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Background and Objectives: DNA methyltransferases (Dnmts) play an important role in regulating DNA methylation
during early developmental processes and cellular differentiation. In this study, we aimed to investigate the role of Dnmts
in neural differentiation of embryonic stem cells (ESCs) and in maintenance of the resulting neural stem cells (NSCs).
Methods and Results: We used three types of Dnmt knockout (KO) ESCs, including Dnmtl KO, Dnmt3a/3b double
KO (Dnmt3 DKO), and Dnmt1/3a/3b triple KO (Dnmt TKO), to investigate the role of Dnmts in neural differentiation
of ESCs. All three types of Dnmt KO ESCs could form neural rosette and differentiate into NSCs i vitro. Interestingly,
however, after passage three, Dnmt KO ESC-derived NSCs could not maintain their self-renewal and differentiated
into neurons and glial cells.

Conclusions: Taken together, the data suggested that, although deficiency of Dnmts had no effect on the differentiation of
ESCs into NSCs, the latter had defective maintenance, thereby indicating that Dnmts are crucial for self-renewal of NSCs.
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Introduction

DNA methylation, a process of adding methyl groups
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to DNA bases (1), can regulate gene expression without
changing the DNA sequence (2). DNA methyltransferases
(Dnmts), which have enzymatic activity in DNA methyl-
ation, act as direct regulators of DNA methylation (3). In
mammals, three active DNA methyltransferases, namely
Dnmtl, Dnmt3A, and Dnmt3B, have been identified as
direct regulators till date (4, S). Among them, Dnmtl is
the most abundant and functions to maintain the methy-
lated DNA state in both strands (6); it can bind to a hemi-
methylated double-stranded DNA and add methyl groups
to an unmethylated strand during the DNA replication
process (6). However, Dnmt3a and Dnmt3b, also called
de-novo methyltransferases, can set up DNA methylation
patterns without the footprints of methylation in DNA
strands (7, 8). Due to such fundamental regulatory func-
tions, Dnmts are considered to be associated with the de-
velopment (9) and maintenance of stem cells (10), as well
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as with aging in mammals (11).

According to previous reports, Dnmts are essential pro-
teins for cell proliferation and differentiation. Sen et al.
(12) had reported that Dnmt]l maintains the function of
self-renewal of progenitor cells in human skin cells.
Georgia et al. (13). had reported that Dnmtl maintains
the survival of progenitor cells via repressing p53.
Recently, Ramesh et al. (14) have reported that Dnmtl,
in combination with ubiquitin-like with PHD and ring
finger-1 (Uhrfl), maintains DNA methylation in neural
stem cells (NSCs) and may be involved in the survival of
NSCs. In hematopoietic stem cells (HSCs), Dnmt3a is
suggested to be crucial (15), and loss of Dnmtl could lead
to biased differentiation into myeloerythroid and lym-
phoid-deficient cells (16). However, there have been very
few reports on how both DNA methylation and DNA
methyltransferase can affect the maintenance and differ-
entiation of NSCs.

Several research groups have been studying the mecha-
nisms underlying the maintenance and differentiation of
NSCs. Although epidermal growth factor (EGF) and fibro-
blast growth factor 2 (FGF2) are known to mainly control
the proliferation and self-renewal of neural stem/progeni-
tor cells i vivo and in vitro (17), the specific mechanism
underlying neural stem/progenitor cell regulation still re-
mains unknown (18-20). As an epigenetic regulation, DNA
methylation has been suggested as a major factor in brain
development and neurogenesis (21, 22). However, studies
on the direct link between Dnmts and the proliferation
and differentiation of NSCs have not been reported yet.

Tsumura et al. (5) had shown, via a knockout (KO) ex-
periment in mice, that mouse embryonic stem cells (ESCs)
can be maintained and self-renewed in the absence of
Dnmtl and Dnmt3a/3b. Liao et al. (23) had shown tar-
geted disruption of Dnmtl to be critical for the viability
of human ESCs, although not so for Dnmt3a/b. Thus,
Dnmt KO ESC lines could be useful resources for studies
on the differentiation of pluripotent stem cells. In this pa-
per, we hypothesized that ES cells defective in DNA meth-
ylation, due to the KO of Dnmtl or Dnmt3a/3b, or due
to triple KO of all three Dnmts, could differentiate into
NSCs. However, the derived NSCs lacked the ability to
maintain stemness during a long-term culture. Hence, we
suggested that regulation of DNA methylation is critical
for the maintenance of NSCs.

