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A mild heat shock (HS) preconditioning and acquisition of thermotolerance protects cells against a
variety of cytotoxic agents that otherwise induce apoptosis. Here we tested whether there is a
molecular link between HS preconditioning and endoplasmic reticulum (ER) stress-induced apopto-
sis. ER stress results from a loss of ER lumen homeostasis, culminating in an accumulation of
unfolded/misfolded proteins in the ER and activation of unfolded protein response (UPR). Unre-
solved, ER stress leads to activation of BH3-only proteins, mitochondrial membrane permeabiliza-
tion, caspase activation and apoptotic cell death. HS preconditioning (1 h at 42 �C) induced a rapid
increase in HSPA1 (HSP70) levels which remained elevated for at least 48 h post-HS. HS precondi-
tioning significantly reduced BAX, caspase activation and apoptosis in cell cultures treated with
the ER stress-inducing agents thapsigargin (TG) and tunicamycin (TM). HS-mediated protection
was found to be due to regulation of the BH3-only protein BIM. Further, overexpression of HSPA1
could not mimic the effect of HS on BIM expression, suggesting that other HS factors may play a role
in inhibiting ER stress-induced apoptosis by regulating BIM.
� 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Endoplasmic reticulum (ER) stress occurs as a consequence of
accumulation of unfolded and misfolded proteins in the ER lumen
[1]. As a result, the cells evoke the unfolded protein response (UPR)
[1,2]. Three ER transmembrane proteins, PRK (RNA-dependent pro-
tein kinase)-like ER kinase (PERK), activating transcription factor 6
(ATF6), and inositol-requiring enzyme 1a (IRE1a) monitor the
‘‘health’’ of the ER [3,4]. Upon accumulation of unfolded proteins
in the ER lumen, BiP/GRP78 (HSPA5) dissociates from PERK, ATF6
and IRE1a permitting their activation and initiation of the UPR sig-
naling pathways. The outcome of the cell’s response to stress
depends on the severity and duration of the stress. Initially, cells
mount a pro-survival response, however, if the effects of the stres-
sor cannot be resolved, cell death ensues [3,4]. ER stress-induced
cell death is primarily mediated via the intrinsic apoptotic path-
way leading to BAX/BAK-mediated mitochondrial outer membrane
permeabilization (MOMP), dissipation of mitochondrial inner-
membrane potential (DWm) and release of pro-apoptotic factors,
including cytochrome c [5,6]. This leads to activation of caspase-
9 and caspase-3. Members of the BCL-2 family of proteins are the
key regulators of MOMP and therefore, represent critical regulators
of cell fate [7]. BCL-2 homology domain 3 (BH3)-only proteins, e.g.
BIM and NOXA, are stressor specific modulators of apoptosis. BIM
has been shown to be central to ER stress-induced apoptosis in a
number of cell lines, and RNAi-mediated knockdown of BIM results
in significant protection against ER stress-induced cell death
[8–11].

Heat shock proteins (HSPs) are a set of evolutionary conserved
protein chaperones that can modulate the intrinsic apoptotic path-
way at multiple levels [12–14]. Several members of HSP family are
stress inducible and their expression increases after exposure of
cells to environmental and physiological stresses such as
non-lethal elevations in temperature or oxidative stress [15]. The
transient increase in the expression of HSPs following heat shock
(HS) has been shown to prevent cell death-induced by a variety
of toxic insults [16–18].

Here we investigated whether HS preconditioning can block
ER stress-induced apoptosis. PC12 and HeLa cell lines were heat
shocked by incubation for 1 h at 42 �C. This treatment resulted
in a rapid induction of HSPA1 (Hsp70) protein and its levels
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remained elevated for up to 48 h. HS preconditioned cells had sig-
nificantly reduced BAX activation, caspase processing and apopto-
sis compared to control cells following treatment with ER stress
inducing agents. The inhibition of apoptosis was due to reduced
levels of the BH3-only protein BIM, as HS did not confer any fur-
ther protection in BIM shRNA-expressing cells. HS-mediated sup-
pression of BIM is therefore critical for cell survival upon ER
stress. Our data suggests that there are HS-induced factors, apart
from HSPA1, that alter BIM protein levels and protect against ER
stress-induced apoptosis.
Fig. 1. Heat shock preconditioning reduces thapsigargin-induced cytotoxicity in HeLa
concentrations of TG for 24 h and 48 h followed by MTT assessment of cell viability. (C)
42 �C and after recovery at 37 �C for indicated periods of time the induction of HSPA1
HSPA1. ACTIN was used as a loading control. Densitometric analysis (lower panel) of HS
Values shown are the mean ± SEM of three independent determinations. ⁄P < 0.05, ⁄⁄P < 0
recovery period they were treated with increasing doses of TG for 48 h and an MTT assay w
independent experiments.
2. Results and discussion

