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Last week: contribution of TEs to disease and high rates of TE activity in some 
somatic tissues – increase cellular mosaicism (genetic and potentially 
phenotypic)  Mobile DNA elements in the generation of 

diversity and complexity in the brain 

•  TE activation can lead to mobility and TE expression can influence nearby genes
•  Mobilization of LINE1 elements in the brain (mammals and flies) generates 

neuronal somatic mosaicism – though more frequent than expected (~0.2 events/
neuron), this is nevertheless RARE and usually of no impact!
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Last week: contribution of TEs to disease and high rates of TE activity in some 
somatic tissues – increase cellular mosaicism (genetic and potentially 
phenotypic)

This week: benefits of TEs  - short term and long term. Evolutionary material for 
speciation, adaptation through both genetic and epigenetic mechanisms

Transcrip)on	  Factors	  
Or	  Repressors	  

Peppered moth
Insertion of a type II transposon the cortex gene
Adaptation to industrial pollution

Grapes: Cabernet – Chardonnay – Ruby OkayamaEpialleles in multiple organisms: adaptive potential?	  
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Last week: contribution of TEs to disease and high rates of TE activity in some 
somatic tissues – increase cellular mosaicism (genetic and potentially 
phenotypic)

This week: benefits of TEs  - short term and long term. Evolutionary material for 
speciation, adaptation through both genetic and epigenetic mechanisms

Transcrip)on	  Factors	  
Or	  Repressors	  

• TEs, mobile genetic elements, jumping genes, selfish DNA
• Nucleic acid sequences containing information required to replicate in a host genome
• Parasitic, self-replicating
• Similar to, or derived from viruses
• Move independently in a genome

TEs are distributed throughout the genome
Depleted in protein-coding regions but still present within genes and 

around them in most cases -  with a few exceptions 

Transposable Elements (TEs) as Generators of  
Heritable Genomic and Expression Variation 

Transposable	  elements	  are	  nucleic	  acid	  
sequences	  containing	  the	  informa6on	  required	  
to	  replicate	  in	  the	  context	  of	  a	  host	  genome.	  
Like	  infec6ous	  viruses,	  these	  selfish	  elements	  
evolve	  because	  they	  encode	  the	  ability	  to	  
make	  more	  of	  themselves.	  
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This week: benefits of TEs  - short term and long term. Evolutionary material for 
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Transcrip)on	  Factors	  
Or	  Repressors	  

• TEs, mobile genetic elements, jumping genes, selfish DNA
• Nucleic acid sequences containing information required to replicate in a host genome
• Parasitic, self-replicating
• Similar to, or derived from viruses
• Move independently in a genome

Populations of TE sequences in a genome evolve and strategies (RNA and DNA targeting) 
for silencing also evolve (eg KRAB-ZFN): Arms Race? Red Queen interactions?

TEs are intimate components of genomes: 
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 enable evolutionary innovation

Transposable Elements (TEs) as Generators of  
Heritable Genomic and Expression Variation 

Transposable	  elements	  are	  nucleic	  acid	  
sequences	  containing	  the	  informa6on	  required	  
to	  replicate	  in	  the	  context	  of	  a	  host	  genome.	  
Like	  infec6ous	  viruses,	  these	  selfish	  elements	  
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make	  more	  of	  themselves.	  
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Transposable	  elements	  are	  increasingly	  seen	  as	  
major	  originators	  of	  gene6c	  change,	  allowing	  
popula6ons	  to	  adapt	  to	  change	  and	  species	  to	  
evolve,	  as	  shown	  in	  the	  figure.	  They	  can	  also	  
move	  between	  genomes	  of	  different	  species.	  
Such	  horizontal	  transfer	  allows	  these	  elements	  
to	  escape	  the	  various	  regulatory	  mechanisms	  
imposed	  on	  them	  by	  their	  host	  genome,	  and	  to	  
invade	  new	  genomes	  where	  they	  increase	  their	  
copy	  number	  un6l	  new	  mechanisms	  evolve	  there	  
to	  limit	  their	  spread.	  
	  
