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Abstract

The prevailing views as to the form, function, and regulation of genomic methylation patterns have their origin many
years in the past, at a time when the structure of the mammalian genome was only dimly perceived, when the num-
ber of protein-encoding mammalian genes was believed to be at least five times greater than the actual number, and
when it was not understood that only ~10% of the genome is under selective pressure and likely to have biological
function. We use more recent findings from genome biology and whole-genome methylation profiling to provide a
reappraisal of the shape of genomic methylation patterns and the nature of the changes that they undergo during
gametogenesis and early development. We observe that the sequences that undergo deep changes in methylation
status during early development are largely sequences without regulatory function. We also discuss recent findings

Methylation-related human diseases

that begin to explain the remarkable fidelity of maintenance methylation. Rather than a general overview of DNA
methylation in mammals (which has been the subject of many reviews), we present a new analysis of the distribu-
tion of methylated CpG dinucleotides across the multiple sequence compartments that make up the mammalian
genome, and we offer an updated interpretation of the nature of the changes in methylation patterns that occur in
germ cells and early embryos. We discuss the cues that might designate specific sequences for demethylation or de
novo methylation during development, and we summarize recent findings on mechanisms that maintain methyla-
tion patterns in mammalian genomes. We also describe the several human disorders, each very different from the
other, that are caused by mutations in DNA methyltransferase genes.
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The shape of genomic methylation patterns
The current human genome assembly contains ~3 x 107
CpG dinucleotides, each of which can exist in the methyl-
ated or unmethylated state. The number of possible meth-
ylation patterns in a single haploid genome far exceeds the
number of atoms in the observable universe; this greatly
increases both the potential information content of the
genome and the difficulty of statistical analysis [1, 2].
Whole-genome methylation profiling has recently
made it possible to assign approximate methylation lev-
els to the multiple sequence compartments that make
up the human genome [1-3]. We have analyzed this

*Correspondence: THB12@columbia.edu

2 Department of Genetics and Development, College of Physicians
and Surgeons of Columbia University, New York, NY, USA

Full list of author information is available at the end of the article

( ) BiolVed Central

compartment-specific methylation as it occurs in dif-
ferentiated somatic cells; the data are shown in Fig. 1.
Transposon-derived sequences (SINE, LINE, and LTR)
are abundant and densely methylated; the remainder of
the genome is more variably methylated, with promoter-
associated CpG islands and first exons representing the
only sequence compartment that is largely unmethylated.
Seventy-five percent of all promoters are within CpG
islands and unmethylated [1-4]; the remaining promot-
ers have very low CpG densities, and methylation is very
unlikely to regulate their expression [1, 2]. Many CpG
islands are not associated with promoters or other anno-
tated regulatory sequences, and their methylation status
is of unknown and possibly inconsequential biological
significance.

Current evidence indicates that the primary biologi-
cal functions of DNA methylation lie in the heritable
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Fig. 1 Distribution of DNA methylation across sequence compart-
ments in the human genome. Vertical axis indicates percentage of
total CpG dinucleotides in each indicated compartment; horizontal
axis indicates percentage of total genome in each compartment; light
blue at the top of each compartment indicates unmethylated fraction.
Numerals in red denote CpG dinucleotides per 100 bp. The genome-
wide CpG density expected on the basis of G + C content is 4.2 per
100 bp. Note that the only sequence compartment that exists in the
largely unmethylated state is the CpG island/first exon compartment;
this compartment occupies <0.5% of the genome. The ICR/DMR
compartment (differentially methylated regions of imprinting control
regions) represents ~0.001% of the genome and ~0.01% of total CpG
dinucleotides. Introns are included in the unannotated compartment,
as are putative enhancers. The methylation data are from Bisulfite-Seq
data for hippocampus (Roadmap Epigenome Project sample E071
[5]), but other differentiated adult tissues show very similar trends

transcriptional repression of retrotransposons, the mon-
oallelic expression of imprinted genes, X chromosome
inactivation in female cells, and the selective exposure of
promoters of cellular genes to transcription factors. There
is evidence that genomic methylation patterns at regula-
tory sequences are essentially static during development,
although CpG-poor promoters can show partial demeth-
ylation upon transcriptional activation that is likely to be a
consequence rather than a cause of activation [2].

Multiple lines of evidence indicate that only ~10%
of the mammalian genome is functional, as shown by
comparative biology studies and by the fact that most of
the genome is evolving at the neutral rate and does not
appear to be under selection [6, 7]. Most DNA meth-
ylation is also likely to be without significant biological
function; this is consistent with high rate of loss of CpG
dinucleotides across most of the genome during evolu-
tion [8] and the highly heterogeneous nature of genomic
methylation patterns even in single tissue types [1, 3].

