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We previously showed that Hsp27 protects against apoptosis through its interaction with cytosolic cyto-
chrome c. We have revisited this protective activity in murine cell lines expressing different levels of Hsp27. We
report that Hsp27 also interferes, in a manner dependent on level of expression, with the release of cytochrome
¢ from mitochondria. Moreover, a decreased level of endogenous Hsp27, which sensitized HeLa cells to
apoptosis, reduced the delay required for cytochrome c¢ release and procaspase 3 activation. The molecular
mechanism regulating this function of Hsp27 is unknown. In our cell systems, Hsp27 is mainly cytosolic and
only a small fraction of this protein colocalized with mitochondria. Moreover, we show that only a very small
fraction of cytochrome ¢ interacts with Hsp27, hence excluding a role of this interaction in the retention of
cytochrome c in mitochondria. We also report that Bid intracellular relocalization was altered by changes in
Hsp27 level of expression, suggesting that Hsp27 interferes with apoptotic signals upstream of mitochondria.
We therefore investigated if the ability of Hsp27 to act as an expression-dependent modulator of F-actin
microfilaments integrity was linked to the retention of cytochrome ¢ in mitochondria. We show here that the
F-actin depolymerizing agent cytochalasin D rapidly induced the release of cytochrome ¢ from mitochondria
and caspase activation. This phenomenon was delayed in cells pretreated with the F-actin stabilizer phalloidin
and in cells expressing a high level of Hsp27. This suggests the existence of an apoptotic signaling pathway
linking cytoskeleton damages to mitochondria. This pathway, which induces Bid intracellular redistribution,
is negatively regulated by the ability of Hsp27 to protect F-actin network integrity. However, this upstream
pathway is probably not the only one to be regulated by Hsp27 since, in staurosporine-treated cells, phalloidin
only partially inhibited cytochrome ¢ release and caspase activation. Moreover, in etoposide-treated cells,
Hsp27 still delayed the release of cytochrome ¢ from mitochondria and Bid intracellular redistribution in

conditions where F-actin was not altered.

The molecular mechanisms leading to apoptosis require the
activation of cysteine proteases, referred to as caspases (54),
which are synthesized as inactive precursors, procaspases, and
activated by proteolytic cleavage (73). Mitochondria as well as
several mitochondrial proteins play a central role in the acti-
vation of procaspases (18, 61). In mammalian cells committed
to apoptosis, mitochondrial proteins, such as cytochrome c,
AIF (apoptosis inducing factor), Hsp60, Hsp10, adenylate ki-
nase, and smac/diablo as well as procaspases 2, 3, 8, and 9, are
released in the cytosol (13, 31, 32, 65, 69, 70, 77, 80, 82).
Interaction of cytochrome ¢ with Apaf-1 in the presence of
ATP/dATP results in the formation of the apoptosome com-
plex, which contains and activates procaspase 9, which in turn
activates procaspase 3 (40). The translocation of cytochrome ¢
from mitochondria to cytosol occurs very early during the ap-
optotic process, usually before mitochondrial membrane po-
tential loss and independently of caspase activity (7, 17, 84).
This phenomenon may be induced by conformational changes
of Bax that are triggered by CIF/Bid (11, 22, 44, 79).

Several cellular antiapoptotic proteins have been described
which include members of the Bcl-2 (6, 76) and IAP (inhibitor
of apoptosis proteins) (12) families, Hsp70 (29, 38, 53, 66),
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Hsp90 (56), and Hsp27 (2, 9, 14, 50, 55, 66, 72, 78). Bcl-2
regulates the release of apoptogenic cytochrome ¢, probably by
interfering with the mitochondrial channel VDAC (68), and
also acts more downstream by inhibiting caspase activation
(63). IAP interferes with caspase activity (12), while Hsp70
interacts with BAG-1 (71) and inhibits apoptosis by preventing
recruitment of procaspase 9 to the Apaf-1 apoptosome com-
plex (3). Hsp70 has also been reported to act downstream of
caspase activation (29), while Hsp90 appears to inhibit apo-
ptosome formation (56). Expression of these proteins in tumor
cells usually suppresses apoptosis induced by a wide range of
stimuli, leading to aggressively growing and chemoresistant
tumors. In this respect, it has been shown that overexpression
of Hsp70 (28) increases the tumorigenicity of different trans-
formed cells. In the case of Hsp27, the physiological signifi-
cance of Hsp27 overexpression has been clearly demonstrated
in our recent reports showing that the overexpression of this
protein enhanced the tumorigenic potential of rat colon carci-
noma cells (REG cells) when they were reimplanted in synge-
neic rats (10, 15). This effect correlated with reduced in vivo
apoptosis of the tumor cells.

Mammalian small stress proteins (sHsp), including aAB-
crystallins and the major Hsp27 polypeptide, are oligomeric
phosphoproteins that belong to the superfamily of heat shock
or stress proteins (Hsp) (2). In vitro, Hsp27 displays an ATP-
independent chaperone activity (30) that requires a high de-
gree of Hsp27 oligomerization to be active (62). Monomeric
and nonphosphorylated Hsp27 has also been described as a
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potent in vitro modulator of actin polymerization. Hsp27 is
thought to cap the barbed end of the actin filament, thus
inhibiting the addition of monomers and subsequently filament
growth (4, 52). In vivo, expression of Hsp27 increases cellular
resistance against heat shock (1) and different other injuries,
such as those mediated by chemotherapeutic drugs (2) or ox-
idative stress (e.g., tumor necrosis factor alpha) (46, 62). This
protection may be a result of the reduced-glutathione-depen-
dent in vivo chaperone activity of Hsp27 against misfolded or
oxidized proteins (59) and/or of the stabilization of actin mi-
crofilaments by Hsp27 (19, 27, 34, 36, 43). Hsp27 has also been
indirectly implicated in membrane blebbing formation by
stressing agents through its SAP kinase 2-triggered actin poly-
merization-generating activity (26).

Hsp27 can also modulate apoptosis induced independently
of reactive oxygen species production. In this respect, we and
others have reported that Hsp27 exerts an antiapoptotic effect
in cells exposed to staurosporine, Fas/APO-1 (2, 50), actino-
mycin D, camptothecin, etoposide (66), cisplatin (16), and
doxorubicin (23). We also showed that the transient expression
of Hsp27 during early differentiation could counteract the ap-
optotic process inherent to cell differentiation (45, 47). In
contrast, Hsp27 protects less efficiently against T-antigen- or
p53-mediated cell death (20) and has been reported to pro-
mote apoptosis mediated by cytotoxic T-lymphocyte cells (5).
Recently, we reported that human Hsp27 reduces apoptosis by
counteracting procaspase 9 activation without altering cyto-
chrome c release (14). This inhibition of procaspase 9 activa-
tion is probably a consequence of the binding of Hsp27 to
cytosolic cytochrome ¢, a phenomenon that subsequently
down-regulates apoptosome formation (9). The binding of
Hsp27 to caspase 3 and its probable modulation by this stress
protein have been documented (55). We also recently reported
that Hsp27 expression did not counteract granzyme B-medi-
ated activation of procaspases, indicating that this stress pro-
tein probably does not act downstream of caspase-3 (9).

Here, we have performed a new analysis of the protective
activity of Hsp27 against apoptosis using different cell lines
that overexpress or underexpress Hsp27. We report that, in
cells exposed to staurosporine, etoposide, or cytochalasin D,
Hsp27 interferes, in a manner dependent on level of expres-
sion, with the release of cytochrome c in the cytosol. This
activity requires a higher level of Hsp27 expression compared
to the activity that interferes with procaspase activation down-
stream of cytochrome c release. The retention of cytochrome ¢
in the mitochondria of cells overexpressing Hsp27 was corre-
lated with an alteration of Bid intracellular redistribution. At
least in cytochalasin D-treated cells, the protective activity of
Hsp27 against F-actin destruction may play a role in the inter-
ference mediated by this stress protein against Bid intracellular
redistribution and the release of cytochrome c in the cytosol.

MATERIALS AND METHODS

Cell lines. Small Hsp-expressing murine fibrosarcoma 1929 cell lines (L929-
Hsp27; human Hsp27 and 1.929-Hsp25; murine Hsp27) were, respectively, de-
rived from previously characterized 1.929-27-3 and 1.929-Wt-25 cells (48, 58).
1.929-Hsp27 cells express 0.9 ng of human Hsp27 per pg of total proteins while
1.929-Hsp25 cells express 0.45 ng of murine Hsp27 per wg. L929 cells expressing
0.15 ng (L929-Hsp25wt-1 cells) or 0.10 ng (L929-Hsp25wt-2 cells) of murine
Hsp27 per pg were also analyzed. 1.929-Hsp25wt-1 cells were derived from
previously characterized 1.929-Wt-16 cells (60). The level of expression of either
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human Hsp27 or murine Hsp27 was estimated in immunoblots that also con-
tained serial dilutions of the corresponding purified protein. Control cell lines
(L929-C2 and -C3) were isolated after cotransfection of the hygromycin resis-
tance-bearing plasmid with the pSVK3 plain vector. Murine NIH 3T3 fibroblasts
expressing human Hsp27 were obtained by exposing cells (2 X 10° cells/78-cm?
Falcon dish) to calcium phosphate DNA precipitates containing 15 g of the
human Hsp27 expression vector KS2711AHK (46) and 1 ug of pMC1 neopolyA
plasmid carrying the neomycin resistance gene. At 24 h after removal of
DNA precipitates, G418 (500 wg/ml; Sigma, St. Louis, Mo.) was added to the
culture medium. After 3 weeks of selection with G418, resistant single-cell clones
were isolated and characterized. HeLa cells underexpressing Hsp27 were iso-
lated after transfection with a pCIneohsp27 antisense vector. This vector con-
tains the entire coding sequence of the hsp27 gene placed in reverse orientation
under the control of the cytomegalovirus promoter and neomycin gene selection.
pClneohsp27 antisense was constructed using an EcoRI-EcoRI DNA fragment
of plasmid psvhsp27 (48), which was inserted in the EcoRI site of pCIneo vector
(Promega, Charbonnieres, France). HeLa cells (2.1 X 10°) were transfected
according to the Fugene 6 procedure (Roche Diagnostics, Meylan, France) using
6.8 ug of pClneohsp27 antisense vector or the void pClneo vector. After 3 weeks
of selection with G418 (500 pg/ml), resistant single-cell clones were isolated and
characterized. All these cells were grown at 37°C in Dulbecco’s modified Eagle
medium containing 10% fetal calf serum.

