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Heat-shock cognate 70 is required for the activation of heat-shock factor 1

in mammalian cells
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HSF1 (heat-shock factor 1) plays an essential role in mediating
the appropriate cellular response to diverse forms of physiological
stresses. However, it is not clear how HSF1 is regulated by
interacting proteins under normal and stressful conditions. In the
present study, Hsc70 (heat-shock cognate 70) was identified as
a HSFl-interacting protein using the TAP (tandem affinity puri-
fication) system and MS. HSF1 can interact with Hsc70 in vivo and
directly in vitro. Interestingly, Hsc70 is required for the regulation
of HSF1 during heat stress and subsequent target gene expression
in mammalian cells. Moreover, cells transfected with siRNAs

(small interfering RNAs) targeted to Hsc70 showed greatly de-
creased HSF1 activation with expression of HSF1 target genes
being dramatically reduced. Finally, loss of Hsc70 expression in
cells resulted in an increase in stress-induced apoptosis. These
results indicate that Hsc70 is a necessary and critical regulator of
HSFI1 activities.

Key words: chaperone, heat-shock cognate 70 (Hsc70), heat-
shock factor 1 (HSF1), heat-shock protein 70 (Hsp70), stress
response.

INTRODUCTION

Various physiological and cellular stresses can disrupt essential
cellular signalling pathways and inhibit protein synthesis leading
to dramatic increases in the levels of unfolded proteins, disruption
of the cytoskeleton and loss of mitochondrial function [1,2]. The
cellular stress response induces the expression of highly conserved
Hsps (heat-shock proteins) that serve as molecular chaperones
to accelerate refolding of damaged proteins and protect native
proteins from unfolding under stressful conditions [3-5].

Stress-induced expression of Hsp genes is carried out by the
actions of the HSFs (heat-shock factors), a family of transcription
factors remarkably conserved from yeast to human. In baker’s
yeast Saccharomyces cerevisiae, a single HSF gene is essential for
cell viability under all conditions and is required for both basal and
stress induced transcription of Hsp genes [6,7]. Mammals have
multiple distinct HSF genes, encoding isoforms denoted HSF1,
HSF2 and HSF4. HSF1 is the predominant HSF isoform that
responds to thermal and oxidative stress to activate the expression
of Hsp genes [7,8]. In unstressed cells, HSF1 largely localizes
in the cytoplasm as an inactive monomer. In response to cellular
stress, HSF1 undergoes the transition from a monomer to a homo-
trimer form and localizes to the nucleus, where it acquires DNA-
binding and transactivation activity [8,9].

Interacting proteins play a crucial role in the HSF1 regulatory
pathway. Under normal physiological conditions, HSF1 activation
is repressed by multichaperone complexes consisting of Hsps
[10]. Recent reports demonstrated that HSF1 is negatively regu-
lated by Hsp90 or Hsp90 multiprotein complexes [11-14]. In
response to cellular stress, denatured proteins accumulate and
compete with HSF1 for binding to the Hsp90 complex. In this
situation, the Hsp90—HSF1 complex is interrupted, and free HSF1
is activated [11-14]. Hsp70 has also emerged as a key factor for
HSF1 regulation. Several studies showed that Hsp70 interacts

directly with HSF1 and attenuates heat-shock response [15-18].
Also, HSBP1 (heat-shock-factor-binding protein 1) has been
reported to interact with the HSF1 trimer together with Hsp70
in order to suppress HSF1 transcriptional activity [19]. Clearly,
there are a number of distinct steps in the HSF1 activation pathway
that involve many molecular participants. Although several HSF1
regulatory proteins have been identified, the molecular mech-
anism of HSF1 activation remains to be elucidated.

In the present paper, we identified Hsc70 (heat-shock cognate
70) as an HSF1-interacting protein by the TAP (tandem affinity
purification) system followed by MS. Although it has been re-
ported that HSF1 and Hsc70 associate in high-molecular-mass
complexes in the cytoplasm of unstressed cells, the functional
significance of this interaction has not been characterized [20]. We
demonstrate that the C-terminal region of HSF1 interacts directly
with the substrate-binding domain of Hsc70. Interestingly, the
complex of HSF1 and Hsc70 is co-localized into the nucleus after
heat-shock treatment. We also show that Hsc70 is required for
the trimerization of HSF1 and HSF1-mediated gene expression
in response to heat shock. Collectively, the present study demon-
strates a previously unreported functional role of Hsc70 for HSF1
activation.

