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The b-site APP cleaving enzyme (BACE1) is required for the production of b-amyloid peptides, which give
rise to b-amyloid (Ab) deposits in the brains of Alzheimer’s disease (AD) patients. In brains, BACE1 is pri-
marily expressed by neurons, however BACE1 expression has also been observed in reactive astrocytes in
close proximity to b-amyloid plaques in the brains of aged Tg2576 AD model mice. To date, the direct
effects of Ab on BACE1 gene expression in astrocytes is unknown. We found that Ab42 or Ab25–35 treat-
ment induced BACE1 expression in primary astrocytes as well as human astrocytoma cell line. Ab neuro-
toxicity has been associated with the disruption of intracellular calcium homeostasis both in neurons and
in glial cells. Here, we demonstrated that NFAT4, a transcription factor tightly regulated by the calcium/
calmodulin-dependent phosphatase, calcineurin, was activated in astrocytes applied with calcium iono-
phore or Ab. Ab-activated NFAT4 proteins were associated with astrocytic BACE1 gene expression via
direct interaction with the BACE1 promoter region.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction toxicity has been associated with the destabilization of intracellular
Alzheimer’s disease (AD) is the most common neurodegenera-
tive disorder of senile dementia in elderly people and is character-
ized by two major morpho-pathological hallmarks: deposition of
extracellular amyloid plaques accompanied by intracellular neuro-
fibrillary tangles (NFT) in the brain [1]. Amyloid-beta peptide (Ab),
the major component of plaques, is produced from amyloid precur-
sor protein (APP) by proteolytic cleavage at its N- and C-termini by
b- and c-secretase, respectively [2]. b-Secretase has been identified
by several groups and was named b-site APP cleaving enzyme 1
(BACE1), Asp2 or memapsin [3]. BACE1 mRNA shows the highest
level of expression in the brain and is especially detected in neu-
rons but not in glial cells [3,4]. However, recent studies have ob-
served BACE1 immunoreactivity in reactive astrocytes around
senile plaques in old Tg2576 mice [5,6]. It has been reported that
various inflammatory cytokines and oxidative stress can induce
astrocytic BACE1 expression [7,8] and studies by Cho et al. have
shown that IFN-c, pro-inflammatory cytokine, generates BACE1
expression and activity in astrocytes [9].

Since BACE1 levels were observed in astrocytes surrounding Ab
plaques, we hypothesized that Ab42, the critical component of pla-
ques may induce BACE1 gene expression in astrocytes. Ab42 neuro-
ll rights reserved.
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calcium homeostasis both in neurons and in glial cells, although the
mechanisms of Ab-induced disruption of calcium homeostasis re-
main unclear. Disrupted calcium homeostasis has been observed
in the brains of AD patients. The levels of intracellular calcium and
calcium-related enzyme activity were found to be elevated in the
brains from AD patients [10]. Furthermore, our previous study
showed that neuronal BACE1 expression was up-regulated by dis-
rupted intracellular calcium homeostasis that was mediated by nu-
clear factor of activated T-cells 1 (NFAT1) [11]. In this study, we
found that Ab42 treatment stimulated astrocytic BACE1 gene
expression at transcription level via activation of calcineurin
(CaN)/NFAT4 signaling cascade. Furthermore, we found that Ab-in-
duced BACE1 expression occurs via a calcium permeable channel
formed by membrane-inserted Ab in astrocytes. Treatment with
Zn2+ or clioquinol, which has been known to inhibit channels formed
by Ab, blocked Ab-induced astrocytic BACE1 gene expression.

Our findings suggest that stimulation with Ab42 potentiates
astrocytic BACE1 gene expression via disturbance of intracellular
calcium homeostasis that is mediated by Ab-induced activation
of CaN/NFAT4 signaling pathway in astrocytes.

2. Materials and methods

2.1. Cell cultures

U373MG cells were maintained in Dulbecco’s modified Eagle
medium (DMEM; 4.5 g/ml glucose with pyruvate; HyClone) with
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10% fetal bovine serum (FBS; HyClone) and 1% penicillin/strepto-
mycin. Cortical astrocyte cultures were established from 2-day-
old pups. Briefly, mouse brains were removed and the meningeal
tissue was stripped off. Brains were dissociated mechanically and
seeded in poly-D-lysin (Sigma)-coated dishes into medium consist-
ing of DMEM with 10% FBS and then incubated at 37 �C in a humid-
ified 5% CO2 air atmosphere. After 2 weeks in culture, media were
removed and the cells were trypsinized and replated at low density
in 12-well plates for reagent treatment [5].

