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performedwithP-element–transposon–containing
Cg4-neo and DmTNP or hTh9 (Fig. 2, B and C,
and fig. S7). These observations imply that the
DmTNP and hTh9 proteins can nick DNA, in-
dependent of having P-element termini, which
would lead to elevated gene transfer via DNA
linearization. A similar observation was made for
the SET domain and mariner transposase fusion
gene–containing protein (SETMAR or Metnase
protein), but this protein is inactive for transpo-
sition of HsMAR transposons (8, 9). However,
most important, the presence of P-element termini
on Cg4-neo enhanced the DNA integration ac-
tivity of both DmTNP and hTh9 3 to 5 times
above background, which suggested transposi-
tional DNA integration. Many G418-resistant col-
onies were also obtained (fig. S7) when Cg4-neo
was transfected into a stable HEK293 cell line
induced to express a tetracycline-inducible hu-
man THAP9 gene (Fig. 2B).

To analyze the nature of the DNA integration
events in the G418-resistant colonies, genomic
DNA was isolated from individual colonies ob-
tained fromDmTNP or hTh9 cotransfections with
Cg4-neo, and the sites ofP-element insertion were
characterized by splinkerette polymerase chain
reaction (PCR) (17, 18) followed by DNA se-
quencing. DNA sequence analysis of PCR inte-
gration sites identified distinct integration sites
with novel 8–base pair (bp) target-site duplica-
tions (TSDs) for individual integration events
into the human genome that had occurred with
both DmTNP and hTh9 (Table 1 and tables S1
and S2). Taken together, these data indicate that
human THAP9 actively integrates genetically
marked Drosophila P-element vectors into hu-
man cells by transposition.

The studies reported here indicate that the hu-
man THAP9 gene encodes an active DNA trans-
posase that can mobilize Drosophila P-element
transposons in Drosophila and human cells. It
will be interesting to investigate the physiological
relevance of THAP9’s transposition function and
to find out if any THAP9 recombination signal
DNA elements can be found in the human ge-
nome. This is the first report, beyond the V(D)J
recombination system, of an active DNA trans-
posase in the human genome. P element–like
transposons and THAP9-related genes are not
restricted to Drosophila or related insect species
but are widely distributed in eukaryotic genomes
like Ciona (sea squirt), zebrafish, chicken, and
Trichomonas vaginalis (a parasitic protozoan)
(7, 19). The THAP9 gene is absent and has ap-
parently been lost from sequenced rodent genomes
(6). Although many of the human transposase–
related genes are derived from DNA transposons
(43 of 47) (2), most have not been characterized,
with the exception of the V(D)J recombinase
RAG1 and RAG2 (10, 11) and the SETMAR
(Metnase) protein (8). It is possible that other hu-
man genes of this class, besides THAP9, may also
encode active DNA transposases.
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Germline DNA Demethylation
Dynamics and Imprint Erasure Through
5-Hydroxymethylcytosine
Jamie A. Hackett,1,2 Roopsha Sengupta,1,2* Jan J. Zylicz,1,2,3* Kazuhiro Murakami,1,2*
Caroline Lee,1,2 Thomas A. Down,1 M. Azim Surani1,2,3†

Mouse primordial germ cells (PGCs) undergo sequential epigenetic changes and genome-wide
DNA demethylation to reset the epigenome for totipotency. Here, we demonstrate that erasure
of CpG methylation (5mC) in PGCs occurs via conversion to 5-hydroxymethylcytosine (5hmC),
driven by high levels of TET1 and TET2. Global conversion to 5hmC initiates asynchronously among
PGCs at embryonic day (E) 9.5 to E10.5 and accounts for the unique process of imprint erasure.
Mechanistically, 5hmC enrichment is followed by its protracted decline thereafter at a rate consistent
with replication-coupled dilution. The conversion to 5hmC is an important component of parallel
redundant systems that drive comprehensive reprogramming in PGCs. Nonetheless, we identify rare
regulatory elements that escape systematic DNA demethylation in PGCs, providing a potential
mechanistic basis for transgenerational epigenetic inheritance.

Specification of primordial germ cells (PGCs)
from epiblast cells at ~embryonic day (E)
6.25 is linked with extensive epigenetic

reprogramming—including global DNA demeth-

ylation, chromatin reorganization, and imprint
erasure—that is vital for generating totipotency
(1, 2). The erasure of CpG methylation (5mC) is
a key component of this program, but the dynamics

and underlying mechanisms of the process remain
unclear (3). Here, we report a comprehensive anal-
ysis of PGCs by combining immunofluorescence,
genome-wide 5-(hydroxy)methylcytosine DNA
immunoprecipitation sequencing [(h)meDIP-seq],
single-cell RNA sequencing (RNA-seq), bisulfite
sequencing, and functional analyses to address
the mechanistic basis of epigenetic reprogramming
in PGCs.

We investigated Tet expression by using single-
cell RNA-seq, which revealed that Tet1 and Tet2
are expressed in PGCs and peak between E10.5
and E11.5 but that Tet3 is undetectable (Fig. 1A).
Immunofluorescence (IF) showed that TET1 and
TET2 are nuclear and expressed at significantly
higher levels in PGCs than in neighboring somat-
ic cells between E9.5 and E11.5 (Fig. 1B and figs.

1Wellcome Trust/Cancer Research UK Gurdon Institute, Uni-
versity of Cambridge, Cambridge CB2 1QN, UK. 2Wellcome
Trust/Medical Research Council Stem Cell Institute, University
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Cambridge, UK.
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Fig. 1. Global dynamics of 5mC, 5hmC, and TETs in PGCs. (A) Single-cell
RNA-seq analysis of Tet1, Tet2, and Tet3 expression. Shown is log2 reads per
million (RPM). (B) Expression of TET1 and TET2 in E10.5 PGCs (arrowheads)

and soma. (C) Dynamics of DNA methylation (5mC) in PGCs shows 5mC era-
sure between E9.5 and E11.5. (D) Kinetics of 5hmC in PGCs. TG1/STELLA mark
PGCs. Scale bars indicate 10 mm.
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Fig. 2. Erasure of 5mC is coupled to 5hmC conversion. (A) Enrichment of 5mC
and 5hmC in E10.5 to E13.5 PGCs and EpiSCs over internal exons. (B) Distribu-
tions of 5mC and 5hmC relative to a metagene. TSS, transcription start site; TES,
transcription end site. (C) Profiles of 5mC (blue) and 5hmC (red) at the Dazl
promoter. (D) Glu-qPCR showing quantitative levels of 5mC and 5hmC at a CCGG

site in the Dazl promoter. Error bars represent SEM. (E and F) DNA methylation
(%) by bisulfite sequencing of –DOX or +DOX Tet1/ Tet2miR or NT miR PGCLCs
at (E) gene promoters and (F) repeat elements. Open and solid circles represent
unmethylated andmethylated CpGs, respectively. (G) DNAmethylation in PGCLCs
stably expressing catalytically active (WT) or mutant (Mut) TET1 and TET2.
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S1 and S2). This suggests that erasure of 5mC in
PGCs could occur through conversion to 5hmC
by TET1 and TET2 together (4, 5).

