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Abstract

DNA methylation at the 5-position of cytosine (5mC) plays vital roles
in mammalian development. DNA methylation is catalyzed by DNA
methyltransferases (DNMTs), and the two DNMT families, DNMT3 and
DNMT1, are responsible for methylation establishment and maintenance,
respectively. Since their discovery, biochemical and structural studies have
revealed the key mechanisms underlying how DNMTs catalyze de novo and
maintenance DNA methylation. In particular, recent development of low-
input genomic and epigenomic technologies has deepened our understand-
ing of DNA methylation regulation in germ lines and early stage embryos.
In this review, we first describe the methylation machinery including the
DNMTs and their essential cofactors. We then discuss how DNMTs are
recruited to or excluded from certain genomic elements. Lastly, we summa-
rize recent understanding of the regulation of DNA methylation dynamics
in mammalian germ lines and early embryos with a focus on both mice and
humans.
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INTRODUCTION

Development of a multicellular organism from a zygote relies on spatial and temporal regulation
of tissue- and cell type-specific transcription programs. Although cell differentiation is largely di-
rected by lineage-specific transcription factors, maintenance of the committed cell fates involves
heritable epigenetic modifications. DNA methylation is one of the best characterized epigenetic
modifications in which a methyl (−CH3) group is covalently linked to the 5-carbon of the pyrim-
idine ring of cytosine. DNA methylation is highly conserved across different species and can be
found in vertebrates, flowering plants, some fungi, and bacteria (1). As an epigenetic silencing
mechanism of transposable elements (TEs), DNA methylation is vital for maintaining genome
stability in eukaryotes. In mammals, DNA methylation has evolved additional functions beyond
silencing TEs, including lineage specification, genomic imprinting, and X chromosome inactiva-
tion (2).

DNA methylation is catalyzed by a group of proteins known as DNA methyltransferases
(DNMTs) (3). Addition of methyl groups to unmethylated cytosines is called de novo methylation
and is catalyzed by DNMT3 family enzymes including DNMT3A, DNMT3B, DNMT3C, and
DNMT3L (3–5). DNMT3A and DNMT3B are the major enzymes to establish DNA methy-
lation in embryonic development (6). DNMT3L, although catalytically inactive, serves as an
essential accessory protein for de novo methylation in germ lines (7–9). DNMT3C, a tandem
duplicate of DNMT3B, is only found in rodents and is responsible for DNA methylation of a
subset of repetitive elements in the male germ line (4, 5). After establishing DNA methylation,
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the methylation pattern is maintained during DNA replication by the maintenance DNAmethyl-
transferase DNMT1 (10). The faithful copy of DNA methylation pattern during cell divisions
makes it an ideal mechanism to preserve epigenetic memory.

DNA methylation in mammals mostly takes places in palindromic CpG dinucleotides. Non-
CpGmethylation (e.g., CpA and CpT) is rare but can be found in cells with high de novomethyla-
tion activity such as oocytes, embryonic stem cells (ESCs), and brain tissues (2). De novo DNMTs
are thought to be responsible for the small percentage of non-CpG methylation, which cannot
be maintained by DNMT1 owing to the lack of sequence symmetry (2). In most human somatic
cells, 60–80% of the ∼28 million CpGs are methylated. The methylated CpGs are not randomly
distributed but rather are enriched at certain genomic regions such as repetitive elements and gene
bodies. In contrast, regions with high-density CpG dinucleotides, known as CpG islands (CGIs),
are commonly located at promoters of developmental genes and are generally unmethylated (11).
As none of the DNMTs has sequence specificity, how they are targeted to specific genomic re-
gions to establish a developmental-specific DNA methylation pattern has been one of the central
questions in the epigenetic field.Recent studies have unveiled some of the underlyingmechanisms.

Once established in embryos, global DNA methylation is mostly static throughout life (12).
However, two waves of genome-wide DNA demethylation and remethylation take place in germ
lines and preimplantation embryos (13). In the germ line, DNA methylation is almost completely
erased in early germ cells and then reestablished before mature gametes are formed. In early em-
bryos, the genome also undergoes a global demethylation after fertilization, except for imprinted
genes and certain repeats, and then gets remethylated after implantation (13). The development
of low-input technologies charting histone modifications and base-resolution DNA methylation
has unveiled the hidden rules of epigenetic reprogramming during these developmental windows.

DNMTs in nonmammalian species such as plants and fungi harbor extensive evolutionary dif-
ferences frommammals and utilize distinct regulatory mechanisms for DNAmethylation. For ex-
ample, de novo methylation in plants is mediated by an RNA-directed DNAmethylation pathway
involving small interfering RNAs that is not conserved in mammals (14).Moreover, DNMT5 has
been shown to be critical in mediating CpG methylation in some fungi for which no orthologous
DNMT1 has been identified (15). As this review is mainly focused on mammalian DNMTs, the
regulation of DNMTs in plants and fungi is not covered. The intrigued readers may refer to other
recent excellent reviews on this topic (14, 16). In this review, we first describe the DNMTs and
their cofactors essential for methylation reaction. The structures, protein domain organizations,
and biochemical mechanisms of DNMTs are also discussed in this section. We then introduce a
few established rules regarding how DNMTs are recruited to or excluded from certain genetic el-
ements. Lastly, we explore the DNA methylation dynamics in germ lines and early embryos with
a focus on the most recent advances in both mice and humans.

THE DE NOVO METHYLATION MACHINERY

DNMT3 Domain Organizations and Their Functions

Of the four de novo DNMTs in mammals, DNMT3A and DNMT3B share similar domain struc-
tures, containing a Pro-Trp-Trp-Pro (PWWP) domain, an ATRX-DNMT3L-DNMT3A (ADD)
domain, and a C-terminal catalytic domain (1) (Figure 1a). Compared with DNMT3A/3B,
DNMT3L does not have the PWWPdomain and is catalytically inactive owing to a deletion from
the conserved C-terminal methyltransferase motifs. The recently discovered DNMT3C shares
the ADD and the catalytic domain but lacks the PWWP domain (4, 5).

The ADD domain has been reported to recognize unmethylated lysine 4 of histone 3 (H3K4)
(17), which reveals a mechanism of histone-guided establishment of DNAmethylation.The ADD
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domain has also been shown to contribute to an autoinhibitory effect of DNMT3A (18). In the
absence of an H3 tail, the ADD domain inhibits DNMT3A enzymatic activity by reducing DNA
binding affinity of the catalytic domain. However, the H3 tail without methylation at lysine 4
can disrupt the interaction between the ADD and catalytic domain to release autoinhibition of
DNMT3A (18). The structural evidence is consistent with the mutually exclusive distribution of
H3K4 methylation and DNA methylation throughout the genomes (2).

The PWWP domain can recognize H3K36me3, a histone modification present in the gene
body of actively transcribed genes (19, 20). Consistently, DNMT3B has been implicated in gene
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Figure 1 (Figure appears on preceding page)

Domain organization of DNA methyltransferases (DNMTs) and the mechanisms of DNMT1/UHRF1–mediated methylation
maintenance. (a) Domain structure of mouse de novo DNMTs. The catalytic domain (CD) confers the DNMT activity. Pro-Trp-Trp-
Pro (PWWP) and ATRX-DNMT3L-DNMT3A (ADD) domains mediate histone-guided DNA methylation by recognizing
H3K36me3 and unmethylated H3K4, respectively (17, 19, 20). For DNMT3A and DNMT3B, multiple isoforms including the
catalytically inactive ones (e.g., DNMT3B3) are produced by alternative promoter usage and/or splicing (30). Note that not all
DNMT3B isoforms are included here. (b) Domain structure of mouse DNMT1 and its oocyte-specific isoform DNMT1o. The
DNMT1-associated protein (DMAP1) binding domain interacts with transcriptional repressor DMAP1 and histone deacetylase 2
(HDAC2) (32). The proliferating cell nuclear antigen (PCNA) binding domain is known to target DNMT1 to the replication foci (33).
The replication foci–targeting sequence (RFTS) domain can occupy the catalytic pocket of DNMT1, acting as an inhibitor of the
methyltransferase activity (37). After recruited to chromatin, RFTS binds to the ubiquitinated H3 tail (35, 36). The CXXC domain
binds to unmethylated CpG to exclude it from the active site of the catalytic domain (38). Bromo-adjacent homology (BAH1/2)
domains are essential for localization of DNMT1 at the replication foci (39). (c–e) Domain organization of mouse UHRF1 (also known
as NP95) and the mechanisms of DNMT1/UHRF1–mediated methylation maintenance. The ubiquitin-like (UBL) domain recruits
ubiquitin-conjugating enzymes (E2) to UHRF1 and targets ubiquitin to (d) the H3 tail (146, 147). UBL also directly interacts with the
DNMT1 RFTS domain. (d,e) The tandem tudor domain (TTD) binds to H3K9me2/3 to facilitate UHRF1 chromatin localization
(47). The TTD domain may also recognize the methylated DNA ligase 1 (LIG1) (148) (not shown in panels d and e for simplicity).
Plant homeodomain (PHD) binds to unmodified H3R2 to facilitate chromatin localization of UHRF1 (46). The SET- and RING-
associated (SRA) domain binds to hemi-methylated DNA (hemi-DNA) (43–45). The really interesting new gene (RING) domain
deposits H3K14Ub, H3K18Ub, and H3K23Ub (denoted by H3UB), which can serve as docking sites for (e) the DNMT1 RFTS
domain (34, 36). The poly-basic region (PBR) may associate with the linker between TTD domains in the absence of hemi-DNA,
leading to a closed conformation of UHRF1 (not shown in panels d and e for simplicity) (149).

body DNA methylation, and depletion of the H3K36 methyltransferase SETD2 in mouse em-
bryonic stem cells (mESCs) leads to reduced DNMT3B enrichment and DNAmethylation levels
at genic regions (21). Interestingly, recent genetics studies revealed that D329A or W326R point
mutation of PWWP domain causes gain of function of DNMT3A and leads to hypermethylation
of polycomb-associated DNAmethylation valleys (22, 23). These results revealed a previously un-
recognized role of the PWWP domain in restricting DNA methylation. Anchoring of DNMT3
to H3K36me3-enriched regions by the PWWP domain likely can avoid accidental methylation
caused by extra freely available DNMT3 proteins.

Structural Basis of De Novo DNMT Complexes

Despite being catalytically inactive, DNMT3L serves as a cofactor of DNMT3A/3B to enhance
their methyltransferase activities (24).The crystallographic structure revealed that DNMT3L and
DNMT3A form a butterfly-shaped tetramer (DNMT3L-DNMT3A-DNMT3A-DNMT3L),
which comprises two DNMT3L-DNMT3A interfaces and one DNMT3A-DNMT3A interface
(25, 26). Although only the DNMT3A dimer directly binds to DNA, disruption of the interaction
between DNMT3A and DNMT3L abolishes DNMT3A methyltransferase activity, which may
be due to the loss of active DNMT3A conformation (25). DNMT3L has also been reported to
facilitate DNA methylation by maintaining DNMT3A stability in mESCs (27).

