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Abstract
Adaptive responses to physical and inflammatory stressors are mediated by transcription factors and
molecular chaperones. The transcription factor heat shock factor 1 (HSF1) has been implicated in
extending lifespan in part by increasing expression of heat shock response genes. Pyrrolidine
dithiocarbamate (PDTC) is a small thiol compound that exerts in vivo and in vitro anti-inflammatory
properties through mechanisms that remain unclear. Here we report that PDTC induced the release
of monomeric HSF1 from the molecular chaperone heat shock protein 90 (Hsp90), with concomitant
increase in HSF1 trimer formation, translocation to the nucleus, and binding to promoter of target
genes in human HepG2 cells. siRNA-mediated silencing of HSF1 blocked BAG3 gene expression
by PDTC. The protein levels of the co-chaperone BAG3 and its interaction partner Hsp72 were
stimulated by PDTC in a dose-dependent fashion, peaking at 6 hours. Inhibition of Hsp90 function
by geldanamycin derivatives and novobiocin elicited a pattern of HSF1 activation and BAG3
expression that was similar to PDTC. Chromatin immunoprecipitation studies showed that PDTC
and the inhibitor 17-dimethylaminoethylamino-17-demethoxygeldanamycin enhanced the binding
of HSF1 to the promoter of several target genes, including BAG3, HSPA1A, HSPA1B, FKBP4,
STIP1 and UBB. Cell treatment with PDTC increased significantly the level of Hsp90α thiol
oxidation, a posttranslational modification known to inhibit its chaperone function. These results
unravel a previously unrecognized mechanism by which PDTC and related compounds could confer
cellular protection against inflammation through HSF1-induced expression of heat shock response
genes.
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1. Introduction
Pyrrolidine dithiocarbamate (PDTC) is a low-molecular mass thiol compound that has been
reported to act either as an antioxidant, pro-oxidant, metal chelator and/or thiol group
modulator depending on the cell types and their exposure to different stimuli. There is
accumulating evidence for the induction of heat shock protein 70 (Hsp70) and several other
genes, including heme oxygenase-1, in response to PDTC, which provides adaptive protection
of stressed cells and tissues from various pathophysiological conditions and inflammatory
responses (Long et al., 2003; Mallick et al., 2005; Tian et al., 2006). PDTC has been
demonstrated to interfere with the upregulation of proinflammatory genes by inhibiting the
activation of the redox-sensitive transcription factor NF-κB (Schreck et al., 1992; Zhang et al.,
2008). However, other potential mechanisms may also contribute to the widely reported
beneficial effects of PDTC. Indeed, PDTC attenuates interleukin-6-mediated activation of the
transcription factor STAT3 and expression of acute-phase plasma proteins in hepatocytes (He
et al., 2006), and STAT3 has been shown to be susceptible to S-glutathionylation after cell
treatment with PDTC (Xie et al., 2009). Earlier work by Kim et al. (2001) established that
PDTC induces the binding of the transcription factor heat shock factor 1 (HSF1) to DNA
through a mechanism that requires protein thiol modification.

HSF1 has been shown as the master regulator of the heat shock response, one of the most
fundamental biological mechanisms that confer cellular protection from environmental insults.
In normal growth conditions, HSF1 is found held in the cytoplasm bound to the Hsp90-
containing multichaperone complexes and, upon activation, it is released from this complex to
form a homotrimer, which translocates to the nucleus and binds to the heat shock element
(HSE) within target gene promoter regions (Anckar and Sistonen, 2007; Voellmy and
Boellmann, 2007). Recent genetic evidence shows that HSF1 is involved in constitutive gene
expression in unstressed cells and tissues (Yan et al., 2002; Takaki et al., 2006), and participates
in cellular differentiation and extra-embryonic development (McArdle et al., 2006). The ability
of HSF1 to confer resistance to stress-induced programmed cell death correlates with
diminished expression of proapoptotic genes, which, in turn, could contribute to the initiation
and maintenance of tumors in a variety of cancer models (Dai et al., 2007).

In addition to heat shock protein genes, there are many non-classical genes that have been
recently described as transcriptional targets of HSF1. One such target is the anti-apoptotic Bcl2-
associated athanogene domain 3 (BAG3), also known as CAIR-1 or Bis (Franceschelli et al.,
2008). BAG-3 is a 74-kDa cytoplasmic co-chaperone protein involved in cell stress response,
whose up-regulation protects cancer cells from apoptosis by stabilizing the level of Bcl-2
family members (Jacobs and Marnett, 2009). BAG3 and other BAG family members bind to
the serine/threonine kinase Raf-1, the ATPase domain of Hsc70/Hsp70 and with TNF receptor
1 (Antoku et al., 2002; Song et al., 2001; Takayama and Reed, 2001). Induction of BAG3
confers protection against apoptosis while decrease in its expression promotes cell death in
various human cell models, such as myeloid U937 cells, primary mononuclear cells,
lymphocytes, and HEK 293 cells (Rosati et al., 2007). These results have several implications,
whereby up-regulation in HSF1-mediated BAG3 expression may be a contributing factor in
cellular protection against inflammatory stressors and resistance of cancer cells to apoptosis.

