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Abstract

Proliferation of neural stem cells (NSCs) is required for development and repair in the nervous system. NSC amplification in vitro is a necessary step
towards using NSC transplantation therapy to treat neurodegenerative diseases. Folic acid (FA) has been shown to act through DNA methyltransferase to
stimulate NSC proliferation. To elucidate the underlying mechanism, the effect of FA on the methylation profiles in neonatal rat NSCs was assessed by
methylated DNA immunoprecipitation (MeDIP) and methylated DNA immunoprecipitation-DNA microarray (MeDIP-Chip). Differentially methylated regions
(DMRs) were determined by quantitative differentially methylated regions analysis, and genes carrying at least three DMRs were selected for pathway
analysis. Gene network analysis revealed links with steroid biosynthesis, fatty acid elongation and the PI3K/Akt/CREB, neuroactive ligand–receptor
interaction, Jak-STAT and MAPK signaling pathways. Moreover, Akt3 acted as a hub in the network, in which 14 differentially methylated genes converged to
the PI3K/Akt/CREB signaling pathway. These findings indicate that FA stimulates NSC proliferation by modifying DNA methylation levels in the PI3K/Akt/
CREB pathway.
© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Folate is essential for the development, function and repair of the
central nervous system. Folate deficiency and folic acid (FA) therapy
have been implicated in the etiology and treatment of human neural
tube defects and animal models of neurodegenerative disease [1–4].
Abbreviations: CGI, CpG island; DMG, differentially methylated gene;
DMR, differentially methylated region; DNMT, DNA methyltransferase; FA,
folic acid; HCP, high CpG density promoter; LCP, low CpG density promoter;
ICP, intermediate CpG density promoter; MTT, methyl thiazolyl tetrazolium;
NSC, neural stem cell; QDMR, quantitative differentially methylated region.
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FA rescues the proliferation potential of neural precursors in Sp−/−
embryos [1]. Further, FA accelerates the proliferation of neural stem
cells (NSCs) by a dose-dependent mechanism that depends on DNA
methyltransferase (DNMT) [2]. The latter finding suggests that FA-
stimulated DNA methylation is involved in the epigenetic regulation
of NSC proliferation. The proliferation of these cells is required for
development and repair in the central nervous system [3]. However,
the genes or pathways that are epigenetically regulated by FA were
rarely reported.

The purpose of the present study was to determine if
stimulation by FA of NSC proliferation is associated with changes
in the DNA methylome and then to identify the salient signaling
pathways. The effects of FA and DNMT on methylation profiles in
neonatal rat NSCs were assessed by methylated DNA immunopre-
cipitation-DNA microarray (MeDIP-Chip). We discovered that the
methylation profile of PI3K/Akt/CREB was altered profoundly in
NSCs that were induced to proliferate by FA. This discovery
provides insight into the mechanism by which FA promotes NSC
proliferation. Also, since NSC proliferation in vitro is a necessary
step towards obtaining sufficient NSCs for transplantation therapy
to treat neurodegenerative diseases, our discovery may speed the
development of NSC-based therapy.
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Fig. 1. NSC proliferation increases with FA treated and assessed by MTT assay. *Pb.05.
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2. Materials and methods

2.1. Cell culture and treatments

The Tianjin Medical University Animal Ethics Committee approved the animal
protocols. Pregnant Sprague–Dawley rats were purchased from Beijing Medical
Laboratory Animal Co. Ltd (Beijing, China). NSCs were isolated from neonatal (less
than 24 h post-natal) Sprague–Dawley rats and cultured as described previously [2]. To
assess the effects of FA and DNMT, NSCs were incubated for 48 h with the indicated
concentrations of FA and the DNMT inhibitor zebularine. The four treatment groups
were FA 1.5 μmol/L (this group was folate deficient and therefore named the D group),
FA 10 μmol/L (this group received the normal level of FA supplementation and was
named the N group), FA 20 μmol/L (F group) and FA 20 μmol/L plus zebularine 150
μmol/L (Z group).

2.2. Cell proliferation

Cell proliferation was detected by measuring methyl thiazolyl tetrazolium (MTT)
reduction, which increases with the number of viable cells. First, NSCs were seeded into
96-well microplate (100 μl/well) treated with indicated concentration of FA for 48 h.
Then 10 μl MTT (5 mg/ml) was added to each well and the cells were incubated at 37°C
for 4 h. Next, the culture medium was removed and 150 μl DMSO was added to each
well. After shaking thoroughly for 10 min, the OD value of each well was read in a
microplate reader (Bio-Tek ELX800uv; Bio-Tek Instrument Inc, Winooski, VT, USA) at
570 nm. Data were shown as mean±S.E.M. for each group, based on three independent
experiments.

2.3. MeDIP-Chip

Genomic DNA was extracted from 12 cell samples using a DNeasy Blood & Tissue
Kit (Qiagen, Fremont, CA). The purified DNA was then quantified and quality assessed
by nanodrop ND-1000. Genomic DNA of each sample was sonicated to ~200–1000 bp
with a Bioruptor sonicator (Diagenode) on “Low” mode for 10 cycles of 30 s “ON” and
30 s “OFF”. The DNA and each sheared DNA were analyzed. Immunoprecipitation of
methylated DNA was performed using Biomag magnetic beads coupled to mouse
monoclonal antibody against 5-methylcytidine (Diagenode). The genomic DNA (1 μg)
was heat denatured at 94°C for 10 min, rapidly cooled on ice and immunoprecipitated
with 1 μl primary antibody overnight at 4°C with rocking agitation in 400 μl
immunoprecipitation buffer (0.5% bovine serum albumin in phosphate-buffered
saline). To recover the immunoprecipitated DNA fragments, 200 μl of anti-mouse IgG
magnetic beads was added and incubated for an additional 2 h at 4°C with agitation.
After immunoprecipitation, a total of five immunoprecipitation washes were
performed with ice-cold immunoprecipitation buffer. Washed beads were resus-
pended in TE buffer with 0.25% SDS and 0.25 mg/ml proteinase K for 2 h at 65°C and
then allowed to cool down to room temperature. MeDIP DNA were purified using
Qiagen MinElute columns (Qiagen). MeDIP DNA were amplified using a Whole
Genome Amplification kit from Sigma-Aldrich (GenomePlex Complete Whole
Fig. 2. The DNA methylation levels among four groups. (A) The whole genome-wide
DNA methylation levels of D, N, F and Z are represented by Circos histogram. (B) The
histograms display the methylation distribution across promoter, HCP, ICP and LCP. (C)
The histograms show the methylation distribution across CGI, promoter CGI, intragenic
CGI and intergenic CGI.
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Genome Amplification kit). The amplified DNA samples were then purified with
QIAquick PCR purification kit (Qiagen). The purified DNA was quantified using a
nanodrop ND-1000. For DNA labeling, the NimbleGen Dual-Color DNA Labeling Kit
was used according to the manufacturer's guideline detailed in the NimbleGen
MeDIP-Chip protocol (NimbleGen Systems, Inc, Madison, WI, USA). DNA (1 μg) from
each sample was incubated for 10 min at 98°C with 1 OD of Cy5-9mer primer (IP
sample) or Cy3-9mer primer (Input sample). Then, 100 pmol of deoxynucleoside
triphosphates and 100 U of the Klenow fragment (New England Biolabs, USA) were
added, and the mix was incubated at 37°C for 2 h. The reaction was stopped by adding
0.1 volume of 0.5 mol/L EDTA, and the labeled DNA was purified by isopropanol/
ethanol precipitation. The total input and immunoprecipitated DNA were labeled with
Cy3- and Cy5-labeled random nanomers, respectively, and hybridized to NimbleGen
Rat CpG Promoter arrays, which is a single array design containing 15,809 CpG islands
(CGIs) and all well-characterized RefSeq promoter regions (from about −1300 bp to
+500 bp of the TSSs) totally covered by ~385,000 probes. Scanning was performed
with the Axon GenePix 4000B microarray scanner. Raw data were extracted as pair
files by NimbleScan software. We perform median-centering, quantile normalization
and linear smoothing by Bioconductor packages Ringo, limma and MEDME. After
normalization, a normalized log2-ratio data (IP/Input) was created for each sample.
From the normalized log2-ratio data, a sliding-window peak-finding algorithm
provided by NimbleScan v2.5 (Roche-NimbleGen) was applied to find the enriched
peaks with specified parameters (sliding window width: 750 bp; mini probes per
peak: 2; P value minimum cutoff: 2; maximum spacing between nearby probes
within peak: 500 bp). After getting the *_peaks.gff files, the identified peaks were
mapped to genomic features.
Fig. 3. The DNA methylation distribution of DMRs among D, N and F. (A) The DNA methylation
and CGIs. (B) The DNAmethylation levels of DMRs located in HCP, ICP, LCP, promoter CGI, intra
replicates and visualized by heat map. Each row represents methylation levels of a single DM
μmol/L FA-treated NSCs; N1, N2 and N3 refer to three separate MeDIP-Chip assays with 10 μm
μmol/L FA-treated NSCs.
2.4. Identification of differentially methylated regions and differentially methylated genes

