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To understand epigenetic regulation of neurotrophins in Neuro-2a mouse neuroblastoma cells, we inves-
tigated the alteration of CpG methylation of brain-derived neurotrophic factor (BDNF) promoter I and
neurotrophin-3 (NT-3) promoter IB and that of histone modification in Neuro-2a cells. Bisulfite genomic
sequencing showed that the CpG sites of BDNF promoter | were methylated in non-treated Neuro-2a cells
and demethylated following 5-aza-2’-deoxycytidine (5-aza-dC) treatment. In contrast, methylation sta-
tus of the NT-3 promoter IB did not change by 5-aza-dC treatment in Neuro-2a cells. Furthermore, we
demonstrated that BDNF exon I-IX mRNA was induced by trichostatin A (TSA) treatment. However,
NT-3 exon IB-Il mRNA was not induced by TSA treatment. Chromatin immunoprecipitation assays
showed that the levels of acetylated histones H3 and H4 on BDNF promoter I were increased by TSA.
These results demonstrate that DNA methylation and/or histone modification regulate BDNF gene expres-

sion, but do not regulate NT-3 gene expression in Neuro-2a cells.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Brain-derived neurotrophic factor (BDNF) is a member of the
neurotrophin family that includes nerve growth factor (NGF), neu-
rotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5) [1,2]. BDNF
plays an important role in neuronal survival and differentiation,
extension of neuritis, and synaptic plasticity in the central nervous
systems [3,4]. Aberration of the BDNF gene expression results in
various neurological disorders, such as depression, Alzheimer’s,
Parkinson’s and Huntington diseases [5-8].

The BDNF gene has eight 5’-untranslated exons and one coding
exon, exon IX (Fig. 1A) [9,10]. By alternative splicing, each untrans-
lated exon is spliced to exon IX. BDNF gene expression is regulated
by multiple activity-dependent and tissue-specific promoters lo-
cated upstream of each 5-untranslated exon [11,12]. The NT-3
gene consists of at least two untranslated exons, exons IA and IB,
and one protein coding exon, exon II (Fig. 1B) [13,14]. Promoters
are located upstream of exons IA and IB, and NT-3 alternative tran-
scripts are generated in various tissues. For example, we previously
reported that NT-3 exon IB-II transcript was predominantly ex-
pressed in neurons [15]. Therefore, elucidation of tissue type-spe-
cific BDNF and NT-3 genes expressions would contribute to the
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understanding of the regulation mechanisms controlling gene
expression in neurons.

Previous studies have demonstrated that the BDNF gene expres-
sion is regulated by several transcriptional factors, such as cAMP-
response element binding protein (CREB) and upstream stimula-
tory factors 1/2 (USF1/2), which are associated with BDNF promot-
ers I and IV [16-18]. Additionally, calcium-responsive transcription
factor (CaRF) plays an important role in BDNF transcriptional acti-
vation by binding to BDNF promoter IV [19]. However, it is still un-
clear how the transcription activities of BDNF promoters I and IV
are differentially controlled. On the other hand, we previously
demonstrated that two GC-boxes of the NT-3 promoter IB recruited
transcription factors, Sp3 and Sp4, in neurons [15]. This result sug-
gests that different transcription regulation mechanisms control
transcription of BDNF and NT-3 genes.

It is reported that epigenetic regulations, such as DNA methyl-
ation and histone modification, play a crucial role in tissue type-
specific and activity-dependent regulation of BDNF gene expres-
sion [10,20,21]. Moreover, it is reported that expression of BDNF
exon [-IX mRNA, an alternatively spliced form containing exon I,
is induced by 5-aza-2’-deoxycytidine (5-aza-dC), a DNA methyl-
transferase inhibitor, in Neuro-2a neuroblastoma cells [10]. An-
other study shows that Sp3 function as activator when Sp3 is
bound to nonmethylated CpG sites of the mouse delta-opioid
receptor (mDOR) promoter, whereas Sp3 repress mDOR promoter
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Fig. 1. Expression levels of BDNF and NT-3 genes after 5-aza-dC and TSA treatment. (A) Mouse BDNF gene structure as described by Aid et al. [10]. Each of the eight
untranslated exons is spliced to give a common 3’-protein coding exon, exon IX. (B) Mouse NT-3 gene structure as described by Kendall et al. [14]. Exons are shown as boxes
and introns are shown as lines. Open boxes represent untranslated exons. The filled box indicates the protein coding region. (C) Neuro-2a cells were treated with 3 uM 5-aza-
dC or PBS (control) for 2 days. BDNF exon I and BDNF exon 1V indicate transcripts containing exons I and IV, respectively. (D) Neuro-2a cells were treated with TSA (100, 250,
500 or 1000 nM) or DMSO (control) for 24 h. The expression levels were measured by RT-PCR.

