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The expression of heat shock proteins (HSPs) is known to be
increased via activation of heat shock factor 1 (HSF1), and excess
expression of HSPs exerts feedback inhibition of HSF1. However, the
molecular mechanism to modulate such relationships between HSPs
andHSF1 is not clear. In the present study, we show that stable trans-
fection of eitherHsp25 or inducibleHsp70 (Hsp70i) increased expres-
sion of endogenous HSPs such as HSP25 and HSP70i through HSF1
activation.However, these phenomenawere abolishedwhen the dom-
inant negativeHsf1mutant was transfected toHSP25 orHSP70i over-
expressedcells.Moreover, the increasedHSF1activitybyeitherHSP25
or HSP70i was found to result from dephosphorylation of HSF1 on
serine 307 that increased the stability of HSF1. Either HSP25 or
HSP70i inhibited ERK1/2 phosphorylation because of increased
MKP1 phosphorylation by direct interaction of these HSPs with
MKP1. Treatment of HOS and NCI-H358 cells, which showed high
expressions of endogenousHSF1, with small interfering RNA (siRNA)
of eitherHSP27 (siHSP27) orHSP70i (siHSP70i) inhibitedbothHSP27
andHSP70i proteins; this was because of increased ERK1/2 phospho-
rylation and serine phosphorylation of HSF1. The results, therefore,
suggested that when the HSF1 protein level was high in cancer cells,
excess expression of HSP27 or HSP70i strongly facilitates the expres-
sion of HSP proteins through HSF1 activation, resulting in severe
radio- or chemoresistance.

The expressions of small HSPs, especially HSP25 (HSP27),3 and the
inducible HSP70 (HSP70i) have been shown to enhance the survival of
mammalian cells exposed to various types of stimuli that induce stress
and apoptosis (1, 2). Considering the key role of HSPs played in protec-

tion against stress-induced damage, it is of great importance to elucidate
the regulatory mechanisms responsible for HSP expression.
The inducible HSP expression is regulated by the heat shock tran-

scription factors (HSFs). In response to various inducers such as ele-
vated temperatures, oxidants, heavy metals, and bacterial and viral
infections, most HSFs acquire DNA binding activity to the heat shock
element (HSE), thereby mediating transcription of the heat shock pro-
tein genes, which results in accumulation of HSPs (3, 4). Although sev-
eral genes encoding multiple HSF isoforms have been identified in ver-
tebrates (5, 6), only HSF1 is shown to be essential for the transcriptional
activation of HSPs in mammalian organisms (4, 7). Under normal con-
ditions, cellular HSF1 exists in a transcriptionally repressed state (8, 9),
however, it is activated by stress in a multistep process involving trim-
erization, acquisition of HSE binding activity, novel phosphorylation,
and trans-activation of HSP genes (3, 10, 11).
In recent years, a conceptual framework for stress-induced activation

and feedback repression of HSF1 has emerged (3, 12, 13). However, our
recent study indicated that, in RIF cells that have relatively low HSP25
and inducible HSP70 (HSP70i) expressions, HSP25 or HSP70i mutually
coregulated each other and increased their own protein expression
through HSF1 activation (14).
Recently, it was shown that ERK1/2 activation by mitogenic stimula-

tion leads to phosphorylation of serines 303 and 307 of HSF1 and con-
sequent association of HSF1 with 14-3-3. 14-3-3 binding inhibits both
the transcriptional activity and nuclear accumulation of HSF1 (15).
HSF1 seems to exert a reciprocal influence on cell proliferation in that
HSP70, a major product of HSF1 transcriptional activity, inhibits the
ERK pathway. It is intriguing to note that ERK1/2 is known to be a
repressor of HSP synthesis (16), although HSP induction and ERK1/2
activation result in cytoprotection. HSF1 is subjected to additional lay-
ers of regulation, including up-regulation through binding the apo-
ptosis modulator DAXX and modulation by ERK1/2 (17, 18). Hier-
archical phosphorylation of HSF1 within its transcriptional
regulatory domain by ERK1 (on serine 307) and glycogen synthase
kinase-3 (GSK3) (on serine 303) was also reported (19, 20).
In this study, we attempted to further elucidate molecular mecha-

