DNA methylation in cell differentiation and

reprogramming: an emerging systematic view

Embryonic stem cells have the unique ability to indefinitely self-renew and differentiate into any cell type
found in the adult body. Differentiated cells can, in turn, be reprogrammed to embryonic stem-like
induced pluripotent stem cells, providing exciting opportunities for achieving patient-specific stem cell
therapy while circumventing immunological obstacles and ethical controversies. Since both differentiation
and reprogramming are governed by major changes in the epigenome, current directions in the field aim
to uncover the epigenetic signals that give pluripotent cells their unique properties. DNA methylation is
one of the major epigenetic factors that regulates gene expression in mammals and is essential for
establishing cellular identity. Recent analyses of pluripotent and somatic cell methylomes have provided
important insights into the extensive role of DNA methylation during cell-fate commitment and
reprogramming. In this article, the recent progress of differentiation and reprogramming research
illuminated by high-throughput studies is discussed in the context of DNA methylation.
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Epigenetic modifications stably influence gene
expression without changing the underlying
DNA sequence [1]. Epigenetic mechanisms
include: DNA methylation; histone tail modi-
fications; chromatin remodeling; and noncod-
ing RNA expression. Of the known epigenetic
processes, DNA methylation has been exten-
sively studied across phyla. In mammals, DNA
methylation involves the covalent atctachment of
a methyl group to the 5" carbon position of cyto-
sine, conferring an additional capacity for sig-
naling and regulatory function [2). DNA meth-
ylation plays critical roles in many biological
processes, including gene silencing, genomic
imprinting and X chromosome inactivation.
In addition, DNA methylation contributes to
genomic stability by suppressing transposable
and repetitive elements [3].

A family of DNA methyltransferases, includ-
ing Dnmtl, -3a and -3b, catalyzes DNA methy-
lation and plays key roles in establishing and
maintaining methylation patterns across the
genome. Dnmt3a and -3b are considered to be
primarily associated with de novo methylation
and establishing methylation patterns [4]. Dnmtl
is suggested to maintain methylation patterns by
binding hemimethylated DNA during replica-
tion and copying the established methylation
patterns onto newly synthesized daughter
strands [5-7]. Although these three DNA methyl-
transferases appear to be functionally distinct,
loss-of-function studies suggest that these three
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enzymes have some overlapping functions [8-11].
In addition, mutant mice lacking any of these
enzymes exhibit global hypomethylation and die
at mid-gestation or immediately after birth, indi-
cating an essential role for methylation during
development [4,5].

Cell differentiation is a process characterized
by the progressive loss of developmental poten-
tial and gain in functional specialization. During
this process, changes in gene expression are
accompanied or caused by epigenetic program-
ming. DNA methylation plays an important role
in epigenetic programming by silencing devel-
opmental genes and activating tissue-specific
genes, thus establishing a cellular memory that
defines both cell lineage and cell type. By con-
trast, epigenetic programming can be reversed in
a process called reprogramming (12]. Epigenetic
marks are reset during this process, usually
resulting in the gain of developmental potential.
Recently, several groups have demonstrated that
fully differentiated somatic cells can be repro-
grammed into induced pluripotent stem (iPS)
cells by forced expression of key transcription
factors [13-15]. These iPS cells appear to closely
resemble embryonic stem cells (ESCs) in both
the transcriptome and epigenome; however, the
exact epigenetic features that define and facilitate
pluripotency remain elusive.

Recent advances in high-throughput techno-
logy have provided powerful tools to analyze
global epigenetic features of pluripotent cells and
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differentiated tissues in both human and mouse
paradigms. In this article, the recent progress of
stem cell differentiation and somatic cell repro-
gramming in the context of epigenetic dynamics
will be discussed, focusing on the recent insights
into how DNA methylation underlies differen-
tiation and reprogramming events between the
pluripotent and differentiated state.

The landscape of genome-wide
DNA methylation

CpG islands
CpG islands are short regions (~1-2 kb) of
DNA within the genome that are high in CG
dinucleotide density, generally found in the 5’
regulatory regions of genes, and often unmethy-
lated to enable constitutive expression [16]. A
CpG island was first defined as a 200 bp mov-
ing window with CG content greater than 50%
and a observed/expected CpG dinucleotide fre-
quency of greater than 0.6 [17]. Later classifica-
tions defined a CpG island as a 500 bp moving
window with greater than 55% CG content and
a greater than 0.65 observed/expected CpG fre-
quency (18]. This latter definition is more closely
associated with CpG islands within promoters
of genes and excludes most Alu repeat regions.
These observations demonstrate a clear asym-
metrical distribution of CG dinucleotides
across the genome, suggesting DNA methyla-
tion is targeted for specific regions throughout
the genome.

