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The Stable Genome
"totipotent" and "pluripotent" cell
 referring respectively to a cell that can generate every cell in 
an organism and one that can generate nearly every cell.

During	
  embryonic	
  development,	
  a	
  fer6lized	
  egg	
  
gives	
  rise	
  to	
  many	
  different	
  cell	
  types	
  
Cell	
  types	
  are	
  organized	
  successively	
  into	
  6ssues,	
  
organs,	
  organ	
  systems,	
  and	
  the	
  whole	
  organism	
  
Gene	
  expression	
  orchestrates	
  the	
  developmental	
  
programs	
  of	
  animals	
  
We	
  now	
  know	
  that	
  a	
  program	
  of	
  differen6al	
  gene	
  
expression	
  leads	
  to	
  the	
  different	
  cell	
  types	
  in	
  a	
  
mul6cellular	
  organism…	
  BUT	
  decades	
  of	
  research…	
  

Developmental restrictions imposed on the genome during differentiation are due to 
reversible epigenetic modifications rather than to permanent genetic changes 

(Gurdon, 1962) 
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1.  All cells contain same genes: cell identities depend on which genes are expressed/repressed. 
2.  Expression patterns established by transcription factors (signalling + positional info)
3.  Genes cannot usually be activated just by a transcription factor 
4.  Changes in gene expression become stable and heritable during development.

The	
  fundamental	
  concept	
  that	
  emerged	
  from	
  the	
  studies	
  of	
  
Jacob	
  and	
  Monod	
  on	
  the	
  Lac	
  operon	
  was	
  that	
  gene	
  control	
  
relies	
  on	
  specific	
  repressors	
  and	
  ac6vators	
  and	
  the	
  DNA	
  
sequence	
  elements	
  they	
  recognize—con6nues	
  to	
  provide	
  
the	
  founda6on	
  for	
  understanding	
  control	
  of	
  gene	
  
expression	
  in	
  all	
  organisms.	
  

One genome: multiple gene expression patterns, multiple “epigenomes”	
  

EPIGENETICS 

• Chromatin acts as an epigenetic barrier 
• Chromatin memory can be dynamic (plasticity versus stability)

• Chromatin states are established and reprogrammed during development
• Is all chromatin memory erased at every generation?

If not, which epigenetic marks can be transmitted across generations? 
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The Stable Genome and its Epigenomes
"totipotent" and "pluripotent" cell
 referring respectively to a cell that can generate every cell in 
an organism and one that can generate nearly every cell.
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  gene	
  
expression	
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  different	
  cell	
  types	
  in	
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mul6cellular	
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  of	
  research…	
  

Developmental restrictions imposed on the genome during differentiation are due to 
reversible epigenetic modifications rather than to permanent genetic changes 

(Gurdon, 1962) 
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2.  Expression patterns established by transcription factors (signalling + positional info)
3.  Genes cannot usually be activated just by a transcription factor 
4.  Changes in gene expression become stable and heritable during development.
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One genome: multiple gene expression patterns, multiple “epigenomes”	
  

EPIGENETICS 

• Chromatin acts as an epigenetic barrier 
• Chromatin memory can be dynamic (plasticity versus stability)

• Chromatin states are established and reprogrammed during development
• Is all chromatin memory erased at every generation?

If not, which epigenetic marks can be transmitted across generations? 
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But how Static is the Genome (and Epigenomes)?

Image:	
  A	
  digital	
  representa6on	
  of	
  the	
  human	
  genome	
  at	
  the	
  American	
  
Museum	
  of	
  Natural	
  History	
  in	
  New	
  York	
  City.	
  (Mario	
  Tama/GeWy	
  Images)	
  	
  

Genomes	
  are	
  dynamic	
  en66es:	
  new	
  func6onal	
  
elements	
  appear	
  and	
  old	
  ones	
  become	
  ex6nct.	
  
And	
  so,	
  junk	
  DNA	
  can	
  evolve	
  into	
  func6onal	
  
DNA.	
  The	
  late	
  evolu6onary	
  biologist	
  Stephen	
  
Jay	
  Gould	
  and	
  paleontologist	
  Elisabeth	
  Vrba,	
  
now	
  at	
  Yale	
  University,	
  employed	
  the	
  term	
  
"exapta6on"	
  to	
  explain	
  how	
  different	
  genomic	
  
en66es	
  may	
  take	
  on	
  new	
  roles	
  regardless	
  of	
  
their	
  original	
  func6on—even	
  if	
  they	
  originally	
  
served	
  no	
  purpose	
  at	
  all.	
  With	
  the	
  wealth	
  of	
  
genomic	
  sequence	
  informa6on	
  at	
  our	
  disposal,	
  
we	
  are	
  slowly	
  uncovering	
  the	
  importance	
  of	
  
non-­‐protein-­‐coding	
  DNA.	
  
	
  
In	
  fact,	
  new	
  genomic	
  elements	
  are	
  being	
  
discovered	
  even	
  in	
  the	
  human	
  genome,	
  five	
  
years	
  a_er	
  the	
  deciphering	
  of	
  the	
  full	
  
sequence.	
  Last	
  summer	
  developmental	
  
biologist	
  Gill	
  Bejerano,	
  then	
  a	
  postdoctoral	
  
fellow	
  at	
  the	
  University	
  of	
  California,	
  Santa	
  
Cruz,	
  and	
  now	
  a	
  professor	
  at	
  Stanford	
  
University,	
  and	
  his	
  colleagues	
  discovered	
  that	
  
during	
  vertebrate	
  evolu6on,	
  a	
  novel	
  
retroposon—a	
  DNA	
  fragment,	
  reverse-­‐
transcribed	
  from	
  RNA,	
  that	
  can	
  insert	
  itself	
  
anywhere	
  in	
  the	
  genome—was	
  exapted	
  as	
  an	
  
enhancer,	
  a	
  signal	
  that	
  increases	
  a	
  gene's	
  
transcrip6on.	
  On	
  the	
  other	
  hand,	
  anonymous	
  
sequences	
  that	
  are	
  nonfunc6onal	
  in	
  one	
  
species	
  may,	
  in	
  another	
  organism,	
  become	
  an	
  
exon—a	
  sec6on	
  of	
  DNA	
  that	
  is	
  eventually	
  
transcribed	
  to	
  messenger	
  RNA.	
  Izabela	
  
Makalowska	
  of	
  Pennsylvania	
  State	
  University	
  
recently	
  showed	
  that	
  this	
  mechanism	
  quite	
  
o_en	
  leads	
  to	
  another	
  interes6ng	
  feature	
  in	
  
the	
  vertebrate	
  genomes,	
  namely	
  overlapping	
  
genes—that	
  is,	
  genes	
  that	
  share	
  some	
  of	
  their	
  
nucleo6des.	
  

 transposable element is a segment of DNA with inverted 
terminal repeats at each end that can excise or copy itself and 
move from one location to another within or between 
chromosomes, plasmids, or phage. Not only can some TEs 
copy their own genomes — they can also copy and paste 
parts or wholes of adjacent human genes. And they can 
relocate or paste in the DNA where they want, including in 
the middle of other genes.  

Although we are still starting to understand this, we know it 
is not completely random.TEs have played enormously 
important roles in shaping our evolution and some of these 
TEs are continuing to do that today. Transposable elements 
have been called “jumping genes.”  Most of these TEs are in 
fact not protein-coding genes, but jump around they do.  
They also may be a major driver of aging.

hWp://www.an6-­‐agingfirewalls.com/2015/11/12/
transposable-­‐dna-­‐elements-­‐part-­‐1-­‐basics-­‐and-­‐
importancetransposable/	
  

Iden%cal	
  twins	
  do	
  not	
  always	
  have	
  the	
  same	
  
Genomes	
  or	
  Epigenomes.	
  
	
  
While	
  iden6cal	
  twins	
  derive	
  from	
  one	
  fer6lized	
  
egg	
  that	
  contains	
  a	
  single	
  set	
  of	
  gene6c	
  
instruc6ons,	
  also	
  known	
  as	
  a	
  genome,	
  it’s	
  s6ll	
  
possible	
  for	
  iden6cal	
  twins	
  to	
  have	
  serious	
  
differences	
  in	
  their	
  gene6c	
  makeup.	
  Gene6cist	
  
Carl	
  Bruder	
  of	
  the	
  University	
  of	
  Alabama	
  at	
  
Birmingham	
  closely	
  studied	
  the	
  genomes	
  of	
  19	
  
sets	
  of	
  adult	
  iden6cal	
  twins	
  and	
  found	
  that	
  in	
  
some	
  sets,	
  one	
  twin’s	
  DNA	
  differed	
  in	
  the	
  
number	
  of	
  copies	
  of	
  each	
  gene	
  it	
  had.	
  
Normally,	
  every	
  person	
  carries	
  two	
  copies	
  of	
  
every	
  gene,	
  one	
  inherited	
  from	
  each	
  parent,	
  
but	
  Bruder	
  explains	
  that	
  there	
  are	
  “regions	
  in	
  
the	
  genome	
  that	
  deviate	
  from	
  that	
  two-­‐copy	
  
rule,	
  [and]	
  these	
  regions	
  can	
  carry	
  anywhere	
  
from	
  zero	
  to	
  14	
  copies	
  of	
  a	
  gene.”	
  

Epigenetic changes can occur over life

Epigenetic changes
can account for 

differences
between genetically 
identical individuals

So can DNA sequence changes…
Genetically identical twins 

can differ due to :
• Stochastic variation in gene expression

• Epigenetic differences
• DNA sequence differences

In most cases, an important driving force of such phenotypic variation, either within 
cells of an individual, or between genetically identical individuals is thought to be 

Transposable Elements (TEs): 
DNA segments that can move around the genome 

and that can attract epigenetic factors

The idea that some DNA segments can move around chromosomes emerged over 60 
years ago when Barbara McClintock first suggested that such elements existed and had a 
major role in controlling gene expression and that they also have had a major influence 

in reshaping genomes in evolution. 
It was many years before her visionary ideas based on exquisite genetics and cytogenetic 

experiments in maize were accepted.

Parasites or Protagonists?

NASA:	
  Twin	
  Study	
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The Dynamic Genome

Image:	
  A	
  digital	
  representa6on	
  of	
  the	
  human	
  genome	
  at	
  the	
  American	
  
Museum	
  of	
  Natural	
  History	
  in	
  New	
  York	
  City.	
  (Mario	
  Tama/GeWy	
  Images)	
  	
  

!   Genomes are dynamic and changeable, in a life, over evolutionary time

!  Transposable elements (TEs) contribute to their fluidity

!  TEs and their relics are major players in genome evolution 

!  TEs have helped shape the form and function of many genes

!  TEs are primarily parasitic DNA -  and parasites must be controlled, or 
they will destroy their host

!  Defense strategies include epigenetic mechanisms, which may even have 
evolved for this purpose

!  Epigenetic mechanisms enable exploitation of TEs and their relics to 
influence endogenous gene expression, chromosome functions, 
phenotypic diversity: genetic/epigenetic; soma/germ line 

!   Environment can influence transposon activity, which in turn may help an 
organism adapt to environmental changes.

Transposable	
  elements	
  can:	
  
Cause	
  muta6ons	
  in	
  adjacent	
  genes	
  
Cause	
  chromosomal	
  rearrangements	
  
Relocate	
  genes	
  	
  
	
  
Transposable	
  elements	
  may:	
  
Create	
  gene6c	
  diversity	
  	
  	
  
Act	
  as	
  promoters	
  
Allow	
  recombina6on	
  between	
  plasmid	
  and	
  

genomic	
  DNA	
  when	
  mul6ple	
  
	
  copies	
  of	
  the	
  element	
  are	
  present	
  
Carry	
  an6bio6c	
  resistance	
  genes,	
  conferring	
  an	
  

advantage	
  on	
  bacterial	
  cells	
  
Increase	
  the	
  number	
  of	
  copies	
  of	
  an	
  exon	
  or	
  

gene	
  	
  

Mario	
  Tama/GeWy	
  Images	
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The Dynamic Genome
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  in	
  New	
  York	
  City.	
  (Mario	
  Tama/GeWy	
  Images)	
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!   Genomes are dynamic and changeable, in a life, over evolutionary time

!  Transposable elements (TEs) contribute to genome fluidity

!  TEs and their relics (fossils) are major players in genome evolution 

!  TEs have helped to shape the form and function of many genes

!  TEs are primarily parasitic DNA -  and parasites must be controlled, or 
they will destroy their host (both genome integrity and gene regulation)

!  Defense strategies include epigenetic mechanisms, which may even have 
evolved for this purpose, and then been co-opted for other processes

!  Epigenetic mechanisms enable exploitation of TEs and their relics to 
influence endogenous gene expression, chromosome functions, 
phenotypic diversity: genetic/epigenetic; soma/germ line 

!   Environment can influence transposon activity, which in turn may help an 
organism adapt to environmental changes.
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Carry	
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  genes,	
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  bacterial	
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Increase	
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  of	
  copies	
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gene	
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COURS 2017 : Épigénétique et ADN égoïste

Image:	
  A	
  digital	
  representa6on	
  of	
  the	
  human	
  genome	
  at	
  the	
  American	
  
Museum	
  of	
  Natural	
  History	
  in	
  New	
  York	
  City.	
  (Mario	
  Tama/GeWy	
  Images)	
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lundi 6 février 
La découverte des éléments transposables du génome : parasites ou protagonistes ?
Discovery of Transposable Elements: parasites or protagonists of the genome?

lundi 13 février 
Le rôle de l’épigénétique dans la régulation des éléments transposables.
The role of epigenetics in the regulation of transposable elements

lundi 20 février
L’impact des éléments transposables et de leurs reliques sur le développement.
The impact of transposable elements and their relics on development

lundi 27 février
 L’implication des éléments transposables dans les maladies : mutations et épimutations
The implication of transposable elements in disease: mutations and epimutations

mercredi 08 mars
Contribution des éléments transposables et de leur contrôle épigénétique à l’évolution
Contributions of transposable elements and their epigenetic control in evolution
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 Barbara McClintock

Barbara McClintock 
(1902-1992)

Botanist, geneticist, 
cytogeneticist

Barbara McClintock at CSH 
with Jacques Monod, 1946

The move to CSH was a turning 
point in her career which allowed 
her to perform her research freely 

in an environment of scientific 
excellence	
  

Nobel Prize in 
Physiology or Medicine, 

1983
"for her discovery of 

mobile genetic 
elements".

Her work went against the prevailing genetic theory of the time 
that genes were fixed in their positions on chromosomes 

McClintock found that genes could not only move, they could also be turned on or off 
due to certain environmental conditions or during different stages of cell development.

McClintock also showed that gene mutations could be reversed…



E. Heard, February 6th, 2017 

 
 Barbara McClintock

Barbara McClintock 
(1902-1992)

Botanist, maize 
geneticist, cytogeneticist	
  

The chromosomal basis of heredity was well established by the time 
McClintock started her PhD in the 1920’s, in the Botany Department at 
Cornell University.
 