nisms governing the relationship between HSPs and HSF1, and found
that excess expression of HSP25/27 or HSP70i increased endogenous
HSPs such as HSP25/27 or HSP70i through HSF1 activation, which
resulted from its dephosphorylation of serine 307. Dephosphorylation
of HSF1 on serine 307 was mediated by inhibition of ERK1/2 phospho-
rylation by direct interaction of MKP1 with HSP25 or HSP70i. Interac-
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tion between MKP1 and HSP25 or HSP70i increased MKP1 phospho-
rylation, which resulted in ERK1/2 dephosphorylation.

EXPERIMENTAL PROCEDURES

Reagent—Anti-HSP25, anti-HSP70, anti-ERK, anti-phospho-ERK,
anti-MKP1, anti-�-actin were from Santa Cruz Biotechnology (Santa
Cruz, CA), anti-HAwas fromCell Signaling Technology (Beverly,MA),
anti-HSF1 was from Neo Marker (Fremont, CA), and anti-phospho-
serine was from Sigma.

Plasmids—Wild typemouseHsp25 and inducibleHsp70were cloned
into pcDNA3. The mutant construct, Mkp1 (C258S), was constructed
by PCR by using the overlap extension primer. Cysteine was replaced by
serine to generate a phosphatase activity-deficientmutant. Themutants
Hsf1-S307A and Hsf1-S307D were constructed using the method as
described above.

Cell Culture—RIF (radiation-induced fibrosarcoma), TR (thermore-
sistant clone of RIF), HOS (human osteosarcoma), and NCI-H358
(human non-small cell lung cancer) cells were cultured in Dulbecco’s
minimal essential medium and in RPMI 1640 (Invitrogen) supple-
mented with heat-inactivated 10% fetal bovine serum (Invitrogen) and
antibiotics at 37°C in a humidified incubator with 5% CO2.

CellTransfection—Pre-designedsiRNAforhumanHSP25and inducible
HSP70 (Ambion catalog numbers 19706, 51187, and 16706) and negative
control siRNA were purchased from Ambion, Inc. (Austin, TX). The cells
were transfectedwith the siRNAs for 48 hwith the use of LipofectaminTM

2000 (Invitrogen). Transient transfection of all cell types was carried out
using Plus LipofectamineTM reagent (Invitrogen) and LipofectamineTM

reagent.
Immunofluorescence Analysis—For immunofluorescence analysis, cells

were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton
X-100 in PBS, and then washed three times with PBS. Cells were then
incubated with anti-HSP25/HSP70 and anti-HA diluted 1:200 in PBS with
5%fetalbovineserumfor1hat roomtemperature inahumidifiedchamber.
Excess antibody was removed by washing coverslips three times with PBS.
Cells were then incubated with fluorescein isothiocyanate-conjugated sec-
ondary antibody (Dako, Produktionsvej, Denmark) at 1:200 dilution in PBS
with 5% fetal bovine serum for 4 h, and then incubated with 0.5 �g/ml
propidium iodide (Molecular Probes, Inc., Eugene, OR) for 5 min at room
temperature.Afterwashing three timeswithPBS, coverslipsweremounted
ontomicroscope slides using ProLong antifademounting reagent (Molec-
ular Probes). The slideswere examined by a confocal laser scanningmicro-
scope (LeicaMicrosystems).

