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mammalian development

Dynamic regulation of DNA methylation during

DNA methylation occurs on cytosines, is catalyzed by DNA methyltransferases (DNMTs), and is present at
high levels in all vertebrates. DNA methylation plays essential roles in maintaining genome integrity, but
its implication in orchestrating gene-expression patterns remained a matter of debate for a long time.
Recent efforts to map DNA methylation at the genome level helped to get a better picture of the
distribution of this mark and revealed that DNA methylation is more dynamic between cell types than
previously anticipated. In particular, these datasets showed that DNA methylation is targeted to important
developmental genes and might act as a barrier to prevent accidental cellular reprogramming. In this
review, we will discuss the distribution and function of DNA methylation in mammalian genomes, with
particular emphasis on the waves of global DNA methylation reprogramming occurring in early embryos

and primordial germ cells.
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cell reprogramming

The regulation of complex genomes involves
not only sequence-specific protein factors, but
also additional levels of regulation such as DNA
modifications, histone modifications and chro-
matin remodeling, These modifications are often
referred to as being ‘epigenetic’, although mast
of them do not fulfill the strict definition thar
implics a sequence-independent inheritance dur-
ing cell division [1]. The establishment of unique
cpigenctic profiles in different cell types is
belicved to be important in maintaining cellular
identity. Rescarch in this ficld has expanded over
the last decade as novel technologics emerged to
map these modifications genome-wide.

DNA methylation occurs on cytosines and
is the only known cpigenctic modification that
dircctly affects the DNA molecule in cukary-
otes. The addition of a methyl group occurs on
the carbon 5 of the cytosine and is catalyzed
by enzymes called DNA methyltransferases
(DNMTs) (Ficuee 1A). In animals, cytosine
methylation occurs almost exclusively in the
context of CG dinucleotides, whereas mcth)r]—
ated cytosines arc found in various sequence
contexts in plants (c.g., Arabidopsis thaliana) or
fungi (c.g., Newrospora crassa) 2]. However, cyto-
sinc methylation is not found in all cukaryotes,
as it is absent in classical genctic models such
as Saccharomyces cevevisiae and Caenorbabditis
ciegczm. In insects, cytosine mcthylarion has
been detected in some specics but not others:
it is very rare in Dra.i‘a_pb:'fa m:ianagm:cr, but
has recently been reported to be abundant in

the honcy bee Apis mcff:_'ﬁrd 3. This complcx
evolutionary history is one factor contributing to
the fact that the function of DNA methylation
is still not clearly understood.

In addition, the distribution of cytosine
methylation within the genome also varies
between organisms (Fiuse 1B). In invertcbrates,
fungi and plants, the most common pattern
is mosaic methylation with methylation-free
domains interspersed with heavily methylated
scquences. For example, in Newrospora crassa,
cytosine methylation is restricted to repear cle-
ments. In Arabidopsis thaliana, methylation is
specifically targeted to repeats (via a mechanism
involving small interfering RINAs) and the body
of ccrtain genes [4]. In various invertcbrates,
such as the sea urchin Ciona intestinalis or the
honey bec Apis mellifera, cytosine methylation
scems to be enriched in the transcription unit of
genes rather than repeat clements [35]. In con-
trast, DINA mcthylaﬁon in mammals is present
at high levels throughour most of the genome
(see ‘Distribution of DINA mcthylarion in marm-
malian genomes’). In fact, carlier studies using
Hpall digestion of genomic DINA suggested that
global genome methylation is present in all verte-
brates [6]. The functional significance of the tran-
sition from mosaic methylation to global genome
mecthylation at the invertcbrate/verecbrate
boundar}' is still unclear 7.

Cytosine methylation has been associated
with repressed chromarin and inhibition of
promoter activity. Two models of repression
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Figure 1. Cytosine methylation in eukaryotes. (A) Members of the DNMT family catalyze the transfer of a methyl group (CH,} from
SAM to the carbon-5 position of cytosine. (B) Schematic phylogenic tree representing the distribution of DNA methylation in eukaryotes.
Presence of DNA methylation, indicated on the right, is based on analysis performed in representative members of each group shown in
parenthesis. No cytosine methylation is detectable in Saccharomyces cerevisiae or Caenorhabditis elegans, while only traces of cytosine
methylation have been found in Drosophila melanogaster (*). In plants and other invertebrates, the most characteristic pattern is mosaic
methylation with cytosine methylation being restricted to repetitive and/or gene bodies. In contrast, all vertebrates tested have shown
global methylation throughout the genome.

DMNMT: DNA methyltransferase; SAM: S-adenosylmethionine.

have been proposed: cytosine methylation can
directly prevent the binding of transcription
factors; or it indirectly modulates the chroma-
tin environment through the recruitment of
methyl-binding proteins (MBPs) and cofactors
such as histone deacetylases (HDACs). In addi-
tion, profiles of DINA methylation are perturbed
in all types of cancer, with both gcnumc—wid:
hypomethylation and locus-specific hyper-
methylation of tumor-suppressor genes. Details
on the perturbation of DINA methylation pat-
terns in cancer cells can be found in other recent
review articles [g]. In this review, we will focus on
the distribution and function of DINA methyla-
tion in mammalian genomes, with particular
cmphasis on the changes in DNA methylation
profiles that happen during normal development
and cellular differentiation.

The DNA methylome
Novel technologies to map

DNA methylation

Our understanding of the biological significance
of DNA methylation remained limited for a long
time, partly because it was difficule to know
where it is located at the genome level. In the past
years, novel approaches have emerged to map
DNA methylation genome-wide in an unbiased
way. Some approaches dircctly isolate methylated
DNA fragments by affinity approaches after the
DNA has been fragmented. Methylated DNA
can be isolated with anti-5mC antibodies, such
as in the methylated DNA immunoprecipitation
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(McDIP) assay [9], or bindlng to m:th}’i—CpG
binding proteins immobilized on a sepharose
matrix, such as in the methylated-CpG island
recovery assay (MIRA) po]. Purified met h_vlatcd
DMNA fragments can subscquently be used for
microarray hybridization or high-throughput
sequencing (Fwuse 24). These approaches allow
rapid pruﬁllng of DNA mcthj’lation, but one
caveat is that they lack sensitivity to detect
changes in DINA methylation at single CpGs.
The gold standard approach to study DNA
methylation is to treat DNA with sodum bisul-
fite, a chemical compound that deaminates Cs
into Ts only if the C is unmethylated. Therefore,
by comparing the sequence of a defined region
before and after treatment with sodium bisulfite,
it is possible to have access to the methylation
status of individuals CpGs. One very promis-
ing appruach, termed BS-seq, is to combine
conversion of the DNA with sodium bisulfite
and high—thmughput sequencing, which can
potentially provide DNA methylation readour at
single-nucleotide resolution for the entire genome
(Fisuze 2B). The technical challenge here is on one
hand to generate enough sequence reads, and on
the other hand to remap to the reference genome
the sequence reads that contain Cs converted into
Ts, which becomes unfeasible with short sequence
rcads and complex genomes such as in mammals.
Full-genome BS-seq has been validated for the
first time in Arabidopsis thaliana, an organism
with a small genome [11]. In mammals, BS-seq
approaches have so far been applicd on defined
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Figure 2. Genome-wide mapping of DNA methylation in mammalian genomes.
(A) Methylated DNA can be specifically isolated by binding to anti-5mC antibody, as is done in the
methylated DMNA immunoprecipitation (MeDIP) assay [9], or alternatively by capture with MBD

