
Inhibitor of Differentiation-1 and Hypoxia-Inducible Factor-1
Mediate Sonic Hedgehog Induction by Amyloid Beta-Peptide
in Rat Cortical Neurons

Yu-Hsing Hung & Shih-Hsin Chang & Chao-Tzu Huang &

Jiu-Haw Yin & Chi-Shin Hwang & Liang-Yo Yang &

Ding-I Yang

Received: 14 August 2014 /Accepted: 2 December 2014 /Published online: 15 December 2014
# Springer Science+Business Media New York 2014

Abstract One major pathological hallmark of Alzheimer’s
disease (AD) is the accumulation of senile plaques mainly
composed of neurotoxic amyloid beta-peptide (Aβ) in the
patients’ brains. Sonic hedgehog (SHH) is a morphogen crit-
ically involved in the embryonic development of the central
nervous system (CNS). In the present study, we tested whether
Aβ may induce SHH expression and explored its underlying
mechanisms. We found that both Aβ25-35 and Aβ1-42 en-
hanced SHH expression in the primary cortical neurons de-
rived from fetal rat brains. Immunohistochemistry revealed
heightened expression of SHH in the cortex and hippocampus
of aged (9 and 12 months old) AD transgenic mouse brains as
compared to age-matched littermate controls. Chromatin im-
munoprecipitation (ChIP) assay demonstrated that Aβ25-35
enhanced binding of hypoxia-inducible factor-1 (HIF-1) to the
promoter of the Shh gene in primary cortical cultures; consis-
tently, Aβ25-35 induction of SHH was abolished by HIF-1α
small interfering RNA (siRNA). Aβ25-35 also time-
dependently induced inhibitor of differentiation-1 (Id1) that

has been shown to stabilize HIF-1α; further, Aβ25-35-
mediated induction of HIF-1α and SHH was both suppressed
by Id1 siRNA. Pharmacological induction of HIF-1α by
cobalt chloride and application of the cell-permeable recom-
binant Id1 proteins were both sufficient to induce SHH ex-
pression. Finally, both the SHH pathway inhibitor
cyclopamine and its neutralizing antibody attenuated Aβ cy-
totoxicity, albeit to a minor extent. These results thus
established a signaling cascade of “Aβ→Id1→HIF-1→
SHH” in primary rat cortical cultures; furthermore, SHH
may in part contribute to Aβ neurotoxicity.
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Introduction

Alzheimer’s disease (AD) is the most common cause of demen-
tia in the elderly. One of themajor pathological hallmarks of AD
is the accumulation of extracellular senile plaques containing
aggregation of amyloid beta-peptide (Aβ), the neurotoxic pep-
tide fragment derived from the cleavage of amyloid precursor
protein (APP) sequentially by β- and γ-secretase [1, 2]. In
addition to causing neuronal demise, Aβ is also known to
induce the expression of specific genes via activation of such
transcription factors as hypoxia-inducible factor-1 [3] and nu-
clear factor-kappaB (NF-κB) [4] in neurons. Aβ-dependent
activation of transcription factors with resultant expression of
specific target genes may either contribute to Aβ neurotoxicity
[5] or, alternatively, represent an endogenous protective re-
sponse under the stressful conditions of Aβ exposure [6].

The sonic hedgehog (Shh) gene is a mammalian member of
the hedgehog family known to regulate polarity of the central
nervous system (CNS) [7]. Physiologically, SHH is renowned
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for its function as a morphogen that directs ventral patterning in
the spinal cord [8]. Once secreted, the biologically active N-
terminal fragment of SHH protein (SHH-N) exerts its actions
through binding to the Patched [9], a 12-pass transmembrane
protein that, in the absence of SHH-N, suppresses another 7-
pass transmembrane protein called Smoothened [10].
Activation of Smoothened by SHH-N then stimulates its down-
stream transcription factors of the Gli family [11], leading to the
expression of specific target genes. These include N-Myc [12],
Bcl-2 [13], and Bmi1 [14] that participate respectively in the
regulation of proliferation, survival, and self-renewal.

Inhibitor of differentiation (Id) is a family of helix-loop-helix
(HLH) proteins containing four members, Id1 to Id4, in mam-
malian cells [15]. These proteins do not contain the essential
motif for specific DNA binding as in other bHLH transcription
factors [16]. Instead, Id inhibits bHLH proteins via formation of
a nonfunctional complex in a dominant negative fashion, thus
negatively regulating these bHLH factors [15, 16]. Because the
Id substrates, including MyoD, E12, and E47 [16], all partici-
pate in differentiation, Id proteins play a pivotal role in cell fate
determination and cell cycle progression [15, 17].

Hypoxia-inducible factor-1 (HIF-1), a key regulator of
mammalian oxygen homeostasis, is a heterodimeric protein
complex consisting of an oxygen-sensing alpha (HIF-1α)
subunit and a constitutively expressed beta (HIF-1β) subunit
[18, 19]. In response to hypoxia, HIF-1 dimers enter the
nucleus and bind to the consensus sequence 5′-RCGTG-3′
within the promoters of its target genes [20]. Under both
physiological and pathological conditions, activation of HIF-
1 may contribute to the modulation of multiple cellular adap-
tive responses to hypoxia including angiogenesis, cell prolif-
eration, glucose catabolism and energy metabolism, synthesis
of fatty acids and glycogen, as well as pH regulation [21, 22].
In addition to being regulated by cellular oxygen tension
under hypoxia, HIF-1α may also be induced by cobalt chlo-
ride under a normoxic condition [23].

AD is a chronic neurodegenerative disorder that afflicts
mostly the aging population. SHH is a morphogen that plays
a critical role in the embryonic development of the nervous
system. The potential correlation between Aβ, the main neu-
rotoxic component of senile plaques in the AD brains, and
SHH has been elusive. In this study, we characterized the
molecular mechanisms underlying Aβ-induced SHH and ex-
plored the potential SHH effects on Aβ toxicity in primary
cortical neurons.

Materials and Methods

Reagents and Preparation of Aβs

The HIF-1 inhibitor 2-methoxyestradiol (2ME2; Cat. No.
M6383; Sigma, St. Louis, MO, USA) was dissolved in

dimethyl sulfoxide (DMSO; Cat. No. JTB-9033-04; Capitol
Scientific, Inc., Austin, TX, USA) as a stock solution of
10 mM. Cobalt chloride (CoCl2; Cat. No. C8661; Sigma)
was dissolved in autoclaved ddH2O as a stock solution of
0.5 M. The recombinant human Id1 protein (amino acids 2–
155) with an 11-arginine tag on its C-terminus was purchased
fromAbcam (Cat. No. ab134896; Cambridge,MA, USA) as a
stock solution of 1 mg/ml. The Smoothened inhibitor
cyclopamine (CPM; Cat. No. GR-334; Biomol International,
LP, Plymouth Meeting, PA, USA) was prepared as a 10-mM
stock solution in DMSO. The rabbit polyclonal antibody of
SHH capable of neutralizing its biological functions was
prepared as a stock solution of 200 μg/ml (Cat. No. sc-9024;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA).

