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ABSTRACT
Embryonic stem cells (ESCs) are pluripotent, self-renewing cells. These cells can be used in applications such as cell therapy, drug

development, disease modeling, and the study of cellular differentiation. Investigating the interplay of epigenetics, genetics, and gene

expression in control of pluripotence and differentiation could give important insights on how these cells function. One of the best known

epigenetic factors is DNA methylation, which is a major mechanism for regulation of gene expression. This phenomenon is mostly seen in

imprinted genes and X-chromosome inactivation where DNA methylation of promoter regions leads to repression of gene expression.

Differential DNA methylation of pluripotence-associated genes such as Nanog and Oct4/Pou5f1 has been observed between pluripotent and

differentiated cells. It is clear that tight regulation of DNA methylation is necessary for normal development. As more associations between

aberrant DNA methylation and disease are reported, the demand for high-throughput approaches for DNA methylation analysis has

increased. In this article, we highlight these methods and discuss recent DNA methylation studies on ESCs. J. Cell. Biochem. 109: 1–6,

2010. � 2009 Wiley-Liss, Inc.
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B ecause of their abilities to self-renew and differentiate into a

wide variety of cell types, embryonic stem cells (ESCs) and

other pluripotent stem cells hold tremendous promise for drug

development and cell replacement therapy. However, these

applications call for homogeneous, stable cell populations that

possess specific characteristics while lacking undesirable properties.

For example, for treatment of diabetes, we would want cells that

stably produce insulin in a glucose-responsive manner, and do not

form tumors. In order to produce the right cells for these

applications, it will be important to understand the mechanisms

that control critical cellular properties, such as differentiation

capacity, differentiation state, and tumorigenicity.

There is no question that genetic factors can strongly influence

cellular and organismal phenotype. However, the fact that all of the

cells in a multicellular organism arise from a single original

cell indicates that tremendous phenotypic variability can occur

among cells that share a common genome. On the organismal

level, it has been shown that monozygotic twins can differ in

disease susceptibility and many anthropomorphic features [Fraga

et al., 2005]. These phenotypic differences in the context of a

common genome are attributed to epigenetic factors. Disruption

in epigenetic regulation, such as aberrant DNA methylation, can
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lead to malformation or disease [Costello et al., 2000; Robertson,

2005].

Epigenetics is a term coined more than 65 years ago [Waddington,

1942] to convey the idea that differentiation from the fertilized egg

to adult tissues occurs through progressive non-genetic changes. In

recent years, the term has taken on a more molecular connotation;

Wu and Morris [2001] define epigenetics as ‘‘the study of changes in

gene function that are mitotically and/or meiotically heritable and

that do not entail a change in DNA sequence.’’

Using a rather broad interpretation of the term, epigenetic

processes include modulation of chromatin structure, miRNA

expression, and DNA methylation. Chromatin consists of nuclear

genomic DNA packaged by histones and other associated proteins.

Transcription, DNA replication, repair and recombination are

dynamically modulated by changes in chromatin structure. In turn,

chromatin structure can be influenced either by the presence or

absence of specific proteins, such as transcription factors, or by

chemical modifications of constitutively bound proteins, such as

histones [Strahl and Allis, 2000; Schones and Zhao, 2008].

MicroRNAs (miRNAs) are small (18–25 nucleotides) RNA molecules

that posttranscriptionally regulate gene expression. miRNAs can

act by destabilizing target mRNAs or repressing translation, with
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the latter mechanism being more prevalent in metazoans [Bartel,

2009].

DNA methylation is an enzyme-mediated chemical modification

of DNA involving addition of a methyl group symmetrically on the

cytosines of CpG dinucleotides. This reaction is catalyzed by a group

of enzymes, the DNA methyltransferases (Dnmts). In humans and

other mammals, DNA methylation usually happens on cytosines

that precede a guanosine in the DNA sequence. This is called a

‘‘CpG’’ dinucleotide and nearly 70–80% of all CpG dinucleotides are

methylated [Bird, 2002]. In the genome, dense clusters of CpGs

are observed in some areas. These clusters, which are usually

300–3,000 base pairs in length, are called ‘‘CpG islands’’ [Bird, 1986;

Gardiner-Garden and Frommer, 1987]. CpG islands are associated

with approximately 70% of human promoters [Davuluri et al.,

2001; Saxonov et al., 2006]. For genes with CpG island-containing

promoter regions, it has been observed that methylation of the

CpG island is inversely correlated with gene expression. For this

reason, CpG islands have been the main focus for methylation

analysis.