During her PhD, she developed cytological techniques that allowed  her to 
study the chromosome complement, and to relate the linkage groups of the 
genes with the physical structure of chromosomes. 

McClintock made a remarkable series of cytogenetic discoveries with the 
Cornell maize genetics group between 1929 and 1935: 

• Identification of maize chromosomal linkage groups – 1st genetic maize map 
• First ever cytological proof of genetic crossing-over and evidence of 
chromatid crossing-over
• Cytological determination of physical location of genes on chromosomes
• Identification of the genetic consequences of non-homologous pairing
• Establishment of the causal relationship between the instability of ring-
shaped chromosomes and phenotypic variegation
• Discovery that the centromere is divisible
• Identification of chromosomal site essential for nucleolar formation (rDNA)

Cornell	
  maize	
  gene%cs	
  group	
  in	
  
1929:	
  (leCright)	
  
Charles	
  Burnham,	
  Marcus	
  Rhoades,	
  
Rollins	
  Emerson,	
  and	
  George	
  Beadle	
  
(kneeling).	
  

ShMcCLintock	
  set	
  out	
  to	
  study	
  the	
  
chromosome	
  complement,	
  and	
  to	
  relate	
  the	
  
linkage	
  groups	
  of	
  the	
  genes	
  with	
  the	
  physical	
  
structure	
  of	
  the	
  chromosomes.	
  	
  
	
  
She	
  found	
  that	
  the	
  pachytene	
  stage	
  of	
  meiosis	
  
in	
  pollen	
  mother	
  cells	
  gave	
  her	
  the	
  
best	
  view	
  of	
  the	
  chromosomes	
  (Fig.	
  2).	
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geneticist, cytogeneticist	
  

The chromosomal basis of heredity was well established by the time 
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in	
  pollen	
  mother	
  cells	
  gave	
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  the	
  
best	
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  (Fig.	
  2).	
  

Following her PhD, McClintock became interested in chromosome breakage: 
X-ray induced breakages would set off a cycle of chromosome instability
• she noted that chromosomes without ends were unstable and proposed the 
existence of telomeres
• She noted X-ray treatment can produce chromosomes with two centromeres 
which form a “bridge” as they attempt to separate during cell division and that 
the bridging stress eventually causes the chromosomes to break and the broken 
ends refuse to one another in the new daughter cells. 
• This “Breakage-Fusion-Bridge” cycle “cassure-fusion-pont”repeats through 
plant development, leading to variegated (multicolored) leaves & kernels.
• She then used B-F-B as a way of generating genetic instability - and in 1944
generated plants that had received a broken chromosome from each parent 
• These displayed unstable mutations at an very high frequency
• But she then noted a unique mutation that defined a regular site of 
chromosome breakage …
• Intensive investigation revealed in 1948, that this chromosome-breaking 
locus was actually able to move from one chromosomal location to another! 

This was the beginning of her discovery of transposition and 
transposable elements

(1948)

Mammalian	
  genomes	
  are	
  comprised	
  
of	
  30–50%	
  transposed	
  elements	
  
(TEs).	
  The	
  vast	
  majority	
  of	
  these	
  TEs	
  
are	
  truncated	
  and	
  mutated	
  fragments	
  of	
  
retrotransposons	
  that	
  are	
  no	
  longer	
  capable	
  
of	
  transposi6on.	
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hWp://old.weedtowonder.org/mcclintock/
ds_jumps.html	
  

 
 Barbara McClintock: The discovery of transposable elements

Cytological	
  examina6on	
  in	
  the	
  microscope	
  
reveals	
  breaks	
  on	
  morphologically	
  marked	
  
chromosomes.	
  The	
  figure	
  shows	
  
photomicrographs	
  (panels	
  3,	
  4	
  and	
  5)	
  and	
  
interpreta6ve	
  drawings	
  (panels	
  3a,	
  4a	
  and	
  5a)	
  
of	
  paired	
  homologous	
  chromosomes	
  at	
  the	
  
pachytene	
  phase	
  of	
  meiosis.	
  The	
  telomere	
  at	
  
the	
  end	
  of	
  the	
  short	
  arm	
  of	
  chromosome	
  9	
  
(labeled	
  a	
  in	
  the	
  pictures)	
  can	
  be	
  either	
  a	
  
darkly	
  staining	
  spot,	
  called	
  a	
  knob,	
  or	
  an	
  
elongated	
  hook.	
  The	
  centromere	
  is	
  labeled	
  b	
  
and	
  the	
  beaks	
  are	
  labeled	
  c.	
  These	
  images	
  are	
  
adapted	
  from	
  a	
  1952	
  paper	
  from	
  McClintock	
  in	
  
the	
  Cold	
  Spring	
  Harbor	
  Symposium	
  on	
  
Quan6ta6ve	
  Biology.	
  

Breaks	
  at	
  Ds	
  can	
  reveal	
  previously	
  hidden	
  phenotypes	
  of	
  recessive	
  alleles	
  (in	
  the	
  presence	
  of	
  Ac).	
  A.	
  Prior	
  to	
  the	
  break,	
  
the	
  dominant	
  alleles	
  along	
  the	
  chromosome	
  with	
  Ds	
  (I	
  Sh	
  Bz	
  Wx,	
  shown	
  at	
  the	
  top)	
  determine	
  the	
  phenotype.	
  [The	
  part	
  
of	
  the	
  corn	
  kernel	
  showing	
  the	
  phenotypes	
  studied	
  is	
  actually	
  triploid,	
  resul6ng	
  from	
  fer6lizing	
  a	
  diploid	
  ovum	
  with	
  a	
  
haploid	
  pollen	
  grain.	
  For	
  this	
  discussion	
  the	
  diploid	
  ovum	
  is	
  homozygous	
  recessive,	
  and	
  only	
  one	
  copy	
  is	
  shown,	
  C	
  sh	
  bz	
  
wx.]	
  A_er	
  the	
  chromosome	
  breaks	
  at	
  Ds,	
  which	
  occurs	
  frequently	
  in	
  the	
  presence	
  f	
  Ac,	
  the	
  phenotype	
  will	
  be	
  
determined	
  by	
  the	
  recessive	
  alleles	
  thus	
  revealed,	
  C	
  sh	
  bz	
  wx.	
  B.	
  Kernels	
  with	
  variega6ng	
  color.	
  The	
  chromosome	
  breaks	
  
in	
  some	
  but	
  not	
  all	
  cells,	
  and	
  only	
  those	
  with	
  the	
  broken	
  cells	
  show	
  the	
  new	
  phenotypes.	
  All	
  the	
  progeny	
  of	
  the	
  cells	
  with	
  
a	
  broken	
  chromosome	
  are	
  located	
  adjacent	
  to	
  each	
  other,	
  resul6ng	
  in	
  a	
  patch	
  of	
  cells	
  with	
  the	
  same	
  new	
  phenotype.	
  
Thus	
  the	
  new	
  phenotype	
  is	
  variega6ng	
  across	
  the	
  kernel.	
  The	
  kernel	
  shown	
  in	
  panel	
  10	
  is	
  colorless,	
  determined	
  by	
  the	
  I	
  
allele.	
  Panels	
  11-­‐13	
  show	
  patches	
  of	
  colored	
  kernel,	
  represen6ng	
  patches	
  of	
  cells	
  in	
  which	
  the	
  I	
  allele	
  has	
  been	
  deleted	
  
because	
  of	
  the	
  chromosome	
  break	
  and	
  revealing	
  the	
  effect	
  of	
  the	
  C	
  allele.	
  B	
  was	
  adapted	
  from	
  McClintock	
  in	
  the	
  Cold	
  
Spring	
  Harbor	
  Symposium	
  on	
  Quan6ta6ve	
  Biology.	
  

Maize kernel colour controlled by multiple genes

• Classical genetics: a mutation in any of these genes 
leads to a colorless kernel. 

• McClintock studied unstable mutations - spots of 
purple pigment on white kernels 

McClintock concluded that the c allele resulted from insertion of a “mobile controlling element” 
into the C allele.  

(1) The element is Ds (dissociation) was a  non-autonomous transposon.  

(2) Its transposition is controlled by Ac (activator), an autonomous transposon  

A reversion of c to C in a cell leads to purple pigment, and hence a spot. The earlier in 
development the reversion occurs, the larger the spot. 
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Assays	
  for	
  epigene6c	
  control	
  in	
  plants.	
  Genes	
  determining	
  
colora6on	
  of	
  plant	
  6ssue	
  allow	
  easy	
  and	
  inexpensive	
  gene	
  
expression	
  readout	
  in	
  vivo.	
  (	
  A	
  )	
  Expression	
  of	
  the	
  
dihydroflavonol	
  reductase	
  (	
  DFR	
  )	
  gene	
  is	
  required	
  for	
  dark	
  
purple	
  petunia	
  flowers,	
  whereas	
  silencing	
  of	
  the	
  DFR	
  
promoter	
  gives	
  rise	
  to	
  variegated,	
  light	
  colora6on.	
  (	
  B	
  )	
  
Seeds	
  from	
  Arabidopsis	
  expressing	
  the	
  chalcone	
  synthase	
  
(	
  CHS	
  )	
  gene	
  have	
  dark	
  seed	
  coats,	
  whereas	
  silencing	
  of	
  
CHS	
  upon	
  expression	
  of	
  a	
  homologous	
  transgene	
  results	
  in	
  
yellow	
  seeds.	
  (	
  C	
  )	
  Maize	
  plants	
  with	
  the	
  B-­‐I	
  gene	
  have	
  
purple	
  pigmenta6on,	
  in	
  contrast	
  to	
  green	
  plants	
  with	
  a	
  
paramutagenic,	
  inac6ve	
  B	
  ʹ′	
  allele	
  whose	
  DNA	
  sequence	
  is	
  
iden6cal.	
  (	
  D	
  )	
  Maize	
  ear,	
  segrega%ng	
  a	
  transposon	
  
inser%on	
  (Spm)	
  in	
  the	
  B-­‐Peru	
  gene	
  required	
  for	
  
anthocyanin	
  pigment.	
  Purple	
  kernels	
  represent	
  revertants	
  
in	
  which	
  the	
  Spm	
  element	
  excised	
  from	
  the	
  gene	
  in	
  the	
  
germline.	
  The	
  heavily	
  spoWed	
  kernels	
  contain	
  the	
  Spm	
  
element	
  in	
  the	
  ac6ve	
  form	
  that	
  induces	
  frequent	
  soma6c	
  
excision	
  sectors	
  during	
  kernel	
  development.	
  The	
  kernels	
  
with	
  rare,	
  small	
  purple	
  sectors	
  represent	
  kernels	
  in	
  which	
  
the	
  Spm	
  element	
  has	
  been	
  epigene6cally	
  silenced.	
  (	
  E	
  )	
  The	
  
dark	
  color	
  of	
  soybeans	
  (	
  middle	
  )	
  is	
  ex6nguished	
  in	
  
cul6vated	
  varie6es	
  (	
  le_	
  )	
  because	
  of	
  natural	
  
posWranscrip6onal	
  silencing	
  of	
  the	
  CHS	
  gene	
  and	
  can	
  be	
  
par6ally	
  reversed	
  by	
  infec6on	
  of	
  the	
  parental	
  plant	
  with	
  a	
  
virus	
  possessing	
  a	
  PTGS	
  suppressor	
  protein,	
  producing	
  a	
  
moWled	
  paWern	
  (	
  right	
  ).	
  (	
  F	
  )	
  Epigene6c	
  regula6on	
  can	
  
become	
  manifest	
  also	
  in	
  plant	
  morphology;	
  reduced	
  
func6on	
  of	
  a	
  chroma6n	
  assembly	
  factor	
  subunit	
  leads	
  to	
  a	
  
“fasciated”	
  Arabidopsis	
  stem.	
  (	
  G	
  )	
  Release	
  of	
  silencing	
  
from	
  a	
  transgenic	
  resistance	
  marker	
  in	
  Arabidopsis	
  can	
  be	
  
scored	
  by	
  growth	
  on	
  selec6ve	
  medium.	
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-  Induce chromosome breaks (in some cases)
-  Mutate genes
-  Move in and out of genes (revertants)
-  Can be sensitive to genomic “stress” (eg BFB cycles)
-  Can be autonomous (Ac) or non-autonomous (Ds) – and non-autonomous 

elements require autonomous ones to cause breaks or to move
-  Display changes of “state” (influencing gene expression) in a dynamic 

and highly controlled way during development
-  Can change “phase” (Spm) being more or less active at different times 

during development / growth of the organisms 

CHANGES OF STATE

Still not clear what causes the elements to undergo 
changes of state. 

McClintock viewed these effects as a property
of the elements themselves which is associated with 
the regulation of development, and she went as far as 
to demonstrate particular stages in development where 
such changes did occur.

Others believe that a change of state
represents differences in gene expression due to 
insertion of the elements at different sites with a gene, 
but this overlooks the developmental component. 

Alternatively it could be due to changes in 
methylation patterns at target sites within the
Elements

Or even a dual role of the transposase protein which 
may double-up as a repressor of transposition.

CHANGES OF PHASE

Still not clear what causes the elements to undergo

From R.N Jones, Cytogenet Genome Res 109:90–103 (2005)

• Transposable elements :
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CHANGES OF PHASE

Still not clear what causes the elements to undergo

• Effects of these elements on gene expression during development
Her proposal that differential gene expression might be controlled, during development, 

by such elements and their activities (“Controlling Elements”), seemed 
incomprehensible or unacceptable at the time – and were largely ignored: 

CHANGES OF STATE

Still not clear what causes the elements to undergo 
changes of state. 

McClintock viewed these effects as a property
of the elements themselves which is associated with 
the regulation of development, and she went as far as 
to demonstrate particular stages in development where 
such changes did occur.

Others believe that a change of state
represents differences in gene expression due to 
insertion of the elements at different sites with a gene, 
but this overlooks the developmental component. 

Alternatively it could be due to changes in 
methylation patterns at target sites within the
Elements

Or even a dual role of the transposase protein which 
may double-up as a repressor of transposition.

Her	
  work	
  refuted	
  the	
  popular	
  gene6c	
  theory	
  of	
  
the	
  6me	
  that	
  genes	
  were	
  fixed	
  in	
  their	
  posi6on	
  
on	
  a	
  chromosome.	
  	
