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Epigenetic Control as a Defense 

but also a Resource for the Host and its Selfish Parasites 

!  RNA interference and Epigenetic silencing mechanisms co-evolved with TEs to 
protect the host genome but also provide opportunities for new functions

!  Ongoing arms race between TE and Host  => evolving attack + defense strategies
!  Epigenetic mechanisms: opportunity for heritable and reprogrammable control
!  RNA and DNA-targeting of epigenetic machinery: ancient RNAi strategies 

(piRNAs and protecing the germ line - last week)
!  KRAB-Zinc finger proteins (this week)

!  TEs and their hosts co-evolve through a fine balance between potentially 
deleterious effects for the individual and adaptive benefits of genetic diversity 
for the species….

They exert a wide range of transcriptional 
influence, either directly or via host 
mechanisms responsible for their control. 

This week:
 DNA-based targeting of TEs for silencing 

Expression, control and potential roles of TEs during development
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 Mammalian Retrotransposons 

From Crichton et al, 2014

"  Humans: a few (<10) “Hot” L1s account for most L1 and Alu retrotransposition 
"  Human ERVs are generally immobile except for HERVH/HERVK
"  In mice  several 100 young, potentially mobile LINEs 
"  In mice, ERVs (esp IAP and ETns) account for 10% of spontaneous mutations
"  In both mice and humans, truncated/mutated TEs are still transcriptionally active: 
"  => material for regulatory landscapes of host genes…
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LTR and non-LTR Retrotransposons 

Host	
  Factors	
  =	
  	
  	
  HF	
  

From Gerdes et al, 2016
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LTR and non-LTR Retrotransposons 

From Gerdes et al, 2016
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Impact of TE insertions on Gene Regulation 

From Gerdes et al, 2016
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Retrotransposon Control Strategies? 
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DNA or RNA strategies


Chromatin ���

 DNA methylation


Both RNA and DNA based mechanisms of TE recognition exist:

• RNA interference is an almost universal feature of TE control
  Small RNAs derived from TEs can:
#  target TE mRNA for degradation and translational inhibition
#  target TE chromatin for heritable epigenetic modifications (H3K9me/HP1; DNA me)

• DNA sequences of TEs can be recognized by repressor proteins (zinc finger 
proteins) that bind specifically and can recruit heterochromatin-inducing factors 

(eg KAP1/TRIM28, a scaffold for 
heterochromatin inducing machinery including 
histone methyltransferases and deacetylases, 
DNA methyltransferases)

• Different eukaryotes exploit different types and combinations of controls
- control strategy also varies depending on cell type, or developmental stage
- as well as on the nature and age of the TE
- the older TE relics and their control are often co-opted for host gene regulation

Eva-Maria Weick, and Eric A. Miska Development 
2014;141:3458-3471 

Eva-Maria Weick, and Eric A. Miska Development 2014;141:3458-3471 

 
Targeting of TEs for repression 
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 Targeted TE silencing by the Krüppel-associated box zinc 

finger proteins (KRAB-ZFP) and KAP1/TRIM28 

Hypothetical model of ERV/KRAB-ZFP 
adaption as regulators of gene expression. See 
Figure for explanations

Castro-Diaz, 2014; Ecco et al, 2016; Karimi et al, 2011; Matsui et al, 2010; Rowe et al, 2010; Wolf and Godd 2009; 
Wolf et al, 2015

An	
  evolu1onary	
  arms	
  race	
  between	
  
EREs	
  and	
  KRAB-­‐ZFPs.	
  Es1mated	
  
number	
  of	
  LTR	
  elements	
  [64]	
  and	
  
KRAB-­‐ZFPs	
  [15]	
  in	
  vertebrates.	
  The	
  
phylogene1c	
  tree	
  is	
  an	
  approximate	
  
reprint	
  of	
  a	
  previously	
  published	
  tree	
  
[64]	
   Phylogene1c	
  tree	
  of	
  mouse	
  and	
  human	
  

KRAB-­‐ZFPs.	
  277	
  mouse	
  (green	
  circles)	
  and	
  
339	
  human	
  (red	
  circles)	
  KRAB-­‐ZFP	
  sequences	
  
(all	
  proteins	
  with	
  both	
  KRAB	
  and	
  C2H2	
  zinc	
  
finger	
  domains)	
  were	
  retrieved	
  from	
  the	
  
UCSC	
  Gene	
  Sorter	
  tool	
  (hZps://
genome.ucsc.edu/).	
  KRAB	
  domains	
  were	
  
annotated	
  through	
  a	
  Pfam	
  domain	
  (PF01352)	
  
screen	
  (hZp://pfam.xfam.org/),	
  extracted,	
  
and	
  aligned	
  with	
  MUSCLE	
  [197]	
  to	
  infer	
  a	
  
Maximum-­‐likelihood	
  phylogene1c	
  tree	
  using	
  
MEGA	
  version	
  6	
  with	
  default	
  parameters	
  
[198].	
  All	
  KRAB	
  sequences	
  are	
  provided	
  as	
  
Addi1onal	
  file	
  1.	
  Exemplary	
  propor1ons	
  of	
  
the	
  tree	
  that	
  contain	
  ERE-­‐silencing	
  KRAB-­‐
ZFPs	
  or	
  KRAB-­‐ZFPs	
  conserved	
  between	
  
mouse	
  and	
  human	
  (e.g.,	
  PRDM9,	
  ZNF282,	
  
and	
  ZNF777)	
  are	
  shown	
  in	
  more	
  detail	
  

KRAB-ZFPs are largest family of gene regulating proteins in mammalsPhylogenetic tree of mouse and 
human KRAB-ZFPs. 277 mouse 
(green circles) and 339 human 
(red circles) KRAB-ZFP 
sequences (all proteins with both 
KRAB and C2H2 zinc finger 
domains) from UCSC Gene 
Sorter tool (https://
genome.ucsc.edu/). 

KRAB domains were annotated 
through a Pfam domain 
(PF01352) screen (http://
pfam.xfam.org/), extracted, and 
aligned with MUSCLE  to infer 
a Maximum-likelihood 
phylogenetic tree using MEGA 
version 6 with default 
parameters

Exemplary proportions of the 
tree that contain ERE-silencing 
KRAB-ZFPs or KRAB-ZFPs 
conserved between mouse and 
human (e.g., PRDM9, ZNF282, 
and ZNF777) are shown in more 
detail

Primate	
  genomes	
  have	
  endured	
  waves	
  
of	
  retrotransposon	
  inser1ons	
  despite	
  
the	
  host's	
  aZempts	
  to	
  prevent	
  them	
  
and	
  to	
  block	
  their	
  transcrip1on.	
  KRAB	
  
domain	
  containing	
  zinc-­‐finger	
  proteins	
  
(KZNFs)	
  plays	
  a	
  role	
  in	
  this	
  
transcrip1onal	
  silencing	
  in	
  mouse	
  
embryonic	
  stem	
  cells.	
  KZNFs	
  are	
  one	
  of	
  
the	
  fastest	
  growing	
  gene	
  families	
  in	
  
primates;	
  this	
  expansion	
  has	
  been	
  
hypothesized	
  to	
  enable	
  primates	
  to	
  
respond	
  to	
  newly	
  emerged	
  
transposable	
  elements.	
  Here	
  the	
  
authors	
  provide	
  evidence	
  in	
  support	
  of	
  
this	
  theory.	
  They	
  show	
  that	
  two	
  
primate-­‐specific	
  KZNF	
  genes,	
  ZNF91	
  
and	
  ZNF93,	
  have	
  evolved	
  during	
  the	
  
past	
  25	
  million	
  years	
  to	
  repress	
  dis1nct	
  
retrotransposon	
  families	
  that	
  emerged	
  
during	
  this	
  1me	
  period.	
  According	
  to	
  
the	
  new	
  data,	
  KZNF	
  gene	
  expansion	
  
limits	
  the	
  ac1vity	
  of	
  newly	
  emerged	
  
retrotransposons,	
  which	
  subsequently	
  
mutate	
  to	
  evade	
  repression.	
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  tree	
  using	
  
MEGA	
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  sequences	
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Addi1onal	
  file	
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  propor1ons	
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the	
  tree	
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  ERE-­‐silencing	
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  between	
  
mouse	
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  human	
  (e.g.,	
  PRDM9,	
  ZNF282,	
  
and	
  ZNF777)	
  are	
  shown	
  in	
  more	
  detail	
  

KRAB-ZFP binding to DNA & 
induction of heterochromatin: 

Protein–DNA interaction between 
ZNFs and DNA mediated by 4 
amino acids at positions −1, 2, 3, 
and 6 of the α-helix

KAP1	
  Protein:	
  An	
  Enigma1c	
  Master	
  Regulator	
  
of	
  the	
  Genome*	
  
Sushma	
  Iyengar‡§	
  and	
  Peggy	
  J.	
  Farnham§,1	
  

Cell 2007 131, 13-14DOI: (10.1016/j.cell.2007.09.029)  
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KRAB-ZFP binding to DNA & 
induction of heterochromatin: 

Protein–DNA interaction between 
ZNFs and DNA mediated by 4 
amino acids at positions −1, 2, 3, 
and 6 of the α-helix

DNA methyltransferases 
(DNMTs) methylate genomic 

CpG sites, leading to 
heritable silencing – this is 
usually a downstream event

KAP1/TRIM28  is recruited through the KRAB domain 
It interacts with the NURD/HDAC repressor complex which catalyzes removal of H3K9ac 
It also interacts with histone methyltransferases (HMTs) (e.g. SETDB1/ESET) =>H3K9me3.
HP1γ interacts with both KAP1 and H3K9me3 -> and heterochromatin may spread locally via 
HP1 and SUV39H HMTase? (see Cours 2015)

Castro-Diaz, 2014; Ecco et al, 2016; Karimi et al, 2011; Matsui et al, 2010; Rowe et al, 2010; Wolf and Godd 2009; 
Wolf et al, 2015

Inspired	
  by	
  Bulut-­‐Karsioglu	
  et	
  al.,	
  2014	
  and	
  
Elsässer	
  et	
  al.,	
  2015	
  	
  	
  

From	
  Marius	
  Walter	
  
Inspired	
  by	
  Bulut-­‐Karsioglu	
  et	
  al.,	
  2014	
  and	
  Elsässer	
  et	
  al.,	
  2015	
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Castro-Diaz, 2014; Ecco et al, 2016; Karimi et al, 2011; Matsui et al, 2010; Rowe et al, 2010; Wolf and Godd 2009; 
Wolf et al, 2015

Inspired	
  by	
  Bulut-­‐Karsioglu	
  et	
  al.,	
  2014	
  and	
  
Elsässer	
  et	
  al.,	
  2015	
  	
  	
  

During differentiation, 
repression can be reinforced 

and/or replaced by DNA 
methylation

DNA Methylation may be a 
parallel pathway to H3K9 
methylation and HP1 for 
maintenance of silencing•  ZFP809 knockout mice – see reactivation of ZFP809-targeted ERVs in somatic tissues. 

