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Spotlight

ments (TEs), and impaired spermato-

genesis [2,3].

the stringent 1-Mb minimal size cut-

off, Yamanaka et al. identified a total
De novo DNA
Methylation: Who’s
Your DADdy?
Marla E. Tharp1,2

and Alex Bortvin1,3,*,@
DNA methylation regulates the organi-

zation and function of the genome.

Yamanaka et al. now report that de

novo methylation of male germ cells

of mice involves the transient opening

of heterochromatin at megabase-size

differentially accessible domains

(DADs). This chromatin remodeling
likely facilitates de novo methylation

of the germ cell genome.

Throughout a man’s lifetime, the

odds of any individual sperm cell he

produces influencing the next genera-

tion is worse than winning the lottery.

However, each of his gametes, fruitful

or wasted, represents an epic feat

of chromatin reorganization and proper

spatiotemporal gene expression.

From the start, primordial germ cells

(PGCs) are given the colossal task of

epigenetic reprogramming involving

genome-wide erasure of repressive

5-methylcytosine marks, removing

parental imprints, and creating a naı̈ve

potency state to prime sex-specific

cell differentiation [1]. Following their

migration to the embryonic testis,

male PGCs (now termed ‘gonocytes’)

undergo mitotic arrest and rapidly re-

establish DNA methylation de novo,

an essential task for differentiation

into spermatogonia, the source of

sperm. Indeed, absence of de novo

methylation in mouse male germ cells,

such as in DNA methyltransferase

(DNMT) 3 family mutants Dnmt3a–/–

and Dnmt3l–/–, results in failure to

methylate paternal imprinting control

regions, activation of transposable ele-

Two waves of de novo DNA methyl-

ation have been reported in mouse

male gonocytes between embryonic

day (E) 13.5 and postnatal day (P) 2,

transitioning around E16.5 [4]. The first

wave encompasses de novo methyl-

ation of most of the genome, while the

second uses small Piwi-interacting (pi)

RNAs to guide methylation of TEs [4].

One plausible feature distinguishing

these waves is the accessibility of

DNMTs to the genome to deposit

DNA methylation marks. In dividing

cells, DNMT recruitment is tightly

coupled to DNA replication, taking
Trends in G
advantage of locally unwound DNA at

replication forks during S phase to

gain occupancy of the genome in

both euchromatic and heterochromatic

regions [5]. However, in cell cycle-

arrested gonocytes, the players and

strategies for DNMT accessibility and

subsequent de novomethylation, espe-

cially at inaccessible heterochromatic

regions, become ambiguous.

Transient Accessibility of
Gonocyte Chromatin Reveals
DADs

To understand where and when de

novo DNMTs might be recruited to

the genome, Yamanaka et al. used

pure populations of germ cells to probe

the dynamics of genome-wide chro-

matin accessibility [6]. By performing

assay for transposase-accessible chro-

matin using sequencing (ATAC-seq) to

probe chromatin accessibility and

NanoCAGE-seq to determine tran-

scriptional start site and transcript

abundance, the authors identified spe-

cific chromatin regions that acquire

greater accessibility between E13.5

and E17.5, and subsequently close by

P2. Such timing implicates these gono-

cyte-specific DADs in the second wave

of de novo DNA methylation. Using

of 143 DADs on all chromosomes,

except the Y chromosome, accounting

for �14% of the mouse genome.

Genomic Features of DADs
Highlight TEs

The authors next interrogated the

defining features of DADs. Ultimately,

110 of the 143 DADs were found in

gene-poor regions of the genome that

encode fewer than ten genes per meg-

abase and are instead enriched in TE

sequences (70% of E17.5-specific peaks

on TEs). Interestingly, a few DADs also

included gene clusters, such as those

belonging to olfactory receptor or
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Figure 1. De novo DNA Methylation of Heterochromatic Differentially Accessible Domains

(DADs).

