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Uncoupling Stress-Inducible Phosphorylation of Heat Shock Factor 1
from Its Activation
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In mammals the stress-inducible expression of genes encoding heat shock proteins is under the control of the heat shock tran-
scription factor 1 (HSF1). Activation of HSF1 is a multistep process, involving trimerization, acquisition of DNA-binding and
transcriptional activities, which coincide with several posttranslational modifications. Stress-inducible phosphorylation of
HSF1, or hyperphosphorylation, which occurs mainly within the regulatory domain (RD), has been proposed as a requirement
for HSF-driven transcription and is widely used for assessing HSF1 activation. Nonetheless, the contribution of hyperphosphor-
ylation to the activity of HSF1 remains unknown. In this study, we generated a phosphorylation-deficient HSF1 mutant
(HSF1A~PRD), where the 15 known phosphorylation sites within the RD were disrupted. Our results show that the phosphory-
lation status of the RD does not affect the subcellular localization and DNA-binding activity of HSF1. Surprisingly, under stress

conditions, HSF1A~PRD is a potent transactivator of both endogenous targets and a reporter gene, and HSF1A~PRD has a
reduced activation threshold. Our results provide the first direct evidence for uncoupling stress-inducible phosphorylation of
HSF1 from its activation, and we propose that the phosphorylation signature alone is not an appropriate marker for HSF1

activity.

he heat shock response, as characterized by inducible expres-

sion of heat shock proteins (Hsps), is an ancient, evolution-
arily conserved mechanism that protects cells from various pro-
teotoxic insults, including exposures to elevated temperatures,
heavy metals, proteasome inhibition, and oxidative stress (1).
Hsps function as molecular chaperones, bind to misfolded pro-
teins, facilitate their refolding or direct them to degradation, and
block the formation of protein aggregates (2, 3). The heat shock
response is controlled by heat shock transcription factors (HSFs)
(4). In vertebrates, four HSFs (HSF1 to HSF4) have been found,
whereas yeasts, flies, and nematodes have only a single HSF. HSFs
bind DNA at evolutionarily well-conserved sequences, consisting
of inverted nGAAn repeats, called heat shock elements (5-8).
HSFI is considered the master regulator of the heat shock re-
sponse in mammals, since mice lacking HSF1 are unable to induce
Hsp expression upon exposure to protein-damaging stress (9, 10).
Besides controlling the stress-inducible expression of Hsps, HSF1
plays a role in development (10-12), life span regulation (13-15),
immune responses (16), and the circadian cycle (17). In addition,
HSF1 is a well-recognized transcriptional regulator in malignant
human cancers (18-20).

The HSF1 protein is composed of five distinguishable func-
tional domains (see Fig. 1A). The DNA-binding domain (DBD) is
located at the N terminus (21), whereas the transactivation do-
main (TAD) resides in the C terminus (22). A unique requirement
for HSF1 activation is the process of trimerization through an
intermolecular interaction of leucine-zipper-like heptad repeat
domains (HR-A/B) between HSF1 monomers (23, 24). Spontane-
ous trimerization under normal conditions is suppressed by an-
other heptad repeat region (HR-C), which facilitates intramolec-
ular interactions between HR-A/B and HR-C domains (25). A
centrally located part of HSF1 is called the regulatory domain
(RD). Deletion of the RD results in constitutive DNA-binding
activity of HSF1 and induces expression of Hsps in the absence of
stress (26—28). It has also been shown that the RD is self-sufficient
in its heat-sensing capacity, since a chimeric transcription factor
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containing Gal4z,-HSF1y5-VP16,p, is repressed under normal
conditions but is capable of activating transcription in response to
stress (22).

Transient activation of HSF1 by various stresses includes accu-
mulation in the nucleus, monomer-to-trimer transition, HSE-
binding activity, and acquisition of transactivation capacity (1).
During the activation-attenuation cycle, HSF1 is extensively post-
translationally modified (PTMs) and is subjected to, for example,
phosphorylation, sumoylation, and acetylation (29-32). To date,
22 phosphorylation sites on serine and threonine residues have
been identified within the HSF1 protein (33). Some sites, e.g.,
$303 and S307, appear to be constitutively phosphorylated (34—
36), whereas other sites undergo inducible phosphorylation (37).
Stress-inducible phosphorylation of HSF1, or hyperphosphoryla-
tion, is one of the most prominent modifications, coinciding with
the acquisition of its transactivation capacity (30, 37—40). How-
ever, despite a wealth of studies on the role of single phosphory-
lation sites (29, 30, 34, 40-42), no direct link between hyperphos-
phorylation and HSF1 activation has been established.