MATERIALS AND METHODS
Cell culture, transfection and heat-shock treatment

HEK-293 (human embryonic kidney) and mEF (mouse embryo-
nic fibroblast) cells were cultured at 37°C in a humidified
atmosphere with 5 % CO,. DMEM (Dulbecco’s modified Eagle’s
medium) supplemented with 10 % (v/v) foetal bovine serum was
used as a growth medium for all cell lines. mEF cells derived
from congenic WT (wild-type) mice and /sf1~/~ mice were a gift
from Dr Ivor Benjamin (Southwestern Medical Center, University

Abbreviations used: EGS, ethylene glycol bis(succinimidyl succinate); EMSA, electrophoretic mobility-shift assay; GST, glutathione S-transferase; HEK,
human embryonic kidney; Hsc70, heat-shock cognate 70; HSE, heat-shock element; HSF, heat-shock factor; HSF1 (FL), full-length HSF1; Hsp, heat-shock
protein; MALDI, matrix-assisted laser-desorption ionization; mEF, mouse embryonic fibroblast; PSD, post-source decay; RNAi, RNA interference; siRNA,
small interfering RNA; TAP, tandem affinity purification; TEV, tobacco etch virus; TOF, time of flight; WT, wild type.
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of Texas, Dallas, TX, U.S.A.). Cells were transfected using the
FuGENE 6 reagent (Roche Molecular Biochemicals) according
to the manufacturer’s instructions. For the heat-shock treatment,
culture plates were wrapped with Parafilm™ and immersed in the
water bath for the times and temperatures specified in the Figure
legends.

Plasmids

Vectors for the expression of bacterial recombinant GST (gluta-
thione S-transferase)-tagged full-length HSF1 [HSF1 (FL)] and
C-terminal deleted HSF1 [HSF1-(1-290)] fusion proteins have
been described in [21]. The open reading frame of Hsc70 (HSPAS,
1941 nucleotides) corresponding to GenBank® accession number
BC016179 was amplified by PCR using human skeletal muscle
cDNA as a template (Clontech). A vector for the expression of
bacterial recombinant Hisg-tagged Hsc70 was created using the
pET21a vector (Stratagene). The pET-Hsc70 vector was created
by inserting a DNA fragment containing the Hsc70 open reading
frame without a stop codon into the 5 BamHI and 3’ Xhol sites
of pET21a in-frame with the His, tag. Mammalian expression
vectors for C-terminally TAP-tagged HSF1 (FL) and C-terminal-
deleted HSF1 (amino acids 1-290) proteins were created by
inserting cDNA fragments into the 5" Kpnl and 3’ NotI sites of
pCDNA3.1-TAP. Vectors for the expression of C-terminally TAP-
tagged full-length Hsc70 and C-terminal-deleted Hsc70 proteins
(amino acids 1-386 and 1-510) in mammalian cells were created
by inserting cDNA fragments encoding each of these proteins
into the 5" Kpnl and 3’ NotlI sites of pCDNA3.1-TAP. Mammalian
expression vector for N-terminally FLAG-tagged Hsc70 protein
was created by inserting the cDNA fragment containing the
complete open reading frame into the 5" Kpnl and 3’ Xbal sites of
pCDNA3.1-NF.

TAP purification

HEK-293 cells were transfected with plasmids that expressed C-
terminally TAP-tagged HSF1 (FL) or HSF1-(1-290) respectively.
HSF1 (FL)-TAP and HSF1-(1-290)-TAP fusion proteins were
purified according to the TAP-tagged protein purification pro-
cedure [22,23], with some modifications. Briefly, 36 h after trans-
fection, cells were washed twice with cold PBS and lysed by soni-
cation. Cell lysates were cleared by centrifugation at 10000 g for
10 min. The supernatants were allowed to bind IgG—Sepharose
for 2 h at 4°C using a Bio-Rad disposable column. The IgG—
Sepharose column was washed with TNP buffer (10 mM Tris/
HCI, pH 8.0, 150 mM NaCl and 0.1 % Nonidet P40) lacking
protease inhibitors. TEV (tobacco etch virus) cleavage was per-
formed using rTEV protease (Amersham Biosciences) accord-
ing to the manufacturer’s instruction. TEV-cleaved proteins
were transferred to the column containing calmodulin beads
(Amersham Biosciences) and incubated for 2 h at 4°C. After the
beads were washed with calmodulin-binding buffer, the bound
proteins were boiled in SDS/PAGE sample buffer.