FIGURE 1. Expressions of endogenous HSPs by
overexpression of HSP25 and HSP70i. A, repre-
sentative Western blot analysis showing the rela-
tive levels of HSP25 and HSP70i in clones derived
from RIF cells transfected with HSP25 or inducible
HSP70 and TR cells, which are thermoresistance
clones of RIF cells. B, activity of HSP25 or HSP70i
promoter driving expression of the luciferase
reporter gene in RIF cells, which were transfected
with HSP25 or inducible HSP70 and grown in phe-
nol red-less medium containing stripped serum.
Luciferase activity was normalized to �-galacto-
sidase transfection, which was included in all
cotransfections to control for variation in transfec-
tion efficiency. Percentage of the empty pGL3 vec-
tor control is set at 100%. Mean � S.D. of at least
three independent experiments.

FIGURE 2. HSF1 activation in HSP25 or HSP70i
overexpressed cells. A, gel mobility shift analysis
of HSE binding activity in extracts of control and
HSP25- or HSP70i-transfected RIF cells as well as
TR cells. Nuclear extracts were prepared, and HSF1
DNA binding activity was measured by electro-
phoretic mobility shift assay using 32P-labeled
HSF1 DNA binding fragments, known as HSEs. The
position of the HSF1-HSE complex and the free
HSE DNA fragments are shown on the right. Lane
1, probe only; lane 2, TR; lane 3, RIF; lane 4,
RIF-pcDNA3; lane 5, RIF-HSP25; lane 6, RIF-HSP70;
lane 7, RIF-HSP70 � cold probe. B, mRNA expres-
sion of control and HSP25- or HSP70i-transfected
RIF cells as well as TR cells. Total cellular RNA was
extracted, reverse transcribed, and subjected to
PCR. The products were electrophoresed on 1%
agarose gel and stained with ethidium bromide. C,
representative Western blot analysis showing the
relative levels of HSF1 and HSF2 in control and
HSP25- or HSP70i-transfected RIF cells. D, protein
extracts were prepared at the indicated time
points after cycloheximide treatment (20 �g/ml)
in control, HSP25-, or HSP70i-overexpressed RIF
cells, and Western blot analysis was performed
using anti-HSF1 (upper). Relative band intensity
means relative values that were calculated from
densitometric scans of immunoblots, and values
of control were based as 1 (lower). The results rep-
resent one of three independent experiments.
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Polyacrylamide Gel Electrophoresis and Western Blot—For PAGE
and Western blots, cells were solubilized with lysis buffer (120 mM

NaCl, 40mMTris (pH 8.0), 0.1%Nonidet P-40), the samples were boiled
for 5 min, and an equal amount of protein (40 �g/well) was analyzed on
10% SDS-PAGE. After electrophoresis, proteins were transferred onto a
nitrocellulose membrane and processed for immunoblotting. Blots
were further incubated with horseradish peroxidase-conjugated sec-
ondary antibody diluted at 1:5,000, and specific bandswere visualized by
chemiluminescence (ECL, Amersham Biosciences). Autoradiographs
were recorded onto X-Omat AR films (Eastman Kodak Co.).

Immunoprecipitation—Cells (1� 107) were lysed in immunoprecipi-
tation buffer (50 mMHEPES (pH 7.6), 150 mMNaCl, 5 mM EDTA, 0.1%
Nonidet P-40). After centrifugation (10 min at 15,000 � g) to remove
particulate material, the supernatant was incubated at 4 °C with anti-
bodies (1:100) against anti-HSF1 orMKP1 with constant agitation. The
immunocomplexes were precipitated with protein A-Sepharose
(Sigma) and analyzed by SDS-polyacrylamide gel electrophoresis using
enhanced chemiluminescence detection (Amersham Biosciences).

