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Abstract
Neuroglobin (Ngb) has been demonstrated to be a novel neuroprotective protein that protects
against hypoxia/ischemia and oxidative stress-induced injury in the nervous system. However, the
regulation mechanisms of Ngb gene expression under both normal resting and stress conditions
have not been fully elucidated. The cyclic AMP response element binding protein (CREB) is a key
transcription factor that regulates a variety of pro-survival genes, but its role in regulating the
neuroprotective gene Ngb has not been studied. In this study we investigated the transcriptional
regulation of mouse Ngb gene by CREB in mouse neuroblastoma cell line N2a. Our results
showed that CREB knockdown decreased Ngb gene expression, and overexpression of the wild-
type CREB, but not the mutant CREB, significantly increased Ngb gene expression in N2a cells.
Moreover, a cAMP response element (CRE) site located at −854 in the promoter region of mouse
Ngb gene was found to be responsible for both basal and CREB-induced Ngb promoter activity.
Using chromatin immunopreciptation (ChIP) assays, we found that CREB could bind to the Ngb
promoter region spanning from −1016 to −793 that harbors the CRE site. Taken together, our
results suggested that transcription factor CREB participates in the transcriptional regulation of
mouse Ngb gene.
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Introduction
Neuroglobin (Ngb) is an oxygen-binding globin that was first identified in 2000 [2]. As Ngb
is predominantly expressed in brain neurons and highly conserved during evolution, it has
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been suggested that Ngb is a functionally important protein in the nervous system [2, 6, 22].
Accumulating experimental findings have demonstrated that Ngb is a novel endogenous
neuroprotectant in response to a variety of insults including cerebral ischemia and
neurodegenerative diseases[7]. Increased Ngb expression confers resistance of neurons
against hypoxic/ischemic [10, 21]and oxidative injuries[3, 12]. Ngb also protects neurons
from beta-amyloid-induced neurotoxicity and attenuates phenotype in transgenic mice of
Alzheimer disease [11], indicating that Ngb is protective in neurodegenerative diseases as
well. Thus, Ngb can be a novel target for endogenous neuroprotection against stroke and
related neuroglogical disorders [7]. However, the Ngb gene regulation mechanisms remain
to be fully understood in order to better develop the Ngb up-regulation therapy approach.
Previous reports from our lab and others have shown that Ngb gene can be regulated by
transcription factors SP1 and SP3 [23], Egr 1, NFkB and HIF1α [8, 13]. Interestingly, the
involvements of multiple transcriptional regulators and the delicate responses of Ngb gene
expression to various physiological conditions strongly suggested that there might be other
transcriptional factors that participate in Ngb gene regulation [4].

As a key transcription factor in the nervous system, CREB plays critical roles in neuronal
growth, survival, and synaptic function [15, 17], thus it may be another candidate serving as
a transcriptional regulator of Ngb gene expression. Previous studies indicated that CREB
exerts neuroprotective function in response to harmful or stressful stimuli by regulating the
expression of a variety of anti-apoptotic proteins, such as BDNF [18], Bcl2 [5, 16], MnSOD
[1] and Mcl-1 [20]. Since Ngb is a neuron survival and protection molecule, and considering
CREB function in maintaining basal and stress-induced pro-survival genes expression, in
this study we tested our hypothesis that CREB may also mediate transcriptional regulation
of Ngb gene.

Material and Methods
Reagents

Cell culture supplies including DMEM (Dulbecco’s modified Eagle’s medium), geneticin,
penicillin, streptomycin and LipofectamineTM 2000 were purchased from Invitrogen. FBS
(Fetal bovine serum), L-glutamine, glutamic acid, 0.05% trypsin-EDTA were purchased
from Gibco. The chicken anti-Ngb primary antibody was purchased from BioVendor.
Antibodies against CREB and phospho-CREB at ser133 (p-CREB) were purchased form
Cell Signaling Technology. All siRNAs (small interfering RNAs) were obtained form Santa
Cruz Biotechnology. pCMV-HA vector and CREB Dominant-Negative Vector Set were
purchase form Clontech Laboratories. pGL3-Basic vector, Dual-Luciferase® Reporter
Assay System were purchased from Promega.

