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Figure 1. The oocyte and sperm methylomes. Methylated regions in the GV oocyte (top) tightly correspond with 
active transcription units in growing oocytes, initiating from both CGI and non-CGI transcription start sites. CGIs 
that become de novo methylated in oocytes, including maternally imprinted gDMRs, tend to be within active 
transcription units and CpG-rich. In the male germline, regions that were both transcribed and untranscribed in 
prospermatogonia are methylated in mature sperm (bottom). Promoters of genes with weak or no expression in 
prospermatogonia display intermediate methylation in sperm, from either heterogeneous methylation of these 
regions in the germ cell pool or methylation heterogeneity in individual CpGs at these genomic regions. Paternally 
imprinted gDMRs tend to be less CpG-dense than maternally imprinted gDMRs. Notably, in either germline, 
transcription levels past a low threshold result in full methylation of the transcription unit, but active promoters 
at CGIs are protected from DNA methylation. Arrows, active transcription start sites; crosses, inactive transcription 
start sites. 
CGI: CpG island; gDMR: Germline differentially methylated region; GV: Germinal vesicle.
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methylation in the germline are not fully understood. 
In this review, we will highlight recent advances in 
elucidating the mechanisms that direct de novo meth-
ylation in the germline, particularly in the female 
germline, and will review current knowledge of the 
roles of gametic DNA methylation in gametogenesis 
and post-fertilization development.

DNA methylation in genomic imprinting
Initially, DNA methylation in gametes was studied 
largely from the point of view of imprinted germ-
line differentially methylated regions (gDMRs), or 
imprinted gDMRs. Imprinted gDMRs are loci that are 
methylated in either the female (maternally imprinted) 
or the male (paternally imprinted) germline, and 
that retain this monoallelic methylation in a parent-
of-origin speci�c manner following fertilization [13]. 
In somatic cells, the maternal and paternal alleles of 
imprinted loci have different epigenetic landscapes, 

composed of distinct DNA methylation pro�les, his-
tone post-translational modi�cations and regulation 
by noncoding RNAs. Human and mouse are the two 
most extensively used models for imprinting studies, 
although genomic imprinting is also found and well-
characterized in �owering plants [14]. Imprinted loci 
represent a unique mode of epigenetic regulation, and 
a number of human congenital disorders are caused 
by loss of imprinting, making genomic imprint-
ing a valuable model for both basic and translational 
research questions [15].

In mouse, there are 23 de�nitive and 11 putative 
maternally imprinted gDMRs [16] and three pater-
nally imprinted gDMRs [13]. Maternally imprinted 
gDMRs fall within a category of CpG-rich genomic 
regions called CpG islands (CGIs), while the paternal 
gDMRs have CpG densities closer to the genome aver-
age (Figure 1) [17,18]. The vast majority of CpG dinu-
cleotides in most cell types are methylated, but the 
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CpGs that comprise CGIs are exceptions to this rule 
and remain unmethylated in most cellular contexts. 
Functionally, CGIs are found at the majority of mam-
malian gene promoters, and their resistance to DNA 
methylation allows the RNA polymerase complex and 
relevant transcription factors to access the transcrip-
tion start sites of genes [19]. Although CGIs canoni-
cally lack DNA methylation, in a typical mammalian 
cell a small proportion of these loci are fully methyl-
ated, often in a tissue-speci�c manner [20–22]. The 
CGIs that gain methylation within a particular cell 
type are most often intragenic, and are found within 
an actively transcribed gene [23]. The propensity for a 
CGI to gain methylation is also in�uenced by its CpG 
density, GC content and enrichment for transcription 
factor-binding motifs [24–27].

Prior to the advent of genome-wide analyses, the 
general assumption was that imprinted gDMRs were 
speci�cally targeted in the germline by specialized 
de novo methylation machinery, and research efforts 
were concentrated on searching for features that dis-
tinguished these regions from the rest of the genome. 
Genome-wide methylation studies have led to a reap-
praisal of this view. Speci�cally, comparing the oocyte 
and sperm methylomes revealed the existence of many 
more regions of differential methylation between the 
gametes than the classic imprinted gDMRs [28,29]. We 
will refer to these additional regions as nonimprinted 
gDMRs. In addition to the maternally imprinted 
gDMRs, the oocyte methylome contains many addi-
tional methylated but nonimprinted CGIs, which have 
a similar sequence composition to the imprinted CGIs. 
Similarly, the paternally imprinted gDMRs do not 
seem to be distinct from many of the other genomic 
regions that are methylated in sperm [28,29]. Therefore, 
rather than being uniquely targeted for DNA meth-
ylation, it is now thought that imprinted gDMRs gain 
methylation in the same manner as analogous regions 
in the genome (Figure 1). The distinguishing feature 
of imprinted gDMRs compared with nonimprinted 
gDMRs, then, is that the differential methylation at 
imprinted gDMRs persists following fertilization and 
epigenetic reprogramming in the early embryo, while 
the differential methylation at nonimprinted gDMRs 
does not [13]. What remains unclear is exactly how 
the differential patterns of DNA methylation that 
give rise to imprinted and nonimprinted gDMRs are 
established in sperm and oocytes.

DNA methylation establishment in gametes
Timing of DNA methylation establishment
At the time of sex determination in the fetal gonads, 
which in mice occurs at around embryonic day 12.5 
(E12.5), global DNA methylation levels are very low, 

and the methylomes of male and female primordial 
germ cells (PGCs) are very similar [30,31]. However, de 
novo methylation establishment proceeds in very dif-
ferent manners in the male and female germlines. In 
the male germline, de novo methylation is initiated at 
embryonic day E13.5, in prospermatogonia or gonocytes 
that are arrested in mitosis, and the male methylome is 
completely established prior to birth (Figure 2) [31–33]. 
Following methylation establishment, male gametes 
experience a proliferative burst before entering meio-
sis and beginning the process of differentiating into 
sperm. Therefore, the mature sperm methylome is a 
product of DNA methylation maintenance that must 
operate faithfully from birth in male mice.

In contrast, de novo methylation is not initiated until 
after birth in the female germline. In oocytes, DNA 
methylation establishment occurs in parallel with the 
follicular growth phase of oogenesis and is largely com-
plete by the germinal vesicle stage, at approximately 
P21 in mice [28]. Several studies have demonstrated 
that DNA methylation establishment, at least at 
imprinted gDMRs, is coordinated with oocyte growth, 
and loci gain methylation at different stages of growth 
in a regulated manner (Figure 2) [34–36]. The func-
tion and mechanisms underlying this asynchronous 
DNA methylation establishment in oocytes remain 
unclear, and whether or not the paternally imprinted 
gDMRs are similarly methylated in coordination with 
spermatogenesis progression has not been extensively 
studied. Oocytes are arrested in meiotic prophase I 
throughout the growth phase, and do not resume mei-
osis until ovulation. Therefore, de novo methylation 
occurs on a nonreplicating genome in both the male 
and female germlines, but only the oocyte methylome 
is solely re�ective of de novo methylation events.

Mechanisms underlying DNA methylation 
establishment
Between the male and female germlines, the male pro-
vides much more starting material for analysis. Addi-
tionally, unlike in oocytes, loss of DNA methylation 
during spermatogenesis causes infertility accompanied 
by a profound reduction in testis size, making factors 
important in DNA methylation establishment in the 
paternal germline readily identi�able. Methylation 
establishment during spermatogenesis has therefore 
been extensively studied using standard molecular and 
genetic approaches, and the mechanisms underlying 
de novo methylation in male germ cells are well char-
acterized. DNA methylation establishment in male 
germ cells is initiated at repetitive sequences by a testis-
speci�c class of small RNAs called PIWI-interacting 
RNAs, or piRNAs. These piRNAs are derived from 
repeat sequences and direct methylation and silencing 


