As revealed by crystal structure, theDNMT3Ahomodimer in the tetramer complex targets two
CpG sites on a DNA duplex in one binding event (25, 26). However, different base pair spacings
(10 versus 14 bp) between the two CpG sites have been reported, and such discrepancy could be
due to the intrinsic dynamic conformation of DNMT3A or different experimental conditions (25,
26). Of the DNMT3A residues that directly interact with DNA, Arg836 is of particular interest
as it confers the preference of DNMT3A to methylate CpG versus CpA or CpT (26). Wild-type
DNMT3A exhibits a 20-fold higher preference to methylate CpG-containing DNA than CpA- or
CpT-containing DNA. In contrast, the DNMT3A R836A mutation can enhance the methylation
of CpA and CpT by 4- to 5-fold while only slightly affecting CpG methylation (26).
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Different Isoforms of De Novo DNMTs

Alternative promoter usage and splicing can give rise to different protein isoforms. In the case
of DNMT3A, two isoforms are transcribed from two alternative promoters, resulting in a longer
isoform, DNMT3A1, and a short isoform, DNMT3A2 (Figure 1a). Analyses of the promoter
usage indicate that DNMT3A2 is mainly expressed in fetal tissues, whereas DNMT3A1 can be
detected at both fetal and adult stages (28). Compared with DNMT3A2, DNMT3A1 is more
enriched at DNA methylation canyon edges and has been shown to compete with TET1 to reg-
ulate the expression of H3K27me3- and H3K4me3-containing bivalent genes in mESCs (28, 29).
For DNMT3B, several isoforms that include the canonical full-length DNMT3B1, N-terminal
truncated isoforms, and catalytically inactive isoforms have been reported (30) (Figure 1a). The
function of the catalytically inactive DNMT3B isoforms is largely unknown. Nevertheless, it has
been reported that the inactive variant DNMT3B3 in humans is the major form of DNMT3B in
differentiated ESCs (31) and may serve as an accessory protein like DNMT3L to stimulate gene
body methylation in somatic cells (30).

THE MAINTENANCE METHYLATION MACHINERY

DNMT1 Domain Organizations and Their Functions

Although the C-terminal catalytic domain of DNMT1 is conserved with other DNMTs, its
N-terminal regulatory region is unique and specifically required for methylation maintenance
during DNA replication (3). The N-terminal regulatory region consists of a DNMT1-associated
protein 1 (DMAP1) binding domain, a proliferating cell nuclear antigen (PCNA) binding do-
main, a nuclear localization signal (NLS), a replication foci–targeting sequence (RFTS) domain,
a CXXC domain, and two bromo-adjacent homology (BAH) domains (3) (Figure 1b). Of these
domains, the DMAP1 binding domain is involved in interactions with the transcriptional repres-
sor DMAP1 and histone deacetylase 2 (HDAC2) (32). The PCNA binding domain and RFTS
are known to be involved in targeting DNMT1 to the replication foci during S phase (33–36).
RFTS can also contribute to the autoinhibitory effect of DNMT1 by occupying the active site
of the catalytic domain (37). Such autoinhibition mechanisms may help avoid aberrant de novo
DNA methylation. The CXXC domain has been shown to bind and occlude unmethylated
CpGs from the active site, limiting methylation only for hemi-methylated CpGs (38). Recently,
BAH domains have also been implicated in localizing DNMT1 to the replication loci, but the
underlying mechanism remains unclear (39).

UHRF1: A Cofactor Required for DNA Methylation Maintenance

DNMT1 cooperates with the E3 ubiquitin ligaseUHRF1 (also known asNP95) tomaintainDNA
methylation in dividing cells (40, 41). UHRF1 is a modular multidomain protein containing a
ubiquitin-like (UBL) domain, a tandem tudor domain (TTD), a plant homeodomain (PHD), a
SET- and RING-associated (SRA) domain, a poly-basic region (PBR), and a really interesting
new gene (RING) domain (42) (Figure 1c). UHRF1 recognizes hemi-methylated DNA by the
SRA domain and then recruits DNMT1 to the replication foci during S phase (43–45). UHRF1-
deficient cells exhibit diffused nucleoplasmic localization of DNMT1 and undergo global loss
of DNA methylation (40, 41). Similar to Dnmt1 knockout (KO), Uhrf1 null mouse embryos die
shortly after gastrulation (40).

Structural Basis of UHRF1-Mediated DNMT1 Recruitment to Replication Foci

UHRF1-mediated recruitment of DNMT1 to the replication foci involves complex inter- and
intramolecular interactions. In a simplified model, recruitment of UHRF1 to chromatin depends
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on the binding of the SRA domain to hemi-methylated DNA as well as the cooperative binding
of PHD/TTD domains to H3R2 and H3K9me2/3 (46, 47). Notably, binding of SRA domain
to hemi-methylated DNA allosterically stimulates the E3 ligase activity of the RING domain to
deposit mono-ubiquitin to K14, K18, and K23 on Histone 3 (34, 36) (Figure 1d). The mono-
ubiquitinated H3 tail then serves as a docking site for the RFTS domain of DNMT1, which
consequently alleviates the autoinhibitory effect of DNMT1 by directing the RFTS domain away
from the active site of the catalytic domain (35) (Figure 1e). Moreover, it has been shown that
UHRF1 can directly recruit DNMT1 through the UBL domain (48), adding another layer of
complexity to how UHRF1 recruits DNMT1 to chromatin.

The role of USP7, a ubiquitin carboxyl-terminal hydrolase, in the methylation mainte-
nance complex remains controversial. It has been reported that USP7 either helps stabilize
DNMT1/UHRF1 or promotes UHRF1 into an open conformation (42).However, a recent study
revealed that ablation of USP7 affects neither the steady-state DNMT1 level nor global DNA
methylation, indicating that USP7 or its interactions with DNMT1 does not play a major role in
methylation maintenance (49). The discrepancies might be due to the different cell lines or dif-
ferent USP7 ablation strategies used in these studies. Therefore, the role of USP7 in regulating
DNMT1 and DNA methylation maintenance warrants further investigation.

Oocyte-Specific Isoform of DNMT1

DNMT1 has two isoforms derived from two alternative promoters (Figure 1b). The somatic
isoform is highly expressed in somatic cells but lowly expressed in oocytes and early embryos. In
contrast, the oocyte-specific form (DNMT1o), which lacks 118 amino acids at the N terminus, is
only present in oocytes and early embryos (50). DNMT1o is essential for maintaining parental-
allele-specific DNA methylation at imprinted loci (50). Embryos derived from DNMT1o-
deficient oocytes, in which the somatic DNMT1 is unaffected, exhibit partial loss of imprinting
and mostly die before birth (50). Notably, embryos deficient of both isoforms of DNMT1
exhibit more complete loss-of-imprinting at the blastocyst stage (51). Therefore, the zygotically
expressed somatic DNMT1 should also be involved in the maintenance of genomic imprints in
preimplantation embryos despite its low abundance at the early developmental stages (51).

TARGETING OF DNMTs TO DISTINCT GENOMIC FEATURES

Exclusion of DNMTs from CpG Islands

Although most CpGs in the mammalian genome are methylated, CGIs at housekeeping and de-
velopmental gene promoters remain unmethylated regardless of the transcriptional status (11).
There must be mechanisms to actively exclude DNMTs from the CGIs, as these regions maintain
a hypomethylated state even when global de novo methylation takes place. In particular, some
CGI promoters can extend beyond the proximal promoters to form a large hypomethylated do-
main known as the DNAmethylation valley or canyon (52). Early studies suggested that sequence
characteristics of the CGIs such as transcription factor binding motifs may explain their resis-
tance to DNA methylation (53, 54). A survey of the DNA methylation valleys also revealed that
they harbor binding motifs of key developmental transcriptional factors and these binding mo-
tifs are largely conserved across vertebrates (55). Recent genome-wide analyses revealed that the
hypomethylated state is more likely a consequence of the interplay among CGI binding proteins,
DNA methylation and demethylation machineries, and histone modifications (Figure 2a).

CGI binding proteins harbor a CXXC domain that specifically recognizes and binds to un-
methylated CpG dinucleotides. Of the CGI binding proteins characterized, FBXL10 (also known
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Figure 2

Targeting of DNA methyltransferases (DNMTs) to specific genomic features. (a) Exclusion of DNMTs from CpG island (CGI)
promoters. Active chromatin mark H3K4me3 and CXXC protein FBXL10 are important to protect transcription start site (TSS)–
associated CGIs from DNA methylation (17, 56). DNA demethylation mechanisms including TET binding to unmethylated CpGs
also prevent de novo DNA methylation (29, 62–64). (b). Recruitment of DNMTs to germ line/pluripotent gene promoters. The
G9a–GLP complex–mediated heterochromatin environment at gene promoters promotes de novo DNA methylation, which in turn
reinforces transcriptional silencing (70–74). (c) Recruitment of DNMT3B to gene bodies. At transcribed gene bodies, RNA polymerase
II (Pol II) associates with SETD2 to deposit H3K36me3 (19, 21). H3K36me3 is recognized by the Pro-Trp-Trp-Pro (PWWP) domain
of DNMT3B to establish gene body DNA methylation (19, 21). Gene body DNA methylation may prevent spurious intragenic
transcription and regulate alternative splicing (76, 77, 79, 80). (d) Recruitment of DNMTs to long terminal repeat (LTR)
retrotransposons. Zinc finger protein ZFP809 recruits the TRIM28–SETDB1–H3K9me3 corepression complex and DNMTs to
endogenous retroviruses (ERVs) for epigenetic silencing (83). In addition, the G9a–GLP complex contributes to de novo DNA
methylation at ERVs, but the complex is not required to maintain repression of ERVs (84).

as KDM2B and CXXC2) binds to almost all CGI promoters and has been demonstrated to pre-
vent a subset of CGI promoters from DNA methylation (56). In FBXL10-deficient mESCs, CGI
promoters bound by both FBXL10 and polycomb repressive complexes (PRCs) undergo de novo
methylation, whereas the FBXL10-bound CGI promoters without binding of PRCs still remain
unmethylated (56). The likely explanation for why PRC-free CGI promoters are resistant to
DNA methylation is that these regions are also enriched for RNA polymerase II (Pol II) and
active chromatin modifications such as H3K4me3 that can antagonize DNMTs. In agreement
with this notion, ectopic expression of DNMT3B in cell lines tends to methylate the regions
that are lowly expressed and enriched for H3K27me3, whereas CGIs enriched for H3K4me3 are
protected from aberrant DNA methylation (57). Moreover, polycomb targets are more likely to
undergo de novo DNA methylation during mESC differentiation (58). It should be noted that
not all CXXC domain–containing proteins have a role similar to that of FBXL10 in safeguarding
CGIs from de novo methylation. Depletion of CFP1 (also known as CXXC1), another CXXC
domain–containing protein that binds to CGIs, actually leads to loss of genomic DNA methyla-
tion (59).
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Among the factors that bind to CGIs, TET proteins are known for their roles in DNA
demethylation by oxidizing 5-methylcytosine (5mC) (60). TET1 contains a CXXC domain and is
enriched at CpG-dense regions inmESCs (61).TET1 binding at the transcription start sites (TSS)
is anticorrelated with DNMT3A enrichment, and depletion of TET1 leads to increased Dnmt3a
occupancy and de novo DNA methylation at the TSS (29). However, depletion of all three TET
proteins in mESCs only slightly affect the global 5mC level (62). Ectopic DNAmethylation in the
Tet1/2/3 triple knockout (TKO) mESCs largely occurs at enhancers and is able to modulate the
transcription activity of the associated genes (62). In aTet1/2/3 TKOmousemodel, it was reported
that TET-mediated demethylation counteracted de novo methylation and regulated gastrulation
by modulating Nodal signaling (63).

