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Presenilin-1 Holoprotein is an Interacting
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Abstract. Presenilin-1 (PSEN1) is a primary component of the ~-secretase complex, and total levels of its holoprotein and
endoproteolytic fragments are tightly regulated. We examined the effects of several types of endoplasmic reticulum (ER)
stress on quantitative changes in the levels of PSEN1 mRNA, holoprotein, and fragments. The ER stress-inducing chemical
compounds tunicamycin, brefeldin-A, thapsigargin, and staurosporine were added to the culture media of various human cell
lines. Tunicamycin treatment caused a doubling of PSEN1 holoprotein production in HEK293 cells and an increase in holoprotein
production to approximately 180% in GOTO human neuroblastoma and KNS-42 human glioma cell lines, without changing
the amounts of PSEN1 N- or C-terminal fragments. The elevated holoprotein level in HEK293 cells was accompanied by an
increase in PSEN1 mRNA expression. HEK293 cells that stably overexpressed PSEN1 holoprotein showed increased resistance
to ER stress induced by tunicamycin, but they did not show resistance to ER stress caused by thapsigargin, a specific inhibitor of
sarco ER calcium-ATPase (SERCA). In wild-type HEK293 cells under ER stress induced by tunicamycin, an increased amount
of SERCA interacted with PSEN1 holoprotein. PSENL1 production varied among cell types and circumstances. The results
suggested that the holoprotein forms a complex with the SERCA channel and participates in the regulation of intracellular calcium
homeostasis. These findings provide support for the calcium hypothesis of Alzheimer’s disease.
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complex that regulates intramembrane proteolysis of
the amyloid-G protein precursor (ASPP) C-terminal
fragment, which is the final step in A5 processing [1-4].
Details of the pathway and mechanism of this complex
activity have yet to be fully resolved, but its regulation
appears to be related to inherent presenilin (PS) prote-
olytic activity and the action of certain modulators [3,
5-8].

PSENL1 also has ~-secretase-independent activities,
such as neuroprotective and apoptotic effects [9-11],
protein trafficking [12,13], modulation of cell-cell ad-
hesion [14], and, recently, promotion of long-term
potentiation (LTP) induced by presynaptic theta-burst
stimulation, and glutamatergic neurotransmitter re-
lease [15]. It has also been proposed that presenilin
holoprotein, but not their fragments, form passive en-
doplasmic reticulum (ER) calcium leak channels, and
that loss of this function causes neurodegeneration that
is independent of ~-secretase activity [16]. Two of
the familial AD (FAD)-associated mutations (PSEN1
M146V and PSEN2 N141L) impair the formation of
leak channels [16]. Other PSEN1 mutations (L113P,
G183V, M233L, V412l) and a single PSEN2 muta-
tion (Y231C) have been reported in families with fron-
totemporal dementia, in which amyloid pathology is
lacking [17-22]. Moreover, another type of AD, char-
acterized by PSEN1 mutations, is accompanied by a-
synuclein accumulation [23-25]. These observations
suggest that loss or impairment of presenilin function
plays an important role in neurodegeneration that may
be independent of the AS cascade.

In our previous report, we demonstrated that PSEN1
is more abundant in astrocytes than in neurons in and
around the ischemic focus [26]. This finding suggests
that presenilins in cells other than neurons have patho-
logical relevance to oxidative, ischemic, and/or ER
stresses. Because this upregulation is restricted to as-
trocytes and is not observed in neurons, it seems likely
that the roles and metabolism of PSEN1 differ among
cell types. This is the case with the PSEN1-mediated
unfolded protein response, which depends on the cell
type under investigation [27,28]. To examine this phe-
nomenon further, we challenged human embryonic kid-
ney (HEK293), human neuronal, and human glial cell
lines with various kinds of ER stress induced by chem-
ical compounds. Our results indicated that the consis-
tent change in response to carefully organized ER stress
was a relative increase in the production of endoge-
nous PSEN1 holoprotein by these cells. Further tests
in HEK?293 cells revealed that this was preceded by
elevated transcription of PSEN1 mRNA. Treatment of

wild-type HEK293 cells with one of the chemical com-
pounds, tunicamycin, led to overproduction of PSEN1
holoprotein and facilitated interaction of these proteins
with sarco ER calcium-ATPase (SERCA), which has
the highest affinity for Ca2* removal from the cytosol in
neuronal and non-neuronal cells in Ca2* channels [29]
and was recently reported to interact with PSEN1 [30].
SERCA and other Ca?* pumps, along with Ca2* re-
lease channels, are important for Ca* regulation in
neuronal and non-neuronal cells. Moreover, these two
proteins interacted to form a PSEN1-SERCA complex
in cells stably overexpressing PSEN1 holoprotein, con-
ferring increased resistance to the ER stress induced
by tunicamycin. This suggests that PSEN1 holopro-
tein has a cytoprotective effect via the maintenance of
calcium homeostasis under conditions of ER stress.

