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Extracellular signal-regulated kinase 1 (ERK1) and ERK2 (ERK1/2) dramatically enhance survival of cells
exposed to heat shock. Using Cos-7 cells and primary human fibroblasts (IMR90 cells), we demonstrated that
heat shock activates ERKs via two distinct mechanisms: stimulation of the ERK-activating kinases, MEK1/2,
and inhibition of ERK dephosphorylation. Under milder heat shock conditions, activation of ERKs proceeded
mainly through stimulation of MEK1/2, whereas under more severe heat shock MEK1/2 could no longer be
activated and the inhibition of ERK phosphatases became critical. In Cos-7 cells, nontoxic heat shock caused
rapid inactivation of the major ERK phosphatase, MKP-3, by promoting its aggregation, so that in cells
exposed to 45°C for 20 min, 90% of MKP-3 became insoluble. MKP-3 aggregation was reversible and, 1 h after
heat shock, MKP-3 partially resolubilized. The redistribution of MKP-3 correlated with an increased rate of
ERK dephosphorylation. Similar heat-induced aggregation, followed by partial resolubilization, was found
with a distinct dual-specificity phosphatase MKP-1 but not with MKP-2. Therefore, MKP-3 and MKP-1
appeared to be critical heat-labile phosphatases involved in the activation of ERKs by heat shock. Expression
of the major heat shock protein Hsp72 inhibited activation of MEK1/2 and prevented inactivation of MKP-3
and MKP-1. Hsp72�EEVD mutant lacking a chaperone activity was unable to protect MKP-3 from heat
inactivation but interfered with MEK1/2 activation similar to normal Hsp72. Hence, Hsp72 suppressed ERK
activation by both protecting dual-specificity phosphatases, which was dependent on the chaperone activity,
and suppressing MEK1/2, which was independent of the chaperone activity.

Extracellular signal-regulated kinase 1 (ERK1) and ERK2
are mitogen-activated protein (MAP) kinases, which are pref-
erentially triggered by growth-promoting stimuli such as growth
factors and oncogenes (16, 27). Activation of MAP kinases
proceeds through phosphorylation of specific Tyr and Thr res-
idues catalyzed by the MEK kinase family. MEK kinases, in
turn, are activated via phosphorylation by members of the Raf
kinase family (16).

Activation of the ERK pathway was shown to enhance cell
resistance to a variety of stressful treatments, including heat shock
(HS), growth factor withdrawal, hypoxia, chemotherapeutic
agents, etc. (3, 5, 30, 35). Survival and proliferation of many
types of tumor cells often rely on growth factor-stimulated
ERK signaling, and many human tumors harbor hyperacti-
vated components of ERK pathway (34). The exact mechanisms
of ERK-mediated cell survival have not been established, but it
is clear that ERKs may target different components of the
death pathway. For example, it was shown that inhibition of
ERK signaling sensitizes HeLa cells to apoptosis mediated by
death receptors, such as Fas-R, TRAIL-R, or TNF-R (12, 31).
In this system ERK seemed to control apoptosis at or upstream
of caspase 8. It was also reported that the ERK signaling
pathway is involved in the phosphorylation and the subsequent
inactivation of the proapoptotic Bcl-2 family member, Bad
(28). In another case, permanent activation of ERK by over-

expression of B-Raf conferred on fibroblasts resistance to
growth factor withdrawal. In this case, ERK intervened late in
the apoptotic pathway, downstream of cytochrome c release
(3).

Heat stress is a potent inducer of apoptosis and necrosis in
many cell types (7). Heating of cells triggers numerous signal-
ing events, which contribute to either cell death or survival. For
example, HS causes activation of stress kinase c-Jun N-termi-
nal kinase (JNK), which promotes cell death, and duration of
JNK activity closely correlates with the extent of cell death (32,
33). Furthermore, inhibition of JNK pathway greatly increases
survival of cells upon HS (33). Besides stimulating JNK, HS
also stimulates ERKs and, whereas activation of JNK triggers
apoptosis, activation of ERKs may provide protection of cells
from HS-mediated cell death (35). Indeed, specific inhibition
of HS-activated ERK dramatically enhanced sensitivity of NIH
3T3 cells or primary human fibroblasts, whereas overexpres-
sion of ERKs makes cells resistant to heat-induced death (8,
35).

Another survival mechanism triggered by HS is induction of
HS proteins (Hsps) (25). Many Hsps, including the major in-
ducible protein Hsp72, play a critical role in protection of
cellular polypeptides from stress-induced denaturation and in
refolding of damaged proteins (4, 11). In addition, Hsps di-
rectly interfere with several components of the apoptotic ma-
chinery, thus enhancing cell protection. For example, Hsp72
was shown to inhibit activation of JNK by various stressful
treatments (19). These different signaling pathways have dif-
ferent thresholds and different rates of activation, which all
affect the outcome of stressful treatments. Therefore, it seems
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that whether cells die or survive after HS depends upon an
intricate balance of opposing signaling events.

The mechanism of JNK activation upon HS has recently
been established. It was shown that HS activates JNK mostly
through inhibition of JNK dephosphorylation, without signifi-
cant stimulation of JNK-activating kinase cascade (19). In un-
stressed cells, the kinase cascade has certain background ac-
tivity, and JNK phosphorylation is kept at a very low level by
highly active JNK phosphatases. After heat treatment the rate
of JNK dephosphorylation is dramatically reduced, thus lead-
ing to stabilization of phosphorylated forms of JNK and the
enhanced activity (19). Interestingly, Hsp72 inhibits HS-medi-
ated activation of JNK through stimulation of JNK dephos-
phorylation (19). It was reported that brain-specific JNK phos-
phatase M3/6 dissociates from JNK6 after HS and becomes
inactive and insoluble (23). Inactivation and aggregation of
M3/6 appears to be the major event in activation of JNK by HS
and potentially other protein-damaging stresses. It should be
noted that in tissues other than brain distinct JNK phospha-
tases must be involved in HS regulation.

