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ABSTRACT

Epigenetic regulation of neuronal differentiation related

genes expression by amine analogues

Yoon Mi Nho

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Jong Eun Lee)

Methylation of genomic deoxyribonucleic acid (DNA) is an epigenetic
modification that has key role in gene expression by gene silencing or activation. In
mammals, DNA methylation occurs mainly at carbon-5 position of cytosine residues
in CpG island, typically having more than 500 base pairs in size and guanosine and
cytosine content greater than 55%. This epigenetic regulation plays an important role
during embryogenesis of mammals. During early postnatal development of the brain
DNA methylation is believed to play a key role in regulating the proliferation of

neural stem cells (NSCs) and their differentiation into neurons and glial cells.

Polyamines (putrescine, spermidine, and spermine) that are pivotal for cell
growth and are synthesized in vivo accelerate proliferation in actively growing cells by
inhibiting specifically gene expression thought DNA methylation during early
embryonic development. Agmatine is an endogenous amine generated by

decarboxylation of L-arginine catalyzed by arginine decarboxylase (ADC). At the



intercellular, agmatine inhibits cell proliferation by decreasing intercellular levels of
the polyamines. L-arginine, the precursor of polyamine, agmatine, and nitric oxide
(NO), is also associated with cell proliferation and differentiation. 5’-deoxy-5’
(methylthio) adenosine (MTA) influences numerous cells process, including
regulation of gene expression, proliferation, differentiation and apoptosis. Also, MTA

synthesize the high rate of polyamines during cellular proliferation.

This present study investigated the regulation of neural stem cell differentiation
by agmatine, L-arginine, and MTA through DNA methylation on the bone
morphogenetic proteins (BMPs), as well as Noggin, SOX2 and Neurogenin2. NSCs
were cultured from embryonic day 14 (E14) ICR mouse cortex and then divided
normoxic and hypoxic group. Cells were maintained in neural stem cell proliferation
media. NSCs were treated with L-arginine, agmatine, MTA at active proliferation (day
in vitro 5) and before differentiation (day in vitro 10) stage and maintained in
humidified incubator at 37 °C with 5% CO,. Amine analogues mediated DNA
methylation was confirmed by performing methylation specific polymerase chain
reaction, Western blotting and flow cytometry analysis were done for the above two

groups.

The obtained results showed that agmatine decreased methylation of CpG
islands upstream of the first exon of Noggin and Neurogenin2, and increased DNA
methylation of BMP2 and SOX2 CpG islands in cortex-derived neural stem cells. The
effect of MTA was the opposite of agmatine. In conclusion, amine analogues induce
neurogenesis by regulating the expression of BMP2, SOX2, Neurogenin2 and Noggin
through DNA methylation.

Key word: DNA methylation, agmatine, L-arginine, 5’-deoxy-5’- (methylthio)

adenosine (MTA), neural stem cells (NSCs) differentiation
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I. INTRODUCTION

Two fundamental properties of stem cells are the ability to self-renew, and the
ability to differentiate. Self-renewal requires integration of proliferative control with
the maintenance of the undifferentiated state '>'’. Multipotent neural stem cells
(NSCs) give rise to the neurons, astrocytes and oligodendrocytes of the mammalian
central nervous system (CNS) '>'®. Although the three cell types are all derived from
NSCs, their differentiation is spatially and temporally regulated during development.
NSC fate determination is controlled by both extracellular cues, including cytokine

signaling, and intracellular programs such as epigenetic gene regulation > '°.



The epigenetic mechanisms of deoxyribonucleic acid (DNA) and histone
modifications result in the heritable silencing of genes without changing their coding
sequence > '°. Gene suppression by DNA methylation is thought to occur either by the
blocking of transcription factor binding and/or by formation of an inactive chromatin
state " '°. The bulk of the mammalian genome lacks cytosine-guanosine (CpG)
sequences, but short stretches of CpG-dense DNA and clusters of CpGs called CpG
islands, are often found associated with genes, and occur most often in the promoters,
first exons (regions more toward the 3’end), 5’ promoter end of all housekeeping
genes and many tissue-specific genes at the 3° end. The CpG island in most promoters
are unmethylated, a state associated with active gene transcription in a normal cell.
CpG islands often function as strong promoters and have also been proposed to
function as replication origins “°*. In higher eukaryotes, DNA is methylated only at
the cytosine that are 5’ to the guanosine in the CpG dinucleotide > *, and the
modification to 5-methylcytosine (SmC) is the only nucleotide modification that is
heritable and reversible *'. This modification plays an important role in the regulation

of gene expression during embryogenesis and cell differentiation of mammals *°.

Sex determining region of Y chromosome-related high mobility group box 2
(SOX2) is a development gene that is highly expressed in the neuroepithelium of the
developing central nervous system. SOX2 is a neural stem cell marker, because it is
expressed in proliferating neural progenitors, and has been shown to function in NSCs.
Constitutive expression inhibits neural differentiation, and results in the maintenance
of progenitor characteristics **°. SOX proteins contain a characteristic high-mobility
group (HMG) domain that facilitates their interaction with DNA. In NSCs, SOX2 is
part of general transcriptional program of neurogenesis and regulated by proneural and

neurogenic basic helix-loop-helix (bHLH) transcription factors 2% 3!,

Transcription factors with bHLH motifs modulate critical events in the
development of the mammalian neocortex from NSCs. NSCs are maintained in a
proliferative state by bHLH factors from the Id and Hes families. The transition from

proliferation to neurogenesis involves a coordinate increase in the activity of the



proneural bHLH factors, Mashl, Neurogeninl, and Neurogenin2 (Neurog2), and a

29,32

decrease in the activity of the Hes and Id factors . Neurog? is essential for the

. 1
generating several classes of neurons '®.

Bone morphogenetic proteins (BMPs) are in the transforming growth factor
superfamily. Their signaling has a critical role in vitro stem cell differentiation, in the
negative regulators of neural determination and in the development of heart, neural
and cartilage. BMP antagonists include Noggin, Chordin, Gremlin and Dan, of which
Noggin is a secreted polypeptide that binds and inactivates BMP2, 4, and 7, to prevent

signal activation '> ¥

BMP2 is regulated by heterotetrameric serine/threonine kinase receptors and the
downstream transcription factors Smadl, 5, or 8. BMP2 has anti-neurogenic functions
36 and is reported to inhibit neuronal differentiation and promotes the generation of
non-neural ectoderm, and regulate mesoderm and neural crest cell fates ** In contrast,
Noggin enhances the production of neural progenitors from human embryonic stem

cells (ESCs) mouse brain cells from mouse ESCs *’.

Agmatine is a naturally occurring guadino compound that is abundant in
bacteria and plants, and was recently also found in the mammalian brain. It is an
endogenous cationic polyamine formed by the enzymatic decarboxylation of
L-arginine, by arginine decarboxylase (ADC). Agmatine is hydrolyzed to putrescine
and urea by agmatinase. Recent studies have shown that agmatine may be
neuroprotective in neurotrauma events, using both neonatal ischemia models and
cultured neurons *'°. Also, agmatine has antiproliferative effects that correlate with
the rate of cellular proliferation. Agmatine has a unique ability to arrest proliferation
by depleting intracellular levels of polyamines such as putrescine, spermidine, and
spermine, which are small cationic molecules required for cellular proliferation **.
Polyamines are synthesized using s-adenosylmethionine (SAM) as a methyl donor to
spermidine and spermine (Figure 1). SAM is a common substrate for polyamine

synthesis and DNA methylation .