Although	  many	  TEs	  are	  regulated	  in	  copy	  
number	  and	  expression	  by	  various	  molecular	  
mechanisms,	  some	  limi6ng	  forces	  are	  also	  
at	  work	  at	  the	  popula6on	  level.	  These	  forces	  
suggest	  that	  there	  is	  selec6on	  against	  the	  direct	  
deleterious	  effects	  of	  inser6ons,	  even	  if	  these	  
effects	  are	  small,	  and	  against	  the	  chromosomal	  
rearrangements	  that	  frequently	  occur	  when	  TEs	  
of	  the	  same	  family	  are	  present.	  The	  impact	  of	  such	  
forces	  depends	  on	  the	  TE	  involved,	  the	  structure	  
of	  the	  popula6on	  and	  its	  reproduc6ve	  system.	  
It	  results	  in	  a	  slight	  tendency	  towards	  either	  the	  
elimina6on	  of	  TE	  copies	  or	  their	  accumula6on	  
in	  genomes,	  making	  6me	  an	  important	  factor	  
in	  shaping	  the	  aspects	  of	  the	  genomes	  affected	  
by	  TEs.	  As	  a	  result	  of	  these	  controlling	  forces,	  
genomes	  contain	  a	  mixture	  of	  TEs,	  some	  of	  which	  
are	  s6ll	  ac6ve,	  whereas	  others	  are	  ancient	  relics	  
that	  have	  degenerated.	  

 
Transposable elements : Junk DNA with Evolutionary Potential  



 
  

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. 

E. Heard, March 8th 2017 Schaack et al, 2010. 

Loss of L1 mobility in 
megabats?
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The Lifecycle of a TE family over Evolutionary Time 

Promiscuous DNA: horizontal transfer of 
transposable elements and why it matters 
for eukaryotic evolution. 

E. Heard, March 8th 2017 Schaack et al, 2010. 

Birth-and-death process: A new TE family is born when an active copy colonizes a novel host 
genome It dies when all copies in a lineage are lost (by chance or negative selection) or inactivated
by host defense, by accumulation of disabling mutations in the TE, by recombination…

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 transfer.

Loss of L1 mobility in 
megabats?



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

Damon	  Lisch	  
	  
Nature	  Reviews	  Gene6cs	  14,	  49-‐61	  (January	  
2013)	  
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TEs may contribute to accelerated evolution in several ways:

(a) Changing genome size through TE amplification

(b) Changing genome structure/organisation via local rearrangements and insertions 

(c) Rapidly creating genetic and epigenetic diversity – contributing to phenotypic 
diversity => facilitating adaptation to environmental changes

(d) TE transcription during development - to establish  functionally distinct domains 
which control gene activation? (COURS III) 

(e) Influencing gene expression by introducing novel enhancers, promoters - as well 
as giving rise to lncRNAs that can influence gene regulation in cis or trans…
                                     Rewiring of gene regulatory networks 
These changes can enable novel, tissue specific gene expression patterns and 
functions that can enable differences between individuals. 
Can contribute to ADAPTATION, SPECIATION

Hypotheses about how TE can contribute to EVOLUTION (TE-Thrust Hypothesis by 
Oliver and Green 2011). TE facilitate appearance of new traits by affecting regulatory 
landscapes – introducing new regulatory elements  Eg Wysocka – neural crest
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How important are transposons for animal evolution?

The	  octopus	  genome	  and	  the	  evolu6on	  of	  cephalopod	  neural	  and	  morphological	  novel6es	  
	  
	  	  	  	  Caroline	  B.	  Alber6n, 	  Oleg	  Simakov, 	  Therese	  Mitros,	  Z.	  Yan	  Wang, 	  Judit	  R.	  Pungor,	  Eric	  Edsinger-‐Gonzales, 	  Sydney	  Brenner, 	  Clijon	  W.	  
Ragsdale 	  &	  Daniel	  S.	  Rokhsar 	  	  
	  
	  	  	  	  Nature	  
	  	  	  	  524,	  
	  	  	  	  220–224	  
	  	  	  	  (13	  August	  2015)	  

