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DNA methyltransferase mediates dose-dependent stimulation of neural stem cell
proliferation by folate☆,☆☆
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Abstract

The proliferative response of neural stem cells (NSCs) to folate may play a critical role in the development, function and repair of the central nervous system.
It is important to determine the dose-dependent effects of folate in NSC cultures that are potential sources of transplantable cells for therapies for
neurodegenerative diseases. To determine the optimal concentration and mechanism of action of folate for stimulation of NSC proliferation in vitro, NSCs were
exposed to folic acid or 5-methyltetrahydrofolate (5-MTHF) (0–200 μmol/L) for 24, 48 or 72 h. Immunocytochemistry and methyl thiazolyl tetrazolium assay
showed that the optimal concentration of folic acid for NSC proliferation was 20–40 μmol/L. Stimulation of NSC proliferation by folic acid was associated with
DNA methyltransferase (DNMT) activation and was attenuated by the DNMT inhibitor zebularine, which implies that folate dose-dependently stimulates NSC
proliferation through a DNMT-dependent mechanism. Based on these new findings and previously published evidence, we have identified a mechanism by
which folate stimulates NSC growth.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Folates are enzyme cofactors in one-carbon metabolism (OCM)
that play critical roles in the development, function and repair of the
central nervous system (CNS) [1,2]. Strong epidemiological and
experimental evidence links disorders of OCM to neurodegenerative
and neuropsychiatric diseases, including neural tube defects, Alzhei-
mer's dementia and depression [3,4]. CNS cells are largely dependent
on systemic supply of folate because of their low γ-cystathionase
activity [5,6].

Recently, it was reported that systemic administration of folic acid
improves axonal regeneration in injured mice through an epigenetic
Abbreviations: 5-MTHF, 5-methyltetrahydrofolate; AdoMet, S-adenosyl-
methionine; bFGF, basic fibroblast growth factor; BrdU, 5-bromo-20-
deoxyuridine; CNS, central nervous system; DNMT, DNA methyltransferase;
DMEM, Dulbecco's modified Eagle's medium; EGF, epidermal growth factor;
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methyl thiazolyl tetrazolium; NSC, neural stem cell; OCM, one-carbon
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mechanism involving DNAmethylation [7]. The biological plausibility
of this mechanism is strengthened by the fact that folates supply
methyl groups to the universal methyl donor S-adenosylmethionine
(AdoMet). Folic acid may therefore be useful in clinical interventions
to promote healing in neural tissues.

Recovery from injury in the CNS involves neural stem cells (NSCs),
which are self-renewing, multipotent cells that generate neurons and
glial cells [8,9]. Our previous studies showed that folic acid
supplementation stimulates proliferation of rat NSCs in vitro [10–
12]. Folic acid, which is used often for supplementation, is reduced
and methylated to become the 5-methyltetrahydrofolate (5-MTHF)
that that is transported across the blood–brain barrier. It is important
to determine the dose-dependent effects of folic acid and 5-MTHF in
NSC cultures that are potential sources of transplantable cells for
therapies for neurodegenerative diseases because large-scale culture
and amplification of NSCs have not yet been achieved. Additionally,
the present study tests the hypothesis that folate promotes NSC
proliferation by activating DNA methyltransferase (DNMT).

2. Materials and methods

2.1. Cell culture

The Tianjin Medical University Animal Ethics Committee approved all experimen-
tal protocols in this study. Pregnant Sprague–Dawley rats were purchased from Beijing
Medical Laboratory Animal Co. Ltd. (Beijing, China). Every experiment was indepen-
dent because different rats were used for each experiment. Tissue from the
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hippocampus region was isolated from neonatal Sprague–Dawley rats (postnatal less
than 24 h, P0) and washed three times with Dulbecco's modified Eagle's medium
(DMEM). The tissue was cut into small pieces and then dissociated by incubation with
0.25% parenzyme and 0.02% EDTA. This step was followed by agitation, centrifugation
and resuspension of the cells in DMEM and nutrient mixture F-12 Ham (F12) (1:1)
(Gibco, Carlsbad, CA, USA) that was supplemented with 2% B27 supplement, 20 ng/ml
epidermal growth factor (EGF), 20 ng/ml basic fibroblast growth factor (bFGF), 2
mmol/L L-glutamine, 100 U/ml penicillin and phytomycin (Gibco, Carlsbad, USA). A
custom-made powered DMEM, identical to a standard DMEM but without folic acid,
was purchased from Gibco-BRL (Paisley, UK). The resulting cell suspension was
aliquoted, at a density of 1×106 cells/ml, into T25 culture flasks (Corning Inc., Corning,
NY, USA) and grown at 37°C in a humidified atmosphere containing 95% air 5% CO2.