Methylation dynamics during development

Since 1987, it has been held that there are two waves of
demethylation and remethylation [9] during develop-
ment that in the standard depictions are implied to affect
virtually the entire genome (reviewed in [10]). Under this
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model, the first wave of demethylation occurs during the
migration of proliferating primordial germ cells, with
remethylation occurring in postmigratory germ cells;
the second wave of demethylation takes place in cleav-
age stage embryos and results in a minimum in DNA
methylation at the blastocyst stage. As shown in Fig. 2,
this standard double-dip model obscures the methyla-
tion dynamics of the small fraction of the genome shown
in Fig. 1 where methylation is likely to exert regulatory
effects. First, the large majority of CpG island promot-
ers are not subject to these waves of methylation and
demethylation because they are unmethylated at all
stages. Second, the methylation status of alleles at dif-
ferentially methylated regions (DMRs) of imprinting
control regions (ICRs) changes at different developmen-
tal stages: they are demethylated in primordial germ
cells and remethylated in cohorts of growing oocytes
shortly before ovulation [11] and in the entire popula-
tion of prospermatogonia around the time of birth [12].
The sex-specific methylation at ICRs/DMRs escapes the
demethylation that occurs in cleavage stage embryos.
Third, the small population of young, CpG-rich trans-
posons largely escapes demethylation both in primordial
germ cells [13] and in the early embryo [14]. The types
of sequences that undergo the double wave of demeth-
ylation and remethylation are largely composed of old
and inactive transposon remnants, satellite and other
repeated DNA, and the unannotated and rapidly diverg-
ing fraction of the genome that shows little evidence of
biological function. Figure 2 shows that the dynamics of
demethylation and remethylation during development
are more complex than depicted in the double-dip model
and that sequences whose methylation status is of biolog-
ical importance do not conform to this model.

Figure 2 also shows the basis for the pronounced sex-
ual dimorphism in the rate of C — T mutations driven
by deamination of 5 methylcytosine (m°C), which con-
verts the base directly to T. De novo methylation of
DMRs/ICRs and most of the genome occurs in the
entire population of male germ cells around the time
of birth; these methylation patterns exist for the repro-
ductive life of the organism and must be propagated by
maintenance methylation in spermatogonia through
many mitotic divisions prior to entry into meiosis [12].
In female germ cells, de novo methylation takes place
in growing oocytes, which are arrested in meiosis I and
undergo no mitotic divisions prior to fertilization [11];
there is therefore very little opportunity for deamination
of m°C to occur. As a result of this sexual dimorphism,
de novo mutations at CpG dinucleotides are much more
common in spermatozoa [15]; many sporadic genetic
disorders are caused primarily by C — T mutations at
methylated CpG dinucleotides at alleles of paternal
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Fig. 2 Dynamics of demethylation and de novo methylation in the maternal (a) and paternal (b) genomes during mammalian development. The
standard depictions of developmental changes in genomic methylation patterns often assume a monolithic genome; in fact, different sequence
compartments display marked differences in timing of methylation and demethylation. CpG-rich (CpG island) promoters are unmethylated at all
stages, except for the small number of CpG islands associated with imprinting control regions and CpG islands on the inactive X chromosome

in somatic cells of females. Young, CpG-rich transposons largely escape both waves of demethylation. Most of the dynamic methylation and
demethylation that occurs in primordial germ cells (PGCs) and the early embryo affects sequences that are evolving at the neutral rate and whose
methylation status is without known biological effect. The methylation status of these sequences, which represent the bulk of the genome and are
composed of satellite DNA, old and inactive transposons, introns, and unannotated sequences evolving at the neutral rate, is shown by broken lines

origin. Furthermore, paternally methylated ICRs/DMRs
have been eroded by C — T mutations over evolution-
ary time and are far fewer in number and have become
reduced in CpG density as compared to maternally
methylated ICRs/DMRs [16].

Attracting and repelling DNA methylation

The cues that designate specific sequences for de novo
methylation, faithful versus error-prone maintenance
methylation, or demethylation at different develop-
mental stages are not well understood. It is clear that
the default state of most of the genome is partially to

densely methylated [1, 3]. This is shown by the fact that
removal of most DNA methylation in somatic cells by
treatment with DNA methyltransferase inhibitors is fol-
lowed by gradual remethylation of most sequences after
withdrawal of the inhibitor [17]; this methylation occurs
largely at sequences that are unlikely to have appreciable
biological effects. Restoration of DNMT1 to Dnmtl-null
ES cells, whose genomes have lost nearly all m°C, also
results in the remethylation of most of the genome, but
with a failure to reestablish methylation at imprinting
control regions until these sequences have been passed
through the germ line [18].