2.1. Heat shock preconditioning protects against TG-induced
cytotoxicity

In order to determine the dose response of HeLa and PC12 cells
to TG, an MTT assay was used to measure cell viability in cultures
treated with TG concentrations ranging from 0.1 to 2 lM for 24 h
and 48 h. Doses which caused an approximately 25% decrease in
cell viability after 24 h of treatment were used in subsequent
and PC12 cells. (A) HeLa cells and (B) PC12 cells were treated with indicated
HeLa cells and (D) PC12 cells were heat shocked in HEPES buffered media for 1 h at
was determined by Western blotting (upper panel) using specific antibody against
PA1 induction was normalized to ACTIN and expressed relative to untreated cells.
.01, ⁄⁄⁄⁄P < 0.001 (E) PC12 cells were heat shocked or left untreated, and after a 6 h
as performed after that time. Average and error bars represent mean ± SD from two



D. Kennedy et al. / FEBS Open Bio 4 (2014) 813–821 815
experiments (Fig. 1A and B). Similar studies were carried out with
TM (data not shown) and a concentration of 1.5 lM or 2 lM of
TM was used in HeLa and PC12 cells respectively throughout this
study.

To investigate whether there is a molecular link between the HS
response and ER stress-induced apoptosis, we set up a HS precon-
ditioning experiment. It is well established that HSPs expression
can be induced by exposing cells to a sub-lethal HS followed by a
recovery period [16,19–21]. Cells were exposed to a non-lethal
thermal stress by placing cells in a water bath at 42 �C for 1 h. Cells
were allowed to recover for 6–72 h and expression of the HSPs
(HSPA1) was assessed as a marker of activation of the HS response
by Western blotting (Fig. 1C and D). The maximal level of HSPA1
was induced by 6 h of recovery and remained elevated for 48 h
in HeLa and PC12 cells (Fig. 1C and D). The 6 h time point was
selected as the optimal recovery time for subsequent HS precondi-
tioning experiments as HSPs were significantly increased in both
cell lines at this time point.

We have reported previously that these conditions can render
cells resistant to toxic insults [16,20]. We hypothesized that ther-
mal preconditioning confers a survival advantage to cells under
Fig. 2. Thermal preconditioning reduces ER stress-induced apoptosis. (A) HeLa cells and
they were treated with 1.5 lM or 0.25 lM TG respectively for 48 h. Cells were fixed in
mean ± SEM of three separate determinations. ⁄⁄⁄P < 0.001 compared to TG alone (C) Pro-c
Western blotting using anti-cleaved caspase-3 antibody. ACTIN was used as a loading con
activity was measured in whole cell extracts in HeLa and (F) PC12 cells. Values shown
compared to TG alone.
ER stress conditions. Indeed, heat shock of PC12 cells resulted in
34% reduction in cytotoxicity induced by 0.25 lM TG, as assessed
by MTT assay (Fig. 1E).