The NSCs were exposed to the indicated concentrations of folic acid or 5-MTHF (0–
200 μmol/L) for 24, 48 or 72 h. To evaluate the role of DNMT, cells were exposed for 48
h to medium containing 150 μmol/L of DMNT inhibitor zebularine and the indicated
concentrations of either folic acid or 5-MTHF. The number of cells was counted after
dissociation and prior to seeding into the plate.

2.2. Immunocytochemistry

For fluorescent staining, cells were fixed in 4% paraformaldehyde for 20 min at
room temperature, then washed with phosphate-buffered saline (PBS) and permea-
bilized with 0.1% Triton X-100 in PBS for 15 min at room temperature. After blocking
with 10% goat serum in PBS for 1 h, cells were incubated with the primary antibodies
[anti-Sox2, 1:100, Abcam; anti-β-tubulin, 1:30, Abcam; anti-glial fibrillary acidic
protein (GFAP), 1:100, Millipore] overnight at 4°C. After repeated rinses in PBS,
appropriate secondary antibodies (fluorescein isothiocyanate, 1:100 and TRITC, 1:100,
Zhongshan Goldbridge Biotechnology, Beijing, China) were applied for 2 h in the dark
at room temperature. Immunostained cells were visualized by indirect fluorescence
under the fluorescent microscope (Olympus, Tokyo, Japan).

2.3. Cell proliferation

The proliferative activity of NSCs was measured by incubating cells for 24 h with 5-
bromo-20-deoxyuridine (BrdU; Sigma, St. Louis, MO, USA; 10 μg/ml) [13]. Cells were
subsequently fixed with 4% paraformaldehyde for 20min andwashed for 10min thrice
with PBS. Then cells were treated with 0.1% Triton X-100 for 15 min at room
temperature. After blocking with 10% goat serum in PBS for 1 h, the cells were
incubated with mouse anti-BrdU monoclonal antibody (1:100, Cell Signaling) at 4°C
overnight. After washing in PBS, the TRITC-conjugated secondary antibody (1:100,
Zhongshan Goldbridge Biotechnology) was added, and the cells were incubated for 2 h
in the dark at room temperature. Immunostained cells were visualized by indirect
fluorescence under the fluorescent microscope (Olympus).

Cell proliferation was also assessed by measuring methyl thiazolyl tetrazolium
(MTT) reduction, which increases with the number of viable cells [9]. Briefly, NSCs
were seeded into a 96-well microplate (100 μl/well). After incubation for 1 day, 10 μl
MTT (5 mg/ml) was added to each well, and the cells were incubated for 4 h. Then, the
culture medium was removed, and 150 μl dimethyl sulfoxide was added to each well.
After shaking thoroughly for 10 min, the absorbance of each well was read in a
microplate reader (Bio-Tek ELX800uv, Bio-Tek Instrument Inc., Winooski, VT, USA) at
570 nm. The results of MTT assays were confirmed with conventional cell counting,
Fig. 1. Identification of NSCs. (A) Photomicrographs of NSC neurospheres (100×). Cells were co
were counterstained for β-tubulin-III (green, 200×). (F) Cells were counterstained for GFAP (
using a hemocytometer, of cells that excluded Trypan blue. Data were expressed as
mean±S.E.M. for each treatment group based on five independent experiments.

2.4. DNMT activity

Nuclear extracts were isolated using the nuclear extraction kit (Merck KGaA,
Darmstadt, Germany). DNMT activity was measured in these extracts by using Active
Motif DNA Methyltransferase Activity/Inhibition Assay Kit (Active Motif, Carlsbad, CA,
USA) according to the manufacturer's instructions. With DNMT activity assay, the same
quantity of cells from each sample was analyzed. A lot specific standard curve was
using the DNMT1 enzyme provided in the kit. Optical density (OD) was measured on a
microplate reader at 450 nm, and DNMT activity (OD/h/mg) was calculated according
to the following formula:

DNMT activity ðOD=h=mgÞ ¼ Average sample OD−average blank ODð Þ
Protein amount μgð Þ� � hour�� � 1000

⁎ Protein amount added into the reaction.

