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Heat shock transcription factor 1 (HSF-1) activates the transcription of heat shock genes in eukaryotes.
Under normal physiological growth conditions, HSF-1 is a monomer. Its transcriptional activity is repressed
by constitutive phosphorylation. Upon activation, HSF-1 forms trimers, acquires DNA binding activity, in-
creases transcriptional activity, and appears as punctate granules in the nucleus. In this study, using bro-
mouridine incorporation and confocal laser microscopy, we demonstrated that newly synthesized pre-mRNAs
colocalize to the HSF-1 punctate granules after heat shock, suggesting that these granules are sites of
transcription. We further present evidence that glycogen synthase kinase 3b (GSK-3b) and extracellular
signal-regulated kinase mitogen-activated protein kinase (ERK MAPK) participate in the down regulation of
HSF-1 transcriptional activity. Transient increases in the expression of GSK-3b facilitate the disappearance
of HSF-1 punctate granules and reduce hsp-70 transcription after heat shock. We have also shown that ERK
is the priming kinase for GSK-3b. Taken together, these results indicate that GSK-3b and ERK MAPK
facilitate the inactivation of activated HSF-1 after heat shock by dispersing HSF-1 from the sites of transcrip-
tion.

The nuclear translocation, DNA binding, and transcriptional
activities of most mammalian transcription factors are regu-
lated by phosphorylation. In many cases, multiple protein ki-
nases can act on a single transcription factor (reviewed in
reference 27). Heat shock transcription factor 1 (HSF-1) is
subject to complex regulation by phosphorylation. HSF-1 binds
to conserved regulatory sequences known as heat shock ele-
ments (HSEs) and controls the expression of heat shock pro-
teins in response to chemical, environmental, and physiological
stresses (1, 36, 42, 61, 68, 74).

Under normal physiological growth conditions, mammalian
HSF-1 exists in a latent, monomeric form (4, 55, 66, 69); is
constitutively phosphorylated (4, 10, 43, 55); and is distributed
in both the cytoplasm and nucleus. The functional role of
phosphorylation in HSF-1 regulation is unclear. Strong ev-
idence suggests that constitutive phosphorylation of HSF-1
negatively regulates HSF-1 activity (9, 31, 32, 43). Upon heat
shock, the latent form of HSF-1 is translocated into the nu-
cleus, forms trimers, is hyperphosphorylated, and appears as
punctate granules (4, 44, 51, 55). The function of hyperphos-
phorylation (4, 10, 46, 55) or the role of HSF-1 punctate gran-
ules is not known. Punctate granules have been suggested to be
important for some activity of HSF-1, perhaps its DNA binding
activity (58).

Phosphorylated forms of HSF-1 have been extensively stud-
ied by phosphopeptide mapping as well as mutational analysis
(30–32, 71). The data suggest that HSF-1 is phosphorylated on

multiple serine residues and, perhaps, a threonine residue.
Constitutive phosphorylation of serine 307, which is located
distal to the transcriptional activation domain, negatively reg-
ulates HSF-1 function, since mutation of serine 307 to alanine
(31, 71) causes constitutive transcriptional activation of HSF-1.

The protein kinases which phosphorylate HSF-1 have not
been identified with certainty in vivo. However, it has been
suggested that one or more mitogen-activated protein kinase
(MAPK) family members may be involved in the phosphory-
lation of HSF-1 (9, 30, 32, 43). Recent in vitro studies indicate
that the extracellular signal-regulated kinases (ERKs) phos-
phorylate HSF-1 on serine 307, which then facilitates serine
303 phosphorylation by glycogen synthase kinase 3b (GSK-3b)
(9).

The MAPKs respond to diverse stimuli and consist of se-
quential protein kinase cascades. MAPKs are activated via
phosphorylation of specific threonine and tyrosine residues by
dual-specificity kinases known as MEK/MKKs. MEK/MKKs
are phosphorylated and activated by MEK kinases (MEKKs/
MKKKs) (34, 56). There are three well-characterized MAPK
pathways: ERK1/ERK2, also known as p42/p44 MAPKs (7);
the p38/RK/Mpk2/CSBP protein kinases (22, 37); and the c-
Jun amino-terminal kinases/stress-activated protein kinases
(JNK/SAPK) (15, 35). Activation of growth factor receptors, G
protein-coupled receptors, and some cytokine receptors acti-
vates ERKs (56). The p38 protein kinases are activated by
proinflammatory cytokines and osmotic shock (22, 28, 52).
JNKs are activated by various cellular stresses such as UV,
protein synthesis inhibitors, proinflammatory cytokines, G pro-
tein-coupled receptors, and growth factor receptors (20, 35,
75). Multiple transcription factors, including ATF2, SAP-1,
TCFs/ElK1, MEF2C, CHOP, and c-Jun, are phosphorylated
and their activity is regulated by various MAPKs (20, 21, 48, 62,
65, 72).
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GSK-3 consists of two isoforms, GSK-3a (51 kDa) and
GSK-3b (46 kDa), and was first identified as an activity which
phosphorylates and inactivates glycogen synthase (47, 49). A
second role of GSK-3 was found when studies showed that
inhibition of phosphatase type I activity is relieved when
GSK-3 phosphorylates phosphatase inhibitor 2 (25, 38). At
least 15 other substrates have been reported to be phosphor-
ylated by GSK-3, including the transcription factors c-Jun,
JunD, c-myb, c-myc, L-myc, CREB, and NF-AT, most of which
become inactivated when phosphorylated by GSK-3 (5, 18, 47,
54). GSK-3 tends to phosphorylate serine/threonine residues
located next to a proline which, in turn, is near another serine
residue that has been prephosphorylated by some other pro-
tein kinase (referred to as priming kinase) (17, 47). GSK-3 is
constitutively active and, as a result, suppresses many of its
substrates under normal physiological growth conditions.