MATERIALSAND METHODS
Cell culture

The human neuroblastoma cell line GOTO [31] was
cultured in Roswell Park Memorial Institute (RPMI)
1640 (Invitrogen, Carlshad, CA, USA) medium sup-
plemented with 20% fetal bovine serum (FBS; Cam-
brex Bio Science, MD, USA). The KNS-42 human
glioma cell line [32] and HEK293 cell line were cul-
tured in Dulbecco’s modified Eagle’s medium (Gibco,
Gaithersburg, MD, USA) supplemented with 10% FBS.
All cells were maintained in a humidified CO5 incuba-
tor with 5% CO5, at 37°C and subcultured at confluence
in Hanks’s balanced salt solution (HBSS; Gibco, Auck-
land, NZ) containing 0.02% ethylenediamine tetraac-
etate (EDTA) and 0.25% trypsin. To obtain HEK293
cells stably overexpressing wild-type PSEN1, a cDNA
clone encoding human wild-type PSEN1 (PSEN1wt)
was generated by polymerase chain reaction from a hu-
man brain cDNA library. The cDNA was ligated in-
to the expression vector pcDNA3.1 (Invitrogen), then
transfected into HEK293 cells with the plasmids or
with empty vector (as a negative control), using Lipo-
fectamine 2000 (Invitrogen). Stably transfected cells
were selected in 250 pg/ml of Geneticin.

Cell stimulation and immunoblotting

After 3 days of culture, various kinds of ER stress —
inducing chemical compounds, namely tunicamycin
(Sigma, St. Louis, MO, USA), brefeldin-A (Sigma),
thapsigargin (Sigma), and staurosporine (Sigma), were
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added directly to the culture medium at appropriate fi-
nal concentrations such that ~90% cell survival was
expected (Supplementary Fig. 1; Supplement available
online: http://www.j-alz.com/issues/20/vol20-1.html#
supplementarydata01). The concentrations are givenin
Supplementary Table 1. The putative mechanisms of
action of these chemical compounds are described in
the Results section. The cells were washed twice with
phosphate-buffered saline (PBS), and then harvested
with harvest buffer [0.25 M sucrose, 5 mM HEPES
(pH 7.2)], 1 mM EDTA, and protease inhibitors. Pro-
tein concentration was determined by Bio-Rad protein
assay (Bio-Rad, Hercules, CA, USA).

Equal amounts of cell lysates were subjected to
4% to 20% Tris-glycine gradient gels (Invitrogen).
The proteins were then transferred to a polyvinyli-
dene difluoride (PVDF) membrane and the mem-
brane was incubated with anti-PS1 amino-terminal
polyclonal antibody [33] at a dilution of 1:2000 or
loop antibody (Millipore, Billerica, MA, USA) at
a dilution of 1:2000; anti-3-tubulin monoclonal an-
tibody (BD Bioscience, San Jose, CA, USA) at a
dilution of 1:500; anti-KDEL antibody (StressGen
Biotechnologies, Victoria, BC, Canada) at a dilution of
1:1000; or anti-SERCAZ2b antibody (Affinity BioRe-
agents, Golden, CO, USA) at a dilution of 1:2000.
Bound primary antibodies were detected by horseradish
peroxidase (HRP)-coupled goat anti-rabbit 1gG sec-
ondary antibody (Pierce, Rockford, IL, USA) or with
HRP-coupled goat anti-mouse 1gG secondary antibody
(Kirkegaard & Perry, Gaithersberg, MD, USA), and vi-
sualized using an Enhanced Chemiluminescence (ECL)
Plus system (Amersham, Arlington Heights, IL, USA).
After scanning of the immunoreactive bands (GT-8500,
Epson, Nagano, Japan), the relative intensities of the
bands were quantified by using image-analysis soft-
ware (ImageJ; http://rsh.info.nih.gov/ij/).

Immunocytochemistry

For immunofluorescence microscopy, HEK293 cells
were plated onto coverslips coated with mouse colla-
gen type 4 (Becton Dickinson Labware, Bedford, MA,
USA) in a 35-mm dish. After a brief rinse in PBS,
the cells were fixed with 4% paraformaldehyde in PBS
at room temperature for 20 min and then permeabi-
lized with 0.03% Triton X-100 in PBS for 20 min at
room temperature. Cells were blocked with 10% goat
serum in PBS for 30 min and then incubated overnight
with each primary antibody. The primary antibodies
used were rabbit polyclonal antibody to PS1-amino

terminal fragment (NTF) (Ab14) and SERCA2b mon-
oclonal antibody (Affinity BioReagents). Fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse 1gG
or tetra methyl rhodamine isothiocyanate (TRITC)-
conjugated goat anti-rabbit IgG (Chemicon, Billerica,
MA, USA) were used as secondary antibodies. Speci-
mens were examined with a Carl Zeiss laser scanning
confocal imaging system (LSM 510 META) equipped
with an LSM Image Browser (Carl Zeiss, Oberkochen,
Germany).