De novo DNA methylation (DNAme) in male gonocytes occurs in two waves. The first wave

targets accessible chromatin regions. The second wave, beginning around embryonic day (E)17.5,

targets inaccessible chromatin regions, including gene deserts, gene clusters, and transposons.De

novo methylation of inaccessible regions is marked by the transient formation of 1–12 Mb DADs,

which is accomplished by rewriting active (H3K4me3) and repressive (H3K27me3 and H3K9me3)

histone marks. Transient DAD formation permits a burst of transposon expression and allows DNA

methyltransferase (DNMT) enzymes access to DNA for de novo methylation. Ultimately, DADs

resume their compacted chromatin state at the end of gonocyte development. Abbreviation: P,

postnatal day.
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V(D)J recombination, origins of which

are based in TEs [7]. Deeper analysis

of TE subfamilies and structural ele-

ments that overlapped with DADs re-

vealed that 50 regions of sequences

belonging to evolutionarily ‘young’

LINE-1 subfamilies become accessible,

features of full-length elements still

with retrotransposition activity. Indeed,

upregulation of TE transcripts was

observed at E17.5, in correlation with

their transiently accessible regions.

Given that TE expression is a prerequi-
786 Trends in Genetics, November 2019, Vol. 35, N
site for piRNA production, these data

corroborate findings that methylation

of young LINE-1 elements during the

second wave of de novo methylation is

piRNA dependent [4].
Epigenetic Regulation of DADs
and Vice Versa

To understand the players and dy-

namics of DAD formation that are inde-

pendent of DNA methylation and DNA

replication, the authors interrogated
o. 11
another type of epigenetic regulation,

namely, methylation of specific lysine

residues in the amino-terminal tail of his-

tone H3. Indeed, DADs corresponded

with the reprogramming of active his-

tone mark H3K4me3 and repressive his-

tone marks H3K27me3 and H3K9me3

measured by ChIP-seq. Acquisition of

H3K4me3 and complementary loss of

H3K27me and H3K9me3 in DADs at

E17.5 resulted in the opening of chro-

matin and a more euchromatic state,

permissive for DNMT binding. DADs

gradually returned to a compacted state

by P2 with a decrease in H3K4me4 and

increase in H3K27me3 and H3K9me3.

The plasticity of histone marks exempli-

fied in DADs defined these regions as

facultative heterochromatin that can

reorganize in response to environ-

mental cues, as opposed to static

constitutive heterochromatin regions

found at centromeres and telomeres.
The observed histone dynamics were

reflected by the dynamic reorganiza-

tion of chromatin 3D architecture

measured by Hi-C. Indeed, the fre-

quencies of long-range intrachromoso-

mal interactions present at E13.5

decreased between E13.5 and E17.5

during DAD formation, signifying de-

compaction of chromatin structure. By

P2, these interactions returned. This

momentary decompaction of higher-

order chromatin structure represents a

transition state responding to DAD

formation. Interaction patterns within

the transition state, particularly be-

tween E17.5 and P0, were significantly

rearranged compared with other time

points. Specifically, switching between

open and closed chromosome confor-

mations based on A/B compartment

loci was observed in some DADs [6].
Cumulatively, Yamanaka et al. describe

DADs as novel features of facultative

heterochromatin that assume a tran-

sient relaxed state to permit DNMT
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recruitment and subsequent deposition

of 5-methylcytosine marks for de novo

methylation (Figure 1). However, the

dependency of de novo methylation

on DADs remains unexplored, for

example, upon DNMT overexpression

or perturbation of H3K4me3 methyl-

transferase activity. The mechanisms

driving histone remodeling for DAD

organization are also unsolved. A tanta-

lizing candidate is the piRNA pathway

due to direct relationships with the

removal of H3K4me2 and establish-

ment of de novo methylation and

H3K9me3 patterns on TE sequences

[8,9]. The authors speculate that de

novo methylation related to DADs is

likely not sequence specific due to the

promiscuous nature of DNMTs, but

given the requirement for piRNAs in

de novo methylation of LINE-1 se-

quences, further analysis of their overall

contribution to DAD organization is

warranted [4,6]. Finally, since female

germ cells regain methylation postna-

tally and only after enduring massive

LINE-1-driven oocyte death [10], it will

be intriguing to determine whether oo-

cytes use the same chromatin-remodel-

ing strategy elucidated by Yamanaka

et al. in males [6].