Methylation status at

gene promoters

DNA methylation patterns at gene promoters
reveal a correlation between promoter methyla-
tion status, gene activity and promoter CpG
density. Using genome-wide approaches, sev-
eral groups present consistent observations
that low CpG content promoters (LCPs) are
often methylated, whereas high CpG content
promoters (HCPs) are frequently unmethyl-
ated; intermediate CpG content promoters
(ICPs) can be either unmethylated or meth-
ylated [19-21]. Using RNA Pol-II occupancy as
a metric for gene activity, LCPs were deter-
mined to be transcriptionally active regardless
of methylation status, whereas HCPs appear
to be generally inactive when methylated.
ICPs appear to have an inverse correlation
with methylation level and promoter activity
(22]. Consistently, targeted bisulfite sequencing
and microarray-based analysis of gene expres-
sion shows that regardless of expression, LCPs
tend to be highly methylated and HCPs tend
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to have low methylation. On the other hand,
ICP methylation is inversely correlated with
gene expression [23]. Gene ontology analysis
reveals that LCPs are associated with tissue-
specific genes, and HCPs are associated with
both ubiquitous housekeeping genes and
tightly regulated developmental genes [21.24].
Although these studies have identified a correla-
tion between methylation level, gene expression
and promoter CpG density, other studies have
suggested that the correlation between meth-
ylation level and gene activity is stronger with
histone methylation patterns [19,21,25]. Overall,
these results suggests promoter CpG density
has some capacity to control the level of DNA
methylation and modulate gene expression.

Methylation status of gene bodies
Apart from gene promoters, DNA methylation
is also found in gene bodies, the transcribed
region of genes. Gene body methylation has
been identified in plants and invertebrates,
and is often associated with active genes [26].
Likewise in mammals, gene body methylation
has also been linked with transcriptional activ-
ity, particularly on the active X chromosome [27].
Targeted bisulfite sequencing and methylation-
sensitive cut counting profiling consistently
demonstrate a strong correlation between gene
body methylation level and gene expression;
weakly expressed genes show considerably less
gene body methylation, while highly expressed
genes show threefold more gene body methyla-
tion [23,28). Furthermore, genome-wide bisulfite
sequencing coupled with RNA-Seq found that
the gene bodies enriched in non-CpG methyla-
tion positively correlates with gene expression

in ESCs [29].

Selective sites are unmethylated
Although DNA methylation is observed in many
different genomic contexts, some regions are
preferentially undermethylated. Whole genome
bisulfite sequencing reveals a dramatic deple-
tion of methylated cytosines near the transcrip-
tion start site (T'SS) in comparison to adjacent
promoters and gene bodies [29.30]. Consistently,
methylated DNA immunoprecipitation on
genome tiling array chip (MeDIP-chip) exper-
iments show that unmethylated CpG islands
are typically positioned within a few hundred
base pairs from a known TSS, whereas meth-
ylated CpG islands are distributed over more
distal positions. Bioinformatic analyses of
these undermethylated regions identified sev-
eral conserved cis-elements that may actively
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protect these islands from de novo methylation,
including Sp1 and Statl (31]. Indeed, Sp1 along
with FoxD3 and E-box proteins have been
reported for establishing unmethylated marks
in select tissue-specific enhancers in ESCs [32].
Interestingly, chromatin immunoprecipitation
on histone-3-lysine-4-methyl shows enrichment
in unmethylated islands (92%), suggesting CpG
undermethylation may be directed by histone
cues [31]. These data support previous findings
that Dnmt3l (an enzymatically inactive mem-
ber of the DNA methyltransferase family and
regulator of Dnmt3a and -3b activity) interac-
tion with histone H3 is strongly inhibited by
mono-, di-, or tri-methylation at H3K4, thereby
abrogating recruitment of de novo methyltrans-
ferase to histones. This indicates that de novo
methylation is inhibited as a consequence of
histone modifications [33]. Furthermore, ChIP-
Seq experiments on DNA-binding proteins
reveal a marked decrease in methylation den-
sity at the site of interaction [29]. Intriguingly,
enrichment of enhancer-binding proteins are
inversely correlated to the methylation status
of tissue-specific enhancer regions, suggesting
DNA methylation can regulate tissue-specific
genes by sterically hindering protein—-DNA
interactions. Peculiarly, whereas DNA meth-
ylation in promoters and enhancers appears to
repress transcription, cytosine methylation on
the template strand of gene bodies does not
seem to disrupt RNA polymerase activity and
is frequently associated with increased tran-
scriptional activity [29]. This puzzling dichoto-
mous role of DNA methylation remains to be
fully understood.

DNA methylation in the

early embryo

Over the course of mammalian development,
the genome undergoes many major DNA methy-
lation remodeling events. Immediately after fer-
tilization and prior to the first cell division, the
paternal genome undergoes a massive wave of
demethylation. In fact, genome-wide paternal
demethylation is one of the strongest support-
ing evidence for active demethylation in mam-
mals [34-37]. However, how this wave of zygotic
demethylation occurs is largely unknown. A
recent study demonstrates an important role for
Elp3, an elongator complex factor, in mediating
active paternal demethylation (38]. The maternal
genome also undergoes genome-wide depletion
of methylation. However, loss of methylation
occurs passively over the next several cell divi-
sions, partially due to Dnmtl exclusion in the

future science group

cytoplasm by an unknown mechanism [39.40]. By
the eight cell stage of development, both paren-
tal and maternal genomes have comparably low
levels of DNA methylation [40.41]. DNA methy-
lation patterns are then progressively re-estab-
lished, marking gradual commitment towards
lineage-specific differentiation [42].

