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HsplOSa, which belongs to the HSP105/110 family, is expressed at especially high levels
in the brain in mammals and has been shown to prevent stress-induced apoptosis in
neuronal cells. This protein is also expressed transiently at high levels during mouse
embryogenesis, and is characteristically found in apoptotic cells and bodies in embryos.
In the present study, to elucidate a role of HsplOSa in embryonal cells, we established
HsplOSa-overexpressing F9 cells, and examined the effect of HsplO5a on cell death
induced by etoposide, heat shock or cycloheximide. Apoptotic cell death was induced in
cells treated with etoposide or heat shock, and necrotic cell death was induced in cells
by cycloheximide. The apoptosis was enhanced by overexpression of HSPlOSo, whereas
the necrosis was not affected by overexpression of HSPlOSa. Furthermore, HsplOSa
seemed to modulate the stress-induced apoptosis at different steps of the apoptotic pro-
cess depending on the stress stimuli. The present findings together with the previous
observation on neuronal cells suggested that HsplO5 has opposite effects on stress-in-
duced apoptosis depending on the cell type; a pro-apoptotic effect in embryonal cells
and an anti-apoptotic effect in neuronal cells. The apoptosis-enhancing activity of
HsplOSa may play an important role during embryogenesis.
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Apoptosis defines a type of regulated cell death associated
with various morphological features that include cell
shrinkage, plasma membrane blebbing, and chromatin con-
densation, and is a fundamental and indispensable process
during normal embryonic development, tissue homeostasis
and regulation of the immune system (1-3). In addition,
environmental stresses such as heat shock, radiation,
chemical agents, and oxidative stress can also induce apop-
tosis (4-6). The induction of apoptosis by diverse stimuli is
associated with activation of aspartate-specific cysteine pro-
teases (caspases), which are activated in a proteolytic cas-
cade to cleave specific substrates (7). Activated caspases
cleave several substrates such as poly(ADP-ribose)poly-
merase (PARP) (8, 9) and DNA fragmentation factor 45/in-
hibitor for caspase-activated deoxyribonuclease (10, 11),
and activate death effector molecules or trigger the charac-
teristic structural changes of apoptotic cells.

Heat shock proteins (Hsps) comprise a set of highly con-
served proteins that are induced in response to physiologi-
cal and environmental stresses, and protect cells from the
cytotoxic effects of aggregated proteins produced by various
types of stress (12). These proteins are also expressed
under physiological conditions, and play important roles in
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the synthesis, folding, translocatdon and assembly/disas-
sembly of proteins as molecular chaperones. Mammalian
Hsps are classified into several families on the basis of
their apparent molecular masses and structures, such as
HSP105/110, HSP90, HSP70, HSP60, HSP40, and HSP27.
Recent studies have shown that Hsp90, Hsp70, and Hsp27
modulate the functions of several major components of apo-
ptotic processes, such as the caspase cascade and c-Jun N-
terminal kinase (JNK) signaling pathway (13-18).

Studies in our laboratory have focused on two members
of a diverged subgroup of the HSP70 family (HSP105/110
family), HsplO5a and HsplO5p. The former is a constitu-
tively expressed 105-kDa stress protein in most tissues of
mammals and mammalian cell lines, and its expression is
induced by a variety of stressors, whereas the latter is an
alternatively spliced form of HsplOfxx that is specifically
induced by heat shock at 42°C. The predicted secondary
structures of these proteins are composed of amino-termi-
nal ATP binding, (J-sheet, loop, and carboxyl-terminal a-
helical domains, homologous to those of HSP70 family pro-
teins (19, 20). HsplO5a and HsplO5p exist as complexes
associated with Hsp70/Hsc70 (21, 22), negatively regulate
the Hsp70/Hsc70 chaperone activity, and prevent aggrega-
tion of proteins caused by heat shock in vitro (23). HsplO5a
protects neuronal PC 12 cells from apoptosis induced by
various stresses (24). Furthermore, we have also shown
that Hsp 105a increases transiently in most tissues of
mouse embryos from gestational day 9 to 11, and is local-
ized not only in various tissue cells but also in apoptotic
cells and apoptotic bodies, suggesting that HsplO5a may
play important roles in apoptosis during mouse embryogen-
esis (25).
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In the present study, to elucidate the roles of HsplO5a in
the stress-induced cell death in mouse embryonal cells, we
examined the effect of HsplO5a on the cell death of embry-
onal cells induced by etoposide, heat shock or cycloheximide
using the Hspl05a-overexpressing F9 cells, and showed
that HsplO5a enhanced the apoptosis but not necrosis in
F9 cells.