Preparation of Aβ was based on our previously published
paper [24]. Aβ25-35 (Cat. No. A4559; Sigma) was dissolved
in autoclaved ddH2O to make a stock solution of 2 mM,
dispensed into aliquots, and immediately stored at −80 °C
until use. One day prior to experimentation, aliquots of Aβs
were incubated at 37 °C for 24 h to allow aggregation. Aβ1-
42 (Cat. No. 20276; AnaSpec, Inc., San Jose, CA, USA) was
prepared based on a previous report [25]. Briefly, Aβ1-42 was
first resuspended in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP;
Cat. No. 100528; Sigma) to make a stock solution of 1 mM
and then dispensed into aliquots. Thereafter, HFIP was
allowed to evaporate in the lamina flow overnight and stored
at −80 °C until use. Prior to experimentation, Aβ1-42 was
reconstituted in dry DMSO (Cat. No. 1029310500; Merck,
Darmstadt, Germany) to make a stock solution of 5 mM,
diluted to 100 μM in 1× phosphate-buffered saline (PBS),
and then incubated at 4 °C for 24 h to allow aggregation.

Primary Cortical Culture and AD Transgenic Mice

All the procedures for animal care and preparation of
fetal rat cortical cultures were performed humanely in
accordance with the guidelines described in the “User
Manual of Laboratory Animal Center at National Yang-
Ming University.” Primary cortical cultures were pre-
pared from embryonic day 18 (E18) fetal Sprague–
Dawley (SD) rat brains as previously described [26].
The cells were maintained in Neurobasal medium sup-
plemented with B27 (GIBCO/Life Technologies of
Thermo Fisher Scientific Corporation) at 37 °C in a
humidified incubator with 5 % CO2 for 7–9 days
in vitro (DIV) to allow growth of dendrites before
experimentation. The APPswe/PS1dE9 mice were ob-
tained from Jackson Laboratory (Bar Harbor, ME,
USA) and were imported by BioLASCO Taiwan Co.
(Taipei, Taiwan). The mice were housed in a specific
pathogen-free (SPF) environment in the Animal Center
of National Yang-Ming University, Taipei, Taiwan.
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Western Blotting

Western blotting was performed as previously described [27,
28]. The rabbit antibody against SHH (1:500; Cat. No. 2207;
Cell Signaling Technology, Danvers, MA, USA) was diluted
in signal enhancer HIKARI solution 1 (Cat. No. NT08044-
71R; Nacalai Tesque, Kyoto, Japan). The rabbit antibody
against Id1 (1:400; Cat. No. sc-488; Santa Cruz
Biotechnology, Inc.) was diluted in 1× blocking reagent
(Cat. No. B6429; Sigma). The mouse antibody against β-
actin (1:7000; Cat. No. MAB1501; Merck Millipore,
Billerica, MA, USA), rabbit antibody against Sox2 (1:1000;
Cat. No. GTX101507; GeneTex, Irvine, CA, USA), rabbit
antibody against HIF-1α (1:600; Cat. No. NB100-134;
Novus Biologicals, Littleton, CO, USA), and mouse antibody
against NeuN (1:1000; Cat. No. ABN78; Merck Millipore)
were all diluted in blocking buffer (5 % nonfat dry milk in
TBST buffer containing 0.05%Tween 20, 137mMNaCl, and
20 mM Tris–HCl, pH 7.5). The horseradish peroxidase
(HRP)-conjugated anti-rabbit and anti-mouse secondary anti-
bodies were applied in the fresh blocking buffer at 1:5000 to
detect the respective primary antibodies. Immunoreactive sig-
nal was detected using ECL-Plus Western blotting detection
reagents (Merck Millipore). The blots were examined under
the luminescence/fluorescence imaging system LAS-4000
(FUJIFILM, Tokyo, Japan). Quantification of protein expres-
sion was accomplished by using Multi Gauge analysis soft-
ware (FUJIFILM). In all theWestern blotting experiments, the
signal intensity ofβ-actin served as a control for equal loading
of proteins in each lane.

Immunocytochemistry and Immunohistochemistry

For live-labeling SHH, cells were incubated with the SHH
antibody (1:100; Cat. No. 2207; Cell Signaling Technology)
in blocking buffer at room temperature for 10 min prior to
fixation. After washing with PBS, cells were fixed with 4 %
paraformaldehyde and then incubated with the fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit IgG
(1:150, Cat. No. 02-15-06; Kirkegaard & Perry Laboratories,
Inc., Gaithersburg, MD, USA) to recognize the rabbit primary
antibodies. The samples were observed under a laser scanning
confocal microscope Olympus FV1000 (Olympus, Tokyo,
Japan) equipped with filter sets to detect FITC (excitation/
emission: 494 nm/518 nm) fluorescence signal. For double
immunofluorescence staining of SHH and microtubule-
associated protein-2 (MAP-2), cells grown on coverslips were
hybridized with the rabbit antibody against SHH (1:50; Cat.
No. sc-9024; Santa Cruz Biotechnology, Inc.) and the mouse
antibody against MAP-2 (1:150; Cat. No. MAB378;
CHEMICON International, Inc., Temecula, CA, USA) in
blocking buffer at 4 °C overnight. After one wash with PBS,
the goat anti-mouse IgG Dylight 594-conjugated secondary

antibody (1:100; excitation 596 nm/emission 617 nm; Cat.
No. GTX76719; GeneTex, Inc., Irvine, CA, USA) and goat
anti-rabbit IgG HylightFluor 488-labeled secondary antibody
(1:100; excitation 499 nm/emission 523 nm; Cat. No. 61056-
H488; AnaSpec, Inc.) were applied to respectively recognize
the MAP-2 and SHH primary antibodies.

For immunohistochemical staining of SHH, the brain slices
of 30-μm thickness were rinsed with TBS buffer (137 mM
NaCl and 20 mM Tris–Base, pH 7.5), incubated in TBS
containing 0.1 % H2O2 to block intrinsic peroxidase activity,
and washed twice with TBS buffer containing 0.3 % Triton X-
100 (TBST). Sections were then incubated in the blocking
solution containing 6 % normal donkey serum and 4 % bovine
serum albumin (BSA) in TBST buffer for 1 h. This was
followed by incubation with the rabbit antibody against SHH
(1:100; Cat. No. 2207; Cell Signaling Technology) at 4 °C
overnight and then biotinylated anti-rabbit IgG (1:200) at room
temperature for 1 h. The signal was amplified with avidin–
horseradish peroxidase complex (ABCKit; Cat. No. PK-6100;
Vector Labs, Burlingame, CA, USA). Specific binding was
visualized with 0.5 mg/ml diaminobenzidine (DAB; Cat. No.
D5637; Sigma) plus nickel and 0.03 % H2O2 in TBS.