In contrast to JNK, the mechanism of ERK activation upon
HS is poorly understood. It was reported that in NIH 3T3 cells
HS leads to activation of Raf1 through ceramide production
(35). On the other hand, because of the homology of the JNK
and ERK signaling pathway, we suggested that inhibition of
ERK dephosphorylation might play a significant role in HS
regulation. There are number of phosphatases that can de-
phosphorylate ERKs both in vitro and in vivo (26). For exam-
ple, the serine/threonine-specific phosphatase PP2A can inac-
tivate both MEK and ERK (1, 20). PP2A inhibition leads to
hyperactivation of ERKs and cell transformation. Similarly,
mutations in MEK, which lead to constitutive activation of
ERK2, are accompanied by cellular transformation in fibro-
blasts (20). Another phosphatase involved in ERK signaling is
MKP-1. MKP-1 is a dual specificity phosphatase induced by
many stresses which activate ERKs (14). MKP-1 resides in the
nucleus and is likely to be responsible for inactivation of ERKs
upon their translocation into the nucleus. Yet another dual-
specificity ERK phosphatase, MKP-3, is cytoplasmic and is
expressed constitutively (10). MKP-3 binds ERK, and this
binding renders MKP-3 catalytically active (2). In vivo MKP-
3’s specificity toward ERKs is very high, and MKP-3 was sug-
gested to be the major phosphatase that keeps ERK activity at
low levels in unstimulated cells. We investigated here the
mechanisms of activation of ERKs by HS and the involvement
of Hsp72and MKP-3 in this regulation.

MATERIALS AND METHODS

Cell cultures, materials, and stresses. Human lung fibroblasts (IMR90 cells)
that underwent 7 to 15 population doublings were grown in minimal essential
medium supplemented with 15% fetal bovine serum and 2 mM glutamine. Cos-7
cells were grown in Dulbecco modified Eagle medium supplemented with 10%
fetal bovine serum. All cells were grown at 37°C in an atmosphere of 5% CO2 to
60 to 85% confluence.

Emetine (Sigma) was used at a final concentration of 10 �M. Menadione
(Sigma) was prepared fresh each time as a 0.1 M stock solution in phosphate-
buffered saline (PBS) and added to cells at a final concentration of 1 mM for 30
min. Phorbol 12,13-dibutyrate (PDB; Sigma) was made as a 2 mM stock solution
in dimethyl sulfoxide and added to cells at a final concentration of 1 �M for 7
min. UV irradiation was performed in a UV Stratalinker 1800 (Stratagene, La
Jolla, Calif.) with 400 J/m2. HS conditions are described in the text.

Plasmids and transfection. Plasmid encoding MKP-3 with C-terminal myc tag
was a gift of M. Keyse (Imperial Cancer Research Fund). Plasmid encoding
MKP-3 phosphatase-dead mutant, MKP-3(C/S) was a gift of J. Denu (Oregon
Health Sciences University). For transfection, cells were grown in 35-mm-diam-
eter dishes to 50 to 70% confluence and then washed twice with Opti-MEM 1
(Life Technologies, Gaithersburg, Md.). Cos-7 cells were transfected with Gene-
PORTER transfection reagent (Gene Therapy Systems, San Diego, Calif.) in
accordance with the manufacturer’s protocol by using 10 �l of the reagent and 2
�g of DNA per dish for 16 h. The dishes were then washed once and left in a
regular medium for 24 to 32 h. When required, cells were infected with adeno-
viruses at 16 h posttransfection (see below).

Antibodies and Western blotting. In the present study, we used antibodies to
phospho-p42/44 MAP kinase (rabbit polyclonal; Cell Signaling), p42 kinase (rab-
bit polyclonal K-23; Santa Cruz), phospho-MEK1/2 (rabbit polyclonal; Cell Sig-
naling), MEK1 (rabbit polyclonal; StressGen), MEK2 (rabbit polyclonal; Stress-
Gen), c-myc (mouse monoclonal 9E10; Zymed), MKP-1 (rabbit polyclonal M-18;
Santa Cruz), �-tubulin (mouse monoclonal B-7; Santa Cruz), MKP-2 (no.
610850BD; Transduction Laboratories), MKP-3 (goat polyclonal N-18; Santa
Cruz), Hsp72 (mouse monoclonal, SPA-810; StressGen), and Hsp72�EEVD
(mouse monoclonal, SPA-820; StressGen). A working dilution of 1:1,000 was
used for all antibodies. After an immunoblotting step with the primary antibody,
secondary antibodies conjugated with peroxidase were visualized with ECL sub-
strates (Amersham, Arlington Heights, Ill.), and the resulting films were quan-
tified by densitometry.

Adenovirus-based expression of Hsp72 and Hsp72�EEVD. A recombinant
adenovirus vector expressing Hsp72 or Hsp72�EEVD (AdTR5-DC/HSP70-
GFP) was constructed by cloning a dicistronic transcription unit encoding human
Hsp72 and Aequorea victoria green fluorescent protein (GFP) gene, separated by
encephalomyocarditis virus internal ribosome entry site from pTR-DC/HSP70-
GFP (21, 22), into an adenovirus transfer vector. Expression of this transcription
unit is controlled by the tetracycline-regulated transactivator protein tTA (9)
which we expressed from the separate recombinant adenovirus (AdCMV/tTA)
(18). Recombinant adenoviruses were generated by standard techniques as de-
tailed by Jani et al. (13). Inoculation of cells with 3 � 107 PFU of each virus per
35-mm dish was sufficient to infect almost 100% of the cells. At 36 h after
infection the cells accumulated large amounts of Hsp72, as judged by immuno-
blotting of cytosol extracts (not shown). As a control, adenovirus-expressing GFP
under the regulation of tTA was used. Adenoviruses were propagated in 293
cells, and high-titer stocks were obtained and purified by CsCl2 density gradient
centrifugation.

Cytosol extract preparation and fractionation. Cells were washed twice with
PBS (unless they were depleted of ATP and hence already in PBS), aspirated,
and lysed in 200 �l of lysis buffer per 35-mm dish (40 mM HEPES, pH 7.5; 50
mM KCl; 1% Triton X-100; 2 mM dithiothreitol; 1 mM Na3VO4; 50 mM
�-glycerophosphate; 50 mM NaF; 5 mM EDTA; 5 mM EGTA; 1 mM phenyl-
methylsulfonyl fluoride; 1 mM benzamidine; 5 �g each of leupeptin, pepstatin A,
and aprotinin/ml). The lysates were clarified by centrifugation in a microcentri-
fuge at 15,000 rpm for 5 min. The total protein concentration was measured in
the supernatants, and then they were diluted with lysis buffer to achieve an equal
protein concentration in all samples. All procedures were performed at 4°C. For
the separation of soluble and insoluble fractions, the lysates were diluted with
lysis buffer to achieve an equal protein concentration in all samples prior to
centrifugation at 15,000 � g for 10 min. The pellets were washed once with the
lysis buffer and resuspended in a volume of lysis buffer equal to the volume of the
supernatant. All samples were supplemented with loading sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis buffer containing 2% SDS and
boiled for 3 min before being subjected to immunoblotting. Boiling of samples in
SDS buffer led to complete resolubilization of pellets.

Dephosphorylation assay. Cells were washed two times with PBS and left in
PBS supplemented with 5 �M rotenone and 10 mM 2-deoxyglucose for the
indicated times as described earlier (19).