2.2. Heat shock preconditioning attenuates ER stress-induced caspase
activation and apoptosis

To examine the effect of HS preconditioning on TG-induced
apoptosis we carried out sub-G1 analysis of control versus heat
shocked cells treated with TG. Indeed, the rate of ER stress-induced
apoptosis was reduced by 10% in both HS preconditioned HeLa and
PC12 cells (Fig. 2A and B). Equally, HS preconditioning reduced cas-
pase-3 cleavage in HeLa cells treated with either TG or TM (Fig. 2C).
Similar results were obtained in PC12 cells (Fig. 2D). The reduction
in caspase cleavage reflected a 40% reduction in DEVDase activity
in heat shocked HeLa cells relative to control cells 48 h after
treatment with 1.5 lM TG (Fig. 2E). In PC12 cells thermal precon-
ditioning led to a 50% reduction in caspase activity at 24 h relative
to control cells (Fig. 2F). This suggests that induction of HSPs is an
adaptive feature that can act to help cells prevent ER stress-
induced apoptosis.
(B) PC12 cells were heat shocked or left untreated, and after a 6 h recovery period
70% ethanol and Sub-G1 analysis was determined by PI staining. Values are the

aspase-3 cleavage was assessed in whole cell lysate from HeLa and (D) PC12 cells by
trol. Data are representative of three independent repeats. (E) DEVD-MCA cleavage

are the mean ± SEM of three independent repeats. ⁄P < 0.05, ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001



816 D. Kennedy et al. / FEBS Open Bio 4 (2014) 813–821
2.3. Heat shock preconditioning augments a pro-survival UPR response

We examined expression levels of UPR markers in the precondi-
tioned and control cells in order to determine whether HS precon-
ditioning also affected UPR signaling upstream of apoptotic events.
Expression of phospho-eIF2a and CHOP were comparable between
the HS and control cells (Fig. 3A, B and D). However, the expression
of key pro-survival UPR markers Grp78 and XBP1s was elevated
upon HS (Fig. 3C and E) and is in line with our previous publication
[25]. This suggests that HS preconditioned cells are better
equipped to deal with ER stress due to a more robust activation
of a pro-survival UPR response. As such, thermal preconditioning
primes cells, enabling them to mount a much stronger pro-survival
response to a subsequent ER stress insult.
Fig. 3. Heat shock preconditioning augments an adaptive UPR response. (A) HeLa cells w
1.5 lM TG for indicated periods of time. Western blotting analysis has been performed us
ACTIN was used as a loading control. (B–E) Densitometric analysis of (B) CHOP, (C) Grp78,
error bars represent mean ± SEM from three independent experiments.
2.4. Heat shock preconditioning attenuates apoptosis upstream of
mitochondria

HSPs can positively modulate cell fate by regulating the apopto-
tic pathway. We have previously demonstrated that HS precondi-
tioning inhibits HS-induced apoptosis at the level of the
mitochondria and prior to BAX activation [22]. Here we investi-
gated how HS preconditioning regulates apoptotic events during
ER stress. Apoptosis induced by ER stress occurs via the mitochon-
drial (intrinsic) pathway; therefore we investigated this pathway
in thermally conditioned cells and non-conditioned control cells.
To this end we assessed BAX activation by flow cytometry. TG
treatment caused a 45% increase in the number of cells containing
active BAX, while only 25% of HS preconditioned cells expressed
ere heat shocked or left untreated, and after a 6 h recovery, they were treated with
ing antibody against CHOP, Grp78, phospho-eIF2a (p-eIF2a), total eIF2a and XBP1s.
(D) p-eIF2a and (E) XBP1s band intensity expression relative to control. Average and
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active BAX following TG treatment (Fig. 4A). This data demon-
strates that HS preconditioning regulates BAX activation and
affords protection upstream of mitochondria.