Coleoid	  cephalopods	  (octopus,	  squid	  and	  cumlefish)	  are	  ac6ve,	  
resourceful	  predators	  with	  a	  rich	  behavioural	  repertoire1.	  They	  have	  
the	  largest	  nervous	  systems	  among	  the	  invertebrates2	  and	  present	  
other	  striking	  morphological	  innova6ons	  including	  camera-‐like	  eyes,	  
prehensile	  arms,	  a	  highly	  derived	  early	  embryogenesis	  and	  a	  
remarkably	  sophis6cated	  adap6ve	  coloura6on	  system1,	  3.	  To	  
inves6gate	  the	  molecular	  bases	  of	  cephalopod	  brain	  and	  body	  
innova6ons,	  we	  sequenced	  the	  genome	  and	  mul6ple	  transcriptomes	  
of	  the	  California	  two-‐spot	  octopus,	  Octopus	  bimaculoides.	  We	  found	  
no	  evidence	  for	  hypothesized	  whole-‐genome	  duplica6ons	  in	  the	  
octopus	  lineage4,	  5,	  6.	  The	  core	  developmental	  and	  neuronal	  gene	  
repertoire	  of	  the	  octopus	  is	  broadly	  similar	  to	  that	  found	  across	  
invertebrate	  bilaterians,	  except	  for	  massive	  expansions	  in	  two	  gene	  
families	  previously	  thought	  to	  be	  uniquely	  enlarged	  in	  vertebrates:	  
the	  protocadherins,	  which	  regulate	  neuronal	  development,	  and	  the	  
C2H2	  superfamily	  of	  zinc-‐finger	  transcrip6on	  factors.	  Extensive	  
messenger	  RNA	  edi6ng	  generates	  transcript	  and	  protein	  diversity	  in	  
genes	  involved	  in	  neural	  excitability,	  as	  previously	  described7,	  as	  well	  
as	  in	  genes	  par6cipa6ng	  in	  a	  broad	  range	  of	  other	  cellular	  func6ons.	  
We	  iden6fied	  hundreds	  of	  cephalopod-‐specific	  genes,	  many	  of	  which	  
showed	  elevated	  expression	  levels	  in	  such	  specialized	  structures	  as	  
the	  skin,	  the	  suckers	  and	  the	  nervous	  system.	  Finally,	  we	  found	  
evidence	  for	  large-‐scale	  genomic	  rearrangements	  that	  are	  closely	  
associated	  with	  transposable	  element	  expansions.	  Our	  analysis	  
suggests	  that	  substan6al	  expansion	  of	  a	  handful	  of	  gene	  families,	  
along	  with	  extensive	  remodelling	  of	  genome	  linkage	  and	  repe66ve	  
content,	  played	  a	  cri6cal	  role	  in	  the	  evolu6on	  of	  cephalopod	  
morphological	  innova6ons,	  including	  their	  large	  and	  complex	  
nervous	  systems.	  

Evidence for large-scale genomic rearrangements 
that are closely associated with 

transposable element expansions. 

Expansion of a few gene families and extensive 
remodeling of genome linkage and repetitive 

content, played a critical role in the evolution of 
cephalopod morphological innovations, including 

their large and complex nervous systems.

atypical	  nico6nic	  acetylcholine	  receptor-‐like	  
genes,	  	  

Massive expansion of protocadherins, which 
regulate neuronal development 

and synaptic specificity

Also of C2H2 superfamily of zinc-finger 
transcription factors (1800 in octopus compared 

to ~600 in eutherian mammals)
Pattern of expression is consistent with roles for 

cell fate determination, early development 
and TE silencing

Synteny dynamics in octopus and the effect of
transposable element (TE) expansions.



E. Heard, March 8th 2017 

TEs and the Evolution of Gene Regulatory Networks



E. Heard, March 8th 2017 

TEs and the Evolution of Gene Regulatory Networks

Recent genomic studies in mammals  found 
TEs to contain functional binding sites for 
transcription factors (TFs), including TP53, 
POU5F1, NANOG, and CTCF 

Additional studies suggested that TEs can be 
epigenetically modified in a tissue- specific 
manner, thus providing potential tissue-specific 
regulatory elements (via KAP1/TRIM28 – 
COURS IV)

TEs can spread TF binding sites => mechanism 
of regulatory network evolution, with impact 
on many different TFs and processes

According to some estimations, the majority of 
primate- specific regulatory sequences are 
derived from TEs (Jacques et al., 2013). 
 

