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in the 3’-region downstream from the TSS are involved in gene
regulation.

In this study, we demonstrated T-DMR plurality to be in-
volved in tissue-specific gene expression. DNA methylation regu-
lates not only in gene expression, but also in other gene functions;
therefore, T-DMRs identified by D-REAM could provide investiga-
tive insight into the roles of genome-wide DNA methylation. We
conclude that T-DMR profiles are tissue specific and facilitate tissue
identification by reflecting tissue-specific gene functions.

Methods

Mice and genomic DNA extraction

Male mice (C57BL/6NCrj, 12- to 13-wk-old mice for liver, cere-
brum, and kidney; 6-wk-old for spleen) were euthanized after
fasting for 16 h. Tissue samples were collected and frozen at
—80°C until use. The samples (<20 mg) were thawed, homog-
enized, and incubated with 300 pL of lysis solution (10 mM Tris-
HCl at pH 8.0, S mM EDTA, 200 mM NaCl, 0.2% SDS, and 200
pg/mL proteinase K) at $5°C for 30 min. Samples were extracted
with a phenol/chloroform/isoamyl alcohol (PCI) mixture, incu-
bated with RNase for 30 min, and re-extracted with PCI. DNA was
precipitated with ethanol and dissolved in 20 pL of Tris-EDTA
(TE) buffer (pH 8.0).

Combined bisulfite restriction analysis (COBRA}
and bisulfite sequencing

Genomic DNA was digested with Pstl. Digested DNA (3 pg) was
denatured with 0.3 N NaOH. Sodium metabisulfite (pH 5.0) and
hydroquinone were added to a final concentration of 2.0 M and
0.5 mM, respectively. The reaction mixture was incubated in the
dark at 55°C for 16 h. DNA was purified using the Wizard DNA
Clean-up System (Promega KK), treated with 0.3 M NaOH at 37°C
for 15 min, and precipitated with ethanol. It was then dissolved
in 20 pL of TE buffer (pH 8.0) and used in a concentration range
of 1/100 to 1/20 for PCR analysis with Immolase Taq DNA poly-
merase (Bioline). During the bisulfite reaction, unmethylated
CpGs are converted to TpGs, while methylated CpGs remain in-
tact. For restriction mapping, 10% of the PCR product was di-
gested with HpyCH4IV at 37°C overnight and electrophoresed
with the undigested product (control) on a 1% agarose gel. The
CpG methylation status within the HpyCH4IV restriction sites
was assessed according to the proportion of cleaved fragments.
For bisulfite sequencing, 50% of the PCR product was gel-
extracted and subcloned into the pGEM-T easy vector (Promega
KK). A minimum of 10 clones was sequenced, and the methyla-
tion status of individual CpGs was determined.

D-REAM

Genomic DNA (5 pg) was digested with HpyCH4IV (New England
Biolabs) overnight. The digestion was monitored by gel electro-
phoresis. Digested DNA was recovered by ethanol precipitation
following extraction with PCI and chloroform, and was dissolved
in TE buffer (pH 8.0). Fifty nanograms of the DNA sample were
ligated to the R-adaptor pair (Supplemental Table 52) using T4
DNA ligase (New England BioLabs). Following treatment with the
Klenow fragment, the DNA was digested with Taqgl at 65°C for at
least 1 h and purified using a Microspin §-300 HR column (GE
Healthcare UK Ltd.). DNA samples were then ligated to the N-
adaptor pair (Supplemental Table $2) and purified using the Wiz-
ard SV Gel and PCR Clean-up System (Promega KK). PCR was
performed using Immolase Taq DNA polymerase and the R18
and N18 primers in the presence of dUTP under the following

conditions: denaturation at 95°C for 7 min and 20 cycles, each
cycle comprising 95°C for 30 sec, 62°C for 30 sec, and 72°C for 2
min. A total of 10 pg of amplified DNA was used for microarray
analysis. When Notl was used as the first methylation sensitive
restriction enzyme, we used the R-adaptor pair for Notl instead of
that for HpyCH4IV.

Microarray analysis was conducted using the GeneChip Sys-
tem (Affymetrix), and all procedures were performed according
to the Affymetrix chromatin immunoprecipitation assay proto-
col provided by the manufacturer. DNA samples were labeled
using the GeneChip WT Double-Stranded DNA Terminal Label-
ing Kit (Affymetrix) and hybridized with Affymetrix GeneChip
mouse promoter 1.0R arrays. The arrays were stained and washed
with GeneChip Fluidics Station 450 and scanned with the
GeneChip 3000 7G Scanner to obtain a “.CEL” file describing the
probe intensities. The instruments were operated using the
GeneChip operating software version 1.4.

Bioinformatics

Data flow is summarized in Supplemental Fig. $6. To satisfy gene
ID requirements of the bioinformatics analysis, we converted
gene IDs under certain circumstances. MAT (Johnson et al. 2006)
(bandwidth, 300 bp) was used to analyze the tiling array .CEL
files and identify the hypomethylated regions based on tiling
probe signals, probe sequences, and copy numbers. XMAN (Li et
al. 2008) was used to remap the original tiling probes according
to the mouse genome assembly of version mm8 (March 2006
build) from the UCSC genome database (Kuhn et al. 2007). A
separate “.bpmap” file, containing a subset of probes for the
HpyCH4IV-HpyCH4IV and HpyCH4IV-Taql fragments, was
used to verify the MAT analysis. The data were visualized using
the Integrated Genome Browser (http://www.affymetrix.com/
support/-developer/tools/download_igb-.affx).

Statistical analysis was performed using the R software pack-
age and BioConductor package (Gentleman et al. 2004). The til-
ing array package in BioConductor was used to examine the re-
producibility of the microarray data. MultiExperiment Viewer
(MeV in TM4 Microarray Software Suite) (http://www.tm4.org/
mev.html) was used for K-means clustering of MATscores (Saeed
et al. 2003). Genomic annotations, including Ensembl gene as-
signments (Birney et al. 2004), were obtained from the Galaxy
website (http://g2.bx.psu.edu; Giardine et al. 2005). Transcrip-
tome data were obtained from the GNF SymAtlas website (http://
symatlas.gnf.org/SymaAtlas/; Su et al. 2002), and annotation and
ontology analyses were conducted using g:profiler (http://
biit.cs.ut.ee/gprofiler/; Reimand et al. 2007), DAVID 2007 (http://
niaid.abec.nciferf.gov/; Huang da et al. 2007), and KEGG path-
way database (http://www.genome.jp/kegg/kegg2.html; Kane-
hisa et al. 2006). EMBOSS (Rice et al. 2000) was applied for DNA
sequence analysis, and the BIQ analyzer (Bock et al. 2005) was
used to analyze the bisulfite sequencing data. Mouse gene sym-
bols were confirmed by referring to the MGI database (http://
www.informatics.jax.org/). Transcription factor motifs 1 kb up-
stream of TSS were analyzed on the MAPPER database website
(http://bio.chip.org/mapper/; Marinescu et al. 2005).
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Uterine leiomyomas are the most common uterine tumors in women. Estrogen receptor-a (ER-a) is more highly expressed in
uterine leiomyomas than in normal myometrium, suggesting a link between uterine leiomyomas and ER-o expression. DNA
methylation is an epigenetic mechanism of gene regulation and plays important roles in normal embryonic development and in
disease progression including cancers. Here, we investigated the DNA methylation status of the ER-a promoter region (—1188
to +229 bp) in myometrium and leiomyoma. By sodium bisulfite sequencing, 49 CpG sites in the proximal promoter region of
ER-« gene were shown to be unmethylated in both leiomyoma and normal myometrium. At seven CpG sites in the distal promoter
region of the ER-« gene, there was a variation in DNA methylation status in myometrium and leiomyoma. Further analysis of the
DNA methylation status by bisulfite restriction mapping among 11 paired samples of myometrium and leiomyoma indicated that
CpG sites in the distal region of ER-a promoter are hypomethylated in leiomyomas of nine patients. In those patients, ER-a
mRNA levels tended to be higher in the leiomyoma than in the myometrium. In conclusion, there was an aberrant DNA methyla-
tion status in the promoter region of ER-« gene in uterine leiomyoma, which may be associated with high ER-« mRNA expression.