proteins, as performed in the methylated-CpG island recovery assay (MIRA) [10]. Methylated DNA and
total input DMA can subsequently be hybridized to any existing microarray. Methylated DNA isolated
by affinity approaches can also be used as a template for high-throughput sequencing to obtain
full-genome coverage. Red lollipops denote methyl groups. (B) Conversion of DNA with sodium
bisulfite is the gold-standard approach to study DMNA methylation. Sodium bisulfite converts Cs into
Ts, unless the C is methylated. Combining bisulfite conversion with high-throughput sequencing can
potentially give cytosine methylation readout at single base pair resolution for the entire genome. (C)
Schematic representation of the distribution of DNA methylation in mammalian genomes. Most
CpGs in gene bodies, intergenic regions and repeats are methylated. CpG-poor promoters (as for the
gene on the right) can be DNA methylated even if the gene is active in the cellular population. CpG
islands, which colocalize with 60% of all promoters (as for the gene on the left), are the only
genomic compartment remaining mostly unmethylated. Gray boxes denote exons; triangles denote

repetitive elements; CpGs are schematically represented with red (methylated) or white

(unmethylated) lollipops.

5mC: 5-methylcytosine; MBD: methyl-CpG binding domain.

portions of the genome. One pioncering method,
termed high-throughput reduced representation
bisulfite sequencing (RRBS), involves the gen-
cration of a reduced representation library of the
genome with Mspl digestion, followed by bisulfite
conversion and sequencing on an Illumina (CA,
USA) 1G analyzer, which provides methylation
information for up to 5% of all CpGs in the
genome [12], Future improvements in the sequenc-
ing technology will probably help to increase the
coverage for genome-scale bisulfite sequencing on

1argc mammalian gcnomes.

Distribution of DNA methylation in
mammalian genomes
Mammalian genomes are globally depleted in
CpG dinucleotides, which means that they con-
tain much less CpGs than one would predict if
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the nudleotides were organized randomly. The
cxceptions are short stretches of DNA, named
CpG islands, which retained a high frequency
of CpGs and typically contain berween 30
and 200 CpGs per kilobase. CpG islands vary
between 200 basc pairs and a few kilobases in
size, account for a very small fraction (1-2%) of
the total genome, and often colocalize with gene
premoters. This unequal distribution of CpGs
needs to be taken into account when interpret-
ing the repartition of 5-methylcytosine. Using
recently developed technologies, several studies
reported the first genome-wide profiles of DINA
methylation in mammalian genomes. These
maps agree that cytosine methylation is highly
abundant in intergenic regions, coding regions
and repeats throughout the genome, but rarc
at regulatory regions containing CpG islands
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{Frame2C). In a simplified view, virtually all CpGs
in the genome show a high degree of methyla-
tion, cxcept at CpG islands. This distribution
is in striking contrast with the onc observed in
invertebrates, fungi and plants, where cytosine
methylation is restricted to mobile clements or
gene bodies (Fouse 1B).

The distribution of DINA methylation in mam-
malian genomes suggests that its main functions
arc in the regulation of genome integrity rather
than genc expression. One major role of DINA
methylation is to keep repetitive DNA in a silent
state in order to protect the genome from the
potentially deleterious effect of mobile clements,
in particular in the germ cells. In mouse, intra-
cisternal A-particle (IAP) clements are transcrip-
tionally reactivated in mouse embryos lacking
DNA methylarion 3], IAP and LINE-1 clements
arc also reactivated in male germ cells lacking
funcrional de rove DNA mcth}’iaﬂon [14]. DIMNA
methylation also participates in the maintenance
of genomic stability. In mouse male germ cells,
hypomethylation of IAP and LINE-I clements
is associated with meiotic failure and widespread
nonhomelogous chromosome pairing [14]. In
both human and mouse cultured cells, partial
loss of global DINA methylation after depletion
of DNMTs induces chromosomal abnormalities
and changes in ploidy 1516]. Many types of cancer
cells also display global genome hypomethylation,
which has been implicated in increased chrome-
somal instability and cancer progression [5]. The
mechanisms by which DNA methylation protects
from chromosomal rearrangements in mammals
remain unknown, bur one model is thar unmasle-
ing of repetitive DNA resules in increased ille-
gitimatc recombination between homologous
repeats [17].

DNA methylation machinery

Four DNMTs sharing a conserved C-terminal
catalytic domain have been identified in
mammals (Fiouee 34). The founding member,
DMNMTIL, is rcsponsiblc for the maintenance
of CG methylation patterns after DINA replica-
tion. Propagation of CG methylation states is
made possible because CG sites are symmetri-
cal — that is, there arc complementary CGs on
both strands. This makes CG methylation a
clear example of chromatin modification being
faithfully inherited during ccll division. The
consensus model is that DNMT1 recognizes
sites of hemimethylation that occur after DINA
replication and methylates the CG on the newly
synthcs'lz:d DMA strand, therefore propagating
methylation states. Indeed, DNMTI has been

shown to preferentially recognize hemimethyl-
ated substrate DINA i vitro, interact wich pmlif-
crating cell nuclear antigen (PCNA) and localize
at sites of DINA replication during S-phase. The
function of DNMT! in maintenance methyla-
tion is also supported by mouse genetic models.
Mice with a partial loss-of-function mutation
of Dyemtl show a reduction of genomic DINA
methylation to 30% of normal levels and do
not survive past mid-gestation [18], whereas the
complete inactivation of DNMT] results in
more scvere hypomethylation of the genome and
]cthality during gastmlat'mn [15]. Howewver, as the
absence of the PCNA-binding domain induces
only minor defects in DNA methylation main-
tenance, it has been hypothesized that additional
factors help to recruit DNMT]1 at sites of hemi-
methylation. Recently, two groups showed that
ubiquitin-like, containing PHD and RING fin-
ger domains 1 (UHRF]; also known as NP95)
binds hemimethylated CG through its SET and
RIMNG-associated (SRA) domain and recruits
DNMT] (Fiuse 38) [20.21]. Importantly, UbrfI"
embryos show developmental arrest shortly after
gastrulation and global demethylation similar
to Dwmed embryos, indicating that UHRF1
is essential to promote maintenance of DNA
methylation by DNMTT.