2.5. Heat shock preconditioning protects against ER stress-induced
apoptosis by regulation of BIM

BAX activation is regulated by members of BCL-2 protein family.
We have previously demonstrated that an increase in expression of
the pro-apoptotic BH3-only protein BIM is crucial for ER stress-
induced apoptosis [7]. BIM has also been shown to directly interact
Fig. 4. Thermal preconditioning regulates BIM levels and affects mitochondrial apoptos
they were either treated with 1.5 lM TG or 1.5 lM TM for up to 48 h. (A) Flow cytometr
active BAX. Values are the mean ± SEM of three independent repeats. ⁄⁄P < 0.01 compar
visualize BIM protein levels (left panel) in (B) TG-treated and (C) TM-treated cells. ACTIN
after 48 h of TG treatment was normalized to ACTIN and expressed as fold change from T
⁄⁄⁄⁄P < 0.0001 compared to TG alone. (D) PC12 cells were heat shocked or left untreated;
were prepared for SDS–PAGE gels and probed using anti-BIM (left panel). ACTIN was use
36 h of TG treatment was normalized to ACTIN and expressed as fold change from TG a
compared to TG alone.
with BAX leading to its activation [23,24] Therefore, we examined
if the expression of BIM was modulated by HS preconditioning. TG
treatment caused an increase in expression of the pro-apoptotic
protein BIM at 48 h in HeLa cells (Fig. 4B). However, the expression
of BIM was significantly reduced in HS preconditioned cells
(Fig. 4B). HS preconditioned cells also had reduced TM-induced
expression of BIM (Fig. 4C). This demonstrates that activation of
the heat shock response inhibited ER stress-induced BIM expres-
sion. Similar results were obtained in PC12 cells indicating that
regulation of BIM by the heat shock response is a general, and
not a cell type specific response (Fig. 4D).
is. (A–C) HeLa cells were heat shocked or left untreated, after a 6 h recovery period
y-based measurement of the active conformation of BAX was performed using anti-
ed to TG alone, ⁄⁄⁄P < 0.001 compared with control. Western blotting was used to
was used as loading control. Densitometry analysis (right panel) for BIM expression
G alone. Values are the mean ± SEM of three independent experiments. ⁄⁄⁄P < 0.001,
after a 6 h recovery period they were treated with 0.25 lM TG for 0–36 h. Samples
d as a loading control. Densitometry analysis (right panel) for BIM expression after
lone. Values are the mean ± SEM of three independent experiments. ⁄⁄⁄⁄P < 0.0001
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To further delineate the involvement of BIM expression in the
protection afforded by HS preconditioning we took control cells
(PLKO) and BIM shRNA-expressing PC12 cells and subjected them
to HS or control conditions. We reasoned that if there are other fac-
tors, that contribute in parallel with BIM to the protective effects of
HS preconditioning, we would be still be able to see a HS-mediated
reduction in the level of ER stress-induced apoptosis even in BIM
shRNA-expressing cells. We determined the efficiency of knock-
down achieved by the BIM shRNA by carrying out densitometric
analysis of control cells (PLKO empty vector) versus BIM shRNA
expressing cells in both untreated and TG-treated conditions
(Fig. 5C). It was found that 48 h of TG treatment caused a 35-fold
increase in BIM expression in PLKO expressing cells relative to
untreated conditions (P value < 0.0001) while in BIM shRNA cells
induction of BIM by TG was not significant. Upon treatment with
Fig. 5. Heat shock preconditioning renders cells resistant to ER stress via regulation of B
followed by a 6 h recovery after which cells were treated for 48 h with 0.25 lM TG. Cel
cytometry. Values are the mean ± SEM of three independent repeats. ⁄⁄P < 0.01 compar
analysis of BIM in control and heat shocked PLKO and BIM shRNA expressing PC12 cells
Data are representative of at least three independent repeats. (C) Densitometry analysi
ACTIN and expressed as fold change from untreated control. Values are the mean ± SEM
PLKO expressing cells.
TG, HS PLKO cells had lower BIM expression, lower caspase-9
and -3 cleavage and a 36% reduction in apoptosis relative to control
cells (Fig. 5A and B). BIM shRNA-expressing PC12 cells were pro-
tected against apoptosis to the same extent as their HS-treated
PLKO vector expressing counterparts following TG treatment. We
could not detect caspase-9 and -3 processing in these cells
(Fig. 5B). HS preconditioning of BIM shRNA cells failed to further
enhance the level of protection afforded by BIM knockdown
(Fig. 5A). These data suggest that BIM is essential for ER stress-
induced apoptosis and that the primary mechanism by which HS
preconditioning renders cells resistant to ER stress is via regulation
of BIM.

