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 Transposable Elements 

!  Sequencing of genomes has revealed the massive presence of TEs and their relics
! Making up most of the 98% of “non-coding” genome – “junk” or “hidden treasures”?
!  Latest census : 4.5x106 transposable elements in the human genome!

Bolzer et al, Plos Biol. 2005

From Selfish DNA, Junk DNA… 
To Genome architects, Genetic and Epigenetic tools 

Courtesy of Tim Bestor
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 Transposable Elements 

!  The Maize genome, studied by McClintock is made up of 85% TEs!
!  Transposable elements are most highly enriched in Heterochromatin
     – silent but with potential to be active

Wang et al, Plant Cell 2006Barbara McClintock, 1951

TE repeat hybridisation on Maize chromosome 9

From Selfish DNA, Junk DNA… 
To Genome architects, Genetic and Epigenetic tools 



E. Heard, February 11th, 2013 

Barbara McClintock proposed that ‘‘changes in quantity, quality or structural 
organization of heterochromatic elements may well alter the kind and/or degree of 
particular exchanges that occur, and in this way control the chromosome organization 
and the kind and the relative effectiveness of genic action’’ (McClintock, 1950). 

Heterochromatin and the Epigenetic Silencing of Genes and TEs 

http://medcell.med.yale.edu/histology/ 

Heterochromatin Euchromatin 

Heterochromatin and Euchromatin 
Emile Heintz, 1929	
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Bertram et Barr, 1949  
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The heterochromatic inactive X 
M. Lyon, 1961	
  

Voir COURS 2015



Chuong et al, NRG, 2016

Chuong et al, NRG, 2016

•  TEs = powerful genetic force 
engaged in the evolution of 
higher species. 

•  Genomes are spattered with 
thousands of copies => leads to 
recombination events inducing 
deletions, duplications

•  They can disrupt existing 
genes but also provide new 
protein-coding sequences 

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

E. Heard, February 13th, 2017 

Erwin et al, 2014

Transposable Elements (TEs) as Generators of Genetic 
Diversity and Modulators of Gene Expression  



Retrovirus	
  endogeniza0on	
  and	
  syncy0n	
  gene	
  
capture	
  in	
  mammalian	
  species.	
  Retroviruses	
  
are	
  able	
  to	
  reverse	
  transcribe	
  their	
  genomic	
  
RNA	
  into	
  a	
  cDNA	
  copy	
  that	
  integrates	
  into	
  
the	
  genome	
  of	
  infected	
  cells	
  as	
  a	
  ‘provirus’	
  
which	
  contains	
  the	
  three	
  viral	
  genes	
  gag,	
  pol	
  
and	
  env	
  (leB).	
  Retroviral	
  infec0on	
  leads	
  to	
  
proviral	
  inser0on	
  into	
  a	
  limited	
  number	
  of	
  
cells	
  of	
  the	
  infected	
  animal.	
  Produc0on	
  of	
  
new	
  infec0ous	
  virions	
  results	
  in	
  horizontal	
  
transmission	
  of	
  the	
  virus	
  (top	
  right).	
  In	
  
occasional	
  cases	
  where	
  a	
  retrovirus	
  infects	
  
germline	
  cells,	
  the	
  integrated	
  proviral	
  DNA	
  is	
  
transmiFed	
  ver0cally	
  to	
  the	
  offspring	
  
(centre).	
  The	
  retrovirus	
  has	
  been	
  
‘endogenized’	
  and	
  is	
  now	
  present	
  in	
  all	
  the	
  
soma0c	
  and	
  germline	
  cells	
  of	
  the	
  animal.	
  
During	
  evolu0on,	
  most	
  of	
  the	
  endogenous	
  
retrovirus-­‐derived	
  genes	
  are	
  disrupted	
  by	
  
mul0ple	
  muta0onal	
  events	
  but	
  occasionally	
  
one	
  of	
  them,	
  such	
  as	
  the	
  env	
  gene	
  
exemplified	
  here	
  (boFom	
  leB),	
  may	
  be	
  
preserved	
  and	
  remains	
  func0onal	
  over	
  
several	
  million	
  years,	
  playing	
  a	
  role	
  in	
  the	
  
physiology	
  of	
  its	
  host.	
  

he	
  retroviral	
  envelope	
  
glycoprotein.	
  (a)	
  Structure	
  of	
  the	
  
retroviral	
  envelope	
  protein	
  with	
  
the	
  SU	
  and	
  TM	
  subunits,	
  the	
  
fusion	
  pep0de	
  and	
  the	
  
immunosuppressive	
  domain	
  
(ISD).	
  (b)	
  Consequences	
  of	
  the	
  
interac0on	
  between	
  a	
  retroviral	
  
envelope	
  protein	
  and	
  its	
  cognate	
  
receptor:	
  virion–cell	
  membrane	
  
fusion	
  and	
  virus	
  entry	
  into	
  the	
  
target	
  cell	
  (i)	
  or	
  cell–cell	
  
membrane	
  fusion	
  and	
  forma0on	
  
of	
  a	
  syncy0um	
  (ii).	
  (c)	
  Cell–cell	
  
fusion	
  and	
  forma0on	
  of	
  
mul0nucleated	
  syncy0a	
  induced	
  
by	
  transfec0ng	
  human	
  TE671	
  
cells	
  with	
  a	
  syncy0n-­‐2	
  expression	
  
vector	
  (May–Grünwald–Giemsa	
  
staining).	
  

nvolvement	
  of	
  syncy0n-­‐2	
  and	
  its	
  cognate	
  receptor	
  MFSD2	
  in	
  human	
  
placenta0on.	
  (a)	
  Schema0c	
  of	
  a	
  human	
  feto–placental	
  unit	
  and	
  
(enlarged)	
  of	
  a	
  placental	
  villus.	
  (b)	
  In	
  situ	
  analysis	
  of	
  human	
  placental	
  
villi	
  sec0ons	
  for	
  syncy0n-­‐2	
  and	
  MFSD2	
  expression.	
  MFSD2	
  expression	
  
is	
  detected	
  exclusively	
  within	
  the	
  syncy0otrophoblast	
  layer	
  (ST),	
  
whereas	
  syncy0n-­‐2	
  expression	
  is	
  restricted	
  to	
  underlying	
  
mononucleated	
  cytotrophoblasts	
  (CT).	
  (c)	
  ‘In	
  fusion’	
  model	
  for	
  
syncy0otrophoblast	
  forma0on,	
  where	
  interac0on	
  between	
  syncy0n-­‐2	
  
and	
  MFSD2	
  results	
  in	
  polarized	
  fusion	
  of	
  the	
  cytotrophoblasts	
  into	
  the	
  
syncy0otrophoblast.	
  Adapted	
  from	
  Esnault	
  et	
  al.	
  [39].	
  