activity as repressor when Sp3 is bound to methylated CpG sites of
mDOR promoter [22]. Because Sp3 binds to NT-3 promoter IB con-
taining the CpG sites, the NT-3 promoter IB activity may be con-
trolled by DNA methylation. Therefore, in this study, we analyzed
the DNA methylation status of BDNF promoters I, IV and NT-3 pro-
moter IB in Neuro-2a to clarify epigenetic regulation of BDNF and
NT-3 genes.

2. Materials and methods
2.1. Cell culture and drug treatment

Mouse neuroblastoma Neuro-2a cells (American Type Culture
Collection) were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM, Invitrogen) supplemented with 10% fetal bovine serum
(FBS, Invitrogen), 50 U/ml penicillin, and 50 pig/ml streptomycin
(Invitrogen) at 37 °C in a humidified 5% CO, incubator. Cells were
treated with trichostatin A (TSA, Merck) (0, 100, 250, 500 and
1000 nM) for 24 h or 3 pM 5-aza-dC (Sigma) for 2 days; 5-aza-dC
was replaced with fresh 5-aza-dC at each 24 h.

2.2. RT-PCR

Total cellular RNA was isolated using ISOGEN (Nippongene). The
isolated RNA was treated with RNase-free DNase (Invitrogen) to de-
grade contaminated genomic DNA. One microgram of total cellular
RNA was reverse transcribed with oligo(dT) primers (Invitrogen)
and M-MLV reverse transcriptase (Invitrogen)in a 20 pl of total reac-
tion volume following the manufacture’s instructions. Subse-
quently, PCR was performed using HotStarTaq Plus Master Mix Kit
(QIAGEN) containing 1 pl of cDNA in a 20 pl of the total volume.
Thirty-five amplification cycles (45 s at 95 °C; 45 s at 60 °C; 1 min
at 72 °C) were conducted for BDNF exons I-IX and IV-IX and NT-3
exon IB-II, and 25 identical cycles for the glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) gene. PCR primer sequences were:
BDNF exons I-IX: 5'-GTGTGACCTGAG CAGTGGGCAAAGGA-3' and
5-GAAGTGTACAAGTCCGCGTCCTTA-3/, BDNF exons IV-IX: 5'-CTC
TGCCTAGATCAAATGGAGCTTC-3" and 5-GAAGTGTACAAGTCCGCGT
CCTTA, NT-3 exon IB-II: 5'-GCCCGGC GCAACTTTCTTCCC-3’ and 5'-G

GGGCGAATTGTAGCGTCTCT-3', GAPDH: 5'-GCCCAGAACATCATCCC
TGC-3’ and 5'-GCCTCTCTT GCTCAGTGTCC-3'.

2.3. Bisulfite genomic sequencing

Genomic DNA was isolated using Wizard® Genomic DNA Purifi-
cation System (Promega). Bisulfite modification of genomic DNA
was performed following a published procedure [23]. One micro-
gram of bisulfite-treated genomic DNA was then subjected to PCR
experiments. PCR amplification composed of 30 cycles (30s at
95 °C; 1 min at 54 °C; 1 min at 72 °C) after the initial Taq activation
step (10 min at 95 °C). PCR primers used for initial amplification
were: 5-GTTGGAGATTTTTAGTTATGGTGG-3' and 5'-TTACCCACTAC
TCAAATCACACC-3' for mouse BDNF promoter [, 5'-GTGAATTTGTTAG
GATTGGAAGTGAAAATA-3' and 5'-CTCTTACTATATATTTCCCCTTCTC
TTC-3’ for mouse BDNF promoter IV, 5'-GGGA AGGTTAAAAGAGGG-
GATAATG-3' and 5'-ggcatctagaAAAACCTTCAACTCTAAATCCC-3' for
mouse NT-3 promoter IB (Lower cases of primer sequence indicate
adaptor sequences for restriction enzymes.). Nested PCR (for mouse
BDNF promoters I, IV) and semi-nested PCR (for mouse NT-3 pro-
moter IB) were performed using 2 pl of the initial reaction mixture
with conditions similar to those described above. PCR primers used
in the nested and semi-nested PCR were 5'-cactaagcttTTATGGTGGG
GGAGGGGTA-3' and 5’-ggcatctagaCTACTCAAATCACACCTAAAACTC
TAA-3' for mouse BDNF promoter I, 5'-cactaagcttGGATTGGAAGTGA
AAATATTTATAAAGTATG-3' and 5'-ggcatctagaCTAAACAAAAAC-
TAAAAAATTTCATACTAACTC-3' for mouse BDNF promoter [V, 5'-cac-
taagcttTTTTT TTTGAAGTGGATTAGGAG-3' and 5'-ggcatctagaAAAAC
CTTCAACTCTAAATCCC-3’ for mouse NT-3 promoter IB. PCR products
were digested with Hindlll/Xbal and the fragments were cloned into
Hindlll/Xbal sites of the plasmid vector pUC19. Thirteen indepen-
dent plasmid clones were selected and their nucleotide sequences
were determined.