RESULTS

Heat shock activates ERKs via both stimulation of MEK1/2
and inhibition of ERK dephosphorylation. In order to inves-
tigate the mechanism of activation of MAP kinases ERK1 and
ERK2 by HS, Cos-7 cells and primary human fibroblasts
(IMR90 cells) were subjected to various HS conditions, and
activation of ERKs was assayed by immunoblotting of cell
lysates with anti-phospho-ERK antibody. Exposure of Cos-7

3814 YAGLOM ET AL. MOL. CELL. BIOL.



cells to various HS conditions (15 min at 43°C, 30 min at 43°C,
or 15 min at 45°C) resulted in about 3.5-fold activation of
ERKs (Fig. 1A). Of note, these HS conditions did not cause
cell toxicity. Similar activation of ERKs (3.5-fold) was observed
when Cos-7 cells were treated with ERK inducer PDB, a phor-
bol ester analogue, or menadione, an agent that causes an
oxidative stress (Fig. 1B). Interestingly, although the degree of
ERK activation by heat stresses of various severities was sim-
ilar, the duration of ERK activities correlated well with the
strength of the HS. Indeed, 1 h after Cos-7 cells were heated at
43°C for 15 min, ERK activity has almost returned to back-
ground levels. However, when Cos-7 cells were heated at 43°C
for 30 min, ERK remained activated even at the 3-h time point.
Furthermore, 3 h after cells were heated at 45°C for 15 min,
ERK activity remained at its maximal level (Fig. 1A).

As with Cos-7 cells, exposure of IMR90 cells to various
nontoxic HS conditions (i.e., 45°C for 15, 30, or 45 min) led to
a similar (ca. 10-fold) activation of ERKs (Fig. 1C). Although
increasing the severity of HS conditions did not affect the
extent of ERK activation, it resulted in an increased duration
of ERK signaling. Thus, in cells heated at 45°C for 15, 30, or 45
min, ERK remained active for 1, 2, or �3 h, respectively (Fig.
1C). Similar 10-fold activation of ERKs was seen when IMR90
cells were treated with either PDB or menadione (Fig. 1D).
Stronger ERK activation in IMR90 cells, compared to Cos-7
cells, can probably be explained by the fact that the back-
ground level of ERK activity was much higher in Cos-7 cells
than in the fibroblasts.

To elucidate the mechanism of ERK activation upon HS, we
tested whether ERK activating kinase MEK1/2 was stimulated
upon HS. Since MEK1/2 is activated by phosphorylation by
kinases of Raf family, the phosphorylation state of MEK1/2
reflects its level of activity. Therefore, lysates of Cos-7 cells

exposed to HS were immunoblotted with anti-phospho-
MEK1/2 antibody. When Cos-7 cells were heated at 43°C for
15 min, the level of MEK1/2 phosphorylation increased by
about sixfold. Surprisingly, when stronger HS conditions were
applied (i.e., 43°C for 30 min or 45°C for 15 min), the increase
of MEK1/2 phosphorylation was less: �2.5- and �1.5-fold,
respectively (Fig. 2A) (see Discussion). Treatment of cells with
PDB resulted in an almost 20-fold increase of MEK1/2 phos-
phorylation, and treatment with menadione led to a 10-fold
increase (Fig. 2B). With IMR90 fibroblasts, heating of cells at
45°C for 15 min resulted in a sixfold increase in the MEK1/2
phosphorylation, whereas both PDB and menadione caused
much stronger MEK1/2 phosphorylation (27- or 10-fold, re-
spectively) (Fig. 2D).

As with Cos-7 cells, stronger HS conditions dramatically
reduced the extent of MEK1/2 phosphorylation in IMR90
cells. So when IMR90 cells were subjected to HS at 45°C for 30
min, only a threefold activation of MEK1/2 was observed, and
almost no MEK1/2 activation was detected when cells were
heated at 45°C for 45 min (Fig. 2C). It is noteworthy that the
level of total MEK1/2 under all heat-shocked conditions re-
mained the same (not shown).

Since ERK activation was similar in cells treated with either
HS, PDB, or menadione but HS activated MEK1/2 to a much
lesser extent than did PDB or menadione, we sought to deter-
mine whether some other factor(s) besides MEK1/2 contrib-
utes to ERK activation. Recently, we have shown that stress
kinase JNK is activated by HS mainly through inhibition of its
dephosphorylation and not through the stimulation of up-
stream kinase SEK1 (19). Therefore, we investigated the effect
of HS on the rate of ERK dephosphorylation by using an assay
recently developed in our lab (19). Cells were subjected to
various stresses to stimulate ERK phosphorylation, and further

FIG. 1. Duration and extent of ERK activation in cells subjected to various stresses. (A and C) Duration of ERK signal in cells subjected to
various HS conditions. Cos-7 cells (A) or IMR90 cells (C) were exposed to the indicated HS conditions or left untreated (Cont.). Cells were
harvested at the indicated time points after HS, and ERK activation was assayed by immunoblotting of cell lysates with anti-phospho-ERK antibody
or tubulin to control for equal loading. (B and D) Activation of ERKs in cells subjected to various stresses. Cos-7 cells (B) or IMR90 cells (D) were
subjected to HS (Cos-7 cells, 43°C for 30 min; IMR90 cells, 45°C for 30 min) or treated with 1 mM menadione for 30 min or 1 �M PDB for 7 min.
ERK activation was assayed as in panels A and C.

VOL. 23, 2003 REGULATION OF ERK SIGNALING BY HEAT SHOCK 3815



phosphorylation was prevented by rapid ATP depletion. The
extent of ERK phosphorylation was assayed at different time
points after ATP depletion by immunoblotting of cellular ly-
sates with anti-phospho-ERK antibody. It is of note that sim-
ilar results were obtained when the ERK-activating kinase
cascade was inhibited by staurosporine (not shown).

Using this approach, we determined the rate of ERK de-
phosphorylation in unstressed cells and hence the activity of
ERK-specific phosphatases. As shown in Fig. 3A and B, de-
phosphorylation of ERKs in unstressed Cos-7 cells was ex-
tremely fast. When cells were subjected to HS, ERK dephos-
phorylation significantly slowed down. The level of inhibition
of ERK dephosphorylation depended upon the severity of HS,
since stronger HS led to stronger inhibition of ERK dephos-
phorylation (Fig. 3B). Therefore, stronger inhibition of ERK
dephosphorylation after severe HS appeared to compensate
for the weaker activation of MEK1/2, resulting in similar levels
of ERK activities at various HS conditions.