Both	
  murine	
  syncy0n	
  genes	
  are	
  required	
  for	
  the	
  forma0on	
  of	
  the	
  murine	
  
syncy0otrophoblast	
  double	
  layer.	
  (a)	
  Scheme	
  of	
  the	
  mouse	
  placenta	
  with	
  an	
  
enlarged	
  representa0on	
  of	
  the	
  feto-­‐maternal	
  interface	
  highligh0ng	
  the	
  presence	
  of	
  
two	
  syncy0otrophoblast	
  layers	
  (ST-­‐I	
  and	
  ST-­‐II).	
  (b)	
  Electron	
  microscopy	
  analysis	
  of	
  
the	
  placental	
  feto-­‐maternal	
  interface	
  of	
  mice	
  deficient	
  for	
  syncy0n-­‐A	
  (i)	
  or	
  syncy0n-­‐B	
  
(ii),	
  showing	
  fusion	
  defects	
  of	
  syncy0otrophoblast	
  layers	
  ST-­‐I	
  and	
  ST-­‐II,	
  respec0vely.	
  
Adapted	
  from	
  Dupressoir	
  et	
  al.	
  [54,55].	
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• Placentation: 
Syncytin - required to form the syncytiotrophoblast double layer – essential for 
maternal/fetal exchange. Exaptation of an env gene: emergence of mammalian 
ancestors with a placenta from egg-laying animals? New env-derived syncytin 
genes, each providing its host with a selective advantage  (see Lavialle, Heidmann et al, 2012)

• Immune System: 
Recombination-activating genes RAG1 and RAG2, which are critical for V(D)J 
recombination and adaptive immune system development, originated from 
domestication of a member of the Transib family of DNA transposons, approx. 
500 Mya (Kapitonov & Jurka 2005, Zhou et al. 2004). 

acquisi0on	
  of	
  V(D)J	
  recombina0on	
  is	
  oBen	
  
regarded	
  as	
  a	
  key	
  step	
  in	
  the	
  evolu0on	
  of	
  the	
  
adap0ve	
  immune	
  system	
  of	
  jawed	
  vertebrates	
  
(32,	
  88).	
  The	
  two	
  essen0al	
  components	
  of	
  
V(D)J	
  recombina0on	
  are	
  (i)	
  the	
  RAG1	
  and	
  RAG2	
  
proteins,	
  which	
  interact	
  to	
  form	
  the	
  
recombinase	
  responsible	
  for	
  the	
  joining	
  and	
  
transfer	
  ac0vi0es	
  

Transposable elements as generators of genes 
for new (host) functions 



Chuong et al, NRG, 2016

Transposable elements as generators of phenotypic diversity through 
the modulation of gene expression (genetic and epigenetic) 

TEs	
  as	
  modulators	
  of	
  gene	
  expression	
  

TEs	
  as	
  generators	
  of	
  gene4c	
  diversity	
  

TEs as drivers of epigenetic 
processes and carriers of epigenetic 

information…. 
COURS II

E. Heard, February 13th, 2017 

Architects of gene regulatory landscapes  – providing specific 
DNA binding sites for factors that control gene expression – 

enhancers, locus control regions (super-enhancers),  insulators etc

TE fragments/relics provide “Controlling Elements”



Chuong et al, NRG, 2016

Transposable elements as generators of phenotypic diversity through 
the modulation of gene expression (genetic and epigenetic) 

TEs	
  as	
  modulators	
  of	
  gene	
  expression	
  

TEs	
  as	
  generators	
  of	
  gene4c	
  diversity	
  

TEs as drivers of epigenetic 
processes and carriers of epigenetic 

information…. 
COURS II

E. Heard, February 13th, 2017 
Chuong et al, NRG, 2016

New	
  alleles	
   New	
  epialleles	
  



Hcf106 

IAP 
Agouti 

Mu1 

Dfr-B 

MuLE 

methylation 

TEs can regulate genes via DNA methylation in 
plants and animals

methylation 

methylation 
Martienssen et al., 1990

Iida et al., 2004

Morgan et al., 1999

E. Heard, February 13th, 2017 Courtesy of Rob Martienssen 



black orange 

 
TEs are implicated in epigenetic phenomena

X-chromosome inactivation Imprinting 

E. Heard, February 13th, 2017 

Klar; Allshire, 

Imprinted Genes Control 
Embryonic & Neonatal Growth



X-chromosome inactivation Imprinting 

E. Heard, February 13th, 2017 

Klar; Allshire, 

Imprinted Genes Control 
Embryonic & Neonatal Growth

XiXa

The X chromosome is specifically 
enriched in LINE retroelements, which 
may facilitate X inactivation (Lyon 
LINE Hypothesis, 1998)

Chow et al, Cell 2010

 
TEs are implicated in epigenetic phenomena
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Epigenetic Mechanisms and Transposable Elements 

DNA or RNA strategies


Chromatin ���

 DNA methylation



" Epigenetic silencing may have evolved as a means to defend 
the genome from parasites such as TEs and viruses (Doerfler et 
al, 1991; Yoder et al, 1997).

" On the other hand,  it may only be thanks to the existence of 
epigenetic mechanisms that TEs can persist in a host after they 
first appear (Slotkin and Martienssen, 2007; Fedoroff, 2012).

" Epigenetic changes allow for the dynamic balance between 
silencing and escape required to protect the host, but also 
enable TE (selfish) spread as well as selection for new 
functions within the host.

" Epigenetic silencing represents an opportunity for both 
heritable and reprogrammable expression. 

• Proposed that the major 
function of DNA 
methylases in mammals 
could be in the long-term 
silencing of non-coding, 
repetitive genomic DNA 
and that this could be 
represent part of an 
ancient host defense 
system to silence foreign 
DNA and protect 
genomes from TE 
activity (Doerfler, 1991; 
Yoder et al, 1997) 
(similar to bacteria)
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  Classes of Transposable Elements 

LINEs	
  (Long	
  interspersed	
  elements)	
  
The	
  human	
  genome	
  contains	
  over	
  one	
  million	
  LINEs	
  (represen0ng	
  19%	
  of	
  the	
  genome).	
  	
  
The	
  most	
  abundant	
  of	
  these	
  belong	
  to	
  a	
  family	
  called	
  LINE-­‐1	
  (L1).	
  	
  
These	
  L1	
  elements	
  are	
  DNA	
  sequences	
  that	
  range	
  in	
  length	
  from	
  a	
  few	
  hundred	
  to	
  as	
  many	
  
as	
  9,000	
  base	
  pairs.	
  	
  
Only	
  about	
  50	
  L1	
  elements	
  are	
  func0onal	
  "genes";	
  that	
  is,	
  can	
  be	
  transcribed	
  and	
  translated.	
  	
  
The	
  func0onal	
  L1	
  elements	
  are	
  about	
  6,500	
  bp	
  in	
  length	
  and	
  encode	
  three	
  proteins,	
  including	
  	
  

an	
  endonuclease	
  that	
  cuts	
  DNA	
  and	
  a	
  	
  
reverse	
  transcriptase	
  that	
  makes	
  a	
  DNA	
  copy	
  of	
  an	
  RNA	
  transcript.	
  	
  

L1	
  ac0vity	
  proceeds	
  as	
  follows:	
  	
  
RNA	
  polymerase	
  II	
  transcribes	
  the	
  L1	
  DNA	
  into	
  RNA.	
  	
  
The	
  RNA	
  is	
  translated	
  by	
  ribosomes	
  in	
  the	
  cytoplasm	
  into	
  the	
  proteins.	
  	