To detect Id1 expression in vivo, the mouse brain slices of
20-μm thickness were washed twice with TBS buffer before
bathing in citric acid (pH 8.0) at 80 °C for 10 min, cooled
down to room temperature, and subsequently washed twice
with TBS. After antigen retrieval, the sections were incubated
in 0.2 % H2O2 in TBS followed by two washes in TBST
buffer. Sections were then incubated in the blocking solution
containing 1 % normal goat serum and 4 % BSA in TBST for
1 h at room temperature. This was followed by incubation
with the mouse antibody against Id1 (1:100; Cat. No. sc-
133104; Santa Cruz Biotechnology, Inc.) at 4 °C overnight.
Afterwards, brain slices were washed three times in TBSTand
then incubated with goat anti-mouse IgG secondary antibod-
ies conjugated with Dylight 594 (1:100; excitation 596 nm/
emission 617 nm; Cat. No. GTX76719; GeneTex, Inc.) at
room temperature for 1 h. After three washes with TBST,
sections were stained with Hoechst 33258 (2.5 μg/ml; Cat.
No. H1398; Molecular Probes/Life Technologies of Thermo
Fisher Scientific Corporation) in TBST at room temperature
for 15 min. Finally, sections were mounted and sealed for
confocal microscopy. The samples were observed under a
laser scanning confocal microscope (Zeiss LSM700,
Oberkochen, Germany).

Real-Time Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)

Total RNA was isolated by RNeasy mini kit from QIAGEN
Inc. (Valencia, CA, USA) before reverse transcription into
complementary DNA (cDNA) by the SuperScript III RNase
H− Reverse Transcriptase kit (Invitrogen/Life Technologies of
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Thermo Fisher Scientific Corporation). For synthesis of the
first-strand cDNA, 2 μg total RNA and 0.5 μg oligo(dT)
primer were preheated at 75 °C for 15 min. The reverse
transcription buffer mixture with a final volume of 20.5 μl
contained 2 U/μl RNaseOUT recombinant ribonuclease in-
hibitor, 0.5 mM dNTP, 5 mM DTT, 1× First-Strand Buffer,
and 5 U/μl SuperScript III RNase H− Reverse Transcriptase.
The mixture was incubated at 42 °C for 90 min to allow
reverse transcription. Real-time PCR primers were designed
using PRIMER EXPRESS software (Version 2.0, Applied
Biosystems/Life Technologies of Thermo Fisher Scientific
Corporation). The primers used were as follows: 5′-TGAC
TGAGGGCTGGGATGA-3′ (forward) and 5′-CCCTG
TCAGACGTGGTGATG-3′ (reverse) for SHH, and 5′-
AGAGACAGCCGCATCTTCTTG-3′ (forward) and 5′-
CGACCTTCACCATCTTGTCTATGA-3′ (reverse) for glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH). Reaction
mixture contained 4 μl of 100× diluted cDNA samples, for-
ward and reverse primers (200 nM for each primer), and 1×
SYBR Green PCR Master Mix (containing nucleotides,
HotStart DNA polymerase, and optimized buffer components;
Protech Technology Enterprise Co., Ltd., Taipei, Taiwan). The
real-time PCR assays were performed on the Applied
Biosystems Prism 7000 sequence detection system by the
following program: 50 °C for 2 min, 95 °C for 10 min, and
then followed by 40 cycles of denaturation at 95 °C for 15 s
and annealing/extension at 60 °C for 1 min. Predicted cycle
threshold (CT) values were exported directly into EXCEL
worksheets for analysis. At the end of chain reaction, a melt-
ing curve was produced by slow denaturation of the PCR end
products to validate the specificity of amplification. GAPDH
served as an internal reference for normalization of amplifi-
cation efficiency.

Chromatin Immunoprecipitation (ChIP) Assay

ChIP assay was accomplished by Manga ChIP™ G (Cat. No.
17-611; Merck Millipore) according to the manufacturer’s
protocols. Cells were washed with 1× PBS and then
crosslinked with 1 % paraformaldehyde at room temperature
for 15 min. Following addition of glycine supplied in the kits,
cells were placed on ice for 5 min, washed twice in PBS, and
then collected in PBS containing the protease inhibitor sup-
plied in the kit. After the nuclei were extracted, chromatin
DNA was subjected to sonication through 60 cycles of 2-s
pulse on and 1-s pulse off on ice. Equal amounts of nuclear
proteins were incubated with 20 μl beads and 16 μg normal
mouse IgG (Cat. No. 12-371; Merck Millipore) or 16 μg
mouse primary antibody against HIF-1α (Cat. No. NB100-
105; Novus Biologicals) at 4 °C overnight. Thereafter, the
samples were sequentially washed by low-salt buffer, high-
salt buffer, LiCl buffer, and TE buffer for 10 min each at room
temperature before addition of elution buffer with 10 μg

protease K. Samples were incubated at 62 °C for 2 h with
shaking followed by incubation at 95 °C for 10 min. The
immunoprecipitated DNAwas extracted from the supernatant
by the spin column provided in the kits for amplification of the
target sequences. The PCR reaction mixtures containing 1 μl
of DNA samples, forward and reverse primers (200 nM for
each primer), and 1× PCR Master Mix (containing nucleo-
tides, DNA polymerase, and optimized buffer components;
Protech Technology Enterprise Co., Ltd.) were subjected to
the following thermocycle program: 94 °C for 3 min followed
by 35 cycles of denaturation at 95 °C for 30 s, annealing at
60 °C for 30 s, and extension at 72 °C for 30 s. The primers
used were as follows: 5′-GCCACCTTG CCCACTCTCG-3′
(forward) and 5′-ACGGCTGCTTCCCCCTTACTTT-3′ (re-
verse). The PCR products were then analyzed by gel electro-
phoresis through agarose gels (Cat. No. UR-AGA001;
UniRegion Bio-Tech, Taiwan) in 0.5× TBE buffer (Cat. No.
UR-TBE-002-1L; UniRegion Bio-Tech, Taiwan).

siRNATransfection

Transfection of small interfering RNA (siRNA) into primary
cortical neurons was performed as previously described [29].
All Accell SMART pool siRNAs were purchased from
Thermo Scientific Dharmacon Inc. (Lafayette, CO, USA).
Cells were incubated with 0.1 μM scrambled siRNA (sc
siRNA) or target siRNA for 72 h in Accell siRNA Deliver
media (Cat. No. B-005000-100; Thermo Scientific
Dharmacon Inc.) supplemented with B27 and additional
28 mM D-(+)-glucose (Cat. No. G7021; Sigma; the final
glucose concentration was 33 mM). At the completion of
siRNA transfection, cells were washed once with
Neurobasal medium containing B27 before proceeding to
experimental manipulations. The four target sequences for
the HIF-1α Accell SMARTpool siRNA mixture were as
follows: 5′-GUAUUAUUCAGCACGACUU-3′, 5′-GCGA
UAUGGUCAAUGUAUU-3′, 5′-UUACUGAGUUGAUG
GGU UA-3′, and 5′-CUCUGAUUUAGCAUGUAGA-3′.
The Id1 siRNA mixture (Id: 25261) contained the following
four sequences: 5′-GUUUU GUAUUGUAUAUUAC-3′, 5′-
CA AACACUUUAGAUAACGU-3′, 5′-GGCUGAGAAU
AUUGUUUUA-3′, and 5′-CCUC AGAACCGCAAAGUG
A-3′. A non-targeting Accell siRNA pool (Cat. No.
D-001950-01-05) was used as the negative control in all
siRNA transfection experiments.

