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The protease BACE1 (B-site APP-cleaving enzyme 1) is essential for the generation of amyloid beta (AB)
from amyloid precursor protein (APP). Although BACE1 is expressed primarily in neurons, which are a
principal source of AB in the brain, the mechanism that underlies basal expression of BACE1 in neurons
has not been studied thoroughly. In the present study, we found that endogenous BACE1 expression was
mediated by constitutive JAK2/STAT1 activation in neurons. Inhibition of the JAK2/STAT1 signaling path-

Keywords: way, using AG490 (a JAK2 inhibitor), a dominant-negative form of STAT1, and SOCS1 and SOCS3 overex-
2& Vloid-p pression, reduced levels of BACE1 promoter activity, expression of endogenous BACE1, and generation of
BACE1 AB. These results were recapitulated in the SH-SY5Y neuronal cell line, primary cultured neurons, and
JAK2/STAT1 mouse brains. Therefore, we propose that constitutive JAK2/STAT1 activation mediates endogenous
S0CS BACET1 expression in neurons and that inhibition of JAK2/STAT1 signaling abrogates basal levels of BACE1
IFN-y expression and Af generation.
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Introduction transcription 1 (STAT1) and the BACE1 promoter. In the present

Deposition of extracellular senile plaques in the brain is one of
major pathological hallmarks of Alzheimer disease (AD) [1]. BACE1
(B-site APP-cleaving enzyme 1) is a transmembrane aspartyl prote-
ase that cleaves amyloid precursor protein (APP), generating amy-
loid beta (AB), a principal component of senile plaques [2,3]. AB is
derived from the sequential proteolysis of APP by BACE1 and y-
secretase [4,5]. Inhibition of BACE1 or y-secretase activity has long
been considered to be an attractive target for AD prevention and
therapy [6,7]. Obstruction of y-secretase activity, however, results
in severe side effects, because y-secretase acts on several essential
substrates, such as Notch, cadherin, and low-density lipoprotein
receptor-related protein (LRP) [8-11]. Nevertheless, abrogation of
BACE1 expression in BACE1-knockout mice eliminates AB produc-
tion without inducing any remarkable abnormalities [12], although
some aberrations recently have been reported [13]. Moreover, the
partial reduction of BACE1 hampers amyloid plaque formation dra-
matically in AD mouse models [14]. In our previous study, BACE1
expression was induced in IFN-y-stimulated astrocytes via direct
interaction between activated signal transducer and activator of
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study, we investigated the underlying mechanisms of BACE1
expression for nonresponsiveness to IFN-y treatment in neurons.
To this end, we examined the potential involvement of JAK2/STAT1
signaling using AG490, as well as suppressor of cytokine signaling
(SOCS) 1/3 expression and BACE1 promoter activity in primary
neuron cultures, neuroblastoma cell lines, and mouse brains.
Although IFN-y had no effect on neuronal BACE1 levels in vivo,
STAT1 appeared to be involved in endogenous neuronal BACE1
expression. Blockage of STAT1 activation by overexpression of
dominant-negative STAT1 reduced BACE1 expression levels in neu-
roblastoma cells. Also, endogenous BACE1 levels were decreased
by overexpression of SOCS, an endogenous negative regulator of
JAK2/STAT1 signaling [15] demonstrating that downregulation of
JAK2/STAT1 signaling suppresses BACE1 expression and A gener-
ation in neurons. These results suggest that JAK2/STAT1 signaling
is constitutively active in neurons and regulates endogenous neu-
ronal BACE1 expression.

Materials and methods

Cell culture and drug treatment. Human SH-SY5Y neuroblastoma
cells and U373MG astrocytoma cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; HyClone, Irvine, CA) with 10% fe-
tal bovine serum (FBS; HyClone) and a 1% penicillin/streptomycin
mixture in a 5% CO, incubator at 37 °C. To differentiate SH-SY5Y
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cells, 10 uM all-trans-retinoic-acid (Tocris Cookson, Bristol, U.K.)
was fed to the cells in 1% serum media for 5 days in poly-p-ly-
sine-coated plates (Sigma, Saint Louis, MO). Cells were treated with
100 ng/ml recombinant human IFN-y (R&D System, Minneapolis,
MN) or AG490, a JAK2 inhibitor (Tocris), in serum-free DMEM.
For pure cultures of mouse neurons, cerebral cortices of embryonic
day 16 (E16) C57BL/6 mouse brains were isolated in ice-cold Hanks
Balanced Salt Solution (HBSS, Life Technologies, Grand Island, NY).
The cortices were digested with papain (Sigma) in dissociation
medium. The dissociated cells were plated on poly-p-lysine-coated
12-well culture plates at 1 x 10° cells/well. Neurons were main-
tained in Neurobasal medium with 1% B-27 (Gibco BRL, USA). On
Day 6, cells were treated with AG490 for 24 h.