Reporter Assay—Cells were plated at about 8 � 104 cells per 35-mm
dish and cultured for 24 h before transfection. After incubation, cells

FIGURE 3. Effects of mutant forms of HSF1 on endogenous expression of HSPs in HSP25 or HSP70i overexpressed cells. A, activity of HSP25 (upper) or HSP70i (lower) promoter
driving expression of the luciferase reporter gene in RIF cells transfected with HSP25 or inducible HSP70 with or without cotransfection of N-terminal deletion (�N) or C-terminal
deletion (�C) mutants of HSF1, grown in phenol red-less medium containing stripped serum. Luciferase activity was normalized to the �-galactosidase transfection, which was
included in all cotransfections to control for variation in transfection efficiency. Percentage of the empty pGL3 vector control is set at 100%. Mean � S.D. of at least three independent
experiments. B, representative Western blot analysis showing the relative levels of HSP25 and HSP70i in control and HSP25- or HSP70i-transfected RIF cells, with or without
cotransfection of V5 tagged-N-terminal deletion (�N) or -C-terminal deletion (�C) mutants of HSF1. C, Western blot analysis of HSP25 protein level in the extracts at 24, 48, and 72 h
of transient transfection of FLAG-tagged HSP25 vector.
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were transfected with 200 ng of �-galactosidase expression vector
pSV110 and 200 ng of reporter gene, along with HSP25, inducible
HSP70, and AP-1 expression vector. Cells were harvested 48 h later,
luciferase activity was assayed, and results were normalized to the �-ga-
lactosidase expression (Promega). All the results represent the mean of
three independent experiments.

Electrophoretic Mobility Shift Assay—Two complementary single-
strandDNAoligonucleotide, each 36 bases long and containing theHSE
oligonucleotide, were annealed and used in the electrophoreticmobility
shift DNA binding assay. The DAN sequences were 5�-GATCCTC-
GAAGGTTCGAGGATCCTCGAAGGTTCGAG-3� and 3�-GAGCT-
TCCAAGCTCCTAGGAGCTTCCAAGCTCCTAG-5�. The HSE was
labeled with [�-32P]ATP using T4 polynucleotide kinase, and 5 �g of
nuclear extract was incubated with the [32P]HSE at room temperature
for 30 min. Sequentially the HSF1-HSE complex was separated from
unbound HSE on 6% Tris-borate-EDTA gel. The gel was dried, and the
autoradiogram was taken.

RESULTS

Overexpression of HSP25 and HSP70i Facilitated Expressions of
Endogenous HSPs Such as HSP25 and HSP70i in RIF Cells—When
pcDNA3 vectors carryingHsp25 orHsp70iwere transfected to RIF cells

and stable cell lines were obtained, either HSP25 or HSP70i overex-
pressed cells were found to facilitate mutual expressions of the corre-
sponding HSPs as well as their own protein expressions comparable
with that of TR cells that are thermoresistant RIF cells, and showed high
expressions of HSP25 and HSP70i (14) (Fig. 1A). We examined 2 or 3
clones and similar phenomenawere obtained (supplemental Fig. 1). The
reporter assay for Hsp25 and Hsp70i also indicated that the promoter
activity for both Hsp25 and Hsp70i were significantly activated by
HSP25 or HSP70i overexpression (Fig. 1B), suggesting that excess
expressions of HSP25 and HSP70i increased promoter activity of both
Hsp25 and Hsp70i.

HSF1 Activation Was Observed in HSP25 or HSP70i Overexpressed
Cells—Because HSF1 is known to bind to HSE to promote HSP tran-
scription (3), nuclear fractions were incubated with 32P-labeled HSE,
and the HSF1-HSE complex was subjected to polyacrylamide gel elec-
trophoresis. As seen in Fig. 2A, the amount of HSF1-HSE complex was
found to have significantly increased in bothHsp25- andHsp70i-trans-
fected cells. TR cells showed strong activation ofHSF1, and stable trans-
fection of Hsp25 or Hsp70i also showed increased HSF1 activation.
Moreover, binding ofHSF1-HSP70i in the cytosol of RIF cells was abun-
dant, however, no binding activity was shown in NIH3T3 cells (supple-
mental Fig. 2). Reverse transcriptase-PCR analysis for HSF1 and HSF2