Edwards et al. Epigenetics & Chromatin (2017) 10:23

Repeated sequences can attract de novo methylation;
a transgene array of tandem repeats became methyl-
ated in transgenic mice, but methylation was lost when
the repeat array was reduced to a single unit [19]. Other
mechanisms by which repeated sequences might be
targeted for de novo methylation have been discussed
[20], although the actual mechanism by which repeated
sequences attract de novo methylation has not been
defined.

The mechanisms that designate specific sequences for
de novo methylation in the germ line are only partially
understood. Deletion of the gene that encodes DNMT3L
(which is related to DNMT3A and DNMT3B in frame-
work regions but lacks the domains involved in trans-
methylation) causes a failure of de novo methylation in
prospermatogonia [12] and in growing oocytes [11], the
only cell types in which DNMTS3L is expressed. DNMT3L
forms a complex with DNMT3A and DNMT3B, and
DNMTS3L targets this complex to DNA sequences asso-
ciated with histones that are unmethylated at lysine 4 of
histone H3 (H3K4); unmethylated H3K4 is associated
with inactive promoters and with methylated DNA [21].
Ablation of the Argonaute proteins MILI or MIWI2,
which are expressed in early germ cells and are involved
in the biogenesis of PIWI-interacting RNAs (piRNAs),
causes a failure of de novo methylation very similar to
that seen in Dumt3L-null germ cells, although DNA
methylation is affected only in male germ cells [22]. This
finding implies that piRNAs are upstream of histone
H3K4 methylation and demethylation, which in turn are
upstream of the DNMT3L/DNMT3A/DNMT3B com-
plex. However, it is not known how piRNAs affect H3K4
methylation and no connection between piRNAs and the
DNMT3L/DNMT3A/DNMT3B complex has been iden-
tified. DNMT3A and DNMT3B have also been shown to
bind to H3K36me3 through their PWWP domains [23].

The binding of transcription factors to promoters
even in the absence of active transcription can cause
the loss of DNA methylation in the vicinity of the bind-
ing site [24]; even the binding of lac repressor can cause
the loss of DNA methylation from CpG sites near lac
operators in transfected mammalian cells [25]. Many of
the expression—methylation correlations that have been
reported since 1978 [26] are likely to be a consequence of
transcriptional activation rather than a cause [2]. These
effects are largely restricted to sequences of low CpG
density. The expression of the large majority of genes
does not markedly change after global genome demeth-
ylation [2].

CpG island promoters are protected from de novo
methylation at essentially all developmental stages.
Exceptions are a small number of promoters at ICR/
DMRs [27] and CpG island promoters on the inactive
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X chromosome in female somatic cells [28]. The mech-
anism that protects CpG island promoters does not
involve sequestration of the promoters in condensed
chromatin since unmethylated CpG-rich sequences in
nuclei show the greatest accessibility to diffusible factors
such as DNase I [1].

Although the mechanisms that protect most CpG
island promoters from de novo methylation are not
understood, a specific class of CpG island promoters is
protected from de novo methylation by the multidomain
chromosomal protein FBXL10 (also known as KDM2B,
JHDM1B, and CXXC2); these are the CpG island pro-
moters bound by polycomb repressive complexes (PRC)
1 and 2. In the absence of FBXL10, PRC-bound pro-
moters undergo de novo methylation with concomitant
silencing of gene expression [29]. Even though FBXL10 is
bound to essentially all CpG island promoters, removal
of FBXL10 induces de novo methylation and transcrip-
tional silencing only of that small subset of CpG island
promoters that are bound both by FBXL10 and by PRC 1
and 2. This implies that PRC 1 and/or 2 has a tendency to
attract de novo methylation and that FBXL10 has evolved
to counteract this activity. Inhibition of de novo methyla-
tion is likely to involve the CXXC domain of FBXL10; this
domain, which is found in ~14 nuclear proteins, binds
specifically to unmethylated CpG dinucleotides [30]. The
methylation abnormalities that arise in cells that lack
FBXL10 are strikingly similar to those seen in pediatric
ependymomas and some other pediatric cancers; the
methylation abnormalities appear to be important driv-
ers of tumorigenesis as very few mutations have been
detected in these tumors [31]. The processes that render
PRC-bound promoters subject to de novo methylation in
these tumors are not currently understood.