We pursued this possibility by IF and found
a progressive reduction of 5mC in PGCs between
E9.5 and E10.5, until it became undetecta-
ble by E11.5 (Fig. 1C). The loss of 5mC oc-
curs concurrently with a global enrichment of
5-hydroxymethylcytosine (5hmC) in PGCs be-
tween E9.5 and E10.5, suggesting a genome-
scale conversion of 5mC to 5hmC (Fig. 1D). The
global conversion to 5hmC initiates asynchro-
nously among PGCs from E9.5, perhaps reflect-
ing developmental heterogeneity (figs. S3 to S5).
Indeed, TET1 up-regulation also initially occurs
in a subset of PGCs from E9.5, which apparently
also exhibit lower 5mC signal (fig. S6). In con-
trast to soma and embryonic stem (ES) cells (6),
we observed that 5hmC exhibited a distinct local-
ization in PGCs that coincided with 4 ,́6-diamidino-
2-phenylindole (DAPI)–dense chromocenters,
indicating that the conversion of 5mC to 5hmC
includes heterochromatic satellite regions (fig. S7).
The enrichment of 5hmC in PGCs at E10.5 is fol-
lowed by its progressive reduction, suggesting
that 5hmC is an intermediate toward demethyl-
ation to unmodified cytosine (C) (Fig. 1D). We
checked whether 5hmC is subsequently converted

to 5-formylcytosine or 5-carboxycytosine but found
no detectable enrichment of these derivatives in
PGCs (fig. S8) (7).

To gain further insight into the dynamics of
5mC to 5hmC conversion, we performed meDIP-
seq and hmeDIP-seq in E10.5 to E13.5 PGCs
(fig. S9). Because before E10.5 PGCs were high-
ly limiting, we also profiled epiblast stem cells
(EpiSCs), which are derived from the same post-
implantation epiblast as nascent PGCs, and em-
bryonic soma (E10.5) as references (fig. S10).
Unlike bisulfite sequencing, our approach distin-
guishes between 5mC and 5hmC but generates
a relative rather than a quantitative measure of
modifications (6). We therefore initially exam-
ined exonic sequences, which are highly methyl-
ated and thus exhibit an informative dynamic
range of relative (h)meDIP signal when they be-
come demethylated. We found significantly re-
duced 5mC in E10.5 PGCs relative to EpiSC
and soma and erasure by E11.5 (Fig. 2A and
figs. S11 to S13). The loss of 5mC in PGCs is
paralleled by a strong exonic enrichment of 5hmC,
indicating 5mC-to-5hmC conversion (Fig. 2A
and fig. S11). Once 5mC is converted to 5hmC, it
is set on a pathway toward demethylation, be-
cause there are no 5hmC maintenance mecha-
nisms (6). Consistent with this, 5hmC undergoes

a progressive depletion during PGC develop-
ment, which is delayed relative to loss of 5mC
(Fig. 2, A and B).

Next, we examined methylation-dependent
genes such as Dazl, which are activated by pro-
moter demethylation in PGCs (8, 9), and ob-
served strong 5hmC enrichment coincident with
loss of 5mC at their promoters (Fig. 2C and fig.
S14). We confirmed that 5mC erasure is cou-
pled to 5hmC enrichment at the Dazl promoter
quantitatively, by using the glucosyltransferase–
quantitative polymerase chain reaction (Glu-qPCR)
assay (Fig. 2D). RNA-seq revealed that transcrip-
tional activation of Dazl and other methylation-
dependent germline genes initiates at E9.5 and
increases progressively until ~E11.5 (fig. S15).
This represents an important functional readout
of the timing of DNA demethylation in PGCs.

To functionally link 5hmC to DNA demethyl-
ation, we used in vitro PGC-like cells (PGCLC).
PGCLCs are specified from epiblast-like cells
(EpiLCs) and exhibit the fundamental proper-
ties of migratory PGCs in vivo, including global
DNA demethylation and chromatin reorganiza-
tion (fig. S10) (10). TET1 and TET2 are both active
in PGCs, so we generated PGCLCs carrying a dox-
ycycline (DOX)–inducible compound microRNA
(miR) knockdown of Tet1 and Tet2 (T-KD). We
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found that genes known to be demethylated in
PGCs in vivo (8) also underwent DNA demeth-
ylation upon specification of control uninduced
(–DOX) T-KD PGCLCs and in nontargeting
(NT) miR PGCLCs (+/−DOX). In contrast, in-
duction of Tet1/Tet2 miR (+DOX) resulted in a
substantial inhibition of DNA demethylation in
PGCLCs but did not reduce the efficiency of
their specification (Fig. 2E and fig. S16).
Knockdown of Tet1/Tet2 also inhibited DNA
demethylation at long interspersed nuclear ele-
ment 1 (LINE-1) sites and prevented the limited
erasure of 5mC that occurs at intracisternal-A-
particles (IAP) (Fig. 2F). These findings are im-
portant considering that both the maintenance
and de novo DNA methylation systems are re-
pressed in PGCs and PGCLCs (10), which likely
accounts for some direct passive demethylation.
Moreover, constitutive overexpression of catalyt-
ically active, but not catalytic mutant, TET1 and
TET2 in PGCLCs promoted 5mC erasure to a
greater extent (Fig. 2G). Thus, TET-mediated
5hmC conversion is a key event toward DNA de-
methylation in PGCs.

The reprogramming of gonadal PGCs in vivo
uniquely entails the complete erasure of genomic
imprints (11). Analysis of imprinted gametic dif-
ferentially methylated regions (gDMRs) (n = 21)
in PGCs revealed that erasure of 5mC is coupled
to a significant increase of 5hmC enrichment
(Fig. 3A). However, the precise timing of 5mC
erasure is imprinted locus-specific. For exam-
ple, the DMRs at Kcnq1ot1 and Igf2r exhibit loss
of 5mC by E10.5 relative to EpiSC (which
represent ~50% allelic 5mC) and erasure by

E11.5 (Fig. 3B), whereasPeg10 andPeg3 remain
methylated until E11.5 (Fig. 3C and fig. S17).
Moreover, Kcnq1ot1 and Ig f2r are enriched in
5hmC by E10.5, whereas 5hmC enrichment at
Peg10 and Peg3 is delayed until E11.5, suggest-
ing that conversion to 5hmC follows a defined
temporal order at imprinted DMRs, which dic-
tates the timing of demethylation in PGCs. In-
deed, we observed that other genomic regions
also exhibited differential onset of 5mC erasure
(compare Peg10 DMR versus exon, Fig. 3C).
Glu-qPCR analysis confirmed that the Peg10
and Peg3 DMRs maintained 5mC levels of 50%
and 34%, respectively, in E10.5 PGCs, whereas
Kcnq1ot1 and Igf2rDMRswere already reduced
to 21%and25%, respectively (Fig. 3D).Glu-qPCR
also established the quantitative enrichment of
5hmC at imprinted DMRs in PGCs. The cumula-
tive data suggest that conversion of 5mC to 5hmC
by TET1 and TET2 is a general mechanism for
the erasure of imprints in PGCs.

Conversion of 5mC to 5hmC at exons, pro-
moters, and gDMRs in PGCs was followed by a
protracted period of progressive 5hmC depletion
between E11.5 and E13.5 (Figs. 2, A to D, and 3),
suggesting a replication-coupled process (12).
This prompted us to examine the rate of DNA
demethylation between E10.5 and E13.5 quanti-
tatively by using Glu-qPCR. Because demethyl-
ation commences asynchronously in PGCs, it is
necessary to examine loci that have not initiated
substantial 5mC erasure by E10.5, such as Peg10
and Peg3. Because PGCs have an estimated cell
cycle of ~16 hours between E10.5 and E13.5
(13), we would predict a reduction of DNA mod-

ification of ~threefold per 24 hours (1.5 pop-
ulation doublings) if the process is coupled to
DNA replication. We observed that the rate of
demethylation at Peg10 (P = 0.0022) and Peg3
(P = 0.0019) fits highly significantly with the
predicted rate (Fig. 3E), suggesting that 5hmC
may be removed from these loci by replication-
coupled dilution. We obtained similar results for
the Dazl promoter (P = 0.0014).