FIGURE 4. Inhibition of ERK1/2 phosphorylation by HSP25 and HSP70i overexpression. A, representative Western blot analysis showing the relative levels of phospho-ERK1/2 in
control and HSP25- or HSP70i-transfected RIF cells, with or without cotransfection of ERK1 expression vectors. B, activity of HSP25 (upper), HSP70i (middle), or AP-1 promoter (lower)
driving expression of the luciferase reporter gene in RIF cells, which were transfected with HSP25 or inducible HSP70 with or without cotransfection of ERK1, and grown in phenol
red-less medium containing stripped serum. Luciferase activity was normalized to the �-galactosidase transfection, which was included in all cotransfections to control for variation
in transfection efficiency. Percentage of the empty pGL3 vector control is set at 100%. Mean � S.D. of at least three independent experiments.
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revealed that the amounts of these genes were not significantly different
by HSP25 or HSP70i overexpression (Fig. 2B). However, a greater
amount of HSF1 and HSF2 proteins was found in HSP25 or HSP70i
overexpressed cells, suggesting post-translational regulation of HSF1 by
HSP25 or HSP70i (Fig. 2C). Determination of the half-life of HSF1
also indicated that HSP25 or HSP70i overexpression increased HSF1
stability (Fig. 2D).

Mutant Forms of Hsf1 Abolished the Enhanced Expression of HSPs by
HSP25 or HSP70i—To examine whether HSF1 activation by ectopic
expression of HSP25 or HSP70i was responsible for the increased
expression of endogenous HSPs, C and N terminus deletion mutants
of Hsf1 were transiently transfected to the stably transfected cells of
Hsp25 or Hsp70i. Fig. 3A shows that increased promoter activity of
both Hsp25 and Hsp70i was dramatically inhibited by additional
transfection of deletion mutants of Hsf1. Western blot analysis also
indicated that transient transfection of C terminus and N terminus

deletion mutants of Hsf1 to either HSP25 or HSP70i overexpressed
cells did not induce any endogenous HSP25 and HSP70i at all. As
shown in Fig. 3B, overexpression of HSP25 and HSP70i facilitated
endogenous expression of HSPs through HSF1 activation. To eluci-
date whether ectopic expression of HSP25 or HSP70i can affect
endogenous expression of these proteins, transient transfection of
HA-tagged Hsp25 was performed, and HSP25 protein expression
was studied at 24, 48, and 72 h after transfection. As shown in Fig. 3C,
ectopic expression of HA-tagged HSP25 was decreased at 48 h of
transfection and could not be detected at 72 h, however, endogenous
Hsp25 expression was increased from 48 h of transfection, which
coincided with the decrease of extrinsic HSP25. Therefore, the
results indicate that HSP25 or HSP70i affect expression of the cor-
responding endogenous HSPs through HSF1 activation.

HSP25 and HSP70i Inhibited ERK1/2 Phosphorylation—Because
ERK1/2 activity is involved in HSF1 phosphorylation and activation