  
The	
  proteins	
  and	
  RNA	
  join	
  together	
  and	
  reenter	
  the	
  nucleus.	
  	
  
The	
  endonuclease	
  cuts	
  a	
  strand	
  of	
  "target"	
  DNA,	
  oBen	
  in	
  the	
  intron	
  of	
  a	
  gene.	
  	
  
The	
  reverse	
  transcriptase	
  copies	
  the	
  L1	
  RNA	
  into	
  L1	
  DNA	
  which	
  is	
  inserted	
  into	
  the	
  
target	
  DNA	
  forming	
  a	
  new	
  L1	
  element	
  there.	
  	
  

Through	
  this	
  copy-­‐paste	
  mechanism,	
  the	
  number	
  of	
  LINEs	
  can	
  increase	
  in	
  the	
  genome.	
  	
  
The	
  diversity	
  of	
  LINEs	
  between	
  individual	
  human	
  genomes	
  make	
  them	
  useful	
  markers	
  for	
  
DNA	
  "fingerprin0ng".	
  	
  
Varia0on	
  occurs	
  in	
  the	
  length	
  of	
  L1	
  elements:	
  	
  
Transcrip0on	
  of	
  an	
  ac0ve	
  L1	
  element	
  some0mes	
  con0nues	
  downstream	
  into	
  addi0onal	
  DNA	
  
producing	
  a	
  longer	
  transposed	
  element.	
  	
  
Reverse	
  transcrip0on	
  of	
  L1	
  RNA	
  oBen	
  concludes	
  prematurely	
  and	
  produces	
  a	
  shortened	
  
transposed	
  element.	
  	
  
While	
  L1	
  elements	
  are	
  not	
  func0onal,	
  they	
  may	
  play	
  a	
  role	
  in	
  regula0ng	
  the	
  efficiency	
  of	
  
transcrip0on	
  of	
  the	
  gene	
  in	
  which	
  they	
  reside	
  (see	
  below).	
  Occasionally,	
  L1	
  ac0vity	
  makes	
  
and	
  inserts	
  a	
  copy	
  of	
  a	
  cellular	
  mRNA	
  (thus	
  a	
  natural	
  cDNA).	
  Lacking	
  introns	
  as	
  well	
  as	
  the	
  
necessary	
  control	
  elements	
  like	
  promoters,	
  these	
  genes	
  are	
  not	
  expressed.	
  They	
  represent	
  
one	
  category	
  of	
  pseudogene.	
  	
  

SINEs	
  (Short	
  interspersed	
  elements)	
  
SINEs	
  are	
  short	
  DNA	
  sequences	
  (100–400	
  base	
  pairs)	
  that	
  represent	
  
reverse-­‐transcribed	
  RNA	
  molecules	
  originally	
  transcribed	
  by	
  
RNA	
  polymerase	
  III;	
  that	
  is,	
  molecules	
  of	
  tRNA,	
  5S	
  rRNA,	
  and	
  some	
  
other	
  small	
  nuclear	
  RNAs.	
  The	
  most	
  abundant	
  SINEs	
  are	
  the	
  Alu	
  
elements.	
  There	
  are	
  over	
  one	
  million	
  copies	
  in	
  the	
  human	
  genome	
  
(represen0ng	
  9%	
  of	
  our	
  total	
  DNA).	
  	
  
Alu	
  elements	
  consist	
  of	
  a	
  sequence	
  averaging	
  260	
  base	
  pairs	
  that	
  
contains	
  a	
  site	
  that	
  is	
  recognized	
  by	
  the	
  restric0on	
  enzyme	
  AluI.	
  They	
  
appear	
  to	
  be	
  reverse	
  transcripts	
  of	
  7S	
  RNA,	
  part	
  of	
  the	
  
signal	
  recogni0on	
  par0cle.	
  	
  
Most	
  SINEs	
  do	
  not	
  encode	
  any	
  func0onal	
  molecules	
  and	
  depend	
  on	
  
the	
  machinery	
  of	
  ac0ve	
  L1	
  elements	
  to	
  be	
  transposed;	
  that	
  is,	
  copied	
  
and	
  pasted	
  in	
  new	
  loca0ons.	
  	
  
	
  HIV-­‐1	
  

HIV-­‐1	
  —	
  the	
  cause	
  of	
  AIDS	
  —	
  and	
  other	
  human	
  retroviruses	
  behave	
  like	
  
retrotransposons.	
  The	
  RNA	
  genome	
  of	
  HIV-­‐1	
  contains	
  a	
  gene	
  for	
  reverse	
  transcriptase	
  
and	
  one	
  for	
  	
  integrase.	
  The	
  integrase	
  serves	
  the	
  same	
  func0on	
  as	
  the	
  transposases	
  of	
  
DNA	
  transposons.	
  The	
  DNA	
  copies	
  can	
  be	
  inserted	
  anywhere	
  in	
  the	
  genome.	
  	
  
Molecules	
  of	
  both	
  enzymes	
  are	
  incorporated	
  in	
  the	
  virus	
  par0cle.	
  	
  

Transposons vary in structure and manner of proliferation
These features are used to classify them

Each class contains autonomous elements that can self-proliferate, 
and non-autonomous elements that cannot.

Different distributions and dynamics in different organisms

Haig H. Kazazian Jr. Science 2004;303:1626-1632 



 
  Transposable Elements: 

Class I (copy-and-paste) and Class II (cut-and-paste)

LINEs	
  (Long	
  interspersed	
  elements)	
  
The	
  human	
  genome	
  contains	
  over	
  one	
  million	
  LINEs	
  (represen0ng	
  19%	
  of	
  the	
  genome).	
  	
  
The	
  most	
  abundant	
  of	
  these	
  belong	
  to	
  a	
  family	
  called	
  LINE-­‐1	
  (L1).	
  	
  
These	
  L1	
  elements	
  are	
  DNA	
  sequences	
  that	
  range	
  in	
  length	
  from	
  a	
  few	
  hundred	
  to	
  as	
  many	
  
as	
  9,000	
  base	
  pairs.	
  	
  
Only	
  about	
  50	
  L1	
  elements	
  are	
  func0onal	
  "genes";	
  that	
  is,	
  can	
  be	
  transcribed	
  and	
  translated.	
  	
  
The	
  func0onal	
  L1	
  elements	
  are	
  about	
  6,500	
  bp	
  in	
  length	
  and	
  encode	
  three	
  proteins,	
  including	
  	
  

an	
  endonuclease	
  that	
  cuts	
  DNA	
  and	
  a	
  	
  
reverse	
  transcriptase	
  that	
  makes	
  a	
  DNA	
  copy	
  of	
  an	
  RNA	
  transcript.	
  	
  

L1	
  ac0vity	
  proceeds	
  as	
  follows:	
  	
  
RNA	
  polymerase	
  II	
  transcribes	
  the	
  L1	
  DNA	
  into	
  RNA.	
  	
  
The	
  RNA	
  is	
  translated	
  by	
  ribosomes	
  in	
  the	
  cytoplasm	
  into	
  the	
  proteins.	
  	