Keywords: DNA methylation; epigenetics; estrogen receptor-a; ER-o0 promoter; leiomyoma

Introduction

Uterine leiomyomas are the most common uterine tumors in women of
reproductive age. Approximately 20-25% of women of reproductive
age are afflicted with this disease (Vollenhoven et al., 1990). They fre-
quently cause serious gynecological problems such as pelvic pain,
menorthagia, dysmenorrhea, reduced fertility and recurrent pregnancy
loss (Bajekal and Li, 2000; Stewart, 2001). In addition, uterine leio-
myoma is the most common indication for hysterectomy in Japan,
as well as in the USA (Farquhar and Steiner, 2002).

Despite the high prevalence rate and tremendous influence on repro-
ductive women, the pathogenesis of uterine leiomyomas still remains
to be clucidated. On the basis of the fact that uterine leiomyomas
develop only after menarche and markedly shrink under hypoestro-
genic conditions such as late menopause, it is presumed that their
growth depends on estrogens (Stewart, 2001). Although the increased
sensitivity to estradiol is important for the growth of uterine leiomyo-
mas, high circulating estradiol levels are not a necessary requirement.
The physiological effects of estrogen are mediated by estrogen recep-
tors (ERs). Among them, ER-c is more highly expressed in uterine
leiomyomas than in normal myometrium (Benassayag et al., 1999;
Kovics er al., 2001), suggesting a possible link between uterine leio-
myomas and ER-a expression level.

Epigenetic mechanisms including DNA methylation and histone
meodification are known to play key roles in transcriptional regulation.
DNA methylation occurs at cytosines within CpG dinucleotides that

are clustered frequently in regions of ~1-2kb in length, called
CpG islands, in or near promoter and first exon regions of genes
(Esteller and Herman, 2002). In mammals, 60-70% of CpG sites
are methylated in the genomic DNA (Boyes and Bird, 1992). DNA
methylation is involved in various developmental processes by silen-
cing, switching and stabilizing genes (Nan et al., 1998; Cho et al.,
2001; Imamura er al., 2001; Li, 2002). Although there are differences
in the frequency of CpGs in the gene regulatory regions, DNA
methylation-dependent gene regulation has been previously reported
(Razin and Cedar, 1991; Cho er al. 2001; Imamura et al., 2001).
CpG methylation can down-regulate gene expression by preventing
the binding of transcription factors or by recruiting repressor mole-
cules (Bird, 1992; Ballestar and Wolffe, 2001).

Accumulating evidence has indicated that increased methylation
level of the CpG islands within the ER-a promoter region is highly
negatively associated with ER-a expression in a variety of diseases
including neoplastic and atherosclerotic lesions (Iwase ef al., 1999;
Post et al., 1999; Yoshida et al., 2000; Berger and Daxenbichler,
2002). Thus, down-regulation of the ER-a expression is caused by
hypermethylation of the CpG islands within the ER-a promoter
region. However, the fact that the ER-a expression was higher in
uterine leiomyomas than in normal myometrium is different from
other ER-a related diseases described earlier. This led us to assume
that a different epigenetic abnormality might be involved in uterine
leiomyomas. The present study was undertaken to investigate the
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methylation status of CpG sites within the promoter region of the
human ER-a gene and to evaluate an association of aberrant DNA
methylation status with ER-o gene expression in uterine leiomyomas
and normal myometrium.

Materials and Methods

Tissue preparation

Specimens of uterine leiomyomas and corresponding normal myometrium
were obtained from 18 women, from 37 to 57 (mean 47.4) years of age, who
underwent total hysterectomy. Normal myometrium was obtained from a
woman without myoma (49 years, cervical cancer). Informed consent was
obtained from all participating patients, and ethical approval was obtained
from Yamaguchi University Graduate School of Medicine. Tissues were
taken immediately after removal of the uterus, immersed in liquid nitrogen
and stored at —80°C until used DNA/RNA extraction. For immunohistochem-
istry, the specimens were fixed immediately in 10% neutral formalin for ~24 h,
embedded in paraffin and cut into 4 pm thick sections.

Immunohistochemistry

The diagnosis of leiomyoma and normal myometrium was established on his-
tological examination with hematoxylin and eosin staining. Immunochistochem-
istry was performed as described previously (Sugino er al., 2005) using an
ER-a monoclonal antibody (ER1DS, mouse, Dako Japan Co. Lid., Tokyo,
Japan). Counterstaining was performed with Meyer’s hematoxylin.

Real-time RT-PCR analysis

Total RNAs were isolated from tissues using Isogen reagent (Nippon Gene,
Tokyo, Japan) and reverse-transcribed using an ExCript RT reagent kit
(TaKaRa, Ohtsu, Japan) according to the manufacturer’s protocol, respectively.
For PCR amplification, first strand cDNA was synthesized from 1 pg total
RNA with reverse transcriptase in 20 pl of reaction mixture. The oligonucleo-
tide primers for ER-a (5-TGTGCAATGACTATGCTTCA-3' and 5'-GCTCTT
CCTCCTGTTTTTA-3'; 149 bp amplified products) were designed from the
human ER-a ¢cDNA sequence (Matsuzaki et al., 2000). Internal control PCR
primers for GAPDH (5'-AGGTGAAGGTCGGAGTCA-3 and 5-GGTCATTG
ATGGCAACAA-3; 99bp amplified products) were designed from the
GAPDH ¢DNA sequence (Kaneda er al., 2004). Real-time PCR was performed
using LightCycler (Roche Diagnostics, Indianapolis, IN, USA). The reaction
mixture contained 10 ul SYBR Premix Ex Tag (TaKaRa), 0.2 puM each of
primer sets of ER-a or GAPDH and 2 pl ¢DNA in a total volume of 20 pl.
The thermocycling program was 40 cycles of 96°C for 5 s and 60°C for 20 s
with an initial cycle of 96°C for 10s.

Sodium bisulfite genomic sequencing

Genomic DNA was extracted using Genomic DNA kit (Qiagen, Tokyo, Japan)
according to the manufacturer’s protocol. The bisulfite reaction, in which
urmethylated cytosine is converted to uracil and 5-methylcytsine remains non-
reactive, was carried out as previously described (Cho ez al., 2001; Imamura
et al., 2001) with a slight modification: 2 pg of genomic DNA digested with
Pvu Il was denatured by incubation with NaOH at 42°C for 20 min. After
the incubation, sodium metabisulfite and hydroquinone (Wako, Osaka,
Japan) were added to the final concentrations of 2.0 M and 0.5 mM, respect-
ively, and the mixture was incubated at 55°C for 16 h. The bisulfite reaction
was terminated by incubation with NaOH again at 42°C for 20 min. The
DNA fragments covering the transcriptional regulatory region of ER-a gene
(~ 1297 to +279) were amplified by PCR using the following set of primers:
Region [ (=126 to +279) F: 5-GTTGTGTTTGGAGTGATGTTTAAGTT-3,
R: 5-CAATAAAACCATCCCAAATACTTTA-3'; Region II (670 to —94)
F: 5-GGAAGGGTTTATTTATTTTGGGAGTA-3', R: 5-TAACATTAACTT
AAACATCACTCC-3'; Region HI (~1297 to —731) F: 5¥-TTGGGTGTTT
GGGATAGTAATTAAA-3, R: 5-CTTAATCCCATTAAAAATTCTCAT
A-3. The PCR conditions were 95°C for 10 min, and 40 cycles of 94°C for
30s, 55°C for 30 s and 72°C for 1 min, with a final extension at 72°C for
10 min. The resulting products were subjected to agarose gel electrophoresis
and purified using a QIAquick gel extraction kit (Qiagen). The PCR products
were cloned into pGEM-T easy vector (Promega, Tokyo, Japan), and 10 or

more clones were randomly picked from each of two independent PCRs
were sequenced to determine the methylation status. Sequencing was per-
formed using an ABI automated sequencer with BigDye terminators
(Applied Biosystems, Foster City, CA, USA).