FIGURE 5. Dephosphorylation of HSF1 on serine
307 by HSP25 or HSP70i overexpression. A, rep-
resentative immunodetection of phosphoserine
(p-Ser) and HSF1 after immunoprecipitation with
anti-HSF1 antibody in lysates of RIF cells trans-
fected with control, HSP25, and HSP70i vectors
(A). B, representative Western blot analysis show-
ing the relative levels of HSP25 and HSP70i in con-
trol and HSP25- or HSP70i-transfected RIF cells,
with or without cotransfection of HA-tagged wild
type HSF1 and point mutants of HSF1 (S307A and
S307D). C, immunodetection of phosphoserine
and HSF1 after immunoprecipitation with anti-
HSF1 antibody in lysates of RIF cells transfected
with control, HSP25, and HSP70i vectors, with or
without cotransfection of ERK1 expression vec-
tors. D, protein extracts were prepared at the indi-
cated time points after cycloheximide treatment
(20 �g/ml) of RIF cells transfected with pcDNA3
and point mutants of HSF1 (S307A and S307D),
and Western blot analysis was performed using
anti-HSF1 (upper). Relative band density was cal-
culated and presented as a histogram (lower). E,
localization changes of HSF1 in control, HSP25-
and HSP70i-overexpressed RIF cells (upper) or HA-
tagged HSF1 in HSF1 wild type, HSF1-S307A, and
HSF-S307D mutants transfected RIF cells. Cells
were fixed with formaldehyde and immuno-
stained with either anti-HSF1 or anti-HA antibod-
ies. The results shown are representative of two
independent experiments. FITC, fluorescein iso-
thiocyanate; CHX, cycloheximide; PI, phospho-
inositol; IB, immunoblot.
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(21), the status of ERK1/2 phosphorylation was examined. Stable trans-
fection of Hsp25 or Hsp70i inhibited ERK1/2 phosphorylation, and
transient transfection of Erk1 to HSP25- or HSP70i-overexpressed cells
abolished this increased expression of endogenous HSPs (Fig. 4A).
When the reporter assay forHsp25 orHsp70i was performed, transient
transfection of Erk1 inhibited promoter activities ofHsp25 orHsp70i in
HSP25- or HSP70i-overexpressed cells. However, inhibited transcrip-
tional activity of AP-1 of one ERK1/2 downstream pathway in overex-
pressed cells of Hsp25 or HSP70i was restored or more augmented by
Erk1 transfection (Fig. 4B). Therefore, the data strongly indicate that
HSP25 or HSP70i overexpression induced dephosphorylation of
ERK1/2, which might affect HSF1 phosphorylation.

Serine Phosphorylation of HSF1 Was Reduced by HSP25 or HSP70i
Transfection—Because ERK1/2 activity affects serine phosphoryla-
tion of HSF1 (21), immunoprecipitation of HSF1 and immunoblot-
ting of phosphoserine were performed. Serine phosphorylation of
HSF1 disappeared in Hsp25- or Hsp70i-transfected RIF cells (Fig.
5A). Because ERK1/2 activation and consequent phosphorylation of
serine 307 of HSF1 lead to inactivation of HSF1 (19), wild type or
phosphorylation-deficient mutants of serine 307 (S307A) of Hsf1
were transiently transfected to stably overexpressed RIF cells of
HSP25 or HSP70i. Expressions of HSP25 and HSP70i also disap-
peared in the transfectant of the S307Dmutant, whereas transfectant
of wild typeHsf1 and S307A expressed these proteins. Therefore, the
results indicate that phosphorylation of HSF1 on serine 307 inacti-
vated HSF1, and that HSP25 and HSP70i dephosphorylated HSF1 on
serine 307 (Fig. 5B). To clarify whether down-regulation of ERK1/2
by HSP25 or HS70i is related to HSF1 phosphorylation, Erk1 was
transiently transfected to HSP25 or HSP70i overexpressed cells. Fig.
5C shows that HSF1 phosphorylation was restored and expression of
HSP25 or HSP70i was reduced by Erk1 transfection. In addition,
S307A had a longer half-life than that of wild type Hsf1 and S307D
when detected using HA-taggedmutants (Fig. 5D). Confocal micros-
copy also revealed that nuclear expression of HSF1 was more abun-
dant in HSP25 or HSP70i overexpressed cells than that of RIF control
cells. Moreover, HA-tagged Hsf1-S307A mutant as well as wild type
Hsf1 were located in the nucleus, however, the majority of Hsf1-
S307D mutant was not present in nucleus; Hsf1-S307D was present
in the nuclear membrane and did not enter the nucleus (Fig. 5E).

Therefore, these results indicate that HSP25 or HSP70i inhibited the
nuclear translocation of HSF1 via decreased phosphorylation on ser-
ine 307, which in turn led to transcriptional activation of HSF1.