Reagents. Anti-murine Hsp27, anti-Hsc70 (clone C92), and anti-human Hsp27
antibodies were purchased from Stressgen (Victoria, British Columbia, Canada).
Anti-cytochrome ¢ (clone 7H8.2C12 for immunoblotting and clone 6H2.B4 for
immunofluorescence analysis) and anti-caspase 3 antibodies were from Pharm-
ingen (San Diego, Calif.). Anti-cytochrome oxidase (subunit II) (Cox) antibody
(clone 12C4.F12) and Alexa Fluor 488 phalloidin were from Molecular Probes/
Interchim (Montlucon, France). Anti-Bcl-2 and anti-Bid antibodies were from
Santa Cruz Biotechnology-Tebu (Le Perray en Yvelines, France). We also used
antibodies against human Hsp27 and ATP synthase F1 complex that were kindly
provided to us by R. M. Tanguay (Laval University, Ste. Foy, Canada) and C.
Godinot (CNRS 5534, Lyon, France), respectively. z-VAD-fmk was from R&D
systems (Abingdon, United Kingdom). Crystal violet, staurosporine, cytochalasin
D, phalloidin, etoposide, and L-buthionine-(S,R)-sulfoximine (BSO) were pur-
chased from Sigma.

A t of resistance to cell death. Crystal violet staining of the cells was
used to analyze the resistance of cells to death. In this case, cells (10%/well) were
grown in 96-well plates for 24 h before being analyzed. Following incubation with
apoptosis-inducing agents, the remaining viable cells were stained with 0.5%
crystal violet in 20% methanol for 15 min. Microtiter plates were rinsed and
dried. A solution containing 0.1 M sodium citrate, pH 4.2, and 50% methanol
was then added to solubilize the stained cells. The absorbance of each well was
read at 550 nm with an MR500 MicroElisa reader (Dynatech Laboratories,
Chantilly, France). Percent viability was defined as the relative absorbance of
treated versus untreated control cells.

Cytochrome ¢ release from mitochondria. The method described by Bossy-
Wetzel et al. (7) was used with some modifications. In brief, about 2 X 10° cells
were harvested and subsequently washed twice in ice-cold phosphate-buffered
saline (PBS), pH 7.4. The cells were then spun at 200 X g for 5 min. The cell
pellet was resuspended in 600 pl of extraction buffer containing 220 mM man-
nitol, 250 mM sucrose, 50 mM PIPES-KOH (pH 7.4), 50 mM KCl, 5 mM EGTA,
2 mM MgCl,, 1 mM dithiothreitol, and protease inhibitors (complete cocktail
from Boehringer Mannheim/Roche Diagnostics, Meylan, France). After a 30-
min incubation on ice, cells were homogenized with a glass Dounce homogenizer
and a B pestle (80 strokes) and spun for 15 min at 14,000 X g. Pellets were
directly resuspended in sodium dodecyl sulfate (SDS) Laemmli sample buffer
while supernatants were then diluted 1:1 in 2X SDS Laemmli sample buffer
before being boiled for 5 min. Analysis was performed in SDS-16.5% polyacryl-
amide gels. Gels were then processed for immunoblotting as described below.

Measurement of caspase activity. For the in vivo determination of DEVD-
dependent procaspase 3-like activation, cells (10°) were harvested and subse-
quently washed twice in ice-cold PBS, pH 7.4. They were then spun at 200 X g
for 5 min, and the dry cell pellets were stored at —80°C. The determination of
DEVD-AFC activity was performed using the Apo Alert CPP32 fluorometric
assay kit (Clontech, Montigny les Bretonneux, France). For procaspase 8, IETD-
AFC activity was determined using the same protocol and the Apo Alert FLICE
fluorometric assay kit (Clontech). Excitation was at 400 nm and emission was at
505 nm in a Victor Wallach cytofluorometer (EG&G Instruments, Evry, France).

Cellular fractionation. Cells were fractionated according to the method of
Trounce et al. (74). Cells (6 X 10°) were harvested in cold PBS, and the cell
pellet weight was recorded. Cells were then resuspended and incubated for 10
min in ice-cold hypotonic buffer A (20 mM HEPES-KOH, pH 7.4; 1 mM EGTA)
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at a ratio of 4 ml per g of packed cells. An equal volume of buffer A supple-
mented with 0.5 M mannitol was then added to the cell suspension to render the
medium isotonic. The suspension was then transferred to a chilled glass Dounce
homogenizer. Thirty to fifty passes of a Teflon pestle were necessary to disrupt
all cells. Following centrifugation at 600 X g for 2 min (Pellet-0.6 and Sup-0.6),
the resulting supernatant (Sup-0.6) was then spun at 700 X g for 10 min [Pellet-
0.7(1) and Sup-0.7(1)] and this step was repeated once [Pellet-0.7(2) and Sup-
0.7(2)]. The remaining supernatant Sup-0.7(2) was subsequently spun at
10,000 X g for 20 min [Pellet-10(1) and Supernatant-10(1)]. Pellet-10(1) was
resuspended in isotonic buffer A and spun again for 20 min at 10,000 X g
[Pellet-10(2) and Supernatant-10(2)]. The Pellet-10(2) is enriched in mitochon-
dria. Collected fractions were then analyzed in immunoblots and tested for the
presence of human or murine Hsp27, Bcl-2 and mitochondrial markers such as
the B-subunit of the ATP synthase F1 complex and cytochrome c. For the
analysis of the presence of Bid in the cytosol, 4 X 10° cells were lysed in a buffer
containing 10 mM Tris HCI (pH 7.4), 1 mM MgCl,, 0.1 mM EDTA, and 10 mM
NaCl and spun for 10 min at 2,000 X g (Pellet 2000 X g [P2]). The resulting
supernatant was further spun for 10 min at 20,000 X g (P20 and S).

Immunoblotting and gel electrophoresis. Immunoblots and gel electrophoresis
were done as already described (59). The detection of the immunoblots was
performed with the ECL kit from Amersham Corp. (United Kingdom). Auto-
radiographs were recorded onto X-Omat LS films (Eastman Kodak Co., Roch-
ester, N.Y.) and scanned with the Bioprofil system (Vilber Lourmat, Marne-la-
Vallée, France). The duration of the exposure was calculated to be in the linear
response of the film.

Immunofluorescence analysis. Cells were plated at a density of 2 X 10*
cells/cm? on glass slides and were allowed to attach for 18 h. Cells were either
kept untreated or treated with various concentrations of staurosporine, cytocha-
lasin D, or etoposide. To observe F-actin architecture, cells were fixed for 10 min
with fresh 3.7% formaldehyde in PBS and subsequently permeabilized 5 min in
cold acetone. F-actin was stained for 20 min with Alexa Fluor 488 phalloidin (5
U per ml of PBS). Cells were then observed under a Zeiss Axioskop microscope
equipped with a 63X objective lens with a 1.25 numerical aperture and recorded
onto Illiford XP2 super films.

Confocal microscopy. 1.929-Hsp27 or HeLa cells (7 X 10°) were seeded in
60-mm-diameter dishes containing coverslips (18 mm in diameter) 1 day before
being analyzed. To compare Hsp27 and Cox localization, fixation was performed
by exposing cells for 90 s to methanol maintained at —20°C. Cells were stained
by incubating the coverslips for 1 h with anti-Hsp27 (diluted 1/100 in PBS
containing 0.1% bovine serum albumin [BSA]) and anti-Cox (10 pg/ml in PBS
containing 0.1% BSA) antibodies. After washing, Hsp27 and Cox staining was
revealed by incubating cells for 1 h with fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit immunoglobulin G (IgG) and tetramethyl rhodamine
isothiocyanate (TRITC)-conjugated goat anti-mouse IgG (1/200 in PBS contain-
ing 0.1% BSA), respectively. Control experiments performed with nonimmune
sera or with only the second antiserum confirmed that all detectable fluorescence
was specific. Experiments aimed at analyzing cytochrome ¢ were performed by
fixing the cells for 10 min with 3.7% formaldehyde, pH 7.4, in PBS. Permeabi-
lization was for 3.5 min in 0.2% Triton X-100. Cells were stained for 2 h with
anti-native cytochrome ¢ antibody (diluted 1/15 in PBS containing 0.1% BSA).
After washing, cytochrome ¢ staining was revealed by incubating cells for 2 h with
TRITC-conjugated goat anti-mouse IgG (1/200 in PBS containing 0.1% BSA).
Examination of samples was performed in an LSM510 laser scanning confocal
microscope (Zeiss) using a 63X (numerical aperture, 1.4) Zeiss Plan Neo Fluor
objective. Illumination sources were 488 nm and 543 nm. To avoid cross talk
between the different fluorochromes, the multitrack recording module was used,
which allows a sequential acquisition of each channel.