  
	
  
McClintock	
  found	
  that	
  genes	
  could	
  not	
  only	
  
move,	
  but	
  they	
  could	
  also	
  be	
  turned	
  on	
  or	
  off	
  
due	
  to	
  certain	
  environmental	
  condi6ons	
  or	
  
during	
  different	
  stages	
  of	
  cell	
  development.[6]	
  
	
  
McClintock	
  also	
  showed	
  that	
  gene	
  muta6ons	
  
could	
  be	
  reversed.[7]	
  	
  
	
  
She	
  presented	
  her	
  report	
  on	
  her	
  findings	
  in	
  
1951,	
  and	
  published	
  an	
  ar6cle	
  on	
  her	
  
discoveries	
  in	
  Gene+cs	
  in	
  November	
  1953	
  
en6tled	
  "Induc6on	
  of	
  Instability	
  at	
  Selected	
  
Loci	
  in	
  Maize."[8]	
  
	
  
Her	
  work	
  would	
  be	
  largely	
  dismissed	
  and	
  
ignored	
  un6l	
  the	
  late	
  1960s–1970s	
  when	
  it	
  
would	
  be	
  rediscovered	
  a_er	
  TEs	
  were	
  found	
  in	
  
bacteria.[9]	
  	
  
	
  
She	
  was	
  awarded	
  a	
  
Nobel	
  Prize	
  in	
  Physiology	
  or	
  Medicine	
  in	
  1983	
  
for	
  her	
  discovery	
  of	
  TEs,	
  more	
  than	
  thirty	
  years	
  
a_er	
  her	
  ini6al	
  research.[10]	
  
	
  
Approximately	
  90%	
  of	
  the	
  maize	
  genome	
  is	
  
made	
  up	
  of	
  TEs,[11]	
  as	
  is	
  44%	
  of	
  the	
  human	
  
genome.[12]	
  

-  Induce chromosome breaks (in some cases)
-  Mutate genes
-  Move in and out of genes (revertants)
-  Can be sensitive to genomic “stress” (eg BFB cycles)
-  Can be autonomous (Ac) or non-autonomous (Ds) – and non-autonomous 

elements require autonomous ones to cause breaks or to move
-  Display changes of “state” (influencing gene expression) in a dynamic 

and highly controlled way during development
-  Can change “phase” (Spm) being more or less active at different times 

during development / growth of the organisms 

“It is now known that controlling elements may modify gene action in a number of 
different ways. They may influence the time of gene action in the development of a 

tissue and also determine the cells in which it will occur”. 

Some	
  of	
  the	
  first	
  epimuta6ons	
  were	
  observed	
  
by	
  B.	
  McClintock,	
  who	
  noted	
  that	
  
transposons	
  underwent	
  cycles	
  of	
  inac6vity	
  in	
  
maize.	
  These	
  “changes	
  in	
  phase”	
  are	
  
associated	
  with	
  changes	
  in	
  DNA	
  methyla6on	
  
and	
  are	
  dis6nct	
  from	
  “changes	
  in	
  state,”	
  which	
  
are	
  usually	
  sequence	
  rearrangements	
  (6).	
  
Both	
  defec6ve	
  and	
  intact	
  transposons	
  can	
  
also	
  be	
  modified	
  epigene6cally	
  (“preset”)	
  a_er	
  
exposure	
  to	
  an	
  ac6ve	
  transposon	
  (Fedoroff,	
  
1989)	
  

• Transposable elements :



The Lac Operon extended to Developmental Gene Regulation 

T.H. Morgan in 1934 had already evoked the idea of 
“gene batteries”, or sets of genes that are expressed at 
different stages during development. 

In 1969, Britten and Davidson proposed a theoretical model for how gene regulatory 
networks might work during differentiation, with integrated activation of large numbers of 
noncontiguous genes upon external signals.  

Britten R.J. and Davidson E. (1969) “Gene Regulation for Higher Cells: A Theory”, Science 165: 349-357. 

Jacob and Monod, 1961: Lac operon model 
Fundamental concept that gene control relies on 
specific repressors and activators and the DNA 
sequence elements they recognize.	
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Parallels between McClintock’s Controlling Elements  

and the Lac Operon 

Barbara McClintock at CSH with 
Jacques Monod, 1946

The Jacob and Monod  
Lac operon model	
  



•	
  In	
  a	
  cross	
  of	
  M♀ × P♂,	
  the	
  progeny	
  show	
  a	
  range	
  of	
  surprising	
  
phenotypes	
  that	
  are	
  manifested	
  in	
  the	
  germ	
  line,	
  including	
  
sterility,	
  a	
  high	
  muta+on	
  rate,	
  and	
  a	
  high	
  frequency	
  of	
  
chromosomal	
  aberra+on	
  and	
  nondisjunc+on.	
  	
  
	
  
•	
  These	
  hybrid	
  progeny	
  are	
  dysgenic,	
  or	
  biologically	
  deficient	
  
(hence,	
  the	
  expression	
  hybrid	
  dysgenesis).	
  	
  
	
  
•	
  Reciprocal	
  cross	
  P♀ × M♂	
  produces	
  no	
  dysgenic	
  offspring	
  
•	
  High	
  %	
  of	
  the	
  dysgenically	
  induced	
  muta+ons	
  are	
  unstable—	
  ie	
  
revert	
  to	
  wild-­‐type	
  or	
  to	
  other	
  mutant	
  alleles	
  at	
  very	
  high	
  
frequencies	
  –	
  due	
  to	
  inser+on	
  and	
  re-­‐excision	
  of	
  TEs.	
  
•	
  This	
  instability	
  is	
  generally	
  restricted	
  to	
  the	
  germ	
  line	
  of	
  an	
  
individual	
  possessing	
  an	
  M	
  cytotype.	
  	
  
•	
  Hybrid	
  dysgenesis:	
  P	
  elements	
  encode	
  both	
  a	
  transposase	
  
product	
  and	
  P-­‐repressor	
  products	
  
•	
  In	
  	
  P-­‐cytotype,	
  the	
  high	
  copy	
  number	
  of	
  P	
  elements	
  leads	
  to	
  the	
  
abundant	
  produc+on	
  of	
  repressor	
  (in	
  cytoplasm),	
  so	
  the	
  P	
  
elements	
  are	
  immobilized	
  
•	
  Hybrids	
  from	
  M♀ × P♂	
  =>	
  P	
  elements	
  are	
  in	
  a	
  repressor-­‐free	
  
environment	
  and	
  can	
  transpose	
  across	
  genome	
  –leading	
  to	
  
massive	
  muta+on/chrom	
  instability	
  -­‐	
  iehybrid	
  dysgenesis	
  
•	
  In	
  P♀ × M♂	
  crosses	
  get	
  NO	
  dysgenesis,	
  because	
  P-­‐cytotype	
  
females	
  already	
  have	
  high	
  levels	
  of	
  P	
  repressor.	
  	
  
	
  

• Hybrid dysgenesis results from the mobilization of DNA sequences called P elements in 
Drosophila embryos. When a sperm from a P-carrying strain fertilizes an egg from a non-P-carrying 
strain, the P elements transpose throughout the genome, usually disrupting vital genes

P-elements:  beautiful example of TE invasion, 
mutagenic capacity and the role of the host in 

evolving controlling mechanisms 
(more next week)

P- elements have also become major tools of modern 
Drosophila genetics – for mutagenesis and to tag 

genes for cloning as well as inserting genes 
transgenically.

 
  

 
Mobile Elements: not just an oddity of Maize…

	
  
Examples	
  of	
  TEs	
  
	
  
The	
  first	
  TEs	
  were	
  discovered	
  in	
  maize	
  (Zea	
  mays)	
  by	
  Barbara	
  McClintock	
  in	
  1948,	
  for	
  
which	
  she	
  was	
  later	
  awarded	
  a	
  Nobel	
  Prize.	
  She	
  no6ced	
  chromosomal	
  inser6ons,	
  
dele6ons,	
  and	
  transloca6ons	
  caused	
  by	
  these	
  elements.	
  These	
  changes	
  in	
  the	
  genome	
  
could,	
  for	
  example,	
  lead	
  to	
  a	
  change	
  in	
  the	
  color	
  of	
  corn	
  kernels.	
  About	
  85%	
  of	
  the	
  
maize	
  genome	
  consists	
  of	
  TEs.[16]	
  The	
  Ac/Ds	
  system	
  described	
  by	
  McClintock	
  are	
  Class	
  II	
  
TEs.	
  Transposi6on	
  of	
  Ac	
  in	
  tobacco	
  has	
  been	
  demonstrated	
  by	
  B.	
  Baker	
  (Plant	
  
Transposable	
  Elements,	
  pp	
  161–174,	
  1988,	
  Plenum	
  Publishing	
  Corp.,	
  ed.	
  Nelson).	
  
	
  
One	
  family	
  of	
  TEs	
  in	
  the	
  fruit	
  fly	
  Drosophila	
  melanogaster	
  are	
  called	
  P	
  elements.	
  They	
  
seem	
  to	
  have	
  first	
  appeared	
  in	
  the	
  species	
  only	
  in	
  the	
  middle	
  of	
  the	
  twen6eth	
  century;	
  
within	
  the	
  last	
  50	
  years,	
  they	
  spread	
  through	
  every	
  popula6on	
  of	
  the	
  species.	
  
Gerald	
  M.	
  Rubin	
  and	
  Allan	
  C.	
  Spradling	
  pioneered	
  technology	
  to	
  use	
  ar6ficial	
  P	
  elements	
  
to	
  insert	
  genes	
  into	
  Drosophila	
  by	
  injec6ng	
  the	
  embryo.[17][18][19]	
  
	
  
Transposons	
  in	
  bacteria	
  usually	
  carry	
  an	
  addi6onal	
  gene	
  for	
  func6ons	
  other	
  than	
  
transposi6on,	
  o_en	
  for	
  an6bio6c	
  resistance.	
  In	
  bacteria,	
  transposons	
  can	
  jump	
  from	
  
chromosomal	
  DNA	
  to	
  plasmid	
  DNA	
  and	
  back,	
  allowing	
  for	
  the	
  transfer	
  and	
  permanent	
  
addi6on	
  of	
  genes	
  such	
  as	
  those	
  encoding	
  an6bio6c	
  resistance	
  (mul6-­‐an6bio6c	
  resistant	
  
bacterial	
  strains	
  can	
  be	
  generated	
  in	
  this	
  way).	
  Bacterial	
  transposons	
  of	
  this	
  type	
  belong	
  
to	
  the	
  Tn	
  family.	
  When	
  the	
  transposable	
  elements	
  lack	
  addi6onal	
  genes,	
  they	
  are	
  known	
  
as	
  inser6on	
  sequences.	
  
	
  
The	
  most	
  common	
  transposable	
  element	
  in	
  humans	
  is	
  the	
  Alu	
  sequence.	
  It	
  is	
  
approximately	
  300	
  bases	
  long	
  and	
  can	
  be	
  found	
  between	
  300,000	
  and	
  one	
  million	
  6mes	
  
in	
  the	
  human	
  genome.	
  Alu	
  alone	
  is	
  es6mated	
  to	
  make	
  up	
  15–17%	
  of	
  the	
  human	
  
genome.[20]	
  
	
  
Mariner-­‐like	
  elements	
  are	
  another	
  prominent	
  class	
  of	
  transposons	
  found	
  in	
  mul6ple	
  
species,	
  including	
  humans.	
  The	
  Mariner	
  transposon	
  was	
  first	
  discovered	
  by	
  Jacobson	
  
and	
  Hartl	
  in	
  Drosophila.[21]	
  This	
  Class	
  II	
  transposable	
  element	
  is	
  known	
  for	
  its	
  uncanny	
  
ability	
  to	
  be	
  transmiWed	
  horizontally	
  in	
  many	
  species.[22][23]	
  There	
  are	
  an	
  es6mated	
  
14,000	
  copies	
  of	
  Mariner	
  in	
  the	
  human	
  genome	
  comprising	
  2.6	
  million	
  base	
  pairs.[24]	
  The	
  
first	
  mariner-­‐element	
  transposons	
  outside	
  of	
  animals	
  were	
  found	
  in	
  
Trichomonas	
  vaginalis.[25]	
  These	
  characteris6cs	
  of	
  the	
  Mariner	
  transposon	
  inspired	
  the	
  
science	
  fic6on	
  novel	
  The	
  Mariner	
  Project	
  by	
  Bob	
  Marr.	
  
	
  
Mu	
  phage	
  transposi6on	
  is	
  the	
  best-­‐known	
  example	
  of	
  replica6ve	
  transposi6on.	
  
	
  
Yeast	
  (Saccharomyces	
  cerevisiae)	
  genomes	
  contain	
  five	
  dis6nct	
  retrotransposon	
  
families:	
  Ty1,	
  Ty2,	
  Ty3,	
  Ty4	
  and	
  Ty5.[26]	
  
	
  
A	
  helitron	
  is	
  a	
  TE	
  found	
  in	
  eukaryotes	
  that	
  is	
  thought	
  to	
  replicate	
  by	
  a	
  rolling-­‐circle	
  
mechanism.	
  
	
  

• Bacterial Transposons were originally detected in bacteria in 1950’s, and later found to be  mobile 
genetic elements that confer drug resistance. They can jump from the chromosome to plasmid DNA and 
back, transferring antibiotic resistance  and resulting in bacterial strains that are multi-antibiotic resistant.
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  Classes of Transposable Elements

Cut	
  and	
  Paste	
  Copy	
  and	
  Paste	
  

Most	
  of	
  these	
  regions	
  contain	
  mul6ple	
  copies	
  
of	
  transposons,	
  which	
  are	
  sequences	
  that	
  
literally	
  copy	
  or	
  cut	
  themselves	
  out	
  of	
  one	
  part	
  
of	
  the	
  genome	
  and	
  reinsert	
  themselves	
  
somewhere	
  else.	
  
	
  
Elements	
  that	
  use	
  copying	
  mechanisms	
  to	
  
move	
  around	
  the	
  genome	
  increase	
  the	
  amount	
  
of	
  gene6c	
  material.	
  In	
  the	
  case	
  of	
  "cut	
  and	
  
paste"	
  elements,	
  the	
  process	
  is	
  slower	
  and	
  
more	
  complicated,	
  and	
  involves	
  DNA	
  repair	
  
machinery.	
  Nevertheless,	
  if	
  transposon	
  ac6vity	
  
happens	
  in	
  cells	
  that	
  give	
  rise	
  to	
  either	
  eggs	
  or	
  
sperm,	
  these	
  genes	
  have	
  a	
  good	
  chance	
  of	
  
integra6ng	
  into	
  a	
  popula6on	
  and	
  increasing	
  
the	
  size	
  of	
  the	
  host	
  genome.	
  
	
  

Transposons = DNA sequences that copy or cut themselves out of one part of the genome and 
reinsert themselves somewhere else.
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  Classes of Transposable Elements

All	
  TEs	
  share	
  replica6on	
  strategies	
  
reminiscent	
  of	
  viruses	
  	
  
But	
  without	
  the	
  extracellular	
  phase	
  
usually	
  =>	
  no	
  poten6al	
  for	
  horizontal	
  
transmission.	
  	