Even very mild HS at 43° for 15 min slowed down ERK
dephosphorylation. In contrast, when ERK was stimulated
with PDB, ERK dephosphorylation proceeded with the same
speed as observed in unstressed cells (Fig. 3B). Interestingly,
menadione slowed down ERK dephosphorylation even more
strongly than did HS (Fig. 3B). Similar results were obtained
with IMR90 fibroblasts, i.e., the rate of ERK dephosphoryla-
tion in cells treated with PDB was very fast and close to that
seen in unstimulated cells, whereas HS strongly reduced the
rate of ERK dephosphorylation (Fig. 3C). These experiments
indicated that HS activates ERK both by stimulating MEK1/2,
which then phosphorylates ERK, and also by preventing ERK
dephosphorylation. Of note, HS did not affect the rate of
MEK1/2 dephosphorylation (Fig. 3D). These results suggested

that HS activated MEK1/2 not so much by inhibiting MEK1/2
phosphatase but rather at the level of Raf1 kinase or upstream.
Therefore, it appears that HS specifically targeted ERK phos-
phatase.

HS inactivates MKP-3. A dual-specificity phosphatase,
MKP-3, was suggested to play a critical role in ERK dephos-
phorylation. This phosphatase has a high specificity for ERKs
and is constitutively expressed in the cytoplasm of many cell
types. Accordingly, transfection of a phosphatase-dead mutant,
MKP-3(C/S), in Cos-7 cells, caused an approximately twofold
increase of the background level of phosphorylated ERK1/2
and also reduced the rate of ERK1/2 dephosphorylation in
UV-irradiated cells by about twofold (Fig. 4A). These data
indicate that MKP-3 contributes significantly to ERK dephos-
phorylation in Cos-7 cells, but other phosphatases also play a
role in this process.

Since HS specifically inhibited ERK dephosphorylation, we
investigated how this treatment affected MKP-3. Cos-7 cells
were transiently transfected with the plasmid expressing myc-
tagged MKP-3. At 48 h after transfection, cells were either left
untreated or subjected to HS at 43°C for 15 or 30 min, and 1 h
later cell lysates were prepared. To investigate the association
of ERKs with MKP-3, we immunoprecipitated MKP-3 by using
anti-myc antibody and tested for the presence of ERK in the
precipitate by immunoblotting with anti-ERK1 antibody. How-
ever, the efficiency of coprecipitation was very low, probably
due to the unstable nature of this complex in vivo (not shown).
Surprisingly, much less MKP-3 precipitated from lysates pre-
pared from heat-shocked cells compared to untreated cells.
These data suggested that following HS MKP-3 could aggre-
gate or bind to large structures, became insoluble, and there-
fore could be retained in the cell debris fraction.

To check this possibility directly, MKP-3-transfected Cos-7
cells were exposed to HS and left to recover for 1 h to allow
aggregation to proceed. Cell lysates were then prepared in the
presence of Triton X-100, fractionated to soluble and insoluble
fractions by centrifugation at 15,000 � g (see Materials and
Methods), and immunoblotted with anti-myc antibody to assay
the distribution of MKP-3. As shown in Fig. 4B, MKP-3 was
found in unstressed cells in the soluble fraction only. However,
even mild HS at 43°C for 15 min caused a large fraction (40%)
of MKP-3 to become insoluble (Fig. 4B to D). Upon stronger
HS conditions, more MKP-3 became insoluble; thus, when
Cos-7 cells were heated at 45°C for 20 min, ca. 66% of MKP-3
shifted into the insoluble fraction (Fig. 4C and D). It is worth
noting that under all assayed HS conditions, the ERKs and
MEK1/2 remained soluble (Fig. 4B and data not shown). Also,
another serine/threonine phosphatase, PP5, remained in the
soluble fraction (Fig. 4B). These data suggested that HS could
inactivate MKP-3 phosphatase, most likely by promoting
MKP-3 aggregation, leading to ERK activation. Treatment of
cells with PDB, which did not affect ERK dephosphorylation,
had no effect on MKP-3 redistribution (results not shown).
Interestingly, menadione, which was also shown to inhibit ERK
dephosphorylation, had very little effect on MKP-3 aggrega-
tion. After menadione treatment, 80% of the MKP-3 remained
soluble, suggesting that menadione inactivated ERK phospha-
tase not by promoting its aggregation but by some other mech-
anism (Fig. 4C and D) (e.g., by oxidizing critical SH groups in
its active center).

FIG. 2. MEK1/2 activation in cells subjected to various stresses. (A
and C) Activation of MEK1/2 in cells subjected to various HS condi-
tions. Cos-7 cells (A) or IMR90 cells (C) were exposed to the indicated
HS conditions or left untreated (lanes C). Cells were harvested, and
MEK1/2 activation was assayed by immunoblotting of cell lysates with
anti-phospho-MEK1/2 antibody. The same membranes were reblotted
with anti-tubulin antibody to control for equal loading. (B and D)
Activation of MEK1/2 in cells subjected to various stresses. Cos-7 cells
(B) or IMR90 cells (D) were subjected to HS (Cos-7 cells, 43°C for 30
min; IMR90 cells, 45°C for 30 min) or treated with 1 mM menadione
for 30 min or 1 �M PDB for 7 min. MEK1/2 activation was assayed as
in panels A and C.
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In the MKP-3 inactivation experiments described above,
cells were harvested 1 h after HS to allow aggregation to
proceed. To check whether aggregation is in fact a slow pro-
cess, we also fractionated lysates prepared from cells harvested
right after HS. To our surprise, even more MKP-3 was found
in the insoluble fraction immediately after HS than 1 h later. In
fact, in cells subjected to very mild HS, i.e., at 43°C for 15 min,
54% of the MKP-3 was found in the insoluble fraction (Fig. 4B
to D), and in cells heated at 45°C for 20 min 90% of MKP-3
became insoluble (Fig. 4C and D). Therefore, aggregation of
MKP-3 upon HS is a fast and reversible process.