The purpose of this study was to investigate in detail the molecular events by which PDTC
affects HSF1 activation and to examine the possibility that such activation might result in
BAG3 expression in response to PDTC. We found that PDTC stimulation induced a rapid and
dose-dependent increase in critical biochemical steps leading to HSF1 activation and induction
of BAG3 expression in human tumor cell lines in vitro. Additional investigations indicate that
inhibitors of Hsp90 mimic the action of PDTC on HSF1-BAG3 pathway activation.
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2. Materials and methods
2.1. Cell culture and treatment

The human hepatoma HepG2, the human pancreatic carcinoma PANC-1, and the human
astrocytoma 1321N1 cells (American Type Culture Collection, Manassas, VA) were cultured
in Minimum Eagle's medium (MEM) supplemented with 10% heat-inactivated fetal bovine
serum, 50 units/ml penicillin and 50 mg/ml streptomycin. Cells were serum starved for 4 h in
MEM:F12 (1:1) followed by the addition of vehicle, PDTC (50 μM) or a potent Hsp90 inhibitor
for the indicated times. The Hsp90 inhibitors used include novobiocin and the geldanamycin
analogs, 17-allylamino-17-demethoxygeldanamycin (17-AAG) and DMAG, a water-soluble
analog of 17-AAG. PDTC, novobiocin, 17-AAG and DMAG were purchased from EMD-
Calbiochem (San Diego, CA).

2.2 Protein crosslinking in intact cells with ethylene glycol bis(succinimidyl succinate) (EGS)
Cells were washed twice with phosphate-buffered saline and incubated with 1 mM EGS
(Thermo Scientific Pierce, Rockford, IL) for 30 min at 25ºC, followed by quenching of the
cross-linking reaction with the addition of 10 mM glycine. Cells were lysed in SDS sample
buffer supplemented with 7.5% 2-mercaptoethanol, and the samples were processed for
Western blot analysis.

2.3. Western blot analysis
Unless otherwise indicated, cells were lysed in RIPA buffer (He et al., 2006) and proteins were
separated by SDS-polyacrylamide gel electrophoresis under reducing conditions and then
transferred onto polyvinylidene difluoride membranes. Western blots were performed
according to standard methods, which involved the visualization of immunoreactive bands by
enhanced chemiluminescence, their quantitation by volume densitomety using ImageQuant
software (Molecular Dynamics, Piscataway, NJ), and normalization to GAPDH. In this study,
the primary antibodies were directed against HSF1 (StressGen Biotechnologies, Victoria,
Canada), BAG3 (Abcam, Cambridge, MA), Hsp90α (BD Biosciences, San Jose, CA), Hsp72,
BRG1, p65Rel, IκBα, Mcl-1, and GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) and
were used generally at a dilution of 1:1000.

2.4. Preparation of nuclear extracts
Nuclear extracts from HepG2 cells were prepared using the NE-PER extraction kit (Thermo
Scientific Pierce) and quantified using the bicinchoninic acid protein assay reagent.

2.5. RNA interference
Transfection of 21-nucleotide siRNA duplexes (Qiagen) for targeting endogenous HSF1 was
carried out using Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA) and 20 nM
small interfering RNA (siRNA) duplex per 35-mm plate according to the supplier s instructions.
Transfected HepG2 cells were assayed 3 days after reverse transfection. The sequences of
HSF1 siRNA used were: r(GGUUGUUCAUAGUCAGAAU)dTdT (sense) and r
(AUUCUGACUAUGAACAACC)dTdG (anti-sense), whereas the negative control siRNA
was the “AllStars Neg. Control siRNA” (Qiagen) that has no known target gene. Specific target
gene silencing was confirmed by real-time PCR and immunoblotting.

