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ABSTRACT

Impaired brain glucose uptake and metabolism
precede the appearance of clinical symptoms in
Alzheimer disease (AD). Neuronal glucose trans-
porter 3 (GLUT3) is decreased in AD brain and
correlates with tau pathology. However, what leads
to the decreased GLUT3 is yet unknown. In this
study, we found that the promoter of human GLUT3
contains three potential cAMP response element
(CRE)-like elements, CRE1, CRE2 and CRE3.
Overexpression of CRE-binding protein (CREB) or
activation of cAMP-dependent protein kinase signifi-
cantly increased GLUT3 expression. CREB bound to
the CREs and promoted luciferase expression driven
by human GLUT3-promoter. Among the CREs, CRE2
and CRE3 were required for the promotion of GLUT3
expression. Full-length CREB was decreased and
truncation of CREB was increased in AD brain. This
truncation was correlated with calpain I activation
in human brain. Further study demonstrated that
calpain I proteolysed CREB at Gln28–Ala29 and
generated a 41-kDa truncated CREB, which had
less activity to promote GLUT3 expression.
Importantly, human brain GLUT3 was correlated
with full-length CREB positively and with activation
of calpain I negatively. These findings suggest that
overactivation of calpain I caused by calcium
overload proteolyses CREB, resulting in a reduction
of GLUT3 expression and consequently impairing
glucose uptake and metabolism in AD brain.

INTRODUCTION

One of the main features of Alzheimer’s disease (AD) is
the severe reduction of glucose uptake and metabolism in
the specific brain areas (1–4). In vivo imaging demonstrates
consistent and progressive reduction of cerebral metabolic
rate for glucose in AD patients (5–8). This reduction cor-
relates with the severity of clinical symptom of AD (9–11).
Importantly, glucose metabolic reduction has been
observed before the onset of the disease in several
groups of at risk individuals, including patients with
mild cognitive impairment (MCI) (12), pre-symptomatic
individuals carrying mutations for early-onset familial AD
(13–15), normal and middle-aged carriers of apoli-
poprotein E4 (16–20) and in those with a maternal
family history of AD (21,22). These studies strongly
suggest that the impairment of glucose uptake/metabolism
is a cause of neurodegeneration or is mechanistically
involved in the pathogenesis of AD.

It is well known that neurons mainly depend on glucose
as a fuel for providing energy and glucose cannot be
synthesized by or stored in the neuron. Brain neurons
take glucose from blood stream. However, glucose
cannot pass through the blood–brain barrier or cell
membrane freely and requires glucose transporters
(GLUTs) to assistant the transport. To date, 14
members of GLUTs have been reported in the human
tissue (23). Among them, GLUT3 is the major neuronal
GLUT and determines the efficiency of glucose transport
into the neuron (24). The level of GLUT3 correlates posi-
tively with regional cerebral glucose utilization (25–27).
GLUT3, different from other GLUTs, has a higher
affinity for glucose and at least 5-fold greater transport
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capacity (28), which allows it to transport glucose effect-
ively even when its level is very low. In AD brain, GLUT3
level is decreased (29,30) and correlated with the extent of
hyperphosphorylation of tau and with the density of
neurofibrillary tangles (NFTs) in AD (31). However,
what leads to the decrease in GLUT3 in AD brain
remains elusive.

It has been reported that the expression of the mouse
GLUT3 gene may be regulated by several transcription
factors, including HIF-1 (32), Sp1, Sp3 (33,34) and
cAMP response element (CRE)-binding protein (CREB)
(34). However, the regulation of human GLUT3 expres-
sion is not well understood. To understand the mechanism
of GLUT3 expression, we analyzed the promoter of
human GLUT3 and found that it contains three CRE-
like elements. CREB is originally described as a transcrip-
tion factor that binds to an 8-bp element, TGACGTCA,
known as a CRE, in the somatostatin gene promoter (35).
Upon binding to CRE, CREB regulates the expression of
target genes. CREB is composed of a C-terminal
promoter-binding domain and an N-terminal transcrip-
tion regulation domain, in which PKA (cAMP-dependent
protein kinase) phosphorylates Ser133 (36). Importantly,
Ser133 phosphorylation is required for its activity to
regulate gene expression (37).

In this study, we investigated the regulation of GLUT3
expression by CREB and found that CREB bound to the
promoter region of human GLUT3 and regulated its
expression. In AD brain, CREB was truncated due to
proteolysis by calpain I and the truncated form of
CREB had less activity to promote GLUT3 expression,
which resulted in a reduction of GLUT3 expression,
leading to impaired glucose uptake and metabolism.
These results provide a novel insight into the pathogenesis
of AD.

MATERIALS AND METHODS

Human brain tissues

Frontal cortices from seven AD and seven age-matched
normal human brains used for this study (Table 1) were
obtained from the Sun Health Research Institute
Donation Program (Sun City, AZ, USA). All brain
samples were confirmed histopathologically and stored
at �70�C until used. The use of frozen human brain
tissue was in accordance with the National Institutes of
Health guidelines and was approved by our institute’s
institutional review committee.

Plasmids, proteins and antibodies

Mammalian expression vectors pCI/CREB tagged with
HA (hemagglutinin) at N-terminus were constructed and
their sequences were confirmed. pGL3-basic, pRL-Tk
(thymidine kinase promoter driven Renilla luciferase)
and dual luciferase assay kit were bought from Promega
(Madison, WI, USA). Luciferase driven by different
length or site-mutated promoter of human GLUT3 in
pGL3-basic was constructed and confirmed by
sequencing. Calpain I, polyclonal anti-calpain I, monoclo-
nal anti-HA, anti-CREB1 and anti-a-tubulin were bought

from Sigma (St. Louis, MO, USA). Polyclonal anti-CREB
(middle region) and anti-pS133-CREB were from Cell
Signaling Technology (Danvers, MA, USA). Maltose-
binding protein (MBP)-CREB, Magna CHIPTMA/G kit,
polyclonal anti-CREB (against amino acid 5–24) and
monoclonal anti-PP2A catalytic subunit were purchased
from Millipore/Merck KgaA (Darmstadt, Germany).
Polyclonal anti-GLUT3 and anti-GAPDH were
purchased from Santa Cruz (Santa Cruz, CA, USA).
RL2 was bought from Affinity BioReagents (Golden,
CO, USA). Peroxidase-conjugated anti-mouse and anti-
rabbit IgG were obtained from Jackson Immuno
Research Laboratories (West Grove, PA, USA). ECL
Kit was from Thermo Scientific (Rockford, IL, USA),
and [g-32P]ATP was from Amersham Biosciences
(Piscataway, NJ, USA).

Cell culture and transfection

HEK-293T cells (ATCC, Manassa, VA, USA) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA, USA) at 37�C. SH-SY5Y cells were main-
tained in DMEM/F12 supplemented with 10% fetal
bovine serum at 37�C. Differentiation of SH-SY5Y cells
(ATCC) was induced by 10 mM all-trans retinoid acid
(ATRA) for 3 days (for transfection) or 7 days (for
forskolin treatment). All transfections were performed in
triplicate with Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA) or FuGENE HD (Roch Diagnostics,
Indianapolis, IN, USA) according to manufacturer’s
manuals.