MS

The gel-separated proteins of interest were excised and in-gel
digested with trypsin as described in [24]. In-gel digestion was
also performed on gel pieces that were excised from the similar
mobility region from the untransfected control. The pool of tryptic
peptides from the samples was analysed by MALDI (matrix-
assisted laser-desorption ionization)-TOF (time-of-flight) MS
in linear positive mode to generate a peptide mass map using
a-cyano-4-hydroxycinnaminic acid (saturated solution in 50 %
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acetonitrile with 0.1 % trifluoroacetic acid) as the UV-absorbing
matrix. MALDI-TOF MS was performed on a Voyager-DE Pro
time-of-flight instrument (Applied Biosystems), equipped with
a nitrogen laser operating at 337 nm. All mass spectra were
externally calibrated with bradykinin and insulin and internally
calibrated with trypsin autolysis peaks. The peptide mass values
were used to search a non-redundant database (NCBInr) using the
software tool MS-Digest. Selected peptides were subjected to PSD
(post-source decay) analysis to obtain partial peptide sequencing
(MS/MS) information. MALDI-PSD analysis was performed as
described in [24].

Immunoblotting

HEK-293 cells were transfected with either pPCDNA3.1-HSF1-
TAP or pCDNA3.1-FLAG-Hsc70 mammalian expression vector.
At 48 h after transfection, whole cell lysates were prepared as
described previously [25]. Proteins were resolved by SDS/PAGE
(12 % gels) and immunoblotted using the following antibodies:
anti-Hsp70 (Santa Cruz Biotechnology), anti-actin (C-11, Santa
Cruz Biotechnology), anti-Hsc70 (sc-24, Santa Cruz Biotechno-
logy), anti-Hsp27 (SPA-815, StressGen), and anti-HSF1 (a gift
from Dr Carl Wu, National Institutes of Health, Bethesda, MD,
U.S.A).

In vitro HSF1 cross-linking analysis

For cross-linking experiments, whole-cell extracts were prepared
by thawing frozen cell pellets in HEG buffer [20 mM Hepes,
pH 7.9, 0.5mM EDTA, 10% (v/v) glycerol containing 0.42 M
NaCl, 1.5 mM MgCl, and protease inhibitor cocktail (Roche
Molecular Biochemicals)]. Cells were dispersed by repeated
pipetting, and were incubated on ice for 15 min. Cell extracts
were cleared by centrifugation at 12000 g for 15 min at 4 °C, and
supernatants (30 g of protein) were used for HSF1 trimerization
studies. EGS [ethylene glycol bis(succinimidyl succinate)] cross-
linking was carried out as described previously [26]. EGS was
added to the final concentrations specified in Figure legends
and incubated at room temperature (25°C) for 30 min. After
quenching the cross-linking reactions with excess 1 M Tris/HCI,
pH 7.5, samples were resolved by SDS/PAGE (6 % gels) and
analysed by immunoblotting using anti-HSF1 antibody.

EMSA (electrophoretic mobility-shift assay)

Nuclear extracts were prepared from heat-shock-treated HEK-293
cells as described previously [25]. Extract (5 ng) was incubated
with *2P-labelled HSE (heat-shock element) consensus sequence
oligonucleotide for 15 min at room temperature in binding
buffer [20 mM Hepes, pH 7.6, 5 mM EDTA, 1 mM dithiothreitol,
150 mM KCl, 50 mM (NH,),SO, and 1% (v/v) Tween-20].
Following native 5 % PAGE, HSF1-HSE DNA complexes were
visualized by autoradiography.

siRNA (small interfering RNA) experiment

siRNA was carried out as described previously [27,28]. A 19-
nucleotide double-stranded siRNA was generated against Hsc70
using oligonucleotide (5'-CAGCACGGAAAAGTCGAGA-3)
and inserted into the 5" Xhol and 3" Xbal sites of the pSuppressor-
Neo vector (Imgenex). HEK-293 cells were transfected with
RNAI (RNA interference) expression vector for Hsc70 (pSuppres-
sorNeo-Hsc70) using FuGENE 6 reagent according to the
manufacturer’s instructions. Cells were harvested 48 h after
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Figure 1 Identification of HSF1-interacting proteins

