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Abstract

The de novo methylation activity is essential for embryonic development as well as embryonic stem (ES) cell differentiation,

where the intensive and extensive DNA methylation was detected. In this study, we investigated the effects of a demethylating agent,

5-azacytidine (5-AzaC), on differentiated ES cells in order to study the possibility of reversing the differentiation process. We first

induced differentiation of ES cells by forming embryoid bodies, and then the cells were treated with 5-AzaC. The cells showed some

undifferentiated features such as stem cell-like morphology with unclear cell-to-cell boundary and proliferative responsiveness to

LIF. Moreover, 5-AzaC increased the expressions of ES specific markers, SSEA-1, and alkaline phosphatase activity as well as

ES specific genes, Oct4, Nanog, and Sox2. We also found that 5-AzaC demethylated the promoter region of H19 gene, a typical

methylated gene during embryonic differentiation. These results indicate that 5-AzaC reverses differentiation state of ES cells

through its DNA demethylating activity to differentiation related genes.

� 2004 Elsevier Inc. All rights reserved.
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Epigenetic modification of the genome occurs during

early development of embryos and DNA methylation of

cytosine residues is a major cause of the modification

[1–3]. To establish DNA methylation patterns during

embryonic development, the embryo undergoes sequen-
tial events of demethylation and de novo methylation

before and after implantation, respectively [4]. There-

fore, de novo methylation activity is detected mainly

in early postimplantation embryo [5], ES cells [6], and

embryonic carcinoma cells [7], whereas in postgastrula-

tion embryos, adult somatic cells, and differentiated

EC cells its activity is low or undetectable [4,7,8].

InES cells, four active enzymes ofDNAcytosinemeth-
yltransferase, such as Dnmt1, Dnmt3a, Dnmt3b, and
0006-291X/$ - see front matter � 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2004.08.052

q Abbreviations: EB, embryoid body; ES, embryonic stem.
* Corresponding author. Fax: +81 86 274 2150.

E-mail address: fcch@hayashibara.co.jp (K. Tsuji-Takayama).
Dnmt3l, have been identified so far. Dnmt1 is a major

DNAmethyltransferase formaintainingmethylation sta-

tus during DNA replication, and inactivation of this en-

zyme in mice results in loss of genomic imprinting and

leads to the early embryonic lethality [9,10]. Dnmt3a
andDnmt3b,whichmainly catalyze de novomethylation,

are highly active in ES cells and in vitro differentiation of

ES cells is blocked in the absence of these enzymes [11].

Dnmt3l associates with both Dnmt3a and Dnmt3b, and

regulates these activities [12]. These reports show the

essential roles of methylation and demethylation in ES

cell differentiation and developing embryos.

One of the demethylating agents, 5-AzaC, that is a
cytosine analog, can cause extensive demethylation of

5-methylcytosine residues and reduce DNA methyl-

transferase activity in the cells [13,14]. It has been used

as an effective chemotherapeutic agent for leukemia

[15] and also as a useful experimental tool to study the
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roles of DNA methylation in the cell differentiation and

gene activation mechanisms. For example, 5-AzaC

could induce muscle cell differentiation from fibroblast

cell lines [16] and cardiomyogenic cell differentiation

from mesenchymal stem cells [17]. There are also reports

on modulating activities of 5-AzaC to the embryonic
development by influencing cell proliferation and differ-

entiation [18–21].

In the present study, we investigated the effects of 5-

AzaC on ES cell differentiation by forming embryoid

body, which was often used as an in vitro model of

embryonic development. We found that 5-AzaC re-

versed differentiation of ES cells on morphological, phe-

notypical, and genetic characteristics. We also indicated
reversing effects of 5-AzaC through its demethylating

activity by H19 gene analysis.
Materials and methods

Cell culture and 5-azacytidine treatment. The murine ES cell line,

E14.1, was kindly provided by Dr. Kitamura (Tokyo University of

Science, Japan). The cell line was cultured in Dulbecco�s modified

Eagle�s medium (DMEM; Gibco, NY, USA) supplemented with non-

essential amino acid, 15% heat-inactivated fetal bovine serum (FBS),

and 10�4 M of 2-mercaptoethanol (2-ME) on gelatin-coated 10-cm

culture plates. For an undifferentiated state, the cells were maintained

with 103 U/ml LIF (Esgro, Gibco) on the feeder layers, mouse

embryonic fibroblast (MEF) treated with mitomycin C. For induction

of differentiation, 1 · 108 cells were subjected to spinner culture of

embryoid body (EB) formation in 500 ml medium without MEF and

LIF as previously described [22,23]. Every three days, the medium was

freshly changed. After the days of 7 (EB7) and 11 (EB11), EBs were

trypsinized to a single cell suspension and washed with culture med-

ium. The cells (4 · 105 cells/90-mm dish) were treated with 1 lM of 5-

azacytidine (5-AzaC, Sigma, MO, USA) for 6 h and were subsequently

cultured without 5-AzaC for 3 days.