DNMT3A and DNMT3B enzymes arc
responsible for the establishment of DNA
mcthylation dur'mg dcv:]opmcnt 2z]. Both
enzymes arc highly homologous (Fiouse 34), but
possess partially distinet functions. DNMT 3B
is alrcady present in preimplantation stages
(23,24] and Dwwme3F’ mice die dur]ng :arl}’
embryonic development at around embryonic
day E10.5 [z21. DNMT3A is more prevalent in
differentiated cells as its expression is detected
from E9.5 onward [24]. and Dweme3a™"™ mice
survive until birth [22]. Both enzymes can also
have different target specificities in vive. In
germ cells for example, DNMT3A is required
for the establishment of DINA methylation at
imprinting control regions (ICRs) in both male
and female germline [25], whereas DNMT3B
appears dispensable for the methylation of most
ICRs [25.26]. Similarly, DNMT3A scems to be
the sole enzyme methylating SincBl clements
in male germ cells, whereas DNMT3A and
DNMT3B cooperate to methylate IAP and
LINE-1 elements [25].

Another member, DNMT3L, is related in
sequence to DNMT3A/B, burt lacks a func-
tional catalytic domain (Fioue 38). DNMT3L is
abundant in carly embryos, as well as in germ
cells. Ies absence, despite the lack of a functional

Epigenomics (2002) 1(1)
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Figure 3. DNA methylation machinery in mammals. {A) Schematic structure of mouse DNMTs.
DINWMTs share a C-terminal catalytic domain, except DNMT3L which does not contain a functional
catalytic domain but acts as a cofactor for DNMT3A/B. The M-terminal part of DNMT1 contains
various regulatory domains, including interaction domains with PCNA, UHRF1 and replication foci.
The dotted lines mark the domains invelved in the binding to UHRF1. {B) De nowo methylases
DNMT3ASE are able to target previously unmethylated CpGs. DNMT3L forms a complex with
DNMT3A andfor DNMT3E and acts as a factor by stimulating their de novo methylation activity and
recruitment to chromatin. DNMT1, the maintenance methylase, preferentially recognizes sites of
hermimethylation that occur after the DNA has been replicated. DNMT1 localizes at sites of
hemimethylation through interactions with PCNA and UHRF1 and copies DNA methylation patterns

onto the newly synthesized strand.

BAH: Brahma adjacent homology domain; Cys-rich: Cysteine-rich domain; DNMT: DNA
methyltransferase; PBD: PCMNA binding domain; PCNA: Proliferating cell nuclear antigen;

PHD: Cysteine-rich plant homeodomain; PWWP: Proline- and tryptophane-rich domain;

RFT: Replication foci targeting domain; UHRF1: Ubiquitin-like, containing PHD and RING finger

domains 1.

methyltransferase domain, leads to a failure to
mecthylate ICRs in both the male and female
germline, as well as several repetitive clements
in the male germline [14.25.2728]. This phenotype
is reminiscent to the one caused by the absence
of DNMT3A. Biochemical and structural stud-
ics have shown that DNMT3L physically inter-
acts with DNMT3 cnzymes, which stimulates
de nove methylation activity and promotes their
recruitment to chromatin [2230].

Protcins that specifically bind to methylated
DNA (MBPs) arc also important parts of the
DMNA methylation regulatory circuit. Thesc
proteins fall into two classes: those that share a
methyl-CpG binding domain (MECP2, MBD1,
MBD2 and MBD4), and thosc that recognize

methylated DNA via zinc finger domains
(KAISO, ZBTB4 and ZBTB38) [31.32]. Many of
these proteins have been shown to recruit tran-
scriptional co-repressors such as HDACs and
histone methyltransferases (HMTs), thus pro-
viding a mechanism to interpret the DINA meth-
ylation signal by linking DINA modification and
surrounding chromatin [31]. However, their pre-
cisc function in DNA methylation-dependent
gene silencing is still unclear. While chromatin
immunoprecipitation experiments confirmed
that MBPs bind to methylated ICRs [32.33), and
that MECP?2 binds to various methylated targets
in human fibroblasts [34], a recent genome-wide
study showed that MECP2 is mostly bound to

unmethylated regions in human neurons [35].

future science group
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In addition, very few genes have been shown
to be d:mgulatcd in the absence of MBPs, and
knockout mice show only subtle phenotypes.
Mice lacking MBD1 or MBD2 arc viable, but
show defects in neuronal development and T-cell
development, respectively [36.37]. Mice lack-
ing the KAISO protcin show no overt pheno-
types [38]. Mecp2-deficient mice show neuro-
logica] defects reminiscent of the Rett syndmmc,
2 human necurological disorder associated with
mutation in the MECP2 gene [39]. One pmpo@ccl
cxplanation for the absence of developmental
defects is that MBPs regulate a redundant set of
targets. However, it has recently been shown that
mice simultancously lacking MBD2, MECP2
and KAISO still develop normally, thus leaving
the developmental function of MBPs clusive [40].

DNA methylation & gene regulation:

a complex story

It is a common belicf that cell-type-specific-gene
expression pmﬁlcs are, at least in part, main-
tained by specific epigenctic profiles. This would
'Jmp]}r that, as d:vclopm:nt pmcr.cds, differenti-
ated cells accumulate epigenetic marks that dif-
fer from thosc of pluripotent cells and other cell
lincages. While recent genomic studics confirm
that DNA methylation patterns vary to some
cxtent between cell types, the importance of
DNA methylation in orchestrating develop-
mentally regulated genc-cxpression patterns is

still debated.

= Tissue-specific profiles of

DNA methylation

Since its discovery decades ago, it has been pos-
tulated that specific DINA methylation profiles
help to establish cell type specific gene expression
profiles. This implics that cell-type-specific-gene
cxpression correlates with cell-type-specific DNA
methylation. Rescarch over many years on can-
didate genes failed to establish such correlations,
and led to the inverse dogma that CpG island pro-
moters remain always unmethylated irrespective
of gene activity [41]. There arc, however, cxceptions
to this rule: CpG island methylation is associated
with monoallelic gene cxpression in imprinted
domains, and is also present on the inactive X
chromosome in female cells. Other arguments
against a widespread role of DNA mecthylation
in gene regulation are that very few genes have
been shown to be misregulated in absence of
DNMTs [41-43 and that the MBPs are dispcm—
able for mouse cl.cvclopmcnt [40]. Rcccm]}’, several
large-scale studics aimed at better understanding
tissuc-specific DINA methylation at the genome

level, and shed new light on this important ques-
tion [12.43-96]. These studies demonstrated that
DMNA methylation profiles are largely conserved
between cell eypes of different developmental ori-
gin. However, despite global conservation, sites of
differential methylation occur in various genomic
contexts, indicating that DNA methylation pro-
files arc more variable between cell types than
previcusly expected.