In the present study, we examined the characteristic HSF-1
punctate granules which are ubiquitously observed in human
cells following heat shock and demonstrate that these HSF-1-
containing granules are active transcription complexes. In ad-
dition, we investigated the regulation of HSF-1 activity by
GSK-3b and MAPK in vivo. Overexpression of GSK-3b causes
the rapid disappearance of the HSF-1 punctate granules. This
suggests that GSK-3b facilitates HSF-1 inactivation, which is
supported by the hsp70-luciferase reporter assay data showing
that HSF-1 transcriptional activity after heat shock is de-
creased by overexpression of GSK-3b. GSK-3b inactivation of
HSF-1 requires ERK activity, since treatment of cells with
PD98059, a specific MEK inhibitor, before heat shock coun-
teracts the effect of GSK-3b.

MATERIALS AND METHODS

Cell lines and plasmids. HeLa cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum. Expression plasmids
HA-MNK1, HA-ERK1, Flag-tagged p38, HA-GSK-3b, and hsp70-luciferase
were the generous gifts of T. Hunter, M. Cobb, R. J. Ulevitch, J. P. Woodgett,
and R. I. Morimoto, respectively.

Transient-transfection assays. Transient transfections were performed by
electroporation (GenePulser; Bio-Rad). Transfected-DNA mixtures included 5
mg of expression plasmid DNA and, when required, 2 mg of hsp70-luciferase
DNA and 0.1 mg of Renilla luciferase DNA with pBluescript carrier DNA added
to a total of 20 mg. The DNA mixture was added to 5 3 106 HeLa cells in a
0.4-cm cuvette containing 0.8 ml of serum-free growth medium. Immediately
after electroporation (280 V, 950 mF), the cells were fed with 10 ml of growth
medium plus 10% fetal calf serum and incubated at 37°C. For immunofluores-
cence studies, cells were plated in eight-chamber culture slides 24 h after trans-
fection and incubated for an additional 24 h at 37°C before being subjected to
further manipulations. For luciferase assays, the cells were plated in 60-mm
culture dishes after transfection and left at 37°C for 48 h before undergoing
additional treatments. Luciferase assays were performed as specified by the
manufacturer (Promega, Madison, Wis.). Renilla luciferase was used as an indi-
cator of transfection frequency.

Indirect immunofluorescence analysis. Cells were transiently transfected as
described above. After 24 h, the cells were trypsinized, plated in eight-chamber
tissue culture slides, and incubated at 37°C for an additional 24 h. The cells were
treated as described in Results, rinsed with phosphate-buffered saline (PBS), and
fixed with 4% paraformaldehyde for 30 min at room temperature. The slides
were washed three times with PBS, and the cells were permeabilized for 2 min on
ice with a solution containing 0.1% Triton X-100 and 0.1% sodium citrate and
rinsed with PBS. To reduce nonspecific binding, the cells were incubated in
blocking solution (5% goat serum and 5% bovine serum albumin in PBS) at 37°C
for 1 h. They were then incubated in the presence of the primary antibody for 1 h
at 37°C, rinsed with PBST (PBS–0.1% Tween 20), and incubated in the presence
of secondary antibody (conjugated with fluorescein isothiocyanate [FITC] or
Texas red) for an additional 1 h at 37°C. The cells were extensively rinsed with
PBST, and the slides were mounted with Pro-Long Antifade (Molecular Probes,
Eugene, Oreg.) and examined by fluorescence microscopy.

Antibody specific for HSF-1 was generated in rabbits after multiple injections
of a peptide containing amino acids 429 to 454 in the C-terminal region of human
HSF-1. Monoclonal antibody 12CA5 specific for hemagglutinin (HA) was ob-
tained from Boehringer Mannheim, Indianapolis, Ind. The anti-Flag M2 was
purchased from IBI Flag System, Kodak.