It is known that DNA methylation can regulate gene expression.

In imprinted genes, methylation of promoter regions results in

strong repression of gene expression [Li et al., 1993]. In cancer cells,

where DNA methylation was the first epigenetic alteration to be

observed, hypermethylation of CpG islands near tumor suppressor

genes has been shown to switch off these genes [Herman et al., 1994;

Jones and Laird, 1999].

The study of epigenetic mechanisms in the establishment and

maintenance of the pluripotent state, as well as in the differentiation

process, is an area of intense investigation in ESC biology. In

addition, since ESCs and cancer cells share certain phenotypic

characteristics, such as the ability to be propagated in long-term

culture, there has been interest in establishing whether they share

certain epigenetic characteristics.

The roles of all three epigenetic mechanisms in ESCs were

reviewed in Bibikova et al. [2008]. However, there has been rapid

progress in this field, particularly in the area of DNA methylation. In

this review, we will give an overview of the existing methods for

studying DNA methylation, and review the key DNA methylation

studies specific to ESCs, with an emphasis on reports published over

the past year.

METHODS FOR DETECTING DNA METHYLATION

Methods for DNA methylation are mainly based on the following

techniques:
(1) A
2

ffinity purification of methylated DNA.
(2) D
igestion with methylation-sensitive restriction enzymes.
(3) B
isulfite conversion.
AFFINITY PURIFICATION

In this method, methylated DNA is purified using either a methyl-

CpG binding domain (MBD) or, more commonly, an antibody

specific for methylated cytosine [Cross et al., 1994; Weber et al.,

2005]. Genomic DNA fragments containing methylated cytosines
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are immunoprecipitated and analyzed by hybridization to micro-

arrays (Methylated DNA Immunoprecipitation-chip, or MeDIP-chip)

or next-generation sequencing (MeDIP-seq).

The MeDIP-chip approach has been used to obtain whole-genome

DNA methylation data from Arabidopsis thaliana [Zhang et al.,

2006]. This approach can provide whole-genome coverage, but the

resolution is limited by the resolution of the microarrays used.

Moreover, for typical high-density microarray platforms (�1–2

million assays per array), whole-genome coverage at a reasonable

resolution (�100 bp probe interval) requires 10–20 arrays, which

can be quite costly.

In MeDIP-seq, the sequence of the affinity-purified DNA

fragments is obtained and aligned to a reference genome. Even

though MeDIP-seq [Down et al., 2008] offers higher resolution

compared to MeDIP-chip, single nucleotide resolution is still not

provided by this approach, because it is based on affinity

purification of segments of methylated DNA. If a fragment contains

several cytosine nucleotides, methylation of any one of them will

result in enrichment of that fragment in the affinity purification

step.

METHYLATION-SENSITIVE RESTRICTION ENZYMES

Methylation-sensitive restriction enzymes cleave specific DNA

sequences in a methylation-sensitive manner [Bird and Southern,

1978]. Some methylation-sensitive restriction enzymes, such as

HpaII (which recognizes the sequence 50-. . .CCGG. . .-30), cleave

only unmethylated DNA, which others, such as MspI (which

recognizes the same 50. . .CCGG. . .-30 sequence), cleave only

methylated DNA.

These enzymes are the basis of restriction landmark genomic

scanning (RLGS), which has been used to assess global DNA

methylation [Hatada et al., 1991]. In RLGS, genomic DNA is

cleaved using a methylation-sensitive restriction enzyme (such as

NotI, which does not cleave at recognition sites that are methylated),

end-labeled, and run on a 2-dimensional gel. Only unmethylated

recognition sites are represented in the RLGS map. If a spot is present

in the profile for one cell type (e.g., normal cells) and absent in

another (e.g., tumor cells), this indicates that a recognition site is

unmethylated in the normal cells and methylated in the tumor cells.

RLGS reveals large numbers of restriction landmarks in a single

experiment, but is limited by the difficulty in correlating individual

spots to specific sequences.