Onc important obscrvation is that tissue-
specific DNA methylation appears more fre-
quent at intergenic sites than in gene promoters
[44,46.47.54.56], lcaving open the po&sibi]hy ofa reg-
ulation by DNA methylation at distant regulatory
clements. Regulation of gene cxpression by distant
DMNA methylation could be achieved through
the control of distal enhancer activities [sg], or
via mechanisms that are commonly at work in
imprinted domains — for example — regulation
of distant insulators or nuncoding RMNAs [57).
Another provecative finding is the possible link
between transcription and gene-body methyla-
tion. In apparent contrast with the repressive role
of DNA mcth}’lat'mn, studies on the X chromo-
some have shown that the active X chromosome
is globally morc methylated than the inactive
one, with extra mcd‘j}’lation hcing concentrated
in gene bodies (558, A recent study in human cells
revealed that highly expressed genes are character-
ized by lower DINA methylation in the promoter,
but higher DNA methylation in the gene body
(s5]. Similarly, another study in human identified
several intragenic sites where DINA methylation
is present only when the host gene is cxpressed
[54]. hlthough gcnc—bodj,r mcth}rlatiun of active
genes is also commonly seen in invertcbrates, its
regulatory role remains to be discovered [7].

Considering the historically unclear relation-
ship berween gene expression and DINA methyl-
ation at genc promoters, many groups decided
to map DINA methylation specifically around
transcription start sites. These studies revealed
cell-ty pe-specific profiles of DINA methylation at
a significant fraction of gene promoters in both
mousc and human [12.45-4749-52,59]. Onc major
conclusion from this work is that CpG-poorand
CpG island promoters behave very differently
in relation to DMNA methylation. In the next
paragraphs, we will consider these two classes
of promoters scparately, and cxplain in detail the
role of DA methylation at CpG-poor and CpG

island promoters.

= Methylation at CpG-poor promoters
Approximately 40% of mammalian promot-
ers arc CpG-poor, which means in practical

Epigenomics (2002) 1(1)
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terms that they contain around 10-20 CpGs
per kilobase. DNA methylation scems to be the
default state of CpG-poor sequences in mamma-
lian genomes, and CpG-poor promoters are no
cxception to this rule. Most CpG-poor promot-
crs are found DMNA methylated in a given cel-
lular population even when the associated gene
is active [12.49.50,52.55. This suggests that a low
density of cytosine methylation does not prevent
gene transcription at many CpG-poor promot-
ers. However, in apparent contradiction with this
conclusion, it has also been observed that, when
profiling promoter DNA methylation in differen-
tiated cell types, most of the changes in relation
to gene activity occur at CpG-poor promoters
[47.51.53]. This inconsistency could be explained
by the fact that CpG-poor promoters arc occa-
sionally hypomethylated as a consequence of the
transcription process. For example, among the
numerous copies of recombinant DNA (rDMNA)
genes in the human genome, only the active ones
that arc bound by RNA Polymerase [ arc hypo-
methylated in Hela cells, while silenced copies
are m:th}’latcd (60, More rcccmlj,r, two groups
reported that the transcriptional activation of
ERO! target genes (many containing CpG-poor
pmmotcrs) induces transient cydical dcm:thy]—
ation of the promoter [g1.62]. Therefore, if tem-
porary hypomethylation marks only transcribed
alleles, genc cxpression and DINA methylation
at CpG-poor promoters would only corrclate
at the level of the cellular population if most
alleles are transcribed simu]tancous]}r, which is
rather uncommon [¢3]. Together these data indi-
cate that at many CpG-poor promoters, DNA
methylation might be dynamic in response to
transcription and can be bypassed by activat-
ing signals. This suggests thar at these promot-
crs, low density of cytosine methylation is not
causally involved in setting up gene-cxpression
patterns, but may reinforce transcription cycles.
However, this does not exclude that in other
genomic regions, methylation of specific CpGs
found in transcription factor binding sites is
important for the spatio-temporal regulation of
SOME genes.

= Methylation at CpG

island promoters

CpG island sequences arc defined as having
higher frequencies of CpGs, typically ranging
from 30 to 200 CpGs per kilobase. In mammalian
genomes, around 60% of all gene promoters co-
localize with CpG islands. Genome-wide map-
ping confirmed that most of them remain consti-
tutively unmethylated, even when the associated

gene is not cxpressed [12.43,46,47,49.50,52-55]. This
shows that CpG islands have the unique property
to be protected from de sove DNA methylation,
while all other genomic sequences arc not. The
mechanisms that protect CpG islands from the
DMNA methylation machinery are still not under-
stood, and constitute one of the major puzzles
in the ficld. One possibility is that CpG island
hypomethylation is a consequence of specific
chromatin features at these sequences, in par-
ticular the presence of histone H3 lysine 4 di- or
tri-methylation (H3K4me2-3) (scc “Targeting
of de rove DNA mcth}?lat'mn’_'].

However the same studies also revealed thata
small fraction of CpG island promoters, ranging
from 3 to 8% depending on the methodology
and sample used, arc hypermethylated in various
normal somatic cells [46.48.50). Unlike CpG-poor
promoters, this high density of methylated cyto-
sines is not compatible with gene transcription
0]. This demonstrates that, in contrast to old
models, pmmutcr—associatcd CpG islands can be
DNA methylated outside of imprinted domains.
Several lines of evidence indicate that CpG island
methylation is generally acquired post-fertiliza-
tion during somatic development. First, sperm
has a much lower rate of CpG island methylation
than any somatic cell type [46.50). Sccond, the
progressive increase in CpG island methylation
during development can be directly visualized
by profiling promoter DNA methylation in dif
ferentiating embryonic stem (ES) cells p24552.
These studics show that CpG island methylation
is rarc in ES cells and increases upon differen-
tiation at a few hundred promoters. Str]k'mg]}’,
gain of promoter methylation during stem cell
differentiation is far more frequent than loss of
methylation (45,52]. Therefore, although changes
in cxpression arc not linked to changes in pro-
moter DINA methylation for most genes, pro-
moter DMNA methylation is reprogrammed at
a small st of CpG-rich promoters during dif
ferentiation. As hypomethylation is the default
state of CpG island sequences, this imp]ir.s the
existence of active mechanisms to attract DNA
methylation or remove protection from DNA
methylation ar these targets (see “Targeting of
de nove DINA methylation’).

Interestingly, methylated CpG islands share
some common features. First, it has been
observed that CpG islands promoters with mod-
cratc CpG richness (termed intermediate CpG
premoters [ICPs]) are more likely to be methyl-
ated than CpG island promoters with high CpG
richness (termed high CpG promeoters [HCPs])
[44.50,52,55]. This suggests that CpG richness is
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one factor protecting against d nove methyla-
tion, and that ICPs are the most ]ikcl}r promot-
crs to be regulated by DNA methylation during
dcvc]opmcnt [50.55] . Scmnd, many met hy]atcd
CpG island promoters are associated with genes
cssential for development. For example, scveral
CpG island promoters of genes regulating germ-
cell development are methylated in somatic cells,
but not in germ cells [49.50]. Homeobox genes and
PAX family members have also been shown to be
primary targets for lincage-specific CpG island
methylation in human and mouse [46,64]. Finally,
several genes regulating pluripotency and carly
patterning arc e rove methylated during mouse
ES cell differentiation, many of them associated
with ICP promoters [12.4552]. Altogether, these
data suggest that CpG island methylation is pri-
marily directed to genes important for lincage
choice during development.