2.6. Reverse transcription and real-time PCR analysis
Total RNA was isolated and first strand cDNA was synthesized using the Omniscript Reverse
Transcript kit (Qiagen). Real-time PCR reactions were carried out with the TaqMan® Gene
Expression Assay system method on an ABI Prism 7300 sequence detection system (Applied
Biosystems, Foster City, CA). Primer pairs used for the reactions are listed in Table 1. Relative
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quantitation of gene expression was performed using the threshold cycle. The mRNA levels
were compared to standard curves (generated using serial dilutions of human HepG2 RNA)
and differences in mRNA expression were calculated by the ΔΔCT method after normalizing
to GAPDH mRNA.

2.7. Chromatin immunoprecipitation (ChIP) assay
HepG2 cells were treated with vehicle, PDTC (50 μM) or DMAG (5 μM) for 1 h, and ChIP
assays were then performed essentially as described (Wurster and Pazin, 2008). In brief, cells
were crosslinked with 1% formaldehyde at room temperature for 10 min. After harvesting cells
with SDS lysis buffer, DNA was sheared to 200–1000 bp by sonication, and the cell lysates
were precleared by centrifugation. Polyclonal antibody developed against HSF1 (StressGen)
was used to recover HSF1-bound DNA complexes. In addition, precleared lysates were also
incubated with rabbit IgG as a control for potential non-specific coprecipitations. DNA was
quantified by real-time PCR using promoter-specific primers for select genes (Table 2). Each
experiment was repeated 3-5 times.

2.8. Labeling of protein reactive thiols in cellular extracts
Cells were lysed in RIPA buffer supplemented with 200 μM maleimidobutyrylbiocytin (MBB,
EMD-Calbiochem), an irreversible thiol-specific biotinylating agent, for 30 min on ice
followed by the addition of an excess of L-cysteine (5 mM) to quench the reaction. An aliquot
of the clarified lysates was subjected to Hsp90 immunoprecipitation and Western blotting.
Polyvinylidene difluoride membranes were blocked with 1% polyvinylpyrrolidone (Sigma-
Aldrich, St-Louis, MO) in TBS-T and incubated with horseradish peroxidase-conjugated
streptavidin (Vector Laboratories, Burlingame, CA) for the detection of biotin-labeled protein
thiols. A second aliquot was incubated with captavin-agarose beads (Invitrogen) for 1 h at 4°
C to immobilize thiol-biotinylated proteins, which were then eluted with 50 mM NaHCO3 (pH
10.0). After neutralization, Hsp90 immunoprecipitation and Western blot analysis were carried
out.

2.9. Statistical analysis
All results are expressed as relative to the control value. Experiments were performed in at
least two to three different culture preparations, and two dishes for each experimental condition
were plated in each preparation. Results are expressed as means ± SD, where indicated, with
n reflecting the number of observations. Statistical comparisons between groups were made
by unpaired Student s t-test. Analyses were performed using the software package
Kaleidagraph v4.01 (Synergy Software, Reading, PA) with values ≤ 0.05 considered
significant.

3. Results
3.1. Dissociation from Hsp90α is required for PDTC-mediated activation, homotrimerization
and nuclear translocation of HSF1

Given that Hsp90-containing multichaperone complexes are thought to be the most relevant
repressors of HSF1 activity (Voellmy and Boellmann, 2007), we reasoned that PDTC might
alter HSF1 interaction with Hsp90-containing complexes. In the first series of experiments,
HSF1 immunoprecipitates were analyzed for co-sedimentation of Hsp90α by Western blotting.
The results indicated a 31.4 ± 3.1% reduction in the constitutive HSF1-Hsp90α interaction at
30 min after PDTC treatment, reaching 82.0 ± 9.1% inhibition after 1 h (P < 0.05, n=3, Fig.
1A, upper panel). The blots exhibited equivalent HSF1 protein levels in all samples (Fig. 1A,
bottom panel). Reciprocal immunoprecipitation with Hsp90α antibodies confirmed
dissociation of the HSF1-Hsp90 complex by PDTC (Fig. 1B).
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The activation of HSF1 protein requires its conversion from monomeric form to dimers and
trimers in response to heat shock. To evaluate whether PDTC would elicit the oligomerization
of HSF1, HepG2 cells were left untreated or treated with PDTC followed by the stabilization
of oligomeric HSF1 by the addition of the crosslinker EGS in intact cells. Western blot analysis
using total cell lysates showed no high molecular HSF1 species in the absence of EGS, while
the in vivo crosslinking procedure yielded significant HSF1 oligomerization (P < 0.005, Fig.
1C, lanes 3-4 versus 1–2). PDTC enhanced also HSF1 oligomer formation in the human M2
melanoma cells (Fig. 1C, lane 8). Our results suggest that PDTC promotes formation of high
molecular weight HSF1 complexes in these tumor cell models.