Cell Survival Assays

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) reduction assay was performed as previously de-
scribed [27]. Hoechst staining to assess the extents of cell
survival was performed as described in our previous publica-
tions [30, 31]. Cells were grown on coverslips in 24-well
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culture dishes prior to experimental manipulations. For
counting of Hoechst-stained surviving cells with normal nu-
clear morphology, at least three vision fields were randomly
selected to obtain the averaged numbers of nuclei per vision
field on each coverslip. The “cell survival (%)”was defined as
the mean numbers of surviving cells per vision field in the
experimental groups divided by those of the control cultures
and then multiplied by 100 %.

Statistical Analysis

Results are expressed as mean±SEM from the sample number
(N). For Western blotting, each N represents the results de-
rived from one independent experiment using one different
culture. Representative blots are shown in the upper panels;
combined results derived from quantification of the signal
intensities on these blots are shown in the lower panels. For
immunohistochemical staining of the brain slices from wild-
type and AD transgenic mouse brains, each N represents one
animal. For real-time reverse transcription polymerase chain
reaction (RT-PCR) assay, each N represents the data collected
from one independent experiment using one different culture.
For ChIP assay, eachN represents the results derived from one
independent experiment using one different culture.
Representative images of gel electrophoresis after PCR reac-
tion are shown in the upper panels; combined results derived
from quantification of signal intensities on these images are
shown in the lower panels. ForMTTassays, eachN represents
the data collected from one independent experiment using one
different culture. In each experiment, the assays were per-
formed in triplicates or quadruplicates to obtain the averaged
reading values, which were later calculated into cell survival
in percentage, for each experimental condition. Combined
results from these replicated experiments are shown. For
Hoechst staining, each N represents data collected from a
single coverslip. In any given experiment, mean values of cell
survival in percentage were derived from the combined results
of 3–4 replicated experiments, each using one independent
culture, comprising a total of 9–14 coverslips.

Two groups were compared by Student’s t test. Multiple
groups were first analyzed by one-way analysis of variance
(ANOVA) followed by a post hoc Student–Newman–Keuls
test. A P value of less than 0.05 was considered significant.

Results

Aβs Induce SHH Expression in Primary Cortical Neurons

We first determined whether Aβ may induce expression of
SHH in vitro. Results shown in Fig. 1a indicated that exposure
of primary cortical culture to Aβ25-35 at 10–20 μM for 48 h

significantly enhanced SHH expression. Quantification of
signal intensities on the Western blots revealed that Aβ25-
35 at 10 and 20 μM both achieved similar extents of SHH
induction (2.41±0.25-fold versus 2.51±0.23-fold; 10 μM
Aβ25-35 versus 20 μM Aβ25-35; not significant; Fig. 1a).
Therefore, 10 μM Aβ25-35 was selected as the experimental
condition to test the time dependency of Aβ25-35 effects on
SHH induction. Results indicated that Aβ25-35 at 10 μM
markedly induced expression of SHH at 24–48 h (Fig. 1b).
In addition to Aβ25-35, we also examined the effects of Aβ1-
42, a pathologically more relevant neurotoxic peptide, on
SHH induction in primary cortical cultures. Consistent with
the previous findings, Aβ1-42 at 5 μM also significantly
increased SHH expression at 48 h (Fig. 1c). To observe
SHH induction by Aβ in primary cortical neurons, immuno-
fluorescence staining was conducted. Based on direct labeling
of the live cells, we demonstrated an increased expression
level of SHH in the cortical cells with neuronal morphology
after an episode of 48-h exposure to 10 μM Aβ25-35
(Fig. 1d). Confirming this observation, double immunofluo-
rescence confocal microscopy revealed Aβ-induced expres-
sion of SHH in MAP-2-positive cells, indicative of neuronal
expression of this protein (Fig. 1e). Together, our findings
indicate that both Aβ25-35 and Aβ1-42 are capable of SHH
induction, at least in the primary cortical neurons in vitro.

Expression of SHH in AD Transgenic Mice

Because primary cortical cultures were prepared from fetal rat
brains that may not truly reflect the pathological conditions of
AD despite of their exposure to Aβs, we further characterized
the expression pattern of SHH in the APPswe/PS1dE9 trans-
genic mouse brains in vivo. These mice, which overexpress
human APP with Swedish double mutation and human
presenilin-1 (PS1) with exon 9 deletion in the brains, show
Aβ deposits at 6 months of age [32] and commit more errors
in the water maze test at 13 months [33]. We therefore exam-
ined SHH expression in these ADmice at 6, 9, and 12 months
old. Results derived from immunohistochemistry indicated
that, as compared with wild-type littermate controls of the
same ages, SHH expression levels were substantially higher
in the hippocampi and cortices of the 12-month-old APPswe/
PS1dE9 mice; in contrast, expression of SHH was similar
between APPswe/PS1dE9 mice and wild-type littermate con-
trols at the age of 6 months (Fig. 2a). Furthermore, heightened
expression of SHH was also observed in the cortices and
hippocampi of the 12-month-old wild-type mouse brains as
compared to the younger wild-type animals, suggesting an
increased expression level of SHH in these brain regions
during normal aging, albeit progressing at a slower pace as
compared to AD mice (Fig. 2a). Detailed examination into
specific regions of the hippocampus from the 12-month-old
ADmouse brain at a higher magnification revealed prominent
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SHH staining in the dentate gyrus, CA1, CA3, and
subgranular zone (Fig. 2b). Thus, SHH level is increased in
both hippocampus and cortex, two brain regions most vulner-
able to AD, in the aged APPswe/PS1dE9 mouse brains.