= DNA methylation & cellular identity
The consensus arising from most recent genome-
scalc studics is that DINA methylation is involved
in the control of specific genes only. One impor-
tant question is to know whether DNA methyla-
tion is directly responsible for the transcriptional
shut down at these genes, or is acquired after the
gene has been repressed. Unfortunately, there
arc only few studies comparing the kinetics of
acquisition of DINA methylation and gene repres-
sion. One study in differentiating mouse ES cells
showed thar acquisition of DNA methylation
at the pluripotency gene OCTH is a late event
not required for the transcriptional repression
itself [s9).

As presence of cytosine methylation at high
density or in transcription factor-binding sites is
belicved to induce permanent epigenctic silenc-
ing, it is possible that late acquisition of DINA
methylation protects against accidental reactiva-
tion of important genes in differentiated cells.
This led to the model that DNA methylation of
key genes during development helps to perma-
nently restrice developmental potential and sta-
bilizes cellular identity [s6]. Several studics arc in
line with this model. It has recently been shown
that trophoblast cells can be obtained from
Dnmtl"- but not wild-type ES cells, suggesting
that DNA methylation is important for the sta-
bility of embryonic lincage determination [67].
In support of this, the authors demonstrated
that the promoter of Eif5, a gene cncoding an
Ets transcription factor with a pivotal rolc in the
development of the trophoblast lincage, is DNA
mcth)?latr.d n :mbryunic ]incagcs, but not in tro-
phoblast cells. Similarly, differentiating ES cells

that fail to methylate several carly embryonic
genes can be more casily reversed to an undif-
ferentiared srate [s2], which indicates thar loss
of DNA methylation is a critical step to restore
pluripotency. Indeed, the successful gencration
of induced pluripotent stem (iPS) cells from
differentiated cells involves the reactivation of
several pluripotency-related genes, which implics
the restoration of an open chromatin state
(marked by H3K4mc3) and promoter DINA
h}rpomcthy]ation [69]. Pal:tial]}’ rcpmgl:ammcd
cells show DNA hypermethylation at scveral
pluripotency genes and inhibition of DNMTI
favors reprogramming [s9]. Together, these data
suggest that DNA methylation is a major barricr
to prevent cellular reprogramming.

Reprogramming of DNA methylation
during development

= Two waves of global DNA
methylation reprogramming

DNA methylation profiles are modulated during
mammalian development, with both genome-
wide and gene-specific changes occurring at
various developmental stages. A first wave of
extensive cpigenctic reprogramming occurs dur-
ing carly embryogenesis to reach a low point of
methylation at preimplantation stages (Froune 44).
After fertilization, the paternal genome is rapidly
demethylated in the zygote prior to DNA repli-
cation, which implics the existence of an active
demethylation process [g67071). In contrast, the
matcrnal genome is progressively demethylared
owing to the absence of maintenance methyla-
tion [65]. DINA mcthy]at'lon patterns spcciﬁc of
differentiated cells are then progressively estab-
lished after implantation by DINMT3A/B,
and faithfully maintained during somatic cell
divisions in the embryo and the adult animal
through the action of DNMT1. However, the
precisc function of this reprogramming and the
nature of the genomic sequences affected are still
unclear. One can speculate that demethylation
is necessary to crasc possible methylation defects
inherited from the gametes. Demethylation
might also be required to restore an cpigenetic
state compatible with pluripotency in the cary
embryo. For example, certain key pluripotency
genes such as Ocrd and Nanog are DNA methyl-
ated in mature gametes, and therefore need to
be epigenctically reprogrammed to allow proper
transcriptional activation in preimplantation
cmbl:yus [45]. R:markahly, differential mcth)?la—
tion imprints cstablished in the parental gametes
resist this wave of dcmcth}’lation, so that cpigen-
ctic marking of parental alleles is maintained in
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Figure 4. Reprogramming of DNA methylation during mouse dewvelopment. The graphs depict the variations in global DNA
methylation levels as a function of time during mouse somatic development (&) and germ cell development (B). The timescales for
somatic and germ cell development have been aligned. Global DNA methylation levels are extrapolated from immunofish and single-
gene studies, and certainly not all sequences in the genome follow these dynamics. (&) Paternal (blue line) and maternal (red line)
genomes are demethylated asynchronously during preimplantation development to reach a low point of methylation at the blastocyst
stage (E3.5). IAP elements (gray line) partially resist this demethylation wave. After implantation, global DNA methylation patterns are
restored and maintained throughout embryonic and adult life. ICRs (green lines) escape global reprogramming during somatic
development: the methylated allele resists global demethylation in preimplantation embryos, whereas the unmethylated allele resists

de novo methylation in post-implantation embryos. (B) PGCs gradually loose global DNA methylation until E12.5, while DNA methylation
at ICRs (dotted green line 1) is erased in a defined window between E10.5 and E12.5. Retrotransposeons, including IAP elements, are not
fully demethylated at this stage. After sex determination has been initiated at E12.5, methylation patterns are re-established at different

developmental time points in male and female germline. In male embryos (blue line), germ cells enter G1-phase mitotic arrest around

E13.0 and methylation patterns are regained during the maturation to spermatogonia between E14.5 and birth. Methylation of paternal

ICRs in the male germline {green line 2) occurs at the same time. In female embryos (red line), germ cells arrest in meiotic prophase
around E13.0 and initiation of DNA methylation occurs after birth during oocyte growth. Methylation of maternal ICRs in the female
germline (green line 3) occurs between 10 and 25 days after birth and is completed in fully grown oocytes.

FG: Fully grown oocyte; IAP: Intracisternal A-particle; ICR: Imprinting control region; MI: Meiosis I; MIl: Meiosis IIl; PGC: Migrating
primordial germ cell; SC: Spermatocyte; SG: Spermatogonia; SP: Spermatid.

the embryo. The specific maintenance of meth-
vlation imprints during preimplantation develop-
ment requires DINMT1 [23] and additional factors
such as PGC7/Stclla [72] and Zfp57 [73).