1Department of Embryology, Carnegie Institution
for Science, Baltimore, MD 21218, USA

2Department of Biology, Johns Hopkins
University, Baltimore, MD 21218, USA

3Web: https://alexbortvinlab.org

@Twitter: @alexbortvinlab

*Correspondence:
bortvin@carnegiescience.edu

https://doi.org/10.1016/j.tig.2019.09.001

ª 2019 Elsevier Ltd. All rights reserved.
References

1. Hill, P.W.S. et al. (2018) Epigenetic
reprogramming enables the transition from
primordial germ cell to gonocyte. Nature
555, 392–396

2. Bourc’his, D. and Bestor, T.H. (2004) Meiotic
catastrophe and retrotransposon
reactivation in male germ cells lacking
Dnmt3L. Nature 431, 96–99

3. Kaneda, M. et al. (2004) Essential role for de
novo DNA methyltransferase Dnmt3a in
paternal and maternal imprinting. Nature
429, 900–903

4. Molaro, A. et al. (2014) Two waves of de novo
methylation during mouse germ cell
development. Genes Dev. 28, 1544–1549

5. Hervouet, E. et al. (2018) Specific or not
specific recruitment of DNMTs for DNA
methylation, an epigenetic dilemma. Clin.
Epigenetics 10, 17

6. Yamanaka, S. et al. (2019) Broad
heterochromatic domains open in gonocyte
development prior to de novo DNA
methylation. Dev. Cell. Published online
August 29, 2019. https://doi.org/10.1016/j.
devcel.2019.07.023.

7. Slotkin, R.K. and Martienssen, R. (2007)
Transposable elements and the epigenetic
regulation of the genome. Nat. Rev. Genet.
8, 272–285

8. Nagamori, I. et al. (2018) Relationship
between PIWIL4-mediated H3K4me2
demethylation and piRNA-
dependent DNA methylation. Cell Rep.
25, 350–356

9. Pezic, D. et al. (2014) piRNA pathway targets
active LINE1 elements to establish the
repressive H3K9me3 mark in germ cells.
Genes Dev. 28, 1410–1428

10. Malki, S. et al. (2014) A role for
retrotransposon LINE-1 in fetal oocyte
attrition in mice. Dev. Cell 29, 521–533

Forum
 cell. Specifically, paircounting reduces
Paircounting
Huy Q. Nguyen,1 S. Dean Lee,1

and C-ting Wu1,2,*

X inactivation presents two longstanding

puzzles: the counting and choice of X

chromosomes. Here, we consider count-

ing and choice in the context of pairing,

both of the X and of the autosomes.
Allelic pairing at the X inactivation cen-

ter (Xic) during X inactivation in mouse

embryonic stem cells has been one of

the most thought-provoking observa-

tions of mammalian genome regulation

since its discovery over a decade ago

[1–3]. Indeed, pairing has extraordinary

potential for resolving two cornerstone

puzzles of X inactivation: counting and

choice. Here, we speculate on what

pairing could theoretically offer.
Trends in G
Perhaps most saliently, pairing can

simplify counting by reducing the num-

ber of independent entities in a popula-

tion by half. This capacity of pairing is

especially significant with respect to

genetics because, when restricted to

homologous chromosomes, it can func-

tion as a check on ploidy. Thus, when

‘paircounted’, 2 homologous chromo-

somes would give a count of 1, while

all 46 chromosomes of a normal human

diploid cell (46XX or 46XY) would give a

paircount of 23 (22 pairs of autosomes

and 1 pair of sex chromosomes, the

latter paired at the pseudoautosomal

region in males), with other outcomes

signaling departures from diploidy

(Figure 1A).
Another consequence of pairing is its

potential to generate singularity and,

by this singularity, drive choice. This is

best exemplified when considering the

number 2, which is the number of ho-

mologs for any autosome in a diploid

2 to 1 and, in this way, creates a singu-

larity; whereas, before pairing, there are

two copies of any particular genomic

region in a normal diploid cell, upon

pairing, the resulting coupled regions

generate a structural entity that is pre-

sent exactly once. The point of

emphasis here is that singularity could

have implications for regulatory pro-

cesses that involve allelic skewing,

such as X inactivation and other forms

of monoallelism, wherein the cell makes

a choice between two allelic regions

that subsequently assume different

fates. For instance, if pairing generates

a unique structure, then allelic distinc-

tion could be achieved if that structure

were subsequently bound by a single

copy of a factor that impacts, marks,

or, after unpairing, persists on just one

of the two allelic regions (Figure 1B).

The single factor could, for example,

designate the future active (or inactive)

allele. This proposal is reminiscent of
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