We next asked whether any promoters or
regulatory elements can escape the comprehen-
sive 5mC reprogramming in PGCs. We screened
for CpG islands (CGI) that remain methylated in
female PGCs at E13.5, because these cells rep-
resent the lowest point of global demethylation
(fig. S18) (14). We identified 11 CGIs with sig-
nificant 5mC enrichment in E13.5 PGCs (figs.
S19 and S20). Validation by bisulfite sequencing
showed that the promoter CGIs of Vmn2r29 and
Sfi1 and the exonic CGI of Srrm2 were all meth-
ylated in PGCs at E10.5 and maintained CpG
methylation throughout reprogramming (Fig. 4A).

To define the extent of 5mC erasure at single-
base resolution, we performed whole-genome bi-
sulfite sequencing (WGBS), which revealed that
global CpG methylation is reduced to 2.2% in
female E13.5 PGCs (fig. S21). However, we iden-
tified 4730 loci that escape demethylation (>40%
5mC) in PGCs, which are predominately repeat
associated (>95%). Resistant loci predominantly
correspond to IAP elements, but the IAPLTR1
subclass is significantly more methylated than
any other (fig. S22). IAPLTR1 is the most active
and hence hazardous IAP subclass to genomic in-
tegrity, suggesting specific systems are mobilized
to maintain 5mC at IAPLTR1 during reprogram-
ming to protect genome stability (15). We were
unable to determine any unique sequence char-
acteristics of the 233 single-copy loci with >40%
5mC, suggesting that positional context or chro-
matin structure may contribute to their escape
from reprogramming. Indeed, “escapees” were
often adjacent to IAP elements or telomeric re-
gions. Considered with the recent observations
that many regulatory elements can evade zygotic
5mC erasure (16, 17), our data suggest that rare
but potentially functionally relevant 5mC epialleles
could be inherited over multiple generations by
evading erasure during both zygotic and PGC
reprogramming.

We demonstrate here that comprehensive
DNA demethylation in PGCs, including imprint
erasure, entails conversion of 5mC to 5hmC, like-
ly redundantly by TET1 and TET2. In vivo 5hmC
conversion initiates asynchronously in PGCs be-
tween E9.5 and E10.5 and is largely complete by
E11.5. The rate of progressive decline of 5hmC
thereafter, both globally and at single-copy loci,
is consistent with a replication-dependent mech-
anism of demethylation toward unmodified cy-
tosines (Fig. 4B). In parallel to 5hmC conversion,
repression of the de novo (Dnmt3a/b) and main-
tenance (Uhrf1) DNA methylation systems in
PGCs prevents cyclical remethylation and simul-
taneously renders PGCs permissive for direct

E10.5
PGC
E10.5
PGC

E11.5
PGC

E12.5
PGC

Vmn2r29 Sfi1 Srrm2 DazlA

Passive 5mC depletion 

Passive 5hmC depletion (Tet3)  

Maternal

Paternal

B
E

R

Zygote PGC

Passive 5hmC depletion     
(Tet1/Tet2)  
Passive 5mC depletion 
Active BER

B

Fig. 4. Inheritance of 5mC through reprogramming. (A) The Vmn2r29, Sfi1, and Srrm2 CGIs escape
reprogramming in PGCs. Open and solid circles represent unmethylated and methylated CpGs, respec-
tively.Dazl is representative of demethylation at most loci. (B) Model for the mechanisms and dynamics of
DNA demethylation in PGCs.
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passive 5mC depletion (fig. S23) (18), which may
contribute to the partial demethylation observed in
Tet1 and Tet2 knockdown PGCLCs. Thus, where-
as in zygotes 5mC reprogramming is mechanis-
tically compartmentalized into TET3-mediated
5hmC conversion of the paternal genome and di-
rect passive 5mC depletion on the maternal ge-
nome (12, 19–21), both of these mechanisms
operate together in PGCs (Fig. 4B). In addition,
up-regulation of the base excision repair (BER)
pathway in PGCs may both protect against cu-
mulative genetic damage and act as an auxiliary
active demethylation mechanism, perhaps for
specific loci (22, 23). Reprogramming in PGCs
therefore involvesmultiple redundantmechanisms
to reset the epigenome for totipotency, which ac-
counts for the apparent fertility (albeit subfertile)
of mice lacking individual components, such as
Tet1 (24). The existence of multiple mechanisms
may also underpin the comprehensive nature of
DNA demethylation in PGCs (3). Nonetheless,
some rare single-copy sites of CpG methylation
escape from 5mC erasure (25), which may pro-

vide mechanistic avenues for investigations into
transgenerational epigenetic inheritance.
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Actin, Spectrin, and Associated
Proteins Form a Periodic
Cytoskeletal Structure in Axons
Ke Xu,1* Guisheng Zhong,1* Xiaowei Zhuang1,2†

Actin and spectrin play important roles in neurons, but their organization in axons and
dendrites remains unclear. We used stochastic optical reconstruction microscopy to study the
organization of actin, spectrin, and associated proteins in neurons. Actin formed ringlike structures
that wrapped around the circumference of axons and were evenly spaced along axonal shafts
with a periodicity of ~180 to 190 nanometers. This periodic structure was not observed in
dendrites, which instead contained long actin filaments running along dendritic shafts. Adducin,
an actin-capping protein, colocalized with the actin rings. Spectrin exhibited periodic structures
alternating with those of actin and adducin, and the distance between adjacent actin-adducin
rings was comparable to the length of a spectrin tetramer. Sodium channels in axons were distributed
in a periodic pattern coordinated with the underlying actin-spectrin–based cytoskeleton.

Actin plays critical roles in shaping and
maintaining cell morphology, as well as
in supporting various cellular functions,

including cell motility, cell division, and intra-
cellular transport (1). In neurons, actin is essen-
tial for the establishment of neuronal polarity,
cargo transport, neurite growth, and stabilization
of synaptic structures (2–4). Despite its impor-
tance, our understanding of actin structures in
neurons remains incomplete. Electron micros-
copy has shown detailed actin ultrastructure in
growth cones and dendritic spines (5, 6), in which

actin is the dominant cytoskeletal protein, but
little is known about the organization of actin
in the axonal and dendritic shafts (4). These
neurites contain a high density of different types
of cytoskeletal filaments, such as microtubules
and neurofilaments (6–8). Hence, the challenge
of resolving the organization of actin in axons
and dendrites requires imaging tools with both
high spatial resolution and molecular specificity.

A prototypical actin-spectrin–based cytoskel-
eton structure is found in red blood cells (erythro-
cytes) (9, 10), where actin, spectrin, and associated
proteins form a two-dimensional (2D) polygonal
network (mostly composed of hexagons and
pentagons) underneath the erythrocyte mem-
brane (11, 12). Spectrin analogs have been found
in many other animal cells (9, 10), including
neurons (13, 14). These analogs play important
roles, ranging from regulation of the heartbeat

to stabilization of axons, formation of axon ini-
tial segments and nodes of Ranvier, and stabi-
lization of synapses in neurons (9, 10, 15). An
erythrocyte-like, polygonal lattice structure has
been observed for spectrin in the Drosophila
neuromuscular junction (16), and models similar
to the erythrocyte cytoskeleton have also been
proposed for other systems (10). However, the
ultrastructural organization of spectrin in non-
erythrocyte cells is largely unknown due to sim-
ilar challenges in imaging.