  
The	
  proteins	
  and	
  RNA	
  join	
  together	
  and	
  reenter	
  the	
  nucleus.	
  	
  
The	
  endonuclease	
  cuts	
  a	
  strand	
  of	
  "target"	
  DNA,	
  oBen	
  in	
  the	
  intron	
  of	
  a	
  gene.	
  	
  
The	
  reverse	
  transcriptase	
  copies	
  the	
  L1	
  RNA	
  into	
  L1	
  DNA	
  which	
  is	
  inserted	
  into	
  the	
  
target	
  DNA	
  forming	
  a	
  new	
  L1	
  element	
  there.	
  	
  

Through	
  this	
  copy-­‐paste	
  mechanism,	
  the	
  number	
  of	
  LINEs	
  can	
  increase	
  in	
  the	
  genome.	
  	
  
The	
  diversity	
  of	
  LINEs	
  between	
  individual	
  human	
  genomes	
  make	
  them	
  useful	
  markers	
  for	
  
DNA	
  "fingerprin0ng".	
  	
  
Varia0on	
  occurs	
  in	
  the	
  length	
  of	
  L1	
  elements:	
  	
  
Transcrip0on	
  of	
  an	
  ac0ve	
  L1	
  element	
  some0mes	
  con0nues	
  downstream	
  into	
  addi0onal	
  DNA	
  
producing	
  a	
  longer	
  transposed	
  element.	
  	
  
Reverse	
  transcrip0on	
  of	
  L1	
  RNA	
  oBen	
  concludes	
  prematurely	
  and	
  produces	
  a	
  shortened	
  
transposed	
  element.	
  	
  
While	
  L1	
  elements	
  are	
  not	
  func0onal,	
  they	
  may	
  play	
  a	
  role	
  in	
  regula0ng	
  the	
  efficiency	
  of	
  
transcrip0on	
  of	
  the	
  gene	
  in	
  which	
  they	
  reside	
  (see	
  below).	
  Occasionally,	
  L1	
  ac0vity	
  makes	
  
and	
  inserts	
  a	
  copy	
  of	
  a	
  cellular	
  mRNA	
  (thus	
  a	
  natural	
  cDNA).	
  Lacking	
  introns	
  as	
  well	
  as	
  the	
  
necessary	
  control	
  elements	
  like	
  promoters,	
  these	
  genes	
  are	
  not	
  expressed.	
  They	
  represent	
  
one	
  category	
  of	
  pseudogene.	
  	
  

SINEs	
  (Short	
  interspersed	
  elements)	
  
SINEs	
  are	
  short	
  DNA	
  sequences	
  (100–400	
  base	
  pairs)	
  that	
  represent	
  
reverse-­‐transcribed	
  RNA	
  molecules	
  originally	
  transcribed	
  by	
  
RNA	
  polymerase	
  III;	
  that	
  is,	
  molecules	
  of	
  tRNA,	
  5S	
  rRNA,	
  and	
  some	
  
other	
  small	
  nuclear	
  RNAs.	
  The	
  most	
  abundant	
  SINEs	
  are	
  the	
  Alu	
  
elements.	
  There	
  are	
  over	
  one	
  million	
  copies	
  in	
  the	
  human	
  genome	
  
(represen0ng	
  9%	
  of	
  our	
  total	
  DNA).	
  	
  
Alu	
  elements	
  consist	
  of	
  a	
  sequence	
  averaging	
  260	
  base	
  pairs	
  that	
  
contains	
  a	
  site	
  that	
  is	
  recognized	
  by	
  the	
  restric0on	
  enzyme	
  AluI.	
  They	
  
appear	
  to	
  be	
  reverse	
  transcripts	
  of	
  7S	
  RNA,	
  part	
  of	
  the	
  
signal	
  recogni0on	
  par0cle.	
  	
  
Most	
  SINEs	
  do	
  not	
  encode	
  any	
  func0onal	
  molecules	
  and	
  depend	
  on	
  
the	
  machinery	
  of	
  ac0ve	
  L1	
  elements	
  to	
  be	
  transposed;	
  that	
  is,	
  copied	
  
and	
  pasted	
  in	
  new	
  loca0ons.	
  	
  
	
  HIV-­‐1	
  

HIV-­‐1	
  —	
  the	
  cause	
  of	
  AIDS	
  —	
  and	
  other	
  human	
  retroviruses	
  behave	
  like	
  
retrotransposons.	
  The	
  RNA	
  genome	
  of	
  HIV-­‐1	
  contains	
  a	
  gene	
  for	
  reverse	
  transcriptase	
  
and	
  one	
  for	
  	
  integrase.	
  The	
  integrase	
  serves	
  the	
  same	
  func0on	
  as	
  the	
  transposases	
  of	
  
DNA	
  transposons.	
  The	
  DNA	
  copies	
  can	
  be	
  inserted	
  anywhere	
  in	
  the	
  genome.	
  	
  
Molecules	
  of	
  both	
  enzymes	
  are	
  incorporated	
  in	
  the	
  virus	
  par0cle.	
  	
  

Adapted from Davies et al, 2000 – ScienceE. Heard, February 13th, 2017 Slotkin and Martienssen, 2007
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Human Retrotransposons 

Trends	
  in	
  Gene0cs	
  23(4):183-­‐91	
  ·∙	
  April	
  2007	
  

! The human genome contains few DNA transposons and none seem to be active
! But it contains millions of copies of retrotransposons
! 1.2 million copies of the (non-autonomous) Alu repeat in the human genome 
! >100,000 L1 sequences exist in human genome, most inactive (mutated/truncated) 
! Only the LINE-1 (L1) family, remains the primary source of retrotransposition 
! A few (<10) “Hot” L1s account for most L1 and Alu retrotransposition in humans
!   “Hot” L1s are extremely polymorphic and specific to a few individuals; 
!   They may participate in creating somatic variation during life span, and also in 

disease (COURS III et IV)
! LTR retrotransposons are present but only few are active in humans 

!  The human genome contains few DNA transposons and none seem to be active
!  The human genome contains millions of copies of retrotransposons
!  Only the LINE-1 (L1) family, remains the primary source of retrotransposition - enabling 

occasional L1 and Alu mobility 
!  Over 100,000 L1 sequences exist in the human genome, most are inactive due to point 

mutations, rearrangements, or truncations. 
!  L1 retrotransposon activity has persisted over time within the human genome 
!  L1 derepression can lead to altered gene expression, genomic instability and cancer (?).   
!  A few (<10) “Hot” L1s responsible for the bulk of L1 retrotransposition in human genome. 
!  “Hot” L1s are extremely polymorphic and specific to a few individuals.
!   May participate in creating somatic variation during life span 

!  COURS  III et IV

 (SINE-VNTR-Alu): composite, primate-specific

 (SINE-non autonoous)

 (LINE- autonoous)



40%
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Mouse Retrotransposons
Mice have many more active LINEs and ERVs than humans



LTR elements: Endogenous retroviruses

LTR-retrotransposon (5-20 kb)

INRT RNHPr
CA NC

LTR LTR

ERVK

ERV1ERVL
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Mouse Retrotransposons 

ETn and IAP elements:
most active, accounting  for majority 

of de novo insertions 

Most ancient - coopted for roles in germ 
line and development (more next week)



AAA(n)

ORF1

5’ UTR 3’ UTR

AAA(n)TSD TSD

Anti-sense TSS
IRES IRES

TSS (Pol II)

SINEs (~ 100-300 bp)

mouse LINE1 (~ 6 kb)

TSD TSD Alu - 280bp (human)

Right monomerleft monomer

A B

AAA(n)TSD TSDA B B1 - 135pb (mouse)B

AAA(n)TSD TSDA B B2 - 175pb (mouse)

tRNA head

7SL RNA head

EN RT

ORF2

Marius Walter/Deborah Bourc’his

Non-LTR Elements

E. Heard, February 13th, 2017 

LINEs/SINEs- Long and Short Interspersed Elements
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Evolution of Mouse LINE 1 Elements

E. Heard, February 13th, 2017 

Most L1s are truncated fossils.
20,000 L1s full-length : ~3,000 copies 
retrotransposition-competent
(Goodier et al., 2001). 