5’-deoxy-5’- (methylthio) adenosine (MTA) is the metabolic precursor for SAM.
MTA is required for a high rate of polyamine synthesis during cellular proliferation,
and provides methionine for protein synthesis. MTA also is inhibits protein

methylation '
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Figure 1. Metabolism of polyamines and amine analogues

In vivo, human embryos grow naturally in an oxygen (O,) tension environments
than is lower that atmospheric O, (~21%) tension *’. Changes in DNA methylation of
developmental genes after NSCs treatment with exogenous amine analogues in

hypoxic conditions were also investigated.

Hypoxia (1% O,) has been shown to inhibit self-renewal and induce early
differentiation of mouse ESC through the induction of hypoxia-inducible factors-la

(HIF-1a) and subsequent suppression of leukemia inhibitor factor (LIF) - signal



transducers and activators of transcription protein 3 (STAT 3) signaling in vitro
leading to growth arrest and finally to apoptosis. Interestingly, an O2 tension higher
than atmosphere conditions (40%) slows ESC differentiation. However, a low O2
(3-5% 0O,) inhibits human ESC differentiation, and exerts positive effect on the
establishment and maintenance of mouse ESCs *°. CNS tissue partial pressure of
oxygen (pO,) values is conserved among mammalian species, and ranging from as low
as 0.55% in the midbrain, to 8.0% in the pia. The pO, of cortical grey matter in
rodents is 2.53-5.33%, while measurements in human brain show mean pO, values
from 3.2% at 22-27 mm above the dura to 4.4% at 7-12 mm below to dura. These
numbers suggest that a steadily decreasing oxygen gradient is formed as blood reaches
the brain tissues. Tissue oxygen perfusion is often disrupted in pathological states,
such as ischemia-reperfusion and head injury and may be altered in hyperbaric therapy
! Moreover, low O, tension is known to induce angiogenesis and glycolysis for cell
growth, and to increase the percentage of specific neuronal types, and represses
neuronal differentiation *. Hypoxia regulates differentiation in stem- and precursor
cells in culture. In the CNS, increased proliferation, reduced apoptosis, promote

survival, and lead to inhibition of differentiation **.

This study investigated the regulation of DNA methylation and differentiation,
and the regulation of BMP2, SOX2, Noggin, and Neurog2 in normoxic and hypoxic
conditions when treated with L-arginine, agmatine, and MTA. Differentiation patterns
were altered by amine analogue treatment. Agmatine triggered differentiation, while

MTA had the opposite effect.

This study provides information relevant to the possible recovery of ischemia

related lesions, by implantation of NSCs at the injury site.



Il. MATERIALS AND METHODS

1. Primary Neural stem cell (NSC) culture

Time-pregnant ICR mice (Coatech) were used for NSCs, which were prepared
from the cortex of embryonic day 14 (E14) mice. Briefly, cortical tissues were isolated
and placed in Hanks’ balanced salt solution (Gibco, 14170). The isolated tissue was
dissociated into mono-cells in neural stem cell media by gentle pipetting. Dissociated
cells were cultured in a neural stem cell basal medium (Stem Cell Technologies,
05700), 20 ng/ml EGF (Invitrogen, 13247-051) with a proliferation supplements
(Stem Cell Technologies, 05701) on T75 plates at a seeding density of 3.0 x 10*

cells/ml.

2. Treatment of L-arginine, agmatine and 5’-deoxy-5’-(methylthio) adenosine

(MTA) to neural stem cells

A 10 mM stock solution’s of L-arginine (Sigma, A5131), agmatine (Sigma,
A7127), and MTA (Sigma, D5011) were prepared in distilled water and kept at -20°C
until use. NSCs were incubated in culture medium with 20, 50, 100, and 200 uM of
L-arginine, agmatine and MTA in normoxia at day in vitro (D.I.V) 5 and 100 uM
L-arginine, agmatine, and MTA for normoxia D.I.V 10 groups, hypoxic-injured D.I.V

5 and D.I.V 10 group were also simultaneously processed.



3. Atmosphere-controlled incubation

Normoxic group, NSCs were grown in a humidified chamber with 5% CO,, at
37 °C. For hypoxic-injured groups, NSCs were transferred to an anaerobic chamber
(Forma Scientific co.) and maintained at 0.2% O,, 5% CQO,, and 94.8% N,. Cells were
dissociated into mono-cells in deoxygenated culture medium, seeded on a T25 plate
(2.0 x 10° cells/ml) and incubated for 5 min in the chamber. After hypoxic injury,

NSCs were grown in the same conditions as normoxic groups.

4. Genomic DNA extraction and Sodium bisulfate modification

Genomic DNA was extracted from NSCs according to the manufacturer’s
protocol (Exgene Tissue SV Mini kit, Geneall, 104-101). Briefly, harvested cells were
washed in phosphate-buffered saline (PBS) and centrifuged at 14,000 g for 20 sec.
Pellets were treated with lysis buffer, with 20 pL. of 2 mg/mL poteinase K solution,
vortexed, and heated at 56 °C for 30 min vortexing every 10 min. Tissue binding
buffer was add, moved to a column and washed with washing buffer by centrifuging at
6,000 g for 1 min. Elution buffer was added to the column and centrifuged at 14,000 g

for 1 min. The eluted DNA was stored at -20 °C until sodium bisulfate modification.
Sodium bisulfate modification of genomic DNA the methylation-specific
polymerase chain reaction (PCR) was performed using an Epitect Bisulfate kit
(Qiagen, 59104), which converts all unmethylated cytosine residues to uracil. The
thermal cycle reactions were 12 uL genomic DNA, 8 pL ribonulease (RNase) -free
water, 85 uL sodium bisulfate, and 35 uL DNA protectant. Modified DNA was
quantified by ultra violet (UV) spectrophotometer (Phatmacia Biotech) at 260

nm and stored at -20 °C.



5. Methylation specific polymerase chain reaction (MSP)

MSP primers were designed using Methprimer program to contain CpG sites.

The primer sets used to amplify each gene incorporated one CpG site specific for a

methylated sequence, and one for an unmethylated sequence (Table 1; U=
unmethylated sequence, M= methylated sequence).

Table 1. Designed Primer Sequences by methprimer program

Gene Forward Primer (5'—3") Reverse Primer (5'—3") (S];IZ:):
BMP 2 -U TTTTTTATTATTTAAAATAGAAGTGT | AAATATAAAACCAACCCCCAAA 223
BMP 2 -M TTTTTTATTATTTAAAATAGAAGCGT | AAATATAAAACCGACCCCCG 223
Noggin -U AAATTTAAAGGTTTGGATTTTGTGA | TCTCTCTACCTACTCCAAACAACAC 135
Noggin -M TTAAAGGTTTGGATTTTGCGA TCTACCTACTCCGAACAACGC 127
SOX2-U GGGGGATATAAAGGTTTTTTAGTG | AAAAAATAAATAAATTTCCAACAAC | 196
SOX 2 -M GGGGGATATAAAGGTTTTTTAGC AAAAAATAAATAAATTTCCGACGAC | 196
Neurog 2 -U (T}?TTTTATTAATAAATTAGTGGTAT CAAACTACAACCCAAACTACCAAA 132
Neurog2-M | TTTTTATTAATAAATTAGCGGTACGT | AAACTACAACCCAAACTACCGAA 131

MSP performed according to manufacturer’s protocol (Epitect MSP kit, Epitect,

59305). Briefly, PCR for each gene was in 50 pL containing 2x Master mix buffer, 19

pL RNase-free water, 2 pL each primer (forward and reverse) and 2 pL of sodium

bisulfate modified DNA. Amplification was 95°C for 10 min, 94°C for 15 sec, 50°C

for 30 sec, and 72°C for 30 sec for 40 cycles, followed by 72°C extension for 10 min.