If aggregation of MKP-3 were responsible for the inhibition
of ERK dephosphorylation upon HS, then ERK dephosphor-
ylation right after HS should occur more slowly than 1 h later,
since during this period MKP-3 partially redistributed back to
soluble fraction (see above). In fact, as seen in Fig. 5A and B,

ERK dephosphorylation 1 h after HS was faster than that
assayed right after HS. On the other hand, the increase in the
speed of ERK dephosphorylation observed 1 h after HS can
also be caused by an induction of alternative dual-specificity
phosphatases (15), which can dephosphorylate ERKs. To see
whether induction of new phosphatases played a role in the
increased rate of ERK dephosphorylation observed 1 h after
HS, Cos-7 cells were heated at 43°C for 15 or 30 min and
incubated in the presence of a potent protein synthesis inhib-
itor, emetine, to prevent accumulation of phosphatases. As
shown in Fig. 5A and B, the rate of ERK dephosphorylation in
emetine-treated cells was intermediate between that seen in
cells recovered in the absence of emetine and those harvested
right after HS, indicating that induction of other phospha-
tase(s) could contribute to the increased rate of ERK dephos-
phorylation. In fact, we found that one of the stress-inducible

FIG. 3. Dephosphorylation of ERKs and MEK in cell subjected to various stresses. (A) Dephosphorylation of ERKs in unstimulated cells and
in cells heated at 43°C for 15 min. Cos-7 cells were either left untreated (Backg) or heated at 43°C for 15 min. Further phosphorylation was
prevented, as described in Materials and Methods. The extent of ERK phosphorylation was assayed at the indicated time points after ATP
depletion as in Fig. 1A and C. The same membrane was reblotted with antitubulin antibody to control for equal loading. (B and C). Quantification
of the rates of ERK dephosphorylation in cells subjected to different stresses. Cos-7 cells (B) and IMR90 cells (C) were either left untreated
(Background), exposed to indicated HS conditions, or treated with 1 mM menadione for 30 min or 1 �M PDB for 7 min. ERK dephosphorylation
was assayed as in panel A. Each curve represents the average of at least three experiments. (D) Quantification of the rates of phMEK1/2
dephosphorylation in IMR90 cells subjected to different stresses. IMR90 cells were exposed to HS at 45°C for 15 min or treated with 1 mM
menadione for 30 min or 1 �M PDB for 7 min. The extent of MEK1/2 phosphorylation was assayed at the indicated time points after ATP
depletion. Each curve represents the average of at least three experiments.
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FIG. 4. MKP-3 shifts from soluble to insoluble fraction upon HS of Cos-7 cells. (A) Effect of MKP-3(C/S) on dephosphorylation of ERK in
control and UV-irradiated cells. Cos-7 cells were transfected with the plasmid expressing MKP-3(C/S) or vector alone. Transfected cells were either
left untreated (Cont.) or UV irradiated at 400 J/m2 and left for 15 min. The extent of ERK phosphorylation was assayed at the indicated time points
after ATP depletion as in Fig. 1A and C. The same membrane was reblotted with anti-MKP-3 antibody to control for MKP-3(C/S) expression or
with anti-tubulin antibody to control for equal loading. (B) Redistribution of MKP-3 from soluble to insoluble fraction in cells heated at 43°C for
15 min. Cos-7 cells were transfected with either the plasmid expressing myc-tagged MKP-3 or empty vector (Mock). At 48 h after transfection,
untreated cells or cells heated at 43°C for 15 min were harvested and lysed. Lysates were fractionated into soluble and insoluble fractions as
described in Materials and Methods and then assayed for the presence of MKP-3 by immunoblotting with anti-myc antibody. The same samples
were also immunoblotted with anti-ERK1, anti-PP5, and anti-MEK1/2 antibodies. S, supernatant; P, pellet. (C and D) Redistribution of MKP-3
from soluble to insoluble fractions in cells exposed to various stresses. Cos-7 cells transfected same as for panel B were subjected to the indicated
HS conditions or were treated with 1 mM menadione for 30 min. Either right after the treatments or 1 h later the cells were harvested, and cell
lysates were assayed as for panel B. Each bar on the graph in panel C represents average of at least three experiments. In panel D, the data
represent a typical experiment. Sup., supernatant; Pel., pellet. (E) Redistribution of MKP-1 and MKP-2 from soluble to insoluble fractions in
IMR90 cells heated at 45°C for 15 min. IMR90 cells were subjected to the indicated HS. Lysates were fractionated into soluble and insoluble
fractions as described in Materials and Methods and assayed for the presence of MKP-1 and MKP-2 by immunoblotting with the corresponding
antibody. S, supernatant; P, pellet.
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phosphatases, MKP-1, accumulated in Cos-7 cells heated at
43°C for 15 during a 1-h recovery period, and this accumula-
tion was completely blocked when cells were incubated in the
presence of emetine (Fig. 5C). Therefore, we concluded that
both de novo induction of phosphatases such as MKP-1, and
the recovery of MKP-3 from the insoluble fraction contributed
to the increase in the rate of ERK dephosphorylation.

Next, we checked the effect of HS on MKP-3 activity. For
this purpose, we assayed ERK activation by HS and menadi-
one compared to the activation iduced by PDB and UV in cells
transfected with plasmid expressing either myc-tagged MKP-3
or empty vector. In cells transfected with empty vector, the
background activity of ERKs was rather high, and HS, UV,
PDB, and menadione treatment further stimulated ERK phos-
phorylation (Fig. 6A). Interestingly, in cells expressing MKP-3
the background level of ERK activity was much lower, indicat-
ing that MKP-3 phosphatase, when expressed in transfected
cells, effectively dephosphorylated ERKs. Little activation of
ERKs by either UV or PDB treatment was detected (Fig. 6A).
Therefore, MEK1/2-dependent phosphorylation of ERK after
either the UV or the PDB treatment could not overcome the
effects of MKP-3 expression. In contrast, HS and menadione
were able to overwhelm the effects of MKP-3 and strongly
activated ERKs in MKP-3-transfected cells. This experiment
implied that HS and menadione led to inactivation of MKP-3,
thus bringing about ERK activation (Fig. 6A). Importantly, the
expression of MKP-3 did not affect either the background level
of MEK1/2 phosphorylation or phosphorylation of MEK1/2
triggered by any agent (Fig. 6B).

As mentioned above, unstressed Cos-7 cells had negligible
levels of MKP-1, a phosphatase that can dephosphorylate
ERKs, as well as JNK and p38, and heat treatment rapidly
induced this phosphatase. In contrast, in IMR90 cells MKP-1
was expressed constitutively, thus allowing us to investigate the
effect of HS on this alternative dual-specificity phosphatase.
IMR90 cells were exposed to HS at 45°C for 15 min, cell lysates
were fractionated by centrifugation into soluble and insoluble
fraction as described above, and the levels of endogenous
MKP-1 in both fractions were monitored by immunoblotting
with the corresponding antibodies. In control cells, MKP-1 was
almost entirely soluble, whereas HS shifted almost 50% of the
MKP-1 into the particulate fraction (Fig. 4E). A 1-h recovery
period led to partial resolubilization of MKP-1 (data not
shown). Therefore, both MKP-3 and MKP-1 appeared to be
inactivated and to aggregate in response to nontoxic heat treat-
ment.