In human TET1/2/3 TKO ESCs, regulatory regions such as promoters and enhancers gain
DNAmethylation without showing global 5mC differences (64). Interestingly, bivalent promoters
exhibit the greatest magnitude of methylation increase in the human TET1/2/3 TKO ESCs (64).
The silencing of a bivalent developmental gene PAX6 by DNA hypermethylation may contribute
to the impaired neuronal differentiation of the TET TKO ESCs, as locus-specific demethylation
of PAX6 can partially rescue the defects in differentiation to the neuroectoderm (64). Thus, de-
spite the finding that TET proteins are not essential for self-renewal and pluripotent marker gene
expression in ESCs, their competitive balance against de novo DNMTs is required to ensure the
correct transcription program of ESCs during differentiation. In addition to the above-described
epigenetic modifiers, formation of an R loop downstream of the CGI TSS has also been proposed
to prevent de novo DNA methylation (65). Mechanistically, an R loop has been shown to trig-
ger local DNA demethylation by recruiting the DNA demethylation machinery GADD45A and
TET1 (66). Consistently, Gadd45a/b/g TKO mESCs exhibit locus-specific DNA hypermethyla-
tion (67).

Recruitment of DNMTs to Gene Promoters

Despite the intrinsic property of CGIs to repel DNA methylation, a small number of CGIs at the
TSS still undergo de novo DNA methylation during postimplantation development, and most of
these CGIs are located at germ-line gene promoters (68, 69).DNAmethylation at germ-line gene
promoters is repressive to transcription because reactivation of transcription in the germ line has
been observed in embryos deficient for DNA methylation (69, 70).

How are germ-line gene CGI–containing promoters targeted by de novo DNMTs in differen-
tiation or development? It has been suggested that G9a, a histone methyltransferase that deposits
H3K9me1/2, may silence germ-line genes with DNA methylation in developing embryos (70)
(Figure 2b). In mouseG9a null embryos, de novo DNAmethylation at germ-line gene promoters
is impaired along with a decrease in H3K9me2 occupancy (70).However,H3K9me2 is unaffected
at the gene promoters ofDnmt3bKO embryos, in which loss of DNAmethylation correlates with
gene reactivation (70). These data suggest that epigenetic silencing of these target genes is initi-
ated by G9a/H3K9me2 and then taken over by DNA methylation. Moreover, targeting of G9a
to these germ-line gene promoters can be linked to transcription factors such as E2F6, which is
found to be in a complex containing G9a that represses germ-line gene expression by modulating
DNA methylation (71).

Similar to postimplantation embryo development, mESC differentiation also couples with de
novo DNA methylation at germ-line gene CGI promoters as well as pluripotent genes such as
Oct4 andDppa3 (68). Analogous to the findings in embryos,G9a-mediatedH3K9methylation and
heterochromatin protein 1 (HP1) binding precedesDNAmethylation to silence pluripotent genes
during ESC differentiation (72). In addition, it has been shown that recruitment of DNMTs may

www.annualreviews.org • Mammalian DNA Methyltransferases 143



BI89CH06_Zhang ARjats.cls June 2, 2020 10:17

be independent of the enzymatic activity of G9a (73, 74). This might explain why some regions
show loss of H3K9me2, but not DNA methylation, in G9a null embryos (70).

In addition to the epigenetic silencing of germ-line and pluripotent genes by DNA methyla-
tion in somatic tissues, extraembryonic lineage genes can be hypermethylated and transcription-
ally repressed in the embryonic lineage. For example, visceral endoderm (VE) genes including
apolipoprotein family Apoa1/a4/b/c2 are hypermethylated in E6.5 epiblast but not in the VE (75).
Moreover, a group of somatic tissue-specific genes related to signaling and extracellular matrix ac-
quire DNA methylation when mESCs are differentiated into neurons (58). Therefore, promoter
DNAmethylation–mediated transcriptional silencing can orchestrate lineage specification during
development.

Recruitment of DNMTs to Gene Bodies

In contrast to the CGIs at promoters, orphan CGIs located at intragenic regions are more
frequently methylated (11).Methylation of intragenic CGIs is likely a consequence of DNMT3B-
mediated genic DNA methylation. At an actively transcribed locus, elongating RNA Pol II can
associate with the histone methyltransferase SETD2 to deposit H3K36me3, which in turn can be
recognized by the PWWP domain of DNMT3B to establish gene body DNA methylation (19,
21) (Figure 2c). Therefore, unlike DNA methylation at promoters, which is generally associated
with transcriptional repression, gene body DNA methylation can be an indicator of active gene
transcription.

What is the function of gene body DNA methylation? It was first proposed that intragenic
CGIs could serve as alternative TSS. This notion is based on the evidence that these CGIs are
enriched for H3K4me3, a marker of active gene promoters, and that tissue-specific intragenic
DNA methylation is associated with alternative transcripts in a tissue-specific manner (76).
A recent genome-wide TSS mapping study revealed a significant increase of TSS on the gene
bodies inDnmt3bKOmESCs, suggesting that intragenic DNAmethylation may prevent spurious
transcription initiation (77). Notably, although most spurious transcripts are degraded, at least
some of them can be translated to generate aberrant proteins (77). The spurious transcription
initiation might contribute to the etiology of human immunodeficiency-centromeric instability-
facial anomalies (ICF) syndrome caused by DNMT3B mutations (78). Indeed, study of cell lines
from human ICF syndrome patients revealed that altered intragenic DNA methylation impairs
the usage of alternative promoters in gene bodies (79). Collectively, these studies demonstrate an
important role of gene body DNA methylation in suppressing spurious transcription initiation.

In addition to preventing spurious transcription, intragenic DNA methylation has also been
linked to alternative splicing. For example, it has been shown that intragenic DNA methylation–
mediated binding of the Brother of Regulator of Imprinted Sites (BORIS) leads to cancer-specific
alternative splicing of the pyruvate kinase (PKM) gene (80). In cancer cells, BORIS preferentially
binds to the methylated exon 10 and promotes local Pol II enrichment and spliceosome assembly
to include exon 10 in the final PKM transcript (80). However, in normal cells, BORIS is absent
from the unmethylated exon 10, leading to the exclusion of this exon in the PKM transcript.
Importantly, BORIS-mediated alternative splicing has been identified at multiple loci, and such
intragenic DNA methylation–dependent alternative pre-mRNA splicing might be a hallmark of
breast cancer (80).

Recruitment of DNMTs to Repetitive Elements

Themost conserved function of DNAmethylation across different species is to safeguard genome
integrity by suppressing TEs. Most TEs are truncated or mutated, thus losing their ability to
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transpose or retrotranspose. However, some full-length TEs are capable of retrotransposition
and can be harmful to genome integrity if insufficiently silenced. The role of DNA methylation
in repressing TEs was first demonstrated in Dnmt1 mutant embryos, in which intracisternal
A particle retroviruses (IAPs) were elevated more than 50-fold (81). Subsequently, numerous
studies have indicated that DNA methylation is essential for silencing different types of TEs
including endogenous retroviruses (ERVs), non-long terminal repeats (non-LTR) (e.g., Line1),
and pericentromeric repeats (82).

How is repetitive element silencing achieved? Typically, H3K9me3 is first recruited to target
sequences to establish heterochromatin environment, which in turn brings in DNA methylation
for long-term silencing. In the case of ERVs, a zinc finger protein ZFP809 recruits the TRIM28–
SETDB1–H3K9me3 corepressor complex and DNMTs to achieve transcriptional silencing (83)
(Figure 2d). In addition, G9a, a major H3K9me1/2 methyltransferase, is required for de novo
DNA methylation and the establishment, but not the maintenance, of ERV repression (84). For
non-LTR such as LINE1, SUV39H1/2 are the major enzymes for depositing H3K9me3 to its
5′UTR in mESCs, and the repressive mark is then taken over by DNA methylation during ESC
differentiation (85). This observation is in line with the notion that TE silencing in early em-
bryos and ESCs is more tolerant to deficiency in DNA methylation (86, 87). Consistently, DNA
methylation plays a more predominant role in silencing of repeats in somatic cells.

DNA METHYLATION DYNAMICS IN DEVELOPMENT

DNA Demethylation in Primordial Germ Cells

The progenitors of primordial germ cells (PGCs) are specified around embryonic day 6.25 (E6.25)
inmice, and the globalDNAmethylation level at this stage is comparable with the adjacent epiblast
lineage (68). After PGC proliferation and migration to the genital ridge by E13.5, the 5mC is
almost completely erased with the exception of certain repeat elements such as IAPs (88–90). This
DNA methylation reprogramming process comprises two sequential steps. Before E9.5, DNA
demethylation is largely achieved through replication-dependent passive dilution as both TET
proteins and 5mC oxidation products such as 5hmC are at a very low level during this period
(91, 92). Notably, certain regions including imprinted loci and meiotic gene promoters maintain
DNA methylation during this stage (88, 89, 92, 93). From E9.5 to E13.5, TET1 is responsible
for the increase of the 5hmC level, and then the 5mC oxidation products are diluted through
DNA replication or restored to unmodified cytosine by the base excision repair (BER) pathway
(90, 92–94). Such two-stage DNA demethylation has been suggested to safeguard the germ line
from precocious differentiation (95).

Despite the involvement of TET proteins in DNA demethylation in the second stage, the
global methylation level is only slightly affected in PGCs deficient for TET enzymes (93). There-
fore, along with the downregulation of DNMT1 cofactor UHRF1 and DNMT3A/3B, the DNA
replication–mediated passive dilution is a main contributor for the DNA demethylation in PGCs
(96, 97). However, certain loci such as meiotic genes in female germ cells and imprinted genes in
male germ cells show aberrant hypermethylation in TET1 mutants, suggesting an essential role
of TET1-mediated oxidation at specific genomic elements (92, 93) (Figure 3a,b).