Co-immunoprecipitation

Immunoprecipitation was performed by using Dyn-
abeads Protein G or Protein A (Dynal Biotech, Oslo,
Norway) in accordance with the manufacturer’s instruc-
tions. HEK293 cells were lysed with 1% CHAPSO
(Calbiochem, Gibbstown, NJ) in buffer [20 mM HEP-
ES (pH 7.2),2mM EDTA, and protease inhibitors], and
the lysate was subjected to centrifugationat 21,0004 for
10 minat 4°C. All immunoprecipitation steps were per-
formed at 4°C. After preclearing of the solutions with
protein G-Sepharose CL-4B (Sigma), the cell lysate
from one 10-cm-diameter dish was incubated with anti-
bodies that recognized PSEN1 or SERCA. Beads were
washed six times with a wash buffer. Bound proteins
were eluted by elution buffer and detected by Western
blotting.

Assessment of cell death

Cdl counting

For cell counting, cells were washed twice with HB-
SS, and then detached from the surface with HBSS
containing 0.02% EDTA and 0.25% trypsin. Dead cells
were excluded by 0.4% trypan blue, and viable cells
were counted directly by cell counter. Triton X-100 was
used as a positive control for dead cells.

LDH release assay

To measure the cytotoxicity induced by these chem-
ical compounds, total amounts of lactate dehydroge-
nase (LDH) in the culture medium were analyzed by
a LDH Cytotoxicity Detection Kit (Takara, Tokyo,
Japan) in accordance with the manufacturer’s instruc-
tions. Briefly, after 24 h of incubation of the cells with
the chemical compound, the culture medium was col-
lected and 3 samples of the medium were incubated
with the reaction mixture from this kit at room tempera-
ture with shaking for 30 min. The reaction mixture was
fixed with 1 N hydrochloric acid, and the absorbance
measured at a wavelength of 490 nm was considered to
represent the amount of LDH released.
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TUNEL assay

Twenty-four hours after exposure to tunicamycin,
apoptotic cells were detected by terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) using an In Stu Cell Death Detection Kit,
Fluorescein (Roche, Basel, Switzerland) in accordance
with the manufacturer’s instructions. After all the nuclei
of the cells were stained with DAPI (4+, 6-diamino-2-
phenylindole) (Vector Laboratories, Burlingame, CA,
USA), TUNEL-positive cells were counted and the ra-
tios of TUNEL-positive cells to DAPI-positive cells
from three independent experiments were compared.

Calciumimaging

Cytosolic calcium concentration was measured with
a Calcium Kitll-Fluo 4 (Dojindo, Kumamoto, Japan)
in accordance with the manufacturer’s instructions. In
brief, after 2 days of culture, cells were plated at 15,000
cells/well in a 96-well plate (BD Bioscience, San Jose,
CA, USA), and Fluo 4-AM Loading Buffer (Dojindo)
was added into each well. After 1 h of cell incubation
at 37°C, the fluorescence intensity was measured with
Skanlt RE for Varioskan Flash 2.4 (Thermo Fisher Sci-
entific, Waltham, MA, USA) and analyzed with Skanlt
Software version 2.4 (Thermo Fisher Scientific).

Analysis of presenilin transcription levels

Total RNA was extracted from cultured cells by us-
ing Isogen (Nippon Gene, Tokyo, Japan) in accordance
with the manufacturer’s instructions. First-strand cD-
NA was synthesized using random primer and Super-
script 111 reverse transcriptase (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA) after Turbo DNA-free
(Ambion, Austin, TX, USA) treatment. The PCR reac-
tions were performed in TagMan Universal PCR Mas-
ter Mix (Applied Biosystems, Foster City, CA, USA)
with primers for the PSEN1 gene (Applied Biosystems;
assay identification number Hs00997789 m1), and the
human GAPDH gene was used as an endogenous con-
trol (Applied Biosystems, Warrington UK; part num-
ber 4352934E). Real-time PCR amplification was per-
formed with an ABI PRISM 7700 sequence Detec-
tor (Applied Biosystems), and the relative amount of
PSEN1 mRNA was measured. The thermal cycler con-
ditions were as follows: hold for 10 min at 95°C, fol-
lowed by two-step PCR for 40 cycles of 95°C for 15 s,
followed by 60°C for 1 min. All tests were performed
in triplicate. Amplification data were analyzed with
ABI PRISM 3100 Genetic Analyzer Data Collection
Software Version 2.0 (Applied Biosystems).