MKP-2 is another dual-specificity phosphatase that can in-
activate JNK and ERK kinases. We found that in both IMR90
and Cos-7 cells MKP-2 was expressed constitutively and was
not further induced by HS. In contrast to MKP-1 and MKP-3,
ca. 20% of MKP-2 was found in the particulate fractions in
unstressed IMR90 or Cos-7 cells (Fig. 4 E), and HS of the cells
did not trigger further MKP-2 aggregation. Therefore, aggre-
gation in response to nontoxic HS is a specific property of only
a subset of dual-specificity phosphatases.

Dual effect of Hsp72 on ERK pathway. Recently, we have
shown that the major inducible member of Hsp70 family,
Hsp72, can protect JNK dephosphorylation from inactivation

FIG. 5. Effect of MKP-3 resolubilization and de novo synthesis of MKP-1 on the rate of ERK dephosphorylation during recovery from HS. (A
and B) Dephosphorylation of ERKs in cells heated at 43°C for 15 min (A) or 30 min (B). Cos-7 cells were heated at 43°C for 15 min. The rate
of ERK dephosphorylation (measured as described for Fig. 3A) was assay either immediately after HS (�) or after 1 h of recovery at 37°C with
(E) or without (�) the protein synthesis inhibitor emetine. Each curve represents the average of at least three experiments. (C) Induction of
MKP-1 in cells heated at 43°C for 15 min. Cos-7 cells were heated at 43°C for 15 min, and the cells were either immediately harvested or incubated
with or without emetine. The induction of MKP-1 was assayed in cell lysates by immunoblotting with anti-MKP-1 antibody.
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by HS. Therefore, we investigated whether Hsp72 can also
prevent inactivation of ERK phosphatases by HS. For these
experiments we used bicistronic adenovirus vector expressing
Hsp72, along with GFP, under the control of a tetracycline-
regulated promoter (see Materials and Methods). As a control
we used adenovirus-expressing GFP only under the control of
the same promoter. Cos-7 cells were infected with either
Hsp72- or GFP-expressing adenoviruses, and the correspond-
ing proteins were induced for 36 h. Almost 100% of cells were
infected with virus under these conditions, as judged by the
expression of GFP, which was monitored by fluorescence mi-
croscopy. It should be noted that without HS Cos-7 cells have
very low levels of endogenous Hsp72, and its induction after
HS takes at least 2 to 3 h. The cells were exposed to HS, and
the rate of ERK dephosphorylation was assayed immediately
after the treatment. As shown in Fig. 7A, adenoviral expression
of recombinant Hsp72 increased the rate of ERK dephosphor-
ylation approximately twofold. Moreover, Hsp72 also sup-
pressed ERK activation by HS about twofold (Fig. 7A and C).

Similar results were obtained with IMR90 cells. Naive
IMR90 cells do not express endogenous Hsp72 (Fig. 7E, GFP
lane), and induction of Hsp72 after HS takes 3 to 4 h. Over-
expression of exogenous Hsp72 in IMR90 cells, followed by
exposure to HS at 45°C for 30 min, led to an approximately
twofold increase in the rate of ERK dephosphorylation com-
pared to control GFP-expressing cells (Fig. 7B). Activation of
ERKs by HS was suppressed in Hsp72-expressing IMR90 cells
by about twofold (Fig. 7B and D). These experiments sug-
gested that Hsp72 could, at least partially, protect ERK phos-
phatase from HS-mediated inactivation, a result similar to the
effect of Hsp72 on JNK dephosphorylation.

To investigate the effects of endogenous Hsp72 on ERK
dephosphorylation, we induced Hsp72, together with other
Hsps, by subjecting IMR90 cells to mild HS at 45°C for 30 min
and then allowing the cells to recover at 37°C for 18 h. By that

time the levels of Hsp72 increased dramatically, whereas the
levels of MKP-1 and MKP-2 were similar to that seen in naive
control cells (data not shown). Both naive and HS-pretreated
cells were exposed to a second HS at 45°C for 30 min, and the
rates of ERK dephosphorylation were monitored as described
above. Figure 7B shows that physiological induction of Hsps by
mild HS increased ERK dephosphorylation twofold compared
to control cells. Similar results were obtained in Cos-7 cells
(data not shown).

Next, we investigated whether the chaperone activity of
Hsp72 is required for its ability to alleviate HS-mediated inhi-
bition of ERK phosphatases. For these experiments, we used
adenovirus expressing a mutant form of Hsp72, which has a
deletion of the C-terminal four amino acids EEVD
(Hsp72�EEVD). This deletion prevents Hsp72 from interac-
tion with its substrates, therefore abolishing chaperone activity
of Hsp72. Hsp72�EEVD was expressed under the control of a
tetracycline-regulated promoter. Cos-7 and IMR90 cells were
infected with Hsp72�EEVD-expressing virus; 36 h later the
cells were exposed to various HS conditions, and the rate of
ERK dephosphorylation was assayed. In contrast to normal
Hsp72, Hsp72�EEVD failed to speed up ERK dephosphory-
lation in either Cos-7 cells, or IMR90 cells (Fig. 7A and B).
(Normal Hsp72 and its mutant variant, Hsp72�EEVD, were
expressed at similar levels [Fig. 7E].) Interestingly, in both cell
types, Hsp72�EEVD suppressed ERK activation by HS to a
similar extent as normal Hsp72 (Fig. 7C and D). Moreover,
Hsp72�EEVD also reduced the background ERK activity in
both IMR90 and Cos-7 cells (in Cos-7 cells the effect on ERK
was even greater than the effect of normal Hsp72) (Fig. 7C and
D). These experiments demonstrated that Hsp72 prevented
inhibition of ERK phosphatases by HS in both Cos-7 and
IMR90 cells. Moreover, although Hsp72 effect on HS-trig-
gered ERK activation was independent of Hsp72 chaperone
activity, the effect of Hsp72 on ERK dephosphorylation strictly
relies on the chaperone activity of Hsp72.

Next, we investigated the effect of Hsp72 on the solubility of
MKP-3 phosphatase. Cos-7 cells were transfected with plasmid
expressing myc-tagged MKP-3, incubated overnight, and 12 h
later infected with adenovirus expressing either Hsp72 or GFP
as a control. At 36 h postinfection (i.e., at 48 h posttransfec-
tion), the cells were subjected to HS. Cell lysates were then
prepared, fractionated into soluble and insoluble fractions, and
immunoblotted with anti-myc antibody to assay for MKP-3
solubility. When control GFP-expressing cells were subjected
to HS at 43°C for 30 min and recovered for 1 h, only 30% of the
MKP-3 remained soluble, whereas in Hsp72-expressing cells at
least 50% of the MKP-3 was still soluble (Fig. 8A). In milder
HS conditions (43°C for 15 min), 40% of the MKP-3 remained
soluble in control cells, whereas in Hsp72-expressing cells ca.
70% of MKP-3 remained in a soluble fraction (Fig. 8B). In
contrast to normal Hsp72, Hsp72�EEVD, which did not affect
ERK dephosphorylation, could not protect MKP-3 from ag-
gregation (Fig. 8A and B).