Many pathological conditions, such as metabolic disorders,
cancers, and neurodegenerative diseases, are associated with ei-
ther increased or decreased activity of molecular chaperones (43,
44). Hence, modulating the heat shock response by altering HSF1
activity has been proposed as a potential therapeutic approach
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(44-46). Although a variety of compounds have been shown to
affect HSF1 transactivation capacity (45—48), mechanistic under-
standing of how these compounds contribute to HSF1 activation
is limited. Therefore, in development of drugs targeting specific
phases in the HSF1 activation-attenuation cycle, emphasis should
be placed on unraveling the functional impact of HSF1 PTMs. In
order to investigate how the stress-inducible phosphorylation af-
fects HSF1 activity, we generated a phosphorylation-deficient
HSF1 mutant that lacks the known 15 phosphorylation sites
within the RD (HSF1A~PRD). Our results show that phosphor-
ylation of HSF1 RD does not affect HSF1 nuclear localization and
is not required for its DNA-binding activity, suggesting that the
HSFIA~PRD retains its properties to be accurately regulated
upon exposure to stress. We conclude that the gain of HSF1 trans-
activation capacity is independent of the constitutive and stress-
inducible phosphorylation of HSF1 within the RD, providing the
first direct evidence for uncoupling HSF1 hyperphosphorylation
from its activation.

MATERIALS AND METHODS

Plasmid constructs. The plasmids encoding Myc-His-HSF1 WT [in
pcDNA3.1/myc-His(—)A], Gal4-VP16, B-galacatosidase, and Gal4-
driven luciferase have been described earlier (31, 40, 49). The phosphory-
lation-deficient HSF1 mutant (HSF1A~PRD) was generated by replacing
15 phosphorylatable serine and threonine residues within the Myc-His-
HSF1 wild-type (WT) RD with alanines (Fig. 1A). Fourteen sites (5230,
$292, S303, S307, S314, S319, 5320, T323, S326, S338, S344, S363, S368,
and T369) were mutated by sequential rounds of site-directed mutagen-
esis using a QuikChange site-directed mutagenesis kit (Agilent Technol-
ogies) according to the manufacturer’s instructions. Mutation 15, T367A,
was performed by DNA Express, Inc. Gal4-VP16-HSF1 WT and Gal4-
VP16-HSF1IA~PRD were generated by cloning the regulatory domain
(amino acids [aa] 220 to 389) of Myc-His-HSF1 WT or Myc-His-
HSF1A~PRD into EcoRI-linearized pSGVP plasmid (pSGVP was kindly
provided by Richard I. Morimoto, Northwestern University, Evanston,
IL) by using an In-Fusion HD cloning kit (Clontech). The constructs were
confirmed by sequencing.

Cell culture, treatments, and transfections. hsflf/ ~ and hsfl A
mouse embryonic fibroblasts (MEFs) and human cervical cancer HeLa
cells were cultured in high glucose Dulbecco modified Eagle medium
(Sigma) containing 10% fetal calf serum (Gibco), 2 mM L-glutamine
(Sigma), and streptomycin (100 pg/ml) and penicillin (100 U/ml) (both
from VWR). Culture media for MEFs were supplemented with 1X MEM
nonessential amino acid solution (Sigma). Heat shock treatments were
conducted in a water bath at 39, 40, 41, 42, and 43°C for the indicated
times. To induce heavy metal stress, CdSO, (Sigma), dissolved in sterile
water, was used at a concentration of 40 and 60 wM for the indicated
times. For transfections, 6 X 10° HeLa or hsfI '~ MEFs were suspended
in 0.4 ml of Opti-MEM (Gibco). Cells were subjected to a single electric
pulse (220 V, 975 |.F for HeLa cells; 280 V, 975 wF for MEFs) in 0.4-cm
gap electroporation cuvettes (BTX) using a Bio-Rad Gene Pulser II elec-
troporator. Transfected cells were left to recover in culture medium for 48
h prior to further treatments.

Western blot. Cells were lysed in radioimmunoprecipitation assay
lysis buffer (1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl
sulfate [SDS], 0.15 M NaCl, 0.01 M sodium phosphate [pH 7.2], and 2
mM EDTA [pH 8.0]) supplemented with 0.5 mM phenylmethylsulfonyl
fluoride and 1 X Complete Mini-Protease inhibitor cocktail (Roche). Cell
lysates, cleared by centrifugation (15,000 X g for 10 min at 4°C), were
boiled in Laemmli sample buffer, resolved on an 8% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE), and transferred to nitrocellulose
membrane (Pierce). The antibodies used for Western blotting were anti-
HSF1 (AB-4; Thermo Scientific), anti-HSF2 (3E2; Millipore), anti-a-ac-
tin (AC-40; Sigma-Aldrich), anti-Hsc70 (SPA-815; Enzo Life Sciences),
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and anti-VP16 (V4388; Sigma-Aldrich). Horseradish peroxidase-conju-
gated secondary antibodies were purchased from Promega, Abcam, and
GE Healthcare Life Sciences, and immunocomplexes were detected by
enhanced chemiluminescence (GE Healthcare Life Sciences).