•  ERV reactivation accompanied by shift from repressive to active chromatin (H3K9me3 loss). 
DNA methylation only slightly affected.

•  ZFP809 is required to initiate ERV silencing during embryonic development but becomes 
largely dispensable in somatic tissues (conditional KO/rescue)
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Hypothetical model of ERV/KRAB-ZFP 
adaption as regulators of gene expression. See 
Figure for explanations

An	
  evolu1onary	
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  between	
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  Es1mated	
  
number	
  of	
  LTR	
  elements	
  [64]	
  and	
  
KRAB-­‐ZFPs	
  [15]	
  in	
  vertebrates.	
  The	
  
phylogene1c	
  tree	
  is	
  an	
  approximate	
  
reprint	
  of	
  a	
  previously	
  published	
  tree	
  
[64]	
   Phylogene1c	
  tree	
  of	
  mouse	
  and	
  human	
  

KRAB-­‐ZFPs.	
  277	
  mouse	
  (green	
  circles)	
  and	
  
339	
  human	
  (red	
  circles)	
  KRAB-­‐ZFP	
  sequences	
  
(all	
  proteins	
  with	
  both	
  KRAB	
  and	
  C2H2	
  zinc	
  
finger	
  domains)	
  were	
  retrieved	
  from	
  the	
  
UCSC	
  Gene	
  Sorter	
  tool	
  (hZps://
genome.ucsc.edu/).	
  KRAB	
  domains	
  were	
  
annotated	
  through	
  a	
  Pfam	
  domain	
  (PF01352)	
  
screen	
  (hZp://pfam.xfam.org/),	
  extracted,	
  
and	
  aligned	
  with	
  MUSCLE	
  [197]	
  to	
  infer	
  a	
  
Maximum-­‐likelihood	
  phylogene1c	
  tree	
  using	
  
MEGA	
  version	
  6	
  with	
  default	
  parameters	
  
[198].	
  All	
  KRAB	
  sequences	
  are	
  provided	
  as	
  
Addi1onal	
  file	
  1.	
  Exemplary	
  propor1ons	
  of	
  
the	
  tree	
  that	
  contain	
  ERE-­‐silencing	
  KRAB-­‐
ZFPs	
  or	
  KRAB-­‐ZFPs	
  conserved	
  between	
  
mouse	
  and	
  human	
  (e.g.,	
  PRDM9,	
  ZNF282,	
  
and	
  ZNF777)	
  are	
  shown	
  in	
  more	
  detail	
  

DNA-binding specificity of ZFP809 is evolutionarily conserved in rodents and predates the 
endogenization of retroviruses now targeted by ZFP809 in Mus musculus.

ZFP809 evolved to recognize foreign DNA and establish 
H3K9 methylation–based epigenetic silencing of ERVs.

 
 Evolution of KRAB-ZFPs to repress specific TEs  

Nowick et al, 2013; Wolf et al, 2015

Example of differential ZFP809 
binding to various ERVs:  
ZFP809 target sequences identified by ChIP-seq 
shown with differences from the canonical 
binding sequence highlighted in red. 

Weak ZFP809 binding does not lead to formation 
of  KAP1/SETDB1 repressor complex
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KRAB-ZFPs are evolving rapidly in mammals along with 

LTR-elements 

Hypothetical model of ERV/KRAB-ZFP 
adaption as regulators of gene expression. See 
Figure for explanations

Estimated number of LTR elements and KRABs in vertebrates:

Phylogene1c	
  tree	
  of	
  mouse	
  and	
  human	
  
KRAB-­‐ZFPs.	
  277	
  mouse	
  (green	
  circles)	
  and	
  
339	
  human	
  (red	
  circles)	
  KRAB-­‐ZFP	
  sequences	
  
(all	
  proteins	
  with	
  both	
  KRAB	
  and	
  C2H2	
  zinc	
  
finger	
  domains)	
  were	
  retrieved	
  from	
  the	
  
UCSC	
  Gene	
  Sorter	
  tool	
  (hZps://
genome.ucsc.edu/).	
  KRAB	
  domains	
  were	
  
annotated	
  through	
  a	
  Pfam	
  domain	
  (PF01352)	
  
screen	
  (hZp://pfam.xfam.org/),	
  extracted,	
  
and	
  aligned	
  with	
  MUSCLE	
  [197]	
  to	
  infer	
  a	
  
Maximum-­‐likelihood	
  phylogene1c	
  tree	
  using	
  
MEGA	
  version	
  6	
  with	
  default	
  parameters	
  
[198].	
  All	
  KRAB	
  sequences	
  are	
  provided	
  as	
  
Addi1onal	
  file	
  1.	
  Exemplary	
  propor1ons	
  of	
  
the	
  tree	
  that	
  contain	
  ERE-­‐silencing	
  KRAB-­‐
ZFPs	
  or	
  KRAB-­‐ZFPs	
  conserved	
  between	
  
mouse	
  and	
  human	
  (e.g.,	
  PRDM9,	
  ZNF282,	
  
and	
  ZNF777)	
  are	
  shown	
  in	
  more	
  detail	
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 Evolutionary arms race between TEs and KRAB-ZFPs?  

Primate	
  genomes	
  have	
  endured	
  waves	
  of	
  
retrotransposon	
  inser1ons	
  despite	
  the	
  host's	
  
aZempts	
  to	
  prevent	
  them	
  and	
  to	
  block	
  their	
  
transcrip1on.	
  KRAB	
  domain	
  containing	
  zinc-­‐
finger	
  proteins	
  (KZNFs)	
  plays	
  a	
  role	
  in	
  this	
  
transcrip1onal	
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  evade	
  repression.	
  

KZNF genes are  amongst the fastest growing gene families in primates. 
Expansion is hypothesized to enable primates to respond to newly 
emerged retrotransposons.
However, the identity ofKZNF genes battling retrotransposons currently
active in the human genome, such as SINE-VNTR-Alu (SVA)8
and long interspersed nuclear element 1 (L1)9, is unknown. 

•  Two primate-specific KZNF genes rapidly evolved to repress two 
distinct retrotransposon families shortly after they began
to spread in our ancestral genome.ZNF91underwent a series of structural
changes 8–12 million years ago that enabled it to repress SVA
elements.ZNF93evolved earlier to repress the primateL1 lineage until
12.5 million years ago when the L1PA3-subfamily of retrotransposons
escapedZNF93’s restriction through the removal of theZNF93-
binding site.Our data support amodel whereKZNFgene expansion
limits the activity of newly emerged retrotransposon classes, and this
is followed by mutations in these retrotransposons to evade repression,
a cycle of events that could explain the rapid expansion of lineagespecific
KZNF genes.

•  Human chromosome 11 with its own TEs placed in a 
mouse ESCs (with their murine KRAB ZFP repertoire)

•  Human TEs on Ch11 become reactivated and lose KAP1 
binding (presumably due to lack of appropriate hKRAB-
ZFP…)

•  Screen for Primate KRAB-ZFPs that could now impose 
repression of human TEs (out of 170 primate-specific 
KZFPs, chose 14 most highly expressed in human ESCs

•  Found  ZNF91 - most dramatically decreased SVA-
driven luciferase activity in mESCs 

•  Changes in the Zn fingers of ZNF91 between 8–12 Myr 
ago improved the protein’s ability to bind and repress 
SVA.
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KZNF genes are  amongst the fastest growing gene families in primates. 
Expansion is hypothesized to enable primates to respond to newly 
emerged retrotransposons.
However, the identity ofKZNF genes battling retrotransposons currently
active in the human genome, such as SINE-VNTR-Alu (SVA)8
and long interspersed nuclear element 1 (L1)9, is unknown. 

•  Two primate-specific KZNF genes rapidly evolved to repress two 
distinct retrotransposon families shortly after they began
to spread in our ancestral genome.ZNF91underwent a series of structural
changes 8–12 million years ago that enabled it to repress SVA
elements.ZNF93evolved earlier to repress the primateL1 lineage until
12.5 million years ago when the L1PA3-subfamily of retrotransposons
escapedZNF93’s restriction through the removal of theZNF93-
binding site.Our data support amodel whereKZNFgene expansion
limits the activity of newly emerged retrotransposon classes, and this
is followed by mutations in these retrotransposons to evade repression,
a cycle of events that could explain the rapid expansion of lineagespecific
KZNF genes.

•  Human chromosome 11 with its own TEs placed in a 
mouse ESCs (with their murine KRAB ZFP repertoire)

•  Human TEs on Ch11 become reactivated and lose KAP1 
binding (presumably due to lack of appropriate hKRAB-
ZFP…)

•  Screen for Primate KRAB-ZFPs that could now impose 
repression of human TEs (out of 170 primate-specific 
KZFPs, chose 14 most highly expressed in human ESCs

•  Found  ZNF91 - most dramatically decreased SVA-
driven luciferase activity in mESCs 

•  Changes in the Zn fingers of ZNF91 between 8–12 Myr 
ago improved the protein’s ability to bind and repress 
SVA.

•  Another KRAB-ZFPs, ZNF93 was identified as being 
able to repress a reporter with the 5’UTRof a KAP1-
positive human LINE L1PA4 element



• Macaque ZNF93 does not have the 
ability to repress the 129-bp or 51-bp 
element of L1PA4 in the luciferase assay

• But Human ZNF93 cannot repress all 
LINEs of the L1PA3 lineage: eg L1 Hs 
Which deleted the ZNF93 binding site!
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Expansion is hypothesized to enable primates to respond to newly 
emerged retrotransposons.
However, the identity ofKZNF genes battling retrotransposons currently
active in the human genome, such as SINE-VNTR-Alu (SVA)8
and long interspersed nuclear element 1 (L1)9, is unknown. 

•  Two primate-specific KZNF genes rapidly evolved to repress two 
distinct retrotransposon families shortly after they began
to spread in our ancestral genome.ZNF91underwent a series of structural
changes 8–12 million years ago that enabled it to repress SVA
elements.
ZNF93evolved earlier to repress the primateL1 lineage until
12.5 million years ago when the L1PA3-subfamily of retrotransposons
escapedZNF93’s restriction through the removal of theZNF93-
binding site.Our data support amodel whereKZNFgene expansion
limits the activity of newly emerged retrotransposon classes, and this
is followed by mutations in these retrotransposons to evade repression,
a cycle of events that could explain the rapid expansion of lineagespecific
KZNF genes.

