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DNA methylation constitutes an important epigenetic regulation mechanism in many eukaryotes, although the
extent of DNA methylation in the regulation of gene expression in the mammalian genome is poorly understood.
We developed D-REAM, a genome-wide DNA methylation analysis method for tissue-dependent and differentially
methylated region (T-DMR) profiling with restriction tag-mediated amplification in mouse tissues and cells. Using a
mouse promoter tiling array covering a region from −6 to 2.5 kb (∼30,000 transcription start sites), we found that
over 3000 T-DMRs are hypomethylated in liver compared to cerebrum. The DNA methylation profile of liver was
distinct from that of kidney and spleen. This hypomethylation profile marked genes that are specifically expressed in
liver, including key transcription factors such as Hnf1a and Hnf4a. Genes with T-DMRs, especially those lacking CpG
islands and those with HNF-1A binding motifis in their promoters, showed good correlation between their
tissue-specific expression and liver hypomethylation status. T-DMRs located downstream from their transcription start sites
also showed tissue-specific gene expression. These data indicate that multilayered regulation of tissue-specific gene function
could be elucidated by DNA methylation tissue profiling.
[Supplemental material is available online at www.genome.org and at http://www.vm.a.u-tokyo.ac.jp/seika/D-REAM/.
The array data from this study have been submitted to ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae/)
under accession no. E-TABM-551.]
In multicellular organisms, cells, and tissues form as a result of
differentiation of a single fertilized egg, and phenotypes are inherited over several cell generations without alteration in the
DNA sequences. Epigenetic systems are recognized as memory
systems for these inheritable gene functions and, in mammals,
they comprise DNA methylation and histone modifications of
chromatin. DNA methylation in tissue-dependent and differentially methylated regions (T-DMRs) is involved in expression of
tissue-specific genes as well as expression of key transcription
factors that constitute transcription networks governing tissue or
cell specificity (Shen and Maniatis 1980; Cho et al. 2001;
Imamura et al. 2001; Hattori et al. 2004b, 2007; Nishino et al.
2004). Abnormal methylation of T-DMRs has been implicated in
the pathogenesis of certain diseases (Jones 2002; Ushijima 2005).
DNA methylation occurs at the cytosine residue of CpG dinucleotides, which are unevenly distributed within the mammalian genome (Bird 1980). CpG islands (CGIs) have been identified
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as CpG-rich regions that are associated with ∼50% of the promoter regions in the mouse genome (Bird et al. 1985; GardinerGarden and Frommer 1987). Previous genome-wide DNA methylation analyses, focusing on CGIs, have indicated that every cell
and tissue type has a unique DNA methylation profile, comprising at least hundreds of T-DMRs (Ohgane et al. 1998; Shiota et al.
2002; Strichman-Almashanu et al. 2002), and these data suggested that a methylation profile could be used to identify cell
types (Shiota 2004).
To identify genes with differentially methylated regions,
several microarray technologies have been developed (Lieb et al.
2006), and microarray technology has been applied to identify
aberrantly methylated regions in cancer cells and characterize
cell lines such as human embryonic stem cells (Hatada et al.
2006; Keshet et al. 2006; Ordway et al. 2006; Rauch et al. 2006;
Shen et al. 2006). However, the DNA methylation profiles obtained have not been directly related to gene function (Ching et
al. 2005; Eckhardt et al. 2006; Khulan et al. 2006). The limited
number of loci or regions available for genome-wide analysis of
normal cells or tissues and the existence of method biases can
affect the implementation of methylated profiles (for review, see
Khulan et al. 2006).
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We developed a novel, low-bias method for genome-wide
DNA methylation analysis, and examined the DNA methylation
profile of the promoter regions in normal mouse liver by comparing them with those of cerebrum, kidney, and spleen. The
results indicate that the resultant methylation profile was implicated in tissue-specific function.

Results
Features of T-DMR profiling by restriction tag-mediated
amplification
To illustrate the genome-wide mouse DNA methylation profile,
we developed a method involving T-DMR profiling with restriction tag-mediated amplification (D-REAM), which combined microarray technology and modified ligation-mediated polymerase
chain reaction (LM-PCR) (Fig. 1A; Supplemental Fig. S1A). D-REAM
recognizes various combinations of microarrays and restriction
enzymes for LM-PCR. In this study, we used the GeneChip DNA
microarray, tiled with ∼4.4 million 25-nt oligomers corresponding to regions located from approximately ⳮ6 to 2.5 kb of transcription start sites (TSS) of 30,120 Ensembl mouse transcripts
(Supplemental Table S1; Supplemental Fig. S2A). To screen unmethylated regions, we used HpyCH4IV, a methylation-sensitive
restriction enzyme that recognizes ACGT residues. Such residues
are distributed throughout the mouse genome in a less biased
manner than HpaII sites, which are localized mainly at CGIs
around the TSS on the promoter array (Supplemental