PCR products were resolved by 6% agarose electrophoresis in tris-acetate

ethylenediaminetetraacetic acid buffer (TAE) and stained with ethidium bromide.

10



6. Cell cycle analysis

NSCs were harvested by centrifugation at 800 rpm for 5 min. Cells were gently
resuspended using a Neurocult chemical dissociation kit (Stem Cell Technologies,
05707), according to the manufacturer’s instructions. Cells were fixed by adding 1.0
mL cold ethanol (70%) drop-wise to a tube containing 0.5 mL of cell suspension in
PBS while gently vortexing. Fixed cells were keeping at -20°C for overnight, then
washed once with PBS and centrifuged at 1680 rpm for 5 min before adding 100 uL of
Img/mL RNase (Bioworld, Korea). Cells were incubated at room temperature for 20
min, and then stained with propidium iodide (Sigma, P4170) at 1 pg/mL for 5 min at
room temperature. Cells were analyzed by flow cytometry (Becton Dickinson,

Facscaliber) at 488 nm. Histogram plots were created using Cell Quest program.

7. Western blot analysis

NSCs were harvested by centrifugation at 800 rpm for 5 min and washed once
with PBS then centrifuged at 13000 rpm for 2 min. Washed cells were treated in RIPA
buffer containing 150 mM sodium chloride (NaCl, Sigma, S7653), 1% NP-40 (Sigma,
13021), 0.5% sodium deoxycholate (Sigma, D6750), 0.1% sodium dodecyl sulfate
(SDS, Sigma, 13770), 50 mM tris-hydrochloric acid (tris-HCI, pH 8.0, Sigma, T3253)
and protease inhibitors of 1 pg/ml pepstain A (Sigma, P5381), 1 mM
phenylmethylsulphonyl fluoride (PMSF, Sigma, T9011), 5 mM ethylenediaminetetra
acetic acid (EDTA, Sigma, E5134), 5 mM ethylene glycol bis (-aminoethylether) -N,
N, N’, N’-tetraacetic acid (EGTA, Sigma, E3889), 5 mM sodium fluoride (Sigma,
S6521) and 1 mM sodium orthovanadate (Sigma, S6508) and incubated at 4°C for at
least 2 hr. Extracted protein suspensions were centrifuged at 13200 rpm at 4°C for 30
min and the supernatant collected for Western analysis. Protein concentration was

determined using a BCA kit (Thermo Scientific, 23209) and measured using an

11



enzyme-linked immunosorbent assay (ELISA) reader (Molecular Devices, Spectra

Max 340) at 562 nm.

Equal amounts of total protein were loaded on 10% SDS-polyacrylamide gels.
After electrophoresis, proteins were transferred onto an Immobilon P
polyvinylidenedifluoride (PVDEF, Milipore, IPVH00010). Non-specific binding was
blocked by a blocking solution containing 5% skim milk (BD, 20121127) and 0.05%
tween-20 in tris-buffer saline (TBS). Blots were incubated with primary antibodies
anti-Noggin (1:500, Abcam, ab16054), anti-BMP2 (1:500, Abcam, ab6285) diluted in
TBS with 0.05% tween-20. GAPDH (1:1000, Abcam, ab8245-100) was detected for
normalization of protein loading. After secondary antibody reaction (1:3000, Abcam),
binding was detected with an ECL detection reagent kit (Thermo Scientific). Target
protein expression was calculated as the optical density ratio of the target protein to
the housekeeping protein GAPDH. The expression of BMP2 and Noggin was
measured by Sconic NIH Image Analysis Software (Image J) version 3.5 (USA).

8. Hoechst and propidium iodide (PI) nuclear staining

Cell death was evaluated by staining the non-viable cells with PI (Sigma,

P4170), and living cells with Hoechst 33258 dye (Sigma, H6024).

To determined hypoxic injury time, NSCs at D.I.V 9 in a 24-well plate were
treated as described above for 5 min, 30 min, 1 hr, and 4 hr, then stained with 5
mg/mL Hoechst in a humidifying incubator at 37°C, 5% CO, for 30 min, and 2 mg/mL
PI in the same conditions for 5 min. Stained cells were observed using epifluorescence

with a UV filter block microscope (Olympus).

12



9. Statistics

Results are presented as mean =+ standard deviation (SD). Statistical
significances for the flow cytometry data and Western blot data were determined by

Student’s t-test. P <0.05 was considered a significant difference.

13



I11. RESULTS

1. Neurosphere formation when amine analogues were treated

Neural stem cells (NSCs) cultured from E14 mouse cortex, were treated with
arginine, agmatine, and 5’-deoxy-5’- (methylthio) adenosine (MTA) with dosage of 20,
50, 100 and 200 pM under normoxic condition at D.I.V 5. Normally at D.I.V 3~3.5,

NSCs formed neurosphere by aggregation of mono- cells.

The results showed that mono-cells were dissociated from neurosphere
dose-dependently. However, reverse pattern was observed in arginine and MTA
treated NSCs showing dissociation of the neurosphere into mono-cells at lower dosage

only (Figure 2).

2. Effect of amine analogues on differentiation-inhibiting genes under

normoxia at D.1.V 5

NSCs were obtained in a stage of active proliferation at D.I.LV 5. BMP2 and
SOX2 were selected as differentiation-inhibiting genes, and primers designed, for the
regulatory region containing a CpG island in front of the first exon. Two primer sets
one for methylated and one for unmethylated and MSP was performed on genomic

DNA.

14



Agmatine Arginine

MTA

Figure 2. Photographs of growth of neural stem cells after amine analogues
treatment. NSCs formed neurosphere were dissociated to mono-cells at low dosage in
arginine and MTA treatment. But, NSCs with agmatine treatment showed opposite

effect compared to arginine and MTA (x20).
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In agmatine-treated NSCs, DNA methylation of BMP2 and SOX2 genes
increased compared to untreated NSCs, in dose-dependent manner. However,
methylation of BMP2 and SOX2 genes decreased dose-dependently in the
MTA-treated group. Thus, MTA and agmatine caused opposite responses.
Methylation in the arginine-treated group increased up to 100 uM (Figure 3, 4).

This result suggested that agmatine acts to accelerate NSC differentiation in the

active proliferation stage. In contrast, MTA and arginine reduced NSC differentiation.
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Figure 3. MSP analysis of BMP2 gene in neural stem cells under normoxic
condition at D.1.V 5. (A, B, and C) BMP2 methylation band intensified in arginine-
and agmatine-treated groups in a dose-dependent manner compared to the control. (A,
D) MTA- and arginine-treated groups showed the opposite effect, also
dose-dependently.
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Figure 4. MSP analysis of SOX2 gene in neural stem cells under normoxic
condition at D.1.V 5. (A, C) SOX2 in NSCs indicated suppressed differentiation with
agmatine. (A, B, and D) MTA- and arginine-treated groups showed a methylation

band that was reduced compared to the agmatine-treated group.

3. DNA methylation of differentiation-inhibiting genes with amine analogues
in neural stem cells under normoxia at D.1.V 10

To understand the changes in DNA methylation of BMP2 and SOX2 during
active NSCs differentiation, MSP was performed using 6% agarose gels, showing a

threshold limit of 100 pM for all the amine analogues tested under normoxic condition

at D.I.V 5.