Recently, using an integrative approach, Hill et al. (98) identified a set of germ-line
reprogramming-responsive (GRR) genes in PGCs that are critical for gametogenesis. The
GRR genes are initially repressed by 5mC and PRC1 at E9.5/E10.5 and then reactivated
upon the removal of the two repressive epigenetic modifications at E13.5/E14.5. Interestingly,
although TET1 is recruited to the GRR gene promoters, it is not the major driver of bulk DNA
demethylation. Instead, TET1 may play a critical role to prevent subsequent aberrant de novo
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DNA methylation at these loci. Thus, protection from de novo methylation should be important
to reinforce the newly acquired blank epigenetic state of GRR genes (98).

Similar to mouse cells, human fetal germ cells also exhibit a genome-wide DNA demethylation
upon PGC specification (99–101). Given that the DNAmethylation machinery is largely disabled
and the TET1 expression level is increased in the PGCs (101), a comparable DNA demethylation
mechanism may be involved in the human fetal germ line.
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Figure 3 (Figure appears on preceding page)

DNA methylation dynamics in mouse development and epigenetic modifiers that regulate the mouse oocyte epigenome. (a,b) DNA
methylation dynamics in the germ line and embryos. Both male and female primordial germ cells (PGCs) undergo genome-wide DNA
demethylation to reach a very low DNA methylation level at embryonic day 13.5 (E13.5) (88–90). The bulk demethylation is largely
mediated by passive dilution with specific genomic regions depending on TET1-mediated oxidation (92–97). After E13.5, the male
germ line is globally remethylated before birth, whereas the female germ line regains DNA methylation during oocyte growth after
birth. DNMT3A and DNMT3L are essential for de novo DNA methylation in both germ lines (7–9, 102–104). In oogenesis,
transcription-associated SETD2/H3K36me3 is responsible for the bulk oocyte DNA methylome (107, 111, 112). In spermatogenesis,
the Piwi-interacting RNA (piRNA) pathway and DNMT3C contribute to DNA methylation at the young retrotransposons (4, 5, 119,
120). After fertilization, both genomes undergo passive dilution-mediated DNA demethylation, with the paternal genome undergoing
more TET3-mediated 5mC oxidation (123–125). Parental-allele-specific DNA methylation at imprinted loci are preserved during this
wave of global demethylation (104, 137). At implantation, remethylation of both parental alleles largely depends on DNMT3B, with
less dependence on DNMT3A (6, 69). Notably, extraembryonic lineages are globally incompletely methylated and have a lower level of
DNA methylation on average than the embryonic lineage (144). (c) Epigenetic modifiers involved in shaping the mouse oocyte
epigenome. In full-grown oocytes, the genome is marked by consecutive broad domains of H3K4me3, H3K36me3, or H3K27me3
(109, 110, 112). Bulk H3K4me3 is deposited by MLL2 (150), whereas H3K27me3 establishment depends on PRC2. Both H3K4me3
and H3K27me3 are anticorrelated with DNA methylation in oogenesis (109, 110). In contrast, SETD2-deposited H3K36me3 is highly
correlated with DNA methylation and contributes to the bulk oocyte DNA methylome (112). Moreover, H3K36me3 may be involved
in H3K4me3 and H3K27me3 deposition in oogenesis (112). Loss of H3K36me3 in Setd2 null oocytes leads to global redistribution of
H3K4me3 and H3K27me3 including ectopic enrichment of H3K4me3/H3K27me3 at genomic regions that are normally enriched for
H3K36me3 (112). Notably, DNMT1 is constantly exported to cytoplasm by STELLA and UHRF1 (129, 132). Aberrant nuclear
localization of DNMT1 in STELLA-deficient oocytes leads to oocyte DNA hypermethylation (129, 130). Additional abbreviations:
5C, unmethylated cytosine; 5mC, 5-methylcytosine.

De Novo DNA Methylation in Oogenesis

Following the near complete erasure of genome-wide DNA methylation in PGCs, male and fe-
male germ cells undergo global remethylation in a sex-specific manner. Although de novo DNA
methylation in male germ cells is fully established at birth, female germ cells acquire DNAmethy-
lation postnatally during oocyte growth. In addition to the different remethylation timing,mature
sperm and oocytes also have very different methylomes. The sperm DNA are globally methylated
with the exception of a few CGIs, whereas oocyte genomes consist of consecutive hyper- and
hypomethylated domains (102).

DNMT3A and DNMT3L, but not DNMT3B, are responsible for de novo DNAmethylation
during oogenesis (102–104). DNMT3A or DNMT3L null oocytes fail to acquire methylation
during oocyte growth and are not able to support embryonic development owing to defective
maternal DNA methylation imprints (8, 9). The mechanism of how DNMT3A and DNMT3L
target specific DNA sequences for methylation during oogenesis was first revealed by studying
the establishment of maternal imprints. It was found that truncation of a transcript Nesp that is
normally transcribed through the maternal-specific methylated region in oocytes disrupts de novo
DNA methylation at this locus (105). Analysis of the oocyte transcriptome and DNA methylome
further demonstrated that transcription correlates with DNA methylation and may account for
the 85–90% of the oocyte methylome (106). Notably, it has been shown that species- and strain-
specific LTR–initiated transcription in oocytes is associated with inter- and intraspecies divergent
DNAmethylation, respectively (107). These data support the notion that transcription-guided de
novo DNA methylation occurs during oogenesis (Figure 3b).

Then, how can transcription guide de novo DNA methylation? Transcription may create a
chromatin environment that favors the recruitment of de novo DNAmethylation machinery such
as depositing H3K36me3 at transcribed regions (108). For example, transcription is responsible
for the H3K36me3 enrichment at the Zac1 imprinted locus (106). Ablation of transcription at
this locus leads to reduced H3K36me3 and failure of de novo DNA methylation in oogenesis
(106).
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The recent technical advancement in low-input histone modification profiling (109–112)
makes it possible to extend the study of imprinted loci throughout the genome and allows the study
of the relationship between histone modifications and de novo DNAmethylation during oogene-
sis. Consistent with the role of H3K4 methylation in repelling DNAmethylation (17), noncanon-
ical broad H3K4me3 domains in mouse oocytes are inversely correlated with DNA hypermeth-
ylation (109, 110). Furthermore, consistent with biochemical evidence that H3K36me3 promotes
de novo DNA methylation, deposition of H3K36me3 in oocytes precedes DNA methylation and
is highly correlated with DNA hypermethylation (107, 111, 112). Importantly, depletion of the
primary H3K36me3 methyltransferase SETD2 in oocytes leads to loss of H3K36me3 and failure
of global de novoDNAmethylation (112) (Figure 3c). Intriguingly, loss of H3K36me3 also causes
ectopic DNA methylation at normally hypomethylated domains in oocytes (112). This observa-
tion is reminiscent of the aberrant DNA methylation of H3K27me3-enriched DNA methylation
valleys by DNMT3A harboring mutations in the PWWP domain (22, 23). Together, these data
suggest that gene body H3K36me3 can restrict DNMT3 enzymes from accidental methylation
of nontranscribed regions.

Human oocytes exhibit a higher global DNA methylation level compared with that of mouse
oocytes (∼54% versus ∼40%) (113). The distribution of 5mC in human oocytes follows a canoni-
cal bimodal pattern, and themethylated regions are also strongly enriched at the gene bodies (113).
This observation suggests that transcriptionmay also play a key role in recruiting de novoDNMTs
in human oocytes.However, unlike in mice,DNMT3Lmay not be required for the human oocyte
methylome because DNMT3L is not expressed in human oocytes (113, 114). DNMT3A alone
might be sufficient to establish DNA methylation in the human female germ line.

De Novo DNA Methylation in Spermatogenesis

The de novo DNA methylation in the male germ line occurs by default at most genomic ele-
ments except the regions marked with H3K4me3 (115). Both DNMT3A and DNMT3L, but
not DNMT3B, are required for de novo DNA methylation of the male germ line (7, 9). Male
germ cells without DNMT3A or DNMT3L undergo meiotic catastrophe, which is associated
with the derepression of retrotransposons including LINE-1 and IAP (7, 9). It has been suggested
that activation of retrotransposons correlates with the recruitment of meiotic recombination ma-
chinery, which could cause impaired chromosome synapsis and finally lead to meiotic collapse
(116).

In the male germ line, DNA methylation–mediated silencing of active retrotransposons also
requires Piwi-interacting RNA (piRNA), a class of small (∼26–30 bp) noncoding RNA (117). De-
pletion of the piRNA pathway mimics the meiotic catastrophe phenotype as observed in Dnmt3l
KOmale mice (116). piRNA can target retrotransposons cotranscriptionally by sequence comple-
mentarity to mediate de novo DNA methylation at the target regions (117). Although the under-
lying mechanism of how piRNA recruits DNMTs remains unclear, the piRNA pathway creates
an H3K9me3-enriched heterochromatin environment at the target loci (118), which may facil-
itate establishment of DNA methylation. In addition, the recently discovered DNMT3C may
be involved in piRNA-mediated de novo DNA methylation, as depletion of DNMT3C or the
piRNA pathway leads to hypomethylation of the similar genomic elements including the young
retrotransposons and the Rasgrf1 imprinted locus (4, 5, 119, 120) (Figure 3a).

Human sperm DNA is similarly methylated as that in mice (∼75% versus 80%) (103, 114).
However, the underlying de novo methylation mechanism may be different between these two
species. Unlike in mice, sperm DNA methylome in humans may not require DNMT3L, as this
gene is not expressed in the human male germ line (121). In addition, DNMT3C, the recently
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discovered de novo DNMT essential for male mice fertility, is not present in human genome (5).
Consistently, RASGRF1 in humans does not contain a paternally methylated region like in mice
(122), whereas DNMT3C is responsible for establishing the DNA methylation imprint at this
locus during spermatogenesis (5).

Genome-Wide DNA Demethylation in Preimplantation Embryos

Following fertilization, genome-wide DNA demethylation takes place on both maternal and pa-
ternal genomes with different kinetics. Initially, immunostaining results suggested that the pater-
nal genome is actively demethylated throughTET3-mediated 5mC oxidation,whereas the mater-
nal genome undergoes passive dilution by DNA replication (13). Subsequent bisulfite sequencing
(BS-seq) analyses of one-cell embryos blocked for DNA replication indicated that DNA replica-
tion, but not TET3, is the major driving force for both maternal and paternal DNA demethy-
lation (123, 124). Notably, TET3 also contributes to maternal demethylation, although the ex-
tent of TET3-mediated demethylation on the maternal genome is less pronounced compared
with that of the paternal genome (123, 125) (Figure 3a,b). Interestingly, evidence indicates that
DNA demethylation can occur before DNA replication and TET3-mediated oxidation, suggest-
ing that a TET3-independent demethylation mechanism may exist (126). Moreover, TET3 may
also contribute to zygotic DNA demethylation by counteracting the de novo methylation activity
of DNMT3A and DNMT1 (126).

