
The genetic information in a cell is encoded by DNA, 
which is packaged into chromatin. Epigenetic modifications  
of DNA and histones, the core components of chroma-
tin, constitute an additional layer of information that 
influences the expression of the underlying genes. One 
such epigenetic modification is DNA methylation (the 
addition of a methyl group to a cytosine base), which is 
evolutionarily ancient and associated with gene silenc-
ing in eukaryotes. DNA methylation defects in mam-
mals are embryonic lethal and in plants they can lead to 
pleiotropic morphological defects, which attests to the 
importance of this modification.

In mammals, DNA methylation occurs almost 
exclusively in the symmetric CG context and is esti-
mated to occur at ~70–80% of CG dinucleotides 
throughout the genome1. However, a small amount of 
non-CG methylation is observed in embryonic stem 
(ES) cells2–4. The remaining unmethylated CG dinu-
cleotides are mostly found near gene promoters in 
dense clusters known as CpG islands5,6. In plants, DNA 
methylation commonly occurs at cytosine bases in all 
sequence contexts: the symmetric CG and CHG con-
texts (in which H = A, T or C) and the asymmetric 
CHH context7. In Arabidopsis thaliana, genome-wide 
DNA methylation levels of approximately 24%, 6.7% 
and 1.7% are observed for CG, CHG and CHH con-
texts, respectively8. Unlike in mammals, DNA meth-
ylation in plants predominantly occurs on transposons 
and other repetitive DNA elements9.

In mammals, DNA methylation patterns are estab-
lished by the DNA methyltransferase 3 (DNMT3) fam-
ily of de novo methyltransferases and maintained by the 
maintenance methyltransferase DNMT110–12 (FIG. 1). In 
plants, de novo methylation is catalysed by DOMAINS 
REARRANGED METHYLTRANSFERASE 2 (DRM2), 
a homologue of the DNMT3 methyltransferases, and 
maintained by three different pathways: CG methylation  
is maintained by DNA METHYLTRANSFERASE 1  
(MET1, also known as DMT1), the plant homo-
logue of DNMT1; CHG methylation is maintained by 
CHROMOMETHYLASE 3 (CMT3), a plant-specific DNA 
methyltransferase; and asymmetric CHH methylation is  
maintained through persistent de novo methylation  
by DRM2 (REF. 13) (FIG. 1). However, the pathways that 
control the establishment and maintenance of DNA 
methylation, as well as those involved in the removal of 
DNA methylation, are less well characterized.

In this Review, we focus on recent studies in plants 
and animals that have greatly expanded our understand-
ing of such pathways. We begin with the establishment 
of DNA methylation, with a separate section focusing on 
the dynamics of DNA methylation in reproductive cells 
and the roles of small RNAs at this stage of development. 
We then discuss mechanisms that govern the mainte-
nance and removal of DNA methylation. In each section, 
recent advances from plants and animals are presented 
and similarities and differences are highlighted. As we 
discuss, small RNAs, methyl-binding domain proteins 
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Epigenetic modifications
Chemical additions to DNA 
and histones that are 
associated with changes in 
gene expression and are 
heritable but do not alter the 
primary DNA sequence.
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Abstract | Cytosine DNA methylation is a stable epigenetic mark that is crucial for 
diverse biological processes, including gene and transposon silencing, imprinting  
and X chromosome inactivation. Recent findings in plants and animals have greatly 
increased our understanding of the pathways used to accurately target, maintain and 
modify patterns of DNA methylation and have revealed unanticipated mechanistic 
similarities between these organisms. Key roles have emerged for small RNAs, proteins 
with domains that bind methylated DNA and DNA glycosylases in these processes. 
Drawing on insights from both plants and animals should deepen our understanding  
of the regulation and biological significance of DNA methylation.
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Figure 1 | Proteins involved in de novo DNA methylation, maintenance methylation and demethylation.  
Select proteins with established roles in these processes are shown for mice (Mus musculus (Mm)), Arabidopsis thaliana 
(At) and zebrafish (Danio rerio (Dr)). The Mm DNA methyltransferase 3 (DNMT3) family and At DOMAINS 
REARRANGED METHYLTRANSFERASE 2 (DRM2) contain DNMT domains, although in AtDRM2 the catalytic motifs are 
rearranged. The MmDNMT3 proteins also possess a cysteine-rich domain that contains a plant homeodomain (PHD) 
zinc finger motif and is referred to as an ATRX–DNMT3–DNMT3-like (DNMT3L) (ADD) domain. MmDNMT3A and 
MmDNMT3B possess a proline-tryptophan-tryptophan-proline (PWWP) motif that MmDNMT3L lacks. AtDRM2 
contains ubiquitin-associated (UBA) domains. MmMIWI2 (also known as PIWIL4), MmMILI (also known as PIWIL2) and 
At ARGONAUTE 4 (AGO4) possess a Piwi Ago and Zwille (PAZ) domain and a PIWI domain. MmDNMT1 and At DNA 
METHYLTRANSFERASE 1 (MET1, also known as DMT1) possess bromo-adjacent homology (BAH) domains and a DNMT 
domain. MmDNMT1 also contains a cysteine-rich (CXXC) domain. Mm ubiquitin-like PHD and RING finger domain 1 
(UHRF1) and the At VARIANT IN METHYLATION (VIM, also known as ORTHRUS) family contain SET- or 
RING-associated (SRA), RING and PHD domains. MmUHRF1 also has a Tudor domain and a ubiquitin domain (UBQ). 
Mm lymphoid-specific helicase 1 (LSH1, also known as HELLS) and At DECREASED IN DNA METHYLATION 1 (DDM1) 
contain DEAD and HELICc helicase domains. At CHROMOMETHYLASE 3 (CMT3) contains a DNMT domain, a 
chromodomain and a BAH domain. At SUPPRESSOR OF VARIEGATION 3-9 HOMOLOGUE 4 (SUVH4), AtSUVH5 and 
AtSUVH6 possess an SRA and a histone methyltransferase (histone MT) domain. The At DEMETER (DME)/REPRESSOR 
OF SILENCING 1 (ROS1) family of glycosylases all possess a helix–hairpin–helix-Gly-Pro-Asp (HhH-GDP) domain,  
a 4Fe-4S (FES) cluster, a domain with similarity to histone H1 (H1), and a domain of unknown function (DUF).  
Mm methyl-CpG-binding domain 4 (MBD4) contains an HhH-GDP domain and an MBD domain. Mm thymine DNA 
glycosylase (TDG) contains a uracil DNA glycosylase (UDG) domain. Mm and Dr activation-induced cytosine 
deaminase (AID) and apolipoprotein B mRNA-editing enzyme (APOBEC) proteins all contain an APOBEC domain.  
‘*’ indicates activity on additional substrates144. siRNA, small interfering RNA.

Histones
The main protein components  
of chromatin. The four core 
histones, H2A, H2B, H3 and H4, 
form a globular octameric 
complex called a nucleosome 
upon which DNA is wrapped. 
The amino‑terminal regions of 
histone proteins are largely 
unstructured and are subject to 
various chemical modifications, 
including methylation.

CpG island
A sequence of at least 200 bp 
with a greater number of CpG 
sites than expected for its GC 
content. These regions are 
often GC rich, typically 
undermethylated, and are 
found upstream of many 
mammalian genes.
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Figure 2 | Model for RNA-directed DNA methylation. Single-stranded RNA transcripts 
corresponding to transposons and repeat elements are thought to be generated by RNA 
polymerase IV (Pol IV). CLASSY 1 (CLSY1, also known as CHR38), a putative chromatin-
remodelling factor, is likely to function early in RNA-directed DNA methylation (RdDM), 
possibly recruiting Pol IV to chromatin or aiding in ssRNA transcript processing. 
RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) is proposed to generate dsRNA from  
the ssRNA transcripts. DICER-LIKE 3 (DCL3) is thought to process the dsRNAs into 
24-nucleotide (nt) small interfering RNAs (siRNAs), which are bound by an Argonaute 
protein, AGO4. AGO4 localizes to Cajal bodies, and although the function of this 
association remains unknown, it seems to be necessary for wild-type levels of RdDM33. 
AGO4 also colocalizes with two Pol V subunits — NUCLEAR RNA POLYMERASE E1 
(NRPE1) and NRPE2 — and DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) 
at a distinct nuclear focus, the AGO4–NRPE1 body (not depicted), which may represent a 
site of active RdDM33. Pol V is thought to transcribe intergenic non-coding (IGN) regions 
throughout the genome. NRPE1 association with chromatin requires another putative 
chromatin-remodelling factor, DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1 
(DRD1), and a structural maintenance of chromosome (SMC) domain protein, 
DEFECTIVE IN MERISTEM SILENCING 3 (DMS3). IGN transcripts may serve as a scaffold 
for recruiting AGO4, which interacts with the GW/WG motifs of NRPE1 and 
SUPPRESSOR OF TY INSERTION 5-LIKE (SPT5L, also known as KTF1), possibly through 
interactions between AGO4-bound siRNAs and the nascent transcript. An RNA-binding 
protein, INVOLVED IN DE NOVO 2 (IDN2), is proposed to recognize the siRNA–nascent 
transcript duplex. These associations may aid in targeting DRM2 to genomic loci that 
produce both 24-nt siRNAs and IGN transcripts. Recruitment or retention of DRM2 at 
such loci may be aided by SUPPRESSOR OF VARIEGATION 3-9 HOMOLOGUE 9 (SUVH9) 
and SUVH2, two proteins that bind methylated DNA and are likely to act late in RdDM.  
‘?’ indicates a putative function. The red circles represent DNA methylation.

RNA-directed DNA 
methylation
A plant‑specific pathway 
through which small RNAs  
(24 nucleotides long) target  
the de novo methyltransferase 
DOMAINS REARRANGED 
METHYLTRANSFERASE 2 
(DRM2) to homologous 
genomic loci to establish DNA 
methylation, which leads to 
transcriptional gene silencing.

and DNA glycosylases are common components of  
the pathways that define dynamic DNA methylation  
patterns in the two taxonomic groups.