Table 1. Human brain tissue of AD and control (Con) cases used in

this study

Case Age
at death
(years)

Gender PMIa (h) Braak
stageb

Tangle
scoresc

AD 1 89 F 3 V 14.5
AD 2 80 F 2.25 VI 14.5
AD 3 85 F 1.66 V 12.0
AD 4 78 F 1.83 VI 15.0
AD 5 95 F 3.16 VI 10.0
AD 6 86 M 2.25 VI 13.5
AD 7 91 F 3 V 8.50
Mean±SD 86.29±5.99 2.45±0.61 12.57±2.51
Con 1 85 M 25 II 4.25
Con 2 86 F 2.5 III 5.00
Con 3 81 M 2.75 III 6.41
Con 4 88 F 3 II 2.00
Con 5 90 F 3 III 4.50
Con 6 88 F 3.5 III 2.50
Con 7 88 F 3 IV 4.50
Mean±SD 86.6±2.9 2.89±0.39 4.17±1.50

aPMI, post-mortem interval.
bNeurofibrillary pathology was staged according to Braak and
Braak (38).
cTangle score was a density estimate and was designated as none,
sparse, moderate or frequent (0, 1, 2 or 3 for statistics), as defined
according to CERAD AD criteria (39). Five areas (frontal, temporal,
parietal, hippocampal and entorhinal) were examined and the scores
were combined for a maximum of 15.
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Reverse-transcription PCR and real-time
quantitative PCR

Total RNA was isolated from the frontal cortical or from
cultured cells using the RNeasy Mini kit (Qiagen,
Valencia, CA, USA) and used for first-strand cDNA
synthesis with Oligo-(dT)15–18 by using the RT2
First-Strand Kit (Invitrogen) according to the
manufacturer’s instructions. The cDNA of GLUT3 or
GAPDH was amplified by PCR using PrimeSTARTM

HS DNA Polymerase (Takara Bio Inc., Otsu, Shiga,
Japan) at 98�C for 3min, 98�C for 10 s and at 68�C for
40 s for 30 cycles and then at 68�C for 10min for extension.
The PCR products were resolved on 1.5% agarose gels
and visiblized by using the Molecular Imager system
(Bio-Rad, Hercules, CA, USA).
For quantitative PCR (qPCR), cDNA of GLUT3,

brain-derived neurotrophic factor (BDNF) and
GAPDH were amplified by using Brilliant II SYBR�

Green QPCR Master Mix (Agilent Technologies, Inc.
Santa Clara, CA, USA) in a Agilent Mx3000p PCR
detection system under the condition: 95�C for 10min,
95�C for 30 s and 60�C for 1min, for 40 cycles.
Relative levels of target mRNAs were calculated by the
comparative CT (threshold cycle) method (2���CT). The
PCR specificity was examined by 3% agarose gel using
5 ml from each reaction. The primers used for this study
are as follows: GLUT3 forward 50TCCCCTCCGCTGCT
CACTATTT30 and reverse 50ATCTCCATGA CGCCGT
CCTTTC30; BDNF forward 50GCCTTTGGAGCCTCC
TCTTCTC30 and reverse 50TTTTT GTCTGCCGCCGT
TACCC30; GAPDH forward 50GGTGGTCTCCTCTGA
CTTCAACA30 and reverse 50GTTGCTGTAGCCAAAT
TCGTTGT30.

Plasmid construction of luciferase reporter driven by
human GLUT3 promoter and luciferase assay

A �2.2-kb fragment of the human GLUT3 genomic DNA
from �2000 to+241bp was amplified by PCR and cloned
into pGL3-basic (Promega) by Kpn I and Xho I (New
England Biolabs, Ipswich, MA, USA) to generate
pGL3/GLUT3�2000. Subsequently, serial deletion muta-
tions and site mutations of CRE2 and CRE3 of pGL3/
GLUT3 constructs were generated by using a PCR-based
strategy employing primers listed in Table 2. The sequence
and orientation of the individual clones were confirmed by
DNA sequence analysis.
HEK-293T cells were co-transfected with pCI/CREB,

pGL3/GLUT3 or their control vectors and pRL-Tk
for 48 h. SH-SY5Y cells were transfected with these
plasmids under differentiation condition (culture
medium containing 10 mM ATRA). The cells were lysed
using 0.1ml of passive lysis buffer (Promega). The
luciferase activity was measured by the dual luciferase
assay kit (Promega) according to manufacturer’s
manuals. The firefly luciferase activity and Renilla
luciferase activity were measured subsequently and the
firefly luciferase activity was normalized with Renilla
luciferase activity.

Immunoprecipitation

HEK-293T cells were transfected with pCI/HA-CREB for
48 h. The cells were washed twice with PBS and lysed with
lysate buffer (50mM Tris–HCl, pH 7.4, 150mM NaCl,
50mM NaF, 1mM Na3VO4, 0.1% Nonidet P-40, 0.1%
Triton X-100, 0.2% sodium deoxycholate, 2mM EDTA,
5mM AEBSF, 10 mg/ml aprotinin, 10 mg/ml leupeptin and
10 mg/ml pepstatin). After the insoluble materials were
removed by centrifugation, the supernatant was incubated
with anti-HA pre-conjugated protein G beads overnight at
4�C. The beads were washed with lysate buffer twice and
with TBS twice, and bound proteins were subjected to
further studies.

In vitro proteolysis of CREB

For the proteolysis of CREB in the brain extract, we
homogenized human brain tissue in nine volumes of
buffer consisting of 50mM Tris–HCl, pH 7.4, 8.5%
sucrose, 10mM b-mercaptoethanol, 2.0mM EDTA,
followed by centrifugation at 15 000g at 4�C for 10min.
The obtained supernatants were incubated in the presence
or absence of various concentrations of Ca2+ and/or
protease inhibitors for 10min at 30�C. The reactions
were terminated by addition of Laemmli buffer,
followed by boiling in water for 5min. The proteolysed
products were analyzed by western blots developed with
antibodies against calpain I and CREB.

For the proteolysis of purified CREB by calpain I
in vitro, we incubated recombinant MBP–CREB or
immunopurified HA-CREB from CREB-transfected-
HEK-293T cells as described above with various concen-
trations of calpain I (Sigma, USA) in proteolysis buffer
(50mM Tris–HCl, pH 7.4, 1mM CaCl2) for 10min at
30�C. The proteolysed products were subjected to
further studies.

Chromatin immunoprecipitation

SH-SY5Y cells were transfected with pCI/HA-CREB for
72 h under differentiation condition and subjected for
chromatin immunoprecipitation (ChIP) by using Magna
ChIPTM A/G kit (Millipore) according to manufacturer’s
manuals. Briefly, the cells were fixed with 1% formalde-
hyde in PBS for 10min at room temperature and
terminated by adding glycine solution to incubate for
5min. After washing with ice-cold PBS containing 1�
protease inhibitor cocktail, the cells were lysed with
Lysis Buffer containing protease inhibitor cocktail on ice
15min. The crude nuclei fraction was collected by centri-
fugation at 800g for 5min at 4�C. The nuclei were sus-
pended with Nuclear Lysis Buffer and sonicated to break
DNA to �200–450 bp. The debris was removed by centri-
fugation at 10 000g for 10min at 4�C. After adding
Dilution Buffer into the supernatant, anti-HA or normal
mouse IgG and proteinA/G magnetic beads were added
into the supernatant and incubated for 1 h at 4�C with
rotation. The ProteinA/G magnetic bead-antibody/chro-
matin complex was extensively washed sequentially with
low-salt wash buffer, high-salt wash buffer, LiCl wash
buffer and TE, and eluted with Elution Buffer with
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proteinase K. The cross-linking was reversed by incuba-
tion at 62�C for 2 h and at 95�C for 10min and the super-
natant was collected carefully. The total DNA was
extracted from the supernatant with Wizard SV Gel and
PCR Clean-Up System (Promega). CRE1, CRE2 and
CRE3 containing sequences were amplified with PCR by
using three sets of primers, set 1 (forward 50TATTTTCTT
CTCCTGCTTAGCT30, reverse 50AGTCATT TATAGT
GTTTCCCTTC30), set 2 (forward, 50CCCAGGGTGGA
GAGAGTGGAAG30, reverse 50TTATAATCTCCGCAA
AGGGTGGAG30) and set 3 (forward 50GTCATATCCC
AGCGAGACCC AG30, reverse 50C GCTGTAATCTAA
TTCAAGTCTTCAAG30), respectively.