Given that zygotic DNA demethylation is less robust in the maternal genome, how 5mC
on the maternal genome is protected from TET3-mediated oxidation has attracted substan-
tial attention. Earlier studies have suggested that maternally inherited STELLA (also known as
PGC7 or DPPA3) may protect the maternal pronuclei (matPN) from 5mC oxidation in one-cell
embryos (127, 128). In these studies, the 5mC signal detected by immunofluorescence is signif-
icantly reduced on the matPN of zygotes lacking STELLA. However, recent BS-seq and mass
spectrometry–based assays revealed that matPN exhibit DNA hypermethylation in Stella mater-
nal knockout (matKO) zygotes compared with the controls (129, 130). The abnormally high 5mC
level in the matPN has been shown to be inherited from the Stella KO oocytes, which exhibit
global DNA hypermethylation (∼68% in Stella KO versus ∼40% in wild type) as a result of de
novo DNA methylation during oogenesis by ectopic nuclear Dnmt1 (129–131). Therefore, de-
spite the finding that matPN undergo more dramatic demethylation in Stella matKO zygotes,
global hypermethylation in the KO oocytes still causes higher levels of 5mC in matPN compared
with that in wild-type embryos (129, 130).

The effect of STELLA on oocyte DNA methylation raises an intriguing question: How does
STELLA control the cellular localization of DNMT1? It has been suggested that STELLA se-
questers DNMT1 from the nucleus by nuclear export of its cofactor UHRF1 (129). With a mu-
tated nuclear exporting domain, STELLA fails to restrict UHRF1 in the cytoplasm (Figure 3c).
Moreover, STELLA directly binds to the PHD domain of UHRF1, thus inhibiting the re-
cruitment of UHRF1 to chromatin (132). In addition, although de novo methylation activity of
DNMT1 was previously proposed (102, 131), strong in vivo evidence supporting this notion has
been lacking. Thus, increased DNA methylation observed in Stella KO oocytes provides strong
in vivo evidence of the ability of DNMT1 to target unmethylated DNA (129). Oocyte is a unique
cell system, as it does not divide during oogenesis for weeks or months. The prolonged oocyte
growth period may allow DNMT1-mediated gradual de novo methylation in Stella KO oocytes.

STELLA has also been reported to recognize the maternal-specific H3K9me2 to prevent
5mC oxidation (128). Ectopic removal of H3K9me2 in zygotes by overexpressing the H3K9me2
demethylase KDM3A resulted in loss of 5mC immunostaining signal on the matPN (128).
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Consistently, embryos without maternal G9a, a H3K9me1/2 methyltransferase, exhibited signif-
icant loss of both H3K9me2 and 5mC on the matPN as revealed by immunofluorescence (133).
However, whole-genome bisulfite sequencing (WGBS) revealed limited changes of global DNA
methylation in G9a matKO embryos (134). Furthermore, low-input chromatin immunoprecip-
itation sequencing data indicated that H3K9me2 in oocytes is inversely correlated with DNA
methylation and does not overlap with any imprinted loci for which the imprinting maintenance
was previously reported to be dependent on maternal STELLA (127, 134). Thus, although G9a
or H3K9me2 may be involved in preventing 5mC oxidation of the matPN, they are dispensable
for protection against DNA demethylation in zygotes, as demethylation mainly occurs in a 5mC
oxidation-independent manner.

In humans, global reprogramming of DNA methylation also takes place in the zygotic stage
with similar active DNA demethylation taking place on the paternal allele (114, 135, 136). How-
ever, retention of the maternal methylation is much more pronounced in humans, which leads to
higher average DNAmethylation of the maternal genome throughout the preimplantation stages
(136). Another unique feature of DNA methylation dynamics in human preimplantation devel-
opment is the presence of two waves of de novo methylation at pronuclear and 4–8 cell stages,
respectively (136). This feature is reminiscent of the reported de novo methylation activities of
DNMT3A and DNMT1 at the one-cell stage in mice (126). However, the de novo methylated
regions are generally demethylated again in the following stages (136), and whether this transient
gain and loss of DNA methylation play any role in human development remains unclear.

Despite genome-wide DNA demethylation after fertilization, imprinted loci and some retro-
transposons can escape suchDNAmethylation reprogramming (104, 137). For imprinted loci, the
zinc finger proteins ZFP57 and ZFP445 act together to maintain parental allele–specific DNA
methylation at imprinting control regions (ICR) (138, 139). Mechanistically, after binding to the
ICRs, the zinc finger proteins further recruit DNMT1, KAP1 (also known as TRIM28), and
H3K9me3 to protect the imprints from DNA demethylation (50, 51, 140). In humans, ZNF445
may play a more predominant role in imprint maintenance, as ZFP57 is not present in human
oocytes and early embryos prior to zygotic genome activation (139).

In humans, a larger number of oocyte-derived differentially methylated regions (DMRs) are
preserved at the blastocyst stage (113, 114, 136). Notably, some of these gametic DMRs can be
specifically maintained in the placenta, with a subset correlating with allele-specific gene expres-
sion (141–143). Moreover, the imprinted methylation is variable across different individuals, sup-
porting a polymorphic placenta-specific imprinting (141–143). Such placenta-specific DMRs are
likely the consequence of incomplete erasure of maternally methylatedDMRs.Whether polymor-
phic imprinting is associated with any phenotypic outcomes in placenta is currently unknown.

De Novo DNA Methylation at Implantation

After reaching a minimal methylation level at the blastocyst stage, the embryo proper then un-
dergoes genome-wide remethylation to establish the canonical methylation landscape typically
found in somatic cells (68, 104, 137). Because the de novo methylation at different genomic re-
gions takes place with similar kinetics in a short timewindow (i.e.,E4.5–E6.5 inmice),methylation
likely is established by default along with the increased level of DNMT3 at implantation (75, 144)
(Figure 3a,b).

AlthoughDNMT3A andDNMT3B cooperate for de novoDNAmethylation at implantation,
DNMT3B appears to play a dominant role at this stage, as Dnmt3b zygotic KO mice exhibit em-
bryonic lethality, whereasDnmt3a zygotic KOmice can survive to term and die at ∼4 weeks of age
(6). In addition, base-resolution DNA methylation profiling in Dnmt3a and Dnmt3b single E8.5
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KO embryos revealed that depletion of DNMT3B has the more pronounced effect on methyla-
tion establishment (69).Unlike DNMT3A andDNMT3B, zygotic depletion of DNMT3L delays
but does not abolish methylation establishment at a few genomic elements (145). Therefore, in
contrast to its necessity in the germ line,DNMT3L is not required for de novo DNAmethylation
at implantation, and its deficiency at this stage may be compensated for by the increased level of
DNMT3A or the ability of DNMT3A to methylate DNA without the help of DNMT3L (145).

After implantation, CpGmethylation follows a canonical bimodal distribution that is common
to multiple somatic tissues (137). Although most of the genomic features (e.g., gene bodies, TEs,
and CpG poor promoters) become remethylated, CGIs at TSS generally remain unmethylated
(2). Nonetheless, the promoters of germ-line genes and pluripotent genes acquire DNA methy-
lation during implantation (68, 69, 75). Unlike the embryo proper, extraembryonic lineages such
as extraembryonic ectoderm (ExE) and VE acquire a unique methylome, in which most CpGs are
incompletely methylated and therefore do not follow the canonical bimodal 5mC distribution (75,
144). This large-scale partial DNA methylation is likely due to lower levels of DNMT3A/3B in
extraembryonic lineages than the epiblast.

Recently, by analyzing genome-wide dynamics of DNA methylation in pre- and postimplan-
tation embryos, Smith et al. (144) uncovered a number of CGI promoters that are generally pro-
tected frommethylation in the embryo proper but aremethylated in extraembryonic tissues. Inter-
estingly, these CGIs are also pervasively methylated at orthologous regions in the human placenta
and diverse human cancer types, suggesting that epigenetic regulation in the trophoblast lineage
may resemble to some extent the somatic transition to cancer (144). However, it remains elu-
sive why extraembryonic lineages acquire such a unique DNAmethylome distinct from any other
somatic lineages.

CONCLUSIONS AND FUTURE PERSPECTIVES

Over the past several years, considerable understanding has been achieved regarding the under-
lying mechanisms of de novo DNMT recruitment, DNA methylation maintenance, and DNA
methylation dynamics in mammalian development. Despite these accomplishments, some ques-
tions still need to be addressed. First, it is striking that disruption of the interaction between the
PWWP domain and H3K36me3 can cause DNMT3A gain of function to methylate regions nor-
mally unmethylated (22, 23). As the DNMT3A PWWP domain mutations have been linked to
microcephalic dwarfism in humans (22), addressing this question is of great interest for both basic
science and clinical medicine. Second, the function of numerousDNMT3B isoforms remains to be
defined. Although it has been reported that some inactive DNMT3B isoforms can serve as acces-
sory proteins forDNAmethylation (30), some isoforms containingN-terminal truncationsmay be
also subject to unique regulations under specific biological contexts. Third, the distinct expression
patterns of DNMT3L in humans and mice are intriguing. In mice, DNMT3L is mainly involved
in germ-line DNA methylation. However, DNMT3L is not expressed in the human germ lines,
and whether it exerts function at distinct developmental stages remains to be investigated. Fourth,
recent advancement of low-input profiling technologies has paved the way for studying the inter-
play between DNA methylation and histone modifications in early embryos with limited sample
availability. These advances made it possible to study how the germ-line epigenome can medi-
ate intergenerational or transgenerational inheritance in mammals. Lastly, the use of single-cell
technologies has revealed cell-to-cell transcriptome heterogeneity in a variety of tissues. Simul-
taneous profiling of the transcriptome and DNA methylome at a single-cell level should deepen
our understanding of how DNA methylation heterogeneity can contribute to the transcriptome
and functional heterogeneity of cells.

www.annualreviews.org • Mammalian DNA Methyltransferases 151



BI89CH06_Zhang ARjats.cls June 2, 2020 10:17

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

This work is supported by National Institutes of Health (R01HD092465). Y.Z. is an Investigator
of the Howard Hughes Medical Institute. The authors sincerely apologize to colleagues whose
work could not be cited owing to space limitations.

LITERATURE CITED

1. Goll MG, Bestor TH. 2005. Eukaryotic cytosine methyltransferases. Annu. Rev. Biochem. 74:481–514
2. Smith ZD, Meissner A. 2013. DNA methylation: roles in mammalian development. Nat. Rev. Genet.