2.4. The Chromatin immunoprecipitation assays

The Chromatin immunoprecipitation (ChIP) assays were per-
formed by using ChIP-IT™ express kit (ACTIVE MOTIF). Briefly,
Neuro-2a cells were treated with 500 nM TSA or DMSO (Control)
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for 24 h and fixed with formaldehyde for 10 min and lysed with
lysis buffer. Cross-linked chromatin was sonicated to reduce the
size of DNA fragments. The size of generated DNA fragments was
shorter than 1 kb pair. The samples were immunoprecipitated by
incubation with anti-acetylated H3, H4 antibodies (MILLIPORE).
Treatment with the normal IgGs (MILLIPORE) was performed as a
negative control. ChIP DNA was subjected to PCR using primers;
BDNF promoter I: 5-CCCCCCTCCCATTTGATCATC-3' and 5'-ATA
AGAATACCAGAAAAGCGCAGCG-3’ under the condition described
above.

3. Results
3.1. TSA and 5-aza-dC enhance BDNF but not NT-3

Previous studies have revealed that 5-aza-dC, a DNA methyl-
transferase inhibitor, induces BDNF exon I-IX mRNA in Neuro-2a
[10]. We confirmed this result (Fig. 1C). In addition to this result,
we found that 5-aza-dC treatment moderately increased BDNF
exon [V-IX mRNA (Fig. 1C). We also found that TSA increased levels
of BDNF exon I-IX mRNA and BDNF exon IV-IX mRNA in a dose-
dependent manner (Fig. 1D). In contrast, the level of NT-3 exon
IB-1I mRNA was not changed by 5-aza-dC and TSA (Fig. 1C and
D). These results suggest that the expression of BDNF is influenced
by DNA methylation and histone acetylation, but that of NT-3 is not
in Neuro-2a.

3.2. DNA demethylation of BDNF promoter I by 5-aza-dC

In general DNA methylation at promoter region suppresses
gene expression. Because BDNF exon I-IX mRNA and NT-3 exon
IB-II mRNA are poorly expressed in non-treated Neuro-2a, we ana-
lyzed methylation status of the proximal region of BDNF promoters
I, IV and NT-3 promoter IB by bisulfite genomic sequencing. BDNF
promoter [ and NT-3 promoter IB were mostly methylated in the
non-treated cells, whereas CpG sites of BDNF promoter IV were
mostly nonmethylated in the untreated Neuro-2a cells (Fig. 2).
These results agree with the observation that BDNF exon I-IX
and NT-3 exon IB-Il mRNA are not transcribed in non-treated Neu-
ro-2a but BDNF exon IV-IX mRNA is (Fig. 1C and D). We observed
the appearance of clones demethylated at the BDNF promoter I
after 5-aza-dC treatment (Fig. 2A). In contrast, methylation status
of NT-3 promoter IB was not significantly altered by 5-aza-dC
(Fig. 2C). These results indicate that the BDNF exon [-IX mRNA
expression induced by 5-aza-dC is associated with the demethyla-
tion of the BDNF promoter I CpG sites in Neuro-2a.

3.3. TSA treatment increases histone acetylation on BDNF promoter I

TSA is known to influence gene expression by alteration of his-
tone acetylation status. We then examined histone acetylation sta-
tus at BDNF promoter I by ChIP assays. We found that TSA
increased acetylated histones H3 and H4 at BDNF promoter I in
Neuro-2a (Fig. 3A). To investigate whether TSA affects DNA meth-
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Fig. 2. DNA methylation status of BDNF and NT-3 genes in Neuro-2a. (A) Structure of the BDNF exon I promoter and the sequences of the CpG sites. CRE (5-TCACGTAA-3') is
located between base pair —78 and —71. (B) Structure of the BDNF exon IV promoter and the sequences of the CpG sites. CaRE1 (5'-CTATTTCGAG-3') and CRE (5’-TCACGTCA-
3') are located between —72 and —63 and —38 and —31, respectively. (C) Structure of the NT-3 promoter IB and the sequences of the CpG sites. Two GC-boxes (5'-
GCGGGCGGGGCTAGGGGGTTTGGCG-3') are located between —107 and —83. After 3 M 5-aza-dC treatment for 2 days, the methylation status was assessed by bisulfite
genomic sequencing (A) and (C). Open and closed circles denote unmethylated CpG sites and methylated CpG sites, respectively. Each row indicates specific plasmid clone.
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Fig. 3. Histone modifications and DNA methylation status of the BDNF promoter I in TSA-treated Neuro-2a. Neuro-2a was treated with 500 nM TSA for 24 h. (A) Chromatin
was isolated and immunoprecipitated with antibodies for acetylated histones H3 and H4. Associated DNA was analyzed by PCR. The amplified region covers from —200 to +1
of BDNF promoter I. (B) The methylation status of BDNF promoter | was analyzed using the procedure described in Fig. 2. Open and closed circles denote unmethylated CpG

sites and methylated CpG sites, respectively. Each row indicates specific plasmid clone.

ylation status of BDNF promoter I, we analyzed methylation status
of BDNF promoter I in Neuro-2a after TSA treatment. We found
that methylation status of BDNF promoter I was not altered by
TSA treatment (Fig. 3B). These results suggest that the BDNF exon
[-IX mRNA expression by TSA depends on histone acetylation but
not on methylation status.

4. Discussion

In this study, we found that methylated CpG sites of BDNF pro-
moter I are demethylated by 5-aza-dC treatment. Furthermore, we
found that histones H3 and H4 of BDNF promoter I is acetylated by
TSA treatment in Neuro-2a. It is suggested these alterations result
in expression of BDNF exon [-IX mRNA. These results suggest that
DNA methylation and histone acetylation at BDNF promoter I play
an important role in BDNF gene expression in Neuro-2a.

Previous studies have revealed that the CpG sites of BDNF pro-
moter IV were methylated in neurons and that after membrane
depolarization its methylated CpG sites were demethylated
[24,25]. As a result, the MeCP2-histone deacetylase (HDAC)/co-
repressor (mSin3A) repression complex dissociates from its pro-
moter. Because our results showed that the expression level of
BDNF exon [-IX mRNA is elevated by demethylation of BDNF pro-
moter I, it is suggested that transcriptional repressors, such as
MeCP2 and HDACs, are associated with methylated CpG sites of
BDNF promoter I and inactivate the expression of BDNF exon [-IX
mRNA by restraining CREB function in Neuro-2a cells. We showed
that BDNF exon [V-IX mRNA was increased by 5-aza-dC treatment.
However, BDNF promoter IV was mostly nonmethylated status in
non-treated Neuro-2a (Fig. 2B). These results suggest that 5-aza-
dC affects BDNF exon I-IX expression in a manner that is indepen-
dent of promoter methylation status.

We showed that the CpG sites of NT-3 promoter IB were hyper-
methylated in Neuro-2a (Fig. 2), and that NT-3 exon IB-II mRNA
expression is in low level. The CpG sites of NT-3 promoter IB were
hypomethylated in cortical neurons (data not shown), and that NT-
3 exon IB-II mRNA expression was in high level. Thus, these results
indicate that DNA methylation of NT-3 promoter IB is correlated
with NT-3 gene expression. Additionally, NT-3 exon IB-1I mRNA
expression was not induced by TSA in Neuro-2a (Fig. 1). Our recent
studies showed that NT-3 gene expression is down-regulated by
the treatment with valproic acid, an inhibitor of HDAC, in cortical
neurons [26]. These results suggest that histones associated with
NT-3 promoter IB are resistant to acetylation. Precise epigenetic
mechanisms for the NT-3 gene expression should be elucidated
in future work.

It is expected that the cause of various nervous system diseases
induced by abnormal gene expression is due to altered epigenetic

regulation. Accumulating evidences suggest that epigenetic regula-
tion of the BDNF gene is a key factor in neurodegenerative and psy-
chiatric disorders [27,28]. Recent study showed that epigenetic
modification of the BDNF gene is regulated in isoform-specific
manners in the adult hippocampus during fear memory consolida-
tion [21]. Therefore, our results are helpful in elucidating the epi-
genetic mechanisms controlling the BDNF gene expression in
neurons.
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