Electrophoretic mobility shift assay

CREB expressed HEK-293T cells were harvested and
lysed with lysis buffer (10mM HEPES, pH 7.9, 0.6%
Nonidet P-40, 10mM KCl, 0.1mM EDTA, 1mM DTT
and cocktail of protease inhibitors) on ice for 20min, and
then pellet from 15 000g for 3min centrifugation was sus-
pended in the buffer containing 20mM HEPES, pH 7.9,
0.4M NaCl, 0.2mM EDTA, 20% glycerol and 1mM
DTT. Nucleic proteins were extracted by centrifugation
at 15 000g for 10min. Complementary double-stranded
DNA (dsDNA) oligomers containing CRE1 (50CAGAT
ACT TATGTAACACTTTT30 and 50AAAGTGTTACA
TAAGTATTG30), CRE2 (50GGAGGGAGGGCGTT A
TTGTCT30 and 50AGACAAAACGCCCTCCCTCC30),
CRE3 (50TCCTGAGGACGTGGAGAAAA C30 and
50GTTTTCTCCACGTCCTCAGGA30) and CRE con-
sensus sequence (50TCAGCCTGAC GTCATACATCG30

and 50CGATGTATGACGTCAGGCTGA30) as a
positive control were annealed and labeled with
[g-32P]ATP (3000Ci/mM) (Amersham Biosciences,
Piscataway, NJ, USA) using T4 polynucleotide kinase
(New England Biolabs, USA) and subsequently purified
with MicroSpin G-25 column (Amersham Biosciences).
Then above nucleic proteins were mixed with 32P-labeled
double-stranded CRE1, CRE2, CRE3 or CRE consensus
sequence. The reaction mixtures were incubated at 30�C
for 40min and subjected to 6% non-denaturing

polyacrylamide gel pre-run at 100V for 10min. After elec-
trophoresis with TBE buffer (89mM Tris–borate, 2mM
EDTA) at 100V for 60min, the gel was dried and auto-
radiographed with a PhosphorImager (BAS-1500,
Fujifilm, Japan).

N-terminal sequencing

Recombinant MBP–CREB was proteolysed by calpain I
as described earlier. The reaction products were separated
by 10% SDS–PAGE and electric blotted onto a PVDF
membrane. After staining with Coomassie blue, the
41-kDa truncated CREB was dissected and subjected for
N-terminal Edman Sequencing by Protein facility-Protein
Sequencing Service, Iowa State University of Science and
Technology.

Statistical analysis

Where appropriate, the data are presented as mean±SD.
Data points were compared with the unpaired two-tailed
Student’s t-test, and the calculated P-values are indicated
in the figures. For the analysis of the correlation between
CREB truncation and calpain I activation or GLUT3
level in human brain homogenates, the Pearson correl-
ation coefficient r was calculated.

RESULTS

CREB promotes the expression of GLUT3

GLUT3 protein level is decreased in AD brain (29–31).
Here, we measured GLUT3 mRNA levels by qPCR in
frontal cortices from six AD and six control cases. We
observed that GLUT3 mRNA was significantly decreased
in AD brain (Figure 1A), suggesting that the transcription
of GLUT3 is down-regulated in AD brain.
To understand the molecular mechanism of GLUT3

expression regulation, we first analyzed the promoter of
the human GLUT3 gene by MatInspector software
analysis (40,41), a Genomatix internationally renowned
program for the identification of transcription factor-
binding sites. The bioinformatic analysis revealed an

Table 2. List of primers used for generating mutated promoter of GLUT3 constructs

Construct Forward primer Reverse primer

pGL3/GLUT3�1580 50cggggtaccatattaataatcttttccagttatg30 50ccgctcgagcgctgtaatctaattcaagtcttcaagaaag30

pGL3/GLUT3�1000 50cggggtaccagaattcagaatgggtgatatggc30 50ccgctcgagcgctgtaatctaattcaagtcttcaagaaag30

pGL3/GLUT3�500 50cggggtaccctcaggctgtctttccctcccct30 50ccgctcgagcgctgtaatctaattcaagtcttcaagaaag30

pGL3/GLUT3�400 50cggggtaccctaacaaccttaaatctctgat30 50ccgctcgagcgctgtaatctaattcaagtcttcaagaaag30

pGL3/GLUT3�300 50cggggtacctgcgagagcataaaatagtgt30 50ccgctcgagcgctgtaatctaattcaagtcttcaagaaag30

pGL3/GLUT3�200 50cggggtaccggagtaaggatgagcttttg30 50ccgctcgagcgctgtaatctaattcaagtcttcaagaaag30

pGL3/GLUT3�126 50cggggtacctaagagaggggggagggagggcgt30 50ccgctcgagcgctgtaatctaattcaagtcttcaagaaag30

pGL3/GLUT3�85 50cggggtaccgggcgggggtagttctgataac30 50ccgctcgagcgctgtaatctaattcaagtcttcaagaaag30

pGL3/GLUT3+1 50cggggtaccgtggggtggggtggggctgggggct30 50ccgctcgagcgctgtaatctaattcaagtcttcaagaaag30

pGL3/GLUT3+122 50cggggtaccgctgctgagaaggacattttgaag30 50ccgctcgagcgctgtaatctaattcaagtcttcaagaaag30

pGL3/GLUT3M1 50gggagggagggcaatattgtctgtgg30 50ccacagacaatattgccctccctccc30

pGL3/GLUT3M2 50agggcgttattgaatgtggggcgggg30 50ccccgccccacattcaataacgccct30

pGL3/GLUT3M3 50gagaggggggagttagggcgttattg30 50caataacgccctaactcccccctctc30

pGL3/GLUT3M4 50aggggggagggagttcgttattgtc30 50gacaataacgaactccctcccccct30

pGL3/GLUT3M5 50ctttggatccttcctttggacgtggagaaaacttgctgctgagaag30 50gttttctccacgtccaaaggaaggatccaaagtctcaccattacag30

pGL3/GLUT3M6 50gatccttcctgaggaaatggagaaaacttgctgctgagaaggacat30 50agcaagttttctccatttcctcaggaaggatccaaagtctcacca30
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array of putative nuclear factor-binding sites including
three potential CRE-like elements, namely CRE1, CRE2
and CRE3 (Figure 1B), which may be the binding sites of
CREB.
Activation of CREB is dependent on its phosphoryl-

ation at Ser133 by activated PKA (37). So, we determined
whether PKA/CREB regulates human GLUT3 expres-
sion. We used SH-SY5Y human neuroblastoma cells
and differentiated them to neuronal-like cells with 10 mM
ATRA for 7 days. Then, the cells were treated with
various concentrations of forskolin for 10 h to activate

PKA. The total RNA was extracted, reverse-transcripted
to cDNA and subjected to qPCR to measure the level of
GLUT3 mRNA. Because BDNF expression is regulated
by CREB, we included it in this study as a positive
control. The results showed that forskolin treatment
promoted the expressions of BDNF and GLUT3 dose
dependently (Figure 1C) but with a stronger effect on
GLUT3 expression. The highest expression of GLUT3
was induced by 5 mM forskolin treatment (Figure 1C).
This result supports our hypothesis that PKA/CREB
may promote GLUT3 expression.

Figure 1. Expression of GLUT3 is regulated by PKA/CREB. (A) The level of GLUT3 mRNA was reduced in AD brain. Total RNA was extracted
from frontal cortices of AD and control cases. The levels of GLUT3 and GAPDH mRNA were measured by qPCR and presented as means±SD
(n= 12); **P< 0.01. (B) Human GLUT3 promoter region has three potential CRE-like elements. The promoter of human GLUT3 was analyzed by
Matlnspector software. Cis-elements are labeled with different color and gray boxes show the overlap sequences of two adjacent elements. There are
three CRE-like elements at the promoter region of human GLUT3. Other transcriptional factors are ETS (E-26), Sp1 (Specificity Protein 1) and EGR
(early growth response protein 1). (C) Activation of PKA enhanced the GLUT3 expression. SH-SY5Y cells were differentiated with ATRA for
7 days and treated with various concentration of forskolin for 10 h. The total RNA was extracted and amplified to measure mRNA expressions of
GLUT3, BDNF and GAPDH by qPCR. (D,E) Overexpression of CREB increased the expression of GLUT3 mRNA. SH-SY5Y cells under
differentiation condition were transfected with pCI/CREB and empty plasmid (Con) for 3 days and the mRNA levels of GLUT3 and GAPDH
were measured by qPCR (D) and regular PCR products of GLUT3 mRNA with same primers were subjected to agarose electrophoresis (E). The
level of GLUT3 mRNA was presented as mean±SD (n= 3); **P< 0.01.

3244 Nucleic Acids Research, 2013, Vol. 41, No. 5



To explore the role of CREB on human GLUT3 expres-
sion, we overexpressed CREB in SH-SY5Y cells for 3 days
under the differentiation condition. The level of GLUT3
mRNA was measured by qPCR (Figure 1D). Similarly,
the cDNA was amplified by PCR with the same primers
as that used for qPCR, and the products were also sub-
jected to agarose electrophoresis (Figure 1E). We observed
that an increased level of GLUT3 mRNA was induced by
overexpression of CREB (Figure 1D and E), suggesting
that CREB enhances the expression of GLUT3.

CREB binds to CRE1, CRE2 and CRE3 and promotes
the expression of luciferase driven by GLUT3 promoter

There are three CREs in human GLUT3 promoter.
We first measured the binding of CREB to CRE1

(�1631 to �1610 bp), CRE2 (�116 to �95 bp) and
CRE3 (+101 bp to +121 bp) (Figure 2A) by
Electrophoretic Mobility Shift Assay (EMSA). We
incubated the nuclear extracts of CREB-expressing
HEK-293T cells with 32P-labeled DNA probes of CRE1,
CRE2 or CRE3. The reaction mixtures were applied for
native gel electrophoresis. We observed a mobility shift up
of CRE-1, CRE-2 or CRE-3 induced by adding CREB
containing nuclear extract, suggesting the formation of
protein–CRE (1, 2 or 3) complex (Figure 2B). However,
this mobility shift was detected when the total protein of
nuclear extract reached to 10 mg, whereas only 5 mg nuclear
extract was needed to completely shift the positive control
consensus CRE (Figure 2B), suggesting that protein(s) in
the extract could bind to the CREs but are weaker than
the positive-control CRE.

Figure 2. CREB binds to the CRE-like elements in human GLUT3 promoter and promotes the luciferase expression driven by this promoter. (A)
Schematic diagram of three CRE-like elements in GLUT3 promoter and its luciferase reporter. (B) CREB bound to three CRE-like elements detected
by EMSA. 32P-labeled consensus CRE (Con) as a positive control and three CRE-like elements, CRE1, CRE2 and CRE3, of human GLUT3
promoter were incubated with the nuclear extracts (5 mg for consensus CRE and 10 mg for three CRE-like elements) in the absence or presence of
anti-CREB or anti-P-CREB and subjected to native PAGE. The gel was dried and autoradiographed with a PhosphorImager (BAS-1500, Fijifilm,
Japan). (C) CRE-like elements in human GLUT3 promoter were co-immunoprecipitated with CREB by ChIP assay. SH-SY5Y cells under differ-
entiation condition were transfected with pCI/CREB and then CREB was immunoprecipitated by anti-HA. Three CRE-like elements in the
immune-complexes were amplified by PCR using the primers specific to CRE1, CRE2 or CRE3. The PCR products were quantified by densitometry
and presented as mean±SD (n= 3); **P< 0.01. (D) Forskolin treatment enhanced the binding of CREB with the CRE of GLUT3 promoter.
SH-SY5Y cells under differentiation condition were transfected with pCI/CREB, treated with forskolin for 10 h and then CREB was immunopre-
cipitated by anti-HA. The three CREs were amplified by PCR with their specific primers. (E) Promoter of human GLUT3 promoted luciferase
expression. Human GLUT3 promoter (�2000 to+241) was inserted into pGL3-basic vector to generate pGL3/GLUT3�2000. pGL3/GLUT3�2000 or
its control pGL3 showed in panel A was co-transfected with pRL-TK into HEK-293T cells for 48 h. The firefly luciferase activity and Renilla
luciferase activity were measured subsequently and the firefly luciferase activity was normalized with Renilla luciferase activity and presented as
mean±SD (n= 3); **P< 0.01. (F) CREB enhanced GLUT3 promoter-driving luciferase expression. pGL3/GLUT3�2000 and pRL-TK was
co-transfected with pCI (Con) or pCI/CREB into HEK-293T cells for 48 h. The luciferase activity was measured and presented as mean±SD
(n= 3); **P< 0.01.
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To validate the binding of CREB to the CREs, we
added anti-CREB or anti-pS133-CREB into the incuba-
tion mixtures. We observed that addition of anti-CREB or
anti-pS133-CREB antibody into the mixture containing
control CRE induced a super-shift (Figure 2B).
However, addition of these two antibodies into the
mixture containing CRE1, CRE2 or CRE3 abolished the
shift (CREB-CRE) induced by the nuclear extracts
(Figure 2B), suggesting that CREB binds weakly but spe-
cifically to the three CREs, which are located in the
promoter region of human GLUT3 gene.
To confirming the binding of CREB onto the CREs

of human GLUT3 promoter, we performed ChIP in
SH-SY5Y cells. CREB tagged with HA at its N-terminus
was expressed in SH-SY5Y cells and immunoprecipitated
by anti-HA. DNA in the immunocomplex was amplified
by PCR using three sets of primers covering CRE1, CRE2
and CRE3, respectively. We observed that significant
amount of CRE1, CRE2 or CRE3 was detected in
the immunocomplex of anti-HA (Figure 2C), indicating
the binding of CREB with these three CREs.
We further determined the effect of PKA activation by

forskolin on the binding of CREB with CREs. We treated
CREB-expressing-SH-SY5Y cells with 10mM forskolin
for 10 h and then carried out the ChIP with anti-HA.
We found that forskolin treatment enhanced the binding
of CREB with the CREs in human GLUT3 promoter
(Figure 2D). Thus, these data confirm that CREB acts
on the three CREs in the promoter region of the human
GLUT3 gene and PKA activation enhances the binding.
Our above results have shown that CREB specifically

bound to the CREs in the promoter of human GLUT3
gene in vitro and in intact cells. It is possible that CREB
acts on the promoter to regulate the transcription of
human GLUT3 gene. To test this possibility, we inserted
the promoter region of human GLUT3, �2000 to +241,
into pGL3 basic vector to generate reporter plasmid of
pGL3/GLUT3�2000 (Figure 2A). We transfected pGL3/
GLUT3�2000 and pRL-Tk into HEK-293T cells and
then measured luciferase activity by the dual luciferase
assay. We found that promoter of human GLUT3
increased luciferase activity by �100-fold (Figure 2E),
indicating that the promoter of human GLUT3 drives
the luciferase expression.
By using this luciferase reporter, hence, we test the

promotion of GLUT3 expression by CREB. We co-trans-
fected pCI/CREB or pCI with pGL3/GLUT3�2000 and
pRL-Tk into HEK-293T cells and measured the luciferase
activity 48 h after transfection. We observed an �3-fold
elevation in luciferase activity in pCI/CREB-transfected
HEK-293T cells when compared with the control trans-
fected cells (Figure 2F), suggesting that CREB enhances
the expression of luciferase driven by GLUT3 promoter.
Thus, CREB may act onto the CRE elements of GLUT3
promoter to promote the expression of human GLUT3.