Recent advances in superresolution fluores-
cencemicroscopy (17, 18) allow resolutions down
to ~10 nm to be achieved with molecular spec-
ificity, providing a promising solution to the
above challenges. In particular, superresolution
studies of neurons have provided valuable struc-
tural and dynamic information of actin in den-
dritic spines (19–22). In this work, we used a
superresolution fluorescence imaging method,
stochastic optical reconstruction microscopy
(STORM) (23–27), to study the 3D ultrastructural
organization of actin and spectrin in neurons.

To image actin in neurons, we fixed cultured
rat hippocampal neurons at various days in vitro
(DIV) and labeled actin filaments with phalloi-
din conjugated to a photoswitchable dye, Alexa
Fluor 647 (Invitrogen, Carlsbad, CA) (Fig. 1) (28).
To identify axons and dendrites, we immuno-
labeled MAP2, a microtubule-associated protein
enriched in dendrites, or NrCAM, a cell adhe-
sion molecule found in the initial segments of
axons (15), using a dye of a different color
(Fig. 1) (28). In the conventional fluorescence
images (Fig. 1, A, D, and F), MAP2 specifically
stained dendrites, and NrCAM specifically la-
beled the initial segments of axons, whereas actin
was found in both dendrites and axons.

Next, we used 3D STORM (27) with a dual-
objective astigmatism-imaging scheme (28, 29)
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X chromosome inactivation: silencing, topology and
reactivation
Teresa Robert Finestra and Joost Gribnau
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ScienceDirect
To ensure X-linked gene dosage compensation between

females (XX) and males (XY), one X chromosome undergoes X

chromosome inactivation (XCI) in female cells. This process is

tightly regulated throughout development by many different

factors, with Xist as a key regulator, encoding a long non-

coding RNA, involved in establishment of several layers of

repressive epigenetic modifications. Several recent studies on

XCI focusing on identification and characterization of Xist RNA-

protein interactors, revealed new factors involved in gene

silencing, genome topology and nuclear membrane

attachment, amongst others. Also, new insights in higher order

chromatin organization have been presented, revealing

differences between the topological organization of active and

inactive X chromosomes (Xa and Xi), with associated

differences in gene expression. Finally, further evidence

indicates that the inactive state of the Xi can be (partially)

reversed, and that this X chromosome reactivation (XCR) might

be associated with disease.
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Introduction
In mammals, dosage compensation of X-linked gene

expression between females (XX) and males (XY) is

achieved through inactivation of one X chromosome in

female somatic cells [1]. Two waves of X chromosome

inactivation (XCI) are observed in mice, the most well-

characterized XCI model system. First, the paternal X

chromosome is inactivated at the 2–4 cell stage of embry-

onic development in female mice. This imprinted form of

XCI (iXCI) is reversed in the inner cell mass, and after

implantation at E5.5 random XCI (rXCI) is initiated,

leading to silencing of one X chromosome with either
Current Opinion in Cell Biology 2017, 46:54–61 
paternal or maternal origin. After establishment of XCI,

the silenced inactive X chromosome (Xi) is clonally

transmitted through a near infinite number of cell divi-

sions (reviewed in Ref. [2]).

A key regulator of XCI is the X-inactive-specific tran-

script (Xist) gene located on the X chromosome [3–5]. Xist
encodes a long non-coding RNA (lncRNA) that, upon

initiation of XCI, is monoalellically upregulated from the

future Xi. Xist coats the X chromosome in cis and recruits

various proteins involved in transcriptional silencing, such

as chromatin remodeling factors and the DNA methyla-

tion machinery, that establish the inactive state (reviewed

in Ref. [6]). Xist is located in the X inactivation center

(Xic), which harbors Tsix, another lncRNA, that is tran-

scribed antisense to Xist. Tsix in mice fully overlaps Xist
and is involved in its repression. Despite the robustness of

the process, 12–20% and 3–7% of X-linked genes escape

XCI in human and mouse, respectively. Escaping genes

can either escape in all cell types (constitutive escapees),

or in a specific context (facultative escapees) (reviewed in

Ref. [7]).

Here we review the recent advancements in understand-

ing the newly identified Xist interacting proteins involved

in silencing, the importance of chromosome topology in

gene transcriptional regulation and X Chromosome Reac-

tivation (XCR) after establishment of the inactive state.

Spreading of silencing along the X
Xist has two main roles throughout establishment of the

Xi, it spreads along the future Xi and recruits various

proteins that via different epigenetic mechanisms render

the X chromosome silent. Recently, several studies have

significantly increased the number of known Xist-inter-
acting proteins, that were determined using different

oligonucleotide pulldown methods [8��,9��,10��]. The

identified Xist interactors are involved in various func-

tions, such as transcriptional silencing, chromosome archi-

tecture and nuclear membrane attachment. All studies

identified SPEN (also known as SHARP) as a Xist inter-

acting-protein, in accordance with two genetic screens,

consisting of a forward genetic haploid screen [11] and a

shRNA screen [12], aimed to identify primary X silencing

factors. These studies showed that SPEN is required for

transcriptional repression [8��,11,12], via interaction with

the Xist A-repeat [9��,11], an Xist region that is essential

for gene silencing [13–16]. SPEN might interact with

Smart, an associated repressor protein, to recruit HDAC3,

leading to histone deacetylation and to PolII exclusion
www.sciencedirect.com
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Models of de novo Polycomb proteins recruitment to the Xi.

(a) The classical model for de novo Polycomb recruitment proposes

that PRC2, recruited to the Xi via Xist, establishes H3K27me3. This

repressive mark is recognized by one of the subunits of PRC1, that in

turn catalyzes H2AK119ub1.

(b) New evidence suggests that specific non-canonical PRC1

complexes interact with Xist [9��], establish H2AK119ub1

independently of H3K27me3 [88] and H2AK119ub1 promotes

recruitment of PRC2, leading to H3K27me3 [21��,22,23]. Recruitment

of PRC2 might be facilitated by JARID2 recognizing H2AK119ub1

[23,24], or may involve a mechanism independent of PRC1 through a

JARID2-Xist interaction [25].
from the Xi territory. Also, evidence suggests that SPEN

and HDAC3 are required for recruitment of Polycomb

Repressive Complex 2 (PRC2) [8��] (reviewed in [17]).

The exact chronology of events that lead to silencing is

still controversial. It was initially proposed that PRC2 via

direct interaction with the A-repeat catalyzes accumula-

tion of tri-methylation of lysine 27 in histone H3

(H3K27me3) [15], and this modification leads to PRC1

recruitment catalyzing monoubiquitination of lysine

119 in histone H2A (H2AK119ub1) [18–20]. However,

none of the oligonucleotide pulldown screens revealed an

interaction of Xist with core-PRC2 proteins. In contrast,

several canonical and non-canonical PRC1 subunits were

identified, suggesting a model were first PRC1 proteins

are recruited, which in turn might lead to PRC2 recruit-

ment [21��,22,23] (Figure 1). This recruitment might

involve the PRC2 cofactor JARID2, through binding

H2AK119ub1 [23,24], but may also be facilitated by

interaction of JARID2 with Xist [25]. Furthermore, the

Xist-interactor pulldown studies also identified proteins

related to late epigenetic changes in XCI, including the

histone variant macroH2A [26,27] and proteins involved

in CpG methylation [28,29].