RESULTS

Characterization of Hsp27-expressing cell lines. Immuno-
blot analysis of either human Hsp27 (hHsp27) or murine
Hsp27 (mHsp27) expression in transfected 1.929 cell clones is
presented in Fig. 1A. A comparison with the signals generated
by serial dilutions of the corresponding pure protein revealed
that 1.929-Hsp27 cells contain 0.9 ng of human Hsp27 per pg
of total cellular proteins while 0.45 and 0.15 ng of murine
Hsp27 are expressed per pg of total proteins in L.929-Hsp25
and 1.929-Hsp25wt-1 cells, respectively. Another L929 cell line
(L929-Hsp25wt2) that expresses murine Hsp27 at 0.1 ng/pg
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was also analyzed. Control 1.929-C2 and 1.929-C3 (not shown)
cells are devoid of Hsp27 expression. Apoptotic inducers such
as staurosporine or etoposide were not found to induce or
modify the level of Hsp27 expression (not shown). As already
described (14, 50), Hsp27 induces a cellular protection against
staurosporine or etoposide which is related to its level of ex-
pression (not shown).

Analysis of the proteolytic activity associated with caspase
activation revealed that the fluorogenic polypeptide DEVD-
AFC started to be cleaved by caspase 3-like proteases when
1929-C2 (Fig. 1B) or L929-C3 (not shown) cells were treated
for at least 2 h with 1 wM staurosporine. A 3.5-fold increase in
caspase activation was then observed after 8 h of treatment. In
contrast, the expression of 0.9 ng of human Hsp27 per pg
completely inhibited the cleavage of DEVD-AFC that is nor-
mally observed during the first 4 h of staurosporine treatment.
A 6-h treatment was necessary to detect a weak cleavage ac-
tivity in the cytosolic extracts of Hsp27-expressing cells. By 8 h,
this activation represented less than 20% of that normally
observed in control cells. Expression of murine Hsp27 (0.45
ng/pg) also decreased the activation of DEVD-dependent
caspases. This decreased activation was, however, not as in-
tense as that observed in cells expressing human Hsp27. The
comparison of the effect induced by murine Hsp27 in L929-
Hsp25 cells with those induced in L929-Hsp25wtl (Fig. 1B)
and -Hsp25wt2 (data not shown) cells revealed that the pro-
tection against procaspase 3-like activation was dependent on
the level of murine Hsp27 expression. Similar results were
observed when these different cells were exposed to etoposide
(data not shown).

Analysis of procaspase 8 activity (Fig. 1, insert) revealed that
its activation by staurosporine treatment occurred at a later
time than that of DEVD-dependent caspases. Indeed, in con-
trol L1929 cells, procaspase 8 activation was detectable only
after 6 h of staurosporine treatment. After 3 h of treatment,
the activation index of this caspase was even lower than that
observed in untreated cells. The reason for this reproducible
decrease is unknown. In L929-Hsp27 cells, no activation was
detected during the first 6 h of treatment. This suggests that in
our cell system the activation of procaspase 8 occurs down-
stream of procaspase 3 activation by cytochrome c.

Interference of Hsp27 level of expression with cytochrome ¢
release from mitochondria in murine cells exposed to stauro-
sporine. We next determined whether Hsp27 interfered with
cytochrome ¢ release from mitochondria since this phenome-
non is a critical step that occurs upstream of caspase activation
in murine fibroblasts treated with staurosporine (7). This was
assessed by monitoring the presence of cytochrome ¢ in the
soluble cytoplasm at various times, before and after adding 1
pwM staurosporine to the cell medium. L1929 cells were har-
vested and lysed under conditions that kept mitochondria in-
tact, and the lysate was then spun at 14,000 X g to obtain a
supernatant and a mitochondrion-containing pellet fraction as
described in Materials and Methods. It is seen in the immu-
noblots presented in Fig. 2A that cytochrome ¢ was not de-
tectable in the supernatant fraction of untreated control
L929-C2 cells. This protein was quantitatively recovered in the
mitochondrion-containing 14,000 X g pellet fraction. Follow-
ing cell exposure to staurosporine, cytochrome ¢ was detect-
able in the soluble fraction already after 1 h of treatment and
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FIG. 1. Characterization of staurosporine-resistant 1.929 cells expressing Hsp27. (A) Characterization of human Hsp27 (hHsp27) levels in
L929-Hsp27 cells and murine Hsp27 (mHsp27) levels in L.929-Hsp25 and L929-Hsp25wt-1 cells. Total cellular proteins were analyzed in
immunoblots probed with antisera that recognized either hHsp27 or mHsp27 as outlined in Materials and Methods. 1.929-C2, control cells. (B)
Activity of DEVD-specific caspases measured using the fluorescent substrate DEVD-AFC as described in Materials and Methods. The activation
index was determined as the ratio between the activity in extracts of treated cells to that measured in extracts of nontreated cells. The histogram
shown is representative of three identical experiments; standard deviations (error bars) are presented (n = 3). The insert shows caspase 8 activity

measured using the fluorescent substrate IETD-AFC.

was maximally released after 2 h of treatment. The absence of
cytochrome oxidase (subunit II; Cox) in the soluble fractions
indicated that mitochondrial integrity was preserved. Similar
observations were made when control 1.929-C3 cells were an-
alyzed (not shown). When the same type of analysis was per-
formed with cells expressing 0.9 ng of human Hsp27 per pg of
total cellular proteins, cytochrome ¢ was barely detectable in
the supernatant fraction during the first 12 h (the first 6 h are
shown in Fig. 2A) of staurosporine treatment.

We next analyzed whether the lack of detection of cyto-
chrome c in the cytosol of 1.929-Hsp27 cells treated with stau-
rosporine was due to a retention of this apoptogenic agent in
the mitochondrion-containing pellet resulting from centrifuga-
tion at 14,000 X g or to a degradation of this protein. This was
performed by analyzing the level of cytochrome ¢ present in

mitochondrion-containing pellets isolated from untreated and
staurosporine-treated 1.929-C2 and L929-Hsp27 cells. As seen
in Fig. 2B, staurosporine treatment induced a sharp decline in
the level of cytochrome ¢ present in the pellet fraction isolated
from control cells. In contrast, the level of cytochrome c¢
present in the pellet isolated from 1.929-Hsp27 cells remained
constant. Hence, in cells expressing human Hsp27 at 0.9 ng/p.g,
cytochrome ¢ remains associated with the mitochondrion-con-
taining pellet resulting from centrifugation at 14,000 X g and is
not degraded.

We next analyzed the behavior of cytochrome c in the other
cell lines which expressed different levels of murine Hsp27. It
is seen in Fig. 3 that the expression of murine Hsp27 (L929-
Hsp25 cells) at 0.45 ng/ug interfered with the appearance of
cytochrome c in the cytosolic fraction of staurosporine-treated
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FIG. 2. Human Hsp27 expression interferes with the accumulation
of cytosolic cytochrome ¢ in response to staurosporine treatment. Con-
trol (L929-C2) and human Hsp27-expressing (L929-Hsp27) cells were
either kept untreated or treated for various times with 1 uM stauro-
sporine. Cells were then harvested, lysed under conditions that kept
mitochondria intact, and spun to obtain a supernatant (A) and a pellet
fraction resulting from centrifugation at 14,000 X g (B) as described in
Materials and Methods. The presence of cytochrome ¢ (Cytc), Hsc70,
and cytochrome oxidase (subunit II) (Cox) in the different fractions
was determined by immunoblot analysis. Hsc70 was used as an internal
marker of gel loading. Autoradiographs of ECL-revealed immunoblot
are presented. Note that in human Hsp27-expressing cells, cytochrome
¢ is not detectable in the supernatant and most of this protein remains
associated with the pellet fraction. Lanes: P, pellet from untreated
cells; 0 to 6, soluble fractions isolated from either untreated cells (0) or
cells treated for the indicated number of hours with staurosporine.

L.929 cells. The interference was, however, less intense than the
one observed in the case of human Hsp27 since, in L929-Hsp25
cells, cytochrome ¢ started to be efficiently detected in the
soluble fraction after 4 to 5 h of treatment with 1 WM stauro-
sporine. Analysis of the level of cytochrome ¢ that remained in
the pellet fraction confirmed that, similarly to human Hsp27,
murine Hsp27 delayed the appearance of cytochrome c in the
soluble cytoplasmic fraction (not shown).

The analysis of 1.929-Hsp25wt-1 cells, which contain about
three times less murine Hsp27 than 1.929-Hsp25 cells, revealed
that cytochrome ¢ was already detectable in the soluble frac-
tion after 1 h of treatment, observed in control cells (Fig. 2A
and 3). Similar results were obtained when 1.929-Hsp25wt-2
cells, which express murine Hsp27 at 0.10 ng/p.g, were analyzed
(not shown). Hence, an expression of murine Hsp27 at 0.10 to
0.15 ng/pg did not significantly alter the detection of cyto-
chrome ¢ in the soluble fraction of 1.929 cells exposed to
staurosporine. However, as seen in Fig. 1, this small level of
murine Hsp27 expression still induced some protection against
caspase 3 activation. This confirms earlier studies showing that
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FIG. 3. Analysis of 1.929 cells expressing different levels of murine
Hsp27. The interference with the accumulation of cytosolic cyto-
chrome ¢ depends on Hsp27 level. Murine Hsp27-expressing 1.929-
Hsp25 and L.929-Hsp25wt-1 cells were either kept untreated or treated
for various times with 1 wM staurosporine. Cells were processed, and
the presence of cytochrome ¢, Hsc70, and Cox was determined as
described in the legend to Fig. 2. Only the immunoblot analysis of the
supernatant fractions (1 to 6) and pellet fraction (P) isolated at time
zero are presented. Note that the interference of Hsp27 with cyto-
chrome c release is dependent on the level of expression of this stress
protein.
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low levels of Hsp27 expression can interfere with caspase ac-
tivation independently of any effect on cytochrome ¢ (15, 55).