DNA methylation at BMP2 and SOX2 was observed in agmatine-treated NSCs.
In contrast, no methylation of these genes was seen in MTA-treated cells. SOX2

methylation was reduced in MTA-treated NSCs (Figure 5).
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Figure 5. MSP analysis of BMP2 and SOX2 under normoxic condition at D.1.V
10. Agmatine-treated groups showed methylation of BMP2 (A, B) and SOX2 (A, C)

compared to other amine analogue-treated groups. MTA- and arginine-treated groups
showed less methylation for BMP2 and SOX2 compared to the control (all amine

analogue treatments were 100 uM).

4. Regulation of DNA methylation in differentiation-promoting genes
by amine analogues under normoxia at D.1.V 5

The effect of amine analogue treatment on NSC differentiation through

regulation of Noggin and Neurog2 was examined by treating NSCs with arginine,
agmatine, and MTA at 20, 50, 100, and 200 pM.
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Figure 6. MSP analysis of Noggin gene in neural stem cells after amine analogues
treatment under normoxic condition at D.1.V 5. (A, C) Noggin, a BMP2 antagonist,
showed decreased methylation and increased unmethylation in the agmatine-treated
group. (A, B, and D) MTA- and arginine-treated groups showed decreased
unmethylated bands.

An unmethylated band from Noggin was detected in the agmatine-treated group
and increased dose-dependently up to 100 uM (Figure 6A, C). However, arginine and
MTA treatment caused effects that were the opposite of agmatine treatment (Figure
6A, B, and D). Arginine and MTA had no effect on the methylation pattern of
Neurog2 until 50 uM treatments with arginine and 100 uM for MTA respectively
(data not clearly shown). However, nonmethylated of Neurog2 was seen for all amine

analogue treatment groups (Figure 7).
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Figure 7. MSP analysis of Neurog2 in neural stem cells after amine analogues

treatment under normoxic condition at D.I.V 5. The agmatine-treated group
showed no unmethylated Neurog?2, while the methylated band increased. MTA- and

arginine-treated cells showed unmethylated Neurog2 with low methylated Neurog2.

5. DNA methylation of differentiation-promoting genes with amine

analogues under normoxia at D.1.V 10

From above results prompted to investigate how DNA methylation changes at
the Neurog2 and Noggin genes at D.I.V 10, when cell differentiation begins using 100

UM amine analogue treatments of NSCs.

Under normoxic conditions at D.LV 10, agmatine treatment resulted in
reduction of methylation at both Noggin and Neurog2, with the unmethylated band
from Noggin increasing relative to the control, and the methylation band decreasing in

intensity. DNA methylation did not change in arginine-treated cells (Figure 8).
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Figure 8. MSP analysis of Noggin and Neurog2 after amine analogues treatment
under normoxic condition at D.1.V 10. By both Noggin (A, B) and Neurog2 (A),
agmatine accelerated differentiation in NSCs. MTA treatment showed the opposite
effect as the agmatine-treated group. Arginine-treated NSCs showed no changes

compared to the control (all amine analogue treatments were 100 pM).

6. Protein expression of BMP2 and Noggin in neural stem cells after

amine analogues treatment under normoxia

Based on the MSP results, further studies were conducted to know that DNA
methylation has an effect on protein expression of the transcription. NSCs were
treated with 100 uM amine analogues and extracted proteins analyzed by Western blot
with anti-BMP2 and anti-Noggin antibodies. Normoxia D.I.V 5 and D.I.V 10 groups
were studied (N=3).

Arginine-treated NSCs showed decreased expression of BMP2 and Noggin up
to 50 uM of treatment, and BMP2 and Noggin expression increased with 100 uM
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arginine. Noggin expression was higher than BMP2 at 20 pM treatment, suggesting
that arginine may accelerate cell proliferation. The expression of BMP2 and Noggin
decreased in arginine-treated NSCs at 20 pM and 50 uM, but Noggin expression
increased with 100 uM (Figure 9A, B).
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Figure 9. Western blot analysis of BMP2 and Noggin with amine analogues in
neural stem cells under normoxic condition at D.I.V 5. (A, B) In the
arginine-treated group, BMP2 expression decreased with 50 pM treatment. The ratio
of BMP2 and Noggin expression was reversed at 100 uM. (A, C) In the
agmatine-treated group, Noggin and BMP2 expression were higher than the control.
Noggin expression rapidly increased initially and then leveled. (A, D) In the
MTA-treated group, BMP2 expression increased up to 50 uM treatment. At 100 puM,
the ratio of BMP2 and Noggin expression was reversed compared to the control the

other treatments. (*: P < 0.05)
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Agmatine-treated NSCs exhibited higher Noggin expression than BMP2
expression, although the results were significant only at 50 uM. In particular, Noggin
expression rapidly increased initially and was steadily maintained in the
agmatine-treated group, indicating that agmatine enhances the differentiation of NSCs
under normoxic condition at D.I.V 5. This was in accordance with the MSP results
(Figure 9A, C). In contrast to the agmatine results, MTA-treated NSCs showed higher
expression of BMP2 than Noggin up to 50 uM treatment (Figure 9A, D).

All amine analogue-treated groups showed high expression of Noggin and low
expression of BMP2 in NSCs in normoxia at D.I.V 10. MTA appeared to play a role

in cell differentiation acceleration, similar to agmatine (Figure 10).
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Figure 10. Western blot analysis of BMP2 and Noggin with amine analogues in
neural stem cells under normoxic condition at D.1.V 10. BMP2 expression
increased in the MTA-treated groups, but expression decreased slightly with arginine
treatment. Noggin expression increased in all groups, especially the MTA-treated

group (all amine analogue treatments were 100 uM).
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7. Cell cycle analysis of neural stem cells after amine analogues

treatment under normoxia

Above experiment result confirmed that agmatine up-regulates NSCs
differentiation at the DNA level. NSCs were grown for 5 days proliferation duration
and 10 day differentiation span, and stained with PI. Differentiation of stained NSCs
was determined by cell cycle analysis using flow cytometry and the results were in
accordance with the MSP results. The cell cycle is divided into G1/G0, S, and G2/M
phases. G1/GO represents NSCs in proliferation stage, S and G2/M indicated NSCs in

differentiation stage.

Agmatine-treated groups showed a linear increase in proliferation up to 100 uM
treatment (Figure 11B), supporting the hypothesis that agmatine plays an important
role in differentiation regulation at the DNA level. NSC proliferation was significantly
reduced compared to the control, for agmatine treatment at 50 and 100 uM. However,
the arginine and MTA-treated groups showed an opposing trend to agmatine treatment.
The G1/GO data were corresponding with S+G2/M data (Figure 11C), and the results

were consistent with the MSP and Western blot data.