Since the divergence with the rat 13Myrs 
ago, the mouse L1 lineage has experienced 
11 replacements of 5’UTR and other 
changes. 

Most active families are the youngest – 
emerging just 1 – 2 million years ago.



 
  Transposable Elements

LINEs	
  (Long	
  interspersed	
  elements)	
  
The	
  human	
  genome	
  contains	
  over	
  one	
  million	
  LINEs	
  (represen0ng	
  19%	
  of	
  the	
  genome).	
  	
  
The	
  most	
  abundant	
  of	
  these	
  belong	
  to	
  a	
  family	
  called	
  LINE-­‐1	
  (L1).	
  	
  
These	
  L1	
  elements	
  are	
  DNA	
  sequences	
  that	
  range	
  in	
  length	
  from	
  a	
  few	
  hundred	
  to	
  as	
  many	
  
as	
  9,000	
  base	
  pairs.	
  	
  
Only	
  about	
  50	
  L1	
  elements	
  are	
  func0onal	
  "genes";	
  that	
  is,	
  can	
  be	
  transcribed	
  and	
  translated.	
  	
  
The	
  func0onal	
  L1	
  elements	
  are	
  about	
  6,500	
  bp	
  in	
  length	
  and	
  encode	
  three	
  proteins,	
  including	
  	
  

an	
  endonuclease	
  that	
  cuts	
  DNA	
  and	
  a	
  	
  
reverse	
  transcriptase	
  that	
  makes	
  a	
  DNA	
  copy	
  of	
  an	
  RNA	
  transcript.	
  	
  

L1	
  ac0vity	
  proceeds	
  as	
  follows:	
  	
  
RNA	
  polymerase	
  II	
  transcribes	
  the	
  L1	
  DNA	
  into	
  RNA.	
  	
  
The	
  RNA	
  is	
  translated	
  by	
  ribosomes	
  in	
  the	
  cytoplasm	
  into	
  the	
  proteins.	
  	
  
The	
  proteins	
  and	
  RNA	
  join	
  together	
  and	
  reenter	
  the	
  nucleus.	
  	
  
The	
  endonuclease	
  cuts	
  a	
  strand	
  of	
  "target"	
  DNA,	
  oBen	
  in	
  the	
  intron	
  of	
  a	
  gene.	
  	
  
The	
  reverse	
  transcriptase	
  copies	
  the	
  L1	
  RNA	
  into	
  L1	
  DNA	
  which	
  is	
  inserted	
  into	
  the	
  
target	
  DNA	
  forming	
  a	
  new	
  L1	
  element	
  there.	
  	
  

Through	
  this	
  copy-­‐paste	
  mechanism,	
  the	
  number	
  of	
  LINEs	
  can	
  increase	
  in	
  the	
  genome.	
  	
  
The	
  diversity	
  of	
  LINEs	
  between	
  individual	
  human	
  genomes	
  make	
  them	
  useful	
  markers	
  for	
  
DNA	
  "fingerprin0ng".	
  	
  
Varia0on	
  occurs	
  in	
  the	
  length	
  of	
  L1	
  elements:	
  	
  
Transcrip0on	
  of	
  an	
  ac0ve	
  L1	
  element	
  some0mes	
  con0nues	
  downstream	
  into	
  addi0onal	
  DNA	
  
producing	
  a	
  longer	
  transposed	
  element.	
  	
  
Reverse	
  transcrip0on	
  of	
  L1	
  RNA	
  oBen	
  concludes	
  prematurely	
  and	
  produces	
  a	
  shortened	
  
transposed	
  element.	
  	
  
While	
  L1	
  elements	
  are	
  not	
  func0onal,	
  they	
  may	
  play	
  a	
  role	
  in	
  regula0ng	
  the	
  efficiency	
  of	
  
transcrip0on	
  of	
  the	
  gene	
  in	
  which	
  they	
  reside	
  (see	
  below).	
  Occasionally,	
  L1	
  ac0vity	
  makes	
  
and	
  inserts	
  a	
  copy	
  of	
  a	
  cellular	
  mRNA	
  (thus	
  a	
  natural	
  cDNA).	
  Lacking	
  introns	
  as	
  well	
  as	
  the	
  
necessary	
  control	
  elements	
  like	
  promoters,	
  these	
  genes	
  are	
  not	
  expressed.	
  They	
  represent	
  
one	
  category	
  of	
  pseudogene.	
  	
  

SINEs	
  (Short	
  interspersed	
  elements)	
  
SINEs	
  are	
  short	
  DNA	
  sequences	
  (100–400	
  base	
  pairs)	
  that	
  represent	
  
reverse-­‐transcribed	
  RNA	
  molecules	
  originally	
  transcribed	
  by	
  
RNA	
  polymerase	
  III;	
  that	
  is,	
  molecules	
  of	
  tRNA,	
  5S	
  rRNA,	
  and	
  some	
  
other	
  small	
  nuclear	
  RNAs.	
  The	
  most	
  abundant	
  SINEs	
  are	
  the	
  Alu	
  
elements.	
  There	
  are	
  over	
  one	
  million	
  copies	
  in	
  the	
  human	
  genome	
  
(represen0ng	
  9%	
  of	
  our	
  total	
  DNA).	
  	
  
Alu	
  elements	
  consist	
  of	
  a	
  sequence	
  averaging	
  260	
  base	
  pairs	
  that	
  
contains	
  a	
  site	
  that	
  is	
  recognized	
  by	
  the	
  restric0on	
  enzyme	
  AluI.	
  They	
  
appear	
  to	
  be	
  reverse	
  transcripts	
  of	
  7S	
  RNA,	
  part	
  of	
  the	
  
signal	
  recogni0on	
  par0cle.	
  	
  
Most	
  SINEs	
  do	
  not	
  encode	
  any	
  func0onal	
  molecules	
  and	
  depend	
  on	
  
the	
  machinery	
  of	
  ac0ve	
  L1	
  elements	
  to	
  be	
  transposed;	
  that	
  is,	
  copied	
  
and	
  pasted	
  in	
  new	
  loca0ons.	
  	