The Hsp27-mediated retention of cytochrome c in the pellet
resulting from centrifugation at 14,000 X g is not specific to
staurosporine treatment or 1929 cells and is also not gluta-
thione dependent. We investigated whether human Hsp27 or
murine Hsp27 was also effective at counteracting the detection
of soluble cytochrome ¢ when apoptosis was induced by etop-
oside. It is seen in Fig. 4A that, similarly to staurosporine,
etoposide (500 pM) induced a rapid accumulation of cyto-
chrome c in the cytosol of control L929-C2 cells. In contrast,
both human and murine Hsp27 expression inhibited this phe-
nomenon, at least during the first 4 h of the treatment (Fig. 4B
and C). Similar observations were made when cells were
treated with cytochalasin D (0.5 nM) (see Fig. 11A). Similar
observations were made when cells were exposed to a heat
shock treatment (not shown), confirming our preceding results
obtained in Jurkat cells (67).

We have reported that, in 1.929 and NIH 3T3-ras cells, the
protective activity mediated by Hsp27 against tumor necrosis
factor alpha and oxidative stress is glutathione dependent (49).
We therefore investigated whether a similar requirement was
necessary for the interference mediated by Hsp27 toward the
detection of cytochrome ¢ in the soluble fraction of cells ex-
posed to staurosporine. The different 1.929 cell lines described
above were then exposed for 18 h to 500 uM BSO, a y-glu-
tamyl synthetase-inhibiting agent. This treatment depleted in-
tracellular reduced glutathione by more than 99% (not shown;
see also references 58 and 60). As seen in Fig. 4D and E, the
BSO treatment did not alter the ability of human Hsp27 to
inhibit the staurosporine-induced appearance of cytosolic cy-
tochrome c¢. Moreover, BSO did not significantly alter stauro-
sporine ability to induce apoptosis in control L929-C2 cells, nor
did it interfere with the protective activity mediated by Hsp27
(not shown). Similarly, the presence of the broad-range
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FIG. 4. Hsp27-mediated reduced accumulation of cytosolic cyto-
chrome c is independent of apoptotic inducer, intracellular glutathione
level, and cell line. (A to C) Analysis of cytochrome c¢ release from
mitochondria of control (L929-C2) (A), human Hsp27-expressing
(L929-Hsp27) (B), and murine Hsp27-expressing (L929-Hsp25) (C)
1929 cells treated for different times with 500 wM etoposide. (D and
E) L929-Hsp27 cells exposed (E) or not (D) to 500 pM BSO for 18 h
before being exposed (2 and 4 h) or not to 1 uM staurosporine. (F and
G) Control (3T3-SP) (F) or human Hsp27-expressing (3T3-27-311)
(G) NIH 3T3 cells either untreated or treated for various times with 1
M staurosporine. Cells were lysed as described above in the legend to
Fig. 2 and Materials and Methods to obtain a supernatant and pellet
fraction. Cytochrome ¢, Hsc70, and Cox in the particulate and super-
natant fractions were determined by immunoblot analysis using the
corresponding antibodies. Autoradiographs of ECL-revealed immuno-
blot are presented. Lanes: P, pellet from untreated cells; 0 to 4, soluble
fractions isolated from either untreated cells (0) or cells treated for the
indicated number of hours with staurosporine or etoposide.

caspase inhibitor z-VAD-fmk in the culture medium of 1.929-
Hsp27 cells exposed to staurosporine did not alter the Hsp27-
mediated reduced detection of cytochrome c in the cytosol (not
shown).

We also analyzed whether the effects described above were
specific or not to L.929 cells. This was assessed by using human
Hsp27-expressing NIH 3T3 fibroblasts which, similarly to L.929
cells, do not constitutively express detectable levels of endog-
enous murine Hsp27 under normal growth conditions. It is
seen in Fig. 4F and G that human Hsp27 efficiently inhibited
the detection of cytochrome c in the cytosol of NIH 3T3 cells
exposed to staurosporine treatment. Analysis of the pellet frac-
tions also confirmed that, in NIH 3T3 cells, human Hsp27
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induced cytochrome c¢ to remain associated with the mitochon-
drion-containing pellet resulting from centrifugation at
14,000 X g (not shown).

Taken together, our results suggest that the interference of
Hsp27 toward the accumulation of soluble cytochrome c is not
specific to a peculiar cell line or apoptotic inducer. Moreover,
this activity is caspase-independent and not related to the al-
ready-described Hsp27 activity toward glutathione (59).

Enhanced kinetics of cytochrome ¢ accumulation in the cy-
tosol and caspase 3 activation in HeLa cells underexpressing
Hsp27. Since Hela cells constitutively express endogenous
human Hsp27, we analyzed whether a decrease in the level of
this protein could modify the kinetics of the staurosporine-
induced appearance of cytochrome c in the cytosol. Using an
antisense strategy, we generated HeLa cell lines that showed a
decreased level of Hsp27 (see Materials and Methods). For
example, HeLa-ASHsp27-1 cells (expressing 2.4 ng of Hsp27
per pg of total proteins) displayed a 40% reduced level of
Hsp27 compared to control HeLa-neol5 cells (expressing 4 ng
of Hsp27 per ng of total proteins, that is, at least four times
more than 1.929-Hsp27 cells) (Fig. 5A) or the parental HeLa
cells (not shown). Control experiments also showed that the
accumulation of Hsp27 during heat shock recovery was re-
duced in HeLa-ASHsp27 cells. As shown in Fig. 5B, HeLa-
ASHsp27-1 cells were more sensitive to staurosporine-induced
apoptosis than the control cells, hence suggesting a physiolog-
ical antiapoptotic role of endogenous Hsp27 in these cells.
Analysis of the kinetics of cytochrome ¢ accumulation in the
cytosolic fraction revealed a strong effect that correlated with
the decrease in Hsp27 expression. Indeed, in control and pa-
rental cells, cytochrome ¢ began to be faintly detectable in the
soluble cytoplasm after 4 h of staurosporine treatment while
this protein was detected already after 1 h of treatment in
HeLa-ASHsp27-1 cells (Fig. 5C and D). We also observed a
more intense activation of DEVD-dependent procaspase
3-like protease in HeLa cells containing a reduced level of
Hsp27 as analyzed using DEVD-AFC fluorogenic peptide
(Fig. SE). Immunoblot analysis of p17 cleavage polypeptide of
procaspase 3 confirmed the more intense activation of this
caspase in HeLa-ASHsp27-1 cells (Fig. 5F). Similar results
were observed when other Hsp27 underexpressing (HeLa-
ASHsp27-2) or control cell lines were analyzed or when HeLa
cells were exposed to other apoptotic inducers, such as anti-Fas
agonist antibody plus actinomycin D (not shown). Hence, a
constitutive expression of human Hsp27 may act as a barrier
against apoptosis by interfering with the appearance of cyto-
solic cytochrome ¢ leading to reduced activation of caspases.

Hsp27 interferes with the release of cytochrome ¢ from mi-
tochondria. Several hypotheses can explain the data presented
above. (i) Hsp27 interferes with the release of cytochrome ¢
from mitochondria either by a physical interaction with mito-
chondria or by interfering with an upstream signal. (ii) As soon
as it is released from mitochondria, cytochrome c interacts with
Hsp27 and forms large complexes that are recovered in the
fraction resulting from centrifugation at 14,000 X g. The sec-
ond possibility is based on the fact that Hsp27 can interact with
cytochrome ¢ once it is released from mitochondria (9).