•  A 129-bp sequence, as it once existed in the 5’ UTR of L1PA subfamilies, may have 
been beneficial to L1 mobilization, but since ZNF93 evolved to bind this element, 
losing it allowed the L1 lineage to escape ZNF93-mediated repression, providing net 
selective advantage.

ZNF93 evolved in primates to repress the primate L1 lineage 
But 12.5 million years ago, the L1PA3-subfamily of TEs escaped 

ZNF93’s restriction through the removal of the ZNF93-binding site



Hypothetical model of ERV/KRAB-ZFP 
adaption as regulators of gene expression. See 
Figure for explanations

Phylogene1c	
  tree	
  of	
  mouse	
  and	
  human	
  
KRAB-­‐ZFPs.	
  277	
  mouse	
  (green	
  circles)	
  and	
  
339	
  human	
  (red	
  circles)	
  KRAB-­‐ZFP	
  sequences	
  
(all	
  proteins	
  with	
  both	
  KRAB	
  and	
  C2H2	
  zinc	
  
finger	
  domains)	
  were	
  retrieved	
  from	
  the	
  
UCSC	
  Gene	
  Sorter	
  tool	
  (hZps://
genome.ucsc.edu/).	
  KRAB	
  domains	
  were	
  
annotated	
  through	
  a	
  Pfam	
  domain	
  (PF01352)	
  
screen	
  (hZp://pfam.xfam.org/),	
  extracted,	
  
and	
  aligned	
  with	
  MUSCLE	
  [197]	
  to	
  infer	
  a	
  
Maximum-­‐likelihood	
  phylogene1c	
  tree	
  using	
  
MEGA	
  version	
  6	
  with	
  default	
  parameters	
  
[198].	
  All	
  KRAB	
  sequences	
  are	
  provided	
  as	
  
Addi1onal	
  file	
  1.	
  Exemplary	
  propor1ons	
  of	
  
the	
  tree	
  that	
  contain	
  ERE-­‐silencing	
  KRAB-­‐
ZFPs	
  or	
  KRAB-­‐ZFPs	
  conserved	
  between	
  
mouse	
  and	
  human	
  (e.g.,	
  PRDM9,	
  ZNF282,	
  
and	
  ZNF777)	
  are	
  shown	
  in	
  more	
  detail	
  

•  TEs are initially partially controlled by mechanisms such as RNAi
•  => some retrotransposition can occur

•  Over time, a KRAB-ZNF evolves that binds the TE, leading to its full repression.

•  Rare pre-existing KRAB-ZNF-resistant TE mutants can then spread through the genome, whereas the 
previously dominating strain is inhibited. 

•  Old TEs progressively accumulate mutations, preventing transposition potential. 

•  Rare integrants undergo positive selection, can be co-opted and fixed, if beneficial to the host eg new 
promoters or enhancers rewiring transcriptional networks or new proteins (eg syncytin – placenta)

From Imbeault and Trono, 2014
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• KRAB-ZFPs can target repression of TEs  in a sequence-specific manner, and some can  
target specific types of TEs (Castro-Diaz et al., 2014; Ecco et al., 2016; Wolf and Goff, 
2009; Wolf et al., 2015).

• However some young and presumably active TEs escape KAP1-mediated silencing as 
KRAB-ZFPs have not yet evolved to target these sequences (Castro-Diaz et al., 2014; 
Jacobs et al., 2014).

•  Other mechanisms (eg RNAi) target the silencing of young, and active TEs (Castro-Diaz 
et al., 2014; Jacobs et al., 2014).

• Tissue-specific expression of some KRAB-ZFPs may underlie tissue-specific host gene 
expression in somatic tissues through their effects on TEs (Ecco et al., 2016) 
⇒ Primary role of KRAB-ZFPs is to control host programs and they are used to target TEs
⇒ Which in turn are exploited over evolution to regulate host genes…
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Different strategies for silencing of 
ancient and young TEs

S.J. Newkirk and W. An, 2016

DNMT3C	
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TE Transcriptional Control Strategies 
TE expression requires:
$  Permissive chromatin environment
$  Transcription Factor availability
$  No RNAi targeting

TE repression:
$  RNA-targeted epigenetic repression
$  DNA-targeted repressive factors
$  Creates a repressive chromatin environment

Crichton et al, 2014

• Relative importance of both targeting machinery (RNA or DNA based) and epigenetic mechanisms 
depends on the TE type and age, and the cell type (Crichton et al., 2014; Gerdes et al., 2016; Rowe and 
Trono, 2011; Schlesinger and Goff, 2015).

• Multiple histone modifications, including methylation at histones H3K4, H3K9, H2A/H4R3 and 
H3K27 as well as histone acetylation, have been implicated in TE transcriptional repression (Brunmeir 
et al., 2010; Di Giacomo et al., 2014; Karimi et al., 2011; Kim et al., 2014; Leeb et al., 2010; Macfarlan 
et al., 2011; Matsui et al., 2010; Reichmann et al., 2012). 

• The most common histone modification used to repress a large number of TEs is H3K9me3 (Karimi et 
al., 2011; Matsui et al., 2010; Rowe et al., 2010) deposited at TE sequences by the hHMTase SETDB1 
via (KRAB-ZFPs) and associated co-repressor TRIM28/KAP1 (Castro-Diaz et al., 2014; Ecco et al., 
2016; Karimi et al., 2011; Matsui et al., 2010; Rowe et al., 2010; Wolf and Goff, 2009; Wolf et al., 
2015).

• DNA methylation plays a key role in repressing both mouse and human LINE-1 elements, and some 
mouse ERVs including IAP elements, in germ line and soma (Bourc’his and Bestor, 2004; Karimi et al., 
2011; Walsh et al., 1998). Decreased DNA methylation during specific developmental time windows 
necessitates other silencing strategies.



E. Heard, February 20th, 2017 
Adapted from Cantone and Fisher, 2013 

Zygotic Reprogramming   
• undo gamete programs 
• set up totipotency 

Germ Line Reprogramming  
• undo somatic program 
• set up germ line program 

ICM Reprogramming  
• undo/prevent TE program 
• set up pluripotency 

Epigenetic Reprogramming in Development

#  Prepare for the next generation  
#  Erase epigenetic history (both 

programmed and accidental) 

#  Prepare for development (epigenesis)  
#  Preserve some epigenetic marks 

(parental imprints), erase others 

#  Prepare for the epiblast  
      (soma and germ line)  

In the developing germ line and in the early embryo, DNA Methylation  
and other chromatin marks are globally lost. 

Most epigenetic marks are erased at each generation (COURS 2014) (except at young TEs) 
 

How are TEs controlled during these critical periods? 
In early embryos, mainly via DNA binding repressor proteins (KRAB-ZfP) 

In the germ line piRNAs involved in re-establishing de novo silencing (COURS II) 
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Epigenetic Reprogramming in Development

! For TEs to be successful they need to be expressed and 
functional in developing germ cells or in precursors to germ 
line (early embryo, pluripotent cells).

! For Host - repression of TE expression and mobility is 
particularly important to protect the host genome at these 
stages. However TE activity may also be exploited for gene 
regulation or new gene functions

! Dysregulated expression of TEs linked with defects in various 
developmental processes in mice: 

-  aberrant proliferation of male germ cells (Galli et al., 2005)
-  defects in oogenesis (Malki et al., 2014; Su et al., 2012)
-  disruption of homologous chromosome synapsis during meiosis (Bourc’his, 2008: 

reviewed in Crichton et al., 2014; Öllinger et al., 2010)
-  activation of the unfolded protein response during B lymphocyte differentiation 

(Pasquarella et al., 2016) 
-  inappropriate activation of innate immune responses (Herquel et al., 2013; Stetson et 

al., 2008)



Developmental Dynamics of DNA methylation  
and Expression of TEs 

	
  Reselng	
  ERV	
  silencing	
  during	
  mouse	
  development.	
  (A)	
  Mouse	
  developmental	
  
program	
  showing	
  waves	
  of	
  DNA	
  demethyla1on,	
  X-­‐inac1va1on	
  and	
  imprin1ng	
  
erasure	
  in	
  early	
  embryos	
  or	
  primordial	
  germ	
  cells	
  (PGCs).	
  A	
  1me-­‐line	
  of	
  
development	
  is	
  shown	
  along	
  with	
  various	
  cell	
  lines	
  that	
  can	
  be	
  derived	
  and	
  
which	
  represent	
  different	
  developmental	
  stages:	
  ICM,	
  inner	
  cell	
  mass;	
  ES,	
  
embryonic	
  stem;	
  TE,	
  trophectoderm;	
  TS,	
  trophectoderm	
  stem;	
  PE,	
  primi1ve	
  
endoderm;	
  XEN,	
  extraembryonic	
  endoderm;	
  EpiSCs,	
  epiblast	
  stem	
  cells.	
  We	
  
thank	
  Daniel	
  Mesnard	
  for	
  the	
  E5.5	
  embryo	
  photograph.	
  (B)	
  Differences	
  in	
  DNA	
  
methyla1on	
  between	
  Line1	
  and	
  IAPs	
  during	
  reprogramming,	
  and	
  between	
  
early	
  embryos	
  and	
  PGCs	
  are	
  shown:	
  IAPs	
  reach	
  their	
  lowest	
  level	
  of	
  around	
  
62%	
  by	
  the	
  blastocyst	
  stage,	
  s1ll	
  considerably	
  higher	
  than	
  Line1s	
  that	
  drop	
  to	
  
around	
  25%	
  methyla1on.	
  See	
  text	
  for	
  details.	
  (C)	
  Broad	
  1me-­‐points	
  where	
  
stated	
  retroelements	
  peak	
  in	
  their	
  mRNA	
  expression	
  are	
  shown	
  based	
  on	
  
available	
  data	
  (see	
  text	
  for	
  details).	
  Comprehensive	
  expression	
  data,	
  though	
  is	
  
lacking	
  in	
  PGCs	
  e.g.	
  for	
  IAPs	
  and	
  Line1.	
  (D)	
  Factors	
  known	
  to	
  be	
  important	
  in	
  
ERV	
  regula1on	
  are	
  shown	
  along	
  with	
  the	
  1me	
  at	
  which	
  their	
  knockout	
  is	
  lethal.	
  
The	
  arrow	
  indicates	
  lethality	
  beyond	
  the	
  1mescale	
  indicated.	
  Addi1onally,	
  
knockout	
  of	
  PIWI-­‐like	
  proteins	
  or	
  Gtsf1	
  leads	
  to	
  male	
  sterility	
  while	
  loss	
  of	
  
Stella	
  affects	
  female	
  fer1lity.	
  See	
  text	
  for	
  details.	
  