Another strategy based on methylation-sensitive restriction

enzymes is Methyl-Sensitive Cut Counting (MSCC), which is a

next-generation sequencing approach [Ball et al., 2009]. For MSCC,

genomic DNA is cleaved using HpaII (or another restriction enzyme

that cleaves only unmethylated recognition sites), and an adaptor

containing MmeI (or another type-II restriction enzyme, which

cleaves several base-pairs away from its recognition sequence) is

ligated. The DNA is digested with MmeI and the fragments are

ligated, to a second adaptor to allow amplification of sequences

adjacent to unmethylated HpaII recognition sequences. The

amplified sequences are subjected to next-generation sequencing,

revealing the methylation status of all HpaII recognition sites in the

genome [Ball et al., 2009]. MSCC provides single-nucleotide

resolution, but is limited to interrogating the methylation status
JOURNAL OF CELLULAR BIOCHEMISTRY



of sequences recognized by HpaII (or another methylation-sensitive

restriction enzyme).

BISULFITE CONVERSION

Bisulfite conversion is currently one of the most widely used

techniques for DNA methylation analysis. First described by

Frommer et al. [1992], this technique involves the treatment of

DNA with sodium bisulfite, which deaminates unmethylated

cytosines (C), converting them into uracils (U). Methylated cytosines

are not changed by bisulfite treatment. By comparing the sequences

of unconverted and converted DNA, it is possible to identify

unmethylated sites (where C’s in the unconverted DNA are read as

T’s (thymine) in the converted DNA) and methylated sites (which are

read as C’s in both the unconverted and converted DNA). This

technique depends on highly efficient bisulfite conversion (current

methods result in unmethylated C to U conversion levels of greater

than 99%), and can provide single-nucleotide resolution data.

Methylation-specific PCR (MSP). In methylation-specific PCR

(MSP), the bisulfite-converted DNA is subjected to quantitative PCR

with primers specific for methylated versus unmethylated DNA

[Herman et al., 1996]. This can give an accurate measurement of the

ratio of unmethylated C’s to methylated C’s. This method can

provide single-nucleotide resolution, but is restricted to selected

areas of the genome. It can be very useful for interrogating specific

sequences of interest.

MethyLight. MethyLight is a fluorescence-based, quantitative

real-time PCR (qRT-PCR) method developed by Eads et al. [2000].

Bisulfite-converted DNA is used as the template for qRT-PCR

reactions using TaqMan (LifeTech, Inc.) primer-probes designed

against the methylated and unmethylated versions of the target

sequence. The high sensitivity of this method enables the detection

of a very low abundance of hypermethylated alleles.

Microarray-based methods. DNA microarrays use several

methods for detecting the methylation status of sequences

represented on the array, with specificity provided by either

hybridization or enzymatic specificity. Whole-genome coverage in

this method is possible, but limited to the probes on the microarray.

An example of a hybridization-based method is the Methylation-

Specific Oligonucleotide Microarray (MSO) developed by Gitan et al.

[2002]. In this method, bisulfite-modified DNA is amplified by PCR

and hybridized to the array. For each interrogated sequence, the

array contains separate probes specific for the unmethylated and

methylated version of the sequence. The relative intensity of the

signals for the two probes indicates the methylation status of the

sequence. Since hybridization does not reliably distinguish between

sequences that differ by a single base-pair, this method does not

offer single base-pair resolution.

A microarray platform that depends on the specificity of DNA

polymerase to detect methylation status is the Illumina Human-

Methylation27 BeadChip (Illumina, Inc.). In this method, for each

CpG site interrogated, separate probes for the methylated and the

unmethylated versions of the CpG site are present on the microarray.

Bisulfite-converted genomic DNA is hybridized to the microarray,

and primer extension with fluorescently labeled nucleotides is

performed. Since the 30 ends of the probes are positioned at the

interrogated CpG sites, primer extension and labeling of methylated
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template sequences only occur when the templates are annealed to

methylated probes (and vice versa for unmethylated sequences). This

method provides single base-pair resolution, but as in all

microarray-based methods, the content is limited to the probes

present on the array.

Bisulfite sequencing. Bisulfite sequencing is the application of

any sequencing method to bisulfite-converted DNA. Bisulfite

sequencing has long been used to obtain single base-pair resolution

DNA methylation data for targeted areas of the genome using

conventional sequencing methods, but it was not until the

development of next-generation sequencing technology that

bisulfite sequencing of large regions of the genome could feasibly

be performed.

Even with next-generation sequencing methods, strategies such

as reduced representation bisulfite sequencing (RRBS) were initially

used [Meissner et al., 2005]. In RRBS, genomic DNA is digested with

a restriction enzyme (e.g., Bgl II) and size selected. This separates the

genome into discrete bins based on the size of the fragments. DNA

from selected bins (e.g., 500–600 bp) is bisulfite-converted and

sequenced. This strategy decreases the number of total sequencing

reads required to obtain sufficient sequencing depth to obtain

quantitative assessments of methylation status for the covered

sequences. In addition, since mapping of bisulfite-converted

sequences to a reference genome is difficult, RRBS decreases the

effective size of the reference genome because of the decreased

complexity of the sequences. In our example, only sequences from

the reference genome present in 500–600 bp Bgl II fragments would

need to be considered.