(A) HEK-293 cells were transfected with either pCDNA3.1-TAP (C) or pCDNA3.1-HSF1-TAP (HSF1) expression vector. At 48 h after transfection, TAP-tagged HSF1 and its associated proteins were
purified using the TAP system. Co-purified proteins were separated by SDS/PAGE, and the gel was stained with Coomassie Blue. Two bands excised for MALDI-TOF MS analysis are marked with
an asterisk (*). Molecular-mass sizes are indicated in kDa. (B) MALDI-TOF MS of the tryptic digests of Hsc70. Shown in bold are peptide masses unique to p71 (upper band in A) that were
sequenced by MALDI-PSD (labelled MS/MS). (C) HEK-293 cells were transfected with TAP-tagged HSF1-(1-290), TAP-tagged HSF1 (FL) expression vectors or empty vector control (C). At 48 h after
transfection, cell extracts were subjected to immunoprecipitation using the TAP system, and endogenous Hsc70 was detected by Western blot (WB) analysis using anti-Hsc70 antibodies. (D) Purified
GST-tagged bacterial recombinant HSF1-(1-290) or HSF1 (FL) (1 1g) were incubated with equimolar Hisg-tagged bacterial recombinant Hsc70. HSF1 was pulled-down using glutathione—agarose
beads. Co-precipitated proteins were resolved by SDS/PAGE and detected by Western blot (WB) analysis using anti-His antibodies. C, empty vector control. (E) HEK-293 cells were transfected with
TAP-tagged HSF1 (FL) expression vector. At 48 h after transfection, cells were untreated (—) or heat-shocked at 42 °C (+) for 1 h. Cell extracts were subjected to immunoprecipitation using the TAP

system, and endogenous Hsc70 was detected by Western blot analysis using anti-Hsc70 antibodies.

transfection. Cell lysates were separated by SDS/PAGE (10 %
gels) and analysed by immunoblotting as described above.

Apoptosis measurement

Apoptotic cells were assayed using annexin V-FLUOS and
propidium iodide (Roche Molecular Biochemicals) and visualized
using a Nikon Eclipse E800 automated fluorescent microscope
equipped with a digital camera or analysed by flow cytometry.
Apoptosis was quantified using a cell death detection ELISA kit
(Roche Molecular Biochemicals). Relative apoptosis correlates
with absorption at 405 nm with a reference wavelength of 490 nm
according to the manufacturer’s instructions.

RESULTS
Identification of HSF1-interacting proteins

To investigate the regulatory mechanism of HSF1, we searched for
potential proteins that interact with HSF1 using the TAP system.

HEK-293 cells were transfected with C-terminally TAP-tagged
HSF1 mammalian expression vector (pCDNA3.1-HSF1-TAP),
and proteins associated with HSF1 were purified by the two-
step affinity purification method as described in the Materials and
methods section. The proteins present in the eluted fraction were
concentrated and resolved on an SDS/12 % polyacrylamide gel
and visualized by Coomassie Blue staining. Interestingly, two pro-
tein bands of approx. 70 kDa showed a strong interaction with
HSF1 (Figure 1A). To identify these two proteins, MALDI-
TOF MS was performed as described in the Materials and
methods section. The corresponding mobility region of the vector
control lane was also used as a negative control. Peptide values
unique to the sample were used to search the NCBInr database.
Also, MALDI-PSD was employed to obtain partial sequence
information on prominent peptides that were detected in the
MALDI-TOF spectrum. The peptide mass fingerprint data, along
with the MALDI-PSD data, identified Hsc70 (Figure 1A, upper
band) and Hsp70 (Figure 1A, lower band) as the proteins inter-
acting specifically with HSF1. Because of the high sequence
similarity between Hsc70 and Hsp70, the MALDI-PSD MS/MS
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data was essential to obtain unique sequence information for
unambiguous identification (Figure 1B).

