
Hsp27 Inhibits Bax Activation and Apoptosis via a
Phosphatidylinositol 3-Kinase-dependent Mechanism*

Received for publication, February 19, 2008 Published, JBC Papers in Press, February 25, 2008, DOI 10.1074/jbc.M801291200

Andrea Havasi‡, Zhijian Li§, Zhiyong Wang‡, Jody L. Martin¶, Venugopal Botla‡, Kathleen Ruchalski‡,
John H. Schwartz‡, and Steven C. Borkan‡1

From ‡Boston Medical Center, Boston, Massachusetts 02118, §First Affiliated Hospital, Zhongshan University, Guang Zhou 510080,
China, and ¶Cardiovascular Institute, Loyola University, Maywood, Illinois 60153

Hsp27 inhibits mitochondrial injury and apoptosis in both
normal and cancer cells by an unknownmechanism. To test the
hypothesis that Hsp27 decreases apoptosis by inhibiting Bax,
Hsp27 expression was manipulated in renal epithelial cells
before transient metabolic stress, an insult that activates Bax,
induces mitochondrial injury, and causes apoptosis. Compared
with control, enhanced Hsp27 expression inhibited conforma-
tional Bax activation, oligomerization, and translocation to
mitochondria, reduced the leakage of both cytochrome c and
apoptosis-inducing factor, and significantly improved cell sur-
vival by >50% after stress. In contrast, Hsp27 down-regulation
using RNA-mediated interference promoted Bax activation,
increased Bax translocation, and reduced cell survival after
stress. Immunoprecipitation did not detect Hsp27-Bax interac-
tion before, during, or after stress, suggesting that Hsp27 indi-
rectly inhibits Bax. During stress, Hsp27 expression prevented
the inactivation of Akt, a pro-survival kinase, and increased the
interaction between Akt and Bax, an Akt substrate. In contrast,
Hsp27 RNA-mediated interference promoted Akt inactivation
during stress. Hsp27 up- or down-regulation markedly altered
the activity of phosphatidylinositol 3-kinase (PI3-kinase), a
major regulator of Akt. Furthermore, distinct PI3-kinase inhib-
itors completely abrogated the protective effect of Hsp27
expression onAkt activation, Bax inactivation, and cell survival.
These data show that Hsp27 antagonizes Bax-mediated mito-
chondrial injury andapoptosis bypromotingAkt activation via a
PI3-kinase-dependent mechanism.

Hsp27, a member of the small heat shock protein family, is
induced by stress and protects against heat shock, oxidative
stress, hypertonic stress, and other forms of cellular injury in
numerous cell types including neurons (1, 2), cardiac myocytes
(3, 4), and endothelial cells (5) and mediates chemo-resistance
in multiple cancer cell types (6, 7). In contrast, suppressing
endogenousHsp27 increases cellular susceptibility to apoptosis
(8). In transgenic models of cerebral (1) and myocardial ische-

mia (9)Hsp27 expression also prevents tissue injury, suggesting
that apoptotic cell death contributes to organ dysfunction (10).
Apoptotic signal transduction pathways converge at the

mitochondrion to cause membrane permeabilization, an event
regulated by mutually antagonistic members of BCL-2 protein
family that includes Bcl-2 and Bax (11). In renal epithelial cells,
as in other cell types, the balance between death and survival is
determined by the ratio of these apoptosis-stimulating and sup-
pressing BCL-2 proteins (12). Renal ischemia in vivo (13) aswell
as exposure to metabolic inhibitors in vitro causes mitochon-
drial membrane injury and Bax activation in epithelial cells (14,
15). In healthy cells, Bax exists as a 21-kDa cytosolic monomer.
After a conformational change in both the carboxyl and amino
termini, Bax forms toxic oligomers, translocates to the mito-
chondrial outermembrane (16), and either forms de novo pores
or opens existing mitochondrial membrane channels that
release pro-apoptotic proteins such as cytochrome c and apo-
ptosis-inducing factor (16–19). Leakage of pro-apoptotic
mediators normally sequestered in the intramembranousmito-
chondrial space results in activation of caspase-dependent and
independent pathways that ultimately precipitate cell death
(11, 20).
Recent evidence suggests that Bax activation is regulated by

site-specific serine phosphorylation by kinases known tomedi-
ate apoptosis. Specifically, serine phosphorylation by Akt, a
potent anti-apoptotic serine/threonine kinase, inactivates Bax
(21), whereas serine phosphorylation at another site by glyco-
gen synthase kinase 3� (GSK3�),2 an Akt substrate, promotes
Bax activation and apoptosis (22). Taken together, these reports
suggest that stressors that inactivate Akt and activate GSK3�
promote Bax activation by a dual mechanism.
Several laboratories have investigated the mechanism of