⁎⁎ Incubation time used for the reaction.

2.5. Statistical analysis

Data were expressed as mean±standard error for each treatment group based on
four or five independent experiments. One-way analysis of variance (ANOVA) or
factorial ANOVA was used to compare the differences between control and treatment
groups. When significant, ANOVA was followed by a post hoc test (Tukey's honestly
significant difference test or Dunnet's test). Profile analysis was used to compare the
differences between folic acid and 5-MTHF. All analyses were performed using
statistical software SPSS (Chicago, IL, USA) 16.0. Significance was set at α=0.05.

3. Results

3.1. Cell identification

Tissues from the hippocampus of neonatal rats were isolated,
dissociated and cultured in serum-free medium composed of DMEM/
F12 with bFGF and EGF. By the end of 1 week in culture, NSCs were
observed to have aggregated as spheroids, called neurospheres, which
floated in suspension. Viable neurospheres were semitransparent
phase contrast bright, with many of the cells on the outer surface
displaying microspikes (Fig. 1A). Sox2 is essential to maintain self-
renewal of undifferentiated stem cells and widely used to identify
multipotential neural stem/progenitor cells in vitro. Immunofluores-
cence staining showed nearly all the cells of neurospheres reacted
positively with anti-Sox2 antibody (Fig. 1B–D). When kept in the
unterstained for Sox2 (B, green, 100×)/DAPI (C, blue, 100×) and merged (D). (E) Cells
red, 200×).
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serum-free medium with bFGF and EGF, NSCs continued proliferating
for several weeks. To differentiate NSCs, 5% fetal bovine serum was
added to the medium without bFGF and EGF. Subsequently, sub-
populations of cells exhibited immunoreactivity to β-tubulin-III and
GFAP (Fig. 1E and F), which are the commonly used markers for
neurons and astrocytes, respectively. These results showed that the
isolated cells were NSCs, which could self-renew or differentiate into
neurons and astrocytes.
Fig. 2. Immunocytochemical analysis at cells in neurospheres (phase contrast photomicrograp
acid (FA) for 48 h. (D–F) NSCs after incubation in medium containing 10 μmol/L FA for 48 h. (G
after incubation in medium containing 20 μmol/L FA for 48 h. (M–O) NSCs after incubation in m
Sox2 (green), the middle panels represent proliferating cells stained for BrdU (red), and the r
magnification of 100×.
3.2. Stimulation of NSC proliferation by folate is dose and
time dependent

BrdU incorporation was measured in NSCs that had been
incubated with 1.5, 10 and 20 μmol/L folic acid or incubated with
10 and 20 μmol/L 5-MTHF for 48 h (Fig. 2). The cells were exposed to
BrdU, followed by dual staining for Sox2 and BrdU. Compared to the
deficient group, 10 and 20 μmol/L of either folic acid or 5-MTHF
hs). (A–C) NSCs after incubation in folate deficiency medium containing 1.5 μmol/L folic
–I) NSCs after incubation in medium containing 10 μmol/L 5-MTHF for 48 h. (J–L) NSCs
edium containing 20 μmol/L 5-MTHF for 48 h. The left panels represent NSCs stained for
ight panels represent their merged images (yellow). All images were taken at the same