Mechanisms that mediate faithful maintenance
methylation by DNMT1

That genomic methylation patterns are subject to mitotic
inheritance in somatic cells was predicted to occur in
1975 [32, 33] and demonstrated experimentally in 1981
[34]. Maintenance methylation can be very faithful;
allele-specific methylation patterns established at ICRs/
DMRs in germ cells of the preceding generation can be
maintained in offspring through to adulthood with little
alteration, and the two X chromosomes in female cells
maintain different methylation patterns from soon after
implantation of the embryo to the end of life.

However, maintenance methylation is less efficient at
other sequences; methylation patterns can be heteroge-
neous in single tissue types [1, 3] and even in clonal cell
populations. Heterogeneous methylation is observed
largely at sequences without discernable regulatory
activity. DNMT1 has long been known to preferentially
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methylate hemimethylated DNA (the product of semi-
conservative DNA replication; reviewed in [35]), but
only recently have structural studies begun to reveal the
mechanism.

As shown in Fig. 3, DNMT1 has a C-terminal cata-
lytic domain related in sequence and structure to other
DNA (cytosine-5) methyltransferases (including bacte-
rial restriction methyltransferases such as M.Hhal) and a
large N-terminal region that contains multiple functional
domains. The CXXC domain (which is closely related
to that of FBXL10) binds to unmethylated CpG dinu-
cleotides and interposes a stretch of highly acidic amino
acids (the autoinhibitory BAH1-CXXC linker in Fig. 3c
and d) between the DNA and the active site of DNMT]1,
thereby inhibiting de novo methylation [30]. This auto-
inhibitory mechanism provides a several-fold preference
of DNMT1 for hemimethylated DNA, but this is not
sufficient to explain the faithfulness of in vivo mainte-
nance methylation. A second mechanism that increases
the preference of DNMT1 for hemimethylated DNA
involves the interaction of the replication focus target-
ing sequence (RFTS) of DNMT1 with the multidomain
protein UHRF1 (ubiquitin-like with PHD and ring finger
domains 1), which contains an SRA domain that binds
to hemimethylated CpG dinucleotides [36]. In the free
protein, the RFTS of DNMT1 occludes access of DNA to
the active site by impingement on the CXXC domain; it
is proposed that the UHRF1/hemimethylated DNA com-
plex displaces the inhibitory RFTS domain of DNMT1
in a handoff reaction to transfer hemimethylated DNA
from UHRF]1 to the active site of DNMT1. This proposal
is consistent with the finding that UHRF1 is required for
maintenance methylation in vivo; null alleles of Uhrfl
phenocopy null alleles of Dnmtl in mice [36]. UHRF1
has multiple additional functional domains (including a
tandem tudor domain that has been reported to bind to
methylated H3K9 and to regulate the fidelity of mainte-
nance methylation [37]), but mutation of UHRF1 so as to
eliminate H3K9 binding had little effect on maintenance
methylation in vivo [38].

DNMT1 also contains two bromo-adjacent homol-
ogy (BAH) domains that occur in a number of other
proteins, where some have been shown to bind to spe-
cific modified histones (reviewed in [39]). The function
of the BAH domains in DNMT1 is unknown, although
they may increase the efficiency of maintenance meth-
ylation by interaction with unidentified histones or his-
tone modifications. While purified DNMT1 does have
a modest intrinsic preference for hemimethylated DNA
in vitro, it has recently become clear that multiple addi-
tional regulatory inputs, especially those mediated by the
interaction with UHRF1, are required in vivo to ensure
stable maintenance methylation at ICR/DMRs and other
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sequences where DNA methylation is subject to stable
somatic inheritance.

Pathogenic mutations in DNA methyltransferase
genes

All three human genes that encode active DNA methyl-
transferases have been found to be mutated in specific
human diseases, although gross methylation abnormali-
ties have been observed only in ICF syndrome type 1
(immunodeficiency, centromere instability, facial anom-
alies; OMIM 602900), which is caused by homozygous
loss-of-function mutations at DNMT3B ([43]; Fig. 4a).
ICF syndrome type 1 patients present with a variable
combined immunodeficiency that is usually fatal prior
to adulthood, mild but stereotypical facial abnormalities,
and severe instability of classical satellite DNA on chro-
mosomes 1, 9, and 16 that leads to gains and losses of
chromosome arms to produce multiradiate or pinwheel
chromosomes in phytohaemagglutinin (PHA)-stimu-
lated T cells. Classical satellite DNA is almost completely
unmethylated in all cells of patients with this syndrome,
but chromosome instability is apparent only in cer-
tain cell types. Variable losses of methylation in other
regions of the genome have also been reported [44], but
the methylation abnormalities responsible for the patho-
genesis of ICF syndrome cannot be specified with any
confidence. While point mutations in DNMT3B in ICF
syndrome type 1 can eliminate all enzyme activity [43],
ICF patients homozygous for deletion or early truncation
alleles have not been reported. Null alleles of Dnmt3B
in mice are embryonic lethals [45], which suggests that
DNMT3B protein, even if enzymatically inactive, is
required for proper assembly and function of a complex
that contains other factors.