A sccond wave of epigenctic reprogramming
occurs during germ-cell development (Fraoee 4B).
In mice, primordial germ cells (PGCs) become

future science group

specified in the embryo around E7.25 and start
migrating to the genital ridge where they settle
by E11.5. Around this time, PGCs undergo
cxtensive cpigenctic reprogramming at the DINA
methylation and chromatin level [7475]. This
reprogramming has been best studied in the
context of genomic imprinting where parental
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imprints have to be resct for the next gencra-
tion. Erasure of methylation at imprinted ICRs
occurs between E10.5 and E12.5, prior to sex
determination, at most imprinted domains that
have been tested [74.7677). This timing is con-
sistent with an active demethylation process by
mechanisms that are still not understood but
might involve DINA repair (sec ‘Mechanisms of
DNA dcm:thy] ation’). In addition to the loss of
methylation imprints, PGCs undergo a wide-
spread loss of genomic DNA methylation to reach
a low point at E12.5, as measured by immuno-
staining with anti-Smethylcytosine antibodies
(78]. Global DNA demethylation already stares
in migrating PGCs after E8.0, and is accompa-
nied by major chromatin changes with stepwise
crasure of several histone modifications and
exchange of histone variants between E8.5 and
E12.5 [79.80]. Besides imprinted sequences, loss
of DNA methylation also occurs in repetitive
DNA, but it has been shown that some repetitive
clements show only incomplete DNA methyla-
tion crasure [7476,81], which might be cssential to
prevent the potential deleterious reactivation of
mobile clements in germ cells. Hence the precise
nature of the genomic sequences that lose DNA
methylation in PGCs remains to be determined.
Erasure of somaric methylation might contribute
to returning PGCs to a more pluripotent state.
Demethylation might also be required to allow
the subsequent activation of genes important for
the development of germ cells, as shown for three
genes in the mouse [82).

Once sex determination has been initiated
at E12.5, DNA mcth}’lation patterns are pro-
gressively restored, both ar the global level and
at imprinted genes where new methylation
imprints are established according to the gender
of the individual (Fore 4B). In the male germ-
line, paternal methylation imprints are progres-
sively cstablished in developing spermatogonia
between E14.5 and the newborn stage [25.7477].
All repetitive clements regain full DNA meth-
}’latiun during the same dmlopmcntal pcrio-d,
with a kinctic that appcars more rapid than
for ICRs [25.7481). DNA mcthylation of ICRs
in the male germline depends on DNMT3L
and DNMT3A [2526], whercas DNA methyla-
tion of repetitive DINA requires the action of
DNMT3L complemented by DMNMT3A and
DNMT3B which show different target specifici-
tics [14.25] (sec ‘DINA methylation machinery”).
In the female gcrmlinc, the initiation of DNA
methylation occurs at various imprinted genes
between 10 and 25 days after birth during the
phasc ofoocy'(c gmrwth [23.84], a process thart is

dependent on DNMT3L and DNMT3A 26.27].
M:th}’lation of repetitive DINA is also believed
to be restored during the phase of cocyte growth

with a timing that remains to be prc-:iscl}’

defined [74).

© Mechanisms of DNA demethylation
In mammals, genome-wide demecthylation
occurs only at two developmental time-points:
in the carly embryo immediately after fertiliza-
tion and in the developing PGCs. Outside of
these defined developmental windows, DNA
methylation patterns are belicved to be faith fully
transmitted through cell division and examples
of DNA demethylation arc very rare. Indeed,
mammalian somatic development is thought to
be characterized by a progressive increase in gene
methylation concomitant to loss of pluripotency,
with demethylation being virtually absent [45.52].
However, recent models suggesting that pro-
moter demethylation occurs during transcription
C}'clcs might chall:ngc this view [s1.62].

In contrast to de novo cytosine methylation,
the process that removes methylation from DINA
is considerably less understood. Passive DINA
demethylation — defined as the progressive dilu-
tion of DNA methylation during cell division
owing to an absence of maintenance activity —
cannot account for the rapid loss of DINA methyl-
ation obscrved in the male pronucleus or in PGCs.
This implics the existence of active demethylation
processes through mechanisms that arc yet not
clucidated. Several mechanisms have been pro-
posed to explain active DNA demethylation,
which fall into three categories [35].

The first proposed mechanism was the direct
removal of the methyl group from the cyto-
siney, however, this mechanism has been invali-
dated [85]. The second mechanism involves the
basc excision repair (BER) machinery, which
would remove the 5-methylcytosine or the thy-
minc generated by deamination of the 5-methyl-
cytosine. This mechanism has been validated in
plants with the discovery of DNA glycosylases
(ROS1, DME, DML2 and DML3) that rccog-
nize and remove 5-methylcytosine from DINA.
In mammals, there is no evidence for the involve-
ment of 5-methylcytosine DINA glycosylases, but
one likely scenario is the enzymatic deamination
of 5-methylcytosine into thymine, followed by
T-G mismatch repair (mediated by thymine
DNA glycosylases TDG or MBD4) that specifi-
cally replaces thymine with cytosine. Candidate
cytosine deaminases, AID and APOBEC], arc
cxpressed at the time of epigenctic reprogram-
ming and show a strong 5-methylcytosine
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deaminasc activity én vitre [86]. In supportof this
model, recent dara obrained in zebrafish show a
regulated DNA demethylase system involving
the coupled action of the deaminasc/glycosylasc
pair AID/Mbd4 [27]. Alternatively, it has also
been proposed that 5-methyleytosine can be
deaminated by DNMTs themselves in the
absence of methyl donor S-adenylmethionine
(SAM) during tmnsuiptional cyding [61.62] .

The third model involves the removal of entire
nucleotides by the nucleotide excision repair
(NER) machinery. Growth arrest and DNA-
damage-inducible protein 45 o (GADD45A) has
been proposed as one candidate involved in NER-
mediated DNA demethylation [85). Recently, it
has been shown that GADD45A initiates demeth-
ylation of rRINA genes by recruiting the NER
pathway [e9]. However, the role of GADD45A
in DNA demethylation remains debated. Other
studics have reported that Gadd452" mice have
normal DINA methylation patterns [50], and sug-
gest that GADD45A might act indirectly by
stimulating the BER pathway [25.87].

I Targeting of de novo

DNA methylation

Understanding why specific sequences become
targets for the DINA methylation machinery
during development remains one of the major
questions. This is particularly true for CpG-
rich sequences that arc by default protected
from DNA methylation, which implies the exis-
tence of mechanisms to bypass this protection.
DNMT3 cnzymes do not scem to have specific
sequence preferences, although strucrural studies
have revealed that they methylate CpGs with an
optimal interval of cight to ten basc pairs [30].
Several recent studies shed new light on pos-
sible mechanisms directing DNA methylation
to its targets.

One possible mechanism is the direct recruit-
ment of DNMT enzymes by sequence-specific
transcription factors (Fioume 54), as suggested
for cxamp]c, for the Ets transcription factor
PU.1 [51]. In support of this model it has been
shown recently that the tethering of a Kriippel-
associated box (KRAB)-containing protein to
a reporter construct induced promoter DNA
methylation #z wvive [32]. Interestingly, DNA
methylation was induced if the KRAB protcin
was tethered during carly development, but not
in post-implantation stages. However, genetic
proof is still nceded to demonstrate that acquisi-
tion of DN A methylation on endogenous targets
is perturbed #r #ivo in the absenee of candidate
transcription factors.