Satistical analysis

All data are expressed as mean values + SEM.
Differences between groups were tested for statistical
significance by using one-way Analysis of Variance
(ANOVA) followed by the Bonferroni multiple com-
parison test. A P value < 0.05 was regarded as statis-
tically significant.

RESULTS
Cytotoxicity of chemical compounds

Because the cytotoxicity of a compound depends on
both the cell type and the mechanism by which the
compound induces ER stress, it was necessary to deter-
mine which concentration of each compound was ap-
propriate for observing both the molecular changes and
the vulnerability of a cell line. Twenty-four hours after
exposure of HEK293 cells to increasing concentrations
of the different chemical compounds, cell mortality
rates were quantified and compared with the amounts of
LDH released into the culture medium (Supplementary
Fig. 1). Similar experiments were performed on GOTO
and KNS-42 cells (data not shown). The concentration
of each compound that allowed 80% to 90% survival of
each cell type was determined by three independent se-
ries of experiments. These appropriate concentrations,
which differed according to cell type and compound,
were used for subsequent experiments (Supplementary
Table 1).

The mechanisms by which each compound in-
duced ER stress differ. Tunicamycin blocks all N-
glycosylation of proteins by inhibiting the enzyme Glc-
NAc phosphotransferase. Thapsigargin inhibits SER-
CA by tight binding and raises the cytosolic calcium
concentration. Brefeldin-A administration leads to pro-
tein accumulation inside the ER by interfering with
protein transport from the ER to the Golgi, and stau-
rosporine inhibits protein kinases through prevention
of the ATP binding sites of the kinases.

Quantitative changesin full-length PSEN1 under ER
stress conditions

Tunicamycin treatment, but not treatment with the
other chemical compounds (data not shown), at the ap-
propriate concentrations for 24 h resulted in relative in-
creases in PSEN1 holoprotein production (Fig. 1). At
24 h, production had more than doubled in HEK293
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Fig. 1. Quantification of PSEN1 holoproteins and N-terminal fragments (NTFs) and C-terminal fragments (CTFs) after exposure to tunicamycin.
Increase in the levels of PSEN1 holoprotein (PSEN1-FL) and GRP78/Bip after exposure to tunicamycin in HEK293 (A: left), GOTO (A: middle),
and KNS-42 (A: right) cells. Proteins (total 20 ng) were loaded in each lane for Western blotting. Intensity of each band was quantified relative
to that observed before the exposure, expressed as 1.0. The relative amounts of PSEN1 holoprotein in each cell line (B), and of CTFs and NTFs
in HEK293 cells (C), are indicated as the mean values + SEM. n = 6. *p < 0.05.

cells (P < 0.0001) and increased to about 180% of the
control values in both GOTO cells and (P = 0.0001)
and KNS-42 cells (P = 0.0031) (Fig. 1A, B). ER stress-
marker GRP78/Bip protein production significantly in-
creased in all cell lines, relative to control. The three
cell lines essentially reacted in the same manner; the
only difference among them was in the rates of increase
in PSEN1 holoprotein production. At 12 h, wild-type
HEK?293 cells had significantly higher holoprotein lev-
els than in the other cell lines (HEK293 vs. GOTO:
P =0.0001; HEK293 vs. KNS-42: P = 0.0017; GO-
TO vs. KNS-42: P = 0.802), but at 24 h there were
no significant differences in the levels of holoprotein
between each of the cell lines (HEK293 vs. GOTO:
P = 0.066; HEK293 vs. KNS-42: P = 0.140; GOTO
vs. KNS-42: P = 0.712). The difference at 12 h may
have been caused by differences in the origins of the
cells: GOTO and KNS-42 cells originate in the cen-
tral nervous system [31,32], whereas HEK293 cells are
derived from the kidney. There were no significance
differences from the control values in the amounts of
PSEN1 NTFs or carboxyl terminal fragments (CTFs)
in any of the cell lines (HEK293: Fig. 1C; GOTO and
KNS-42: Supplementary Fig. 2). The quantitative in-
crease in PSEN1 holoprotein production with quantita-
tive stability in the amounts of both PSEN1 fragments

indicated that the rate of endoproteolytic processing of
PSENL1 holoprotein was not reduced under these condi-
tions. The half-life of PSEN1 holoprotein is 1.5 h and
that of their fragments is 24 h [34]. To conserve the
amounts of both fragments over 24 h, the cells needed
to maintain the endoproteolysis of PSEN1 holoprotein.