Bisulfite restriction mapping

The bisulfite-converted DNA was amplified by PCR with a set of primers
(—1120 to ~645), F: 5-TATATATATGTGTGTGTGTATGTG-3" and R:
5-TACTCCCAAAATAAATAAACCCTTCC-3'. One half of the PCR pro-
ducts were digested with 5 U of Taq I (TaKaRa) at 65°C for 3 h. The remaining
half was used for undigested control without Tug I treatment. Tag 1 recognizes
5'-TCGA-3' sequences. Because only unmethylated cytosine sites are changed
to thymine by sodium bisulfite PCR, PCR fragments from unmethylated
genomic DNA are resistant to Taq I, whereas those from methylated DNA
are digested by the enzyme. The resulting products of the bisulfite restriction
mapping were assessed by agarose gel electrophoresis.

Cell culture, demethylation and RT-PCR analysis

Primary human uterine smooth muscle cells and cell culture reagents were pur-
chased from Cambrex, Inc. (Walkersville, MD, USA). Cells were grown to
90% confl e and i in SMGM2 medium, which consists of
smooth muscle basal medium supplemented with 5% fetal bovine serum,
2 ng/ml recombinant human fibroblast growth factor-B, 5 ug/ml insulin,
0.5 ng/ml recombinant human epidermal growth factor, 50 wg/ml gentamicin
sulfate and 50 pwg/ml amphotericin B. Medium was changed every other day
and all experiments were completed with cells derived from passages 2.

For treatment with a demethylating agent, 5-aza-dC (Sigma, St Louis, MO,
USA), that inhibits DNA methylation, cells were seeded at a density of
1 x 10° cells/25 cm? tissue culture flask. After 24 h of incubation, cells were
cultured with treatment medium containing | pM 5-aza~-dC for 72 h. The
medium was changed daily. After treatment, cells were used for RNA isolation
and ER-a mRNA levels were measured by RT—PCR as reported previously
(Sugino et al., 1998). Total RNAs were isolated from the cells according to
the protocol mentioned above. For PCR amplification, first-strand cDNA was
synthesized from 1 pg total RNA with reverse transcriptase in 20 pl of reaction
mixture. The oligonucleotide primers for ER-a (5-TGTGCAATGACT
ATGCTTCA-3' and 5'-GCTCTTCCTCCTGTTTTTA-3'; 149bp amplified
products) were designed from the human ER-o ¢cDNA sequence (Matsuzaki
et al.,, 2000). Internal control PCR primers for ribosomal protein L19
(5'-CTGAAGGTCAAAGGGAATGTG-3 and 5-GGACAGAGTCTTGATG
ATCTC-3"; 194 bp amplified products) were designed from the L19 ¢DNA
sequence (Sugino et al., 1998). PCR amplification was performed using a pro-
grammed temperature control system (PC808, ASTEC, Fukuoka, Japan). The
reaction mixture contained 4 p! cDNA, | pM each of primer sets of ER-a or
L19, GeneAmp 10x PCR buffer, 0.2 mM deoxynucleotide triphosphate,
2.5 mM MgCl; and 0.05 U AmpliTaq DNA polymerase (Applied Biosystems)
in a total volume of 20 pl. The thermocycling program was an initial cycle of
94°C for 5 min, then 35 cycles of 94°C for 1 min, 60°C for 1 min, 72°C for
| min, followed by 10 min of final extension at 72°C. The resulting products
were subjected to agarose gel electrophoresis. The level of ER- expression
was determined by quantifying the intensities of the PCR product, compared
with the L19 product, using NIH ImageJ software.

Statistical analyses

Wilcoxon signed-ranks test was used for paired samples. A value of P < 0.05
was considered significant.

Results

ER-«a expression

Immunohistochemical staining for ER-a expression was localized in
nuclei of smooth muscle cells, and the staining distribution was homo-
genous in both leiomyoma and myometrium (Fig. 1A).

Many investigators have reported that ER-a is more highly
expressed in leiomyomas than in myometrium (Benassayag et al.,
1999; Kovécs et al, 2001), suggesting a possible link between

-165-



leio

Figure 1: ER-« expression in uterine leiomyoma and normal myometrium,
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myometrium leiomyoma

(A) Immunohistochemical staining of ER-w in feiomyoma (leio) and myometrium (myo). Immunohistochemical staining for ER-« was performed on tissue samples
abtained from three different patients. HE, hematoxylin—eosin staining, Bar: 50 pm. (B) ER-o mRNA expression in leiomyoma and myometrium. Specimens of
leiomyomas and corresponding myometrium were obtained from I8 women. Total RNA was isolated from 18 pairs of leiomyomas and myometrium. ER-a mRNA
levels were analyzed by SYBR Green I real-time quantitative RT—PCR. Relative ER-«x expression normalized 10 GAPDH was calculated. Values are mean + SEM.

*p < (.01 versus myometrium,

leiomyomas and ER-a expression level. To investigate whether ER-u0
levels are altered in leiomyoma samples that we collected, the ER-«
mRNA was measured in leiomyomas and myometrium by real-time
RT-PCR. As shown in Fig. 1B, ER-a mRNA levels in the samples
we examined were confirmed as significantly higher in leiomyomas
than in myometrium (P < 0.01).

Effects of 5-aza-dC on ER-a mRNA expression in human
uterine smooth muscle cells

To study the possibility that ER-a mRNA expression is under epi-
genetic regulation such as DNA methylation, human uterine smooth
muscle cells were incubated with 5-aza-dC which inhibits DNA
methylation. ER-a mRNA expression in human uterine smooth
muscle cells was significantly (P < 0.05) increased by 5-aza-dC
(Fig. 2).