Hsp27-mediated cytoprotection. Specifically, Hsp27 inhibits
caspase 3 and 9 activation and reduces apoptosome formation
(8, 23, 24). However, each of these protective effects operates
downstream of mitochondrial membrane injury and cannot
explain the observation by multiple investigators that Hsp27
inhibits cytochrome c release after pro-apoptotic stress (8,
23–25). Despite these intriguing reports, the mechanism by
which Hsp27 antagonizes mitochondrial injury and prevents
apoptosis is not understood.
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Hsp27 has been closely associated with Akt. However, most
reports emphasize the effect of Akt on the phosphorylation and
activation of Hsp27 rather than vice versa (26, 27). At least in
neutrophils, Hsp27 and Akt co-exist in a large multiprotein
complex, suggesting that Akt and Hsp27 regulate one another
(28). Despite their apparent co-localization in these cells, direct
evidence that Hsp27 modifies Akt activity has not been shown.
This prompted us to speculate that Hsp27 inhibits Bax-medi-
ated mitochondrial membrane injury by promoting the activa-
tion of phosphatidyl inositol 3 kinase (PI3-kinase), a major
upstream regulator of Akt.
In the present studywe report thatHsp27 expression reduces

mitochondrial membrane injury and improves cell survival
after stress, whereas Hsp27 down-regulation has the opposite
effect on these parameters. Hsp27 expression enhances PI3-
kinase activity, promotes Akt-Bax interaction, and inhibits Bax
activation, oligomerization, and translocation tomitochondria.
Importantly, each of the protective effects ascribed to Hsp27 is
prevented by the addition of a PI3-kinase inhibitor.Wepropose
thatHsp27-mediated regulation of PI3-kinase is responsible for
the potent protective effects of Hsp27 on the outer mitochon-
drial membrane during stress.

EXPERIMENTAL PROCEDURES

Materials and Reagents—All reagents were purchased from
Sigma-Aldrich unless otherwise specified.
Cell Culture—Previously characterized proximal tubular epi-

thelial cell lines derived from the immortalized mouse; (29),
from the normal human kidney (HK-2; ATCC, catalog #CRL-
2190), or human embryonic kidney cells (293) weremaintained
as previously described (29).
Metabolic Stress—Cells were incubated for 15 min to 2 h at

37 °C in glucose-free medium (Dulbecco’s modified Eagle’s
medium, Invitrogen 23800-014) that contained 5 mM sodium
cyanide and 5mM2-deoxy-D-glucose as previously described by
our laboratory (see Schwartz and co-workers (30) and Ref. 31).
This maneuver results in apoptosis due to the rapid, persistent
ATP depletion to�10% of base-line ATP content and is revers-
ible with the removal of cyanide and the addition of exogenous
glucose (32). In control, parallel medium changes were per-
formed using Dulbecco’s modified Eagle’s medium.
Selective Hsp27 Expression—Wild type human Hsp27

expression was increased in renal cells using a previously char-
acterized adenoviral construct (33). Control cells were infected
with empty vector (AdTR5/GFP). Infection efficiency was
�90–99% as determined by direct visualization of GFP in cells
infected with 40–100 multiplicity of infection. Cells were
infected with adenovirus for 16 h at 37 °C in Dulbecco’s modi-
fied Eagle’s medium supplemented with 2% fetal bovine serum
(FBS) followed by a 24-h washout period during which the
medium was replaced with fresh Dulbecco’s modified Eagle’s
medium containing 10% FBS. Increased Hsp27 expression was
confirmed by immunoblot analysis and was titrated to approx-
imate the level of expression detected after sublethal heat stress
(43.0 °C � 45 min (34)) followed by 16 h of recovery (Fig. 1A).
RNA Interference—HK-2 cells were transected with siRNA

against Hsp27 (sc-29350) or control siRNA (sc-37007) from
Santa Cruz Biotechnology (Santa Cruz, CA) as per the manu-

facturer’s protocol. Briefly, subconfluent (50–60%) HK-2 cells
grown in antibiotic free medium were transfected using siRNA
Transfection Medium (sc-36868) and Transfection Reagent
(sc-29528) at an siRNA concentration of 10 nM. After 8 h, cells
were washed and cultured for 72 h in complete medium.
Mitochondrial Membrane Injury/Cytosolic Cytochrome c

and Apoptosis-inducing Factor (AIF) Leakage—To assess mito-
chondrial membrane injury, the leakage of mitochondrial cyto-
chrome c and AIF was measured by immunoblot analysis of
cytosolic fractions using digitonin permeabilization as previ-
ously reported by us (30, 35, 36).
Co-localization of Bax and the Mitochondria with Confocal

Microscopy—Subconfluent, live cells grown on glass coverslips
were incubated with Mitotracker Green-FM (600 nM; Molecu-
lar Probes), a mitochondrial specific marker, for 30 min at
37 °C. Cells were then fixed in methanol (4 °C for 20 min),
exposed to an anti-Bax (N-20) antibody (Santa Cruz, #sc-493),
detected with a Cy3-conjugated secondary antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA), and routine
immunohistochemistry was performed (30). Confocal micros-
copy was used to localize Bax and Mitotracker Green using an
Olympus confocalmicroscope (FV300-IX70)with a 60�UPlan
apochromatic objective (Olympus, Melville, NY). Images were
processed using Fluoview software.
Immunoblot Analysis and Immunoprecipitation—Immuno-