Because HSF1 translocates and functions in the nucleus, it was of interest to examine its
nucleocytoplasmic localization in response to PDTC. HepG2 cells were left untreated or treated
with PDTC for 5 to 60 min, and the cytosolic and nuclear fractions were separated and analyzed
by Western blotting. The data in Fig 1D (upper panel) showed a time-dependent increase in
the level of nuclear HSF1 in PDTC-treated cells. Exposure to PDTC for 1 h resulted in a 3.00
± 0.36-fold increase in HSF1 nuclear accumulation over control (P < 0.0001, n=6). The blots
were reprobed with the nuclear marker, BRG1, and cytosolic marker, p65Rel, to confirm the
quality of our cell fractionation (Fig. 1D, bottom two panels). Subcellular fractionation of EGS-
crosslinked cells confirmed the nuclear accumulation of HSF1 trimers after a 1-h treatment
with PDTC (P < 0.005 vs. control n=3; Fig. 1E). Taken together, these results provide a first
comprehensive demonstration that PDTC elicits HSF1 recruitment to the nucleus via the
classical pathway.

3.2. HSF1 mediates PDTC-induced BAG3 expression
One of the critical aspects of HSF1 signaling is its ability to induce expression of heat shock
response genes. We first examined the effect of PDTC on the expression of the co-chaperone
BAG3 both at the mRNA and protein levels. Quantitative real-time PCR confirmed the time-
and dose-dependent induction of BAG3 mRNA in PDTC-treated HepG2 cells (Fig. 2A, B).
The maximum response was achieved at 4 h with an ED50 of 8.1 ± 0.6 μM. HSPA1A is a
classical HSF1 target gene that encodes the molecular chaperone Hsp72 whose activity is
controlled by its interaction with BAG3 (Jacobs and Marnett, 2009). Real-time PCR results
showed a pattern of HSPA1A mRNA expression that was comparable to BAG3 (Fig. 2A, B).
Human PANC-1 cells were also stimulated with PDTC, and expression of BAG3 and
HSPA1A was assessed by real-time PCR. Compared to controls, exposure of PANC-1 cells to
PDTC for 4 h resulted in a 4.2 ± 1.3 – and 7.9 ± 2.1 – fold induction of BAG3 and HSPA1A
mRNAs, respectively (Fig. 2C). BAG3 and Hsp72 protein levels were also analyzed by
immunoblotting. The expression of Hsp72 (HSPA1A transcript) and BAG3 proteins increased
significantly as early as 6 h after treatment of HepG2 cells with PDTC, resulting in a 2.1 ± 0.3
– (P<0.01, n=4) and 1.8 ± 0.3 – fold increase (P<0.05, n=4) over control, respectively. Hsp72
levels remained elevated up to 18 h (P<0.05), but those of BAG3 progressively declined after
18 h of treatment (Fig. 2D). Under these conditions, PDTC had minimal effect on the expression
of HSF1, Hsp90α and GAPDH, the latter serving as a loading control (Fig. 2D, bottom
panel). The role of protein synthesis in the observed upregulation of BAG3 by PDTC was then
investigated by preincubating HepG2 cells with cycloheximide. As anticipated, inhibition of
protein synthesis resulted in a significant decrease in both the constitutive and inducible
expression of BAG3 to 25 ± 1% and 32 ± 1% (P<0.01, n=3) of control (Supplemental Fig. 1).
Exposure of HepG2 cells to PDTC for 4 h dose-dependently increased Hsp72 and BAG3
protein levels, resulting in a 3.8 ± 0.2 – and 2.6 ± 0.4 – fold increase with 50 μM PDTC
compared to vehicle-treated cells (P< 0.01, Fig. 2E).

In order to clarify the role of HSF1 in the regulation of BAG3 and HSPA1A gene expression,
HepG2 cells were incubated with HSF1 siRNA and non-silencing control for 72 h, after which
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PDTC was added for 2 and 4 h. Under conditions where more than 60-65% of HSF1 mRNA
was knocked down, the silencing of HSF1 significantly abrogated BAG3 and HSPA1A mRNA
levels to 32.7 ± 5.1% (P<0.001) and 10 ± 2% (P<0.0001) of control siRNA-treated cells at 4
h (Fig. 3). Control experiments indicated the depletion of HSF1 protein level in response to
HSF1 siRNA (data not shown).