2.2. Peptides and treatment

Cells were treated with calcium ionophores, ionomycin or
A23187 (Sigma) in DMEM supplemented with 1% FBS. Synthetic
Ab25–35 (U.S. Peptide, Inc.) and Ab42 (Bachem) were dissolved
in dimethylsulfoxide (DMSO; Amresco) and diluted to final con-
centration of 1 mM with water [11]. Prior to treatment with cal-
cium ionophore or Ab peptides, cells were treated with the
following reagents as indicated in figures, cyclosporine A (CsA),
BAPTA-AM, 2-amino-ethoxy diphenylborate (2-APB), dantrolene,
nifedipine, EGTA, clioquinol, ZnCl2 (all from Sigma) and U73122
(Calbiochem).

2.3. BACE1 promoter assay and cDNA construct

For analysis of BACE1 promoter activity, the following two con-
structs were used; uBACE-1Ka (�1 � �994 bp) and uBACE-2K
(+50 � �2100 bp) of human BACE1 gene, as previously reported
[9,11]. Numbering system followed previous report [12] (GenBank
accession number AY542689). U373MG cells were transfected
with the BACE1 promoter constructs using Lipofectamine reagent
and Plus reagent (Invitrogen) [9]. For detection of the promoter
activity, cell lysates were prepared in Passive Lysis Buffer (Prome-
ga) and luciferase assays were performed according to the manu-
facturer’s instructions for Dual Luciferase Assay System
(Promega). The signals were measured using auto microplate read-
er (Infinite M200, Tecan). Transfection efficiency was normalized
as described previously [11]. For NFAT4 overexpression, cells were
transiently transfected with cDNA constructs encoding NFAT4
(provided from Dr. HD Youn in Seoul National University, Seoul,
Korea). DNA amounts were normalized with mock vector.

2.4. Western blot analysis

Cells were lyzed using RIPA buffer (150 mM NaCl, 1% NP-40,
0.5% deoxycholic acid, 0.1% SDS and 50 mM Tris) supplemented
with protease inhibitor cocktail and divalent cation chelators
(EGTA 1 mM and EDTA 1 mM). Protein extracts were quantified
using the bicinchoninic acid (BCA) protein assay solution (Amer-
sham Pharmacia) and equally loaded onto sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS–PAGE) gels [13]. For
detection of BACE1 levels, anti-BACE1 polyclonal antibody (Calbio-
chem) or monoclonal antibodies against the C-terminus of BACE1
(Chemicon) were used. Anti-actin antibody (Sigma), anti-NFAT1
(Affinity BioReagents), anti-STAT1 (Upstate Biotechnology) and
anti-NFAT4 monoclonal antibody (Santa Cruz Biotechnologies)
were used.

2.5. Electrophoresis mobility shift assay (EMSA)

For binding reactions with nuclear extracts from U373MG
cells, biotin-labeled probe against the NFAT-binding sequences
(TGGAAAAAC) in the human BACE1 promoter region were gener-
ated [11]. The BACE1-NFAT probe (50-biotin-TGCAGCCTG-
GAAAAACTCTTC-30). Nuclear extracts (5 lg) from U373MG cells
treated with calcium ionophore were pre-incubated with poly
(dI-dC) (1 lg; Sigma) and then reacted with biotin-labeled
BACE1-NFAT probes for 30 min at room temperature. To confirm
the specificity of interactions, competition assays using non-la-
beled cold probes were performed. A 100-fold molar excess of cold
probes were pre-incubated with nuclear extracts. To detect the no-
vel interaction between NFAT probes and NFAT4 proteins, anti-
NFAT4 antibody (2 lg) was pre-added to the extracts for 30 min.
Incubated mixtures were analyzed by 5% nondenaturing PAGE as
previously described [9,11]. The signals were observed using a
Light Super Shifted Module Kit (Pierce) in Bio-Imaging Analyzer
(LAS-3000; Fuji).