Interaction between HSP25 or HSP70i and MKP1 Dephosphoryl-
ated ERK1/2—Because heat shock increased expressions of the
phosphorylated form of MKP1, which was found to be associated
with ERK1/2 and JNK1/2 inactivation (22), we determined MKP1
phosphorylation in HSP25- or HSP70i-overexpressed cells. As seen
in Fig. 6A, serine-phosphorylated MKP1 expression was increased in
HSP25 or HSP70i overexpressed cells, and interaction between
HSP25 or HSP70i and MKP1 was also increased. Transient transfec-
tion of site-directed mutants of Mkp1 on cysteine 258 to serine
(Mkp1-C258S), which abolished phosphatase activity of MKP1 (23),
revealed that expressions of HSP25, HSP70i, and HSF1 were reduced
by Mkp1-C258S transfection, and phosphorylations of both HSF1
and ERK1/2 by HSP25 or HSP70i were restored by this mutant (Fig.
6B), even thoughmutation ofMkp1 on cysteine 258 did not affect the
binding activity with HSP25 or HSP70i (data not shown). The data
indicate that the site of cysteine 258 on MKP1 is important for phos-
phorylation of ERK1/2.

siRNA of HSP27 or HSP70i Treatment Inhibited HSF1 Expression—
To unravel the physiological relevance of regulation existing between
HSP27 or HSP70i and HSF1, HOS and NCI-H358 cells, which showed
increased expressions of HSP27, HSP70i, as well as HSF1 (Fig. 7), were
transfected with siRNA of HSP27 (siHSP27) or HSP70i (siHSP70i).
Endogenous expression of HSPs as well as HSF1 expression was found
to be dramatically inhibited in siHSP27 or siHSP70i-transfected HOS
and NCI-H358 cells (Fig. 7). In addition, inhibited ERK1/2 phosphoryl-
ation was restored by these siRNAs, suggesting that HSP27 or HSP70i
facilitated HSF1 activation by ERK1/2 dephosphorylation.

DISCUSSION

HSPs are known as themolecular chaperone because of its major role
in protein folding (24–27). Because HSF1 induces Hsp70i and Hsp25
gene expression in response to heat stress, it has been suggested that
HSPsmay function in a negative feedbackmechanism to returnHSF1 to
its inactive monomeric state (12, 13). However, in the present study,
ectopic transfection of HSP25 or HSP70i in RIF cells increased the
expression of endogenous HSPs, such as HSP25 and HSP70i, through

FIGURE 6. Dephosphorylation of ERK1/2 in
HSP25- or HSP70i-overexpressed cells. Immu-
nodetection of phosphoserine (p-Ser), HSP25, and
HSP70i after immunoprecipitation with anti-
MKP1 antibody in lysates of RIF cells transfected
with control, HSP25, and HSP70i vectors (A), with
or without contransfection with the point mutant
form of MKP1 (C258S) (B). Western blot analysis
was also performed using anti-FLAG, HSP25,
HSP70i, HSF1, phospho-HSF1, MKP1, phospho-
ERK1/2, and ERK1/2 antibodies. PI, phosphoinosi-
tol; IB, immunoblot.
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activation of HSF1. NIH3T3 cells or L929 cells, which showed relatively
low HSF1 expression did not exhibit such phenomena (supplemental
Fig. 3). Therefore, whenHSF1 expressionwas high, such as in RIF, HOS,
and NCI-H358 cells, overexpression of HSP25 or HSP70i facilitated
more expression of endogenous HSPs, which may result in more severe
radio- or chemoresistance.
Overexpression of HSP25 or HSP70i in RIF cells induced transcrip-

