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Heat shock response is associated with the synthesis of heat shock proteins (Hsps) which is strictly regulated by
different members of heat shock transcription factors (HSFs). We previously reported that a rat histiocytoma, BC-8
failed to synthesize Hsps when subjected to typical heat shock conditions (42°C, 60 min). The lack of Hsp synthesis
in these cells was due to a failure in HSF1 DNA binding activity. In the present study we report that BC-8 tumor
cells when subjected to heat shock at higher temperature (43°C, 60 min) or incubation for longer time at 42°C,
exhibited necrosis characteristics; however, under mild heat shock (42°C, 30 min) conditions cells showed activation
of autophagy. Mild heat shock treatment induced proteolysis of HSF1, and under similar conditions we observed an
increase in HSF2 expression followed by its enhanced DNA binding activity. Inhibiting HSF1 proteolysis by reversible
proteasome inhibition failed to inhibit heat shock induced autophagy. Compromising HSF2 expression but not HSF1
resulted in the inhibition of autophagy, suggesting HSF2 dependent activation of autophagy. We are reporting for the
first time that HSF2 is heat inducible and functions in heat shock induced autophagic cell death in BC-8 tumor cells.

[Prasad K V, Taiyab A, Jyothi D, Srinivas U K and Sreedhar A S 2007 Heat shock transcription factors regulate heat induced cell death in a rat

histiocytoma; J. Biosci. 32 585-593]

1. Introduction

Stress response or heat shock response is a universal
phenomenon and heat shock proteins (Hsps) form the most
ancient defense system in all living systems at cellular level
(Feder and Hofmann 1999; Sreedhar and Csermely 2004;
Katschinski 2004). Hsp synthesis is tightly regulated by
heat shock transcription factors (HSFs) at transcriptional
level (Morimoto 1998). The cytoprotective effects of Hsps
were attributed primarily to their chaperone activities, which
minimize the proteotoxicity induced by the accumulation of
unfolded or denatured proteins upon stress (Katschinski
2004). HSFs alone can function in the maintenance of
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cellular homeostasis that include regulation of cell cycle,
cell proliferation, redox homeostasis, cell death mechanisms
etc. (Pirkkala ef al 2001; Katschinski 2004; Sreedhar and
Csermely 2004; Sreedhar ef al 2006).

Between the two major heat shock factors, HSF1 regulates
the induced transcription of heat shock genes in response to
stress, whereas HSF2 play a major role during differentiation
and development (Morimoto 1998). HSFs are highly
conserved and upon activation bind to the specific DNA
elements called heat shock elements (HSEs) consisting of
tandem inverted repeats of the short consensus sequence, 5'-
nGAAn-3’" present upstream in the heat shock gene promoters
(Wu 1995). HSF1 is constitutively expressed and localizes
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to the cytoplasm as a non-DNA binding inactive monomer
under normal physiological conditions. Upon stress, the
HSF1 trimerizes, hyperphopshorylates, translocates to the
nucleus and binds to HSEs, and thereby activates the heat
shock gene transcription. HSF2 possesses a constitutive
DNA binding activity, which, however, is abolished by heat
stress (Sarge ef al 1991). Thus HSF2 is refractory to heat
shock and cannot be substituted for HSF1. Hsp70, the major
cytoprotective protein can be synthesized by both HSF1 and
HSF2; however, these two factors have differential specificity
for the synthesis of Hsps (Mathew ef a/ 2001).

Though heat shock response is a universal phenomenon,
we previously reported that BC-8, a rat macrophage cell
line, failed to synthesize Hsps when exposed to typical heat
shock condition (42°C for 60 min), and in the absence of
Hsp synthesis these cells undergo CD95 mediated apoptosis
(Sreedhar et al 1999, 2000). Exogenous expression of
inducible Hsp70 only transiently protected BC-8 cells from
heat-induced apoptosis (Sreedhar et a/ 2000), suggesting that
an in vivo stress response is required for thermotolerance.
Since regulated expression and DNA-binding activity of
HSF1 or HSF2 may decide the fate of cells during stress, we
studied the effect of heat shock on these molecules and on
cell survival and cell death. In the present study we show that
mild heat shock induced HSF2 and its DNA binding activity,
which correlated with the activation of heat shock induced
chaperone-mediated autophagy. We discuss the possible role
of HSF2 in cell survival in the absence of functional HSF1
in BC-8 cancer cells.