  
	
  
A	
  significant	
  frac6on	
  of	
  TEs	
  present	
  in	
  
higher	
  species	
  are	
  endogenous	
  
retroviruses	
  (ERVs).	
  ERVs	
  are	
  derived	
  
from	
  exogenous	
  rela6ves	
  that	
  
integrated	
  into	
  the	
  germ	
  line,	
  
becoming	
  inherited	
  in	
  a	
  Mendelian	
  
fashion,	
  and	
  forfeited	
  their	
  ability	
  to	
  
spread	
  from	
  cell	
  to	
  cell	
  
(Dewannieux&Heidmann	
  2013).	
  
	
  
Phylogene6c	
  comparisons	
  of	
  the	
  
reverse	
  transcriptase	
  sequences	
  of	
  
ERVs	
  and	
  exogenous	
  retroviruses	
  point	
  
to	
  a	
  common	
  ancestor	
  hundreds	
  of	
  
million	
  years	
  ago	
  (Mya)(Eickbush	
  &	
  
Jamburuthugoda	
  2008,	
  Xiong	
  &	
  
Eickbush	
  1990).	
  	
  
	
  

From Friedl and Trono, 2014 

Endogenous  Retroviruses  (ERVs) 
share  replication  strategies 
reminiscent of viruses  - but without 
the  extracellular  phase  usually  => 
no  potential  for  horizontal 
transmission. 

A significant fraction of TEs present 
in  higher  species  are  endogenous 
retroviruses  (ERVs).  ERVs  are 
derived  from  exogenous  relatives 
that  integrated  into  the  germ  line, 
becoming inherited in a Mendelian 
fashion, and forfeited their ability to 
spread from cell to cell – usually by 
losing  Env  protein  functions 
(Dewannieux & Heidmann 2013).



Fig. 1. Classes of mobile elements.  
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  Classes of Transposable Elements

Phylogenetic comparisons of the reverse transcriptase sequences 
of endogenous retroviruses (ERVs) and exogenous retroviruses 

point to a common ancestor hundreds of million years ago
(Eickbush & Jamburuthugoda 2008, Xiong & Eickbush 1990). 
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  Classes of Transposable Elements
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reminiscent	
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  derived	
  
from	
  exogenous	
  rela6ves	
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  cell	
  
(Dewannieux&Heidmann	
  2013).	
  
	
  
Phylogene6c	
  comparisons	
  of	
  the	
  
reverse	
  transcriptase	
  sequences	
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ERVs	
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  exogenous	
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From Friedl and Trono, 2014 



E. Heard, February 6th, 2017 

 
  Transposable Elements: How, When and Where do they Move?

From Levin and Moran, 2011  

If transposon activity happens in the germ line (in cells that give 
rise to either eggs or sperm) TEs have a good chance of integrating 

into a population and increasing the size of the host genome. 
However, they become mutated with time and the host will evolve 

mechanisms to repress them
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  Transposable Elements and their Relics in Genomes

From Chuong et al, 2016 
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The	
  lifecycle	
  of	
  a	
  TE	
  family	
  is	
  akin	
  to	
  a	
  birth-­‐and-­‐death	
  process:	
  a	
  new	
  
TE	
  family	
  is	
  born	
  when	
  an	
  ac6ve	
  copy	
  colonizes	
  a	
  novel	
  host	
  genome	
  
and	
  it	
  dies	
  when	
  all	
  copies	
  in	
  a	
  lineage	
  are	
  lost	
  (by	
  chance	
  or	
  nega6ve	
  
selec6on)	
  or	
  inac6vated,	
  a	
  process	
  which	
  may	
  be	
  driven	
  by	
  host	
  
defense	
  mechanisms	
  and/or	
  by	
  the	
  accumula%on	
  of	
  disabling	
  
muta%ons	
  in	
  the	
  TE	
  sequence	
  (see	
  Figure	
  Ia).	
  	
  
There	
  are	
  two	
  major	
  ways	
  for	
  TEs	
  to	
  escape	
  ex6nc6on:	
  the	
  first	
  is	
  to	
  
horizontally	
  transfer	
  to	
  a	
  new	
  host	
  genome	
  prior	
  to	
  inac6va6on	
  and	
  
the	
  second	
  is	
  to	
  inflict	
  minimal	
  harmful	
  effects	
  (e.g.	
  low	
  replica6on	
  
rate),	
  so	
  as	
  to	
  evade	
  the	
  eye	
  of	
  selec6on	
  in	
  their	
  current	
  host.	
  Like	
  
other	
  parasites,	
  it	
  is	
  possible	
  that	
  TEs	
  will	
  make	
  use	
  of	
  different	
  
strategies	
  over	
  6me,	
  e.g.	
  rely	
  on	
  high	
  transmission	
  rates	
  ini6ally	
  (rapid	
  
replica6on	
  and	
  horizontal	
  transfer),	
  perhaps	
  evolving	
  towards	
  a	
  lower	
  
virulence	
  strategy	
  over	
  6me	
  (‘the	
  conven6onal	
  wisdom’,	
  according	
  to	
  
Ref.	
  [83]).	
  The	
  signature	
  of	
  each	
  strategy	
  (which	
  do	
  not	
  represent	
  a	
  
dichotomy	
  as	
  much	
  as	
  a	
  con6nuum)	
  is	
  illustrated	
  by	
  looking	
  at	
  the	
  
rela6ve	
  congruence	
  between	
  TE	
  phylogenies	
  and	
  that	
  of	
  their	
  host	
  
(Figure	
  Ib	
  and	
  c).	
  
	
  In	
  families	
  of	
  TEs	
  where	
  horizontal	
  transfer	
  is	
  frequent,	
  there	
  should	
  
be	
  drama6c	
  incongruence	
  between	
  the	
  phylogeny	
  of	
  the	
  TE	
  family	
  and	
  
that	
  of	
  its	
  various	
  host	
  species	
  (Figure	
  Ib).	
  In	
  these	
  cases,	
  horizontal	
  
transfer	
  might	
  allow	
  the	
  TE	
  to	
  colonize	
  a	
  new	
  genome	
  in	
  which	
  host	
  
suppression	
  mechanisms	
  are	
  inefficient	
  [16,17],	
  either	
  because	
  they	
  
have	
  not	
  had	
  6me	
  to	
  co-­‐evolve	
  or	
  are	
  copy	
  numberdependent	
  (e.g.	
  
[84,85]).	
  	
  
In	
  cases	
  where	
  TEs	
  have	
  persisted	
  for	
  long	
  periods	
  in	
  a	
  given	
  host	
  
lineage,	
  the	
  reduced	
  frequency	
  of	
  HTT	
  can	
  be	
  inferred	
  from	
  the	
  greater	
  
similarity	
  between	
  the	
  TE	
  and	
  host	
  phylogenies	
  (Figure	
  Ic).	
  For	
  
example,	
  persistence	
  could	
  be	
  achieved	
  through	
  self-­‐regulatory	
  
mechanisms	
  that	
  limit	
  copy	
  number	
  (proposed	
  in	
  [16])	
  or	
  by	
  evolving	
  
targe6ng	
  preference	
  for	
  inser6on	
  into	
  ‘safe	
  havens’	
  in	
  the	
  genome(e.g.	
  
high	
  copy-­‐number	
  genes	
  or	
  heterochroma6n	
  [86,87]).	
  	
  
The	
  LINE-­‐1	
  element	
  of	
  mammals	
  provides	
  an	
  excep6onal	
  example	
  of	
  
ver6cal	
  endurance,	
  having	
  persisted	
  and	
  diversified	
  over	
  the	
  past	
  100	
  
My	
  with	
  no	
  evidence	
  of	
  HTT	
  [36,88].	
  

The Lifecycle of a TE family over Evolutionary Time 

Promiscuous DNA: horizontal transfer of 
transposable elements and why it matters 
for eukaryotic evolution. Schaack et al, 
2010. 

Birth-and-death process: A new TE family is born when an active copy colonizes a novel host genome and it dies when all 
copies in a lineage are lost (by chance or negative selection) or inactivated, a process which may be driven by host defense 
mechanisms and/or by the accumulation of disabling mutations in the TE sequence.

There are two major ways for TEs to escape extinction: the first is to horizontally transfer to a new host genome prior to 
inactivation and the second is to inflict minimal harmful effects (e.g. low replication rate), so as to evade the eye of selection 
in their current host. (from Schaack et al, 2010). 

The LINE-1 element of mammals provides an exceptional example of vertical endurance, having persisted and diversified 
over the past 100 My with no evidence of horizontal tranfer.
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Cours	
  I	
  
•	
  The	
  DYNAMIC	
  genome	
  (not	
  sta6c…)	
  
Reminder	
  of	
  Briggs,	
  King,	
  Gurdon	
  data	
  about	
  one	
  genome	
  in	
  all	
  cell	
  
types	
  –	
  but	
  actually	
  this	
  may	
  not	
  be	
  totally	
  true!	
  
•	
  We	
  are	
  all	
  cellular	
  mosaics	
  –	
  though	
  degree	
  to	
  which	
  this	
  is	
  the	
  case	
  
s6ll	
  not	
  clear	
  
•	
  Mobile	
  elements	
  :	
  genomes	
  are	
  full	
  of	
  them.	
  Where	
  are	
  they	
  from?	
  
What	
  for?	
  Friend	
  or	
  foe?	
  (Show	
  a	
  balance)	
  
•	
  How	
  does	
  a	
  host	
  deal	
  with	
  mobile	
  elements?	
  	
  TFs	
  (KRABs);	
  	
  
EPIGENETICS	
  and	
  RNAi	
  

	
  •	
  Mechanisms	
  that	
  control	
  mobile	
  elements	
  in	
  normal	
  
development	
  and	
  in	
  the	
  germ	
  line	
  

	
  •	
  Mechanisms	
  that	
  control	
  TEs	
  in	
  the	
  soma	
  	
  -­‐	
  epigene6c	
  
plas6city	
  with	
  ageing,	
  or	
  in	
  certain	
  condi6ons	
  (eg	
  ICF	
  syndrome)	
  –	
  can	
  
some6mes	
  (rarely)	
  	
  be	
  useful	
  (eg	
  brain)	
  but	
  also	
  dangerous?	
  (eg	
  in	
  
cancer)	
  
•	
  Drivers	
  of	
  genome	
  evolu6on	
  :	
  DNA	
  sequence	
  elements	
  as	
  
CONTROLLING	
  elements	
  
	
  
•	
  ROLES	
  of	
  Transposable	
  and	
  transposed	
  elements:	
  	
  

	
  •	
  Source	
  of	
  phenotypic	
  varia6on	
  :	
  by	
  various	
  means	
  (new	
  TE	
  
inser6ons,	
  epialleles,	
  etc	
  –	
  Capy,	
  Agou6etc)	
  

	
  •	
  Building	
  blocks	
  of	
  Heterochroma6n	
  (homing	
  versus	
  purifying	
  
selec6on?	
  Mainly	
  laWer!)	
  

	
  •	
  Heterochroma6n:	
  not	
  just	
  a	
  bad	
  neighborhood	
  (Henikoff	
  see	
  slide)	
  
	
  •	
  Source	
  of	
  regulatory	
  elements	
  –	
  enhancers…	
  
	
  •	
  Promoters	
  of	
  lncRNAs…	
  
	
  •	
  Source	
  of	
  epigene6cally	
  modulated	
  elements	
  (metastable	
  states)	
  	
  
	
  •	
  Source	
  of	
  transgenera6onal	
  inheritence	
  -­‐	
  epialleles	
  
	
  •	
  Building	
  blocks	
  of	
  imprinted	
  loci	
  
	
  •	
  Relay	
  elements	
  in	
  processes	
  such	
  as	
  XCI	
  
	
  •	
  Source	
  of	
  immunity	
  
	
  •	
  Responsiveness	
  to	
  the	
  environment	
  :	
  response	
  of	
  genome	
  to	
  

stressful	
  environment?	
  	
  
	
  •	
  Exapta6on	
  in	
  different	
  systems…	
  plants	
  /	
  animals	
  
	
  	
  

•	
  DANGERS	
  of	
  Transposable	
  and	
  transposed	
  elements:	
  	
  
	
  •	
  Example	
  of	
  Hox	
  clusters	
  –	
  completely	
  devoid	
  of	
  	
  repeats?	
  
	
  •	
  Environmental	
  unleashing	
  
	
  •	
  	
  

	
  
	
  
	
  

Transposon compositions in different species

Huang, Burns and Boeke, Ann. Rev. Genetics, 2014 



E. Heard, February 6th, 2017 

 
  TEs as “Junk” DNA?

Cot-­‐1	
  assays	
  –	
  a	
  lot	
  of	
  the	
  genome	
  was	
  composed	
  of	
  repeat	
  sequences	
  
Satellite	
  sequences…	
  	
  
Ohno	
  	
  

“Junk” DNA originally coined by Susumu Ohno (1972), and 
actually referred to repetitive satellite DNA – but quickly became 
a generic term for all non-protein coding DNA.

The fact that TEs and their relics were dumped into this category 
of “junk”, and the difficulties implicit in investigating TEs at the 
molecular level, given their repetitive nature, led to a general lack 
of interest in transposons for several decades.

Nevertheless, the high copy number of TEs that were present in 
most eukaryotic genomes and the fact that they could propagate 
themselves “selfishly” -  potentially leading to massive increases 
in genome size – meant that they were considered as the 
explanation for the C-value Paradox…



Fedoroff,	
  2009	
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The C Paradox and “Junk” DNA

Sydney Brenner
I said it was ‘junk’ DNA, not ‘trash’. Everyone knows that 
you throw away trash. But junk we keep in the attic until 

there may be some need for it.

Image:	
  A	
  digital	
  representa6on	
  of	
  the	
  human	
  genome	
  at	
  the	
  American	
  
Museum	
  of	
  Natural	
  History	
  in	
  New	
  York	
  City.	
  (Mario	
  Tama/GeWy	
  Images)	
  	
  

The size of an organism's genome does not reflect gene number and is 
not correlated with its obvious complexity.

hy	
  does	
  an	
  onion	
  carry	
  around	
  so	
  much	
  more	
  
gene6c	
  material	
  than	
  a	
  human?	
  Or	
  why,	
  for	
  
that	
  maWer,	
  do	
  the	
  broad-­‐footed	
  salamander	
  
(65.5	
  billion	
  bases),	
  the	
  African	
  lungfish	
  (132	
  
billion)	
  and	
  the	
  Paris	
  japonica	
  flower	
  (149	
  
billion)?	
  These	
  organisms	
  don’t	
  appear	
  to	
  be	
  
more	
  complex	
  than	
  we	
  are,	
  so	
  Gregory	
  rejects	
  
the	
  idea	
  that	
  they’re	
  accomplishing	
  more	
  with	
  
all	
  their	
  extra	
  DNA.	
  Instead,	
  he	
  champions	
  an	
  
idea	
  first	
  developed	
  in	
  the	
  1970s	
  but	
  s6ll	
  
startling	
  today:	
  that	
  the	
  size	
  of	
  an	
  animal’s	
  or	
  
plant’s	
  genome	
  has	
  essen6ally	
  no	
  rela6onship	
  
to	
  its	
  complexity,	
  because	
  a	
  vast	
  majority	
  of	
  its	
  
DNA	
  is	
  —	
  to	
  put	
  it	
  bluntly	
  —	
  junk.	
  