CRE2 and CRE3 are responsible for the promotion
of GLUT3 expression

To verify the regulation of GLUT3 expression by the three
CREs in the promoter region of human GLUT3, we

constructed luciferase reporter plasmids, pGL3/GLUT3,
with sequential deletion mutants of human GLUT3
promoter (Figure 3A, left). The generated plasmids were
transfected into HEK-293T cells. The luciferase activity
was determined and used to present the expression level
of GLUT3. We observed that the luciferase activity in the
cells transfected with pGL3/GLUT3�2000, pGL3/
GLUT3�1580, pGL3/GLUT3�1000 or pGL3/GLUT3�500
was almost at the same level (Figure 3A, right), indicating
that CRE1 is not required for the promotion of GLUT3
expression. The luciferase activity in cells transfected with
pGL3/GLUT3+1, in which another 500-bp DNA,
including CRE2, was deleted, was reduced by �6-fold
(Figure 3A, right), suggesting that CRE2 plays a signifi-
cant role in promoting GLUT3 expression. The luciferase
activity in the cells transfected with pGL3/GLUT3+1,
which contained CRE3, was much higher than that of
pGL3 (Figure 3A, right), suggesting that CRE3 may
also act as a transcription enhancer of GLUT3.

To confirm the role of CRE2 and CRE3 in promoting
GLUT3 gene expression, we created more detailed dele-
tions of GLUT3 promoter from �500 to+122 (Figure 3B,
left). We found that the luciferase activity decreased sig-
nificantly when the region from �126 to �85 containing
CRE2 was deleted (Figure 3B). Further deletion of �85 to
+1 decreased more luciferase activity (Figure 3B), suggest-
ing the involvement of other enhancers at this region in
the regulation of GLUT3 expression. Deletion of +1 to
+122 containing CRE3 almost abolished the luciferase
activity (Figure 3B), indicating a role of CRE3 in
promoting GLUT3 expression.

Following, we specified the role of CRE2 and CRE3 in
the promotion of GLUT3 expression. We mutated CRE2
and CRE3 (Figure 3C) and measured their effect on the
luciferase activity. We found that M1 and M4 mutations
of CRE2 did not affect the activity of luciferase, but M2
and M3 mutations of CRE2 caused reduction of luciferase
activity (Figure 3D). Similarly, mutation of CRE3 signifi-
cantly decreased luciferase activity (Figure 3D). These
results confirmed the role of CRE2 and CRE3 in the pro-
motion of GLUT3 expression.

PKA/CREB promotes the expression of luciferase driven
by human GLUT3 promoter

We have shown that PKA/CREB regulates endogenous
GLUT3 expression. So, we investigated the regulation of
PKA/CREB on luciferase expression. We transfected
pGL3/GLUT3�2000 (Figure 4A) or pGL3/GLUT3�126
(Figure 4B) into SH-SY5Y cells under differentiation
and treated the cells with forskolin for 10 h. The luciferase
activity was measured at total 48 h after transfection. We
observed that forskolin treatment enhanced luciferase
activity in both pGL3/GLUT3�2000 (Figure 4A) and
pGL3/GLUT3�126 (Figure 4B) transfected cells, support-
ing that PKA promotes GLUT3 expression.

We next determined the role of CREB on luciferase
expression driven by varied lengths of the GLUT3-
promoter. We co-expressed pGL3/GLUT3s with CREB
in HEK-293T cells and then measured the luciferase
activity 48 h after transfection. We found that CREB
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enhanced the expression of pGL3/GLUT3�2000, pGL3/
GLUT3�1580 and pGL3/GLUT3�126 similarly but not
pGL3/GLUT3+122 (Figure 4C). We observed similar
results in neuronal SH-SY5Y cells (Figure 4D). These
data further confirm that PKA/CREB works on the
promoter of GLUT3 to promote its expression.

Ser133 phosphorylation is required for CREB transcrip-
tional activity. Thus, we mutated serine 133 to alanine
(CREBS133A) and then co-transfected with the pGL3/
GLUT3�126 into SH-SY5Y cells under differentiation
condition for 48 h and measured the luciferase activity.
We found that CREBS133A elevated luciferase activity
but much weaker than wild-type CREB (Figure 4E), sug-
gesting that phosphorylation of CREB at Ser133 enhances
the promotion of GLUT3 expression.

Increased intracellular glucose generally leads to
upregulation of protein O-GlcNAcylation by providing
donor substrate UDP-GlcNAc derived from glucose
(42–44). To determine whether the increased expression
of GLUT3 by PKA/CREB has physiological activity to
transport more glucose into cells, we measured the
O-GlcNAcylation of global protein to present intracellular
glucose level. We found that forskolin treatment signifi-
cantly increased O-GlcNAcylation of global proteins
determined by anti-RL2 (Figure 4F), coinciding with
increased CREB phosphorylation (Figure 4F) and
GLUT3 expression (Figure 1C). Thus, GLUT3 expression
induced by PKA/CREB facilitates to transport glucose
and sequentially leads to increased global protein
O-GlcNAcylation.

Figure 3. CRE2 and CRE3 act as transcription enhancer of human GLUT3. (A, B) From �126 to+122 of human GLUT3 promoter was required
for its promotion activity. Sequential deletions of the promoter region of GLUT3 were cloned into pGL3-basic plasmid containing the luciferase
reporter gene and the plasmids were co-transfected with pRL-TK into HEK-293T cells. The luciferase activity was measured, normalized with Renilla
luciferase and presented as mean±SD (n= 3); **P< 0.01. (C) Mutations of CRE2 and CRE3 used in this study. (D) CRE2 and CRE3 of human
GLUT3 promoter were required for its promotion activity. pGL3/GLUT3�2000 carrying different mutations described in panel C were co-transfected
with pRL-TK into HEK-293T cells for 48 h, and then the luciferase activity was measured and presented as mean±SD (n= 3); **P< 0.01.
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Full-length CREB is decreased and truncated CREB is
increased in AD brain

Above results indicate that CREB involves in the regula-
tion of GLUT3 expression, and decreased GLUT3 in AD
brain may result from altered CREB signaling in AD.
Hence, we measured CREB levels in the homogenates of
the frontal cortices from seven AD and seven age- and
post-mortem interval-matched control brains by western
blots. We found that CREB level detected by anti-CREB
against 5–24 amino acids was dramatically decreased in
AD brain (Figure 5A and B). To further confirm this phe-
nomenon, we employed another antibody against middle
region of CREB to perform the western blot. We observed
a similar decrease of full-length CREB at 45-kDa and an
increased 41-kDa band in AD brain, without a change
total level of CREB (Figure 5A). These results suggest
that the truncation of CREB is increased in AD brain
(Figure 5A and B).
Calpain I is activated by calcium-dependent auto-

proteolysis from an 80-kDa inactive form into a 76- to
78-kDa active form (45). This process is increased in AD
(46,47). So, we determined calpain I activation (ratio of
truncated/total calpain I) in these brain samples and per-
formed Pearson correlation analysis. In addition,

calcinurine A (CaN), a well-known substrate of calpain I
(44), was included in this study (Figure 5A). We observed
a marked increase in calpain I activation in AD brain
(Figure 5A and C), and this activation was highly and
negatively correlated with full-length CREB with a correl-
ation coefficient r= 0.8894 (P< 0.001) in human brain
(Figure 5D), suggesting that calpain I activation might
underlie the increased truncation of CREB in AD brain.