3.3 Hsp90-binding drugs mimic PDTC-mediated activation of HSF1
Given that the ATPase function of Hsp90 is required for maintaining HSF1 in an inactive
conformation, we sought to investigate whether inhibition of the Hsp90 ATPase activity with
geldanamycin analogs elicits responses similar to PDTC. Western blot analysis indicated that
17-AAG time-dependently induced oligomerization of HSF1 in HepG2 cells (Fig. 4A). The
1321N1 astrocytoma cells were also responsive to 17-AAG (Fig. 4B). Likewise, incubation of
HepG2 cells with the structurally unrelated Hsp90 inhibitor, novobiocin, led to a dose-
dependent increase in HSF1 oligomerization with concomitant decrease in monomeric HSF1
(Fig. 4C). Subcellular fractionation experiments revealed that HSF1 migration to the nucleus
was increased in cells treated with either DMAG (a water-soluble analog of 17-AAG) or
novobiocin, as compared to vehicle-treated cells (Fig. 4D). BRG1 and IκBα are shown as
nuclear and cytosolic markers, respectively. Treatment of HepG2 cells with DMAG for 4 h
resulted in increased expression of BAG3 and HSPA1A mRNA levels (Fig. 4E). Similar to the
results with PDTC, the expression of Hsp72 and BAG3 proteins increased significantly by 6-
h treatment of HepG2 cells with DMAG, resulting in a 2.5 ± 0.2 (P<0.01, n=6) and 1.9 ± 0.2
– fold increase (P<0.01, n=5) over control, respectively (Fig. 4F).

3.4. HSF1 binds directly to the HSE element of the BAG3 promoter
ChIP assay was used to get insight into the in vivo interactions between HSF1 and target gene
promoters in HepG2 cells. In addition to BAG3 and HSPA1A, a number of classical and
nonclassical HSF1 target genes (e.g., HSPA1B, FKBP4, STIP1 and UBB) contain canonical
HSE in their promoter regions (Trinklein et al., 2004). The results showed that cell treatment
with PDTC for 1 h led to the binding of HSF1 onto the promoter regions of BAG3 and
HSPA1A (Fig. 5A and 5B, left panel) as well as HSPA1B, FKBP4, STIP1 and UBB, but not
PPP1R15A or NFKBIA (Fig. 5B, right panel). The same pattern of HSF1-inducible binding to
HSE elements was observed in DMAG-treated cells (Fig. 5B). HSF1 was not detected upstream
or downstream of several target genes, suggesting promoter specificity (data not shown). When
chromatin samples were immunoprecipitated with a control rabbit IgG, there was a complete
absence of HSF1 recruitment onto these promoter regions (Supplemental Fig. 2).

3.5. PDTC and redox modulation of Hsp90α protein
Exposure of HepG2 cells to PDTC significantly reduced incorporation of the thiol-alkylating
agent, maleimidobutyrylbiocytin (MBB), into accessible Hsp90α cysteines to 28.5 ± 8.5% of
control (P < 0.01, n=3; Fig. 6A). Equivalent amount of Hsp90 protein was present in all samples
(Fig. 6A, bottom panel). The role of PDTC in the observed reduction in Hsp90 reactive thiols
was also investigated by enriching thiol-biotinylated proteins by captavidin-agarose
chromatography. Western blot analysis showed a 34% recovery of captavidin-bound Hsp90
from PDTC-treated cells as compared to untreated controls (Fig. 6B). These results suggest
that PDTC-mediated Hsp90α thiol oxidation may contribute to cellular activation of HSF1.

4. Discussion
The present study demonstrates that PDTC and Hsp90-binding drugs promote BAG3
expression by inducing the release of HSF1 from the inhibitory Hsp90 chaperone complex and
hence contribute to the increase in HSF1 transcriptional activity. Once released from the Hsp90
multichaperone complex, trimers of HSF1 were found to translocate into the nucleus in
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response to PDTC and Hsp90 inhibitors. This accumulation of HSF1 trimers in the nuclear
compartment of PDTC-treated cells is consistent with the involvement of p62 and/or related
nucleoporins in the shuttling of HSF1. Indeed, nucleoporin p62, a major component of the
nuclear pore complex, has been shown to interact with the heat shock factor trimerization
domain (Yoshima et al., 1997).