DNA methylation in early

cell-fate decisions

The earliest cell-fate decision is established by
DNA methylation during the blastocyst stage,
when the trophectoderm (TE) delineates from
the inner cell mass (ICM). The TE, along with
the primitive endoderm, becomes fixed in its
developmental potential toward placental tis-
sue, whereas the ICM is committed to form the
embryo proper [42]. A 5-methylcytosine stain-
ing reveals that the TE has drastically reduced
global methylation levels compared with the
ICM [37). Intriguingly, loss of methylation in
ESCs confers an ability to take on trophoblast
lineage and form TE in chimeras, suggesting a
loss of lineage restriction within the ICM [43].
This lineage restriction appears to be con-
trolled by the transcription factor Elf5, which
is hypomethylated and highly expressed in the
trophoblast lineage, but hypermethylated and
silenced in the embryonic lineage. Loss of EIf5
results in defective extra-embryonic ectoderm
development and failure to derive self-renewing
trophoblast stem cells in vitro, suggesting EIf5
contributes to the trophoblast lineage iden-
tity (44]. Interestingly, EIf5 methylation timing
corresponds to increased Dnmt3a expression
during the critical time period when de novo
methylation establishes methylation patterns for
downstream development [45]. Together, these
results indicate that DNA methylation plays an
essential role during the first few cell divisions
and early cell-fate commitment by temporally
regulating key genes.

DNA methylation in ESCs

Embryonic stem cells are a special population
of pluripotent cells derived from the ICM of a
blastocyst during mammalian development [46).
ESCs retain the ability to indefinitely self-renew
and differentiate into all cell types found in the
adult body. For these reasons, human ESCs
have received considerable attention for their
therapeutic potential in regenerative medicine.
Emerging data from genome-wide studies have
identified critical features that address both ESC
maintenance and differentiation. The advent of
microarray and high-throughput sequencing
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technology has greatly assisted the scrutiny of
global methylation patterns in both ESCs and
somatic cells, allowing the identification of
broad and novel patterns of DNA methylation.

DNA methylation is essential for
pluripotency but not self-renewal
Embryonic stem cells deficient in Dnmtl and/or
Dnmt3a/3b maintain the ability to self-renew
and survive in extended culture; however, these
ESCs show a loss of pluripotency and severe
impairment of differentiation potential [47-49].
A similar phenomenon is observed in ESCs
lacking CpG-binding proteins s0]. These results
suggest that DNA methylation establishes
the epigenetic environment, which facilitates
the transcriptional network necessary for cell
differentiation, but not self-renewal.

Embryonic stem cells may maintain pluri-
potency by protecting pluripotent genes from
being silenced via de novo DNA methylation.
For example, the promoter of Oct4, a criti-
cal transcription factor involved in pluripo-
tency, is hypomethylated in ESCs but becomes
hypermethylated in somatic cells. In addition,
genome-wide CpG island analysis in human
ESCs reveals various other pluripotency genes
that are unmethylated in ESCs but become
methylated in somatic cells [31,51]. The search
for cis-elements involved in protecting de novo
promoter methylation identified six significant
motifs across all unmethylated CpG islands;
two of these motifs are known consensus bind-
ing sequences for transcription factors Spl and
Statl [31]. Spl elements have previously been
reported to protect CpG islands from de novo
methylation (s2]. In particular, the Spl site in
the Oct4 promoter has been shown to direct
local demethylation in ESCs [53]. Thus, ESCs
can maintain pluripotency by protecting genes
involved in stemness from undergoing de novo
methylation silencing. The regulatory elements
involved in protecting these promoters have yet
to be fully elucidated and experimentally con-
firmed. Overall, loss of DNA methylation and
hypomethylation of pluripotency genes provide
supporting evidence for the critical role of DNA
methylation in maintaining pluripotency.

CpG methylation contributes to the
silencing of differentiation genes
in ESCs
In addition to the requirement for pluripotent
gene promoters to be hypomethylated to enable
expression, hypermethylation of differentia-
tion genes is also required for suppressing the
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expression of tissue-specific genes. Genomic
analysis provides supporting evidence for the
CpG methylation of gene promoters to selec-
tively silence differentiation genes. Gene expres-
sion profiles in wild-type and Dnmtl1/3a/3b
triple knockout (TKO) mouse ESCs identi-
fied 337 upregulated and 113 downregulated
genes in TKO cells compared with wild-type
cells [211. Gene ontology of the upregulated
genes in TKO cells shows over-representation
of tissue-specific genes, in particular genes asso-
ciated with the germ lineage. In addition, many
of the upregulated genes (>threefold more than
expected) mapped to the X-chromosome. These
results demonstrate that DNA methylation is
involved in repressing differentiation genes in
ESCs, and global DNA demethylation is mostly
linked with the upregulation of tissue-specific
genes. Comparison between ESC and fibroblast
promoter methylation reveals very few hyper-
methylated genes that were associated with
gene activation [s1]. Together, CpG methyla-
tion within the promoters contributes to gene
silencing, whereas hypomethylation enables
constitutive expression.