  
	
  HIV-­‐1	
  

HIV-­‐1	
  —	
  the	
  cause	
  of	
  AIDS	
  —	
  and	
  other	
  human	
  retroviruses	
  behave	
  like	
  
retrotransposons.	
  The	
  RNA	
  genome	
  of	
  HIV-­‐1	
  contains	
  a	
  gene	
  for	
  reverse	
  transcriptase	
  
and	
  one	
  for	
  	
  integrase.	
  The	
  integrase	
  serves	
  the	
  same	
  func0on	
  as	
  the	
  transposases	
  of	
  
DNA	
  transposons.	
  The	
  DNA	
  copies	
  can	
  be	
  inserted	
  anywhere	
  in	
  the	
  genome.	
  	
  
Molecules	
  of	
  both	
  enzymes	
  are	
  incorporated	
  in	
  the	
  virus	
  par0cle.	
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Transcriptionally competent
repeat regulatory units 

Most Transposons and Retrotransposons are truncated or 
mutated => cannot be mobilised, but are still 

transcriptionally competent… 
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Controlling TEs: an Evolutionary Arms Race 

" TEs have been exploited through evolution to create new functions but their 
unrestrained spread would rapidly lead to lethality. 

" Yet they persist in all eukaryotic genomes… How?

DNA or RNA strategies


Chromatin ���

 DNA methylation



"  Depending on where a new TE copy inserts into the genome, this can 
"  disrupt normal gene function and lethality or disease => no 

propagation…
"  have an advantageous effect (rarely): new gene function, regulation etc 
"  have no effect, simply adding to the overall size of the genome
"  have no immediate effect – because it becomes silenced (cryptic)

"  To avoid the potentially deleterious effects of active TEs, the genome has 
evolved ‘defense’ mechanisms to suppress their activity: post-transcriptional, 
transcriptional and epigenetic
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Controlling TEs: an Evolutionary Arms Race 

DNA or RNA strategies


Chromatin ���

 DNA methylation



“An	
  evolu)onary	
  arms	
  race	
  has	
  shaped	
  the	
  genomes	
  of	
  primates,	
  including	
  humans”.	
  	
  
(Image	
  David	
  Greenberg,	
  UCSC).	
  hCp://news.ucsc.edu/2014/09/jumping-­‐genes.html	
  

"  Over evolutionary time, eukaryotic genomes undergo repeated episodes of TE 
invasion, or reactivation (eg genomic “shocks” triggering re-expression of 
existing TEs). 

"  This drives the evolution of new repressive mechanisms, and so on….
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Retrotransposon (LINE1) life cycle 

S.J. Newkirk and W. An, Human 
Retrotransposons in Health and 
Disease, 2017



 
Multiple Levels of Control? 

INTEGRATION	
  
NUCLEAR	
  IMPORT	
  

TRANSCRIPTION	
  

RNP	
  ASSEMBLY	
  

POST-­‐TRANSCRIPTION	
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INTEGRATION	
  
NUCLEAR	
  IMPORT	
  

TRANSCRIPTION	
  

RNP	
  ASSEMBLY	
  

POST-­‐TRANSCRIPTION	
  

Repair:	
  ERCCX	
  

DNA	
  methyla0on:	
  DNMT1,	
  DNMT3C,	
  DNMT3L	
  

H3K9	
  methyla0on:	
  SetB1,	
  KAP1	
  

RNA	
  edi0ng:	
  APOBECs	
  

RNA	
  interference:	
  PIWI/piRNA	
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Multiple Levels of Control? 
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Transcriptional and Epigenetic Control of TEs DNA or RNA strategies



Chromatin ���
 DNA methylation



" How is a TE recognized and targeted for silencing?
RNA and DNA based mechanisms

" How is this silencing maintained?
Epigenetic mechanisms

" When and how is it reversed?
In the germ line, during development, in somatic cells

IMAGE??	
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Targeting of TEs for repression 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

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

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

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

Craig	
  Mello	
  and	
  Andy	
  Fire	
  
Nobel	
  Prize,	
  2006	
  

"for	
  their	
  discovery	
  of	
  RNA	
  
interference	
  -­‐	
  gene	
  silencing	
  
	
  by	
  double-­‐stranded	
  RNA"	
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Targeting of TEs for repression 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 modification

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

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

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

•  RNA interference is the most evolutionary conserved strategy to combat TEs 
•  Key RNAi factors seem to be derived from last common eukaryotic ancestor
•  RNA-Induced Silencing Complexes (RISC) promote mRNA decay or 

transcriptional silencing and epigenetic modifications (RITS complex)
•  Variations of RNAi strategies for TE defense exist in all organisms (not yeast)
•  Common feature: Target specificity through complementarity with the 

guiding sncRNA
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RNA-guided interference strategy: eukaryotic RNAi (RNA cleavage)  

and bacterial CRISPR-mediated interference (DNA cleavage)  
DNA or RNA strategies



Chromatin ���
 DNA methylation



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

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

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

Wiedenheft et al, NRG 2012
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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 modification

• 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 – and 
these can also vary depending on cell type, or developmental stage.

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 

(More next week – COURS III)
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RNAi Pathways: RNA-induced silencing 

siRNA	
  pathway	
  

Gebert and Rosenkranz (2015) WIREs RNA 
“RNA-based regulation of transposon expression”
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RNAi Pathways: RNA-induced silencing 

siRNA	
  pathway	
  

Gebert and Rosenkranz (2015) WIREs RNA 
“RNA-based regulation of transposon expression”

•  With their internally repetitive and rearranging structures, the expression of TEs commonly makes 
antisense RNAs, hairpin RNA, duplex RNA... 

•  Such double stranded RNA will be recognised & cleaved by Dicer generating small interfering siRNAs
•  Small RNAs are loaded onto Argonaute proteins which will then find and cleave the target RNAs 

(PTGS), but can also enter the nucleus where they can cooperate with chromatin factors to induce 
transcriptional silencing (TGS) 



PIWI	
  –	
  from	
  Drosophila	
  mutant	
  phenotype	
  
“P-­‐element-­‐induced	
  wimpy	
  tes;s”	
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siRNA	
  pathway	
   piRNA	
  pathway	
  

Gebert and Rosenkranz (2015) WIREs RNA 
“RNA-based regulation of transposon expression”

TEs that produce double stranded RNA (in cis or trans) will be detected by Dicer 
and cleaved to generate small interfering siRNAs 

TE clusters generate single stranded RNA that is processed into small RNAs 
(piRNAs) and amplified, in order to establish TE repression in the germ line in 

animals, when epigenetic silencing is temporarily released

Mobile elements are the most 
prominent piRNA targets, 
Cytoplasmic amplification 
(ping-pong cycle), in which a 
transposon target RNA is 
recognised by a piRNA and 
sliced by the Piwi protein via its 
catalytic domain to give rise to 
a new piRNA with opposite 
orientation, is a post-
transcriptional mechanism for 
transposon repression.

The piRNA pathway also 
induces transcriptional silencing 
in D. melanogaster and mice – 
where MILI and MIWI2 act 
together to promote the 
establishment of
retrotransposon silencing by 
CpG DNA methylation in the 
male mouse foetal germline 
(Carmell et al., 2007; 
Kuramochi-Miyagawa
et al., 2008).