MATERIALS AND METHODS

Construction of a Mouse HsplO5a Expression Plasmid
and Isolation of Hspl05a-Overexpressing Cells—Plasmid
pcDNA105a was used to express mouse HsplO5a in F9
cells. To construct this plasmid, the mouse HsplO5a cDNA
derived from the pB105-l plasmid (19) was subcloned into
the EcoRV—Xbal sites of mammalian expression vector
pcDNA3 (Invitrogen).

F9 cells were transfected with the pcDNA105a or
pcDNA3 empty vector by lipofectdon using Superfect re-
agent (Qiagen) according to the manufacturer's instruc-
tions. Forty-eight hours after transfection, the cells were
maintained in complete medium containing 400 |jLg/ml
geneticin (Life Technologies) for 3 weeks to select geneticin-
resistant cells. The surviving cell clones were isolated and
grown in complete medium containing 200 jJLg/ml geneticin,
and then the expression levels of HsplO5a were deter-
mined by Western blotting using anti-mouse HsplO5 anti-
bodies.

Cell Culture and Stress Treatments—Cells were main-
tained in Dulbecco's modified Eagle's minimal essential
medium (Nissui Pharmaceutical) supplemented with 10%
fetal bovine serum (Life Technologies) under a humidified
atmosphere of 5% CO2 in air at 37"C.

For heat shock treatment, exponentially growing cells in
culture dishes were treated in a water bath set at 44°C for
30-90 min, and then further incubated at 37°C for 24 h.
For chemical stress treatments, cells were incubated in the
medium containing 0.1—2 jjLg/ml cycloheximide or 0.125-2
M /̂ml etoposide at 37*C for 24 h.

Cell Viability Assay—Heat-shocked cells were recovered
by harvesting the dead cells suspended in the medium, fol-
lowed by detachment of the remaining adherent cells by
trypsinization. Both the suspended and adherent fractions
were combined and centrifuged at 400 xg for 5 min, and the
cell pellets were resuspended in PBS. Aliquots of the cell
suspension were mixed with an equal amount of 0.4% try-
pan blue. The rates of viable cells that excluded the dye in
the total cell population were calculated.

To estimate cell viability after chemical stress treat-
ments, cells were incubated in medium containing 50 |xg/ml
neutral red at 37'C for 3 h, and then fixed with 1% formal-
dehyde containing 1% CaCL, for 1 min. The dye incorpo-
rated into viable cells was extracted with 50% ethanol
containing 1% acetic acid and then the absorbance at 540
run was measured.

DNA Fragmentation Analysis—Cells were lysed at 37"C
for 30 min in 200 (J of lysis buffer (10 mM Tris-HCl, pH
8.0, 150 mM NaCl, 10 mM EDTA, 0.1% SDS, 0.5 mg/ml
RNase A, 0.5 mg/ml proteinase K), and the cell lysates
were mixed with 300 |xl of a Nal solution (6 M Nal, 10 mM
Tris-HCl, pH8.0, 13 mM EDTA, 0.5% sodium JV-lauroylsar-
cosine, 30 ng/ml glycogen) and then incubated at 60*C for
15 min. An equal volume of isopropanol was added to the

mixtures, followed by vigorous shaking and standing for 15
min at room temperature. After centrifugation at 15,000 xg
for 15 min, the precipitate was successively washed with 50
and 100% isopropanol, dried in air, and resolved in TE
buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). Aliquots of
5 jjLg of DNA were electrophoresed on 2% agarose gels and
stained with 1 jig/ml ethidium bromide.

Morphological Examination of Apoptotic Cells—Cells
were plated onto coverslips at a density of 1 x 106 cells/cm2

and then grown at 37'C for 24 h. After treatment, the cells
were washed with PBS, fixed with 3.7% formaldehyde for
30 min at room temperature, and then stained with 10 \iM
Hoechst 33342 for 10 min in the dark. After washing with
PBS, the stained cells were observed under a fluorescence
microscope (Zeiss). Cells were scored as apoptotic if they
exhibited nuclear fragmentation and/or chromatin conden-
sation. At least 200 cells were counted in each experiment,
and data are presented as the means ± SD of three inde-
pendent experiments.