	
  
The	
  human	
  genome	
  contains	
  around	
  20,000	
  
genes,	
  that	
  is,	
  the	
  stretches	
  of	
  DNA	
  that	
  
encode	
  proteins.	
  But	
  these	
  genes	
  account	
  for	
  
only	
  about	
  1.2	
  percent	
  of	
  the	
  total	
  genome.	
  
The	
  other	
  98.8	
  percent	
  is	
  known	
  as	
  noncoding	
  
DNA.	
  Gregory	
  believes	
  that	
  while	
  some	
  
noncoding	
  DNA	
  is	
  essen6al,	
  most	
  probably	
  
does	
  nothing	
  for	
  us	
  at	
  all,	
  and	
  un6l	
  recently,	
  
most	
  biologists	
  agreed	
  with	
  him.	
  Surveying	
  the	
  
genome	
  with	
  the	
  best	
  tools	
  at	
  their	
  disposal,	
  
they	
  believed	
  that	
  only	
  a	
  small	
  por6on	
  of	
  
noncoding	
  DNA	
  showed	
  any	
  evidence	
  of	
  
having	
  any	
  func6on.	
  
	
  

A	
  major	
  quest	
  in	
  1973	
  was	
  to	
  resolve	
  the	
  C-­‐value	
  paradox,	
  which	
  refers	
  to	
  
the	
  fact	
  that	
  genome	
  size	
  o_en	
  does	
  not	
  correlate	
  with	
  organismal	
  
complexity.	
  Some	
  salamanders	
  have	
  one	
  order	
  of	
  magnitude	
  more	
  DNA	
  
than	
  some	
  frogs,	
  and	
  some	
  amoeba	
  have	
  orders	
  of	
  magnitude	
  more	
  DNA	
  
than	
  do	
  we.	
  Numerous	
  specula6ons	
  were	
  put	
  forward,	
  redundancy	
  being	
  
the	
  favorite.	
  For	
  example,	
  it	
  was	
  known	
  that	
  most	
  tandemly	
  repe66ve	
  
satellite	
  DNA	
  can	
  be	
  deleted,	
  and	
  the	
  40%	
  of	
  the	
  D.	
  virilis	
  genome	
  that	
  Gall	
  
first	
  sequenced	
  is	
  an	
  example	
  of	
  what	
  was	
  considered	
  to	
  be	
  “junk”	
  DNA	
  
(Gall	
  et	
  al.	
  1974)	
  	
  
(Henikoff,	
  2004)	
  

Among	
  vertebrates,	
  the	
  highest	
  variability	
  in	
  genome	
  size	
  exists	
  in	
  fish:	
  the	
  green	
  puffer	
  fish	
  
(Chelonodon	
  fluvia6lis)	
  genome	
  contains	
  only	
  0.34	
  billion	
  nucleo6des,	
  while	
  the	
  marbled	
  
lungfish	
  (Protopterus	
  aethiopicus)	
  genome	
  is	
  gigan6c,	
  with	
  almost	
  130	
  billion.	
  	
  

C-­‐value	
  is	
  the	
  
amount,	
  	
  

in	
  picograms,	
  	
  
of	
  DNA	
  within	
  a	
  
haploid	
  nucleus	
  

Solution to the C-paradox = Selfish DNA?
ie  DNA existing only for itself without contributing to an 

organism's fitness.
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  The Selfish DNA debate 

intellectual	
  struggle	
  that	
  has	
  played	
  out	
  over	
  
the	
  past	
  200	
  years.	
  Before	
  Charles	
  Darwin	
  
ar6culated	
  his	
  theory	
  of	
  evolu6on,	
  most	
  
naturalists	
  saw	
  phenomena	
  in	
  nature,	
  from	
  an	
  
orchid’s	
  petal	
  to	
  the	
  hook	
  of	
  a	
  vulture’s	
  beak,	
  
as	
  things	
  literally	
  designed	
  by	
  God.	
  A_er	
  
Darwin,	
  they	
  began	
  to	
  see	
  them	
  as	
  designs	
  
produced,	
  instead,	
  by	
  natural	
  selec6on.	
  But	
  
some	
  of	
  our	
  greatest	
  biologists	
  pushed	
  back	
  
against	
  the	
  idea	
  that	
  everything	
  we	
  discover	
  in	
  
an	
  organism	
  had	
  to	
  be	
  an	
  exquisite	
  adapta6on.	
  
To	
  these	
  biologists,	
  a	
  fully	
  efficient	
  genome	
  
would	
  be	
  inconsistent	
  with	
  the	
  arbitrariness	
  of	
  
our	
  genesis,	
  with	
  the	
  fact	
  that	
  every	
  species	
  
emerged	
  through	
  pure	
  happenstance,	
  over	
  
eons	
  of	
  false	
  starts.	
  Where	
  some	
  look	
  at	
  all	
  
those	
  billions	
  of	
  bases	
  and	
  see	
  a	
  finely	
  tuned	
  
machine,	
  others,	
  like	
  Gregory,	
  see	
  a	
  
disorganized,	
  glorious	
  mess.	
  

scien6sts	
  to	
  assume	
  that	
  the	
  genome	
  was	
  mostly	
  made	
  up	
  of	
  protein-­‐coding	
  DNA.	
  But	
  
eventually	
  scien6sts	
  found	
  this	
  assump6on	
  hard	
  to	
  square	
  with	
  reality.	
  In	
  1964,	
  the	
  
German	
  biologist	
  Friedrich	
  Vogel	
  did	
  a	
  rough	
  calcula6on	
  of	
  how	
  many	
  genes	
  a	
  typical	
  
human	
  must	
  carry.	
  Scien6sts	
  had	
  already	
  discovered	
  how	
  big	
  the	
  human	
  genome	
  was	
  
by	
  staining	
  the	
  DNA	
  in	
  cells,	
  looking	
  at	
  the	
  cells	
  through	
  microscopes	
  and	
  measuring	
  
its	
  size.	
  If	
  the	
  human	
  genome	
  was	
  made	
  of	
  nothing	
  but	
  genes,	
  Vogel	
  found,	
  it	
  would	
  
need	
  to	
  have	
  an	
  awful	
  lot	
  of	
  them	
  —	
  6.7	
  million	
  genes	
  by	
  his	
  es6mate,	
  a	
  number	
  that,	
  
when	
  he	
  published	
  it	
  in	
  Nature,	
  he	
  admiWed	
  was	
  “disturbingly	
  high.”	
  There	
  was	
  no	
  
evidence	
  that	
  our	
  cells	
  made	
  6.7	
  million	
  proteins	
  or	
  anything	
  close	
  to	
  that	
  figure.	
  
	
  
Vogel	
  speculated	
  that	
  a	
  lot	
  of	
  the	
  genome	
  was	
  made	
  up	
  of	
  essen6al	
  noncoding	
  DNA	
  
—	
  possibly	
  opera6ng	
  as	
  something	
  like	
  switches,	
  for	
  example,	
  to	
  turn	
  genes	
  on	
  and	
  
off.	
  But	
  other	
  scien6sts	
  recognized	
  that	
  even	
  this	
  idea	
  couldn’t	
  make	
  sense	
  
mathema6cally.	
  On	
  average,	
  each	
  baby	
  is	
  born	
  with	
  roughly	
  100	
  new	
  muta6ons.	
  If	
  
every	
  piece	
  of	
  the	
  genome	
  were	
  essen6al,	
  then	
  many	
  of	
  those	
  muta6ons	
  would	
  lead	
  
to	
  significant	
  birth	
  defects,	
  with	
  the	
  defects	
  only	
  mul6plying	
  over	
  the	
  course	
  of	
  
genera6ons;	
  in	
  less	
  than	
  a	
  century,	
  the	
  species	
  would	
  become	
  ex6nct.	
  
	
  
Faced	
  with	
  this	
  paradox,	
  Crick	
  and	
  other	
  scien6sts	
  developed	
  a	
  new	
  vision	
  of	
  the	
  
genome	
  during	
  the	
  1970s.	
  Instead	
  of	
  being	
  overwhelmingly	
  packed	
  with	
  coding	
  DNA,	
  
the	
  genome	
  was	
  made	
  up	
  mostly	
  of	
  noncoding	
  DNA.	
  And,	
  what’s	
  more,	
  most	
  of	
  that	
  
noncoding	
  DNA	
  was	
  junk	
  —	
  that	
  is,	
  pieces	
  of	
  DNA	
  that	
  do	
  nothing	
  for	
  us.	
  These	
  
biologists	
  argued	
  that	
  some	
  pieces	
  of	
  junk	
  started	
  out	
  as	
  genes,	
  but	
  were	
  later	
  
disabled	
  by	
  muta6ons.	
  Other	
  pieces,	
  called	
  transposable	
  elements,	
  were	
  like	
  
parasites,	
  simply	
  making	
  new	
  copies	
  of	
  themselves	
  that	
  were	
  usually	
  inserted	
  
harmlessly	
  back	
  in	
  the	
  genome.	
  
	
  
Junk	
  DNA’s	
  recogni6on	
  was	
  part	
  of	
  a	
  bigger	
  trend	
  in	
  biology	
  at	
  the	
  6me.	
  A	
  number	
  of	
  
scien6sts	
  were	
  ques6oning	
  the	
  assump6on	
  that	
  biological	
  systems	
  are	
  invariably	
  
“well	
  designed”	
  by	
  evolu6on.	
  In	
  a	
  1979	
  paper	
  in	
  The	
  Proceedings	
  of	
  the	
  Royal	
  Society	
  
of	
  London,	
  Stephen	
  Jay	
  Gould	
  and	
  Richard	
  Lewon6n,	
  both	
  of	
  Harvard,	
  groused	
  that	
  
too	
  many	
  scien6sts	
  indulged	
  in	
  breezy	
  storytelling	
  to	
  explain	
  every	
  trait,	
  from	
  antlers	
  
to	
  jealousy,	
  as	
  an	
  adapta6on	
  honed	
  by	
  natural	
  selec6on	
  for	
  some	
  essen6al	
  func6on.	
  
Gould	
  and	
  Lewon6n	
  refer	
  to	
  this	
  habit	
  as	
  the	
  Panglossian	
  paradigm,	
  a	
  reference	
  to	
  
Voltaire’s	
  “Candide,”	
  in	
  which	
  the	
  foolish	
  Professor	
  Pangloss	
  keeps	
  insis6ng,	
  in	
  the	
  
face	
  of	
  death	
  and	
  disaster,	
  that	
  we	
  live	
  in	
  “the	
  best	
  of	
  all	
  possible	
  worlds.”	
  Gould	
  and	
  
Lewon6n	
  did	
  not	
  deny	
  that	
  natural	
  selec6on	
  was	
  a	
  powerful	
  force,	
  but	
  they	
  stressed	
  
that	
  it	
  was	
  not	
  the	
  only	
  explana6on	
  for	
  why	
  species	
  are	
  the	
  way	
  they	
  are.	
  Male	
  
nipples	
  are	
  not	
  adapta6ons,	
  for	
  example;	
  they’re	
  just	
  along	
  for	
  the	
  ride.	
  
	
  
Gould	
  and	
  Lewon6n	
  called	
  instead	
  for	
  a	
  broader	
  vision	
  of	
  evolu6on,	
  with	
  room	
  for	
  
other	
  forces,	
  for	
  flukes	
  and	
  historical	
  con6ngencies,	
  for	
  processes	
  unfolding	
  at	
  
different	
  levels	
  of	
  life	
  —	
  what	
  Gould	
  o_en	
  called	
  “pluralism.”	
  At	
  the	
  6me,	
  gene6cists	
  
were	
  ge�ng	
  their	
  first	
  glimpses	
  of	
  the	
  molecular	
  secrets	
  of	
  the	
  human	
  genome,	
  and	
  
Gould	
  and	
  Lewon6n	
  saw	
  more	
  evidence	
  for	
  pluralism	
  and	
  against	
  the	
  Panglosses.	
  Any	
  
two	
  people	
  may	
  have	
  millions	
  of	
  differences	
  in	
  their	
  genomes.	
  Most	
  of	
  those	
  
differences	
  aren’t	
  a	
  result	
  of	
  natural	
  selec6on’s	
  guiding	
  force;	
  they	
  just	
  arise	
  through	
  
random	
  muta6ons,	
  without	
  any	
  effect	
  for	
  good	
  or	
  ill.	
  
	
  
When	
  Crick	
  and	
  others	
  began	
  to	
  argue	
  for	
  junk	
  DNA,	
  they	
  were	
  guided	
  by	
  a	
  similar	
  
vision	
  of	
  nature	
  as	
  slipshod.	
  Just	
  as	
  male	
  nipples	
  are	
  a	
  useless	
  ves6ge	
  of	
  evolu6on,	
  so,	
  
in	
  their	
  theory,	
  is	
  a	
  majority	
  of	
  our	
  genome.	
  Far	
  from	
  the	
  height	
  of	
  machine-­‐like	
  
perfec6on,	
  the	
  genome	
  is	
  largely	
  a	
  palimpsest	
  of	
  worthless	
  instruc6ons,	
  a	
  den	
  of	
  
harmless	
  parasites.	
  Crick	
  and	
  his	
  colleagues	
  argued	
  that	
  transposable	
  elements	
  were	
  
common	
  in	
  our	
  genome	
  not	
  because	
  they	
  did	
  something	
  essen6al	
  for	
  us,	
  but	
  because	
  
they	
  could	
  exploit	
  us	
  for	
  their	
  own	
  replica6on.	
  Gould	
  delighted	
  at	
  this	
  good	
  
intellectual	
  company,	
  arguing	
  that	
  transposable	
  elements	
  behaved	
  like	
  miniature	
  
organisms,	
  evolving	
  to	
  become	
  beWer	
  at	
  adding	
  new	
  copies	
  to	
  their	
  host	
  genomes.	
  