G0/G1 phase cells decreased with agmatine and arginine treatment under
normoxic condition at D.ILV 10 (Figure 12A). Unexpectedly, MTA treatment
increased the S+G2/M phase cells significantly. This suggested that MTA helps
stimulate differentiation of NSC differentiation. Agmatine was an up-regulator of
NSC differentiation at both the activation of proliferation, and the differentiation
stages. MTA treatment down-regulated NSC differentiation at the proliferation stage,

but was a better activator of differentiation over time agmatine.
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Figure 11. Flow cytometry analysis of neural stem cells after amine analogue
treatment at D.1.VV 5 under normoxia. (A) All amine analogue treatments at D.I.V 5
changed the cell cycle phase, dose dependently. The first peak represents G1/GO0, the
second G2/M, with S phase between the peaks. (B, C) NSCs showed decreased
proliferation rates as shown by the G0/G1 stage, up to 100 uM agmatine. Agmatine
treatment accelerated NSC differentiation by activating S+G2/M, while NSCs showed
the opposite effect with other amine analogues. (*: P < 0.05, **: P < 0.01, ***: P <

0.001)
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Figure 12. Flow cytometry analysis of neural stem cells after amine analogues
treatment at D.1.V 10 under normoxia. (A) S+G2/M phases increased in arginine,
agmatine, and MTA treatment at D.I.V 10. MTA treated cells showed a significant
increase in S+G2/M compared to the control. (B) All amine analogue treatments at
D.I.V 10 changed the cell cycle phase, dose dependently. The first peak represents
G1/GO0, the second G2/M, with S phase between the peaks. (***: p < 0.001; all amine

analogues treatments were 100 pM)

8. Determining the survival of neural stem cells under hypoxic

condition

To determine the time for hypoxic injury, NSCs were stained with Hoechst and
PI. Hoechst visualizes the nucleus of live cells under a blue UV fluorescence
microscope, and PI stains the nuclei of dead cells, which appear red in color under the

UV. At 5 min of hypoxia, death occurred in a few cells, with the neurosphere
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disaggregating into mono-cells, and death occurring after 30 min (Figure 13). Based

on this result, hypoxic injury was determined at 5 min.

240min

Figure 13. Photographs of survival of neural stem cells stained with Hoechst and
propidium iodide (PI). Hoechst stained live cells (blue) and PI stained dead cells

(red). As hypoxic injury time increased, cell survived was profoundly declined.

9. DNA methylation of BMP2 and SOX2 promoter region after amine

analogues treatment under hypoxic condition

Cells were treated with arginine, agmatine, and MTA treatment at 100 uM, and

BMP2 and SOX2 examined to determine inhibition of NSC differentiation.

At D.I.V 5 with hypoxic injury, unmethylation of BMP2 gene was higher than
control after treatment with arginine, agmatine, and MTA, indicating that the
self-renewal properties of NSCs are more active in hypoxic conditions. Unmethylated
SOX2 was also observed after arginine and agmatine treatment of NSCs, but
methylated SOX2 was seen only after MTA treatment, suggesting that hypoxic

conditions led to strong activation of NSCs proliferation (Figure 14A).
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Figure 14. MSP analysis of BMP2 and SOX2 after amine analogues treatment
under hypoxic condition. (A) At D.I.V 5, agmatine- and arginine-treated groups did
not show methylation in the NSC- differentiation-repressive genes BMP2 and SOX2.
MTA-treated cells showed methylation of SOX2 and BMP2, indicating differentiation
was not suppressed. (B, C, and D) At D.I.V 10, methylation of BMP2 and SOX2
genes was strong for the agmatine-treated group compared to the control. After
arginine treatment, methylation of BMP2 and SOX2 genes was weak. Methylation of
BMP2 and SOX2 was not seen in the MTA-treated group.

Under hypoxic condition at D.I.LV 10, methylation of the BMP2 and SOX2
decreased after arginine and agmatine treatment, while MTA treatment caused an
increase (Figure 14B, C, and D). These results support the hypotheses that hypoxic
conditions lead to NSCs proliferation, and that agmatine controls NSC differentiation

through expression of BMP2 and SOX2.



10. DNA methylation of Noggin and Neurog2 promoter regions after

amine analogues treatment under hypoxic condition
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Figure 15. MSP analysis of Noggin and Neurog?2 after amine analogues treatment
under hypoxic condition. (A, B) At D.IV 5, Agmatine treatment did not change
methylation in Noggin and Neurog2. MTA-treated cells showed methylation of
Noggin and Neurog2. (C, D) At D.I.V 10, methylation of Noggin was weak after
agmatine treatment. The unmethylated Neurog2 band did not appear after agmatine

treatment.

The effect on the differentiation-enhancing Noggin and Neurg2 genes was also
examined by MSP. Unmethylated Noggin and Neurog2 genes were clearly observed
in agmatine-treated cells under hypoxic condition at D.I.V 5 but it had a weaker effect

than D.I.V 5 cells in the normoxic condition. Methylation of the Noggin and Neurog2



genes was seen after MTA treatment under hypoxic conditions at D.I.V 5 (Figure 15A,
B), but this effect disappeared under hypoxic conditions at D.I.V 10. NSCs with

arginine treatment were not different than control cells (Figure 15C, D).

11. Protein expression of Noggin and BMP2 after amine analogues
treatment under hypoxia

NSCs cultured from E14 mice were subjected to low O, tension, and treated
with amine analogues at 100 pM. At D.I.V 5 and 10, protein was extracted and equal

amounts analyzed by Western blot.

In hypoxic D.ILV 5 cells, BMP2 expression was higher than Noggin for all
groups, indicating 5 days after hypoxic injury conditions, greater activation of
proliferation was seen than under normoxia conditions. However, expression of BMP2
decreased in the agmatine-treated group relative to Noggin expression. In the arginine
treated group, Noggin expression decreased relative to BMP2, and in the MTA
treatment group, BMP2 and Noggin expression decreased compared to control (Figure

16A, B).

The results of Western blot analysis, of cell under hypoxic conditions at D.I.V
10 showed similar results for all amine analogue treatments. Specifically, all amine
analogue-treated groups expressed higher levels of BMP2 than Noggin (Figure 16C,
D).

This is because hypoxic injury activates the proliferation phase. Noggin
expression was slightly increased after arginine treatment, but no difference was seen
in BMP2 expression after this treatment. Expression of Noggin increased compared to
BMP2 in agmatine-treated cells, which supports the hypothesis that agmatine is
involved in NSC differentiation. Conversely, MTA tend to cause slightly more Noggin
expression than BMP2
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Figure 16. Western blot analysis of BMP2 and Noggin with amine analogues in
neural stem cells under hypoxic condition. (A, B) BMP2 expression was reduced
compared to the control after arginine and MTA treatment. Agmatine-treated NSCs
did not show differences in BMP2 and Noggin expression under hypoxic condition at
D.I.V 5. Noggin expression was lower than BMP2 in the control group. (C, D) Under
hypoxic conditions at 10 days, Noggin expression was higher than BMP2 after
agmatine or arginine treatment, compared to the control. BMP2 expression increased

more than Noggin expression. (all amine analogue treatments were 100 uM.)
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IV. DISCUSSION

The investigation of stem cell proliferation and differentiation has been rapidly
growing since the 1980s, when ESCs were first isolated *’. NSCs have a
self-renewing ability and can transform into neurons, oligodendrocytes, and
astrocytes %, These unique properties have been promising for stem cell therapy
for brain diseases such as stroke or cerebral infarction. Amine analogues participate
in cell proliferation and differentiation. For example, agmatine blocks cell
proliferation, while MTA and arginine, a precursor of agmatine and ornithine,
control polyamine synthesis, which promotes cell proliferation > '"-'?. This research
aimed to investigate whether amine analogue treatment promotes differentiation in

NSCs via DNA methylation.