Our results indicate that nuclear HSF1 can bind to HSE element of target gene promoters,
which included several Hsps and co-chaperones such as BAG3 (Bag3), HSPA1A (Hsp72),
HSPA1B (Hsp71), FKBP4 (FKBP52), STIP1 (p60Hop), and UBB (ubiquitin B). Inducible
expression of BAG3 has a critical role in proliferation and mitigating apoptosis. While elevated
BAG3 expression correlates with growth inhibition (Seo et al., 2005) and tumor cell survival
(Chiappetta et al., 2007; Romano et al., 2003), its silencing sensitizes leukemia cell lines to
bortezomib-induced apoptosis (Liu et al., 2009). In the present study, we observed that the
PDTC-mediated increase in BAG3 protein expression was rapid and had plateaued by 6-h.
Under these conditions, Hsp72 (HSPA1A), another HSF1-regulated gene transcript and an
interaction partner of BAG3 (Jacobs and Marnett, 2009), was also induced in response to
PDTC. Morover, our time-course and dose-response experiments have demonstrated the co-
expression of BAG3 with Mcl-1, a member of the anti-apoptotic Bcl-2 family (Song and
Bernier, unpublished results). It is interesting that the proteasome inhibitor MG132 increases
BAG3 expression (Du et al., 2009) while bortezomib up-regulates BAG3 levels in human
leukemic cells to confer limited cytoprotection (Liu et al., 2009). These data suggest that proper
chaperoning and stabilization of anti-apoptotic proteins by BAG3 is a key component of cancer
cell viability.

An earlier report showed that PDTC activates the transcription factor HSF1 to induce heat
shock protein expression by virtue of its activity as thiol group modulator (Kim et al., 2001);
however, it was unclear how PDTC causes nuclear translocation of HSF1 to control the
expression of inducible classical and nonclassical target genes. PDTC and other
dithiocarbamates are known inhibitors of the NF-κB pathway by virtue of their ability to block
the release and degradation of the small IκBα inhibitor (Cvek and Dvorak, 2007). An increase
in the intracellular levels of oxidized glutathione by dithiocarbamates (Wild and Mulcahy,
1999) enables formation of thiol-modified protein adducts that could affect a number of redox-
sensitive signaling pathways involved in inflammation and cancer (Chu et al., 2005; Xie et al.,
2009). This process requires PDTC and its derivatives to form a complex with transition metals
(e.g., Zn2+, Co2+, Cu2+), which are present in varying concentrations especially in cancer cells
(Goodman et al., 2005). Thiol oxidation inactivates the Hsp90 chaperone function in response
to oxidative stress (Carbone et al., 2005; Martinez-Ruiz et al., 2005) and therefore it is possible
that PDTC may inhibit Hsp90 activity with concomitant release of HSF1 through formation
of mixed protein disulfides between small thiols (e.g., glutathione) and the reactive cysteines
of Hsp90α. Our data indicate a role of thiol oxidation in PDTC-mediated dysregulation of
Hsp90 signaling (Fig. 6). Interestingly, cell exposure to pharmacological inhibitors of Hsp90
elicited a pattern of HSF1 activation and transcriptional activity similar to PDTC. It has been
established that geldanamycin, and its structurally related benzoquinone derivatives, not only
bind directly to Hsp90, but also participate in redox cycling via superoxide generation (Dikalov
et al., 2002). Hence, future studies are needed to examine the role of redox cycling of Hsp90
in the control of HSF1 activation and induction of gene expression.

In conclusion, inhibition of the chaperone function of Hsp90α either via PDTC-mediated thiol
oxidation or Hsp90-binding drugs induces the disassembly of the cytosolic HSF1-Hsp90
complex, enabling HSF1 trimer formation with concomitant increase in HSF1-mediated
expression of the co-chaperone BAG3 and antiapoptotic proteins. Future studies should
determine whether tumor cell dependence on normal cellular functions (Solimini et al.,
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2007) renders them vulnerable to therapeutic interventions aimed at targeting Hsp90-HSF1
association.
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Abbreviations

PDTC pyrrolidine dithiocarbamate

HSF1 heat shock factor 1

HSE heat shock element

Hsp heat shock protein

BAG3 Bcl2 associated athanogene domain 3

MEM Minimum Eagle’s medium

17-AAG 17-allylamino-17-demethoxygeldanamycin

DMAG 17-dimethylaminoethylamino-17-demethoxygeldanamycin

EGS ethylene glycol bis(succinimidyl succinate)