14:204–20
3. Li E, Zhang Y. 2014. DNA methylation in mammals. Cold Spring Harb. Perspect. Biol. 6:a019133
4. Jain D,Meydan C, Lange J, Claeys Bouuaert C, Lailler N, et al. 2017. rahu is a mutant allele of Dnmt3c,

encoding a DNA methyltransferase homolog required for meiosis and transposon repression in the
mouse male germline. PLOS Genet. 13:e1006964

5. Barau J, Teissandier A, Zamudio N, Roy S, Nalesso V, et al. 2016. The DNA methyltransferase
DNMT3C protects male germ cells from transposon activity. Science 354:909–12

6. OkanoM, Bell DW,Haber DA, Li E. 1999.DNAmethyltransferases Dnmt3a and Dnmt3b are essential
for de novo methylation and mammalian development. Cell 99:247–57

7. Bourc’his D, Bestor TH. 2004.Meiotic catastrophe and retrotransposon reactivation in male germ cells
lacking Dnmt3L.Nature 431:96–99

8. Bourc’his D, Xu GL, Lin CS, Bollman B, Bestor TH. 2001. Dnmt3L and the establishment of maternal
genomic imprints. Science 294:2536–39

9. KanedaM,OkanoM,Hata K, Sado T,TsujimotoN, et al. 2004. Essential role for de novoDNAmethyl-
transferase Dnmt3a in paternal and maternal imprinting.Nature 429:900–3

10. Li E, Bestor TH, Jaenisch R. 1992. Targeted mutation of the DNA methyltransferase gene results in
embryonic lethality. Cell 69:915–26

11. Deaton AM, Bird A. 2011. CpG islands and the regulation of transcription.Genes Dev. 25:1010–22
12. Wu X, Zhang Y. 2017. TET-mediated active DNA demethylation: mechanism, function and beyond.

Nat. Rev. Genet. 18:517–34
13. Messerschmidt DM,Knowles BB, Solter D. 2014.DNAmethylation dynamics during epigenetic repro-

gramming in the germline and preimplantation embryos.Genes Dev. 28:812–28
14. Zhang H, Lang Z, Zhu JK. 2018. Dynamics and function of DNA methylation in plants.Nat. Rev. Mol.

Cell Biol. 19:489–506
15. Huff JT, Zilberman D. 2014. Dnmt1-independent CG methylation contributes to nucleosome posi-

tioning in diverse eukaryotes. Cell 156:1286–97
16. Lyko F. 2018. The DNA methyltransferase family: a versatile toolkit for epigenetic regulation.Nat. Rev.

Genet. 19:81–92
17. Ooi SK, Qiu C, Bernstein E, Li K, Jia D, et al. 2007. DNMT3L connects unmethylated lysine 4 of

histone H3 to de novo methylation of DNA.Nature 448:714–17
18. Guo X, Wang L, Li J, Ding Z, Xiao J, et al. 2015. Structural insight into autoinhibition and histone

H3-induced activation of DNMT3A.Nature 517:640–44
19. Wagner EJ, Carpenter PB. 2012. Understanding the language of Lys36 methylation at histone H3.Nat.

Rev. Mol. Cell Biol. 13:115–26
20. Ge YZ, PuMT,GowherH,WuHP,Ding JP, et al. 2004.Chromatin targeting of de novoDNAmethyl-

transferases by the PWWP domain. J. Biol. Chem. 279:25447–54
21. Baubec T, Colombo DF, Wirbelauer C, Schmidt J, Burger L, et al. 2015. Genomic profiling of DNA

methyltransferases reveals a role for DNMT3B in genic methylation.Nature 520:243–47

152 Chen • Zhang



BI89CH06_Zhang ARjats.cls June 2, 2020 10:17

22. Heyn P, Logan CV, Fluteau A, Challis RC, Auchynnikava T, et al. 2019. Gain-of-function DNMT3A
mutations cause microcephalic dwarfism and hypermethylation of Polycomb-regulated regions. Nat.
Genet. 51:96–105

23. Sendzikaite G, Hanna CW, Stewart-Morgan KR, Ivanova E, Kelsey G. 2019. A DNMT3A PWWP
mutation leads to methylation of bivalent chromatin and growth retardation in mice. Nat. Commun.
10:1884

24. Chedin F, Lieber MR,Hsieh CL. 2002.The DNAmethyltransferase-like protein DNMT3L stimulates
de novo methylation by Dnmt3a. PNAS 99:16916–21

25. Jia D, Jurkowska RZ, Zhang X, Jeltsch A, Cheng X. 2007. Structure of Dnmt3a bound to Dnmt3L
suggests a model for de novo DNA methylation.Nature 449:248–51

26. Zhang ZM, Lu R,Wang P, Yu Y, Chen D, et al. 2018. Structural basis for DNMT3A-mediated de novo
DNA methylation.Nature 554:387–91

27. Veland N, Lu Y, Hardikar S, Gaddis S, Zeng Y, et al. 2019. DNMT3L facilitates DNA methylation
partly by maintaining DNMT3A stability in mouse embryonic stem cells.Nucleic Acids Res. 47:152–67

28. Manzo M,Wirz J, Ambrosi C, Villasenor R, Roschitzki B, Baubec T. 2017. Isoform-specific localization
of DNMT3A regulates DNA methylation fidelity at bivalent CpG islands. EMBO J. 36:3421–34

29. Gu T, Lin X, Cullen SM, Luo M, Jeong M, et al. 2018. DNMT3A and TET1 cooperate to regulate
promoter epigenetic landscapes in mouse embryonic stem cells.Genome Biol. 19:88

30. Duymich CE,Charlet J, Yang X, Jones PA, Liang G. 2016.DNMT3B isoforms without catalytic activity
stimulate gene body methylation as accessory proteins in somatic cells.Nat. Commun. 7:11453

31. Liao J, Karnik R, Gu H, Ziller MJ, Clement K, et al. 2015. Targeted disruption of DNMT1, DNMT3A
and DNMT3B in human embryonic stem cells.Nat. Genet. 47:469–78

32. RountreeMR,BachmanKE,Baylin SB. 2000.DNMT1 bindsHDAC2 and a new co-repressor,DMAP1,
to form a complex at replication foci.Nat. Genet. 25:269–77

33. Chuang LS, Ian HI, Koh TW, Ng HH, Xu G, Li BF. 1997. Human DNA-(cytosine-5)
methyltransferase-PCNA complex as a target for p21WAF1. Science 277:1996–2000

34. Nishiyama A, Yamaguchi L, Sharif J, Johmura Y, Kawamura T, et al. 2013. Uhrf1-dependent H3K23
ubiquitylation couples maintenance DNA methylation and replication.Nature 502:249–53

35. Ishiyama S,Nishiyama A, Saeki Y,MoritsuguK,MorimotoD, et al. 2017. Structure of theDnmt1 reader
module complexed with a unique two-mono-ubiquitin mark on histone H3 reveals the basis for DNA
methylation maintenance.Mol. Cell 68:350–60.e7

36. Qin W,Wolf P, Liu N, Link S, Smets M, et al. 2015. DNA methylation requires a DNMT1 ubiquitin
interacting motif (UIM) and histone ubiquitination. Cell Res. 25:911–29

37. Takeshita K, Suetake I, Yamashita E, Suga M, Narita H, et al. 2011. Structural insight into maintenance
methylation by mouse DNA methyltransferase 1 (Dnmt1). PNAS 108:9055–59

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

39. Yarychkivska O, Shahabuddin Z,Comfort N,BoulardM,Bestor TH. 2018.BAH domains and a histone-
like motif in DNA methyltransferase 1 (DNMT1) regulate de novo and maintenance methylation in
vivo. J. Biol. Chem. 293:19466–75

40. Sharif J, Muto M, Takebayashi S, Suetake I, Iwamatsu A, et al. 2007. The SRA protein Np95 mediates
epigenetic inheritance by recruiting Dnmt1 to methylated DNA.Nature 450:908–12

41. Bostick M, Kim JK, Esteve PO, Clark A, Pradhan S, Jacobsen SE. 2007. UHRF1 plays a role in main-
taining DNA methylation in mammalian cells. Science 317:1760–64

42. Xie S, Qian C. 2018. The growing complexity of UHRF1-mediated maintenance DNA methylation.
Genes 9:600

43. Hashimoto H, Horton JR, Zhang X, Bostick M, Jacobsen SE, Cheng X. 2008. The SRA domain of
UHRF1 flips 5-methylcytosine out of the DNA helix.Nature 455:826–29

44. Avvakumov GV, Walker JR, Xue S, Li Y, Duan S, et al. 2008. Structural basis for recognition of hemi-
methylated DNA by the SRA domain of human UHRF1.Nature 455:822–25

45. Arita K,AriyoshiM,TochioH,Nakamura Y, ShirakawaM.2008.Recognition of hemi-methylatedDNA
by the SRA protein UHRF1 by a base-flipping mechanism.Nature 455:818–21

www.annualreviews.org • Mammalian DNA Methyltransferases 153



BI89CH06_Zhang ARjats.cls June 2, 2020 10:17

46. Rajakumara E, Wang Z, Ma H, Hu L, Chen H, et al. 2011. PHD finger recognition of unmodified
histone H3R2 links UHRF1 to regulation of euchromatic gene expression.Mol. Cell 43:275–84

47. Rothbart SB, Krajewski K, Nady N, Tempel W, Xue S, et al. 2012. Association of UHRF1 with methy-
lated H3K9 directs the maintenance of DNA methylation.Nat. Struct. Mol. Biol. 19:1155–60

48. Li T, Wang L, Du Y, Xie S, Yang X, et al. 2018. Structural and mechanistic insights into UHRF1-
mediated DNMT1 activation in the maintenance DNA methylation. Nucleic Acids Res. 46:3218–
31

49. Yarychkivska O, Tavana O, Gu W, Bestor TH. 2018. Independent functions of DNMT1 and USP7 at
replication foci. Epigenet. Chromatin 11:9

50. Howell CY, Bestor TH, Ding F, Latham KE, Mertineit C, et al. 2001. Genomic imprinting disrupted
by a maternal effect mutation in the Dnmt1 gene. Cell 104:829–38

51. Hirasawa R, Chiba H, Kaneda M,Tajima S, Li E, et al. 2008.Maternal and zygotic Dnmt1 are necessary
and sufficient for the maintenance of DNA methylation imprints during preimplantation development.
Genes Dev. 22:1607–16

52. Xie W, Schultz MD, Lister R, Hou Z, Rajagopal N, et al. 2013. Epigenomic analysis of multilineage
differentiation of human embryonic stem cells. Cell 153:1134–48

53. Macleod D,Charlton J,Mullins J, Bird AP. 1994. Sp1 sites in the mouse aprt gene promoter are required
to prevent methylation of the CpG island.Genes Dev. 8:2282–92

54. Brandeis M, Frank D, Keshet I, Siegfried Z, Mendelsohn M, et al. 1994. Sp1 elements protect a CpG
island from de novo methylation.Nature 371:435–38