Cytoprotective effect of wild-type PSEN1 holoprotein

We hypothesized that overexpression of PSEN1
holoprotein could be cytoprotective against some ER
stresses. To verify this hypothesis, we prepared a cell
line stably overexpressing PSEN1 holoprotein, but not
its fragments (Fig. 2A), and exposed the cells to tuni-
camycin. The cells showed enhanced resistance to ER
stress induced by tunicamycin, and the cell death rate
was reduced to less than half that in mock-transfected
cells (Fig. 2B; P = 0.0139) on LDH release assay. A
similar reduction in cell death with PSEN1 holoprotein
overexpression was also confirmed by quantification of
TUNEL-positive cells after exposure to tunicamycin:
the ratio of TUNEL positivity to DAPI positivity was
significantly less among PSEN1-overexpressing cells
than among untransfected cells (Fig. 3A to F, G;
P =0.0003). Interestingly, this cytoprotective effect of
PSEN1 overexpression in HEK293 cells was not detect-



266

H. Jin et al. / PSEN1-SERCA Complex Confers Resistance to ER Stress

A B Tunicamycin C Thapsizargin
_ *
" E08 T —— 208
50— B «Psi-FL = o
o= 0.6 & 0
L-'J_._, o .
o bl
X @
36— 2804y & 0.4
S . i gt~ v 3
St02r z 802
22 .« P51 -CTF g 39
WY :kDa o o = 4
£y o sy ] —
& & & &
3 A
Oc’ N S J\‘g\'
F & R
D Tunicamycin E Tunicamrcin F
E o
=2 0.8 - * = 1.2 . 08 N
[ ” i E
= = 1.0 *
% 0.6 r Z £0.6 |
8 .08 T 87
i o™ ¥
pyldr © 806 ¢ D04
5to0.2 = =BT W
<]_%3 <]_g[]2 3 78 )
B = =
0 0 N

Fig. 2. PSEN1-overexpressing cells are resistant to ER stress. HEK293 cells stably overexpressing PSEN1 produced larger amounts of PSEN1
holoprotein than empty-vector stably transfected cells (A). Proteins (20 ug) were loaded in each lane for Western blotting. The total amounts
of N- and C-terminal fragments were almost the same in both cell lines (A). The LDH release assay indicated that PSEN1-overexpressing cells
had greater resistance to ER stress induced by tunicamycin (B), but not by thapsigargin (C), when compare to mock-transfected cells. Transient
overexpression of wild-type PSEN1 or M146V FAD-mutation PSEN1 in HEK293 (D), GOTO (E), or KNS-42 (F) cells revealed that the FAD

mutation negated the resistant effect of PSEN1. n = 6. *p < 0.05.

ed following ER stress induced by thapsigargin, which
is a SERCA inhibitor (Fig. 2C, 3H). SERCA pumps
have the highest affinity for Ca2t removal from the
cytosol to ER in neuronal and non-neuronal cells in all
types of Ca?* pump [29]. The enhanced resistance to
the ER stress induced by tunicamycin but not thapsigar-
gin therefore strongly indicated that the cytoprotective
effect in cells stably overexpressing PSEN1 holopro-
tein is associated with SERCA and intracellular Ca2+
homeostasis. As reported previously [30], the cytoso-
lic Ca%* concentration, as measured by Fluo4 fluores-
cence signals before and during stimulation with 1 M
thapsigargin, was lower in cells stably overexpressing
PSENL1 than in mock-transfected cells (Supplementary
Fig. 3).

In order to determine the cytoprotective effect of
PSEN1 with an FAD-related mutation, we transiently

overexpressed PSEN1 M146V constructs in HEK293
cells and compared the viability of these cells with that
of cells transiently overexpressing wild-type PSEN1
(Fig. 2D; Mock vs. PS1wt (P = 0.0006); PS1wt vs.
PS1p/146v (P < 00001)) Cells with the FAD mu-
tation did not have the resistant effect seen in cells
with PS1 overexpression. The cytoprotective effect of
PSEN1 was also detected in neural and glial cells
(Fig. 2E, GOTO cells, Mock vs. PS1wt (P = 0.0099);
PS1wt vs. PS1y146v (P < 0.0001); Fig. 2F, KNS-
42 cells, Mock vs. PSiwt (P = 0.0006); PS1wt vs.
PS1p/146v (P < 00001)

Quantitative changesin PSEN1 mRNA expression and
protein production under ER stress conditions

To examine in more detail the quantitative changes
in PSEN1 holoprotein production in untransfected
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of apoptotic cells appear yellow (C, F). There was less TUNEL positivity among HEK292 cells overexpressing PSEN1 than among empty-vector
stably transfected cells under ER stress induced by tunicamycin (C, F, G), but not by thapsigargin (H). n = 3. Bars = 100 pm.*p < 0.05.