Another method for performing large-scale targeted bisulfite

sequencing has recently been described in two publications [Ball

et al., 2009; Deng et al., 2009]. This strategy applies the use of

padlock probes to amplify 10,000–30,000 selected short regions of

the genome for sequencing. Although this approach is sequencing-

based, a specific padlock probe must be designed for each short

target region. Therefore, it has many of the drawbacks of microarray

methods, including low overall coverage and difficulty in covering

certain sequences due to probe design considerations.

Whole-genome bisulfite sequencing has recently become feasible

because of improvements in next-generation sequencing technol-

ogy and bioinformatic methods. A complete single-base pair

resolution map of methylation of a plant genome has been reported

[Lister et al., 2008], and projects to complete ‘‘methylome’’ maps of

mammalian cells are underway.

DNA METHYLATION IN ES CELLS

In this section, we will review the evidence for the functionality of

DNA methylation in ESCs, the existing DNA methylation data from

ESCs, and the emerging data on how DNA methylation in ESCs

impacts gene expression and the other epigenetic factors.

FUNCTIONALITY OF DNA METHYLATION IN ES CELLS

There are two types of DNA methyltransferases. Dnmt1 is a

‘‘maintenance’’ DNA methyltransferase, and is responsible for

methylating cytosines at hemimethylated CpG sites. Dnmt3a and

Dnmt3b are ‘‘de novo’’ DNA methyltransferases, and methylate
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completely unmethylated loci. During early embryonic develop-

ment, DNA methylation marks other than those at imprinted sites are

first erased; then Dnmt3a and Dnmt3b are expressed at high levels

and are thought to establish the normal embryonic methylation

pattern [Kaneda et al., 2004; Ueda et al., 2006].

It has been shown that embryonic lethality results if the normal

DNA methylation patterns are disrupted by absence of Dnmt1 [Li

et al., 1993]. Experiments in conditional mutants have shown that

offspring of female animals that lack Dnmt3a specifically in germ

cells, die in utero and have disrupted DNA methylation and allele-

specific expression at multiple maternally imprinted loci [Kaneda

et al., 2004]. Dnmt3a conditional mutant males were shown

to have impaired spermatogenesis. When spermatogonia were

examined, they were demethylated at two of the three paternally

imprinted loci examined. Interestingly, both female and male

Dnmt3b conditional mutants and their offspring appeared to have

no phenotype. In contrast, another study found embryonic lethality

in Dnmt3b(�/�) mice between embryonic day 14.5 and 16.5 [Ueda

et al., 2006].

Li et al. [2007] showed that Dnmt3a and Dnmt3b proteins were

physically associated in mouse ESCs (mESCs), and appeared to act

synergistically to methylate the Oct4 and Nanog promoters during

ESC differentiation. It appears that DNA methylation is critical

for differentiation but not essential for maintenance of the

undifferentiated state, as it has been observed that triple knockout

(Dnmt1(�/�)/Dnmt3a(�/�)/Dnmt3b(�/�)) mESCs proliferated

normally and continued to express known pluripotence-associated

markers, such as Oct4 and Nanog [Tsumura et al., 2006]. These cells

only showed evidence of impaired proliferation when they were

induced to differentiate.

These results indicate that both de novo and maintenance DNA

methylation are critical for early development, but are required for

differentiation rather than for maintenance of the undifferentiated

state. Moreover, the two de novo DNA methyltransferases appear to

have synergistic and partially redundant roles.

DNA METHYLATION PROFILING OF ES CELLS

Human embryonic stem cells (hESCs) were shown to possess a

unique DNA methylation signature when compared to differentiated

cells and cancer cells [Bibikova et al., 2006; Fouse et al., 2008;

Meissner et al., 2008; Ball et al., 2009; Deng et al., 2009],

which supports the concept that a specific DNA methylation pattern

may contribute to the pluripotent state. In particular, the

pluripotency-associated genes Oct4 and Nanog are largely

unmethylated in ESCs and induced pluripotent stem cells (iPSCs),

and methylated in differentiated cells [Mitsui et al., 2003; Okita

et al., 2007]

Using a microarray approach, Bibikova et al. [2006] compared the

DNA methylation status of 1536 CpG sites in hESCs, differentiated

cells, and cancer cell lines, and identified differential methylation of

23 genes; this methylation profile could be used to accurately

distinguish hESCs from differentiated cells. Meissner et al. [2008]

used RRBS to assess the methylation status of the majority of CpG

islands, in mESCs, mESC-derived neural progenitor cells, and eight

tissue samples. They found better association of DNA methylation

status with histone modifications than with DNA sequence, and
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observed hypermethylation of a set of developmentally regulated

genes over long-term culture, which they suggested was similar to

patterns of hypermethylation seen in tumors.