Reporter plasmid construction
Mouse Ngb gene promoter constructs including P-2033 (−2027/+6), P-1539 (−1533/+6),
P-1004 (−998/+6), P-886 (−880/+6), P-554 (−549/+6), P-341 (−335/+6) and P-554 (Egr1M)
were cloned as described before [13]. Contructs with mutations to the CRE1 and CRE2 sites
that were derived form the P-2033 (−2027/+6) construct were generated by overlapping
extension PCR as described previously [14]. In brief, in the first round, two PCR were
performed in parallel using the P-2033 (−2027/+6) construct as template: one with a wild-
type forward primer P-2033F (5′-GGGGTACCGTCCACTACTCCCATGAATTC-3′) and a
reverse mutated primer CRE1delR (5′-
CATGGAGTTTGCCATCGCACGACCTACTGA-3′) or CRE2delR (5′-
TCTGTTGGAGCCCCCAGACAGTAACTAGTA-3′), the other with a forward mutated
primer CRE1delF (5′-GCGATGGCAAACTCCATGAATGTGTACGCA-3′) or CRE2delF
(5′-TCTGGGGGCTCCAACAGACCTGAGATTGGA-3′) and a wild-type reverse primer

Liu et al. Page 2

Neurosci Lett. Author manuscript; available in PMC 2014 February 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



P-2033R (5′ -CCAAGCTTCTCCATGCTCTCTCTCCCAG-3′). In the second round, equal
molar mixture of the two PCR products was used as template, P-2033F and P-2033R were
used as primers. The final PCR products were cloned into pGL3-Basic vector with a KpnI/
HindIII site. The sequences of all constructs were confirmed by direct sequencing.

Cell culture and transfection
The mouse N2a (Neuro2a) neuroblastoma cell culture was performed as described before
[13]. In brief, N2a cells were maintained in DMEM supplemented with 10% FBS, 0.3 mM
L-glutamine and 50 U/ml penicillin/streptomycin. For transfection, N2a cells with 70%
confluence were transiently transfected with DNA constructs or siRNAs using
LipofectamineTM 2000 following the manufacturer’s protocol.

Luciferase reporter assay
Luciferase reporter assay was performed as described before [13]. Briefly, N2a cells were
transiently transfected with DNA constructs and/or siRNAs as well as plasmid pRL-TK
encoding Renilla luciferase which was used as a control for transfection efficiency for 24
hours. The cells were then lysed in 1X passive lysis buffer and the lysates were collected
and assayed for luciciferase activity using the Dual-Luciferase® Reporter Assay System on
VeritasTM Microplate Luminometer (Turner BioSystems). Activity was defined as Firefly/
Renilla ratio. Each experiment was performed at least three times.

Western blot analysis
Western blotting was performed as described previously [13]. In brief, protein samples from
N2a cells were diluted with 4× E-PAGE™ loading buffer and 10× NuPAGE® reducing
agent (Invitrogen) and heated at 70°C for 10 min. Then the protein sample was separated by
4%-12% SDS-PAGE gel (Invitrogen) and transferred onto nitrocellulose membrane using
the buffer-less, iBlot® dry blotting system (Invitrogen). The membrane was soaked with 5%
nonfat dried milk in 10 mM PBS buffer (PH 7.2) for 1 hour at room temperature to block
non-specific binding. Immunoblots were then performed at 4°C by incubation with primary
antibodies followed by washing three times with TBS/0.1% Tween for removing excess
primary antibody. After that, the membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies for 1 hour at 37°C. The membranes were then washed with
TBS/0.1% Tween for another three times. The blots were developed using enhanced
chemiluminescence (ECL, Amersham Pharmacia Biotech) according to the manufacturer’s
protocol and then exposed to film (X-Omat; Eastman Kodak Co.). The intensity of
immunoreactive bands was then quantified by densitometry using ImageJ software.

ChIP (Chromatin Immunoprecipitation) assay
The ChIP assay was performed using an EZ ChIPTM Chromatin Immunoprecipitation kit
(Upstate Biotechnology) according to the manufacturer’s protocol as described before [13].
Briefly, approximately 1×106 N2a cells were cross-linked at 37°C for 10 min in 1%
formaldehyde. The cells were then collected for sonication in SDS lysis buffer to shear the
chromatin with an average size of approximately 300 bp. Then the supernatant was
immunoprecipitated by adding anti-CREB or a control rabbit polyclonal anti-IgG antibody,
and the mixture was placed on a rotator at 4°C for overnight. DNA-protein cross-linkers
were then reversed by heating at 65°C for 4 hours. The DNA products were further
amplified by PCR. The mouse Ngb promoter region containing CRE1 and CRE2 sites which
spanned from −1016 to −793 upstream of the starting codon ATG was amplified using
primers: chCRE2Fw (5′-CCAGCACCTCGTTTCTTAGTTTT -3′) and chCRE2Rs (5′-
GCAGAGGCCAAAACATAGACATC-3′). The mouse Ngb promoter region contained
CRE3 site which spanned from −2055 to −1843 upstream of ATG was amplified using
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primers: chCRE3Fw (5′-GGTTCTGGTTCTTCCACTTAGGTC-3′) and chCRE3Rs (5′-
TCCTAATGACTTCAGAAGACCCC-3′). Each of the experiments was repeated three
times.