DNA methylation status of 5'-flanking region of ER-a gene

Since ER-ae mRNA expression seemed to be under the regulation of
DNA methylation, we examined DNA methylation status of the
ER-« promoter region between leiomyoma and myometrium, The
§'-upstream region around the first exon (between about —500 and
+200 bp) of the ER-« gene is most importantly involved in the regu-
lation of ER-a expression (Lapidus er al.. 1996; Yan er al.. 2001:
Giacinti er al., 2006). Furthermore, a series of three estrogen response
elements (EREs), which lie from —892 to —420 in the ER-« upstream
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region, is identified as a region with functional importance for ER-a
gene transcription (Furguson et al.. 1997: Li et al.. 2000). Therefore,
~1 kb upstream region together with a part of the first exon of the
ER-a gene is considered as important for ER-a gene transcription,
and the methylation status of this region was compared between
letomyoma and myometrium,

Figure 3A shows the distribution of CpGs within the transcriptional
regulatory region of the human ER-x gene. The ER-« gene has two
CpG islands in the promoter region and in the first exon. According
to the registered nucleotide sequence of the ER-a (GenBank accession
no. AB090237), there were 56 CpG sites in the 1.5 kb genomic
sequence including the promoter and exon ! of the human ER-«
gene (Fig. 3A). In the present study, these CpG sites were divided
into two regions, the proximal and distal regions. The proximal
region included 49 CpG sites around the transcription start site
(—556 to +229, designed as Regions I and II), and the distal region
included seven CpG sites in the upstream region (— 1188 to —790,
designed as Region I11), First, the methylation status of all the CpG
sites between — 1188 and +229 (56 CpG sites) were analyzed by
sodium bisulfite genomic sequencing for a paired sample of leio-
myoma and myometrium (Fig. 3B, Case 1). The proximal region
{Regions 1 and Il containing a total of 49 CpG sites) was unmethylated
in both tissues (Fig. 3B, Case 1). In the distal promoter region (Region
111, seven CpG sites), 47 CpG sites (24.7%) in a total of 190 examined
CpG sites were methylated in myometrium, whereas only nine CpG
sites (4.9%) in a total of 184 examined CpG sites were methylated

-

control  5-aza-dC

Figure 2: Effects of 5-aza-dC on ER-a mRNA expression in human ulerine smooth muscle cells.

Primary human uterine smooth muscle cells were incubated with a demethylating agent, 5-aza-dC (1 M) that inhibits DNA methylation, for 72 h. After treatment,
cells were used for RNA isolation and ER-a mRNA levels were measured by RT-PCR. The intensity of the signals of ER-a was normalized to that of the internal
control L.19 (the ratio of ER-« to L.19). Data were expressed as a percentage of the control value in ¢ach incubation. Each bar represents the mean £ SEM of three

different experiments. *F < (L,05 versus control.

541

-166-



Asada er al.

Cﬁ island
{0 O ];;mm||||||

|
)
0
b

-129
=71
+1

Region il

Case 1
leiomyoma

Case 1
myometrium

Case 2
myometrium
without myoma

Case 3
myometrium
with myoma

Figure 3: DNA methylation status of the ER-a promoter region in uterine leiomyoma and normal myometrium.

(A) Distribution of CpG sites in the promoter region and the first exon of ER-a gene. The position of the transcription start site is designated as +1. The diagram
shows a detailed map of ~ 1.5 kb region around the transcription start site (arrow), in which the ‘vertical lines’ indicate positions of CpG sites. Thick horizontal lines
indicate the region identified as CpG islands. Thin horizontal lines indicate the regions analyzed by bisulfite sequencing (Regions I, I and III). (B) DNA methylation
status of CpG sites in the promoter region and the first exon of the ER-a gene. Methylation status of all the CpG sites between — 1188 and +229 (56 CpG sites) was
analyzed by sodium bisulfite genomic sequencing in a paired sample of leiomyoma and myometrium from an individual with myoma (Case 1), normal myometrium
from an individual without myoma (Case 2) and myometrium from another individual with myoma (Case 3). Open and filled circles indicate unmethylated and

methylated CpG status, respectively.

in leiomyoma (Fig. 3B, Case 1). There was a significant difference in
the frequency of DNA methylation between leiomyoma and myome-
trium (chi-squared test, P < 0.05). ER-o mRNA level in the leio-
myoma tissue was 6.4 times higher than that in the myometrial
tissue in this patient (data not shown).

Second, methylation status was analyzed for normal myometrium
from an individual without myoma (Fig. 3B, Case 2). The proximal
region (Regions I and II) was unmethylated, and only 3.6% in a
total of 84 examined CpG sites were methylated in the distal promoter
region (Region III) (Fig. 3B, Case 2). Since there was a difference in
DNA methylation status between myometrium from an individual
with myoma and without myoma, methylation status was further ana-
lyzed in myometrium from another individual with myoma (Fig. 3B,
Case 3). The proximal region (Regions I and II) was unmethylated,
and in the distal promoter region (Region III), 15.5% in a total of
84 examined CpG sites were methylated (Fig. 3B, Case 3).

542

Relationship between DNA methylati;ri status of the distal
promoter region and mRNA expression in uterine leiomyoma
and normal myometrium

Since there was a variation in DNA methylation status in the distal
promoter region by sodium bisulfite genomic sequencing, DNA
methylation status of this region (six CpG sites; — 1096 to —790), a
part of the distal promoter region, was analyzed by sodium bisulfite
restriction mapping in 11 paired samples of leiomyoma and myo-
metrium. The results from the 11 patients showed two different
methylation patterns. Of the 11 cases, nine showed unmethylated
status in leiomyomas and a methylated status in myometrium for
this region, which is represented as Pattern I in Fig. 4B. The other
two cases showed methylated status in both leiomyomas and
myometrium, which is represented as Pattern II in Fig. 4B. In the
cases who showed Pattern I, ER-a mRNA levels tended to be
higher in leiomyoma than those in myometrium (Table I). These
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results suggest that CpG sites in the distal region of ER-« promoter are
hypomethylated in leiomyomas in most of the patients, and this may
be associated with higher mRNA expression in leiomyomas than in
myometrium. There seemed to be no relationship between location
and size of the leiomyoma and DNA methylation status (Table I).
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Figure 4: DNA methylation status of the distal promoter region in uterine leio-
myoma and normal myometrium,

(A) Diagram of CpG sites (‘vertical lines’) and Taq 1 recognition sites ('filled
triangles’) in the distal promoter region. (B) Formation of fragmented DNA
after Tag 1 treatment indicates methylated status in this region. Pauern [t
unmethylated status in leiomyoma (leio) and methylated status in myometrium
(myo) judging by DNA fragmentation in myometrium but not in leiomyoma.
Pattern [I: methylated status in both leiomyoma and myometrium judging by
DNA fragmentation in both myometrium and leiomyoma. () undigested
control without Fag 1, (+) Taq 1 treatment. The white arrow heads indicate
the fragmented DNA,

ER-o& promoter hypomethylation in leiomyomas

Discussion

The present study demonstrated that there were differences in DNA
methylation status of the ER-a promoter region between uterine leio-
myomas and normal myometrium, suggesting that epigenetic aberra-
tion actually occurs in uterine leiomyomas. We found DNA
hypomethylation in the distal promoter region of ER-a (— 1188 to0
~790) in a uterine leiomyoma compared with the myometrium by
sodium bisulfite sequencing, and further confirmed hypomethylation
status of this region in 9 patients out of the 11 patients by bisulfite
restriction mapping. Moreover, in these patients who showed
unmethylated status of this region in uterine leiomyomas and methyl-
ated status in myometrium. ER-a mRNA levels tended to be higher in
leiomyoma than in myometrium. Thus, the pathological feature of
uterine leiomyomas could be supported by our finding that the aberrant
DNA hypomethylation was associated with an increased expression of
ER-« that mediates sensitivity to estradiol. It is not surprising that
there are cases in which DNA methylation status of the ER-« promoter
region is not consistent with ER-c« mRNA expression, because DNA
methylation may occur heterogeneously and/or gradually and the
change in DNA methylation varies among individuals, However,
further studies with more samples are needed regarding the relevance
of the promoter methylation pattern on ER-a mRNA expression.