2. Materials and methods
2.1 Cell culture and heat shock conditions

Rat histiocytic tumor cells, BC-8 (a single clone of AKS
tumor) was grown in Dulbecco’s Modified Eagles Medium
(DMEM) containing 10% fetal calf serum (FCS), penicillin
(100 U/ml) and streptomycin (50 x#g/ml). Cells (1 x 106/ml)
were given heat shock at 42, 42.5 or 43°C in a water bath
(Julabo) by immersing the culture flask in the water for 30 or
60 min followed by recovery at 37°C.

2.2 Propidium iodide staining for microscopy
and FACS analysis

Control and heat shocked BC-8 cells were collected after
12 h of recovery at 37°C, washed with PBS, stained with 50
wg/ml propidium iodide (PI, containing 0.1% triton X-100
and 22 ug/ml RNase in 0.1% sodium citrate). Cells were
either visualized under a fluorescence microscope (Nikon)
or analyzed by fluorescence activated cell sorting (FACS-
Calibur, BD).
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2.3 Comet assay

Control and heat shocked BC-8 cells were washed with
phosphate buffered saline, pH 7.6 (PBS) and subjected to
comet assay analysis as described earlier (Sreedhar et al
1999). Comet analysis was done under neutral (pH 7.6) as
well as alkaline (pH 12.0) conditions, stained with ethidium
bromide (5 ng/ml) (Sreedhar et al 1999), and appearance
of comets was visualized using a fluorescence microscope
(ApoTome, Carl Zeiss).

2.4 Analysis of autophagic vacuoles by microscopy

BC-8 cells after heat shock and 12 h of recovery at 37°C
were washed with serum free DMEM and incubated with
20 nM/ml monodansylcadaverine (MDC, Molecular Probes)
for 15 min at 37°C with 5% constant CO2 supply. Cells were
washed twice with PBS and immediately analyzed using
ApoTome (Carl Zeiss).

2.5 Western blot analysis

Twenty micrograms of total cell lysate from BC-8 control
and heat shocked cells was collected in HEPES lysis buffer
(pH 7.6) and run on 10% SDS-PAGE, transferred onto
nitro-cellulose membrane (Amersham Biosciences). The
membrane was first blocked with 3% BSA, 0.1% Tween-
20 followed by incubation with appropriate antibodies at
room temperature. The antigen-antibody complexes were
visualized using a BM-chemiluminescence kit (Roche,
Switzerland). Antibodies for HSF1, HSF2, and cytochrome
¢ were obtained from Santa Cruz Biosciences (Santa Cruz,
USA). Antibodies for Hsp90, gp96, Hsc70, Hsp70, caspases,
and ERK1/2 were obtained from StressGen (USA). Anti
glyceraldehyde-3-phosphate ~ dehydrogenase antibodies
were purchased from Abcam (USA) while anti-tubulin, anti-
actin antibodies and proteasome inhibitor, MG-132, were
purchased from Sigma (USA).

2.6 Electrophoretic gel mobility shift assay

Total cell extract (25 ug) from control and heat shocked
BC-8 cells was incubated with y-p32 dATP labeled heat
shock elements (“n-GAA-n” repeats) to examine the HSF-
HSE interaction as a mobility shift of the labelled oligo as
described earlier (Swamynathan ef al 1996).

2.7 RNA isolation and RT-PCR

Total RNA from control and heat shocked BC-8 cells was
isolated using trizol. 5 micro grams of total RN A was reverse
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transcribed using AMV RT-PCR kit from Promega (USA).
HSF2 transcript specific primers used for polymerase chain
reaction were: forward primer, 5'-ATT CAT ATG CTAAAC
ACA AAT GGA GCC C-3’, and reverse primer, 5'- ATT
GAATTC CTTTCC TAA CAG GTT AAT GTT-3" (AC No.
X61754). The autophagy specific gene lamp2a transcript
were amplified using forward primer 5'- GTC TCA AGC
GCC ATC ATA CT-3' and reverse primer 5'-AAG GAC
TCC TAT AGT GGG TGA CGA-3'. For normalization of
PCR reactions, actin transcript specific forward primer 5'-
ATC TGG CAC CAC ACC TTC TAC AAT GAG CTG CG-
3" and reverse primer 5-CGT CAT CCT GCT TGC TGA
TCC ACA TCT GC-3' (Kiffin et al 2004) were used for the
RT-PCR reactions.