Statistical Analysis
All data values are expressed as means ± SD. Statistical significance (P<0.05) were
determined by a One-way ANOVA followed by Tukey-Kramer tests.

Results
1. CREB is involved in maintaining mouse Ngb gene expression

To explore the potential role of CREB in the regulation of Ngb gene expression, pecific
siRNA against CREB and control siRNA were transfected into N2a cells, and the
endogenous CREB and Ngb protein levels were examined. Our data showed that knock-
down of CREB significantly decreased Ngb protein levels (Figure. 1A). To further examine
the role of CREB in regulation of Ngb gene expression, N2a cells were transiently
transfected with wild-type CREB overexpression vector and dominant mutant CREB vector.
Our results showed that CREB overexpression significantly enhanced Ngb protein levels.
However, the dominant mutant CREB vector including KCREB and CREBs133a did not
significantly increase Ngb protein levels (Figure. 1B).

2. CREB is a positive regulator of mouse Ngb gene promoter
To investigate whether CREB is a transcriptional activator of Ngb gene expression, we
examined the effects of CREB on the mouse Ngb promoter activity by luciferase reporter
assay. Our results showed that knock-down of CREB by specific CREB siRNA significantly
reduced the Ngb promoter activity (Figure 2A), and over-expression of wild-type CREB, but
not mutant CREB, significantly increased the Ngb promoter activity of P-2033 (−2027/+6)
(Figure 2B). These results indicate that CREB is a positive regulator of mouse Ngb gene
promoter.

3. CRE2 site mediates CREB-induced upregulation of mouse Ngb gene promoter
To define the CREB-responsive region in the mouse Ngb gene promoter, we co-transfected
the 5′ serial deleted mouse Ngb promoters and CREB expression vectors into N2a cells. Our
results showed that deletion of the sequence from −2027 to −998 bp did not affect the
transactivation of the mouse Ngb promoter by CREB. However, progressive 5′-deletion
from −880 to −335 bp gradually decreased Ngb promoter activity in response to CREB
overexpression, suggesting that the region spanning −880 to −335 probably contains CREB-
response elements (Figure 3A). Therefore we went on to further identify the CREB binding
motifs in the mouse Ngb promoter using the bioinformatic TFBS-prediction tool Jaspar
(http://jaspar.genereg.net/). After analysis of the sequence spanning from −998 to −335 bp,
we found two potential CREB-binding sites located on −909 and −854, which were
designated CRE1 and CRE2 sites respectively (Figure 3B). To investigate the role of these
two putative cAMP-response elements (CRE) in CREB-mediated transactivation of the
mouse Ngb promoter, we deleted these two CREs from P-2033 (−2027/+6) reporter plasmid,
and then co-transfected CREB expression vector and P-2033 (−2027/+6) or one of the CRE
deletion plasmids into N2a cells. We found the Ngb promoter activity in P-2033 (−2027/+6)
and CRE1 (del) reporter plasmid can be stimulated by CREB, whereas mutation of CRE2
site significantly attenuated CREB-induced Ngb promoter activity (Figure 3C). These results
indicated that the CRE2 site is responsible for CREB-induced Ngb promoter activity.
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4. CREB binds to mouse Ngb promoter in vivo
To further confirm the function of CREB in regulating Ngb gene expression, we
investigated whether CREB is capable of binding to mouse Ngb promoter region by ChIP
assay in N2a cells. Our results indicated that the chromosomal DNA immunoprecipitated by
CREB antibody can be amplified by PCR using Ngb promoter-specific primers covering the
CRE1 and CRE2 sites from −1016 to −793 bp, but not the primers covering the CRE3 site
from −2055 to −1843 bp (Figure 4). These results indicated that CREB specifically binds to
the mouse Ngb promoter region covering CRE2 site.