HIF-1 Mediates Aβ-Induced SHH Expression

Prior to characterization of the transcription factor mediating
Aβ induction of SHH, we first examined whether Aβ may

stimulate SHH expression at the transcriptional level. Our data
indicated that Aβ25-35 at 10 μM time-dependently increased
expression of SHH mRNA based on real-time RT-PCR; sta-
tistical significance was achieved beginning at 24 h (Fig. 3a).
This experimental condition was therefore selected for ChIP
assay for transcription factor binding to the Shh gene promoter
upon Aβ exposure. Among several candidates, it was recently
reported that HIF-1 may mediate SHH expression in response
to hypoxia [34]; HIF-1 has also been shown to be activated by

Fig. 1 Induction of SHH proteins
by Aβs in primary cortical
neurons. a, b Primary cortical
cultures were treated with
Aβ25-35 at indicated
concentrations for 48 h (a) or
10 μM Aβ25-35 for indicated
times (b) before detection of SHH
by Western blotting. Mean±SEM
from N=3 in a and N=6 in b.
*P<0.05 compared with the
corresponding control cultures
without Aβ25-35 treatment. c
Cells were treated with 5 μM
Aβ1-42 for 24 or 48 h before
detection of SHH. Mean±SEM
from N=3. *P<0.05 compared
with the control cultures without
Aβ1-42 treatment. d Cells were
exposed to 10 μM Aβ25-35 for
48 h before live immunostaining
of SHH (green) to reveal its
expression. Hoechst 33258
served as counterstaining (blue).
Scale bar=20 μm. Note the
heightened SHH expression upon
Aβ25-35 exposure. e Cells were
exposed to 10 μM Aβ25-35 for
24 h before double
immunofluorescence confocal
microscopy to detect SHH
(green) and MAP-2 (red).
Hoechst 33258 served as
counterstaining (blue). Scale
bar=10 μm. Note the heightened
SHH expression in the
MAP-2-positive primary cortical
neurons upon Aβ25-35 exposure
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Aβ in primary cortical culture [3]. We therefore tested the
potential roles of HIF-1 in Aβ-dependent SHH expression by
ChIP assays using a HIF-1α antibody. Figure 3b depicts a
diagram showing the predicted HIF-1 binding sites on the Shh
promoter as well as the positions of the primer pair designed to
amplify the immunoprecipitated DNA fragment that contains
the HIF-1 binding sites. Results shown in Fig. 3c revealed that
Aβ exposure led to a heightened extent of HIF-1 binding to
the Shh promoter, thus directly demonstrating that Shh is
under the transcriptional control of HIF-1.

We then examined the causal relationship between HIF-1α
expression and SHH induction mediated by Aβ. It has been
shown that 2ME2 can downregulate HIF-1α expression at the
post-transcriptional level [35], thereby functioning as a HIF-1
inhibitor. Results derived from Western blotting showed that
Aβ-induced SHH expression was partially abolished by
2ME2 (Fig. 3d). To firmly establish the crucial roles of HIF-
1 in mediating Aβ-dependent SHH induction, siRNA-
mediated gene-specific knockdown strategy was applied. We
found that transfection of HIF-1α siRNA led to an approxi-
mately 22% reduction in the expression of HIF-1α proteins in

primary cortical cultures (Fig. 3e); upon Aβ25-35 exposure,
this siRNA also markedly inhibited the expression of HIF-1α
proteins (Fig. 3f). More importantly, HIF-1α siRNA partially,
but significantly, attenuated SHH expression by Aβ25-35
(Fig. 3g). Results shown in Fig. 3c–g together firmly establish
the critical roles of HIF-1 in mediating Aβ25-35 induction of
SHH.

While Aβ-mediated SHH induction requires HIF-1 activ-
ity, whether HIF-1 activation alone is sufficient to induce SHH
remained to be determined. To address this issue, we treated
primary cortical cultures with cobalt chloride, which is known
to stabilize HIF-1α [23], and determined the expression level
of both HIF-1α and SHH. Results demonstrated that cobalt
chloride exposure transiently increased expression of HIF-1α
at 8–24 h, which declined at later time points of 40–48 h
(Fig. 3h). Notably, the enhanced HIF-1α expression induced
by cobalt chloride was followed by a progressively heightened
induction of SHH beginning at 16 h and sustained until 48 h
(Fig. 3i). These results confirmed that pharmacological induc-
tion of HIF-1 by cobalt chloride is sufficient to induce SHH in
primary cortical cultures.

Fig. 2 SHH expression in AD
transgenic mouse brains. a AD
transgenic (AD-Tg) mice at the
ages of 6, 9, and 12 months were
sacrificed and brains removed for
immunohistochemistry to assess
the expression levels of SHH in
the cortex (CTX) and
hippocampus (HIP). Wild-type
littermates (WT) at the same ages
served as controls. Representative
micrographs from three different
animals at 6 and 9 months old and
two animals at 12 months old are
shown. Scale bar=400 μm. b
Micrographs of higher
magnification showing
heightened extents of SHH
expression in various brain
regions of AD transgenic mice
(AD-Tg) at 12 months old as
compared to wild-type littermates
(WT) at the same age. CA1 cornu
ammonis 1, CA3 cornu ammonis
3, DG dentate gyrus, SGZ
subgranular zone. Representative
micrographs from two different
animals are shown. Scare
bar=100 μm. Note significantly
higher levels of SHH expression
in the cortex, CA1, CA3, and
dentate gyrus derived from
AD-Tg mouse brains as
compared to those from the WT
controls
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Fig. 3 Involvement of HIF-1 in Aβ-mediated SHH induction. a Primary
cortical cultures were exposed to 10 μM Aβ25-35 for indicated times
before real-time RT-PCR to determine SHH expression at mRNA levels.
Mean±SEM from N=5. *P<0.05 compared with control cultures
without Aβ25-35 treatment. b A diagram showing the promoter region
of the Shh gene and the positions of PCR primers used in ChIP assay. c
Cells were treated with 10 μM Aβ25-35 or empty medium for 24 h
before ChIP assay. Immunoprecipitationwas conducted using 16μg HIF-
1α antibody (HIF-1α Ab). The same amounts of normal mouse IgG
(Mouse IgG) served as the negative control for immunoprecipitation.
Genomic DNA without prior immunoprecipitation was also amplified
using the same set of primers to serve as the positive control (PC) for PCR
reaction. Mean±SEM from N=3. *P<0.05. d Cells were exposed to
10 μM Aβ25-35, 10 μM 2ME2, or both for 48 h before detection of
SHH byWestern blotting. Mean±SEM from N=3. *P<0.05, #P<0.05. e

