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Tissue-specific demethylation in CpG-poor
promoters during cellular differentiation
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Epigenetic regulation is essential in determining cellular phenotypes during differentiation. Although tissue-
specific DNA methylation has been studied, the significance of methylation variance for tissue phenotypes
remains unresolved, especially for CpG-poor promoters. Here, we comprehensively studied methylation
levels of 27 578 CpG sites among 21 human normal tissues from 12 anatomically different regions using
an epigenotyping beadarray system. Remarkable changes in tissue-specific DNA methylation were observed
within CpG-poor promoters but not CpG-rich promoters. Of note, tissue-specific hypomethylation is
accompanied by an increase in gene expression, which gives rise to specialized cellular functions. The hypo-
methylated regions were significantly enriched with recognition motifs for transcription factors that regulate
cell-type-specific differentiation. To investigate the dynamics of hypomethylation events, we analyzed
methylation levels of the entire APOA1 gene locus during in vitro differentiation of embryonic stem cells
toward the hepatic lineage. A decrease in methylation was observed after day 13, coinciding with alpha-feto-
protein detection, in the vicinity of its transcription start sites (TSSs), and extends up to ~200 bp region
encompassing the TSS at day 21, equivalent to the hepatoblastic stage. This decrease is even more pro-
nounced in the adult liver, where the entire APOAT gene locus is hypomethylated. Furthermore, when we
compared the methylation status of induced pluripotent stem (iPS) cells with their parental cell, IMR-90,
we found that fibroblast-specific hypomethylation is restored to a fully methylated state in iPS cells after
reprogramming. These results illuminate tissue-specific methylation dynamics in CpG-poor promoters and
provide more comprehensive views on spatiotemporal gene regulation in terminal differentiation.

INTRODUCTION . . .
multiple levels of epigenetic systems such as DNA methyl-

In a series of differentiation processes during embryogenesis, a  ation, histone modification, chromatin remodeling and non-
wide variety of cells are generated and organized in a spatio- coding RNA guidance (1,2). Mammalian cells coordinately
temporal manner. They acquire distinctive patterns of gene regulate the complex transcriptional networks, which are
expression to execute specialized cellular functions. In essential for establishment of cellular programming and main-
mammals, this gene specification is tightly regulated by tenance of given cellular phenotypes.
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DNA methylation has a strong impact on transcriptional
repression. Because covalent modification of DNA itself is
chemically stable when compared with other epigenetic
marks, methylation-mediated repression is thought to be an
effective mechanism to maintain long-lasting cell memories.
Indeed, it plays pivotal roles in fundamental biological pro-
cesses, including genome imprinting, retrotransposon silen-
cing, X chromosome inactivation and tissue-specific gene
expression (1). The lethality due to selective ablation of
DNA methyltransferase with global loss of 5-methylcytosine
also provides solid evidence for its significance in mammalian
embryogenesis (3,4). Embryonic stem (ES) cells deficient in
maintenance methyltransferase, Dnmtl, are viable, but die
when induced to differentiate (5), demonstrating Dnmtl is
essential for the dynamic epigenetic changes in cellular differ-
entiation.

For many years, tissue-specific differentially methylated
regions (tDMRs) have been of great interest (6-9). In
somatic tissues, which include terminally differentiated cells,
significant methylation variance between cells have been
reported (6,8—11). Although recent technological advances
in methylation profiling have broadened our understanding
of the human methylome, we are still far from a comprehen-
sive map required for deeper understanding of developmental
epigenomics. That is partly because, due to technological
limitations, most of earlier studies on human tDMRs have
focused on CpG island promoters (12,13). In general, house-
keeping genes, which constitutively express across many
tissues, have such CpG-rich promoters. However, more than
half the genes which have a tissue-specific pattern of
expression have CpG-poor promoters (14). Therefore, it is
important to analyze CpG-poor promoters in addition to
CpG-rich promoters to elucidate regulatory changes of
methylation during terminal differentiation.

Recent large-scaled methylation analyses of human normal
tissues have revealed that methylation variance can be identified
outside CpG islands and at CpG-poor promoters (6). The signifi-
cance of methylation in the marginal regions of CpG islands
(so-called CpG shore methylation) has been also proposed
(15). In addition, tissue-specific binding of RNA polymerase
11 is often observed in CpG-poor promoters (16). These obser-
vations point to a significant role for epigenetic dynamics in
CpG-poor promoters for terminal differentiation.