Flow cytometry analysis. Anti-SSEA-1 antibody was purchased

from American Research Product (MA, USA) and anti-E-cadherin

antibody was purchased from BD PharMingen (CA, USA). FITC

labeled goat Anti-mouse Igs (Caltag Laboratories, CA, USA) for

SSEA-1 and FITC labeled goat anti-rat Igs (Caltag Laboratories) for

E-cadherin were used as second antibodies. The staining was per-

formed and analyzed by flow cytometry (EPICS XL, Beckman–

Coulter, FL, USA) as previously reported [24].

Alkaline phosphatase activity. Cell extracts were prepared by

freezing/thawing the cells (1 · 105 cells/tube) and then centrifuging at

10,000g for 5 min. The supernatants were mixed with p-nitrophenyl-

phosphate (SIGMA FAST p-nitrophenyl phosphate tablet set) as a

substrate of alkaline phosphatase (ALP). After incubation for 30 min

at 37 �C, the relative activities among the cells were measured by

reading OD at 405 nm wavelength.

RT-PCR analysis. Total RNA was isolated from the cells with

RNeasy (Qiagen, CA, USA). RT-PCR detection for Oct4, Nanog, and

Sox2 genes was performed as previously described [25,26]. As a control,

we used a housekeeping gene, HGPRT [24]. The primers used were: 5 0

AGGGTCTGCTACTGAGATGCTCTG 3 0 as a sense primer and 5 0

CAACCACTGGTTTTTCTGCCACCG 3 0 as an antisense primer for

Nanog, 5 0 CTGAGGGCCAGGCAGGAGCACGAG 3 0 as a sense

primer and 5 0 CTGTAGGGAGGGCTTCGGGCACTT 3 0 as an anti-

sense primer for Oct4, and 5 0 GGCAGCTACAGCATGATGCAGG

AGC 3 0 as a sense primer and 5 0 CTGGTCATGGAGTTGTACTGC

AGG 3 0 as an antisense primer for Sox2. We determined semiquantita-

tive conditions by changing PCR cycles for each gene (data not shown).
Bisulfite PCR for methylation analysis. Genomic DNA (10 lg) was
digested with BamHI and converted with bisulfite as previously re-

ported [27,28]. Briefly, the digested genomic DNA (1–3.5 lg) was

incubated in a solution of 3.2 M sodium bisulfate (Sigma) and 500 nM

hydroquinone (Sigma) for 16 h at 55 �C. The reaction mixture was

desalted using a DNA cleanup column (Promega, WI, USA) and

eluted with H2O as in manufacturer�s instruction. The eluted DNA was

incubated with 300 mM NaOH for 20 min at 37 �C and stored at

�20 �C. The DNA was used as a template of bisulfite converted DNA

for the methylation analysis. Bisulfite PCR were performed using

AmpliTaq Gold (Perkin–Elmer, CA, USA). The primers used were:

H19s 5 0 GATTAGATAGTATTGAGTTTGTTTGGAGT 3 0 (1089–

1117 in H19 upstream sequence; GenBank Accession No. U19619) as a

sense primer, H19a 5 0 CCTAAAATACTAAACTTAAATAACCCAC

AA 3 0 (1481–1452) as an antisense primer, and the PCR conditions

were used as described previously [29]. For determination of methyl-

ation on H19 promoter, the DNA after PCR amplification was di-

gested with ClaI. This ClaI site was reported to be one of the target

sequences of DNA methyltransferase in ES cells [29]. ClaI (recognition

sequence, ATCGAT) could cut the methylated H19 sequence, which

was not converted by bisulfite, however, ClaI could not cut the

unmethylated H19 sequence, which was converted to ATTGAT by

bisulfite. We confirmed the converted sequence by DNA sequence

analysis (data not shown).
Results and discussion

The in vitro differentiation of murine ES cells to EB

mimics events that occur after implantation in embryonic

development in vivo. In the present study, we induced ES

cell differentiation by formingEB clusters in a spinner cul-

ture method and prepared the cells from days 7 (EB7) and

11 (EB11) EBs after the differentiation induction. Each
EB is supposed to contain cell lineages corresponding to