blot analysis was performed as described previously (31). Com-
mercially available antibodies were used to detect Hsp27
(1:1000 dilution, StressGen Biotechnologies, Victoria BC, Can-
ada, catalog #SPA-803 or Santa Cruz Biotechnology, catalog
number sc-1048), apoptosis-inducing factor (1:250 dilution,
Santa Cruz Biotechnology, catalog #sc-13116), cytochrome c
(1:1000, Research Diagnostics, clone 6H2.B4), caspase-3 (1:1000
dilution, Cell Signaling, #9665), cleaved caspase-3 (1:1000 dilu-
tion, Cell Signaling, #9664), activated Bax (6A7; 1:1,000 dilu-
tion; Trevingen, Inc., Gaithersburg, MD, catalog #2281-MC-
100), total Bax (5B7; 1:500 dilution; Pharmingen, catalog
#556467), �-actin (1:750 dilution, Abcam, Inc., Cambridge,
MA, catalog #ab6276-100), AKT/p-Ser473-AKT (1:1000 dilu-
tion, Cell Signaling, #9272/#9271), PI3-kinase p85 (1:1000 dilu-
tion, Santa Cruz, catalog #423), GSK3�/p-Ser9-GSK3� (1:1000
dilution, Cell Signaling, catalog #9315 and 9336), �-actin
(Sigma catalog A5316), glyceraldehyde-3-phosphate dehydro-
genase (N-14; Santa Cruz, catalog #sc-20356), and �-tubulin
(1:1500 dilution, Sigma, catalog #A5441). Secondary antibodies
conjugated to horseradish peroxidase (Jackson Immuno-
Research Laboratories) were used in combination with a chemi-
luminescence detection method (Amersham Biosciences) to
visualize specific protein bands. For co-immunoprecipitation,
7.5 � 106 cells were harvested in buffer containing 150 mM
NaCl, 10 mM Tris HCl, 5 mM EDTA, 1 mM EGTA, 1% Triton
X-100, 0.5%Nonidet P-40, with protease inhibitors at pH 7.4 as
previously described by our laboratory (30). Lysates were cen-
trifuged at 20,000 � g for 10 min at 4 °C, and the supernatants
were collected. Samples containing 400�g of total proteinwere
incubated with 5 �g of antibody directed against Hsp27 (Santa
Cruz, anti-goat or StressGen, anti-rabbit), PI3-kinase p85a
(Santa Cruz), active Bax (Trevingen, Gaithersburg, MD, clone
YTH-6A7), or total Bax (Lab Vision/Neomarkers, Fremont,
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CA, clone 5B7) overnight at 4 °C. Immunoprecipitates were
collected by the addition of protein G- or A-agarose (Immuno-
Pure Immobilized Protein G or A, Pierce) to each sample fol-
lowed by incubation at 4 °C for 1 h. Complexes were harvested
by centrifugation and washed 4� with lysis buffer or phos-
phate-buffered saline. Finally, the beads were resuspended in
1� SDS sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10%
glycerol, 5% mercaptoethanol) and heated at 100 °C for 10 min
before separation by SDS-PAGE and immunoblot analysis. In
selected experiments cells were lysed in either Tris-buffered
saline or 2% CHAPS lysis buffer, and the identical buffer was
then used in all subsequent steps as described above.
Cell Viability—Viability was assessed with a modified color-

imetric technique (3-(4,5 dimethylthiazol)-2,5-diphenyl tetra-
zolium bromide (MTT) assay) that is based on the ability of live
cells to convert MTT, a tetrazolium compound, into purple
formazan crystals as described by our laboratory (37).
Chemical Cross-linking—Cell extracts were prepared in 1�

Tris-buffered saline containing protease and phosphatase
inhibitors by subjecting 2.5 � 106 cells to lysis with one freeze-
thaw cycle in a dry-ice-ethanol bath and 37 °C water bath,
respectively. Lysates were then purified by centrifugation at
12,000 � g for 10 min at 4 °C. Samples containing 50 �g of
protein were suspended for 30 min at room temperature in 50
�l of freshly dissolved disuccinimidyl tartrate (DST) with a
6.4-Å spacer arm (Pierce) in DMSO to achieve a final concen-
tration of 2mM.DMSOwithout DSTwas added to control. The
reactions were then quenched by the addition of 15 mM Tris,
pH 7.4. The samples were prepared for immunoblot analysis as
described above and were probed with an anti-Bax antibody
directed against total Bax (mouse monoclonal, Clone 5B7, Lab
Vision/Neomarkers).
PI3-kinase Assay—Cell extracts harvested in the presence of

Nonidet P-40 were obtained from human kidney (HK-2) cells
infected with adenovirus containing either Hsp27 or empty
adenovirus that were incubated overnight with an antibody
directed against the non-catalytic PI3-kinase p85 subunit
(Santa Cruz) followed by a 1-h incubation with protein A/G-
agarose. The immunoprecipitates were washed 3 times with
lysis buffer then twice in buffer that contained 10mMTris�HCl,
100mMNaCl, and 1mMEDTA, pH 7.5, then once in PI3-kinase
assay buffer that contained 20 mM Tris�HCl, 100 mM NaCl 10
mM, MgCl2, 0.1 mM EGTA, 100 mM vanadate, 20 mM ATP, 200
mMadenosine, pH 7.5. After the last wash, 10�l of sonicated, PI
substrate (L-�-phosphatidylinositol, Sigma, 1 mg/ml in 10 mM
HEPES, pH 7.5) was added to each sample, and the samples
were incubated for 10 min on ice. The reaction was carried out
at 25 °C for 20 min by adding 40 ml of PI3-kinase assay buffer
containing 10 �Ci of [�32P]ATP and then quenched with 100
ml of 1MHCl. Phospholipidswere extracted oncewith 200�l of
CHCl3/MeOH (1:1) (8000 rpm � 3 min) using a bench-top
centrifuge, and then the lower (organic) phase was transferred
to a fresh Eppendorf tube and extracted twice with 160�l of 1 M
HCl/CH3OH (1:1 vol:vol). The organic phase was dried under
100% nitrogen gas and re-suspended in 20 �l of CHCl3/MeOH
(1:1 vol:vol). Phosphorylated products were resolved on oxa-
late-impregnated silica 60 plates that were wetted with 1.2%
potassiumoxalatemixed (1:1 vol:vol) with CHCl3/MeOHand 4

M NH4OH (9:7:2) for 2 h, the gel was air-dried, and then auto-
radiography was performed. Radioactive bands representing
PI3-kinase were separated and quantified using a liquid scintil-
lation analyzer (Packard-PerkinElmer Life Sciences).
Densitometry and Statistical Analysis—After digitizing the

immunoblot image (Hewlett-Packard, Desk Scan II), band den-
sities were quantified using NIH ImageQuant Software. Data
are expressed as the means � S.E. Comparison of two groups
was performed using a two-tailed Student’s t test. Results
involving more than one group were compared using 2-way
analysis of variance andwere then analyzedwith the Fisher post
hoc test. A result was considered significant if p � 0.05.