Another dual-specificity phosphatase, MKP-1, also readily
aggregated upon HS (see above). Accordingly, in IMR90 cells
subjected to HS at 45°C for 15 min 40% of the MKP-1 went
into the particulate fraction. In Hsp72-expessing cells, aggre-
gation of MKP-1 was completely prevented (Fig. 8C). A similar
result was seen with cells preexposed to mild HS, followed by

FIG. 6. Activation of ERKs and MEK1/2 by various stresses in cells
expressing MKP-3. (A) Activation of ERKs by various stresses in cells
transfected (tranf.) with either MKP-3-expressing plasmid or vector
alone (Mock tranf.). Cos-7 cells transfected as described for Fig. 4A
were treated with menadione (Men; 1 mM, 30 min) or PDB (1 �M, 7
min), UV irradiated (400 J/m2), or subjected to HS at 43°C for 30 min.
Immediately after these treatments, cells were harvested and ERK
activation was assayed. (B) Activation of MEK1/2 by various stresses in
cells transfected with either MKP-3-expressing plasmid or vector
alone. This experiment was carried out as described for panel A, but
the samples were reblotted with anti-phospho-MEK1/2 antibody. The
band marked with an asterisk is a cross-reacting protein that provides
an internal control for equal loading. Lanes C, untreated controls.
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recovery to express endogenous Hsps (Fig. 8C). As we ob-
served with MKP-3, Hsp72�EEVD mutant did not protect
MKP-1 from aggregation (data not shown).

Interestingly, as mentioned above, Hsp72�EEVD, being un-
able to regulate ERK dephosphorylation, still potently sup-
pressed ERK activation by HS in both Cos-7 and IMR90 cells.
Furthermore, Hsp72�EEVD, as well as normal Hsp72, re-
duced ERK background activity in both cell types. These re-
sults suggested that in the ERK activation pathway Hsp72 has
an additional target other than ERK phosphatase located up-
stream of ERK. Accordingly, we investigated the effect of
Hsp72 and Hsp72�EEVD on the levels of MEK1/2 phosphor-
ylation. In both IMR90 and Cos-7 cells, the rate of MEK1/2
dephosphorylation after HS was fast, and neither wild-type
Hsp72 nor Hsp72�EEVD had any significant effect on the rate
of MEK1/2 dephosphorylation (data not shown). In Cos-7
cells, both Hsp72 and Hsp72�EEVD reduced the levels of
MEK1/2 phosphorylation after HS (Fig. 7C). Also, Hsp72
�EEVD, similar to wild-type Hsp72, strongly suppressed the

background levels of MEK1/2 activity (Fig. 7C). In IMR90
cells, as in Cos-7 cells, both Hsp72 and Hsp72�EEVD sup-
pressed the phosphorylation of MEK1/2 after HS at 45°C for
30 min (Fig. 7D). In cells subjected to milder HS conditions,
i.e., 45°C for 15 min, when the activation of MEK1/2 was
stronger, the effect of both normal Hsp72 and Hsp72�EEVD
was even more pronounced (data not shown). Normal Hsp72
and Hsp72�EEVD also suppressed the background MEK1/2
activation (Fig. 7D). These results suggest that Hsp72 could
suppress both background and HS-induced ERK activation
upstream of MEK1/2.

DISCUSSION

HS activates cell death signaling pathways, including JNK
(32), and survival pathways, including ERKs (35), and also
induces Hsps (25). The mechanism of JNK activation by HS
appeared to be primarily linked to inactivation of JNK dephos-

FIG. 7. Hsp72 and Hsp72�EEVD suppress HS mediated activation of ERKs and MEK1/2. (A and B) Quantification of the rates of ERK
dephosphorylation in cells overexpressing the normal or mutant form of Hsp72 or preheated at 45°C for 30 min. Cos-7 cells (A) or IMR90 cells
(B) were infected with adenovirus expressing either GFP (�), Hsp72 (�), or Hsp72�EEVD (E). At 36 h postinfection, cells were heated for 30
min at 43°C (A) or 45°C (B), and the rate of ERK dephosphorylation was assayed. The percentage of ERK activity was normalized to
GFP-expressing cells. Each curve represents the average of at least three experiments. Alternatively, in panel B IMR90 cells were subjected to HS
at 45°C for 30 min, recovered at 37°C for 18 h, and subjected to a second HS at 45°C for 30 min (preheated). (C and D) Hsp72 and Hsp72�EEVD
suppress background and HS-induced ERKs and MEK1/2 activity. Cos-7 cells (C) and IMR90 cells (D) were infected as described for panels A
and B and either left untreated (Cont.) or heated at 43°C (A) or 45°C (B). The extent of ERK and MEK1/2 activation was assayed by
immunoblotting cell lysates with anti-phospho-ERK or anti-phosph-MEK1/2 antibody. (E) Expression of Hsp72 or Hsp72�EEVD in IMR90 cells
infected with the corresponding adenovirus. IMR90 cells were infected with GFP, Hsp72, or Hsp72�EEVD as described above. Cell lysates were
immunoblotted with SPA820 antibody, which recognizes both normal and mutant Hsp72 proteins.
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phorylation (25). Here we investigated the mechanisms of ac-
tivation of a survival kinase ERK by HS.

We demonstrated that even relatively mild heat treatment
rapidly reduced the rate of ERK dephosphorylation due to
inactivation of the ERK phosphatases, e.g., MKP-3 and
MKP-1. In addition, as shown previously, HS stimulated the
ERK-activating kinases, MEK1/2, which probably proceeds
through a ceramide-dependent mechanism (35). Unexpect-
edly, more severe HS conditions evoked weaker activation of
MEK1/2 and simultaneously led to a stronger inhibition of
ERK phosphatases. Since both activation of MEK1/2 and in-
activation of ERK phosphatases contribute to ERK activity,
various HS treatments culminated in ERK activation to a sim-
ilar extent. Therefore, ERK activation in heat-shocked cells is
precisely tuned by two counteracting processes (Fig. 9). It
appears that under milder HS conditions the activation of
ERKs proceeds mainly through stimulation of MEK1/2,
whereas inder more-severe HS the inhibition of ERK phos-
phatases becomes most important. Although the levels of ERK
activation by heat were similar in a wide range of conditions,
the duration of ERK activity closely correlated with the
strength of the heat treatments. With JNK it was shown that
the duration of JNK activity is the major factor that determines
whether a cell death program is to be initiated. The importance
of the duration of ERK activation is yet to be determined.