MSP result of BMP2 and SOX2 gene expressions revealed that in normoxia
group of agmatine treatment at D.I.V 5, DNA of SOX2 showed no methylation
(Figure 3). This supports the model that SOX2 is a SOXBI transcription factor that
universally marks neural pregenitors and stem cells. SOX2 shares more than 90%
amino acid identity with the HMG DNA binding domain **°. Previous studies
reported that SOX2 is down-regulated as cells exit their final cell cycle, and that
SOX2 acts on an upstream signaling molecule of the Notch signaling pathway. This
pathway appears to play an essential role in the maintenance of a stem
cell-progenitor cell pool. During embryogenesis and in adulthood, expression of
Notchl or its downstream regulators, such as HES-1, inhibits neuronal
differentiation, and results in the maintenance of the progenitor state. However, the
exact mechanism by which Notch signaling regulates cell fate has not completely
determined. SOX2 interacts with the minor groove of the DNA helix, causing a
transcriptional permissive change in chromatin structure. Moreover, it controls the
expression of several developmentally important genes, including Oct4, Nanog,

nestin, o-crystalline, fibroblast growth factor 4, undifferentiated embryonic cell
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transcription factor 1 and F-box containing protein 14, which play crucial roles in
embryonic development. Thus, NSCs might differentiate into neurons when SOX?2 is
inhibited or degraded, and Notch signaling is repressed ***** ! This study found
that the control cells under normoxic conditions at D.I.V 10 showed methylation of
SOX2, revealing that D.I.V 10 is the time-point for differentiation (Figure 5). Based
on these and previous findings, we propose that agmatine accelerates NSC
differentiation by methylating the BMP2 and SOX2 genes at the 5™ day and 10™ day
of primary culture. However, MTA and arginine treatment reduced NSC
differentiation as seen by their effects on these genes, although MTA treatment did
not cause methylation of BMP2 under normoxic condition at D.I.V 10 (Figure 3, 4,
and 5).

Control cells showed low amounts of unmethylated Noggin (Figure 6, 8), which
is a differentiation-enhancing gene that encodes a BMP2 antagonist. BMPs promote
cellular differentiation in non-neural tissues; including bone, bone marrow, kidney,
and lung. But BMPs sustain self-renewal and pluripotency in mouse ESCs. They have
also been reported to promote a neural crest phenotype in CNS precursors isolated
from the embryonic and adult brain and spinal cord **. Furthermore, BMP2 acts
synergistically to induce astrocytogenesis of fetal mouse telencephalic neuroepithelial
cells, although it does not trigger neurogenesis **. The BMP antagonist Noggin
increases the number of dopamine neurons generated in vitro from human and mouse
ESCs derived from mouse PA6 stromal cells, promotes neural differentiation from

ectoderm, and serves as a rostral induction factor *.

However, all amine analogue-treated groups show strongly unmethylated
Neurog?2 (Figure 7, 8), indicating that NSCs were already differentiating into neural
system cells. This explains why NSCs express Neurog2 '® > which is a number of a
large family of basic helix-loop-helix (bHLH) transcription factors, many of which are
encoded in the human genome. A small set of bHLH factors have important roles in
cell fate decisions during corticogenesis, including members of the NeuroD,

Neurogenin, Mash, Olig, Id, and Hes families *****. The MSP results for Noggin and
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Neurog2 were same as for BMP2 and SOX2. Thus, agmatine treatment appeared to
promote differentiation by up-regulating the Noggin and Neurog2 genes in NSCs,
while arginine and MTA treatment inhibited differentiation (Figure 6, 7, and 8).

Based on MSP results, Western analysis was performed using NSCs treated
with 100uM polyamines. The data showed clear expression of BMP2 and Noggin
proteins relative to SOX2 and Neurog2. The protein levels in amine analogue-treated
NSCs were in accordance with the DNA methylation results. The normoxia D.I.V 5
control cells showed increased expression of Noggin compare to BMP2, while
normoxia D.I.V 10 control cells showed increased BMP2 compared to Noggin. Thus
this study proposes that normoxia D.I.V 5 represents a phase of active proliferation,
and normoxic D.I.V 10 represents an active differentiation period (Figure 9, 10). Little

change was in the total DNA of NSCs (Figure 11, 12).

NSC differentiation is dependent on the action of agmatine at the DNA level.
Moreover, agmatine has been shown to have several functions in the brain and the

%056 including anti-proliferative effects. In this present study exogenously

periphery
administered agmatine enhanced NSC differentiation by suppressing intracellular
polyamine and inducing antizyme expression via a programmed +1 ribosomal frame
shift. It is the only known endogenous molecule, other than the canonical polyamines,
with this capacity. Agmatine also induces spermidine/spermine acetyltransferase,
which promotes the conversion of higher-order, more highly charged molecules to
low-order polyamines. The anti-proliferative effects of agmatine thus appear to be due

to polyamine depletion, and not caused by agmatine functionally replacing or

displacing the canonical polyamines **.

MTA controls NSC differentiation. Results from MSP, Western analysis, and
FACS, revealed that MTA prevents NSC differentiation in the active proliferation
period, but promotes it during the active differentiation period. This might be why
MTA is mainly produced during the biosynthesis of polyamines in mammalian tissues

(Figure 1), when a high rate of polyamine synthesis occurs during cell proliferation.
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MTA is also produced mainly through the polyamine biosynthetic pathway. However,
MTA inhibits the function of ornithine decarboxylase, which synthesizes putrescine
from ornithine. Therefore, if the rate of accumulation of MTA inside the cell is faster
than the rate of MSP phosphorylase, MTA blocks polyamine biosynthesis '"***. This
may explain why MTA powerfully accelerated NSC differentiation in normoxic

conditions at D.I.V 10, an active differentiation phase.

L-arginine is a precursor for the synthesis of not only proteins but also nitric
oxide (NO), polyamines, and agmatine >’. Previous studies have reported that NO is
increased in neural stem cell differentiation by introducing nitric oxide synthase
(NOS) inhibitors such as N®monomethyl-L-arginine, N°-iminoethyl-L-ornithine,
aminoguanidine, N%-nitro-L-arginine, and NS-nitri-L-argininemethylester, or by
NOS-enhancer treatment >, However, this study found that when L-arginine was
exogenously added to NSCs, proliferation was activated, suggesting that excess
arginine availability triggered the hydrolytic cleavage of arginine to urea and ornithine
by arginase, resulting in excess polyamine synthesis, leading to proliferation. Arginine
analogues are potent inhibitors of NOS, and NO is a metabolite in the intracellular
citrulline-NO cycle. Therefore, if L-arginine is high, it may influence the polyamine to

NO pathway through L-arginine catabolism " .

Hypoxic injury induces glycolysis for cell growth, inhibits differentiation, and

4042 This found it led to arrest of NSC differentiation at

improves morphologic scores
the DNA and protein level. MSP and Western blots (Figure 14, 15, and 16) showed
that NSCs at hypoxia D.I.V 5 showed more active cell proliferation than normoxia
D.ILV 5 cells. Supporting to this current previous study reported polyamine
biosynthesis was activated at hypoxia D.I.LV 5 suggested the accumulation rate of
MTA is faster than its degradation ''. MTA treatment enhanced NSC differentiation,
although the rate of NSC proliferation decreased in hypoxic injury conditions at D.I.V

10. Results for DNA and protein were consistent with the results for normoxia D.I.V

S.
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This study suggests that agmatine treatment up-regulated NSC differentiation,
and MTA treatment also promoted NSCs differentiation at the 5™ day after hypoxic
injury. However, MTA down-regulates differentiation in NSCs at hypoxia D.I.V 10.
Arginine treatment had no effect on cell differentiation and proliferation. One notable
finding was that agmatine treatment played an important role in accelerating NSC
differentiation by controlling DNA methylation of BMP2, SOX2, Noggin, and
Neurog2 genes, and expression of their proteins. However, MTA treatment of NSCs
resulted in effects that were opposite to the other amine analogues, enhancing NSC
proliferation at the active cell proliferation stage, and increasing NSC differentiation at

the active cell differentiation period.
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V. CONCLUSION

Arginine, agmatine and MTA treatment resulted in transcriptional regulation of
differentiation genes via DNA methylation in NSCs, both in normoxic and hypoxic

conditions.

1. Agmatine treatment enhanced NSC differentiation by methylation of BMP2
and SOX2, and unmethylation of Noggin and Neurog2.