De novo DNA methylation
De novo methylation in plants. Throughout plant devel-
opment, small RNAs target homologous genomic DNA 
sequences for cytosine methylation in all sequence con-
texts through a phenomenon that was initially observed 
by Wassenegger et al.14 and is known as RNA‑directed 
DNA methylation (RdDM)7,15. In addition to the canoni-
cal RNA interference (RNAi) machinery (that is, members 
of the Dicer and Argonaute families) and DRM2, RdDM 
requires two plant-specific RNA polymerases, Pol IV and 
Pol V (which have largely non-redundant functions16,17), 
two putative chromatin‑remodelling factors and several 
other recently identified proteins15. Through the charac-
terization of these components, an increasingly detailed  
mechanistic understanding of RdDM is emerging (FIG. 2).

The biogenesis of the 24-nucleotide (nt) small interfering  
RNAs (siRNAs) that are required for targeting DNA 
methylation depends on Pol IV, RNA-DEPENDENT 
RNA POLYMERASE 2 (RDR2) and DICER-LIKE 3 
(DCL3). Other RdDM components, including DRM2, 
ARGONAUTE 4 (AGO4) and Pol V, are needed for 
siRNA accumulation for a subset of loci; however, these 
proteins do not seem to be involved in the initial pro-
duction of siRNAs and are proposed to reinforce siRNA 
biogenesis by an unknown mechanism7,18. Additional 
subunits or interacting partners of Pol IV and Pol V 
have recently been identified19–23. Whereas some sub-
units are shared with Pol II, others are unique to Pol IV, 
Pol V or both20. Although no polymerase activity has 
been shown for Pol IV, mutations in the largest subunit, 
NUCLEAR RNA POLYMERASE D1 (NRPD1), includ-
ing mutations in the conserved metal-binding motif, 
greatly reduce the abundance of siRNAs18,24–30, which 
suggests that Pol IV may be an active polymerase. Pol IV  
is suggested to initiate siRNA biogenesis by produc-
ing long ssRNA transcripts. These transcripts are then 
thought to be acted upon by RDR2, which generates 
dsRNAs that are processed into 24-nt siRNAs by DCL3 
and loaded into AGO4 (REFS 7,15). AGO4 interacts with 
the Pol V subunit NUCLEAR RNA POLYMERASE E1  
(NRPE1)31,32, and this interaction is required for 
RdDM31, leading to the hypothesis that this complex 
functions as a downstream effector of DNA methyla-
tion. In vivo, AGO4 colocalizes with Cajal bodies or with 
NRPE1, NRPE2 and DRM2 at a separate discrete nuclear 
body known as the AGO4–NRPE1 (AB) body (note that 
NRPE1 was previously known as NRPD1b)32,33. The AB 
body is adjacent to 45S ribosomal DNA and may be a 
site of active RdDM33.

A recent study further clarified the role of Pol V in 
RdDM by identifying low-abundance intergenic non-
coding (IGN) transcripts from several loci that depend 
on Pol V for their accumulation34. NRPE1 is present at 
these transcribed DNA regions and is associated with 
the RNA transcripts, which suggests that Pol V is an 
active polymerase34. These Pol V-dependent transcripts 
are required for DNA methylation and silencing of sur-
rounding loci, but their accumulation does not depend 
on NRPD1, DCL3 or RDR2 (REF. 34), which suggests that 
Pol V acts in RdDM through a pathway that is independ-
ent of siRNAs. These IGN transcripts are proposed to 
function as scaffolds for the recruitment of the silencing 
machinery, possibly facilitated by base-pairing interac-
tions between AGO4-bound siRNAs and nascent Pol V 
transcripts34. A requirement of transcription for silenc-
ing is also observed in fission yeast, in which transcrip-
tion of heterochromatic DNA by Pol II is required for 
siRNA-mediated heterochromatin formation35.

Current models of RdDM posit that Pol V-dependent 
transcripts and siRNAs are both required for silencing a 
particular locus. Several studies support the hypothesis 
that AGO4 and/or SUPPRESSOR OF TY INSERTION 
5-LIKE (SPT5L, also known as KTF1) may bridge 
the siRNA and IGN transcript-generating pathways. 
SPT5L, a protein with homology to the yeast transcrip-
tion elongation factor Spt5, was recently identified as a 
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RNA interference
A process of post‑ 
transcriptional gene silencing 
in which small RNAs, often 
generated by the activity  
of an RNA‑dependent RNA 
polymerase and a Dicer 
endoribonuclease, are bound 
by Argonaute proteins and 
target cleavage of homologous 
mRNA transcripts.

Dicer
An RNase III family 
endonuclease that  
processes dsRNAs into  
small interfering RNAs.

Argonautes
Effector proteins of small 
RNA‑directed silencing.  
Small RNAs guide Argonautes 
to their RNA targets.  
Argonaute proteins are 
characterized by two domains 
— PIWI (a ribonuclease 
domain) and Piwi Argonaute 
and Zwille (PAZ; an 
ssRNA‑binding module).

Chromatin-remodelling 
factors
Proteins that have the capacity 
to remodel chromatin, often 
using the energy of ATP, so that 
gene transcription can be 
activated or silenced.

Small interfering RNAs
20–25 nucleotide‑long RNAs 
that are generated from 
dsRNAs and serve as guides 
for the cleavage of homologous 
mRNAs in RNA interference or 
for the addition of chromatin 
modifications, including histone 
and DNA methylation at 
homologous genomic 
sequences in transcriptional 
gene silencing.

Cajal bodies
Nuclear bodies that  
are associated with  
the maturation of 
ribonucleoprotein complexes.

Heterochromatin
A densely packaged form of 
chromatin that is associated 
with repressive histone 
modifications, DNA 
methylation and gene silencing.

Primordial germ cells
The population of embryonic 
cells from which germ cells  
are formed.

Imprinted genes
Genes in which one allele is 
expressed in a parent‑of‑origin‑
specific manner.

downstream effector of RdDM21,23,36. SPT5L and NRPE1 
can both interact with AGO4 through a conserved GW/
WG motif (also known as an Ago hook motif) that is 
present in their carboxy-terminal regions23,31,32,36. In vivo, 
both SPT5L and AGO4 interact with Pol V-dependent 
transcripts36,37, prompting speculation that SPT5L serves 
as an adaptor protein that binds AGO4 and nascent  
Pol V transcripts, aiding in the recruitment of AGO4 
to Pol V-transcribed loci. This interaction may also be 
required to recruit the silencing machinery, including 
DRM2, to establish DNA methylation.

Another factor that is thought to act as a down-
stream RdDM effector, INVOLVED IN DE NOVO 2 
(IDN2), was recently identified38. IDN2 has homology 
with SUPPRESSOR OF GENE SILENCING 3 (SGS3), 
a protein that is involved in post-transcriptional gene 
silencing, and like SGS3, IDN2 contains an XS domain 
that can recognize dsRNAs with 5′ overhangs38. A possi-
ble RNA substrate for IDN2 is the duplex that is formed 
between AGO4-bound siRNAs and Pol V non-coding 
transcripts38, which could also be a signal that aids in 
recruitment of DRM2 to establish DNA methylation.

In addition to Pol V-dependent transcripts, Pol II- 
dependent non-coding transcripts that are required for 
transcriptional gene silencing at some loci have recently 
been identified in a weak nuclear RNA polymerase B2 
(nrpb2) mutant, and these transcripts are also proposed 
to act as scaffolds for the recruitment of RdDM fac-
tors, including AGO4 and possibly Pol IV and Pol V39. 
Two genetic screens for RdDM factors provided fur-
ther support for a role of Pol II in RdDM by identify-
ing a conserved protein, DEFECTIVE IN MERISTEM 
SILENCING 4 (DMS4, also known as RDM4), that has 
similarity to the yeast protein known as interacts with 
Pol II (Iwr1)40,41. The precise relationship among Pol II,  
Pol V and Pol IV remains elusive, but these studies 
suggest they may be more intimately connected than 
previously thought.

Although the mechanisms through which Pol IV  
and Pol V are targeted to specific loci are poorly under-
stood, several recent findings are beginning to shed 
light on these aspects of RdDM. DEFECTIVE IN 
RNA-DIRECTED DNA METHYLATION 1 (DRD1), 
a putative chromatin-remodelling factor42, and DMS3, 
an RdDM component with similarity to structural 
maintenance of chromosome (SMC) proteins38,43, are 
needed for NRPE1 chromatin association and for accu-
mulation of IGN transcripts34,37, although how these 
components are targeted is unknown. In addition, the 
NRPB2 subunit of Pol II aids in the association of both 
NRPE1 and NRPD1 with chromatin, which suggests that  
Pol II-dependent transcripts, or the act of transcription, 
may recruit Pol IV and Pol V to specific loci39. Finally, 
a putative chromatin-remodelling factor, CLASSY 1 
(CLSY1, also known as CHR38), may be involved at an 
early stage of siRNA production, possibly at the level of 
Pol IV or RDR2 activity44.

De novo methylation in mammals. Unlike in plants, 
DNA methylation in mammals covers most of the 
genome, with the main exception being CpG islands. 

This DNA methylation pattern is largely established 
during early embryogenesis, at around the time of 
implantation45,46, through the activity of DNMT3A and 
DNMT3B5,47,48. However, during post-implantation  
development, further epigenetic reprogramming 
occurs in primordial germ cells (PGCs). Following a 
wave of demethylation, which is required to erase DNA 
methylation imprints established in the previous gen-
eration, DNA methylation patterns are re-established at 
imprinted loci and transposable elements (TEs) during 
gametogenesis by DNMT3A and a non-catalytic para-
logue, DNMT3-like (DNMT3L)5,12,47,48. Recent stud-
ies suggest that DNA methylation may be targeted to 
TEs and imprinted genes during germ cell development 
through different mechanisms, with targeting to TEs 
involving Piwi-interacting RNAs (piRNAs) (discussed 
later) and targeting to imprinted genes involving inter-
actions between DNMT3L and unmethylated histone 3 
lysine 4 (H3K4) tails.