Piwi translocates to the nucleus 
to potentially interact with 
nascent transcript or DNA at the 
target locus, which in turn leads 
to heterochromatin formation
and transcriptional repression

 
RNAi Pathways: RNA-induced silencing 



Lab
Wild*
 Wild*
Lab


Fertile
 Sterile


X
 X


P-element induced hybrid dysgenesis affects germline function of F1 hybrid 
progeny in a non-reciprocal fashion

Schaefer et al, 1979 – Genetics


[F1]
 [F1]


Defec0ve	
  Germline	
  	
  
Development:	
  
•  Muta0on	
  Induc0on	
  
•  Chromosomal	
  rearrangements	
  
•  DNA	
  damage	
  
•  Loss	
  of	
  germ	
  cells	
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Drosophila Hybrid Dysgenesis 

Courtesy	
  of	
  Felipe	
  Texeira	
  



Adapted	
  from	
  Davies	
  et	
  al,	
  2000	
  –	
  Science	
  

Lab	
  
(before	
  1950s)	
  

Wild*	
  
(aBer	
  1970s)	
  

No	
  P-­‐elements	
  

P-­‐element	
  

Many	
  P-­‐elements	
  

P-­‐strain	
  
(aBer	
  1970s)	
  

from	
  S.	
  Ronsseray	
   Wild*	
  
Harwich	
  strain	
  

Hybrid dysgenesis is caused by P-element DNA 
transposon

E. Heard, February 13th, 2017 

Rapid spread of P elements in all populations of 
D. melanogaster worldwide, in less than 50 years 

(Anxolabehere et al., 1988).

O’brochta,	
  D.A.,	
  and	
  Handler,	
  A.M.	
  (1988).	
  
Mobility	
  of	
  P	
  elements	
  in	
  
drosophilids	
  and	
  nondrosophilids.	
  Proc.	
  Natl.	
  
Acad.	
  Sci.	
  U.	
  S.	
  A.	
  
85,	
  6052–6056	
  

Felipe	
  Texeira	
  



Sterile	
  

X	
  

w[1118]	
   Harwich	
  
	
  
	
  
	
  
	
  
	
  
	
  

Many	
  P-­‐elements	
  

Germline	
  

Germline defects are probably caused by genomic 
instability 
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Host somatic splicing factor 
(Psi) prevents the production 
of P transposase in somatic 
tissues – restricts P-element 
activity to germline. 

What is the nature of the “repressor”  of P-element 
mobilisation, that is transmitted by females only?

Felipe	
  Texeira	
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Epigenetically inherited small RNAs are associated 
with F1 germline protection   
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  data	
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• Analysis of maternally deposited small RNAs reveals an essential role of trans-
generationally inherited piRNAs in effective transposon silencing (Brennecke et al, 
2008; Khurana et al, 2012)
• Hybrid dysgenesis thus arises from a lack of inherited piRNAs able to target a 
paternally transmitted P-element transposon. 
• Maternally inherited piRNAs also seem to help specify other homologous loci as 
sources of piRNA production (Paramutation) (Vanssay et al, Nature, 2012)
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  elsewhere	
  in	
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  substan0al	
  
amounts	
  of	
  piRNAs.	
  Thus,	
  
transgenera0onally	
  inherited	
  
piRNAs	
  themselves	
  are	
  involved	
  in	
  
the	
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  of	
  piRNA	
  clusters	
  
in	
  the	
  next	
  genera0on.	
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From Czech and Hannon, TIBs, 2016

PIWI-interacting RNA (piRNA)-Mediated Transcriptional 
Silencing 
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1.  piRNA-Piwi/Asterix (Arx) complexes scan for, and detect, nascent transposon transcription. 
2.  Upon target engagement, Piwi recruits the Panoramix (Panx) complex (Piwi, Arx, and Panx) 

& induces co-transcriptional repression by recruiting general silencing machinery factors. 
3.  Lysine-specific demethylase 1 (Lsd1) removes active histone marks (H3K4me2) from 

transposon promoter regions, enabling efficient TE suppression at transcriptional level. 
4.  => Transposon bodies receive repressive histone 3 lysine 9 trimethylation (H3K9me3) marks 

via HMTase Eggless (Egg) + cofactor Windei (Wde). 
5.  Subsequent recruitment of HP1 to H3K9me3 leads to heterochromatin formation. 
6.  Maelstrom (Mael), a putative single-stranded RNA-binding protein, is required for 

transcriptional silencing and blocks H3K9me3 spread. 

Drosophila ovary: 	
  
Primary piRNAs produced from different loci 

(clusters) in Drosophila genome…
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RNAi mediated Epigenetic Silencing of TEs 

Slotkin and Martienssen, NRG 2007

Different chromatin factors ensure heritable transposon silencing: 
H3K9 methylation, DNA methylation...



Jones P.A. et. al. 2009. Nat Rev Genet.  

DNA Methyltransferases:  
Orchestrators of DNA Methylation 

TETs

Passive	
  loss	
  
(no	
  DNMT1)	
  

Ac0ve	
  loss	
  

•  DNMT1	
  preferen4ally	
  methylates	
  hemimethylated	
  DNA	
  =>	
  maintenance	
  MTAse	
  	
  
•  DNMT3A/3B	
  show	
  equal	
  preference	
  for	
  hemimethylated	
  and	
  unmethylated	
  DNA	
  
•  DNMT3L	
  s4mulates	
  DNMT3A/3B	
  ac4vity	
  
•  DNMT1	
  is	
  present	
  in	
  all	
  cells	
  –	
  DNMT3A/B	
  are	
  more	
  context	
  specific	
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DNA Methylation is essential for TE silencing in Mammals 

•  Mutants in the maintenance DNA Mtase, Dnmt1show early lethality (around 
E9.5) and result in aberrant activation  of the most aggressive TEs (IAPs) (Walsh 
et al, 1998)

 
 
 
 
 
 
 
 
•  NB Histones and their modifications also  play important roles in the silencing of 

transposons when DNA methylation is lost, such as in embryonic stem cells 
(Walter et al., 2016) or in primordial germ cells (see Tang et al, 2016 for review) 
but clearly cannot compensate during post-implantation development 

The	
  most	
  aggressive	
  parasi0c	
  
sequences	
  extant	
  in	
  the	
  mouse	
  
genome	
  are	
  the	
  intracisternal	
  A	
  par0cle	
  
(IAP)	
  retroviruses2,3,	
  which	
  are	
  normally	
  
transcrip0onally	
  silent.	
  This	
  could	
  be	
  due	
  
to	
  the	
  fact	
  that	
  the	
  LTR	
  regions	
  of	
  the	
  
1,000-­‐2,000	
  IAP	
  proviruses	
  in	
  the	
  mouse	
  
genome	
  are	
  heavily	
  methylated	
  in	
  DNA	
  of	
  
soma0c	
  0ssues2	
  

Genomic ���
DNA

Total RNA 
(IAP probe)
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Parental	
  chroma0n	
  asymmetry	
  is	
  	
  
gone	
  by	
  blastocyst	
  stage	
  

From 
Heard and 

Martienssen, 
Cell 2014 

Epigenomes are globally reprogrammed in the mammalian 
germ line and during early development 

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 a few single copy loci and young TEs) 

 
How are TEs controlled during these critical periods? 