Our	
  genomes	
  were	
  their	
  ocean,	
  their	
  savanna.	
  “They	
  are	
  merely	
  playing	
  Darwin’s	
  
game,	
  but	
  at	
  the	
  ‘wrong	
  level,’ ”	
  Gould	
  wrote	
  in	
  1981.	
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  theory	
  of	
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  with	
  the	
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  with	
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  pure	
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  and	
  see	
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  glorious	
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scien6sts	
  to	
  assume	
  that	
  the	
  genome	
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  mostly	
  made	
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  protein-­‐coding	
  DNA.	
  But	
  
eventually	
  scien6sts	
  found	
  this	
  assump6on	
  hard	
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  square	
  with	
  reality.	
  In	
  1964,	
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German	
  biologist	
  Friedrich	
  Vogel	
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  rough	
  calcula6on	
  of	
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  many	
  genes	
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  typical	
  
human	
  must	
  carry.	
  Scien6sts	
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  already	
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  human	
  genome	
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  staining	
  the	
  DNA	
  in	
  cells,	
  looking	
  at	
  the	
  cells	
  through	
  microscopes	
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  measuring	
  
its	
  size.	
  If	
  the	
  human	
  genome	
  was	
  made	
  of	
  nothing	
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  genes,	
  Vogel	
  found,	
  it	
  would	
  
need	
  to	
  have	
  an	
  awful	
  lot	
  of	
  them	
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  6.7	
  million	
  genes	
  by	
  his	
  es6mate,	
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  number	
  that,	
  
when	
  he	
  published	
  it	
  in	
  Nature,	
  he	
  admiWed	
  was	
  “disturbingly	
  high.”	
  There	
  was	
  no	
  
evidence	
  that	
  our	
  cells	
  made	
  6.7	
  million	
  proteins	
  or	
  anything	
  close	
  to	
  that	
  figure.	
  
	
  
Vogel	
  speculated	
  that	
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  of	
  the	
  genome	
  was	
  made	
  up	
  of	
  essen6al	
  noncoding	
  DNA	
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  possibly	
  opera6ng	
  as	
  something	
  like	
  switches,	
  for	
  example,	
  to	
  turn	
  genes	
  on	
  and	
  
off.	
  But	
  other	
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  recognized	
  that	
  even	
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  couldn’t	
  make	
  sense	
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  each	
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  then	
  many	
  of	
  those	
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  would	
  lead	
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  with	
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  only	
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  over	
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  course	
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  than	
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  would	
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random	
  muta6ons,	
  without	
  any	
  effect	
  for	
  good	
  or	
  ill.	
  
	
  
When	
  Crick	
  and	
  others	
  began	
  to	
  argue	
  for	
  junk	
  DNA,	
  they	
  were	
  guided	
  by	
  a	
  similar	
  
vision	
  of	
  nature	
  as	
  slipshod.	
  Just	
  as	
  male	
  nipples	
  are	
  a	
  useless	
  ves6ge	
  of	
  evolu6on,	
  so,	
  
in	
  their	
  theory,	
  is	
  a	
  majority	
  of	
  our	
  genome.	
  Far	
  from	
  the	
  height	
  of	
  machine-­‐like	
  
perfec6on,	
  the	
  genome	
  is	
  largely	
  a	
  palimpsest	
  of	
  worthless	
  instruc6ons,	
  a	
  den	
  of	
  
harmless	
  parasites.	
  Crick	
  and	
  his	
  colleagues	
  argued	
  that	
  transposable	
  elements	
  were	
  
common	
  in	
  our	
  genome	
  not	
  because	
  they	
  did	
  something	
  essen6al	
  for	
  us,	
  but	
  because	
  
they	
  could	
  exploit	
  us	
  for	
  their	
  own	
  replica6on.	
  Gould	
  delighted	
  at	
  this	
  good	
  
intellectual	
  company,	
  arguing	
  that	
  transposable	
  elements	
  behaved	
  like	
  miniature	
  
organisms,	
  evolving	
  to	
  become	
  beWer	
  at	
  adding	
  new	
  copies	
  to	
  their	
  host	
  genomes.	
  
Our	
  genomes	
  were	
  their	
  ocean,	
  their	
  savanna.	
  “They	
  are	
  merely	
  playing	
  Darwin’s	
  
game,	
  but	
  at	
  the	
  ‘wrong	
  level,’ ”	
  Gould	
  wrote	
  in	
  1981.	
  

The notion of Selfish DNA to explain the C-value 
paradox (in line with the “Selfish Gene” by R. 

Dawkins) countered the neo-Darwinian views that 
all DNA of an organism’s genome must have been 
kept through natural selection and must therefore 

have a role…

Hence the idea that most of the genome was “junk” 
became attractive in the 1970’s/80’s – some pieces 
of junk started out as genes, but were later disabled 
by mutations. Other pieces, transposable elements, 
were like parasites, simply making new copies of 
themselves that were usually inserted harmlessly 

back into the genome.

The Selfish DNA debate 

TEs may be selfish – but they might also be useful 
to their hosts… Otherwise why would they 

accumulate in such great quantities?

Sydney Brenner
I said it was ‘junk’ DNA, not ‘trash’. Everyone knows 

that you throw away trash. But junk we keep in the 
attic until there may be some need for it…



Nature, September 2012 

20,000 protein-coding genes
Less than 2 % of the genome… > 98% non-coding DNA!

Much of this contains repeats and relics / fossils of transposable elements
The genome is sea of non-coding DNA with a few islands of coding potential

Are these repeats all just junk DNA ? Or are some of them useful? 
How many have been “domesticated”?

How many active (potentially deleterious) TEs are there? 

Three billion DNA base pairs

Sequencing of the Human Genome

And	
  its	
  interpreta6on	
  in	
  
-­‐  Development	
  
-­‐  Ageing	
  
-­‐  Disease	
  

A	
  haploid	
  copy	
  of	
  the	
  human	
  genome	
  comprises∼3	
  billion	
  
base	
  pairs;	
  barely	
  1–2%	
  of	
  its	
  DNA,	
  the	
  exome,	
  codes	
  for	
  
proteins	
  (Gerstein	
  et	
  al.	
  2012,	
  Lander	
  et	
  al.	
  2001,	
  Pheasant	
  
&	
  Ma�ck	
  2007,	
  Pon6ng	
  &	
  Hardison	
  2011,	
  Venter	
  et	
  al.	
  
2001).	
  
	
  
In	
  striking	
  contrast,	
  at	
  least	
  half	
  of	
  the	
  genome	
  is	
  derived	
  
from	
  TEs	
  (Bannert	
  &	
  Kurth	
  2004,	
  Lander	
  et	
  al.	
  2001).	
  	
  
	
  
The	
  numbers	
  are	
  comparable	
  in	
  the	
  mouse	
  genome	
  
(Bannert&Kurth	
  2004,	
  MouseGenome	
  Seq.	
  Consort.	
  et	
  al.	
  
2002).	
  
	
  
Moreover,	
  the	
  contribu6on	
  of	
  mobile	
  elements	
  to	
  the	
  
genome	
  is	
  likely	
  underes6mated	
  by	
  gene6c	
  analyses,	
  
because	
  old	
  elements	
  decay	
  beyond	
  recogni6on	
  through	
  
gene6c	
  dri_,	
  and	
  the	
  repe66ve	
  nature	
  of	
  TEs	
  complicates	
  
efforts	
  to	
  assign	
  their	
  sequences	
  to	
  specific	
  genomic	
  loci.	
  	
  
=>	
  TEs	
  account	
  for	
  more	
  than	
  two-­‐thirds	
  of	
  the	
  human	
  
genome	
  via	
  3	
  to	
  4million	
  individual	
  integrants,	
  two	
  orders	
  of	
  
magnitude	
  greater	
  than	
  the	
  number	
  of	
  protein-­‐coding	
  
genes	
  (de	
  Koning	
  et	
  al.	
  2011)…	
  
	
  
From	
  Friedl	
  and	
  Trono,	
  2014	
  

However, TE numbers are still vastly underestimated owing to the 
bioinformatics challenge of accurately detecting repeats - 

especially small/degenerate relics! 



hWp://www.nature.com/nature/2015/180215/
full/nature14309.html	
  

The Coding (1.5%) and Non-Coding (98.5%) Genome

E. Heard, February 6th, 2017 

Nature, September 2012 

According to ENCODE’s analysis, 80% of the genome has a 
“biochemical function” *
It’s not all “junk”…

* “biochemical function” = sequences that have proteins (specifically) attached to 
them, those that affects how DNA is packaged and those that are transcribed…
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  Diversity and Distribution of TEs in the Human Genome 

 

SHOW	
  A	
  SNAPSHOT	
  HERE	
  OF	
  HUMAN	
  
GENOME	
  SEQUENCE	
  AND	
  TEs	
  

Human Retrotransposons still mobile?Approximately	
  650,000	
  LTR	
  
retrotransposons	
  in	
  the	
  human	
  
genome,	
  including	
  577,000	
  solo	
  
LTRs,	
  70,000	
  truncated	
  proviruses,	
  
and	
  10,000	
  units	
  comprising	
  
2	
  LTRs	
  flanking	
  internal	
  sequences.	
  	
  
	
  
Approximately	
  2,000	
  of	
  these	
  
HERVs	
  were	
  >3.5	
  kb	
  in	
  length.	
  In	
  
the	
  ancestral	
  lineages	
  of	
  humans,	
  
one	
  can	
  trace	
  >50	
  independent	
  
waves	
  of	
  retroviral	
  invasion	
  that	
  
led	
  to	
  endogeniza6on,	
  	
  
	
  
Based	
  on	
  sequence	
  homology,	
  one	
  
can	
  dis6nguish	
  at	
  least	
  31	
  ERV	
  
subfamilies	
  in	
  the	
  human	
  genome	
  
(Bannert	
  &	
  Kurth	
  2006,	
  Belshaw	
  et	
  
al.	
  2004,	
  Dewannieux	
  &	
  Heidmann	
  
2013,	
  FeschoWe	
  &	
  Gilbert	
  2012,	
  
Mayer	
  et	
  al.	
  2011,	
  Stocking	
  &	
  
Kozak	
  2008,	
  Stoye	
  2012).	
  
	
  
Of	
  these	
  subfamilies,	
  only	
  HERVK	
  
(HML-­‐2)	
  displays	
  indica6ons	
  of	
  
recent	
  ac6vity	
  (Marchi	
  et	
  al.	
  2014).	
  	
  
	
  
By	
  contrast,	
  mice	
  s6ll	
  harbor	
  many	
  
retrotransposi6on-­‐competent	
  
ERVs,	
  including	
  IAPs	
  (intracisternal	
  
A	
  par6cles)	
  and	
  MusD,	
  which	
  are	
  
collec6vely	
  responsible	
  
for	
  up	
  to	
  10%	
  of	
  spontaneous	
  
muta6ons	
  observed	
  in	
  inbred	
  
colonies	
  (Maksakova	
  et	
  al.	
  2006).	
  

Non-­‐LTR	
  retrotransposons	
  are	
  far	
  
more	
  abundant	
  than	
  ERVs,	
  with	
  up	
  
to	
  3	
  million	
  integrants	
  
accoun6ng	
  for	
  at	
  least	
  40%	
  of	
  the	
  
human	
  genome.	
  	
  
	
  
Among	
  them,	
  only	
  long	
  interspersed	
  
nuclear	
  elements	
  (LINEs)	
  encode	
  the	
  
two	
  proteins	
  required	
  for	
  
retrotransposi6on,	
  ORF1	
  and	
  ORF2,	
  
and	
  are	
  thus	
  autonomous.	
  However,	
  
our	
  recent	
  survey	
  indicates	
  that	
  out	
  
of	
  ∼950,000	
  copies	
  in	
  
the	
  human	
  genome,	
  only	
  10,000	
  are	
  
full-­‐length	
  or	
  near-­‐full-­‐length	
  units	
  
(>5	
  kb),	
  and	
  accumulated	
  
evidence	
  indicates	
  that	
  ∼100	
  are	
  
ac6ve.	
  The	
  other	
  non-­‐LTR	
  
retrotransposons	
  include	
  short	
  
interspersed	
  nuclear	
  elements	
  
(SINEs;	
  1.8	
  million	
  copies),	
  which	
  in	
  
humans	
  comprise	
  Alu	
  repeats	
  
(∼1.2	
  million	
  copies,	
  1,000	
  ac6ve)	
  
and	
  SVAs	
  (SINE–VNTR–Alus),	
  ∼16	
  
million-­‐year-­‐old	
  
hominoid-­‐restricted	
  elements	
  
containing	
  fragments	
  of	
  Alu	
  and	
  
HERV	
  (5,500	
  copies,	
  ∼50	
  ac6ve).	
  
SINEs	
  and	
  SVAs	
  do	
  not	
  code	
  for	
  
proteins	
  and	
  rely	
  on	
  LINE-­‐encoded	
  
trans-­‐ac6ng	
  func6ons	
  for	
  
their	
  spread.	
  Collec6vely,	
  non-­‐LTR	
  
retrotransposons	
  are	
  responsible	
  for	
  
an	
  es6mated	
  one	
  new	
  
integrant	
  per	
  20–50	
  births	
  in	
  
humans	
  (Beck	
  et	
  al.	
  2011,	
  Hancks	
  &	
  
Kazazian	
  2012).	
  

TEs are distributed throughout the genome
Depleted in protein-coding regions but still 
present within genes and around them in most 
cases -  with some exceptions (eg Hox genes)
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Sequencing of numerous Eukaryotic genomes has revealed that TEs  

profoundly influence the shape, size and functions of genomes… 

TEs are paramount in genome size variation

No	
  simple	
  rela6onship	
  found	
  between	
  TE	
  
diversity	
  and	
  genome	
  size.	
  There	
  is	
  no	
  
significant	
  correla6on	
  across	
  all	
  eukaryotes,	
  
but	
  there	
  is	
  a	
  posi6ve	
  correla6on	
  for	
  genomes	
  
below	
  500	
  Mbp	
  and	
  a	
  nega6ve	
  correla6on	
  
among	
  land	
  plants.	
  No	
  rela6onships	
  were	
  
found	
  across	
  animals	
  or	
  within	
  vertebrates.	
  
Some	
  TE	
  superfamilies	
  tend	
  to	
  be	
  present	
  
across	
  all	
  major	
  groups	
  of	
  eukaryotes,	
  but	
  
there	
  is	
  considerable	
  variance	
  in	
  TE	
  diversity	
  in	
  
different	
  taxa.	
  

A	
  rare	
  Japanese	
  flower	
  named	
  Paris	
  
japonica	
  sports	
  an	
  astonishing	
  149	
  
billion	
  base	
  pairs,	
  making	
  it	
  50	
  6mes	
  
the	
  size	
  of	
  a	
  human	
  genome—and	
  
the	
  largest	
  genome	
  ever	
  found	
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Lessons on TEs in the post-Genomics Era 

• TEs, mobile genetic elements, or jumping genes
• Parasitic, self-replicating
• Similar to, or derived from viruses
• Move independently in a genome
• Create new copies that can trigger mutations, 
recombination, deletions, duplications… 

TEs	
  are	
  likely	
  the	
  most	
  powerful	
  gene6c	
  force	
  
engaged	
  in	
  the	
  evolu6on	
  of	
  higher	
  species.	
  