Assay for PARP Cleavage—Cells were lysed with 200 \il
of lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1%
NP-40, 0.1% SDS, 5 ng/ml aprotinin, 5 ^g/ml leupeptin, 2
ĵig/ml pepstatin A, 1 mM phenyl methyl sulfonyl fluoride)

on ice for 1 h. The lysate was then sonicated for 10 sec and
centrifuged at 15,000 rpm for 15 min at 4°C. The superna-
tant was recovered as the cell extract. Aliquots (20 \xg of
protein) of the cell extracts in SDS-sample buffer contain-
ing urea (62.5 mM Tris-HCl, pH6.8, 6 M urea, 10% glyc-
erol, 2% SDS, 5% 2-mercaptoethanol, 0.00125% bromo-
phenol blue) were subjected to 7.5% SDS-PAGE, and then
transferred to nitrocellulose membranes by electrotransfer.
The membranes were blocked with 10% skim milk in TBS
(20 mM Tris-HCl, pH 7.6, 137 mM NaCl) containing 0.1%
Tween 20 (TTBS), and then incubated with anti-PARP
antibodies (Santa Cruz). Then, the membranes were incu-
bated with horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG antibodies, and the antibody-antigen complexes
were detected using the ECL-Western blot detection system
(Amersham Pharmacia Biotech).

Activation of Caspase-3 and Caspase-9—Cells were lysed
with 0.1% SDS and then boiled for 5 min. Aliquots (20 n£ of
protein) of cell extracts in SDS-sample buffer (62.5 mM
Tris-HCl, pH 6.8,10% glycerol, 2% SDS, 5% 2-mercaptoeth-
anol, 0.00125% bromophenol blue) were subjected to 12.5%
SDS-PAGE, and then analyzed by Western blotting using
anti-caspase-9 antibodies which react with both pro-
caspase-9 and active caspase-9 (Cell Signaling Technology),
and anti-caspase-3 antibodies which react with active cas-
pase-3 (Cell Signaling Technology), respectively. The anti-
body-antigen complexes were detected using the ECL-
Westem blot detection system (Amersham Pharmacia Bio-
tech).

Release of Cytochrome c from Mitochondria—Release of
cytochrome c was analyzed as described previously (26).
Briefly, cell suspensions were mixed with an equal volume
of 100 |jLg/ml digitonin in PBS, and then incubated at 25*C
for 5 min. After centrifugation at 15,000 xg for 2 min, the
supernatants were recovered as cytosolic fractions. The pel-
lets were dissolved in PBS containing 0.5% Triton X-100,
and centrifuged, and then the supernatants were recovered
as mitochondrial fractions. Both fractions were subjected to
15% SDS-PAGE, and analyzed by Western blotting using
anti-cytochrome c antibodies (Santa Cruz).
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Activation of JNK and p38 Mitogen-AcUvated Protein
Kinase (p38 MAPIQ—Phosphorylated JNK and p38 MAPK
were detected by Western blotting using PhosphoPlus JNK
(Thrl83/Tyrl85) and PhosphoPlus p38 (Thrl80/Tyrl82)
antibody kits (Cell Signaling Technology), respectively.
Cells were lysed with 0.1% SDS and then boiled for 5 min.
Cell extracts (20 \xg of protein) were subjected to 10% SDS-
PAGE, and analyzed by Western blotting using phosphory-
lation state-specific anti-JNK or antd-p38 MAPK antibod-
ies. Then, the membranes were incubated at 50'C for 30
min in stripping buffer (62.5 mM Tris HC1, pH 6.7, 2%
SDS, 100 mM 2-mercaptoethanol), and total JNK or p38
MAPK on the same membranes was detected using anti-
JNK or anti-p38 antibodies, respectively.