Combined in situ run-on transcription and immunofluorescence. HeLa cells
were plated in chamber slides and incubated at 37°C overnight. The cells were

heated at 45°C for 30 min and incubated at 37°C for 1 to 8 h. For the in situ
run-on transcription, the procedure of Semmes and Jeang was used (57). Heated
cells were washed with Tris-buffered saline (10 mM Tris-HCl [pH 7.4], 150 mM
NaCl, 5 mM MgCl2) and then glycerol buffer (20 mM Tris-HCl [pH 7.4], 5 mM
MgCl2, 0.5 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 25%
glycerol) for 5 min. The cells were permeabilized for 3 min at room temperature
with glycerol buffer containing 0.05% Triton X-100 and then washed with tran-
scription buffer (50 mM Tris-HCl [pH 7.4], 100 mM KCl, 5 mM MgCl2, 0.5 mM
EDTA, 1 mM PMSF, 25% glycerol, 5 U of RNasin/ml). Transcription was
performed for 5 min at room temperature with transcription buffer containing
0.1 mM each ATP, CTP, GTP, and UTP-BrUTP (2:1). The reaction was stopped
by washing with ice-cold PBS and fixing with 4% paraformaldehyde for 20 min at
room temperature. The cells were washed with PBS three times and permeabil-
ized for 2 min on ice with a solution containing 0.1% Triton X-100 and 0.1%
sodium citrate. After incubation with a blocking solution (5% goat serum and 5%
bovine serum albumin in PBS) for 1 h at 37°C, the cells were incubated with
anti-HSF-1 antibody for 1 h at 37°C and then washed three times with PBST.
They were then incubated with anti-bromodeoxyuridine (BrdU)-fluorescein an-
tibody (2 mg/ml; Boehringer Mannheim), which also recognizes BrU, and Texas
red-conjugated secondary antibody for 1 h at 37°C and washed three times with
PBST. Fluorescent signals were examined by laser confocal microscopy (Molec-
ular Dynamics, Sunnyvale, Calif.).

Immunoprecipitation and immune complex kinase assays. To assess protein
kinase activity, the cells were treated as described in Results and lysed in buffer
containing 50 mM sodium b-glycerophosphate (pH 7.2), 10 mM MgCl2, 5 mM
EGTA, 1 mM EDTA, 10 mM KH2PO4, 1 mM sodium vanadate, and 0.2 mM
PMSF (30, 43). To immunoprecipitate and measure GSK-3b activity, lysis buffer
containing 10 mM Tris-HCl (pH 7.4), 50 mM NaCl, 2 mM EDTA, 1 mM EGTA,
1% Triton X-100, 1 mM benzamidine, 20 mM sodium pyrophosphate, and 1 mM
sodium vanadate was used (73). The lysates were microcentrifuged for 10 min at
4°C, and equal amounts of protein (200 to 300 mg) from each sample were added
to 1 mg of the appropriate antibody. After a 1-h incubation at 4°C, 25 ml of a 50%
solution of protein A (or G)-Sepharose beads was added and the mixture was
incubated at 4°C for an additional 1 h. It was then washed four times with lysis
buffer and once with kinase buffer (20 mM b-glycerophosphate [pH 7.3], 5 mM
MgCl2, 1 mM EGTA, 10% glycerol, 1 mM dithiothreitol (DTT), 1 mM sodium
vanadate, 0.2 mM PMSF). The protein A (or G)-antibody-antigen complex was
then incubated for 20 min at 37°C in 10 ml of kinase buffer with 25 mM unlabeled
ATP, 20 mCi of [g-32P]ATP, and appropriate substrates. When HSF-1 peptide
containing amino acids 298 to 310 (RKEEPPSPPQSPRV) (15 mg) was used as
the substrate, the reactions were stopped by spotting 5 ml of the reaction mixture
onto P81 chromatography paper (Whatman) and washing it five times with 1%
(wt/vol) phosphoric acid. The filters were dried and quantitated by scintillation
counting.

The antibodies used for immunoprecipitation were JNK (C17), ERKs (C16
and C14) (Santa Cruz Biotechnology, Santa Cruz, Calif.), and GSK-3b (Trans-
duction Laboratory, Lexington, Ky.).

Electrophoretic mobility shift assays. Electrophoretic mobility shift analysis
with whole-cell extracts has been described in detail previously (41, 43, 74).
Briefly, after each treatment, cells were rinsed with PBS and lysed in 100 ml of
extraction buffer (10 mM HEPES [pH 7.9], 0.4 mM NaCl, 0.1 mM EDTA, 0.5
mM DTT, 5% glycerol, 0.5 mM PMSF). The protein concentration of samples
was estimated by the bicinchoninic acid method. Equal amounts of protein (15
mg) in extraction buffer (volume not exceeding 15 ml) were added to the reaction
mixture, which contained 4 ml of binding buffer (37.5 mM NaCl, 15 mM Tris-HCl
[pH 7.4], 0.1 mM EDTA, 0.5 mM DTT, 5% glycerol), 10 mg of yeast tRNA, 1 mg
of sheared Escherichia coli DNA, 10 mg of poly(dI-dC), and 1 ng of 32P-labeled
HSE oligonucleotide. The mixture was incubated for 15 min at 25°C and resolved
on a 4.5% nondenaturing polyacrylamide gel. After electrophoresis, the gels
were fixed in 7% (vol/vol) acetic acid for 5 min, rinsed once in distilled water,
dried under vacuum, and exposed to X-ray film. The nucleotide sequence used
for HSE was 59-GTCGACGGATCCGAGCGCCTCGAATGTTCTAGAAAAG
G-39 (74). The double-stranded oligonucleotide was labeled with the Klenow
fragment of DNA polymerase I, deoxynucleotide triphosphates, and
[a-32P]dCTP.