A number of reports have addressed the association between aber-
rant DNA hypermethylation of the ER-a promoter and the ER-« inac-
tivation in a variety of neoplasms such as breast cancer (Lapidus er al.,
1996; Yoshida er al., 2000; Yan er al., 2001; Berger and Daxenbichler,
2002: Giacinti er al., 2006), prostate cancer (Li er al.. 2000), eso-
phagus adenocarcinoma (Eads er al., 2000), hematopoictic neoplasms
(Issa et al., 1996), brain tumors (Li er al.. 1998) and colon cancer
(Ahuja er al., 1998). In breast cancers, the increased incidence of
DNA methylation in the CpG island in the proximal promoter or the
first exon of ER-a was highly associated with the loss of ER-a
expression (Lapidus ez al., 1996: Iwase ef al., 1999). In uterine leio-
myomas, however, the DNA hypomethylated status was observed in
the distal promoter region of ER-a outside the CpG island. In this
regard, the epigenetic aberration that we found in uterine leiomyomas
is different from those in the previous reports on other tumors or
cancers. This is not surprising because it has been reported that
DNA methylation of the CpG sites other than CpG islands in the pro-
moter region regulates transcription (Razin and Cedar, 1991; Cho
et al., 2001; Imamura er al., 2001} It is also suggested that DNA

Table 1. Profile of the samples used for bisulfite restriction mapping.

ER-a mRNA levels

Patients Age Location of Diameter of the BRM pattern
leiomyoma leiomyoma (cm)
myo feio
1 41 Intramural 5 6 42 1
2 49 Intramural 16 3 50 1
3 37 Intramural 8 31 47 1
4 45 Subserosal 7 103 128 I
5 55 Intramural 0 119 120 1
6 53 Intramural 5 29 220 1
7 49 Intramural 7 59 68 I
8 44 Intramural 8 116 133 I
9 50 Intramural 3 100 101 I
10 46 Intramural 15 100 80 1]
11 52 Subserosal 9 147 83 i}

DNA methylation status of promoter region (six CpG sites; — 1096 1o —790), a part of the distal promoter region, was analyzed by sodium bisulfite restriction
mapping (BRM) in 11 paired samples of leiomyoma (leio) and myometrium (myo). The results from 11 patients showed two different methylation patterns,
Nine of the 11 cases showed unmethylated status in leiomyomas and methylated status in myometrium of this region, which is represented as Pattern [ in

Fig. 4B. The remaining two of the 11 cases showed methylated status in both leiomyomas and

tum, which is d as Pattern 11 in Fig. 4B.

o
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methylation is involved in the regulation of gene expression regardless
of richness of CpGs (Shiota, 2004).

The proximal promoter region and the first exon of ER-a are the
most important region for ER-a expression (McPherson et al., 1997;
Reid et al., 2002). The proximal region is the minimal core promoter
of the ER-a gene and determines on—off switching of the ER-« tran-
scription. On the other hand, two EREs, ERE 2 and 3, are present in
the distal promoter region and can also regulate transcription of
ER-a gene (Treilleux et al., 1997). In addition, the distal promoter
region has been reported to contain two ER-a upstream binding
factor-1 binding sites, which have a strong transcriptional enhancer
activity (Cohn et al., 1999). Thus, the distal promoter region is con-
sidered as important for the modulation of ER-a transcriptional
level. In fact, the present in vitro study revealed that ER-o« mRNA
expression was increased by 5-aza-dC that inhibits DNA methylation,
suggesting that ER-a mRNA expression is under epigenetic regu-
lation. However, further studies including promoter activity assay
with methylated reporter constructs are needed to demonstrate that
DNA methylation of the distal promoter region actually controls
ER-a mRNA expression.

It is of interest to note that DNA methylation of the distal promoter
region of ER-a was observed in several sequenced clones of myo-
metrium and that the extent of DNA methylation in this region of
the myometrium varies among individuals, suggesting that DNA
methylation occurs heterogeneously in the normal tissue, which may
be a part of physiological changes in a certain cell type such as
smooth muscle cells in myometrium. In fact, there is also a variation
in DNA methylation status of the promoter region of ER-f in human
endometrial stromal cells among individuals (Xue et al., 2007). Alter-
natively, DNA methylation seen in the myometrium may be caused by
some factors that induce aberrant DNA methylation such as aging,
chronic inflammation and possibly viral infection (Ushijima and
Okochi-Tanaka, 2005).

This is the first report demonstrating that in uterine leiomyomas
there is aberrant DNA hypomethylation in the ER-a promoter,
especially outside the CpG island that has been well studied in
other clinical cases. Decreased mRNA expression of DNA
methyltransferase-3 (DNMT-3) with genome-wide DNA hypomethy-
lation has been reported in uterine leiomyomas compared with
myometrium (Li et al., 2003). This suggests that epigenetic alterations
are involved in the development of uterine leiomyomas. The aberrant
hypomethylation of the ER-o gene could also be caused by the
decreased DNMT-3 level.

Recent data have shown that altered expression of a variety of genes
contributes to pathogenesis of uterine leiomyomas (Skubitz and
Skubitz, 2002; Tsibris et al., 2003; Luo et al., 2005). Taken together
with our finding, potential epigenetic alterations such as aberrant
DNA hypomethylation are strongly suggested to be involved in patho-
genesis of uterine leiomyomas.

In conclusion, there seems to be a potential link between aberrant
DNA methylation level and ER-« expression in uterine leiomyomas,
and this is the first example that the ER-a promoter region is aber-
rantly hypomethylated in human disease cases.
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KEY WORDS

IEIIRFAOR, IS /L, DNAXFIAL R bVER, UTOIS5I0Y, Bl PSR BEEM

FUBHIC

BRI E LMY, BETAHRD (ACHEE) &.
S FEFHMBRANLMET D (B 24T 2
MiaThsd BMEOILRLEOMBIEDSZE
HTE DA (embryonic stem cell : ES #
K) THB. ES NI 50 O B 0 ZTHEH,
ERROME (WM Lo hEnE, %,
HMmndE GRewMi, At @ sMELAHE
BPCHET RSO HR (B) T @% T<To
HBOMBIZIIFLT AR 2w, HERFOUBHEED
MRAEA T RE L WM T . MRWMIE, &l
wHlR, RERERLCYEIA, BAEROM BEF
ZEYEBOABI SRR ENTWAS. HIE, HEREH
RaAs, ek RRS, Frigsoth, AEEMR, R,
122 Yruiilas L, SR eaisL
HBIEHBMESHTEL EHIC, 2006 i, vV R
B FHR S 6 ALSMEMEBRMIE (induced pluripotent
stem cell : iPS #lf) AER SN, BECEE M iPSH
RAEH S v o & T, BARSIZERLICmTTX

*Maepa Chiaki. SHiOTA Kunio/SBFEAR XS GRS AEMRE LPRRAZE
13(337)
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SCHTEL .

iPSMifE, ES MR A ERIIEHT AL ZICERT A
AL ELLLUHEDEREHTCTERT ALK
LIDATHICEIMEN ML W) HTHE. 07
B, ChOOREMB L ERNICRODLZ EIZTE RV,
Vo It AGE L - R A S e A E BB T A A =X
Ak, N\ITHIREED L) ICFHET 20O LT -
TWw3,

@y ooz oreTer BER

MIEOMAMITIE, #H3x10EEHH 5% % DNA »*
FINTHH, ZORFIBRIZ-BOANZEBRVTIN
TOMBBTHETHS. —F, MEREIZOEERLTMLE
IR UTRBATIREFELECTITI TS, SMELE
MiaTik, BIETOECHTRBIIERIRE DEL
THHFShD, ¥ Vx5 14272L1 BAR
DNA OEERFON s 7h s, LELFREERL
THHEL, ZRI8BL 15 T¥V2EF47R
H#ERIZIE, DNAOAFNL AP BH (AFN
ft, 7TEFMERE), LAY T7 2 FOFEOHIT,
non-coding RNA 2 &2 & I h 3 (H@). DNA DA F
WALk, BbICY by, 7oy #EET S CpG ALY
DY MV AFNVEPEMENZELLET. DNA
AFMEE LA Y BHREVCERICHELTEY
BHOEEZREIUEATDHS. ¥/ 22808135
DNA A FNMER R P Y BH2 LDV 2R F 4 v
IHEBOBRKEIEY ) AL IR

BREROIDIIREOMRRAZEH LSS, &
Sz HOMROEELRL, ThsoMi
DRI RERVWIEZLEDIHICEBRTAIRETHAS
I MROEBLBETFRE, BV in vitro TOH
LBBICINZ, TV R F 4 7 AFHMAIRB 2 RBiET 5.
¥ uEI2ik MBROESIZX > T DNA A F MLiRE
DRLLHM, 2% HEB-MRERRO 2 X FVLHE
1. (tissue-dependent and differentially methylated
region : T-DMR) #*$¥FELYY, 2oMiBO Y )
LEFEIITwAE, BED T-DMR ® 2 F 4tk 2
FUALDN Y — Y DEAEDLEEMED DNA X F N

14(338)

k7074 —=1" LEE DNAXFMETT 74—
X, MBROBBEILIIRRZIRELLY ) ALOERT
HhH, IO, DNAAFMETu 74—V HilED
RECHBETELLELLNS.

IES/LRBEDKSICHEEETNDOL

YRV YANDAFNEEBRIGIE, DNA A F LK
8% (DNA methyltransferase : Dnmt) 12 & o TRl
EhB, EIAN, AFMEENL2EERE SN2V
&V o7z DNA A F LD FEREREIE, Dnmt OBER
FHCRARDATRESNLOTIIRW. €25,
Dnmt it ¥ d DNA ICot 3 2 RAEREZ L 227,
in vitro TIETXTO CpG BEFIZERT 20575 #ER
BRI DNA A FLLRIECIE, X bV EMRER AT
BHRLTWS., 7uvF ARl ia—2u~vF
BIERTHER P Y AFVEEBRETH S Ga i,
EX b H3K9 B LU HIK2ZI DA F ML it
597, G9a RIBESMMIZBWVWTHY /274 Fi DNA
AFNALBI 2 B oo/l 25, BITTREZR# 1,300
B0 S, 32T DNA OB A FALHRE S
7Y ThoOFRTIEE R b v H3K9 %2\ it H3K27
DOBAFVLLBES I, 1 G OBNERTH 2
EExbnl:. G BEIZDNA A FLEGBESEL L
Tehwlds, T % Gl OENERNO—RT
i, A b EHIRIRIDNA 2 FALEHET S XS
TREEDO{ TR LELZLND, £/, GlaH
Dnmtl L EEHEARETAZ LY, BEL- 0w F
YT AANTFuZuTF yEEK HPL £ Dnmtl A%
BRLTIRALGLSSLIBMBEEATELY. 2Dk
12, DNA A FMLE e X b Y BHEHEERZELT
ERBOZu=FUBEEER LTS (HO). £
I2iE, HPL 2L L L7 avF U EEHETFR, A F
WMLEN7-DNAIKKEETAMBD 77 3 ) —B&HE
(MeCP2, MBD1-MBD4), RNA 3 F%2 &HME5¥ 5.
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HE S BLERBLICIIRT IR

DNA®D X FL{k

7 L A F Ik
12345 n Ex F ik
CellA OO®00--0O

h

CelB 00000--@ a DNAD £ F 4L
e

CeiC 0000®--0O

ERPDAFIAL
H3K4rme
H3KOme
H3K27me
H3K36me
HAKZ20me

EXrDY ML
HZBS14ph

LR b g

EXFADFEFME
H3KGac
HaAK18ac

EO® #BOIEY/LAEIEYIZT 40 ARRMOBEEKS

A) ZEV 2 AT 4 7 ABBARIIE, DNAD XA F AL, B A b 45l (A
F oAb, TEFAEEE), EA P AT Y OGS, non-
coding RNA 2 YOS BOBRLSEEINE, ¥/ L30T L, i
ENTWAHIEY 2254 v 7 BHOHAGDERRESTEY, 2
e LTHBOBSICHRN LYY I A% 2L D HIFTWA,

B) DNADAFMEL L R b M, HEFERLL2YLIEY ) LE
WizhdboTwa,

R EORRE LTI Y 2251 7 AMBEBRYDH S =
BV, SEOESIIL->TIEY /A1 RE
HIbkdh, “HHAL HAwE UTursIvy %

UZNISEVIERIES /LD
ELTHD

iPS HIBLENPHBR 7 0 — =Y Y CRACHV LR
TEA WML HAwviE IO rsI syt bidx
KX A0BERDIETHD. 4L OBHREHENDH
FniEE, ) FMEIBLBENETLAZLE
VLR T, L bAviz D Turs I v M
FEL VAR LVVRRATVBITESLY, LaL, #

AL

¥ ALRLTEETIE OMEC R L F%Eo
IUY ) AANOBEBR LT LIRS,

HHit R OMBERRME (mesenchymal stem cell
MSC) 3 & Ul ## ko BEIIE (adipose tissue-
derived stem cell : ASC) 12 DNA A FNALHEHRTH S
5-THF IV REMT AL, HMlE CEla~o5

15(339)
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LAREEh BV, —%, MSCiz, X b vBiT&F
MEBEERIO P2 FF > A (TSA) &ML, &7
Ma—ATTHEETLE, BEHRO~—H —RETF
RRBTHEICRBY. %72, FGF-4 2 UK NE
F& TSA LO#EABDET, ¥ b MSC 06 e
O b2 bhTwaY, HERdERIcBVYTIE, ¢

ARYBTEFMEBER DAL 7O (VPA) A%

BHE~NOTMCEEET Y. ChSOEMOERRF
BESIEELNMIZo TRV, T¥¥ 7 LA0%E
PRBHRNLBREFRALAGL, v Tizdiak
DEGREICHPDL>TVELEEIOLND,
su—rEREICHALTO2 bh-RlBL LT, #
B A %o ES # 88 (nuclear transfer embryonic
stem cell : ntES Mifg) 2% 5. ntES Mfgix, #HMEs
LEBHELBI o Tru— BB AERL, 20RH
WAL L TRISN A ESARTHEY. <
A ntES MMM 4 OBFTIC BV TEHARROERE Y
S SN ES Mg & XRUAS02 37, ntES Mg
5oL L A IRRAEROBRFERYRE HITTW
59 BBREWI L, su—-YERRESSHPLD
TSA THE L CTH 56 ntES Mgtk WL 5 L, ABL
ZVHEITL HRTH 2~ EHEF LR T ™. T~
VBHELBE TSALETAZ LT, su—rEER
DOEBE, BLUro—yAomEES ERT PP,
CHhODHRIE, ¥V RT 4 7 ANWEEREORE
ThHhoHETIEXEFHE LLW,

iPS Mg, AR 2~4 DDORIZTF A BATAZE
XY, BHMEOBELEB S METHE. BER
AbRgiz ES HIRRCEBIL, MR BETRIEMTIC
BWTHESHMRREACEBERT. 72 TOBILIC
t POBEFATLILENLRL, BEAAOMBL L L
KDL BIENTEDLEVIFEELD. B2H#R0~
7 Z iPS #i#8 (Nanog-iPS) B X Uk b iPS #lla T,
Oct3/4 BIZFEZR LD ETEZV DD ES R~ —
B —RIEFH, ESHRERBRICEAFIVLIRBTH 2
LRI e, —MOEA P I BEHICOVTD
ES#ilE & HV/8F — Y RRTIEFBEShTWBEZ,
MMM 50 PSHIIBOB I EIE, vV ATHE
FTH0.001~0.5% & bHTEW®, £ IZESM

16(340)