Since the Hsp70 interaction with HSF1 has been well char-
acterized, we focused on the interaction between HSF1 and
Hsc70. To confirm the interaction between HSF1 and Hsc70,
HEK-293 cells were transfected with an expression vector for
TAP-tagged HSF1 (pCDNA3.1-HSF1-TAP). Western blot ana-
lysis using antibodies specific for Hsc70 confirmed the inter-
action between HSF1 and endogenous Hsc70 (Figure 1C, right-
hand panel). Interestingly, HSF1-(1-290), encompassing the
N-terminal DNA-binding domain and coiled-coil motif, did not
interact with Hsc70. These results suggest that the interaction
between HSF1 and Hsc70 is mediated by the C-terminal region
of HSF1 which includes its transactivation domain.

To investigate whether the interaction between HSF1 and Hsc70
is direct, we examined the binding in vitro using GST pull-
down assays. GST-tagged HSF1 (FL) and HSF1-(1-290) were
expressed in bacteria and purified. Bacterial recombinant His-
tagged Hsc70 was also purified. As shown in Figure 1(D), Hsc70
specifically interacts with HSF1 (FL). However, HSF1-(1-290)
did not show any interaction with Hsc70, confirming that the
C-terminal domain of HSF1 is required for binding with Hsc70.

We next examined whether the interaction between HSF1
and Hsc70 is maintained during heat stress. HEK-293 cells
were transfected with the TAP-tagged HSF1 expression vector
(pCDNA3.1-HSF1-TAP). At 48 h after transfection, cells were
heat shocked for 1 h at 42°C. Western blot analysis using anti-
Hsc70 antibody showed that the interaction between HSF1
and Hsc70 was not affected by heat stress (Figure 1E).

Hsc70 interacts with HSF1 through its C-terminal region

Hsc70 consists of three domains (Figure 2A): an N-terminal
ATPase domain (amino acids 1-383), a proximal substrate-
binding domain (amino acids 384—612), containing a coiled-coil
domain, and a domain of unknown function (amino acids 613—
646), which includes the binding site for the cofactor Hsp40. To
identify the region of Hsc70 that is necessary for the interaction
with HSF1, we constructed several TAP-tagged Hsc70 deletion
mutants and examined their ability to interact with endo-
genous HSF1 in HEK-293 cells. As shown in Figure 2B (upper
panel), HSF1 interacts with full-length Hsc70, but not with Hsc70
(amino acids 1-386) (which contains the ATPase domain only)
and Hsc70 (amino acids 1-510) (which contains the ATPase
domain and substrate-binding domain minus the coiled-coil do-
main). These results suggest that the C-terminal domain of the
Hsc70 is necessary for its interaction with HSF1.

Hsc70 induces HSF1 trimerization and DNA-binding activity in vivo

Under non-stressful conditions, HSF1 is found predominantly as
a cytoplasmic monomer that lacks specific DNA-binding activity.
When cells are stressed, HSF1 homotrimerizes, acquires DNA-
binding activity, translocates from the cytoplasm to the nucleus,
is hyperphosphorylated and becomes transcriptionally competent.
The finding that HSF1 interacts with Hsc70 raises the possibility
that Hsc70 may regulate the activation of HSF1.

To examine whether the Hsc70 can modulate the HSF1
trimerization, cross-linking experiments were performed using
whole-cell extracts prepared from HEK-293 cells that expressed
FLAG-tagged Hsc70. As shown in Figure 3(A), heat shock
induces HSF1 trimerization in control cells. Interestingly, over-
expression of Hsc70 increased HSF1 trimerization further under
the heat shock treatment (Figure 3A). Furthermore, while HSF1
exists as a monomer in non-heat-shocked cells, HSF1 trimer-
ization can be moderately induced in the absence of heat shock
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Figure 2 Hsc70 interacts with HSF1 through its C-terminal region

(A) Schematic diagram of Hsc70 domain organization. Hsc70 is composed of an N-terminal
ATPase domain, a central substrate-binding domain and a C-terminal domain of unknown
function. The substrate-binding domain contains a coiled-coil domain that is likely to facilitate
protein—protein interactions. Domain boundaries were obtained from the SMART and COIL
programs. (B) HEK-293 cells were transfected with the indicated TAP-tagged expression vectors
or empty vector control (C). At 48 h after transfection, TAP-tagged Hsc70 was purified, and
co-precipitated endogenous HSF1 was analysed by Western blot analysis using anti-HSF1
antibodies (upper panel). The expression level of proteins in the transfected cells was monitored
by Western blot analysis using anti-Hsc70 antibodies (lower panel). Molecular-mass sizes are
given in kDa.