RESULTS

Enhancement of Stress-Induced Apoptosis by Overexpres-
sion of Hspl05a in F9 Cells—We have shown that
HsplO5a is expressed transiently at high levels during
mouse embryogenesis and is localized in apoptotic cells
(25). To determine the effect of HsplOfxx on stress-induced
cell death in mouse embryonal cells, we first established
Hspl05a-overexpressing F9 cells. Here, we used two
Hspl05a-overexpressing F9 cell lines, S3 and S23, in which
the expression levels of HsplO5a were about 2- and 3-fold
higher than that in parental F9 cells or cells transfected
with the empty pcDNA3 vector (VI), respectively (Fig. 1).
When the sensitivity of cells to etoposide, heat shock or
cycloheximide was examined using the Hspl05a-overex-

F9 V1 S3 S23

Hsp105«

relative levels
of Hsp105a 1.0 1.1 1.9 2.7

Fig. 1. Levels of expression of Hsp 105a in the parental F9 cells
and Hspl05o- or vector-transfected cells. Cell extracts (20 (xg of
protein) of parental F9 cells (F9) and cell clones stably transfected
with either the pcDNA3 vector (VI) or pcDNA105a (S3 and S23)
were separated by SDS-PAGE, and then the levels of HsplOfw were
determined by Western blotting using anti-mouse HsplO5 antibod-
ies. The relative levels of HsplO5a are expressed as the ratios of that
of HsplO5a in parental F9 cells. ,

pressing F9 cells, S3 and S23 cells were found to be more
sensitive to etoposide and heat shock than F9 or VI cells
(Fig. 2). In contrast, the sensitivity to cyclohexiniide was
not affected by overexpression of HsplO5a. Furthermore,
overexpression of Hsp 105a also enhanced the sensitivity to
actinomycin D and serum deprivation (data not shown).

As cell death is classified into two morphologically and
biochemical distinct modes, apoptosis and necrosis (i), we
next examined whether apoptotic features such as DNA
fragmentation and nuclear morphological changes were
induced by these stress treatments. As shown in Fig. 3A,
nucleosomal-length DNA fragmentation was observed in
F9 cells treated with etoposide or heat shock, and Hoechst
33342 staining of these cells demonstrated that condensa-
tion of chromatin also prominently occurred with these
treatments (Fig. 3B). The rate of apoptotic cells was
approximately 2-fold higher among the Hspl05a-overex-
pressing cells than among F9 or VI cells (Fig. 3C). In con-
trast, neither DNA fragmentation nor chromatin con-
densation was induced in F9 cells treated with cyclohexim-
ide (Fig. 3). Furthermore, as the cleavage of PARP was not
detected in F9 cells treated with cycloheximide (data not
shown), cycloheximide seemed to induce necrotic cell death.
Thus, HsplO5a was suggested to enhance stress-induced
apoptosis but not necrosis in embryonal F9 cells.

Overexpression of Hspl05a Enhances PARP Cleavage In-
duced by Heat Shock but Not Etoposide—A common event
in the apoptotic pathway is the activation of caspases (7).
These enzymes participate in a cascade that is triggered in
response to pro-apoptotic signals and results in the cleav-
age of a set of substrate proteins. Caspase-3 is a major
effector caspase, and PARP, a DNA repair-related enzyme,
is an important substrate of caspase-3, and is cleaved from
a 116-kDa protein into an 85-kDa fragment (8, 9). As
shown in Fig. 4A, although cleavage of PARP seemed to be
slightly increased by overproduction of HsplO5a, the low
level cleavage of PARP induced in F9 cells by etoposide was
not enhanced by overexpression of HsplO5a. In contrast,
the amounts of full length 116-kDa PARP were markedly
decreased in F9 cells treated with heat shock at 44'C, and
the heat-induced cleavage of PARP was markedly en-
hanced by overexpression of HsplO5a (Fig. 4B).