Discussion
Experimental results of this study clearly demonstrated that CREB is also an important
transcription regulator for basal Ngb gene expression. The transcriptional activation of
CREB is critically dependent on phosphorylation of Ser133 by multiple kinases in response
to a wide variety of external stimuli [15], while the mutant CREBs133a protein cannot be
phosphorylated at Ser133, thus was not able to transactivate the target genes. The mutant
KCREB protein contains mutations within its DNA-binding domain that form an inactive
dimer with a wild-type CREB, thus blocking its ability to bind CRE of target genes [19]. In
this study we also found that in comparison to KCREB, CREBs133a also enhanced Ngb
protein levels, which implied that CREB may transactivate Ngb gene in a phospho-Ser133-
independent manner.

We also found that the CRE2 site located at −854bp in the promoter of mouse Ngb gene was
responsible for both basal and CREB-induced Ngb promoter activity. Furthermore, CREB
was found to specifically bind in vivo to the mouse Ngb promoter region that covers the
CRE2 site. We have previously reported a large similarity of the mouse Ngb with human
Ngb promoter after bioinformatics analysis [13], which identified several putative CRE sites
in the promoter of human Ngb gene, thus it is possible that CREB also mediates
transcriptional regulation of human Ngb gene. This notion needs to be investigated in future
study.

Identification of CREB as a transcriptional factor in Ngb gene regulation is fundamentally
and translationally significant. CREB has been well demonstrated as a transcriptional
regulator to mediate adaptive responses of neurons to stress stimuli by upregulating the
expression of neuron survival and anti-apoptotic proteins, such as BDNF [18], Bcl2 [5, 16],
MnSOD [1]. Our findings indicate that by maintaining and upregulating Ngb expression,
CREB might promote neuronal survival under pathological conditions. However the
regulatory roles of CREB for Ngb in response to neuronal insults and the underlying
molecular mechanisms and neuroprotective consequences remain to be elucidated in further
investigations. Additionally, we have recently documented that transcription factors NFκB
(p65), Sp1 and HIF-1α are involved in Ngb upregulation under hypoxic condition [13]. As
CREB has been previously reported to cross-talk with other transcription factors such as
NFκB (p65) for transactivating target gene [9], it is interesting that CREB may interact with
these transcription factors to regulate Ngb gene in response to some specific stress stimuli.
This issue remains to be further defined.

In summary, our findings suggest that transcription factor CREB is a positive regulator of
mouse Ngb gene expression in neuronal cells. Further investigation in elucidating the
molecular regulation mechanisms of Ngb gene and the role of CREB would lead to a better
development of Ngb-regulation based interventions for stroke and other related neurological
disorders.
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Highlights

• CREB knockdown decreased Ngb gene expression in N2a cells.

• Overexpression of wild type CREB, but not mutant CREB, increased Ngb
expression.

• A cAMP response element site is located at −854 in mouse Ngb promoter
region.

• CREB can bind to Ngb promoter region in vivo tested by CHIP.
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Figure 1. Effect of transcription factor CREB in mouse Ngb protein levels
(A). Representative western showed effect of specific mouse CREB siRNA on mouse Ngb
protein levels, β-actin served as equal loading controls. (Mean ± SD). n=3, *P<0.05 versus
cells transfected with control siRNA. (B). Representative western showed effect of CREB
and its mutant on mouse Ngb protein levels, β-actin served as equal loading controls. (Mean
± SD). n=3, *P<0.05 versus cells transfected with control siRNA.
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Figure 2. Effect of transcription factor CREB in mouse Ngb promoter activity
(A). The luciferase activity (Mean ± SD) was determined at 24 h after transfection. n=4,
*P<0.05 versus control cells transfected with control siRNA. (B). The luciferase activity
(Mean ± SD) was determined at 24 h after transfection. n=4, ** P<0.01 versus cells
transfected with PCMV-Myc.
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Figure 3. Functional analysis of CRE sites within mouse Ngb promoter
(A). The luciferase activity (Mean ± SD) was determined at 24 h after transfection. n=4. (B).
Deletion mutation of the putative CRE1 and CRE2 sites. Bold letters indicate putative CRE1
and CRE2 sites. (C). Relative luciferase activities of P2033 (−2027/+6), P2033 (CREdel1)
and P2033 (CRE2del) in N2a cells. *P<0.05 versus N2a cells co-transfected with PCMV-
Myc and P2033 (−2027/+6). # P<0.05 versus N2a cells co-transfected with PCMV-CREB
and P2033 (−2027/+6).
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Figure 4. Interactions of CREB with mouse Ngb promoter in N2a cells
Chromatin immunoprecipitation was performed in N2a cells. Precipitated DNA was
immunoprecipitated with anti-CREB, then amplified by PCR using primers specific for
mouse Ngb promoter. Rabbit IgG served as a negative control.
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