2.8  Immunofluorescence and confocal microscopy

BC-8 cells, fixed in 4% formaldehyde for 10 min, washed
with PBS and permeabilised by 0.5% Triton X-100 and
0.05% Tween-20 for 2 min, were incubated with either
anti-HSF1 or anti-HSF2 antibody followed by secondary
antibody conjugated with fluorescene isothiocyanate (FITC,
Sigma); the HSF staining was visualized using a confocal
imaging microscope (Carl Zeiss).

2.9  Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (4y m) was determined
by the retention of mitochondria specific dye DiOC6(3)
(Molecular Probes). Cells were loaded with 20 nM of
DiOC6(3) after heat shock and during recovery at 37°C.
After removal of the medium, cells were washed twice
with PBS, and the concentration of retained DiOC6(3) was
measured using flow cytometer (FACS Calibur, BD, USA).

2.10 Isolation of cytosol and mitochondria fractions

BC-8 cells were harvested in PBS and the mitochondria
and cytosolic fractions were separated as explained earlier
(Sreedhar et a/ 2002). Twenty micrograms of total protein
was separated on 10% SDS-PAGE, immunoblotted with
anti-cytochrome c antibody as described earlier.

2.11 Studies with proteasome inhibitor

BC-8 cells (1 x 10%/ml) treated with reversible proteasome
inhibitor MG-132 (200 nM/ml) before and during heat shock
were analyzed for cell death by fluorescence activated cell
sorting (FACS Calibur, BD, USA), and the cell lysates were
immunoblotted for assaying levels of HSF1, HSF2 and
Hsc70 proteins as above.

2.12  Antisense oligonucleotides for HSF1 and HSF2

Antisense nucleotides for the coding region of mouse
HSFI (AC No. X61753), 5'- CGC TGC ACC GGG GCC
CAC GGC CAG ATC CAT-3', and for the coding region of
mouse HSF2 (AC No. X61754), 5'- GAA AGC CGG CAC
GTT GGA ACT CTG CTT CAT-3', were synthesized. Cells
(1 x 106/ml) were pre-incubated with 2 ug of antisense oligo
for 6 h and then subjected to heat shock followed by further
addition of 4 ug of the given oligo during recovery. Cell
viability and induction of apoptosis was monitored after
12 h of recovery at 37 °C.

3. Results

3.1 BC-8 cells exhibited differential heat sensitivity
at different heat shock conditions

BC-8 cells responded differently to heat shock in incubation
time and temperature dependent manner. Exposure of BC-
8 cells to typical heat shock condition (42°C for 60 min, a
condition where most of the mammalian cells respond to
stress) resulted in cell shrinkage, condensation of chromatin
and membrane blebbing, followed by the formation of
apoptotic bodies (figure 1A), and double strand DNA
damage on neutral comet assay (figure 1B), characteristics
of apoptotic cell death (Sreedhar et al 1999). Increasing
the heat shock temperature to 43°C or longer incubation of
cells at 42°C resulted in cell swelling (figure 1A) and DNA
damage as observed by alkaline comet assay (figure 1B)
confirming necrosis. A decrease in the heat shock incubation
time by 30 min decreased accumulation of cells in sub-
G1; however, in contrast to cells undergoing apoptosis or
necrosis, these cells appeared morphologically normal with
no detectable DNA damage (figure 1C, results not shown).
Hence we have monitored the activation of autophagy
under these heat shock conditions .The RT-PCR analysis of
autophagy marker, lamp2a, showed a temperature dependent
increase, which was not detected either in the control cells
or at higher heat shock temperatures (figure 1D). Cell death
at these conditions was further correlated with increased
vacuolization and fusion of these vacuoles, which was
detected by staining of cells with monodansylcadaverine,
a dye that specifically stains acidic lysosomes or
autophagosomes (figure 1E, F).