DNA	
  methyla1on	
  of	
  ERVs	
  in	
  development.	
  (A)	
  De	
  novo	
  methyla1on:	
  (i)	
  
binding	
  of	
  a	
  DNMT3L–DNMT3a	
  complex	
  to	
  unmethylated	
  H3K4	
  tails	
  
ensures	
  some	
  specificity	
  of	
  de	
  novo	
  methyla1on	
  also	
  thought	
  to	
  act	
  best	
  at	
  
8–10	
  bp	
  intervals,	
  at	
  which	
  CpGs	
  are	
  osen	
  spaced	
  apart	
  in	
  ERVs	
  (	
  Glass	
  et	
  
al.,	
  2009,	
  Jia	
  et	
  al.,	
  2007	
  and	
  Ooi	
  et	
  al.,	
  2007).	
  (ii)	
  NP95	
  interacts	
  with	
  
regulatory	
  domains	
  of	
  DNMT3a	
  and	
  DNMT3b	
  through	
  its	
  SRA	
  and	
  ubiqui1n-­‐
like	
  domains	
  (Meilinger	
  et	
  al.,	
  2009)	
  and	
  with	
  G9a	
  (Kim	
  et	
  al.,	
  2009)	
  that	
  
also	
  interacts	
  with	
  DNMT3a	
  and	
  DNMT3b	
  (	
  Epsztejn-­‐Litman	
  et	
  al.,	
  2008	
  and	
  
Feldman	
  et	
  al.,	
  2006).	
  This	
  complex	
  is	
  required	
  for	
  the	
  ini1a1on	
  of	
  silencing	
  
that	
  is	
  followed	
  by	
  de	
  novo	
  methyla1on	
  (	
  Meilinger	
  et	
  al.,	
  2009)	
  that	
  occurs	
  
on	
  newly	
  introduced	
  MLV	
  (Dong	
  et	
  al.,	
  2008),	
  but	
  whether	
  there	
  are	
  specific	
  
factors	
  that	
  bridge	
  this	
  complex	
  to	
  ERVs	
  is	
  not	
  known.	
  The	
  helicase	
  LSH1	
  is	
  
also	
  required	
  for	
  methyla1on	
  of	
  newly	
  introduced	
  MLV	
  by	
  an	
  unknown	
  
mechanism	
  (Zhu	
  et	
  al.,	
  2006).	
  (B)	
  Maintenance	
  methyla1on:	
  DNMT1	
  (or	
  the	
  
maternal	
  DNMT1o	
  in	
  cleavage	
  embryos)	
  is	
  recruited	
  to	
  replica1on	
  forks	
  
through	
  binding	
  prolifera1ng	
  cell	
  nuclear	
  an1gen	
  (PCNA),	
  G9a	
  and	
  NP95,	
  
which	
  itself	
  recognises	
  hemimethylated	
  DNA	
  and	
  directs	
  DNMT1	
  to	
  
methylate	
  the	
  symmetrical	
  CpG	
  on	
  the	
  newly	
  synthesized	
  DNA	
  strand.	
  Loss	
  
of	
  NP95	
  leads	
  to	
  diffused	
  localisa1on	
  of	
  DNMT1	
  and	
  IAP	
  and	
  L1	
  
demethyla1on	
  and	
  expression	
  in	
  embryos	
  and	
  ES	
  cells	
  (	
  Achour	
  et	
  al.,	
  2008,	
  
Bos1ck	
  et	
  al.,	
  2007	
  and	
  Sharif	
  et	
  al.,	
  2007).	
  Histones	
  are	
  shown	
  in	
  orange	
  
and	
  unfilled	
  vs.	
  filled	
  lollipops	
  represent	
  unmethylated	
  vs.	
  methylated	
  CpGs	
  
respec1vely.	
  

MLV	
  is	
  potently	
  silenced	
  in	
  embryonic	
  cells.	
  
	
  
(A)	
  Silencing	
  is	
  rapid	
  and	
  precedes	
  DNA	
  methyla1on:	
  Cis-­‐ac1ng	
  
sequences	
  inducing	
  silencing	
  include	
  the	
  NCR	
  (nega1ve	
  control	
  
region)	
  and	
  an	
  ELP-­‐binding	
  site,	
  but	
  the	
  most	
  potent	
  is	
  the	
  PBS	
  
that	
  recruits	
  a	
  ZFP809–KAP1	
  complex	
  and	
  HP1γ	
  leading	
  to	
  
H3K9me2	
  (	
  Wolf	
  et	
  al.,	
  2008a,	
  Wolf	
  and	
  Goff,	
  2007	
  and	
  Wolf	
  
and	
  Goff,	
  2009).	
  KAP1	
  may	
  also	
  recruit	
  ESET	
  and	
  the	
  NuRD	
  
complex	
  as	
  shown	
  for	
  other	
  contexts	
  (	
  Matsui	
  et	
  al.,	
  2010	
  and	
  
Schultz	
  et	
  al.,	
  2001).	
  (B)	
  MLV	
  is	
  sustained	
  in	
  a	
  silent	
  state	
  
through	
  mul1ple	
  mechanisms:	
  DNA	
  methyla1on	
  is	
  progressive	
  
following	
  silencing	
  and	
  reaches	
  around	
  80%	
  aser	
  8–14	
  days.	
  In	
  
EC	
  cells,	
  stably	
  silent	
  MLV	
  proviruses	
  are	
  enriched	
  for	
  
KAP1(Wolf	
  and	
  Goff,	
  2007),	
  DNA	
  methyla1on,	
  MeCP2	
  and	
  
histone	
  H1(Pannell	
  et	
  al.,	
  2000).	
  Silencing	
  and	
  DNA	
  methyla1on	
  
of	
  introduced	
  MLV	
  is	
  also	
  dependent	
  on	
  DNMT3a/b,	
  G9a	
  and	
  
NP95,	
  which	
  may	
  be	
  aZracted	
  to	
  ERVs	
  through	
  histone	
  
methyla1on	
  or	
  unknown	
  factors	
  (Meilinger	
  et	
  al.,	
  2009).	
  

Rowe and Trono 2011E. Heard, February 20th, 2017 
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Epigenetic Reprogramming in the Germ Line 

 

Jahner,	
  Jaenisch	
  also	
  

Hackett et al, 2014
Seki et al, 2007

piRNAs 

H3K27me3 and H2A/H4R3me2 
seem to be globally enriched 

during period when both DNAme 
and H3K9me are lost – and before 

piRNA pathway?

Required for TE control?
(Ng et al, 2013, Liu et al, 2014)

Transposon	
  loci	
  

Transposon	
  loci	
  Courtesy of Baro, Bourc’his

loss	
  of	
  H3K9	
  N-­‐methyltransferase	
  SETDB1	
  
expression	
  causes	
  deple1on	
  of	
  H3K9me3	
  and	
  
H3K27me3	
  in	
  endogenous	
  retroviruses	
  
(ERVs)132,	
  which	
  is	
  associated	
  with	
  the	
  
derepression	
  of	
  many	
  ERVs	
  (for	
  example,	
  
intracisternal	
  A	
  par1cle	
  (IAP))	
  and	
  reduced	
  
numbers	
  of	
  male	
  germ	
  cells.	
  Likewise,	
  loss	
  of	
  
arginine	
  methyltransferase	
  PRMT5	
  in	
  mPGCs	
  
results	
  in	
  male	
  and	
  female	
  sterility	
  that	
  is	
  
associated	
  with	
  the	
  deple1on	
  of	
  H2A/
H4R3me2s	
  and	
  the	
  upregula1on	
  of	
  long	
  
interspersed	
  element	
  1	
  (LINE1)	
  and	
  IAP	
  
elements133	
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Epigenetic Reprogramming in the Germ Line 

 

Jahner,	
  Jaenisch	
  also	
  

Repressive Chromatin at TEs:

H3K9me2/3 & 
DNA methylation

H3K27me3 
(& H2A/H4R3me2)

(Hypothetical schemes!) 

Chroma1n	
  
Immunoprecipita1on	
  

How is this transition made?���
How are H3K9me3/DNAme removed?

How are H3K27me3/H2A/H4R3me2 recruited?
How much TE expression occurs and how does piRNA 

pathway target loci associated with such chromatin ?

Limited cells => analyses are challenging
Future work involving conditional deletions of candidate 

epigenetic factors + low cell ChIP
Or in vitro model for PGC formation Ng et al (2013) In Vivo Epigenomic Profiling of Germ Cells Reveals Germ Cell 

Molecular Signatures. Dev. Cell 24:324



Walter et al (2016) An epigenetic switch ensures transposon repression upon dynamic loss of DNA 
methylation in embryonic stem cells Elife 5: e11418. 

E. Heard, February 13th, 2017 

 
Epigenetic control of TEs in ESCs 

 

Jahner,	
  Jaenisch	
  also	
  

•  Mouse embryonic stem cells mimic the loss of DNA methylation that occurs during 
embryonic development – when culture in 2i + Vitamin C

•  DNA methylation-independent mechanisms silence transposons in ESC: knocking-out the 3 
active DNA methyltransferases (Dnmt-tKO) does not yield significant de-repression of 
transposons, except Intracisternal A Particle (IAP) elements (Karimi et al, 2011; Matsui et al, 2010)

•  When DNA methylation is lost progressively, multiple families of transposons are 
reactivated at first but are later put back into a silent mode by alternative mechanisms. 

•  An epigenetic switch towards histone-based control is progressively implemented as DNA 
methylation disappears: see specific and overlapping roles of H3K9 and H3K27 
trimethylation in controlling distinct transposon families upon DNA demethylation.
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Epigenetic control of TEs in ESCs 

 

Jahner,	
  Jaenisch	
  also	
  

Walter et al (2016) Elife 5: e11418. 

Eg MERVL represents a epigenetic switch from 
H3K9 to H3K27 methylation-based repression, 
which occurs subsequently to DNA methylation 
loss. Deletion of PRC2 and Suv39h leads to 20-
fold increase in expression

Multiple alternative strategies exist to 
repress TEs in the absence of DNA 

methylation. 
Targeting strategies? 

TF– Chromatin – RNA -? 

Stem cell-specific pathways probably also 
in action at the post-transcriptional level 

(RNAi, anti-viral pathways etc) 



E. Heard, February 20th, 2017 
Adapted from Cantone and Fisher, 2013 

Zygotic Reprogramming   
• undo gamete programs 
• set up totipotency 

Germ Line Reprogramming  
• undo somatic program 
• set up germ line program 

ICM Reprogramming  
• undo/prevent TE program 
• set up pluripotency 

Epigenetic Reprogramming in Development

#  Prepare for the next generation  
#  Erase epigenetic history (both 

programmed and accidental) 

#  Prepare for development (epigenesis)  
#  Preserve some epigenetic marks 

(parental imprints), erase others 

#  Prepare for the epiblast  
      (soma and germ line)  

In the developing germ line and in the early embryo, DNA Methylation  
and other chromatin marks are globally lost. 