Jordan	  et	  al.	  2003;	  Bejerano	  et	  al.	  2006;Wang	  et	  al.	  2007;	  Polavarapu	  et	  al.	  2008;	  Roman	  et	  al.	  2008;	  Sasaki	  et	  al.	  2008;	  
Bourque	  2009;	  Kunarso	  et	  al.	  2010;	  Pi	  et	  al.	  2010;	  Schmidt	  et	  al.	  2012;	  Chuong	  et	  al.	  2013;	  de	  Souza	  et	  al.	  2013),	  Xie	  et	  al,	  
2013,	  Sundaram	  et	  al,	  2014;	  Villar	  et	  al,	  2015	  



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

Only 2% of the human genome is “protein coding” but more than 80% examined to 
date has a known biological function− not junk DNA

TEs are not “Junk” DNA but an Encyclopedia of 
Evolving Regulatory Elements

Barbara McClintock’s visionary conclusions that mobile elements are 
the basis for controlling elements in development 
have finally been accepted almost 70 years later

E. Heard, March 8th 2017 



 
 Enhancer divergence and evolution of the neural crest 

Species-Biased Enhancers Are Enriched for 
Specific Classes of Retroelements
the majority of TEs invaded the primate
lineage prior to the separation of humans and 
chimpanzees (Cordaux and Batzer, 2009), 
=> hypothesized that a subset of species-biased 
orthologous enhancers may be transposon
derived. Interestingly, we found that, while CNCC 
enhancers overlapped with many different classes 
of repeats, specific subclasses of endogenous 
retroviruses (ERV1, ERVL-MaLR, and ERVK) as 
well as L1 elements were preferentially enriched at 
species-biased enhancers (Figure 4C), suggesting 
that these specific subclasses may harbor progenitor 
sequences that are prone to acquire CNCC enhancer 
activity over relatively short
evolutionary distances.

E. Heard, March 8th 2017 

•  Use iPSCs (COURS 2014) to explore 
aspects of higher primate embryogenesis in 
vitro – differentiated into Neural Crest Cells 

•  Epigenomic profiling from human and 
chimpanzee Cranial Neural Crest Cells 
(CNCC) reveals divergent facial enhancers

•  Recently diverging CNCC enhancers have 
distinct sequence features

•  Species-biased Enhancers are enriched for 
specific classes of TE-derived sequences

•  Species-biased enhancers cluster near loci 
affecting intra-human facial variation



 
 Enhancer divergence and evolution of the neural crest 

E. Heard, March 8th 2017 



 
 Enhancer divergence and evolution of the neural crest 

E. Heard, March 8th 2017 

Species-Biased Enhancers Are Enriched for Specific Classes of Retroelements
The majority of TEs invaded the primate lineage prior to the separation of humans and chimpanzees 
(Cordaux and Batzer, 2009), 
⇒   Are a subset of species-biased orthologous enhancers TE-derived?
⇒  Found that, while CNCC enhancers overlapped with many different classes of repeats, specific 

subclasses of endogenous retroviruses (ERV1, ERVL-MaLR, and ERVK) as well as L1 elements were 
preferentially enriched at species-biased enhancers suggesting that these specific TE subclasses may 
harbor progenitor sequences that are prone to acquire craniofacial enhancer activity over relatively short 
evolutionary distances: TEs participate in species-specific morphological characteristics



Perfect example of the “C-paradox”
No simple relationship found between TE diversity and genome size.

E. Heard, March 8th 2017 

Biémont, C. & Vieira, C. (2005) Cytogenet. Genome Res. 110, 25–34
Capy P, Gasperi G, Biémont C, Bazin C. Stress and transposable elements: co-evolution or useful parasites? Heredity. 
2000;85:101–6.
Hua-Van A, Le Rouzic A, Boutin TS, Filée J, Capy P. The struggle for life of the genome’s selfish architects. Biol Direct. 
2011;6:19.
Craddock (2016) Biology Direct 11:44

A rare Japanese flower (Paris 
japonica ) consists of 149 billion 
base pairs, making it 50 times the 
size of a human genome—and the 

largest genome ever found

No simple relationship found between TE 
diversity and genome size. There is no 
significant correlation across all eukaryotes, but 
there is a positive correlation for genomes 
below 500 Mbp and a negative correlation 
among land plants. No relationships 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.

Utricularia gibba - a carnivorous 
plant - has one of the smallest 

known plant genomes, with just 82 
million base pairs! 