3.2 Mild heat shock resulted in induced HSF2
expression and its DNA-binding activity

We previously showed that BC-8 cells failed to synthesize

inducible Hsps at sub-lethal heat shock condition (Sreedhar
et al 1999), which was due to lack of HSF-HSE interaction
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Heat shock induced activation of apoptosis and necrosis in BC-8 tumor cells. (A) appearance of apoptotic bodies and swelling of

cells under sub-lethal and lethal heat shock temperatures respectively. Cells were fixed in methanol and stained with propidium iodide. (B)
Neutral (for apoptosis) or alkaline (for necrosis) comet assays to assess the extent of DNA damage following sub-lethal or lethal heat shock.
Anti AK-5 serum was used as a positive control for the induction of apoptosis. (C) FACS for sub-G1 populations of BC-8 cells after 12 h at
37°C recovery following exposure to 42°C either for 60 min or 30 min. The values represent are means of three independent experiments (+
standard deviation). (D) RT-PCR analysis of lamp2a expression in heat shocked BC-8 cells. (E) Increase in acidic lysosomes and enhanced
vacuolization following the induction of autophagy seen in monodansylcadaverine stained cells following different temperature exposures.
(F) magnified images of boxed areas in (E) showing fusion of lysosomes.

(Sreedhar et al 2000, 2002). In agreement with our earlier
observations, in the present study also, mild heat shock
also failed to induce Hsp70, Hsp90 and gp96 (figure 2A6,
A7 and A8, respectively), but we observed induction of the
constitutively expressed protein, Hsc70 (figure 2A1). In our
earlier study (Sreedhar e a/ 2000) we reported an increase in
HSF1 mRNA under sub-lethal heat shock condition. In the
present, we observed proteolysis of HSF1 upon mild heat
shock treatment (figure 2A3) with a concomitant decrease in
its mRNA expression (figure 2B1). In contrast, another heat
shock factor, HSF2 was induced both at mRNA and at protein
levels, however only under mild heat shock conditions (figure
2A4 and 2B3). The HSF1 and HSF2 expression in these cells
was further confirmed by HSF2-immunofluorescence studies.
HSF1 cellular localization (cytoplasmic/nuclear ratio)
was decreased with an increase in heat shock temperature,
whereas HSF2 levels were significantly increased both in
the cytoplasm and nucleus (figure 2C). Subsequently the
DNA-binding ability of HSF2 was monitored by modified
EMSA analysis. EMSA data suggested that heat shock
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indeed induced HSF-HSE interaction which was observed as
a shift in the gel (compare figure 2D1 with 2D5). However
to confirm HSF2 specific DNA binding, protein samples
(cell lysates) were pre- incubated with either HSF1 or HSF2
polyclonal antibodies and were subjected to EMSA analysis.
Results show that cell lysates incubated with HSF1 antibody
failed to inhibit HSF-HSE interaction, whereas lysates
incubated with HSF2 antibody inhibited this interaction
(compare figure 2D7 with 2DS).

3.3 Heat shock induced a change in mitochondrial
integrity but not the release of cytochrome c

A change in the redox homeostasis alters the fate of cells.
Earlier we have proposed a cross talk between cellular
signaling and redox homeostasis in BC-8 cells upon sub-
lethal heat shock (Sreedhar et al 2002). Therefore in the
present study we measured the release of superoxide
radicals in BC-8 cells using a fluorophore, H2-DCFDA
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(A) Western analysis of stress response in BC-8 tumor cells upon mild heat shock with antibodies for Hsc70 (A1), control

tubulin (A2), HSF1 (A3),. HSF2 (A4) and actin (A5) blot for loading control, Hsp70 (A6). Hsp90 and gp96 (A7 and A8, respectively) and
Poncue-s stain for loading control (A9). (B) RT-PCR analysis of HSF1 (B1) and HSF2 HSF2 mRNAs;. Actin (B2 and B4) was used for
normalization of amplification in each case. (C) immunofiuorescence analysis of HSF1 and HSF2. Green color indicates HSF conjugated
to FITC and the red color is nuclear staining with propidium iodide. The picture represented is a merging of these two. Please note an
increase in HSF2 cytoplasm/nucleus localization compared to HSF1. (D) electrophoretic mobility shift assay for measuring HSF DNA-
binding activity. 25 micrograms of total cell lysate was used for binding assay either with cold or yp32 labeled HSE (40000 cpm) consensus
sequence and analyzed on 4% native PAGE. +HSF1Ab and +HSF2Ab represent cell lysates pre-incubated with HSF1 or HSF2 antibodies
respectively. Cold HSE represents HSE not labeled with yp32 which is used for competition assay.