HEK?293 cells under ER stress induced by tunicamycin,
PSENL1 holoprotein was quantified in cell lysates 6, 12,
18, 24, or 30 h after addition of the compound (Fig. 4A,
B;0hvs. 12 h (P =0.0002); 0 hvs. 18 h, 0 h vs. 18
h, 0 hvs. 30 h (P < 0.0001)). The gradual increase
in PSEN1 holoprotein levels peaked at 18 h at approx-
imately 250% of the baseline value and then gradually
decreased. Because the increase in PSEN1 holoprotein
level after exposure to tunicamycin was not accompa-
nied by reciprocal changes in the amounts of PSEN1
fragments (Fig. 1), we hypothesized that increased pro-
duction of PSEN1 protein may have accounted for the
increase and/or decrease in the metabolic degradation
of holoprotein. PSEN1 mRNA expression following
tunicamycin exposure was examined by real-time PCR.
There was a significant increase in message from 6 h;
the peak value (about 125% of the baseline value) was

recorded 12 h after addition of the compound. Expres-
sion then gradually returned to baseline levels (Fig. 4C;
O hvs.6h (P =0.0296),0hvs. 12 h (P = 0.0042),
0 hvs. 24 h (P = 0.0328)). A relative increase
in MRNA expression following tunicamycin exposure
was also detected in neural (Fig. 4D; 0 h vs. 12 h
(P = 0.0332)) and glial (Fig. 4E; 0 hvs. 12 h (P =
0.0401), 0 h vs. 24 h (P = 0.0443)) cell lines. Ac-
cording to the data, ER stress induced by tunicamycin
caused an increase in PSEN1 mRNA transcription and
then of PSEN1 holoprotein synthesis. If the increased
amounts of PSEN1 holoprotein make more complex-
es with SERCA channels under tunicamycin exposure,
then this greater number of complexes can be cytopro-
tective and reduce the disruption of intracellular Ca2*
homeostasis, as observed in HEK293 cells stably over-
expressing PSEN1 holoprotein.
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Fig. 4. Quantification of PSEN1 holoprotein and mRNA expression after exposure to tunicamycin. The maximum PSEN1 holoprotein level after
the beginning of exposure to tunicamycin was detected at about 18 h in HEK293 cells (A, B), whereas the maximum increase in PSEN1 mRNA
was detected at about 12 h after the start of exposure in HEK293 (C), GOTO (D), and KNS-42 (E) cells. Proteins (20 n.g) were loaded in each
lane for Western blotting. n =6inA,B,n =3inC, D, E. *p < 0.05.

Increased interaction between PSEN1 holoprotein and
SERCA by exposure to tunicamycin

Finally, we analyzed the interacting partner of
PSENL1 holoprotein under ER stress induced by tuni-
camycin to clarify the mechanism of the cytoprotective
effect. It was recently reported that SERCA interacts
with PSEN1 and that SERCA activity in the homeosta-
sis of intracellular Ca2* is regulated by PSEN1 [30].
Although the binding partner of SERCA was specu-
lated in the same study to be PSEN1, it is unknown
whether the association is primarily with the PS holo-
protein or with its endoproteolytic fragments. We used
co-immunoprecipitation to resolve this issue and to
search for changes in PSEN1-SERCA binding follow-
ing the tunicamycin-induced changes in PSEN1 holo-
protein production.

In a manner similar to that in wild-type HEK293
cells (Figs 1, 4), a quantitative increase in PSEN1 holo-
protein production was detected in mock-transfected
HEK293 cells under tunicamycin exposure, whereas
the total quantity of SERCA2b channels did not change
in the same samples (Fig. 5A, left panels). Howev-
er, tunicamycin failed to induce a quantitative change
in the content of either PSEN1 holoprotein or SER-

CA2b channels in HEK293 cells stably overexpressing
PSENL1 holoprotein (Fig. 5A right panels).