Protein dephosphorylation and protein turnover analyses. For pro-
tein dephosphorylation analysis, lambda protein phosphatase (\PP; New
England BioLabs) was used according to the manufacturer’s instructions.
Briefly, transfected MEFs were subjected to a 30-min heat shock at 43°C
and lysed in buffer C (25% glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM
EDTA, and 20 mM HEPES [pH 8]), and APP was used at a concentration
of 50 U/g for whole-cell lysates. Samples were incubated at 30°C for 30
min, and the reaction was stopped by boiling in Laemmli sample buffer.
To measure the protein turnover, transfected MEFs were treated for up to
15 h with cycloheximide (CHX; Sigma), which was added to culture me-
dium at a concentration of 20 pg/ml.

ChIP. Chromatin immunoprecipitation (ChIP) was performed as de-
scribed by Vihervaara and coworkers (8) with minor changes to the pro-
tocol. A total of 5 X 107 transfected MEFs were cross-linked immediately
after treatment for 10 min with a final concentration of 1% formaldehyde,
followed by quenching in 125 mM glycine. After lysis in Joost lysis buffer
(1% SDS, 10 mM EDTA, 50 mM Tris-HCI [pH 8.1]), chromatin was
sonicated using a Bioruptor (Diagenode), and 1 mg of whole-cell extracts
was used for each immunoprecipitation. Samples were precleared using a
50% slurry of protein G-Sepharose beads (GE Healthcare Life Sciences).
Immunoprecipitation was performed overnight at 4°C using antibodies
against HSF1 (SPA-901; Enzo Life Sciences). Normal rabbit serum (Jack-
son ImmunoResearch Laboratories) was used as a nonspecific antibody.
After washing of the immunocomplexes, the remaining proteins and RNA
were digested by using proteinase K and RNase A. Cross-links were re-
versed by incubating the samples overnight at 65°C. DNA was purified
with phenol-chloroform. Samples were analyzed by quantitative PCR us-
ing StepOnePlus or QuantStudio 12K Flex Real-Time PCR Systems (both
from Applied Biosystems). The following forward (f) and reverse (r) SYBR
green primers were used: fHsp25 promoter, 5'-TGGGAATCGCTCCAGCT
ACCG-3'; rHsp25 promoter, 5-AAGCTTGCAAAGGGGGCGGG-3';
fHsp70 promoter, 5'-CACCAGCACGTTCCCCA-3'; and rHsp70 promoter,
5'-CGCCCTGCGCCTTTAAG-3'. Immunoprecipitation samples were
normalized to values obtained for input before fold enrichment was de-
termined by setting the HSF1 WT control sample to value 1.

EMSA. Electromobility shift assay (EMSA) was performed as de-
scribed previously (50). Briefly, cell pellets from transfected hsfl —/~ MEFs
were lysed in buffer C, and the whole-cell extracts were incubated with
2P-labeled oligonucleotide representing the proximal HSE of the hu-
man Hsp70 promoter (forward, 5'-GAGGCGAAAACCCTGGAATAT
TCCCGACCTGGCAG-3'; reverse, 5'-CTGCCAGGTCGGGAATATT
CCAGGGTTTTCGCCTC-3"). Samples were resolved on a 4% native
polyacrylamide gel, and the protein-DNA complexes were visualized
by autoradiography.

Immunofluorescence and confocal microscopy. Transfected HeLa
cells were cultured on coverslips for 48 h before treatments. Treated and
untreated cells were fixed in 3.7% paraformaldehyde and permeabilized
with 0.5% Triton-X in phosphate-buffered saline (PBS) for 12 min, fol-
lowed by blocking with 5% bovine serum albumin (BSA) in PBS for 1 h at
room temperature. The cells were incubated with rabbit anti-HSF1 (51)
or mouse anti-myc (M4439; Sigma) antibodies overnight at 4°C, after
which the unbound primary antibodies were washed off with PBS con-
taining 0.1% Tween 20. After the washing step, the cells were incubated
with secondary antibodies diluted 1:400 in 5% BSA-PBS for 1 h (donkey
anti-rabbit antibody—Alexa Fluor 568 for anti-HSF1 and goat anti-mouse
antibody—Alexa Fluor 488 for anti-myc, both from Life Technologies).
Coverslips were mounted in Vectashield mounting medium with DAPI
(4',6'-diamidino-2-phenylindole; Vector Laboratories) for DNA stain-
ing. Immunofluorescence was performed with LSM 780 confocal micro-
scope (Carl Zeiss, Inc.), and image analysis was performed using Fiji soft-
ware (52).
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Quantitative RT-PCR (qRT-PCR). RNA from transfected hsfI =
MEFs was isolated using an RNeasy minikit (Qiagen) according to the
manufacturer’s instructions and quantified using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific). Then, 1 pg of total RNA was
reverse transcribed with an iScript kit (Bio-Rad). A KAPA Probe Fast
ABI Prism qPCR kit (KAPA Biosystems) and SensiFAST SYBR Hi-
ROX kit (Bioline Reagents) were used for qRT-PCRs that were per-
formed with StepOnePlus or QuantStudio 12K Flex real-time PCR
systems (both from Applied Biosystems). Primers and probes were
purchased from Oligomer. The following forward (f), reverse (r), and
probe (pr) oligonucleotides were used in TagMan assays: fRNA18S5,
5'-GCAATTATTCCCCATGAACG-3"; rRNA18S5, 5'-GGGACTTAA
TCAACGCAAGC-3'; prRNA18S5, 5'-FAM-TTCCCAGTAAGTGCG
GGTC-BHQ-3'; fHSPA1A/B, 5'-AGGTGCTGGACAAGTGCCAG-3';
rHSPA1A/B, 5'-AACTCCTCCTTGTCGGCCA-3"; prHSPA1A/B, 5'-
FAM-CATCTCCTGGCTGGACTCCAACACG-BHQ-3';fHSPBI,5'-C
ACTGGCAAGCACGAAGAAAG-3'; rHSPBI, 5'-GCGTGTATTTCCGG
GTGAAG-3'; and prHSPBI, 5'-FAM-ACCGAGAGATGTAGCCATGTT
CGTCCTG-BHQ-3'. The relative quantities of the target gene mRNAs
were normalized against their respective 185 RNA (RNA18S5), and the
fold induction was calculated against the respective mRNA levels in non-
treated mock-transfected cells. All reactions were run in triplicate from
samples derived from at least three biological replicates.