Biochemical purification of DNMT3L led to the 
discovery that DNMT3L interacts with unmethylated 
H3K4 tails through its cysteine-rich ATRX–DNMT3–
DNMT3L (ADD) domain49,50. As DNMT3L also 
interacts with DNMT3A12,49, a model was proposed 
in which DNMT3L binds unmethylated H3K4 tails 
and recruits the DNMT3A2 isoform to specific loci, 
including imprinted loci49,51 (FIG. 3). Indeed, an inverse 
relationship between H3K4 methylation and allele-
specific DNA methylation has been reported at several 
imprinted loci52–55. Further supporting this model, an 
oocyte-specific H3K4 demethylase56, lysine demethy-
lase 1B (KDM1B), was recently shown to be required for 
the establishment of DNA methylation at several differ-
entially methylated regions (DMRs) that are associated 
with imprinted genes during oogenesis56, and defects 
in DNA methylation at such loci resulted in a loss of 
imprinting in developing embryos56. This model is also 
consistent with studies that show that H3K4 methyla-
tion seems to be anticorrelated with DNA methylation 
in multiple mammalian cell types57–61 and with find-
ings that H3K4 dimethylation and trimethylation are  
anticorrelated with DNA methylation in plants62.

There is also evidence that, in addition to DNMT3A 
and DNMT3L, transcription across DMRs is required 
for imprinting63. Chotalia et al.63 showed that such 
transcription occurs during oocyte growth (before or 
around the time when de novo methylation occurs) and 
is required for the establishment of DNA methylation, at 
least at the imprinted guanine nucleotide-binding pro-
tein, α-stimulating (Gnas) locus63. These findings led to 
the proposal that the act of transcription, or the tran-
scripts themselves, may alter the chromatin structure 
of imprinted loci and/or recruit the histone-modifying 
enzymes and DNA methyltransferases that are required 
for establishing DNA methylation imprints63.

Mechanistic insights into how de novo methyltrans-
ferases function once they are targeted to a particular 
locus have been provided by several biophysical studies 
that focused on the interaction between DNMT3L and 
DNMT3A. Co-crystallization of the C-terminal regions 
of DNMT3A and DNMT3L revealed a tetrameric 
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Figure 3 | Model of recruitment of the de novo methylation machinery by unmethylated histone 3 lysine 4 tails. 
The amino-terminal domain of DNA methyltransferase 3-like (DNMT3L, shown as 3L) possesses a cysteine-rich domain 
that interacts with unmethylated histone 3 lysine 4 (H3K4) tails, and this interaction is proposed to recruit or activate 
the DNMT3A2 isoform. The carboxy-terminal domains of DNMT3L and DNMT3A (shown as 3A) form a tetrameric 
complex in which two DNMT3A proteins interact with each other and are flanked by two DNMT3L proteins. The 
DNMT3A active sites (red stars) are thought to be separated by approximately one helical turn and therefore could 
catalyse methylation (red circles) on opposite DNA strands ~10 bp apart. After being recruited to a specific locus, the 
DNMT3L–DNMT3A tetramer might be able to oligomerize, which could result in an ~10 bp periodic pattern of DNA 
methylation along the same DNA strand.

Bisulphite sequencing
A technique in which the 
treatment of DNA with 
bisulphite, which converts 
cytosines into uracils but  
does not modify methylated 
cytosines, is used to determine 
the DNA methylation pattern.

complex that positions two DNMT3A proteins such 
that their active sites are adjacent to one another51. 
Two DNMT3L proteins are located on either side of 
the DNMT3A dimer and residues of DNMT3L may 
stabilize the active site loop in DNMT3A51, which 
could account for the observed stimulatory effect of 
DNMT3L on DNMT3A and DNMT3B activity64,65. 
Superimposition of the DNMT3A C-terminal structure 
with that of the bacterial M.HhaI methyltransferase 
complexed with DNA66 provided a model in which the 
two DNMT3A active sites are separated by approxi-
mately one helical DNA turn, which suggests that each 
tetrameric complex could simultaneously methylate 
two cytosine residues at a defined spacing of 8–10 bp51. 
This tetrameric complex was subsequently shown to 
oligomerize on DNA substrates, forming a filamentous 
nucleoprotein complex67 (FIG. 3).

Consistent with the determined structural parameters, 
a periodicity for DNA methylation on opposite strands 
of a DNA duplex as well as along the same strand of 
DNA was observed in vitro through bisulphite sequencing  
analyses51,67. In vivo, the spacing of CG dinucleotides 
at many DMRs is also consistent with an ~8–10 bp 
periodicity51, as is the finding that CG dinucleotides at 
an 8 bp spacing are overrepresented across the human 
genome68,69 and, to a lesser extent, across the mouse 
genome68. As DNMT3A seems to be a non-processive 
DNA methyltransferase70, the formation of an oligomer 
could help to explain the observed periodic pattern of 
DNA methylation. Whether oligomerization occurs 
in vivo remains unknown, but it is tempting to pro-
pose a model in which interactions between DNMT3L 
and unmethylated H3K4 tails, or possibly between 
DNMT3A and other histone modifications or histone 
methyltransferases, might target and set the register for 

oligomerization of tetramers consisting of DNMT3A 
and DNMT3L, resulting in an ~8–10 bp periodicity.

In A. thaliana, nucleotide-resolution DNA meth-
ylation mapping revealed an element of periodicity 
for DNA methylation. For CHH methylation (which 
is mostly controlled by DRM2), a period of ~10 bp  
was observed genome wide8, suggesting that the period-
icity observed for DNMT3A may be a common feature 
of de novo methyltransferases and that it may also occur 
on a genome-wide scale in mammals. For CHG meth-
ylation (which is mostly controlled by CMT3), a period 
of approximately the size of a nucleosome, 167 nt, was 
found8, which is consistent with the chromodomain in 
CMT3 interacting with methylated H3 tails71.

In addition to interactions with unmethylated H3K4 
tails, other mechanisms for targeting DNA methylation 
to specific loci throughout the genome shape the over-
all methylation landscape during mammalian develop-
ment. These include interactions between DNMT3A 
and DNMT3B and the histone methyltransferases 
G9a, enhancer of zeste homologue 2 (EZH2), suppres-
sor of variegation 3-9 homologue 1 (SUV39H1) and 
SET domain bifurcated 1 (SETDB1)5. More recently, 
Zhao et al.72 showed that symmetric methylation of 
histone 4 arginine 3 (H4R3me2s) by protein arginine 
N-methyltransferase 5 (PRMT5) can recruit DNMT3A 
to the human β-globin locus, which is required for 
the DNA methylation and silencing of this gene. 
In vitro characterization of the interaction between the 
H4R3me2s modification and DNMT3A showed that 
the ADD domain of DNMT3A is sufficient to mediate 
this interaction72. Although histone arginine methyla-
tion has been implicated in gene silencing73, this finding 
is the first direct link between arginine methylation and 
DNA methylation.
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Vegetative nucleus
The nucleus of a terminally 
differentiated vegetative  
cell. It does not contribute  
genetic information to 
subsequent generations.

Gametophyte
A multicellular structure that  
is generated from a haploid 
spore through mitotic cell 
divisions and contains the  
male or female gamete.

Endosperm
The product of fertilization of 
the central cell of the female 
gametophyte. It is present in 
the seeds of most flowering 
plants and provides nutrition  
to the developing embryo.

Primary piRNAs
(Primary Piwi‑interacting 
RNAs.) The products of  
piRNA precursor transcript 
processing. These piRNAs have 
a preference for a 5′ uridine.

Secondary piRNAs
(Secondary Piwi‑interacting 
RNAs.) The products of a 
ping‑pong amplification cycle. 
These piRNAs are antisense  
to primary piRNAs and have  
a preference for an adenine  
at position 10.

DNA methylation in reproductive cells
Transposons and other repetitive DNA elements are 
highly abundant in plant and mammal genomes. 
Owing to the high risk TEs pose to genome integrity, 
their expression must be tightly regulated. Such control 
is particularly important in cells that transmit genetic 
information to the subsequent generation. In plants and 
mammals, such elements are targeted by the de novo 
methylation machinery and are maintained in a methy-
lated and silenced state. Recent evidence suggests that in 
mammals, like in plants, small RNAs have an important 
role in targeting transposons for methylation.

RdDM in plant reproductive cells. In plants, DNA meth-
ylation patterns seem to be maintained in a multigen-
erational manner, which has led to the view that DNA 
methylation in plants is quite static. However, several 
complementary studies have shown that transposon 
reactivation and genome-wide losses of DNA meth-
ylation occur during male and female gametogenesis, 
respectively, indicating that DNA methylation patterns in 
plants are dynamic during development. This hypometh-
ylation is similar to the global demethylation observed 
in PGCs and on the paternal genome during mamma-
lian development47,48. These recent studies suggest that 
in A. thaliana, these changes may reinforce transposon 
silencing in the sperm and egg cells74–76 (FIG. 4).

During male gametogenesis, tricellular pollen grains 
that contain a vegetative nucleus and two sperm cells are 
produced77 (FIG. 4Ba). Analysis of transposon expres-
sion in different plant tissues revealed that transposons, 
which are methylated and silenced in most tissues, are 
expressed and mobile in pollen74. In the pollen grain, 
transposon reactivation seems to be restricted to the veg-
etative nucleus. This is a key distinction, as the sperm 
cells, but not the vegetative nucleus, provide genetic 
information to subsequent generations77 and therefore 
their genome integrity must be protected. Consistent 
with decreased DNA methylation and transposon acti-
vation, several RdDM components are downregulated in 
pollen74,78, and DECREASE IN DNA METHYLATION 1  
(DDM1), a chromatin-remodelling factor that is 
required for maintenance of CG methylation79, seems to 
be excluded from the vegetative nucleus74. Sequencing of 
siRNA populations from pollen and isolated sperm cells 
showed an increase in 21-nt siRNAs in sperm cells74. As 
these siRNAs correspond to transposons that do not 
seem to be expressed in the sperm cells, it was postulated 
that siRNAs generated in the vegetative nucleus might 
travel to the sperm cells and reinforce silencing by an 
unknown mechanism74 (FIG. 4Ba).

The two sperm cells fertilize the central cell and 
the egg cell of the multicellular female gametophyte in 
a double fertilization event that generates the embryo 
and the endosperm, respectively77 (FIG. 4B,C). Although 
previous studies have documented decreased DNA 
methylation at discrete imprinted loci in endosperm77, 
two recent studies show that endosperm DNA meth-
ylation is reduced genome-wide, and this reduction is 
likely to originate from demethylation in the central cell 
nucleus of the female gametophyte75,76. These findings 

are in line with observations that chromatin seems to 
be less condensed in endosperm nuclei80. Despite this 
global decrease in DNA methylation, Hsieh et al.75 found 
increased CHH methylation in both the endosperm and 
embryo tissues relative to adult shoot tissue and suggest 
that this hypermethylation could result from enhanced 
RdDM. Consistent with these findings, profiling of 
Pol IV-dependent siRNA levels in different plant tis-
sues shows that maternal-derived siRNAs accumulate 
to high levels in the endosperm81. Analogous with the 
model of reinforced silencing in the male gametophyte74,  
these findings led to the suggestion that siRNAs 
potentially generated in the central cell may reinforce 
silencing in the egg cell and possibly in the developing  
embryo75 (FIG. 4B,C).

As potentially deleterious transposition events  
occurring in the sperm or egg cells would be inherited in 
subsequent generations, demethylation during gameto-
genesis may function to reveal TEs in the genome that 
have the potential to be expressed and may arm siRNA-
based pathways to ensure that these elements are effi-
ciently silenced. Such a mechanism would be inherently 
adaptable, as newly integrated transposons would also 
be expressed, leading to siRNA production and the 
establishment of silencing. Interestingly, Teixeira et al.82 
recently showed that siRNA-producing loci, unlike other 
regions of the A. thaliana genome, can be remethylated 
in all sequence contexts when methylation is lost in pre-
vious generations, suggesting a dynamic role for RdDM 
in correcting DNA methylation defects. However, 
remethylation to approximately wild-type levels was 
only observed after multiple generations, as is the case 
when newly inserted transgenes become silenced. It is 
tempting to speculate that decreased methylation and 
transposon reactivation during gametogenesis might 
be required to generate siRNA signals and allow the 
observed re-establishment of silencing.

piRNAs in mammalian germ cells. A small RNA path-
way is also required for silencing some transposons in 
mammals during male gametogenesis (FIG. 5). Whereas 
RdDM in plants uses 24-nt siRNAs, transposon control 
in mammals uses 25–30-nt piRNAs, which were initially 
identified in Drosophila melanogaster 83. In D. mela-
nogaster, piRNAs bound by the Piwi clade of Agos guide 
cleavage of transposon transcripts, which results in post-
transcriptional gene silencing84. This clade of Agos is 
highly conserved in animals85 and initial genetic analysis 
in mammals and flies suggested that roles for piRNAs in 
germ cell development and transposon silencing were 
also conserved84. But early studies of mammalian piRNA 
populations revealed that, unlike in D. melanogaster, 
mammalian piRNAs were not enriched for repetitive 
regions of the genome86,87, leaving it unclear whether 
mammalian piRNAs function to silence transposons. 
However, subsequent analyses of piRNA populations 
isolated at earlier stages of mouse development revealed 
an enrichment in repetitive DNA sequences88–90. These 
piRNA populations possess the characteristic sequence 
properties of primary piRNAs88–90 and secondary piRNAs88,90, 
which suggests that they are generated by a mechanism 
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Figure 4 | DNA methylation changes during plant development. A | Diagram of an Arabidopsis thaliana flower.  
A stamen (St) and ovule (Ov) are labelled. Ba | Male gametogenesis occurs in stamens and generates tricellular 
pollen grains that contain a vegetative nucleus (VN) and two sperm cells (SCs). The model shows that transposon 
reactivation and small interfering RNA (siRNA) production take place specifically in the VN. These siRNAs may 
travel to the SCs to reinforce transposon silencing. Bb | Female gametogenesis occurs in ovules and produces a 
multicellular gametophyte with three antipodal cells (ACs), two synergid cells (labelled with ‘Syn’), one egg cell 
(EC) and a diploid (2n) central cell nucleus (CCN)77. The model shows that siRNAs are found in the CCN, possibly  
as a consequence of global demethylation. These siRNAs may travel to the EC to reinforce silencing.  
Reinforced silencing in the sperm and egg cells could account for the observed hypermethylation of the embryo.  
c | Fertilization of the EC and CCN generate the embryo and endosperm, respectively. The embryo will give rise to 
the mature A. thaliana plant, whereas the endosperm is a terminally differentiated tissue. Imprinting is observed  
in the endosperm, which nourishes the embryo and is therefore analogous to the placenta in mammals, in which 
imprinting also occurs. In plants, maternal imprinting results from demethylation in the CCN by the DEMETER 
(DME) glycosylase, which is likely to account for the observed hypomethylation in this tissue. After fertilization,  
the unmethylated (white circles) maternal alleles are expressed in the endosperm, whereas the paternal allele is 
methylated (black circles) and silent.
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Figure 5 | Piwi-interacting RNAs and male gametogenesis. a | The ping-pong amplification model. In mammals, as in 
flies, Piwi-interacting RNAs (piRNAs) are proposed to arise through a ping-pong amplification cycle that produces primary 
piRNAs with a 5′ uridine (U) and secondary piRNAs with an adenine (A) at position 10. In mammals, transposon transcripts, 
mainly sense oriented, are the presumed substrates for primary piRNA production90. Cleavage of these transcripts 
produces primary piRNAs that are proposed to preferentially associate with cytoplasmic MILI (also known as PIWIL2)90. 
MILI, which is bound with sense piRNAs, cleaves antisense transcripts, producing secondary piRNAs that preferentially 
associate with cytoplasmic and nuclear MIWI2 (also known as PIWIL4)90. Nuclear MIWI2, which is bound with antisense 
piRNAs, cleaves sense transposon transcripts, producing more primary piRNAs. piRNA complexes are also proposed to 
guide DNA methylation to homologous genomic loci by potentially interacting with nascent transposon transcripts and 
directly or indirectly recruiting de novo methyltransferases, possibly complexes of DNA methyltransferase 3A (DNMT3A, 
shown as 3A) and DNMT3-like (DNMT3L, shown as 3L). MILI and MIWI2 contain symmetrical dimethylarginines and 
interact with Tudor domain-containing (TDRD) proteins. b | Model for transposon silencing during male gametogenesis. 
Genome-wide demethylation (embryonic day (E)10.5–E13.5) in primordial germ cells (PGCs) erases DNA imprints and 
could briefly reactivate transposons. De novo methylation and paternal imprinting are observed in testes from E14.5 until 
birth. Consistent with prior transposon expression, piRNAs bound to MILI and MIWI2 (expressed by E12.5 and E15.5, 
respectively) are enriched for transposon sequences during this time period and are proposed to facilitate targeted 
re-establishment of DNA methylation at transposons. Although less well-studied then in male germ cells, Piwi Argonautes 
are expressed in the female germ cells of flies, mammals84, frogs180 and silkworms181, and piRNAs are present in the ovaries 
of flies182 and silkworms181,183 and in the oocytes of frogs184. Arg, arginine; Me, methyl group.

that is similar to the ping-pong amplification model ini-
tially proposed in D. melanogaster91,92 and that they are 
indeed involved in the post-transcriptional silencing of 
transposons (FIG. 5a).

In mammals, decreases in DNA methylation and 
increases in expression were observed at several TEs in 
two Piwi clade mutants, Mili (also known as Piwil2) and 
Miwi2 (also known as Piwil4)89,93, which suggests that 
piRNAs silence transposons at both the transcriptional 
and post-transcriptional levels. However, these initial 
methylation studies were carried out at a developmental 
stage that was many mitoses after the establishment of 
DNA methylation, which occurs after a wave of genome-

wide demethylation in PGCs (FIG. 5b). Therefore it could 
not be determined whether methylation defects were 
occurring at the level of maintenance or de novo meth-
ylation. Two recent studies provide compelling evidence 
that piRNAs are indeed involved in de novo methyla-
tion by showing that DNA methylation defects in Mili 
mutants occur at the stage in development at which 
de novo methylation in male germ cells is observed88 and 
that piRNA populations from this time period are highly 
enriched in transposon sequences88,90. Aravin et al.90 fur-
ther show that piRNAs are present in DNMT3L mutants, 
which suggests that the piRNA pathway acts upstream of 
de novo methylation.

R E V I E W S

NATURE REVIEWS | GeNetics  VOLUME 11 | MARCH 2010 | 211

© 20  Macmillan Publishers Limited. All rights reserved10

http://www.ncbi.nlm.nih.gov/gene/57746
http://www.ncbi.nlm.nih.gov/gene/330890


Nature Reviews | Genetics

Replication 
complex

DNA
replication

Fully methylated DNA

Hemimethylated
DNA

ba

DNMT1/MET1

PCNA
UHRF1/VIMs

K9

H3

H4

CMT3
(DNMT)

K9

H4

H3

Me
Me

SUVH4
(Histone MT)

Figure 6 | Maintenance of DNA methylation in plants and mammals. a | Model depicting the maintenance of CG 
methylation during replication. DNA methyltransferase 1 (DNMT1) is proposed to be recruited to replication foci 
through interactions with ubiquitin-like plant homeodomain and RING finger domain 1 (UHRF1) — a SET- or 
RING-associated (SRA) domain protein that specifically interacts with hemimethylated DNA — and with 
proliferating cell nuclear antigen (PCNA). After being recruited, DNMT1 functions to maintain methylation 
patterns by restoring the hemimethylated DNA to a fully methylated state. In plants, DNA METHYLTRANSFERASE 1 
(MET1, also known as DMT1) and the VARIANT IN METHYLATION (VIM, also known as ORTHRUS) family of SRA 
domain proteins, which are homologues of DNMT1 and UHRF1, respectively, are likely to function in a similar 
manner to maintain CG methylation patterns. Black and white circles represent methylated and unmethylated 
cytosines, respectively. b | Model depicting the maintenance of CHG methylation in plants. A reinforcing loop of 
DNA and histone methylation is proposed to maintain CHG methylation in plants. The CHROMOMETHYLASE 3 
(CMT3) DNA methyltransferase maintains methylation in the CHG context, which is recognized by the SRA domain 
of the SUPPRESSOR OF VARIEGATION 3-9 HOMOLOGUE 4 (SUVH4, also known as KYP) histone methyltransferase 
(histone MT). SUVH4 catalyses histone 3 lysine 9 dimethylation (H3K9me2), a modification that is required for the 
maintenance of CHG methylation, and the chromodomain of CMT3 binds methylated H3 tails.

Tudor domain
A conserved protein  
motif that is able to  
recognize symmetrically 
dimethylated arginines.

As in models for siRNA- and piRNA-mediated 
transposon control in A. thaliana and D. melanogaster, 
respectively, the demethylation in PGCs may reveal TEs 
with the potential to be expressed when hypomethylated. 
Such expression may lead to the production of piRNAs 
and the targeting of DNA methylation to homologous 
sequences throughout the genome (FIG. 5). It has been 
suggested that Piwi–piRNA complexes could interact 
with nascent transposon transcripts and directly recruit 
de novo methyltransferases (FIG. 5a). However, prelimi-
nary studies failed to show an interaction between Piwi 
Agos and DNMT3 proteins90. Alternatively, this recruit-
ment could be indirect, first involving the recruitment of 
chromatin modifiers, which catalyse modifications that 
subsequently recruit the DNA methyltransferases94.

Recently, it was found that Piwi family members 
in mice95–98, D. melanogaster and Xenopus laevis con-
tain symmetrical dimethylarginine modifications96. 
Methylated arginines can be recognized by Tudor 
domains, and purification of MILI-, MIWI (also known 
as PIWIL1)- or MIWI2-containing complexes showed 
interactions with various Tudor domain-containing 
(TDRD) proteins95,97–100: TDRD1 was found to interact 
with MILI95,97–100, and TDRD1, TDRD2 (also known 
as TDRKH) and TDRD9 interacted with MIWI2 
(REF. 97) (FIG. 5a). Like MILI, TDRD1 is required for 
DNA methylation and transposon silencing in mouse 
germ cells97,98. In Tdrd1 mutants, there are changes in 
the profiles of MILI-bound piRNAs (which contain a 
higher proportion of non-transposon sequences97,98) 
and of MIWI2-bound piRNAs (which contain a lower 

proportion of antisense piRNAs97), which may explain 
the observed transposon reactivation.

Maintenance of DNA methylation patterns
Once established, global DNA methylation patterns must 
be stably maintained to ensure that transposons remain 
in a silenced state and to preserve cell type identity.

Maintenance of CG methylation. In mammals, DNA 
methylation is maintained by DNMT1 (FIG. 6a). This 
methyltransferase is associated with replication foci 
and functions to restore hemimethylated DNA gener-
ated during DNA replication to the fully methylated 
state10. Early studies showed that DNMT1 is recruited 
to replication foci by an interaction with the prolifer-
ating cell nuclear antigen (PCNA) component of the 
replication machinery101. However, disruption of this 
interaction only resulted in a minor reduction in DNA  
methylation102–104. Recently, it was shown that DNMT1 
also interacts with another chromatin-associated protein, 
ubiquitin-like plant homeodomain and RING finger 
domain 1 (UHRF1) (FIG. 1) and that UHRF1 is required 
for the association of DNMT1 with chromatin105,106. 
Studies showing that mutations in UHRF1 cause severe 
decreases in DNA methylation105,106 and that the SET- 
or RING-associated (SRA) domain of UHRF1 specifi-
cally binds to hemimethylated CG dinucleotides105,107–110 
have led to a model in which UHRF1 recruits DNMT1 to 
hemimethylated DNA105,106. In addition, UHRF1 inter-
acts with DNMT3A and DNMT3B111, which may suggest 
a role for UHRF1 in de novo methylation. Maintenance 
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Base excision repair
A cellular mechanism that 
repairs damaged DNA and is 
initiated by the activity of  
DNA glycosylases.

of DNA methylation also requires the chromatin-
remodelling factor lymphoid-specific helicase 1 (LSH1, 
also known as HELLS)112,113, although the mechanism 
through which LSH1 functions in DNA methylation 
remains unknown.

In plants, genetic analyses have shown that homologues  
of the above-mentioned mammalian proteins (FIG. 1) — 
MET1 (REF. 79), the VARIANT IN METHYLATION 
(VIM, also known as ORTHRUS) family of SRA domain 
proteins114,115 and DDM1 (REFS 79,116) — are required 
for the maintenance of CG methylation, which suggests 
that plants and mammals maintain CG methylation in 
a similar manner. However, further work is needed to 
determine mechanistically whether these proteins are 
indeed functioning in a similar way to their counterparts 
in mammals. One known difference between plants and 
mammals is that mutations in DDM1, but not LSH1, 
cause a decrease in H3K9 methylation117,118, a modifica-
tion that is highly correlated with DNA methylation and 
silencing in plants119 and mammals5.

In A. thaliana, approximately one-third of genes have 
CG methylation in their coding region, which is main-
tained by MET1 (REFS 8,9,120,121). Unlike methylation 
at transposons, CG methylation in gene bodies does not 
seem to cause silencing, as these genes tend to be mod-
erately expressed in many tissues9,121. Nonetheless, the 
expression of some body-methylated genes is upregu-
lated in met1 mutants121, and genes with high or low 
expression tend to lack body methylation, which sug-
gests an interplay between transcription and body meth-
ylation. The presence of body CG methylation at some 
genes has also been reported in other invertebrate organ-
isms, suggesting it may be a common feature of eukaryo-
tic genomes6. Initial studies in A. thaliana postulated that 
body methylation might suppress the production of anti-
sense transcripts from cryptic promoters121,122. However, 
increases in antisense transcripts in met1 mutants were 
found to be rare and uncorrelated with body methylated  
genes9. Therefore, the function of body methylation 
remains poorly understood.

Maintenance of non-CG methylation in plants. CHG 
methylation is thought to be maintained by a reinforcing 
loop involving histone and DNA methylation123 (FIG. 6b).  
Genome-wide profiling of H3K9 and DNA methyla-
tion showed that these marks are highly correlated119. 
Furthermore, loss of CMT3, the DNA methyltransferase 
that is largely responsible for maintaining CHG meth-
ylation124,125, or SUPPRESSOR OF VARIEGATION 3-9 
HOMOLOGUE 4 (SUVH4, also known as KYP), the 
histone methyltransferase that is largely responsible for 
H3K9 dimethylation126–128, results in a dramatic decrease 
in DNA methylation126,127. Two other H3K9 histone 
methyltransferases, SUVH5 and SUVH6, also contribute 
to global levels of CHG methylation129,130. The observed 
interdependence of DNA and histone modifications 
could arise from the multidomain structure of CMT3 
and SUVH4 (FIG. 1). In addition to its histone methyl-
transferase domain, SUVH4 possesses an SRA domain 
that specifically binds CHG methylation123, which sug-
gests that CHG methylation recruits SUVH4. In turn, 

CMT3 possesses a chromodomain that binds methylated 
histone H3 tails71, suggesting that histone methylation 
by SUVH4 may recruit CMT3. Such crosstalk between 
DNA and histone methylation is also observed in mam-
mals and, in many cases, the connection between these 
modifications seems to involve protein–protein interac-
tions between the histone and DNA methyltransferases5. 
Whether direct protein interactions between CMT3 and 
SUVH4 occur and aid in maintaining CHG methylation 
in plants is unknown.

Asymmetric DNA methylation is maintained by 
constant de novo methylation by DRM2 and RdDM. 
However, at some loci CHH methylation is controlled 
by CMT3 and DRM2 (REF. 131). Like the maintenance 
of CG and CHG methylation, RdDM requires proteins 
with SRA domains. SUVH9 and SUVH2 possess SRA 
domains that preferentially bind CHH and CG meth-
ylation, respectively, and these proteins are thought to 
act late in the RdDM pathway (FIG. 2), possibly func-
tioning to recruit or retain DRM2 at loci targeted  
for methylation132.

DNA demethylation
Although in most cases DNA methylation is a stable 
epigenetic mark, reduced levels of methylation are 
observed during development in plants and mammals. 
This net loss of methylation can either occur passively, 
by replication in the absence of functional mainte-
nance methylation pathways, or actively, by removing  
methylated cytosines.

Active demethylation in plants. Active demethylation 
is achieved in plants by DNA glycosylase activity, prob-
ably in combination with the base excision repair (BER)  
pathway 133,134 (FIG. 7). DEMETER (DME)135 and 
REPRESSOR OF SILENCING 1 (ROS1)136 are the 
founding members of a family of DNA glycosylases 
in A. thaliana that also includes DEMETER-LIKE 2 
(DML2) and DML3 (REFS 137,138). The A. thaliana  
glycosylases recognize and remove methylated cytosines 
from dsDNA oligonucleotides, irrespective of sequence 
context in vitro137–141, and in vivo, mutations in these 
genes cause increased DNA methylation in all sequence 
contexts at specific genomic loci120,136–139,142,143. In general, 
DNA glycosylases involved in BER recognize and remove 
mutagenic substrates, including oxidized and alkylated 
bases, as well as T/G mismatches, which are often gen-
erated by deamination of methylated cytosines144. The 
DME/ROS1 family of glycosylases have homology to 
the helix–hairpin–helix-Gly-Pro-Asp (HhH-GPD) class 
of DNA glycosylases. They are bifunctional enzymes 
that can break both the N-glycosidic bond, remov-
ing the base, and the DNA backbone144,145 (FIG. 7). In 
mammals, the resulting single-nucleotide gap is then 
acted on by DNA polymerase-β and DNA ligase IIIα to 
repair the DNA through the short-patch BER pathway. 
Homologues of these enzymes have not been identified 
in plants, raising the possibility that plants use enzymes  
that are involved in the long-patch BER pathway144.

Despite similar substrate specificity, the DME/
ROS1 glycosylases have distinct biological roles, with 
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DME functioning during gametogenesis to establish  
imprinting77 and the other family members functioning 
in vegetative tissues, possibly to counteract robust DNA 
methylation by the RdDM pathway137,142,143,146. Unlike 
in mammals, in which imprinting is established by the 
addition of methylation in an allele-specific manner 
and is observed in both the placenta and the develop-
ing embryo, in plants imprinting is restricted to the 
endosperm, the plant equivalent of the placenta77, and 
is established by allele-specific removal of DNA meth-
ylation by DME in the central cell before fertilization, 
such that only the maternal allele is expressed in the 
resulting endosperm77 (FIG. 4C).

Until recently, DME was only known to acti-
vate the maternal alleles of three genes: MEDEA 
(MEA), FLOWERING WAGENINGEN (FWA) and 
FERTILIZATION INDEPENDENT SEED 2 (FIS2), 
whereas in mammals ~80 imprinted genes have been 
identified (see ‘Genomic Imprinting’ at the Medical 
Research Council Harwell website). However, the 
genome-wide decrease in CG methylation observed in 
the endosperm was found to be largely dependent on 
DME, which suggests that this glycosylase acts as a global 
regulator of DNA methylation75,76. By comparing DNA 
methylation levels in embryo and endosperm tissues, 
Gehring et al.76 were able to identify DMRs and confirm 

Nature Reviews | Genetics

N

NH2

ON
O

O

OPO

O–

O

P–O O

O

N

NH2

ON
O

O

OPO

O–

O

P–O O

O

H3C
NH

O

ON
O

O

OPO

O–

O

P–O O

O

H3C

N

NH2

ON
H

H3C

O

O

OPO

O–

O

P–O O

O

OH

NH

O

ON
H

H3C

OH

O–

P–O O

O

Cytosine
DNA methylation

Unmethylated cytosine Methylated cytosine

AP lyase activity

Deamination

Cleavage of 
N-glycosidic bond

DME/ROS1
family Tdg/Mbd4

NH3

C TC

C
T

Abasic siteSingle- 
nucleotide gap

Unidentified
DNA polymerase and
DNA ligase activities

Aid/Apobec

AP lyase

OH

O

DME/ROS1
family
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OF SILENCING 1 (ROS1) family of bifunctional 5-methylcytosine glycosylases. First, the methylated cytosine base is 
released by cleavage of the N-glycosidic bond, generating an abasic site. Next, the phosphodiester linkage is broken 
both 3′ and 5′ of the abasic site through apyrimidic (AP) lysase activity, generating a single-nucleotide gap in the DNA. 
The DNA is then proposed to be repaired by unknown DNA polymerase and DNA ligase activities, resulting in a net 
loss of cytosine methylation. In zebrafish and mammals, no efficient 5-methylcytosine glycoslases have been 
identified. However, in zebrafish and mammals (blue proteins), it has been proposed that the activation-induced 
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Ecotype
A genetically distinct 
population within a widely 
spread species.

Silique
An elongated seed capsule that 
is formed after fertilization.

Hybrids
Offspring that are produced  
by crossing two different 
populations within a  
single species.

Zygote
A single diploid cell formed  
by the union of two haploid 
germ cells.

parent-of-origin expression of five genes, doubling 
the number of known imprinted genes in A. thaliana. 
Approximately 40 other candidate imprinted genes were 
identified76, and although imprinting at these loci remains 
to be experimentally verified, these findings suggest 
that the number of imprinted loci may be more similar  
in plants and mammals than previously thought.

Recent characterization of Pol IV-dependent siRNA 
populations, which are generated from dispersed loci 
corresponding to >1% of the A. thaliana genome18,25, 
suggests that they may also be maternally imprinted81. 
After reciprocal crosses between two A. thaliana  
ecotypes, siRNAs from the resultant silique tissue (which 
contains the developing embryos) were sequenced, and 
nearly all of the Pol IV-dependent siRNAs that could 
be uniquely distinguished between the two ecotypes 
were maternal in origin81. What causes these loci to be 
maternally imprinted, whether this imprinting requires 
DME and what function this massive extent of imprint-
ing serves remain unknown. One hypothesis is that such 
maternal imprinting would allow recognition of self 
from non-self and have a suppressive effect on hybrids81. 
For example, maternal siRNAs could fail to target and 
silence a TE present in another A. thaliana ecotype or 
could target and silence a functional gene. Indeed, in 
D. melanogaster, piRNAs corresponding to TEs and 
other repeat sequences are maternally inherited — much 
like the Pol IV-dependent class of siRNAs in A. thaliana 
— and if female flies lacking piRNAs to a particular TE 
are crossed with male flies harbouring that element, the  
offspring are largely inviable147.

ROS1, DML2 and DML3, unlike DME, are expressed 
in vegetative tissues136–138. Comparative analysis of meth-
ylation patterns in ros1, dml2 and dml3 single mutants 
showed that these glycosylases function redundantly, 
although some locus specificity was observed137. In a  
ros1 dml2 dml3 triple mutant, 179 loci with increased 
methylation relative to wild-type controls were identified, 
despite the fact that no global increase in methylation 
was observed137. These loci are enriched for transposons, 
repetitive DNA elements and siRNA-generating loci. In 
addition, ~80% are near or overlap annotated genes, and 
the increase in DNA methylation at genes is primarily 
located at their 5′ and 3′ ends137,143. Together, these stud-
ies suggest that ROS1, DML2 and DML3 act both at 
normally silenced loci (that is, transposons) and at the 
boundaries between euchromatin and heterochromatin 
(that is, genes that reside in or near heterochromatic envi-
ronments). At such boundaries, these glycosylases may 
function to protect genes that are targeted for methyla-
tion through RdDM from silencing by removing DNA 
methylation. At normally silenced loci, they may be 
required to maintain a silenced but readily adaptable 
state142,143, and perhaps this is important to allow efficient  
reactivation of transposons during gametogenesis.

The mechanism (or mechanisms) through which the 
DME/ROS1 glycosylases are targeted to specific loci to 
carry out DNA demethylation is (are) unknown. These 
A. thaliana glycosylases are quite different from most 
other glycosylases: they are much larger and contain 
two conserved domains of unknown function144 (FIG. 1).  

Whether these domains are required for targeting 
demethylation remains unknown. For ROS1, it has been 
proposed that ROS3 — a protein that binds small ssRNAs 
(21–26 nt) in a sequence-specific manner and acts in the 
same demethylation pathway as ROS1 — may be involved 
in targeting ROS1 to certain loci134,148. The recent finding 
that DME participates in genome-wide demethylation 
suggests that its targeting may be less specific.

Active demethylation in zebrafish and mammals. In 
mammals, genome-wide decreases in DNA methyla-
tion are observed in PGCs and on the paternal genome 
of the zygote47,48. Although mechanisms for passive 
demethylation seem to have a role in achieving the 
observed hypomethylated states, the timing of methyla-
tion loss suggests that active mechanisms may also be 
required149–153. Notably, DNA methylation imprints in  
the zygote and pre-implantation embryo — but not  
in the PGCs — are resistant to demethylation, and sev-
eral proteins, including Stella154, zinc finger protein 57  
(ZFP57)155, and methyl-CpG-binding domain 3 
(MBD3)156 are proposed to protect specific imprinted 
loci from demethylation157,158.

Proteins that are orthologous to the DME/ROS1  
family of glycosylases have not been identified in mam-
mals, and the existence of other enzymes that can directly 
remove methylated cytosines is controversial145,159.  
However, early work in mammals showed that activation- 
induced cytosine deaminase (AID) and apolipo-
protein B mRNA-editing enzyme 1 (APOBEC1) are 
expressed in cells that are thought to undergo active 
DNA demethylation and catalyse 5-methylcytosine 
deamination, which results in T/G mismatches. This 
finding led to a model for demethylation that involves 
the coupling of 5-methylcytosine deaminase and thym-
ine DNA glycosylase activities160. Such a model is sup-
ported by recent findings in zebrafish (Danio rerio)161. 
Rai et al.161 showed that Mbd4, an HhH-GPD thymine 
glycosylase that is related to the A. thaliana DME/ROS1 
family of glycosylases and that has active mammalian 
homologues162,163, is involved in demethylation during 
zebrafish development. In addition, they showed that 
three proteins belonging to the AID/APOBEC family 
(FIG. 1), Aid, Apobec2a and Apobec2b, are involved in  
DNA demethylation161.

By overexpressing the Aid, Apobec2a and Apobec2b 
deaminases in the absence or presence of overexpressed 
human MBD4 in zebrafish embryos, Rai et al.161 found 
that loss of DNA methylation, as well as deamination 
of methylated cytosines, seems to be limited by the 
abundance of the MBD4 glycosylase, which suggests 
that mechanisms are in place to ensure that deami-
nation does not occur unless the resultant T/G mis-
match can be efficiently removed. This is an important 
finding as previous models for DNA demethylation 
involving 5-methylcytosine deamination have been 
discounted owing to the large mutagenic potential of 
an uncoupled deamination step. Growth arrest and 
DNA-damage-inducible protein 45α (Gadd45α) may 
aid in coupling these processes. Gadd45α interacts 
with MBD4 and with Aid and Apobec family members 
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in vitro and stimulates demethylation of plasmid DNA 
transfected into zebrafish embryos, as well as the asso-
ciation of MBD4 and Aid with methylated DNA161. In 
addition, MBD4 possesses a methyl-binding domain 
(FIG. 1) that may aid in recruitment of the demethyla-
tion machinery to methylated DNA. Together, these 
findings suggest a model (FIG. 7) in which tight cou-
pling of 5-methylcytosine deamination by Aid and 
Apobec to T/G mismatch repair by MBD4 results in 
DNA demethylation161. Importantly, recent genetic evi-
dence in mice has shown that AID is needed for DNA 
demethylation in PGCs164. Therefore, in the case of 
zebrafish and mammals, there seems to be an addi-
tional deamination step in the demethylation pathway 
compared with the pathway in plants. However, the 
downstream events that lead to a net loss of cytosine 
methylation may be similar (FIG. 7).

In mammals, recent data presented by Kim et al.165 
suggest that MBD4 may be able to directly remove 
methylated cytosines at the cytochrome p450 27B1 
(CYP27B1) promoter upon hormone-induced MBD4 
phosphorylation. Whereas previous in vitro analysis of 
MBD4 glycosylase activity revealed a strong preference 
for T/G mismatches over methylated cytosines166, Kim 
et al.165 found that upon phosphorylation, the activ-
ity of MBD4 on methylated cytosines is stimulated. 
In vivo, the observed decrease in methylation at the 
CYP27B1 promoter can occur in the absence of DNA 
replication — which suggests an active mechanism 
— and is dependent on the presence of a catalytically 
active MBD4 protein that contains the serine residues 
that are targeted for phosphorylation165. These recent 
findings need to be confirmed, and whether such a 
mechanism for the direct removal of methylated 
cytosines could account for DNA demethylation on a 
larger scale remains unknown.

A role for the 5-hydroxymethylcytosine modi-
fication in mammalian DNA demethylation has 
also been proposed. 5-hydroxymethylcytosine is 
present in mouse Purkinje neurons, brain tissue and 
ES cells167,168 and can be generated from methylated 
cytosines through hydroxylation of the methyl group. 
Findings that ten-eleven translocation 1 (TET1) is able 
to catalyse the conversion of methylated cytosines into 
5-hydroxymethylcytosines in vitro and that targeted 
depletion of TET1 by RNAi in mouse ES cells results 
in decreased levels of 5-hydroxymethylcytosine167 have 
led to the hypothesis that TET1 and possibly other 
TET family members generate 5-hydroxymethylcy-
tosines. As proteins that are known to interact with 
methylated cytosines — namely methyl-CpG-binding 
protein 2 (MECP2) and DNMT1 (REFS 169,170) — 
have reduced affinity for 5-hydroxymethylcytosine 
in vitro, potential roles for this modification in the 
regulation of chromatin structure and in passive DNA 
demethylation have been proposed167,168. It has been 
suggested that 5-hydroxymethylcytosine could be an 
intermediate in an active DNA demethylation pathway 
involving DNA repair167, as 5-hydroxymethylcytosine-
specific DNA glycosylase activity has been reported in  
mammalian extracts171.

Passive demethylation in plants and mammals. In 
addition to active DNA demethylation by DME in the 
central cell of the female gametophyte, passive losses 
of methylation are likely to contribute to the overall 
decrease in methylation observed in the endosperm. 
Using a reporter driven by the MET1 promoter, 
Jullien et al.172 showed that MET1 expression levels 
are reduced during female gametogenesis. They fur-
ther showed that MULTICOPY SUPPRESSOR OF 
IRA1 (MSI1) and RETINOBLASTOMA-RELATED 1  
(RBR1) are important for the observed repression of 
MET1 (REF. 172) and conclude that MET1 is transcrip-
tionally repressed during gametogenesis by MSI1, prob-
ably through the retinoblastoma pathway and RBR1. 
Notably, MSI1 and RBR1 are also required for mater-
nal expression of the imprinted FIS2 and FWA genes172, 
which suggests that passive DNA demethylation result-
ing from decreased MET1 levels and active demethyla-
tion by DME are working together to allow activation 
of imprinted genes. In mammals, DNMT1 expression 
also seems to be regulated through the retinoblastoma 
pathway, which involves retinoblastoma 1 (RB1) and 
retinoblastoma-binding protein 4 (RBBP4), which are 
homologues of the plant RBR1 and MSI1 proteins173–176. 
Although a direct role for these proteins in imprinting 
has not been established in mammals, several observa-
tions suggest that their function may be conserved172.

The idea that passive and active demethylation path-
ways are working together is appealing as it fits well with 
several other observations. First, DME is more active on 
hemimethylated DNA — which would be enriched fol-
lowing replication in the absence of MET1 — than on 
fully methylated DNA in vitro139,140. Second, enrichment 
in hemimethylated DNA should decrease the chance of 
detrimental double-strand breaks (DSBs), which are pre-
dicted to arise from the removal of methylated cytosines 
in symmetric contexts by DME. Indeed, DME is inef-
ficient at removing methylated cytosines across from 
abasic sites, which should also reduce the production of 
DSBs139. Finally, in addition to decreasing the workload 
for DME and the risk of DSBs, downregulation of MET1 
might also function to ensure that hemimethylated CG 
sites generated by DME activity on one strand of the DNA 
are not efficiently restored to the fully methylated state 
by active targeting of DNA methyltransferases through 
interactions with SRA domain-containing proteins.

In mammals, in addition to the reported active 
demethylation of the paternal genome of the zygote151–153, 
passive demethylation is proposed to occur during pre-
implantation development of the embryo47,177. This 
passive decrease in methylation is likely to be due to 
exclusion of the oocyte-specific form of DNMT1, 
DNMT1o, from nuclei until just before blastocyst  
formation178,179. This is reminiscent of the observed 
localization pattern of DDM1 in pollen, in which DDM1 
is observed in the sperm cells but not in the vegetative 
nucleus74. Therefore, plants and mammals seem to use 
similar mechanisms for passive DNA demethylation, 
including transcriptional repression of DNA methyl-
transferases and exclusion of the methylation machinery 
from the nucleus.

Blastocyst
An embryonic stage that is 
characterized by the first 
definitive lineages.
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Conclusions 
Plants and animals use similar mechanistic strategies 
for controlling DNA methylation. Both use small-RNA-
based pathways to target DNA methylation to trans-
posons, both require methyl-DNA-binding proteins to 
maintain DNA methylation patterns, and both show 
intimate connections between histone and DNA meth-
ylation marks. Furthermore, a growing body of evidence 
suggests that active demethylation may occur in animals 
through DNA glycosylases and the BER pathway, as has 
been documented in A. thaliana.

Several pathways that are unique to plants or mam-
mals have also been elucidated and are likely to contrib-
ute to the observed differences in global methylation 
patterns between plants and mammals. For example, in 
mammals DNA methylation is not restricted to repeat  
elements and the DNA methylation machinery is recruited 
to specific genomic loci through interactions with  
chromatin marks as well as through interactions 
with the chromatin-modifying enzymes themselves. 
In addition, structural studies of the mammalian 
de novo methyltransferases suggest a mechanism in 
which a DNMT3A–DNMT3L tetramer may oligomer-
ize on DNA, potentially leading to the nearly global 

methylation status of the mammalian genome. In plants, 
in which DNA methylation occurs in all sequence 
contexts, a plant-specific methyltransferase, CMT3, is 
required for the maintenance of CHG methylation, and 
maintenance of CHH methylation is achieved through 
constant de novo methylation by DRM2.

Despite the significant advances in our under-
standing of DNA methylation pathways, several key 
questions remain, especially surrounding the issue 
of targeting. How DNA methyltransferases are tar-
geted by siRNAs and piRNAs in plants and mammals, 
respectively, remains elusive. In terms of DNA demeth-
ylation, whether DME is specifically targeted to many 
sites throughout the genome during gametogenesis or 
whether it non-selectively removes methylation remains 
unclear. Similarly, whether demethylation by the other 
DME/ROS1 family members is specifically directed to 
certain loci or whether the observed methylation pat-
tern simply reflects a balance between the RdDM and 
demethylation pathways requires further investigation. 
Gaining further insights into mammalian DNA demeth-
ylation pathways and understanding how demethylation 
is targeted will be key challenges for future research.
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	Abstract | Cytosine DNA methylation is a stable epigenetic mark that is crucial for diverse biological processes, including gene and transposon silencing, imprinting and X chromosome inactivation. Recent findings in plants and animals have greatly increased our understanding of the pathways used to accurately target, maintain and modify patterns of DNA methylation and have revealed unanticipated mechanistic similarities between these organisms. Key roles have emerged for small RNAs, proteins with domains that bind methylated DNA and DNA glycosylases in these processes. Drawing on insights from both plants and animals should deepen our understanding of the regulation and biological significance of DNA methylation.
	Figure 1 | Proteins involved in de novo DNA methylation, maintenance methylation and demethylation. Select proteins with established roles in these processes are shown for mice (Mus musculus (Mm)), Arabidopsis thaliana (At) and zebrafish (Danio rerio (Dr)). The Mm DNA methyltransferase 3 (DNMT3) family and At DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) contain DNMT domains, although in AtDRM2 the catalytic motifs are rearranged. The MmDNMT3 proteins also possess a cysteine-rich domain that contains a plant homeodomain (PHD) zinc finger motif and is referred to as an ATRX–DNMT3–DNMT3-like (DNMT3L) (ADD) domain. MmDNMT3A and MmDNMT3B possess a proline-tryptophan-tryptophan-proline (PWWP) motif that MmDNMT3L lacks. AtDRM2 contains ubiquitin-associated (UBA) domains. MmMIWI2 (also known as PIWIL4), MmMILI (also known as PIWIL2) and At ARGONAUTE 4 (AGO4) possess a Piwi Ago and Zwille (PAZ) domain and a PIWI domain. MmDNMT1 and At DNA METHYLTRANSFERASE 1 (MET1, also known as DMT1) possess bromo-adjacent homology (BAH) domains and a DNMT domain. MmDNMT1 also contains a cysteine-rich (CXXC) domain. Mm ubiquitin-like PHD and RING finger domain 1 (UHRF1) and the At VARIANT IN METHYLATION (VIM, also known as ORTHRUS) family contain SET- or RING-associated (SRA), RING and PHD domains. MmUHRF1 also has a Tudor domain and a ubiquitin domain (UBQ). Mm lymphoid-specific helicase 1 (LSH1, also known as HELLS) and At DECREASED IN DNA METHYLATION 1 (DDM1) contain DEAD and HELICc helicase domains. At CHROMOMETHYLASE 3 (CMT3) contains a DNMT domain, a chromodomain and a BAH domain. At SUPPRESSOR OF VARIEGATION 3‑9 HOMOLOGUE 4 (SUVH4), AtSUVH5 and AtSUVH6 possess an SRA and a histone methyltransferase (histone MT) domain. The At DEMETER (DME)/REPRESSOR OF SILENCING 1 (ROS1) family of glycosylases all possess a helix–hairpin–helix-Gly-Pro-Asp (HhH-GDP) domain, a 4Fe-4S (FES) cluster, a domain with similarity to histone H1 (H1), and a domain of unknown function (DUF). Mm methyl-CpG-binding domain 4 (MBD4) contains an HhH-GDP domain and an MBD domain. Mm thymine DNA glycosylase (TDG) contains a uracil DNA glycosylase (UDG) domain. Mm and Dr activation-induced cytosine deaminase (AID) and apolipoprotein B mRNA-editing enzyme (APOBEC) proteins all contain an APOBEC domain. ‘*’ indicates activity on additional substrates144. siRNA, small interfering RNA.
	Figure 2 | Model for RNA-directed DNA methylation. Single-stranded RNA transcripts corresponding to transposons and repeat elements are thought to be generated by RNA polymerase IV (Pol IV). CLASSY 1 (CLSY1, also known as CHR38), a putative chromatin-remodelling factor, is likely to function early in RNA-directed DNA methylation (RdDM), possibly recruiting Pol IV to chromatin or aiding in ssRNA transcript processing. RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) is proposed to generate dsRNA from the ssRNA transcripts. DICER-LIKE 3 (DCL3) is thought to process the dsRNAs into 24-nucleotide (nt) small interfering RNAs (siRNAs), which are bound by an Argonaute protein, AGO4. AGO4 localizes to Cajal bodies, and although the function of this association remains unknown, it seems to be necessary for wild-type levels of RdDM33. AGO4 also colocalizes with two Pol V subunits — NUCLEAR RNA POLYMERASE E1 (NRPE1) and NRPE2 — and DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) at a distinct nuclear focus, the AGO4–NRPE1 body (not depicted), which may represent a site of active RdDM33. Pol V is thought to transcribe intergenic non-coding (IGN) regions throughout the genome. NRPE1 association with chromatin requires another putative chromatin-remodelling factor, DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1 (DRD1), and a structural maintenance of chromosome (SMC) domain protein, DEFECTIVE IN MERISTEM SILENCING 3 (DMS3). IGN transcripts may serve as a scaffold for recruiting AGO4, which interacts with the GW/WG motifs of NRPE1 and SUPPRESSOR OF TY INSERTION 5‑LIKE (SPT5L, also known as KTF1), possibly through interactions between AGO4-bound siRNAs and the nascent transcript. An RNA-binding protein, INVOLVED IN DE NOVO 2 (IDN2), is proposed to recognize the siRNA–nascent transcript duplex. These associations may aid in targeting DRM2 to genomic loci that produce both 24-nt siRNAs and IGN transcripts. Recruitment or retention of DRM2 at such loci may be aided by SUPPRESSOR OF VARIEGATION 3‑9 HOMOLOGUE 9 (SUVH9) and SUVH2, two proteins that bind methylated DNA and are likely to act late in RdDM. ‘?’ indicates a putative function. The red circles represent DNA methylation.
	De novo DNA methylation
	Figure 3 | Model of recruitment of the de novo methylation machinery by unmethylated histone 3 lysine 4 tails. The amino-terminal domain of DNA methyltransferase 3-like (DNMT3L, shown as 3L) possesses a cysteine-rich domain that interacts with unmethylated histone 3 lysine 4 (H3K4) tails, and this interaction is proposed to recruit or activate the DNMT3A2 isoform. The carboxy-terminal domains of DNMT3L and DNMT3A (shown as 3A) form a tetrameric complex in which two DNMT3A proteins interact with each other and are flanked by two DNMT3L proteins. The DNMT3A active sites (red stars) are thought to be separated by approximately one helical turn and therefore could catalyse methylation (red circles) on opposite DNA strands ~10 bp apart. After being recruited to a specific locus, the DNMT3L–DNMT3A tetramer might be able to oligomerize, which could result in an ~10 bp periodic pattern of DNA methylation along the same DNA strand.
	DNA methylation in reproductive cells
	Figure 4 | DNA methylation changes during plant development. A | Diagram of an Arabidopsis thaliana flower. A stamen (St) and ovule (Ov) are labelled. Ba | Male gametogenesis occurs in stamens and generates tricellular pollen grains that contain a vegetative nucleus (VN) and two sperm cells (SCs). The model shows that transposon reactivation and small interfering RNA (siRNA) production take place specifically in the VN. These siRNAs may travel to the SCs to reinforce transposon silencing. Bb | Female gametogenesis occurs in ovules and produces a multicellular gametophyte with three antipodal cells (ACs), two synergid cells (labelled with ‘Syn’), one egg cell (EC) and a diploid (2n) central cell nucleus (CCN)77. The model shows that siRNAs are found in the CCN, possibly as a consequence of global demethylation. These siRNAs may travel to the EC to reinforce silencing. Reinforced silencing in the sperm and egg cells could account for the observed hypermethylation of the embryo. C | Fertilization of the EC and CCN generate the embryo and endosperm, respectively. The embryo will give rise to the mature A. thaliana plant, whereas the endosperm is a terminally differentiated tissue. Imprinting is observed in the endosperm, which nourishes the embryo and is therefore analogous to the placenta in mammals, in which imprinting also occurs. In plants, maternal imprinting results from demethylation in the CCN by the DEMETER (DME) glycosylase, which is likely to account for the observed hypomethylation in this tissue. After fertilization, the unmethylated (white circles) maternal alleles are expressed in the endosperm, whereas the paternal allele is methylated (black circles) and silent.
	Figure 5 | Piwi-interacting RNAs and male gametogenesis. a | The ping-pong amplification model. In mammals, as in flies, Piwi-interacting RNAs (piRNAs) are proposed to arise through a ping-pong amplification cycle that produces primary piRNAs with a 5′ uridine (U) and secondary piRNAs with an adenine (A) at position 10. In mammals, transposon transcripts, mainly sense oriented, are the presumed substrates for primary piRNA production90. Cleavage of these transcripts produces primary piRNAs that are proposed to preferentially associate with cytoplasmic MILI (also known as PIWIL2)90. MILI, which is bound with sense piRNAs, cleaves antisense transcripts, producing secondary piRNAs that preferentially associate with cytoplasmic and nuclear MIWI2 (also known as PIWIL4)90. Nuclear MIWI2, which is bound with antisense piRNAs, cleaves sense transposon transcripts, producing more primary piRNAs. piRNA complexes are also proposed to guide DNA methylation to homologous genomic loci by potentially interacting with nascent transposon transcripts and directly or indirectly recruiting de novo methyltransferases, possibly complexes of DNA methyltransferase 3A (DNMT3A, shown as 3A) and DNMT3-like (DNMT3L, shown as 3L). MILI and MIWI2 contain symmetrical dimethylarginines and interact with Tudor domain-containing (TDRD) proteins. b | Model for transposon silencing during male gametogenesis. Genome-wide demethylation (embryonic day (E)10.5–E13.5) in primordial germ cells (PGCs) erases DNA imprints and could briefly reactivate transposons. De novo methylation and paternal imprinting are observed in testes from E14.5 until birth. Consistent with prior transposon expression, piRNAs bound to MILI and MIWI2 (expressed by E12.5 and E15.5, respectively) are enriched for transposon sequences during this time period and are proposed to facilitate targeted re-establishment of DNA methylation at transposons. Although less well-studied then in male germ cells, Piwi Argonautes are expressed in the female germ cells of flies, mammals84, frogs180 and silkworms181, and piRNAs are present in the ovaries of flies182 and silkworms181,183 and in the oocytes of frogs184. Arg, arginine; Me, methyl group.
	Maintenance of DNA methylation patterns
	Figure 6 | Maintenance of DNA methylation in plants and mammals. a | Model depicting the maintenance of CG methylation during replication. DNA methyltransferase 1 (DNMT1) is proposed to be recruited to replication foci through interactions with ubiquitin-like plant homeodomain and RING finger domain 1 (UHRF1) — a SET- or RING-associated (SRA) domain protein that specifically interacts with hemimethylated DNA — and with proliferating cell nuclear antigen (PCNA). After being recruited, DNMT1 functions to maintain methylation patterns by restoring the hemimethylated DNA to a fully methylated state. In plants, DNA METHYLTRANSFERASE 1 (MET1, also known as DMT1) and the VARIANT IN METHYLATION (VIM, also known as ORTHRUS) family of SRA domain proteins, which are homologues of DNMT1 and UHRF1, respectively, are likely to function in a similar manner to maintain CG methylation patterns. Black and white circles represent methylated and unmethylated cytosines, respectively. b | Model depicting the maintenance of CHG methylation in plants. A reinforcing loop of DNA and histone methylation is proposed to maintain CHG methylation in plants. The CHROMOMETHYLASE 3 (CMT3) DNA methyltransferase maintains methylation in the CHG context, which is recognized by the SRA domain of the SUPPRESSOR OF VARIEGATION 3‑9 HOMOLOGUE 4 (SUVH4, also known as KYP) histone methyltransferase (histone MT). SUVH4 catalyses histone 3 lysine 9 dimethylation (H3K9me2), a modification that is required for the maintenance of CHG methylation, and the chromodomain of CMT3 binds methylated H3 tails.
	DNA demethylation
	Figure 7 | Active DNA demethylation through DNA glycosylase activity and base excision repair. In Arabidopsis thaliana (green proteins), methylated (CH3) cytosine (bold C) bases are removed by the DEMETER (DME)/REPRESSOR OF SILENCING 1 (ROS1) family of bifunctional 5‑methylcytosine glycosylases. First, the methylated cytosine base is released by cleavage of the N‑glycosidic bond, generating an abasic site. Next, the phosphodiester linkage is broken both 3′ and 5′ of the abasic site through apyrimidic (AP) lysase activity, generating a single-nucleotide gap in the DNA. The DNA is then proposed to be repaired by unknown DNA polymerase and DNA ligase activities, resulting in a net loss of cytosine methylation. In zebrafish and mammals, no efficient 5‑methylcytosine glycoslases have been identified. However, in zebrafish and mammals (blue proteins), it has been proposed that the activation-induced cytosine deaminase (Aid)/apolipoprotein B mRNA-editing enzyme (Apobec) family of deaminases first convert methylated cytosines into thymines (bold T), generating thymine/guanine (T/G) mismatches. These mismatches could be recognized by the methyl-CpG-binding domain 4 (Mbd4) glycosylase or thymine DNA glycosylase (Tdg), resulting in removal of the thymine base and generation of an abasic site. Unlike the bifunctional DME/ROS1 glycosylases, Mbd4 and Tdg are monofunctional DNA glycosylases, so other unidentified proteins are likely to be required to provide the AP lyase activity to remove the sugar ring to generate a single-nucleotide gap. As in A. thaliana, this substrate is proposed to be repaired by unidentified DNA polymerase and DNA ligase activities.
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