Among other interesting proteins interacting with Xist
were Lamin-B receptor (LBR), an element of the nuclear

lamina, and RBM15, involved in N6-adenosine methyl-

ation (m6A). Xist contains many m6A RNA methylation

sites, and a recent in-depth study characterizing the role

of RBM15, its close homologue, RBM15B, and, the N6-

adenosine-methyltransferase, METTL3, indicate that

these proteins are involved in catalyzing m6A methyla-

tion of Xist RNA. In turn m6A methylated Xist is recog-

nized by the m6A reader YTHDC1, leading to gene

silencing through an unknown mechanism [30��]. The

Xi preferentially locates at the nuclear periphery and the

nucleolus [31–35], in agreement with the evidence that

heterochromatin is found in the same locations (reviewed

in Ref. [36]). The identification of LBR as an Xist inter-

acting protein, together with the evidence that the Xi

chromosome is associated with the nuclear envelope,

suggested a mechanism where both, LBR and Xist are

needed to position the Xi in proximity to the nuclear

lamina and induce structural changes leading to proper

Xist spreading and, in turn, gene silencing [37�]. More-

over, the Xi is often located at the periphery of the

nucleolus. Recent evidence suggests that Firre, another

X-linked lncRNA, has a role in anchoring the Xi to the

nucleolus [38�].

Other than recruiting silencing factors, Xist has the ability

to spread along the Xi. High-resolution Xist localization

studies provided relevant insights on Xist spreading dur-

ing initiation of XCI through two models of action. Xist
RNA, transcribed from a nuclear transcriptionally active

compartment, uses the three-dimensional conformation

of the X chromosome to initially spread to gene-rich
www.sciencedirect.com 
regions on the X chromosome, that undergo transcrip-

tional silencing [39]. Then these genes relocate to a silent

nuclear compartment, allowing the spreading of Xist to

the rest of the chromosome via proximity transfer. In a

different model Xist spreads via a two-step mechanism

during XCI initiation, first targeting gene-rich regions

followed by gene-poor regions [40]. Both studies suggest

that, LINE repeats are not enriched in Xist binding sites,

contrasting with the hypothesis that Xist utilizes LINE

repeats to spread along the X chromosome [41–44], and

suggesting that LINEs might not be the direct targets of

Xist. The idea that Xist might use the spatial conformation

of the X chromosome to spread and silence the future Xi

[39,45], highlights the importance of the X chromosome

topology in XCI.

X chromosome topology, revealing the
ArXISTecture
The development of genome capture technologies, from

the initial Chromosome Conformation Capture (3C) tech-

nology to its posterior variants (4C, 5C, HiC, etc.), has

been key to highlight the interdependence of genome

topology and transcription regulation (reviewed in Ref.

[46]). XCI represents a unique biological example in

which the active and inactive form of the same chromo-

some can be compared to retrieve information on the

interplay between genome topology and gene expression

and identify its main players. The development of the

HiC technology [47], led to the identification of Topo-

logically Associating Domains (TADs) [48,49], as regions

of the genome with more frequent physical interactions

inside its boundaries, than with regions outside.
Current Opinion in Cell Biology 2017, 46:54–61
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The transcriptional organization of the X chromosome inactivation center (Xic) and chromosomal architecture differences between the Xa and Xi.

(a) The X chromosome inactivation center (Xic) is predominantly divided in two neighboring TADs with its boundary located between the Xist and

Tsix promoter. In one TAD, elements that promote XCI via Xist transcription (red) are located, in the other TAD, elements that inhibit XCI via Tsix

transcription (green) are present. Upon differentiation, the Xist TAD becomes actively transcribed leading to Xist spreading, recruitment of silencing

factors and X-linked gene silencing (black), nonetheless some genes escape XCI (grey).

(b) The Xi shows an overall loss of TADs (green), in comparison to the Xa (blue). The Xi is organized in two mega-domains united via a hinge

region, where the microsatellite gene DXZ4 is located. Genes that escape XCI locate in the periphery of the Xi territory. Moreover, cohesins, key

players in shaping genome topology, seem to be depleted from the Xi.
Interestingly, the Xist and Tsix promoters are located in

neighboring TADs together with their own cis-regulators,
and deletion of this boundary region has two central

consequences (Figure 2A), disruption of the local

TAD-folding pattern and loss of long range transcrip-

tional control [48]. This indicates a common transcrip-

tional regulatory mechanism within these TADs and

antagonistic roles between them, where elements that

either activate or inhibit XCI are located. Studies addres-

sing the topological differences between the Xi and Xa

indicate that the Xi displays a more disorganized structure

and lacks long-range interactions, an organization funda-

mentally established and maintained by Xist [50,51�].
Moreover, models derived from these genome topology

studies show that escapees are located at the periphery of

the Xi territory, in accordance to previous imaging studies

[52–54]. The Xi shows an overall loss of TADs and the

presence of two mega-domains that are separated by a

hinge region, where the microsatellite repeat DXZ4 is

located [51,55,56�,57��] (Figure 2B). DXZ4 codes for a

lncRNA, that is differentially transcribed and regulated

between the Xi and the Xa [58,59]. Deletion of this hinge

region, both before and after initiation of XCI, leads to
Current Opinion in Cell Biology 2017, 46:54–61 
fusion of the two mega-domains [56�,57��]. However,

only the deletion of this region before XCI initiation

leads to the loss of chromatin accessibility and silencing

of facultative escapees [57��], thus highlighting the rela-

tion between initiation of XCI, Xi topology and gene

expression, although, the exact mode of action of DXZ4

remains unknown. Interestingly, high resolution micro-

scopic analysis of the two X territories suggested a model

where both the Xi and the Xa are organized in two

segments, which in turn, are organized in smaller domains

that are in closer proximity in the Xi, compared to the Xa

[60]. The proximity positioning of these small domains-

specific of the Xi, might translate at the HiC experiment

level, into the previously explained two mega-domains

conformation.

The chromatin insulator CTCF and cohesins are often

located at boundaries of TADs and regulate gene expres-

sion by creating long range interactions between cis-acting
elements [49,61–63]. CTCF and cohesins were identified

as Xist interacting proteins in one screen, and cohesins

were found to be depleted from the Xi [10��]. Interest-

ingly, deletion of Xist from the Xi, resulted in restoration
www.sciencedirect.com
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of cohesin binding and TAD structure reminiscent of the

Xa. These findings suggest a model were Xist is continu-

ously required to repel elements that control chromosome

topology, such as cohesin, to reduce physical contacts.

Despite the general loss of TADs on the Xi, genes that

escape XCI show local enrichment of CTCF binding sites

[64], involved in preservation of the local TAD organiza-

tion [57��]. Nonetheless, it is important to consider that

HiC topology contacts are retrieved from cell populations.

Single-cell HiC [65] and in silico studies using polymer

modeling [66], provided new insights in the expected

heterogeneity of nuclear architecture at the single cell

level. All these recent findings highlight the central role

for Xist in shaping Xi topological changes, partially asso-

ciated with X-linked transcriptional silencing. Thus indi-

cating that topological changes modulate gene expres-

sion, likely in a tight interplay where changes in gene

expression lead to topological changes.

X chromosome reactivation after
establishment of silencing
During female development maintaining two active X

chromosomes is lethal [67,68], indicating that tight regu-

lation of X-linked gene expression is essential. Interest-

ingly, a recent study, involving Sox2-Cre mediated dele-

tion of Xist in peri-implantation embryos challenges this

view [69�]. Although Xist knockout mice were born at a

lower than expected frequency and displayed silencing

defects, dosage compensation was still observed in the

absence of Xist. This study might implicate that loss of

Xist mediated random XCI is less deleterious than antici-

pated, but could also be related to delayed onset of Cre

expression around the time the Xi is established [70].

Cells with two active X chromosomes might be selected

against, and the presence of cells with partial XCI or loss

of XCI after Xist deletion might explain this unexpected

phenotype.

Previous studies examining loss of Xist after Xi establish-

ment indicated that reactivation is very rare in cultured

fibroblasts and X-reactivation only occurs in the presence

of histone deacetylases (HDAC) and DNA methylation

inhibitors [71]. Although this indicates that many epige-

netic layers are in place to prevent X-reactivation, loss of

Xist in differentiating cells has a profound effect on

chromosome topology of the Xi, refolding into a structure

that resembles the Xa [10��,50]. In addition, an RNA

interference screen identified several factors promoting

X-reactivation, by partly affecting Xist expression. Inter-

estingly, this study indicated that defective XCI via

deletion of the XCI factor stanniocalcin 1 (Stc1), does

not result in global over-expression of X-linked genes

[72], in agreement with studies examining Xist deletion in

female mouse embryos [69�]. These findings indicate the

presence of compensatory mechanisms, as suggested in

cells derived from Down syndrome patients, where only a
www.sciencedirect.com 
subset of chromosome 21 genes was found to be signifi-

cantly over-expressed [73].

Xi hyper mutation is frequently observed in different

types of cancer [74]. In breast cancer, for example, chro-

mosome abnormalities and the disappearance of the Barr

body are frequently found [75–77], pointing toward the

potential use of Xist and the Xi status as biomarkers for

breast cancer [78,79�]. In BRCA1 deficient cancers, loss of

the Xi and duplication of the Xa seems to be related to

genomic instability [80–82]. However for other types of

tumors, reactivation of X-linked genes has been reported

to coincide with aberrant distribution of epigenetic mod-

ifications associated with the Xi [79�]. Loss of Xist in the

murine hematopoietic lineage results in a highly pene-

trant hematologic phenotype [83]. Interestingly, the

hematopoietic lineage might be more susceptible to X

reactivation than other cell lineages, as this is the only

lineage capable of initiating XCI in adult tissues [84], thus

highlighting the plasticity of XCI in this linage. Addition-

ally, mature naı̈ve T and B cells during lymphocyte

maturation display a change in Xist localization and loss

of Xi associated chromatin marks and gene silencing,

which is reversed upon lymphocyte activation. This rees-

tablishment of the Xist coated Xi is mediated by the

transcription factor YY1 [85], in agreement with a study

that proposed a role for YY1 in tethering Xist to the Xi

[86]. As, YY1 has also been implicated in Xist transcription

regulation [87], follow-up experiments will be important

to discriminate between effects on localization and tran-

scription of Xist. Nevertheless, these studies highlight the

unanticipated plasticity of XCI with potential conse-

quences to disease.

Concluding remarks
The inactive X-chromosome undergoes chromosome-

wide epigenetic and topological changes, involved in

silencing of most X-linked genes. Recent publications

provide new insights in the Xist interacting proteins,

leading to the identification of new silencing factors

involved in XCI. Nonetheless, additional research is

needed to further characterize the exact role many of

these proteins and the time window they act, in silencing

and/or maintenance of silencing during XCI. Moreover,

new insights in high order chromatin structure show that

Xi topology is related to X-linked gene silencing and

regulation of escaping genes. Future studies, examining

topological changes on the Xi over time, in relation to

gene expression and CTCF and cohesin binding, would

provide valuable insights into the dynamics of XCI. The

interplay between topology and gene expression remains

unclear, representing a fundamental intriguing subject

that needs further investigation. Lastly, in adult tissues,

gene expression, three-dimensional organization and the

over-all Xi epigenetic status are essential to maintain the

Xi silent. These factors are also involved in XCR, none-

theless, it is still unclear to which extend loss of these
Current Opinion in Cell Biology 2017, 46:54–61
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factors can individually or collectively lead to XCR.

Further insights in this topic are specially relevant in

the light of the efforts that nowadays are put into partially

or totally reactivating the inactive X chromosome in order

to treat X-linked diseases in women, such as Rett

syndrome.
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◥DNA METHYLATION

The DNA methyltransferase DNMT3C
protects male germ cells from
transposon activity
Joan Barau,1 Aurélie Teissandier,1,2 Natasha Zamudio,1* Stéphanie Roy,3

Valérie Nalesso,4,5,6 Yann Hérault,4,5,6 Florian Guillou,3 Déborah Bourc’his1†

DNA methylation is prevalent in mammalian genomes and plays a central role in the
epigenetic control of development.The mammalian DNA methylation machinery is thought
to be composed of three DNA methyltransferase enzymes (DNMT1, DNMT3A, and DNMT3B)
and one cofactor (DNMT3L). Here, we describe the discovery of Dnmt3C, a de novo DNA
methyltransferase gene that evolved via a duplication of Dnmt3B in rodent genomes and was
previously annotated as a pseudogene.We show that DNMT3C is the enzyme responsible for
methylating the promoters of evolutionarily young retrotransposons in the male germ line
and that this specialized activity is required for mouse fertility. DNMT3C reveals the plasticity
of themammalianDNAmethylation systemand expands the scope of themechanisms involved
in the epigenetic control of retrotransposons.

G
enome defense via transcriptional silenc-
ing of transposable elements has been
proposed to be a driving force for the
evolution of DNAmethylation (1). Retro-
transposons occupy half of mammalian

genomic space, and their control is of paramount
importance in the germ line: Their activity can
damage the hereditary material with an impact

on fertility and the fitness of subsequent genera-
tions (2). In mammals, after germline epigenet-
ic reprogramming, small RNA-directed DNA
methylation establishes life-long epigenetic si-
lencing of retrotransposons during the perinatal
period of spermatogenesis (3). Piwi-interacting
RNAs (piRNAs) are the cleavageproducts of retro-
transposon transcripts and guide DNA methyla-

tion to the promoters of these elements through
homology recognition (4, 5). Mammals have spe-
cifically evolved a catalytically inactiveDNAmethyl-
transferase (DNMT) cofactor,DNMT3L, which acts
downstream of the piRNA pathway (6, 7). The
inactivation of DNMT3L or PIWI-pathway pro-
teins invariably results in hypomethylation and
reactivation of retrotransposons, meiotic failure,
azoospermia, and male sterility marked by small
testis size (hypogonadism) (8).
To gain insights into the biology of retrotrans-

poson silencing in the germ line, we screened a
collection of hypogonadal male mice generated
throughN-ethyl-N-nitrosourea (ENU)mutagenesis
for ectopic retrotransposon activity (fig. S1, A and
B). Five independent positive lines were obtained,
but all showed linkage to the same genomic
interval on chromosome 2 (fig. S1C), suggesting
that they shared a spontaneous, ENU-independent
mutation. Whole-genome sequencing revealed a
de novo insertion of an IAPEz element, a subclass
of inracisternalA-particle (IAP) retrotransposon, in
the last intron of the Gm14490 gene (Fig. 1A and
fig. S1, D to F). Gm14490 maps 9 kilobases (kb)

SCIENCE sciencemag.org 18 NOVEMBER 2016 • VOL 354 ISSUE 6314 909

Fig. 1. Gm14490 encodes a male germ cell–
specific de novo DNAmethyltransferase, DNMT3C.
(A) Structure of Gm14490 (Ensembl 2011) and po-
sition of the IAPEz insertion (antisense orienta-
tion). RACE and RNA-seq analysis of E16.5 and
P10 testis identifies a long isoform with coding
potential (ATG, green triangle). (B) Gm14490 is de-
tected in testis by reverse transcription–quantitative
polymerase chain reaction (RT-qPCR), but not in
germ cell–depleted testis from Dnmt3LKO/KO ani-
mals. Tissues from 10-week-old mice, unless other-
wise specified. (C) RT-qPCR of the two Gm14490
isoforms during testis development. Predominant
germ cell populations are represented. Primordial
germ cells (PGC), spermatogonial stem cells (SSC),
and spermatogonia (Spg). (D) DNMT3C shows
characteristics of DNMT3 proteins—conserved
methyltransferase (MTase) motifs and an ADD do-
main, but no PWWP domain. (E) RNA-seq support-
ing wild-type and mutant Dnmt3C IAP splicing
events in E16.5 testis. (F) LUminometric methyla-
tion assay (LUMA) of global CpG methylation in
Dnmt-tKO ESCs that transiently express Dnmt3C-
and Dnmt3B-3XFLAG alleles. Data are mean ±
SD from three technical replicates in (B) and (C)
and from three biological replicates in (F). nd, not
detectable.
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downstream of the Dnmt3B gene and was an-
notated as a nonfunctional tandemduplication of
Dnmt3B, based on lack of transcription and recog-
nizable open reading frames (ORFs) (9).
We found that Gm14490 was exclusively ex-

pressed in male germ cells (Fig. 1B and fig. S2A).
Using RNA sequencing (RNA-seq) and rapid am-
plification of cDNA ends (RACE), we annotated
two transcript isoforms, whose expression was
tightly regulated during spermatogenesis (Fig. 1,
A and C). The short, noncoding isoform was ex-
pressed in postnatal testes. However, the long iso-
form (2.8 kb) possessed a 709-codon ORF, and its
expression sharply peaked around embryonic
day 16.5 (E16.5), coinciding with male germline
de novo DNAmethylation (5, 10). In comparison,
Dnmt3B is expressed in germ cells, early embryos,
and somatic tissues of both sexes (11, 12). Using
discriminating primers, we showed independent
regulation ofDnmt3B and Gm14490 during sper-
matogenesis (fig. S2B). The coding potential and

specific developmental regulation of Gm14490
led us to reconsider it as a functional paralog of
Dnmt3B rather than a pseudogene, and thus we
renamed it Dnmt3C.
The long Dnmt3C isoform encodes a protein

with an organization characteristic of DNMT3
enzymes: six methyltransferase motifs (I, IV, VI,
VIII, IX, and X) in C-terminal position and an
N-terminal ATRX-DNMT3L-DNMT3A (ADD) do-
main, which binds unmethylated lysine 4 resi-
dues of histone H3 (H3K4) (Fig. 1D and fig. S2C)
(13). However, DNMT3C lacks the Pro-Trp-Trp-
Pro (PWWP) domain, which targets DNMT3 pro-
teins to gene bodies through recognition of
H3K36 trimethylation (H3K36me3) (14, 15). Over-
all, DNMT3C exhibits 70% identity with DNMT3B,
while DNMT3A and DNMT3B are 46% identical.
In hypogonadalmutants, the IAP insertion did not
affect Dnmt3C transcript levels but provided an
alternative splice acceptor site, which led to the
exclusion of Dnmt3C last exon in favor of the

retrotransposon sequence in a chimeric Dnmt3C-
IAPmRNA (Fig. 1E and fig. S2, D and E). Its pre-
dicted translation product lacks motifs IX and X
(fig. S2C), which are essential for the AdoMet-
dependent methyltransferase fold and for the
binding of the methyl donor S-adenosyl methi-
onine, respectively (16).
To demonstrate that DNMT3C is catalytically

active, we performed an in vivo DNA methyla-
tion assay. Dnmt3C is not expressed in mouse
embryonic stem cells (ESCs) (Fig. 1B). By trans-
fecting constructs driving Dnmt3C expression
in DNAmethylation-free ESCs (Dnmt1, Dnmt3A,
and Dnmt3B triple-knockout; Dnmt-tKO) (17), we
observed a gain of CpG methylation (10 to 20%),
similar to that observed upon Dnmt3B transfec-
tion (Fig. 1F and fig. S2, F and G). The mutant
Dnmt3CIAP allele failed to raise CpGmethylation
levels, as didDnmt3C andDnmt3Bmutant alleles
with a missense mutation in the catalytic site
(DNMT3C C507A and DNMT3BC658A, in which
cysteine at position 507 and 658 is replaced by
alanine). An in vitroDNAmethylation assay using
the DNMT3Cmethyltransferase domain showed
concordant results (fig. S2,H and I). These findings
demonstrate that DNMT3C is an enzymatically
active member of the DNMT3 family of de novo
DNA methyltransferases.
Dnmt3CIAP/IAPanimalswere somaticallynormal,

and only males were sterile (fig. S3A). Hypo-
gonadism was linked to azoospermia with inter-
ruption of spermatogenesis at the pachytene stage
of meiosis I, in the context of impaired chromo-
some synapsis (Fig. 2, A to C). The developmental
phenotype ofDnmt3Cmutantmice was similar to
that observed in Dnmt3LKO/KO males (7, 18), sug-
gesting that DNMT3C could be involved in trans-
poson silencing during spermatogenesis. Indeed,
the same set of retrotransposonswereup-regulated
inDnmt3CIAP/IAP andDnmt3LKO/KO testes at P20
(postnatal day 20) (Fig. 2D and fig. S3B) (18). Long
interspersed nuclear elements (LINEs or L1s)
showed the strongest reactivation, and more
specifically evolutionarily young subfamilies: type
A, T, and Gf transcripts were increased by 10-fold
in Dnmt3CIAP/IAP testes, in association with ac-
cumulation of L1-encodedORF1 proteins (Fig. 2E).
Among endogenous retroviruses (ERVs), reac-
tivation was specific to some ERVK families
(MMERVK10C, IAPEz, and IAPEy). As in the
case of the Dnmt3L mutation, L1 and IAPEz de-
repression was linked to a DNA methylation
defect in Dnmt3CIAP/IAP testes (Fig. 2F), despite
normal expression of piRNA/DNA methylation
genes and piRNA production during fetal sper-
matogenesis (fig. S3, C to F). Finally, we con-
firmedDNMT3C function by generating aDnmt3C
knockout mouse through CRISPR-Cas9–mediated
deletion (fig. S4A). TheDnmt3CKO allele recapitulated
theDnmt3CIAP/IAP developmental andmolecular
phenotypes in homozygous Dnmt3CKO/KO males
and failed to complement the Dnmt3CIAP allele
in Dnmt3CIAP/KO compound heterozygous males
(fig. S4, B to E).
To assess the contribution of DNMT3C to

male germlinemethylation, we performedwhole-
genome bisulfite sequencing (WGBS) in sorted