ESCs are enriched in
non-CpG methylation
Non-CpG methylation has been extensively
studied in plants and invertebrates, but has
rarely been studied in mammalian systems.
Until recently, DNA methylation was believed
to occur predominantly at CpG dinucleotides
and non-CpG methylation has been mostly
overlooked. An early study examining non-
CpG methylation reports that non-CpG methy-
lation is prevalent only in mouse ESCs, but not
somatic cells, estimating 15-20% of methyl-
ated cytosines to be at non-CpG sites, with
CpA as the major non-CpG motif [54]. Several
studies have implicated Dnmt3a in catalyzing
non-CpG methylation [54-58]. In addition, a
recent study demonstrated that Dnmt3b can
catalyze non-CpG methylation in human skel-
etal muscle [59]. In mouse ESCs, knockout of
both Dnmt3a and -3b, but not Dnmtla, show
a drastic loss of de novo non-CpG methylation
on Maloney murine leukemia virus proviral
DNA [s¢]. Although both Dnmt3a and -3b
appear to contribute to non-CpG methylation
in mouse ESCs, it is still unclear which enzyme
is the major contributing one and whether these
enzymes have an overlapping function.

A recent major study using Methyl-Seq
technology reports significant non-CpG methy-
lation in human ESCs, estimating nearly 25%

future science group



DNA methylation in cell differentiation & reprogramming

of total cytosine methylation to be non-CpG
sites, with CHG and CHH as the major motifs
(where H = A, C, or T) [29]. By contrast, fibro-
blast cells show only 0.02% non-CpG methyla-
tion. Interestingly, reprogrammed fibroblast cells
regain non-CpG methylation patterns, but at
abnormal levels, indicating non-CpG methyla-
tion may be a general feature exclusive to pluri-
potent cells. The majority of non-CpG methyla-
tion in ESCs have enriched regions within the
gene body and show positive correlation with
gene activity. Genomic regions enriched in
non-CpG methylation are associated with genes
involved in RNA processing, RNA splicing and
RNA metabolic processes. Interestingly, enrich-
ment of non-CpG methylation in gene bodies
correlates with significantly more intronic RNA.
Furthermore, non-CpG methylation appears to
be biased for the antisense strand of gene bod-
ies, which serves as the template strand for RNA
polymerization [29]. A more recent methylome
study confirms earlier findings [30]. In particular,
the authors note that the major non-CpG motif
is CpA, with no significant nucleotide bias on
the +2 position of the methylated cytosine 30].
Interestingly, some non-CpG marks in ESCs
are conserved in fibroblasts, suggesting non-
CpG methylation patterns are nonrandom [30].
Overall, these results indicate that non-CpG
methylation may be a general feature pervasive
in pluripotent cells occuring in a nonstochas-
tic process. However, the functional role of
non-CpG methylation is still unclear.

DNA methylation

during differentiation

Global DNA methylation levels remain largely
unchanged between ESCs and somatic cells,
suggesting differentiation is dictated by the
redistribution of methylation patterns across the
genome [19.20,60]. DNA methylation is important
for temporal control of differentiation and loss
of methylation usually results in premature dif-
ferentiation [61-65]. In addition, DNA methyla-
tion appears to control only a subset of critical
tissue-specific genes that define cell lineage and
cell type (Ficure 1a). Recent studies using high-
throughput technologies provide high-resolution
details on global DNA methylation changes
during differentiation.

DNA methylation in multipotent
stem cells
Multipotent stem cells provide a unique
intermediate between pluripotent ESCs and
unipotent differentiated cells. Mesenchymal
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stem cells (MSCs) are a population of adult
stem cells derived from the bone marrow and
restricted to forming preferentially mesodermal
cell types [66]. Adipose tissue-derived stem cells
(ADSCs) are isolated from liposuction mate-
rial, which provide an abundant source of
MSCs [67.68]. A few studies show that select
adipogenic and nonadipogenic promoters in
MSCs, ADSCs and hESCs are hypomethylated
and hypermethylated, respectively, suggesting
DNA methylation controls adipogenic differ-
entiation by activating adipogenic-related genes
and silencing nonspecific lineage genes [69.70]. A
study using high-throughput analysis compared
human embryonic carcinoma stem cells (ECCs)
with multipotent MSCs and ADSCs. ECCs
closely resemble ESCs and have been proposed
to be suitable surrogates for ESC research (71].
Another study reports that 83 genes (~4% of
the total analyzed gene promoters) are dif-
ferentially methylated between ECCs and
all multipotent adult stem cells, 82 of which
were hypomethylated in the adult stem cells
and hypermethylated in the ECCs [72]. These
hypomethylated genes were highly expressed in
the adult stem cells and corresponded to genes
involved in differentiation. Together, these
results indicate that cell differentiation involves
select demethylation to enable the expression of
key differentiation genes.

Hematopoietic stem cells (HSCs) are a spe-
cial population of multipotent stem cells that
are derived from the bone marrow and give
rise to all blood types. DNA methylation plays
important roles in hematopoietic self-renewal
and differentiation. Hematopoietic lineage-
directing genes have hypomethylated promot-
ers and are actively transcribed, indicating
that activation of specific lineage-commitment
genes is coupled with selective DNA demeth-
ylation (73,74]. Interestingly, HSCs deficient in
both Dnmt3a and -3b show a loss of prolifera-
tive ability but retain differentiation potential,
suggesting de novo methylation is important
for self-renewal in HSCs [75]. Recent studies of
HSCs deficient in Dnmtl also show a loss of self-
renewal ability; however, developmental poten-
tial was also affected [61.62]. In one study, lym-
phopoiesis was severely compromised, but not
myelopoiesis or erythropoiesis [61]. Expression
analysis has demonstrated the downregulation
of genes involved in stemness and lymphopoi-
esis, and premature upregulation of myeloid
and erythroid regulators, indicating the meth-
ylation environment was permissive to myelo-
erythroid, but not lymphoid, differentiation.
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Figure 1. Dynamic regulation of DNA methylation during in vitro
differentiation of embryonic stem cells or derivations of induced
pluripotent stem cells. (A) A subset of lineage-specific genes undergoes dynamic
methylation. (B) Pluripotency genes undergo dramatic changes in DNA methylation
during differentiation and reprogramming.