Recently, a link berween small RMNAs and
silencing of repetitive DNA during spermatogen-
esis was discovered (Figumess), MILI and MIWI2,
two members of the PIWT subfamily of Argonaute
proteins, are cxpressed during gametogenesis.
These protcins interact with a class of small
RMNAs called PIW I-interacting RN As (piRINAs)
that arc largely derived from retrotransposons.
Intcrcstingl}r, MILI and MIWI2 mouse mutants
show a derepression of IAP and LINE-1 clements
in male germ cells, which is associated with a
failure to propetly de nors methylate these cle-
ments dur'mg spermatogenesis [53), It is c,urrcm]y
unclear how the piIRINA pathway controls DNA
methylation at retrotransposons. Onc model is
that piRNAs act upstream of DINMT3 enzymes
to scrve as guides that direct DNA methylation
ma:hin:r}r [0 ransposons sequences [24].

Among other factors that dircct DINA methyl-
ation, crosstalk between histone modifications
and DNA methylation could play a major role.
Although the importance of histone modifications
as a prerequisite for DINA methylation has been
so far demonstrated Dﬂl}’ in Fungi and plams [#5],
similar mechanisms might be at work in mam-
mals. Basced on physical associations between
HMTs and DNMTs, it has been pﬂstulatcd that
histone H3 lysine 9 methylation (H3K9me) and
lysine 27 methylation (H3K27me) could regulate
DMNA methylation; however, their role in sctting
up DNA methylation patterns during develop-
ment remain to be determined. Recently, it has
been shown that DNMT3L interacts through
its PHD domain with histone H3 only when it
1s unm:thylatcd on ]ysinc 4 [29], suggesting that
absence of H3K4me could be a signal to direct
DMNA methylation during development (Feume5c).
This is fully compatible with studics showing
that unmethylated CpG islands arc marked by
H3K4me, and thar the absence of H3iK4me is
the best predictor for DINA methylation at the
genome level n2.50]. Another argument in favor
of this hypothesis is that in somatic cclls and
car]}? spermatogonia, ICRs around imprintcd
genes are marked by H3K4me specifically on the
allele that is not DNA mcth}rlatcd [#6]. Histone
arginine methylation has also been proposed
as a candidatc for dirccting DINA methylation
{Fioume 5D). Using the human B-globin locus as a
model, it has been shown that PRMT5-mediated
histone H4 arginine 3 symmetrical methyla-
tion (H4R3me2s) is recognized by DNMT3A
through its PHD motif and stimulates de nove
DNA methylation [57]. All these models linking
histone and DMNA modifications in mammals still
need to be tested genetically.
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Figure 5. Models for targeting de novo DNA methylation in mammalian cells. (A) Some TFs have been shown to interact with
DMA methyltransferases DNMT3A/B and might recruit them to their target sites. (B) In developing spermatogonia, DNMT3L-DNMT3A/E,
complexes methylate repetitive elements. Members of the PIWI subfamily of Argonaute proteins (MILI and MIWI2) bind a class of small
RNAs derived from retrotransposons called piRMAs and have been shown to be required for proper DMA methylation of retrotransposons
in the germline. Whether PIWI/piRNA complexes regulate DNA methylation by targeting DNMT3 complexes or by other means remains to
be determined. Adapted from [75]. (C) DNMT3L has been shown to interact with DNMT3AJB, as well as with the amino terminus of
histone H3 only when the lysine 4 {(H3K4) is unmethylated [25]. Methylation {me) of H3K4 strongly inhibits the interaction of DNMT3L
with chromatin in witro, suggesting that the absence of H3K4 methylation could act as a signal to attract DNA methylation in germ cells.
(D) Symmetric methylation of histone H4 arginine 3 (H4R3} by the arginine methyltransferase PRMTS has been shown to create a binding
site for DNMT3A in human cells. Therefore, H4R3me2s could act as a signal to direct DNA methylation of adjacent CpGs. Adapted from
[#7]. Lollipops depict CpG dinucleotides either methylated (blug) or unmethylated (white).

DMNMT: DNA methyltransferase; me: Methylation; piRNA: PIWI-interacting RNA; TF: Transcription factor.

Finally, a recent study revealed that transcrip-
tion is an important factor to cstablish DNA
methylation at imprinted genes in the germline.
Using the Gras locus as a model, the authors cle-
gantly showed that the truncation of transcripts
thatoverlap the maternally methylated ICR dis-
rupts the acquisition of DNA methylation in the
oocyte [24]. [nterestingly, this might not be lim-
ited to the Gras locus, as many other maternally
methylated ICRs arc located within transcribed
units [84]. Together with increasing obscrvations
that gene transcription correlates with intragenic
DMNA methylation (sce ‘Tissue-specific profiles

of DNA methylation’), this could indicate that
transcription plays a general role in dirccting
DMNA methylarion by mechanisms that are not
yet understood.

Altogether, it appears that de novre meth-
ylation is regulated at many different levels.
Although our current knowledge is rather
incomplete, the definite mechanistic model
will probably associate a conjunction of CpG
periodicity, histone modifications and spatio-
temporal expression of protein or RNA factors
to cxplain the correct establishment of DNA
methylation during development.
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Transgenerational heritability of
DNA methylation patterns

DNA methylation is heritable during somatic
cell division via the maintcnance activity of
DNMT]I. Whether DNA methylation patterns
can also be inherited through gencrations, which
would have major epidemiological implications,
remains to be clarified. Transgencrational inheri-
tance of DINA methylation patterns is thought
to be prevented by global clearing of DNA
methylation occurring after fertilization and
during germ cell development. However, it 1s
conccivable that certain target sequences occa-
sionally resist global DINA methylation cra-
surc. Imprinted genes provide one example of
sequences retaining DNA methylation during
carly development, although they do not resist
reprogramming in the germ cells.

Possible candidates for mediating cpigenctic
inheritance are IAP elements, which have been
shown to be only partially demethylated in carly
embryos and germ cells, possibly to protect the
genome from a complete reactivation of these
mobile elements [76.81.98] (Fioue 4). Inmmplct: cra-
sure of DINA methylation at IAP clements, which
can modulate neighboring genes, could therefore
lead to cpigenetic inheritance from one genera-
tion to the next. Studies over the past 10 years
using genetic mouse models tended to support
such a scenario. The best-characterized example
is the cpigenetic inheritance at the Agousi viable
yellow (A7) allele in mice. Expression of this allele
is under the control of a cryptic promoter pres-
cnt in an IAP clement inserted upstream of the
coding cxons. Expression of the 47 allele is vari-
able among isogenic individuals and corrclates
with DNA methylation of the upstream [AP
clement. The silent A% allele is hypermethylated
and produces an agouti-colored coat (termed
pscudoagouti), whereas the active allele is hypo-
methylated and induces a yellow coat color. Tt
has been shown that the locus displays cpigen-
ctic inheritance following maternal transmission
— that is, pscudoagouti mothers produce more
pscudoagouti offsprings than yellow mothers.
This suggested that there is incomplete clear-
ing of DNA methylation when the silent AY
locus is passed through the female germline [39].
However, a recent study showed that, in con-
trast to the majority of IADPs, the A% locus is
completely demethylated at the blastocyst stage,
which suggests that DINA methylation is not the
primary inherited cpigenetic mark [100].