Materials and Methods

Cell line establishment and culture
The Dnmtl KO, Dnmt3 DKO, and Dnmt TKO ES cell

lines used in this study had been described in previous
publications (5, 24). Olig2-GFP ES cells were used as con-
trol ES cells for monitoring the stemness of NSCs, since
GFP fluorescence was controlled by Olig2, which is ex-
pressed in NSCs (29).

Dnmt KO ES cells and Olig2-GFP ESCs were allowed
to differentiate into NSCs using the previously described
protocol (25). Established NSCs were maintained in the
NS medium, consisting of Dulbecco’s modified Eagle’s me-
dium (Nutrient Mixture F-12; DMEM/F12) (Gibco, 1132-
033) supplemented with 1xXN2 supplement (Gibco, 17502-
048), 1xpenicillin/streptomycin/glutamine (P/S/G) (Gibco,
10378-016), 10 ng/ml recombinant human epidermal growth
factor (EGF) (Gibco, PHGO0311), 10 ng/ml basic fibroblast
growth factor (bFGF) (R&D systems, 233-FB-500), 50 mg/ml
bovine serum albumin fraction V (BSA) (Gibco, 15260-
037), and 1 mM B-mercaptoethanol (Gibco, 21985-023).
Several ESC lines were maintained in the mES medium,
consisting of low-glucose DMEM (Hyclone, 11885-084)
supplemented with 15% heat-inactivated fetal bovine se-
rum (FBS) (Hyclone), 1xP/S/G (Gibco, 10378-016), 0.1 mM
nonessential amino acids (NEAA) (Gibco, 1140-050), 1 mM
B -mercaptoethanol (Gibco, 21985-023), and 103 U/ml leuke-
mia inhibitory factor (ESGRO, Merck Millipore).

Differentiation of ESCs into NSCs and maintenance of
the latter

Several ESC lines were cultured for 2~3 days in mEF
medium, consisting of low-glucose DMEM (Hyclone,
11885-084) supplemented with 15% heat-inactivated FBS
(Hyclone), 1xP/S/G (Gibco, 10378-016), 0.1 mM NEAA
(Gibco, 1140-050), and 1 mM [ -mercaptoethanol (Gibco,
21985-023) in suspension culture dishes. Thereafter, embry-
oid bodies (EBs) from ESCs were cultured in the N2B27 me-
dium, consisting of 1 :1 mixture of DMEM/12 medium
(Gibco, 11320-033) and neurobasal medium (Gibco, 21103-
49) supplemented with 1XN2 supplement (Gibco, 17502-
48), 1xB27 supplement (Gibco, 17504-44), 1xP/S/G (Gibco,
10378-016), 20 ng/ml EGF (Gibco, PHG0311), and 20 ng/ml
bFGF (R&D systems, 233-FB-00), for 3 days in suspension
culture dishes. Next, the EBs were plated onto a 0.15% gela-
tin-coated dish for 3 days in NS medium. After a few days,
NSC-like structure was observed. The established NSCs were
maintained thereafter, and passaged in NS medium on a
0.15% gelatin-coated dish.

Immunocytochemistry

For immunocytochemistry, the cells were cultured in
4-well dishes until 70~80% confluency. Thereafter, they
were fixed with 4% paraformaldehyde for 30 min at 4°C,
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washed with phosphate-buffered saline (PBS) (Welgene,
ML 008-01), and treated with 0.3% Triton X-100 in PBS
for 10 min. Next, the cells were blocked with PBS contain-
ing 3% bovine serum albumin and 0.3% Triton X-100 for
30 min at 25°C. The blocked cells were then incubated
overnight at 4°C with the following primary antibodies:
Oct4 (1 : 1,000; Santa Cruz Biotechnology), Nanog (1 :
1,000; Abcam), Tujl (1 : 1,000; Millipore), GFAP (1 :
1,000, Abcam), and O1 (1 : 1,000, eBioscience). The fol-
lowing day, incubated cells were washed thrice with PBS
for 10 min and incubated with fluorescently labeled
(Alexa Fluor 488 or 568; Abcam) secondary antibodies.
The latter were used according to the manufacturer’s
specifications. Cells were finally washed and stained with
10 rg/ml Hoechst (Hoechst 33342; Thermo Fisher Scie-
ntific, H3570) and 0.3% Triton X-100 in PBS for 2 min
at 25°C.