Overexpression of HsplO5a Enhances Activation of
Caspase-3 and Caspase-9 Induced by Heat Shock but Not
Etoposide—Caspases are synthesized as inactive precursor

A) Etop B) Heat

0.1 0.2 0 3 0.4 0 5
concentration (pg/ml)

30 80
time (min)

90

C)CHX

100

n 40 -

20 -

- • - F9
- • - V1
- D - S3
- O - S23

0.5 1 1.5 2
concentration (ug/ml)

Fig. 2. Effects of HsplOSa on the sensitivity of F9 cells to cyclo-
hexamide, etoposide, and heat shock. F9, VI, S3, and S23 cells
were exposed to 0.125-0.5 jj-g/nil etoposide (A) or 0.1-1.0 jxg/ml cyclo-
heximide (C) at 37*C for 24 h, or were treated at 44'C for 30-90 min
and further incubated at 37'C for 24 h (B). Cell viability was then de-

termined as described under "MATERIALS AND METHODS." The
values presented as the means ± SD of three independent experi-
ments. The significance of differences was assessed by means of the
unpaired Student's t-test. A probability level (p) of less than 0.05 was
considered statistically significant and is indicated by asterisks.
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A) CHX Etop. 44°C
(|ig/ml) (ng/rnl) (min)

C 0.5 1 2 0.5 1 2 30 60 90

B)
cont Etop Heat CHX

S23

C)

cont Etop Heat CHX

Fig. 3. Enhancement of stress-induced apoptosis by HsplOSa.
A: DNA was extracted from F9 cells treated with cydohexamide, eto-
poside and heat shock, and aliquots (5 (ig each) of DNA were electro-
phoresed on a 2% agarose gel and visualized by staining with
ethidium bromide. B: F9, VI, S3, and S23 cells were exposed to 1 ug/
ml cydohexamide or 1 jig/ml etoposide for 24 h, or were treated at
44*C for 15 min and further incubated at 37*C for 24 h. The cells
were then fixed and stained with Hoechst 33342, and then the nu-
clear morphology of cells was observed under a fluorescence micro-
scope. C: The rates of apoptotic cells were calculated for at least 200
cells in each experiment. The values shown are the means ± SD of
three independent experiments.

A)
V1 S3 §23

Etop 0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1 (M9/ml)

-116kDa

_ _ _ _ _ _ _ _ — -BSkDa

V1 S3 S23

F9 V1 S3 S23

44°C 0 3 0 6 0 0 3 0 6 0 0 3 0 6 0 0 30 60 (min)

-116 kDa

-85kDa

100,

V1 S3 S23

Fig. 4. Effects of HsplOSa on the PARP cleavage caused by
treatment with etoposide or heat shock. F9, VI, S3, and S23 cells
were exposed to etoposide for 24 h (A), or were treated at 44'C for 30
min and further incubated at 3VC for 24 h (B). Aliquots (20 iig of
protein) of cell extracts were separated by SDS-PAGE, and then in-
tact PARP (116 kDa) and the cleaved fragment (86 kDa) were de-
tected by Western blotting using anti-PARP antibodies. The
densities of the bands of 116-kDa PARP and the 85-kDa fragment
were determined by densitometry. The rates of cleaved PARP are
shown for etoposide-treated cells. For heat-shocked cells, the rates of
decrease of 116-kDa PARP are shown. The values shown are the
means of two independent experiments.

molecules (pro-caspases), and are converted through pro-
teolytic cleavage into active forms in response to an apop-
totic stimulus (27). As overexpression of HSP105a en-
hanced the PARP cleavage, we next examined whether the
activation of pro-caspase-3 and upstream pro-caspase-9
was enhanced by overexpression of HSP105a in F9 cells. As
shown in Fig. 5, B and D, the active forms of caspase-3
(pl7) and caspase-9 (p39 and p37) were clearly detected in
F9 cells treated with heat shock. The increases in both
active caspases were enhanced in the Hspl05a-overex-
pressing cells compared to in F9 or VI cells by heat shock.
Thus, HsplO5a was suggested to enhance the activation of
pro-caspase-9, and then subsequently the activation of
caspase-3 during apoptosis induced by heat shock. In con-
trast, the cleaved forms of caspase-3 and caspase-9 were
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not dearly detected in these cells treated with etoposide
(Fig. 5, A and C).