Stereotaxic injection and immunohistochemistry. AG490 was
injected into 4-month-old B6/SJL mouse brains by stereotaxic
injection. Briefly, a mouse (average weight, 30 g) was anesthetized
with sodium pentobarbital (20 mg/kg, i.p.) and then positioned on
a Kopf stereotaxic apparatus (Model 900, David Kopf Instruments,
Tujunga, CA). The stereotaxic coordinates for the cortex were;
anterior-posterior [AP], -2.2 mm; medial-lateral [ML], 0.5 mm;
dorsal-ventral [DV], 1.2 mm. The injection was performed using
a microinjection autopump and a 10-pl Hamilton microsyringe
filled with AG490 (10 pg) at a rate of 0.15 pl/min. Mice were sacri-
ficed at 3 days after injection. All animal procedures were ap-
proved by the Seoul National University Animal Care and Use
Committee. The brain sections (40-pum thick) were immunostained
using human BACE1 (1:500) and NeuN (1:500) and observed under
a fluorescence microscope (Olympus DP50, Japan). Photographs
were taken from randomly selected cortex regions.

Constructs and BACE1 promoter activity assay. Two constructs
were used to assess BACE1 promoter activity: uBACE-1Ka, —1 to
—994 bp; and uBACE-2K, +50 to —2100 bp of the human BACE1 gene,
as previously reported [16]. Luciferase assay was performed using a
dual luciferase kit (Promega, Madison, WI). Dominant-negative
STAT1 (STAT1Y701F was provided by Dr. YY Kong, Seoul National
University, Korea) was used to block endogenous STAT1; for overex-
pression of SOCS1 and SOCS3 proteins, the respective cDNA con-
structs (SOCS1; pEF-FLAG-I/m4A2, SOCS3; pEF-FLAG-I/mSOCS-3
were provided by Dr. MH Song, Chungnam University, Daejeon, Kor-
ea) were used, and the amount of DNA was normalized with an
appropriate mock vector. Each construct was transfected into cells
using the Lipofectamine and Plus reagents (Invitrogen, Carlsbad, CA).

In vitro p-secretase activity assay. To measure BACE1 enzymatic
activity, cells were lysed with 20 mM MES, 0.5% Triton X-100,
and 0.15 M NaCl (pH 6.0). The prepared proteins were incubated
with a synthetic peptide substrate, MCA-Ser-Glu-Val-Asn-Leu-
Asp-Ala-Glu-Phe-Arg-Lys(DNP)-Arg-Arg-NH2 (Bachem, Bubendorf,
Switzerland) in 0.15 M Na-acetate (pH 5.2) for 1 h at 37 °C, and
inhibitor peptides (Bachem) were preincubated with cell lysates
for 30 min at 37°C, as previously reported [16]. Signals (ex
320 nm, em 405 nm) were detected by a fluorescence luminometer
(LS-55, Perkin Elmer, Norwalk, CT).

Antibodies. BACE1 was detected using anti-BACE1 polyclonal
antibodies (Calbiochem, San Diego, CA, USA) and an anti-actin
monoclonal antibody (Sigma) were used for immunoblotting.
For the immunostaining, Anti-BACE AB-1 polyclonal antibody
(Oncogene, Darmstadt, Germany), which recognizes amino acids
44-59, and anti-NeuN monoclonal antibody (Santa Cruz Biotech-
nologies, Santa Cruz, CA) were used.

Electrophoretic mobility shift assay (EMSA). A double-stranded
probe was generated by annealing two biotin-labeled oligonucleo-
tides to the STAT1 recognition site (—1857 to —1865 bp) within the
human BACE1 gene promoter, as previously reported [17]. Nuclear
extracts were incubated with biotin-labeled BACE1-STAT1 probes
at room temperature for 30 min. For competition experiments, a
100-fold molar excess of cold BACE1-STAT1 probes were preincu-

bated with the nuclear extracts. Signals were detected using the
Light Super Shifted Module Kit (Pierce) according to the manufac-
turer’s instructions.