Heterozygous somatic mutations in DNMT3A are
present in ~15% of cases of acute myeloid leukemia
(AML; OMIM 601626) [46] and in a smaller percent-
age of cases of myelodysplastic syndrome. Most muta-
tions affect a single codon: R882 (encoded by CGC).
C — T mutations at a methylated CpG dinucleotide
within this codon convert it to a cysteine codon (TGC)
if the top strand is mutated and to a histidine codon
(CAQ) if the bottom strand is mutated (Fig. 4b). It is not
known whether methylation abnormalities are involved
in those AML cases that bear mutations in DNMT3A.
Mutations in DNMT3A are uncommon in neoplastic
conditions other than certain leukemias and myelodys-
plastic syndrome.

Tatton—-Brown—Rahman syndrome (OMIM 602769) is
an overgrowth syndrome that involves tall stature, char-
acteristic facial anomalies, and variable intellectual dis-
abilities. The original authors referred to this condition
as DNMT3A overgrowth syndrome [47]. Patients are
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(Fig. 4b). It is not known whether DNA methylation sion. Although there are no methylation data on this
abnormalities are present in Tatton—-Brown-Rahman point, there are strong phenotypic similarities among
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Tatton-Brown—Rahman syndrome, Weaver syndrome
(associated with heterozygous missense mutations in
EZH2; OMIM 277590), and Sotos syndrome (usually
associated with heterozygous loss-of-function muta-
tions in NSDI; OMIM 117550) and the imprinting disor-
der Beckwith—Wiedemann syndrome (OMIM 130650),
which strengthens the possibility that all these syndromes
involve disruption of normal imprinted gene expression
(reviewed in [47]).

Multiple dominant germ line mutations clustered in a
single small domain of DNMT1 cause a heterogeneous
group of adult-onset neurological disorders that include
ataxia, sensorineural deafness, narcolepsy, dementia,
psychosis, and other neurological and psychiatric abnor-
malities (OMIM 126375 and 605712) that are collectively
known as autosomal dominant DNMT1 complex disor-
der [48]. All the known causative mutations involve sin-
gle amino acid substitutions within the replication focus
targeting sequence (RFTS; Fig. 4c), which mediates the
interaction of DNMT1 and UHRF1 and the recruitment
of DNMT1 into replication foci during S phase; in non-S
phase cells, DNMT1 has a diffuse nucleoplasmic distri-
bution (Fig. 4d). The locations of the causative mutations
within the structure of DNMT1 are shown in Fig. 4e.

That mutations in DNMT1 should cause adult-onset
neurological defects without involvement of other tissues
is unexpected; partial loss-of-function alleles of DnmtlI in
mice cause pervasive developmental delays and high rates
of leukemia without obvious neurological abnormalities
[49]. Furthermore, adult neurons are postmitotic and
perform little or no maintenance methylation. DNMT1
protein is nonetheless present at appreciable levels in
neurons, and the mutated proteins show a tendency to
form cytoplasmic aggregates when overexpressed in cul-
tured cells [48]. It is likely that the toxicity of these aggre-
gates (if they form in neurons of affected individuals),
rather than an effect on DNA methylation, underlies the
neuropathies caused by mutations in DNMT1. This inter-
pretation is consistent with the report of a lack of obvious
phenotypes after conditional deletion of the DnmtI gene
in postmitotic neurons of mice [50].

DNMTS3L, which is expressed only in prospermato-
gonia and in growing oocytes, recruits DNMT3A and
DNMTS3B to nucleosomes that contain unmethylated
H3K4 [51]. No disease-associated mutations in the
DNMT3L gene have been reported in humans; based
on mouse models, homozygous null alleles would be
expected to produce non-syndromic azoospermia in
males and maternal-effect embryonic lethality in the off-
spring of homozygous mutant females and normal males
[11, 12].