2.6. Detection of sAPPb levels

To identify BACE1 enzymatic function, the levels of sAPPb in
conditioned media (CM) were analyzed. For protein precipitation
in CM, an equal volume of 20% trichloroacetic acid (Sigma) was
subjected to CM and incubated for 24 h in 4 �C and then centri-
fuged at 10,000g for 5 min. The supernatant was removed and pel-
lets were washed with ice-cold acetone (Sigma). Dried pellets were
resuspended in RIPA buffer and the protein concentration was esti-
mated using BCA solution (Pierce). The precipitated proteins were
analyzed by 8% SDS–PAGE. To recognize the sAPPb proteins, anti-
sAPPb polyclonal antibody (Signet Laboratories) was used.

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism 4 soft-
ware. Differences between groups were examined for statistical
analysis using Tukey–Kramer Multiple Comparisons Tests.
3. Results

3.1. Ab treatment induces BACE1 expression via calcium-related
signaling in astrocytes

To test whether Ab treatment regulates BACE1 promoter activ-
ity in astrocytes, the luciferase reporter assay for measuring BACE1
promoter activity was performed. We utilized the pGL3-Basic vec-
tor containing the promoter region of human BACE1 gene [9,11]
and the human astrocytoma cell line U373MG. After 24 h, the
BACE1 promoter was activated in U373MG cells that were stimu-
lated with Ab1–42 or Ab25–35, a region of the Ab peptide that is
critically involved in neurotoxicity and aggregation [14] (Fig. 1A).
BACE1 promoter activity was elevated by Ab25–35 treatment in
a dose-dependent manner in the concentration range tested
(Fig. 1B). To investigate whether Ab-induced BACE1 promoter acti-
vation is mediated by Ab-stimulated increases in intracellular cal-
cium levels, U373MG cells were pre-treated with BAPTA-AM to
chelate intracellular calcium since Ab has been shown to elevate
intracellular calcium concentration in astrocytes [15]. As a result,
pre-treatment with BAPTA-AM completely blocked Ab-induced
BACE1 promoter activity (Fig. 1C). We have previously shown that
the CaN/NFAT1 signaling pathway, regulated by intracellular cal-
cium levels, modulates BACE1 gene expression in neurons [11].
This led us to pre-treat cells with cyclosporine A (CsA), a calcineu-
rin inhibitor. This treatment resulted in a blockage of Ab-elicited
BACE1 promoter activity (Fig. 1D). Next, to confirm whether Ab
treatment affects BACE1 protein levels in astrocytes, protein ex-
tracts from mouse primary astrocytes were analyzed using Wes-
tern blot analysis. As expected, BACE1 protein expression was
not detected in the absence of stimulation, however treatment
with Ab42 or Ab25–35 potentiated BACE1 protein expression (ar-
row head, Fig. 1E) and CsA pre-treatment led to down-regulation
of Ab25–35-triggered BACE1 protein expression in astrocytes
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Fig. 1. Ab treatment stimulates BACE1 gene expression via calcium-related signals in astrocytes. (A and B) BACE1 promoter activity was measured in cells treated for 24 h
with either Ab1–42 (1 lM) or Ab25–35 (20 lM) (A) or with Ab25–35 at different concentrations as indicated (B). (C and D) Reporter expressing cells were pre-treated with
BAPTA-AM (30 lM) (C) or CsA (1 lM) (D) for 30 min followed by treatment with Ab25–35 (20 lM) for 24 h and analyzed by luciferase reporter assay. (E and F) BACE1 protein
level (arrow head) was analyzed by Western blotting in mouse primary astrocytes treated with 1 lM ionomycin (Iono), 1 lM Ab1–42 or 20 lM Ab25–35 for 24 h (E) or with
Ab25–35 with or without the pre-treatment of CsA (1 lM) (F). (G and H) BACE1 promoter activity was measured in cells treated for 24 h with increasing concentrations of
ionomycin (Iono) as indicated (G) or with 1 lM ionomycin (Iono) with or without CsA (1 lM) pre-treatment for 30 min (H). (I) Primary astrocytes treated with calcium
ionophore (Iono) with or without CsA (1 lM) pre-treatment were analyzed by Western blotting for BACE1 protein expression and sAPPb secretion. (J) Activation of NFAT4 by
dephosphorylation was assessed by Western blotting in Ab-treated astrocytes with or without CsA or calcium chelators. Data are presented as mean ± SEM of three
independent experiments performed in triplicate. ⁄p < 0.05; ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001 versus vehicle-treated control (Ctrl) samples; #p < 0.05; ##p < 0.01; ###p < 0.001 versus
Ab25–35-treated samples.
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(Fig. 1F), suggesting that Ab-induced elevation of intracellular cal-
cium levels potentiates BACE1 gene expression via calcineurin-re-
lated signaling in astrocytes.