2. Arginine treatment suppressed NSC differentiation.

3. MTA treatment inhibited NSC differentiation during active cell proliferation

but enhanced differentiation during the differentiation phase.

From these facts this study concludes that DNA methylation is the mechanism
by which amino analogue treatment regulates NSC differentiation. This may lead to a
useful therapeutic approach for using neural stem cell transplantation at brain damage

regions in vivo.

37



REFERENCES

1.

Clark SJ, Melki J. DNA methylation and gene silencing in cancer: which is
the guilty party? Oncogene, 2002. 21(35): 5380-7.

Egger G, Liang G, Aparicio A, Jones PA. Epigenetics in human disease and
prospects for epigenetic therapy. Nature, 2004. 429(6990): 457-63.

Mohn F. Weber M, Rebhan M, Roloff TC, Richter J, Stadler MB, et al.
Lineage-specific polycomb targets and de novo DNA methylation define
restriction and potential of neuronal progenitors. Mol Cell, 2008. 30(6):
755-66.

Mattson MP. Methylation and acetylation in nervous system development and

neurodegenerative disorders. Ageing Res Rev, 2003. 2(3): 329-42.

Wolf C, Briiss M, Hénisch B, Géthert M, von Kiigelgen I, Molderings GlJ.
Molecular basis for the antiproliferative effect of agmatine in tumor cells of

colonic, hepatic, and neuronal origin. Mol Pharmacol, 2007. 71(1): 276-83.

del Zoppo G, Ginis I, Hallenbeck JM, ladecola C, Wang X, Feuerstein GZ.
Inflammation and stroke: putative role for cytokines, adhesion molecules and

iNOS in brain response to ischemia. Brain Pathol, 2000. 10(1): 95-112.

Gilad GM, Salame K, Rabey JM, Gilad VH. Agmatine treatment is
neuroprotective in rodent brain injury models. Life Sci, 1996. 58(2): PL 41-6.

Pinthong D, Wright IK, Hanmer C, Millns P, Mason R, Kendall DA, et al.

Agmatine recognizes alpha 2-adrenoceptor binding sites but neither activates

38



10.

11.

12.

13.

14.

15.

16.

nor inhibits alpha 2-adrenoceptors. Naunyn Schmiedebergs Arch Pharmacol,

1995. 351(1): 10-6.

Reis DJ, Regunathan S. Is agmatine a novel neurotransmitter in brain? Trends

Pharmacol Sci, 2000. 21(5): 187-93.

Tabor CW, Tabor H. Agmatine is an endogenous polyamine derived from

enzymatic decarboxylation of L-arginine decarboxylase (ADC). 1984.

Avila MA, Garcia-trevijano ER, Lu SC, Corrales FJ, Mato JM.
Methylthioadenosine. Int J Biochem Cell Biol, 2004. 36(11): 2125-30.

Maeda T, Wakasawa T, Shima Y, Tsuboi I, Aizawa S, Tamai I. Role of
polyamines derived from arginine in differentiation and proliferation of

human blood cells. Biol Pharm Bull, 2006. 29(2): 234-9.

Lennington JB, Yang Z, Conover JC. Neural stem cells and the regulation of

adult neurogenesis. Reprod Biol Endocrinol, 2003. 1: 99.

Shi Y. Sun G, Zhao C, Stewart R. Neural stem cell self-renewal. Crit Rev
Oncol Hematol, 2008. 65(1): 43-53.

Dictus C, Tronnier V, Unterberg A, Herold-Mende C. Comparative analysis
of in vitro conditions for rat adult neural progenitor cells. J Neurosci Methods,

2007. 161(2): 250-8.

Li X, Zhao X. Epigenetic regulation of mammalian stem cells. Stem Cells

Dev, 2008. 17(6): 1043-52.

39



17.

18.

19.

20.

21.

22.

23.

24.

Sher F, Rossler R, Brouwer N, Balasubramaniyan V, Boddeke E, Copray S.
Differentiation of neural stem cells into oligodendrocytes: involvement of the

polycomb group protein Ezh2. Stem Cells, 2008. 26(11): 2875-83.

Fukuda S, Taga T. Cell fate determination regulated by a transcriptional signal

network in the developing mouse brain. Anat Sci Int, 2005. 80(1): 12-8.

Sanosaka T, Namihira M, Asano H, Kohyama J, Aisaki K, Igarashi K, Kanno
J, et al. Identification of genes that restrict astrocyte differentiation of

midgestational neural precursor cells. Neuroscience, 2008. 155(3): 780-8.

Azhikina TL, Sverdlov ED. Study of tissue-specific CpG methylation of DNA
in extended genomic loci. Biochemistry (Mosc), 2005. 70(5): 596-603.

Clark SJ, Warnecke PM. DNA methylation analysis in mammalian cells.
Methods, 2002. 27(2): 99-100.

Frigola J, Song J, Stirzaker C, Hinshelwood RA, Peinado MA, Clark SJ.
Epigenetic remodeling in colorectal cancer results in coordinate gene
suppression across an entire chromosome band. Nat Genet, 2006. 38(5):

540-9.

Jones PA, Takai D. The role of DNA methylation in mammalian epigenetics.

Science, 2001. 293(5532): 1068-70.
Herman JG, Graff JR, Mydhdnen S, Nelkin BD, Baylin SB.

Methylation-specific PCR: a novel PCR assay for methylation status of CpG
islands. Proc Natl Acad Sci U S A, 1996. 93(18): 9821-6.

40



25.

26.

27.

28.

29.

30.

31.

32.

Episkopou V. SOX2 functions in adult neural stem cells. Trends Neurosci,

2005. 28(5): 219-21.

Graham V, Khudyakov J, Ellis P, Pevny L. SOX2 functions to maintain
neural progenitor identity. Neuron, 2003. 39(5): 749-65.

Miyagi S, Masui S, Niwa H, Saito T, Shimazaki T, Okano H, et al.
Consequence of the loss of Sox2 in the developing brain of the mouse. FEBS

Lett, 2008. 582(18): 2811-5.

Neves J, Kamaid A, Alsina B, Giraldez F. Differential expression of Sox2 and
Sox3 in neuronal and sensory progenitors of the developing inner ear of the

chick. J] Comp Neurol, 2007. 503(4): 487-500.

Scotting PJ, Rex M. Transcription factors in early development of the central

nervous system. Neuropathol Appl Neurobiol, 1996. 22(6): 469-81.

Bani-Yaghoub M, Tremblay RG, Lei JX, Zhang D, Zurakowski B, Sandhu JK,
et al. Role of Sox2 in the development of the mouse neocortex. Dev Biol,

2006. 295(1): 52-66.
Uwanogho D, Rex M, Cartwright EJ, Pearl G, Healy C, Scotting PJ, et al.
Embryonic expression of the chicken Sox2, Sox3 and Sox11 genes suggests

an interactive role in neuronal development. Mech Dev, 1995. 49(1-2): 23-36.

Ross SE, Greenberg ME, Stiles CD. Basic helix-loop-helix factors in cortical
development. Neuron, 2003. 39(1): 13-25.

41



33.

34.

35.

36.

37.

38.

39.

Chen D, Zhao M, Mundy GR. Bone morphogenetic proteins. Growth Factors,
2004. 22(4): 233-41.

Gossrau G, Thiele J, Konang R, Schmandt T, Briistle O. Bone morphogenetic
protein-mediated modulation of lineage diversification during neural

differentiation of embryonic stem cells. Stem Cells, 2007. 25(4): 939-49.