The human biology of DNA methyltransferases illus-
trates the complex and enigmatic effects of disturbances
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of genomic methylation patterns on phenotype. The four
human disorders firmly associated with mutations in
DNA methyltransferase genes have largely non-overlap-
ping phenotypes: one is germ line, recessive, early onset
and involves a usually severe combined immunodefi-
ciency (ICF syndrome type 1), one is germ line, domi-
nant, adult onset and progressive and affects the central
nervous system (DNMT1 complex disorder), another is
germ line, dominant, early onset and involves overgrowth
and intellectual disabilities without pronounced neuro-
logical disturbance (Tatton—Brown—-Rahman or domi-
nant DNMT3A overgrowth syndrome), and another is
somatic, dominant and is involved in the etiology of lym-
phoid neoplasms (DNMT3A mutations at codon R882).
Methylation abnormalities are likely to be involved in
the causation of all the conditions. Given the vast num-
ber of methylation patterns that can exist on a single
genome and the high likelihood that the DNA methyl-
transferase mutations will cause genome-wide meth-
ylation abnormalities, it might be extremely difficult to
identify the specific methylation change that gives rise
to a given biological effect in the DNA methyltransferase
disorders. A recent report of characteristic methylation
anomalies in DNMT3AR2/+ or DNMT3AR2C* cases
of AML that are not present in DNMT3A*'* cases [52]
highlights the issue: while the data strongly indicate that
abnormal genomic methylation patterns are involved in
the progression to AML, the methylation changes actu-
ally directly involved in leukemogenesis will be difficult
to define.

Conclusions

Many of the accepted views of the form, function, and
dynamics of mammalian genomic methylation patterns
were first formulated in the 1980s, when there was little
information as to the true organization of the genome.
A reappraisal in view of modern information leads to
the conclusion that the dynamic demethylation and
remethylation that occurs in early development affect
largely unannotated sequences and inactive transposons,
while imprinting control regions and potentially active
transposons largely escape demethylation, and nearly
all CpG-rich promoters are not methylated in any cell
type. Genomic methylation patterns at sequences where
methylation status might affect phenotype are much
more static than previously believed, while methylation
changes at sequences that are evolving at close to the
neutral rate are unlikely to have biological consequences.

Abbreviations

BAH domain: bromo-adjacent homology domain; CXXC domain: protein
fold found in multiple proteins that bind to unmethylated CpG dinucleotides
in DNA; DNMT: DNA (cytosine-5) methyltransferase; PRCT and 2: polycomb
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repressive complexes 1 and 2. Involved in transcriptional repression, especially of
genes involved in patterning the early embryo; RFTS domain: replication focus
targeting sequence that recruits DNMT1 to replication foci during S phase.

Authors’ contributions

JRE performed the computational analysis, OY conducted the structural analy-
ses, and JRE, OY, MB, and THB wrote the paper. All authors read and approved
the final manuscript.

Author details

! Center for Pharmacogenomics, Department of Medicine, Washington
University School of Medicine, St. Louis, MO, USA. 2 Department of Genetics
and Development, College of Physicians and Surgeons of Columbia University,
New York, NY, USA.

Acknowledgements
This study was supported by grants from the NIH to JRE and THB.

Competing interests
The authors declare that they have no competing interests

Consent for publication
All authors have approved the manuscript.

Funding
This study was supported by grants from the NIH to JRE and THB.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 21 February 2017 Accepted: 26 April 2017
Published online: 08 May 2017

References

1. Edwards JR, et al. Chromatin and sequence features that define the fine
and gross structure of genomic methylation patterns. Genome Res.
2010;7:972-80.

2. Bestor TH, Edwards JR, Boulard M. Notes on the role of dynamic DNA
methylation in mammalian development. Proc Natl Acad Sci USA.
2015;112:6796-67999.

3. Lister R, et al. Human DNA methylomes at base resolution show wide-
spread epigenomic differences. Nature. 2009;462:315-22.

4. loshikhes IP, Zhang MQ. Large-scale human promoter mapping using
CpG islands. Nat Genet. 2000;26:61-3.

5. Roadmap Epigenomics Consortium, Kundaje A, Meuleman W, Ernst J,
Bilenky M, Yen A, Heravi-Moussavi A, Kheradpour P, Zhang Z, Wang J,
et al. Integrative analysis of 111 reference human epigenomes. Nature.
2015;518:317-30.

6. Eddy SR.The ENCODE project: missteps overshadowing a success. Curr
Biol. 2013;2:R259-61.

7. Graur D, Zheng Y, Price N. Azevedo RB, Zufall RA, Elhaik E. On the immor-
tality of television sets: “function”in the human genome according to the
evolution-free gospel of ENCODE. Genome Biol Evol. 2013;5:578-590.

8. Louie E, Ott J, Majewski J. Nucleotide frequency variation across human
genes. Genome Res. 2003;13:2594-601.

9. Monk M, Boubelik M, Lehnert S. Temporal and regional changes in DNA
methylation in the embryonic, extraembryonic and germ cell lineages
during mouse embryo development. Development. 1987;99:371-82.