Sandwich ELISA for measuring mouse Ap40 levels. AB40 levels in
conditioned media (CM) and RIPA extracts of mouse primary neu-
ronal cultures were analyzed using sandwich Ap ELISA kit for
mouse (Biosource International, Camarillo, CA) [18].

Statistical analyses. The differences between the groups were
examined for their statistical significance with a one-way analysis
of variance (ANOVA) or Student’s t-test using Prism4 (GraphPad
software Inc., La Jolla, CA) software program. All the data are ex-
pressed as a means * SEM. p < 0.05, “p <0.01, ""p < 0.001.

Results
Constitutive BACE1 expression in SH-SY5Y was not affect by IFN-y

We have found that IFN-y stimulates astrocytic BACE1 expres-
sion in vivo as well as in an astrocytoma cell line [17,19]. To exam-
ine the direct effect of IFN-y in neurons, SH-SY5Y cells were
stimulated by 100 ng/ml IFN-y for 24 h. BACE1 expression in SH-
SY5Y cells remained constant with IFN-y treatment, while BACE1
protein was robustly upregulated by IFN-y in U373MG cells, a hu-
man astrocytoma cell line (Fig. 1A). To test whether IFN-y had any
effect on BACE1 enzymatic activity in neuronal cells, an in vitro
peptide cleavage assay was performed. In SH-SY5Y cells, when
endogenous BACE1 catalytic activity was detected in the absence
of IFN-y stimulation, the level was unchanged by IFN-y treatment
(Fig. 1B). U373MG cells had no endogenous BACE1 activity in the
absence of IFN-y. Unlike in SH-SY5Y cells, BACE1 activity was in-
duced and increased dose-dependently with IFN-y treatment
(Fig. 1B). These results suggest that IFN-y does not regulate the lev-
els of BACE1 protein or enzymatic activity in neurons.

Constitutive STAT1 binding to the BACE1 promoter in SH-SY5Y cells

In our previous study, the uBACE-2K construct, which contains a
STAT1-binding site, showed IFN-y-enhanced luciferase activity in
U373MG cells [17]. Here, the regulation of BACE1 transcription
by IFN-v in neuronal cells was assessed by BACE1 promoter activ-
ity assay in SH-SY5Y cells. When IFN-y was applied to cells that
were transfected with uBACE-2K or uBACE-1Ka, no increase in
BACE1 promoter activity was observed (Fig. 1C), suggesting that
IFN-y has no effects on BACE1 at the transcriptional level in SH-
SY5Y cells. However we found that phosphorylated STAT1 and nu-
clear translocated STAT1 were detected in unstimulated SH-SY5Y
cells (data not shown). We hypothesized that BACE1 promoter is
constitutively activated by STAT1 in SY5Y cell. To test our hypoth-
esis, nuclear extracts from both U373MG and SY5Y cells were incu-
bated with biotin-labeled STAT1 probes for BACE1 promoter, and
then EMSA was performed to measure the level of STAT1. A band
that represented the protein-DNA complex appeared in the nucle-
ar extracts of IFN-y-treated U373MG cells (left panel, Fig. 1D).
Interestingly, protein-DNA complex appeared in PBS-treated SH-
SY5Y cells, the interaction of which was unchanged despite treat-
ment with IFN-y (right panel, Fig. 1D). These data indicate that
STAT1 is highly existed in the nucleus and binds to the BACE1 pro-
moter on non-stimulated SH-SY5Y cells.