RESULTS

HSF-1 punctate granules are sites of transcription. In most
human cell lines, HSF-1 appears as punctate granules through-
out the nucleus upon heat shock (11, 29, 41, 55). The appear-
ance and distribution of HSF-1 foci are similar when different
fixatives (paraformaldehyde, methanol, or glutaraldehyde), or
different antibodies to HSF-1 (11, 29, 41, 55) are used, indi-
cating that HSF-1 granule appearance after heat shock is not
an artifact of sample preparation.

Since it has been shown that the kinetics of HSF-1 granule
formation correlate with its transcriptional activity after heat
shock (11), we examined whether the punctate granules are
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sites of transcription by performing an in situ run-on transcrip-
tion assay. HeLa cells were heated at 45°C for 30 min, which
results in 60% cell survival as measured by colony formation
analysis and was found to result in the best representative
HSF-1 granule appearance (data not shown). The cells were
then allowed to recover at 37°C for up to 8 h. Run-on tran-
scription was performed in the presence of BrUTP. The cells
were then fixed and incubated with anti-HSF-1 and then with
Texas red-conjugated secondary antibody to detect HSF-1 and
with fluorescein-conjugated anti-BrdU (which also recognizes
incorporated BrU) to detect newly synthesized pre-mRNAs, as
described in Materials and Methods. The cells were analyzed
by confocal microscopy. Most of the cells with a recovery time
of 30 min to 1 h after heat shock showed HSF-1 granules
smaller than 0.5 mm, and colocalization of the granules with
nascent transcripts was difficult to score due to the small size of
the granules (data not shown). The data for longer incubation
times (2 to 8 h) are shown in Fig. 1A. The left panels show
HSF-1 punctate granules; the middle panels show the detec-
tion of newly synthesized pre-mRNAs; and the right panels
show the images in the left and middle panels superimposed.
At 2 h after heat shock, some granules began to show colocal-
ization with newly synthesized pre-mRNAs (indicated as yel-
low spots [top right]). At 4 h after heat shock, all the granules
showed colocalization (middle right). At 8 h after heat shock,
all the granules showed colocalization, with some granules
beginning to show reddish edges (bottom right). These reddish
edges could suggest a lower level of transcription compared to
that at the 4-h time point. Figure 1B (higher magnification
than Fig. 1A) further demonstrates the colocalization of HSF-1
punctate granules with nascent transcripts 4 and 8 h after heat
shock (left). Vertical sections through a single cell showing the
colocalization as well as accumulated nascent transcripts are
shown on the right. Taken together, the above results indicate
that transcription is occurring in the HSF-1 punctate granules
that are characteristic in cells subjected to heat shock.

Rapid inactivation of HSF-1 by GSK-3b after heat stress.
Because GSK-3b has been shown to phosphorylate HSF-1 in
vitro (9), we examined the role of GSK-3b in regulating HSF-1
activity in vivo. HeLa cells were transiently transfected with
expression constructs containing HA-tagged GSK-3b cDNA.
The cells were untreated or heated at 45°C for 30 min and
analyzed by indirect immunofluorescence after various recov-
ery times at 37°C. The results show that before heat shock,
HSF-1 was distributed in both the cytoplasm and nucleus (Fig.
2A, control, right). Immediately after heat shock, HSF-1 was
translocated into the nuclei of all cells and appeared as 8 to 10
intensely stained foci per nucleus (right, 0 h). These granules
became larger and more distinct with longer recovery times
(right, 4 and 8 h) in untransfected cells whereas HSF-1 ap-
peared as diffuse staining throughout the nucleus, indicating
signs of recovery, in cells transfected with GSK-3b. Quantita-
tion of the immunofluorescence analysis indicates that 44% 6
9% of the GSK-3b-transfected cells showed diffuse HSF-1
staining within 2 h of heating and that the number increased to
75% 6 7% by 4 h after heating whereas in untransfected cells
a recovery time of 10 h was required for about the same
percentage of cells (73% 6 4%) to show the similar HSF-1
staining pattern (Fig. 2B). These results indicate that overex-
pression of GSK-3b causes rapid dispersion of HSF-1 granules
after heat shock.