RESULTS

Hsp27 Expression Regulates Cell Survival After Metabolic
Stress—In renal tubular epithelial cells, non-lethal heat stress
(43 °C � 45 min with 16 h recovery; Fig. 1A, third lane) or
infection with 40 multiplicity of infection adenovirus contain-
ing human Hsp27 (first lane) exhibited a similar, marked
increase in Hsp27 content compared with either uninfected
cells (fourth lane) or cells infected with adenovirus containing
empty vector (second lane). To reproduce the physiologic cel-
lular response to stress,Hsp27 expressionwas increased by ade-
novirus to the same level as that afforded by heat stress in all
subsequent experiments. In contrast, siRNA directed against
Hsp27 markedly decreased steady state Hsp27 content com-
pared with non-sense siRNA (Fig. 1B). Importantly, metabolic
stress did not itself induce Hsp27 within the time frame exam-
ined in our studies (Fig. 1C). Apparent differences in the
amount of immunoreactive Hsp27 detected in control (first
lane, Fig. 1A), non-sense siRNA (first lane, Fig. 1B), and in nor-
mal cells at base line (first lane, Fig. 1C) are due to differences in
exposure time that were optimized for each study.

FIGURE 1. Effect of adenoviral infection, siRNA, or metabolic stress on Hsp27
expression and cell survival after metabolic stress. A, Hsp27 level in lysates
harvested from non-infected cells (Ctl), cells subjected to transient heat stress
(HS), or infected with adenovirus containing either empty vector (EV) or human
Hsp27 (Hsp27). Lower panel, �-tubulin loading control. B, Hsp27 content after
exposure to non-sense siRNA (NS siRNA) or specific Hsp27 siRNA (Hsp27
siRNA). Lower panel, �-tubulin loading control. C, Hsp27 content at base line
(Base), after 60 min metabolic stress (ATP Depl), and after 30 min of recovery
(Rec30). D, cell survival after 1 h of metabolic stress followed by 30 min of
recovery in empty vector (EV), Hsp27 adenovirus (Hsp27 AdV), non-sense
siRNA (NS siRNA), and Hsp27 siRNA (Hsp27 siRNA)-treated cells compared with
base line. Data are the mean � S.E. and were performed in triplicate; *, p �
0.05 versus base-line survival; immunoblots are representative of at least
three independent experiments.
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To assess its effect on survival, Hsp27 content was manipu-
lated in epithelial cells after 1–1.5 h of metabolic stress, an
insult that causes apoptosis (14, 32). Only 50% of control
(empty vector) survived after stress (Fig. 1D). Hsp27 expression
increased cell survival after stress to 87� 6%% (p� 0.05; n� 3).
In contrast, Hsp27 knockdown with specific siRNA decreased
survival by almost 50% compared with non-sense siRNA (38 �
6 versus 71 � 3%, p � .05; n � 4). Differences in relative cell
survival between empty vector and non-sense siRNA are due to
differences in the duration of stress (1 h empty vector versus
1.5 h non-sense siRNA) that were intentionally selected to opti-
mize cytoprotection or injury caused by changes in Hsp27
expression.
Hsp27 Prevents Mitochondrial Membrane Injury and

Caspase 3Activation—Metabolic stress resulted in the progres-
sive leakage of mitochondrial cytochrome c and AIF into the
cytosol of cells exposed to digitonin (Fig. 2A) as previously
reported by us (36). Compared with control, Hsp27 up-regula-
tion markedly decreased mitochondrial cytochrome c and AIF
leakage both during and after stress. In addition, enhanced
Hsp27 expression decreased stress-induced activation of
caspase 3 (Fig. 2B), a downstream consequence of cytochrome c
leakage. In this study the decrease in pro-caspase 3 content
parallels cytochrome c leakage and is a reliable estimate of
caspase activity in these cells (30). Taken together, these results
demonstrate that Hsp27 ameliorates stress-inducedmitochon-
drial membrane injury and caspase activation, hallmarks of
apoptosis.