ESC: Embryonic stem cell; iPS: Induced pluripotent stem.

536

Surprisingly, a separate expression analysis of
Dnmtl-deficient HSCs reveals a upregulation
of self-renewal genes, suggesting a novel regula-
tory mechanism may be involved in controlling
proliferation in HSC:s [62]. In addition, the study
revealed that a loss of Dnmtl enhances myeloid
differentiation, which is associated with preco-
cious upregulation of genes found in further
differentiated states. Consistent with the role
of DNA methylation during differentiation,
Dnmtl maintains stemness in myeloid progen-
itors by silencing downstream differentiation
genes. Collectively, these results demonstrate
that proper DNA methylation patterning is crit-
ical for both self-renewal and lineage commit-
ment in HSCs. However, a critical missing piece
of information is the global methylation map to
examine the relationship between methylation
patterns and genes involved in self-renewal and
differentiation.

Multipotent neural progenitor cells (NPCs) can
give rise to neurons, astrocytes and oligodendro-
cytes (76]. Although methylation levels between
ES-differentiated NPCs and ESCs are highly
similar, there are clear differences. Global pro-
moter analysis identified 343 hypermethylated
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and 22 hypomethylated promoters in NPCs
compared with ESCs [20]. Close inspection of the
hypomethylated promoters reveal genes activated
during brain-specific differentiation, consistent
with selective demethylation of tissue-specific
genes. Comparisons between ESCs, NPCs and
terminally differentiated neurons demonstrate
that the majority of de novo methylated genes
are already present in NPCs, suggesting that the
bulk of DNA methylation changes during dif-
ferentiation is associated with a loss of pluripo-
tency and a commitment to a multipotent state,
rather than terminal differentiation [20]. Reduced
representation bisulfite sequencing reveal similar
observations; approximately 8% of unmethyl-
ated CpG sites in ESCs become methylated in
NPCs, whereas only approximately 2% of meth-
ylated CpGs in ESCs become umethylated in
NPCs 19].

Although the general trend appears to be a
gain of DNA methylation during differentiation,
a study has found abnormal hypermethylation
of CpG islands in ES-derived NPCs compared
with primary NPCs [77]. This indicates that
in vitro differentiation involves artificial CpG
island hypermethylation. Interestingly, when
NPCs further differentiate into astroglial lin-
eage, selective promoter demethylation occurs in
glial marker genes, including GFAP and S1003
(63.64). Loss of methylation using 5-aza-cytidine
(AZA) also triggers premature glial differentia-
tion [63]. Consistently, Dnmtl-deficient NPCs
precociously differentiate into astroglial cells,
which have been linked to increased JAK-STAT
signaling and demethylation of the STAT1 and
GFAP promoters [64]. Thus, NPC differentia-
tion involves the controlled demethylation of
select genes.

More recently, a study in epidermal progeni-
tors further supports the role of DNA methyla-
tion in maintaining self-renewal and regulating
proper differentiation [¢5]. Using a xenograft
model of control and DNMT1-knockdown
human keratinocytes, the authors demonstrate
how the loss of Dnmtl leads to cell-intrinsic
failure of tissue self-renewal and premature dif-
ferentiation. Global gene expression profiles of
Dnmtl-deficient cells reveals upregulation of
cell-cycle inhibitors and differentiation genes.
MeDIP-chip experiments reveal an overabun-
dance of methylated differentiation promot-
ers, indicating that methylation controls the
expression of differentiation genes. Moreover,
this study demonstrates growth arrestand DNA
damage-inducible proteins, Gadd45a/b, can pro-
mote differentiation by actively demethylating
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promoters of differentiation genes [65]. These
results show that DNA methylation regulates
differentiation by restricting expression and
selectively demethylating nonlineage and lin-
eage-specific genes, respectively. Overall, DNA
methylation is dynamically regulated upon cell
differentiation and facilitates proper temporal
expression of differentiation genes.