To establish a correlation between the appearance of the
punctate granules and DNA binding activity of HSF-1, we used
gel mobility shift assays. The time course of DNA binding
activity was closely correlated with the appearance and disap-

pearance of the HSF-1 punctate granules observed in the nu-
clei of heated cells (Fig. 2C and D).

We next wanted to see if the nuclear distribution pattern of
the HSF-1 in cells overexpressing GSK-3b could also be ob-
served in cells overexpressing other serine/threonine protein
kinases. HeLa cells were transiently transfected with constructs
containing cDNA for HA-ERK1, for HA-MNK1, which is lo-
cated downstream of ERKs in the MAPK signaling pathway
(19), or for Flag epitope-tagged p38, which is a stress-activated
protein kinase and has been shown to phosphorylate ATF2
transcription factor (22). At 48 h after transfection, the cells
were heated at 45°C for 30 min, and after a recovery time of 4 h
at 37°C, the HSF-1 staining pattern was analyzed (Fig. 3A).
The percentage of cells showing diffuse HSF-1 staining in HA-
MNK1- or Flag-p38-transfected cells was about the same as in
untransfected (control) cells (Fig. 3B). A similar result was
seen when cells were transfected with empty vector (data not
shown). Although ERK1 has been shown to be the priming
kinase for GSK-3b (9) (see below), transient expression of
constructs containing HA-ERK1 cDNA increased the percent-
age of recovered cells after heat shock to 21% 6 8% (Fig. 3B).
However, this number, increased to 46% 6 6% when the cells
were cotransfected with c-Ha-Ras, since constitutive active Ras
increases the level of activated ERK and in turn increases the
effect that ERK exerts on its substrates (43).

We demonstrated above that HSF-1- containing granules
are sites of active transcription, and overexpression of GSK-3b
causes rapid disappearance of these granules, suggesting that
GSK-3b overexpression may inactivate HSF-1 after heat
shock. To test this, HSF-1 transcriptional activity was assayed
in the following experiment. HeLa cells were cotransfected
with expression constructs encoding GSK-3b, ERK1, or both
GSK-3b and ERK1 along with c-Ha-Ras and hsp70-luciferase
reporter constructs (which contain binding sites for HSF-1), as
described in Materials and Methods and in the legend to Fig.
4. Cells transfected with hsp70-luciferase only, with no added
GSK-3b or ERK1, showed a greater than 30-fold increase in
transcriptional activity compared to unheated controls (Fig. 4).
However, cells that were cotransfected with GSK-3b showed
only a 10-fold increase in transcriptional activity compared to
the appropriate unheated controls, indicating that the tran-
scriptional activity of HSF-1 is reduced in cells overexpressing
GSK-3b. This result demonstrates that GSK-3b overexpres-
sion facilitates HSF-1 inactivation after heat shock. Interest-
ingly, overexpression of ERK1 is as effective as overexpression
of GSK-3b in reducing the transcriptional activity of HSF-1 but
not as efficient in causing the disappearance of HSF-1 gran-
ules, as shown in Fig. 3. This could suggest that ERK1 phos-
phorylation of HSF-1 in vivo may halt transcription but that
this phosphorylation may not be sufficient to disperse HSF-1
from the sites of transcription and thereby cause the disap-
pearance of HSF-1 granules.

Priming by ERK1 is required for GSK-3b inactivation of
HSF-1. High levels of ERK1 activity inhibit HSF-1 transcrip-
tional activity in vivo (9, 43). Recent evidence also indicates
that ERK1 can act as a priming kinase for GSK-3b phosphor-
ylation of HSF-1 in vitro (9). To determine if ERK1 can be a
priming kinase for GSK-3b in vivo, HeLa cells were transiently
transfected with expression constructs encoding HA–GSK-3b.
At 48 h after transfection, the cells were pretreated with
PD98059, a specific MEK inhibitor which binds to MEK at a
site that blocks access to activating enzymes and does not
inhibit the activities of other protein kinases such as GSK-3b
(2, 13). The cells were then heated at 45°C for 30 min and
allowed to recover at 37°C for 4 h. GSK-3b and HSF-1 were
detected in cells by indirect immunofluorescence analysis. The
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results show that after pretreatment with PD98059, HSF-1 in
cells overexpressing GSK-3b remained as punctate granules
(Fig. 5A), in contrast to cells overexpressing GSK-3b alone
(Fig. 2). This result strongly suggests that the activity of ERK1
is required for GSK-3b inactivation of HSF-1.