image of Fig.�2


Fig. 3. Folate increased NSC proliferation in a dose- and time-dependent manner. (A) The effect of 5-MTHF (0–200 μmol/L) on NSC proliferation after 24, 48 and 72 h of exposure was
assessed by MTT assay. (B) The effect of FA (1.5–200 μmol/L) on NSC proliferation after 24, 48 and 72 h of exposure was assessed by MTT assay. Panels (C), (D) and (E) compare the
effects of 5-MTHF and FA on NSC proliferation for 24, 48 and 72 h, respectively. The plotted values are mean±standard error values from five independent experiments, with triplicate
determinations in each experiment. Statistical analysis was performed using the factorial ANOVA. *NSC proliferation was greater at 5-MTHF (10–200 μmol/L) or FA (10–200 μmol/L)
compared to deficient group (Pb.05).
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increased the numbers of neurospheres. And then compared to the
deficient group (78.6%±4.1%), 10 and 20 μmol/L of either folate
(85.4%±3.8% and 89.7%±4.4%) or 5-MTHF (85.7%±5.1% and 90.2%±
Fig. 4. FA and 5-MTFH increased NSC proliferation with similar time courses. (A) The growth c
assay. (B) The growth curve of NSCs treated with of FA (1.5–20 μmol/L) for 24, 48 and 72 h asse
20 μmol/L, respectively. The plotted values are mean±standard error values from five indepe
2.7%) increased the proliferating (BrdU-positive) cells. This finding
demonstrates that folate dose-dependently stimulates NSC prolifer-
ation (Fig. 2).
urve of NSCs treated with 5-MTHF (0–20 μmol/L) for 24, 48 and 72 h assessed by MTT
ssed by MTT assay. Panels (C) and (D) compare the effects of 5-MTHF and FA at 10 and
ndent experiments, with triplicate determinations in each experiment.

image of Fig.�3
image of Fig.�4
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The effects of folic acid and 5-MTHF on the proliferation of NSCs
were evaluated further by MTT assay for 24, 48 or 72 h (Figs. 3–4),
and the results were confirmed by cell counting (data not shown).
Both forms of folate showed a dose- and time-dependent
proliferative effect. By factorial ANOVA analysis, the data showed
that NSC proliferation was greater at folic acid concentrations of
10–200 μmol/L compared to the deficient group (Pb.05) and that
the greatest effect occurred with exposure to 20 μmol/L folic acid
for 72 h. Within the folic acid treatment groups, 20 μmol/L yielded
the greatest growth increases over the deficient group, being
172%±8%, 177%±10% and 144%±11%, respectively, for 24, 48 and
72 h. This indicated that 20 μmol/L is the optimal dose for NSC
proliferation in vitro. Factorial ANOVA analysis also showed that
NSC proliferation was greater at 5-MTHF concentrations of 10–200
μmol/L compared to the deficient group (Pb.05) and that the
greatest effect occurred with exposure to 40 μmol/L for 72 h. Profile
analysis revealed that folic acid and 5-MTHF increased NSC
proliferation with similar time courses (Fig. 4C and D). 5-MTHF
had a greater stimulatory effect than folic acid at 24 h (Pb.05) but
not at 48 h and 72 h (PN0.05) (Fig. 3C–E).
Fig. 5. Folate stimulated DNMT activity and DNMT-dependent cell proliferation in NSCs.
(A) Cell proliferation based on MTT assay in NSCs incubated with the indicated
concentrations of 5-MTHF (0–20 μmol/L) or FA (1.5–20 μmol/L), with or without the
DNMT inhibitor zebularine (Zeb). (B) DNMT activity. The plotted values are mean±
standard error values from four independent experiments, with triplicate determina-
tions in each experiment. Statistical analysis was performed using the one-way
ANOVA. *Pb.05.
3.3. DNMT mediates proliferative effect of folate

Since folate supplies a methyl group to the universal methyl donor
AdoMet, we hypothesized that folate promotes NSC proliferation by
activating DNMT. To test this hypothesis, wemeasured DNMT activity
in NSCs that had been incubated with various concentrations of folic
acid or 5-MTHF. We observed that both forms of folate dose-
dependently increased DNMT activity and NSC proliferation in
parallel (Fig. 5). To further test the hypothesis, the effect of the
DNMT inhibitor zebularine on folate-stimulated NSC proliferation
was assessed by MTT assay. We found that there was no decrease in
DNMT activity or NSC growthwhen zebularine was added to the NSCs
treated with ≤10 μmol/L folic acid or 5-MTHF. However, zebularine
decreased the effects of 20 μmol/L folic acid and 5-MTHF on both
DNMT activity and NSC proliferation (Fig. 5).

4. Discussion

4.1. Stimulation of NSC proliferation by folic acid is dose and
time dependent

Previously, it has been reported that folic acid stimulates
proliferation of fetal and neonatal NSCs [10,11]. The present study
determined the effective concentrations of folic acid and 5-MTHF and
also investigated the role of DNMT.

Incubation of NSC cultures with 20 μmol/L folic acid or 40 μmol/L
5-MTHF yielded the greatest proliferation increases compared to the
folate-deficient control. These concentrations are higher than the
nominal folic acid concentration in commonly used cell culture media
(~10 μmol/L) [14]. The relatively high requirement for folic acid or 5-
MTHF in NSCs in vitro is consistent with the fact that folates are more
concentrated in cerebrospinal fluid than in plasma [15–17].