They	
  sprinkle	
  genomes	
  with	
  thousands	
  of	
  
iden6cal	
  sequences,	
  paving	
  the	
  way	
  for	
  
recombina6on	
  events	
  that	
  trigger	
  dele6ons	
  or	
  
duplica6ons	
  (Boissinot	
  et	
  al.	
  2006,	
  Song	
  &	
  
Boissinot	
  2007).	
  	
  
	
  
They	
  can	
  disrupt	
  exis6ng	
  genes	
  but	
  also	
  
provide	
  new	
  protein	
  coding	
  sequences	
  	
  
	
  
They	
  exert	
  a	
  wide	
  range	
  of	
  transcrip6onal	
  
influence,	
  either	
  directly	
  or	
  via	
  host	
  
mechanisms	
  responsible	
  for	
  their	
  control.	
  	
  
	
  
As	
  a	
  consequence,	
  TEs	
  occasionally	
  cause	
  
disease,	
  which	
  understandably	
  has	
  
received	
  much	
  aWen6on.	
  In	
  humans,	
  65	
  
pathogenic	
  muta6ons	
  have	
  been	
  aWributed	
  to	
  
LINE-­‐1	
  (L1)	
  retrotransposi6on	
  (Belancio	
  et	
  al.	
  
2008,	
  Goodier	
  &	
  Kazazian	
  2008).	
  
	
  
Most	
  of	
  these	
  muta6ons	
  are	
  autosomal	
  
dominant	
  or	
  X-­‐linked	
  condi6ons	
  such	
  as	
  
hemophilia	
  (Kazazian	
  et	
  al.	
  1988).	
  

Disease	
  associated	
  TE	
  s	
  are	
  rare	
  occurrences,	
  
vastly	
  outnumbered	
  by	
  examples	
  of	
  
the	
  posi6ve	
  impact	
  of	
  TEs,	
  as	
  expected	
  from	
  
millions	
  of	
  years	
  of	
  purifying	
  selec6on.	
  

TEs  are the most powerful genetic force 
engaged in the evolution of higher species 	
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Lessons on TEs in the post-Genomics Era 

• TEs, mobile genetic elements, or jumping genes
• Parasitic, self-replicating
• Similar to, or derived from viruses
• Move independently in a genome
• Create new copies that can trigger mutations, recombination, deletions, duplications… 
• Most TEs are broken (cannot tranpose; “fossils”).
• Active TEs evolved to insert into “safe-havens” – but that are sensitive to environment
• Host regulates TE movement: host defense mechanisms including epigenetic strategies
• TEs can provide advantages in an evolutionary setting
• Populations of TE sequences in a genome evolve
• Surrounding genomic sequences also evolve
• Diseases due to TEs can occur, but are outnumbered by examples of positive impact - as 
expected from millions of years of purifying selection…

TEs are intimate components of our genome: 
Rather than just being graveyards of dead TE fossils

eukaryotic genomes have a rich repository of functional and gene regulatory 
potential, thanks to TEs!

TEs	
  are	
  likely	
  the	
  most	
  powerful	
  gene6c	
  force	
  
engaged	
  in	
  the	
  evolu6on	
  of	
  higher	
  species.	
  
They	
  sprinkle	
  genomes	
  with	
  thousands	
  of	
  
iden6cal	
  sequences,	
  paving	
  the	
  way	
  for	
  
recombina6on	
  events	
  that	
  trigger	
  dele6ons	
  or	
  
duplica6ons	
  (Boissinot	
  et	
  al.	
  2006,	
  Song	
  &	
  
Boissinot	
  2007).	
  	
  
	
  
They	
  can	
  disrupt	
  exis6ng	
  genes	
  but	
  also	
  
provide	
  new	
  protein	
  coding	
  sequences	
  	
  
	
  
They	
  exert	
  a	
  wide	
  range	
  of	
  transcrip6onal	
  
influence,	
  either	
  directly	
  or	
  via	
  host	
  
mechanisms	
  responsible	
  for	
  their	
  control.	
  	
  
	
  
As	
  a	
  consequence,	
  TEs	
  occasionally	
  cause	
  
disease,	
  which	
  understandably	
  has	
  
received	
  much	
  aWen6on.	
  In	
  humans,	
  65	
  
pathogenic	
  muta6ons	
  have	
  been	
  aWributed	
  to	
  
LINE-­‐1	
  (L1)	
  retrotransposi6on	
  (Belancio	
  et	
  al.	
  
2008,	
  Goodier	
  &	
  Kazazian	
  2008).	
  
	
  
Most	
  of	
  these	
  muta6ons	
  are	
  autosomal	
  
dominant	
  or	
  X-­‐linked	
  condi6ons	
  such	
  as	
  
hemophilia	
  (Kazazian	
  et	
  al.	
  1988).	
  

Disease	
  associated	
  TE	
  s	
  are	
  rare	
  occurrences,	
  
vastly	
  outnumbered	
  by	
  examples	
  of	
  
the	
  posi6ve	
  impact	
  of	
  TEs,	
  as	
  expected	
  from	
  
millions	
  of	
  years	
  of	
  purifying	
  selec6on.	
  

TEs  are the most powerful genetic force 
engaged in the evolution of higher species 	
  



Chuong et al, NRG, 2016

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

TEs	
  as	
  modulators	
  of	
  gene	
  expression	
  

TEs	
  as	
  generators	
  of	
  gene%c	
  diversity	
  

TEs as drivers of epigenetic 
processes and carriers of epigenetic 

information…. 
COURS II

Chuong et al, NRG, 2016

•  TEs are probably the most 
powerful genetic force 
engaged in the evolution of 
higher species. 

•  They sprinkle genomes with 
thousands of identical 
sequences, paving the way for 
recombination events that can 
trigger deletions or 
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 TEs as targets and drivers of epigenetic processes

COURS II
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Transposable Elements (TEs) as Generators of  
Genetic and Phenotypic Variation  



Petunia flowers
Psl transposon in Hf1 gene

Shetland Sheepdogs
SINE insertion in SILV gene

Clark	
  et	
  al.,	
  PNAS	
  2006	
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Peppered moth
Insertion of a type II transposon the cortex gene

Van’t	
  Hof	
  et	
  al.,	
  Nature,	
  2016	
  

Transposable Elements (TEs) as Generators of  
Genetic and Phenotypic Variation  
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Transposable Elements (TEs) as Generators of  
Genetic and Phenotypic Variation  

hWp://www.evolu6on-­‐biologique.org/
mecanismes/diversite-­‐gene6que/elements-­‐
mobiles.html	
  

Copia-like 
retrotransposon 
adjacent to a gene 
encoding Ruby, a 
MYB transcriptional 
activator of 
anthocyanin 
production. 

The TE controls 
Ruby expression, 
and cold dependency 
reflects the induction 
of the retroelement 
by stress. 
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Transposable Elements (TEs) as Generators of  
Somatic Genetic and/or Epigenetic Variation 

 Bodega and Orlando, Current Opinion in Cell Biology 2014, 31:67–73 

 Mobile DNA elements in the 
generation of diversity and 

complexity in the brain 
Muotri et al, 2005

COURS II, III, IV



Meiotically transmissible epimutations have also been 
identified in mammals and as in plants, they involve repeat 

sequences 

(Manning et al, Nat Genet, 2006) 

COPIA 

SBP SBP 

COPIA 

cnr 

SBP encodes a transcription factor that allows 
ripening (red). In the cnr mutant a TE is 
integrated upstream  of the promoter of SBP. The 
TE is constitutively methylated but its 
methylation can spread to the promoter of the 
gene and correlates with its silencing preventing 
ripening (yellow).

Silencing is metastable in somatic tissues – but 
fully stable through meiotic transmission.

(Rakyan et al, PNAS  2003) 

Axin(Fu) Axin(Fu) 

(Morgan et al, Nat. Genet. 1999) 

Avy Avy 

Two bone fide trans-
generational 
epimutations  in 
mammals (Axin-fused 
and Agouti) are also 
associated with  IAPs 
(retrotransposons) 
Ineffecient reprogramming 
in the germ line? 

COURS III	
  

Transposable Elements (TEs) as Generators of  
Epigenetic Phenotypic Variation (Epialleles) 

E. Heard, February 6th, 2017 

DNA	
  methyla6on	
  paWern	
  seen	
  in	
  the	
  soma6c	
  
6ssues	
  of	
  the	
  parent	
  is	
  retained	
  in	
  the	
  
gametes,	
  inherited	
  by	
  the	
  zygote	
  and	
  then	
  
generally,	
  but	
  not	
  always,	
  cleared	
  and	
  re-­‐
established	
  some	
  6me	
  between	
  fer6lisa6on	
  
and	
  blastocyst	
  forma6on	
  [28]	
  
	
  
Transgenera6onal	
  epigene6c	
  inheritance	
  
appears	
  to	
  be	
  the	
  result	
  of	
  a	
  failure	
  in	
  the	
  
clearing	
  step.	
  Interes6ngly,	
  at	
  both	
  the	
  Avy	
  
and	
  axin-­‐fused	
  alleles,	
  transcrip6onal	
  ac6vity	
  is	
  
under	
  the	
  control	
  of	
  an	
  intracisternal	
  A-­‐par6cle	
  
(IAP)	
  retrotransposon.	
  
	
  
DNA	
  methyla6on	
  studies	
  suggest	
  that	
  some	
  
IAPs	
  are	
  resistant	
  to	
  the	
  epigene6c	
  
reprogramming	
  that	
  takes	
  place	
  in	
  early	
  mouse	
  
development	
  [29].	
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Metastable	
  Epialleles:	
  Evidence	
  for	
  the	
  Fetal	
  
Epigene6c	
  Origins	
  of	
  Disease	
  
Studies	
  using	
  the	
  Agou6	
  yellow	
  mouse	
  
demonstrate	
  how	
  maternal	
  diet	
  influences	
  
epigene6c	
  programming	
  and	
  can	
  influence	
  the	
  
adult	
  onset	
  of	
  metabolic	
  disease.	
  These	
  mice	
  
contain	
  a	
  “metastable	
  epiallele”	
  that	
  coincides	
  
with	
  a	
  dis6nct	
  phenotypic	
  readout.	
  An	
  epiallele	
  
is	
  an	
  allele	
  of	
  a	
  gene	
  that	
  differs	
  from	
  other	
  
alleles	
  of	
  the	
  same	
  gene	
  by	
  virtue	
  of	
  its	
  
methyla6on	
  status.	
  Metastable	
  epialleles	
  are	
  
epialleles	
  whose	
  DNA	
  methyla6on	
  paWern	
  can	
  
be	
  altered	
  by	
  the	
  environment.	
  The	
  expression	
  
of	
  a	
  metastable	
  epiallele	
  is	
  influenced	
  by	
  DNA	
  
methyla6on	
  in	
  the	
  promoter	
  region.	
  Therefore,	
  
the	
  epiallele	
  can	
  be	
  differen6ally	
  expressed	
  in	
  
gene6cally	
  iden6cal	
  individuals,	
  simply	
  based	
  
on	
  the	
  methyla6on	
  status	
  surrounding	
  the	
  
gene.216	
  
The	
  Agou6	
  gene	
  (Avy)	
  in	
  mice	
  codes	
  for	
  a	
  
paracrine	
  signaling	
  molecule.	
  In	
  the	
  absence	
  of	
  
the	
  gene	
  product,	
  the	
  follicular	
  melanocytes	
  
produce	
  a	
  brown	
  pigment;	
  in	
  its	
  presence,	
  they	
  
produce	
  a	
  yellow	
  pigment	
  (reviewed	
  in	
  Ref.	
  
217).	
  Expression	
  of	
  agou6	
  is	
  regulated	
  through	
  
methyla6on	
  of	
  nine	
  CpG	
  sites	
  within	
  its	
  
promoter;	
  increased	
  methyla6on	
  silences	
  
expression,	
  while	
  decreased	
  methyla6on	
  
promotes	
  transcrip6on.	
  The	
  readout	
  of	
  
expression	
  is	
  simply	
  the	
  coat	
  color	
  of	
  the	
  
mouse.	
  In	
  a	
  scenario	
  where	
  the	
  promoter	
  is	
  
completely	
  methylated,	
  the	
  agou6	
  gene	
  is	
  
silenced	
  and	
  the	
  mouse	
  is	
  brown.	
  When	
  the	
  
promoter	
  is	
  unmethylated,	
  the	
  gene	
  is	
  
expressed	
  and	
  the	
  mouse	
  is	
  yellow.	
  Par6al	
  
promoter	
  methyla6on	
  yields	
  a	
  moWled	
  brown/
yellow	
  coat	
  color.	
  Besides	
  the	
  change	
  in	
  coat	
  
color,	
  an	
  increase	
  in	
  body	
  weight	
  in	
  mice	
  
expressing	
  the	
  Agou6	
  gene	
  has	
  been	
  observed.	
  
Because	
  agou6	
  gene	
  expression	
  is	
  related	
  to	
  
the	
  amount	
  of	
  pro	
  

Adult siblings – essentially identical genomes
Differ by DNA methylation at just one TE locus…

And - these states can be 
influenced by maternal diet

Transposable Elements (TEs) as Generators of  
Epigenetic Phenotypic Variation (Epialleles)  

 TEs attract epigenetic marking, providing phenotypic variation in 
absence of genotypic variation 

DNA	
  methyla6on	
  paWern	
  seen	
  in	
  the	
  soma6c	
  
6ssues	
  of	
  the	
  parent	
  is	
  retained	
  in	
  the	
  
gametes,	
  inherited	
  by	
  the	
  zygote	
  and	
  then	
  
generally,	
  but	
  not	
  always,	
  cleared	
  and	
  re-­‐
established	
  some	
  6me	
  between	
  fer6lisa6on	
  
and	
  blastocyst	
  forma6on	
  [28]	
  
	
  
Transgenera6onal	
  epigene6c	
  inheritance	
  
appears	
  to	
  be	
  the	
  result	
  of	
  a	
  failure	
  in	
  the	
  
clearing	
  step.	
  Interes6ngly,	
  at	
  both	
  the	
  Avy	
  
and	
  axin-­‐fused	
  alleles,	
  transcrip6onal	
  ac6vity	
  is	
  
under	
  the	
  control	
  of	
  an	
  intracisternal	
  A-­‐par6cle	
  
(IAP)	
  retrotransposon.	
  