Fig. S2B). The microarray probes covered regions comprising
10.1% of all the HpyCH4IV sites (1,751,098) in the mouse genome (Fig. 1C).
When the mouse genome was digested with HpyCH4IV in
silico, it generated fragments with median and average sizes of
907 and 1468 bp, respectively (Supplemental Fig. S2B). Because
of the hypermethylation status of mouse genome, actual mouse
liver HpyCH4IV fragments were deemed too large for efficient
PCR amplification. To address this issue, the D-REAM method
uses TaqI, a methylation-insensitive restriction enzyme, to reduce the size of the single-digested fragments (Fig. 1B). The modified LM-PCR protocol facilitates the selective amplification of
unmethylated HpyCH4IV–TaqI and HpyCH4IV–HpyCH4IV, but
not TaqI–TaqI fragments (Supplemental Fig. S1A,B). The selective
amplification by this process was confirmed by using fragments
digested by rarely occurring restriction enzymes, such as NotI
(Supplemental Fig. S1C).
To analyze the D-REAM microarray data, we applied modelbased analysis of tiling arrays (MAT) (Johnson et al. 2006).
MATscores represent the enrichment of unmethylated fragments
and are indicative of the relative methylation status of the
HpyCH4IV site. They were visualized using the Integrated Genome Browser (IGB). Intra-genomic comparison can be affected
by PCR sequences or fragment length biases; however, these effects were minimized by comparing the same regions in different
tissues or cells. In this study, we designated these differentially
methylated HpyCH4IV sites as T-DMRtags that represent T-DMRs
(Fig. 1A).

Figure 1. DNA methylation profiles were analyzed by D-REAM. (A) Illustration of the D-REAM method. Genomic DNA was digested with methylationsensitive restriction enzyme HpyCH4IV and amplified by modified LM-PCR (Supplemental Fig. S1). Amplified fragments (gray bars) were hybridized with
mouse promoter tiling array (upper panel). Array signal intensities (vertical bars) were analyzed to identify regions corresponding to fragments in
unmethylated HpyCH4IV loci. Comparison of signals from different samples enabled identification of differentially methylated regions (lower panel).
HpyCH4IV loci overlapping with regions yielding differential signals were defined as T-DMRtags. (B) Agarose gel electrophoresis of undigested (lane 2),
HpyCH4IV-digested (lane 3), and HpyCH4IV–TaqI-digested (lane 4) mouse liver DNA. Positions corresponding to 0.1, 0.5, 1.0, and 2.0 kbp (lanes 1,5)
are indicated on one side of the gel image. (C) Venn diagram of DNA methylation status at HpyCH4IV sites in mouse liver and cerebrum. Numbers
without parentheses represent numbers of HpyCH4IV sites, while Ensembl transcripts IDs are in parentheses. Outer and inner rectangles represent whole
mouse genome and regions covered by the promoter tiling array, respectively. Ovals indicate unmethylated HpyCH4IV sites of liver and cerebrum
identified by D-REAM. (D) Correlation of microarray probe intensities in duplicate mouse liver experiments, plotted on logarithmic axes (base 2). (E)
MATscore distribution of array regions corresponding to the TaqI–TaqI fragments (gray) and HpyCH4IV-digested fragments (black). The dotted line
represents the MATscore cutoff value. (F) Reliability of comparative MAT analysis. Bar-plots of MATscores of the hypomethylated regions identified by
MAT (P < 10ⳮ3) using full .bpmap (Full) and subsets of .bpmap corresponding to HpyCH4IV fragments (Hpy) and TaqI–TaqI fragments (Taq). Shuffle
column MATscores obtained by using both treatment and control samples containing both liver and cerebrum data from different mice. The boxes, and
lines within the boxes, represent the interquartile ranges and medians of the ratios, respectively.
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T-DMRs hypomethylated in mouse liver compared
to cerebrum
D-REAM assays of liver DNA obtained from two male mice were
performed, and reproducible microarray results were obtained
(Fig. 1D; Supplemental Fig. S1D). The number of fragments above
the MATscore cutoff value of 2.44 was larger at regions corresponding to HpyCH4IV fragments than at those corresponding to
TaqI–TaqI fragments (Fig. 1E). This indicated selective amplification of fragments with unmethylated HpyCH4IV sites. At least
20.9% of HpyCH4IV sites were estimated to be unmethylated
within the regions covered by the microarray (Fig. 1C). In mouse
cerebra (correlation coefficient of 0.955 of the biological duplicate), MAT analysis predicted 42,430 sites of unmethylated
HpyCH4IV sites (P < 10ⳮ3), and 71.9% (30,521 loci) of these sites
overlapped those in the liver tissue.
In a comparative analysis of liver and cerebrum, the differences in MATscores were significantly large at regions of
HpyCH4IV fragments compared to those of HpyCH4IV fragments with a shuffled combination, and to those of TaqI–TaqI
fragments (Fig. 1F). A total of 3774 of differentially hypomethylated T-DMRtags were identified in liver (P < 10ⳮ3). These tags
were located in neighboring 10-kb regions of the TSS for 2194
(7.28% of all IDs) Ensembl transcripts (Fig. 1C).