Next, to confirm that BACE1 gene expression is stimulated by
disrupted calcium homeostasis in U373MG cells, calcium iono-
phore was applied to the cells. BACE1 promoter activity was upreg-
ulated by calcium ionophore treatment in a dose-dependent
manner (Fig. 1G) and was prevented by CsA pre-treatment
(Fig. 1H). Similar results were observed using primary astrocytes
where calcium ionophore treatment stimulated BACE1 protein
expression and this stimulation was blocked by CsA pre-treatment
(Fig. 1I). Furthermore, increased levels of sAPPb, (secreted APP) a
cleavage product of BACE1, were observed in CM from calcium ion-
ophore-treated U373MG cells and it was abolished by CsA (Fig. 2I).

We next asked whether NFAT4, a transcription factor regulated
by Ca2+/CaN, is activated in U373MG cells when intracellular cal-
cium homeostasis is disrupted by calcium ionophore or Ab treat-
ment. The NFAT4 isoform was increased by 20 lM Ab25–35
treatment and this increase was prevented by CsA, BAPTA-AM or
EGTA pre-treatment in U373MG cells (Fig. 1J), suggesting that
astrocytic BACE1 gene expression elicited by Ab treatment could
be involved in NFAT4 activation.

3.2. NFAT4 modulates astrocytic BACE1 levels via direct interaction
with human BACE1 promoter region

In our previous study we found that an NFAT binding site exists
in the human BACE1 promoter region (�500 to �508 bp) and acti-
vated NFAT1 proteins can bind this region in neuronal cells [11].
Since calcium ionophore or Ab treatment caused dephosphoryla-
tion of NFAT4 and not the NFAT1 isoform in astrocytoma cells, it
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was hypothesized that NFAT4 regulates astrocytic BACE1 gene
expression via direct interaction with the specific region in BACE1
promoter. First, we investigated whether uBACE-1Ka
(�1 � �994 bp) containing NFAT1 binding sites (�500 to
�508 bp) show calcium ionophore-induced BACE1 promoter activ-
ity in U373MG cells. We observed elevated promoter activity in
U373MG cells transfected with uBACE-1Ka as well as uBACE-2K
(+50 � �994 bp) when cells were treated with calcium ionophore
(Fig. 2A). Next, to asses whether NFAT4 directly interacts with
the BACE1 promoter, EMSA assays were performed. A shifted band,
indicative of a complex of NFAT4-DNA, was observed by incubation
of labeled NFAT4 probe with nuclear extracts from calcium iono-
phore-treated U373MG cells (arrowhead in lane 2, Fig. 2B) and it
was abolished by pre-incubation of competitor, non-labeled probe
(arrow in lane 3, Fig. 2B). Also, the specific band of NFAT4-DNA was
ablated in cells pre-treated with CsA (lane 3, Fig. 2C). Next, super-
shift analysis using specific antibody recognizing NFAT1 or NFAT4
proteins were performed to confirm the specificity of interaction of
NFAT4 with the BACE1 promoter region in astrocytoma cells. The
shifted band of protein-DNA complex was abolished by pre-incu-
bation with NFAT4-specific antibody (lane 4, Fig. 2D), while incu-
bation with anti-NFAT1 antibody showed no effects on the
shifted band (lane 3, Fig. 2D), reflecting that NFAT4, but not NFAT1,
interacts with the BACE1 promoter region in U373MG cells. To sup-
port this result, we co-transfected constructs encoding NFAT4 or
vector alone with uBACE-2K in U373MG cells and observed that
BACE1 promoter activity was increased in cells expressing NFAT4
compared with cells expressing vector alone (white bars, Fig. 2E).
Furthermore, BACE1 promoter activity was enhanced when cells
were stimulated with calcium ionophore (black bars, Fig. 2E). Ta-
ken together, these data suggest that astrocytic BACE1 gene
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expression induced by disruption of intracellular calcium homeo-
stasis is regulated by NFAT4 activation.