There are some difficulties in analyzing methylation levels
in human tissue samples with accuracy. Cell populations in
human tissues are not homogenous but rather are composed
of a heterogeneous cell population which originates from
different lineages. Because measurements of methylation are
derived from these different methylomes of component cells,
large differences in methylation between different cell types
can be obscured. It is necessary to evaluate the methylation
status quantitatively, rather than just qualitatively, to allow
any comparison of methylation profiles between different
samples. This requires good assay reproducibility to detect
the more subtle methylation differences. In this study, we per-
formed genome-wide promoter methylation analysis of human
normal tissues using an epigenotyping beadarray system,
which allows methylated CpG quantification in CpG-poor pro-
moters as well as in CpG-rich promoters (17). We utilized
inclusive probe sets for tissue-specific hypermethylation and

Human Molecular Genetics, 2011, Vol. 20, No. 14 2711

hypomethylation, which occur mainly in CpG-poor promoters.
Of note, we found that tissue-specific hypomethylation is well
correlated with gene expression profiles that underlie tissue
phenotypes. Around these cell-type-specific hypomethylated
regions, binding motifs of particular transcription factors are
remarkably enriched. These results suggest that a combination
of tissue-specific promoter hypomethylation and selective
binding of transcription factors is deeply involved in targeting
specific genes during terminal differentiation. In addition, we
demonstrated spreading of hypomethylation in CpG-poor pro-
moters by in vitro cellular differentiation. The restoration of
the fibroblast-specific hypomethylation was also observed
during cellular reprogramming into induced pluripotent stem
(iPS) cells. These results emphasize the importance of methyl-
ation dynamics in CpG-poor regions for multilayered epige-
netic regulation in mammalian embryogenesis.

RESULTS

Genome-wide methylation analysis of human normal tissue
reveals methylation variances in CpG-poor promoters

To develop a better understanding of methylation diversity
among human normal tissues, we performed promoter methyl-
ation analysis of 21 human normal tissue samples from 12
anatomically different regions (Supplementa%/ Material,
Table S1). A HumanMethylation27 BeadChip~ (Illumina,
Inc) was used to quantify the methylation level of 27 578
CpG sites harboring 14 475 Refseq promoter regions (17).

First, we evaluated the accuracy and sensitivity of the assay
using the modified DNA samples as methylation controls
(0, 25, 50, 75 and 100% of methylation). The observed
values of the methylated CpG ratio for the control samples
were well correlated with the expected ratio of methylated
CpGs (Supplementary Material, Fig. S1). Thus, methylation
changes are quantitatively detectable using this system.

Next, we analyzed inter-individual methylation differences.
The comparison plots of autosomal probes using biological
duplicates of nine human tissues (brain, oral mucosa, lung,
stomach, colon, liver, peripheral blood, kidney and skeletal
muscle) showed good correlation between each pair (Pearson
correlation coefficient; » > 0.97) (Supplementary Material,
Fig. S2). For X-linked genes, most promoters on the inacti-
vated allele are methylated in female cells. As expected, 0%
methylation in male cells and ~50% methylation in female
cells are accurately reported by the system (Supplementary
Material, Fig. S2).

In this epigenotyping beadarray, most probes are designed
to bind at and around the promoter regions, which are from
1.5kb upstream to 1kb downstream of transcription start
sites (TSSs) of Refseq genes (Supplementary Material,
Fig. S3). On the basis of the classification by the local CpG
observed to expected ratio (CpG o/e) and the GC content
ratio (GCR) around the probe, probes are divided into three
groups: high-CpG density probes (HCG; CpG ofe > 0.75,
GCR > 0.55), low-CpG density probes (LCG; CpG ofe <
0.48) and intermediate-CpG density probes (ICG; neither
HCG nor LCG) (Supplementary Material, Fig. S4). The pro-
moter methylation status is strongly affected by local CpG
density. Most probes in relatively CpG-rich regions (HCG
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and ICG) showed hypomethylation in all tissues, while more
than half the probes in CpG-poor regions (LCG) are fully
methylated (Supplementary Material, Fig. S5). To clarify the
relationship between local CpG density and the methylation
breadth among human normal tissues, we examined the
tissue spatiality of hypermethylation (defined as methylation
level more than 0.5) with regard to every autosomal probe
(n=26486). As shown in Figure 1, the methylation status
of the LCG probes is highly variable among different
tissues, whereas most CpG-rich probes are ubiquitously
unmethylated. Therefore, the majority of intra-individual
differences are observed in CpG-poor promoters.