Positions of T-DMRs relative to the TSS
We classified the genes for these 2194 transcripts into two types,
CGI and non-CGI genes, according to TSS position. CGI gene

TSS are located within 1 kb from the CGI, and non-CGI genes
are located further than 1 kb from the CGI. The positions of
T-DMRtags were distinct using this criterion (Fig. 2A). T-DMRtags
neighboring non-CGI genes were observed up to ⳮ6 kb distal
to and 2.5 kb downstream from TSS, and exhibited distribution
patterns similar to the probes. No correlations were observed
between T-DMR distribution and CpG density (observed/
expected), GC percentage, or localization of HpyCH4IV sites (Fig.
2A; Supplemental Fig. S2A). Among the CGI genes, the distribution of T-DMRs seemed to negatively correlate with CpG density
and the sequence conservation score among animals, suggesting
that CGIs and first exons would be T-DMR-poor regions (Fig.
2A,B).
T-DMRtags in eight liver-specific non-CGI genes were
confirmed using combined bisulfite restriction analysis (COBRA)
(Supplemental Fig. S3A,B; Xiong and Laird 1997). The degrees
of methylation were not proportional to the differences in the
MATscores that were observed in three sites of the Fga loci,
but all 15 HpyCH4IV sites were confirmed to be differentially
hypomethylated in liver. The T-DMRs were distributed from
the 5⬘-upstream to the 3⬘-downstream region of TSS, similar
to the distribution of all T-DMRtags in the non-CGI genes (Fig.
2A).
In liver-specific Gnmt gene, T-DMRtags were observed from
ⳮ5.9 to ⳮ4.3 kb 5⬘ upstream and from 2.2 to 2.4 kb 3⬘ downstream from TSS. COBRA showed an unmethylated status of
HpyCH4IV in CGIs of both liver and cerebrum, and a hypomethylated status of each T-DMRtags in liver (Fig. 2D). Similar meth-

Figure 2. T-DMR positions depend on the genomic context. (A) Distribution of positions relative to TSS of hypomethylated T-DMRtags in liver. Upper
and lower panels display distributions in non-CGI and CGI genes, respectively. The width of histogram units is 250 bp. CpG densities are indicated by
blue lines. (B) Center of phastCons track regions in all CGI genes on chromosomes 5, 12, and 15 (obtained from UCSC genome browser database)
plotted with a histogram unit width of 125 bp. (C) Positions of T-DMRtags on liver-specific non-CGI genes with HNF1 motifs with expression levels in
liver >2-fold those in cerebrum, plotted with a 500-bp histogram category width. (D) T-DMRs neighboring the Gnmt genes analyzed by COBRA. Upper
panel displays the position of HpyCH4IV, the regions of restriction mapping with the analyzed HpyCH4IV site, indicated by small arrowheads on the top,
and positions of T-DMRs plotted over the comparative MATscores on IGB browser from 6000 bp upstream to 2500 bp downstream from the TSS. Middle
panel shows CpG density (blue) and GC percentage (gray line) in this region. Bottom panels show agarose-gel electrophoresis images of COBRA.
Hypomethylated fragments converted by bisulfite treatment were resistant to HpyCH4IV digestion (+). L and C indicate liver and cerebrum samples,
respectively.
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ylation patterns of HpyCH4IV sites in five other CGI genes were
confirmed by COBRA (Supplemental Fig. S3C,D).