To examine this phenomenon further, we used co-
immunoprecipitation to investigate both the poten-
tial partners interacting with SERCA and the changes
induced by tunicamycin under ER stress. The co-
immunoprecipitation data demonstrated clearly that
PSEN1 holoproteins and CTFs interacted with SER-
CA2b channels in both untransfected HEK293 cells
(Fig. 5B) and cells stably overexpressing PSEN1 holo-
protein (Fig. 5C). The observed colocalization of
PSEN1 and SERCA2b was confirmed by immuno-
cytochemistry (Supplementary Fig. 4). This interac-
tion was also detected in mock-transfected HEK293
cells (data not shown), GOTO cells (Supplementary
Fig. 5A), and KNS-42 cells (Supplementary Fig. 5B).
The percentage of colocalization of PSEN1 holopro-
tein with SERCA was difficult to determine from im-
munocytochemistry, but it was calculated to be 7.0%
+ 2.7% (average + standard deviation) on the ba-
sis of the co-immunoprecipitation data (i.e., the quan-
tity of PSEN1-FL in the co-immunoprecipite com-
pared to that in the input). Because tunicamycin ex-
posure induced a near-doubling of both the amount of
PSENL1 holoprotein and, in parallel, its binding with
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Fig. 5. Interaction of PSEN1 holoprotein with SERCA is increased under ER stress induced by tunicamycin. Total amount of SERCA channels
was not changed under ER stress induced by tunicamycin in mock-transfected HEK293 cells or HEK293 cells stably overexpressing PSEN1
(A: upper panels). Proteins (5 pg) were loaded in each lane for Western blotting. The total amount of PSEN1 holoprotein (PSEN1-FL) was
increased after exposure to tunicamycin in wild-type HEK293 cells, but was unchanged in HEK293 cells stably overexpressing PSEN1 (A:
middle panels). Proteins (20 ng) were loaded in each lane for Western blotting. In a co-immunoprecipitation experiment, the interacting ratio
between PSEN1 holoproteins and SERCA channels in untransfected HEK293 cells was increased under exposure to tunicamycin (B: upper and
middle panels; D, E), but the interacting ratio between PSEN1 C-terminal fragments (CTFs) and SERCA channels was not changed (B: lower
panel). In cells stably overexpressing PSEN1, neither the interacting ratio between PSEN1 holoproteins and SERCA channels, nor that between
PSEN1 CTFs and SERCA channels, was changed under tunicamycin treatment. (C, F, G). In each lane, 5 ul (PSEN1) or 10 pl (SERCA) from
50 ul of immunoprecipitated sample buffer was loaded in B and C. n = 3, N.R.S.: normal rabbit serum, N.M.S.: normal mouse serum. *denotes

non-specific band. *p < 0.05.

SERCA, the stoichiometry between PSEN1 and SER-
CA remained stable under these experimental condi-
tions. Very weak interaction was suspected between the
PSEN1 NTFs and the SERCA2b channels, as deter-
mined by co-immunoprecipitation, but the bands were
not clear enough for us to determine whether or not
they represented background signals (Fig. 5B, C). In
untransfected HEK293 cells, the amount of PSEN1
holoprotein interacting with SERCA2b doubled after
exposure to tunicamycin (Fig. 5B, E; *P = 0.0251),
whereas the amount of interacting CTFs of PSENL1 re-
mained stable (Fig. 5B, E). Conversely, the amount
of SERCA2b channels interacting with PSEN1 holo-

proteins increased to about 120% (Fig. 5B, D; *P =
0.0392). This result suggests that CTFs were not in-
volved in the response to the ER stress induced by tuni-
camycin. In PSEN1-overexpressing cells the complex
may already have been saturated because of the high
levels of holoprotein already present. This would ex-
plain why treatment with tunicamycin had no apprecia-
ble effect on PSEN1-SERCA complex levels, evenifan
additional slight increase in PSEN1 holoprotein levels
was induced by this treatment. To examine this further,
cells stably overexpressing PSEN1 holoprotein were
used for co-immunoprecipitation studies. The level of
PSEN1-SERCA complex was indeed unchanged fol-
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lowing treatment with tunicamycin (Fig. 5C upper and
middle panels; Fig. 5F, G). These results suggest that
the quantity of the complex was not regulated by the
stress, but by the amount of PSEN1 holoprotein, and
that the upper limit of the complex was probably re-
stricted by the amount of SERCA channels.

DISCUSSION

Previous studies have demonstrated that the meta-
bolism of PSEN1 and its fragments is dependent on
cell type and condition [35-38]. Our study demonstrat-
ed that exposure to tunicamycin increased transcrip-
tion of endogenous PSEN1 mRNA and accumulation
of PSENL1 holoproteinin HEK293 cells, neuroblastoma
cell lines (GOTO), and glioma cell lines (KNS-42).
However, in previous reports there have been no data
showing an increase in either PSEN1 mRNA or holo-
protein levels under ER stress caused by chemical com-
pounds, including tunicamycin. It is possible that the
amount of PSEN1 holoprotein depends on the intensity
and nature of the ER stress caused by chemical com-
pounds, and that the total amount of PSEN1 holopro-
tein increases only when the cells are exposed to the
maximum extent of their resistance. Initially, we de-
termined the relationships between the concentrations
of these chemical compounds and the viability of the
cells. A level of 80% to 90% cell survival was used
for these investigations. When HEK293, GOTO, and
KNS-42 cells were exposed to tunicamycin at the ap-
propriate concentrations, holoprotein levels were sig-
nificantly increased. The rates of increase in PSEN1
holoprotein differed among the cell lines, perhaps due
to cell of origin, but the final changes were similar in
all instances. It is conceivable that the response to ER
stress is required mainly in the central nervous sys-
tem, but HEK293, which is of kidney origin, react-
ed in the same manner as GOTO and KNS-42, which
are of central nervous system origin. The increase in
PSENL1 holoprotein production was independent of the
abundance of PSEN1 fragments, as indicated by the
unchanged quantity of both NTFs and CTFs in all three
cell lines.