Fouse et al. [2008] used MeDIP-chip to map the methylation

status of 11,201 proximal promoters in mESCs and found that the

majority of unmethylated genes corresponded to general cellular

functions, while the set of methylated genes was enriched for

differentiation-associated genes. In addition, they found that

promoters with low CpG content were more likely to be methylated

than those with high CpG content. When the DNA methylation data

were examined in conjunction with data on histone modifications

H3K4me3 (which is generally considered to be an activating mark)

and H3K27me3 (a repressive mark), it was found that genes

associated with H3K4me3 alone had the lowest levels of promoter

methylation (40%), 47% of the genes with the H3K4/H3K27

‘‘bivalent’’ mark were methylated, 70% of the genes with H3K27

alone were methylated, and 87% of the genes carrying neither

histone mark were methylated. Moreover, gene expression data

showed that 80% of the genes carrying neither histone mark were

not expressed. These results suggested that for promoters occupied

by histones methylated at H3K4 and/or H3K27, occupancy of

promoter sequences by an activating histone mark (i.e., H3K4)

is anticorrelated with DNA methylation, while occupancy by a

repressive histone mark (i.e., H3K27) is correlated with DNA

methylation. Promoters that lacked both histone marks were highly

methylated, and DNA methylation status was a good predictor of

gene expression.

Irizarry et al. [2009] studied the methylation status of colon

cancer cells and tissue samples using a comprehensive high-

throughput array-based relative methylation (CHARM) [Irizarry

et al., 2008]. Although this study did not analyze pluripotent

stem cells, the results highlight the fact that differential methylation

of regions distant from promoter-associated CpG islands is an

important factor to consider. The authors identified over

16,000 regions of tissue-specific differentially methylation regions

(T-DMRs). Most T-DMRs and regions that were differentially

methylated between normal and tumor tissue were not found in

promoter-associated CpG islands, but rather in regions up to 2 kb

away, in areas they called ‘‘CpG island shores.’’ They also found that

the methylation state of these CpG island shores correlated strongly

with gene expression.

Deng et al. [2009] used padlock probes and next-generation

sequencing to compare DNA methylation at 66,000 CpG sites,

mostly on chromosomes 12 and 20, in hESCs, iPSCs, and fibroblasts.

On a global level, they found that the overall DNA methylation

patterns of all three cell types were quite similar, but noted that the

pluripotent cells had slightly higher overall methylation levels

than the fibroblast cells. They also identified 288 regions that

were differentially methylated between fibroblasts and pluripotent

cells.

Ball et al. [2009] observed a pattern of low promoter methyla-

tion and high gene body methylation in highly expressed

genes throughout the human genome in iPSCs, fibroblasts,

and B-lymphocytes. The authors confirmed this observation using

two independent techniques: the padlock probe approach and

MSCC.
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CONCLUSION

Pluripotent stem cells (ESCs and iPSCs) are of great interest for basic

research and clinical applications because they are uniquely capable

of self-renewal and differentiation into a large number of cell types.

These cells make it possible for the first time to analyze the

epigenetic control of pluripotence and differentiation. Under-

standing the epigenetic regulation of stem cells will help shed light

on the molecular basis of normal development, and help in

understanding the abnormal processes that underlie human

developmental disorders and cancers. In this review, we have

focused on the current methods used for DNA methylation analysis,

and the key studies focused on studying DNA methylation in

pluripotent stem cells. In the last several years, rapid improvements

in high-throughput molecular analysis methods have produced

large datasets from analysis of the pluripotent stem cell molecular

phenotype, including not only DNA methylation, but also gene

expression, microRNA, and chromatin modification. This torrent of

information will increase as sequencing-based methods become

more reliable and affordable, and the next challenge will be to

integrate and interpret the data, to unlock the biological significance

of the observed epigenetic changes that occur when pluripotent stem

cells undergo differentiation.
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