Inhibition of STAT1 attenuates endogenous BACE1 expression in SH-
SY5Y cells

To determine whether basal expression of BACE1 was due to
constitutive binding of STAT1 to the BACE1 promoter in SH-SY5Y
cells, we inhibited STAT1 activity. Treatment of SH-SY5Y cells with
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Fig. 1. Constitutive BACE1 expression in SH-SY5Y was not affected by IFN-y. (A) U373MG and differentiated SH-SY5Y cells were stimulated with 100 ng/ml IFN-y in serum-
free media for 24 h. Representative Western blot analysis of cell lysates using BACE1 and endogenous actin antibody are shown. Arrow head; BACET1, asterisk; non-specific
band. (B) In vitro peptide cleavage assay for BACE1 activity. (C) BACE1 promoter activity on SH-SY5Y was measured using pGL3-Basic that contained the BACE1 upstream
region: 1Ka (uBACE-1Ka) and 2K (uBACE-2K). (D) The cells were incubated with PBS (P) or IFN-v (I) for 30 min, and then the nuclear extracts were obtained. Gel shift assay
was performed using biotin-labeled probes against the STAT1 binding sequences. NE, nuclear extracts; Probe, biotin-labeled probes; Comp, competitor; arrowheads, STAT1/
DNA complex; arrow, free probes.
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Fig. 2. Inhibition of STAT1 attenuates endogenous BACE1 expression in SH-SY5Y cells. (A) BACE1 promoter activity was measured from uBACE-2K transfected SH-SY5Y cells
that were incubated with various doses of AG490 (0, 5, 25, and 50 uM) for 24 h. The activity was compared and presented as % of the 0 pM AG490 treatment. (B) uBACE-2K
with SOCS1- or SOCS3-encoding constructs and (C) uBACE-2K with pcDNA3-dnSTAT1 (Y701F) constructs were co-transfected into SH-SY5Y cells for 24 h, BACE1 promoter
activity was measured and presented as % of the mock vector. Representative Western blot analysis of cell lysates using BACE1 and actin antibody are shown (inset).
Arrowhead, BACE1; asterisk, non-specific band; Mock, empty vector.
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AG490, a JAK2/STAT1 inhibitor, reduced BACE1 promoter activity
in a dose-dependent manner (Fig. 2A). Because SOCS1 and SOCS3
block JAK2 activation [20,21], cDNA constructs that encoded the
SOCS genes were transfected into SH-SY5Y cells. The expression
of both SOCS1 and SOCS3 diminished endogenous BACE1 promoter
activity substantially (p < 0.05 Fig. 2B). In addition, BACE1 protein
levels were reduced when SOCS1 and SOCS3 were overexpressed
in SH-SY5Y cells (Fig. 2B, inset). When dominant-negative STAT1
(dnSTAT1) was overexpressed in SH-SY5Y cells, BACE1 promoter
activity decreased (Fig. 2C). Moreover, BACE1 protein levels dwin-
dled when dnSTAT1 was transfected into SH-SY5Y cells (Fig. 2C in-
set). Taken together, abrogation of STAT1 function attenuates
endogenous BACE1 expression in SH-SY5Y cells, indicating that
constitutive BACE1 expression is tightly associated with STAT1
activity in neurons.
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AG490 attenuates BACE1 expression and Af generation in primary
cultured neurons and mouse brains

To examine the involvement of JAK2/STAT1 signaling in neuro-
nal BACE1 expression, we treated primary cultured neurons from
E16 mouse brains with AG490. Phosphorylated JAK2 and STAT1
were detected in untreated cells, indicating that JAK2/STAT1 sig-
naling was constitutively active in primary neurons. AG490 re-
duced phospho-JAK2 and STAT1 levels dose-dependently
(Fig. 3A). Under the same conditions, BACE1 protein levels also
were down regulated (Fig. 3A), suggesting that AG490 reduces
endogenous BACE1 levels by interrupting constitutive JAK2/STAT1
signaling in neurons. Because neuronal BACE1 protein levels were
decreased by AG490, the extent of AB40 generation was measured.
AG490 treatment for 24 h lowered secreted and intracellular AB40
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Fig. 3. AG490 attenuates BACE1 expression and AB generation in primary cultured neurons and mouse brains. (A) Various doses of AG490 (0, 1, 5, and 10 uM) were
administrated to mouse primary cultured neurons for 24 h. Total lysates were analyzed by Western blotting to observe the levels of pJAK2/JAK2, pSTAT1/STAT1, and BACE1.
(B and C) Secreted and intracellular AB40 level were measured from mouse neuron cultures described in A. (D) AG490 treated group decreased BACE1 staining (red) in NeuN
positive cells (green) compared to PBS treated group. Box in merged figure represented lower BACE1 expression in neurons. (E) The anti-BACE1 negative cells among anti-
NeuN positive cells were counted from PBS (n = 3) and AG490 (n = 5) injected mice brain sections. White bar; PBS-injected mice, black bar; AG490-injected mice. *p <0.05, t-
test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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levels (Fig. 3B and C, respectively). These results indicate that inhi-
bition of constitutively active JAK2/STAT1 signaling attenuates
endogenous BACE1 levels as well as AB generation in neurons. To
ensure the effects of JAK2/STAT1 on neuronal BACE1 levels
in vivo, AG490 was injected into mouse brain. The mouse brain sec-
tions were immunostained using anti-BACE1 and anti-NeuN anti-
bodies (Fig. 3D). Since AG490 treatment reduced BACE1
expression in neurons, the number of anti-BACE1 negative cells
with anti-NeuN positive cells was significantly increased compared
to PBS treated groups (Fig. 3E). It is implying that BACE1 expression
in neurons is attenuated by AG490 injection into mouse brains.