and measured the intracellular calcium [(Ca2+)i] using
Rhod-2 fluorescence. There was no significant increase in
either intracellular ROS levels or in the intracellular calcium
[(Ca2+)i] levels in BC-8 cells under these heat shock
conditions (data not presented). Further to understand the
effect of heat shock on mitochondria in autophagic cell death,
we monitored the changes in mitochondrial transmembrane

potential (4% m) using DioC6(3) fluorophore. Compared
to control cells, heat shocked cells showed significantly
altered membrane potential, which was once again, heat
shock temperature dependent (figure 3A). It is believed
that 4%m dissipation compromises mitochondrial integrity
and releases pro-apoptotic factors such as cytochrome
¢ to the cytosol which subsequently activate cell death
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Figure 3. Effect of heat shock on mitochondrial transmembrane potential (4w m) and survival signaling. (A) BC-8 cells after heat shock
was incubated with DiOC6(3) and fluorophore treated cells were subjected to FACS analysis . Note a gradual Aym dissipation in BC-8 cells
which is once again temperature dependent. CCCP was used as a positive control to induce Ay m. (B) Analysis of cytochrome c¢ release
from mitochondria. The cytosol and mitochondria fractions were separated as explained in materials and methods and immunoblotted with
anti cytochrome ¢ antibody, showing no significant release of cytochrome ¢ from mitochondria. BC-8 cell lysates after heat shock were
immnoblotted with non-phosphorylated and phosphorylated ERK1/2 antibody showing activation of survival signaling.

pathways. Hence, we monitored cytochrome c release
to asses whether 4¥m dissipation is activating the cell
death. Our immunoblot analysis showed that cytochrome
¢ was not released from mitochondria [compare figure 3B1
(mitochondrial fraction) with 3B2 (cytosolic fraction)]. The
AV m dissipation in these cells was assumed to be associated
with macroautophagy, a selective process but not lethal to
cells (Kiffin et al 2004; Gonzalez-Polo et al 2005). If
autophagy is a survival mechanism upon heat shock, it may
be expected to activate survival signalling. Hence we tested
for the activation of mitogen kinases ERK1/2. Activation of
mitogenic signalling molecules such as ERK1/2 (figure 3B3
and 3B4) further confirmed that mild heat shock in BC-8
cells is activating survival pathways, and autophagy thus
seems to be a cytoprotective mechanism.

3.4 HSF2 expression but not HSF1 is required for the
activation of heat shock induced autophagy

Since HSF1 was degraded upon heat stress (figure 2A3),
we wanted to inhibit proteasome function and monitor
whether inhibition of HSF1 proteolysis has any role
in cell death mechanism. BC-8 cells were treated with
reversible proteasome inhibitor, MG-132 before and after
heat shock and HSF1 protein levels were monitored.
Inhibition of the proteasome inhibited HSF1 proteolysis
(figure 4A1); however, it did not inhibit activation of heat
induced autophagy (figure 4A4). Further, proteasome
inhibition increased basal levels of HSF2 expression,
which was further enhanced by heat shock (figure 4A2).
To understand the importance of HSFs in the activation of
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heat induced autophagy, siRNA for both HSF1 and HSF2
were made and BC-8 cells were treated with these oligos.
HSF1-siRNA treatment compromised HSF1 expression in
BC-8 cells (figure 4B1); however, compromising HSF1 in
these cells did not inhibit heat shock induced autophagy
or Hsc70 expression (figure 4B1 and 4B2). HSF2-siRNA
compromised HSF2 expression, gradually decreased
Hsc70 expression (figure 4C1, 4C2 and 4C3), and inhibited
heat shock induced autophagy (figure 4C5). Subsequent
studies using HSF2 compromised cells suggested that these
cells are highly sensitive to multiple stresses (results not
shown).