910 18 NOVEMBER 2016 • VOL 354 ISSUE 6314 sciencemag.org SCIENCE

Fig. 2. Phenotype of Dnmt3CIAP/IAP males. (A) Hypogonadism (6-week-old mice). Scale bars, 5 mm.
(B) Severe germ cell loss in testis sections (11-week-old mice). Scale bars, 100 mm. (C) Impaired chro-
mosome synapsis at meiosis as detected by immunofluorescence against synaptonemal complex
proteins (SYCP1 and SYCP3). Scale bars, 4 mm. (D) RNA-seq heatmap shows overexpression of young L1
and specific ERVK types in Dnmt3CIAP/IAP compared to Dnmt3CIAP/WT testis at P20. Annotations from
RepeatMasker. (E) Aberrant expression of L1-ORF1 proteins in Dnmt3CIAP/IAP germ cells (TRA98-positive)
at P20. Scale bars, 50 mm. (F) L1A-5′UTR and IAPEz-5′LTR are hypomethylated in Dnmt3CIAP/IAP testis
DNA at P20, as inDnmt3LKO/KO testis. Southern blot analysis aftermethyl-sensitive Hpa II digestion. Msp I
is used as a digestion control.
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germ cells from testes at P10, when de novo DNA
methylation is completed. Overall CpG methyla-
tion levels ofDnmt3CIAP/IAPmutant cells were not
markedly different from the Dnmt3CIAP/WT con-
trol (77.7 versus 78.5%). A slight decrease was only
apparent when focusing on transposons (81.5
versus 84.2%), and more specifically on LINEs,
ERVK, and ERV1 (Fig. 3, A and B). Accordingly,
there was only a limited number (264) of differen-
tially methylated regions (DMRs) inDnmt3CIAP/IAP

versus Dnmt3C IAP/WT germ cells (fig. S5A); all
reflected hypomethylation in the mutant, and
most overlapped with LINEs (34%) and ERVs
(48%). RepeatMasker annotations further high-
lighted that the same families that were tran-
scriptionally derepressed were hypomethylated
in Dnmt3CIAP/IAP testes; namely, young L1s and

specific ERVKs (Fig. 2D and Fig. 3C). By com-
parison, deletion of DNMT3L had a stronger
and broader impact: Dnmt3LKO/KO germ cells
exhibited only 39% of global CpG methylation,
and all genomic compartments and retrotrans-
poson classes were affected (Fig. 3, D and E, and
fig. S5B).
The DNA methylation defect in Dnmt3C mu-

tants only reached 30% at themost for young L1s
(Fig. 3C). We reasoned that DNMT3C selectively
affects transcriptionally active retrotransposon
copies, as these are targets of piRNA-dependent
DNA methylation during fetal spermatogenesis
(4, 5). Indeed, individual L1-A and -T elements
with a 5′ promoter (length >5 kb) and the highest
similarity toward the consensus sequence showed
the greatestDNAmethylation loss inDnmt3CIAP/IAP

cells (Fig. 3F and fig. S4C). Additionally, DNMT3C-
dependent DNAmethylation was not evenly dis-
tributed across the length of these transcriptionally
competent elements, but rather focalized to their
promoters [5′ untranslated region (UTR)] (Fig.
3G), in a pattern previously observed in piRNA-
deficientMiliKO/KOmales (fig. S5D) (4). Older L1-F
elements did not show such trends (Fig. 3F and
fig. S5C). By contrast,Dnmt3L deficiency caused
demethylation of L1s independently of their age
and throughout their sequence (Fig. 3H).
ERVKs exhibited milder methylation loss

(10%) than LINEs in Dnmt3C IAP/IAP cells (Fig.
3C), and this was not related to the size or the
sequence conservation of individual copies (fig.
S5, C and E). ERVKs partially resist the genome-
wide erasure of methylation that occurs in the

SCIENCE sciencemag.org 18 NOVEMBER 2016 • VOL 354 ISSUE 6314 911

Fig. 3. DNMT3Cmethylates evolution-
arily young retrotransposon promo-
ters. (A and B) Tukey box-plot
representation of CpGmethylation con-
tent as determined by WGBS over
different (A) genomic compartments
and (B) retrotransposon classes in con-
trol Dnmt3C IAP/WT (purple) and mutant
Dnmt3C IAP/IAP (yellow) germ cells at
P10. (C) Percentage of DNA methylation
loss within individual retrotransposon
families in Dnmt3CIAP/IAP samples.
(D and E) As in (A) and (B) but for
Dnmt3LKO/WT (green) and Dnmt3LKO/KO

(red) germ cells. (F) Plotting of DNA
methylation loss over individual copies
of L1 families according to genetic dis-
tance from consensus sequences.
(G andH) Metaplots of DNAmethylation
over full-length L1s (>5 kb) comparing
(G) Dnmt3CIAP/IAP and (H) Dnmt3LKO/KO

versus control samples. (I) Left: Heat-
map of Dnmt3CIAP/IAP and control DNA
methylation levels across paternally
imprinted loci. Right: Methylation maps
at the Rasgrf1 locus.
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fetal germ line (19, 20); this likely explains their
limited dependency toward DNMT3C remethyla-
tion activity. Nevertheless, DNMT3Cdependency
was still greatest over regulatory long-terminal
repeat (LTR) sequences ofMMERVK10C (fig. S5F)
and IAPEz elements when highly conserved copies
were analyzed by bisulfite pyrosequencing (fig.
S4E). Finally, among paternally methylated im-
printed loci, only the Rasgfr1 imprinting control
region (ICR)washypomethylated inDnmt3CIAP/IAP

germ cells (Fig. 3I). This ICR includes an ERVK
LTR fragment, which acquires DNAmethylation
in a piRNA-dependentmanner during spermato-
genesis (21). This highlights again the genomic
convergence between piRNA and DNMT3C tar-
geting in fetal male germ cells.
DNMT3C is highly specialized at methylating

young retrotransposon promoters in the male
germ line. In comparison,DNMT3B is not involved
in germ cell development but establishes somatic
methylation patterns genome-wide in the early
embryo (11, 22, 23). DNMT3Chas therefore evolved
its own regulatory pattern and genomic targets,
which have diverged from the ancestral DNMT3B
copy. Despite the strict requirement of DNMT3C
in the mouse, the Dnmt3C duplication is not uni-
versal among mammals but occurred ~46million
years ago in the last common ancestor of the
muroid rodents (Fig. 4, A and B, and fig. S6, A
and B). These represent the largest mammalian
superfamily, with 1518 species accounting for

28% of all extant mammals (fig. S5C) (24), and
include the two primary models for biomedical
research, particularly in reproduction and endo-
crinology: the mouse and the rat. The genomes
ofMuroidea carry a heavy burden in young trans-
posons: 25% have integrated in the last 25 million
years with currently thousands of active copies
(25). In comparison, most human transposons
became extinct during that time (26).
The lack of transposon methylation defects in

the germ cells of Dnmt3A or Dnmt3B mutant
mice had been previously interpreted as a sign
of functional redundancy between these two
enzymes (23, 27). We show here that this func-
tion relies insteadonanadditional denovoDNMT.
ThemammalianDNAmethylationmembers should
now be considered as a quintet: DNMT1, 3A, 3B,
3C, and 3L. The two most recent evolutionary
additions are linked to reproduction: The euthe-
rianDNMT3L cofactor stimulates germlinemeth-
ylation genome-wide, and the muroid DNMT3C
enzyme methylates young retrotransposons dur-
ing spermatogenesis. Future research should re-
solve the biochemicalmechanism that designates
specific sequences for DNMT3C-dependent DNA
methylation. Its PWWP-free statusmay prevent it
from targeting H3K36me3-enriched gene bodies
and redirect it to retrotransposon promoters.
In conclusion, our discovery of DNMT3C raises
a new set of challenges to the current views of
the remarkable evolution of DNA methyltrans-

ferases, the regulation of the de novo methyl-
ation process, and its tight links with the selective
pressure to epigenetically control transposons in
the germ line.
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Fig. 4. Phylogenetic dis-
tribution of Dnmt3C.
(A) Locus organization and
synteny around the Dnmt3B
(blue) and Dnmt3C (red)
genes in human, rabbit,
mouse, and rat genomes.
(B) Dnmt3C distribution in
the mammalian phyloge-
netic tree with a focus on the
Rodentia order. Species in
detail have available
sequenced genomes. Red
branches: Muroidea families
in which Dnmt3C was iden-
tified; dashed branches:
Muroidea families without
available genome sequence.
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