In this study, BrdU labeling was used to assess proliferation of
NSCs. And it can be deduced that folate increased proliferation of
NSCs. The effect of folate in increasing proliferation of NSCs is very
obvious. In this study, folic acid and 5-MTHF increased NSC
proliferation with similar time courses. Cells can acquire folate by
two separate mechanisms [18–20]. The first involves the reduced
folate carrier, a transmembrane transporter with a high affinity for 5-
MTHF than for folic acid. The second involves the folate receptor, a
glycophosphatidylinositol-anchored protein that transports folates
into the cells via endocytosis and has a higher affinity for folic acid.

Folates function as enzyme cofactors that carry one-carbon units
for a network of anabolic pathways known as OCM. OCM is essential
for de novo purine and thymidylate synthesis and for the remethyla-
tion of homocysteine to methionine, which can be adenosylated to
form the universal methyl donor AdoMet. It is possible that folate
stimulates NSC proliferation by accelerating DNA and RNA synthesis.

4.2. DNMT mediates proliferative effect of folate

Folate-mediated OCM supports methylation reactions and nucle-
otide synthesis. As a consequence, folate deficiency leads to methyl
pool depletion, and some critical genes remain unmethylated [21].
We reasoned that the stimulation of NSC proliferation by folate may
bemediated by an epigenetic pathway of DNAmethylation. To further
test the hypothesis, the effect of the DNMT inhibitor zebularine on
folate-stimulated NSC proliferation was assessed by MTT assay.
Zebularine decreased the effects of 20 μmol/L folic acid and 5-MTHF
on both DNMT activity and NSC proliferation. Zebularine decreased
the 55.1% and 54.9% of DNMT activity and the 79.1% and 76.2% of NSC
proliferation in 20 μmol/L folate and 5-MTHF treatment groups,
respectively. Folate can decrease of DNMT activity or NSC growth
when zebularine was added to the NSCs treated with ≤10 μmol/L
folate or 5-MTHF, but there was no statistical significance. DNMT

image of Fig.�5


Fig. 6. The mechanism by which folate stimulates NSC proliferation.
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activity influences the NSC proliferation. This means that DNMTs
contribute to the alterations in cell proliferation but may not be the
driver (not sure yet). In the present study, we also demonstrated that
folate stimulates proliferation of NSC cells. So, the NSC proliferation is
effected by two ways in this study: folate and DNMT. Folate is the
donor of methylation. In the present study, we found that folate-
induced growth of NSCs was associated with DNMT activation and
was attenuated by a DNMT inhibitor.

Previous research found that folic acid regulates the expression of
Notch1, Hes1 and Mash1 in NSCs [11]. Notch1 is a signaling receptor
that influences cell fate, proliferation and survival [22]. Hes1
regulates progenitor cell proliferation and maintenance of stem cell
phenotype, while Neurog2 is critical for sensory neurogenesis
[23,24]. Thus, it was hypothesized that there would be a mediator
between folate and its effectors Notch1, Hes1, Mash1 and Neurog2.
In the present study, DNMT activity was found to increase with folic
acid concentration. Furthermore, when the cells were treated with
zebularine, the DNMT activity and NSC proliferation responses to the
optimal dose of folic acid were attenuated. Because zebularine forms
a covalent complex with DNMT and thereby inhibits DNMT activity,
it can be deduced that folate promotes NSC proliferation by
activating DNMT, which may in turn regulate Notch1, Hes1, Mash1
and Neurog2.

Folic acid increases the expression of demethylase enzyme
KDM6B, which in turn decreases H3K27 methylation of Hes1 and
Neurog2 promoters, thereby affecting gene transcription [25,26]. In
addition, KDM6B expression may be regulated by miRNAs [25], and
since many miRNAs depend on DNA methylation [27–29], KDM6B-
targeting miRNAs may also be under the control of DNMT. Therefore,
folic acid may stimulate proliferation in NSCs by activating DNMT,
which in turn affects KDM6B-targeting miRNAs, Notch1, Hes1, Mash1
and Neurog2. After determining the optimal concentration of folate
for stimulation of NSCs proliferation, we found that proliferation was
associated with DNMT activation and was attenuated by the DMNT
inhibitor zebularine. Based on these new findings and previously
published evidence, we deduced a mechanism by which folate
stimulates NSC proliferation (Fig. 6).

In summary, this study determined the optimal concentrations of
folic acid and 5-MTHF for large-scale culturing and amplification of
NSCs in vitro. Additionally, we found that folate-induced proliferation
of NSCs was associated with DNMT activation and was attenuated by
the DMNT inhibitor zebularine. These results suggest that the effect of
folate on NSCs is caused at least in part by epigenetic regulation
through DNA methylation. We believe that this is one of the
mechanisms of NSCs proliferation by folate. Based on these new
findings and previously published evidence, we deduced a mecha-
nism by which folate stimulates NSC proliferation. These novel
findings shed new light on the mechanism of action of folate in CNS
development and suggest new approaches for the prevention and
treatment of neurodegenerative diseases.
Acknowledgments

The authors’ responsibilities were as follows — G.H.: developed
and designed the concept; W.L., M.Y., S.L., H.L. and Y.G.: designed and
conducted the research;W.L.: performed the statistical analysis; W.L.,
M.Y. and J.X.W.: drafted the manuscript; W.L., M.Y. and G.H.: had
primary responsibility for the final content. All authors read and
approved the final manuscript. None of the authors declared a conflict
of interest.
References

[1] Smith AD, Smith SM, de Jager CA, Whitbread P, Johnston C, Agacinski G, et al.
Homocysteine-lowering by B vitamins slows the rate of accelerated brain atrophy
in mild cognitive impairment: a randomized controlled trial. PLoS One 2010;8:
e12244.

[2] Faux NG, Ellis KA, Porter L, Fowler CJ, Laws SM, Martins RN, et al. Homocysteine,
vitamin B12, and folic acid levels in Alzheimer's disease, mild cognitive
impairment, and healthy elderly: baseline characteristics in subjects of the
Australian imaging biomarker lifestyle study. J Alzheimers Dis 2011;2:1–14.

[3] Zhou Q, Gensch C, Liao JK. Rho-associated coiled-coil-forming kinases (ROCKs):
potential targets for the treatment of atherosclerosis and vascular disease. Trends
Pharmacol Sci 2011;32:167-73.

[4] Kronenberg G, Colla M, Endres M. Folic acid, neurodegenerative and neuropsy-
chiatric disease. Curr Mol Med 2009;9:315-23.

[5] Finkelstein JD. Homocysteine: a history in progress. Nutr Rev 2000;58:193-204.
[6] Vitvitsky V, Thomas M, Ghorpade A, Gendelman HE, Banerjee R. A functional

transsulfuration pathway in the brain links to glutathione homeostasis. J Biol
Chem 2006;281:35785-93.

[7] Iskandar BJ, Rizk E,Meier B, HariharanN, Bottiglieri T, Finnell RH, et al. Folate regulation
of axonal regeneration in the rodent central nervous system throughDNAmethylation.
J Clin Invest 2010;120:1603-16, http://dx.doi.org/10.1172/JCI40000.

[8] Corti S, Locatelli F, Papadimitriou D, Donadoni C, Salani S, Del Bo R, et al.
Identification of a primitive brain-derived neural stem cell population based on
aldehyde dehydrogenase activity. Stem Cells 2006;24:975-85.

[9] Yang Z, Duan H, Mo L, Qiao H, Li X. The effect of the dosage of NT-3/chitosan
carriers on the proliferation and differentiation of neural stem cells. Biomaterials
2010;31:4846-54.

[10] Zhang XM, Liu H, Cong GX, Tian ZH, Ren DL, Wilson JX, et al. Effects of folate on
Notch signaling and cell proliferation in neural stem cells of neonatal rats in vitro.
J Nutr Sci Vitaminol 2008;54:353-6.

[11] Zhang XM, Huang GW, Tian ZH, Ren DL, Wilson JX. Folate stimulates ERK1/2
phosphorylation and cell proliferation in fetal neural stem cells. Nutr Neurosci
2009;12:226-32.

[12] Liu H, Huang GW, Zhang XM, Ren DL, Wilson JX. Folic acid supplementation
stimulates Notch signaling and cell proliferation in embryonic neural stem cells.
J Clin Biochem Nutr 2010;47:174-80.