Luciferase assay. Transfected HeLa cells were snap-frozen and lysed
in Passive lysis buffer (Promega) according to the manufacturer’s instruc-
tions. Cell lysates were cleared by centrifugation (15,000 X g for 10 min at
4°C), and the firefly luciferase activity, produced by the Gal4-driven lu-
ciferase plasmid, was measured by using a Luminoskan Ascent microplate
luminometer (Thermo Scientific) with luciferase assay reagent (Promega)
as a substrate. The luciferase activity was normalized using Rous sarcoma
virus promoter-driven 3-galactosidase as an internal control by incubat-
ing the cell lysates in 100 mM phosphate buffer (pH 7.0) with 0.67 mg of
o-nitrophenyl B-p-galactoside (ONPG; Sigma)/ml, 1 mM MgCl,, and 45
mM B-mercaptoethanol at 37°C for 1 h. The absorbance was measured by
a Multiskan MCC/340 (Labsystems) at 420 nm.

Statistical analysis. Statistical analyses of the data were performed in
GraphPad Prism 6. The data were analyzed within each time point using
independent two-way analysis of variance and corrected for multiple
comparisons using the Holm-Sidak post hoc test, and the significance level
was set to 0.05.

RESULTS

HSF1A~PRD and HSF1 WT display similar turnover and sub-
cellular localization. To study the impact of hyperphosphoryla-
tion on HSF1 activity, we generated a mutant construct of HSF1,
where the known 15 phosphorylation sites residing within the RD
(aa 220 to 389) were replaced with nonphosphorylatable alanines,
that we designated HSFIA~PRD (Fig. 1A). The RD harbors
~70% of the known HSF1 phosphorylation sites (33) and is ca-
pable of repressing HSF1 TAD in the absence of stress, rendering
HSF1 inactive under normal conditions (22, 27, 28), and we there-
fore mutated the phosphorylation sites within this domain.

We examined the expression, turnover, subcellular localiza-
tion, and DNA-binding activity of HSFIA~PRD and compared
the properties to those of HSF1 WT before proceeding to the func-
tional studies. To study specifically the properties of the mutant
protein, without any interference from the endogenous HSF1, we
expressed HSF1A~PRD in hsfl knockout (hsfl '~) MEFs, de-
rived from an hsfl '~ mouse (9, 10). To avoid generating a con-
stitutively active HSF1, which has been observed as a result of
HSF1 overexpression (26, 53), we titrated the exogenous HSF1
levels in hsfl '~ MEFs to mimic the endogenous levels in hsfl */*
MEFs (Fig. 1B). Both endogenous and exogenous HSF1 WT from
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stressed cells migrated more slowly on SDS-PAGE than that from
untreated cells (Fig. 1B, lane 1 versus lane 2; Fig. 1C, lane 3 versus
lane 4), and previous studies have shown that this effect is caused
by HSF1 hyperphosphorylation (39, 40, 53). In hsfl '~ MEFs
where HSF1IA~PRD was expressed, the retarded migration of
HSFI mutant under heat shock conditions was greatly reduced
compared to the HSF1 WT (Fig. 1C, lane 4 versus lane 6), indicat-
ing that the stress-inducible phosphorylation was diminished.
The residual stress-inducible phosphorylation in HSFIA~PRD
(Fig. 1C, lane 5 versus lane 6) was assessed with lambda protein
phosphatase (APP) treatment (54). Since the retarded migration
of HSF1A~PRD upon heat stress was eliminated in the presence
of APP (Fig. 1C, lane 6 versus lane 12), it is plausible that
HSF1A~PRD undergoes stress-inducible phosphorylation be-
yond the 15 phosphorylation acceptor sites that were mutated
(Fig. 1A).

Multisite phosphorylation has been shown to regulate the
turnover of many transcriptional regulators (37). For example,
under normal conditions, p53 is targeted for rapid degradation by
the E3 ubiquitin ligase Mdm2 (55), whereas stress-inducible
phosphorylation of the p53 N-terminal region impairs p53-
Mdm? interaction, resulting in p53 stabilization (56, 57). In con-
trast, EP300 undergoes phosphorylation-mediated degradation,
where hyperphosphorylation precedes its proteasomal degrada-
tion (58). To address whether phosphorylation in the RD affects
HSF1 turnover, we analyzed HSF1 protein levelsin hsfl '~ MEFs,
expressing either HSF1 WT or HSF1A~PRD, treated with the
eukaryotic translation inhibitor CHX (59). The protein levels of
both HSF1 WT and HSF1A~PRD remained constant throughout
a 15-h CHX treatment (Fig. 1D), suggesting that lack of the phos-
phorylation within the RD does not alter the stability of the HSF1
protein. This finding is in agreement with a recent study showing
that HSF1 phosphorylation does not affect its turnover (32). In
order to validate that protein translation was inhibited by CHX,
we analyzed the protein levels of HSF2 which is known to have a
fast turnover rate (60, 61). As expected, HSF2 was rapidly de-
graded and not detectable after a 3-h CHX treatment (Fig. 1D).

HSF1 accumulates in the nucleus upon exposure to stress stim-
uli, while under nonstress conditions it is localized both in the
nucleus and in the cytoplasm (53, 62, 63). Previously, it was pro-
posed that phosphorylation of specific serine residues in the RD
affects HSF1 cellular localization (64, 65). Accordingly, phosphor-
ylation of S320 by protein kinase A would retain HSF1 in the
nucleus (65), and phosphorylation of $303 and S307 would facil-
itate 14-3-3e-mediated nuclear exclusion of HSF1 (64). In pri-
mate cells exposed to various proteotoxic stresses, HSF1 forms
unique subnuclear granules, called nuclear stress bodies (nSBs)
(66), the formation of which requires DNA-binding competent
HSFI1 and coincides with HSF1 hyperphosphorylation (53, 67).
Using indirect immunofluorescence and confocal microscopy,
we examined the subcellular localization of Myc-His-tagged
HSF1A~PRD and the formation of nSBs in HeLa cells. Under
control conditions, the exogenously expressed HSF1 WT and
HSF1A~PRD, as well as the endogenous HSF1 protein, were dif-
fusely distributed in the nucleus (Fig. 2). In response to heat stress,
both HSF1A~PRD and HSF1 WT were located in the nucleus and
concentrated in nSBs. These results indicate that the phosphory-
lation within the RD has no effect on HSF1 localization under
control or stress conditions and that the formation of nSBs is
independent of HSF1 hyperphosphorylation.
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FIG 1 Characterization of the HSF1 mutant that is phosphorylation-deficient within the RD, HSF1A~PRD. (A) Schematic illustration of the HSF1 functional
domains with the known phosphorylation sites. In HSF1A~PRD, 15 phosphorylation sites in the regulatory domain (RD) were mutated from serine (S) and
threonine (T) residues to alanines (A) as indicated. Additional HSF1 domains include the DNA-binding domain (DBD), heptad repeat domains (HR-A/B and
HR-C), and transactivation domain (TAD). Note that the figure is not drawn to scale. (B) hsfl '~ MEFs were transfected with Mock plasmid [pcDNA3.1/myc-
His(—)A], Myc-His-HSF1 WT, or Myc-His-HSF1A~PRD. hsfl /" represents the endogenous levels of HSF1 in MEFs. Cells were either left untreated (—) or
exposed to heat shock (+). HSF1 protein levels from cell lysates were detected by Western blotting with anti-HSF1 antibody. Hsc70 is shown as a loading control.
An asterisk indicates an HSF1 protein that migrates slower on SDS-PAGE due to hyperphosphorylation (53). The difference in size between the endogenous
HSF1 from hsfl™* MEFs and exogenous HSF1 WT is caused by the Myc-His tag on the human HSF1 WT construct. (C) hsfI '~ MEFs were transfected as in
panel B. Cells were either left untreated (—) or heat shocked (+). Cell lysates were treated with lambda protein phosphatase (+APP) or left untreated. Samples
were analyzed by using Western blotting. a-Actin is shown as a loading control. An asterisk indicates the HSF1 protein that migrates slower on SDS-PAGE due
to hyperphosphorylation (53). (D) hsfl ~'~ MEFs were transfected as in panel B and treated with cycloheximide (CHX) at 37°C for the indicated times. Cell lysates
were analyzed with anti-HSF1 and anti-HSF2 antibodies. a-Actin is shown as a loading control.

HSF1A~PRD binds to DNA in a stress-inducible manner.
HSFI1 activation can be divided into two separate steps. First,
HSF1 forms trimers, accumulates in the nucleus, and acquires
DNA-binding activity (1). Second, HSF1 acquires transactivating
capacity, an event that coincides with the stress-inducible phos-
phorylation of HSF1 (39). To study whether phosphorylation
within the RD alters the DNA-binding activity of HSF1, we used
ChIP to compare the occupancy of HSF1 WT and HSF1A~PRD
at Hsp70 (HSPA1A and HSPA1B; HSPA1A/B) and Hsp25 (HSPBI)
promoters. hisfl '~ MEFs, expressing HSF1 WT or HSF1A~PRD,
were either left untreated or exposed to a 30-min heat shock at
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43°C, followed by immunoprecipitation with HSF1 antibody or
normal rabbit serum as a nonspecific antibody. Under control
conditions, the signal for the occupancy of HSF1 WT and
HSF1A~PRD at the Hsp70 and Hsp25 promoters was below that
of the nonspecific antibody (Fig. 3A), showing that removal of the
basal phosphorylation from the RD does not spontaneously in-
duce the DNA-binding activity of HSF1. Upon heat stress, the
occupancy of HSF1 WT and HSF1A~PRD increased similarly at
the Hsp70 and Hsp25 promoters. Next we examined if the phos-
phorylation within the RD affects the DNA-binding activity of
HSF1 under prolonged stress. hsfl '~ MEFs, expressing either
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FIG 2 HSF1A~PRD localizes to the same subcellular compartments as HSF1 WT under normal and stress conditions. HeLa cells were transfected with Mock
plasmid [pcDNA3.1/myc-His(—)A], Myc-His-HSF1 WT, or Myc-His-HSF1A~PRD, left untreated (C) or exposed to heat stress (HS; 1 h at 42°C), and analyzed
by immunofluorescence microscopy. A monoclonal antibody against myc was used to detect exogenously expressed HSF1 protein, whereas an anti-HSF1
antibody was used to detect both endo- and exogenously expressed HSF1. DNA was stained with DAPI. The merge figure is an overlay of myc, HSF1, and DAPI

signals. Scale bars, 25 pm.

HSF1 WT or HSF1A~PRD, were exposed to cadmium sulfate (60
uM CdSO,), which in addition to promoting expression of me-
tallothioneins induces HSF1-dependent Hsp expression (68).
Whole-cell extracts were incubated with a >*P-labeled oligonucle-
otide containing the proximal HSE of the Hsp70 promoter and
binding was studied by EMSA. During prolonged exposure to
CdSO, and during recovery from stress, we did not detect any
difference between HSF1 WT and HSF1A~PRD DNA-binding
activities (Fig. 3B). Taken together, we conclude that neither basal
nor stress-inducible phosphorylation within the RD is involved in
the regulation of HSF1 DNA-binding activity.

Phosphorylation in the regulatory domain suppresses HSF1
transactivating capacity. To investigate the effect of phosphory-
lation on HSF1 transactivating capacity, we transfected HSF1
WT and HSF1A~PRD into hsfl '~ MEFs, exposed the cells to
stress and measured the steady-state mRNA levels of Hsp70
(HSPAI1A and HSPA1B; HSPAIA/B), Hsp25 (HSPB1), and Hsp40
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(DnaJB1) by qRT-PCR. Under control conditions, neither
HSF1A~PRD nor HSF1 WT was spontaneously activated, since
the levels of Hsps were equal to those in cells transfected with an
empty plasmid (Mock) (Fig. 4A and B). Upon a 30-min exposure
to heat stress at 43°C, we observed an HSF1-dependent increase in
HSPA1A/B, HSPBI, and DnaJB1 mRNAs (Fig. 4A and data not
shown). Surprisingly, not only was HSF1A~PRD activated upon
heat stress, but it exceeded the HSF1 WT in transactivating capac-
ity, since steady-state mRNA levels of HSPAIA/B and HSPBI were
2-fold higher in the HSF1A~PRD-expressing cells than in HSF1
WT-expressing cells. The 2-fold difference in Hsp mRNA levels
between HSF1 WT and HSF1A~PRD was observed also after 1 h
exposure to heat stress. Our observation that HSF1A~PRD is ca-
pable of driving transcription provides the first evidence for un-
coupling the stress-inducible phosphorylation from HSF1 activa-
tion.

Next, we examined whether the increased levels of Hsps in cells
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of HSF1 constructs was detected by Western blotting with anti-HSF1 antibody. a-Actin was used as a loading control. The pound sign indicates nonspecific HSE

interactions, and the asterisk indicates HSF1 protein that migrates more slowly on SDS-PAGE due to hyperphosphorylation (53).

expressing HSFIA~PRD were specific for heat stress only. For
this purpose, we measured HSPAIA/B and HSPBI mRNA levels
from cells exposed to heavy metals. We treated hsfl '~ MEFs,
transfected with either HSF1 WT or HSF1A~PRD, with CdSO,,
and found that after a 3-h exposure the mRNA levels of
HSPAIA/B and HSPBI were higher in HSF1A~PRD-expressing
cells than in HSF1 WT-expressing cells, and the difference was
maintained also after 3 h of recovery (Fig. 4B). These results dem-
onstrate that the phosphorylation-mediated repression of HSF1
transactivating capacity is not specific for a particular type of
stress.

Elevated stress-inducible Hsp mRNAs in cells expressing
HSF1A~PRD could be due to a lowered threshold of stress stim-
uli. To address this possibility, we exposed hsfl '~ MEFs trans-
fected with HSF1 WT or HSFIA~PRD to heat shock tempera-
tures at 39, 40, and 41°C (Fig. 5A). Moderate heat stress can
activate the heat shock response, albeit less efficiently than an ex-
posure to 43°C (69, 70). We did not detect HSF1-mediated induc-
tion of HSPAIA/BmRNA within 1 hat 39°C, and at 40°C only cells
expressing HSF1A~PRD displayed elevated levels of HSPAIA/B
mRNA, whereas at 41°C both HSF1 WT and HSF1A~PRD were
capable of inducing HSPAIA/B mRNA. Importantly, upon expo-
sure to 41°C, only cells expressing HSF1IA~PRD displayed ele-
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vated levels of HSPA1A/B mRNA as early as ata 30-min time point
(Fig. 5A).

To further study the activation threshold of HSF1 WT and
HSF1A~PRD, we treated cells with 40 wuM and 60 wM CdSO, and
measured HSPAIA/B mRNA at 1-h intervals up to 3 h. Aftera 3-h
exposure to 40 uM CdSO,, the heat shock response was activated
only in cells expressing HSFIA~PRD, while at 60 pM CdSO,,
HSPAIA/B mRNA was induced both in HSF1 WT- and in
HSF1A~PRD-expressing cells (Fig. 5B). Taken together, our re-
sults revealed that cells expressing HSFIA~PRD activated the
heat shock response upon moderate stress, which indicates that
the activation threshold of HSF1 is lowered when the RD is not
phosphorylated.

Intrinsic capacity of the regulatory domain to control trans-
activation depends on its phosphorylation status. The Gal4
DNA-binding domain fused to the herpes simplex virus 1 VP16
activation domain (AD) is a potent transcriptional activator capa-
ble of expressing eukaryotic genes under a promoter containing
Gal4-binding sites (49). In earlier studies, where HSF1 RD was
introduced into that chimeric protein, the transactivating capacity
of VP16 AD became stress-responsive (22), providing evidence for
HSF1 RD possessing an intrinsic ability to regulate transcription
and sense heat stress. Here, we wanted to investigate whether the
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lack of phosphorylation within the RD contributes to the en-
hanced transactivating capacity of the heterologous VP16 AD. For
this purpose, we cloned the regulatory domain (aa 220 to 389) of
HSF1 WT and HSF1A~PRD into the Gal4-VP16 chimeric con-
struct (Fig. 6A). HeLa cells were cotransfected with the indicated
chimeric constructs and Gal4-driven luciferase reporter gene. Lu-
ciferase activity was measured from untreated cells as well as from
cells exposed to a 30-min heat shock at 42°C, followed by a 5-h
recovery. To exclude the possibility that the obtained results were
due to unequal expression of Gal4-VP16 chimeras, we analyzed
their protein levels, and found them equally expressed (Fig. 6C).
Cells expressing Gal4-VP16 displayed constitutive luciferase ac-
tivity, whereas Gal4-VP16-HSF1 WT repressed the transcription
of the reporter gene under nonstress conditions, reducing lucifer-
ase activity by 50% (Fig. 6B). In contrast, the luciferase activity in
cells expressing Gal4-VP16-HSF1A~PRD was equal to the cells
transfected with Gal4-VP16. These results demonstrate that the
lack of phosphorylation within the HSF1 RD reverses the re-
pressed transactivating capacity of VP16 AD under control con-
ditions.

Repression of Gal4-VP16-HSF1 WT was eliminated upon heat
shock due to the intrinsic capacity of HSF1 RD to sense heat shock,
and the luciferase activity corresponded to that observed in cells
expressing Gal4-VP16 (Fig. 6B). Surprisingly, after heat shock,
Gal4-VP16-HSF1IA~PRD was 60% more effective than Gal4-
VP16 or Gal4-VP16-HSF1 WT, indicating that the phosphoryla-
tion-deficient RD is capable of further enhancing transactivation
in a stress-dependent manner. Based on the obtained results, we
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conclude that the phosphorylation status defines the intrinsic ca-
pacity of HSF1 RD to control transactivation in response to heat
stress.

DISCUSSION

Involvement of HSF1 in a plethora of cellular functions requires a
sophisticated regulatory mechanism(s) that can accurately con-
trol the conditions under which HSF1 is activated. It has been
suggested that phosphorylation of HSF1 would serve as an inte-
grator of various signaling pathways triggering HSF1-driven tran-
scription (37). The regulatory domain (RD) harbors ~70% of the
known HSF1 phosphorylation sites, and we hypothesized that
HSF1 activation would primarily be controlled by phosphoryla-
tion within the RD. The results obtained here provide, to the best
of our knowledge, the first direct evidence for uncoupling hyper-
phosphorylation from HSF1 activation. In contrast to previous
studies, where disruption of the RD led to a constitutively active
HSF1 (34, 35, 38), HSF1A~PRD is not spontaneously active and
is capable of inducing Hsp expression in a stress-dependent man-
ner. These results are surprising, since phosphorylation has been
regarded as an important hallmark of HSF1 activation (20, 30, 38).
Although HSF1 is phosphorylated on several residues during its
activation, it has been reported that only one of these residues,
$326, substantially contributes to HSF1 transcriptional activity
(30) and is widely used as a marker for activated HSF1 in carcino-
genesis (20, 71). In agreement with the earlier report (30), the
stress-inducible DNA-binding capacity of HSF1 is not dependent
on S326 as an intact phosphorylation acceptor site, whereas our
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results show that HSF1 can be a potent transcriptional activator
without being phosphorylated on multiple sites, including S326,
within the RD. This discrepancy is presumably due to a different
experimental approach, i.e., single-site versus multisite mutagen-
esis of HSF1.

Our finding that HSF1 activity can be uncoupled from the
phosphorylation events occurring in the RD, is supported by re-
cently published studies. The results by Rossi et al. indicate that
cells treated with the proteasome inhibitor bortezomib display
inducible HSF1-dependent Hsp70 expression accompanied by
only a modest increase in HSF1 phosphorylation (72). Another
recent study revealed that ethanol exposure leads to transcrip-
tional activation of HSF1, which lacks hyperphosphorylation (73).
Taking all of these findings together, we conclude that activation
of HSF1 can occur in the absence of hyperphosphorylation. In-
triguingly, hyperphosphorylated HSF1 can also be transcription-
ally incompetent under certain circumstances, which was recently
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observed in heat-stressed mitotic cells, where Hsps were not in-
duced despite hyperphosphorylation of HSF1 (74). Thus, employ-
ing phosphorylation as a sole marker for HSF1 activation should
be reconsidered.

Given that hyperphosphorylation is not required for HSF1
activation, the question of why HSF1 is hyperphosphorylated dur-
ing its activation remains to be answered. The finding that
HSF1A~PRD can be activated by milder stress than HSF1 WT
(Fig. 5) indicates that phosphorylation within the RD defines the
activation threshold in response to distinct stress stimuli. Further-
more, the phosphorylation-deficient HSF1A~PRD is a more po-
tent transactivator than HSF1 WT (Fig. 4), suggesting that hyper-
phosphorylation limits the magnitude of the heat shock response.
Based on these results, we propose that phosphorylation serves as
afine-tuning mechanism for regulating the transcriptionally com-
petent HSF1. Phosphorylation can modulate transcription factor
activity on at least three levels: subcellular localization, DNA-
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Western blotting with anti-VP16 antibody. Hsc70 is shown as a loading con-
trol. The arrowheads indicate Gal4-VP16 (white), Gal4-VP16-HSF1 WT
(black), and Gal4-VP16-HSF1A~PRD (gray). The difference in the migration
pattern between Gal4-VP16-HSF1 WT and Gal4-VP16-HSF1A~PRD is likely
due to phosphorylation.

binding activity, and interaction with the transcriptional machin-
ery (75). Since we did not observe any changes in HSF1 localiza-
tion (Fig. 2) or DNA-binding activity (Fig. 3), it is likely that
phosphorylation within the RD modulates the interaction be-
tween HSF1 and the transcriptional machinery both via confor-
mational changes (76) and electrostatic effects (77). It has earlier
been shown that HSF1 interacts with various protein complexes
required for active transcription, such as the chromatin remodel-
ing complex SWI/SNF (78), Mediator complex (79), components
of the preinitiation complex (80), and the histone chaperone
FACT (81). However, the role of HSF1 phosphorylation in these
protein-protein interactions has not been reported and will be
investigated in our forthcoming studies. Another mechanism by
which phosphorylation modulates transcription factor activity is
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through interconnected posttranslational modifications (PTMs)
(82).Itis known that HSF1 is sumoylated in a phosphorylation-
dependent manner (29). In addition, HSF1 is subjected to acet-
ylation (31), ubiquitination (32), and glycosylation (83), and it
is plausible that other PTMs modulate HSF1-driven gene ex-
pression in an orchestrated manner. Thus, to fully understand
how transactivation capacity of HSF1 is regulated, emphasis
should be placed on phosphorylation-dependent interactions
within the RD.

Our results validate hyperphosphorylation as a fundamental
regulator of HSF1 transactivation capacity. Phosphorylation, in
cooperation with other PTMs, creates distinct PTM signatures,
which can adequately modulate the transcriptional response
based on the type and severity of the stimuli. Since HSF1 is in-
volved in a multitude of physiological processes, such as the tran-
scriptional control of development and life span, in addition to
proteotoxic stress responses (4), a specific PTM signature would
provide a mechanism enabling precise temporal, spatial, and en-
vironmental transcriptional programs to ensure that a cell is able
to perform its designated function. Importantly, identification
and regulation of the HSF1 PTM signatures provides new possi-
bilities to counteract the actions of HSF1 in pathological condi-
tions, such as cancer and neurodegenerative diseases (20, 46).
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