Karyotype analysis

A 6-cm dish at 50% cell confluency was treated with
0.3 mg/ml Nocodazole for 16 hours. Cells were recovered
by trypsinization and treated with hypotonic (0.56%
wt/vol) KCl solution for 15 minutes at 37°C, and pelleted
by centrifugation. Cells were then fixed by washing three
times in fresh fixative (3 : 1 methanol: glacial acetic acid),
and dropped onto clean glass slides. The slides were air
dried, stained with 10% Giemsa (Sigma), and observed un-
der a microscope.

Statistical analysis

All experiments were performed in triplicate and data
represented as means=*standard deviation. Significance of
the differences was assessed by an unpaired two-tailed
Student’s t-test; p-values <0.05 were considered statisti-
cally significant.

Results

Inhibition of Dnmts caused defects in NSC
maintenance

A previous report had shown that deficiency of DNA
methylation did not affect the self-renewal ability of
mouse ESCs (5). However, there has been no report about
the effect of DNA methylation on self-renewal and differ-
entiation of NSCs. Thus, we aimed to investigate the cor-
relation between NSC maintenance and impaired regu-
lation of DNA methylation. As a preliminary approach,
we treated Olig2-GFP NSCs with 5-AzaC, a Dnmt in-
hibitor directly incorporated into DNA and RNA (26), in
order to perturb the regulation of DNA methylation in
NSCs. Different concentrations of 5-AzaC, such as 25, 50,
and 100 M, were added to NSCs in the culture (Fig. 1A);
on day 4~5 after 5-AzaC treatment, Olig2-GFP NSCs
treated with 50 and 100 «M 5-AzaC ceased to proliferate,
and died (Fig. 1A). Although Olig2-GFP NSCs treated
with 25 M 5-AzaC still survived (Fig. 1A), they showed
significantly lower cell numbers after passage 2 (approxi-
mately day 6) (Fig. 1B). We concluded that demethylation
of DNA impaired the self-renewal ability of NSCs. Next,
to check the effect of 5-AzaC treatment on pluripotent
stem cells, we treated ESCs with 25, 50, and 100 «M
5-AzaC. Interestingly, the treatment did not affect the
self-renewal abilities of ESCs (Supplementary Fig. S1).
Collectively, the results suggested that inhibition of Dnmts
by 5-AzaC treatment could lead to a severe effect on the pro-
liferation and survival of NSCs, but not on those of ESCs.

Dnmt-knockout ESCs maintained pluripotency and
differentiated to NSCs

Since we had demonstrated DNA methylation as a possi-
ble factor in the maintenance of NSCs, we next investigated
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Fig. 1. Effect of Dnmt inhibitor 5-AzaC on the proliferation of neural stem cells (NSCs). (A) Representative images of neural stem cells
cultured in various concentrations of 5-AzaC; scale bars: 200 x#m. (B) Cell proliferation assay to compare the rate of cell proliferation
in control (DMSO) and 5-AzaC-treated NSCs; Student’s t-test; ***p-value <0.001.
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whether ESCs deficient in Dnmts could be differentiated
into NSCs. We used three types of Dnmt knockout (KO)
ESCs, including Dnmtl KO, Dnmt3a/3b double KO
(Dnmt3 DKO), and Dnmtl/3a/3b triple KO (Dnmt TKO),
to investigate the effect of Dnmt KO on the differentiation
potential of ESCs into NSCs. In addition, Olig2-GFP ESCs,
expressing GFP under the control of Olig2 (25), the latter
being expressed in NSCs, were used as control ESCs for
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checking the differentiation into NSCs. Immunocytochem-
ical analysis revealed that all three KO cell lines (Dnmtl
KO at passage 17, Dnmt3 DKO at passage 11, and Dnmt
TKO ESCs at passage 12) as well as the control ESCs
(Olig2-GFP ESCs at passage 8) expressed the pluripotency
markers Oct4 and Nanog (Fig. 2A), as was consistent with
previous studies (5, 7).

To identify the differentiation potential of Dnmt KO
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Fig. 2. Pluripotency of three types of Dnmt knockout (KO) ESCs and their differentiation potential into neural rosette and neural stem cells
(NSCs). (A) Immunocytochemical analysis of control (Olig2-GFP) and three types of Dnmt KO ESCs, including Dnmt1 KO, Dnmt3a/3b double
KO (Dnmt3 DKO), and Dnmt1/3a/3b triple KO (Dnmt TKO). All ESC lines expressed the pluripotency markers Oct4 and Nanog. Nuclei were
counter-stained with Hoechst (blue); scale bars: 200 m. (B) Embryoid body formation of control (Olig2-GFP) and three types of Dnmt KO
ESCs; scale bars: 200 zm. (O) Neural rosette formation in control and three types of Dnmt KO ESCs. White arrows indicate neural rosettes,
which stained positive for the NSC markers Sox2 and Nestin. Nuclei were counter-stained with Hoechst (blue). Control (Olig2-GFP) ESCs ex-
pressed Olig2-GFP, which is expressed in NSCs after commitment from pluripotent stem cells; scale bars: 100 «m. (D) Established NSC lines