DNA methylation in germ cells

& tissue-specific cells

During the course of germ cell development,
the germ line undergoes massive epigenetic
remodeling, including genome-wide erasure of
DNA methylation marks. This process has been
proposed to be necessary to confer primordial
germ cells (PGCs) with the ability to eventu-
ally generate a totipotent state when the gam-
etes come together [78]. Although PGC repro-
gramming also involves extensive chromatin
modifications, DNA demethylation appears to
precede chromatin remodeling [79]. Consistent
with conventional knowledge, genome-wide
bisulfite sequencing in mouse sperm, ESCs and
PGCs reveal a dramatic loss of global methyla-
tion in PGCs, whereas sperm and ESCs share
similar global methylation levels [so]. The
same study also examined the role of AID, a
deaminase implicated in demethylation, during
PGC reprogramming. Bisulfite sequencing on
AID-deficient PGCs reveals a marked increase
in global methylation levels in all genomic ele-
ments, suggesting that AID plays a significant
role in PGC reprogramming [80]. Embryonic
germ (EG) cells, derived from PGCs, are a
special type of unipotent cell and share many
characteristics with pluripotent stem cells [s1].
A study comparing ESCs, EG cells and sperm
cells reveals remarkably similar methylation
patterns [s1]. As expected, there is a strong
correlation between ESCs and EG cells, with
both sharing pluripotent features. Surprisingly,
sperm cells also share a high correlation with
ESCs and EG cells. Upon closer scrutiny, many
of the similarities are found within the promot-
ers; most promoters hypermethylated in ESCs
are also hypermethylated in sperm cells, but not
fibroblast cells. Overall, this suggests promoter
methylation patterns in sperm closely resem-
ble pluripotent ESCs and EG cells [s1]. Recent
genome-wide studies on sperm DNA reveal a
large number of new sperm-specific methyla-
tion patterns [31]. Methylation status prediction
of these spermatogenesis-related islands over-
lap with 96% of regions methylated in ESCs,
further supporting sperm cell resemblance to
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ESCs. Interestingly, over 1500 islands are spe-
cifically undermethylated in sperm, but not
other somatic tissues, suggesting tissue-specific
gene expression via selective demethylation [31.

Tissue-specific differentially methylated
regions (TDMRs) have been proposed as dis-
tinguishing profiles between cell types. Previous
studies have found considerable association
between tissue-specific promoter methylation
and gene expression [82-84]. A recent report
provides methylation profiles of DNA (mPod)
for human TDMRs in 16 different human tis-
sues [85]. This study approximates that 18% of
the genomic regions analyzed were classified
as TDMRs, suggesting tissue-specific DNA
methylation in promoter CpG islands is rela-
tively common. Interestingly, a motif search on
all promoter TDMRs identified Sp1 and Klf4 as
putative transcription factors involved in mod-
ulating methylation levels during differentia-
tion. Gene ontology analysis on these TDMRs
reveals enrichment for tissue-specific function
85]. Additional studies comparing different tis-
sue samples report that a large number of CpG
islands are fully methylated in all cell types but
unmethylated in a single tissue 31]. These results
echo the theme of de novo methylation and selec-
tive demethylation of promoter-TDMRs in a
tissue-specific manner.

Although promoter DNA methylation has
been a primary focus on identifying TDMRs,
increasing evidence suggests that many TDMRs
are found away from the proximal promoter,
including exons, introns and intergenic regions.
A study examining nonpromoter CpG islands
predicted only half to function similar to canon-
ical promoter CpG islands [s5]. Virtual restric-
tion landmark genomic scanning and Sequenom
MassARRAY also identified that the majority
of TDMRs were located in nonpromoter intra-
genic regions [86]. CpG island array studies also
report that TDMRs are located disproportion-
ately distant from the TSS (84]. Comprehensive
high-throughput array-based relative methyla-
tion (CHARM) analysis between iPS cells and
fibroblasts identified 4401 differentially methyl-
ated regions (DMRs), 70% of which were asso-
ciated with CpG island shores and more than
half of the DMRs were located 2kb outside of
the TSS, indicating that the majority of DMRs
are located in distal regions [87]. Interestingly,
gene ontology analysis of hypomethylated
DMRs shows significant overlap with known
binding sites for Oct4, Nanog and Sox2, but
not hypermethylated DMRs, suggesting spe-
cific promoter demethylation is tightly linked
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to pluripotency factor-binding accessibility [87].
Whole genome bisulfite sequencing compari-
sons between H1 ESCs and IMR90 fibroblast
cells identified 491 DMRs, defined by hyper-
methylation in fibroblasts compared with ESCs
(29]. DMRs hypomethylated in ESCs are associ-
ated with factors involved in ESC function. In
addition, a large proportion of the fibroblasts’
genome has lower levels of CpG methylation
than ESCs. These large contiguous regions (mean
length = 153 kb) map to partially methylated
domains, which comprise 38.4% of the auto-
some. Lower levels of methylation of partially
methylated domains in fibroblasts correspond to
downregulated genes and overlap with repressive
histone marks [29]. Overall, DNA methylation pat-
terns are drastically different between pluripotent
cells and differentiated cells. These results demon-
strate that DNA methylation helps define cellular
identity by globally altering the gene expression of
lineage-specific differentiation genes.

DNA methylation in

reprogrammed cells

Recent advances in reprogramming provide
new tools for evaluating the epigenetic changes
during dedifferentiation. Although reprogram-
ming entails massive epigenetic changes, much
of our understanding of the epigenetic changes
underlying the reprogramming process is lim-
ited. Our understanding of gradual epigenetic
changes during reprogramming is restricted to
the beginning and end states. Although partially
reprogrammed cells provide an opportunity to
evaluate epigenetic changes at an intermediate
state, the stability and definition of these cells
remain to be fully elucidated [12]. During the
course of reprogramming, de novo methylation
and selective promoter demethylation is required
for silencing transduced retroviral promoters
and activating endogenous pluripotent genes
(FiGure 1B) [88].