Mehler MF, Mabie PC, Zhang D, Kessler JA. Bone morphogenetic proteins in
the nervous system. Trends Neurosci, 1997. 20(7): 309-17.

Nakashima K, Takizawa T, Ochiai W, Yanagisawa M, Hisatsune T, Nakafuku
M, et al. BMP2-mediated alteration in the developmental pathway of fetal
mouse brain cells from neurogenesis to astrocytogenesis. Proc Natl Acad Sci

US A, 2001. 98(10): 5868-73.

Izrael M, Zhang P, Kaufman R, Shinder V, Ella R, Amit M, et al. Human
oligodendrocytes derived from embryonic stem cells: Effect of noggin on
phenotypic differentiation in vitro and on myelination in vivo. Mol Cell

Neurosci, 2007. 34(3): 310-23.

Isome M, Lortie MJ, Murakami Y, Parisi E, Matsufuji S, Satriano J. The
antiproliferative effects of agmatine correlate with the rate of cellular

proliferation. Am J Physiol Cell Physiol, 2007. 293(2): C705-11.
Schipper RG, van den Heuvel LP, Verhofstad AA, De Abreu RA. Polyamines

and DNA methylation in childhood leukaemia. Biochem Soc Trans, 2007.
35(Pt 2): 331-5.

42



40.

41.

42.

43.

44.

45.

46.

Chen HF, Kuo HC, Chen W, Wu FC, Yang YS, Ho HN. A reduced oxygen
tension (5%) is not beneficial for maintaining human embryonic stem cells in
the undifferentiated state with short splitting intervals. Hum Reprod, 2009.
24(1): 71-80.

Pistollato F, Chen HL, Schwartz PH, Basso G, Panchision DM. Oxygen
tension controls the expansion of human CNS precursors and the generation

of astrocytes and oligodendrocytes. Mol Cell Neurosci, 2007. 35(3): 424-35.

Gustafsson MV, Zheng X, Pereira T, Gradin K, Jin S, Lundkvist J, Ruas JL, et
al. Hypoxia requires notch signaling to maintain the undifferentiated cell state.

Dev Cell, 2005. 9(5): 617-28.

Hashem MA, Bhandari DP, Kang SK, Lee BC. Cell cycle analysis and
interspecies nuclear transfer of in vitro cultured skin fibroblasts of the Siberian

tiger (Panthera tigris Altaica). Mol Reprod Dev, 2007. 74(4): 403-11.

Shames DS, Girard L, Gao B, Sato M, Lewis CM, Shivapurkar N, et al. A
genome-wide screen for promoter methylation in lung cancer identifies novel

methylation markers for multiple malignancies. PLoS Med, 2006. 3(12): e486.
Zhu Y, Wloch A, Wu Q, Peters C, Pagenstecher A, Bertalanffy H, et al.
Involvement of PTEN promoter methylation in cerebral cavernous

malformations. Stroke, 2009. 40(3): 820-6.

Studzinski GP, Harrison LE. Differentiation-related changes in the cell cycle
traverse. Int Rev Cytol, 1999. 189: 1-58.

43



47.

48.

49.

50.

51.

52.

53.

54.

Roach ML, McNeish JD. Methods for the isolation and maintenance of
murine embryonic stem cells. Methods Mol Biol, 2002. 185: 1-16.

Takizawa T, Nakashima K, Namihira M, Ochiai W, Uemura A, Yanagisawa
M, et al. DNA methylation is a critical cell-intrinsic determinant of astrocyte

differentiation in the fetal brain. Dev Cell, 2001. 1(6): 749-58.

Chiba S, Lee YM, Zhou W, Freed CR. Noggin enhances dopamine neuron
production from human embryonic stem cells and improves behavioral
outcome after transplantation into Parkinsonian rats. Stem Cells, 2008. 26(11):

2810-20.

Dunn SL, Young EA, Hall MD, McNulty S. Activation of astrocyte
intracellular signaling pathways by interleukin-1 in rat primary striatal

cultures. Glia, 2002. 37(1): 31-42.
Eliasson MJ, Huang Z, Ferrante RJ, Sasamata M, Molliver ME, Snyder SH, et
al. Neuronal nitric oxide synthase activation and peroxynitrite formation in

ischemic stroke linked to neural damage. J Neurosci, 1999. 19(14): 5910-8.

Li G, Regunathan S, Reis DJ. Agmatine is synthesized by a mitochondrial
arginine decarboxylase in rat brain. Ann N'Y Acad Sci, 1995. 763: 325-9.

Love S. Oxidative stress in brain ischemia. Brain Pathol, 1999. 9(1): 119-31.

Morrissey J, McCracken R, Ishidoya S, Klahr S. Partial cloning and

characterization of an arginine decarboxylase in the kidney. Kidney Int, 1995.

47(5): 1458-61.

44



55.

56.

57.

58.

59.

60.

61.

62.

Piletz JE, Chikkala DN, Ernsberger P. Comparison of the properties of
agmatine and endogenous clonidine- displacing substance at imidazoline and

alpha-2 adrenergic receptors. J Pharmacol Exp Ther, 1995. 272(2): 581-7.

Rau SW, Dubal DB, Boéttner M, Gerhold LM, Wise PM. Estradiol attenuates
programmed cell death after stroke-like injury. J Neurosci, 2003. 23(36):
11420-6.

Wu G, Morris Jr. SM. Arginine metabolism: nitric oxide and beyond.

Biochem J, 1998. 336 ( Pt 1): 1-17.

Kim SJ, Lim MS, Kang SK, Lee YS, Kang KS. Impaired functions of neural
stem cells by abnormal nitric oxide-mediated signaling in an in vitro model of

Niemann-Pick type C disease. Cell Res, 2008. 18(6): 686-94.

Packer MA, Stasiv Y, Benraiss A, Chmielnicki E, Grinberg A, Westphal H, et
al. Nitric oxide negatively regulates mammalian adult neurogenesis. Proc Natl

Acad Sci U S A, 2003. 100(16): 9566-71.

Rodriguez F, Lamon BD, Gong W, Kemp R, Nasjletti A. Nitric oxide
synthesis inhibition promotes renal production of carbon monoxide.

Hypertension, 2004. 43(2): 347-51.
Romero-Grimaldi C, Moreno-Lopez B, Estrada C. Age-dependent effect of
nitric oxide on subventricular zone and olfactory bulb neural precursor

proliferation. J] Comp Neurol, 2008. 506(2): 339-46.

Torroglosa A, Murillo-Carretero M, Romero-Grimaldi C, Matarredona ER,

Campos-Caro A, Estrada C. Nitric oxide decreases subventricular zone stem

45



63.

cell proliferation by inhibition of epidermal growth factor receptor and

phosphoinositide-3-kinase/Akt pathway. Stem Cells, 2007. 25(1): 88-97.

Wiesinger H. Arginine metabolism and the synthesis of nitric oxide in the

nervous system. Prog Neurobiol, 2001. 64(4): 365-91.

46



Abstract (in Korean)
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AAAZIH, 2 AFAA L7Ide Eopulyp Agsle] Axe T2
EXA 7= Ao dHA 3l 5°-deoxy-5’- (methylthio) adenosine (MTA)+

Eejolnle] AHE FZAT
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| ek Al7|eF Z£3hE7] vz A A7) 9

AZZ7IAEE ol Al7|ollA H o] BAo] dojup= 733 FAS
ARa 452 2 5, N, obobe, MTA & Aelske] 247 Haia
4 AQ1  BMP2, SOX2, Noggin, Neurogenin2 ©l|4¢] DNA HWESIE=
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(5’-deoxy-5’- (methylthio) adenosine).
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