Hsp27 alters Bax activation, oligomerization, and transloca-
tion to mitochondria. Because Bax is a primary cause of stress-
inducedmitochondrial membrane injury after metabolic stress
(14–16, 38), the effect of Hsp27 on Bax activation was exam-
ined. Compared with base line, metabolic stress markedly
increased active Bax in cell lysates as assessed by a 6A7 epitope-
specific antibody (Fig. 3A, upper panel) without changing total
Bax content (bottom panel). Hsp27 expression markedly
reduced conformationalBax activationduring andaftermetabolic
stress (Fig. 3A). In contrast, RNA interference-mediated Hsp27
knockdown resulted in a marked increase in activated Bax after
stress (Fig. 3B, upper panel) without affecting total Bax (bottom
panel). Hsp27 expression also reduced the formation of toxic Bax
oligomers during and after stress (Fig. 3C). In the absenceof stress,
however, neither the detergent-free buffer nor the chemical cross-
linker caused Bax oligomerization in normal orHsp27-expressing
cells. In intact cells, dual channel confocalmicroscopywas used to
co-localize Bax with mitochondria, visualized as overlap between
active Bax, stained in redwith cy3, andmitochondria stainedwith
MitotrackerTMgreen. Before stress, activeBaxwasnot detected in
cells exposed to empty adenovirus, Hsp27-containing adenovirus,
non-sense siRNA (not shown), or specific Hsp27 siRNA (Fig. 3D,
upper three panels). Compared with control (empty vector, lower
left panel), Hsp27 expressionmarkedly reduced co-localization of
active Bax with mitochondria (lower row, middle panel). In con-
trast, suppressing Hsp27 further increased mitochondrial Bax
accumulation in stressed cells. Thus, three distinct methodologi-
cal approaches confirm that Hsp27 expression modifies Bax con-
formational activation, oligomerization, and translocation to
mitochondria after metabolic stress.
Hsp27 Promotes Akt Activation and Akt-Bax Interaction—

To examine the possibility that Hsp27 directly inhibits Bax, Bax
and Hsp27 were alternatively immunoprecipitated, and the
precipitates were probed for the other protein. In these bidirec-
tional immunoprecipitation studies, no interaction between
Hsp27 and Bax was detected at base line or after stress either in
normal or Hsp27 expressing cells (data not shown). Furthermore,
Hsp27-Bax failed to co-localize in intact cells by confocal micros-
copy after stress despite enhanced Hsp27 expression (data not
shown).Thesedata suggest thatHsp27 indirectly antagonizesBax.
To test the hypothesis that Hsp27 inhibits Bax by activating

Akt, a kinase that regulates Bax (21), p-Ser473 (active) and total
Akt content were examined after metabolic stress. Compared
with base line, stress resulted in marked Akt inactivation (Fig.
4A, upper panel) without altering total Akt content (lower
panel). Compared with control, Hsp27 overexpression
increased active Akt content before, during, and after injury
(upper panel), whereas reduced Hsp27 expression (siRNA)
markedly decreased Akt activation at all time points (Fig. 4B).
Consistent with its effect on promoting Akt activation, Hsp27
expression also increased Ser9 phosphorylation (i.e. inactiva-
tion) of GSK3�, an Akt substrate, during and after metabolic
stress (Fig. 4C). In contrast to Akt, GSK3� activates Bax (22).

Minimal interaction betweenHsp27 and Akt was detected at
base line by immunoprecipitation, and neither metabolic stress
nor Hsp27 expression increased this interaction (data not
shown). These observations suggest thatAkt-Hsp27 interaction is
not required to promote Akt activation. Interestingly, stressmod-

FIGURE 2. Effect of Hsp27 on stress-induced mitochondrial membrane
injury and caspase 3 activation. A, leakage of mitochondrial AIF (upper
panel) and cytochrome c (Cyto c; middle panel) into the cytosol of digitonin-
permeabilized control (EV) versus cells with enhanced Hsp27 expression
(Hsp27 AdV), at base line (Base), immediately after 1 h of injury (ATP depl), and
after a 30-min recovery (R30). Bottom panel, �-actin loading control. AIF and
cytochrome c were localized in 5 �g of cell lysate (WCL, lane 1). Other lanes
contain 40 �g of total protein. B, content of pro-caspase 3, the inactive form of
the enzyme (upper panel) in non-infected cells (Ctl, first lane) or after infection
with AdV containing either empty vector or wild type Hsp27. Lower panel,
�-tubulin loading control. Lanes contain 40 �g of total protein. Immunoblots
are representative of at least two separate studies.
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estly increased the interactionbetweenBax andGSK3� compared
with base line in immunoprecipitates harvested from cell lysates.
However, Hsp27 expression did not reduce this interaction (data
not shown), suggesting that Hsp27 inhibits Bax upstream of
GSK3�. In contrast to theminimal effects ofHsp27 expression on
Akt-Hsp27 or GSK3�-Bax interaction, Hsp27 substantially
increased the interaction between Akt and Bax, especially during
metabolic stress (Fig. 5), indicating that Hsp27 inhibits Bax partly
by promoting Akt-Bax interaction during cell stress.
Hsp27DoesNot Inhibit p-Ser473-AktDephosphorylation—To

evaluate the possibility that Hsp27-Akt interaction during
stress reduces its susceptibility to dephosphorylation by PP2, an
Akt phosphatase (Chiang et al. (44)), p-Ser473-Akt content was
serially assessed in the presence of LY294002, a PI3-kinase

FIGURE 3. Effect of sp27 expression on Bax activation, oligomerization, and mitochondrial translocation after cell injury. Active Bax content assessed
by a conformation-specific antibody directed against the 6A7 epitope and total Bax content before (Base), immediately after 1 h of metabolic stress (ATP depl),
and after 15 min of recovery (R15) in cells infected with AdV containing Empty vector or Hsp27 AdV (A), cells exposed to non-sense siRNA or Hsp27 siRNA (B), Bax
oligomerization (upper panel) in empty vector (EV), and Hsp27-expressing cells (C). The open arrow indicates monomeric Bax (21 kDa); solid arrowheads identify
Bax oligomers that accumulate after cell injury. Lower panel, �-tubulin loading control, 40 �g of total protein per lane; each immunoblot represents 3–5
separate experiments. D, mitochondrial co-localization of active Bax and Mitotracker GreenTM at base line and after metabolic stress followed by 30 min of
recovery using confocal microscopy in normal cells (Control) and in cells with either increased (Hsp27 AdV) or decreased (Hsp27 siRNA) content. Bax (red) and
MitoTrackerTM (green) are shown as merged images; orange-yellow indicates co-localization; the bar indicates 5 �M.