To approach the inhibitory mode of action of Hsp27 toward
the presence of cytosolic cytochrome ¢, several control exper-
iments have been performed. As mentioned above (Fig. 2B),
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FIG. 5. Underexpression of Hsp27 in HeLa cells stimulates the accumulation of cytosolic cytochrome ¢ and caspase 3 activation. (A) Analysis
of human Hsp27 level present in HeLa-neo15 and HeLa-ASHsp27-1 cells kept at 37°C or treated (HS) for 90 min at 43°C and allowed to recover
for 16 h. (B) Analysis of the resistance of HeLa cell lines to staurosporine. Cells were plated in 96-well tissue culture plates and allowed to grow
for an additional 24-h period before being treated for 18 h with increasing concentrations of staurosporine (0 to 0.25 pM). Cellular survival was
determined by crystal violet assay as described in Materials and Methods. The values were normalized to 100% using the cells not treated with
staurosporine. Standard deviations (error bars) are indicated (n = 3). (C and D) Immunoblot analysis of cytochrome ¢ release in cytosol.
HeLa-neol5 cells (C) and HeLa-ASHsp27-1 (D) cells either kept untreated or treated for various times with 0.125 wM staurosporine were lysed
as described in the legend for Fig. 2 to obtain a supernatant and pellet fraction. Lanes: P, pellet from untreated cells; 0 to 5, soluble fractions
isolated from either untreated cells (0) or cells treated for the indicated number of hours with staurosporine. Hsc70 was used as an internal marker
of gel loading. (E) Activity of DEVD-specific caspases in HeLa-neo15 and HeLa-ASHsp27-1 cells exposed or not to 0.125 wM staurosporine. The
caspase activation index was determined as the ratio between the activity in extracts of treated cells to that measured in extracts of nontreated cells.
The histogram shown is representative of three identical experiments; standard deviations (error bars) are presented (z = 3). (F) Immunoblot
analysis of caspase 3 cleavage. Total protein extracts from HeLa-neol5 and HeLa-ASHsp27-1 cells either kept untreated (0) or treated for various
times (4 and 8 h) with 0.125 pM staurosporine were analyzed in immunoblots probed with anti-caspase 3 antiserum which recognizes the uncleaved
from of procaspase 3 as well as the p17 cleavage product. Autoradiographs of ECL-revealed immunoblots are presented.

the level of cytochrome ¢ present in the pellet fraction resulting
from centrifugation at 14,000 X g isolated from L.929-Hsp27
cells exposed to staurosporine remained constant. The same
holds true for the low level of Hsp27 present in this pellet

fraction (not shown). This suggests that the retention of cyto-
chrome c in the pellet resulting from centrifugation at 14,000 X
g does not require a drastic increase in the level of Hsp27
present in this particulate fraction. In order to determine if the
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low level of Hsp27 present in the pellet resulting from centrif-
ugation at 14,000 X g could entrap cytochrome c at the surface
of mitochondria or in structures that are recovered in the pellet
resulting from centrifugation at 14,000 X g, the subcellular
distribution of Hsp27 was analyzed in cells lysed in absence of
detergent (see Materials and Methods). It can be seen in the
immunoblot analysis presented in Fig. 6A that the vast major-
ity of murine Hsp27 molecules was recovered in the soluble
S10(1) supernatant (which represents the soluble fraction of
the cytoplasm of L929-Hsp25 cells). The level of murine Hsp27
was very low in the P10(2) pellet, suggesting that, in these cells,
this protein is not significantly associated with mitochondria. A
similar intracellular distribution of human Hsp27 expressed in
HeLa (Fig. 6B) or L929-Hsp27 (not shown) cells was observed.
In contrast, mitochondrial marker proteins such as the  sub-
unit of ATP synthase F1 complex, cytochrome ¢, and Cox (not
shown) were recovered in the pellet fractions, particularly
P10(2), which is enriched in mitochondria. The absence of
mitochondrial marker proteins in the S10(2) supernatant is an
argument in favor of the presence of intact mitochondria in the
P10(2) pellet. Bcl-2, an antiapoptotic protein which is localized
in the outer mitochondrial membrane as well as in the nuclear
and endoplasmic reticular membranes (24, 51), was also recov-
ered in the mitochondrial P10(2) fraction as well as in all the
other membranous pellets. Hence, in L929 and HeLa cells,
only a very small fraction of murine and human Hsp27
polypeptides copurified with mitochondria, and this was even
after staurosporine treatment. Analysis of cytochrome ¢ also
revealed that its distribution in 1.929-Hsp25 cells was not sig-
nificantly altered by 2 h of treatment with staurosporine (Fig.
6A).

We next performed confocal analysis of double staining ex-
periments allowing for the simultaneous detection of cyto-
chrome oxidase (Cox) revealed by a TRITC conjugate (red
fluorescence) and human Hsp27 revealed by a FITC conjugate
(green fluorescence). Computerized image analysis confirmed
that only a small fraction of Hsp27 molecules was in the vicinity
of mitochondria in the cytosol of HeLa and 1929 cells. An
illustration is presented in Fig. 6C, which shows a profile of
Hsp27 and Cox fluorescence from HeLa cells exposed to 0.125
wM staurosporine.

We also performed confocal immunofluorescence analysis
of the intracellular distribution of cytochrome ¢ in control or
Hsp27-expressing 1.929 cells treated or not for 3 h with 1 uM
staurosporine. It is seen in the immunostaining analysis pre-
sented in Fig. 7 that in untreated control 1929 cells, cyto-
chrome c antibody displayed a reticular staining which is char-
acteristic of the presence of this protein in mitochondria.
Following staurosporine treatment, some cytochrome c stain-
ing was still observed in the reticular structures but a diffuse
cytoplasmic staining was also observed. This diffuse staining
was also clearly visualized using classical immunofluorescence
analysis (not shown). When the same type of experiment was
performed with L929-Hsp27 cells, no significant change in the
reticular staining of cytochrome ¢ was induced by staurospor-
ine. This observation favors the hypothesis that Hsp27 inter-
feres with the release of cytochrome ¢ from mitochondria in-
stead of entrapping this apoptogenic protein in large structures
recovered in the particulate fractions following cell lysis.

Another experiment was performed to further exclude the
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possibility that Hsp27 entraps cytochrome c in large aggregates
recovered in the pellet resulting from centrifugation at
14,000 X g. HeLa-neo15 cells were treated for 2 h with 0.125
M staurosporine. Under these conditions, cytochrome ¢ was
not released in the cytosol and remained associated with the
14, 000 X g pellet (Fig. 5C). Cells were lysed in the presence of
0.1% NP-40 in order to solubilize cytoplasmic aggregates and
to destroy mitochondria, leading most of cytochrome ¢ to be
recovered in the soluble cell lysate. Immunoprecipitations car-
ried out with nonimmune or Hsp27 antibody were further
analyzed in immunoblots probed with cytochrome ¢ antibody.
As we already described (9), some cytochrome ¢ coimmuno-
precipitated with Hsp27 (Fig. 8A). However, analysis of the
supernatant after the immunoprecipitation step revealed that
an almost complete immunodepletion of Hsp27 did not corre-
late with detectable immunodepletion of cytochrome ¢ (Fig.
8B). This analysis, which was not performed in our previous
report (9), suggests that only a very small fraction of total
cytochrome c interacts with Hsp27. A similar observation was
made when the experiment was performed with the detergent-
solubilized pellets resulting from centrifugation at 14,000 X g
(not shown). Another analysis was performed using HeLa-
ASHsp27-1 cells treated for 2 h with staurosporine. Under
these conditions a large fraction of cytochrome ¢ was released
from mitochondria and recovered in the cytosol centrifuged at
14,000 X g (Fig. 5D). Immunoprecipitation analysis of this
14,000 X g cytosol revealed that cytochrome c is present among
the proteins immunoprecipitated by anti-Hsp27 antibody (Fig.
8C). However, analysis of the supernatants after the immuno-
precipitation steps revealed once again that only a very small
fraction of cytochrome ¢ released from mitochondria interacts
with Hsp27 (Fig. 8D). A similar observation was made after 4 h
of staurosporine treatment (Fig. 8E). This excludes the possi-
bility that all the cytochrome ¢ molecules released from mito-
chondria could be bound to Hsp27 and entrapped in large
cytoplasmic aggregates.

Hsp27 interferes with Bid intracellular redistribution. In
order to better understand the mechanism of action of Hsp27
that delays the release of cytochrome ¢ from mitochondria, we
investigated whether the expression of this stress protein in-
terfered with Bid, a polypeptide which shows a drastic intra-
cellular redistribution when cells are exposed to an apoptotic
stimulus. Indeed, Bid, which is mainly cytoplasmic, concen-
trates at the level of mitochondria in cells exposed to stauro-
sporine; a phenomenon which destabilizes Bax and Bak and
induces cytochrome c release (11, 22, 39, 42, 44, 79). We have
tested the presence of Bid in the cytosol of control HeLa-
neol5 and Hsp27 underexpressing HeLa-ASHsp27-1 cells ex-
posed or not to 0.125 pM staurosporine. It is seen in the
immunoblot analysis presented in Fig. 9 that, in HeLa-neol5
cells, at least 3 h of treatment with staurosporine was necessary
to observe a decrease in the level of cytosolic Bid. The de-
crease was more pronounced after 4 h (not shown), when
cytochrome ¢ began to be released from mitochondria (Fig.
5C). When HeLa-ASHsp27-1 cells were analyzed, the kinetics
of disappearance of Bid from the cytosol was more rapid and
occurred already after 1 h of treatment; this phenomenon
correlated again with the beginning of the release of cyto-
chrome ¢ from mitochondria. Control experiments showed
that the intracellular locale of other cytosolic proteins such as
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FIG. 6. The majority of the cellular content of Hsp27 is localized in the soluble cytoplasm. (A) Analysis of murine Hsp27 intracellular
localization. L929-Hsp25 cells, either grown under normal conditions (NT) or treated (ST) for 2 h with 1 wM staurosporine, were lysed and
fractionated as described in Materials and Methods. Immunoblot analysis of the different subcellular fractions was performed with antisera that
specifically recognize murine Hsp27, ATP synthase B subunit (BATPase), Bcl-2, and cytochrome c. (B) Same as panel A, but here the intracellular
localization of human Hsp27 constitutively expressed in HeLa cells treated or not for 2 h with 0.125 wM staurosporine was analyzed. (C)
Comparison of Hsp27 and mitochondrial localization by confocal microscopy analysis. Hsp27 and Cox fluorescence was analyzed in HeLa cells
treated for 4 h with 0.125 pM staurosporine. Cells were stained for Hsp27 (green fluorescence) and Cox (red fluorescence) and processed for
confocal analysis as described in Materials and Methods. The fusion image (merge) is shown. The graph represents the fluorescence distribution
of Hsp27 (green; Chl-1) and Cox (red; Chl-2) determined for the section of the cell shown in the green/red fusion image. Results are
representative of three independent experiments.