(97% of genome is made of genes)

How important are transposons for plant evolution?

From 50 to >1000 
copies of mPing TE



In some plants (maize, rice) temperature, 
salinity or UV-sensitive TEs are inserted in 
regions of some genes inducing stress 
responsive regulation

Coleoid	  cephalopods	  (octopus,	  squid	  and	  cumlefish)	  are	  ac6ve,	  
resourceful	  predators	  with	  a	  rich	  behavioural	  repertoire1.	  They	  have	  
the	  largest	  nervous	  systems	  among	  the	  invertebrates2	  and	  present	  
other	  striking	  morphological	  innova6ons	  including	  camera-‐like	  eyes,	  
prehensile	  arms,	  a	  highly	  derived	  early	  embryogenesis	  and	  a	  
remarkably	  sophis6cated	  adap6ve	  coloura6on	  system1,	  3.	  To	  
inves6gate	  the	  molecular	  bases	  of	  cephalopod	  brain	  and	  body	  
innova6ons,	  we	  sequenced	  the	  genome	  and	  mul6ple	  transcriptomes	  
of	  the	  California	  two-‐spot	  octopus,	  Octopus	  bimaculoides.	  We	  found	  
no	  evidence	  for	  hypothesized	  whole-‐genome	  duplica6ons	  in	  the	  
octopus	  lineage4,	  5,	  6.	  The	  core	  developmental	  and	  neuronal	  gene	  
repertoire	  of	  the	  octopus	  is	  broadly	  similar	  to	  that	  found	  across	  
invertebrate	  bilaterians,	  except	  for	  massive	  expansions	  in	  two	  gene	  
families	  previously	  thought	  to	  be	  uniquely	  enlarged	  in	  vertebrates:	  
the	  protocadherins,	  which	  regulate	  neuronal	  development,	  and	  the	  
C2H2	  superfamily	  of	  zinc-‐finger	  transcrip6on	  factors.	  Extensive	  
messenger	  RNA	  edi6ng	  generates	  transcript	  and	  protein	  diversity	  in	  
genes	  involved	  in	  neural	  excitability,	  as	  previously	  described7,	  as	  well	  
as	  in	  genes	  par6cipa6ng	  in	  a	  broad	  range	  of	  other	  cellular	  func6ons.	  
We	  iden6fied	  hundreds	  of	  cephalopod-‐specific	  genes,	  many	  of	  which	  
showed	  elevated	  expression	  levels	  in	  such	  specialized	  structures	  as	  
the	  skin,	  the	  suckers	  and	  the	  nervous	  system.	  Finally,	  we	  found	  
evidence	  for	  large-‐scale	  genomic	  rearrangements	  that	  are	  closely	  
associated	  with	  transposable	  element	  expansions.	  Our	  analysis	  
suggests	  that	  substan6al	  expansion	  of	  a	  handful	  of	  gene	  families,	  
along	  with	  extensive	  remodelling	  of	  genome	  linkage	  and	  repe66ve	  
content,	  played	  a	  cri6cal	  role	  in	  the	  evolu6on	  of	  cephalopod	  
morphological	  innova6ons,	  including	  their	  large	  and	  complex	  
nervous	  systems.	  

 
TE expansion and Adaptive Response? 

•  Completely sequenced rice genome: 1,664 TE (mPing) 
insertion sites by sequencing 24 individual rice plants 

•  Impact of insertion on the expression of 710 genes = 
upregulate or have no detectable effect on nearby gene 
expression

•  Populations can survive rapid and massive increases in 
TE copy number, even of TEs that prefer to insert into 
genic regions!

•  New regulatory networks generated by a subset of 
mPing insertions that render adjacent genes stress 
inducible

•  Many of the new alleles generated benefit the host by 
creating useful allelic variants and novel, stress-
inducible regulatory networks (cold, salt, -not drought)

•  Although many insertions influence transcription of 
nearby genes, natural selection has had no time to act 
and no “real” function can be assigned to these variants



2835 recent TE insertions 

Fixed TE insertions 

Population genomics in A. thaliana

Quadrana et al., ELife 2016

1001	  genomes	  
consor6um.,	  2016	  

E. Heard, March 8th 2017 

Analysis of TEs in 1001 Arabidopsis genomes (accessions) revealed that TEs insert 
all across the genome and are likely purged from the gene-rich chromosome arms 