ChIP chromatin immunoprecipitation

MBB maleimidobutyrylbiocytin
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Fig. 1.
Cellular activation of HSF1 by PDTC. (A) Following exposure of HepG2 cells to PDTC (50
μM) for 0-60 min, cells were lysed and the HSF1 immunoprecipitates were analyzed by
Western blot for the cosedimentation of Hsp90α (upper panel) and HSF1 (bottom panel). Rel.
Units, ratio of Hsp90 over HSF1. (B) HepG2 cells were exposed to 50 μM PDTC for 1 or 3 h,
after which cells were lysed and Hsp90α immunoprecipitates were analyzed by Western blot
for the cosedimentation of HSF1 (upper panel) and Hsp90α (lower panel). IgG, isotype-
specific mouse IgG used for control immunoprecipitation. Rel. Units, ratio of HSF1 over
Hsp90. (C) Serum-starved HepG2 and M2 cells were exposed to PDTC (50 μM) for 1 h, washed
and subjected to crosslinking with EGS as outlined in “Materials and Methods”. Total cell
extracts were separated on 6% SDS-PAGE gels under reducing conditions and analyzed by
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Western blot for HSF1 (upper and middle panels) and Hsp90α, which was included as a loading
control (bottom panel). The position of the molecular weight makers (in kDa) is shown on the
left. ** and *** denote the formation of HSF1 oligomers. (D) The level of HSF1 in the nuclear
(N) and cytosolic (C) fractions of HepG2 cells incubated with PDTC (50 μM) for 5, 15, 30 and
60 min was assessed by Western blot analysis (top panel). The membranes were reprobed for
BRG1 and p65Rel to demonstrate the quality of our nuclear fractionation. Percent, ratio of
[nuclear HSF1 over cytosol+nuclear pool of HSF1] x 100. (E) Serum-starved HepG2 cells
were exposed to vehicle or PDTC (50 μM) for 1 h, washed and subjected to crosslinking with
EGS. The nuclear (N) and cytosolic (C) fractions were prepared and analyzed by Western blot
for HSF1, BRG1 and the cytosolic marker, GAPDH. ***, trimers of HSF1. For each experiment
depicted in A-E, similar results were obtained in 2–3 independent experiments.

Song et al. Page 12

Int J Biochem Cell Biol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Effect of PDTC on BAG3 and Hsp72 (HSPA1A) expression. Total RNA was extracted from
HepG2 cells treated either with 50 μM PDTC for 1, 2, 4 and 8 h (panel A) or with the indicated
concentrations of PDTC for 4 h (panel B) and then analyzed by real time PCR. Data are
represented as fold increase relative to vehicle-treated groups. Error bars indicate standard
deviation and may be smaller than the symbols. These experiments were repeated three times
with comparable results. (C) Real time PCR analysis of the two HSF1 target genes in human
PANC-1 cells treated with 50 μM PDTC for periods up to 4 h. Relative mRNA levels for
HSPA1A (●) and BAG3 (❍) were normalized to GAPDH mRNA expression. Data are
representative of two independent experiments, each performed in duplicate dishes. (D)
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Western blot analysis was performed using lysates from HepG2 cells treated with 50 μM PDTC
for the indicated times. GAPDH was included as a loading control (bottom panel). Graphical
representation for protein blots (BAG3 and Hsp72 over GAPDH). *P<0.05 and **P<0.01 vs.
control. n =4. (E) HepG2 cells treated with 0–50 μM PDTC for 4 h were lysed, and
immunoblotting was performed using antibodies to BAG3 and Hsp72. GAPDH was included
as a loading control. Graphical representation for protein blots (BAG3 and Hsp72 over
GAPDH). **P<0.01 vs. control. n =3.
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Fig. 3.
Effect of HSF1 siRNA on PDTC-induced expression of HSPA1A and BAG3. HepG2 cells were
transfected with either negative control (❍) or HSF1 (●) siRNA for 72 h, after which they
were serum-starved and then incubated with PDTC (50 μM) for 0, 2 and 4 h. Total RNA was
extracted and analyzed by real time PCR. Data represent relative mRNA expression
(normalized to GAPDH) and expressed as mean values ± S.D. of triplicates. Similar results
were obtained in a second independent experiment. Error bars indicate standard deviation and
may be smaller than the symbols
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Fig. 4.
Hsp90-binding drugs mimic PDTC effects on HSF1 activation. (A) Serum-starved HepG2 cells
were incubated with 17-AAG (5 μM) for 0-3 h, followed by crosslinking reaction with EGS
as outlined in the legend of Fig. 1C. Western blot analysis using total cell lysates was performed
with anti-HSF1 antibody. Note the time-dependent increase in the formation of EGS-stabilized
HSF1 trimers (upper panel) with concomitant reduction in HSF1 monomers (bottom panel).
(B) Serum-starved 1321N1 cells were treated with vehicle, PDTC (50 μM) or 17-AAG (5
μM) for 1 h followed by EGS crosslinking reaction. (C) Serum-starved HepG2 cells were
incubated for 1 h with novobiocin (0.2 and 0.6 mM), an Hsp90 inhibitor structurally unrelated
to geldanamycin. Total cell lysates were analyzed by Western blot using antibodies to HSF1
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and Hsp90α. ** denotes HSF1 trimers. (D) Serum-starved HepG2 cells were treated with
vehicle (Veh.), PDTC (50 μM), DMAG (5 μM), or novobiocin (0.6 mM) for 1 h followed by
the preparation of nuclear (N) and cytosolic (C) extracts. HSF1 levels were detected by Western
blot analysis (upper panel). The membranes were reprobed with BRG1 (middle panel) and
IκBα (bottom panel) antibodies. (E) Total RNA from HepG2 cells treated with vehicle or
DMAG (5 μM) for 4 h was extracted and analyzed by real time PCR. Data represent relative
HSF1, HSPA1A and BAG3 mRNA levels (normalized to GAPDH) and expressed as mean value
± S.D. of four replicates. (F) HepG2 cells treated with 5 μM DMAG for 0–24 h were lysed,
and immunoblotting was performed using antibodies to BAG3 and Hsp72. GAPDH was
included as a loading control (bottom panel). Graphical representation for protein blots (BAG3
and Hsp72 over GAPDH). For each experiment depicted in A-F, similar results were obtained
in 2-3 independent experiments.
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Fig. 5.
Binding of HSF1 to HSE elements in target gene promoters. (A) All loci are shown at the same
scale, from 1000 bases upstream to 500 bases downstream of the annotated transcriptional start
site. Open circles indicate predicted HSEs, gray rectangles indicated transcribed regions, white
rectangles indicate PCR products for ChIP, tick marks are every 200 bp. The gray box upstream
of the HSPA1A is the HSPA1L pseudogene. (B) ChIP assays using agarose-bound HSF1
antibody were performed in serum-starved HepG2 cells treated either with vehicle (open
bars), PDTC (50 μM, filled bars) or DMAG (5 μM, hatched bars) for 60 min. HSF1 binding
to HSPA1A promoter in PDTC-treated cells was set at 100. Bars indicate mean values ± SEM
from 3-5 independent experiments.
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Fig. 6.
Hsp90α contains cysteine residues that are S-thiolation targets. Serum-starved HepG2 cells
were treated with vehicle or PDTC (50 μM, 2 h) after which cells were homogeneized in RIPA
buffer supplemented with MBB (200 μM) for 30 min on ice. The alkylation reaction was
quenched with excess L-cysteine. (A) The clarified cell lysates were subjected to
immunoprecipitation with Hsp90 antibody and immunoblotted either with streptavidin-
conjugated HRP (upper panel) or Hsp90 to confirm equal loading (bottom panel). (B) The
clarified cell lysates were incubated with captavidin-linked agarose for 1 h at 4 ºC, and the
immobilized proteins were eluted with biotin, followed by Western blot analysis with anti-
Hsp90 (upper panel). Input controls are shown in the bottom panel. Similar results were
obtained in a second independent experiment.

