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transposons ( Lander et al., 2001 ). While most TEs in the genome

are inactivedue tomutations and/or truncations, around1%–2%

of long interspersed nuclear elements (LINEs) and endogenous

retroviruses (ERVs) remain able to retrotranspose ( Maksakova

et al., 2006 ). Notably, the ERV family members intracisternal A

particles (IAPs) and early transposons (ETns) are themost active

TEs in the murine germline ( Maksakova et al., 2006 ).

Due to their ability to retrotranspose, TEs are thought to play

an important role in genome evolution, but can also cause ge-

(miRNAs) and endogenous short interfering RNAs (endosiRNAs)

that control TE expression have been identified ( Tamet al., 2008;

Flemr et al., 2013; Watanabe et al., 2006 ), and in the male germ-

line PIWI-interacting small RNAs (piRNAs) can also control TE

expression ( Aravin et al., 2008
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genome-wide pervasive transcription antisense to transposons

leads to an RNAi response as a defense mechanism against

TEs (Cruz and Houseley, 2014). Sense/antisense transcription

permits the production of double-stranded RNA (dsRNA) trig-

gering RNAi (Fire et al., 1998), which has also been identified

as a control mechanism of TEs (Robert et al., 2005).

Here we test the hypothesis that genic transcripts antisense to

TEs serve as a trap for transcriptional activation of TEs during

global demethylation in mammals. Generation of Dicer as well

as Ago2 conditional and constitutive knockout ESC lines in the

background of a Dnmt1 conditional knockout (cKO) line allowed

us to define an ‘‘immediate’’ endosiRNA-dependent repressive

response to TE activation and a subsequent ‘‘chronic’’ response,

characterized by targeting of repressive histone modifications.

RESULTS

Acute Dnmt1 Deletion Leads to TE Demethylation
in ESCs
Our experimental system recapitulates epigenetic reprogram-

ming of early embryos and PGCs



We next analyzed the total RNA-seq data to determine

whether both sense and antisense transcription was detectable
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TEs that were solely dependent on DICER for their silencing,

such as L1MdGf (Figures 3



The generation of the two constitutive and conditional KOESCs in

the background of the



of the ‘‘immediate’’ defense. Therefore, the ‘‘immediate’’ and

‘‘chronic’’ responses are not only staggered in time, but also

appear mechanistically linked. Unravelling the molecular under-

pinnings of this link will be an important topic of future work.

The specific response of IAPs and LINEs to loss of DICER

may be explained by the fact that they embody the most active

retrotransposition competent TE copies in the mouse germline

(Maksakova et al., 2006) and are primarily guarded by endo-

siRNAs, with chromatin playing a secondary role in their tran-

scriptional restriction. Other TEs, in contrast, are primarily

controlled by chromatin redistribution upon global demethyla-

tion. The present study highlights the exquisite variety and inter-

play of epigenetic modifications by which the transcription of

different TE families is regulated. Future work in this area, partic-

ularly with high-coverage long-read sequencing, will hopefully

allow the characterization of transcriptional and epigenetic regu-

lation of individual TE copies in the genome.

We identified DICER as an important factor in small RNA-

dependent silencing of TEs. Nonetheless, DICER-independent

AGO2-bound small RNAs may also play a role in TE silencing

(Babiarz et al., 2008; Murchison et al., 2005). DICER-indepen-

dent small RNAs might also explain the repression of ETns, to

which increasing amounts of AGO2-bound small RNAsmapped,

but which were not responsive to Dicer KO.

TEs benefit from transcriptional activation in the germline, but

not in somatic cells (Haig, 2016). Hence, one might speculate

that they may regulate aspects of epigenetic reprogramming in

germ cells to their benefit. In this respect, TEs may not be the

sole benefactors of their own mobilization, but it also impacts

the creation of novelty in the host genome. Nevertheless, unre-

strained activation and transposition would presumably be detri-

mental to the host genome, and hence a sophisticated balance

of regulatory mechanisms for TEs has evolved in the germline,

including the chromatin retargeting and the endosiRNA pathway

we report here.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CD4 microbead Miltenyl Biotec Cat #: 130-045-101

Alexa Fluor 647, goat anti-mouse IgG antibody Thermo Fisher Scientific Cat# A-21236; RRID: AB_141725

Alexa Fluor 568 donkey anti - rabbit IgG antibody Thermo Fisher Scientific Cat# A10042; RRID: AB_2534017