4. Discussion

We report a novel observation that heat shock transcription
factor HSF2 is heat inducible while HSF1 is proteolytically
degraded upon mild heat shock conditions in a rat
histiocytoma cell line. We propose a cross talk between
the major heat shock transcription factors, HSF1 and
HSF2 such that in the absence of HSF1, HSF2 functions in
cytoprotection.

Stress response plays a major role in acquired
thermotolerance and resistance to heat induced cell death
(Sreedhar and Csermely 2004; Sreedhar 2006). From our
earlier studies using BC-8 cells and heat shock treatments
we demonstrated that absence of inducible stress response
sensitizes these cells to heat induced apoptosis by both
extrinsic and intrinsic pathways (Sreedhar et al 1999;
Sreedhar er al 2000, 2002). In contrast to sub-lethal heat
shock which resulted in apoptosis, mild heat shock treatment



HSF's regulate cell death pathways 591

A B C D

heat shock, °C heat shock, *C heat shock, *C

with AS p§3  without AS p53
4 =R Con 42 425 43 Con 42 425 & Con HS

Con HS
(HSF1) A1 |----| | —|B1 (HSF1) '& "l'" - ” . — ﬂl D1 (pS3)

(HSF2) A2 l———-l |— rtamar — —‘ B2 (Hsc70) (HscT70) C2 [—--— —i AS p53

; ' D2
(GAPDH) A3 f- —_ — —:I ! ! B3 (GAPDH) — —— —

I I I HSF2 HSF1  actin  actin
3 = sub G1 oG [s<+20 ] I

80
“ (GAPDH) C4 | e - — -
40
cs 100
-» J ' ‘ — maub G1 oGt oGaMm
° ]
heat shock temperature, °C

425 43
A0 40 wh

Con 42 425 43
Heat shock temperature , °C

(HSF2) C1 }‘ 5

AS pS53

per cent cells

Figure 4. (A) Effect of proteasome inhibition on expression and stability of HSFs in BC-8 cells. Western blot analysis with anibodies for
HSF1 (A1), HSF2 (A2), and GAPDH (A3). FACS analysis of MG-132 treated cells (A4). (B) Effect of HSF1 antisense oligonucleotides
on Hsc70 induction. Western blot analysis with antibodies for HSF1 (B1), Hsc70 (B2), and GAPDH (B3). (C) Effect of HSF2 antisense
oligonucleotides on Hsc70 induction and cell survival was determined by western blotting with antibodies for HSF2 (C1), Hsc70 (C2),
and bar diagram represents the densitometric scan of Hsc70 blot (C3). GAPDH blot for loading control (C4). FACS analysis of BC-8 cells
treated with HSF2 antsisense oligonucleotides (C5). (D) Effect of antisense p53 nucleotides on BC-8 cells. Western blot analysis of cells
subjected to heat shock (HS) at 42°C, 60 min) both in the presence (with AS p53) and and in the absence (without AS p53) of p53 antisence

nucleotides with antibodies for pS3 (D1), HSF1 and HSF2 (D2). Note p53 antisense showing no effect on HSF expression.

significantly reduced number of sub-G1 population, which
was not associated with the activation of caspases, caspase-3
or -2 (data not presented). Hence cell death induced at these
heat shock conditions was assumed to be different from
apoptosis or necrosis. Interestingly mild heat shock activated
type II programmed cell death, which was thought to be a
cytoprotective mechanism towards cell survival (Kiffin et a/
2004). Contrary to the expected inducible Hsp synthesis, an
enhanced expression of only Hsc70, a heat shock cognate
protein, was observed. Surprisingly, we also observed
proteolysis of HSF1 and induced expression of HSF2 in
response to mild heat shock treatment in BC-8 tumor cells.
The induced expression of HSF2 and its enhanced DNA
binding activity correlated with the activation of chaperone
mediated autophagy. It is reported that HSF2 functions only
during development and differentiation (Morimoto 1998),
but conditions like exposure of cells to hemin, which mimics
the in vitro cell differentiation in erythroleukemia cells
(Sistonen et al 1992) and proteasome inhibition (Mathew
et al 1998) can also induce HSF2 DNA binding activity.
However, its role in cell death pathways is not known.
Unlike HSF2, HSF1 has a role in CD95 mediated cell
death pathway where CD95 expression and its binding to
the receptor inhibits DNA binding activity of HSF1 (Schett

et al 1999; Sreedhar et a/ 2000). Although non-conventional
roles of heat shock factors are emerging, almost all of
them have been attributed to HSF1 protein (Pirkkala ef a/
2001).