Biased ontology annotations of genes with T-DMRs
with regard to CGIs
To determine features represented by genes with T-DMRs hypomethylated in liver, we applied ontology analysis, using g:GOSt
in the g:profiler web database (Table 1; Supplemental Table S2)
(Reimand et al. 2007). Significantly enriched ontology terms for
biological processes (BPs) (P < 10ⳮ5) were observed in 1817 g:profiler IDs that had been converted from 2194 Ensembl transcripts
with T-DMRs for analysis. These BPs code for genes responsible
for metabolism of organic acids and lipids and responses to defense and stress. Among these overrepresented terms, were found
liver dominant tissue-specific functions present in the coagulation cascade (described in the Kyoto Encyclopedia of Genes and
Genomes [KEGG] pathway database) (Kanehisa et al. 2006), and
folate and methyl group metabolism (Fig. 3A,B) (Williams and
Schalinske 2007).
The ratios of CGI genes to non-CGI genes were significantly
biased among some ontology terms (P < 5 ⳯ 10ⳮ2, 2 test), with
non-CGI genes overrepresented among the genes encoding proteins exported to extracellular regions (Table 1). To avoid preexisting bias in the ontology terms in our criteria, we analyzed
them using functional annotation tools in the DAVID Bioinformatics Resources 2007 website (Huang da et al. 2007) using lists
of CGI or non-CGI genes as background. Most terms observed in
the g:GOSt analysis were significantly overrepresented in the
non-CGI genes with T-DMRs compared to CGI genes with TDMRs. Among the CGI genes, only mitochondrial genes

were significantly overrepresented, and one of the identified mitochondrial CGI genes with T-DMRs was Cpt2 (Supplemental Fig.
S3C).

Genes encoding transcription factors responsible
for expression of liver genes with T-DMRs
Transcription factor motifs were analyzed by referring to the
MAPPER database in the 1-kb 5⬘-upstream region of TSS (Marinescu et al. 2005). When non-CGI genes with T-DMRs were analyzed, we found significantly enriched motifs, including HNF1A,
HNF4, and RXRa (Table 2). In contrast, there were no overrepresented motifs among CGI genes with T-DMRs.
Hnf1a and Hnf4a are expressed in a tissue-specific manner
and are involved in regulating liver-specific gene expression
(Schrem et al. 2002). The MATscores and, hence, the methylation
status of these regions were significantly different between liver
and cerebrum (Fig. 4A,B). Bisulfite sequencing identified four
CpGs hypomethylated in liver, corresponding to the T-DMRtags
at ⳮ523 bp upstream of Hnf1a TSS (Fig. 4A). Among the six
T-DMRtags of Hnf4a, two located at downstream regions of TSS
and two at 5⬘ distal regions were present in the first exon of
0610008F07Rik, a gene in which transcription initiates from the
5-kb upstream region of Hnf4a TSS in the opposite direction.
Bisulfite DNA sequencing revealed that 27 CpGs in these 5-kb
regions were hypomethylated in liver but hypermethylated in
cerebrum (Fig. 4B).
We further investigated T-DMRs in other liver-enriched
transcription factors that support liver-specific gene expression
(Giguere 1999; Handschin and Meyer 2005). In the cases of
Nr1h3 (Lxr) and Nr1i2 (Pregnane X receptor, Pxr), the T-DMRs in

Table 1. Annotation analysis of genes with liver T-DMRtags
Ontology typea
GO:BP

GO:MF
Biased to non-CGI genes
GO:BP

GO:CC
KEGG
Biased to CGI genes
GO:CC

GO:MF

Term
Lipid metabolic process
Cellular lipid metabolic process
Response to stress
Generation of precursor metabolites and energy
Organic acid metabolic process
Carboxylic acid metabolic process
Monocarboxylic acid metabolic process
Vitamin binding
Cofactor binding
FAD binding
Defense response
Response to wounding
Inflammatory response
Acute inflammatory response
Extracellular region
Extracellular region part
Extracellular space
Complement and coagulation cascades
Cytoplasm
Cytoplasmic part
Mitochondrion
Mitochondrial part
Catalytic activity