VoL. 22, 2002

C2

L929-Hsp27

Hsp27 AS INHIBITOR OF CYTOCHROME ¢ RELEASE 825

FIG. 7. Confocal microscopy analysis of cytochrome ¢ immunostaining in control and Hsp27-expressing 1929 cells exposed or not to stauro-
sporine. Control 1929 cells (C2) and L929-Hsp27 cells were either kept untreated (NT) or treated for 3 h with 1 uM staurosporine (3 h ST). Cells
were prepared for immunostaining analysis using anti-cytochrome ¢ antibody and observed under a confocal fluorescence microscope as described

in Materials and Methods.

the stress proteins Hsc70 and Hsp70 was not modified by a
similar staurosporine treatment (Fig. 9). We next analyzed
whether the modulation of Bid intracellular localization by
Hsp27 was a consequence of the formation of Bid-Hsp27 com-
plexes. Coimmunoprecipitation analysis revealed that in our
cell system Hsp27 does not bind Bid or even Bax, which resides
downstream of Bid (not shown).

In L929-C2 cells exposed to staurosporine or etoposide, Bid
also had the tendency to disappear from the cytosolic fraction
and to be recovered, at least in part, as a full-length Bid
polypeptide in the pellet fraction (Fig. 10). We did not detect
the 15-kDa cleaved fragment of Bid (39, 42). However, due to
the weak efficiency of the Bid antibody in murine cells, it is still
possible that in our experiments a fraction of Bid was cleaved
and not detected. In contrast, no significant redistribution of
Bid was observed in 1.929-Hsp27 cells exposed to staurospor-
ine or etoposide (Fig. 10).

Hence, in staurosporine- or etoposide-treated cells, the in-
hibitory effect of Hsp27 toward cytochrome ¢ release probably
results from interference with signaling pathways residing up-
stream of Bid.

F-actin network as a potential upstream target protected by
Hsp27. As an approach toward identifying pathways upstream

of Bid that could be modulated by Hsp27, we have analyzed
whether the well-known activity of Hsp27 as a modulator of
F-actin network (19, 36) could be related to its negative effect
against cytochrome c release from mitochondria. This was per-
formed by monitoring the presence of cytochrome c in the
soluble cytoplasm at various times, before and after adding a
0.5 M concentration of the actin microfilament depolymeriz-
ing agent cytochalasin D to the culture medium of control
1929-C2 cells. This treatment efficiently dismantled F-actin
architecture in these cells (see Fig. 13B). It is seen in the
immunoblots presented in Fig. 11A that cytochalasin D spe-
cifically induced the release of cytochrome c in the cytosol of
L929-C2 cells. The release was maximal after 6 h of treatment.
Similar results were observed in 1.929-C3 cells (not shown). In
contrast, cytochrome c¢ release was strongly attenuated when
the same experiment was performed using L929-Hsp27 cells.
Analysis of the other 929 cell lines expressing different levels
of murine Hsp27 (not shown) led to the conclusion that the
delay in cytochrome c release was dependent on the level of
Hsp27 expression. Immunofluorescence analysis also revealed
that a fraction of total cytochrome ¢ was released from mito-
chondria and displayed a diffuse cytoplasmic localization; a
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FIG. 8. Analysis of the interaction of Hsp27 with cytochrome c. (A)
Immunoblot analysis of the proteins immunoprecipitated by anti-
Hsp27 antibody. HeLa-neol5 cells, treated for 2 h with 0.125 pM
staurosporine, were lysed in the presence of 0.1% NP-40 as described
in Materials and Methods. This protocol destroyed mitochondria,
leading most cytochrome ¢ to be recovered in the soluble cell lysate.
Immunoprecipitations were carried out with nonimmune (PI) or
Hsp27 (Imm) antibody, and the immunoprecipitated proteins were
analyzed in immunoblots probed with anti-cytochrome ¢ antibody.
Note that some endogenous cytochrome ¢ coimmunoprecipitates with
Hsp27. (B) Analysis of the relative fraction of endogenous cytochrome
¢ that coimmunoprecipitates with Hsp27. HeLa-neol5 cells were
treated and lysed in detergent, and immunoprecipitations carried out
as above. In this case, the proteins present in the supernatants ob-
tained from the immunoprecipitation step were analyzed in immuno-
blots probed with both Hsp27 and cytochrome ¢ antisera. Note that no
detectable decrease in the level of endogenous cytochrome ¢ is ob-
served after a complete immunodepletion of Hsp27. (C) Same as panel
A, but in this case HeLa-ASHsp27-1 cells treated for 2 h with 0.125
M staurosporine were lysed using the method that preserves mito-
chondrial integrity. A supernatant and a pellet fraction resulting from
centrifugation at 14,000 X g were obtained as described in Materials
and Methods. We have used the supernatant obtained from centrifu-
gation at 14,000 X g as the starting material in order to analyze Hsp27
interaction with cytochrome ¢ once it is released from the mitochon-
dria. Immunoprecipitations were carried out as described above with
nonimmune (PI) or Hsp27 (Imm) antibody, and the immunoprecipi-
tated proteins were analyzed in immunoblots probed with anti-cyto-
chrome ¢ antibody. Note the coimmunoprecipitation of cytochrome ¢
released from mitochondria with Hsp27. (D) In this case, the super-
natants obtained following the immunoprecipitation step performed in
panel C were analyzed in immunoblot probed with both Hsp27 and
cytochrome c¢ antisera. Once again no detectable decrease in the level
of cytochrome ¢ is observed after an almost complete immunodeple-
tion of Hsp27. (E) Same as panel D, except that HeLa cells were either
nontreated (NT) or treated for 2 or 4 h with 0.125 wM staurosporine.
Autoradiographs of immunoblots are presented. This experiment in-
dicates that only a minor fraction of total mitochondria or mitochon-
dria released cytochrome ¢ can interact with Hsp27.

phenomenon not observed in 1.929 cells expressing Hsp27 (not
shown).

We also investigated whether the cytochalasin D induction
of cytochrome c release was time correlated with the activation
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FIG. 9. Analysis of Bid present in the cytosol of HeLa-neol5 and
HeLa-ASHsp27-1 cells kept either untreated (NT) or exposed to 0.125
wM staurosporine for 1 h (1 h ST) or 3 h (3 h ST). Cells were lysed
under conditions which preserve mitochondrial and membrane integ-
rity, and the cytosolic supernatant resulting from centifugation at
20,000 X g was analyzed (as described in Materials and Methods).
Total cytosolic extracts were analyzed in immunoblots probed with
anti-Bid or anti-Hsc70/Hsp70 antibody. Control experiments showed
that the supernatants were devoid of Cox immunoreactivity (not
shown). Autoradiographs of ECL-revealed immunoblots are pre-
sented.

of procaspase 3. As seen in Fig. 11B, DEVD-dependent
caspase 3-like proteases begin to be activated after 3 h of
treatment with cytochalasin D. This period corresponded with
the release of cytochrome c in the cytosol (Fig. 11A). After 6 h
of treatment with cytochalasin D, the caspase 3-like activation
index was 1.4 and increased to 2.7 after 9 h of treatment (Fig.
11B). In cells expressing human Hsp27, no activation was de-
tectable after 3 h of treatment, and the activation index was
only of 1.4 after 9 h of treatment. Analysis of procaspase 8
revealed that this protease is activated by cytochalasin D but at
a later time than procaspase 3 (Fig. 11C). This suggests that
caspase 8 activation may occur downstream of procaspase 3
activation.

Analysis of Bid intracellular localization in control 1L.929-C2
cells revealed that already after 2 h of cytochalasin D treatment
this protein had the tendency to redistribute from the cytosol
to the particulate fractions (Fig. 11D). Analysis of the mito-
chondrial P10(2) fraction (Fig. 6A) revealed an increased level
of Bid in this fraction in cells exposed to cytochalasin D (not
shown). This suggests that at least a fraction of Bid translocates
from the cytosol to the mitochondria. No significant change in
Bid subcellular distribution was observed in L929-Hsp27 cells
exposed to cytochalasin D (Fig. 11D). These results suggest
that cytochalasin D stimulates a Bid-mediated mitochondrial
cytochrome c loss and subsequently procaspase 3-like activa-
tion. This cascade of events is strongly attenuated by the pres-
ence of 0.9 ng of Hsp27 per pg.

Control experiments were also performed in order to assess
that the release of cytochrome ¢, and the activation of caspase
3 in cells exposed to cytochalasin D was not due to a side effect
induced by this drug toward cellular targets other than F-actin
microfilaments. To do so, cells were pretreated for 1 h with a
2 uM concentration of the F-actin stabilizing agent phalloidin
before being exposed or not to 0.5 wM cytochalasin D for
different times. As already described (41), the phalloidin pre-
treatment reduced the F-actin dismantling activity of cytocha-
lasin D (not shown). Under these conditions, the ability of
cytochalasin D to induce the release of cytochrome c¢ from
mitochondria (at least during the first 6 h of the treatment) was
strongly attenuated (Fig. 12A). Moreover, a drastic decrease in
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the activation of procaspase 3 (about 60%) was also observed
in cells pretreated with phalloidin (Fig. 12C). This confirmed
that the destruction of F-actin by cytochalasin D triggers an
apoptotic signal that induces the release of cytochrome ¢ from
mitochondria and subsequently caspase 3 activation. A similar
analysis was performed in staurosporine-treated cells. It is seen
in Fig. 12B that phalloidin reduced (by a factor of about 20 to
30%) the effectiveness of staurosporine to induce cytochrome
¢ release. Moreover, phalloidin reduced by about 30% the
activation of DEVD-dependent procaspase 3-like protease by
staurosporine (Fig. 12D). This suggests that the destruction of
F-actin in staurosporine-treated cells participates to a certain
extent in the triggering of cytochrome c release and procaspase
activation. In contrast, in etoposide-treated cells, the F-actin
network was not altered (at least during early apoptotic re-
sponse) (Fig. 13D). In this case, a phalloidin pretreatment of
the cells had no significant effect on the kinetics of cytochrome
c release (not shown) and DEVD-dependent procaspase 3-like
activation (Fig. 12E).