Calpain I is responsible for the truncation of CREB

Calpain I is a calcium-dependent neutral protease. To
determine whether CREB truncation in human brain is
indeed caused by activated calpain I, we incubated
normal human brain extracts in the presence of various
concentration of calcium for 10min at 30�C and detected
the levels of calpain I and CREB by western blots. We
found that calpain I was proteolysed from 80 to 78 and 76
kDa in a Ca2+ dose-dependent manner (Figure 6A, upper
panel), suggesting that calcium initiates the autop-
roteolysis and activation of calpain I. Concurrently, the
45-kDa CREB detected by anti-N-terminal CREB was
significantly decreased in a calcium concentration-
dependent manner (Figure 6A, middle panel). As an alter-
native, we added recombinant MBP–CREB fusion protein

Figure 4. PKA/CREB enhances GLUT3 promoter driving-luciferase expression. (A, B) Activation of PKA increased luciferase expression. pGL3/
GLUT3�2000 (A) or pGL3/GLUT3�126 (B) was co-transfected with pRL-TK into SH-SY5Y cells and treated with various concentration of forskolin
for 10 h. The luciferase activity was measured and presented as mean±SD (n= 3); **P< 0.01. (C, D) CREB enhanced luciferase expression.
HEK-293FT (C) or SH-SY5Y cells (D) were co-transfected with pGL3/GLUT3s and pCI/CREB and pRL-TK. Luciferase activity was measured
and presented as mean±SD (n= 3); **P< 0.01. (E) CREBS133A had much less activity in the promotion of GLUT3 expression. pCI/CREB or pCI/
CREBS133A was co-transfected with pGL3/GLUT3�126 into SH-SY5Y cells, and the luciferase activity was measured 48 h after transfection. The
relative activity of luciferase was presented as mean±SD (n= 3); **P< 0.01. (F) Activation of PKA increased O-GlcNAcyaltion. Differentiated
SH-SY5Y cells were treated with various concentrations of forskolin for 10 h. Total proteins were analyzed by western blots developed with
antibodies as indicated. GAPDH was included as a loading control.
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into the proteolysis reaction and performed in vitro prote-
olysis, followed by western blots to detect the proteolysed
products. We observed a calcium dose-dependent increase
in the 52-kDa band detected by anti-N-terminal CREB
(Figure 6A, middle panel). However, PP2A catalytic
subunit (PP2A–C) in human brain extract was not
proteolysed (Figure 6A, lower panel). Because MBP was
fused at N-terminus of CREB, this 52-kDa band repre-
sented the fusion protein of MBP (�43 kDa) plus the
N-terminal fragment of CREB. Thus, this result further
confirms that CREB is proteolysed by a calcium-
dependent protease(s) in human extract and the trunca-
tion site might be located at its N-terminus.

Because the above incubation was carried out in the
presence of 2.0mM EDTA that chelated all endogenous
Ca2+when no additional Ca2+was added and most of the
added Ca2+ that allowed only free Ca2+ > 2.0mM
chelating capacity of EDTA, only micromolar levels of
free Ca2+ were present in the reaction mixture during in-
cubation of the brain extracts. Hence, these results suggest

that the CREB proteolysis in the human brain extracts
resulted from activation of calpain I rather than calpain
II, which requires millimolar concentrations of free
calcium for activation.
We next verified above proteolysis of CREB in human

brain extract is caused by calpain. Calpain I is a cysteine
protease. So, we performed proteolysis of MBP–CREB
in vitro in the presence of various protease inhibitors.
When aprotinin, a serine protease inhibitor, and pepstatin,
an aspartic protease inhibitor, were included in the normal
human brain extracts during incubation, no significant
inhibition of the proteolysis of either calpain I or CREB
was observed (Figure 5B). These results excluded the
involvement of serine proteases and aspartic proteases in
the proteolysis of calpain I and CREB. In contrast, when
leupeptin, a selective inhibitor of cysteine and serine pro-
teases, and N-acetyl-Leu-Leu-Nle-CHO (ALLN), a
calpain and cysteine protease inhibitor, were included in
the incubation mixtures, a marked inhibition of calpain I
proteolysis and an almost complete blockage of CREB

Figure 5. The level of full-length CREB is decreased in AD brain and is correlated to activation of calpain I in human brain. (A) Western blots of
CREB, calpain I and CaN A. Frontal cortical homogenates from seven AD and seven control cases were subjected to western blots developed with
antibodies against CREB, calpain I, CaN A or GAPDH. (B) The level of full-length CREB was decreased and truncation of CREB was increased in
AD brain significantly. Blots as shown in (A) developed with anti-CREB (upper panel) were quantitated by densitometry, and the levels of CREB
was normalized with GAPDH and presented as mean±SD; *P< 0.05; **P< 0.01. (C) Truncation and activation of calpain I were significantly
increased in AD brain. Arrow indicates full length of calpain I and vertical line indicates truncated and active form of calpain I. Blots as shown in
(A) developed with anti-calpain I were quantitated by densitometry, the truncation and activation of calpain I were presented by the ratio of the
truncated (76–78 kDa) over the total calpain I. (D) CREB level was correlated with the activation of calpain I in human brain. The relative activation
of calpain I [truncated/(full length+truncated)] (x-axis) is plotted against the relative CREB level (y-axis).
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proteolysis were observed (Figure 5B). A specific calpain
inhibitor, calpepstatin peptide, also inhibited the auto-
proteolysis of calpain I and prevented CREB proteolysis.
These results are consistent with the above studies that
CREB is proteolysed by calcium-dependent cleavage/acti-
vation of calpain I.
To confirm CREB is proteolysed by calpain I, we

overexpressed HA-tagged CREB at N-terminus in
HEK-293FT cells and immunopurified HA-CREB with
anti-HA. The immunopurified HA-CREB was incubated
with various concentration of calpain I and subjected
to western blots using anti-HA and anti-CREB. We
observed a decrease of CREB in dose-dependent manner
(Figure 6C), suggesting that CREB is cleaved by calpain I
in vitro.
No specific amino acid sequence is uniquely recognized

by calpain (45). To address the cleavage of CREB by

calpain I, we incubated purified calpain I with recombin-
ant MBP–CREB and detected the proteolysed products
with coomassie blue staining (Figure 6D) and western
blots by using anti-N-terminal CREB (Figure 6E) or
anti-middle region of CREB (Figure 6F). We observed
that, similar to the proteolysis by proteases in human
brain extract, purified calpain I cleaved MBP–CREB in
a calcium- and dose-dependent manner (Figure 6D–F).
MBP–CREB (93-kDa) was cleaved by lower concentra-
tion calpain I into 52-kDa and 41-kDa fragments mainly
(Figure 6D). The 52-kDa could not be recognized by
anti-middle region of CREB but by anti-N-terminal
CREB (Figure 6E and F), whereas 41-kDa band was
recognized by anti-middle region of CREB but not by
anti-N-terminal CREB (Figure 6E and F). However,
high concentration calpain I also cleaved MBP-CREB to
85-kDa big fragments, which was recognized by both