Song et al. Page 19

Int J Biochem Cell Biol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Song et al. Page 20

Table 1

List of primer identification number (ID) and size of the PCR products for real time PCR

Gene Assay ID (Applied Biosystems) Size of PCR products (bp)

HSPA1A Hs00359163_s1 124

BAG3 Hs00188713_m1 83

HSF1 Hs00232134_m1 102

GAPDH Hs99999905_m1 122
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Table 2

Promoter-specific primer sequences used for ChIP assays

Gene Name Promoter-specific primers

BAG3 5’-GGCCAACTTCTCTGGACTGG-3’ (forward)

5’-GGTAGCAACTGGCCGGCTA-3’ (reverse)

HSPA1A 5’-GAATATTCCCGACCTGGCAG-3’ (forward)

5’-CCTTCTGAGCCAATCACCGA-3’ (reverse)

HSPA1B 5’-AATATTCCCGACCTGGCAGC-3’ (forward)

5’-CCCTTCTGAGCCAATCACCA-3’ (reverse)

FKBP4 5’-CAGAAGGAGGCAAGAACCAAA-3’ (forward)

5’-GGCGCTTCGGAATTTTTTTT-3’ (reverse)

STIP1 5’-GGCTACGATTGGCAGTGCA-3’ (forward)

5’-GGAGCGAACTTCTGCGACAC-3’ (reverse)

UBB 5’-AAGTTTCCAGAGCTTTCGAGGA-3’ (forward)

5’-AGGCGGATGAATTTGAGTTGA-3’ (reverse)

PPP1R15A 5’-GTGGTCACGCTCGGAAACTC-3’ (forward)

5’-CGGAGATTCCAGCTTTTGCA-3’ (reverse)

NFKBIA 5’-TACTTCCCTGCAGCCTGCAC-3’ (forward)

5’-AGGCTCACTTGCAGAGGGAC-3’ (reverse)
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