The prerequisite for prior phosphorylation of a substrate by
a protein kinase can be efficiently examined by using peptide
substrates (47). An HSF-1 peptide containing amino acids 298
to 310 was synthesized to contain serines 303 and 307. ERK1
or JNK1 was immunoprecipitated from heated HeLa cell ly-
sates and used in immune complex kinase reactions to pre-
phosphorylate HSF-1 peptide. These prephosphorylated

FIG. 1. HSF-1 punctate granules are sites of transcription. Combined in situ
run-on transcription and immunofluorescence were performed as described in
Materials and Methods. Cells were heated at 45°C for 30 min and allowed to
recover at 37°C for 2, 4, or 8 h. Run-on transcription involving BrUTP incorpo-
ration was performed. The cells were then fixed and stained and examined by
confocal microscopy. (A) HSF-1 was detected with anti-HSF-1 antibody and
Texas red-conjugated secondary antibody (showing as granular structures in the
left panels). Nascent transcripts containing BrU were detected with FITC-con-
jugated anti-BrdU antibody (showing as patches of green fluorescence in the
middle panels). The right panels show left and middle panels superimposed.
Image areas of yellow staining indicate colocalization of HSF-1 and newly syn-
thesized pre-mRNAs. The size (in micrometers) is indicated in the corner of the
panels. (B) Cells were treated as for panel A but are shown at higher magnifi-
cations. The left panels show cells with a 4-h (top) or 8-h (bottom) recovery time.
The right panels are vertical sections through a single cell at the same time points
as in the left panels, showing colocalization as well as accumulated nascent
transcripts.
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FIG. 2. Indirect immunofluorescence analysis of HSF-1 in HeLa cells transiently transfected with GSK-3b. (A) Representative immunofluorescence photographs
(magnification, 31,000) of cells transfected with GSK-3b. HeLa cells were transiently transfected with 5 mg of HA–GSK-3b. At 48 h after transfection, the cells were
untreated (control) or heat shocked at 45°C for 30 min and allowed to recover at 37°C for 0, 4, 8, or 24 h. Overexpression of GSK-3b was detected with mouse
monoclonal primary antibody to HA and FITC-conjugated secondary antibody. The endogenous HSF-1 was detected with rabbit polyclonal antibody to HSF-1 and
Texas red-conjugated secondary antibody. Arrows in the left panels indicate the cells with overexpressed GSK-3b, and arrows in the right panels indicate the same cells
stained for HSF-1. (B) Quantitation of the effect of overexpression of GSK-3b on the HSF-1 staining pattern. The bars indicate the percentage of cells showing HSF-1
recovery from punctate granules (i.e., cells with a diffuse staining pattern). More than 100 untransfected or GSK-3b-transfected cells were counted for each time point.
(C) Gel mobility shift analysis. HeLa cells were untreated (lane C) or heated at 45°C for 30 min and then incubated at 37°C for 0, 2, 6, 8, 10, or 24 h and analyzed by
gel mobility shift assays as described in Materials and Methods. (D) Quantitation of the data from panel C by PhosphorImager analysis.
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HSF-1 peptides were subsequently incubated with purified
GSK-3b and [g-32P]ATP, and incorporation of 32P was deter-
mined. The results show an increase in 32P incorporation into
HSF-1 peptide prephosphorylated with ERK1 but no increase
in 32P incorporation into HSF-1 peptide prephosphorylated
with JNK1 (Fig. 5B). This indicates that ERK1 can act as a
priming kinase for GSK-3b whereas JNK1 cannot. Together
with the results presented in Fig. 5A, these data demonstrate
that the activity of ERK1 is essential for HSF-1 recovery in
cells overexpressing GSK-3b.

Signaling pathways that modulate GSK-3b activity follow-
ing heat shock. The activity of GSK-3b is down regulated by 40
to 50% in cells subjected to a variety of stimuli following
phosphorylation on serine 9 (13, 47, 49, 63), thereby relieving
the repression that GSK-3b exerts on its substrates. Three
serine/threonine protein kinases have been shown to phos-
phorylate and down regulate GSK-3b activity: p70S6K, p90rsk,
and PKB/Akt (13, 16). The activity of GSK-3b can also be up
regulated following phosphorylation by a tyrosine kinase
whose identity is unknown.

To examine whether the activity of GSK-3b is altered fol-

FIG. 3. Indirect immunofluorescence analysis of HSF-1 in HeLa cells transiently transfected with HA-ERK, HA-MNK, or Flag-tagged P38. (A) HeLa cells were
transiently transfected with 5 mg of HA-ERK1, HA-MNK1, or Flag-tagged P38 cDNA. At 48 h after transfection, the cells were heat shocked at 45°C for 30 min and
allowed to recover at 37°C for 4 h. Overexpression of HA-ERK1 and HA-MNK1 was detected with mouse monoclonal primary antibody to HA. Overexpression of
Flag-tagged P38 was detected with monoclonal antibody to the Flag epitope. FITC-conjugated secondary antibody was used to detect the HA and Flag epitope. The
endogenous HSF-1 was detected with rabbit polyclonal antibody to HSF-1 and Texas red-conjugated secondary antibody. Arrows in the left panels indicate the cells
with overexpressed protein kinases, and arrows in the right panels indicate the same cells stained for HSF-1. Magnification, 31,000. (B) Quantitation of the effect of
overexpression of various protein kinases on the HSF-1 staining pattern. Bars indicate the percentage of cells showing recovery from HSF-1 punctate granules. More
than 100 cells of transfected or untransfected cells were counted for each time point.