Ouereocpression of HsplO5a does Not Affect the Release of
Cytochrome c from Mitochondria Induced by Etoposide and
Heat Shock—In mammalian cells, one of the main path-
ways that activates caspase-9 is one via mitochondria.
When mitochondria receive appropriate signals from a
variety of stresses or are damaged irreversively, pro-apop-

totic molecules such as cytochrome c are released from the
mitochondria into the cytosol (28-30). In the cytosol, cyto-
chrome c forms a complex with Apaf-1 and procaspase-9,
and activates caspase-9, which in turn converts procaspase-
3 into its active form, and executes apoptosis (31-33). We
next examined whether cytochrome c is released from mito-
chondria by etoposide or heat shock (Fig. 6). When F9 cells
were fractionated into mitochondria! and cytosolic frac-

A)
F9 V1 S3 S23

E t o p 0 1 2 0 1 2 0 1 2 0 1 2 ( u g / m l )

- Caspase-3 (p17)

V1 S3 S23

C)
F9 V1 S3 S23

Etop 0 1 2 0 1 2 0 1 2 0 1 2 (tig/ml)

25

» 20

! 1 5

1"
OC 5

0

• cont
• 1 ng/ml
H 2 ug/ml

F9 V1 S3 S23

Fig. 5. Effects of HsplOSa on the cleavage of pro-caspase-3 and
pro-caspase-9 caused by treatment with etoposide or heat
shock. F9, VI, S3, and S23 cells were exposed to 1 or 2 jig/ml etopo-
side for 24 h (A and C), or were treated at 44'C for 30 or 60 min and
further incubated for 24 h at 37'C (B and D). Aliquots (20 jig of pro-
tein) of cell extracts were separated by SDS-PAGE, and then ana-
lyzed by Western blotting using anti-active form specific caspase-3

B) F9 V1 S3 S23

44°C 0 3060 0 30 60 0 30 60 0 30 60

- Caspase-3 (p17)

S23

D)
F9 V1 S3 S23

44°C 0 30 60 0 30 60 0 30 60 0 30 60 (min>

- Pro-caspase-9

: J $ ? > Caspase-9

- Pro-caspase-9

- p37 > Caspase-9

S23

antibodies (A and B) or anti-caspase-9 antibodies (C and D). The ac-
tive form a of caspase-3 and caspase-9 are indicated as pl7 and p37/
p39, respectively. The densities of the bands of activated caspase-3
and caspase-9 were determined by densitometry, and the relative lev-
els of activated caspase-3 and caspase-9 are shown as fractions of the
untreated F9 cells, respectively.

F9 V1 S3 S23
cont Elop cont Elop cont Etop cont Etop
C M C M C M C M C M C M C M C M

cont
C M

- -

44°C
C M

—

cont
C M

44
C

°_c
M

cont

C M

44

C

°_C

M

cont

C M

-

44

C

- •

M

-

Fig. 6. Effect of HSPlOSa on the
release of cytochrome c from mi- A) /
tochondlia caused by treatment F9 V1 S3 S23
with etoposide or heat shock.
F9, VI, S3, and S23 cells were ex-
posed to 2 (jLg/ml etoposide for 24 h
(A), or were treated at 44'C for 30
min and further incubated for 24 h
at 37'C (B). The cells were then 100, , 100
fractionated into cytosolic and mi-
tochondrial fractions. Both frac- _ _ ___
tions were subjected to 15% SDS- | 6° I " "r [ • M • §60
PAGE, and then analyzed by West- & 40 • | • | I 40
em blotting using antd-cytochrome
c antibodies. The densities of the
bands of cytochrome c were deter-
mined by densitometry, and the
rates of cytochrome c release from
mitochondria are shown. The values shown are the means of two independent experiments. C, cytosolic fraction; M, mitochondria! fraction.

Dcont

• 44°C

F9 V1 S23 F9 V1 S3 S23
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A) F9 V1 S3 S23
Etop C 4 8 24 C 4 8 24 C 4 8 24 C 4 8 24 (h)

- 54kDa
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B) F9 V1 S3 S23
44°C
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-
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6

•
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C

3
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•

1

3
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- 54kDa

- 46kDa

- 54kDa

- 46kDa

0
V1 S3 S23

Fig. 7. Effect of HsplO6a on activation of JNK by treatment
with etoposide or heat shock. F9, VI, S3, and S23 cells were ex-
posed to 1 (jLg/ml etoposide (A), or were treated at 44*C for 30 min
(B). Aliquots (20 |ig of protein) of cell extracts were separated by
SDS-PAGE. Activated and total JNK were detected by Western blot-
ting. The upper and lower panels represent activated and total JNK,
respectively. The densities of the bands of activated and total JNK
were determined by densitometry, and the densities of the bands of
activated JNK were corrected as to the densities of the bands of total
JNK The relative levels of activated JNK are shown as fractions of
the maximal JNK activation levels at 3h after heat shock. The val-
ues shown are the means of two independent experiments.