BEporhvENRO IO —$BE L. 9L
1% L v, iPS MM L O FEILIL, DNA AF N
{LEEHIR A P Y R7 F MEEERIEABTHED
», 4 DILEPOHBFRRONTY. Oct3/4, Kifd,
Sox2, c-Myc ® 4 DDORETF 2 HA L7 BHFMBICB
W, 5-THIF I/ EMTBEHTI06H, 7592
S EDEBREDLRIZLY, #2615 0 iPS HBR
ROLAZD L LA 2 wFhbeX YT E
FAMLHEERE2DIDPANTL I =Y Fong FOo¥F
I v 78 (SAHA), TSA, BXU VPA 0L T,
VPA ORI L UTRIFTTHEL, RABICL 5T 100
#D Lo iPSHREAFBONI, X512, VPA LLEIIX, #
BEFTHS c-Myc B IBEFEAOREFMR
KBV TH, HS0BEOHEREABREZRLL. BET
HAL TR WEEOREFME~D VPA BMERD
6, VPAEBMIC X - T, MEFEROBRN L RIZTFR
Bony—yBRESHBOZNISESL ZEMWRENRT
Wwa®,

ntES Mg, iPSHMRICBVTEERIRELOE, 7/
LAEEE A VBT EFME HBHVIEDNABAF
MET B Z LS, SMEEREOEBIZANTHE LIZE
ZICWER RIZRBLALEIIC, ¥S 03B
LICRLRY, ESHIBETH-THY / A28 DNA 2
FMALRRIZ R L TEX F ML TIRZ . ESHRIEMHE
DL HRTREZ 572 DNA A F LT 7 4=V
EELTVwEDTH>T, KFMEL=DNAEAF VLT
Bivewz sy LT, MRMEPiPSILOBREIC
i, LTHRERERMNE TR A, DNA 2 FM{Eet
A BHCEBEEXHLEWRER, S allxE
V2R T4 2A7av 7k 5A T TITERLL
TV, ThOEDEEMTIE Y2274 2 AB{LHFRE
e, BHMRIRAEFEEITITIEY 2425 L IRT
P HHE, SHEELSE, bELERLZoTHO
RECZELHCRTTHS. LHHICHRMLAMBII
FERT 5. EHRBZEoPITICFIERIShBI LYY
7 AOHENLRRERSY, MEOBRICEIZAELE
&, SMtERtlRoB VRELTERICLALELDN
EThr).

HELZZ LG, MR MuOMBICRILTSEE, 22
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I2iX mRNA L EHADRIAEADAL LT, Z0b L
LLBIET I AOEYBHHECFIT L THS.
fuh ES MlaMk oW H 2 Wi+ 57001048, 7/ LEH
TRV AT Ay 7SR ERAIGN, ESH
MOy ) MIEVIREICELT AL EFHHEE L
Hhz (H).

DNADE 2 F 1L4t
DNAD * F b4k

EX boOB A FAL
EX RO X FAL
EXbOBTEFIME
tx&f@rt;mw

R

B

.
.

¥/ LA B C

¥ LD EF

L Y

¥ LR Y.Z

% W OBEERBEICTIRT A0

IS/ LEhESR

¥ ) A4 Kl DNA AFMLRIR, BEFeZ b
PR B ST A0, BROLBINEORRES
HATHE, hoRBLIIVA2Z7uTLA2#540
b LWODICKTES, w4707 LATIE B
HHET O — T EEHBOEE Y, ¥ AREZD
FFYAN T LEREEDT L) YT LA AED
NBLEHhot w4207 LA TEH > TRD

SR NMH

HO® VI7DISIVILRIES /LOBLKTHS
YA LBRICETALE, 2Ry 74adRI LI R
VxR F4 v /BMOBERANRECHS. BEFEROEY S ANES
MRBOZEY ) 2B ET AL C PSHBAO(bhAELELONS.

17(341)
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HEEL L TR, DNA AF VLRGP HEDL R b~
BHOFATRELML Y L FHEZ BV 5 me-DIP
4% ChIP-Chip ¥ D4t, DNA X F VAL B BR®EXK
Hpa 1 L BT VEHREEE Msp 1 TYUMLAY 2 2%
Av5b HELP &, MIAMI 2 &5h 5.
FEELOIV—TIRE, Hiky ) A74 FDNA
AF VLB B E LT, D-REAM &2 R L. »
F AL YR REE R ORMIBAL O A F VLRRE ¥ 4
Yo TTUADY T F MRS AT ENTEERT
HY, FEEEIZAF VARG RBER WS I KE
L2VWBHYTETHS. —F, BEZ -2 0%—0
BBIZEY, "AANV—=T Y P Y =2V ANTERE S
D, 7574 FRBIFICBOTBVWERLTWS, ¥
S hY A IRRBR RS WS a4 F X5 Tk, ¥ 40
KD DNA A F VALREIFBEL ISR LT, %
2, RYARBWTSH, SHL- kMMt oM@ DNA
AFMACHR 2 EICIRH S RT3,
D&Y ) ABREERORBIE-T, BE
HRTIRE OIS ) LB~ - B X HMEL T
Vwh, F—uy 8t PGICETH O Human Epigenome
Project (HEP) % Epigenome Network of Excellence
(NoE) Zimz, 72V hD%¥IZ X % Alliance for the
Human Epigenome and Disease (AHEAD) 25x.¥ 4/
LAF=F R—-ADERT N ICEBRNLERE LU
TWwa?, to7uvzy bt} H—ShihfkeF
BBy, #REROAM-MIEICovwTIEY 2 2
T4y 7 EREBRNICER LY ) Ay TED
CoTWnIHETHLDTHS.

& sp0(1C

BHllCH R L B BEERE, HEOLDOL
Y 0o0HsH. REBROBMBEEHAV 20— VKO
wRiE, BRABRETHICHLM, B OMBELZDY
L 7- i e b RS S T IS EA TWE, &
5 LRSI, 4812 iPSHMBROEHETIZR D HE
EYNHL IR BELS. SFETRH, HEREA%K
F1{tfE (amyotrophic lateral sclerosis : ALS) ®BE D
MMk H 8V S iz iPS MRS, RADETTEDR

18(342)

LZEBABMBIC LT ENTELLBESL
727 BonHBCEBVT, BEB X UEEHERY —
H-DERIIERE I, 2EDAFyTELTHE, =
Er 7 ADEEREZRARZLENS D59, Lil,
EFEPOTEL-EGNEME, BRTTRILZ
NBOLDT, ¥/ 2A2BOIET 225 1 v 7 RED
FTHBOT BT LI LRFXIC . B L 22MMA
MM ORRRARTI2IE, ARSI R
T35, HHVERBBLLV, BETFICOVWTR, 46468
RERLIEI 2274y 7 RBERTLENSHS. L
»L, ENUNOREFRBICOWT, T2, KERY)
LEEELRIEFUSNOY ) AHBIZOVWT, Yhigy
DIEIRTA v I REVFHESNDIOP. 5HOKE
HERPBEER Ny 7 ThH2 BERYFMET LR
B, B, SENOMIEB YT 288, BLUTE
HXo MR LT 2R OvTFhiiBwThY
V23747 ADBHRBLETHS. AH=XADKRHA
EERIDAIE, REBCERL 2O EDOLRTVRLIRE
ThHr9.