2835 recent TE insertions 
131 TE families 

The A. thaliana mobilome is composed of ~130 TE families and 
different accessions have different repertoires of mobile families, 

in part because of environmental differences

Quadrana et al., ELife 2016E. Heard, March 8th 2017 

•  Number of active (mobile) TEs in Arabidopsis is remarkably higher than humans or even mice
•  Great potential for TE mobilization activity in this species.
•  Each accession contains ~40 mobile TE families



2835 recent TE insertions 
131 TE families 

The A. thaliana mobilome is composed of ~130 TE families and 
different accessions have different repertoires of mobile families, 

in part because of environmental differences

Quadrana et al., ELife 2016E. Heard, March 8th 2017 

•  Number of active (mobile) TEs in Arabidopsis is remarkably higher than humans or even mice
•  Great potential for TE mobilization activity in this species.
•  Each accession contains ~40 mobile TE families
•  => Composition of the “mobilome” varies between individuals from this species
•  => Influenced by environmental and genetic factors?
•  Yes! For example - accessions showing higher copy number for ATCOPIA78 tend to grow in regions 

characterized by cold winters and hot summers (ie high annual temperature range). 
•   Environment determines the activity of TE elements and the amount of genetic diversity contributed by 

TE insertions.
•  Genetic determinants also: TE-sequences and trans-regulators eg epigenetic factors, TFs etc (Quadrana 

et al  2016)



E. Heard, March 8th 2017 Craddock Biology Direct (2016) 11:44

•  TEs can transpose at high frequency (rate of 10-3 to 10-5 per element per generation, 
depending on the element)

•  Can provide more raw material for evolution than by classical nucleotide-base substitution 
rate (around 10-8–10-9 per nucleotide per generation)

•  Waves of mobilization or loss through evolution may have had a major effect on the 
formation of new species (suggested in rodents, insects, plants…)

•  Current understanding of TE activity dynamics in genomes is that periods of relative 
dormancy (as in humans) are followed by bursts of activity, often induced by biotic and 
abiotic stress, such as exposure to novel habitats 

Biémont, C. & Vieira, C. (2005) Cytogenet. Genome Res. 110, 25–34
Capy P, Gasperi G, Biémont C, Bazin C. Stress and transposable elements: co-evolution or useful parasites? Heredity. 
2000;85:101–6.
Hua-Van A, Le Rouzic A, Boutin TS, Filée J, Capy P. The struggle for life of the genome’s selfish architects. Biol Direct. 
2011;6:19.
Craddock (2016) Biology Direct 11:44

Transposable elements and Genome Evolution

•  Importantly, epigenetic silencing of TEs – 
directed by RNA (siRNAs eg plants, fungi, 
and piRNAs in germline of animals) and/or 
DNA (eg KRAB-ZFPs and KAP1/TRIM28 
in vertebrates)   - can allow for NEW 
evolutionary diversity and for 
environmental unmasking of genetic 
variation (HSP90)…



Profuse evolutionary diversification and speciation on 
volcanic islands: transposon instability and amplification 

bursts explain the genetic paradox 

E. Heard, March 8th 2017 

Craddock Biology Direct 
(2016) 11:44

Mobiliza6on	  of	  TEs	  in	  response	  to	  stress	  might	  be	  
due	  to	  relaxa6on	  of	  the	  epigene6c	  control	  
mechanisms	  [59].	  The	  induced	  TE	  mobiliza6on	  
would	  lead	  to	  a	  transient	  period	  of	  genomic	  
instability,	  corresponding	  perhaps	  to	  the	  stochas6c	  
phase	  of	  gene6c	  disorganiza6on	  hypothesized	  by	  
Carson	  [48,	  49]	  to	  be	  cri6cal	  for	  specia6on,	  before	  
their	  ac6vity	  

A Database of Wing Diversity in the Hawaiian Drosophila. PLoS ONE 2(5): e487.

•  The astonishing level of diversity in the Hawaiian drosophilid fauna was noted as early as 
1913, raising the question as to why there are so many species of Hawaiian Drosophila? 

•  Over the decades, studies in the field  have expanded from early estimates of 300 species to 
the current estimate of ~1,000 species! And more… 

•  Species-rich adaptive radiations arising from rare plant and animal colonizers are common 
in remote volcanic archipelagoes. 