Figure 6. Proteolysis of CREB is catalyzed by calcium-mediated truncation/activation of calpain I. (A) In vitro proteolyses of calpain I and CREB in
human brain extracts were activated by calcium. A normal human brain extract was incubated for 10min at 30�C in the absence (upper two panels)
or presence (3th panel) of recombinant MBP–CREB and analyzed by western blots. PP2A catalytic subunit was used as negative control.
(B) Calcium-activated proteolysis of calpain I and CREB was inhibited by calpain inhibitors selectively. Recombinant MBP–CREB was incubated
with normal human brain extract in the presence of EGTA or CaCl2 plus various selective protease inhibitors for 10min at 30�C, followed by
western blots to detect the proteolysis. Abbreviations: Apr, aprotinin; Pep, pepstatin; Leu, leupeptin; Calp, calpastatin peptide. (C) Immunopurified
CREB from mammalian cells was proteolysed by calpain I. HA-CREB was immunopurified from HEK-293FT cells and incubated with various
concentrations of calpain I for 10min at 30�C. The reaction products were analyzed with western blots. (D–F) Recombinant MBP–CREB was
proteolysed by calpain I. Recombinant MBP–CREB was incubated with various concentrations of calpain I for 10min at 30�C. The proteolytic
products were analyzed by Coomassie blue staining (D) and western blots developed with anti-CREB (against amino acids 5–24) (E) or anti-CREB
(against middle region) (F).
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anti-N-terminus and anti-middle region of CREB
(Figure 6E and F). Thus, we speculated that 93-kDa
MBP–CREB was cut by calpain I at N-terminal CREB
and generated 41-kDa truncated CREB, which contained
C-terminal CREB and 52-kDa fragment which consists
of MBP and N-terminal CREB. So, we dissected the
41-kDa fragment and subjected to N-terminal sequence
analysis for five circles. The sequence of 41-kDa from
N-terminus was AQPQI. Thus, we conclude that CREB
was cleaved by calpain I at Gln28–Ala29 (Figure 7A).

Truncated CREB has less ability to promote
GLUT3 expression

Calpain I cleaves CREB at Gln28–Ala29 to generated
41-kDa truncated CREB (CREB�N). Hence, we
investigated the effect of the truncation on CREB-
regulated GLUT3 expression. We constructed truncated
pCI/CREB�N (Figure 7A), transfected it into SH-SY5Y
cells and performed ChIP with anti-HA as described

previously. We observed that CREs in the promoter of
GLUT3 precipitated by CREB�N were much less than
that by CREB (Figure 7B and C), suggesting weaker
binding of CREB�N than CREB. Transcriptional
activity of CREB requires its phosphorylation at Ser133
(37). Thus, we expressed both CREB and CREB�N in
HEK-293FT cells and detected the phosphorylation level
by western blots. Similar Ser133 phosphorylation of
CREB was detected in CREB and CREB�N (Figure7D).
Moreover, forskolin treatment also increased binding of
CREB�N to CREs of GLUT3 promoter (Figure 7E), sug-
gesting that truncation did not suppressed Ser133
phosphorylation.
To investigate the role of CREB truncation on its tran-

scriptional activity to promote GLUT3 expression, we
co-expressed CREB�N or CREB in HEK-293T with
pGL3/GLUT3�2000 (Figure 7F) and pGL3/GLUT3�126
(Figure 7G). The luciferase activity was assessed with
dual luciferase assay. The luciferase activity in the
HEK-293T cells transfected with CREB�N was

Figure 7. Truncated CREB has less activity to promote GLUT3 expression. (A) Schematic diagram of CREB and truncated CREB (CREB�N).
(B, C) CREB�N bound less than CREB to the CREs in GLUT3 promoter. pCI/CREB or pCI/CREB�N was transfected into SH-SY5Y cells under
differentiation condition and then immunoprecipitated by anti-HA. Three CRE-like elements in the immune-complexes were amplified by PCR using
the primers specific to CRE1, CRE2 or CRE3. PCR products were quantified by densitometry and presented as mean±SD (n= 3); *P< 0.05;
**P< 0.01. (D) Truncation of CREB did not affect its phosphorylation at Ser133. CREB or CREB�N was expressed in HEK-293T cells and
analyzed by western blots developed with anti-HA, anti-CREB1 and phosphorylated CREB at Ser133. (E) Forskolin treatment enhanced the binding
of CREB�N with the CRE of GLUT3 promoter. SH-SY5Y cells under differentiation condition were transfected with pCI/CREB�N and treated with
forskolin for 10 h, and then CREB�N was immunoprecipitated by anti-HA. The three CREs were amplified by PCR with their specific primers.
(F, G) CREB�N had less ability to promote the luciferase expression. Luciferase activity was measured in the SH-SY5Y cells cotransfected with
pGL3/GLUT3�2000 (F) or pGL3/GLUT3�126 (G) and pCI vector, pCI/CREB or pCI/CREB�N and presented as mean±SD (n= 3); *P< 0.05;
**P< 0.01.
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significantly lower than that in the cells transfected
with CREB, which was independent of the various
promoter regions of GLUT3 gene (Figure 7F and G).
These results suggest that the N-terminal truncation of
CREB may reduce its ability to promote GLUT3
expression.

Level of GLUT3 is decreased in AD brain and correlates
to CREB level positively

To determine whether decreased GLUT3 results from
decreased CREB in AD brain, we analyzed GLUT3
level in frontal cortices from seven AD and seven
control brains using western blots. GLUT3 level was
decreased markedly in the frontal cortices of AD brains
(Figure 8A and B), which is consistent with previous
studies (29,30).
Furthermore, we found that GLUT3 level was

positively correlated with the full-length CREB
(Figure 8C). Because we have found above that
overactivation of calpain I in AD brain was responsible
for the decreased CREB, we analyzed the relationship
between GLUT3 level and calpain I activation by using
Pearson correlation analysis. We found that activation of
calpain I was negatively correlated with GLUT3 level in
the human brain (Figure 8D).

DISCUSSION

Previous studies have demonstrated a decrease of GLUT3
protein level in AD brain (30), which might be a cause of
the impaired brain glucose uptake/metabolism and
associated neurodegeneration in this disease. In this
study, we proved that PKA/CREB promotes the expres-
sion of GLUT3 by acting on the CRE-like elements,
mainly CRE2 and CRE3, of the promoter region of
human GLUT3. We further found that in AD brain,
full-length CREB is decreased, truncation of CREB is
increased and the level of full-length CREB negatively
correlates with the activation of calpain I in human
brain. In vitro, calpain I cleaves CREB at Gln28–Ala29
and generates a 41-kDa truncated CREB, which has less
ability to promote GLUT3 expression. Moreover, the
level of GLUT3 is correlated with the level of full-length
CREB positively and with activation of calpain I nega-
tively in human brain. It appears that in AD brain, the
dysregulated calcium homeostasis probably leads to
overactivation of calpain I, which, in turn, cleaves
CREB, resulting in a weaker promotion in the expression
of GLUT3 and other genes, consequently impairment of
brain glucose uptake and metabolism. Thus, these findings
provide a novel possible mechanism explaining the regu-
lation of GLUT3 by CREB, the negative impact of the
proteolysis of CREB by calpain I on the expression of

Figure 8. GLUT3 level is decreased in AD brain and related with CREB and calpain I activation in human. (A, B) Protein level of GLUT3 in AD
was decreased. Western blots of frontal cortical homogenates from seven AD and seven control cases developed with anti-GLUT3. GAPDH blot was
included as a loading control (A). Western blots were quantitated by densitometry and the relative level of GLUT3 is presented as mean±SD;
**P< 0.01. (C) The level of GLUT3 correlated to CREB in human brain. The relative level of GLUT3 (y-axis) in the frontal cortical homogenates
from seven AD and seven control cases is plotted against the level of CREB (x-axis). (D) Activation of calpain I correlated to the level of GLUT3 in
human brain. The relative activation of calpain I [truncated/(full length+truncated)] (x-axis) is plotted against the level of GLUT3 (y-axis).
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GLUT3 and the involvement of this mechanism in impair-
ment of brain glucose uptake and AD pathogenesis.