from control and three types of Dnmt KO ESCs; scale bars: 100 zm.
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ESCs into NSCs, we allowed the differentiation of all three
Dnmt KO ESC lines and control ESCs into NSCs via EB
and neurosphere formation in EGF- and bFGF-containing
medium, according to a previously described protocol (25,
27). All Dnmt KO and control ESC lines successfully formed
EBs on day 3 of neural lineage differentiation protocol
(Fig. 2B). We also observed the neural rosette structures
(Fig. 2C), which expressed NSC markers Sox2 and Nestin
in Dnmt KO ESCs and Olig2-GFP in control ESCs, on day
9 after differentiation (Fig. 2C). After passaging the rosette
structures onto the gelatin-coated dish in NSC medium,
we could establish NSC lines from all Dnmt KO and con-
trol ESCs (Fig. 2D). The established NSCs from Dnmt KO
ESC lines (Dnmtl KO, Dnmt3 DKO, and Dnmt TKO
NSCs) showed similar morphologies as in those from con-
trol Olig2-GFP ESCs (Fig. 2D). The results indicated the
differentiation potential of ESCs into NSCs to not be af-
fected by Dnmt deficiency.

Dnmt KO ESC-derived NSCs lost self-renewal
potential, but were able to differentiate into neural
subtypes

During a subsequent culture, Dnmt KO ESC-derived
NSC lines (Dnmtl KO, Dnmt3 DKO, and Dnmt TKO
NSCs) lost NSC marker expression and slender bipolar
morphology after passage 3, whereas control NSCs (Olig2-
GFP NSCs), derived from control ESCs, retained both
NSC marker expression and typical NSC morphology
(Fig. 3). We conducted NSC-derivation experiment thrice
using Dnmt KO ESCs; all failed to maintain NSCs beyond
passage 3. Thus, we speculated that if the Dnmt KO
ESC-derived NSCs could not maintain self-renewal abil-
ity, they spontaneously differentiated into neural subtypes,
such as neurons and glial cells. To identify whether NSCs
were differentiated into neurons, astrocytes, and oligoden-
drocytes during the passage, we conducted immunocyto-
chemical analysis using Tujl (neuronal marker), GFAP
(astrocyte marker), and O1 (oligodendrocyte marker) (Fig.
4A). All samples from Dnmt KO NSCs stained positive
for Tujl, GFAP, and O1 (Fig. 4A); however, NSCs differ-
entiated from control ESCs maintained self-renewal and
did not get stained by the antibodies for Tujl, GFAP, and
01 (Fig. 4A). Control and Dnmt KO cell lines also main-
tained normal diploid karyotypes (Fig. 4B). Taken togeth-
er, we found that Dnmt KO ESCs differentiated into
NSCs, which subsequently lost self-renewal ability and
spontaneously differentiated into neural subtypes.

Dnmt3 DKQ Dnmt1 KO Control

Dnmt TKO

Fig. 3. Immunocytochemical analysis to determine the main-
tenance of neural stem cells derived from Dnmt knockout (KO)
ESCs. After passage three, NSCs from three types of Dnmt KO
ESCs, including Dnmt1 KO, Dnmt3a/3b double KO (Dnmt3 DKO),
and Dnmt1/3a/3b triple KO (Dnmt TKO), were no longer immunor-
eactive to the neural stem cell markers Sox2 and Nestin. Control
NSCs derived from Olig2-GFP ESCs maintained NSC marker ex-
pression. Nuclei were counter-stained with Hoechst (blue); scale
bars: 50 zm.

Discussion

In this study, we investigated the mechanism by which
Dnmt deficiency affects the maintenance and self-renewal
ability of ESCs and NSCs. Three Dnmt KO ESC lines
(Dnmtl KO, Dnmt3 DKO, and Dnmt TKO ESCs) showed
normal self-renewal ability, as described previously by oth-
er researchers (7, 24). Although we cannot explain the
mechanism by which ESCs tolerate the Dnmt deficiency
and defective regulation of DNA methylation, we proposed
that ESCs must be special cell types that maintain stem-
ness even without the essential genes. They are known to
be able to maintain self-renewal capacities without the crit-
ical genes associated with DNA demethylases (7Tet! and
Tet3) (28, 29), mitochondria, energy metabolism (Drmll,
Mff, and Fisl) (30), pluripotency marker Nanog (31), and
so on (32, 33).