Based on methylation profiles [4], we used quantitative differentially methylated
region (QDMR) [5] to quantify methylation difference and identify differentially
methylated regions (DMRs) from genome-wide methylation profiles among the D, N
and F groups as well as between the F and Z groups. QDMR is an entropy-basedmethod
for quantification of methylation difference and identification of DMRs and available at
http://bioinfo.hrbmu.edu.cn/qdmr/. QDMR is independent of data distribution. The
platform-free and species-free nature of QDMR makes it widely used in human and
mouse methylation studies. The QDMR entropy ranges from zero for regions
differentially methylated in a single sample to a maximum value for regions with
uniformmethylation levels in all samples considered. The default thresholds (1.659 for
two samples and 0.697 for three samples) were used to identify DMRs between the F
and Z groups, as well as those among the D, N and F groups. The regions with entropy
below the threshold were identified as DMRs. We defined a gene region as the 1300 bp
upstream of the TSS to the TTS. For each gene, we calculated the number of DMRs
located in its gene region. The more DMRs in the gene region, the more robust is the
differential methylation in the gene. To obtain more accurate differentially methylated
genes (DMGs), we considered a gene with at least three DMRs as differentially
methylated.

2.5. Promoter and CGI classification

Promoters are defined as the [−1300 bp, +500 bp] regions around TSS. Promoter is
defined as high CpG density promoter (HCP), which meets GC content ≥0.55 and CpG
levels of DMRs among D, N and F is illustrated across whole genome-wide, promoters
genic CGI and intergenic CGI. (C) Hierarchical clustering methylation levels of D, N and F
R across D, N and F. D1, D2 and D3 refer to three separate MeDIP-Chip assays with 1.5
ol/L FA-treated NSCs; F1, F2 and F3 refer to three separate MeDIP-Chip assays with 20
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O/E ≥0.6 in a 500-bp window within −700 bp to +200 bp around TSS. Promoter is
defined as low CpG density promoter (LCP), which has not met CpG O/E more than 0.4
in any 500-bpwindow. The remaining promoter is defined as intermediate CpG density
promoter (ICP). CGI is defined as promoter CGI with its midpoint located in −10 kb to
TSS. CGI is defined as intragenic CGI with its midpoint located in the TSS to the TTS. The
remaining CGI is defined as intergenic CGI.

2.6. Pathway analysis

Pathway analysis was used to find out the significant pathway of the differential
methylated genes. Pathway annotations of genes were downloaded from KEGG [6]
(http://www.genome.jp/kegg/). A Fisher exact test was used to find the significant
enrichment pathway. The resulting P values were adjusted using the BH FDR
algorithm [7]. Pathway categories with a FDRb0.05 were reported. The enrichment
was given by the following: enrichment=(ng/na)/(Ng/Na), where ng is the number of
differential genes within the particular pathway, na is the total number of genes within
the same pathway, Ng is the number of differential genes that have at least one
pathway annotation and Na is the number of genes that have at least one pathway
annotation in the entire microarray.

2.7. Pathway map

The KEGG database was used to reveal the gene network of DMGs [8,9]. The KEGG
pathway map is a molecular interaction network diagram represented in terms of the
KEGG Otology groups so that experimental evidence in a specific organism can be
generalized to other organisms through genomic information.

3. Results

3.1. Effect of FA on NSC proliferation

FA stimulated NSC proliferation dose dependently at 10 and 20
μmol/L (Fig. 1). With the increasing of FA, NSC proliferation is
increased (Pb.05). The DNMT inhibitor zebularine counteracted the
proliferative effect of FA (Fig. 1). Thus the stimulatory effect of FA on
NSC proliferation may be mediated by DNA methylation.

3.2. Effects of FA and DNMT on DNA methylation maps

The whole genome-wide DNA methylation maps of groups D (1.5
μmol/L FA), N (10 μmol/L FA), F (20 μmol/L FA) and Z (20 μmol/L FA
plus 150 μmol/L zebularine) were depicted in Fig. 2A by Circos [10]
(Fig. 2A). The DNA methylation levels among the D, N and F groups
showed significant difference (Kruskal–Wallis test, Pb.001). The
Mann–Whitney Rank Sum test between F and Z groups also
demonstrated significant difference (Pb.001).