HSPA1 is highly stress inducible and we have previously shown
that overexpression of HSPA1 alone can protect from ER stress-
induced apoptosis. By interacting with IRE1a and enhancing its
IM. (A) PLKO and BIM shRNA expressing PC12 cells were untreated or heat shocked
l death was assessed by quantifying the sub-G1 population by PI staining and flow
ed to TG-only treated cells, ⁄⁄⁄P < 0.001 compared to PLKO cells. (B) Western blot
treated with TG for indicated periods of time. ACTIN was used as a loading control.
s for BIM band intensity after 36 h of TG treatment was performed, normalized to

of three independent repeats. ⁄⁄⁄⁄P < 0.0001 compared to control or to TG-treated



Fig. 6. HSPA1 does not regulate BIM levels following ER stress. (A) Protein extracts from Neo and HSPA1 overexpressing PC12 cells were analyzed by Western blotting using a
specific anti-HSPA1 antibody. ACTIN was used as a loading control. Neo and HSPA1 overexpressing PC12 cells were treated with (B) 0.25 lM TG or (C) 2 lM TM for 0–48 h and
protein extracts were assessed for levels of BIM. ACTIN was used as a loading control. Images are representative of three independent experiments.
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ability to splice XBP1, HSPA1 increases the expression of XBP1s tar-
get genes [25]. Since we observed increased expression of XBP1s in
HS preconditioned cells, we looked at BIM protein levels in HSPA1
overexpressing PC12 cells. Interestingly no reduction in BIM pro-
tein levels was observed in HSPA1-overexpressing cells following
TM treatment (Fig. 6C). In response to TG treatment HSPA1 cells
were found to have higher levels of BIM protein despite being pro-
tected from ER stress-induced apoptosis (Fig. 6B). Such a paradox-
ical observation has previously been reported for expression of BIM
in ER stress resistant cells [26]. It has been reported that the pro-
apoptotic ability of BIM can be inhibited via phosphorylation on
Ser87. Taking that into account, HSPA1 might protect against ER
stress-induced apoptosis by post-translational modifications of
BIM.

Our data point to downregulation of BIM by a component of the
HSR, however this effect is not mediated by HSPA1. Numerous
potential mechanisms, possibly parallel, may be involved in the
regulation of BIM following HS. BIM expression can be regulated
transcriptionally and post-transcriptionally in response to ER
stress. CHOP has been reported to regulate BIM at transcriptional
level following ER stress, however, CHOP knockdown does not
affect BIM expression or cell viability in PC12 cells treated with
TG [27]. We have also already shown that microRNAs belonging
to miR-106b-25 cluster contribute to ER stress-induced up-regula-
tion of BIM [27]. BIM is also subject to multiple levels of
post-translational regulation. In particular alteration in the phos-
phorylation of BIM can affect its activity, interaction with BCL-2
family proteins, stability and cellular localization [10,28–30].
Indeed we have observed an electrophoretic mobility shift of BIM
protein, suggestive of its increased phosphorylation upon ER stress
in both HeLa and PC12 cells. HS preconditioning was associated
with decline of both upper and lower bands corresponding to
BIM, which likely suggests that HS preconditioning might inhibit
BIM synthesis (reduction in lower band) and phosphorylation/deg-
radation (reduction in upper band). The protective effect of HS pre-
conditioning may be acting via any of these mechanisms.

3. Conclusions

The UPR is a biphasic signaling program activated in response to
ER stress. However, the switching mechanisms leading to execution
of the cell death program remain elusive. Here we demonstrated
that HS preconditioning, but not HSPA1 expression, regulates BIM
expression to protect cells from ER stress-induced apoptosis. HS
regulates apoptosis at the level of UPR and upstream from mito-
chondrial changes associated with BAX activation. We propose that
mechanisms which augment expression and/or activity of HSPs
represent a potential therapeutic target in conditions where exces-
sive ER stress-induced apoptosis is maladaptive. HSPs are potent
anti-apoptotic modulators and previously have been shown to pro-
tect from numerous apoptotic stimuli. However, the precise molec-
ular mechanisms have not been well described. We show for the
first time that HS preconditioning protects from ER stress-induced
apoptosis by regulation of the pro-apoptotic protein BIM.
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HSPs, in particular HSPA1 have been linked to interference with
the intrinsic apoptotic pathway via inhibition of cytochrome c
release and subsequent caspase activation [31]. We also observed
reduced caspase activation and activity in HS preconditioned cells.
In addition we saw significant down regulation of BIM in those
cells. Regulation of the BCL-2 family by HSPs has previously been
reported with the small HSP HSPB1 involved in the regulation of
BAD [32] and HSPA1 involved in the stabilization of the pro-sur-
vival protein, MCL1 [33]. We have previously shown that HSPA1
could protect from ER stress. However to date, no reports have
linked HSPs to the regulation of BIM as the protective mechanism
against apoptosis. Given the crucial role of BIM in ER stress-
induced apoptosis we were interested in identifying if HSPA1
overexpression could reduce ER stress-induced BIM expression.
Interestingly, no reduction in BIM was observed in cells over-
expressing HSPA1 following treatment with TG or TM. Collectively
these data point to molecular link between HSR and ER stress-
induced apoptosis, which involves down regulation of BIM.