FIGURE 4. Effect of Hsp27 expression and cell stress on Akt and GSK3b
activation. Active (p-Ser473) Akt content (upper panel of each pair) before
(Baseline), immediately after 60 min ATP depletion (ATP Deplete), and after
30 min recovery (Recovery30) in cells infected with AdV containing either
empty vector (Hsp27�) or wild type Hsp27 (Hsp27�) (A) and cells exposed
to non-sense siRNA (NS siRNA) or Hsp27 siRNA (B). A and B, lower panels,
total Akt loading control. C, inactive (p-Ser9) GSK3� content (upper panel),
an Akt substrate. Lower panel, total GSK3� loading control; lanes contain
40 �g of total protein; immunoblots are representative of three separate
studies.

FIGURE 5. Effect of Hsp27 expression on stress-induced p-Ser473-Akt-Bax
interaction. Total Bax content (using 5B7 antibody; upper panel) in immuno-
precipitates (IP)harvested with an anti-p-Ser473-Akt antibody from lysates of
cells infected with AdV containing either empty vector (Hsp27�) or wild type
Hsp27 (Hsp27�) at base line (Baseline), after 1 h of metabolic stress (ATP
Deplete), and after 30 min of recovery (Recovery30). Lower panel, total Bax con-
tent loading control. Immunoblots (IB) are representative of two separate
studies; 400 �g of protein was immunoprecipitated in each sample.
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inhibitor. By preventing de novo Akt phosphorylation, dephos-
phorylation can be clearly isolated fromongoing kinase activity.
Densitometric evaluation of several independent studies con-
firmed that control and Hsp27-expressing cells exhibited a
similar rate of decline in p-Ser473-Akt content during stress
(Fig. 6B).
Hsp27-mediated Cytoprotection Involves Akt/PI3-Kinase—To

determine whether Hsp27 improves cell survival by activating
Akt via PI3-kinase, distinct PI3-kinase inhibitors (LY and wort-
mannin) were used to block Akt activation. Importantly, 1 h of
exposure to either of these agents did not significantly alter cell
survival in the absence of stress (data not shown). Compared
with empty vector, Hsp27 expression significantly improved
cell survival aftermetabolic stress (p� 0.05; Fig. 7A). Likewort-
mannin, LY almost completely abrogated the pro-survival
effect of enhanced Hsp27 expression. Although LY minimally
altered Akt content at base line, it selectively inhibited Akt acti-
vation during recovery from stress, confirming its efficacy as an
Akt inhibitor (Fig. 7B). Furthermore, inhibition of Akt by LY
increased stress-induced Bax conformational activation (Fig.
7C). Compared with their respective base lines, LY exposure
selectively increased stress-induced active Bax conformational
activation in both groups without altering total Bax (Fig. 7, A
andB, bottom panel). These studies show that Hsp27-mediated
antagonism of Bax requires active PI3-kinase.

Hsp27 Regulates PI3-kinase Activity—To assess the hypoth-
esis that Hsp27 promotes PI3-kinase activation, the effect of
Hsp27 on PI3-kinase activity was directly assessed using a
kinetic assay that detects the incorporation of 32P into a PI3-
kinase-specific substrate. Compared with control, the stimula-
tory effect of Hsp27 expression on PI3-kinase activity was
apparent before, during, and after metabolic stress (Fig. 8A).
Similar amounts of the p85-kDa subunit were harvested in
each immunoprecipitate (middle panel). Furthermore, sim-
ilar amounts of the p100-kDa subunit were detected in each
of the immunoprecipitates harvested using an antibody
directed against the p85 subunit (bottom panel). In contrast
to the effect of increased Hsp27 expression on PI3-kinase,
Hsp27 knockdown exacerbated PI3-kinase inactivation dur-
ing metabolic stress and recovery (Fig. 8B, upper panel). In
this study Hsp27 expression had no effect on the amount of
p85-kDa subunit of PI3-kinase detected in each immunopre-
cipitate (lower panel). This demonstrates that the effect of
Hsp27 on PI3-kinase activity cannot be attributed to differ-
ences in loading or to Hsp27-mediated recruitment of p85
and p110 subunits into the active kinase complex. Bi-direc-
tional immunoprecipitation failed to detect interaction
between Hsp27 and PI3-kinase even in cells with increased

FIGURE 6. Effect of Hsp27 expression on stress-induced p-Ser473-Akt de-
phosphorylation. A, p-Ser473-Akt content (upper panel of each pair) in lysates
in the presence of 20 �M LY294002, a PI3-kinase inhibitor, at base line, and
after 15– 60 min of metabolic stress in control (Empty vector) or Hsp27-ex-
pressing cells (Hsp27 AdV). Lower panel of each pair; total Akt loading control.
B, time course of changes in p-Ser473-Akt content in empty vector (open cir-
cles) and Hsp27-expressing (solid squares) cells assessed by densitometric
analysis (n � 4 at each time point). Some standard error bars are too small to
be seen. The slope of each curve is nearly identical.