when Hsc70 was overexpressed (Figure 3A). We next examined
the potential role of Hsc70 in stress-inducible HSF1 DNA-
binding activity. HEK-293 cells were transfected with FLAG-
tagged Hsc70 expression vector (pCDNA3.1-FLAG-Hsc70), and
the DNA-binding activity of HSF1 was examined by EMSA.
As shown in Figure 3(B), overexpression of Hsc70 results in a
significant induction of HSF1 DNA-binding activity in the ab-
sence of heat shock. Collectively, these results demonstrate
that the Hsc70-HSF1 interaction may positively regulate HSF1
activation.

Hsc70 is localized to the nucleus upon heat shock

The distribution of endogenous Hsc70 was examined using WT
and hsfl~/~ mEF cells. To assess the distribution of Hsc70,
cellular lysates were fractionated, and Western blot analysis was
performed before and after exposure to heat shock. Under the
non-stress conditions, both HSF1 and Hsc70 were predominantly
localized in the cytoplasm of WT mEF cells (Figure 4A). Upon
heat shock, endogenous HSF1 and Hsc70 redistributed to the
nucleus (Figure 4A). Immunoblotting using the same extracts
assured that the c-fos localized in the nucleus, whereas actin
remained largely in the cytoplasm under both stressed and non-
stressed conditions (Figure 4A). In contrast, Hsc70 remained
largely in the cytoplasm upon heat shock in Asfl =/~ mEF cells,
suggesting that Hsc70 co-localizes with HSF1 to the nucleus
under heat-stressed conditions (Figure 4B). We examined further
the subcellular distribution of HSF1 and Hsc70 using fluorescence
microscopy. Asfl~/~ mEF cells were co-transfected with pEGFP-
HSF1 and pCDNA3.1-FLAG-Hsc70 mammalian expression
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HEK-293 cells were transfected with either pCDNA3.1 (C) or pCDNA3.1-FLAG-Hsc70 mammalian expression vector. At 48 h after transfection, cells were untreated (—) or heat shocked at 42°C (+)
for 1h. (A) Whole-cell extracts (20 14q) were subjected to in vitro cross-linking experiment with 2 mM EGS. HSF1 was detected by Western blot analysis using anti-HSF1 antibodies. The positions
of HSF1 monomers, dimers, trimers and putative hexamers (6x) are shown on the right. (B) Nuclear extracts were prepared, and HSF1 DNA-binding activity was measured by EMSA using
3Pp-|abelled 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. C, empty vector control.
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Figure 4 HSF1 and Hsc70 are co-localized in the nucleus after heat shock

(R) WT and (B) hsf=/= mEF cells were heat-shocked at 42°C for 1h. Cytosolic (C) and
nuclear (N) fractions were prepared and resolved by SDS/PAGE. HSF1, Hsc70, actin and c-fos
were detected by Western blot analysis. (C) hsfi—/— mEF cells were co-transfected with
pEGFP-HSF1 and pCDNA3.1-FLAG-Hsc70 mammalian expression vectors. At 48 h after
transfection, cells were untreated (Control) or heat-shocked at 42°C for 1 h. Cells were fixed
and immunostained using anti-FLAG antibodies. Nuclei were stained with DAPI (4,6-diamidino-
2-phenylindole).

vectors. At 48 h after transfection, cells were heat shocked for
1h at 42°C, and indirect immunofluorescence analysis was
performed. As shown in Figure 4(C), HSF1 and Hsc70 were found
predominately in the cytoplasm under non-stressed conditions and
translocated to the nucleus upon heat stress.

Hsc70 regulates heat-induced HSF1 activation

The role of Hsc70 in the activation of HSF1 in vivo was
evaluated using specific siRNAs to knockdown the expression
of Hsc70. Transfection of the RNAi expression vector for
Hsc70 (pSuppressorNeo-Hsc70) led to a marked inhibition of
endogenous Hsc70 expression in HEK-293 cells (Figure 5A). As
shown in Figure 5(B), transfected cells with Hsc70 siRNA vector
did not significantly prevent HSF1-HSE complex formation under
non-stressed conditions. In fact, a slight increase in HSF1 DNA
binding was observed, suggesting a possible compensatory path-
way is activated in response to knocking down Hsc70 expression.
However, under heat-shock conditions, knocking down Hsc70
expression strongly prevented HSF1 DNA-binding activity, sug-
gesting that Hsc70 is required for HSF1 activation in response to
heat shock.