We also display the patterns of DNAmethylation in promoters and
CGIs in the genome. In group D, N and F, the DNAmethylation levels of
promoters and ICPs had bimodal distributions (Fig. 2B) but CGIs
Fig. 4. The DMG number varies following the number of DMRs across D, N and F. Nearly
half of genes just have one DMR.
displayed low methylation levels and unimodal distribution (Fig. 2C),
which is consistent with previous report. Also in groups D, N and F,
most HCPs were unmethylated while most LCPs showed the opposite.
Similarly, the majority of CGIs were unmethylated regardless of their
genome positions. All in all, although the FA concentration is varying
among D, N and F, the DNA methylation distribution is similar in
different functional genomic regions.

Compared to group F, group Z had similar DNA methylation levels
in high CpG density genome regions (HCPs, CGIs and CGI categories)
but different levels in the comparatively low CpG density regions
(ICPs and LCPs) (Fig. 2B and C), which indicate that methyl blockers
mostly affect the methylation of low CpG density genomic regions
while they have little effect with high CpG density regions.

3.3. Dose-dependent effects of FA on DMRs

Moreover, the DMRs among D, N and F groups with different
effects of FA are investigated. Fig. 3A shows the methylation
distributions of DMRs in whole genome-wide, promoters and CGIs.
The methylation levels of N group are the highest, whereas F group is
the lowest in the whole genome-wide and promoters. However, the
Fig. 5. DMGs and pathway analysis. (A) The figure shows the number of DMGs between
F and Z and the number of DMGs across D, N and F. (B) The methylation levels of DMGs
across D, N and F. The most outside ring represents the genome annotation and the red
regions in the ring represent genes. The inner three rings represent the methylation
levels of D, N and F, respectively, using Circos histogram. (C) Pathway analysis of DMGs
was performed to find out the significant pathway of the differential genes.

http://www.genome.jp/kegg/
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methylation distributions of CGIs have a reversed result compared to
whole genome-wide and promoters.

Groups D, N and F were also compared according to the DNA
methylation levels of DMRs located in HCPs, ICPs, promoter CGIs,
intragenic CGIs and intergenic CGIs (Fig. 3B). The methylation
distributions in HCPs among D, N and F groups were different from
the ICPs and the LCPs, while they were the same with CGIs. Moreover,
three categories of CGIs displayed the same methylation distribution
with whole CGIs (Fig. 3B). Overall, the methylation level distribution in
high CpG density genome regions is consistent with what Fig. 2 shows.

Finally, we selected the top 100 DMRs for further study used cluster
analysis. Fig. 3C shows significant difference of methylation levels
across three groups and consistent methylation levels within group. It
suggests that the DNA methylation is a dose-dependent effect of FA.

3.4. Analysis of the genes with DMRs

We next mapped DMRs to genome according to the identified
DMRs across D, N and F. Fig. 4 shows nearly half of genes with more
than one DMR in its gene region. To improve confidence, we choose
the genes containing three or more DMRs as DMG (see details in
method). There are 671 genes identified as DMGs across D, N and F
groups (Fig. 5A). The difference of the 671 genes methylation levels
across D, N and F are shown in Fig. 5B. Furthermore, pathway analysis
Fig. 6. Gene Act Network of DMGs. It is based on the analysis of the KEGG database to build t
database. Marked with red correspond to DMGs across D, N and F. The green ones correspond t
above two groups.
was performed for these genes by KEGG. They are enriched in
neuroactive ligand–receptor interaction, calcium signaling pathway,
PI3K/Akt, MAPK signaling pathway and one carbon pool by folate and
Jak-STAT signaling pathway (Fig. 5C). It suggests that these DMGs
play an important role in response to folate stimulation.

In addition, 2415 DMGs identified between F and Z have
significant effect on the methyl blockers of genes (Fig. 5A). To further
analyze the genes affected by folate, we investigated the 410 overlap
genes between 671 genes and 2415 genes (Fig. 5A). Moreover, we
performed pathway analysis for these 410 genes and the enriched
terms are almost the same as the previous 671 genes.