DAVIDb
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC, CGI
NC

Detailed data are shown in Supplemental Table S3. 2 tests were applied to examine the difference in the proportions of CGI and non-CGI genes for
each criterion among all the genes (1817 genes) containing T-DMRtags. Percentage of non-CGI genes among all 1817 genes is 53.6%.
a
Ontology types of GO:BP, GO:CC, and GO:MF indicate biological process, cellular component, and molecular function in Gene Ontology criteria,
respectively. KEGG represents KEGG pathway database.
b
The DAVID column indicates the overrepresentation of the terms in DAVID 2007 analysis among all genes classified into the same criterion according
to the position of CGIs. NC, non-CGI genes; CGI, CGI genes.
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that 43 genes of 174 orthologs (unique Entrez gene IDs) were
accompanied with T-DMRs (Supplemental Fig. S4A). Tissue specificity of expression was investigated in these 43 orthologs and in
180 Entrez gene IDs with HNF-1A motifs (TRANSFAC ID M00790)
and T-DMRs (Supplemental Fig. S4B), which were selected by
referring to the MAPPER database. The gene expression levels in
liver were more than twofold of those in cerebrum in 32 of 43
orthologs and in 68 of 180 genes with HNF-1A motifs (Fig. 5A). In
cerebrum, 75% of genes exhibited expression levels <229.6
(gcRMA preprocessed data), which indicated that gene hypermethylation might repress these genes in cerebrum (Fig. 5B).
Among CGI genes with T-DMRs, liver-specific expressed genes
were significantly overrepresented in genes with HNF-1A motifs,
but less significantly in those with HNF4 motifs (Fig. 5C). These
data supported the conclusion that HNF1 and T-DMRs are involved in the regulation of these genes in mice.

Correlations between expression levels of genes and T-DMRs
in somatic tissues
We examined correlations between T-DMRs and gene expression
in liver (Fig. 5C). The expression levels of genes with T-DMRs in
liver were significantly higher than those in cerebrum, especially
with regard to non-CGI genes. In 77 genes (Ensembl gene IDs)
with HNF1-binding motifs that were expressed in liver (Fig. 2C),
the T-DMR distribution profile was similar to that of all non-CGI
genes (Fig. 2A).
In liver-specific CGI genes, the positions of T-DMRs were
biased toward the regions 0.5–2.5 kb, which are 3⬘ downstream
from the TSS (Fig. 5C,D). These regions corresponded to the first
introns, judged by the distribution of the gene conservation
index and by CpG density (Fig. 2B). These data suggested that
T-DMRs in noncore promoter regions could be involved in the
regulation of gene plurality.
We analyzed the DNA methylation status at T-DMRs in
mouse kidney and spleen in genes with expression levels higher
in liver than in cerebrum. The regions corresponding to these
T-DMRs were clustered into four groups according to their
Figure 3. Genes with T-DMRtags (gray) in the complement and coagulation cascade in the modified KEGG pathway map (ID 04610) (A),
and in the folate and methyl group metabolism pathway (Williams and
Schalinske 2007) (B). (C) Transcription factor network for liver-specific
gene expression. Arrows indicate that the gene expression is controlled
by transcription factors. Dotted lines represent molecular interaction between factors.

liver were localized downstream from their TSS (Fig. 4C,D).
T-DMRs in the Rxra gene were localized between exons 1 and 2
(Fig. 4E), where an alternative TSS for the testis-specific transcript, which is detected in liver, is located (Brocard et al. 1996).
These data suggested that T-DMRs could be involved in gene
regulation of transcription factors, aiding liver-specific gene expression (Fig. 3C).

Expression of genes with HNF1 motifs and T-DMRs
Previously, 222 HNF1-binding promoters were identified in human hepatocytes by chromatin immunoprecipitation combined
with DNA microarray analysis (ChIP-chip) experiments (Odom et
al. 2004). Assuming that mouse orthologs of these genes would
be bound to HNF1 in mouse liver, we searched for these orthologs using g:Orth in the g:Profiler web database, and observed

Table 2. Transcription factor motifs overrepresented in genes
with T-DMRs among non-CGI genes
MAPPER factor namea
ARP-1 (NR2F2, HNF4A)
COUP direct repeat 1 (NR2F2)
COUP-TF:HNF-4 (NR2F2, HNF4A)
ER-alpha (ESR1)
FOXD3 (FOXD3)
GCR1c
HNF-1A (HNF1A)
HNF-4 direct repeat 1 (HNF4A)
HNF-4alpha (HNF4A)
HNF-4alpha1 (HNF4A)
NF-kappaB (NFKB)
RAP1c
RXR-alpha (RXRA)
Zic3 (ZIC3)