Since cytochalasin D is a specific in vivo inhibitor of actin
polymerization (81) and Hsp27 has been reported to delay its
effectiveness (19, 35), control experiments were performed to
analyze the degree of actin cytoskeleton destruction induced
by cytochalasin D in L1929 cells expressing or not human
Hsp27. It is seen in the immunofluorescence analysis presented
in Fig. 13 that a treatment for 2 h with 0.5 wM cytochalasin D
efficiently dismantled actin microfilament architecture in con-
trol 1.929-C2 cells (Fig. 13A and B). This treatment corre-
sponded with the beginning of the release of cytochrome ¢ by
mitochondria (not shown). In contrast, human Hsp27 express-
ing 1.929-Hsp27 cells, which display a more fusiform morphol-
ogy (see references 58 and 59), showed an increased resistance
to this phenomenon (Fig. 13E and F). Some protection was
also observed in L.929-Hsp25 cells expressing murine Hsp27
(0.45 ng/pg) (not shown). However, a lower level of murine
Hsp27 expression (as, for example, in L929-Hsp25wt-1 cells)
was unable to delay cytochalasin D efficiency. These observa-
tions confirm earlier observations that the level of expression

of Hsp27 is an important parameter to generate a protection
against F-actin disruption by cytochalasin D (19).

We also analyzed the organization of F-actin microfilaments
in staurosporine-treated 1.929 cells. Of interest, a 2-h treat-
ment of control L929 cells with a 1 wM concentration of this
apoptotic agent induced a complete disappearance of F-actin
stress fibers, but some junctional actin was still visible around
the cells (Fig. 13C). Moreover, a pretreatment of the cells with
2 uM phalloidin reduced the disappearance of F-actin induced
by staurosporine (not shown). In contrast, in 1.929-Hsp27 cells
exposed to staurosporine, some F-actin fibers were still detect-
able (Fig. 13G) as well as junctional actin. It should neverthe-
less be noted that these cells had lost their fusiform appear-
ance, probably because of the shortening of F-actin fibers.
Treatment for shorter periods (30 min or 1 h) revealed that
staurosporine was effective already after 30 min of treatment
(not shown). These observations indicate that F-actin destruc-
tion by staurosporine is a very early event that is time corre-
lated with the beginning of cytochrome c release (Fig. 2) and
which occurs before caspase 3 activation (Fig. 1). When the
different murine Hsp27-expressing cells were analyzed, we ob-
served that a low level of murine Hsp27 expression (0.15 ng/pg;
L929-Hsp25wt-1 cells) did not protect F-actin stress fibers
from being destroyed by staurosporine. An intermediate level
of protection was observed in cells expressing medium levels of
murine Hsp27 (0.45 ng/wg; L929-Hsp25 cells) (not shown).

The same type of analysis was performed in cells exposed to
etoposide. In these cells, no destruction of F-actin architecture
was detected during the first hours of the treatment (Fig. 13D),
and no effect of Hsp27 expression could be detected (Fig.
13H). This leads to the conclusion that in etoposide-treated
cells Hsp27 acts at an other level to delay the release of cyto-
chrome ¢ from mitochondria.

Taken together, our results suggest that F-actin can act as an
upstream target which, when altered (i.e., by cytochalasin D or
staurosporine treatment), generates an apoptotic signal that
activates cytochrome c release from mitochondria. Conse-
quently, the Hsp27-mediated decrease in cytochrome c release
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release analysis. Control (L929-C2) and human Hsp27-expressing (L929-Hsp27) cells were either kept untreated or treated for various times with
0.5 pM cytochalasin D. Cells were then processed, and proteins were analyzed in immunoblots as described in Materials and Methods and in the
legends to Fig. 2 and 3. The presence of cytochrome ¢ (Cytc) and Hsc70 in the different fractions is shown. Autoradiographs of ECL-revealed
immunoblots are presented. Note that human Hsp27 strongly decreases the release of cytochrome ¢ induced by cytochalasin D. Lanes: P, pellet
from untreated cells; 0, 3, 6, and 9, soluble fractions isolated from untreated cells or cells treated for the indicated hours with cytochalasin D. (B)
Caspase 3 activation by cytochalasin D. Control (L929-C2) and human Hsp27-expressing (L929-Hsp27) cells were treated as described above for
panel A. Activity of DEVD-specific caspases was then measured using the fluorescent substrate DEVD-AFC as described in Materials and
Methods. (C) Caspase 8 activation by 0.5 wM cytochalasin D. IETD-AFC activity was determined as described in Materials and Methods. The
activation index was determined as the ratio between the activity in extracts of treated cells to that measured in extracts of nontreated cells. The
histograms shown in panels B and C are representative of three identical experiments; standard deviations (error bars) are presented (n = 3). (D)
Analysis of Bid localization in control 1.929-C2 and Hsp27-expressing 1.929-Hsp27 cells kept either untreated (NT) or exposed to 0.5 pM
cytochalasin D for 1 h (1 h Cyto) or 2 h (2 h Cyto). Cells were lysed under conditions which preserve mitochondrial and membrane integrity and
the resulting P2, P20, and S cytosolic supernatants were analyzed (as described in Materials and Methods). Autoradiographs of immunoblots
probed with anti-Bid antibody are shown.

in cytochalasin D- and staurosporine-treated cells may result,
at least in part, from the protective activity of this stress protein
against F-actin network destruction. The inhibition of this ap-
optotic pathway also appears to depend on the level of Hsp27
required to maintain F-actin integrity.

DISCUSSION

We report that the expression of Hsp27 can delay the de-
tection of soluble cytoplasmic cytochrome c in cells exposed to
different apoptotic agents, such as staurosporine, etoposide,
and cytochalasin D. This phenomenon was cell line, glutathi-
one, and caspase independent and therefore not related to the
Hsp27 protective activity against oxidative stress (59) or to the
activation of caspases upstream of mitochondria (e.g., pro-
caspase 8). Previously, we also reported that Hsp27 can delay
cytochrome c release in thermotolerant cells reexposed to heat
shock (67). We show here that the delay induced by Hsp27

correlated with its level of expression: for example, murine
Hsp27 was not effective when its level was 0.15 ng/ug, but a
three-times increase in its level delayed the detection of cyto-
chrome ¢ by several hours. In 1.929-Hsp27 cells which express
a high level of human Hsp27 (0.9 ng/pg), soluble cytoplasmic
cytochrome ¢ was even more difficult to detect. We also ana-
lyzed HeLa cells that constitutively express a high level of
endogenous human Hsp27. A 40% decrease in the level of this
protein, generated through an antisense strategy, sensitized
HeLa cells to staurosporine. This phenomenon was correlated
with a more rapid detection of cytochrome ¢ in the soluble
cytoplasm and procaspase activation. This leads to the conclu-
sion that the constitutive expression of Hsp27 in HeLa cells
protects these cells against apoptosis.

How does Hsp27 act to specifically delay the detection of
cytochrome ¢ in the soluble cytoplasm of cells exposed to
apoptotic agents? Several possibilities can be envisaged: Hsp27
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DEVD-specific caspases was then measured using the fluorescent substrate DEVD-AFC as described in Materials and Methods. (D) Same as
panel C but in the presence of 1 pM staurosporine. (E) Same as panel C but in the presence of 500 uM etoposide. The activation index was
determined as the ratio between the activity in extracts of treated cells to that measured in extracts of nontreated cells. The histogram shown is
representative of three identical experiments; standard deviations (error bars) are presented (n = 3). Note the protective activity of phalloidin.

(i) induces the rapid degradation of cytochrome c once it is cytoplasmic aggregates that are recovered in the pellet result-
released from mitochondria, (ii) through its binding to cyto- ing from centrifugation at 14,000 X g upon cell lysis, or (iii)
chrome ¢ (9) and its presence at the surface of mitochondria interferes with an apoptotic signaling pathway upstream of
can inhibit the release of cytochrome ¢ and/or can form large mitochondria.
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Bar, 10 pM.

Concerning the first possibility mentioned above, the un-
changed level of cytochrome ¢ present in the pellet isolated
from L929-Hsp27 cells by centrifugation at 14,000 X g indi-
cates that this protein remains associated with fast-sedimenting
structures in staurosporine-treated cells. This excludes the pos-
sibility that cytochrome c is degraded as soon as it is released
from mitochondria—a conclusion reinforced by experiments
performed in the presence of the broad range caspase inhibitor
z-VAD-fmk. The lack of effect of this inhibitor also suggests
that Hsp27 has a specific inhibitory effect which does not de-
pend on upstream caspase activation.