In humans, it has been discovered that some
cases of familial colorectal cancer are associared
with soma-wide promoter DNA methylation

of tumor-suppressor genes such as MLHI
or MSH2. This methylation is occasionally
detected in successive generations, which led to
the initial model ofa direct transfer of abnormal
DNA methylation through generations (101,102,
However, carcful subscquent studies showed that
there is no promoter DNA methylation at the
MLHI gene in spermatozoa [103], which indicates
that the heritability probably reflects an undery-
ing genctic change that dirccts the postzygotic
re-cstablishment of an atypical cpigenctic state
in cach gencration. Therefore, there are to date
no clear examples in mammals of direct trans-
generational transmission of DINA methylation
states duc to lack of cpigenetic reprogramming.
Future studies using genome-wide approaches
should help to further clarify this important
issuc and unravel the epigenctic mechanisms
responsible for cases of unusual patterns of

transg:ncratioﬂal inheritance [29].

Future perspective

Although DNA methylation was described
decades ago, our understanding of the distribu-
tion and function of this epigenctic mark was
limited for a long time. One reason for this was
the inability to study DINA methylation at the
genome level, and the ficld suffered from gen-
eralizations based on studies of low numbers of
genes. Novel large-scale approaches confirmed
some of the pioncering obscrvations made on
single genes, but also revealed that epigenetic
regulation by DNA methylation is probably
more complex and dynamic than previously
anticipated. High-throughput analyses also
revealed novel unexpected findings; for example,
the potential link between gene cxpression and
intragenic DINA methylation (7).

More studies are needed to better understand
the complex connection berween DINA methyla-
tion and gene regulation during development.
Onc important point to take into consideration
from recent datascts is that cultured cells display
methylation patterns that are somewhar different
from their é# vivo counterparts 12]. Therefore,
future studies should aim ar betrer character
izing dynamic DNA methylation patterns in
cellular lincages & wivo, which is currently lim-
ited by the purification methods to isolate clean
cellular populations and the limited number of
cells obtained.

The mechanisms by which DNA methyla-
tion regulates gene cxpression largely remain
to be elucidated. Further studies are needed to
understand the impact of cytosine methylation
on chromatin structure and the transcriptional
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Novel technologies to map DNA methylation

= Current techniques combine isolation of methylated DNA with microarray hybridization.

= Improvements in high-throughput sequencing will help to create DNA methylation maps at single base pair resolution of
mammalian genomes.

Distribution of DNA methylation in mammalian genomes

= Wirtually all CpGs in mammalian genomes show a high degree of methylation, except at regions named CpG islands, which often
colocalize with gene promaters.

= The distribution of cytosine methylation in mammalian genomes suggests that its major role is to participate in the maintenance of
genome integrity rather than gene regulation.

The DNA methylation machinery

= UHRF1 helps to recruit DNMT1 to sites of DNA replication where it copies DNA methylation patterns onto the newly synthesized
DMNA strands.

= DNMT3L-DNMTIAE complexes are involved in setting up DNA methylation patterns in developing germ cells and early embryos.

Tissue-specific profiles of DNA methylation

= lLarge-scale studies revealed that DNA methylation profiles are more dynamic between cell types than previously anticipated.

= Sites of call type-specific DNA methylation appear more abundant in intergenic regions and gene bodies than in gene promaoters.

Methylation at CpG-poor promoters

= Methylation at CpG-poor promoters is very common and can be bypassed by activating signals, indicating that low density of cytosine
methylation does not prevent gene activation.

Methylation at CpG island promoters

= Genome-wide mapping confirmed that most CpG island promoters remain constitutively unmethylated, even when the associated gene
is not expressed.

= Rare methylated CpG island promoters are associated with developmental genes and moderate CpG richness.

DNA methylation and cellular identity

= Recent work on embryonic stem cells and induced pluripotent stem cells suggests that DNA methylation of key developmental genes is
a rnajor barrier to prevent cellular reprogramming.

Two waves of global DNA methylation reprogramming

= DNA methylation is erased after fertilization, possibly to restore an epigenetic state compatible with pluripotency in the early embryo.

= A second wave of DNA methylation reprograrmming occurs in primordial germ cells to resat global DNA methylation and irmprinting
marks for the next generation.

Mechanisms of DNA demethylation

= The mechanisms involved in erasure of DNA methylation are not yet elucidated, but most likely involve the removal of entire bases via
the base excision repair pathway.

Targeting of de novo DNA methylation

= Correct targeting of de novo DMNA methylation during development probably invelves a combination of optimal CpG spacing, histone
modifications, RNAs and transcription factors.

Heritability of DNA methylation patterns

= Incomplete DNA methylation clearing in early embryos and germ cells could mediate transgenerational heritability of DNA methylation.

= Examples of direct transmission of DNA methylation from one generation to the next in mammals are missing; however, future studies
should help to clarify this important issue.

Future perspective

= Genome-wide mapping of DMNA methylation confirmed pioneer observations on single genes, but also revealed novel
unexpected aspects.

= Future studies should help to better understand the dynamics of DNA methylation in cellular lineages in vivo, the mechanisms by which
DMNA methylation impacts on gene expression, and the factors reprogramming DA methylation during development.

machincr}r. Moreover, in addition to the role of In addition, absence of DNMTs in mice leads

DNA methylation at gene promoters, one novel
question is how DNA methylation might also
modulate gene expression through long-distance
regulation. Addressing these functional ques-
tions is complex because of the lack of good work-
ing models. To date, it is not possible to inter-
fere with DNA mcth}’latiun at spcciﬁc loci, but
only globally though the inhibition of DNMT
€NZymes of treatment with irazacytid]nc, which
makes the interpretation of results complicated.

to carly embryonic lethality, which makes it
difficult to study the rolc of DNA methylation
in organogenesis unless conditional knockout
strategics arc used. In the furure, the engincer-
ing of novel technologics to selectively modify
DMNA methylation of particular sequences in the
genome would be extremely valuable.

Finally, particular ecmphasis should also
be placed on studying the mechanisms that
regulate and target DNA methylation in the
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genome. Scveral pathways directing DNA
methylation have been identified in plants and
fungi, but they do not scem to play identical
roles in mammals. This is a crucial question
that mightalsolead to a better understanding of
the deregulation of DNA methylation observed
during tumorigenesis and the identification of
potential novel therapeutic targets.
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