4. Experimental procedures

4.1. Cell culture and treatments

Rat pheochromocytoma cell line, PC12 (ECACC), and cervical
cancer cell line, HeLa (ATCC), were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma, D6429). The media for PC12 cells
were supplemented with 10% heat inactivated horse serum, 5%
fetal bovine serum (FBS), while the media for HeLa cells were sup-
plemented with 10% FBS. In addition 1% penicillin/streptomycin
was also added. All cells were cultured at 37 �C, 5% CO2 in humid-
ified incubator. HeLa cells and PC12 cells were seeded at 6 � 103

and 6 � 104 cells/cm2 density respectively 24 h prior to treatments.
PC12 cells were treated with 0.25 lM thapsigargin (TG) or 2 lM
tunicamycin (TM) and HeLa cells were treated with 1.5 lM TG or
1.5 lM TM.

4.2. Cell viability assay

The mitochondrial metabolic function of cells was assayed by
monitoring the conversion of MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazonium bromide) (Sigma) to purple formazan
crystals in viable cells. HeLa and PC12 cells were plated into 96-
well plates at 6 � 103 and 6 � 104 cells/cm2, respectively. After car-
rying out an experiment, cells were incubated with 0.5 mg/ml of
MTT for 3 h at 37 �C. To stop the reaction and solubilize the forma-
zan crystals 1 volume of 20% SDS in 50% dimethyl formamide was
added and the absorbance was measured at 550 nm by a Wallac
1420 plate-reader with a reference wavelength of 650 nm. Cell via-
bility was expressed as percent of the control cells.

4.3. Heat shock preconditioning

To subject the cells to heat shock, the culture flasks were sealed
by wrapping parafilm around the lids and immersed in a water
bath at 42 �C for 1 h in HEPES buffered media. Culture media was
replaced and cells were allowed to recover at 37 �C for 6 h.

4.4. Western blotting

Cells were harvested, washed once in PBS and lysed in RIPA buf-
fer (50 mM Tris–HCl, pH 8.8, containing 150 mM NaCl, 0.5% sodium
deoxycholate, 0.1% SDS, 1% NP-40) plus a cocktail of protease and
phosphatase inhibitors (100 mM PMSF, 1 mg/ml pepstatin,
10 mM leupeptin, 2.3 mg/ml aprotinin, 250 mM ALLN, 10 mM
NaF, 1 mM Na3VO4). Protein concentration was determined by
bicinchoninic acid (BCA) assay. Lysates were denatured by adding
1/4 volume 5� Laemmli’s buffer and incubating for 5 min at
96 �C. Proteins were separated on SDS–polyacrylamide gels. The
proteins were transferred onto a nitrocellulose membrane and
blocked with 5% milk in PBS containing 0.05% Tween. The mem-
brane was incubated in a 1:1000 dilution of primary antibody in
5% milk in PBS containing 0.05% Tween and probed with specific
antibodies for BIM (Stressgen, AAP-330), cleaved caspase-3 (Cell
Signaling Technologies, #9644), caspase-9 (Cell Signaling Technol-
ogies, #9508 rat, #9502 human), ACTIN (Sigma, A2066), HSPA1
(Stressgen, SPA811), eIF2a (Cell Signaling Technologies, #9722),
phopsho-eIF2a (Cell Signaling Technologies, #9721), CHOP (Santa
Cruz, sc793), GRP78 (Stressgen, SPA826), XBP1s (Biolegend,
619501). They were further incubated in a 1:5000 dilution of
appropriate horseradish peroxidase-conjugated secondary anti-
body (Jackson) in 5% milk in PBS containing 0.05% Tween for
90 min. Signals were detected using Pierce ECL western blotting
substrate [34].