Discussion

Neurons are a primary source of AB in the brain, because BACE1,
a rate-limiting secretase of AB generation, is expressed in neurons
but not astrocytes [22-25]. Cho et al. [17] reported that IFN-v, a
proinflammatory cytokine, modulates astrocytic BACE1 gene
expression at the transcription level by activating STAT1. JAK2
and ERK1/2 phosphorylate Tyr701, and Ser727 of STAT1, respec-
tively, following the direct interaction of activated STAT1 with spe-
cific binding sites in the human BACE1 promoter region. Further,
astrocytic BACE1 expression was observed in mouse brains that
were injected with IFN-y. Neuronal BACE1 levels, however, did
not change on administration of IFN-y.

To investigate the regulation mechanism of BACE expression in
neuron, we used human SH-SY5Y neuroblastoma, U373MG astro-
cytoma cells, and mouse primary cultured neurons. Our results re-
veal that SH-SY5Y cells, in contrast to U373MG, did not show
significant changes on the enzymatic function, transcriptional
activity, or protein levels of BACE1 by IFN-y treatment. However,
we found that SH-SY5Y cells have abundant STAT1 in nucleus
and higher promoter activity than U373MG cell. We observed that
differentiated as well as undifferentiated SH-SY5Y cells harbored
constitutively phosphorylated JAK2 and STAT1, and pSTAT1 pro-
teins were translocated into the nucleus in the absence of IFN-y
(data not shown). In addition, we found phosphorylated JAK2
and STAT1 on mouse primary cultured neuron. These results
suggest that BACE1 is constitutively expressed in neurons and neu-
roblastoma cell line. Also, it is due to endogenous STAT1 binding to
the BACE1 promoter, regardless of the presence of IFN-vy.

Inhibition experiments that blocked constitutive JAK2/STAT1
activation using AG490, SOCS1 or 3 expression, or dnSTAT1 expres-
sion in primary cultured neurons as well as in SH-SY5Y cells dem-
onstrated that basal levels of BACE1 transcription were reduced in
neurons. Furthermore, stereotaxic injection of AG490 into mouse
brains downregulated neuronal BACE1 levels, and AG490 treat-
ment impeded generation of AB as well as of BACE1 proteins in pri-
mary cultured neurons by blocking constitutive JAK2/STAT1
activation. JAK2 is activated by cytokines and numerous growth
factors [26]. Binding of JAK2 to its receptor causes receptor oligo-
merization and autophosphorylation of JAK2 [27]. Although little
is known about the molecular mechanisms that underlie constitu-
tive activation of the JAK2 pathway, several studies have reported
that constitutive JAK2 activation has cytokine- and growth
factor-independent effects in several cell types [28,29]. For exam-
ple, constitutive JAK2/STATS5 activation is accompanied by cell pro-
liferation in the factor-independent Dami/HEL and Meg-01
leukemic cell lines, the nuclear extracts of which express constitu-
tively active STATS5 in the absence of cytokine stimulation [29]. In
addition, several groups have reported on cytokine receptor-inde-
pendent JAK2 activation [30-32]. Ferrand et al. [32] showed that G
protein-coupled receptors (GPCRs) are associated with activation
of the JAK2 signaling pathway. Like cytokine receptors, GPCRs acti-
vate JAK kinases and STAT family members. Future studies are re-

quired to identify the underlying mechanism of constitutive
activation of the JAK2/STAT1 pathway in neurons. Inhibition of
BACE1 is considered to be an attractive target for AD therapy,
although complete elimination of BACE1 has been shown to elicit
several side effects in mice, such as reduction of myelination and
cognitive deficiencies [13,33,34]. Because JAK2/STAT1 signal trans-
duction is associated with BACE1 expression in both neurons and
astrocytes, it may be a more effective target in preventing BACE1
and AB generation in the brain.
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