Selective demethylation
It is still unclear whether demethylation dur-
ing reprogramming occurs passively or actively.
During passive demethylation, reprogram-
ming factors may bind directly to promoter
or enhancer regions, to prevent Dnmtl from
binding hemimethylated DNA during repli-
cation. Alternatively, Dnmtl may be directly
inhibited or excluded from the nucleus during
replication. Since the full course of reprogram-
ming normally takes weeks, this suggests that
numerous cell divisions are required for repro-
gramming, providing evidence to support passive
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demethylation. Additional evidence comes
from increased reprogramming efficiency when
Dnmtl is inhibited using AZA [89,90]. In these
experiments, partially reprogrammed cells were
treated briefly (48 h) with AZA, which resulted
in an over 30-fold increase in reprogramming
efficiency [89]. siRNA knockdown of Dnmz1 also
improved reprogramming efficiency.

DNA demethylation may also occur through
active demethylation, where enzymes directly
remove the methyl-group from methylated cyto-
sines independent of DNA replication [91]. In
mammals, there are several putative enzymes that
appear to have demethylase activity, although
their activity remains controversial [92-95]. Both
Dnmt3a and -3b have been proposed to carry
deamination activity and are thought to be can-
didate players in active demethylation [96]. A
study demonstrated the requirement for AID-
dependent demethylation in reprogramming
heterokaryons [97]. AID-dependent demethyl-
ation involves deamination of 5-methylcytosine
to thymidine by AID, followed by G/T mismatch
repair by DNA glycosylases [94]. siRNA knock-
down of AID greatly reduced active demethyl-
ation at the Oct4 and Nanog promoter, concomi-
tant with reduced Oct4 and Nanog expression.
Ectopic expression of human AID in AID-
knockdown cells completely rescued demethyl-
ation at the Nanog promoter and partially rescued
demethylation at the Oct4 promoter, indicating
the specificity of AID to Oct4 and Nanog pro-
moters. Interestingly, AID can directly bind to
the methylated promoters of Oct4 and Nanog in
fibroblast cells but not the unmethylated promot-
ers in reprogrammed cells, suggesting additional
factors may be required for AID activity during
reprogramming [97). These results demonstrate
that AID is required for actively demethylating
promoters of pluripotency genes during repro-
gramming. Altogether, it is clear that selective
demethylation is required for reprogramming.

Do iPS cells fully recapitulate

embryonic cell state?

One major question in the reprogramming field
is whether fully reprogrammed somatic cells
truly mimic ESCs. A recent study comparing
human ESCs and iPS cells generated from dif-
ferent laboratories report a consistent genetic
signature that distinguishes ESCs and iPS cells,
arguing that reprogramming follows a nonsto-
chastic process but does not fully recapitulate the
ES state [98]. In the same report, late-passage iPS
cells appear to better resemble ESCs than early
iPS cells, indicating extended culture confers iPS
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cells with more ES-like features. Peculiatly, ESCs
that are held in prolonged culture accumulate
abnormal methylation patterns [77.99-102]. One
study comparing early- and late-passage ESCs
found significantly higher methylation levels in
the tumor suppressor gene, Rassf1, indicating
extended culture may induce genetic changes
(101]. Another study reported that methylation
changes are dissimilar between different human
ESC lines and that the degree of change was
proportional to the number of passages, suggest-
ing that the methylation changes are acquired
progressively and stochastically [99]. It seems
puzzling that extended culture of iPS cells more
resembles ESCs, whereas prolonged culture of
ESCs causes a drift away from the original ES
state. Intriguingly, extended culture of human
iPS cells has been reported to result in chromo-
somal abnormalities [103]. However, whether the
process of reprogramming has inherent drift and
whether the extent of drift is comparable to ESC
maintenance is unclear.

Another paradoxical observation comes from
the use of AZA both in differentiation and repro-
gramming. As mentioned earlier, AZA greatly
improves the reprogramming efficiency to a plu-
ripotent state; however, AZA treatment of ESCs
promotes differentiation to cardiomyocytes [104].
AZA is a general inhibitor of Dnmts and should
have global effects consistent in both systems;
however, AZA seems to have a bidirectional effect.
This may suggest that global demethylation
alone is not sufficient in determining the deci-
sion towards differentiation or reprogramming,
but may involve the current state of the chroma-
tin. Indeed, other chemical drugs that directly
affect the chromatin such as valproic acid (VPA),
a histone deacetylase inhibitor, contribute greater
reprogramming efficiency than AZA [105-108].
Furthermore, previous studies report that the
addition of AZA or VPA to bone marrow stromal
cells results in the transdifferentiation to neuronal
stem cells, adding more complexity to the effects
of AZA and VPA [109,110].

Although ESCs and iPS cells have very similar
DNA methylation patterns, comparisons between
the two methylomes reveal a subset of DMRs
that distinguishes ESCs from iPS§ cells [87]. One
study reports that 71 regions were differentially
methylated between ESCs and iPS cells, 51 of
which were hypermethylated in iPS cells. Gene
ontology analysis determined that these hyper-
methylated genes in iP$ cells correspond to genes
involved in the developmental processes. When
comparing ESCs and iPS cells to fibroblasts,
both ESCs and iPS cells change in the same
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direction; however, iPS cells tend to have much
more exaggerated alterations. Intriguingly, iPS
cells had DMRs that were distinct from both the
ESC and parental fibroblast cell, indicating that
iPS cells exist in some unique epigenetic state.
Overall, these results demonstrate that although
small in number, there are clear methylation dif-
ferences between ESCs and iPS cells. Whether
these methylation differences are significant and
biologically meaningful remain unclear.