FIG. 4. Overexpression of GSK-3b leads to reduced HSF-1 transcriptional
activity. HeLa cells were transiently transfected with constructs encoding c-Ha-
Ras and hsp70-luciferase (70-luc) or cotransfected with HA–GSK-3b (1GSK-3
beta), HA-ERK (1ERK), or HA–GSK-3b and HA-ERK together (1GSK-3
beta 1 ERK). At 24 h after transfection, the cells were serum starved with 0.5%
FCS for 24 h. They remained untreated or were heated at 45°C for 30 min and
allowed to recover at 37°C for 6 h for accumulation of hsp70-luciferase. The
luciferase activity was determined. Data are presented as the fold increase over
the unheated control group for each treatment.
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lowing heat shock, HeLa cells were either heated at 45°C for 5,
10, or 30 min or heated at 45°C for 30 min and allowed to
recover at 37°C for up to 24 h. Immune complex kinase assays
were performed as described above, with prephosphorylated
HSF-1 peptide as the substrate. Figure 6 shows that the activity
of GSK-3b was slightly increased over the control level when
the cells were heated for 5 or 10 min without a recovery time.
There was a 25% increase in GSK-3b activity when the cells
were heated at 45°C for 30 min. A dramatic increase in
GSK-3b activity, up to 350% of the control level, was seen
when the heated cells were allowed to recover at 37°C for 1 to
2 h. The activity of GSK-3b remained elevated for as long as
8 h and returned to control levels by 10 h after heat treatment.

Although the activities of p70S6K, p90rsk, and PKB/Akt are
all induced by heat shock (references 33 and 40 and data not
shown), none of these enzymes appeared to phosphorylate and
decrease GSK-3b activity during heat shock. Furthermore,
blocking p70S6K with rapamycin or blocking phosphoinositide
3-kinase-induced protein kinase B (PKB) activation with wort-
mannin had no effect on the nuclear appearance of HSF-1
when analyzed by indirect immunofluorescence, on HSF-1
DNA binding activity, or on HSF-1 activation of transcription
following heat shock (data not shown).

DISCUSSION

HSF-1 is activated by a variety of environmental stimuli,
including heat shock, heavy metals, amino acid analogues, eth-
anol, hypoxia, and ischemia (39, 45). Many of the signaling
pathways that mediate HSF-1 activation are not yet under-
stood. HSF-1 is the target of proline-directed protein kinases
such as ERKs in vivo (9, 30, 43, 71) and P38/HOG1 and
GSK-3b in vitro (9, 32); phosphorylation of HSF-1 by some of
these kinases represses its activity (9, 43). However, the fate of

HSF-1 after such phosphorylation is unclear; inactivation may
cause HSF-1 to exit the nucleus, as has recently been suggested
for NF-AT transcription factors, which are substrates of the
proline-directed protein kinases GSK-3b and JNK (5, 8).

In the present study, we have obtained evidence that
strongly suggests that GSK-3b and ERK down regulate HSF-1
activity after heat shock in vivo. Overexpression of GSK-3b

FIG. 5. ERK1 is a priming kinase for GSK-3b. (A) Indirect immunofluorescence analysis of cells transiently transfected with GSK-3b and pretreated with PD98059
(magnification, 31,000). The cells were transiently transfected with HA–GSK-3b cDNA. At 48 h after transfection, they were treated for 30 min with 30 mM PD98059,
rinsed with PBS, heated at 45°C for 30 min, and allowed to recover at 37°C for 4 h. Overexpressed GSK-3b and the endogenous HSF-1 were detected as described
in the text. Arrows in the left panel indicate the cells with overexpressed GSK-3b, and arrows in the right panel indicate the same cells stained for HSF-1. (B) Immune
complex kinase assays. ERK1 or JNK1 was immunoprecipitated from HeLa cells which had been heated at 45°C for 30 min. The immunoprecipitated kinases were
individually incubated with HSF-1 peptide for 20 min at 30°C in the presence of 25 mM unlabelled ATP. HSF-1 peptide prephosphorylated by ERK1 or JNK or a
nonphosphorylated control was then used as the substrate in kinase reactions with purified GSK-3b (100 mU) and [g-32P]ATP. The reaction mixtures were incubated
for 20 min at 30°C, and the products were spotted onto P81 chromatography paper and rinsed five times with 1% phosphoric acid. Radioactivity was determined with
a scintillation counter. Experiments were performed in triplicate, and the data are presented as the fold increase in 32P incorporation into HSF-1 peptide
prephosphorylated with ERK1 or JNK1 over that in groups phosphorylated with GSK-3b only.