the cells from three germ layers according to its differenti-

ation progression. EB7 should contain primitive endo-

derm, primitive mesoderm, notochord, vasculature, and

cardiogenic mesoderm, whereas EB11 should have more

advanced cell lineage like neural tube [22]. We confirmed

the fully differentiated features of our EBs by observing

beating cells in an EB cluster and endoderm- and meso-
derm-like tissues on EB histological sections. Therefore,

we used these EB cells as a target of 5-AzaC treatments.

Non-toxic dose (1 lM) of 5-AzaC was determined in a

preliminary study (data not shown).

We first examined the effects of 5-AzaC in morpho-

logical aspects. As shown in Fig. 1A, the undifferenti-

ated ES cells in culture exhibited a characteristic

morphology, which was designated as a stem cell-like
colony featuring clumped cells with unclear cell bound-

ary [30]. Before the 5-AzaC treatments, adherent cells

from EB7 and EB11 displayed fibroblast-like or epithe-

lial-like morphology, which is distinct from that of ES

cells (Figs. 1B and E). Once these cells were treated with

5-AzaC, the stem cell-like colony appeared again from

the cultures of EB7 and EB11 (Figs. 1C and F).

In addition, these stem cell-like colonies induced
by 5-AzaC were functionally similar to the original

undifferentiated ES colonies because they were able to



Fig. 1. Morphological changes of EB cells by 5-AzaC treatments. ES

cells were induced first to form EB and then treated with 5-AzaC alone

or 5-AzaC plus LIF. (A) ES cells, (B) EB7 cells, (C) EB7 cells with 5-

AzaC, (D) EB7 cells with 5-AzaC and LIF, (E) EB11 cells, (F) EB11

cells with 5-AzaC, and (G) EB11 cells with 5-AzaC and LIF. A

representative example of more than three experiments is shown.

Fig. 2. Restoration of ES specific markers by 5-AzaC treatments.

Surface expressions of SSEA-1 and E-cadherin were analyzed by flow

cytometer. The cells were stained with an antibody specific for SSEA-1

or E-cadherin (shaded histogram). Staining with a negative control

antibody is shown as open histograms. A representative example of

more than three experiments is shown.

Table 1

Alkaline phosphatase (ALP) activity

ALP activity/105 cells (OD 405 nm)

ES 0.835 ± 0.131

EB11 0.559 ± 0.082

EB11 + 5-AzaC 1.275 ± 0.127

ALP activities in ES, EB11, and 5-AzaC-treated EB11 cells were

determined by measuring OD at 405 nm with p-nitrophenyl phosphate

as a substrate. Data are given as means ± SD for three tubes and

represent three separate experiments.
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respond to LIF and they proliferate well keeping the

stem cell-like colony morphology (Figs. 1D and G).

LIF increased the growth of 5-AzaC-treated EB7 cells

more than twofold compared with non-LIF treatment

(data not shown).

We further investigated the changes of two ES spe-

cific surface markers, SSEA-1 and E-cadherin, during

the EB formation and 5-AzaC treatments. Both markers
have been used to monitor the immature status of mur-

ine ES cells [23]. As shown in Fig. 2, expression of

SSEA-1 and E-cadherin changed during EB formation.

In particular, SSEA-1 expression became nearly unde-

tectable in either EB7 or EB11 cells. Then, 5-AzaC treat-

ments could restore the expression of SSEA-1 in these

cells. The expression of E-cadherin shifted from low to

high level during the EB formation, however, the expres-
sion in both EB7 and EB11 cells shifted to an ES levels

by 5-AzaC treatments. We also examined another ES

specific marker, alkaline phosphatase (ALP) activity

[31]. As shown in Table 1, ALP activity decreased dur-

ing differentiation from ES to EB11 cells and then in-

creased again after 5-AzaC treatments to a higher level

than in original ES cells.