FIGURE 7. Effect of PI3-kinase inhibition on Hsp27-mediated cytopro-
tection. A, relative survival compared with empty vector cells after 60 min
of metabolic stress in Hsp27-expressing cells either with (HSP27 � LY) or
without (HSP27) 20 �M LY; *, p � 0.05 versus empty vector cells; NS, not
significant. B, effect of LY on p-Ser473-Akt content at base line, immedi-
ately after ATP depletion, and after 30 min of recovery (upper panel). Lower
panel, total Akt loading control. C, effect of LY on stress-induced Bax acti-
vation (6A7 antibody; upper panel of each pair) in cells infected with AdV
containing either empty vector (upper pair) or wild type Hsp27 (lower pair).
Bottom panel of each pair, total Bax loading control. Immunoblots are rep-
resentative of three separate studies. Lanes contain 40 �g of total protein.
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Hsp27 expression and despite preservation of kinase activity
in these immunoprecipitates (Figs. 8, A and B).

DISCUSSION

Bax is a major cause of organelle injury after ATP deple-
tion in vitro (15) and organ dysfunction after renal (13), car-
diac (39), or cerebral (40) ischemia. In the current study
metabolic stress caused Bax activation, evidenced by the
increased exposure of carboxyl-terminal amino acids 13–19
detected by a 6A7 epitope-specific antibody, promoted the
accumulation of toxic Bax oligomers (Fig. 3B) in a pattern
similar to that reported by others (18), and markedly
increased Bax mitochondrial translocation (Fig. 3D), mito-
chondrial membrane injury (Fig. 2A), caspase 3 activation
(Fig. 2B), and cell death (Fig. 1D).
When expressed to a level that replicates non-lethal heat

stress, a physiologic stressor, Hsp27, markedly antagonized all
measures of Bax activation (Fig. 3, A, C, and D), reduced the
leakage of AIF and cytochrome c (Fig. 2A), inhibited caspase 3
activation (Fig. 2B), and significantly improved cell survival
(Fig. 1D). Interestingly, Hsp27 expression reduced mitochon-
drial membrane injury (AIF and cytochrome leakage) and cell
death by �50%, suggesting that the mitochondrion is a critical
site for Hsp27-mediated cytoprotection. In contrast, suppres-
sion of endogenous Hsp27 expression promoted Bax confor-
mational activation, translocation to mitochondria, and
reduced cell survival after stress (Fig. 3B). The 30% change in
cell survival caused by Hsp27 expression or suppression is
important after renal ischemia when re-population of damaged
epithelial cells is crucial for restoring organ function (41). These
results clearly demonstrate that Hsp27 interferes with Bax acti-
vation, a proximal step in the apoptotic pathway and upstream

of those previously reported for this cytoprotective protein (2,
8, 23–25).
Hsp27 could either directly or indirectly inhibit Bax by inter-

fering with its conformational change, oligomerization, or
translocation, key steps in the Bax activation pathway. A direct
effect is unlikely, however, sinceHsp27 andBax did not interact
as judged by bidirectional immunoprecipitation studies before
or after stress despite increased Hsp27 expression. In addition,
these two proteins failed to co-localize in intact cells analyzed
by confocal microscopy before or after stress (data not shown).
To our knowledge, interaction between Hsp27 and Bax has not
been reported.
Alternatively, Hsp27 could indirectly regulate Bax by altering

the activity of kinases such as Akt and/or GSK3� that phospho-
rylate it (21, 22). In fact, stress caused both transient Akt inac-
tivation, resulting in the activation of GSK3�, an Akt substrate
that is normally phosphorylated at Ser9, and inactivated by Akt
(42). Hsp27 expression persistently activated Akt during meta-
bolic stress (Fig. 4A) and inhibited Bax activation during stress
(Fig. 3A). Gardai et al. (21), using site-specific Bax mutant pro-
teins, showed that Akt phosphorylates Bax at Ser184, resulting
in Bax inactivation and decreased apoptosis. Interestingly, Lin-
seman et al. (22) recently showed that GSK3� activates Bax by
phosphorylating Ser163. Thus, Bax activation during metabolic
stress would be favored by the combined inactivation of Akt
and the activation of GSK3� (21, 22), and Hsp27 inhibits Bax
activation by opposing both untoward events.
The preponderance of evidence in the present study supports

the notion that Hsp27-mediated changes in Akt and GSK3�
regulate Bax. First, stress contemporaneously inactivated Akt
(Fig. 4A) and activated both GSK3� (Fig. 4C) and Bax (Fig. 3A).
Second, Hsp27 expression promoted Akt activation and inhib-
ited both GSK3� and Bax activation. Third, Hsp27 expression
promoted the interaction between Akt and Bax, especially dur-
ing cell stress (Fig. 5). These interactions are specific, because
neither stress nor Hsp27 expression altered Hsp27-GSK3� or
GSK3�-Bax interaction. Fourth, inhibition of the Akt pathway
by two distinct inhibitors completely abrogated the protective
effect of Hsp27 expression on Akt (Fig. 7B), Bax (Fig. 7C), and
cell survival (Fig. 7A), suggesting that the Akt-GSK3�-Bax
pathway is crucial for Hsp27-mediated cytoprotection. By
inhibiting initial conformational activation, Hsp27 (via Akt and
GSK3�) also limits Bax oligomerization and translocation to
mitochondria, membrane injury, caspase activation, and
apoptosis.
The present study has some limitations. The lack of resi-

due-specific phosphoserine antibodies and the presence of
multiple Bax serine phosphorylation sites complicate direct
assessment of the regulatory effects of Akt and GSK3� on
Bax. It is also possible that in addition to its effect on GSK3�
and Bax-GSK3�, Akt could exert anti-apoptotic effects by
regulating forkhead transcription factor, Ika kinase-NF�B,
Bad, a BH3 only protein that promotes Bax activation, and
apoptosis signal-regulated kinase (Ask-1; for review, see Ref.
43). However, few of these pathways are likely to regulate
Bax over the brief time course of cell injury examined in our
study, and the role of Bad in stress-induced apoptosis is pres-
ently unclear.