All

T-DMR

2 test (P-value)b

1580
1198
1292
2250
4111
1268
1661
1051
1232
3113
4484
4201
1230
386

160
131
136
232
400
133
196
116
131
348
430
379
142
54

8.76 ⳯ 10ⳮ4
1.27 ⳯ 10ⳮ4
5.17 ⳯ 10ⳮ4
6.03 ⳯ 10ⳮ6
2.73 ⳯ 10ⳮ8
7.11 ⳯ 10ⳮ4
2.24 ⳯ 10ⳮ9
2.41 ⳯ 10ⳮ4
4.45 ⳯ 10ⳮ4
6.45 ⳯ 10ⳮ15
2.08 ⳯ 10ⳮ8
5.03 ⳯ 10ⳮ4
3.11 ⳯ 10ⳮ6
4.42 ⳯ 10ⳮ5

a
Detailed information is available from MAPPER factors table (http://bio.
chip.org/mapper/factors-table, free registration required). Symbols in parentheses correspond to the factors described in the models.
b
-Square tests were applied to examine the difference in the proportions
of each transcription factor motif between all non-CGI and non-CGI carrying T-DMRs.
c
Models are based on the yeast transcription factors.
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Discussion

Figure 4. Bisulfite sequencing of T-DMRs of liver-specific transcription
factors, as Hnf1a (A), Hnf4a (B), Nr1h3 (C), Nr1i2 (D), and Rxra (E). Genomic structures are presented at the top of each figure section. The
graphs in boxes toward the center in A and B represent CpG density
(blue) and GC percentages (gray). The bars visible along the top of the
center lines in A and B represent CpG dinucleotide positions; bars below
represent HpyCH4IV sites. Boxes and arrowheads represent T-DMRs and
T-DMRtags, respectively. IGB plots of comparative microarray signals corresponding to the regions in the abovementioned figures are displayed
toward the bottom of the middle sections. Bisulfite sequencing data obtained for 10 isolates from liver (L) and cerebrum (C) are summarized at
the bottom or side of the figure section. Open and closed circles represent
unmethylated and methylated CpG, respectively.

MATscores of comparative D-REAM analysis, representing relative
methylation status (Fig. 5E). Distinct DNA methylation profiles
were observed among tissues, with spleen hypomethylated
T-DMRs classified into clusters 1 and 2. Cluster 3 contained genes
that hypomethylated in both liver and kidney, while cluster 4
contained genes concerned with liver-specific hypomethylation.
Although the expression of these genes was repressed in both
spleen and cerebrum (Supplemental Fig. S5A), the expression levels in kidney were similar to those in liver in clusters 1 and 2,
exhibited a greater distribution toward kidney in cluster 3, and
toward liver in cluster 4 (Fig. 5F; Supplemental Fig. S5). In the
genes with HNF-1A motifs, Hnf4a was classified into cluster 3,
while Nr1h3, Nr1i2, and Serpina1e were placed in cluster 4
(Supplemental Figs. S4, S5B). These data indicated that tissue
specificity of gene expression in these regions would reflect patterns of T-DMRs of the genes containing tissue-specific transcription factors and their targets.
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D-REAM, performed using a high-density genome tiling array for
the mouse promoter regions, revealed thousands of T-DMRs that
are hypomethylated in liver and indicated that these T-DMRs
represent the profiles of genes specifically expressed in liver,
including those responsible for the liver phenotype and for transcription factors that regulate liver-specific gene expression.
A combination of transcription factors (e.g., HNF1 and
HNF4a) is reported to confer liver-specific gene expression
(Schrem et al. 2002). HNF1 affects the gene expression of HNF4a,
and vice versa (Ktistaki and Talianidis 1997), and these factors,
along with other liver-enriched transcription factors such as
NR1H3 (LXR), NR1I2 (PXR), RXR, and PPAR␥, affect each other’s
expressions and functions (Geier et al. 2007). D-REAM indicated
that T-DMR is involved in the expression of these transcription
factors, and that many genes with HNF-1A motifs and T-DMRs
are specifically expressed in liver and kidney (Figs. 3, 5F).
D-REAM revealed coordinated DNA methylation in transcription
factors and the target genes in somatic tissues including liver,
kidney, spleen, and cerebrum, and that the combinations of
them were distinct among tissues. These results indicated that
the DNA methylation profile, comprising T-DMRs of transcription factors and their target genes, is responsible for tissuespecific gene expression in somatic tissues and, consequently, for
their function.
Correlations between T-DMRs and transcriptional regulation have been revealed in several CGI and non-CGI genes by the
previous investigations on T-DMRs focusing primarily on short
core promoter regions (Imamura et al. 2001; Hattori et al. 2004a;
Nishino et al. 2004). Genome-wide DNA methylation analysis of
the human promoter regions (ⳮ700 to 200 bp from the TSS)
suggested that the DNA methylation status of a limited number
of genes correlated with transcriptional activity (Weber et al.
2005, 2007). A HELP assay, another genome-wide study, revealed
plurality of T-DMRs within 1 kb in promoter regions, suggesting
their involvement in tissue-specific expression (Khulan et al.
2006). In our study, D-REAM revealed that T-DMRs are localized
at a few kilobases both upstream and downstream of the TSS and
that the DNA methylation status of these T-DMRs correlates with
the transcriptional activities of the neighboring genes. Preferential tissue-specific expression of non-CGI genes has been reported
previously (Yamashita et al. 2005), but in the present study, hypomethylation and gene expression were also observed in CGI
genes. Thus, the DNA methylation profile is expected to reflect
the tissue-specific gene expression profile.
It has become feasible to identify the DNA methylation status of every CpG dinucleotide in plant (Cokus et al. 2008; Lister
et al. 2008) and mammalian (Meissner et al. 2008) genomes;
however, high redundancy in mammalian genome sequences
narrows the window of analysis. All known analysis methods
have bias windows, and different windows illustrate different results. In the mouse genome, the HpaII/MspI sites are concentrated in the region between ⳮ1 kb and +1 kb from the TSS. In
the case of meDIP, the precipitation efficiency of methylated
DNA depended on the density of CpG, whose distribution is
biased (Keshet et al. 2006; Weber et al. 2007). We suggest that the
different T-DMR profiles observed in this study were due to the
relatively low bias of HpyCH4IV.
Microarray technology for the analysis of DNA methylation
has advantages and disadvantages (Khulan et al. 2006). When
compared with systems using isoschizomers, D-REAM is flexible