tions, and cytochrome c was detected by Western blotting
analysis, a large amount of cytochrome c was found in
mitochondria with only a small amount in the cytosolic
fraction of control cells. The amount of cytochrome c re-
leased into the cytosol was markedly increased by treat-
ment with etoposide or heat shock. However, the amounts
of cytochrome c released in control cells were not different
from those in S3 and S23, suggesting that HsplO5a did not
affect the release of cytochrome c from mitochondria in-
duced by etoposide or heat shock in F9 cells.

Effect of Overexpression ofHspl05a on Activation of JNK
and p38 MAPK after Treatment with Heat or Etoposide—
Transmission of signals from external stresses is accompa-
nied by the activation of JNK and p38 MAPK (34), and
these signaling pathways have been implicated as key reg-
ulators of stress-induced apoptosis in many cell types (35-
39). We next examined whether these pathways are in-
volved in the apoptosis induced by etoposide or heat shock
in F9 cells. As shown in Fig. 7, JNK was activated by heat
shock but not etoposide. JNK activation lasted for at least 6

A)
Etop C 4 8 24 C 4 8 24 C 4 8 24 C 4 8 24 (h)

F9 V1 S3 S23

B) F9

V1

V1

S3

S3

S23

S23
44°C C 3 6 12 C 3 6 12 C 3 6 12 C 3 6 12 (h)

Fig. 8. Effect of HsplOfxu on activation of p38 by treatment with
etoposide or heat shock. F9, VI, S3, and S23 cells were exposed to
1 |ig/ml etoposide (A), or were treated at 44'C for 30 min (B). All-
quota (20 |ig of protein) of cell extracts were separated by SDS-
PAGE. Activated and total p38 were detected by Western blotting.
The upper and lower panels represent activated and total p38, re-
spectively. The densities of the bands of activated and total p38 were
determined by densitometry, and the densities of the bands of acti-
vated p38 were corrected as to the densities of the bands of total p38.
The relative levels of activated p38 are shown as fractions of the
maximal p38 activation levels in F9 cells treated with etoposide for
24 h. The values shown are the means of two independent experi-
ments.

h after heat shock and had decreased to the basal levels by
12 h. However, overexpression of HsplO5a did not enhance
or suppress the activation of JNK Furthermore, although
p38 MAPK was activated by etoposide but not heat shock,
overexpression of HsplOfxt did not affect the activation of
this signaling pathway (Fig. 8). Therefore, Hspl05ot seemed
to enhance the stress-induced apoptosis at steps down-
stream of the activation of these stress-activated kinases in
embryonal F9 cells.

DISCUSSION

HsplO5a is expressed in most tissues, but its levels are
especially high in the brain in adult mammals such as rats,
mice and humans (19, 22). Furthermore, we showed that
the levels of HsplO5a increase transiently in embryonic tis-
sues during mouse embryogenesis, and this protein is local-
ized not only in various tissues, but also in apoptotic cells
and apoptotic bodies in the interdigital regions of limbs
(25). hi the present study, we showed that HsplO5a en-
hanced the sensitivity of embryonal cells to apoptosis in-
duced by stress in F9 cells. This finding is in clear contrast
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to the previous findings that HsplO5a plays an important
role in the protection of neuronal PC 12 cells against stress-
induced apoptosis (24), and that HspllO (hamster homo-
logue of HsplO5a) confers substantial heat resistance on
rat fibroblasts and human epithelial carcinoma cells (40).
However, HsplO5a did not enhance the non-apoptotdc cell
death, necrosis, induced by cycloheximide. The present
findings together with previous observations on neuronal
cells suggested that HsplO5a has opposite effects on stress-
induced apoptosis depending on the cell type; a pro-apop-
totic effect in embryonal cells and an anti-apoptotic effect in
neuronal cells. These observations constitute the first evi-
dence that HsplO5a can function as an enhancer or sup-
pressor of apoptosis depending on the cell type in mam-
mals.