HS triggered MKP-3 and MKP-1 inactivation by promoting

their aggregation, since significant fractions of MKP-3 and
MKP-1 became insoluble even under mild HS conditions. It is
possible that the shift of these phosphatases into the particu-
late fraction after HS was due to association with large cellular
structures. This possibility, however, does not affect our model,
since ERKs remained soluble after HS. As reported before,
HS also stimulates the aggregation of the JNK phosphatase
M3/6 (23). Therefore, it seems that MKP-3, MKP-1, and M3/6,
as well as potentially some other dual-specificity phosphatases,
are extremely heat labile, and their inactivation serves as a
general mechanism of MAP kinase activation upon HS. Im-
portantly, a distinct phosphatase that can dephosphorylate
ERK, MKP-2, did not aggregate in response to these HS con-
ditions. Therefore, the effects of HS on MKP-3, MKP-1, and
M3/6 appeared to be very specific.

Interestingly, since hyperthermia was developed as a method
of anticancer therapy, investigators tried to identify a putative
heat-labile protein whose inactivation leads to cell death. It
appears that certain dual-specificity phosphatases may repre-
sent these critical labile proteins, since their heat inactivation
leads to activation of various death and survival programs,
ultimately defining the outcome of the treatment.

FIG. 8. Hsp72 but not Hsp72�EEVD prevents aggregation of
MKP-3 in cells exposed to HS. (A and B) Cos-7 cells were transfected
with the plasmid expressing myc-tagged MKP-3, and 12 h later infected
with adenovirus expressing GFP, Hsp72, or Hsp72�EEVD. At 36 h
postinfection, the cells were heated at 43°C for 30 (A) or 15 min (B),
and MKP-3 redistribution from soluble to insoluble fraction was as-
sayed as described for Fig. 4A. Each bar on the graph represents the
average of at least three experiments. (C) IMR90 cells were infected
with adenovirus expressing GFP, Hsp72, or Hsp72�EEVD. At 36 h
postinfection, cells were heated at 45° for 15 min, and MKP-1 redis-
tribution from soluble to insoluble fraction was assayed as described
for Fig. 4A. Alternatively, IMR90 cells were subjected to HS at 45°C
for 30 min, recovered at 37°C for 18 h, and subjected to a second HS
at 45°C for 15 min (preheated). Each bar on the graph represents the
average of at least three experiments. Bars: 1, supernatant; ■ , pellet.
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The aggregation of MKP-3 and MKP-1 was a very fast event,
since they shifted into the insoluble fraction almost immedi-
ately after heat treatment. Surprisingly, the aggregation was
not an irreversible event, since 1 h after HS some fractions of
MKP-3 and MKP-1 resolubilized. Accordingly, the rate of
ERK dephosphorylation increased by 1 h after HS. This in-
crease in the speed of ERK dephosphorylation activity was not
solely dependent on the resolubilization of aggregated phos-
phatases. Heat treatment of cells induced de novo synthesis of
dual-specificity phosphatases, which also contributed to en-
hancement of ERK dephosphorylation, since inhibition of pro-
tein synthesis with emetine reduced the speedup of ERK de-
phosphorylation by about 50%. Therefore, resolubilization of
aggregated phosphatases after HS, along with the synthesis of
phosphatases de novo, serves to limit ERK signaling defining
the time window of ERK activation.

Whereas kinases are activated rapidly in response to HS
(within a few minutes), the accumulation of Hsps proceeds
much more slowly (within hours). Hsps, beside their well-
established role in assisting refolding and degradation of heat-
damaged proteins, are also involved in the regulation of stress
kinases. Indeed, in the JNK pathway Hsp72 inhibits JNK ac-
tivation through protection of JNK phosphatases (6) and inhi-
bition of an upstream component of JNK signaling cascade,
Ask1 (24). We report here that Hsp72 also counteracts heat-
mediated inactivation of ERK phosphatase. Importantly,
Hsp72�EEVD mutant, which has no chaperone activity, failed
to protect ERK dephosphorylation and to prevent aggregation
of phosphatases. Therefore, Hsp72-mediated protection of
ERK phosphatases relies on the chaperone activity of Hsp72.
Surprisingly, Hsp72�EEVD was able to reduce background
and heat-induced levels of ERK activation to the same extent
as normal Hsp72, suggesting that Hsp72�EEVD interferes
with the ERK-activating kinase cascade. Indeed, we observed
a dramatic reduction in both background and heat-induced
levels of MEK1/2 activity upon Hsp72�EEVD expression. A
similar level of suppression of MEK1/2 was seen with normal
Hsp72. These results indicate that in the ERK signaling path-
way Hsp72 can both inhibit the kinase cascade upstream of
MEK1/2 and protect ERK phosphatase from inactivation (Fig.
9). Furthermore, whereas suppression of the kinase cascade
does not require the chaperone activity of Hsp72, protection of
the phosphatase does (Fig. 9).

The effect of Hsp72 on the kinase cascade could involve an
Hsp72 cofactor, Bag1. As reported previously, Bag1 binds and
stimulates Raf1, and Hsp72, by titrating Bag1 from its complex

with Raf1, abolishes Raf1 signaling (29). Hsp72�EEVD has an
intact ATPase domain, and therefore it should retain its ability
to interact with Bag1 and thus its ability to inhibit Raf1 and
subsequently ERKs.

ERK activation is implicated in increased resistance of cells
to various stresses. Therefore, suppression of ERKs by Hsp72
could have an adverse effect on cell survival. In fact, unlike
many examples of Hsp72-mediated cell protection, which is
often associated with the suppression of JNK, it was reported
that the overexpression of Hsp72 in Jurkat cells makes them
more susceptible to Fas-dependent apoptosis (17). Interest-
ingly, these authors also noticed that cells overexpressing
Hsp72 have increased phosphatase activities, which could con-
tribute to the suppression of ERKs. Suppression of ERKs by
Hsp72 could serve to eliminate cells damaged by severe stress,
whose survival can put at risk the organism as a whole. The
reduction of MEK1/2 activation under severe HS conditions
may serve the same purpose, i.e., the avoidance of an excessive
activation of the survival pathway.

In conclusion, it appears that HS activates both the death-
promoting kinase JNK and the survival-promoting kinase ERK
as well as induces the synthesis of Hsp72, which can turn off
both kinases. Activation of both MAP kinases involves inhibi-
tion of the corresponding phosphatases. Therefore, dual-spec-
ificity phosphatases emerge as critical heat-labile proteins
whose activities determine the cell fate under HS.
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