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Abstract
Although the p53 tumor suppressor is most frequently inactivated by genetic mutations, exclusion from the nu-
cleus is also seen in human tumors. We have begun to examine p53 nuclear importation by isolating a series of
mutant cells in which the temperature-sensitive murine p53Val135 mutant is sequestered in the cytoplasm. We
previously showed that that three of them (ALTR12, ALTR19, and ALTR25) constituted a single complementation
group. Here, we found that ALTR12 cells are more sensitive to heat stress than either ALTR19 or ALTR25 and that
there was a complete lack of induction of Hsp70 in response to heat shock. Western blot analysis showed no
expression of the Hsf1 transcription factor, and neither heat shock nor azetidine could induce p53 nuclear locali-
zation in ALTR12 cells but did in parental A1-5 cells. Suppression of Hsf1 in A1-5 cells with quercetin or an Hsf1
siRNA reduced p53 nuclear importation and inhibited p53-mediated activation of a p21 reporter. Most convinc-
ingly, p53 nuclear importation could be restored in ALTR12 cells by introducing an exogenous Hsf1 gene. Collec-
tively, our result suggests that Hsf1 is required for p53 nuclear importation and activation and implies that heat
shock factors play a role in the regulation of p53.
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Introduction
Nuclear localization of the p53 is a critical element in the activation
of its transactivation function, and sequestration in the cytoplasm
renders the protein nonfunctional. The p53 protein shuttles between
nucleus and cytoplasm [1]. Nuclear export of p53 is mainly regulated
by the MDM2 protein, which acts in conjunction with Crm1 to ex-
port p53 from nucleus through a nuclear export signal located in the
C-terminus [2]. However, under conditions of genotoxic stress, nu-
clear p53 levels are increased, which results in the induction of down-
stream target genes that regulate cell cycle progression and induction
of apoptosis [3].

The transportation of p53 into the nucleus is less well understood
but requires a functional nuclear localization signal, the nuclear local-
ization signal 1 (NLS1), located in the C-terminal domain of the
wild type protein [4]. This motif binds importins alpha and beta,
proteins that ferry their cargo across the nuclear membrane and into
the nucleus. Mutations of NLS1 results in a p53 protein that remains
sequestered in the cytoplasm [5]. However, mutations in the NLS1
have not been observed in sporadic human cancers, although p53 is
found sequestered in the cytoplasm of some tumors. This suggests
that the pathway that controls p53 nuclear importation may be a tar-
get for disruption during tumorigenesis.

A1-5 fibroblasts express a temperature-sensitive murine p53 (tsp53),
which accumulates in the nucleus and acts as wild type p53 at 32°C
but is sequestered in the cytoplasm at 37°C [6]. Previously, a series of
A1-5 low temperature–resistant (ALTR) cell lines were generated from
A1-5 cells by chemical mutagenesis, and in most of these cell lines,
p53 was found to be sequestered in the cytoplasm. Among them,
ALTR12, ALTR19, and ALTR25 were determined using an in vitro
p53 nuclear importation assay system to constitute a complementation
group [7]. Here, we showed for the first time that Hsf1, a major regu-
lator of the heat shock response, is required for p53 nuclear importa-
tion and activation and found evidence that heat shock proteins play
a role in p53 nuclear importation.
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Materials and Methods

Cell Culture, Reagents, and Irradiation
A1-5 is a rat fibroblast cell line transfected with the temperature-

sensitive murine p53Val135 gene [6]. SK-N-SH is a human neuro-
blastoma cell line expressing wild type p53. SK-N-SH, A1-5, and
ALTR cell lines were maintained in complete DMEM consisting of
10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml
streptomycin (Gibco BRL, Gaithersburg, MD). SK-N-SH and A1-5
cells were incubated at 37°C and in an atmosphere containing
5% CO2 unless otherwise noted. ALTR cell lines were maintained
under the same conditions as A1-5 cells except that they were normally
incubated at 32°C. Cells were exposed to a 5-Gy ionizing radiation
using 60Co source at an average dose rate of 47 cGy/min.
Quercetin and azetidine were from Sigma (St. Louis, MO). Anti-

bodies specific for p53 (PAb421) were kindly provided by Dr. Arnold
Levine. Anti-p53 (DO-1) and Anti–β-actin was from Santa Cruz
Biotechnology (Santa Cruz, CA). The anti-Hsf1 (SPA-950) and
the anti-Hsp70 (SPA-810) antibodies were from Assay Designs/
StressGen (Ann Arbor, MI). Anti-p21 (Ab-6) was from Calbiochem
(La Jolla, CA).

Plasmids and Transfection
A 1.9-kb HindIII/XbaI DNA fragment encoding Neomycin resis-

tance gene (Neor) from pCMV-Neo-Bam3 plasmid was inserted into
the BamHI site of pWWP-Luc plasmid (Generously provided by
Dr. Bert Vogelstein, The Johns Hopkins Oncology Center, Baltimore,
MD), which encodes a firefly luciferase under the control of p21 pro-
moter [8], to construct the pWWP-Luc-Neo plasmid. pSa244, which
encodes a firefly luciferase under the control of a Rous sarcoma virus
long terminal repeat promoter, was provided by Dr. S. Subramani,
University of California, San Diego. pMMfluc, which encodes a firefly
luciferase under the control of a MTV-GRE promoter and pRenilla-
Luc, was provided by Dr. Roger L. Miesfeld, University of Arizona.
pCDNA3.1-Hsf1 encoding wild type Hsf1 and pCDNA3.1-hHsf1
encoding a constitutively activated Hsf1 mutant were provided by
Dr. R. Voellmy, University of Miami. Stable and transient transfec-
tions were performed using Superfect (QIAGEN, Valencia, CA) as
described in the manufacturer’s protocol. Stable lines were selected
and maintained in DMEM supplemented with 10% FBS, penicillin/
streptomycin, and 400 μg/ml G418 (Gibco BRL).

Heat Shock Survival Assay by Crystal Violet Staining
Cells grown on a 10-cm plate to 80% to 90% confluence were

trypsinized and diluted to 104 per milliliter in complete DMEM that
had been preheated to 42°C. After incubation at 42°C for different
time points, 1-ml aliquots were diluted into 9 ml of PBS at room
temperature. Five hundred–microliter (500 cells) aliquots of diluted
cells were then put into a 60-mm plate with DMEM. After incuba-
tion at 37°C for ∼10 days, colonies were stained with crystal violet
and read on the colony counter.

Luciferase Refolding Assay
Cells were transfected with pSa244 and incubated for 48 hours

to allow for optimal luciferase expression. Cells were exposed to
42°C for 20 minutes in the presence of protein synthesis inhibitor
cycloheximide (10 μg/ml; Sigma-Aldrich). Luciferase activity was
determined either immediately after heating or after a 2- or 4-hour
recovery period at 37°C.
Luciferase Assay
Cell lysates were collected, and luciferase assays or Dual-Luciferase

reporter assays were performed using Promega (Madison, WI) kit as
described in the manufacturer’s protocol. A Monolight 3010 lumino-
meter (Analytical Luminescence Laboratory, San Diego, CA) was
used for measuring luciferase activity.
siRNA Transfection
A1-5 cells were grown in antibiotics-free DMEM supplemented

with 5% FBS to be ∼70% confluent. Cells were then transfected with
the rat hsf1 siRNA pool (D-081010-00; Dharmacon, Lafayette,
CO), either of two hsf1 siRNA (D-081010-01 or D-081010-02;
Dharmacon) or negative control siControl RISC-free siRNA and
siControl Nontargeting siRNA#1 (Dharmacon). The DharmaFECT1
transfection reagent was used for transfection following the manufac-
turer’s protocol (Dharmacon). The final siRNA concentration was
20 nM for each transfection. For SK-N-SH cells, human hsf1 siRNA
pool (L-012109-00; Dharmacon) was transfected twice using the same
protocol as above. At 48 hours after the last transfection, cells were
collected and subjected for further analysis.
Indirect Immunofluorescence and Western Blot Analysis
For immunofluorescence, cells were plated on coverslips 20 hours

before use. Next, the cells were processed and analyzed as described
previously [9].

Western blot analysis was performed according to standard
procedures using polyvinylidene fluoride membranes (Millipore,
Bedford, MA). Signals were detected by the chemiluminescence
method using Super Signal West Pico chemiluminescent substrate
(Pierce, Rockford, IL).
Results

ALTR Cells Exhibit a Defect in Heat Shock Response
and Reactivation of Luciferase

We previously described the derivation and characterization of a
set of mutant cell lines, the ALTR cell lines, in which p53 nuclear
localization was defective and showed using an in vitro nuclear im-
portation assay that three lines, ALTR12, ALTR19, and ALTR25,
belonged to the same complementation group [7]. Because nuclear
localization of the tsp53 in parental A1-5 cells can be controlled
by altering the incubation temperature, we reasoned that the cell’s
tolerance for heat stress might have been affected in the ALTR cells
[6]. Hence, we tested the ability of ALTR12, ALTR19, and ALTR25
cells to survive heat shock. We also included the ALTR15 cell line,
which we showed did not belong to the 12/19/25 complementation
group [7]. When comparing the survival curves with A1-5 cells,
the ALTR12 line showed the most sensitivity. The ALTR25 and
ALTR19 cell lines exhibited intermediate sensitivity to heat shock,
whereas the survival curve for ALTR15s was the same as that for
A1-5 cells (Figure 1). This demonstrated that the heat stress response
pathway was compromised in all three of the ALTR lines that belong
to the 12/19/25 complementation group.

The Hsp70 protein is an essential component of the cellular re-
sponse to heat stress and is induced in response to elevated tempera-
tures [10]. Our observation that some ALTR cell lines exhibited
reduced survival to heat stress prompted us to test for the induction
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of Hsp70 in the ALTR cell lines using Western blot analysis. Strik-
ingly, there was no induction of Hsp70 in ALTR12 cells, whereas
the other ALTR lines and A1-5 cells showed normal induction (Fig-
ure 2A). Because Hsf1 is the major transcription factor regulating
induction of Hsp70 in response to heat shock response [11], we
tested the ALTR lines for Hsf1 expression (Figure 2B). We found
that Hsf1 expression was undetectable in ALTR12 cells suggesting
that the gene for this factor had been inactivated. This is consistent
with the impaired heat shock response in the ALTR12 cells.

The heat shock system is required for refolding of heat-denatured
proteins [12]. Consequently, we tested the ALTR cells for their abil-
ity to reactivate heat-inactivated luciferase. A plasmid encoding a fire-
fly luciferase was transfected into each of the ALTR cell lines, and
luciferase reactivation assays were performed as described in the
Materials and Methods section. We found that the ability to reacti-
vate luciferase was abolished in ALTR12 and was markedly decreased
in ALTR25. However, the reactivation of heat-inactivated luciferase
was unchanged in ALTR15 and ALTR19 when compared to parental
A1-5 (Figure 3). This further supports the notion that the heat shock
system is compromised in some of the ALTR lines.

ALTR Cells That Are Defective for p53 Nuclear
Importation Are Also Defective for Glucocorticoid
Receptor Nuclear Translocation

Hsp/Hsc70 is known to function in concert with other heat shock
proteins in protein folding and in regulating the activity of enzymes
including the glucocorticoid receptor (GR) [13]. Hence, we asked
whether the deficiency in p53 nuclear localization affected the GR.
Immunostaining the ALTR cells for GR after incubating with dexa-
methasone (DEX) showed that the GR remained in the cytoplasm in
all four of the ALTR cell lines, whereas in parental A1-5 cells, the GR
became concentrated in the nucleus (Figure 4A). This suggested that
nuclear importation of both p53 and the GR are regulated similarly.
To confirm the immunostaining results, the pMMTV plasmid, a re-
porter construct encoding a firefly luciferase under the control of a GR
response element, was cotransfected with a plasmid encoding Renilla
luciferase and assayed for dual luciferase activities of the cell lysate with
or without DEX treatment. As shown in Figure 4B, whereas the GR
MTV has a 70-fold induction by DEX in A1-5 cells, the induction of
GR-MTV was decreased to 10-fold or less in ALTR cells. This suggests
that the pathway that leads to p53 nuclear localization overlaps with
the pathway that regulates GR nuclear localization.

Hsf1 Is Required for p53 Nuclear Localization
HSF-1, a transcription factor for the heat shock proteins, is a key

regulator in response to heat shock stress. The defective heat shock
response in ALTR12, ALTR19, and ALTR25 and the lack of Hsf1
expression in ALTR12 prompted us to ask whether Hsf1 regulates
p53 nuclear importation. To address this question, we first asked if
heat shock or the heat shock–trigging drug azetidine treatment might
induce p53 nuclear translocation. Using immunostaining, the p53
Figure 2. Expression of Hsp70 and HSF1 is impaired in ALTR12
cells. (A) Induction of Hsp70 in A1-5 and ALTR cells was examined
by Western blot analysis. Cells at 80% confluence were heat-
shocked for 20 minutes at 42°C. After incubation at 37°C for differ-
ent time points, cells were harvested and analyzed by Western
blot analysis using an anti-Hsp70 antibody. (B) The expression of
Hsf1 in A1-5 and ALTR cells was examined by Western blot analy-
sis. Confluent A1-5 and ALTR cells grown at 37°C or 32°C were
harvested and analyzed by Western blot analysis using an anti-
Hsf1 antibody.
Figure 1. Heat shock survival curve of A1-5 and ALTR cells. Cells
(80% confluence) were heat-shocked and plated as described
in the Materials and Methods section. After incubation at 37°C
for ∼10 days, colonies were stained with crystal violet and read
on a colony counter. Graphs show the mean surviving fraction ±
SE and are from three independent experiments.
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A1-5 cells. The constitutively activated form of Hsf1 resulted in a
constitutive nuclear localization of p53 at both 37 and 32°C (Fig-
ure 9C ). However, p53 was only capable of activating expression
of p21 at 32°C (Figure 9, A and D) indicating that localization to
the nucleus is necessary but not sufficient for activation of p53’s
transactivation properties. This notion is supported by our previous
studies, which show that the p53 in another ALTR line, ALTR17s,
has a constitutively nuclear p53 that is not capable of activating gene
expression [8].
The defect in ALTR15s is less clear. ALTR15 showed unchanged

heat shock survival and luciferase reactivation compared to parental
A1-5 cells suggesting that a process other than the heat-activated
stress response was compromised. Curiously, ALTR15 cells had the
least capacity for activation of the MTV-GRE reporter (Figure 4B).
Hence, it may be that a chaperone not induced by Hsf1 is needed for
transcriptional activation of GR is defective in ALTR15s.
Hsf1 is a major regulator of the heat shock response, which is

implicated in protecting organisms from a broad range of stresses
[16]. It has long been noted that HSP levels increase in a wide range
of tumor types [17]. Many of the signaling pathways and transcrip-
tion factors that are frequently mutated in cancers display a striking
dependence on the chaperone machinery, especially Hsp90 [18]. Re-
cently, Hsf1 expression was found to be elevated in human prostate
carcinoma cell lines [19] and eliminating Hsf1 protects mice from
tumors induced by the Ras oncogene or a mutant p53 [20]. How-
ever, the role of Hsf1 in mammalian oncogenesis is unknown. These
studies show that Hsf1 is essential for regulating p53 nuclear trans-
port, demonstrating that Hsf1 may have a role in cancer by regulat-
ing p53 activation.
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