Most epigenetic marks are erased at each generation (COURS 2014) (except at young TEs) 
 

How are TEs controlled during these critical periods? 
In early embryos, mainly via DNA binding repressor proteins (KRAB-ZfP) 

In the germ line piRNAs involved in re-establishing de novo silencing (COURS II) 



Zygotic Reprogramming  
 

Two highly specialized cells, the egg and the sperm, fuse to form a 
totipotent cell, the zygote 

E. Heard, March 17th 2014 

Primary 
Oocyte  
	


Secondary 
Oocyte  
	
Meiosis I

GV 
Oocyte

Spermatogonia

Meiosis I Meiosis II

     Primary
Spermatocyte

 Secondary
Spermatocyte Spermatid

Fertilization
0.15	
  to	
  0.2	
  mm	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3-­‐5	
  um	
  
	
  	
  	
  	
  	
  	
  	
  (0.003	
  –	
  0.005	
  mm)	
  

Huge maternal store of proteins, mRNA (to be 
translated later) to ensure early development, and to 

enable reprogramming upon fertilization.  
LINE and IAP transcripts and proteins present 

Small RNAs also present 

Highly packaged genome (protamines, few/
no histones) and a small amount of RNA  

Protamines	
  

E. Heard, February 20th, 2017 

(COURS en 2014)



Primary 
Oocyte  
	


Secondary 
Oocyte  
	
Meiosis I

GV 
Oocyte

Spermatogonia

Meiosis I Meiosis II

     Primary
Spermatocyte

 Secondary
Spermatocyte Spermatid

Fertilization

Protamine -> Histone   
replacement 

Histone -> Protamine  
replacement 

Accumulation of maternal 
RNA and Proteins 

Degradation of maternal 
RNA and Proteins 

Activation of the zygotic 
(embryonic) genome 

(ZGA) 

Dynamic	
  changes	
  in	
  Retrotransposon	
  Expression	
  
during	
  Development	
  
1.	
  RNA	
  transcripts	
  belonging	
  to	
  hiighly	
  abundant	
  IAP	
  
elements,	
  are	
  present	
  at	
  high	
  levels	
  in	
  fully-­‐grown	
  
oocytes,	
  decrease	
  in	
  1-­‐cell	
  embryos,	
  then	
  increase	
  
again	
  during	
  development	
  to	
  the	
  blastocyst	
  stage	
  
[32,	
  35,	
  36].	
  These	
  IAP	
  element	
  transcripts	
  are	
  
competent	
  to	
  generate	
  A-­‐type	
  retroviral	
  like	
  
par1cles,	
  whose	
  abundance	
  follows	
  similar	
  dynamics	
  
during	
  these	
  stages	
  of	
  development	
  
	
  
2.	
  epsilon-­‐type	
  retroviral-­‐like	
  par1cles,	
  which	
  are	
  
encoded	
  by	
  MuERVL	
  ERVL	
  LTR	
  retrotransposons,	
  are	
  
not	
  present	
  in	
  fully-­‐grown	
  oocytes,	
  transiently	
  
increase	
  in	
  abundance	
  in	
  2-­‐cell	
  embryos,	
  then	
  
disappear	
  as	
  pre-­‐implanta1on	
  development	
  
proceeds	
  [36].	
  Again,	
  the	
  changes	
  in	
  epsilon-­‐type	
  
retroviral-­‐like	
  par1cle	
  abundance	
  are	
  mirrored	
  by	
  
changes	
  in	
  abundance	
  of	
  MuERVL	
  transcripts	
  that	
  
encode	
  these	
  elements	
  [32,	
  37].	
  
	
  
3.	
  MT	
  MaLR	
  LTR	
  retrotransposon	
  
transcripts	
  exhibits	
  yet	
  another	
  dis1nct	
  expression	
  
paZern	
  during	
  pre-­‐implanta1on	
  development	
  and	
  
are	
  highly	
  abundant	
  in	
  mouse	
  oocytes	
  but	
  sharply	
  
decrease	
  in	
  abundance	
  as	
  pre-­‐implanta1on	
  
development	
  proceeds	
  [32].	
  
	
  
⇒ different	
  types	
  of	
  retrotransposon	
  have	
  evolved	
  

to	
  take	
  advantage	
  of	
  the	
  dynamic	
  chroma1n	
  
modifica1ons	
  and	
  transcrip1on	
  factor	
  profiles	
  
present	
  at	
  these	
  stages	
  of	
  development	
  

	
  
Also	
  chimaeric	
  transcripts	
  origina1ng	
  from	
  
retrotransposon	
  promoters	
  but	
  spliced	
  onto	
  host	
  
genes	
  are	
  present	
  in	
  oocytes	
  and	
  pre-­‐implanta1on	
  
embryos	
  [32],	
  sugges1ng	
  that	
  mammalian	
  hosts	
  are	
  
co-­‐op1ng	
  retrotransposons	
  	
  to	
  drive	
  gene	
  expression	
  
during	
  these	
  stages	
  of	
  development.	
  
	
  

Zygotic Reprogramming  
 

Two highly specialized cells, the egg and the sperm, fuse to form a 
totipotent cell, the zygote 

E. Heard, February 20th, 2017 

(COURS en 2014)



Fertilization triggers massive reorganization  
of the paternal and maternal epigenomes (prior to transcription) 

Adapted Albert and Peters, 2009 

Protamine eviction,  
maternal histone incorporation 

Paternal interphase pronucleus Maternal interphase pronucleus 
The two parental pronuclei remain separate initially 



Paternal interphase pronucleus 
(5hmC-green) 

Maternal interphase pronucleus 
   (5mC-red) 

W.	
  Reik	
  

Epigenetic Dynamics during Early Embryogenesis 

E. Heard, February 20th, 2017 

A few regions are protected from demethylation: Zfp57 and KAP1/Trim28 are required 
for the post-fertilization maintenance of maternal and paternal methylation imprints. 

(Li et al, 2008; Messerschmidt et al, 2012)
Also true for some TEs? Not yet known…

DNA	
  	
  methyla1on	
  



Paternal interphase pronucleus 
(5hmC-green) 

Maternal interphase pronucleus 
   (5mC-red) 

W.	
  Reik	
  

Epigenetic Dynamics during Early Embryogenesis 

E. Heard, February 20th, 2017 

DNA METHYLATION STATES OF SPECIFIC TEs POORLY CHARACTERISED
Challenging due to their repetitive nature



Fadloun	
  et	
  al	
  
Nat	
  Struc	
  	
  

Expression of Repeat Elements after Fertilization? 

Retrotransposons,	
  such	
  as	
  endogenous	
  retroviruses	
  (ERVs),	
  have	
  colonized	
  the	
  
genomes	
  of	
  all	
  metazoans.	
  As	
  retrotransposi1on	
  can	
  be	
  deleterious,	
  numerous	
  
pathways	
  have	
  evolved	
  to	
  repress	
  the	
  expression	
  of	
  these	
  parasi1c	
  elements.	
  For	
  
example,	
  methyla1on	
  of	
  the	
  fish	
  carbon	
  of	
  the	
  cytosine	
  base	
  in	
  DNA	
  (5-­‐
methylcytosine,	
  5mC)	
  is	
  required	
  for	
  transcrip1onal	
  silencing	
  of	
  ERVs	
  in	
  
differen1ated	
  cells.	
  However,	
  this	
  epigene1c	
  mark	
  is	
  generally	
  dispensable	
  for	
  ERV	
  
silencing	
  during	
  early	
  stages	
  of	
  mouse	
  embryogenesis	
  and	
  in	
  mouse	
  embryonic	
  stem	
  
cells	
  (mESCs).	
  
	
  
histone	
  modifica1on-­‐based	
  pathways	
  may	
  be	
  used	
  to	
  silence	
  ERVs	
  during	
  those	
  
developmental	
  stages	
  when	
  DNA	
  methyla1on-­‐mediated	
  silencing	
  is	
  compromised.	
  

 
In early mouse embryo: global DNA hypomethylation and no piRNA machinery mean that 
repeats can become expressed - very high LINE and ERV expression 

Although	
  it	
  is	
  
well	
  known	
  that	
  retrotransposons	
  are	
  silenced	
  through	
  a	
  piRNA	
  mechanism	
  
in	
  the	
  germ	
  line,	
  the	
  piRNA/Dnmt3L	
  pathway	
  seems	
  not	
  to	
  be	
  ac1ve	
  in	
  the	
  
early	
  embryo	
  (Aravin,	
  Sachidanandam,	
  Girard,	
  Fejes-­‐Toth,	
  &	
  Hannon,	
  
2007;	
  Bourc’his	
  &	
  Bestor,	
  2004;	
  Carmell	
  et	
  al.,	
  2007;	
  Zamudio	
  &	
  
Bourc’his,	
  2010).	
  It	
  is	
  therefore	
  possible	
  that	
  other	
  RNA-­‐mediated	
  mechanisms	
  
also	
  regulate	
  transcrip1on	
  and/or	
  silencing	
  of	
  repe11ve	
  loci	
  during	
  
early	
  embryogenesis,	
  similar	
  to	
  what	
  it	
  has	
  been	
  shown	
  for	
  pericentromeric	
  
repeats.	
  Recent	
  analyses	
  performed	
  in	
  our	
  lab	
  indica1ng	
  that	
  very	
  shortRNAs	
  
smaller	
  than	
  18	
  nt	
  can	
  regulate	
  expression	
  of	
  LINE	
  elements	
  in	
  the	
  mouse	
  
zygote	
  support	
  such	
  a	
  scenario	
  (Fadloun	
  et	
  al.,	
  2013).	
  Thus,	
  it	
  could	
  be	
  that	
  
RNAhas	
  a	
  more	
  generalized	
  role	
  in	
  regula1ng	
  transcrip1onal	
  ac1vity	
  of	
  
heterochroma1c	
  
loci	
  during	
  development.	
  

How do functionally diverse loci come to share common
regulatory motifs? 

Retrotransposons may play a role in providing common regulation
to a group of functions expressed during the
development of oocytes and preimplantation embryos.
Examining cDNA libraries, Peaston et al.(1) find that 13%
of all processed transcripts in full-grown mouse oocytes
contain RTE sequences, mostly from the MT family of
retroviral-like elements. Smaller but still significant percentages
of RTE sequences are found in cDNA libraries
from 2-cell embryos and blastocysts. A quarter of these
RTE sequences are at the 50 ends of chimeric transcripts
that also contain exons from endogenous mouse loci.
These chimeric transcripts display restricted expression
in oocytes and preimplantation embryos and presumably
originate from developmentally regulated LTR promoters.
Some, but not all, chimeric transcripts encode novel
protein products. BioEssays

#  Are these expressed TEs symptomatic of a loss in 
epigenetic control and/or presence of activators? 

#  Might they play a role(s) in early development?  
      (Peaston et al. 2004, Beraldi et al, 2006 and others) 
#  Provide strong alternative promoters to host 

genes? (Peaston et al 2004; Li et al 2014) 
#  Enable maintenance of high transcriptional 

activity to facilitate epigenomic reprogramming 
and EGA? (Hall et al, 2014) 

#  Influence developmental silencing of some genes 
with intragenic LINEs? (Ngamphiw et al, 2014) 

 

•  Highest TE transcripts are at 2-cell stage – eg MERVL 
activated at 2-cell stage then rapidly repressed

•  Different TEs show very different dynamics

 
(Bachvarova, 1988; Efroni et al., 2008; Evsikov et al., 2004; Packer, Manova, & Bachvarova, 1993; Peaston et al., 2004).
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  et	
  al	
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  Struc	
  	
  

Control of Repeat Elements after Fertilization? 

Retrotransposons,	
  such	
  as	
  endogenous	
  retroviruses	
  (ERVs),	
  have	
  colonized	
  the	
  
genomes	
  of	
  all	
  metazoans.	
  As	
  retrotransposi1on	
  can	
  be	
  deleterious,	
  numerous	
  
pathways	
  have	
  evolved	
  to	
  repress	
  the	
  expression	
  of	
  these	
  parasi1c	
  elements.	
  For	
  
example,	
  methyla1on	
  of	
  the	
  fish	
  carbon	
  of	
  the	
  cytosine	
  base	
  in	
  DNA	
  (5-­‐
methylcytosine,	
  5mC)	
  is	
  required	
  for	
  transcrip1onal	
  silencing	
  of	
  ERVs	
  in	
  
differen1ated	
  cells.	
  However,	
  this	
  epigene1c	
  mark	
  is	
  generally	
  dispensable	
  for	
  ERV	
  
silencing	
  during	
  early	
  stages	
  of	
  mouse	
  embryogenesis	
  and	
  in	
  mouse	
  embryonic	
  stem	
  
cells	
  (mESCs).	
  
	
  
histone	
  modifica1on-­‐based	
  pathways	
  may	
  be	
  used	
  to	
  silence	
  ERVs	
  during	
  those	
  
developmental	
  stages	
  when	
  DNA	
  methyla1on-­‐mediated	
  silencing	
  is	
  compromised.	
  

 
In early mouse embryo: global DNA hypomethylation and no piRNA machinery mean that 
repeats can become expressed - very high LINE and ERV expression 

Although	
  it	
  is	
  
well	
  known	
  that	
  retrotransposons	
  are	
  silenced	
  through	
  a	
  piRNA	
  mechanism	
  
in	
  the	
  germ	
  line,	
  the	
  piRNA/Dnmt3L	
  pathway	
  seems	
  not	
  to	
  be	
  ac1ve	
  in	
  the	
  
early	
  embryo	
  (Aravin,	
  Sachidanandam,	
  Girard,	
  Fejes-­‐Toth,	
  &	
  Hannon,	
  
2007;	
  Bourc’his	
  &	
  Bestor,	
  2004;	
  Carmell	
  et	
  al.,	
  2007;	
  Zamudio	
  &	
  
Bourc’his,	
  2010).	
  It	
  is	
  therefore	
  possible	
  that	
  other	
  RNA-­‐mediated	
  mechanisms	
  
also	
  regulate	
  transcrip1on	
  and/or	
  silencing	
  of	
  repe11ve	
  loci	
  during	
  
early	
  embryogenesis,	
  similar	
  to	
  what	
  it	
  has	
  been	
  shown	
  for	
  pericentromeric	
  
repeats.	
  Recent	
  analyses	
  performed	
  in	
  our	
  lab	
  indica1ng	
  that	
  very	
  shortRNAs	
  
smaller	
  than	
  18	
  nt	
  can	
  regulate	
  expression	
  of	
  LINE	
  elements	
  in	
  the	
  mouse	
  
zygote	
  support	
  such	
  a	
  scenario	
  (Fadloun	
  et	
  al.,	
  2013).	
  Thus,	
  it	
  could	
  be	
  that	
  
RNAhas	
  a	
  more	
  generalized	
  role	
  in	
  regula1ng	
  transcrip1onal	
  ac1vity	
  of	
  
heterochroma1c	
  
loci	
  during	
  development.	
  

How do functionally diverse loci come to share common
regulatory motifs? 

Retrotransposons may play a role in providing common regulation
to a group of functions expressed during the
development of oocytes and preimplantation embryos.
Examining cDNA libraries, Peaston et al.(1) find that 13%
of all processed transcripts in full-grown mouse oocytes
contain RTE sequences, mostly from the MT family of
retroviral-like elements. Smaller but still significant percentages
of RTE sequences are found in cDNA libraries
from 2-cell embryos and blastocysts. A quarter of these
RTE sequences are at the 50 ends of chimeric transcripts
that also contain exons from endogenous mouse loci.
These chimeric transcripts display restricted expression
in oocytes and preimplantation embryos and presumably
originate from developmentally regulated LTR promoters.
Some, but not all, chimeric transcripts encode novel
protein products. BioEssays

#  Are these expressed TEs symptomatic of a loss in 
epigenetic control and/or presence of activators? 

#  Might they play a role(s) in early development?  
      (Peaston et al. 2004, Beraldi et al, 2006 and others) 
#  Provide strong alternative promoters to host 

genes? (Peaston et al 2004; Li et al 2014) 
#  Enable maintenance of high transcriptional 

activity to facilitate epigenomic reprogramming 
and EGA? (Hall et al, 2014) 

#  Influence developmental silencing of some genes 
with intragenic LINEs? (Ngamphiw et al, 2014) 

 

•  Highest TE transcripts are at 2-cell stage – eg MERVL 
activated at 2-cell stage then rapidly repressed

•  Different TEs show very different dynamics

 
(Bachvarova, 1988; Efroni et al., 2008; Evsikov et al., 2004; Packer, Manova, & Bachvarova, 1993; Peaston et al., 2004).

IAP RNAs: high levels in fully-grown 
oocytes, decrease in 1-cell embryos, 

increase again during development to the 
blastocyst stage	
  

Epsilon-type retroviral-like particles, encoded 
by MuERVL ERVL LTR retrotransposons, are 
not present in fully-grown oocytes, transiently 
increase in 2-cell embryos, then disappear as 

pre-implantation development proceeds	
  

MT MaLR LTR retrotransposon 
transcripts are highly abundant in 

mouse oocytes but decrease in 
abundance as pre-implantation	
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Control of Repeat Elements after Fertilization? 

Retrotransposons,	
  such	
  as	
  endogenous	
  retroviruses	
  (ERVs),	
  have	
  colonized	
  the	
  
genomes	
  of	
  all	
  metazoans.	
  As	
  retrotransposi1on	
  can	
  be	
  deleterious,	
  numerous	
  
pathways	
  have	
  evolved	
  to	
  repress	
  the	
  expression	
  of	
  these	
  parasi1c	
  elements.	
  For	
  
example,	
  methyla1on	
  of	
  the	
  fish	
  carbon	
  of	
  the	
  cytosine	
  base	
  in	
  DNA	
  (5-­‐
methylcytosine,	
  5mC)	
  is	
  required	
  for	
  transcrip1onal	
  silencing	
  of	
  ERVs	
  in	
  
differen1ated	
  cells.	
  However,	
  this	
  epigene1c	
  mark	
  is	
  generally	
  dispensable	
  for	
  ERV	
  
silencing	
  during	
  early	
  stages	
  of	
  mouse	
  embryogenesis	
  and	
  in	
  mouse	
  embryonic	
  stem	
  
cells	
  (mESCs).	
  
	
  
histone	
  modifica1on-­‐based	
  pathways	
  may	
  be	
  used	
  to	
  silence	
  ERVs	
  during	
  those	
  
developmental	
  stages	
  when	
  DNA	
  methyla1on-­‐mediated	
  silencing	
  is	
  compromised.	
  

 
In early mouse embryo: global DNA hypomethylation and no piRNA machinery mean that 
repeats can become expressed - very high LINE and ERV expression 

Although	
  it	
  is	
  
well	
  known	
  that	
  retrotransposons	
  are	
  silenced	
  through	
  a	
  piRNA	
  mechanism	
  
in	
  the	
  germ	
  line,	
  the	
  piRNA/Dnmt3L	
  pathway	
  seems	
  not	
  to	
  be	
  ac1ve	
  in	
  the	
  
early	
  embryo	
  (Aravin,	
  Sachidanandam,	
  Girard,	
  Fejes-­‐Toth,	
  &	
  Hannon,	
  
2007;	
  Bourc’his	
  &	
  Bestor,	
  2004;	
  Carmell	
  et	
  al.,	
  2007;	
  Zamudio	
  &	
  
Bourc’his,	
  2010).	
  It	
  is	
  therefore	
  possible	
  that	
  other	
  RNA-­‐mediated	
  mechanisms	
  
also	
  regulate	
  transcrip1on	
  and/or	
  silencing	
  of	
  repe11ve	
  loci	
  during	
  
early	
  embryogenesis,	
  similar	
  to	
  what	
  it	
  has	
  been	
  shown	
  for	
  pericentromeric	
  
repeats.	
  Recent	
  analyses	
  performed	
  in	
  our	
  lab	
  indica1ng	
  that	
  very	
  shortRNAs	
  
smaller	
  than	
  18	
  nt	
  can	
  regulate	
  expression	
  of	
  LINE	
  elements	
  in	
  the	
  mouse	
  
zygote	
  support	
  such	
  a	
  scenario	
  (Fadloun	
  et	
  al.,	
  2013).	
  Thus,	
  it	
  could	
  be	
  that	
  
RNAhas	
  a	
  more	
  generalized	
  role	
  in	
  regula1ng	
  transcrip1onal	
  ac1vity	
  of	
  
heterochroma1c	
  
loci	
  during	
  development.	
  

How do functionally diverse loci come to share common
regulatory motifs? 

Retrotransposons may play a role in providing common regulation
to a group of functions expressed during the
development of oocytes and preimplantation embryos.
Examining cDNA libraries, Peaston et al.(1) find that 13%
of all processed transcripts in full-grown mouse oocytes
contain RTE sequences, mostly from the MT family of
retroviral-like elements. Smaller but still significant percentages
of RTE sequences are found in cDNA libraries
from 2-cell embryos and blastocysts. A quarter of these
RTE sequences are at the 50 ends of chimeric transcripts
that also contain exons from endogenous mouse loci.
These chimeric transcripts display restricted expression
in oocytes and preimplantation embryos and presumably
originate from developmentally regulated LTR promoters.
Some, but not all, chimeric transcripts encode novel
protein products. BioEssays

#  Are these expressed TEs symptomatic of a loss in 
epigenetic control and/or presence of activators? 

#  Might they play a role(s) in early development?  
      (Peaston et al. 2004, Beraldi et al, 2006 and others) 
#  Provide strong alternative promoters to host 

genes? (Peaston et al 2004; Li et al 2014) 
#  Enable maintenance of high transcriptional 

activity to facilitate epigenomic reprogramming 
and EGA? (Hall et al, 2014) 

#  Influence developmental silencing of some genes 
with intragenic LINEs? (Ngamphiw et al, 2014) 

 

•  Highest TE transcripts are at 2-cell stage – eg MERVL 
activated at 2-cell stage then rapidly repressed

•  Different TEs show very different dynamics

•  A quarter of these TE sequences are at 5’ends of chimeric 
transcripts with exons from endogenous mouse loci.

•  Chimeric transcripts only in oocytes and preimplantation 
embryos, originating from developmentally regulated LTR 
promoters spliced onto host genes. Some, but not all, 
chimeric transcripts encode novel protein

 
(Bachvarova, 1988; Efroni et al., 2008; Evsikov et al., 2004; Packer, Manova, & Bachvarova, 1993; Peaston et al., 2004).

Exaptation? Mammalian hosts are co-opting 
retrotransposons  to drive gene expression and other 
functions during these stages of development.
Or just a consequence of open chromatin and lack of 
adequate control?
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Retrotransposons,	
  such	
  as	
  endogenous	
  retroviruses	
  (ERVs),	
  have	
  colonized	
  the	
  
genomes	
  of	
  all	
  metazoans.	
  As	
  retrotransposi1on	
  can	
  be	
  deleterious,	
  numerous	
  
pathways	
  have	
  evolved	
  to	
  repress	
  the	
  expression	
  of	
  these	
  parasi1c	
  elements.	
  For	
  
example,	
  methyla1on	
  of	
  the	
  fish	
  carbon	
  of	
  the	
  cytosine	
  base	
  in	
  DNA	
  (5-­‐
methylcytosine,	
  5mC)	
  is	
  required	
  for	
  transcrip1onal	
  silencing	
  of	
  ERVs	
  in	
  
differen1ated	
  cells.	
  However,	
  this	
  epigene1c	
  mark	
  is	
  generally	
  dispensable	
  for	
  ERV	
  
silencing	
  during	
  early	
  stages	
  of	
  mouse	
  embryogenesis	
  and	
  in	
  mouse	
  embryonic	
  stem	
  
cells	
  (mESCs).	
  
	
  
histone	
  modifica1on-­‐based	
  pathways	
  may	
  be	
  used	
  to	
  silence	
  ERVs	
  during	
  those	
  
developmental	
  stages	
  when	
  DNA	
  methyla1on-­‐mediated	
  silencing	
  is	
  compromised.	
  

Although	
  it	
  is	
  
well	
  known	
  that	
  retrotransposons	
  are	
  silenced	
  through	
  a	
  piRNA	
  mechanism	
  
in	
  the	
  germ	
  line,	
  the	
  piRNA/Dnmt3L	
  pathway	
  seems	
  not	
  to	
  be	
  ac1ve	
  in	
  the	
  
early	
  embryo	
  (Aravin,	
  Sachidanandam,	
  Girard,	
  Fejes-­‐Toth,	
  &	
  Hannon,	
  
2007;	
  Bourc’his	
  &	
  Bestor,	
  2004;	
  Carmell	
  et	
  al.,	
  2007;	
  Zamudio	
  &	
  
Bourc’his,	
  2010).	
  It	
  is	
  therefore	
  possible	
  that	
  other	
  RNA-­‐mediated	
  mechanisms	
  
also	
  regulate	
  transcrip1on	
  and/or	
  silencing	
  of	
  repe11ve	
  loci	
  during	
  
early	
  embryogenesis,	
  similar	
  to	
  what	
  it	
  has	
  been	
  shown	
  for	
  pericentromeric	
  
repeats.	
  Recent	
  analyses	
  performed	
  in	
  our	
  lab	
  indica1ng	
  that	
  very	
  shortRNAs	
  
smaller	
  than	
  18	
  nt	
  can	
  regulate	
  expression	
  of	
  LINE	
  elements	
  in	
  the	
  mouse	
  
zygote	
  support	
  such	
  a	
  scenario	
  (Fadloun	
  et	
  al.,	
  2013).	
  Thus,	
  it	
  could	
  be	
  that	
  
RNAhas	
  a	
  more	
  generalized	
  role	
  in	
  regula1ng	
  transcrip1onal	
  ac1vity	
  of	
  
heterochroma1c	
  
loci	
  during	
  development.	
  

How do functionally diverse loci come to share common
regulatory motifs? 

Retrotransposons may play a role in providing common regulation
to a group of functions expressed during the
development of oocytes and preimplantation embryos.
Examining cDNA libraries, Peaston et al.(1) find that 13%
of all processed transcripts in full-grown mouse oocytes
contain RTE sequences, mostly from the MT family of
retroviral-like elements. Smaller but still significant percentages
of RTE sequences are found in cDNA libraries
from 2-cell embryos and blastocysts. A quarter of these
RTE sequences are at the 50 ends of chimeric transcripts
that also contain exons from endogenous mouse loci.
These chimeric transcripts display restricted expression
in oocytes and preimplantation embryos and presumably
originate from developmentally regulated LTR promoters.
Some, but not all, chimeric transcripts encode novel
protein products. BioEssays

#  Are these expressed TEs symptomatic of a loss in 
epigenetic control and/or presence of activators? 

#  Might they play a role(s) in early development?  
      (Peaston et al. 2004, Beraldi et al, 2006 and others) 
#  Provide strong alternative promoters to host 

genes? (Peaston et al 2004; Li et al 2014) 
#  Enable maintenance of high transcriptional 

activity to facilitate epigenomic reprogramming 
and EGA? (Hall et al, 2014) 

#  Influence developmental silencing of some genes 
with intragenic LINEs? (Ngamphiw et al, 2014) 

 

 
(Bachvarova, 1988; Efroni et al., 2008; Evsikov et al., 2004; Packer, Manova, & Bachvarova, 1993; Peaston et al., 2004).

 
 Dynamic Transcription of Distinct TE classes  

during early Mouse Development 

Unlike any somatic cells, see high chromatin accessibility both at promoters 
and more distant sites at repeats at the 2-cell stage. 

Around MERVL see large, open domains become progressively restricted
and as H3K27me3 domains start to appear
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Retrotransposons,	
  such	
  as	
  endogenous	
  retroviruses	
  (ERVs),	
  have	
  colonized	
  the	
  
genomes	
  of	
  all	
  metazoans.	
  As	
  retrotransposi1on	
  can	
  be	
  deleterious,	
  numerous	
  
pathways	
  have	
  evolved	
  to	
  repress	
  the	
  expression	
  of	
  these	
  parasi1c	
  elements.	
  For	
  
example,	
  methyla1on	
  of	
  the	
  fish	
  carbon	
  of	
  the	
  cytosine	
  base	
  in	
  DNA	
  (5-­‐
methylcytosine,	
  5mC)	
  is	
  required	
  for	
  transcrip1onal	
  silencing	
  of	
  ERVs	
  in	
  
differen1ated	
  cells.	
  However,	
  this	
  epigene1c	
  mark	
  is	
  generally	
  dispensable	
  for	
  ERV	
  
silencing	
  during	
  early	
  stages	
  of	
  mouse	
  embryogenesis	
  and	
  in	
  mouse	
  embryonic	
  stem	
  
cells	
  (mESCs).	
  
	
  
histone	
  modifica1on-­‐based	
  pathways	
  may	
  be	
  used	
  to	
  silence	
  ERVs	
  during	
  those	
  
developmental	
  stages	
  when	
  DNA	
  methyla1on-­‐mediated	
  silencing	
  is	
  compromised.	
  

Although	
  it	
  is	
  
well	
  known	
  that	
  retrotransposons	
  are	
  silenced	
  through	
  a	
  piRNA	
  mechanism	
  
in	
  the	
  germ	
  line,	
  the	
  piRNA/Dnmt3L	
  pathway	
  seems	
  not	
  to	
  be	
  ac1ve	
  in	
  the	
  
early	
  embryo	
  (Aravin,	
  Sachidanandam,	
  Girard,	
  Fejes-­‐Toth,	
  &	
  Hannon,	
  
2007;	
  Bourc’his	
  &	
  Bestor,	
  2004;	
  Carmell	
  et	
  al.,	
  2007;	
  Zamudio	
  &	
  
Bourc’his,	
  2010).	
  It	
  is	
  therefore	
  possible	
  that	
  other	
  RNA-­‐mediated	
  mechanisms	
  
also	
  regulate	
  transcrip1on	
  and/or	
  silencing	
  of	
  repe11ve	
  loci	
  during	
  
early	
  embryogenesis,	
  similar	
  to	
  what	
  it	
  has	
  been	
  shown	
  for	
  pericentromeric	
  
repeats.	
  Recent	
  analyses	
  performed	
  in	
  our	
  lab	
  indica1ng	
  that	
  very	
  shortRNAs	
  
smaller	
  than	
  18	
  nt	
  can	
  regulate	
  expression	
  of	
  LINE	
  elements	
  in	
  the	
  mouse	
  
zygote	
  support	
  such	
  a	
  scenario	
  (Fadloun	
  et	
  al.,	
  2013).	
  Thus,	
  it	
  could	
  be	
  that	
  
RNAhas	
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  more	
  generalized	
  role	
  in	
  regula1ng	
  transcrip1onal	
  ac1vity	
  of	
  
heterochroma1c	
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  during	
  development.	
  

How do functionally diverse loci come to share common
regulatory motifs? 

Retrotransposons may play a role in providing common regulation
to a group of functions expressed during the
development of oocytes and preimplantation embryos.
Examining cDNA libraries, Peaston et al.(1) find that 13%
of all processed transcripts in full-grown mouse oocytes
contain RTE sequences, mostly from the MT family of
retroviral-like elements. Smaller but still significant percentages
of RTE sequences are found in cDNA libraries
from 2-cell embryos and blastocysts. A quarter of these
RTE sequences are at the 50 ends of chimeric transcripts
that also contain exons from endogenous mouse loci.
These chimeric transcripts display restricted expression
in oocytes and preimplantation embryos and presumably
originate from developmentally regulated LTR promoters.
Some, but not all, chimeric transcripts encode novel
protein products. BioEssays

#  Are these expressed TEs symptomatic of a loss in 
epigenetic control and/or presence of activators? 

#  Might they play a role(s) in early development?  
      (Peaston et al. 2004, Beraldi et al, 2006 and others) 
#  Provide strong alternative promoters to host 

genes? (Peaston et al 2004; Li et al 2014) 
#  Enable maintenance of high transcriptional 

activity to facilitate epigenomic reprogramming 
and EGA? (Hall et al, 2014) 

#  Influence developmental silencing of some genes 
with intragenic LINEs? (Ngamphiw et al, 2014) 

 

 
 Dynamic Transcription of Distinct TE classes  

during early Mouse Development 
!  Are these expressed TEs just symptomatic of a 

loss in epigenetic control and presence of 
activators? 