10. Smallwood SA, Kelsey G. De novo DNA methylation: a germ cell perspec-
tive. Trends Genet. 2012;28:33-42.

11. Bourc'his D, Xu GL, Lin CS, Bollman B, Bestor TH. Dnmt3L and the estab-
lishment of maternal genomic imprints. Science. 2001;294:2536-9.

12. Bourc'his D, Bestor TH. Meiotic catastrophe and retrotransposon reactiva-
tion in male germ cells lacking Dnmt3L. Nature. 2004;431:96-9.

13. Seisenberger S, Andrews S, Krueger F, Arand J, Walter J, Santos F, Popp
C, Thienpont B, Dean W, Reik W. The dynamics of genome-wide DNA

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

Page 9 of 10

methylation reprogramming in mouse primordial germ cells. Mol Cell.
2012;48:849-62.

. Lees-Murdock DJ, De Felici M, Walsh CP. Methylation dynamics of

repetitive DNA elements in the mouse germ cell lineage. Genomics.
2003;82:230-7.

. Mugal CF, Ellegren H. Substitution rate variation at human CpG sites

correlates with non-CpG divergence, methylation level and GC content.
Genome Biol. 2011;12:R58.

. Bourc'his D, Bestor TH. Origins of extreme sexual dimorphism in genomic

imprinting. Cytogenet Genome Res. 2006;113:36-40.

. Flatau E, Gonzales FA, Michalowsky LA, Jones PA. DNA methylation in

5-aza-2-deoxycytidine-resistant variants of C3H 10T1/2 C18 cells. Mol Cell
Biol. 1984;4:2098-102.

. Tucker KL, et al. Germ-line passage is required for establishment of meth-

ylation and expression patterns of imprinted but not of nonimprinted
genes. Genes Dev. 1996;10:1008-20.

. Garrick D, Fiering S, Martin DI, Whitelaw E. Repeat-induced gene silencing

in mammals. Nat Genet. 1998;18:56-9.

. Bestor TH, Tycko B. Creation of genomic methylation patterns. Nat Genet.

1996;12:363-7.

. Ooi SK, et al. DNMT3L connects unmethylated lysine 4 of histone H3 to

de novo methylation of DNA. Nature. 2007;448:714-7.

Aravin AA, Sachidanandam R, Bourc'his D, Schaefer C, Pezic D, Toth KF,
Bestor T, Hannon GJ. A piRNA pathway primed by individual transposons
is linked to de novo DNA methylation in mice. Mol Cell. 2008;31:785-99.
Rondelet G, Dal Maso T, Willems L, Wouters J. Structural basis for recogni-
tion of histone H3K36me3 nucleosome by human de novo DNA methyl-
transferases 3A and 3B. J Struct Biol. 2016;194:357-67.

Matsuo K, Silke J, Georgiev O, Marti P, Giovannini N, Rungger D. An
embryonic demethylation mechanism involving binding of transcription
factors to replicating DNA. EMBO J. 1998;17:1446-53.

Han L, Lin IG, Hsieh CL. Protein binding protects sites on stable episomes
and in the chromosome from de novo methylation. Mol Cell Biol.
2001;21:3416-24.

Waalwijk C, Flavell RA. DNA methylation at a CCGG sequence in the large
intron of the rabbit beta-globin gene: tissue-specific variations. Nucl
Acids Res. 1978;5:4631-4.

Proudhon C, et al. Protection against de novo methylation is instrumental
in maintaining parent-of-origin methylation inherited from the gametes.
Mol Cell. 2012;47:909-20.

Cotton AM, Price EM, Jones MJ, Balaton BP, Kobor MS, Brown CJ. Land-
scape of DNA methylation on the X chromosome reflects CpG density,
functional chromatin state and X-chromosome inactivation. Hum Mol
Genet. 2015;24:1528-39.

Boulard M, Edwards JR, Bestor TH. FBXL10 protects Polycomb-bound
genes from hypermethylation. Nat Genet. 2015;47:479-85.

Song J, Rechkoblit O, Bestor TH, Patel DJ. Structure of DNMT1-DNA com-
plex reveals a role for autoinhibition in maintenance DNA methylation.
Science. 2011;331:1036-40.

Mack SC, et al. Epigenomic alterations define lethal CIMP-positive epend-
ymomas of infancy. Nature. 2014;506:445-50.

Holliday R, Pugh JE. DNA modification mechanisms and gene activity
during development. Science. 1975;187:226-32.

Riggs AD. X inactivation, differentiation, and DNA methylation. Cytogenet
Cell Genet. 1975;14:9-25.