In the present study we showed that under mild heat
shock conditions HSF1 is selectively degraded whereas
HSF2 attained enhanced DNA binding activity. Proteasome
inhibitor, MG-132, inhibited HSF1 proteolysis, did not
affect HSF1 protein levels and it failed to inhibit activation
of autophagy. Our finding that HSF2 shows enhanced DNA
binding at mild heat shock, but not at higher temperature, is
in agreement with earlier studies that HSF2 has a threshold
for its DNA binding activity which is abolished at elevated
temperatures (Sarge ef al/ 1991). We are demonstrating for
the first time that HSF2 is heat inducible at lower heat shock
conditions. Unlike HSF1, HSF2 is a short lived protein and
hence, its activation is always accompanied by increased
synthesis and decreased degradation, similar to the 032
transcription factor in E. coli (Tilly et al 1989). In accordance
with this, we also found enhanced levels of HSF2 transcripts.
To further elucidate the physiological significance of
induced HSF2-DNA binding in the absence of HSF1 in BC-
8 tumor cells, we generated in vitro knockouts for HSF1 and
HSF2 using siRNA. HSF1 knockout cells when subjected

J. Biosci. 32(3), April 2007



592 Kolla V Prasad et al

to mild heat shock were still sensitive to heat shock induced
autophagy, whereas siRNA for HSF2 inhibited autophagy
induced by heat shock.

When cells are not equipped with protective mechanisms
such as synthesis of Hsps, they may activate alternate survival
pathways at the expense of certain cellular components
on exposure to less damaging cellular insults. Autophagy
is one such mechanism associated with cannibalization of
short lived/abnormal/non-functional proteins or organelles
by proteasome/ubiquitin system and is thought to be a
house keeping mechanism involved in the maintenance of
cytoplasmic homeostasis (Oshumi and Mizhushima 2004;
Bergamini et al 2003). In the absence of oxidative damage
or protease activation, the cell death experienced by BC-8
cells was associated with activation of survival signaling. In
support of this, Ay m dissipation also did not result in the
release of pro-apoptotic factors such as cytochrome c.

Involvement of HSF2 in autophagy activation suggests
that in the absence of HSF1, this transcription factor may
function in cell survival. To validate our observations with
other cellular stress, we treated BC-8 tumour cells with
the anticancer drug such as geldanamycin and monitored
for HSF-DNA binding. Similar to mild heat shock,
geldanamycin also enhanced HSF2-DNA binding, which
is correlated with the synthesis of Hsc70 (Aftab et al 2006,
and other unpublished observations). From these studies we
propose that in the absence of HSF1-DNA binding, HSF2
functions in deciding the fate of cells. The differential
regulation of cell death pathways correlating with differential
expression of HSFs in BC-8 tumor cells suggests that these
transcription factors probably exhibit additional cellular
functions than the known conventional ones. Further studies
are required to understand the molecular mechanism of
HSF involvement in stress management and developing
resistance to classical cell death pathways. Since HSFs
are already in the pharmacological perspective towards
treatment (Soti et al 2005; Sreedhar et al 2006), our study
on differential regulation of HSFs may have some clinical
importance.

Acknowledgements

Authors thank Ms Nandini for her help with confocal
microscopy, Mr Deepu Oommen for FACS analysis, Ms
Nalini for EMSA analysis and Dr Tushar Vaidya for MDC.

References

Bergamini E Cavallini G Donati A and Gori Z 2003 The anti-
ageing effects of caloric restriction may involve stimulation
of macroautophagy and lysosomal degradation, and can be
intensified pharmacologically; Biomed. Pharmacother. 57
203-208

J. Biosci. 32(3), April 2007

Feder M F and Hofmann G E 1999 Heat Shock Proteins, Molecular
Chaperones, and The Stress Response. Evolutionary and
Ecological Physiology; Annu. Rev. Physiol. 61 243-282

Gonzalez-Polo R Boya P Pauleau A L Jalil A Larochette N
Souquere S Eskelinen E L Peirron G Saftig P and Kroemer G
2005 The apoptosis/autophagy paradox:autophagic vaporisation
before apoptotic death; J. Cell Sci. 118 3091-3102