Three Dnmt KO ESC lines showed efficient differ-
entiation into NSCs, indicating that defective regulation of
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Fig. 4. Differentiation of Dnmt knockout (KO) NSCs into neural subtypes. (A) Immunocytochemical analysis of control (Olig2-GFP) and three
types of Dnmt KO NSCs, including Dnmt1 KO, Dnmt3a/3b double KO (Dnmt3 DKO), and Dnmt1/3a/3b triple KO (Dnmt TKO). During the
culture, Dnmt KO NSCs spontaneously differentiated into neurons (Tuj1+), astrocytes (GFAP+), and oligodendrocytes (O1+). Nuclei were coun-
ter-stained with Hoechst (blue); scale bars: 200 «m for Tuj1 and GFAP, and 100 «m for O1. Control NSCs derived from Olig2-GFP ESCs
maintained self-renewal and were not stained by antibodies for Tuj1, GFAP, and OT1; scale bar: 200 «m. (B) Representative karyotype
of control and three types of Dnmt KO cell lines. Karyotyping revealed no chromosome abnormalities in all groups; scale bar: 5 «m.

DNA methylation had no effect on their directed differ-
entiation into NSCs. However, Dnmt KO ESC-derived
NSC lines could not maintain stem-cell property and even-
tually differentiated into neural subtypes, such as neurons
and glial cells, indicating that regulation of DNA methyl-
ation is critical for the maintenance of NSCs, though not
for their differentiation ability. Although the differentiated
neurons and glial cells expressed the specific markers, we
did not further analyze the functionality of these cells; de-
ficiency of Dnmts might affect the survival or biological
functions of neurons and glial cells. The molecular mecha-
nisms underlying the effect of Dnmts on the maintenance
and proliferation of NSCs have not yet been elucidated.
Okano et al. (7) had demonstrated that Dnmt KO mice
died shortly after birth, which could be partly explained
by the observation of Dnmtl and Dnmt3a expression in
adult brain (34); Dnmtl or Dnmt3a KO in neural
stem/progenitor cells could affect the survival of newly
generated neurons in vivo (35, 36). Noguchi et al. (35) had
also shown that the deficiency of Dnmt in NSCs affects
the normal development of dentate gyrus, resulting in a
reduced volume of granule cell layer.

Till date, numerous research groups have explored the
specific mechanisms involved in the maintenance and differ-
entiation of NSCs, such as signaling pathways and epigenetic
regulation. Although the most well-known factors for the
self-renewal of NSCs, both in vivo and in vitro, are epidermal

growth factor (EGF) and fibroblast growth factor 2 (FGF2)
(17), the specific mechanism for maintenance of neural
stem/progenitor cells still remains unknown (18-20). Sato et
al. (17) had reported that the PI3K and mTOR pathways
constitute the underlying mechanism for the survival of
NSCs. The crosstalk of notch and growth factor/cytokine sig-
naling pathways could also be related to the self-renewal and
cell fate specification of NSCs (37, 38). Recently, Engler et
al. (39) have shown that Notchl and Notch2 signaling is es-
sential for the transition from quiescence state to neural dif-
ferentiation in mouse brain. The Wnt (40) and BMP signal-
ing (41) pathways are also involved in adult neurogenesis
and neuronal function. As an epigenetic regulation, DNA
methylation has been suggested as the major factor under-
lying brain development and neurogenesis (21, 22). In rela-
tion to DNA methylation, ten-eleven translocation (TET) 1,
2, and 3 proteins are expressed in brain and are associated
with both NSC formation and differentiation (22, 29). TET1
protein could regulate hippocampal neurogenesis (42) while
TET3 was shown to play a critical role in the maintenance
and terminal differentiation of neural progenitor cells (29).
In addition, methyl-CpG-biding domain 1 (MBDI), which is
expressed in NSCs and adult neurons, could orchestrate NSC
maintenance and neuronal commitment (43), and the bal-
ance between stem cell state and commitment could be con-
trolled via MBD1-regulated miR-184 (44). In this study, we
showed that deletion of Dnmt family could disrupt the main-
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tenance of NSCs and induce their differentiation. However,
further studies would be required for a better understanding
of the mechanism of Dnmt in the regulation of maintenance
and differentiation of NSCs.
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