3.3. Ab-elicited BACE1 expression is mediated by calcium influx in
U373MG cells

To demonstrate the mechanism of the Ab-triggered astrocytic
BACE1 gene expression, we asked whether Ab treatment activates
phospholipase C (PLC), which generates inositol trisphosphate (IP3)
that promotes calcium release from ER calcium stores to the cyto-
sol following NFAT1 activation and BACE1 expression in U373MG
cells. To inhibit PLC- and IP3-mediated signaling, U373MG cells
were pre-treated with 2APB, an inhibitor of IP3-dependent calcium
release, and U73122, an inhibitor of PLC (Fig. 3A). Ab-induced
BACE1 promoter activity showed no change by 2APB or U73122
pre-treatment, indicating that PLC- and IP3-mediated signaling
pathways do not play a critical role in the Ab-induced BACE1 gene
expression in U373MG cells. We also tested whether ryanodine
receptors (RyRs) effect Ab-induced BACE1 expression, although
the expression and function of RYRs in astrocytes is unclear [16].
Cells pre-treated with Dantrolene, a RyR inhibitor, showed no ef-
fects on Ab-elicited BACE1 promoter activity (Fig. 3A). Next, to
examine whether Ab-induced astrocytic BACE1 expression is med-
iated by calcium influx from external sources, U373MG cells were
treated with the calcium chealator, EGTA, resulting in inhibition of
Ab-induced BACE1 promoter activity (Fig. 3B). However, calcium
influx by Ab treatment was not through voltage-dependent cal-
cium channels (VDCC) under our conditions (Fig. 3B). Ab has been
recently shown to form pores in biological membranes as well as
artificial membranes and some studies have reported that such
pores act as a calcium-permeable channels [17]. These pores can
be blocked by Zn2+ and clioquinol [15,18]. Abramov et al. found
A
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Fig. 3. Ab-induced BACE1 expression and NFAT4 activation are mediated by calcium infl
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that Ab25–35-induced calcium influx was abolished by Zn2+ and
clioquinol in astrocytes [15]. Mirzabekov et al. demonstrated that
Ab25–35 inserted into lipid membranes to form ion-permeable
channels that displayed channel activity [19]. In agreement with
previous reports, we found that Ab25–35-elicited BACE1 promoter
activity was ablated by pre-treatment with ZnCl2 or clioquinol in
U373MG cells (Fig. 3C), suggesting that Ab-induced astrocytic
BACE1 expression is mediated by calcium influx through plasma
membrane channels formed by Ab.

Paralleling the BACE1 promoter activity studies above, ZnCl2 or
clioquinol exhibited inhibition effects on Ab-induced NFAT4 acti-
vation but 2APB failed to block Ab-triggered NFAT4 dephosphoryl-
ation in astrocytes (Fig. 3D). In addition, the BACE1 protein levels
potentiated by Ab25–35 treatment were down-regulated by ZnCl2

but not 2APB in primary astrocytes (Fig. 3E), showing an associa-
tion of BACE1 expression with calcium influx through channel
formed by the membrane-inserted Ab, not with calcium release
from ER store in astrocytes.

3.4. Anti-BACE1 immunoreactivity in calcineurin-positive astrocytes
surrounding amyloid plaques in APP/PS1 transgenic mice

To assess whether BACE1 protein expression in reactive astro-
cytes in close proximity to plaques is involved in calcineurin sig-
naling, immunohistochemistry was performed using APP/PS1
double transgenic mouse brains. First we analyzed immunoreactiv-
ity for calcineurin in reactive astrocytes. We observed anti-calci-
neurin immuno-signals in cells showing reactive astrocyte like
shape (Fig. 4A). Anti-BACE1 immuno-signals (arrows) were also
detected in cells that have reactive astrocyte like shape near the
plaque (star) (Fig. 4B). Also, using double immunostaining against
calcineurin and BACE1, we found that calcineurin-positive reactive
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astrocytes showed BACE1 protein expression in brains, indicating
that the calcineurin signal is associated with astrocytic BACE1 pro-
tein expression in vivo.
4. Discussion

Several studies have found BACE1 expression in reactive astro-
cytes around senile plaques in AD model mouse brains [5]. Many
groups have examined astrocytic BACE1 expression by indirect ef-
fects of plaques such as inflammatory responses or oxidative
stress-related molecules, which are observed in close proximity
to amyloid plaques [7–9]. Because astrocytes show BACE1 levels
around Ab plaques, we favor the hypothesis that Ab directly trig-
gers the astrocytic BACE1 expression. In this study, we found that
both the full-length Ab42 peptide and the neurotoxic Ab25–35
fragment stimulated BACE1 gene expression in primary astrocytes
as well as the U373MG cell line at the transcription level. Ab has
been shown to disturb intracellular calcium homeostasis that
may alter calcium-related signal transduction pathways [20].
Abramov et al. have showed that intracellular calcium levels are in-
creased in astrocytes exposed to Ab [15]. Moreover, we addressed
whether Ab-induced BACE1 gene expression is mediated by the
calcium-related cellular signaling pathway CaN/NFAT4 in astro-
cytes. Ab has been reported to increase intracellular calcium con-
centration by calcium influx through calcium-permeable
channels formed by Ab and those channels are Zn2+-sensitive
[17,18]. The mechanism Ab pore blockage by Zn2+ in astrocytes is
unclear, however some studies have shown that Zn2+ may block
the channels or prevent their formation [15,18]. In addition to
Zn2+, clioquinol, a chelator of Cu2+, Zn2+, and Fe2+, is known to pre-
vent Ab aggregation following inhibition of Ab pore generation
[21,22]. Abramov et al. also reported that Ab25–35 treatment stim-
ulates calcium influx that was blocked by Zn2+ or clioquinol in
astrocytes [15]. In our experiments, Zn2+ or clioquinol showed
striking blocking effect on Ab-stimulated NFAT4 activation in pri-
mary astrocytes as well as U373MG cells. Also, Ab-induced astro-
cytic BACE1 gene expression was completely inhibited by Zn2+ or
clioquinol. Although conformation of Ab pore formation in our
experimental conditions was not assessed, our data are consistent
with previous reports and suggest that Ab treatment modulates
NFAT4 activation and BACE1 gene expression via calcium influx
through calcium permeable channels formed by Ab in astrocytes.
In contrast, inhibitors of PLC/IP3 signaling cascade such as 2APB
and U73122, failed to block Ab-induced BACE1 expression and
NFAT4 activation. Also nifedipine pre-treatment showed no effects
on Ab-induced events.

Liu et al. showed activation of calcineurin in the brains of AD
patients suggesting that CaN/NFAT signaling cascade plays an
important role in AD pathogenesis [23]. Indeed, Norris et al. found
that the levels of calcineurin were up-regulated in reactive astro-
cytes around senile plaques in AD model mouse brains [24], sup-
porting our results that neurotoxic Ab42 or Ab25–35 stimulates
NFAT4 activation and BACE1 gene expression in astrocytes.

Previously, we found that the CaN/NFAT1 signal pathway mod-
ulated BACE1 gene expression in neurons [11]. Neuronal BACE1
was also up-regulated by Ab-induced calcineurin/NFAT1 activa-
tion, although we did not identify the source of increased calcium
levels [11]. Taken together, stimulation with Ab appears to elevate
BACE1 levels in both neurons and astrocytes at the transcriptional
level. CaN/NFAT signaling pathways play a central role in Ab-in-
duced BACE1 expression following Ab generation, although the
Ab-activated NFAT isoform showed cell-type specificity. Even
though cell-type specific NFAT isoforms exist, both NFAT1 and
NFAT4 are modulated by specific inhibitors of calcineurin, CsA
and FK506. These observations identify an important function of
CaN/NFAT signal transduction in BACE1 expression and suggest a
new drug target for AD. Since it has been reported that disruption
of intracellular calcium homeostasis in neurons and astrocytes is a
crucial factor in AD pathogenesis, preventing disturbances in cal-
cium-related signals may be an attractive drug target for AD ther-
apy and prevention.
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