FIGURE 8. Effect of Hsp27 expression on PI3-kinase activity before and
after metabolic stress. PI3-kinase activity in immunoprecipitates harvested
at base line, immediately after 1 h metabolic stress, and after 30 min of recov-
ery using an anti-p85 subunit antibody in cells infected with AdV containing
Hsp27 (Hsp27�) or empty vector (Hsp27�) (A). Similar amounts of p85-kDa
(middle panel) and p110kDa (lower panel) subunits were detected in immuno-
precipitates harvested with an antibody directed against the p85 subunit.
B, cells exposed to non-sense siRNA (Hsp27 siRNA�) or Hsp27 siRNA (Hsp27
siRNA�). p85-kDa subunit loading control (lower panel); results are represent-
ative of three separate studies. PI3K, PI3-kinase.
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How does Hsp27 activate Akt? Hsp27 could stimulate Akt by
regulating its synthesis or degradation, by interfering with the
phosphatase that inactivates Akt, and/or by directly or indi-
rectly enhance kinase activation. However, neither metabolic
stress norHsp27 expression changed total Akt content, indicat-
ing that Hsp27 alters Akt activity in a manner that is independ-
ent of its synthesis or degradation. Hsp27 expression also failed
to slow the loss of phosphoserine473-Akt during stress (Fig. 6A),
indicating that Hsp27 does not promotes Akt activation by reg-
ulating PP2, the phosphatase responsible for inactivating Akt
(44). Alternatively, Hsp27 might directly regulate Akt activa-
tion. In fact, Rane and co-workers (28) recently suggested that
Hsp27 inhibits apoptosis in human neutrophils by acting as a
scaffolding protein to approximate Akt and mitogen-activated
protein kinase 2 (MK2 or PDK2) in a manner that appeared to
require Hsp27-Akt interaction. In epithelial cells, however,
minimal interaction was detected between Hsp27 and Akt, and
perhaps more importantly, neither metabolic stress nor
increasedHsp27 expression significantly enhanced the interac-
tion between Hsp27 and Akt in the present study. These find-
ings show that interaction with Hsp27 is not required to pro-
mote Akt activation in epithelial cells and implicates a
mechanism upstream of Akt itself.
In the present study Hsp27 expression dramatically

increased, and knockdown of Hsp27 decreased PI3-kinase
activity as demonstrated by a direct measure of its activity (Fig.
8). BecauseHsp27 activates bothPI3-kinase andAkt at base line
(Figs. 4 and 8), it possible that Hsp27 “primes” the cell for sur-
vival during stress. In this scenario the relatively high activity of
PI3-kinase and Akt at base line would be responsible for their
persistent activation during stress and recovery (Figs. 4 and 8)
as well as for the antagonism of Bax. Regardless of the mecha-
nism, this is the most upstream anti-apoptotic effect demon-
strated for Hsp27 and potentially explains prior observations
that Hsp27 inhibits cytochrome c release (8, 23–25).

HowHsp27 increases PI3-kinase activity is presently unclear.
Bidirectional co-immunoprecipitation did not detect interac-
tion between PI3-kinase and Hsp27 at base line or after meta-
bolic stress even in cells with increased Hsp27 expression (data
not shown).
This could be due to the fact that it is technically difficult to

harvest immunoprecipitates without disrupting the interac-
tions between Hsp27 and membrane-bound proteins such as
PI3-kinase or that the effect of Hsp27 does not require interac-
tion with the kinase. However, because our technique for
obtaining immunoprecipitates maintained the interaction
between the p85 and p110 PI3-kinase subunits (a prerequisite
for directly measuring kinase activity), it is tempting to specu-
late that Hsp27 promotes PI3-kinase activity by stabilizing
cytoskeletal structures, an established function for this cyto-
protective protein. Specifically, Hsp27 could enhance PI3-ki-
nase by stabilizing E-cadherin, a key protein that mediates cell-
cell interaction (45). E-cadherin is re-distributed into the
cytosol and degraded in renal cells subjected tometabolic stress
(46, 47) and has been shown to increase PI3-kinase activity by
stabilizing its interaction with the cell membrane (48, 49). If
true, then Hsp27 promotes cell survival by acting as a scaffold-
ing protein that promotes Akt activation by maintaining the

proximity of E-cadherin and PI3-kinase at the plasma
membrane.
In summary, this study advances our mechanistic under-

standing of the anti-apoptotic effects of Hsp27, since it iden-
tifies a pre-mitochondrial site of protection and links this
effect to Bax inactivation by the PI3-kinase-Akt pathway.
Importantly, cytoprotection by Hsp27 effectively inhibits
both caspase-dependent and independent cell death path-
ways by antagonizing early signal events that result in Bax-
induced membrane injury. Dissecting the mechanism by
which Hsp27 alters PI3-kinase activity deserves further
study, since it may highlight potential targets for increasing
cellular resistance to apoptogenic stress.
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