Apoptosis is an active process resulting in characteristic
morphological changes such as cell shrinkage, condensation
of chromatin and membrane blebbing (1-3). The common
pathway of apoptosis involves a family of proteases known
as the caspases, which are activated in a proteolytic cas-
cade to cleave specific substrates (7). The release of cyto-
chrome c from mitochondria triggers the formation of an
apoptosome complex with Apaf-1 and pro-caspase-9, and
activates caspase-9, which then in turn activates down-
stream effector caspases such as caspase-3 (28-30). Active
caspase-3 cleaves several substrates such as PARP (8, 9),
and activates death effector molecules or triggers the struc-
tural changes characteristic of apoptotic cells. Here, we
showed that overexprssion of HsplO5a enhanced the cleav-
age of PARP, and the activation of caspase-3 and caspase-9,
but had no effect on the release of cytochrome c from mito-
chondria in F9 cells treated with heat shock. Thus, it is
probable that HSP105a enhances the heat-induced apopto-
sis at a step of activation of caspase-9.

In tumor cells, topoisomerase II inhibitor etoposide can
induce apoptosis in a tumor suppressor protein p53-depen-
dent manner. During etoposide-induced apoptosis, pro-apo-
ptotic protein Bax is up-regulated, and the release of cyto-
chrome c from mitochondria, and the activation of caspases
such as pro-caspases-9 and -3 are enhanced (41, 42). Fur-
thermore, overexpression of a dominant negative caspase-9
suppresses etoposide-induced apoptosis in ovarian cancer
cells (41), and caspase-3 inhibitor DEVD-CHO also sup-
presses the apoptosis in human glioma cells (43). However,
we did not detect the cleaved and active forms of caspase-3
and caspase-9 in F9 cells treated with etoposide. Further-
more, although low levels of cleavage of PARP were ob-
served in cells treated with etoposide, overexpression of
HsplO5a did not enhance the cleavage of PARP in F9 cells.
Thus, HsplO5a seemed to enhance etoposide-induced apop-
tosis in a caspase-3—independent manner or at steps down-
stream of caspase-3 in F9 cells.

Transmission of signals from external stresses is also
accompanied by the activation of two families of kinases,
JNK and p38 MAPK (34). In many cell types, JNK activa-
tion has been shown to be essential for the signal transduc-
tion that leads to apoptosis in response to heat shock, UV-
irradiation anticancer drugs and certain other stimuli (35-
37). Furthermore, the activation of p38 MAPK is involved
in the apoptosis induced by heat shock and anticancer
drugs in mouse mocrophage-like Raw264.7 cells and cardi-
omyocytes (38, 39). In the present study, although JNK and
p38 MAPK were activated by heat shock and etoposide,

respectively, overexpression of HsplO5a did not enhance
the activation of JNK and p38 MAPK in F9 cells, indicating
that these signaling pathways are not involved in the en-
hancement of stress-induced apoptosis by Hsp 105a in em-
bryonal cells.

Several Hsps have been shown to modulate the pathway
of apoptosis positively or negatively. Hsp60 with or without
HsplO directly stimulates apoptosis by promoting the pro-
teolytic maturation of caspase-3 (44, 45). In contrast,
Hsp70, Hsp90 and Hsp27 exert negative influences on apo-
ptotic signaling. Hsp70 prevents apoptosis due to a variety
of stressors through suppression of apoptosome formation
(13, 14) and JNK activation (16-18). Interestingly, a recent
study demonstrated that the chaperone activity of Hsp70 is
required for protection against heat-induced apoptosis (46).
HsplO5a exists as complexes associated with Hsp70/Hsc70
(21, 22, 47) and suppresses the Hsc70 chaperone activity in
vitro (23). HsplO5a may stimulate stress-induced apoptosis
through negative regulation of Hsp70/Hsc70 chaperone ac-
tivity, although further studies are necessary to elucidate
the precise mechanisms by which Hspl05 enhances stress-
induced apoptosis in embryonal cells.

In conclusion, the present study demonstrated that
HsplO5a enhances the apoptosis induced by a variety of
stresses but not necrosis in embryonal cells. The apoptosis-
enhancing activity of Hspl05a, which modulates the bal-
ance between cell death and survival, may play an impor-
tant role during embryogenesis.
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