tional activation of endogenous HSP25 and HSP70i, which was medi-
ated by HSF1 activation (Figs. 1–3). Moreover, treatment of HOS and
NCI-H358 cells, which showed high expression of HSF1 protein, with
Hsp27 or Hsp70i siRNA inhibited endogenous expression of HSPs and
HSF1 (Fig. 7), suggesting that HSP25 or HSP70i overexpression acti-
vated HSF1. A recent study, which derived a similar conclusion to ours,
also suggested that cognate HSP70 was required for regulation of HSF1
during heat stress and subsequent target gene expression, and also
showed greatly decreased HSF1 activation when transfected with siR-
NAs targeted to cognate Hsp70 (28).
Upon activation, HSF1 undergoes several modifications such as

trimerization and localization to specific nuclear structures. Inde-
pendent of monomer to trimer transition, phosphorylation of HSF1
is strongly induced during heat shock. Although the bulk phophory-
lation level of HSF1 correlates well with its transcriptional activity,
phosphorylation of Ser-303, Ser-307, and Ser-363 has been shown to
repress the transactivation capacity of HSF1 (19, 20, 29) and phos-
phorylation of Ser-307 is affected by ERK1/2 activation (21). The
result in the present study showed that HSP25 or HSP70i overex-
pression dephosphorylated HSF1 on serine 307 of HSF1 (Fig. 4). The
phosphorylation mimicked mutant form of serine 307 inhibited
expression of endogenous HSPs in HSP25 or HSP70i overexpressed
cells, suggesting that HSP25 or HSP70i affected the phosphorylation
status of HSF1, especially on serine 307. Moreover, the increased
half-life and nuclear translocation of the dephophorylated mimicked
mutant of serine 307 (Fig. 4) indicated that dephosphorylated HSF1
on serine 307 was the transcriptionally active form of HSF1. ERK1/2
phosphorylation was inhibited in Hsp25- or Hsp70i-transfected cells
(Fig. 5) and ERK1/2 phosphorylation has been reported to be
involved in HSF1 phosphorylation on serine 307 (16, 21). ERK1/2
was found to be overexpressed inHsp25- orHsp70i-transfected cells,
and transcriptional activation of endogenous HSP25 or HSP70i was
abolished, suggesting that HSP25 or HSP70i-mediated ERK1/2
down-regulation may be involved in dephosphorylation of HSF1 on
serine 307. Phosphatase involved in ERK1/2 signaling is MKP1.

MKP1 is a phosphatase with dual specificity, induced by various
stresses, and inactivates ERKs (30). ERK1/2 phosphorylates serine
307 of HSF1 (31). HSP70 has been shown to suppress ERK phospho-
rylation by direct interaction with MKP1 (32). In the present study,
ectopic expression of HSP25 or HSP70i increased MKP1 phospho-
rylation on the serine residue, resulting in increased binding activity
with MKP1 and ERK1/2 dephosphorylation. Our results (Fig. 6) that
HSP25 also bound MKP1 is a new finding, suggesting that HSP25
also has a potentiality of MKP1 activation. In addition, the phospha-
tase activity defective mutant of Mkp1 (MKP1-C258S) restored
ERK1/2 phosphorylation and HSF1 expression, suggesting that
interaction of MKP1 with HSP25 or HSP70i activated MKP1 phos-
phorylation, which was correlated with ERK1/2 dephosphorylation.
Based on the data obtained, we suggest that overexpression of HSP25
or HSP70i activates HSF1, which is mediated by interaction with
MKP1. Interaction of MKP1 with HSP25 or HSP70i activates MKP1
phosphorylation and then ERK1/2 inactivation, resulting in HSF1
dephosphorylation on serine 307. Because HSF1 dephosphorylation
facilitated translocation of HSF1 to the nucleus (Fig. 4) (3, 12, 33), it
is highly likely that this activated HSF1 enhanced more expression of
endogenous HSPs such as HSP25 and HSP70i.
In conclusion, the present data suggest the possibility that overex-

pression of HSPs does not always show feedback inhibition of HSF1. In
certain cancer cells that have HSF1 excessively expressed, overexpres-
sion of HSPs facilitated more endogenous HSPs production through
HSF1 activation.
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