Calpain is a family of calcium-dependent intracellular
cysteine proteases that catalyzes limited proteolytic
cleavage of a variety of cellular proteins in all eukaryotes
(45,48). Calpain I, which is the major calpain isoform in
the neuron, is fully activated by low micromolar concen-
trations of calcium (hence also called m-calpain), whereas
calpain II requires low millimolar levels of calcium for
optimal activity (hence also called m-calpain). Calpain I
is activated by removal of the N-terminal 14 amino acids
of the 80-kDa subunit first to produce the 78-kDa inter-
mediate product followed by removal of an additional 12
amino acids to produce the 76-kDa autolytic fragment
(49). Many putative etiologic factors of AD, including
excitotoxicity, b-amyloid neurotoxicity and free-radical
injury, have in common the potential for disrupting intra-
cellular calcium homeostasis (50–52). Though there is a
lack of direct evidence of altered calcium homeostasis in
AD brain, dysregulation of calcium is one of the major
hypotheses that may explain the pathogenic mechanism of
the disease (53,54). Calpain is thought to play a critical
role in activation of neuronal cdk5 (55–57), MAPK
pathway (58), PKA (59) and protein phosphatase 2B
(46,60), as well as the truncation of tau, which in turn
causes its abnormal hyperphosphorylation and leads to
neuronal death (61,62). Elevated truncation and activa-
tion of calpain have been previously reported in
early-stage AD (46,47). This study demonstrates that
calpain I activation may also play a role in the impairment
of glucose uptake via down-regulation of GLUT3 expres-
sion due to truncation of CREB in AD brain.

CREB is the principal transcriptional factor exhibiting
the most significant relevance to molecular networks of
AD related genes (63). In the incipient of AD, studies
on transcriptional network have shown that CREB is
the most significant transcriptional regulator, suggesting
that functional impairment of CREB in AD could begin at
the early stage of the disease (63). The b-amyloid (Ab)
peptide, which plays an important role in the pathogenesis
of AD, alters hippocampal-dependent synaptic plasticity
and memory and mediates synapse loss through the
CREB-signaling pathway (64). The CREB-target genes
play key roles in neuronal development, synaptic plasticity
and neuroprotection in the central nervous system.
Among those, BDNF is a well-studied CREB-target
gene and has important roles during development and
adult life (65,66) in neuronal growth, survival, differenti-
ation and synaptic function (67,68). Numerous reports
have indicated that the relative levels of BDNF mRNA
and proteins are decreased in severe AD when compared
with aged-matched controls (69–74).

CREB binds onto CRE of promoters as a dimer and
activates gene expression. CRE typically appears as either
palindrome (TGACGTCA) or half-site (CGTCA) se-
quences (75,76). Half-site is less active than the full-CRE
palindrome for CREB binding and AMP responsiveness
(37,77,78). The human GLUT3 gene does not have the
typical CRE element but has three potential CRE-like
sequences. These three CRE-like elements have
much weaker CREB-binding activity than the typical

‘TGACGTCA’ CRE consensus sequence. These three
CRE-like elements are located from �1631 to �1610 bp
for CRE1, from �116 to �95 bp for CRE2 and from+101
to+121 bp for CRE3. In this study, deletion of CRE1 did
not affect GLUT3 promoter-driven luciferase expression,
suggesting that CRE1 does not act as a significant
enhancer in the expression of GLUT3, even though it
could bind to CREB. Deletion of the region containing
either CRE2 or CRE3 significantly reduced the expression
of luciferase, suggesting that CRE2 and CRE3 serve as
enhancers of GLUT3. Mutations of CRE2 or CRE3 sig-
nificantly decreased the promotion of GLUT3 expression,
further supporting their requirement for promotion of
GLUT3 expression.
CREB contains an N-terminal transactivation domain

(TAD) and a C-terminal basic Leu zipper DNA-binding
and dimerization domain. In the TAD, a central
kinase-inducible domain (KID), containing a PKA phos-
phorylation site, Ser133, is flanked by hydrophobic
glutamine-rich domains, Q1 and Q2. The Q domains
enhance transcription by interacting with other associated
factors (79). In this study, we found that CREB was
proteolysed in vitro by calpain I at Gln28–Ala29 and
generated truncated CREB, which lacks a part of Q1.
Truncated CREB bound less to CREs in the promoter
of GLUT3 and had less activity to promote GLUT3
expression but did not affect its Ser133 phosphorylation.
These results further verify that Q1 domain enhances tran-
scription (79) and that removal of a part of N-terminal Q1
by calpain I may reduce its transcription activity.
The transcription activity of CREB is mainly regulated

by its phosphorylation at Ser133 by PKA (80). We have
shown in this study that CREB phosphorylation is also
required for promoting GLUT3 expression, because the
Ser133 to Ala mutation eliminated CREB’s ability to
promote GLUT3-droved luciferase expression. In AD
brain, PKA activity is decreased due to overactivation of
calpain I (59). Therefore, calpain I over-activation may re-
sult in decreased GLUT3 expression by two pathways,
PKA down-regulation and CREB truncation,
synergistically.
Most glucose in the brain is metabolized to produce

ATP to maintain neuronal activity. Approximately
2–5% of total glucose feeds into the hexosamine biosyn-
thesis pathway to produce glucosamine-6-phosphate, and,
ultimately, UDP-Nacetylglucosamine (UDP-GlcNAc)
(42). UDP-GlcNAc is the donor substrate for
O-linked-b-Nacetylglucosamine (O-GlcNAc) transferase
(OGT), which catalyzes protein O-GlcNAcylation, a
process transferring GlcNAc from UDP-GlcNAc to Ser/
Thr residues of proteins. O-GlcNAcylation is a recently
recognized post-translational modification of numerous
cytoplasmic and nuclear proteins. The activity of OGT
is sensitive to relatively small changes in UDP-GlcNAc
availability over a wide range of concentrations (43).
Therefore, decreased GLUT3 may cause impairment of
glucose up-take, leading to down-regulation of
O-GlcNAcylation of proteins.
Microtubule-associated protein tau is modified by

O-GlcNAcylation. In AD brain, tau is abnormally
hyperphosphorylated and accumulated in the form of
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NFTs (81,82). Many studies have demonstrated that
abnormal hyperphosphorylation of tau is critical to
neurodegeneration and promotes its aggregation into
tangles (83–89). We recently found that tau phosphoryl-
ation is inversely regulated by O-GlcNAcylation and that
decreased O-GlcNAcylation induces
hyperphosphorylation of tau (44). In AD brain, protein
O-GlcNAcylation is markedly decreased and correlated
negatively with phosphorylation at most phosphorylation
sites of tau protein (90). Therefore, decreased GLUT3
may down-regulate O-GlcNAcylation via reduction of
neuronal glucose uptake, leading to abnormal
hyperphosphorylation of tau and neurofibrillary degener-
ation in AD.
In summary, overactivation of calpain I due to overload

of calcium in AD brain proteolyses CREB to truncated
CREB, which has less ability to promote GLUT3 expres-
sion and might cause a reduction of glucose uptake and
metabolism in the brain and consequently
neurodegeneration and dementia.
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