In early embryos (next week), mainly via DNA binding repressor proteins (KRAB-ZfP) 
In the germ line piRNAs seem to be involved in re-establishing de novo silencing 
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CONTROLLING TEs :  
(I) Germ line (II) Soma 

Critical times for “host” protection from TE activity: in germ 
line and early embryogenesis before germ line is laid down

TEs  that are vertically transmitted must be active in germ line 
– and host defense systems must be applied then

Different organisms use different strategies – the male and 
female germ lines can even employ different strategies

Somatic protection is also required to protect the 
organism at least long enough for it to reproduce…

female	
  germline	
  can	
  tolerate	
  some	
  epigene0c	
  
relaxa0on	
  of	
  the	
  TEs	
  as	
  the	
  oocytes	
  are	
  not	
  
dividing	
  (aBer	
  all,	
  our	
  poor	
  oocytes	
  can	
  stay	
  
with	
  a	
  low	
  methyla0on	
  status	
  for	
  decades	
  
some0mes,	
  as	
  de	
  novo	
  methyla0on	
  occurs	
  
late,	
  during	
  the	
  growing	
  phase).	
  and	
  cell	
  
replica0on	
  may	
  be	
  a	
  	
  prerequisite	
  for	
  TE	
  full	
  
cycle.	
  
	
  
	
  
The	
  male	
  germ	
  cells	
  can	
  undergo	
  hundreds	
  of	
  
cell	
  divisions	
  (as	
  SSC)	
  before	
  commiyng	
  to	
  
differen0a0on,	
  and	
  any	
  TE-­‐related	
  event	
  
would	
  the	
  be	
  amplified.	
  	
  
The	
  idea	
  is	
  also	
  that	
  the	
  oocytes	
  may	
  rather	
  
rely	
  on	
  post	
  transcrip0onal	
  silencing,	
  based	
  on	
  
the	
  DICER	
  KO	
  from	
  Surani.	
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The piRNA pathway, DNA methylation and Histone modifications 
ensure transposon silencing in the mouse germ line

In	
  normal	
  human	
  and	
  mouse	
   individuals,	
  
L1	
   expression	
   is	
   predominantly	
   found	
   in	
  
germ	
   cells	
   (Rosser	
   and	
   An	
   2012).	
   In	
   the	
  
male	
   germline,	
   it	
   is	
   restricted	
   to	
   two	
  
specific	
   developmental	
   0me	
   windows	
  
(Fig.	
   2).	
   The	
   first	
   0me	
  window	
   occurs	
   in	
  
t h e 	
   m i t o 0 c a l l y 	
   a r r e s t e d	
  
prospermatogonia.	
   Abundant	
   ORF1p	
  
signals	
  are	
  detected	
   in	
  E14.5–E17.5	
   fetal	
  
testes	
  (Trelogan	
  and	
  Mar0n	
  1995;	
  Aravin	
  
et	
   al.	
   2009).	
   The	
   second	
  0me	
  window	
   is	
  
in	
   spermatocytes.	
   Prominent	
   ORF1p	
  
signals	
   are	
   observed	
   in	
   primary	
  
spermatocytes	
   (leptotene	
   and	
   zygotene	
  
stages)	
   of	
   the	
   prepuberal	
   mouse	
   tes0s	
  
(P10,	
  P14,	
  P18,	
  and	
  P25)	
  (Branciforte	
  and	
  
Mar0n	
  1994).	
  

S.J. Newkirk and W. An, 2017



 
DNA Methylation is essential for TE silencing  

in the male germ line of mice 

•  Mutants in Dnmt3L (cofactor of de novo MTases Dnmt3A/3B)  show arrest in 
spermatogenesis due to aberrant activation of repeat elements (Bourc’his and 
Bestor, 2008)

•  Recently a novel, male germ line-specific de novo DNMT, Dnmt3C was discovered 
in the mouse. Its knock out gave a similar arrest during spermatogenesis (Barau et 
al, 2017). DNMT3C is a duplication of DNMT3B and it targets evolutionarily 
young transposons.

 
 
 
 
 
 
 
 
•  NB Histones and their modifications also  play important roles in the silencing of 

transposons when DNA methylation is lost, such as in embryonic stem cells (Walter 
et al., 2016) or in primordial germ cells (see Tang et al, 2016 for review) but clearly 
cannot compensate during post-implantation development 
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The piRNA pathway and DNA methylation collaborate to 
ensure transposon silencing in the mouse germ line
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The piRNA pathway and DNA methylation collaborate to 
ensure transposon silencing in the mouse germ line

Inactivation of DNMT3L, 
DNMT3C or PIWI-pathway 
proteins invariably results in 
hypomethylation & reactivation 
of retrotransposons, meiotic 
failure, azoospermia, and male 
sterility marked by small testis 
size (hypogonadism).
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Dnmt3L, Dnmt3C and Piwi mutants all give similar
developmental arrest of spermatogenesis and infertility

Courtesy of Joan Barau/Deborah Bourc’hisE. Heard, February 13th, 2017 
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Dnmt3C  and Dnmt3L KO mice fail to repress 
transposons in the male germ line
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Loss of Dnmt3C function has only a  minor impact on genome-wide levels of 
methylation in male germ cells

Barau	
  et	
  al,	
  Science	
  2017	
  



A methylation defect at evolutionarily young, active LINEs 
reminiscent of small (pi)RNA directed DNA methylation 
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Methylation defects are stronger and confined to the promoters
of evolutionarily-young, potentially active LINE elements 

Courtesy of Joan Barau/Deborah Bourc’hisBarau	
  et	
  al,	
  Science	
  2017	
  



Dnmt3C appears to have evolved specifically 
in some rodents

genome-­‐wide	
  	
  
de	
  novo	
  DNA	
  methyla0on	
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A dedicated DNA methylation activity to protect against 
recent LINEs?

Courtesy of Joan Barau/Deborah Bourc’hisBarau	
  et	
  al,	
  Science	
  2017	
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Different strategies for silencing of ancient and young LINEs 
in mouse germ line

S.J. Newkirk and W. An, 2016

DNMT3C	
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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 have co-
evolved with TEs: they provide a means to protect the genome from 
aberrant expression and mobility – but with opportunities enabling 
vertical transfer of TEs and appearance of new host functions.

" Ongoing arms race between TE and Host provides a powerful 
means for evolution of epigenetic mechanisms which can modulate 
control, to the benefit of both TE and Host.

" Epigenetic silencing represents an opportunity for both heritable 
and reprogrammable expression => metastable alleles, sensitivity to 
environment, fuel for adaptation… 

" DNA-targeting of silencing machinery and the remarkable KRAB-
Zinc finger proteins involved – both as regulators of gene 
expression and as arms against TEs: NEXT 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….
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Cours III  
 L’impact des éléments transposables et de leurs reliques sur 

le développement. 
 

The impact of transposable elements and their relics on 
development. 
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