Identification of tissue-specific hypermethylated
and hypomethylated regions

To identify the tissue-specific differential gene methylation, we
compared the methylation profiles of seven representative
tissues. These were the brain and oral mucosa from the ectoder-
mal lineage, the colon and liver from the endodermal lineage,
the peripheral blood and skeletal muscle from the mesodermal
lineage and the testis. First, we ranked the 26 486 autosomal
probes in order of difference of the methylation level between
the one tissue and the average of the other tissues. In case that
tissue-specific hypomethylation or hypermethylation are
sorted by the absolute values of the difference of the methyl-
ation level (more than 0.25 or less than —0.25), the number of
distinctive gene sets varies widely (Supplementary Material,
Fig. S6). There are more tissue-specific hypermethylated
genes in the brain, liver, blood and testis than in other tissues.
As for the hypomethylation, a large number of genes are
selected in the testis and oral mucosa by this criterion. To evalu-
ate the specific differential methylation equally among human
tissues, we selected the top 250 probes of tissue-specific hypo-
methylation and hypermethylation for each tissue (Supplemen-
tary Material, Table S2). The methylation panel clearly shows
specific hypomethylation as well as hypermethylation among
seven tissues (Fig. 2A and B). We validated the methylation
levels of the distinctive genes using the MassARRAY system.
These methylation levels were consistent with the microarray
data (Supplementary Material, Fig. S7). With respect to CpG
density, most tissue-specific hypomethylated sites (80—90%)
are associated with CpG-poor promoters (Fig. 2A and B). A
notable exception was the testis, as testis-specific hypomethy-
lated genes are associated with CpG-rich promoters. In
CpG-rich promoter regions (HCP and ICP, n= 1848l),
~900 regions (5.10 + 0.48%) were found to be densely hyper-
methylated (mCpG > 70%) in somatic tissues. In the testis,
only 286 regions (1.55%) were methylated (Supplementary
Material, Fig. S5). These results are in agreement with earlier
systematic screens that found the major fraction of tDMRs
corresponding to CpG island methylation are either sperm- or
testis-specific (6,9,10).

Variable hypomethylation patterns are associated
with tissue-specific gene functions, gene expression
patterns and selective binding of transcription factors

To characterize the gene function related to tissue-specific
hypomethylation, we examined the enrichment of the specific
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Figure 1. Methylation breadth among human normal tissues. The density his-
togram represents distribution of the CpG o/e around the probes with respect
to the frequency of methylation among seven tissues. First, we generate the
histogram of the numbers of probes with regard to CpG ratio o/e. Then, the
methylation value of each probe is roughly divided into hypermethylation
(0.0~1.0) or hypomethylation (0.0-0.5). Finally, each bar was partitioned
by the number of tissues showing hypermethylation. For example, red bars
(Met7) indicate all seven tissues are methylated, and blue bars (Met0) indicate
no tissues are methylated.

gene ontology (GO) biological process categories in the top
250 hypomethylated gene sets. As shown in Table 1, the
tissue-specific hypomethylated genes are closely related to
cell-type-specific functions. For example, oral mucosa-specific
hypomethylated genes show over-representation of genes
related to ectoderm or epidermis development. In the gene
set of liver-specific hypomethylation, we found several
protein families synthesized by hepatocytes, such as serpin
peptidase inhibitors and complement factors. Thus, these
gene sets show over-representation of genes associated with
acute inflammatory response. In the blood set, we found
genes related to immune response, a key role for white
blood cells. Genes related to the reproductive process are the
major targets for CpG methylation in somatic cells besides
sperm and its progenitor cells in the testis.

In contrast, we could not find any meaningful functional
association between gene sets which undergo tissue-specific
hypermethylation (Supplementary Material, Table S3).
Although previous reports have identified a substantial
number of confirmed sets of tissue-specific hypermethylation,
it has been difficult to associate these with the tissue pheno-
type. De novo hypermethylation in differentiated cells might
be often induced independently of functional specification.

While dense methylation of the CpG island promoter deeply
contributes to gene silencing in pathological conditions such
as cancer (18,19), the influence of sparse methylation in
CpG-poor promoters on gene expression still remains contro-
versial. CpG-poor promoters preferentially display the TATA
box and numerous transcription factor-binding motifs around
the TSS (20). Combinations of transcription factor binding
in regulatory elements are involved in targeting gene
expression. Thus, we analyzed expression levels of representa-
tive gene sets of tissue-specific hypomethylation and hyper-
methylation across seven human tissues (Fig. 3). The
average expression level of hypomethylated genes is signifi-
cantly higher than that of hypermethylated genes in a tissue-

2107 “pT yaIey uo (wnmiosuo) DINd) AIsIoAtun ooy 18 /Hio sjruino{prorxo-Surny/dny woly popeojumod