4.5. Detection of caspase activity

The activity of group II caspases, DEVDases, was determined
fluorometrically with Ac-Asp-Glu-Val-Asp-a-(4-methyl-coumaryl-
7-amide) (DEVD-MCA), obtained from the Peptide Institute, Osaka,
Japan. Briefly, cell lysates and substrate (DEVD-MCA) were com-
bined in reaction buffer (100 M N-2-hydroxyethyl-piperazine-
NO-2-ethanesulphonic acid (HEPES), pH 7.5, 10% sucrose, 0.1%
3[(3cholamidopropyl)-dimethylammonio]-1-propanesulphonate,
5 mM dithiothreitol, 10% Nonidet P40, and 50 lM DEVD-MCA).
Substrate cleavage leading to the release of free AMC was moni-
tored at 37 �C using a Wallac Victor multilabel counter (excitation
355 nm, emission 460 nm). Fluorescent units were converted to
micromoles of AMC released using a standard curve generated
with free AMC and subsequently related to protein concentration.

4.6. Sub-G1 DNA content analysis

Following treatment cells were harvested by trypsinization and
washed in PBS. Cells were fixed by adding 500 ll of ice-cold 70%
ethanol drop-wise, while gently vortexing. Cells were placed on
ice for a minimum of 1 h for efficient fixation. Once fixed, cells
were stained with 20 lg/ml propidium Iodide (PI) for 30 min in
the dark on ice. Cells were then analyzed using a FACS Canto flow
cytometer (BD Biosciences) with a total of 10,000 events acquired
per sample. Analysis was carried out with Cyflogic software.

4.7. Detection of BAX activation

Cells were trypsinized and then fixed in 2% formaldehyde for
10 min at room temperature. Washed cells were resuspended in
PBS. Anti-BAX antibody (BD Biosciences clone 6A7, 1 lg) was
added to 100 ll of permeabilization buffer (0.1% saponin, 0.5%
BSA in PBS), in which cells were incubated for 1 h at 4 �C. Mouse
IgG isotype control (Biolegend) served as an autofluorescence con-
trol. Samples were washed and incubated with a 1:200 dilution of
FITC-conjugated anti-mouse antibodies in PBS for 1 h at 4 �C. Sam-
ples were washed and resuspended in 300 ll PBS and analyzed by
flow cytometry. Histograms were overlaid using FCS express.

4.8. Generation of stable knockdown of Bim using shRNA

PC12 cells with reduced levels of Bim were generated using a
method previously described [35] by targeting Bim mRNA with
shRNA using the lentiviral expression vector PLKO and puromycin
selection (3 lg/ml for 7 days). Constructs were generated by Broad
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Institute (Boston, MA, USA) based on different criteria for shRNA
design (http://www.broad.mit.edu/genome_bio/trc/rnai.html).

4.9. Generation of HSPA1 overexpressing PC12 cells

The plasmid expressing full-length human HSPA1 (GenBank:
NM_005346) under the CMV promoter was a kind gift from Dr.
Tomomi Gotoh, Kumamoto University, Japan. Cells were tran-
siently transfected with pcDNA3.1 control plasmid (Neo) or
pcDNA3.1-HSPA1. Transient transfections were carried out using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. Cells were then cultured in presence of 800 ng of G418,
enabling selection of plasmid expressing PC12 cells.

4.10. Densitometric analysis

Quantitative analysis of Western blotting results was carried
out using densitometric analysis with ImageJ software. Expression
was normalized to the loading control (ACTIN) and expressed rel-
ative to untreated sample (otherwise indicated).

4.11. Statistical analysis

Experiments were repeated independently at least 3 times.
Error bars represent means ± SEM of replicates. Significance was
determined using Two-way ANOVA followed by Tukey’s post hoc
analysis, with P-value < 0.05 being considered significant and
annotated by ⁄.
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