55. Li Y, Zheng H,Wang Q, Zhou C,Wei L, et al. 2018. Genome-wide analyses reveal a role of Polycomb
in promoting hypomethylation of DNA methylation valleys.Genome Biol. 19:18

56. Boulard M, Edwards JR, Bestor TH. 2015. FBXL10 protects Polycomb-bound genes from hypermeth-
ylation.Nat. Genet. 47:479–85

57. Zhang Y, Charlton J, Karnik R, Beerman I, Smith ZD, et al. 2018. Targets and genomic constraints of
ectopic Dnmt3b expression. eLife 7:e40757

58. Mohn F,Weber M, Rebhan M, Roloff TC, Richter J, et al. 2008. Lineage-specific polycomb targets and
de novo DNA methylation define restriction and potential of neuronal progenitors.Mol. Cell 30:755–
66

59. Carlone DL, Lee JH, Young SR, Dobrota E, Butler JS, et al. 2005. Reduced genomic cytosine methy-
lation and defective cellular differentiation in embryonic stem cells lacking CpG binding protein.Mol.
Cell. Biol. 25:4881–91

60. Wu H, Zhang Y. 2014. Reversing DNA methylation: mechanisms, genomics, and biological functions.
Cell 156:45–68

61. Wu H, D’Alessio AC, Ito S, Xia K,Wang Z, et al. 2011. Dual functions of Tet1 in transcriptional regu-
lation in mouse embryonic stem cells.Nature 473:389–93

62. Lu F,Liu Y, Jiang L,Yamaguchi S,Zhang Y. 2014.Role of Tet proteins in enhancer activity and telomere
elongation.Genes Dev. 28:2103–19

63. Dai HQ,Wang BA, Yang L, Chen JJ, Zhu GC, et al. 2016. TET-mediated DNA demethylation controls
gastrulation by regulating Lefty–Nodal signalling.Nature 538:528–32

64. Verma N, Pan H, Dore LC, Shukla A, Li QV, et al. 2018. TET proteins safeguard bivalent promoters
from de novo methylation in human embryonic stem cells.Nat. Genet. 50:83–95

65. Ginno PA, Lott PL, Christensen HC, Korf I, Chedin F. 2012. R-loop formation is a distinctive charac-
teristic of unmethylated human CpG island promoters.Mol. Cell 45:814–25

66. Arab K, Karaulanov E, Musheev M, Trnka P, Schafer A, et al. 2019. GADD45A binds R-loops and
recruits TET1 to CpG island promoters.Nat. Genet. 51:217–23

67. Schüle KM, Leichsenring M, Andreani T, Vastolo V,Mallick M, et al. 2019. GADD45 promotes locus-
specific DNA demethylation and 2C cycling in embryonic stem cells.Genes Dev. 33:782–98

68. Borgel J, Guibert S, Li Y, Chiba H, Schubeler D, et al. 2010. Targets and dynamics of promoter DNA
methylation during early mouse development.Nat. Genet. 42:1093–100

69. Auclair G, Guibert S, Bender A, Weber M. 2014. Ontogeny of CpG island methylation and specificity
of DNMT3 methyltransferases during embryonic development in the mouse.Genome Biol. 15:545

154 Chen • Zhang



BI89CH06_Zhang ARjats.cls June 2, 2020 10:17

70. Auclair G, Borgel J, Sanz LA, Vallet J, Guibert S, et al. 2016. EHMT2 directs DNA methylation for
efficient gene silencing in mouse embryos.Genome Res. 26:192–202

71. Velasco G, Hube F, Rollin J, Neuillet D, Philippe C, et al. 2010. Dnmt3b recruitment through E2F6
transcriptional repressor mediates germ-line gene silencing in murine somatic tissues. PNAS 107:9281–
86

72. Feldman N, Gerson A, Fang J, Li E, Zhang Y, et al. 2006. G9a-mediated irreversible epigenetic inacti-
vation of Oct-3/4 during early embryogenesis.Nat. Cell Biol. 8:188–94

73. TachibanaM,Matsumura Y,FukudaM,KimuraH,Shinkai Y. 2008.G9a/GLP complexes independently
mediate H3K9 and DNA methylation to silence transcription. EMBO J. 27:2681–90

74. Dong KB, Maksakova IA, Mohn F, Leung D, Appanah R, et al. 2008. DNA methylation in ES cells
requires the lysine methyltransferase G9a but not its catalytic activity. EMBO J. 27:2691–701

75. Zhang Y, Xiang Y, Yin Q, Du Z, Peng X, et al. 2018. Dynamic epigenomic landscapes during early
lineage specification in mouse embryos.Nat. Genet. 50:96–105

76. Maunakea AK,Nagarajan RP, Bilenky M, Ballinger TJ, D’Souza C, et al. 2010. Conserved role of intra-
genic DNA methylation in regulating alternative promoters.Nature 466:253–57

77. Neri F,Rapelli S,Krepelova A, IncarnatoD,ParlatoC, et al. 2017. IntragenicDNAmethylation prevents
spurious transcription initiation.Nature 543:72–77

78. Hansen RS, Wijmenga C, Luo P, Stanek AM, Canfield TK, et al. 1999. The DNMT3B DNA methyl-
transferase gene is mutated in the ICF immunodeficiency syndrome. PNAS 96:14412–17

79. Gatto S, Gagliardi M, Franzese M, Leppert S, Papa M, et al. 2017. ICF-specific DNMT3B dysfunction
interferes with intragenic regulation of mRNA transcription and alternative splicing. Nucleic Acids Res.
45:5739–56

80. Singh S, Narayanan SP, Biswas K, Gupta A, Ahuja N, et al. 2017. Intragenic DNA methylation and
BORIS-mediated cancer-specific splicing contribute to the Warburg effect. PNAS 114:11440–45

81. Walsh CP, Chaillet JR, Bestor TH. 1998. Transcription of IAP endogenous retroviruses is constrained
by cytosine methylation.Nat. Genet. 20:116–17

82. Deniz O, Frost JM, BrancoMR. 2019. Regulation of transposable elements by DNAmodifications.Nat.
Rev. Genet. 20:417–31

83. Wolf G, Yang P, Fuchtbauer AC, Fuchtbauer EM, Silva AM, et al. 2015. The KRAB zinc finger pro-
tein ZFP809 is required to initiate epigenetic silencing of endogenous retroviruses.Genes Dev. 29:538–
54

84. Leung DC, Dong KB, Maksakova IA, Goyal P, Appanah R, et al. 2011. Lysine methyltransferase G9a
is required for de novo DNA methylation and the establishment, but not the maintenance, of proviral
silencing. PNAS 108:5718–23

85. Bulut-Karslioglu A, De La Rosa-Velazquez IA, Ramirez F, Barenboim M, Onishi-Seebacher M, et al.
2014. Suv39h-dependent H3K9me3 marks intact retrotransposons and silences LINE elements in
mouse embryonic stem cells.Mol. Cell 55:277–90

86. Karimi MM, Goyal P, Maksakova IA, Bilenky M, Leung D, et al. 2011. DNA methylation and
SETDB1/H3K9me3 regulate predominantly distinct sets of genes, retroelements, and chimeric tran-
scripts in mESCs. Cell Stem Cell 8:676–87

87. Walter M, Teissandier A, Pérez-Palacios R, Bourc’his D. 2016. An epigenetic switch ensures transposon
repression upon dynamic loss of DNA methylation in embryonic stem cells. eLife 5:e11418

88. Seisenberger S, Andrews S, Krueger F, Arand J, Walter J, et al. 2012. The dynamics of genome-wide
DNA methylation reprogramming in mouse primordial germ cells.Mol. Cell 48:849–62

89. Guibert S, Forne T,Weber M. 2012.Global profiling of DNAmethylation erasure in mouse primordial
germ cells.Genome Res. 22:633–41

90. Hackett JA, Sengupta R, Zylicz JJ, Murakami K, Lee C, et al. 2013. Germline DNA demethylation
dynamics and imprint erasure through 5-hydroxymethylcytosine. Science 339:448–52

91. Yamaguchi S, Hong K, Liu R, Inoue A, Shen L, et al. 2013. Dynamics of 5-methylcytosine and 5-
hydroxymethylcytosine during germ cell reprogramming. Cell Res. 23:329–39

92. Yamaguchi S, Hong K, Liu R, Shen L, Inoue A, et al. 2012. Tet1 controls meiosis by regulating meiotic
gene expression.Nature 492:443–47

www.annualreviews.org • Mammalian DNA Methyltransferases 155



BI89CH06_Zhang ARjats.cls June 2, 2020 10:17

93. Yamaguchi S, Shen L, Liu Y, Sendler D, Zhang Y. 2013. Role of Tet1 in erasure of genomic imprinting.
Nature 504:460–64

94. Vincent JJ, Huang Y, Chen PY, Feng S, Calvopina JH, et al. 2013. Stage-specific roles for Tet1 and Tet2
in DNA demethylation in primordial germ cells. Cell Stem Cell 12:470–78

95. Hargan-Calvopina J, Taylor S, Cook H, Hu Z, Lee SA, et al. 2016. Stage-specific demethylation in
primordial germ cells safeguards against precocious differentiation.Dev. Cell 39:75–86

96. Kagiwada S, Kurimoto K, Hirota T, Yamaji M, Saitou M. 2013. Replication-coupled passive DNA
demethylation for the erasure of genome imprints in mice. EMBO J. 32:340–53

97. Ohno R, Nakayama M, Naruse C, Okashita N, Takano O, et al. 2013. A replication-dependent passive
mechanism modulates DNA demethylation in mouse primordial germ cells.Development 140:2892–903

98. Hill PWS,LeitchHG,RequenaCE,SunZ,AmourouxR, et al. 2018.Epigenetic reprogramming enables
the transition from primordial germ cell to gonocyte.Nature 555:392–96

99. Guo F, Yan L, Guo H, Li L, Hu B, et al. 2015. The transcriptome and DNA methylome landscapes of
human primordial germ cells. Cell 161:1437–52

100. Guo H,Hu B, Yan L, Yong J,Wu Y, et al. 2017. DNA methylation and chromatin accessibility profiling
of mouse and human fetal germ cells. Cell Res. 27:165–83

101. Gkountela S, Zhang KX, Shafiq TA, Liao WW, Hargan-Calvopina J, et al. 2015. DNA demethylation
dynamics in the human prenatal germline. Cell 161:1425–36

102. Shirane K, Toh H, Kobayashi H,Miura F, Chiba H, et al. 2013.Mouse oocyte methylomes at base reso-
lution reveal genome-wide accumulation of non-CpGmethylation and role of DNAmethyltransferases.
PLOS Genet. 9:e1003439

103. Kobayashi H, Sakurai T, Imai M, Takahashi N, Fukuda A, et al. 2012. Contribution of intragenic DNA
methylation in mouse gametic DNA methylomes to establish oocyte-specific heritable marks. PLOS
Genet. 8:e1002440