FIG. 6. Activity of GSK-3b after heat shock. HeLa cells were heated at 45°C
for 5, 10, or 30 min or heated at 45°C for 30 min and allowed to recover at 37°C
for 1, 2, 4, 8, 10, or 24 h. They were then lysed, and equal amounts of protein
were immunoprecipitated with antibody to GSK-3b. Immunoprecipitates were
used to phosphorylate 20 mg of HSF-1 peptide prephosphorylated with immu-
noprecipitated ERK1 as described in Materials and Methods. Phosphorylated
HSF-1 peptide was spotted onto P81 chromatography paper and analyzed as
described in the legend to Fig. 5. The GSK-3b activity is expressed as percent
activity relative to unheated controls.
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facilitates the disappearance of HSF-1 punctate granules,
which we have shown here to be associated with transcriptional
activity; in addition, ERK activity in the cell is essential for this
GSK-3b inactivation of HSF-1. Although the approach taken
was to overexpress the protein kinase(s) from transfected
genes, which could create nonphysiological conditions, such
overexpression can be a useful tool in examining the potential
role of kinases in vivo. Our data showing that overexpression of
GSK-3b and, to a lesser extent, ERK is sufficient to inactivate
HSF-1 after heat shock could suggest that elevated levels of
GSK-3b and ERK in the cell may play a role in the regulation
of HSF-1 activity under normal physiological conditions. This
could occur during normal growth, to keep HSF-1 in an inac-
tive form, or during recovery from heat shock, to inactivate
HSF-1 so that the cells can resume normal growth. However, it
is also possible that under normal physiological conditions and
depending on the level or type of stress, phosphorylation of
HSF-1 by other protein kinases, such as protein kinase C, JNK,
and casein kinase II, and interaction with some regulatory
proteins, such as hsp-70 and Hdj 1, will be required to fully
inactivate HSF-1 during recovery from heat shock (24, 59, 60,
71).

Overexpression of GSK-3b does not cause HSF-1 to exit the
nucleus entirely, a phenomenon which has been described to
occur for NF-AT transcription factors (5, 8). It should be
noted, however, that during unstimulated growth conditions,
NF-AT transcription factors are located primarily in the cyto-
plasm. In contrast, HSF-1 is normally found in both the cyto-
plasm and the nucleus (44, 55).

Our overexpression studies did not directly address the issue
of which phosphorylation sites are involved in the inactivation
of HSF-1 in vivo by GSK-3b and ERK. However, there is
ample in vitro evidence from phosphopeptide mapping as well
as mutational analysis indicating that GSK-3b and ERK can
phosphorylate HSF-1 on serine 303 and serine 307, respec-
tively (9, 32), and that constitutive phosphorylation of serine
307, and possibly serine 303, plays an important role in the
negative regulation of HSF-1 transcriptional activity (9, 31, 32).
However, a recent study by Xia et al. (71) provided additional
results about the phosphorylation state of serine 303. Their
data indicate that HSF-1 is phosphorylated only on serine 307
and not effectively on serine 303 and that mutation of serine
307, but not serine 303, deregulates HSF-1 activity. The dis-
crepancies between different studies may be due to the differ-
ent chimeric constructs used for phosphopeptide mapping or
the different culture conditions used, which may affect the
activities of the protein kinases that phosphorylate HSF-1. An
alternative explanation may be that phosphorylation of serine
303 is transient, i.e., that it may occur only during recovery
from heat shock, while some peptide-mapping experiments
were performed immediately after heat shock. More studies
are needed to clarify the phosphorylation states of HSF-1 in
vivo.

It appears that the activity of HSF-1 can be down regulated
by protein kinases which are activated by diverse signal trans-
duction pathways. The ERK MAPK pathway is activated dur-
ing cell growth and development by multiple signaling path-
ways (14) that are in turn activated by growth factor receptors,
G protein-coupled receptors, ceramide production, and a pro-
tein kinase C-dependent pathway (6, 12, 14, 23, 26, 70). Recent
evidence from our laboratory suggests that ERK MAPK acti-
vation by heat shock may be through ceramide activation of
protein kinase Raf-1 (67). The pathways leading to GSK-3b
regulation are complex. GSK-3b activity is down regulated by
PKB/Akt, p70S6K, or p90rsk as a result of phosphorylation on
serine residues (3, 49, 53, 63, 64). Activation of PKB/Akt leads

to increased cell survival, as is the case with activation of ERK.
The ability of ERK to mediate cell survival is dependent on the
activation of transcription factors such as Elk1 and repair of
damaged proteins. The ability of PKB/Akt to mediate cell
survival is likely to be dependent on downstream effectors such
as p70S6K and protein translation, activation of FRAP/TOR,
and inhibition of GSK-3b (50). Interestingly, heat shock stim-
ulates the activity of GSK-3b and ERK MAPK. The increase in
GSK-3b activity may occur through its phosphorylation on a
tyrosine residue by an unknown tyrosine kinase. Thus, it ap-
pears that when activated, HSF-1 reduces the expression of
most other genes and must be inactivated in a timely manner
for cell proliferation to continue. The cell has developed an
elegant mechanism for doing this, since some of the enzymes
that control cell proliferation are capable of inactivating
HSF-1.
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