3.5. Gene network of DMGs

Functional network analysis of DMGs generated subnetworks
based on their functional annotation and known molecular in-
teractions, which were composed of 27 focus genes (Fig. 6, marked
with yellow) and 23 D, N and F DMGs (marked with red). The main
subnetworks included neuroactive ligand–receptor interaction, Jak-
STAT signaling pathway, steroid biosynthesis, fatty acid elongation,
PI3K/Akt, MAPK signaling pathway and cytokine–cytokine receptor
interaction. Akt3 acted as a hub by interacting with genes encoding
the neurotrophin signaling pathway, PI3K/Akt, mTOR signaling
pathway, Jak-STAT, tight junctions and focal adhesion.
he network of genes according to the relationship among the differential genes in the
o DMGs between F and Z. The yellow ones correspond to the overlap genes between the

image of Fig.�6


Fig. 7. Methylation variations of DMGs in the PI3K/Akt/CREB signaling pathway.
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3.6. DMGs converge to PI3K/Akt signaling pathway

Based on the pathway analysis and the number of DMRs in DMGs,
the PI3K/Akt pathway was highlighted. The 14 DMGs across the D, N
and F groups included Akt (Akt3), CREB (Creb1), CDK (Cdk2, Cdk5 and
Cdkal1_predicted), cytokines (Il1f6_predicted, Il5, Il1f5_predicted
and Tnfaip812), cytokineR (Il13ra2, Tnfrs10b_predicted and Tnfrsf4)
and TLR (Tlr4 and Tlr3) (Fig. 7). Four nodes of the PI3K/Akt pathway,
namely, Akt, CREB, cytokineR and CDK, belonged to the overlap DMGs
group across D, N, F and Z (Fig. 8). Thus FA modifies the methylation
profile of the PI3K/Akt pathway.

4. Discussion

4.1. FA-induced changes in global DNA methylation profile

The genome-wide DNA methylation analysis of D, N, F and Z
groups displayed quite different DNA methylation distribution pro-
files, which implies that FA does impact DNMT-mediated DNA
methylation in proliferating NSCs. The DNA methylation levels of
promoters and ICPs had bimodal distributions (Fig. 2B) but CGIs
displayed low methylation levels and unimodal distribution (Fig. 2C)
in D, N and F groups, which is consistent with the previous study [11–
13]. By comparing the methylation distribution maps across HCP, ICP
and LCP, it is clear that the effects on DNA methylation are localized
mostly to LCP. Generally, LCP is considered to be associated with
tissue-specific genes [11]. Thus FA only affects some specific genes or
regions rather than the overall DNA methylation level.

The methylation distribution of DMRs showed most DMRs (4068/
4778) located in promoters and a considerable amount (1879/4068)
of promoter DMRs located in LCPs. DMRs in ICP and LCP of D and F
groups both exhibited hypomethylation compared to N group, while
the inverse was observed in HCP. The data imply that either FA
deficiency or supplementation may decrease methylation levels in
LCP promoters of some genes.

4.2. FA stimulates NSC proliferation by altering methylation levels in
PI3K/Akt/CREB

The present study revealed a novel role of PI3K/Akt/CREB pathway
in FA-stimulated NSC proliferation. We showed, apparently for the
first time, that DNA methylation levels in key components of PI3K/
Akt/CREB, including Akt, CREB and CDK, were significantly altered
with FA variations. PI3K/Akt is associated with anti-apoptotic and
survival functions [14] and transduces mitogenic signals that drive
proliferation and inhibit differentiation of adult neural progenitors [15].
PI3K activity has been implicated in regulation of proliferation of
embryonic NSC [16]. Akt has also been shown to play a role in self-
renewal of embryonic stem cells and fetal neural progenitors [17–19].
Additionally, Akt3−/− deficient mice have reduced brain size and
weight that indicated its crucial role in the development of the central
nervous system [20]. PI3K/Akt has a number of downstream effectors
includingmTOR, CREB, CDK and so on. CREB is a transcription factor that
induces the transcription of more than 100 genes under the control of
cAMPresponse element [21]. CREB is involved in regulating adult neural
hippocampal progenitor proliferation and differentiation [15]. CREB can
be activated by Akt via direct phosphorylation and is generally
considered that it is positively regulated by PI3K/Akt pathway in PC12
cells, neonatal cardiomyocytes and striatal neurons [22–25].

In conclusion, FA alters DNA methylation profiles profoundly
while increasing NSC proliferation. FA affects DNA methylation at
specific loci, rather than across the genome, because DMRs pooled to
LCPs. DMGs converge to PI3K/Akt/CREB and most of these genes
contained more than three DMRs. These findings are consistent with
the idea that that FA stimulates NSC proliferation by modifying DNA
methylation levels of key components of PI3K/Akt/CREB.
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