Cells were transfected with 0.1 μM HIF-1α siRNA (HIF-1α siRNA) or
scrambled siRNA (sc siRNA) for 72 h before detection of HIF-1α
expression. Mean±SEM from N=4. *P<0.05. f Cells were transfected
with 0.1 μM HIF-1α siRNA (HIF-1α siRNA) or scrambled siRNA (sc
siRNA) for 72 h. This was followed by exposure to 10 μM Aβ25-35 for
additional 24 h before detection of HIF-1α expression.Mean±SEM from
N=4. *P<0.05, #P<0.05. g The experimental conditions were the same
as in f except that SHH expression was assessed 48 h after exposure to
10 μM Aβ25-35. Mean±SEM from N=5. *P<0.05, #P<0.05. h, i
Primary cortical cultures were treated with 400 μM cobalt chloride
(CoCl2) for indicated times before detection of HIF-1α (h) and SHH
(i). Cells incubated in the empty medium without cobalt chloride for the
same periods of time served as corresponding negative controls. Mean±
SEM from N=4–7 in h and N=3–6 in i. *P<0.05 as compared to the
corresponding control cultures without cobalt chloride treatment
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Fig. 3 (continued)
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Id1 Induction by Aβ25-35 in Differentiated Primary Cortical
Cultures and Id1 Expression in AD Transgenic Mice

Id1 is a member of the Id protein family critically involved in
the regulation of cellular differentiation, cell cycle progres-
sion, senescence, and apoptosis in cancer cells [36]. In the
nervous system, Id proteins function as a negative regulator of
differentiation that also increase self-renewal and proliferation
potential of cortical neural stem cells (NSCs) while inhibiting
neuronal differentiation [37]. However, its potential roles in
AD have never been explored. Interestingly, Id1 has been
shown to upregulate HIF-1 activity via stabilization of HIF-
1α proteins [38, 39]. We therefore tested the possibility that
Id1 may act upstream of HIF-1 to induce SHH expression
associated with Aβ exposure. Because our primary cortical
cultures consist of the proliferating NSCs at DIV 1 and mostly
the differentiated cortical neurons at DIV 9, we first examined
the expression profile of Id1 in the cortical cultures during the
process of differentiation in vitro. Using NeuN as a marker
protein for mature neurons, we observed progressively de-
clined expression of Id1 from DIV 1 to 9; this was accompa-
nied by an increased cellular extent of NeuN proteins
(Fig. 4a), indicating downregulation of Id1 during differenti-
ation of our primary cortical neurons in vitro. In addition to
Id1, we also examined the expression pattern of HIF-1α
during in vitro differentiation. We found that, unlike the
continued decrease in the expression level of Id1, a transient
increase in the cellular contents of HIF-1α was noted from
DIV 4 to 6, achieving maximal extent at DIV 5 and declining
thereafter at DIV 9 (Fig. 4b). These results indicated that, at
least in the fully differentiated cortical neurons, downreg-
ulation of Id1 during differentiation is accompanied by an
attenuated expression level of endogenous HIF-1α from
DIV 5 to 9.

Once the expression profiles of Id1 and HIF-1α were
established during differentiation of primary cortical neurons,
we then examined the Aβ effects on the expression of Id1
protein, which has never been reported before. When the
primary cortical cultures at DIV 9 were exposed to 1–20 μM
Aβ25-35 for 24 h, we detected a dose-dependent increase of
Id1 expression in these cells (Fig. 4c). At 10 μM, Aβ25-35
also enhanced Id1 expression in the primary cortical cultures
at DIV 9 after an episode of 24- or 48-h exposure (Fig. 4d). In
the AD transgenic mouse brains, heightened expression of Id1
was detected, as compared to the age-matched wild-type
littermate controls, in the dentate gyrus of the hippocampus
derived from the 12-month-old APPswe/PS1dE9 mice
(Fig. 4e); similar results were observed in the cortices of 12-
month-old AD mice (data not shown). These results were
consistent with our observation that SHH was induced in the
same brain regions of the aged AD mice (Fig. 2b). Together,
these findings indicate an increased expression level of Id1 in
the differentiated primary cortical cultures upon Aβ exposure

and in the aged AD transgenic mouse brains, similar to those
observed for SHH.

Id1 Acts Upstream of HIF-1 in Mediating SHH Induction
by Aβ

To demonstrate the causative relationship between induction
of Id1 and SHHbyAβ, we first tested the knockdown efficacy
of Id1 siRNA. We found that transfection of Id1 siRNA
resulted in an approximately 35 % reduction in the expression
level of Id1 proteins (Fig. 5a). Upon Aβ25-35 exposure, this
siRNA suppressed Id1 induction by Aβ25-35 down to the
basal level (Fig. 5b). More importantly, Id1 siRNA also
completely inhibited the induction of SHH mediated by
Aβ25-35 (Fig. 5c). We then determined whether Aβ-
induced Id1 may act upstream of HIF-1 in primary rat cortical
cultures. Western blots reveal that Id1 siRNA, but not sc
siRNA, markedly suppressed HIF-1α induction by Aβ25-
35; quantitative analyses of signal intensities on the immuno-
blots confirmed this finding (Fig. 5d). These results thus
established the causal relationship between Aβ-induced Id1
and HIF-1α. However, it has been shown that HIF-1 may
mediate the expression of Id2, another Id family member, in
hypoxic neuroblastoma cells [40]. To explore the possibility
of HIF-1-dependent Id1 induction in the primary cortical
cultures exposed to Aβ, we also tested whether HIF-1α
siRNA was capable of blocking Id1 expression induced by
Aβ. Results shown in Fig. 5e appeared to negate this possi-
bility because HIF-1α siRNA failed to suppress Aβ25-35-
dependent Id1 induction (2.33±0.40-fold versus 2.75±0.30-
fold; Aβ25-35+sc siRNA versus Aβ25-35+HIF siRNA; not
significant). This finding ruled out the possible positive
feedforward regulation between Aβ-induced Id1 expression
and HIF-1 activation, thus firmly establishing the notion that
Aβ-induced Id1 acts upstream of HIF-1, but not vice versa. In
addition to HIF-1, another transcription factor known to reg-
ulate SHH expression is Sox2 [41]. However, Sox2 is unlikely
to be involved in Aβ-dependent SHH induction. As shown in
Fig. 5f, Aβ25-35 failed to enhance Sox2 expression (0.84±
0.33-fold in Aβ25-35+sc siRNA group; not significant as
compared to the sc siRNA group); further, Id1 siRNA did
not show any significant effects in suppressing Sox2 expres-
sion (0.84±0.33-fold versus 0.98±0.34-fold; Aβ25-35+sc
siRNA versus Aβ25-35+Id1 siRNA; not significant).
Potential roles of Sox2 were therefore not further investigated.