Concerning the second possibility, that the interaction of
Hsp27 with cytochrome ¢ (9) is responsible for the delayed
release of cytochrome ¢ from mitochondria, several points are
not in favor of this possibility. First, the vast majority of Hsp27
is cytosolic (see reference 57). Second, in spite for the fact that
Hsp27 interacts with cytochrome c, control experiments pre-
sented in this paper revealed that this assumption is true for
only a very small fraction of cytochrome c. This observation is
therefore not in favor of the formation of large Hsp27-cyto-
chrome ¢ complexes that could be recovered in the pellet
resulting from centrifugation at 14,000 X g following cell lysis.
Confocal immunofluorescence analysis of cytochrome c is also
not in favor of the formation of such complexes and suggests
that Hsp27 expression inhibits the release of cytochrome ¢
from mitochondria. Could a minor and particular oligomeric
form of Hsp27 interact with cytochrome ¢ at the surface of
mitochondria and interfere with its release in the cytoplasm?

Concerning this possibility, we have already reported, using
cell extracts incubated with atractyloside, that the small frac-
tion of Hsp27 copurifying with the outer mitochondrial mem-
brane does not appear to account for its antiapoptotic activity
9).

Concerning a possible interference mediated by Hsp27 at
the level of an apoptotic signaling pathway residing upstream
of mitochondria, this hypothesis is reinforced by the fact that
Hsp27 modulates the Bid intracellular locale. Indeed, in HelLa
cells, the underexpression of Hsp27 shortened the delay re-
quired to observe the disappearance of Bid from the cytosolic
fraction. This delay was time correlated with the release of
cytochrome ¢ from mitochondria. Analysis of Bid in control
and Hsp27-expressing 1.929 cells exposed or not to cytochala-
sin D, staurosporine, or etoposide revealed that in all the cases
studied, Hsp27 interfered with the redistribution of Bid from
the cytosol to the particulate fraction. Hence, the inhibitory
effect of Hsp27 toward cytochrome ¢ release probably results
from altered signaling pathways residing at the level or up-
stream of Bid. Concerning a putative interaction of Hsp27 with
Bid, coimmunoprecipitation analysis did not give positive re-
sults suggesting that these two proteins probably do not di-
rectly interact.

We next analyzed F-actin as a possible upstream target mod-
ulated by Hsp27. Relations between F-actin and apoptosis
have been described in several cell systems, such as rat proxi-
mal tubular cells (75) and neutrophils (8). Here, we report that
a short incubation of control cells with the F-actin depolymer-
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izing agent cytochalasin D triggered cytochrome ¢ release and
procaspase 3-like activation. This phenomenon was strongly
attenuated when cells were pretreated with the F-actin stabi-
lizing agent phalloidin, hence suggesting that it is not a conse-
quence of a nonspecific effect induced by cytochalasin D. The
depolymerization of cytosolic F-actin occurred concomitantly
with the beginning of the release of cytochrome c in the cy-
tosol. Procaspase 3-like activation was observed later. Treat-
ment of the cells with staurosporine led to a similar conclusion.
Indeed, staurosporine induced the rapid destruction of cyto-
solic F-actin, except for some junctional actin still visible
around the cell, concomitantly with the beginning of cyto-
chrome c release from mitochondria. A delay of at least 60 min
was then required to observe caspase 3-like activation. These
observations suggest that the onset of staurosporine-induced
cytochrome c release and procaspase activation is preceded by
cytoskeletal disruption. Prevention of F-actin damage by phal-
loidin also interfered with F-actin disruption induced by stau-
rosporine. However, in this case, phalloidin pretreatment only
decreased the cytochrome c release and procaspase 3-like ac-
tivation by a factor of 20 to 30%. The disruption of F-actin by
staurosporine may therefore represent one of the multiple
stimuli generated by staurosporine that trigger cytochrome ¢
release and procaspase activation. Of interest, another apopto-
tic inducer, cisplatin, also alters F-actin fibers, and this phe-
nomenon has been demonstrated to be responsible for apo-
ptotic nuclear fragmentation (33). In this model, prevention of
cisplatin-induced F-actin damage by phalloidin suppressed nu-
clear fragmentation, but prevention of nuclear apoptosis by
Bcl-2 overexpression did not reduce the upstream damage to
F-actin. This confirms that F-actin damage can trigger an ap-
optotic pathway (Fig. 14)—a phenomenon that can be ampli-
fied by the caspase 3-activated cleavage of the Ste20-related
kinase SLK that further promotes actin disassembly and apo-
ptosis (64). The actin microfilament network appears, there-
fore, to be a crucial upstream target which, when altered (e.g.,
by cytochalasin D, cisplatin, or staurosporine treatment) gen-
erates an apoptotic signaling pathway that activates cyto-
chrome ¢ release and procaspase activation.

When Hsp27 expression was analyzed, we confirmed earlier
observations (19) that this protein delays F-actin damages
caused by cytochalasin D. We also show that Hsp27 expression
down-regulated F-actin damage caused by staurosporine treat-
ment. In both cases, the protective effect of Hsp27 was depen-
dent on its level of expression. Thus, in 1929 cells, an expres-
sion of at least 0.45 ng/pg was necessary to detect a protective
effect. This result is in agreement with the observation of Guay
et al., who reported that an expression of Hsp27 of more than
2 ng/pg is necessary to protect CHO cells against F-actin dis-
ruption by cytochalasin D (19). It is also interesting that in
antisense modified HeLa cells, a reduced level of Hsp27 ex-
pression sensitized these cells to staurosporine. Antisense in-
hibition of Hsp27 production, which is known to affect growth
rate and cytoskeletal organization (43), may render the cy-
toskeleton more sensitive to apoptotic drugs. This may facili-
tate the activation of an F-actin disassembly to mitochondrial
apoptotic pathway. Hence, the Hsp27-dependent reduced cy-
tochrome c release from mitochondria may be related, at least
in cytochalasin D-treated cells and to a certain extent in stau-
rosporine-treated cells, to the Hsp27 ability to protect against

Hsp27 AS INHIBITOR OF CYTOCHROME ¢ RELEASE 831

F-actin network destruction. In this respect, it is interesting
that F-actin microfilament breakdown has been reported as a
key event in retinal neuronal apoptosis induced by elevated
anti-Hsp27 antibody titers (72).

How does staurosporine rapidly damage F-actin, and how
does F-actin network destruction trigger an apoptotic signaling
pathway to mitochondria? One hypothesis is that F-actin de-
polymerization reorganizes the subcellular distribution of
members of the Bcl2 family and/or alters integrin signaling
pathways (21, 25, 83), which leads to Bid intracellular redistri-
bution. However, there are conditions under which F-actin
depolymerization does not trigger apoptosis, as for example
during the cell cycle.

Another important question concerns F-actin damage: is this
the unique upstream target that is activated in stress-induced
apoptosis? The answer is negative, since we show here that the
effect of phalloidin on cytochrome ¢ and procaspase 3-like
activation is only partial in the case of staurosporine treatment
of the cells. Moreover, we show that etoposide does not dras-
tically alters F-actin structure (37). In spite of this fact, Hsp27
expression can still interfere with Bid intracellular redistribu-
tion and mitochondrial cytochrome ¢ loss. This leads to the
hypothesis that still-unknown Hsp27-sensitive targets are in-
volved in the etoposide and staurosporine signaling pathways
triggering cytochrome c release from mitochondria.

Recently, we and others have reported that Hsp27 can in-
terfere with procaspase 9 and 3 activation without altering
cytochrome c¢ release from mitochondria (9, 14, 55). This ob-
servation of a downstream effect of Hsp27 does not contradict
the results presented here since a similar phenomenon can be
observed in 1929 cells expressing low levels (0.1 to 0.15 ng/u.g)
of murine Hsp27. Indeed, in these cells, cytochrome ¢ release
is not altered in spite of an inhibitory effect of Hsp27 toward
procaspase 3 activation. Moreover, in postmitochondrial cell-
free systems, Hsp27 was also reported to have a negative effect
on procaspase 3-like activation by exogenous cytochrome ¢ and
dATP (10, 14) —a phenomenon which correlates with the
interaction of Hsp27 with cytochrome ¢ probably once this
apoptogenic protein is released from mitochondria (9). How-
ever, this mechanism of action of Hsp27 is far from being
understood since, as we show here, only a very small fraction of
total endogenous cytochrome ¢ interacts with Hsp27. This sug-
gests that most cytochrome ¢ does not interact with this chap-
erone protein and/or that only a very minor and particular
form of Hsp27 can interact with this polypeptide. This obser-
vation suggests a chaperone-substrate type of interaction in-
stead of the formation of complexes with define stoichiometry.

Taken together, our results lead to the possibility that Hsp27
may act both upstream and downstream of cytochrome ¢ re-
lease. The upstream effect of Hsp27 appears to occur at the
level of different pathways, one being probably related to F-
actin architecture. Compared to the upstream effects described
here, the downstream activity necessitates a lower level of
Hsp27 expression to be active but is less efficient than the
upstream activity at counteracting cell death. It is probable that
the upstream F-actin pathway may require dimeric and non-
phosphorylated Hsp27, since this is the structural form of
Hsp27 which modulates actin polymerization in vitro (4). In
contrast, the downstream effect may be linked to the chaper-
one activity associated with the large oligomers of Hsp27.
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staurosporine) and thus attenuates the activation of the pathway that links F-actin damages to mitochondria. Activation of this pathway induces
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compared to the downstream effect which is already detected in cells expressing Hsp27 (0.1 ng/p.g).
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These hypotheses are based on the facts that (i) Hsp27 large
oligomers decrease in vitro caspase activation (10) and (ii)
staurosporine as well as cytochalasin D induces a fraction of
Hsp27 molecules to concentrate in a dimeric form (C. Paul,
F. Manero, S. Virot, and A. P. Arrigo, unpublished data).
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