Future perspective

We are only beginning to get a glimpse of the
complexity of DNA methylation in gene regula-
tion. The emerging picture from genome-wide
studies reveals widespread epigenetic changes
that support the hypothesis that differentiation
involves the progressive reduction of develop-
mental potential determined by increasing
restrictive epigenetic marks. DNA methylation
is considerably prevalent throughout the genome
and its effect on gene expression varies depending
on the genomic context. How the widespread
presence of DNA methylation affects pluripo-
tency, differentiation and reprogramming has
yet to be investigated in detail. Although not
discussed in detail in this article, differentia-
tion and reprogramming depend on a myriad
of other epigenetic marks that act in concert
with DNA methylation. In particular, various
histone modifications have been strongly corre-
lated with the occurrence of DNA methylation
(2r111,112]. Interestingly, different epigenetic
mechanisms can have opposing effects on the
same locus; these ‘bivalent domains’ add to the
complexity of epigenetic control on gene expres-
sion. Bivalent domains have been proposed to
poise developmental genes for rapid changes in
gene expression during differentiation [19.87.113].
Furthermore, recent studies have uncovered
novel facets of DNA methylation in mammals,
including methylation at non-CpG contexts and
hydroxylation of methylated cytosines [114-116],
both of which appear to be prevalent to ESCs.
How these new players are involved in regulat-
ing pluripotency is a burgeoning field ripe for
comprehensive exploration.

The rapid pace of next-generation sequenc-
ing will undoubtedly greatly assist the effort to
extract the methylome changes during differen-
tiation and reprogramming. As whole genome
sequencing becomes more routine, studies fol-
lowing the methylomic changes during differen-
tiation and reprogramming will divulge the rela-
tionship between the two processes. Much is still
unclear about the process of reprogramming;
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whether reprogramming is differentiation in a
reverse order or a novel dedifferentiation path
is largely unknown. By thoroughly examining
the methylomes of intermediate stages between
ES, somatic and iPS cells, we will learn how
to manipulate the methylation environment to
improve efficiencies in both differentiation and
reprogramming. One major concern for the bio-
medical application of stem-cell therapeutics is
the acquired methylation aberrations of plu-
ripotent stem cells in extended culture or upon
differentiation [101-103]. Genome-wide studies of
prolonged cultured cells will allow proper evalu-
ation of whether these methylation changes sig-
nificantly alter the utility of stem cells in therapy.
In addition, studies at single base-pair resolution
will shed light on whether gene regulation by
DNA methylation is determined by the meth-
ylation of specific cytosines or the methylation
status of an entire region. Moreover, genome-
wide bisulfite sequencing may provide detailed
insights on the targets of methyltransferases and
demethylases. Collectively, advances in sequenc-
ing technology will become invaluable tools for
addressing major questions in DNA methylation
and stem cell biology.

Landscape of genome-wide DNA methylation

In summary, DNA methylation plays exten-
sive roles in stem cell maintenance, differen-
tiation and reprogramming. Although much
progress has been achieved in the last year,
high-resolution genomic analysis is still in its
early stages. The combination of unbiased
high-throughput technology, bioinformatics
and biology will resolve many questions associ-
ated with DNA methylation during develop-
ment and reprogramming. The comprehensive
and detailed panorama of DNA methylation
dynamics will greatly contribute to under-
standing the mechanisms of differentiation
and reprogramming, and expedite the progress
of stem cell-based therapeutics in regenerative
medicine.
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DNA methylation is prevalent throughout the genome, found in promoters, gene bodies, and

intergenic and repetitive regions.

Although DNA methylation is targeted to specific regions within the genome, no evidence supports
the existence of cis-acting elements directing DNA methylation.

CpG methylation in gene promoters is frequently associated with gene silencing.

Gene body methylation in mammals shares functional similarities with plants and correlates with

transcriptional activity.

DNA methylation in early embryo & embryonic stem cells
Early embryogenesis is characterized by a wave of demethylation of both paternal and maternal
strands, followed by a wave of de novo methylation.
DNA methylation silences key factors during early-stage lineage commitment, such as E/f5.
Loss of DNA methylation impairs embryonic stem cell (ESC) developmental potential but

not self-renewal.

Non-CpG methylation is prevalent in ESCs but not somatic cells; the function of non-CpG

methylation is still unknown.
DNA methylation in differentiated cells

Differentiation involves the progressive gain of DNA methylation that marks the loss of
developmental potential and the commitment to a more differentiated state.

DNA methylation defines cellular identity by silencing nonrelated lineage-specific genes and selective
demethylation in tissue-specific genes is associated with gene activation and lineage differentiation.
Tissue-specific differential methylated regions are often found away from transcriptional start sites

and at shores of CpG islands.
DNA methylation in reprogrammed cells

Methylation patterns in reprogrammed cells are highly similar to ESCs but show clear differences.
Reprogramming requires global DNA methylation changes, including the selective demethylation of

pluripotency genes.

Recent evidence suggests that de novo methylation contributes to silence retrovirally transduced

reprogramming factors and differentiation genes.

Regen. Med. (2010) 5(4)
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