We also analyzed the expressions of ES specific tran-
scriptional factors, Oct4, Nanog, and Sox2. These genes

have been reported to play essential roles in the mainte-

nance of undifferentiated status of ES cells. Therefore,

the expressions of these genes are highly correlated with

undifferentiation status [25,26]. As shown in Fig. 3,

Oct4, Nanog, and Sox2 expressions were detected at

high levels in ES cells, but gradually reduced during

EB formation. 5-AzaC treatment induced re-expression
of Oct4 and Nanog genes in EB7 and Sox2 gene

in EB11. Taken together, morphological/phenotypical

analysis as well as gene expression analysis indicated
that 5-AzaC could reverse the differentiated status of

EB cells back to ES cells.
To understand the mechanisms of differentiation

reversing effects of 5-AzaC, we next examined the deme-

thylating activity of this agent. One particular gene,

H19, has been documented as a useful indicator for gen-

ome methylation status during ES cell differentiation

[32–35]. As an imprinting gene, the promoter region of

H19 gene locating approximately 2–4 kb upstream from

the transcription start site has been designated a differ-
entially methylated site depending on paternal and

maternal origin during embryonic development [36].

Also, during ES cell differentiation, the promoter region

of paternal H19 gene was de novo methylated and the

methylation intensity was reduced when Dnmt1 was im-

paired [29]. Therefore, we analyzed DNA methylation



Fig. 3. Re-expression of ES specific regulatory genes after 5-AzaC

treatments. RT-PCR analysis for Oct4, Nanog, and Sox2 genes was

performed by preparing RNA from ES, EB, and 5-AzaC-treated EB

cells. HGPRT was used as a control. A representative example from

two independent experiments is shown.

Fig. 4. Methylation analysis of H19 gene by bisulfite PCR. Genomic

DNA was isolated from ES, EB11, and 5-AzaC-treated EB11 cells.

Restriction digestions of bisulfite-treated and amplificated DNA were

performed as in Materials and methods. The fragments of 303 and

393 bp indicate methylated and unmethylated H19 genes, respectively.

A representative example of more than three experiments is shown.
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level in the H19 promoter region by the bisulfate

PCR method as previously described [29]. As shown in
Fig. 4, we observed two PCR fragments of methylated

(303 bp) and unmethylated (393 bp) H19 genes. In

undifferentiated ES cells, there were both PCR bands

at similar intensity between methylated and unmethy-

lated genes, whereas in differentiated EB11 cells the

methylated gene�s band dominated over unmethylated

one, showing that DNA methylation level increased dur-

ing the cell differentiation. When EB11 cells were treated
with 5-AzaC, unmethylated H19 gene increased again to

the similar level to ES cells.

Reactivation of silenced genes by 5-AzaC has been re-

ported for a number of specific genes, including VHL

gene [37], E-cadherin gene [38], estrogen receptor gene

[39], p16 gene [40], exogenously introduced genes [41],

and entire genes on inactivated X-chromosome [42]. In

our study, we could not identify the specific genes di-
rectly involved in reversing ES differentiation.

ES specific transcriptional factors, Nanog, Oct-4, and

Sox2, were re-expressed after 5-AzaC treatments as

shown in Fig. 3. We considered these genes as targets

of 5-AzaC-induced DNA methylation. Very recently,

Hattori et al. [43] demonstrated that there were correla-
tions between DNA methylation status of Oct-4 and dif-

ferentiation status of embryonic cells. They also

observed that the treatment of a demethylating agent

could reactivate Oct-4 gene in trophoblast stem cells.

However, there is no report on the correlations between

DNA methylation status of other genes, including Na-
nog and Sox2, and embryonic differentiation to our

knowledge. STAT family genes are probable targets

among candidate genes for demethylating agents. STAT

molecules play key roles in maintaining an undifferenti-

ated status and self-renewal activity of ES cells by trans-

ducing LIF signals [44]. Karpf et al. [45] observed that

silenced STAT genes in colon tumor cells were activated

by the treatment with 5-aza-2 0-deoxycytidine, which re-
sulted in a conversion of IFN-a resistant tumor cells

into sensitive cells. Further experiments should be done

to elucidate the target genes of DNA demethylation by

5-AzaC.

In this study, we demonstrated that 5-AzaC could re-

verse the differentiation of EB cells morphologically,

phenotypically, and genetically. To our best knowledge,

our study is the first to show the effects of 5-AzaC on ES
cell differentiation, and indicates the correlation of both

differentiation reversing activity and demethylating

activity of 5-AzaC. Moreover, our findings will provide

the demethylating agents as a useful tool for the analysis

of embryonic development in vitro.
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