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Fig. 2 Ettect of chronic incubation with low concentrations of Al-maltol
on hypoxia-induced expression of PS2V In SK-N-SH cells. SKK-N-SH
cells were cultured for three months In «-MEM {10% FCS) containing
2.5 or 25 um Al-maltol, followed by hypoxic stimulation. Cells were
harvested at 0-8 h after hypoxla and total RNA was prepared for
RT-PCR of PS2V. {a) Representative data was shown (2.5 pm).
RT-PCR-amplified products were separated on a polyacrylamide gel
and visualized by ethidium bromide staining. Arrows indicate the
positions of the normal PS2 transcript and the aberrant PS2V tran-
seript. (b and ¢} Quantitative data were obtained by densitometry of
the band corresponding to the molecular weight of PS2V (shown as a
percentage of control).

concentration dependence of the induction of PS2V
expression was not observed.

Intracellular aluminum content of SK-N-SH cells
exposed to Al-maltol for 3 months

Next we investigated the accumulation of aluminum after
short-term and chronic exposure of SK-N-SH cells to a low
concentration Al-maltol by using the atomic absorbance
spectrometry. As a result, intracellular accumulation of
aluminum increased in an Al-maltol concentration-dependent
manner after both brief and chronic exposure (Fig. 3).
However, aluminum accumulation was not dependent on the
duration of exposure in this experiment. Therefore, our
findings raised the possibility that the acceleration by chronic
low concentration of aluminum depends on the incubation
period, but is not related to intracellular accumulation of
aluminum during chronic exposure of SK-N-SH cells.

Induction of HMGAla by Al-maltol incubation

It had been demonstrated that PS2V is generated by
HMGAIla in SK-N-SH cells (Manabe ef al. 2003). Conse-
quently, we investigated the effect of Al-mattol on expression
of hypoxia-induced HMGAla in SK-N-SH cells. Significant
expression of HMGA la protein was not observed in SK-N-
SH cells after hypoxic stimulation for 6 h (Fig. 4a, lane 1}.
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Fig. 3 tntracellufar content of aluminum. Cells underwent short- or
long-term incubation with Al-maltol. The treated cells were harvested
and freeze-dried, followed by measurement of the intracellutar alumi-
num content by atomic absorbance spectrometry. The data were
obtained trom four separate experiments (mean + SE).
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Fig. 4 Etfect of Al-malte! on hypoxia-induced HMGA1a expression in
SK-N-5H cells. SK-N-8H cells were incubated with Al-maltel for 6 h or
3 months. The treated cells were then exposed to hypoxia for & h,
followed by preparation of either nuclear fractions {a} or nuclear
extracts (b). {a}) Nuclear fractions were subjected to SDS-PAGE
{15%) after immunoblotting using an anti-HMGAta antibody. The
arrow indicates the position of HMGA1a protein (~18 kDa}. (b) Nuc-
lear extracts were analyzed by the UV cross-linking assay with no. 5
probe and subjected to SDS-PAGE (15% gel). The ne. 5 probe fs an
RNA probe that has the sequence which HMGAta specifically
recoghizes (Manabe et al. 2003). The arrow indicates the position of
HMGA1a protein.

However, expression of HMGAla protein was increased in
Al-maltol-treated cells (short-term exposure) after 6 h of
hypoxia, compared with control cells and the increase was
dependent on the Al-maltol concentration (Fig. 4a, lanes
2-7).

At this time, the binding of HMGAla to its recognition
RNA sequence (no. 5 RNA probe; length 41lnt) was
significantly increased in a dose-dependent manner (Fig. 4b).
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Strong HMGA la immunoreactivity was observed in nuclear
fractions iselated from chronic exposed Al-maltol-treated
SK-N-SH cells after 6 h of hypoxia (Fig. 4a, lanes 8 and 9).

Aluminum promotes cell death by endoplasmic
reticulum (ER) stress

We previously demonstrated that cells expressing PS2V or
exposed to hypoxia exhibited increased wulnerability to
various ER stresses, the mechanism of which was related to
the down-regulation of UPR signaling (Sato ef al. 2001;
Manabe ef al. 2003). To confirm that the increase of PS2V
production induced by Al-maltol under hypoxic conditions
reflected an increase in susceptibility to ER stress, we
investigated cell death on the basis of morphological changes
(Fig. 5). Cell death induced by tunicamycin (Trn), which is a
major ER stress inducer, was significantly promoted by
hypoxia, consistent with previous observations (Manabe
et al. 2003). This promotion was accelerated by chronic
exposure to Al-maltol at a concentration of 2.5 pm (Fig. 5b)
or 25 uM {data not shown). From 6 to 12 h after Tm treatment,
the extent of cell death was different between Al-maltol-
treated and untreated (control) cultures, On the other hand,
under the normexic condition, the extent of cell death was
unaffected by short-term incubation with Al-maltol at a
concentration of 25 or 1000 um, nor by chronic exposure to
2.5 or 25 pm (Fig. 5a). Consequently, it was clarified that

cells exposed to Al-malto]l were more sensitive to ER stress, .

as was observed for cells expressing PS2V. Finally, we
compared chronic Al-maltol treated group with control group
on the ratio of extent of cell death by Tm plus hypoxia
treatment to the extent by Tm alone treatment (Fig. 5¢). In
every indicated time, the ratio by Tm + Hypo was higher than
the ratio by Tm alone. This result suggested that effect of
chronic Al-maltol exposure is acceleration to hypoxia (means
production of PS2V) but not enhancement to Tm toxicity.

Discussion

We examined the effects of transient exposure to various
metal salts (FBC]Q, FEC['_!,, CU.C]z, CUSO4, ZnClz, AICI3, and
Al-maltol). However, except in the case of aluminum, the
same level of PS2V production was not detected between
experiments using the same concentration of each metal. In
contrast, addition of AICl; and Al-maltol reproducibly
caused the production of PS2V. Abnormalities of iron,
copper and zinc have been reported as risk factors for the
onset of AD. However, it is difficult to monitor the
intracellular content of these metals and distinguish endog-
enous from exogenous sources because each of these metals
is required by living cells. On the contrary, aluminum is not a
necessary metal for cells, so it is relatively easy to estimate
the effect of aluminum treatment by measuring its content in
the target cells. In the present study, we therefore focused
on the influence of aluminum as a proxy for various metals.
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Fig. 5 Effect of Al-maitel on cell death associated with PS2V
expression in SK-N-SH cells exposed to ER stress. {a) Viability of
SK-N-SH cells with chronic (C) or short-termed (S) Al-maltol-treatment
under normoxia for 21 h, followed by assay of morphological changes.
(b) The effects of Al-mattol treatment on SK-N-SH cell viability under
hypoxia exposure plus tunicamycin {Tm} stress (ER stress) were
evaluated by counting of morpholegical changes in indicated time. The
cells were treated with 0.5 pg/mL Tm and exposed to hypoxia. Data
are shown as a percentage of the control value (0 h} {mean = SE). {¢)
Comparison between chronic Al-maltol treated group (C2.5) and
control group (control) on the ratio {cell death score by Tm treatment
plus hypoxia exposure to the score by Tm treatment alone: Hypoxia +
Tm/MNormoxia + Tm). Data are shown as a percentage of the contral
group ratio.

© 2004 Intemational Society for Neurochemistry, J. Newrochem. (2004) 88, 1345-1351

— 160 —



1350 S. Matsuzaki ef al.

Production of PS2V was slightly induced by 25 or 250 pm
Al-maltol without hypoxia, Under hypoxic conditiens, how-
ever, PS2V was more strongly and rapidly expressed after
exposure to Al-maltol treatment. At24 h after hypoxia, it was
interesting that 250 uM Al-maltol induced less PS2V than
25 pm. This suggested that excessive oxidative stress did not
induce production of PS2V, consistent with our previous report
that exposure to H;0, did notinduce PS2V (Sato et al. 1999).

Chronic Al exposure accelerates PS2V production
Exposure to a low (2.5 umM) or moderate (25 pM) concentra-
tion of Al for 3 months caused an increase in the production
of PS2V after hypoxic exposure, but there was no difference
in the increment of PS2V production between both concen-
trations (Fig. 3). To determine whether the increment of
P82V production was based on the accumulation of alum-
inum or chronic stimulation, we measured the intracellular
content of aluminum by atomic absorbance spectrometry.
Interestingly, there was no further increase of intracellular
aluminum in SK-N-SH cells by long-term exposure to
Al-maltol despite an increase of the cellular aluminum
content according to the concentration of Al-maltol. This
finding suggests that the acceleration of PS2V production
was caused by chronic aluminum exposure, but did not
depend on the aluminum concentration.

HMGA1a expression is induced by Al-maltol

Recently, we reported that HMGAla is a mediator of
aberrant PS2 pre-mRNA splicing and the production of a
deleterious PS2V protein (Manabe et al. 2003). In that
experiment, HMGAla was inducible by hypoxia only in a
neuronal cell line. In the present study, HMGAla was dose-
dependently induced by Al-maltol (Fig. 4a). The induction of
HMGA la was increased by long-term exposure of SK-N-SH
cells to Al-maltol, and the nuclear extract containing
HMGA1a bound to a specific sequence on PS2 pre-mRNA
exon 5, which was located upstream of the 5’ splicing site
(Fig. 4b). These results indicate that production of PS2V
stimulated by Al-maltol occurred by an equivalent mechan-
ism to production due to hypoxia,

Neuronal cell death and aluminum

Chronic aluminum neurotoxicity is well known on the basis
of the fact that dialysis dementia occurs in adults and
children with renal insufficiency who are treated with
aluminum-contaminated dialysate solutions or oral phos-
phate-binding agents that contain aluminum (Alfrey et al.
1976, American Academy of Pediatrics Committee on
Nutrition 1986). However, most previous studies about the
relationship between aluminum and AD have assessed the
effects of high doses of aluminum. For example, transient or
chronic administration of 60-8300 mg/kg p.o., 1-60 mg i.v.,
or 0.1-5 mg i.c.v. in vivo and 100-1000 pm in vitro were
tested in the previous studies (Gawlick et al. 1987; Martyn

ef al. 1989; ATSDR 1999). On the contrary, we used low
concentrations of 2.5-25 pM in vitro, and these levels are
known not to show neurotoxicity (Alfrey ef al. 1976).
Conscquently, there are differences between high-dose
aluminum toxicity in dialysis dementia and the effect of
low concentrations of aluminum shown in the present study.
In spite of the low concentration, cell death induced by ER
stress and/or by hypoxia was promoted by chronic exposure
to aluminum. The reasons are unclear, but it is thought that
oxidative stress was at least partly involved in this promotion
of cell death, Although aluminum salts do not stimulate
peroxidation per se, these salts greatly accelerate peroxida-
tion induced by iron(Il) salis (Savory et al. 1999). Also, our
previous study showed that pretreatment of SK-N-SH cells
with antioxidants before exposure to hypoxia could com-
pletely suppress the production of PS2V (Sato et al. 1999).
Taken together, our data suggest that the combined stresses
of hypoxia and ROS generation by metals including
aluminum are necessary to trigger an increase of PS2V and
consequent vulnerability to ER stress.

In conclusion, our findings suggest that some metals at
low concentrations can accelerate and enhance PS2V gen-
eration. Accordingly, exposure to hypoxia plus the long-term
intake of such metals at low concentrations may promote the
development of AD. Consequently, such hypothesis may
provide to shed light on the pathogenesis and development of
sporadic cases of AD.
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in Alzheimer's disease or ischemia could arise

from dysfunction of the endoplasmic reticulum (ER).
Although caspase-12 has been implicated in ER stress-
induced apoptosis and amyloid-B (Ap)-induced apoptosis
in rodents, it is controversial whether similar mechanisms
operate in humans. We found that human caspase-4, a
member of caspase-1 subfamily that includes caspase-12,
is localized to the ER membrane, and is cleaved when cells
are treated with ER stress-inducing reagents, but nat with
other apoptotic reagents. Cleavage of caspase-4 is not

Recent studies have suggested that neurona! death

affected by overexpression of Bcl-2, which prevents signal
transduction on the mitochondria, suggesting that caspase-4
is primarily activated in ER stress-induced apoptosis.
Furthermore, a reduction of caspase-4 expression by small
interfering RNA decreases ER stress-induced apoptosis
in some cell lines, but not other ER stress-independent
apoptosis. Caspase-4 is also cleaved by administration of
AB, and AB-induced apoptosis is reduced by small interfering
RNAs to caspase-4. Thus, caspase-4 can function as an ER
stress-specific caspase in humans, and may be involved in
pathogenesis of Alzheimer’s disease.

Introduction

Recently, it has been reported that some human diseases,
such as Alzheimer’s disease {AD), Parkinson's diseases, and
cystic fibrosis, and neuronal damage by ischemia are related
to stress acting on the ER, which leads to intraluminal accu-
mulation of unfolded proteins (Katayama et al., 1999; Wigley
et al,, 1999; Imai et al., 2000, 2001; Nakagawa et al., 2000;
Sato et al,, 2001; Tamatani et al., 2001). Stress on the ER
can be induced in vitro by depletion of calcium from the ER
lumen, inhibition of asparagine N-linked glycosylation,
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reduction of disulfide bonds, expression of mutant proteins,
and ischemia (Imaizumi et al,, 2001). ER stress induces
three major cellular responses: unfolded protein response
(UPR), ER-associated degradation, and apoptosis. Cells
exposed to ER stress can up-regulate genes encoding chaper-
ones that facilitate the protein folding process in the ER and
reduce overall translation (UPR; Harding et al., 1999;
Kaufran, 2002; Forman et al.,, 2003), or enhance proteasomal
degradation of misfolded ER protein in cytoso! (Bonifacino
and Weissman, 1998; Travers et al., 2000), to reduce the
accumulation and aggregation of misfolded proteins, and
relieve cells from the stress (Kozutsumi et al., 1988}, On
the other hand, excessive or long-termed ER stress results
in apoptotic cell death, involving nuclear fragmentation,

Abbreviations used in this paper: AB, 2myloid-B; AD, Alzheimer's dis-
ease; ICE, interleukin-1B converting enzyme; RNA], RNA interference;
siRNA, small interfering RNA; TRAF2, tumor necrosis factor receptor—
associated factor 2; UPR, unfolded protein response,
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condensation of chromatin, and shrinkage of the cell body
(Imaizumi er al., 2001}, Several mechanisms that activate
apoptotic signaling pathways have been reported. For ex-
ample, the UPR increases the transcription of CHOP/
GADDI153 (Brewer et al., 1997), which is closely associated
with cell death (Zinszner et al., 1998), recruitment of tumor
necrosis factor receptor—associated factor 2 (TRAF2) to acti-
vated IRElex induces c-Jun NH,-terminal kinase activation
(Urano et al., 2000), or calpain activates downstream cas-
pase cascade (Nakagawa and Yuan, 2000). However, little is
known about the precise mechanisms to lead to ER stress-
induced cell death in humans.

Activation of caspases, a family of cysteine proteases that
cleave substrates at specific aspartate residues, is a central
mechanism in the apoptotic cell death process (Salvesen
and Dixit, 1997; Thornberry and Lazebnik, 1998). Most
of apoptosis-inducing stimuli lead to release of cytochrome
¢ from mitochondria, which binds to Apaf-1 to activate
caspase-9 (Li et al,, 1997; Zou et al., 1997), one of initiator
caspases with a long pro-domain, and then the activated cas-
pase-9 cleaves effector caspases (Li et al., 1997), including
caspases 3 and 7 with a relatively short pro-domain, to
activate them. Antiapoptotic Bcl-2 family proteins can res-
cue cells from apoptosis by protecting mitochondria to pre-
vent cytochrome ¢ release (Kluck et al,, 1997; Yang et al.,
1997). Several initiator caspases are known to be activated
upstream of the mitochondrial dysfunction by specific ap-
optotic stimuli. For example, Fas stimulation can activate
caspase-8 (Fernandes-Alnemri et al., 1996; Muzio et al,,
1996), which cannot be inhibited by Bcl-2 (Scaffidi et
al., 1998). Among 14 known caspases, caspase-12 seems to
be involved in signaling pathways specific to ER stress-
induced apoptosis (Nakagawa et al., 2000). Pro~caspase-12
is predominantly localized to the ER, and is specifically
cleaved by ER stress. Furthermore, caspase-12—deficient
mice show a reduced sensitivity to amyloid- {AB), which
is found in brains from Alzheimer’s patients (Selkoe, 1986)
and shown to cause neuronal cytotoxicity (Yankner et al,,
1989). Based on these findings, caspase-12 has been sug-
gested to play an important role in the pathogenesis of AD
and to represent a potential rarget of treatment. However,
caspase-12 has only been cloned in the mouse and rat so
far, and therefore it is controversial whether similar mecha-
nisms operate in humans (Katayama et al., 1999; Rao et al.,
2001; Fischer et al., 2002).

Human genome sequence that is highly homologous
to mouse caspase-12 has been identified at the locus
within the caspase-1/interleukin-1{ converting enzyme (ICE)
genes cluster on chromosome 11q22.3 (Fischer et al.,
2002), but the gene is interrupted by frame shift and pre-
mature stop codon, and also has amino acid substitution in
the critical site for caspase activity (Fischer et al., 2002).
Therefore, human caspase-12 seems to be lost, and the cas-
pases that substitute for caspase-12 to be activated specifi-
cally by ER stress have not been identified in humans so
far. We described here that human caspase-4 located
within the caspase-1/ICE genes cluster shows similar char-
acteristics to mouse caspase-12. The role of the caspase-4
in ER stress-induced apoptosis and Af-induced cell death
will be discussed.

Results
Identification of caspase-4 as a gene homologous
to caspase-12

To detect a caspase that was specifically involved in ER
stress, we screened human colon ¢<DNA libraries by the
plaque hybridization method using the mouse caspase-12
gene as a probe. Human caspase-4 was cloned as the most
homologous gene to mouse caspase-12, in agreement with
the fact that both molecules belong to the caspase-1/ICE
subfamily within the caspase family (Kamens et al., 1995;
Lin et al., 2000). Although caspase-5, which has slightly less
homology to caspase-12 (caspase-4: 48%; caspase-5: 45%),
was also isolated, the screening process yielded much more
caspase-4 clones than caspase-5. Because caspase-4 but not
caspase-5 was expressed in the cell lines used in this work,
which underwent apoptosis in tesponse to ER stress, we as-
sumed that human caspase-4 might functionally substitute
for mouse caspase-12 in the human system, and further ana-
lyzed the possible role of caspase-4 as a mediator of ER
stress-induced apoptosis.

Subcellular localization of caspase-4

First, we studied the subcellular localization of endogenous
caspase-4 in SK-N-SH human neuroblastoma cells. Immu-
nofluorescence microscopy showed that immunostaining pat-
tern of caspase-4 strictly overlapped with that of ER markers
such as GRP78 and GRP%4 (Fig. 1, a—). Immunoreactivity

- of caspase-4 was found to overlap only in part with fluores-

cence signals from Mitotracker (Fig. 1, d—f). These results
suggest that caspase-4 was localized predominantly to the ER,
and to the mitochondria in addition. The similar results were
obtained using HeLa cells (Fig. 1, g-1). When caspase-4 fused
with GFP at its COOH terminus was overexpressed in HeLa
cells to see the subcellular localization in live cells, most of the
fluorescent signals from caspase-4/GFP fusion protein over-
lapped with those from ER-tracker (Fig. 1, m—o), confirming
predominant localization of caspase-4 to the ER by non-
immunological method. The immunoelectron microscopic
analysis showed that the immunoreactive signals for caspase-4
were found on the ER and mitochondria (Fig. 1, p—r), but
much less signals on the nuclei (Fig. 1 r). We also performed
biochemical fractionation analysis. Although we could not
eliminate contamination of ER marker proteins in the mito-
chondria-enriched fraction using SK-N-SH cells, probably
because we could not disrupt cells homogeneously as the cell
line displays heterogeneity in cellular morphology, micro-
some-enriched fraction does not seem to contain mitochon-
dria and cytosol (Fig. 1 s). Under these conditions, caspase-4
was recovered in both mitochondria-enriched fraction and
microsome-enriched fraction, and in cytosolic fraction to a
lesser extent (Fig. 1), indicating that caspase-4 was surely in
microsome-enriched fraction. From these results, we con-
cluded that caspase-4 was localized to the ER, and to the mi-
tochondria in addition, in both SK-N-SH and Hel.a cel’s.

Specific cleavage of caspase-4 by ER stress

and A treatments

To examine whether caspase-4 was specifically cleaved by
ER stress, we analyzed the cleavage of pro—caspase-4 in re-
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Figure 1. Localization of caspase-4 in SK-N-SH

and Hela cells. {a-1) SK-N-5H cells (a—f) or Hela
cells {g-1) were stained with anti—caspase-4 and
anti-KDEL antibodies (a and g, caspase-4, green;
b and h, KDEL, red; ¢ and i, overlapping, yellow),
or with anti-caspase-4 antibody and Mitotracker
{d and j, caspase-4, green; e and k, Mitotracker, red;
fand |, overlapping, yellow), and observed under a
confocal microscope as described in Materials and
methods. Anti-KDEL antibody detects both GRP78
and GRP94 (ER markers), whereas Mitotracker stains
the mitochondria. (m-o) Hela cells were transfected
with a caspase-4—GFP fusion gene, and were stained
with ER-tracker (m, caspase-4, green; n, ER-tracker;
blue; o, overlapping, blue-green), and observed
under a nonconfocal fluorescence microscope.
Bars, 5 pm. (p and g} Immunoelectron microscopic
analysis was performed for SK-N-SH cells as
described in Materials and methods. Photograph
shown in panel q is the enlarged image of a part of
photograph p. Gold grains showed the immunore-
activity of caspase-4, and blue and red arrows
showed the ER and mitochondria, respectively.
Bars: {p) 200 nm; {¢) 90 nm. (r) Gold grains observed
on indicated organelles in immunoglectron micro-
scopic analysis were counted and displayed.

(s) Biochemical fractionation was performed as
described in Materials and methods, and analyzed
by Western blotting using the indicated antibodies.
Lamin B1, nuclear marker; cytochrome ¢, mito-

; chondrial marker; presenilin-1 NHp-terminal

: fragment (PS1 NTF), microsomal marker; and
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), cytosolic marker,

sponse to several apoptotic stimuli (Fig. 2 a). We found
that cleavage of pro-caspase-4 was induced in SK-N-SH
cells by treatment with tunicamycin and thapsigargin, both
of which caused ER stress. In contrast, when cells were ex-
posed to non-ER stress inducers such as etoposide, stauro-
sporine, and UV at a dose providing similar extent of cel
death to chat by tunicamycin and thapsigargin, final cleav-
age products of pro—caspase-4 (Fig. 2 a, cleaved-caspase-4,
arrowhead) was not observed. Although the bands shown
by the asterisks in Fig. 2 a, which should be derived from

pro-caspase-4 by unknown processing reaction, judging
from the data below (Fig. 4 b), were also increased, they
were also observed in nontreated cells, so we speculated
that the bands were not the final processed form of cas-
pase-4. Under the same conditions, cleavage of caspases 3
and 7, the downstream caspases, was observed regardless of
apoptotic stimulations (Fig. 2 a). These results suggest that
caspase-4 is specifically activated by apoptotic stimuli in-
ducing ER stress, but not by other stimuli that do not
cause ER stress.
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Figure 2. Specific cleavage of caspase-4 by ER stress and AB treatment. (a) SK-N-SH cells were treated with 1 pg/ml tunicamycin (TM),
0.5 pM thapsigargin (TG), 100 uM etoposide (Etop), or 0.1 pM staurosporine (STS) for indicated periods, or irradiated with 150 J/m? UV

followed by incubation for indicated periods. Equal amounts of cell lysates (15 wg) were analyzed by Western blotting using anti—caspase-4
antibody {top), anti—caspase-3 antibody (second from top), anti—caspase-7 antibody (third from top), or anti-B-actin antibody (bottom). Positions
of pro—caspase-4, cleaved caspase-4, cleaved caspase-3, cleaved caspase-7, and B-actin are indicated. Extent of cell death assessed by MTS
assay after incubation for indicated periods are also shown at the top of the gels. (b} SK-N-SH cells were treated with 25 M synthetic ABas.as
or 5 xM Ay peptides for the indicated periods. Equal amounts of cell lysates (15 ug) were analyzed by Western blotting using anti—caspase-4
antibody {top) and anti-B-actin antibody (bottom) as a control. Positions of pro—caspase-4, cleaved caspase-4, and B-actin are indicated.
(c) SK-N-5H cells were treated with the reverse peptides (25 pM ABis.zs and 5 pM ABao., respectively) for the indicated periods, and cleavage
of caspase-4 was examined as in panel b. (a-c) Bands marked by asterisks are likely to be derived from pro—caspase-4 by unknown processing

reaction,

To address the possibility that caspase-4 contributes to the
mechanism of AB-induced cell death in humans, we exam-
ined the cleavage of caspase-4 in SK-N-SH cells after treat-
ment with AB. When cells were incubated with 25 pM
ABas.3s or 5 pM ABy.q0, cleavage of caspase-4 was observed
{Fig. 2 b). In contrast, treatment of cells with the reverse
peptides (APas.os and ARy, respectively), which were not
toxic, did not induce the cleavage of caspase-4 (Fig. 2 ).
These results suggest that caspase-4 is activated by neuro-
toxic AR treatment similar to ER stress-induced apoptosis.

Cleavage of caspase-4 in the presence of Bcl-2

To confirm that cleavage of caspase-4 was not due to other
caspases activated downstream of the mitochondrial path-
way, we examined the effect of overexpression of Bcl-2 and
Bcl-x, on apoprosis induced by tunicamycin. Apoptotic nu-
clear morphological changes were induced by treatment of
vector transfectants of SK-N-SH and of HelLa eells with tu-
nicamycin for 30 h, but such changes were completely sup-
pressed by overexpression of Bel-2 (Fig. 3) or Bcl-x;, (not de-
picted), indicating that the apoptotic signaling pathway

downstream of mitochondria was not operating in cells with
overexpression of these antiapoptotic proteins. However,
cleavage of caspase-4 after 16 h of tunicamycin treatment
was only slightly affected by overexpression of Bel-2 (Fig. 3)
or Bel-x (not depicted). These results suggested that cas-
pase-4 is largely activated before the activation of effector
caspases during ER stress-induced cell death.

Requirement of caspase-4 for ER stress-

and AB-induced apoptosis

To determine whether caspase-4 is required for ER stress-
induced cell death, SK-N-SH cells that expressed endoge-
nous caspase-4 were transfected with small interfering RNA
(siRNA) to caspase-4 or GFP as a control. Immunofluores-
cence analysis showed that the amount of caspase-4 was sub-
stantially decreased by incubation for 60 h after transfection
with siRNA directed against caspase-4, but immunoreactivity
of caspase-4 was not affected by transfection with GFP-
siRNA, when compared with nontransfected cells (Fig. 4 a).
Western blot analysis also showed that the amount of caspase-4
was decreased by siRNA to caspase-4 (Fig. 4 b). These re-
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da Figure 3. No effect of Bcl-2 overex-
SK-N-SH Hela pression on ER stress-induced cleavage
vector Bcl-2 vactor Bcl-2 of caspase-4. (a) SK-N-SH cells (left) and
Hela cells {right} stably transfected with
mwy -t -t TMueament owy -t TMueamen the vector or a Bel-2 expression system
-~ GEDED GIDGEP < Folaspased o ) -4 Pro-Caspase-4 were incubated with (+) or without {—)
— P e ey A ¢ — m— W o * 1 pg/ml tunicamycin for 16 h. Equal
= -’Cleaved-Caspase-t& pieasil a4 Cleaved-Caspase-d amounts of cell lysates were analyzed by
30 - 30— Western blotting using anti-caspase-4
- antibody (top) and anti-Bcl-2 antibod
- WP < b2 R oo (bottom))(. Popsitions of pro—caspase-4r
cleaved caspase-4, and Bcl-2 are indi-
cated. Asterisks show processed caspase-4
as described in Fig, 2 a. (b} The indicated
b SK-N-SHivector SK-N-SH/BCH-2 cells were treated with 1 pg/ml tunicamy-

¢in for 30 h, stained with Hoechst 33342,
and ohserved under a fluorescence
microscope. Bars, 25 pm.

sults showed that the siRNA could diminish the amount of
caspase-4, and that the antibody used here specifically recog-
nized caspase-4 in immunohistochemical analysis.

We next examined the effect of decrease in caspase-4 level
by siRINA on ER stress-induced apoptosis. Assessment of cell
death on the basis of morphological changes showed that
~G60% of untransfected SK-N-SH cells were killed by treat-
ment with thapsigargin for 40 h. The extent of cell death was
unaffected by transfection with siRNA to GFP (Fig. 4 ¢). In
contrast, only ~30% of the cells died after being transfected
with caspase-4 siRNA and exposed to the same stimulation with
thapsigargin (Fig. 4 ¢). As shown in Fig. 4 b, treatment with
thapsigargin for 24 h yielded lower level of cleaved-caspase-4
in the cells transfected with caspase-4 siRNA than in the cells
transfected with GFP-siRNA. Because the amount of cleaved
caspase-4 shown in Fig. 4 b seemed to correlate with the ex-
tent of cell death in Fig. 4 ¢, incomplete inhibition of cell
death by transfecrion with caspase-4 siRNA could be due to
residual activity of caspase-4. These results indicare that cells
with decreased expression of caspase-4 become more resistant
to ER stress-induced cell death.

When cell death was examined by the MTS assay, treat-
ment with caspase-4 siRNA, bur not with GFP-siRNA, in-
creased the resistance to ER stress-induced cell death (Fig. 4
d). The increase in the resistance to ER stress-induced cell
death was also observed when siRNA to caspase-4 with a dif-
ferent sequence (caspase-4 siIRNA-b) was used (Fig. 4 d), in-
dicating that the effect was due to the decreased expression
of caspase-4, but not by a specific side effect of caspase-4
siRNA that might affect the expression of other genes. On
the other hand, the efficiency of cell death induced by eto-
poside treatment was not significantly affected by both cas-
pase-4 siRNAs (Fig. 4 d). Therefore, caspase-4 is likely to be
specifically involved in ER stress-induced cell death.

To know whether caspase-4 is involved in ER stress-
induced cell death in other cell lines, we examined the effect
of caspase-4 siRNA using HeLa cells. As shown in Fig. 4 ¢,
treatment of Hela cells with caspase-4 siRNA significantly
increased the resistance to ER stress-induced cell death, al-
though the extent of the increase in resistance was less than

that observed for SK-N-SH cells. This is probably because
some other apoptotic mechanisms might also operate simul-
taneously in HeLa cells. Therefore, we concluded that cas-
pase-4 is likely to be involved in ER stress-induced cell death
at least in part in Hela cells.

We next examined whether caspase-4 is involved in AR-
induced cell death. When treated with ARjs.3s, SK-N-SH
cells transfected with caspase-4 siRNA showed significant re-
duction in cell death compared with the cells transfected
with GFP-siRNA (Fig. 4 f). From these results presented
here, we concluded that caspase-4 is involved in AB-induced
cell death, as well as in ER stress-induced cell death.

Discussion

It has been known that apoptetic morphological changes are
observed in cell death caused by ER stress (Imaizumi et al.,
2001}. Caspases are activated to transmit apoptotic signals
transcending the difference in species (Alnemri et al., 1996).
In rodents, caspase-12 mediates apoptosis specifically in re-
sponse to ER stress (Nakagawa et al., 2000). Although hu-
man caspase-12 gene is transcribed into mRNA, mature cas-
pase-12 protein would not be produced, because the gene is
interrupted by frame shift and premature stop codon (Fi-
scher et al., 2002). Furthermore, it contains amino acid sub-
stitution in the critical site, which leads to loss of function in
several caspases (Fischer et al,, 2002). Thus, human caspase-
12 does not seem to function in ER stress-induced apopto-
sis, and some other caspases with similar structure might
substitute functionally for caspase-12 in humans. The cas-
pase-12 gene is located within a region where caspase-1/ICE
subfamily genes cluster (caspases 1, 4, 5, 12 in human and
caspases 1, 11, 12 in mouse}). No locus with a comparably
high homology to rodent caspase-12 could be found in the
human genome. Caspases 4 and 5 are located berween cas-
pases I and 12 in human genome, whereas only caspase-11
is locared between caspases 1 and 12 in mouse. Although it
is not known why the region in human genome contains
gene duplication, caspases 4 and 5 have been thought 1o
function similarly to caspases 11 and 12. Mouse caspase-11
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Figure 4. Decrease in ER stress- or AB-induced cell death after siRNA-mediated reduction of caspase-4 expression. (a) SK-N-SH cells were
transfected with siRNA oligos (1 pg oligo/24 well plate) to GFP {control) or caspase-4 (siRNA-a). After incubation for 60 h, cells were fixed and
stained with caspase-4 antibodies as described in Materials and methods. Bars, 5 pm. (b) Cells were transfected as in panel a. After incubation
for 60 h, cells were incubated with (+) or without (=) 0.5 uM thapsigargin for 24 h. Equal amounts of cell Tysates (10 pg) were analyzed by
Western blotting using anti—caspase-4 antibody (top) or anti-B-actin antibody (bottom). (c) Top panels show representative phase-contrast
images of GFP siRNA-transfected cells {left) and caspase-4 siRNA-a—transfected cells (right) after treatment with 0.5 M thapsigargin for 40 h.
The bottom panel shows the extent of cell death assessed by marphological changes, and expressed as the mean = SEM for three independent
experiments as described in Materials and methods. Asterisks show a significant difference from controls (GFP siRNA-transfected cells): **,
indicates P < 0.01. Bars, 50 pm. (d) Cells were transfected with the indicated siRNAs, and cell viability after 0.5 uM thapsigargin or 100 p.M
etoposide treatment for 40 h was estimated by the MTS assay. Results were expressed as the mean * SEM for three independent experiments.
Asterisks show a significant difference from controls: **, indicates P < 0.01; ***, indicates P < 0.001. Bottom panel shows reduction of
caspase-4 level by the indicated siRNAs assessed by Western blotting as described in panel b. (e) Hela cells were transfected with GFP siRNA
or caspase-4 siRNA-a as described in Materfals and methods., After incubation for 24 h, cells were incubated with 0.5 uM thapsigargin for 40 h,
and then viability was estimated as described in panel d. Each value represents the mean % SEM for three independent experiments. Asterisks
show a significant difference from controls: ***, indicates P < 0.001. {f) 5K-N-5H cells were transfected with GFP siRNA or caspase-4 siRNA-a.
After incubation for 60 h, cells were incubated with 25 uM ABys.35 peptide for 40 h, and then viability was estimated as described in panel d.
Each value represents the mean  SEM for three independent experiments. Asterisks show a significant difference from controls: **, indicates
P <0.01.

is essentiaf for the activation of caspase-1/ICE to promote
pro-IL-1B (interleukin-1B} processing (Wang et al., 1996,
1998). On the other hand, caspase-5 is likely involved in
processing of pro-IL-1{ together with caspase-1/ICE (Mar-
tinon et al., 2002) and the caspase-5 gene resembles the
mouse caspase-11 in its lipopolysaccharide inducibility (Lin

et al., 2000). Therefore, caspase-5 should be the orthologue
of caspase-11. Here, the screening process yielded the cas-
pase-4 gene as the homologous gene to mouse caspase-12.
Thus, caspase-4 is the best candidate that would function
similarly to mouse caspase-12 in ER stress-induced cell
death in humans.
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Here, we examined the localization of human caspase-4
using several methods. The immunostaining analysis using
anti—caspase-4 antibody and fluorescent analysis for cas-
pase-4/GFP fusion protein in Fig. 1 showed the predomi-
nant localization of caspase-4 on the ER. On the other
hand, the immuno-EM showed the nearly equal distribu-
tion of caspase-4 on the ER and mitochondria, and subcel-
lular fractionation showed that caspase-4 was recovered in
the microsome-enriched and mitochondria-enriched frac-
tions, and also in cytosolic fraction. Although we could not
eliminate contamination of ER marker proteins in the mi-
tochondria-enriched fraction in subcellular fractionation
using SK-N-SH cells, microsome-enriched fraction does
not seem to contain mitochondria and cytosol. Under these
conditions, caspase-4 was recovered in both mitochondria-
enriched fraction and microsome-enriched fraction, and
amounts of caspase-4 recovered in the microsome-enriched
and mitochondria-entriched fractions were comparable to
those of ER marker, presenilin-1. Therefore, considering all
the results shown in Fig. 1, we concluded that caspase-4 was
localized to the ER membrane, and probably to the mito-
chondria in addition.

Caspase-4 on the ER is supposed to function in ER stress-
induced apoptosis similarly to caspase-12. In supporting this
hypothesis, caspase-4 was cleaved specifically by ER stress
and AB-treatment, but not by other apoptotic stimuli in-
cluding etoposide, staurosporine, and UV. Additionally
because Bcl-2 that can completely inhibic the signaling
pathway at least downstream from mitochondria, did not
prevent the cleavage of caspase-4 by ER stress, it should be
most probable that caspase-4 on the ER but not on mito-
chondria is primarily cleaved. We also showed that reduc-
tion of the level of caspase-4 by RNA intetference (RNAI)
resulted in decrease in ER stress-induced cell death and AB-
induced cell death, but did not affect cell death induced by
etoposide. The characteristics of human caspase-4 shown
here are very similar to those of mouse caspase-12 reported
previously (Nakagawa et al., 2000), and therefore, caspase-4
is able to substitute the caspase-12 functions in ER stress-
induced apoptosis and AB-induced cell death. Because cas-
pase-4 was also localized to the mitochondtia in addition to
the ER membrane, whereas caspase-12 was shown to localize
predominantly to the ER, but not to the mitochondria (Na-
kagawa et al., 2000), caspase-4 might have additional func-
tion compared with caspase-12, although the function of
caspase-4 on mitochondria is not clear.

Several mechanisms that activate caspase-12 have been
proposed in mouse system. For example, calpain, a protease
that can be activated by calcium released from ER upon ER
stress, starts cleavage of caspase-12 (Nakagawa and Yuan,
2000), caspase-7 activates caspase-12 upon prolonged ER
stress (Rao et al., 2001), or TRAF2 mediates caspase-12 acti-
vation, which is regulated by IREla (Yoneda et al., 2001).
It is not clear which mechanism is involved in activation of
caspase-4, but because final cleavage products were not ob-
served in cells with activated caspase-7 (Fig. 2 a), activation
of caspase-7 does not seem to be enough for full activation
of caspase-4. To know the precise mechanism that activate
caspase-4, it should be important to find proteins that inter-
act with pro—caspase-4 during ER stress-induced apoptosis.
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The inhibition of apoptosis induced by ER stress expo-
sure by RNAI to caspase-4 was incomplete. It is possible
that the residual activity of caspase-4 after RNAi would be
responsible for the cell death. Alternatively, other apoptotic
mechanisms might also operate simultaneously. Several
possible pathways have been postulated for ER stress-
induced apoptosis. ER stress is reported to activate ASK-
c-Jun NHj-terminal kinase pathway through the IRE1-
TRAF2-ASK1 complex formation (Nishitoh et al., 2002).
Other signaling pathway is mediated by transcriptional acti-
vation of genes encoding proapoptotic function. Activation
of stress transducer IRE1, PERK, or ATFG leads to tran-
scriptional activation of CHOP/GADDI153, a bZIP tran-
scription factor that potentiates apoptosis (Oyadomari et
al,, 2002). Operation of these mechanisms might account
for incomplete inhibition of ER stress-induced apoptosis by
knockout of caspase-12 and knockdown of caspase-4 in
mouse and humans, respectively. It is possible that caspase-
dependent mechanism and other mechanisms function in
parallel in initiating ER stress-induced apoptosis, and the
mechanism that mainly operates could differ depending on
cell types. We have shown that the extent to decrease in
cell death by decreasing caspase-4 level of SK-N-SH cells
was comparable to that reported for caspase-12 knockout
mouse (Nakagawa et al., 2000), whereas that of HeLa cells
was relatively less. We also find some cells, like HUVEC, in
which decrease in caspase-4 did not affect the ER stress-
induced apoprosis (unpublished data). Thus, caspase-4 has
been shown to function in ER stress-induced apoptosis at
least in several cell lines, including SK-N-SH and Hela
cells, but not all cells.

Cell death caused by AR treatment was also partially in-
hibited by RNAI to caspase-4. Although it is controversial
whether AB-induced cell death involves ER stress-induced
apoptosis, the results are consistent that these two types of
cell death are mediated by common mechanism at least in
part. Recent report described that the cell death induced by
AB was inhibited by the broad-spectrum caspase inhibitor
z-VAD and more specifically by the down-regulation of cas-
pase-2 with antisense oligonucleotides (Haviv et al., 1998).
Neuronal culture derived from caspase-2 null mice was also
shown to be partially resistant to AB,; toxicity (Troy et al.,
2000). Thus AP, 4;-induced cell death might be mediated
by caspase-2 as well as caspase-12. It is possible that both
caspases 2 and 4 are involved in AR-induced cell death also
in the human system.

Because caspase-4 seems to be responsible for cell death af-
ter AP treatment, caspase-4 might be involved in pathogene-
sis of AD. Consistently to this hypothesis, our preliminary
analysis showed an increase in cytoplasmic staining for cas-
pase-4 in the pyramidal cell layer of the hippocampal CA1-2
region in AD patients, but not in control brains (unpub-
lished data). All of the AD brains tested had stronger cas-
pase-4 immunoreactivity than disease control brains from
patients with other neurodegenerative disorders (2 = 4 for
AD and » = 3 for disease control), and the strong staining
was remarkable in the pyramidal neurons around deposits of
B-amyloid. Increased caspase-4 might elevate the vulnerabil-
ity of neurons to apoptosis, and therefore may be involved in
the pathogenesis of AD.
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Bcl-2 family proteins play essential roles in regulating
-apoptosis. Although antiapoprotic family members (Bcl-2,
Bcl-xy) and multidomain proapoptotic members (Bak,
Bax) are thought to function mainly on mitochondria, re-
cent studies suggest that they may also function on the ER
where they reside as well. Overexpression of Bel-2 (Foyouzi-
Youssefi et al., 2000; Pinton et al., 2000) or knockout of
both Bak and Bax (Scotrano et al., 2003) are reported to re-
duce ER Ca®" concentration, but other reports showed that
Bcl-2 enhanced the retention of Ca®* in the ER lumen (Dis-
telhorst et al., 1996; He et al,, 1997). Thus, although it is
still controversial, Bel-2 family members may contribute to
regulating ER stress-induced apoptosis on the ER (Ferri and
Kroemer, 2001; Scorrano et al., 2003; Zong et al.,, 2003} in
addition to their main function on mitochondria. QOur re-
sults demonstrate that overexpressed Bcl-2 and Bel-x;, which
can completely inhibit the signaling pathway at least down-
stream from mitochondria, did not prevent, but slightly af-
fected, the cleavage of caspase-4 by ER stress. The slight de-
crease might be due to the absence of its feed back cleavage
by downstream effector caspases, such as caspase-3. There-
fore, without regard to the mitochondria or the ER where
Bcl-2 family functions, activation of caspase-4 should be the
primary reaction in ER stress-induced activation of caspases.

In this work, we discovered that caspase-4 plays a key role
in ER stress-induced apoptosis in humans. Caspase-4 also
seems to act in the B-amyloid—induced cell death, suggesting
that human caspase-4 corresponds to rodent caspase-12 10

initiate cell death signaling pathway, and that the activation

of caspase-4 would mediate neuronal cell death in neurode-
generative disorder. Caspase-4 could be the potential target
to develop treatments for such diseases including AD.

Materials and methods

Chemicals and antibodies

We used the following antibodies: anti~caspase<4 mAb (489; MBL Interna-
tional Corporation), anticaspase-4 pAb (Santa Cruz Biotechnology, Inc.),
anti-KDEL mAb (10C3; StressGen Biotechnologies), anti-Lamin B1 mAb
(L-5; Zymed Llaboratories), anti~cytochrome ¢ mAb {7H8.2C12; BD Bio-
sciences), anti-glyceraldehyde-3-phosphate dehydrogenase mAb (6G7; Bio-
genesis), anti-caspase-3 mAb (19; Transduction), anti-caspase-7 mab (4G2;
MBL International Carporation), anti-B-actin mAb (C4; CHEMICON Interna-
tional Inc.), anti-Bcl-2 mAb (#100; BD Biosciences), Alexa 588-conjugated
anti-mouse 1gG antibody (Molecular Probes), FITC-conjugated anti-goat
IgG antibody (Jackson ImmunoResearch Laboratories), gold-conjugated
anti-goat 1gG antibody (British BioCell), and HRP-conjugated anti-mouse
IgG antibody (Cell Signaling). Anti-presenilin-1 polyclonal antibody was
raised by immunizing rabbits with a synthetic peptide corresponding to resi-
dues 1-14 of human presenilin-1, and was affinity purified using ProtOn
Kitl (MultiplePeptide Systems). The chemical reagents used in this experi-
ment were tunicamycin, thapsigargin, etoposide, staurosporine (Sigma-
Aldrich), and ER-tracker and Mitotracker (Molecular Probes). Cytotoxic pep-
tides, ARas.as and AR, and their reverse peptides, ABys.zs and APy, were
purchased from Sigma-Aldrich.

Cell culture

Human neurcblastoma $K-N-SH cells and human carcinoma Hela cells
were respectively cultured in a-MEM (Invitrogen) and DME (Invitrogen)
both containing 10% FBS, at 37°C under 5% CO;. For some experiments,
these cells were stably transfected with pCAGGS-hBcl-2 (lwahashi et al.,
1997) and pCAGGS-hBcl-x, {Tagami et al., 2000) to overexpress Bel-2 and
Bel-x,, respectively.

cDNA cloning
A human colon ¢DNA library (Stratagene) was used for hybridization to iso-
lated cDNA hemologous to the partial sequence of mouse caspase-12 gene.

Immunofluorescence microscopy

SK-N-SH cells or Hela cells were incubated with or without Mitotracker
probes, and were fixed with 0.1 M phosphate buffer containing 4% PFA
for 2 h at 4°C. Cells were incubated with anti-caspase-4 pAb with or with-
out anti-KDEL mAb, followed by FITC- and Alexa 588-conjugated second-
ary antibodies, respectively. Stained cells were observed under a confocal
microscope (model LSM510; Carl Zeiss Microlmaging, Inc.). To determine
localization of caspase-4 in live cells, HeLa cells were transfected with
caspase-4/GFP fusion gene subcloned into a pcDNA3.1 (Invitrogen) to
produce caspase-4 fused with GFP at its COOH terminus, and after 24 b,
cells were incubated with ER-tracker probe for 30 min, followed by obser-
vation under a fluorescence microscope (model 1X71; Olympus).

Immuno-EM

Immuno-EM was performed essentially as described previously (Miyake et
al., 2002). In brief, SK-N-SH cells cultured on a 15-cm dish were fixed
with 4% PFA in PBS, pH 7.2, at RT for several hours. After harvesting the
cells, they were washed with 30 mM Hepes buffer, pH 7.4, several times.
The cells were resuspended in 10% gelatin in 30 mM Hepes buffer, pH
7.4, at 37°C. After centrifugation to recover cells, gelatin was solidified on
ice. Blocks for ultracryotomy were prepared and infused with 20% polyvi-
nylpyrrolidone/1.84 M sucrose overnight at 4°C. Ultrathin sections were
collected on nickel grids and immunostained with anti—caspase-4 pAb.
The sections were incubated with gold-conjugated anti-goat IgG antibedy
(gold particles, 10-nm diam} for 1 h at RT. Grids were contracted in 2%
uranyl acetate and examined on a transmission electron microscope
{model CM10; Philips).

Subcellular fractionation

SK-N-SH cells cultured on a 15-cm dish were washed twice with PBS, har-
vested, and suspended in buffer A (50 mM Tris-HCI, pH 8.0, 1 mM EDTA,
0.32 M sucrose, 0.1 mM PMSF} for 5 min on ice. Then the cells were
passed through a 25-gauge needle 13 times and centrifuged at 500 g for 10
min to collect a crude nuclear pellet. The supernatant was centrifuged at
1,200 g for 10 min to yield a mitochondria-enriched pellet, which con-
tained mitochondria and microsome as shown in Fig. 1 s. This supernatant
was further centrifuged at 100,000 g for 60 min to yield a microsomal pel-
let and a cytosolic fraction. All of the pellets were dissolved in buffer A
containing 1% SDS. Equal volume of each fraction was subjected to West-
ern blotting as described below, using indicated antibodies.

Western blot analysis

Cells treated with the indicated reagents were washed with PBS, harvested,
and lysed in TNE buffer (10 mM Tris-HCL, pH 7.8, T mM EDTA, 150 mM
NaCl, 1 mM PMSF) containing 0.5% NP-40. Equal amounts of protein
were subjected to 12% SDS-PAGE and transferred to a PYDF membrane
(Millipore). The membrane was blocked with 5% BSA and was incubated
with each primary antibody, followed by incubation with an HRP-conju-
gated secondary antibody. Proteins were visualized with an ECL detection
system {Amersham Biosciences).

Preparation and transfection of siRNAs

The annealed double-stranded siRNAs listed below were obtained from
Dharmacon, and were used to decrease expression of caspase-4. Cas-
pase-4 siRNA-a: 5"-AAGUGGCCUCUUCACAGUCAULTAT-3' (sense), 5'-
AAAUCGACUGUGAAGAGGCCACTAT-3' {antisense); caspase-4 siRNA-
b: 5-AAGAUUUCCUCACUGGUGUUUCTAT-3' (sense), 5'-AAAAACAC-
CAGTCAGGAAATCATAT-3" (antisense). For control, siRNA to GFP was
used. GFP siRNA: 5'-P-GGCUACGUCCAGGAGCGCACC-3’ (sense), 5'-P-
UGCGCUCCUGGACGUAGCCUU-3" (antisense). These sequences were
not significantly homologous to genes other than caspase-4 or GFP by
BLAST search (NCBI}. SK-N-SH cells were transfected at 50% confluence
in 24-well plastic plates with 1.0 ug of each of the above siRNAs using
Transmessenger transfection reagent {QIAGEN) according to the manufac-
turer’s protocol. Transfected cells were incubated at 37°C for 60 h without
changing the medium. siRNAs were introduced into Heta cells by elec-
troporation three times with 48-h intervals using Amaxa system according
to the manufacturer's protocol. Efficiency of RNAi was measured by im-
munocytochemical analysis and Western blot analysis using anti—cas-
pase-4 antibody or anti-B-actin antibody.

Cell viability assay

SK-N-SH cells or Hela cells overexpressing Bcl-2 and Bcl-x, or trans-
fected with siRNAs as above were treated with various reagents as indi-
cated. When using AB,.y, it was preincubated for 1 wk at 37°C to establish
its cytotoxicity. Cell death was assessed on the basis of cellular morpho-
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logical changes ohserved by phase-contrast microscopy or from nuclear
morphological changes detected by fluorescence microscopy after staining
the cells with 10 uM Hoechst 33342, At least 500 cells were counted, and
the data was expressed as the mean + $EM from three independent exper-
iments and P values were calculated by t test. The MTS ([3-(4, 5-dimeth-
ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-{4-sulfophenyl)-2H-tetrazo-
lium, inner salt}) assay was also performed to evaluate cell viability. After
treatment with apoptosis-inducing reagents, cells were coincubated with
MTS solution (Promega) for 1 h at 37°C, The amount of reduced MTS re-
leased from the viable cells was quantified by measuring the absorbance at
490 nm using a spectrophotometer. Results were expressed as a ratio (%)
of dead cells after treatments to those in control as above.
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Abstract

Recently, endoplasmic reticulum (ER) dysfunction has been implicated in neuronal death in patients with Alzheimer’s disease. Treatment
of human neuroblastoma cells with ER stress inducers causes apoptotic death, We confirmed that ER stress inducers specifically targeted the
ER to cause apoptotic morphological changes. We also found that caspase-3, and not caspase-9 (a known mitochondrial apoptotic mediator),
was mainly activated by ER stress. We generated the neuroblastoma cells that stably expressed caspase-12 and analyzed its influence on
caspase-3 activation and vulnerability to ER stress. Cells expressing caspase-12 were more vulnerable to ER stress than cells expressing the
empty vector, concomitant with increased activation of caspase-3. These findings suggested that activation of ER-resident caspase-12

indirectly activates cytoplasmic caspase-3 and might be important in ER stress-induced neuronal apoptosis.

© 2003 Elsevier Ireland Ltd. All'rights reserved.

Keywords: SK-N-SH neuroblastoma cells; Endoplasmic reticulum stress; Apoptosis; Caspase-12; Caspase-3

The endoplasmic reticulum (ER) is an organelle that ensures
correct protein folding and assembly by expressing
numerous molecular chaperones [3,7]. Under various
conditions, such as glucose starvation, disturbance of
intracellular calcium homeostasis, inhibition of protein
glycosylation, or exposure to free radicals, unfolded
proteins accumulate in the ER lumen, a process called ER
stress, Excessive ER stress induces cell death [6,17].
Neuronal death in some neurodegenerative disorders,
especially Alzheimer's disease (AD), is reported to be due
to ER dysfunction. Familial AD-linked presenilin-1 mutants
or presenilin-2 splice variants which are expressed in
sporadic AD brains, and increase neuronal vilnerabilily to
ER stress [5,13,14]. Thus, the ER may be important for

Abbreviarions: ER, endoplasmic reticulum; AD, Alzheimer's disease;
Tm, tunicamycin; Tg, thapsigargin; AMC, 7-amino-4-methylcoumarin;
LDH, lactate dehydrogenase.
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E-mail address: katayama@anat2.med.osaka-u.ac.jp (T. Katayama).

regulating intracellular apoptotic signals in neurons, but the
mechanisms of ER stress-induced cell death are poorly
understood. )

Caspase-12, one of the caspase family of proteases, is
localized to the ER and is specifically activated by ER stress
[10], with several possible mechanisms being suggested [9,
12,18]. Caspase-12-deficient cells are resistant to ER stress,
but not non-ER stress {10], and such evidence suggests that
caspase-12 is a major mediator of ER-stress-induced
apoptosis.

We found that activation of ER resident caspase-12
causes activation of cytoplasmic caspase-3, and not
mitochondria-related caspase-9, during ER stress-induced
apoptosis.

When cells die from ER stress, it is believed that
apoptosis occurs, but whether these cells show typical
morphological features of apoptosis is unclear, Therefore,
we analyzed the morphological and biochemical changes
during cell death after ER stress in SK-N-SH, human
neuroblastoma cells.

0304-3940/03/% - see front matter © 2003 Elsevier Ireland Ltd. All rights reserved.
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Fig. 1. Morphological and biochemical features of apoptosis induced by ER stress. (a) Electron microscopy shows ER luminal swelling (black arrow),
detachment of ribosomes from rough ER, and nuclear fragmentation of SK-N-SH cells after treatment with an ER stress inducer, 1.0 wg/ml tunicamycin (Trm).
ER luminal swelling occurred before nuclear fragmentation Scale bars represent 1 wm. (b) Hoechst 33258 staining of cells with or without exposure to 1.0
pg/mi Tm for 24 h. White arrows indicate chromatin condensation. {c) DNA laddering in cells treated with 1.0 wg/ml Tm (lane 3) and 0.5 wM Tg (lane 4) for
24 h or 0.1 pM staurosporine (lane 5) for 8 h. Data are representative results from three separate experiments.

As shown in Fig. 1, chronic ER stress (30 h of exposure
to 1 wg/ml tunicamycin (Tm), a N-linked glycosylation
inhibitor) caused apoptotic morphological changes, includ-
ing nuclear fragmentation, chromatin condensation, and cell
shrinkage. Interestingly, prior to these changes, swelling of
the ER lumen and dissociation of ribosomes from rough ER
were observed by electron microscopy.

These studies indicated that ER stress-induced cell death
was a type of apoptosis.

Caspases are critical mediators of apoptosis in mamma-
lian cells [16], so we measured several caspases activities
using synthetic fluorometric substrates (50 pM Ac-YVAD-
AMC, Ac-DEVD-AMC, Ac-VEID-AMC, Ac-IETD-AMC,
and Ac-LEHD-AMC for caspase-1, caspase-3, caspase-6,
caspase-8, and caspase-9, respectively). After 24 h of
treatment with 1 pg/ml Tm or 0.5 wM thapsigargin (Tg), an
ER Ca?*-ATPase inhibitor, caspase-3 activity was signifi-
cantly higher than that of other caspases (Fig. 2a, upper).

Activation of caspases requires cleavage of pro-caspases,
e.g. pro-caspase-3 is cleaved into smaller subunits under
apoptotic conditions [1]. To confirm the role of caspase-3 in
ER stress-induced apoptosis, we assessed pro-caspase-3
cleavage in SK-N-SH cells treated with 1 pg/ml Tm by
western. blotting using an anti-caspase-3 antibody that
detected both uncleaved and cleaved caspase-3 (Fig. 2a,
bottom). Cleaved caspase-3 was observed under ER stress
conditions. Next, we examined the effects of specific
caspase inhibitors on apoptosis (Fig. 2b). After exposure
to 1 pug/ml Tm with or without each caspase inhibitor (5
pM), cell death was quantified from LDH release into the
medium. When cells were treated with both Tm and a
caspase-3 inhibitor, death was significantly reduced,
suggesting that caspase-3 was a major caspase activated
by ER stress. Similar results were observed after treatment
with Tg (Fig. 2b, right).

To clarify the link between activation of ER resident
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Fig. 2. Caspase-3 activation by ER stress. (a) SK-N-SH cell lysates (50 pg)
treated with 1.0 pg/ml Tm or 0.5 pM Tg were incubated with 50 pM Ac-
YVAD-AMC (caspase-1, closed circles), Ac-DEVD-AMC (caspase-3,
closed squares), Ac-VEID-AMC (caspase-6, closed triangles), Ac-IETD-
AMC (caspase-8, open squares), or Ac-LEHD-AMC (caspase-9, asterisks)
fluorometric substrates at 37 °C for 30 min and caspase activity was
measured using a spectrophotometer with excitation at 380 nm and
emission at 460 nm (upper panet). Cytosol was immunoblotied with anti-
caspase-3 recognizing both uncleaved and active forms (p20, p17) after
treatment with 1.0 pg/m! Tm (bottom panel). (b) To confirm the effect of
caspase-3 on death of SK-N-SH cells treated for 24 h with 1.0 pg/ml Tm
and 5 wM of each caspase inhibitor [A¢-YVAD-CHO (caspase-1, closed
circles), Ac-DEVD-CHO (caspase-3, closed squares), Ac-VEID-CHO
(caspase-6, closed triangles), Ac-IETD-CHO (caspase-8, open squares),
or Ac-LEHD-CHO (caspase-9, asterisks)], culture medium was collected to
assay LDH. Data are mean values from four independent experiments.

caspase-12 and cytoplasmic caspase-3, we assessed cas-
pase-3 activation in SK-N-SH cells with stable expression
of caspase-12 or empty vector (mock). Caspase-3 activation
was significantly greater in caspase-12-expressing cells than
in mock-expressing cells after treatment with 1 wg/ml Tm
for 10 h (Fig. 3a). Cleavage of pro-caspase-3 was also
increased in caspase-12-expressing cells (Fig. 3a). To
investigate whether increased caspase-3 activation in
caspase-12-expressing cells was accompanied by vulner-
ability to ER stress, we compared LDH release by caspase-
12- and mock-expressing cells after treatment with | jg/ml
Tm. Overexpression of caspase-12 increased the vulner-
ability of cells to Tm (Fig. 3b). To determine whether
activated caspase-12 could directly cleave pro-caspase-3,
we performed an in vitro cleavage assay using recombinant
active caspase-12 [8,10], but found no cleavage of in vitro-
translated pro-caspase-3 by recombinant caspase-12 (data
not shown). These results suggested that activated caspase-
12 might indirectly activate cytoplasmic caspase-3 during
ER stress.

Tm for 20 h and lysed with ICE buffer (50 mM Tris—HCl, pH 7.4, | mM
EDTA 1 mM EGTA, and 10 pM digitonin), Equal amounts of lysates (50
pg) were incubated with 50 pM Ac.DEVD-MCA at 37 °C for 30 min to
measure caspase-3-like activity using a spectrophotometer with excitation
at 380 nm and emission at 460 nm. (b) Vulnerability of caspase-12-
overexpressing cells compared with mock-expressing cells. After treatment
with 1.0 pg/ml Tm for 20 h, culture medium was harvested for LDH assay
by the manufacturer's protocol (KYOQKUTO, Japan). Data are the mean of
four independent experiments.

This study showed that activation of exogenous murine
caspase-12 led to activation of cytoplasmic caspase-3, rather
than caspase-9, in ER stress-induced apoptosis. We also
showed by electron microscopy that ER stress inducers
cause ER swelling prior to mitochondrial disruption. These
findings suggested that cross-talk between these ER and
cytoplasmic caspases is important for ER stress-induced
apoptosis in SK-N-SH cells, rather than ER-mitochondrial
cross-talk [4,15]. This possibility was recently supported by
Rao et al. [11). There have been several reports on the
molecular mechanism of caspase-12 activation [9,12,18], so
caspase-12 may play a role in apoptosis after ER stress.

Human caspase-12 has not been clened yet and there is
controversy about its expression [2,12]. Consequently, we
investigated murine caspase-12 as a substitute for endogen-
ous human caspase-12-like protease. Future isolation and
functiona! analysis of human caspase-12 may lead to better
understanding of ER stress-induced apoptosis in human
cells.
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Abstract

Alzheimer's disease (AD) is a neurodegenerative disorder having several pathological characteristics, namely senile
plaques and neurofibrillary tangles. Further, Hirano bodies {HBs), which are stained by hematoxylin-eosin, are also
observed in the AD brain. Recently, we reported that an alternative splice variant that lacked exon 5§ of the presenilin-
2 (PS2) gene (PS2V) was expressed in sporadic AD {SAD) brains, and the PS2V-encoding proteins actually existed in
thase brains. Furthermore, electron microscopic experiments demonstrated that the PS2V proteins form cytosolic inclu-
sion bodies in the pyramidal cells. In this report, we found that the PS2V-composed inclusion bodies differed obviously
from the HBs. This observation suggests the possibility that PS2V-composed inclusions are a nove! inclusion body,
compared with other pathological characteristics previously reported in the SAD brain. We named this inclusion hody

the ‘PS2V body’. © 2002 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Sporadic Alzheimer’s disease; Presenilin-2; Presenilin-2 gene; Splice variant; Inclusion body; Hirano body

Recently, many aberrant splice forms of particular genes
in some neurodegenerative disorders were reported, for
example, the EAAT2 gene that is a glutamate transporter
in amyotrophic lateral sclerosis {6], the tau gene that is
involved in frontotemporal dementia and parkinsonizm
(FTDP-17) [5], the presenilin-1 (PS1) gene that is involved
in familial Alzhetmer’s disease [8,13] and so on. Further-
more, we have reported that the alternative splice form that
lacked exon 5 of the presenilin-2 (PS2) gene (PS2V) also
existed in the brain of the sporadic cases of Alzheimer’s
disease (SAD) patients [10]. PS2V encodes the N-terminal
protein of PS2, which contain residues Metl-Leull9 and

* Corresponding author. Tel.: +81-6-6873-3221; fax: +81-6-
6879-3229,
E-mail address: katayama@anat2.med.osaka-u.ac.jp
{T. Katayamal).

five additional amino acid residues (SSMAG) at its C-termi-
nus.

Alzheimer’s disease (AD) is a neurodegenerative disor-
der, and over 90% of AD patients are SAD. The AD patients
possess clinical characters that include progressive loss of
memory and other cognitive abilities. Its pathological char-
acteristics include neuronal losses, glial proliferations and
accumnlations of intraneuronal neurofibrillary tangles and
extracellular depositions of senile plagues composed
primarily of beta-amyloid (Ap) [12]. In addition to these
characteristics, we proposed the additional pathological
characteristics of PS2V-encoded aberrant proteins in apop-
totic pyramidal cells of the cerebral cortex and in the hippo-
campal CAl region in 100% of SAD brains as assayed by
immunohistochemical analysis [11]. Furthermore, these
inclusion bodies do not co-localize with anti-AB antibody-
positive senile plaques and anti-tau antibody-positive intra-

0304-3940/02/$ - see front matter © 2002 Elsevier Science Ireland Ltd. All rights reserved.
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Fig. 1. Immunohistochemistry of PS2V-compaosed inclusions
and HE-staining of HBs. (A-C) Controls {A); and SAD brains (B
and C) cut at a thickness of 10 pm for subsequent immunohis-
tochemical detection of PS2V-composed inclusions. (D-E)
Sections from SAD brain were primary stained using an immu-
nohistological method, as well as {A-C), followed by secondary
counter-stained using HE, C and E are enlargements of B and D,
respectively. Black and white arrows indicated PS2V-composed
inclusion bodies and HE positive HBs, respectively. Scale bar, 4
nm,

neuronal neurofibrillary tangles [11]. However, it is._

unknown whether the PS2V-composed inclusion boedies
co-localize with Hirano bodies (HBs) that are another patho-
logical indicator associated with the AD brain.

The HBs are large-sized eosinophilic intracytoplasmic
inclusions and are found in several neurodegenerative disor-
ders, including AD [3,4,9]. Further, the HBs are observed in
the hippocampal pyramidal cell layers of the AD brain [2].
HBs have been shown to express epitopes for various cytos-
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Table 1
Comparison of the dimensions between PS2V-composed inclu-
sions and HBs*

Diameter {% of HBs} Long/short
Long axis Short axis
HBs {n=17) 100+31.7 100+27.8 3.1

PS2V-composed 1288 £39.7 1928+39.2 2.0

inclusions {n=_8}

* The length of long and short axis of each inclusion were
measured and shown as percentage of HBs (mean=* SE is
shown). The ratios of long axis against short axis were shown
(long/short).

keletal components like actin, actin binding protein, ee-actin,
vinculin, and low and medium molecular weight neurofila-
ment protein [7].

According to these previous reports, PS2V-—composed
inclusion bodies and HBs indicate similar pathological
conditions. Therefore, we compared the immunoreactive
PS2V-composed inclusions with HBs in the hippocampal
CAl region in SAD brain tissue using an immunchisto-
chemical approach.

More potent expression of immunoreactive splice
variants that lacked exon 5 of the PS2 gene (PS2V) was
observed in the hippocampal CAl region of SAD brains
(Figs. 1B,C), than in age-matched controls (Fig. 1A),
which is consistent with a previous report [11]. Further,
electron microscopic experiments demonstrated that these
immunoreactive signals formed inclusion bodies in the
cytoplasm of pyramidal cells from the hippocampus of
cases of SAD (data not shown) [11]. The specificity of the
antibodies against PS2V, which specifically recognize the
C-terminal SSMAG residues of PS2V, were previously
demonstrated and described [11]). Further, we have
previously reported that PS2V-composed inclusions were
close to anti-amyloid-beta (Ap) antibody-positive senile

Fig. 2. Immunohistochemistry of PS2V-composed inclusions and HBs. {A, B) SAD brains were cut at a thickness of 10 um for subsequent
immunchistochemical detection of PS2V-composed inclusions and anti-a-actin antibody-positive HBs. B is an enlargement of A, Black
and white arrows indicated PS2V-composed inclusion bodies and anti-ax-actin antibody positive HBs, respectively. Scale bar, 4 pm.
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