!  Or might they play a role(s) in early 
development? (Peaston et al. 2004, Beraldi et al, 2006 
and others) 

!  Provide strong alternative promoters to host 
genes? (Peaston et al 2004; Li et al 2014) 

!  Orchestrate the reorganisation of the early 
epigenome? (Wu, Huang et al, 2016 and others) 

!  Enable maintenance of high transcriptional 
activity to facilitate epigenomic 
reprogramming and EGA? (Hall et al, 2014) 

!  Influence developmental silencing of some 
genes with intragenic LINEs? (Ngamphiw et al, 
2014) 
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LINEs
Emergent L1PA subfamilies escape 
DNA methylation-based repression 
during pre-implantation growth

ERVs
LTR subfamily dynamics are 
divided into early and late pre-
implantation phases

•  As in mice, human embryos show dynamic TE expression
•  ERVs show dynamics loss and gain of DNA methylation
•  Compared to ERVs, LINEs maintain higher methylation levels
•  Only the primate-specific, still potentially mobile L1PA phylogeny is dynamically expressed
•  Human-specific L1HS and its two closest ancestors, L1PA2 and L1PA3, are demethylated 

early, while older elements maintain higher embryonic methylation  

Smith et al (2014) DNA methylation dynamics of the human 
preimplantation embryo. Nature 511: 611-615

DNA Methylation and Expression Dynamics of TEs in Early 
Human Embryogenesis
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 Dynamic Transcription of Distinct TE classes  

during early Human Development 

Specific families of ERVs are transcribed in human preimplantation 
embryos. 
Transcribed ERVs are stage-specific and frequently spliced with 
non-ERV exons, generating a wide variety of co-expressed RNAs 
that demarcate the distinct cell populations in early human embryos

•  ERVs are systematically transcribed in pre-implantation 
embryos

•  Specific ERV families characterize different developmental 
stages

•  Long terminal repeats regulate & initiate stage-specific 
transcription

•  Preserved splice sites link stage-specific ERVs to the non-
repetitive transcriptome

How do functionally diverse loci come to share common
regulatory motifs? 

Retrotransposons may play a role in providing common regulation
to a group of functions expressed during the
development of oocytes and preimplantation embryos.
Examining cDNA libraries, Peaston et al.(1) find that 13%
of all processed transcripts in full-grown mouse oocytes
contain RTE sequences, mostly from the MT family of
retroviral-like elements. Smaller but still significant percentages
of RTE sequences are found in cDNA libraries
from 2-cell embryos and blastocysts. A quarter of these
RTE sequences are at the 50 ends of chimeric transcripts
that also contain exons from endogenous mouse loci.
These chimeric transcripts display restricted expression
in oocytes and preimplantation embryos and presumably
originate from developmentally regulated LTR promoters.
Some, but not all, chimeric transcripts encode novel
protein products. BioEssays
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 Specific ERVs mark the different cellular identities in 

early embryonic development 

CTRL+INSERT:	
  retrotransposons	
  and	
  their	
  
contribu1on	
  to	
  regula1on	
  and	
  innova1on	
  of	
  
the	
  transcriptome	
  
EMBO	
  reports	
  (2016)	
  17,	
  1131-­‐1144	
  

(A)  Specific ERV families are expressed in the early human embryo, and in naïve and primed human embryonic stem cells 
(ESCs). 

(B)  In mouse, some ERVs are specifically activated in the two-cell stage. These ERVs are spontaneously expressed in cells 
which show features of two-cell-like totipotent cells.

Dynamic	
  changes	
  in	
  Retrotransposon	
  Expression	
  
during	
  Development	
  
1.	
  RNA	
  transcripts	
  belonging	
  to	
  hiighly	
  abundant	
  IAP	
  
elements,	
  are	
  present	
  at	
  high	
  levels	
  in	
  fully-­‐grown	
  
oocytes,	
  decrease	
  in	
  1-­‐cell	
  embryos,	
  then	
  increase	
  
again	
  during	
  development	
  to	
  the	
  blastocyst	
  stage	
  
[32,	
  35,	
  36].	
  These	
  IAP	
  element	
  transcripts	
  are	
  
competent	
  to	
  generate	
  A-­‐type	
  retroviral	
  like	
  
par1cles,	
  whose	
  abundance	
  follows	
  similar	
  dynamics	
  
during	
  these	
  stages	
  of	
  development	
  
	
  
2.	
  epsilon-­‐type	
  retroviral-­‐like	
  par1cles,	
  which	
  are	
  
encoded	
  by	
  MuERVL	
  ERVL	
  LTR	
  retrotransposons,	
  are	
  
not	
  present	
  in	
  fully-­‐grown	
  oocytes,	
  transiently	
  
increase	
  in	
  abundance	
  in	
  2-­‐cell	
  embryos,	
  then	
  
disappear	
  as	
  pre-­‐implanta1on	
  development	
  
proceeds	
  [36].	
  Again,	
  the	
  changes	
  in	
  epsilon-­‐type	
  
retroviral-­‐like	
  par1cle	
  abundance	
  are	
  mirrored	
  by	
  
changes	
  in	
  abundance	
  of	
  MuERVL	
  transcripts	
  that	
  
encode	
  these	
  elements	
  [32,	
  37].	
  
	
  
3.	
  MT	
  MaLR	
  LTR	
  retrotransposon	
  
transcripts	
  exhibits	
  yet	
  another	
  dis1nct	
  expression	
  
paZern	
  during	
  pre-­‐implanta1on	
  development	
  and	
  
are	
  highly	
  abundant	
  in	
  mouse	
  oocytes	
  but	
  sharply	
  
decrease	
  in	
  abundance	
  as	
  pre-­‐implanta1on	
  
development	
  proceeds	
  [32].	
  
	
  
⇒ different	
  types	
  of	
  retrotransposon	
  have	
  evolved	
  

to	
  take	
  advantage	
  of	
  the	
  dynamic	
  chroma1n	
  
modifica1ons	
  and	
  transcrip1on	
  factor	
  profiles	
  
present	
  at	
  these	
  stages	
  of	
  development	
  

	
  
Also	
  chimaeric	
  transcripts	
  origina1ng	
  from	
  
retrotransposon	
  promoters	
  but	
  spliced	
  onto	
  host	
  
genes	
  are	
  present	
  in	
  oocytes	
  and	
  pre-­‐implanta1on	
  
embryos	
  [32],	
  sugges1ng	
  that	
  mammalian	
  hosts	
  are	
  
co-­‐op1ng	
  retrotransposons	
  	
  to	
  drive	
  gene	
  expression	
  
during	
  these	
  stages	
  of	
  development.	
  
	
  

Santoni et al, 2012; Gifford et al, 2013; Lu et al, 2014; Macfarlan et al, 2012; 
Fort et al, 2014; Kapusta et al, 2013



Some ERVs drive Non-coding RNAs: Role in Pluripotency? 

E. Heard, February 20th, 2017 

Retrotransposons may shape species‑specific 
embryonic stem cell gene expression?
• HERV-H activity overlaps with pluripotent state:
• HERV-H expression may ‘define’ naïve stem cells.
• HERV-H may regulate stem cell gene expression??
• HERV-H recruits the TF, LBP9 which is essential 
for ground-state pluripotency…
• HERV-H must be silenced to guarantee successful 
cell differentiation
• Inappropriate expression of HERV-H and K ERVs 
could interfere with reprogramming to iPS?

More functional tests required!

Robbez-Masson and Rowe Retrovirology (2015) 12:45

TEs may influence species-specific stem cell gene expression by two opposing mechanisms, 
involving their recruitment of stem cell-enriched transcription factors (TFs):
1. They can activate expression of genes linked to naïve pluripotency
2. They can induce repression of nearby genes. 
Some of them have been co-opted to perform species-specific beneficial functions
Eg HERV-H may have been adopted to preserve human naïve pluripotency?

Different TEs are active or silences in 
embryonic stem cells (ESCs) due to differences 
between retrotransposon families, between 
individual copies within the same family,
and between subpopulations of ESCs….
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 Endogenous Retroviral Expression in Human Pre-implantation Embryos 
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 Dynamic Transcription of Distinct TE classes  

during early Human Development 

 
 Endogenous Retroviral Expression in Human Pre-implantation Embryos 

Part of a protective mechanism?���
Induction of HERV-K particles in early embryos may induce host 
viral restriction pathways to protect from subsequent infection?
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TEs regulate and expand the transcriptome 

during the very first stages of life 
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1.  Distinct classes of TEs seem to be specifically expressed in mouse and 
human pre-implantation development

Santoni et al, 2012; Gifford et al, 2013; Lu et al, 2014; Macfarlan et al, 2012; 
Fort et al, 2014; Kapusta et al, 2013

Exaptation? 
Mammalian hosts are co-opting retrotransposons  to 

drive gene expression and other functions during 
these stages of development.

Consequence 
of open chromatin and lack of adequate control?
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TEs regulate and expand the transcriptome 

during the very first stages of life 
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1.  Distinct classes of TEs seem to be specifically expressed in mouse and 
human pre-implantation development

2.  It is not entire subclasses active at any given time but a specific subset of 
integrants – due to combined influence of trans-activators/repressors and 
local chromatin constraints – raises question of Cause vs Consequence

3.  Some TEs (or their relics) may have been coopted for the purposes of 
gene regulation  and orchestration of a number of processes during early 
embryonic development. 

4.  In mouse, large fraction of 2-cell stage activated genes are driven from 
the LTR of mouse-specific MERV-L 

5.  In human, ERV-derived mRNA transcripts and long non-coding RNAs 
found throughout pre-implantation development (2-cell to blastocyst) and 
in embryonic stem cells

6.  In human – OCT4 factor binds LTR of HERVH: pluripotency of hESCs 
correlates with expression of some HERVH loci

7.  Role for HERVH-lncRNAs and enhancer activity of HERHV LTR7 in 
maintenance of pluripotent state?

Santoni et al, 2012; Gifford et al, 2013; Lu et al, 2014; Macfarlan et al, 2012; 
Fort et al, 2014; Kapusta et al, 2013
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Cours IV  
 L’implication des éléments transposables dans les maladies : 

mutations et épimutations 
 

The implication of transposable elements in disease: 
mutations and epimuations 
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