Previous reports have clearly demonstrated the important role
of mammalian HSF1 in stress-induced Hsp gene expression. To
examine the role of Hsc70 on HSF1 target gene expression, HEK-
293 cells were transfected with Hsc70 siRNA vector or an empty
siRNA vector. At 48 h after transfection, cells were heat shocked
for 1 h and recovered for the indicated time periods to activ-
ate the expression of Hsp70 and Hsp27. As shown in Figure 5(C),
the typical expression of Hsp70 and Hsp27 was induced upon
heat-shock treatment in control cells. Interestingly, under non-
stressed conditions, Hsc70 knockdown cells expressed a low level
of Hsp70 compared with WT cells, again demonstrating a possible
compensatory response to the loss of Hsc70 expression. However,
cells transfected with Hsc70 siRNA vector showed a severe
reduction of target gene expression upon heat stress (Figure 5C),
clearly indicating Hsc70 involvement in the transcriptional
activation function of HSF1 during cellular insults.
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Figure 5 Depletion of endogenous Hsc70 by RNAi inhibits heat-stress-mediated HSF1 activation

HEK-293 cells were transiently transfected with a pSuppressorNeo (C) or pSuppressorNeo-Hsc70 RNAI expression vector. (A) At 48 h after transfection, total cell extracts were prepared, and Hsc70
and actin protein levels were detected by Western blot analysis. (B) At 48 h after transfection, cells were untreated (—) or heat-shocked at 42 °C (+) for 1 h. Nuclear extracts were prepared, and HSF1
DNA-binding activity was measured by EMSA using % P-labelled 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. (C) At 48 h after transfection, cells were untreated (—) or heat-shocked at 42 °C (+) for 1 h, followed by recovery at 37 °C for 24 or 48 h. Total cell extracts were prepared, and Hsp70,

Hsp27, HSF1 and actin protein levels were detected by Western blot analysis.

We next examined whether knocking down Hsc70 protein ex-
pression affected stress-induced apoptosis using cell death detec-
tion ELISA analysis. Control cells allowed recovering for 24
or 48 h after heat-shock treatment showed a low level of cell
death (Figure 6A). However, Hsc70-siRNA-vector-transfected
cells showed an increased susceptibility to programmed cell death
by heat stress (Figure 6A). Annexin V-FLUOS analysis also re-
vealed an elevated number of apoptotic cells in Hsc70-siRNA-
vector-transfected cells compared with empty-vector-transfected
control cells following heat stress (Figure 6B).

DISCUSSION

Many biochemical and genetic studies have demonstrated that
the mammalian HSF1, and the corresponding Drosophila HSF
respond to stress to activate target gene transcription [7,8,26].
The activation of mammalian HSF1 is a multi-step process that
involves the conversion of a cytoplasmically localized monomer,
which binds to HSEs with low affinity, into a homotrimer, fol-
lowed by nuclear translocation, high-affinity binding to HSEs
and target gene activation [9]. Consistent with the transient nature
of Hsp target gene activation in the stress response, trimerized
HSF1 is ultimately converted back into the cytosolic monomer
[11,12].

In the present study, we characterized a novel mechanism
of HSF1 activation. Hsc70 was identified as a strong HSF1-
interacting protein using a strenuous TAP system followed by
MS. We showed that Hsc70 is required for HSF1 to become
activated and target expression of appropriate genes during heat
stress.