PSEN1 holoprotein is degraded rapidly under nor-
mal circumstances [33,39] and the presence of oth-
er secretase components (nicastrin, Aph-1, and Pen-2)
may facilitate their stabilization as holoprotein [3,40,
41]. This process of PSEN1 stabilization is also report-
ed to be controlled by SEL-10, a member of the Skp1-
Cdc53/CUL1-F-box protein (SCF) E2-E3 ubiquitin

ligase family, which stimulates holoprotein ubiquitina-
tion [18]. Moreover, ubiquilin interacts with PSEN and
facilitates increased PSEN synthesis without substan-
tially changing PSEN half-life [42]. It is possible that
these factors are involved in the PSEN1 holoprotein up-
regulation demonstrated here. The increase in PSEN1
MRNA expression after exposure to tunicamycin, how-
ever, suggests that PSEN1 transcription is triggered,
leading to an increase in PSENL1 protein levels. Thus
the possible participation of stabilizing and facilitating
factors does not explain the whole process of increase in
PSENL1 holoprotein levels after increased transcription
of PSEN1 mRNA. An increase in PSEN1 mRNA and
holoprotein levels may instead represent some primary
signal triggered in reaction to exposure to tunicamycin.

Several studies have indicated an interaction between
PSENL1 and the calcium leak channel SERCA [16,30].
SERCA pumps have the highest affinity for Ca2* re-
moval from the cytosol and, together with plasma mem-
brane Ca*-ATPases and transporters, determine the
resting cytosolic Cat concentration. Five isoforms
have been found, and so far SERCAZ2b is the only iso-
form reported to be expressed in neurons [43]. Over-
expression of PSEN1 results in accelerated Ca?™ clear-
ance from the cytosol by increasing SERCA activi-
ty [30]. Inour study, ER stress induced by tunicamycin
caused an increase in PSEN1 holoprotein levels, and
enhanced interaction between PSEN1 and SERCA was
detected. Wild-type PSEN1 overexpression had a cy-
toprotective effect under ER stress induced by tuni-
camyecin, but this cytoprotective effect was not detect-
ed under ER stress induced by thapsigargin, which is
a specific inhibitor of SERCA. Taken together, these
findings suggest that the increased PSEN1 holopro-
tein level prevented the disruption of intracellular Ca2*
homeostasis and subsequently stabilized cell viability
by increasing the interaction between PSEN1 and SER-
CA, leading to upregulation of SERCA activity. Dis-
ruption of intracellular Ca?*homeostasis induces cal-
pain activation [44], and calpain activation induces the
activation of caspase-12, which localizes on the outer
membrane of the ER and is reported to be activated by
ER stress induction. This process can be triggered by
oxygen and glucose deprivation or by adding chemical
compounds such as tunicamycin [45,46].

In addition to the calpain-caspase system, dysregu-
lation of intracellular calcium signaling is implicated
in the pathogenesis of AD. Accumulation of A3 and
hyperphosphorylation of tau may cause SERCA dys-
function, which maintains intracellular Ca2* and thus
elicits Ca2* dysregulation in AD. Disruption of cal-
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cium homeostasis in the initial phases of AD in hu-
mans and in mice with mutations in the AGPP or pre-
senilin 1 genes has been reported to occur even before
the development of overt symptoms [47-49]. Our ex-
periment indicated a direct interaction between PSEN1
holoproteinand SERCA, thus partly supporting the cal-
cium hypothesis of AD. PSEN1 holoprotein may act
as a multifunctional anti-apoptotic factor under various
stress condition. Indeed, a murine leukemic cell line
was protected from p53-induced apoptosis by PSEN1
overexpression when PSEN1 holoprotein predominat-
ed [50]. In experimentally-induced transient ischemia
in murine brains, PSEN1 mRNA expression was in-
duced in relatively resistant hippocampus cells, such as
CA3 cells and cells in the dentate gyrus [51]. These
findings are consistent with the hypothesis that upreg-
ulation of PSEN1 is a reaction that counteracts neu-
ronal death. Moreover, PSEN1 can regulate neuro-
transmitter release via ryanodine receptor — mediated
Ca?* release from the ER, whereby PS deficiency at-
tenuates LTP [15]. This experimental framework pro-
vides a unique opportunity to investigate the possible
role of endogenous PSEN1 holoprotein. It will provide
further insight into the metabolism of PSEN1 and its
participation in Ca?* homeostasis. It will also facil-
itate recognition of the relationship between PS holo-
protein and intracellular calcium regulation and signal-
ing in neurons and other types of cells, thus helping us
to establish a more beneficial therapeutic approach to
AD.
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