	
  
DNA	
  methyla6on	
  studies	
  suggest	
  that	
  some	
  
IAPs	
  are	
  resistant	
  to	
  the	
  epigene6c	
  
reprogramming	
  that	
  takes	
  place	
  in	
  early	
  mouse	
  
development	
  [29].	
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 Exaptation 

 
The role of TEs in the evolution of: 

  
New genes (Syncitin, RAG1/2) 

New functions (Placentation; Immune systems) 
New gene regulatory elements and networks 

Epigenetic processes (imprinting, X inactivation…) 
 

Retrovirus	
  endogeniza6on	
  and	
  syncy6n	
  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	
  (le_).	
  Retroviral	
  infec6on	
  leads	
  to	
  
proviral	
  inser6on	
  into	
  a	
  limited	
  number	
  of	
  
cells	
  of	
  the	
  infected	
  animal.	
  Produc6on	
  of	
  
new	
  infec6ous	
  virions	
  results	
  in	
  horizontal	
  
transmission	
  of	
  the	
  virus	
  (top	
  right).	
  In	
  
occasional	
  cases	
  where	
  a	
  retrovirus	
  infects	
  
germline	
  cells,	
  the	
  integrated	
  proviral	
  DNA	
  is	
  
transmiWed	
  ver6cally	
  to	
  the	
  offspring	
  
(centre).	
  The	
  retrovirus	
  has	
  been	
  
‘endogenized’	
  and	
  is	
  now	
  present	
  in	
  all	
  the	
  
soma6c	
  and	
  germline	
  cells	
  of	
  the	
  animal.	
  
During	
  evolu6on,	
  most	
  of	
  the	
  endogenous	
  
retrovirus-­‐derived	
  genes	
  are	
  disrupted	
  by	
  
mul6ple	
  muta6onal	
  events	
  but	
  occasionally	
  
one	
  of	
  them,	
  such	
  as	
  the	
  env	
  gene	
  
exemplified	
  here	
  (boWom	
  le_),	
  may	
  be	
  
preserved	
  and	
  remains	
  func6onal	
  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	
  pep6de	
  and	
  
the	
  immunosuppressive	
  domain	
  (ISD).	
  (b)	
  Consequences	
  of	
  the	
  
interac6on	
  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	
  forma6on	
  of	
  a	
  syncy6um	
  (ii).	
  
(c)	
  Cell–cell	
  fusion	
  and	
  forma6on	
  of	
  mul6nucleated	
  syncy6a	
  induced	
  
by	
  transfec6ng	
  human	
  TE671	
  cells	
  with	
  a	
  syncy6n-­‐2	
  expression	
  vector	
  
(May–Grünwald–Giemsa	
  staining).	
  

nvolvement	
  of	
  syncy6n-­‐2	
  and	
  its	
  cognate	
  receptor	
  MFSD2	
  in	
  human	
  
placenta6on.	
  (a)	
  Schema6c	
  of	
  a	
  human	
  feto–placental	
  unit	
  and	
  
(enlarged)	
  of	
  a	
  placental	
  villus.	
  (b)	
  In	
  situ	
  analysis	
  of	
  human	
  placental	
  
villi	
  sec6ons	
  for	
  syncy6n-­‐2	
  and	
  MFSD2	
  expression.	
  MFSD2	
  expression	
  
is	
  detected	
  exclusively	
  within	
  the	
  syncy6otrophoblast	
  layer	
  (ST),	
  
whereas	
  syncy6n-­‐2	
  expression	
  is	
  restricted	
  to	
  underlying	
  
mononucleated	
  cytotrophoblasts	
  (CT).	
  (c)	
  ‘In	
  fusion’	
  model	
  for	
  
syncy6otrophoblast	
  forma6on,	
  where	
  interac6on	
  between	
  syncy6n-­‐2	
  
and	
  MFSD2	
  results	
  in	
  polarized	
  fusion	
  of	
  the	
  cytotrophoblasts	
  into	
  the	
  
syncy6otrophoblast.	
  Adapted	
  from	
  Esnault	
  et	
  al.	
  [39].	
  

Both	
  murine	
  syncy6n	
  genes	
  are	
  required	
  for	
  the	
  forma6on	
  of	
  the	
  murine	
  
syncy6otrophoblast	
  double	
  layer.	
  (a)	
  Scheme	
  of	
  the	
  mouse	
  placenta	
  with	
  an	
  
enlarged	
  representa6on	
  of	
  the	
  feto-­‐maternal	
  interface	
  highligh6ng	
  the	
  presence	
  of	
  
two	
  syncy6otrophoblast	
  layers	
  (ST-­‐I	
  and	
  ST-­‐II).	
  (b)	
  Electron	
  microscopy	
  analysis	
  of	
  
the	
  placental	
  feto-­‐maternal	
  interface	
  of	
  mice	
  deficient	
  for	
  syncy6n-­‐A	
  (i)	
  or	
  syncy6n-­‐B	
  
(ii),	
  showing	
  fusion	
  defects	
  of	
  syncy6otrophoblast	
  layers	
  ST-­‐I	
  and	
  ST-­‐II,	
  respec6vely.	
  
Adapted	
  from	
  Dupressoir	
  et	
  al.	
  [54,55].	
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 Domestication of TEs to generate new genes and functions 

Retrovirus	
  endogeniza6on	
  and	
  syncy6n	
  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	
  (le_).	
  Retroviral	
  infec6on	
  leads	
  to	
  
proviral	
  inser6on	
  into	
  a	
  limited	
  number	
  of	
  
cells	
  of	
  the	
  infected	
  animal.	
  Produc6on	
  of	
  
new	
  infec6ous	
  virions	
  results	
  in	
  horizontal	
  
transmission	
  of	
  the	
  virus	
  (top	
  right).	
  In	
  
occasional	
  cases	
  where	
  a	
  retrovirus	
  infects	
  
germline	
  cells,	
  the	
  integrated	
  proviral	
  DNA	
  is	
  
transmiWed	
  ver6cally	
  to	
  the	
  offspring	
  
(centre).	
  The	
  retrovirus	
  has	
  been	
  
‘endogenized’	
  and	
  is	
  now	
  present	
  in	
  all	
  the	
  
soma6c	
  and	
  germline	
  cells	
  of	
  the	
  animal.	
  
During	
  evolu6on,	
  most	
  of	
  the	
  endogenous	
  
retrovirus-­‐derived	
  genes	
  are	
  disrupted	
  by	
  
mul6ple	
  muta6onal	
  events	
  but	
  occasionally	
  
one	
  of	
  them,	
  such	
  as	
  the	
  env	
  gene	
  
exemplified	
  here	
  (boWom	
  le_),	
  may	
  be	
  
preserved	
  and	
  remains	
  func6onal	
  over	
  
several	
  million	
  years,	
  playing	
  a	
  role	
  in	
  the	
  
physiology	
  of	
  its	
  host.	
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  retroviral	
  envelope	
  glycoprotein.	
  (a)	
  Structure	
  of	
  the	
  retroviral	
  
envelope	
  protein	
  with	
  the	
  SU	
  and	
  TM	
  subunits,	
  the	
  fusion	
  pep6de	
  and	
  
the	
  immunosuppressive	
  domain	
  (ISD).	
  (b)	
  Consequences	
  of	
  the	
  
interac6on	
  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	
  forma6on	
  of	
  a	
  syncy6um	
  (ii).	
  
(c)	
  Cell–cell	
  fusion	
  and	
  forma6on	
  of	
  mul6nucleated	
  syncy6a	
  induced	
  
by	
  transfec6ng	
  human	
  TE671	
  cells	
  with	
  a	
  syncy6n-­‐2	
  expression	
  vector	
  
(May–Grünwald–Giemsa	
  staining).	
  

nvolvement	
  of	
  syncy6n-­‐2	
  and	
  its	
  cognate	
  receptor	
  MFSD2	
  in	
  human	
  
placenta6on.	
  (a)	
  Schema6c	
  of	
  a	
  human	
  feto–placental	
  unit	
  and	
  
(enlarged)	
  of	
  a	
  placental	
  villus.	
  (b)	
  In	
  situ	
  analysis	
  of	
  human	
  placental	
  
villi	
  sec6ons	
  for	
  syncy6n-­‐2	
  and	
  MFSD2	
  expression.	
  MFSD2	
  expression	
  
is	
  detected	
  exclusively	
  within	
  the	
  syncy6otrophoblast	
  layer	
  (ST),	
  
whereas	
  syncy6n-­‐2	
  expression	
  is	
  restricted	
  to	
  underlying	
  
mononucleated	
  cytotrophoblasts	
  (CT).	
  (c)	
  ‘In	
  fusion’	
  model	
  for	
  
syncy6otrophoblast	
  forma6on,	
  where	
  interac6on	
  between	
  syncy6n-­‐2	
  
and	
  MFSD2	
  results	
  in	
  polarized	
  fusion	
  of	
  the	
  cytotrophoblasts	
  into	
  the	
  
syncy6otrophoblast.	
  Adapted	
  from	
  Esnault	
  et	
  al.	
  [39].	
  

Both	
  murine	
  syncy6n	
  genes	
  are	
  required	
  for	
  the	
  forma6on	
  of	
  the	
  murine	
  
syncy6otrophoblast	
  double	
  layer.	
  (a)	
  Scheme	
  of	
  the	
  mouse	
  placenta	
  with	
  an	
  
enlarged	
  representa6on	
  of	
  the	
  feto-­‐maternal	
  interface	
  highligh6ng	
  the	
  presence	
  of	
  
two	
  syncy6otrophoblast	
  layers	
  (ST-­‐I	
  and	
  ST-­‐II).	
  (b)	
  Electron	
  microscopy	
  analysis	
  of	
  
the	
  placental	
  feto-­‐maternal	
  interface	
  of	
  mice	
  deficient	
  for	
  syncy6n-­‐A	
  (i)	
  or	
  syncy6n-­‐B	
  
(ii),	
  showing	
  fusion	
  defects	
  of	
  syncy6otrophoblast	
  layers	
  ST-­‐I	
  and	
  ST-­‐II,	
  respec6vely.	
  
Adapted	
  from	
  Dupressoir	
  et	
  al.	
  [54,55].	
  

• Placentation: Syncytin genes are required for the formation of the syncytiotrophoblast double layer. 
Humans and mice have two syncytin genes, all four corresponding to the env gene of ERVs, which entered 
these species on separate occasions a few tens of Mya (Dupressoir et al. 2012). Exaptation of a founding 
retroviral env gene may have led to emergence of mammalian ancestors with a placenta from egg-laying 
animals; subsequently replaced in diverse mammalian lineages by new env-derived syncytin genes, each 
providing its host with a selective advantage (Lavialle, Heidmann et al, 2012)

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

• Viral Defense System: he murine Fv1 restriction factor is also of retroviral origin and has been co-opted 
by the host as an antiretrovirus defense mechanism (Best et al. 1996)



TEs  provide a dynamic source of of transcriptional regulators:
• In cis: TEs contain cis-acting regulatory sequences that can influence gene expression 
through promoter, enhancer, or insulator effects (eg exaptation of ERV enhancers appears to 
have contributed to the rapid evolutionary diversification of the placenta (Chuong 2013, 
Chuong et al. 2013).

• In trans: Many TEs produce small RNAs [e.g., PIWI-interacting RNAs (piRNAs), 
endogenously produced small interfering RNAs, or microRNAs (miRNAs)], long noncoding 
RNAs (lncRNAs), or enhancer-overlapping RNAs : capable of altering transcription in trans.

• Host mechanisms have evolved to control spread of TEs &  also contribute to altered host 
gene expression eg TE-targeting repressors trigger formation of heterochromatin, that can 
spread and be stably propagated. This may also have been the starting point for epigenetic 
phenomena such as Genomic Imprinting and X-chromosome inactivation…

Bejerano et al. 2006; Bourque et al. 2008; Faulkner et al. 2009; Gifford et al. 2013; Jordan et al. 2003; Kunarso et al. 
2010; Lynch et al. 2011; Schmidt et al. 2012; Wang et al. 2007, 2012; Rebollo et al. 2012b, Rowe & Trono 2011, Slotkin & 
Martienssen 2007; Yoder et al, 1993

Chuong et al, NRG, 2016
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  TEs as a source of regulatory potential	
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When transcriptionally active, TEs not only produce transcripts, some of which can have 
long-range regulatory functions, but can also stimulate the expression of nearby genes 

through promoter or enhancer effects.

TE Relics co-opted as Modulators of Gene Expression  

ERE-mediated, tissue-specific 
expression during early 
embryogenesis.

In human embryonic stem 
(ES) cells, 30% of transcripts 
are ERE-associated.
Fort et al. 2014, Lu et al. 2014, 
Santoni et al. 2012

From Long et al, 2016
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 McClintock’s “Controlling Elements”  Today 

KRAB-ZFPs and KAP1 are embryonic controllers of transposable elements (TEs) thought to 
irreversibly silence Tes. These modulators continue to control TE expression in adult tissues, 

where they also act to control expression of neighboring cellular genes.

Ecco et al, Dev. Cell, 2016
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Image:	
  A	
  digital	
  representa6on	
  of	
  the	
  human	
  genome	
  at	
  the	
  American	
  
Museum	
  of	
  Natural	
  History	
  in	
  New	
  York	
  City.	
  (Mario	
  Tama/GeWy	
  Images)	
  	
  

More than 80% of the human genome examined to date has a known biological 
function− not junk DNA

Not “Junk” DNA: an Encyclopedia of Regulatory Elements

Barbara McClintock’s visionary conclusions that mobile elements are 
the basis for controlling elements in development 

have finally accepted almost 70 years later
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Image:	
  A	
  digital	
  representa6on	
  of	
  the	
  human	
  genome	
  at	
  the	
  American	
  
Museum	
  of	
  Natural	
  History	
  in	
  New	
  York	
  City.	
  (Mario	
  Tama/GeWy	
  Images)	
  	
  

(Cubas et al, Nature, 1999) 

Lcyc Lcyc 

peloric 

(Manning et al, Nat Genet, 2006) 
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SBP SBP 

COPIA 

cnr 

black orange 

IAP Agouti 

methylation Morgan et al., 1999 

And TEs provide a Repertoire for Epigenetic Processes
X inactivation Imprinting 
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  Conclusions 	
  

From Dangerous mutagens to helpful Parasites
From Junk DNA to Regulator Networks

From Selfish to Altruistic DNA

From Friedl and Trono to adapt:
TEs are likely the most powerful genetic force engaged in the evolution of higher species. 
They sprinkle genomes with thousands of identical sequences, paving the way for 
recombination events that trigger deletions or duplications (Boissinot et al. 2006, Song & 
Boissinot 2007). 

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. 

As a consequence, TEs occasionally cause disease, which understandably has
received much attention. In humans, 65 pathogenic mutations have been attributed to 
LINE-1 (L1) retrotransposition (Belancio et al. 2008, Goodier & Kazazian 2008).

Most of these mutations are autosomal dominant or X-linked conditions such as hemophilia 
(Kazazian et al. 1988).



E. Heard, February 13th, 2017 

 
 

Cours II  
 Le rôle de l’épigénétique dans la régulation des éléments 

transposables. 
The role of epigenetics in the regulation of transposable 

elements 
 

 
 Année 2016-2017 :  

“Épigénétique et ADN égoïste” 

 
 CHAIRE ÉPIGÉNÉTIQUE ET MÉMOIRE CELLULAIRE 

13 Février, 2017  