•  The question is WHY are there are so many species?



Profuse evolutionary diversification and speciation on 
volcanic islands: transposon instability and amplification 

bursts explain the genetic paradox 

E. Heard, March 8th 2017 

Craddock Biology Direct 
(2016) 11:44

Mobiliza6on	  of	  TEs	  in	  response	  to	  stress	  might	  be	  
due	  to	  relaxa6on	  of	  the	  epigene6c	  control	  
mechanisms	  [59].	  The	  induced	  TE	  mobiliza6on	  
would	  lead	  to	  a	  transient	  period	  of	  genomic	  
instability,	  corresponding	  perhaps	  to	  the	  stochas6c	  
phase	  of	  gene6c	  disorganiza6on	  hypothesized	  by	  
Carson	  [48,	  49]	  to	  be	  cri6cal	  for	  specia6on,	  before	  
their	  ac6vity	  

A Database of Wing Diversity in the Hawaiian Drosophila. PLoS ONE 2(5): e487.

•  The astonishing level of diversity in the Hawaiian drosophilid fauna was noted as early as 
1913, raising the question as to why there are so many species of Hawaiian Drosophila? 

•  Over the decades, studies in the field  have expanded from early estimates of 300 species to 
the current estimate of ~1,000 species! And more… 

•  Species-rich adaptive radiations arising from rare plant and animal colonizers are common 
in remote volcanic archipelagoes. 

•  The question is WHY are there are so many species?



Profuse evolutionary diversification and speciation on 
volcanic islands: transposon instability and amplification 

bursts explain the genetic paradox 

E. Heard, March 8th 2017 

Craddock Biology Direct 
(2016) 11:44

Mobiliza6on	  of	  TEs	  in	  response	  to	  stress	  might	  be	  
due	  to	  relaxa6on	  of	  the	  epigene6c	  control	  
mechanisms	  [59].	  The	  induced	  TE	  mobiliza6on	  
would	  lead	  to	  a	  transient	  period	  of	  genomic	  
instability,	  corresponding	  perhaps	  to	  the	  stochas6c	  
phase	  of	  gene6c	  disorganiza6on	  hypothesized	  by	  
Carson	  [48,	  49]	  to	  be	  cri6cal	  for	  specia6on,	  before	  
their	  ac6vity	  

A Database of Wing Diversity in the Hawaiian Drosophila. PLoS ONE 2(5): e487.

How did the restricted gene pool of the few rare 
colonizers (both original founders from distant 

continents, and individual inter-island
and intra- island colonizers) repeatedly 

generate so much genetic variation so rapidly, 
providing the raw material for the observed 

evolutionary diversification?

•  The astonishing level of diversity in the Hawaiian drosophilid fauna was noted as early as 
1913, raising the question as to why there are so many species of Hawaiian Drosophila? 

•  Over the decades, studies in the field  have expanded from early estimates of 300 species to 
the current estimate of ~1,000 species! And more… 

•  Species-rich adaptive radiations arising from rare plant and animal colonizers are common 
in remote volcanic archipelagoes. 

•  The question is WHY are there are so many species?



Dormant transposons, which were already 
present in the founder individuals may be 
reactivated by exposure to volcanic heat 

and chemical stresses. Due to their innate 
mobility and mutability such TE bursts 

might have enabled the founders to 
modulate and reorganize their genomes and 

thereby to drive genetic diversity of their 
progeny, a prerequisite for adaptive 

radiation and speciation

Profuse evolutionary diversification and speciation on 
volcanic islands: transposon instability and amplification 

bursts explain the genetic paradox 

E. Heard, March 8th 2017 

•  PARADOX: Severe genetic bottleneck of founder events, effects of inbreeding 
depression, coupled with stressful volcanic environment 

•  => would predict reduced evolutionary potential and increased risk of extinction, 
rather than rapid adaptive divergence and speciation as is found?

•  Might TEs be the drivers of rapid evolution via genetic reorganization leading to 
phenotypic variation and speciation on volcanic islands?

Craddock Biology Direct (2016) 11:44



Dormant transposons, which were already present in 
the founder individuals may be reactivated by exposure 

to volcanic heat and chemical stresses. