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Abstract

Mutant presenilins cause early-onset of familial Alzheimer’s disease and render cells vulnerable to apoptosis. Calsenilin/
DREAM/KChIP3 is a multifunctional calcium-binding protein that interacts with presenilin and mediates calcium-mediated ap-
optosis. In the present study, we report that the calsenilin-mediated apoptosis is regulated by presenilin. The expression of calsenilin
was highly up-regulated in neuronal cells undergoing AB42-triggered cell death. The incidence of calsenilin-mediated apoptosis was
diminished in presenilin-1~/~ mouse embryonic fibroblast cells or neuronal cells stably expressing a loss-of-function presenilin-1
mutant. On the contrary, an array of familial Alzheimer’s disease-associated presenilin mutants (gain-of-function) increased
calsenilin-induced cell death. Moreover, y-secretase inhibitors, including compound E and DAPT, decreased the calsenilin-induced
cell death. These results suggest that the pro-apoptotic activity of calsenilin coordinates with presenilin/y-secretase activity to play a

crucial role in the neuronal death of Alzheimer’s disease.
© 2003 Elsevier Science (USA). All rights reserved.
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Alzheimer’s disease (AD) is the most common cause
of senile dementia in humans and is characterized by the
deposition of amyloid-f peptide (AB) in the extracellular
compartments, the formation of neurofibrillary tangles
in the neuronal cell body, and massive neuronal death
(reviewed in [1]). Although mechanism for neuronal
death in the brain affected by AD remains unknown,
results from several model systems indicate that AP itself
seems to induce neurodegenerative characteristics of
apoptosis [2,3]. In addition, neurons undergoing apop-
tosis were reported to generate elevated levels of cyto-
toxic A [4,5] though apoptosis may be far down the
cascade event driven by AB. Mutations in the genes
encoding presenilins and B-amyloid precursor protein
(APP), which are known to cause early-onset familial
Alzheimer’s disease (FAD), can increase the production
of AP and neuronal susceptibility to apoptosis (reviewed
in [6]). In addition, extensive evidence suggests the
involvement of presenilins in programmed cell death
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or apoptosis. Over-expression of presenilin 1 (PS1)
and presenilin 2 (PS2) in the transfected cell lines in-
creased their susceptibility to apoptosis [7-10], while
FAD-associated PS1 and PS2 mutants are constitutively
pro-apoptotic [10-12]. Especially, the C-terminus of
presenilin has been suggested to play an important role
in apoptosis and AB42 production. Interestingly, ALG-
3, which codes for the calsenilin/DREAM/KChIP3-
binding region spanning the cytoplasmic C-terminal 103
amino acids of PS2, rescues T-cell hydridoma and PC12
cells from apoptosis probably by antagonizing the
pro-apoptotic function of PS2 [9,10,13]. Moreover,
modifications of amino acids at the C-terminus of PS
abrogated the ability of presenilin mutations to over-
produce AP [14].

Calsenilin/DREAM/KChIP3 (hereafter referred to as
calsenilin) was identified as a Ca’"-binding protein that
binds to the last 103 amino acids of PS1 and PS2 [15]
that are identical to ALG3. Other groups reported that
calsenilin also binds to the A-type voltage-gated potas-
sium channel [16] and serves as a transcription factor
known as downstream regulatory element antagonist
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modulator [17]. In addition, our previous findings sug-
gest that calsenilin is also pro-apoptotic [18]. The aim of
the present study was to characterize functional inter-
action between calsenilin and FAD-associated preseni-
lin/y-secretase activity in neuronal apoptosis. Here we
demonstrate that calsenilin-mediated cell death is func-
tionally associated with presenilin/y-secretase activity as
examined with PS1-deficient cells, loss or gain of func-
tion mutant of presenilin, and selective y-secretase in-
hibitors.

Materials and methods

Cell cultures and preparation of Af peptide. B103 rat neuroblastoma
cells, SK-N-BE2(c) human neuroblastoma cells, and mouse embryonic
fibroblasts (MEFs) from wild-type or PS1-null mice [19] were grown in
DMEM (Gibco-BRL) supplemented with 10% heat-inactivated fetal
bovine serum. PSI/~/~ or PSI*/* MEFs at the passage between four
and seven were used in the experiments. SK-N-BE2(c) cells stably
expressing wild-type PS1 or PS2, PS1-M 146V, PS2-N1411I, or empty
plasmid (pcDNA3); B103 cells expressing wild-type PS1, PSIAE9,
PS1-D385A or empty plasmid (pBabe); and B103 cells expressing both
PS1 and APP were established by selecting with G418 or puromycine
for 4 weeks. Commercially available AB42 was purchased from Sigma
and dissolved in phosphate-buffered saline (PBS, 500 uM). The stock
solutions of AP were incubated for 1 week at 4°C and then divided
into small aliquots for storage at =70 °C.

Immunocytochemistry. For immunocytochemical analysis, B103
cells were seeded on poly-L-lysinated glass cover slips. After experi-
mental treatments, B103 cells were fixed with 4% paraformaldehyde
for 10min at room temperature, washed in PBS, and permeablized
with 0.1% Triton X-100 in PBS for Smin. Cells were then pre-coated
with blocking buffer (4% BSA in PBS) and incubated overnight with
affinity purified anti-calsenilin antibody or pre-immune serum at 4 °C.
After washing, the cells were incubated with anti-rabbit TRITC-con-
jugated secondary antibody (Santa Crutz Biotechnology, Inc.) for 1h.
Slides were mounted and analyzed using a fluorescence microscope
(Leica DMLB).

Assessing cell viability. Cell viability was determined with trypan
blue exclusion assay or by staining with Hoechst 33258 (0.1 pg/ml,
bis-benzimide; Sigma). For the transfected cells, cell viability was
determined based on the morphology of GFP-positive cells under a
fluorescence microscope (Leica DMRBE).

Inhibition of y-secretase activity. y-Secretase activity was inhibited
using DAPT (Calbiochem) and compound E [20,21]. y-Secretase in-
hibitors were diluted from stock solutions in dimethyl sulfoxide to the
concentrations described.

Data analysis. In all experiments, means + SE is reported. Statis-
tical comparisons among groups were determined using one-way
analysis of variance (ANOVA); where indicated, individual compari-
sons were performed using Student’s ¢ test.

Results and discussion

The accumulation of A in the brains of AD patients
has been implicated as a cause of the neuronal loss that
occurs in AD. Previously, we have shown that the pro-
apoptotic activity of calsenilin mediated calcium-signal-
triggered cell death [18]. We also observed that calsenilin
was highly up-regulated in the brains of AD patients
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Fig. 1. Induction of calsenilin expression in B103 neuronal cells ex-
posed to AB42. B103 cells were left untreated (Control) or treated with
APB42 (10 uM) and thapsigargin (0.5 pM) for 36 h, and then immuno-
stained with anti-calsenilin antibody. Staining was performed at least
three times and representative images were shown. Arrowheads indi-
cate apoptotic cells with the increased immunoreactivity of calsenilin
(middle panel).

and AD transgenic mice (manuscript in preparation).
However, the apoptotic signaling pathway mediated by
calsenilin has not been fully elucidated. To determine
the role of calsenilin in the neuronal apoptosis of AD,
we examined the effect of AP on the expression of pro-
apoptotic calsenilin with immunocytochemical analysis
(Fig. 1). The results demonstrated that the expression of
calsenilin increased in B103 neuronal cells incubated
with AP (Fig. 1, middle panel) and undergoing apop-
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Fig. 2. Effects of presenilin 1 deficiency on the calsenilin-induced ap-
optosis. (A) PSI~/~ MEF cells exhibit decreased susceptibility to
calsenilin-induced cell death. PSI=/~ and PSI*/* MEF cells were
transiently co-transfected with 3 pg of either empty vector (black bars)
or pcDNA3.1-calsenilin (white bars) and 0.3 pg of pEGFP. After 36 h,
biochemical and morphological changes of GFP-positive cells were
examined under the fluorescence microscope. Values depict
means & SD (n = 5). Expression of PSI and a-tubulin in PS/~/~ and
PSI*/* MEF cells. (B) The PS1 C-terminal fragment (CTF) was de-
tected with an anti-PS1 loop antibody. (C) Augmentation of calsenilin-
mediated cell death by transient reconstitution with a wild-type of PS1
(WT) or a variety of FAD-causing presenilin mutants: PSI1-L286V
(M1), PS1-L235P (M2), PS1-A246E (M3), PS1-L250S (M4), and PS1-
M146V (M5). PSI-/~ MEFs were transiently co-transfected with one
of diverse forms of PS1 alone (black bars) or together with pEGFP-
calsenilin (white bars).
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tosis with morphological changes, rounded and shrun-
ken (Fig. 1, arrow heads). However, calsenilin expres-
sion did not change in B103 cells undergoing apoptosis
by treatment with thapsigargin (Fig. 1, right panel), an
endoplasmic reticulum Ca®"-ATPase inhibitor, and by
staurosporine, a kinase inhibitor, and etoposide, a DNA
damaging agent (data not shown). These results show
that pro-apoptotic calsenilin is selectively induced dur-
ing AP toxicity of AD model.

Because calsenilin is known to bind to the presenilins,
we examined pro-apoptotic activity of calsenilin in
mouse embryonic fibroblast (MEF) cells from PSI*+/*
and PSI~/~ mice. Although transfection of PSI~/~
MEF cells with calsenilin induced cell death (32%), the
effect was much less marked than in PSI*/* cells (56%)
(Fig. 2A). As expected, we observed no expression of the
PS1 C-terminal fragments in PS/~/~ MEF cells (Fig.
2B). These results indicate that PS1 is required for
calsenilin-induced cell death. Point mutation in the
PS1 is the chief cause of FAD and has been shown to
increase neuronal vulnerability to apoptotic cell
death. Therefore, we next examined the effects of
calsenilin expression on death of cells expressing a va-
riety of FAD-causing PS mutants (PS1-L286V, -L235P,
-A246E, -1250S, and -M146V). When PSI~/~ MEF
cells transiently over-expressing PS1 wild-type or each of
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PS1 mutants were transfected with calsenilin, the calse-
nilin-induced cell death was potentiated without
apparent selectivity in the fibroblasts (Fig. 2C).

To further characterize the functional relation be-
tween calsenilin and FAD-causing PS mutants in neu-
ronal cells, we constructed various human and rat
neuroblastoma cell lines stably expressing wild-type, one
of the FAD-causing mutants (PS1, PS2, PS1-M146V,
PS1AEY9, and PS2-N141I), or loss-of-function PSI-
D385A mutant (Fig. 3). We consistently observed that
the calsenilin-induced cell death was potentiated by
stable expression of PS1 and PS2 in SK-N-BE2(c) hu-
man neuronal cells. Interestingly, the stable expression
of a FAD-causing mutant (e.g., PS1-M146V and PS2-
N1411) further and significantly increased the incidence
of cell death (Fig. 3A). The importance of PS1 activity
was confirmed by comparing the effects of PSTIAE9 (gain
of function mutant), a functional FAD-associated PS1
variant that lacks exon 9 and does not undergo con-
ventional endoproteolysis, and PS1-D385A (loss-of-
function mutant) in which the aspartate (Asp385)
essential for endoproteolysis and y-secretase activity is
replaced with an alanine. As expected, expression of
PS1-D385A did not affect the incidence of calsenilin-
induced cell death, while PSIAE9 significantly increased
it (Figs. 3B and C). These results are indicative of
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Fig. 3. Potentiation of calsenilin-induced death by FAD mutants of presenilin. Calsenilin was transfected into SK-N-BE2(c) human (A) or B103 rat
(B and C) neuronal cells stably expressing FAD-associated mutants (gain-of-function; PSIAE9, PS1-M 146V, PS2-N141I, and loss-of-function; PS1-
D385A) or wild-type of presenilin. White and black bars indicate calsenilin and empty vector transfection, respectively (B). The incidence of ap-
optotic cell death was determined by evaluation of Hoechst 33258-stained condensed nuclei and cell morphology. Values are means + SD (n = 5)

(*p < 0.01; **p < 0.01).
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Fig. 4. Inhibition of calsenilin-induced cell death by y-secretase in-
hibitors. HeLa cells were transfected with calsenilin and incubated with
DAPT or compound E. After 36 h, death rates (means + SD, n = 3) of
the GFP-positive cells were determined based on the biochemical and
morphological changes under the fluorescence microscope. Statistically
significant differences compared with control (transfection with calse-
nilin) are indicated with asterisks (*p < 0.005; **p < 0.01).

functional coordination between calsenilin and preseni-
lin/y-secretase.

Evidence suggests that presenilins are either the cat-
alytic subunit or a necessary co-factor of a high molec-
ular weight multi-subunit aspartyl protease complex
that exhibits y-secretase activity [22,23]. Directed mu-
tagenesis of either of two transmembrane-situated as-
partates that are conserved in all presenilins similarly
interferes with y-secretase activity [24]. Furthermore,
well-characterized y-secretase inhibitors that mimic the
transition state of an aspartyl protease mechanism di-
rectly bind to presenilins to inhibit enzymatic activity of
presenilin [25]. By using such y-secretase inhibitors, we
further examined the role of PS/y-secretase in the
calsenilin-mediated cell death. Indeed, treatment of the
calsenilin-transfected cells with selective y-secretase in-
hibitors, compound E or DAPT, significantly decreased
the calsenilin-induced cell death compared with controls
but did not affect staurosporine-triggered apoptosis
(Fig. 4), showing the first evidence for the inhibitory
effects of y-secretase inhibitors on apoptosis and indi-
cating that the PS-associated y-secretase activity is in-
volved in the calsenilin-mediated cell death. DAPT and
compound E are selective y-secretase inhibitors that
directly block the y-secretase-mediated production of
APB. Moreover, compound E is known to directly bind to
presenilin [21]. We also found that these inhibitors re-
duced other types of cell death triggered by increase of
intracellular calcium concentration (data not shown) in
which calsenilin was previously implicated to play a role
[18]. Still, partial suppression of calsenilin-mediated cell
death by y-secretase inhibitors may imply a presenilin-
independent function of calsenilin such as gene regul-
ation.

While numerous presenilin-binding proteins have
been identified as a part of the characterization of the
normal and pathological functions of presenilin, the
extent to which these binding proteins require presenilin

for activity and the effect of presenilin mutation on their
activity are still incompletely understood. Our findings
demonstrate that y-secretase activity and FAD-linked
mutants of presenilins sensitize calsenilin-mediated ap-
optosis, though the molecular architecture of the protein
complexes containing presenilin mutant and calsenilin
remains to be solved. In summary, the study presented
here suggests that the increased expression of pro-ap-
optotic calsenilin in neuronal cells coordinates with
presenilin/y-secretase in the neuronal loss of AD.
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