Wigler M, Levy D, Perucho M. The somatic replication of DNA methyla-
tion. Cell. 1981;24:33-40.

Goll MG, Bestor TH. Eukaryotic cytosine methyltransferases. Annu Rev
Biochem. 2005;74:481-514.

Bostick M, Kim JK, Estéve PO, Clark A, Pradhan S, Jacobsen SE. UHRF1
plays a role in maintaining DNA methylation in mammalian cells. Science.
2007;317:1760-4.

Rothbart SB, et al. Association of UHRF1 with methylated H3K9 directs the
maintenance of DNA methylation. Nat Struct Mol Biol. 2012;19:1155-60.
Zhao Q, et al. Dissecting the precise role of H3K9 methylation in cross-
talk with DNA maintenance methylation in mammals. Nat Commun.
2016;7:12464.

Yang N, Xu RM. Structure and function of the BAH domain in chromatin
biology. Crit Rev Biochem Mol Biol. 2013;48:211-21.

Klimasauskas S, Kumar S, Roberts RJ, Cheng X. Hhal methyltransferase
flips its target base out of the DNA helix. Cell. 1994,76:357-69.



Edwards et al. Epigenetics & Chromatin (2017) 10:23

41.

42.

43.

44,

45,

46.

Song J, Teplova M, Ishibe-Murakami S, Patel DJ. Structure-based mecha-
nistic insights into DNMT1-mediated maintenance DNA methylation.
Science. 2012;335:709-12.

Takeshita K, Suetake |, Yamashita E, Suga M, Narita H, Nakagawa A, Tajima
S. Structural insight into maintenance methylation by mouse DNA meth-
yltransferase 1 (Dnmt1). Proc Natl Acad Sci USA. 2011;108:9055-9.

Xu G-L, Bestor TH, Bourc'his D, Hsieh CL, Tommerup N, Bugge M, Hulten
M, Qu X, Russo JJ, Viegas-Péquignot E. Chromosome instability and
immunodeficiency syndrome caused by mutations in a DNA methyl-
transferase gene. Nature. 1999;402:187-91.

Simo-Riudalbas L, Diaz-Lagares A, Gatto S, Gagliardi M, Crujeiras AB, Mata-
razzo MR, Esteller M, Sandoval J. Genome-wide DNA methylation analysis
identifies novel hypomethylated non-pericentromeric genes with poten-
tial clinical implications in ICF syndrome. PLoS ONE. 2015;10(7):e0132517.
Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and
Dnmt3b are essential for de novo methylation and mammalian develop-
ment. Cell. 1999;99:247-57.

Ley TJ, et al. DNMT3A mutations in acute myeloid leukemia. N Engl J Med.
2010;363:2424-33.

47.

48.

49.

50.

51.

52.

Page 10 of 10

Tatton-Brown K. NSD1, EZH2 and DNMT3A overgrowth genes and their
associated overgrowth syndromes. Chichester: Wiley; 2014.

Baets J, et al. Defects of mutant DNMT1 are linked to a spectrum of
neurological disorders. Brain. 2015;138:845-61.

Gaudet F, Rideout WM 3rd, Meissner A, Dausman J, Leonhardt H, Jaenisch
R. Induction of tumors in mice by genomic hypomethylation. Science.
2003;300:489-92.

Fan G, et al. DNA hypomethylation perturbs the function and survival of
CNS neurons in postnatal animals. J Neurosci. 2001,21:788-97.

Ooi SK, Qiu C, Bernstein E, Li K, Jia D, Yang Z, Erdjument-Bromage H,
Tempst P, Lin SP, Allis CD, Cheng X, Bestor TH. DNMT3L connects unmeth-
ylated lysine 4 of histone H3 to de novo methylation of DNA. Nature.
2007;448:714-7.

Spencer DH, Russler-Germain DA, Ketkar S, Helton NM, Lamprecht TL,
Fulton RS, Fronick CC, O'Laughlin M, Heath SE, Shinawi M, Westervelt P,
Payton JE, Wartman LD, Welch JS, Wilson RK, Walter MJ, Link DC, DiPersio
JF, Ley TJ. CpG Island hypermethylation mediated by DNMT3A is a conse-
quence of AML progression. Cell. 2017;168(5):801-16.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	DNA methylation and DNA methyltransferases
	Abstract 
	The shape of genomic methylation patterns
	Methylation dynamics during development
	Attracting and repelling DNA methylation
	Mechanisms that mediate faithful maintenance methylation by DNMT1
	Pathogenic mutations in DNA methyltransferase genes
	Conclusions
	Authors’ contributions
	References