DX

X m

1) Takahashi K, Yamanaka S : Induction of pluripotent stem cells
from mouse embdonic and adult fibroblast cultures by defined
factors. Cell 126 : 663-676, 2006

2) Takahashi K, Tanabe K, Ohnuki M er al : Induction of
pluripotent stem cells from adult human fibroblasts by defined
factors. Cell 131 : 861-872, 2007

3) Yul, Vodyanik MA, Smuga-Otto K et af * Induced pluripotent
stem cell lines derived from human somatic cells. Science
318 : 1917-1920, 2007

4) Shiota K, Kogo Y, Ohgane J e al : Epigenetic marks by DNA
methylation specific to stem, germ and somatic cells in mice.
Genes Cells 7 * 961-969, 2002

5) Lieb JD, Beck S, Bulyk ML er al : Applying whole-genome
studies of epigenetic regulation to study human disease.
Cytogenet Genome Res 114 © 1-15, 2006

6) Tachibana M, Sugimoto K, Fukushima T er al : Set domain-
containing protein, G9a, is a novel lysine-preferring mamma-
lian histone methyltransferase with hyperactivity and specific
selectivity to lysines 9 and 27 of histone H3. J Biol Chem
276 : 25309-25317, 2001

N SFHEESEH vol5 no.4 2008

-176-



7) Tachibana M, Sugimoto K, Nozaki M er al : G9a histone
methyltransferase plays a dominant role in euchromatic
histone H3 lysine 9 methylation and is essential for early
embryogenesis. Genes Dev 16 : 1779-1791, 2002

8) Ikegami K, Iwatani M, Suzuki M er al : Genome-wide and
locus-specific DNA hypomethylation in G9a deficient mouse
embryonic stem cells. Genes Cells 12 : 1-11, 2007

9) Estéve PO, Chin HG, Smallwood A er a! : Direct interaction

between DNMT! and G9a coordinates DNA and histone

methylation during replication. Genes Dev 20 @ 3089-3103,

2006

Smallwood A, Estéve PO, Pradhan S er al: Functional

cooperation between HP1 and DNMT! mediates gene

silencing. Genes Dev 21 : 1169-1178, 2007

11) Fukuda K  Use of adult marrow mesenchymal stem cells for

~

10

regeneration of cardiomyocytes, Bone Marrow Transplant 32
(suppl 1) © §25-827, 2003

12) Rangappa S, Fen C, Lee EH ez al * Transformation of adult
mesenchymal stem cells isolated from the faity tissue into
cardiomyocytes. Ann Thorac Surg 75 : 775-779, 2003

13) Tayaramma T, Ma B, Rohde M ez al © Chromatin-remodeling
factors allow differentiation of bone marrow celis into insulin-
producing cells. Stem Cells 24 : 2858-2867, 2006

14) Snykers S, Vanhaecke T, De Becker A er al : Chromatin

remodeling agent trichostatin A © a key—factor in the hepatic

differentiation of human mesenchymal stem cells derived of

adult bone marrow. BMC Dev Biol T : 24, 2007

Hsieh J, Nakashima K, Kuwabara T et al : Histone deacety-

lase inhibition-mediated neuronal differentiation of multipo-

tent adult neural progenitor cells. Proc Natl Acad Sci U § A

101 © 16659-16664, 2004

16) Wakayama T, Tabar V, Rodriguez I ez al : Differentiation of
embryonic stem cell lines generated from adult somatic cells
by nuclear transfer. Science 292 @ 740-743, 2001

17) Wakayama S, Jakt ML, Suzuki M er al : Equivalency of
nuclear transfer-derived embryonic stem cells to those derived
from fertilized mouse blastocysts. Stem Cells 24 : 2023-2033,
2006

18) Brambrink T, Hochedlinger K, Bell G et al : ES cells derived
from cloned and fertilized blastocysts are transcriptionally and
functionally indistinguishable. Proc Natl Acad Sci U S A 103 :
933-938, 2006

19) Rideout WM 3rd, Hochedlinger K, Kyba M et al : Correction

15

~

B BBERRBEICIVIRT AT A

improvement of mouse cloning technique by treatment with
trichostatin A after somatic nuclear transfer. Biochem Biophys
Res Commun 340 : 183~189, 2006

21) Rybouchkin A, Kato Y, Tsunoda Y @ Role of histone
acetylation in reprogramming of somatic nuclei following
nuclear transfer. Biol Reprod 74 - 1083-1089, 2006

22) Maherali N, Sridharan R, Xie W et al : Directly reprogram-
med fibroblasts show global epigenetic remodeling and
widespread tissue contribution. Cell Stem Cell 1: 55-70, 2007

23) Okita K, Ichisaka T, Yamanaka S : Generation of germline-
competent induced pluripotent stem cells. Nature 448 : 313-
317, 2007

24) Huangfu D, Maehr R, Guo W et al : Induction of pluripotent

stem cells by defined factors is greatly improved by small-

molecule compounds. Nat Biotechnol 26 - 795-797, 2008

Yagi S, Hirabayashi K, Sato S et a/ * DNA methylation profile

of tissue-dependent and differentially methylated regions (T~

25

~—

DMRs) in mouse promoter regions demonstrating tissue-
specific gene expression. Genome Res, 2008 [Epub ahead of
print]

26) Cokus SJ, Feng S, Zhang X et al @ Shotgun bisulphite

sequencing of the Arabidopsis genome reveals DNA methyla-

tion patterning. Nature 452 : 215-219, 2008

Meissner A, Mikkelsen TS, Gu H ez a/ : Genome-scale DNA

methylation maps of pluripotent and differentiated cells.

Nature 454 : 766-770, 2008

28) Moving AHEAD with an intemational human epigenome
project. Nature 454 : 711-715, 2008

29) Dimos JT, Rodolfa KT, Niakan KK er al * Induced pluripotent
stem cells generated from patients with ALS can be
differentiated into motor neurons. Science 321 : 1218-1221,
2008

FAR - BHE
RMETS ERARAPRRPESNFAATHRISELERRE

~—

27

BREDHRT —VREOIES 2R F 1 7 R,
BECERG [ARENLL, BECHRI»IBATVZE]

Lark-<IC8
BB WRAFAERMPESFPFEIIS L PHAEE

1979 EFRMFAFAFRET (REBIEL), RER2PRAKH
ERT, 1987 FLUNTAFRIBR, 198 F& ) HR

of a genetic defect by nuclear transplantation and combined FMRIEI T 1 IR
cell and gene therapy. Cell 109 : 17-27, 2002 ::gﬁ:ié; Ok Sl2
20) Kishigami S, Mizutani E, Ohta H er ai: Significant .
19(343)
. AFHERMW vol.5 no.4 2008

-177-



\ Fi5 [ IPSHBfISEER

Sl Z

TEIIRT A IATHETS

O HF R M
A\ K {8 X BB
I H F BB

ES#B (embryonic stem cell) (&, SFLBOFEEMA T 5 ERO 200 MO & 3
RE3, ALSCHBEhA@BETSS. ESHEEN ATCFHSLAPSHEE
{induced piuripotent stem cell) T SICH LY, BT XELOOMMYUFRN 5
% BEAERAOMBSOAFEFTLTVSONRKRTSH 2. BLEMRKLCHESLVY
BROFEZERILEGNL, COXOMRBPTMUREIATLES, ¥/ L20T
ES 125« 7AW, COL D 0REIBNE MBEOFTHAEFRELILSD.

HRBBICENTHI LT P EE

HHIRIZE S E MW, METARED (AHCHME . B
DS EEXELMMBA~LEY ML) THHED Bk
) 2L o#BTChs. RO HELECOMBIZED
HIENTELMBEHESHBTH D, BRRA IO K
DR, EREoME (R Iho<hilishs
(1),

AILRLETYDOLICHCEAREEREATEYE B
T, WAKOEEE, VoltASEL MBI TICRESS
LS, MMELAHRA SR ZHEOMBIEH AN
FLOMBEERTLILIRETH-. LALREEKRS
LSO ERHICEATE I LIL D, HIEREVH2
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