Rabbit Anti-Nanog Polyclonal Antibody,

Unconjugated

Abcam Cat# ab80892; RRID: AB_2150114

AGO2 antibody Dr. O’Carrolls lab N/A

Histone H3K9me3 antibody Active Motif Cat #: 61013; RRID: AB_2687870

H3K27me3-mouse antibody Active Motif Cat #: 39155; RRID: AB_2561020

Histone H3K9me2 antibody Abcam Cat #: ab1220; RRID: AB_449854

Bacterial and Virus Strains

E.coli: One Shot TOP10 chemically competent cells Thermo Fisher Scientific Cat #: K450001

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma-Aldrich Cat #: T5648-1G

mouse LIF Stem Cell Institute, Cambridge N/A

Na/Deoxycholate Sigma-Aldrich Cat #: D6750-10G

N-lauroylsarcosine Sigma-Aldrich Cat #: 61739-5G

Vanadyl ribonucleoside complex New England Biolabs Cat #: S1402S

Lipofectamine 2000 Thermo Fisher Scientific Cat #: 11668027

Protein G-coupled Dynabeads Thermo Fisher Scientific Cat #: 10003D

HiFi Uracil+ ReadyMix KAPABiosystems Cat #: KK2801

T4 RNA Ligase 2, truncated New England Biolabs Cat #: M0242S

Tri-Reagent Sigma-Aldrich Cat #: T9424-200ML

Phenol/chloroform/isoamylalcohol (25:24:1) Life Technologies Cat #: 15593031

Triton X-100 Sigma-Aldrich Cat #: RES9690T

Dimethylsulfoxide (DMSO) Thermo Fisher Scientific Cat #: TS-20684

Ampicillin Sigma-Aldrich Cat #: A9518-5G

Penicillin/Streptomycin Thermo Fisher Scientific Cat #: 15140122

L-glutamine Thermo Fisher Scientific Cat #: 25030081

Non-essential amino acids Thermo Fisher Scientific Cat #: 11140050

2-Mercaptoethanol (50mM) Life technologies Cat #: 31350-010

RNase A Thermo Fisher Scientific Cat #: EN0531

cOmplete Protease Inhibitor Cocktail Sigma-Aldrich Cat #: 00000001169 7498001

Proteinase K Thermo Fisher Scientific Cat #: EO0491

Paraformaldehyde 16% Solution Agar Scientific Cat #: AGR1026

Gelatine Sigma-Aldrich Cat #: G9391

DTT Sigma-Aldrich Cat #: D0632-1G

Fetal Bovine Serum (FBS) Stem Cell Institute, Cambridge N/A

DMEM (High Glucose) w/L-Glutamine andamp;

Na Pyr
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http://may2012.archive.ensembl.org/Mus_musculus/Info/Index
http://www.repeatmasker.org/


CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rebecca

Berrens (rebecca.berrens@gmail.com). The AGO2 antibody was obtained from EMBL, after establishing an MTA with the laboratory

of Prof. Donal O’Carroll at University of Edinburgh.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Mouse embryonic stem cell (ESC) lines were used in this study. Dnmt1loxP/loxP ESCs (strain C57BL/6) were obtained from Haruhiko

Koseki, RIKENCenter for Integrative Medical Sciences, Yokohama City, Japan (Sharif et al., 2016).Dicer/Dnmt1 cDKO, Ago2/Dnmt1

cDKO, Dicer KO and Ago2 KO ESC lines were generated usingDnmt1loxP/loxP ESCs using the CRISPR/Cas9 targeting and screening

primers mentioned in Table S3.

mailto:rebecca.berrens@gmail.com
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://www.bioinformatics.babraham.ac.uk/projects/bismark/
https://www.bioinformatics.babraham.ac.uk/projects/bismark/
http://ccb.jhu.edu/software/tophat/index.shtml
https://github.com/bowhan/piPipes/wiki
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.r-project.org/
http://www.adobe.com/de/products/illustrator.html


Mice
All in vivo PGC samples were collected from timed matings of C57Bl/6J male with C57BL/6J female mice carrying the Oct4-GFP

https://chopchop.rc.fas.harvard.edu/
http://crispr.mit.edu/




addition of 0.3MNaCl and the DNAwas eluted from the gel by rotation over night at 4�C. The DNAwas precipitated in EtOH overnight

and the library was quantified using the HighSensitivity Bioanalyzer kit. The small RNA-seq libraries were additionally quantified

by Kapa Library Quantification. The libraries were pooled according to their molecular weight. High-throughput sequencing of all

libraries was carried out with a 50 bp SE on Miseq or SE and PE on Illumina HiSeq 2500 instruments.

Total RNA-seq libraries
Stranded Total RNaseq libraries were prepared according to manufacturers’ protocols using the Illumina stranded Total RNaseq

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
https://github.com/bowhan/piPipes
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