Because pharmacological stabilization of HIF-1α by cobalt
chloride (Fig. 3h) was sufficient for SHH induction (Fig. 3i),
we also tested whether exogenous recombinant Id1 proteins
may exert similar effects. To achieve this, a commercially
available human Id1 protein tagged with a peptide containing
11 arginines (Id1-Tag), thus rendering it cell-permeable, was
used in the present study. We first confirmed the permeability
of these Id1-Tag proteins through the plasma membrane of
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Fig. 4 Aβ induction of Id1 and expression of Id1 in AD transgenic
mouse brains. a, b Proteins were extracted from the primary cortical
cultures during DIV 1 to 9 before detection of NeuN and Id1 in a and
HIF-1α in b. Mean±SEM from N=3 in a and N=4 in b. *P<0.05 as
compared to DIV 1. c, d Primary cortical cultures were treated with
Aβ25-35 at indicated concentrations for 24 h (c) or with 10 μM
Aβ25-35 for indicated times (d) before detection of Id1. Mean±
SEM from N=3 in both c and d. *P<0.05 as compared to the
corresponding controls without Aβ25-35 treatment. e AD transgenic

(AD-Tg) mice and wild-type (WT) littermates at the age of 12 months
were sacrificed and their brains removed for immunohistochemistry
to assess the expression levels of Id1 (red) in the hippocampus
(HIP). Hoechst 33258 served as counterstaining (blue). The white
arrows indicate the Id1-positive cells in the dentate gyrus (DG) of
the hippocampus derived from the 12-month-old AD mouse brains.
Scale bar=200, 50, and 10 μm in the upper, middle, and lower
panels, respectively. Representative images from three WT and three
AD-Tg mice are shown
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cells. Western blots demonstrated that, after incubation for 2
or 8 h with the recombinant proteins at 4 μg/ml, significantly
higher amounts of Id1-Tag with a predicted molecular weight
of 18–19 kD were detectable in the protein lysates derived
from primary cortical cultures; in addition, a much weaker
signal of endogenous Id1 proteins with a molecular weight of
14 kD was also observed in the cultures with or without Id1-
Tag treatment (Fig. 5g). In accordance with the notion that Id1

acts upstream of HIF-1 with induction of SHH, Id1-Tag at
4 μg/ml markedly enhanced the expression levels of both
HIF-1α (Fig. 5h) and SHH (Fig. 5i) in primary cortical cul-
tures. These findings indicate that Id1 protein alone is suffi-
cient to induce expression of both HIF-1α and SHH, at least in
this experimental system. Taken together, our results support
the signaling cascade of “Aβ→Id1→HIF-1→SHH” in pri-
mary cortical cultures derived from fetal rat brains.

Fig. 5 Involvement of Id1 in Aβ-mediated SHH induction. a Primary
cortical cultures were transfected with 0.1 μM Id1 siRNA (Id1 siRNA) or
scrambled siRNA (sc siRNA) for 72 h before detection of Id1 expression.
Mean±SEM from N=3. *P<0.05. b–d Cells were transfected with
0.1 μM Id1 siRNA (Id1 siRNA) or scrambled siRNA (sc siRNA) for
72 h. This was followed by exposure to 10 μM Aβ25-35 for additional
24 h before detection of Id1 (b), SHH (c), or HIF-1α (d). Mean±SEM
from N=3. *P<0.05, #P<0.05. e Cells were transfected with 0.1 μM
HIF-1α siRNA (HIFnn1α siRNA) or scrambled siRNA (sc siRNA) for
72 h. This was followed by exposure to 10 μM Aβ25-35 for additional
24 h before detection of Id1.Mean±SEM fromN=3. *P<0.05 compared
to the cells transfected with sc siRNA but without exposure to Aβ25-
35. The “ns” denotes “not significant.” f Cells were transfected with
0.1 μM Id1 siRNA (Id1 siRNA) or scrambled siRNA (sc siRNA) for

72 h. This was followed by exposure to 10 μM Aβ25-35 for additional
24 h before detection of Sox2. Mean±SEM from N=5. The “ns”
denotes “not significant.” Note that Aβ25-35 failed to induce Sox2
and Id1 siRNA has no significant effects on Sox2 expression. g
Primary cortical cultures were treated with or without 4 μg/ml
recombinant Id1 protein tagged with 11 arginines (Id1-Tag) for 2 or
8 h before Western blotting to detect the expression level of Id1. Note
the strong signal of Id1-Tag (molecular weight 18.5 kD) in the cells
exposed to the recombinant Id1 proteins; endogenous Id1 proteins
(molecular weight 14 kD) were also detectable, albeit to a much lesser
extent, in all the cortical cultures. h, i Cells were treated with
4 μg/ml Id1-Tag for 8 h before Western blotting to detect the
expression levels of HIF-1α (h) and SHH (i). Mean±SEM from N=4
in h and N=3 in i. *P<0.05
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SHH Induced by Aβ Contributes to Aβ Cytotoxicity

We have delineated the underlyingmechanismsmediating Aβ
induction of SHH. However, the potential biological functions
of the Aβ-induced SHH remained obscure. The steroidal
alkaloid cyclopamine is the most commonly used SHH inhib-
itor that abolishes its Smoothened-dependent activity [42].We
therefore first examined the effects of cyclopamine on the

cytotoxicity of Aβ25-35 in primary rat cortical cultures.
Results derived from MTT reduction assay (Fig. 6a) and
counting of Hoechst-stained surviving cells with normal nu-
clear morphology (Fig. 6b) both revealed partial, but statisti-
cally significant, protective effects of cyclopamine against
Aβ25-35 toxicity. In addition to a Smoothened-dependent
action, SHH may also trigger Patched-dependent signaling
pathways independent of Smoothened that affect apoptosis

Fig. 5 (continued)
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[43]. Therefore, we applied the neutralizing antibody against
SHH to knock down its biological functions. Similar to
cyclopamine, results derived from the MTT assay revealed
that suppression of SHH activity exerted a modest (percent
cell survival: 49 % in Aβ25-35 group versus 61 % in Aβ25-
35+CPM group), but statistically significant, protective effect
(Fig. 6c). Together, results shown in Fig. 6 suggest that SHH
induced by Aβs appears to mediate, at least partially, its
cytotoxic effects.