Hsc70 is best known as a molecular chaperone because of its
major role in protein folding [1,3,4,29]. Two members of the
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Hsp70 family, Hsc70 and Hsp70, have a high degree of sequence
homology. Several groups have recently reported that the stress-
inducible Hsp70 binds with the HSF1 transactivation domain as
a part of a down-regulation of the heat-shock response [15-18].
Since HSF1 induces Hsp70 gene expression in response to heat
stress, it has been suggested that Hsp70 may function in a negative-
feedback mechanism to return HSF1 to its inactive monomeric
state [18]. Although it has been reported that HSF1 and Hsc70
associate in a high-molecular-mass complex in the cytoplasm of
unstressed cells [20], the role of Hsc70 in HSF1 regulation is
unknown. Although both Hsc70 and Hsp70 interact tightly with
HSF1, the function of their respective interactions with HSF1 is
probably different [15,20]. First, Hsc70 and Hsp70 have different
expression patterns; for example, Hsp70 expression is induced
by stress, whereas Hsc70 is constitutively expressed in cells.
Secondly, although both Hsc70 and Hsp70 have been shown to
interact directly with lipid bilayers and promote membrane protein
folding and polypeptide translocation, Hsc70 has a more dramatic
effect than Hsp70 [30]. Also, Hsc70 and Hsp70 differently acquire
immunogenic peptides during oxidative stress. Hsp70 associates
with peptides more quantitatively than Hsc70 under oxidative
conditions [30]. Moreover, the secondary structure of Hsp70 is
more dramatically changed than Hsc70 under oxidative conditions
[31]. Although the overall structures of these two proteins are very
similar, they have considerable differences in their C-terminal
domains. This domain may therefore mediate substrate specificity
and specific biological functions [32-34].

We observed that HSF1 interacts directly with Hsc70 under
both unstressed and heat-stressed conditions. Heat stress did not
affect the level of HSF1-Hsc70 interaction (Figure 1E). Why the
overexpression of Hsc70 did not fully activate HSF1 in unstressed
cells (Figure 3) is likely to be due to the involvement of additional
regulatory associating proteins. Hsp90 has emerged as a key
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Figure 6 Depletion of endogenous Hsc70 by RNAi leads to heat-stress-induced apoptosis

HEK-293 cells were transiently transfected with a pSuppressorNeo (V) or pSuppressorNeo-Hsc70 RNA expression vector. (A) At 48 h after transfection, cells were untreated (Con) or heat-shocked
at 44°C (HS) for 1 h, followed by recovery at 37 °C for 24 or 48 h. Relative cell death was measured as a ‘relative apoptosis’ index, see the Materials and methods section for details. (B) At 48 h
after transfection, cells were untreated (Con) or heat-shocked at 44 °C (HS) for 1 h and then cultured for a further 24 h at 37 °C. Apoptosis was detected by annexin V-FLUQS and propidium iodide

staining.

factor for the regulation of HSF1. Many studies provide evidence
that the transcriptional activity of trimeric HSF1 is repressed
by multichaperone complexes consisting of Hsp90 and its co-
chaperones (Hip, Hop, p23, Hsp70 and Cyp-40) [13,14]. Hsc70
co-chaperones may also regulate the HSF1-Hsc70 stress-sensing
mechanism by positively regulating the availability of a functional
Hsc70.

Several interesting observations were made when Hsc70
expression was repressed using siRNA (Figure 5). Under non-
stressed conditions, the DNA-binding activity of HSF1 was
slightly elevated (Figure 5B), and a low level of Hsp70 target
gene expression was detected (Figure 5C) in Hsc70 knockdown
cells compared with control cells. The observed low levels may
represent an insignificant difference between samples, but, more
likely, the results suggest that the cells, using a currently unknown
mechanism, were attempting to compensate for the loss of Hsc70.
Nevertheless, the most striking observation was when the cells
were challenged with heat shock. Knocking down the expression
of Hsc70 greatly diminished HSF1 activities, indicating that
Hsc70 is arequired component of the HSF1-mediated heat-shock-
response mechanism.

In the present study, we showed that the overexpression of
Hsc70 induced HSF1 activation, including HSF1 multimerization
and induction of DNA-binding activity in vivo. Furthermore,
under heat-shock conditions, RNAi disruption of endogenous
Hsc70 expression resulted in a marked decrease in HSF1 DNA-
binding activity and decreased its ability to induce expression of
necessary stress-response proteins, such as Hsp70 and Hsp27. A
consequence of this inhibition is an increase in cellular apoptosis.
These studies clearly implicate Hsc70 as a critical facilitator
of HSF1-mediated cell survival in response to cellular insults.
Future genetic and biochemical experiments will focus on the
mechanistic details of this activation.

We thank Dr Dennis Thiele for helpful suggestions.
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