Downloaded from genome.cshlp.org on September 8, 2009 - Published by Cold Spring Harbor Laboratory Press

Tissue-specific DNA methylation profile

Figure 5. The tissue-specific DNA methylation profiles and gene expression in mouse tissues. (A)
Expression levels of human gene orthologs identified by the ChIP-Chip experiment using anti-HNF1
(closed rectangles) and of genes with HNF-1A motifs (model IDs T01211 and T00368) classified by the
MAPPER database (open circles). (B) The distribution of expression levels of the genes listed in A, in
cerebrum and liver represented by box plots. Expression levels were box-plotted with logarithmic scale
(base = 10). (C) Box plots of log ratios (base = 2) of liver and cerebrum gene expression indicate factors
affecting liver-specific expression of genes with T-DMRs. P-values obtained from Wilcoxon’s matchedpair signed rank test are indicated on the top of the plot. (D) Correlation of expression between two
tissues. CGI genes containing T-DMRs are divided into two groups by the position of T-DMRs: T-DMRs
within 0.5 to 2.5 kb downstream from the TSS (left panel) and those outside of this region (right panel).
Gene expression levels and ratios of gene expression levels are expressed with logarithmic scale of base
10 and base 2, respectively. Numbers of liver-specific genes expressed, with expression levels <1000
in cerebral cortex and at a liver:cerebral cortex level ratio of >2, in the left and right panels are 60 out
of 346 and 45 out of 685, respectively. (E) K-means clustering of regions corresponding to T-DMRs by
Pearson’s correlations of their MATscores. The ranges of the MATscores represented in the plot are
shown at the bottom of the panels. The MATscores were obtained by MAT analysis of D-REAM data
from liver, kidney, and spleen using cerebrum data as the control. (F) 2 test for distributions of genes,
classified by the expression levels, first in kidney (>1000 or not) and those in the later set divided by
their expression in liver (>2-fold of those in kidney or not), in each cluster. Statistically significant
distributions are shadowed in pink.

because it enables selective amplification of DNA fragments digested with
any restriction enzyme, e.g., HpyCH4IV
and NotI, a methylation-sensitive enzyme with recognition sites without
isoschizomers. One of the disadvantages
in D-REAM is that intra-genomic comparison of MATscores between different
genomic loci does not always represent
differences in DNA methylation. However, a panel of profiles comprising several
samples allowed us to conduct a broad intragenomic comparison due in part to the
presence of numerous T-DMRs that could
provide standard sample data.
A recent study revealed that the
T-DMR distribution in randomly selected
NotI sites was disproportionate in nonCGI loci, which were located both upstream of the TSS and in the intronic regions (Sakamoto et al. 2007). Present
study demonstrates that the T-DMR distribution pattern appears to be independent of CpG density and GC content,
except in regions around the TSS in CGI
genes. In addition, numerous T-DMRs
are localized at 3⬘ regions downstream
from the TSS. T-DMRs were also identified in distal regions (up to 6 kb from the
TSS). Furthermore, the distribution patterns of hypomethylated T-DMRs in cerebral and liver genes are similar (S. Yagi, K.
Hirabayachi, T. Hirakawa, S. Sato, C. Maeda, J. Ohgane, S. Tanaka, and K. Shiota,
unpubl.). These findings suggest that the
function of T-DMRs might differ with respect to their positions in the genes.
In our analyses, especially those involving CGI genes, hypomethylation of
T-DMRs in the 3⬘-regions downstream
from the TSS was correlated with high
gene expression levels in liver. The first
exon and the first intron are hot spots of
antisense RNA transcription, and antisense RNA TSS is preferentially observed
in relatively long CGIs covering exon 1
and extending into intron 1 (Finocchiaro et al. 2007). Both sense and antisense RNA play a role in gene expression
by affecting DNA methylation status
(Sleutels et al. 2002; Pickford and Cogoni 2003; Imamura et al. 2004). ChIPchip experiments on regions adjacent to
the TSS have indicated that H3K4 methylation occurs in a 2-kb region downstream from the TSS and that the peaks
in the region are located 1 kb downstream (Barski et al. 2007). In addition,
histone modification has been reported
to affect DNA methylation in a locusspecific manner (Ikegami et al. 2007).
These data suggest that T-DMRs located
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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 involved in tissue-specific gene expression. DNA methylation regulates not only in gene expression, but also in other gene functions;
therefore, T-DMRs identified by D-REAM could provide investigative 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, cerebrum, and kidney; 6-wk-old for spleen) were euthanized after
fasting for 16 h. Tissue samples were collected and frozen at
ⳮ80°C until use. The samples (<20 mg) were thawed, homogenized, and incubated with 300 µL of lysis solution (10 mM TrisHCl at pH 8.0, 5 mM EDTA, 200 mM NaCl, 0.2% SDS, and 200
µg/mL proteinase K) at 55°C for 30 min. Samples were extracted
with a phenol/chloroform/isoamyl alcohol (PCI) mixture, incubated with RNase for 30 min, and re-extracted with PCI. DNA was
precipitated with ethanol and dissolved in 20 µL of Tris-EDTA
(TE) buffer (pH 8.0).

Combined bisulfite restriction analysis (COBRA)
and bisulfite sequencing
Genomic DNA was digested with PstI. Digested DNA (3 µg) 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 µL 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 polymerase (Bioline). During the bisulfite reaction, unmethylated
CpGs are converted to TpGs, while methylated CpGs remain intact. For restriction mapping, 10% of the PCR product was digested 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 gelextracted and subcloned into the pGEM-T easy vector (Promega
KK). A minimum of 10 clones was sequenced, and the methylation status of individual CpGs was determined.

D-REAM
Genomic DNA (5 µg) was digested with HpyCH4IV (New England
BioLabs) overnight. The digestion was monitored by gel electrophoresis. 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 S2) using T4
DNA ligase (New England BioLabs). Following treatment with the
Klenow fragment, the DNA was digested with TaqI at 65°C for at
least 1 h and purified using a Microspin S-300 HR column (GE
Healthcare UK Ltd.). DNA samples were then ligated to the Nadaptor pair (Supplemental Table S2) and purified using the Wizard 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
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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 µg of amplified DNA was used for microarray
analysis. When NotI was used as the first methylation sensitive
restriction enzyme, we used the R-adaptor pair for NotI instead of
that for HpyCH4IV.
Microarray analysis was conducted using the GeneChip System (Affymetrix), and all procedures were performed according
to the Affymetrix chromatin immunoprecipitation assay protocol provided by the manufacturer. DNA samples were labeled
using the GeneChip WT Double-Stranded DNA Terminal Labeling 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. S6. 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–TaqI 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 package and BioConductor package (Gentleman et al. 2004). The tiling array package in BioConductor was used to examine the reproducibility 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 assignments (Birney et al. 2004), were obtained from the Galaxy
website (http://g2.bx.psu.edu; Giardine et al. 2005). Transcriptome data were obtained from the GNF SymAtlas website (http://
symatlas.gnf.org/SymAtlas/; 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.abcc.ncifcrf.gov/; Huang da et al. 2007), and KEGG pathway database (http://www.genome.jp/kegg/kegg2.html; Kanehisa 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 symbols were confirmed by referring to the MGI database (http://
www.informatics.jax.org/). Transcription factor motifs 1 kb upstream of TSS were analyzed on the MAPPER database website
(http://bio.chip.org/mapper/; Marinescu et al. 2005).
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