sodium bisulfite for 30 min.

TABLE 1. Responses of cells to various stressesa

Stress

Effect

JNK phosphatase
inhibition Phospho-SEK1

UV 2 1
Osmotic shock 2 1
Anisomycin 2 1
IL-1 2 2
Arsenite 1 1
Heat shock 1 2
Ethanol 1 2
Menadione 1 2

a Cytosolic extracts of cells subjected to different stresses (UV irradiation [400
J/m2], osmotic shock [0.7 M NaCl for 20 min], anisomycin [10 mg/ml for 15 min],
IL-1 [20 ng/ml for 15 min], arsenite [150 mM for 30 min], heat shock [20 min at
45°C], ethanol [8% ethanol for 1 h], and menadione [1 mM menadione sodium
bisulfite for 30 min]) were immunoblotted with an antibody which recognizes the
phosphorylated form of SEK1. JNK was activated in all samples (not shown). 2,
no significant effect; 1, profound effect.
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causes oxidation of amino acid residues in polypeptides. These
protein-damaging effects could be critical for inhibition of a
JNK phosphatase(s) (see below).

Recently we found that activation of JNK by heat shock and
ethanol could be suppressed by elevated levels of Hsp72 (12,
31). Now we have clarified the mechanism of this suppression.
We demonstrate that an increase in the cellular levels of Hsp72
reverses the inhibition of JNK dephosphorylation caused by
protein-damaging stresses. There are two possible mechanisms
of heat shock-induced inhibition of a JNK phosphatase(s)
which is relieved by Hsp72. The first is that a JNK phospha-
tase(s) or its regulator is damaged and inactivated upon heat
shock (unlike p38 phosphatase), and Hsp72, as a chaperone,
prevents such damage. The second model is that Hsp72 can
associate with a JNK phosphatase(s) (or its regulator) and
control its activity. According to this model, protein-damaging
stresses do not affect a JNK phosphatase(s) directly. The in-
activation results from the accumulation of damaged polypep-
tides, which sequester Hsp72, thus preventing its association
with a JNK phosphatase(s). Such a mechanism resembles the
accepted model for the induction of synthesis of heat shock
proteins. It appears that damaged proteins, accumulated in a
cell after stresses, sequester members of Hsp70 family. This, in
turn, causes the release of the heat shock transcription factor
from its complex with constitutively expressed Hsp72 homolog
Hsc73, resulting in activation of the heat shock factor (42).
Sequestering free Hsc73 by damaged proteins also causes dis-
sociation of this heat shock protein from its complex with a
heme-regulated eIF-2a kinase, leading to the kinase activation
(27). Similarly, under normal conditions Hsp72 could associate
with a JNK phosphatase(s) (or its regulator) and be subse-
quently sequestered by damaged proteins upon heat shock,
leading to a loss of the phosphatase(s) activity.

We have previously demonstrated that Hsp72 also sup-
presses JNK activation by stimuli which do not cause signifi-
cant protein damage and act through the JNK-activating kinase
cascade. In this cascade, Hsp72 regulates a step downstream of
MEKK1, and possibly downstream of SEK1 (43a). Since SEK1
directly phosphorylates JNK, Hsp72 can either inhibit JNK
phosphorylation by SEK1 or accelerate JNK dephosphoryla-
tion. The latter possibility seems more likely because a JNK

FIG. 7. Hsp72 reverses inhibition of JNK phosphatase after heat shock and
other stresses. Cells were infected with adenoviruses as described in Materials
and Methods. Thirty-six hours after infection, cells were subjected to a stress
followed by ATP depletion. Samples were collected at the indicated times after
the start of ATP depletion. (A) Cells were exposed to heat shock (45°C for 20

FIG. 8. Model of the pathways of JNK activation.

min). Shown is an immunoblot of cytosolic extracts probed with the anti-phos-
pho-JNK antibody. Cont., unstressed cells. (B to D) Plots of the data from the
immunoblots of cytosolic extracts probed with the anti-phospho-JNK antibody
and quantified on a Molecular Imager. (B) Cells were exposed to heat shock at
45°C for 20 min; (C) cells were exposed to 150 mM arsenite for 30 min; (D) cells
were exposed to 1 mM menadione sodium bisulfite for 30 min.
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dephosphorylation is regulated by Hsp72 in cells exposed to
protein-damaging stresses.

A close JNK homolog, p38 kinase, could also be activated by
heat shock and other protein-damaging stresses, and its acti-
vation could be suppressed by Hsp72 (12). However, to our
surprise, none of these stresses except menadione caused any
detectable delay in dephosphorylation of p38 (Fig. 3C and not
shown). Hence, protein-damaging stresses seem to activate
JNK and p38 kinases by distinct mechanisms, and Hsp72 sup-
presses their activation in different fashions.

Defining an Hsp72-regulated JNK phosphatase(s) would be
important for elucidation of the mechanisms of JNK activation
and is the subject for future studies. At present, mostly dual-
specificity phosphatases have been implicated in the dephos-
phorylation of stress-activated kinases, although single-speci-
ficity phosphatases were also reported to be involved (for
reviews, see references 20 and 21). Some dual-specificity phos-
phatases are highly specific to JNK (3, 11, 33); however, with
few exceptions such phosphatases are known to be stress in-
ducible. Apparently, the major phosphatase(s) involved in JNK
dephosphorylation is constitutive, since its activity was ob-
served in unstressed cells. Also, our data may suggest that
there is more than one phosphatase involved in JNK dephos-
phorylation. In fact, this process was inhibited both by vana-
date, the tyrosine and dual-specificity phosphatase inhibitor,
and by calyculin A, the inhibitor of serine-threonine phospha-
tases PP1 and PP2A. These inhibitors apparently affected dif-
ferent activities, since their effects were additive (Fig. 5).

In summary, a putative JNK phosphatase appears to be a
crucial element in cellular responses to protein-damaging
stresses. These findings could be critical for understanding
progression of a variety of diseases in which protein damage
and aggregation play a role. For example, accumulation and
aggregation of abnormal polypeptides upon Huntington’s dis-
ease or prion disease may trigger neuronal apoptosis via this
pathway.
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