[13] Guan S, Ge D, Liu TQ, Ma XH, Cui ZF. Protocatechuic acid promotes cell
proliferation and reduces basal apoptosis in cultured neural stem cells. Toxicol
In Vitro 2009;23:201-8.

[14] Freshney RI. Culture of animal cells. 4th ed. New York: A JohnWiely & Sons; 2000.
[15] Ramaekers VT, Blau N. Cerebral folate deficiency. Dev Med Child Neurol 2004;46:

843-51.
[16] Obeid R, Kostopoulos P, Knapp JP, Kasoha M, Becker G, Fassbender K, et al.

Biomarkers of folate and vitamin B12 are related in blood and cerebrospinal fluid.
Clin Chem 2007;53:326-33.

[17] Reynolds EH, Gallagher BB, Mattson RH, Bowers M, Johnson AL. Relationship
between serum and cerebrospinal fluid folate. Nature 1972;240:155-7.

[18] Kamen BA, Capdevila A. Receptor-mediated folate accumulation is regulated by
the cellular folate content. Proc Natl Acad Sci USA 1986;83(16):5983-7.

[19] Antony AC. The biological chemistry of folate receptors. Blood 1992;79(11):
2807-20.

[20] Doucette MM, Stevens VL. Folate receptor function is regulated in response to
different cellular growth rates in cultured mammalian cells. J Nutr 2001;131(11):
2819-25.

[21] Unnikrishnan A, Prychitko TM, Patel HV, Chowdhury ME, Pilling AB,
Ventrella-Lucente LF, et al. Folate deficiency regulates expression of DNA
polymerase β in response to oxidative stress. Free Radic Biol Med 2011;50:
270-80.

[22] Ables JL, Breunig JJ, Eisch AJ, Rakic P. Not(ch) just development: notch signalling in
the adult brain. Nat Rev Neurosci 2011;12:269-83.

[23] Henke RM, Savage TK, Meredith DM, Glasgow SM, Hori K, Dumas J, et al. Neurog2
is a direct downstream target of the Ptf1a-Rbpj transcription complex in dorsal
spinal cord. Development 2009;136:2945-54.

image of Fig.�6


1301W. Li et al. / Journal of Nutritional Biochemistry 24 (2013) 1295–1301
[24] Moriyama M, Osawa M, Mak SS, Ohtsuka T, Yamamoto N, Han H,
et al. Notch signaling via Hes1 transcription factor maintains survival
of melanoblasts and melanocyte stem cells. J Cell Biol 2006;173:
333-9.

[25] Ichi S, Costa FF, Bischof JM, Nakazaki H, Shen YW, Boshnjaku V, et al. Folic acid
remodels chromatin on Hes1 and Neurog2 promoters during caudal neural tube
development. J Biol Chem 2010;285:36922-32.

[26] McLaughlin-Drubin ME, Crum CP, Münger K. Human papillomavirus E7
oncoprotein induces KDM6A and KDM6B histone demethylase expression
and causes epigenetic reprogramming. Proc Natl Acad Sci USA 2011;108:
2130-5.

[27] Han L, Witmer PD, Casey E, Valle D, Sukumar S. DNA methylation regulates
microRNA expression. Cancer Biol Ther 2007;6:1284-8.

[28] Shookhoff JM, Gallicano GI. A new perspective on neural tube defects: folic acid
and microRNA misexpression. Genesis 2010;48:282-94.

[29] Stone N, Pangilinan F, Molloy AM, Shane B, Scott JM, Ueland PM, et al.
Bioinformatic and genetic association analysis of microRNA target sites in one-
carbon metabolism genes. PLoS One 2011;6:e21851.


	DNA methyltransferase mediates dose-dependent stimulation of neural stem cell proliferation by folate
	1. Introduction
	2. Materials and methods
	2.1. Cell culture
	2.2. Immunocytochemistry
	2.3. Cell proliferation
	2.4. DNMT activity
	2.5. Statistical analysis

	3. Results
	3.1. Cell identification
	3.2. Stimulation of NSC proliferation by folate is dose and �time dependent
	3.3. DNMT mediates proliferative effect of folate

	4. Discussion
	4.1. Stimulation of NSC proliferation by folic acid is dose and �time dependent
	4.2. DNMT mediates proliferative effect of folate

	Acknowledgments
	References