104. Smallwood SA, Tomizawa S, Krueger F, Ruf N, Carli N, et al. 2011. Dynamic CpG island methylation
landscape in oocytes and preimplantation embryos.Nat. Genet. 43:811–14

105. Chotalia M, Smallwood SA, Ruf N, Dawson C, Lucifero D, et al. 2009. Transcription is required for
establishment of germline methylation marks at imprinted genes.Genes Dev. 23:105–17

106. Veselovska L, Smallwood SA, Saadeh H, Stewart KR, Krueger F, et al. 2015. Deep sequencing and de
novo assembly of the mouse oocyte transcriptome define the contribution of transcription to the DNA
methylation landscape.Genome Biol. 16:209

107. Brind’Amour J,KobayashiH,Richard Albert J, Shirane K,Sakashita A, et al. 2018.LTR retrotransposons
transcribed in oocytes drive species-specific and heritable changes in DNA methylation.Nat. Commun.
9:3331

108. Kelsey G, Feil R. 2013.New insights into establishment and maintenance of DNAmethylation imprints
in mammals. Philos. Trans. R. Soc. B 368:20110336

109. Dahl JA, Jung I, Aanes H, Greggains GD, Manaf A, et al. 2016. Broad histone H3K4me3 domains in
mouse oocytes modulate maternal-to-zygotic transition.Nature 537:548–52

110. Zhang B, Zheng H, Huang B, Li W, Xiang Y, et al. 2016. Allelic reprogramming of the histone modifi-
cation H3K4me3 in early mammalian development.Nature 537:553–57

111. Stewart KR, Veselovska L, Kim J, Huang J, Saadeh H, et al. 2015. Dynamic changes in histone modifi-
cations precede de novo DNA methylation in oocytes.Genes Dev. 29:2449–62

112. XuQ,Xiang Y,WangQ,WangL,Brind’Amour J, et al. 2019. SETD2 regulates thematernal epigenome,
genomic imprinting and embryonic development.Nat. Genet. 51:844–56

113. Okae H,Chiba H,Hiura H,Hamada H, Sato A, et al. 2014.Genome-wide analysis of DNAmethylation
dynamics during early human development. PLOS Genet. 10:e1004868

114. GuoH,Zhu P,Yan L,Li R,Hu B, et al. 2014.TheDNAmethylation landscape of human early embryos.
Nature 511:606–10

115. Singh P, Li AX, Tran DA, Oates N, Kang ER, et al. 2013. De novo DNA methylation in the male germ
line occurs by default but is excluded at sites of H3K4 methylation. Cell Rep. 4:205–19

116. Zamudio N, Barau J, Teissandier A,Walter M, Borsos M, et al. 2015. DNA methylation restrains trans-
posons from adopting a chromatin signature permissive for meiotic recombination.Genes Dev. 29:1256–
70

156 Chen • Zhang



BI89CH06_Zhang ARjats.cls June 2, 2020 10:17

117. Czech B,Munafo M,Ciabrelli F, Eastwood EL, Fabry MH, et al. 2018. piRNA-guided genome defense:
from biogenesis to silencing. Annu. Rev. Genet. 52:131–57

118. Pezic D, Manakov SA, Sachidanandam R, Aravin AA. 2014. piRNA pathway targets active LINE1 ele-
ments to establish the repressive H3K9me3 mark in germ cells.Genes Dev. 28:1410–28

119. Watanabe T, Tomizawa S, Mitsuya K, Totoki Y, Yamamoto Y, et al. 2011. Role for piRNAs and non-
coding RNA in de novo DNA methylation of the imprinted mouse Rasgrf1 locus. Science 332:848–52

120. Watanabe T, Cui X, Yuan Z, Qi H, Lin H. 2018. MIWI2 targets RNAs transcribed from piRNA-
dependent regions to drive DNA methylation in mouse prospermatogonia. EMBO J. 37:e95329

121. Marques CJ, Joao Pinho M, Carvalho F, Bieche I, Barros A, Sousa M. 2011. DNA methylation im-
printing marks and DNA methyltransferase expression in human spermatogenic cell stages. Epigenetics
6:1354–61

122. Pitamber PN, Lombard Z, Ramsay M. 2012. No evidence for a parent-of-origin specific differentially
methylated region linked to RASGRF1. Front. Genet. 3:41

123. Shen L, Inoue A, He J, Liu Y, Lu F, Zhang Y. 2014. Tet3 and DNA replication mediate demethylation
of both the maternal and paternal genomes in mouse zygotes. Cell Stem Cell 15:459–71

124. Guo F, Li X, Liang D, Li T, Zhu P, et al. 2014. Active and passive demethylation of male and female
pronuclear DNA in the mammalian zygote. Cell Stem Cell 15:447–59

125. Wang L, Zhang J, Duan J, Gao X, Zhu W, et al. 2014. Programming and inheritance of parental DNA
methylomes in mammals. Cell 157:979–91

126. Amouroux R,Nashun B, Shirane K,Nakagawa S,Hill PW, et al. 2016.De novoDNAmethylation drives
5hmC accumulation in mouse zygotes.Nat. Cell Biol. 18:225–33

127. Nakamura T, Arai Y, Umehara H, Masuhara M, Kimura T, et al. 2007. PGC7/Stella protects against
DNA demethylation in early embryogenesis.Nat. Cell Biol. 9:64–71

128. Nakamura T, Liu YJ, Nakashima H, Umehara H, Inoue K, et al. 2012. PGC7 binds histone H3K9me2
to protect against conversion of 5mC to 5hmC in early embryos.Nature 486:415–19

129. Li Y, Zhang Z,Chen J, LiuW,LaiW, et al. 2018. Stella safeguards the oocyte methylome by preventing
de novo methylation mediated by DNMT1.Nature 564:136–40

130. Han L, Ren C, Zhang J, Shu W,Wang Q. 2019. Differential roles of Stella in the modulation of DNA
methylation during oocyte and zygotic development. Cell Discov. 5:9

131. Maenohara S, Unoki M, Toh H,Ohishi H, Sharif J, et al. 2017. Role of UHRF1 in de novo DNA meth-
ylation in oocytes and maintenance methylation in preimplantation embryos. PLOS Genet. 13:e1007042

132. Du W, Dong Q, Zhang Z, Liu B, Zhou T, et al. 2019. Stella protein facilitates DNA demethylation by
disrupting the chromatin association of the RING finger-type E3 ubiquitin ligase UHRF1. J. Biol. Chem.
294:8907–17

133. Zeng TB, Han L, Pierce N, Pfeifer GP, Szabó PE. 2019. EHMT2 and SETDB1 protect the maternal
pronucleus from 5mC oxidation. PNAS 116:10834–41

134. Au Yeung WK, Brind’Amour J, Hatano Y, Yamagata K, Feil R, et al. 2019. Histone H3K9 methyltrans-
ferase G9a in oocytes is essential for preimplantation development but dispensable for CG methylation
protection. Cell Rep. 27:282–93.e4

135. Smith ZD, Chan MM,HummKC, Karnik R,Mekhoubad S, et al. 2014. DNA methylation dynamics of
the human preimplantation embryo.Nature 511:611–15

136. Zhu P, Guo H, Ren Y, Hou Y, Dong J, et al. 2018. Single-cell DNA methylome sequencing of human
preimplantation embryos.Nat. Genet. 50:12–19

137. Smith ZD, Chan MM,Mikkelsen TS, Gu H, Gnirke A, et al. 2012. A unique regulatory phase of DNA
methylation in the early mammalian embryo.Nature 484:339–44

138. Li X, Ito M, Zhou F, Youngson N, Zuo X, et al. 2008. A maternal-zygotic effect gene, Zfp57, maintains
both maternal and paternal imprints.Dev. Cell 15:547–57

139. Takahashi N, Coluccio A, Thorball CW, Planet E, Shi H, et al. 2019. ZNF445 is a primary regulator of
genomic imprinting.Genes Dev. 33:49–54

140. Quenneville S, Verde G, Corsinotti A, Kapopoulou A, Jakobsson J, et al. 2011. In embryonic stem cells,
ZFP57/KAP1 recognize a methylated hexanucleotide to affect chromatin and DNA methylation of im-
printing control regions.Mol. Cell 44:361–72

www.annualreviews.org • Mammalian DNA Methyltransferases 157



BI89CH06_Zhang ARjats.cls June 2, 2020 10:17

141. Sanchez-DelgadoM,Court F, Vidal E,Medrano J,Monteagudo-Sanchez A, et al. 2016.Human oocyte-
derived methylation differences persist in the placenta revealing widespread transient imprinting. PLOS
Genet. 12:e1006427

142. Hanna CW, Penaherrera MS, Saadeh H, Andrews S,McFadden DE, et al. 2016. Pervasive polymorphic
imprinted methylation in the human placenta.Genome Res. 26:756–67

143. HamadaH,OkaeH,TohH,ChibaH,HiuraH, et al. 2016.Allele-specificmethylome and transcriptome
analysis reveals widespread imprinting in the human placenta. Am. J. Hum. Genet. 99:1045–58

144. Smith ZD, Shi J, Gu H, Donaghey J, Clement K, et al. 2017. Epigenetic restriction of extraembryonic
lineages mirrors the somatic transition to cancer.Nature 549:543–47

145. Guenatri M, Duffie R, Iranzo J, Fauque P, Bourc’his D. 2013. Plasticity in Dnmt3L-dependent and
-independent modes of de novo methylation in the developing mouse embryo.Development 140:562–72

146. DaRosa PA,Harrison JS, Zelter A, Davis TN, Brzovic P, et al. 2018. A bifunctional role for the UHRF1
UBL domain in the control of hemi-methylated DNA-dependent histone ubiquitylation. Mol. Cell
72:753–65.e6

147. Foster BM, Stolz P,Mulholland CB,Montoya A,KramerH, et al. 2018.Critical role of the UBL domain
in stimulating the E3 ubiquitin ligase activity of UHRF1 toward chromatin.Mol. Cell 72:739–52.e9

148. Ferry L, Fournier A, Tsusaka T, Adelmant G, Shimazu T, et al. 2017. Methylation of DNA Ligase 1 by
G9a/GLP recruits UHRF1 to replicating DNA and regulates DNAmethylation.Mol. Cell 67:550–65.e5

149. Gelato KA, Tauber M, Ong MS, Winter S, Hiragami-Hamada K, et al. 2014. Accessibility of different
histone H3-binding domains of UHRF1 is allosterically regulated by phosphatidylinositol 5-phosphate.
Mol. Cell 54:905–19

150. Hanna CW, Taudt A, Huang J, Gahurova L, Kranz A, et al. 2018. MLL2 conveys transcription-
independent H3K4 trimethylation in oocytes.Nat. Struct. Mol. Biol. 25:73–82

158 Chen • Zhang