Discussion

In the current study, we have demonstrated heightened SHH
expression in aged AD transgenic mice in vivo and further
established a signaling cascade of Aβ→Id1→HIF-1→SHH
in primary cortical neurons in vitro. While the potential path-
ophysiological roles of SHH in AD remain to be fully defined,
it is intriguing to note that a morphogen like SHH critical for
embryonic development can be induced during progression of
AD, a chronic neurodegenerative disorder often afflicting
aging populations. Recently, increased SHH signaling was
reported in the hippocampi derived from aged AD transgenic
mice overexpressing human APP with the Swedish double
mutations (APP23 mice) and human AD patients [44]. The
authors further demonstrated that, in hippocampal progenitor
cells, Aβ1-42 upregulates SHH while decreasing Patched1–
Gli1 signaling that together lead to impaired neurogenesis
accompanied by heightened astrogenesis in AD brains [44].
Despite the elevated SHH levels in the hippocampus derived
from aged APP23 mice and in the Aβ-treated hippocampal
neural stem cells/glial precursor cells (NSCs/GPCs), direct
impacts of the increased SHH proteins on the differentiated
hippocampal neurons were not examined in that report [44]. In
our in vitro cultures mainly composed of post-mitotic cortical
neurons from DIV 7 to 9, we found that both Aβ25-35 and
Aβ1-42 were capable of SHH induction in differentiated
neurons based on immunocytochemistry (Fig. 1d, e).
Intriguingly, inhibition of Aβ-induced SHH signaling, either
by pharmacological inhibition using cyclopamine or by the
SHH-N neutralizing antibody, abolished Aβ neurotoxicity,
albeit to a minor extent (Fig. 6). This finding was initially
unexpected given that SHH has previously been shown to
protect primary cortical neurons against mitochondrial inhibi-
tion [45] and confer resistance to cardiomyocytes against
oxidative stress induced by hydrogen peroxide [46]. At pres-
ent, we are unable to provide a plausible explanation to this
seemingly contradictory result. One possibility is SHH-
dependent stimulation of cell cycle re-entry in fully differen-
tiated post-mitotic neurons, thereby causing neuronal apopto-
sis. Additional studies are required to confirm this contention.

Fig. 6 Effects of SHH induced by Aβ25-35 on cell survival. a, b
Primary cortical cultures were treated with 10 μM Aβ25-35 with or
without 20 μM CPM for 48 h before determination of cell survival by
MTT assay (a) or Hoechst staining (b). Mean±SEM from N=4 in a and
N=9 in b. c Cells were treated with 10 μMAβ25-35 with 1 μg/ml SHH
neutralizing antibody or 1 μg/ml normal rabbit IgG for 48 h before
determination of cell survival by Hoechst staining. Mean±SEM from
N=4. *P<0.05, #P<0.05
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SHH has been shown to be expressed in embryonic brain
cortices [47], consistent with our finding that basal level of
SHHwas detected in primary cortical neurons derived from E-
18 fetal rat brains (Fig. 1a, b). Initially, we speculated that Aβ-
induced SHH expression in the neurons derived from fetal rat
cortices may represent an artifact irrelevant to AD. However,
results derived from immunohistochemistry using APPswe/
PS1dE9 mice of various ages revealed that SHH was indeed
expressed at higher levels in hippocampus and cortex, two
brain regions vulnerable to AD, derived from the 12-month-
old ADmouse brains as compared to those from the wild-type
littermate controls at the same ages (Fig. 2). Actually, height-
ened expression of SHH was observed in the cortices and
hippocampi of the 12-month-old wild-type mouse brains as
compared to the younger wild-type animals, suggesting an
increased expression level of SHH during normal aging, albeit
progressing at a slower pace as compared to AD mice
(Fig. 2a). Interestingly, in the hippocampi of APP23 mice,
elevated SHH levels were observed at 3, 12, and 24 months
old, in which the most prominent elevation in SHH expression
was also detected at the age of 12months [44]. Together, these
previous results and our own findings thus confirm that Aβ
may induce SHH expression in vitro and increased SHH level
can be observed in vivo in two distinct lines of AD transgenic
mice, namely APPswe/PS1dE9 and APP23.

After confirmation of Aβ-induced SHH in vitro and
in vivo, we sought to identify the transcription factor respon-
sible for this effect. Thus far, at least three transcription factors
have been reported to activate SHH, including HIF-1 [34, 48],
Sox2 [41], and nuclear factor-κB (NF-κB) [49, 50]. In the
current study, we provided evidence supporting the critical
roles of HIF-1 in mediating Aβ-dependent SHH induction;
indeed, cobalt chloride-dependent activation of HIF-1α is
sufficient to induce SHH (Fig. 3h, i). Although Sox2 has been
shown to induce SHH expression in NSCs and mediate
neurogenesis in the hippocampus [41], at least in this exper-
imental paradigm, we did not observe Aβ25-35-dependent
Sox2 induction; moreover, Id1 siRNA failed to affect endog-
enous Sox2 expression (Fig. 5f). Therefore, potential involve-
ment of Sox2 in Aβ induction of SHH was not further pur-
sued, which requires siRNA-mediated knockdown of Sox2.
Despite this, we cannot rule out the possibility of other tran-
scription factors being responsible for the observed Aβ ef-
fects. For example, Aβ may also induce NF-κB in cultured
cerebellar neurons [4]. Possible roles of this transcription
factor in SHH induction require further investigation.

Previously, Id1 has been shown to enhance the stability and
activity of HIF-1α in human endothelial and breast cancer
cells, which involves reduced association of the HIF-1α pro-
tein with von Hippel–Lindau protein [38]. In human umbilical
vascular endothelial cells, overexpression of Id1 also stabi-
lizes HIF-1α protein [39]. These reports appear to place Id1
upstream of HIF-1 to regulate the expression of its target

genes, consistent with our observation that Id1 acts upstream
of HIF-1 in the regulation of SHH expression induced by Aβ
(Fig. 5). Conversely, Id2 can be transcriptionally upregulated
by HIF-1 in hypoxic neuroblastoma cells [40]. In our exper-
imental paradigm, we have ruled out the possibility of Aβ-
induced HIF-1 regulating Id1 because siRNA of HIF-1α
failed to attenuate Aβ25-35-induced Id1 expression
(Fig. 5e). Another interesting finding was that the expression
profiles of endogenous Id1 and HIF-1α during in vitro differ-
entiation of primary cortical cultures in the absence of Aβ
appeared different. Unlike the progressively declined expres-
sion of Id1 fromDIV 1 to 9 (Fig. 4a), a transient increase in the
expression level of HIF-1α was observed from DIV 4 to 6,
reaching the maximal extent at DIV 5 (Fig. 4b). Although the
rationale behind this distinctive expression pattern between
endogenous Id1 and HIF-1α during in vitro differentiation
remains unknown, Id1 is certainly not the only modulator
controlling the stability of HIF-1α, which is regulated by
multiple factors including oxygen tension [18] and cellular
redox status [51]. Therefore, despite our observations of Aβ-
induced Id1 acting upstream of HIF-1α in the more differen-
tiated neurons, potential impacts of Id1 on the regulation of
endogenous HIF-1α in less mature cortical cells in the ab-
sence of Aβ remain to be confirmed.

Overall, in this study, we demonstrated a novel mechanism
by which Aβ may induce SHH expression via Id1-dependent
HIF-1 activation. Our results firmly establish a novel signal
cascade of Aβ→Id1→HIF-1→SHH in primary cortical neu-
rons; furthermore, the SHH induced by Aβs in part contrib-
utes to Aβ toxicity. Detailed molecular mechanisms by which
SHH may affect Aβ toxicity in differentiated neurons are
currently under investigation. Knowledge in this regard may
contribute to the future development of therapeutic regimen
for AD, a devastating neurodegenerative disorder.
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