Katschinski D M 2004 On heat and cells and proteins; News
Physiol. Sci. 19 11-15

Kiffin R Christian C Knecht E and Cuervo A M 2004 Activation
of chaperone-mediated autophagy during oxidative stress; Mol.
Biol. Cell. 15 48294840

Mathew A Mathur S K and Morimoto R I 1998 Heat shock response
and protein degradation: regulation of HSF2 by the ubiquitin-
proteasome pathway; Mol. Cell. Biol. 18 5091-5198

Mathew A Mathur S K Jolly C Fox S G Kim S and Morimoto R
1 2001 Stress specific activation and repression of heat shock
factors 1 and 2; Mol. Cell. Biol. 21 7163-7171.

Morimoto R I 1998 Regulation of heat shock transcriptional response:
cross talk between a family of heat shock factors, molecular
chaperones, and negative regulators; Genes Dev. 12 3788-3796

Ohsumi Y and Mizushima N 2004 The ubiquitin-like conjugation
systems essential for autophagy; Semin Cell Dev. Biol. 15
231-236

Pirkkala L Nykanen P and Sistonen L 2001 Roles of the heat shock
transcription factors in regulation of heat shock response and
beyond; FASEB J. 15 1118-1131

Sarge K D Zimarino V Holm K Wu C and Morimoto R I 1991
Cloning and characterization of two mouse heat shock with
distinct inducible and DNA-binding activity; Genes Dev. §
1902-1911

Schett G Steiner C W Groger M Winkler S Graninger W Smolen J
Xu Q and Steiner G 1999 activation of Fas inhibits heat induced
activation of HSF1 and upregulation of Hsp70; FASEB J. 13
833-842

Sistonen L Sarge K D Phillips B Abravaya K and Morimoto R 1
1992 Activation of heat shock factor 2 during hemin induced
differentiation of human erythroleukemia cells; Mol. Cell. Biol.
12 41044111

Soti C Nagy E Giricz Z Vigh L Csermely P and Ferdinandy P
2005 Heat shock proteins as emerging therapeutic targets; Br. J.
Pharmacol. 146 769-780

Sreedhar A S Pardhasaradhi B V V Begum Z Khar A and Srinivas
U K 1999 lack of heat shock response triggers programmed cell
death in a rat histiocytoma; FEBS Letts. 456 339-342

Sreedhar A S Pardhasaradhi B V V Khar A and Srinivas U K 2000
Heat induced expression of CD95 and its correlation with the
activation of apoptosis in a rat histiocytic tumor cell line; FEBS
Letts. 472 271-275

Sreedhar A S Pardhasaradhi B V V Khar A and Srinivas U K 2002
A cross talk between cellular signaling and cellular redox state
during heat induced apoptosis in a rat histiocytoma; Free Radic.
Biol. Med. 32 221-227

Sreedhar A S and Csermely P 2004 Heat shock proteins in the
regulation of apoptosis: new strategies in tumor therapy. A
comprehensive review; Pharm. Ther. 101 227-257

Sreedhar A S Deepu O Abhishek A and Srinivas U K 2006 Heat shock
transcription factors: a comprehensive review; in Stress response:



HSF's regulate cell death pathways 593

a molecular biology approach (eds) Amere S Sreedhar and Usha induction of albumin gene by heat shock in early embryonic rat
K Srinivas (Research Signpost ISBN:81-308-0109-4) (In press) liver; DNA Cell Biol. 15 897-905

Sreedhar A S 2006 Pharmacological interventions of Hsps and Tilly K, Spence J and Georgopoulos C 1989 Modulation and
hyperthermia in anticancer treatments; Jpn. J. Hyperther. Oncol. stability of the Escherichia coli heat shock regulatory factor
22 201-227 sigma; J. Bacteriol. 171 1585-1589

Swamynathan S K, Revathi C J and Srinivas U K 1996 Identification Wu C 1995 Heat shock transcription factors: structure and
and characterization of promoter elements responsible for the regulation; Annu. Rev. Cell Dev. Biol. 11 441-469

ePublication: 29 March 2007

J. Biosci. 32(3), April 2007




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


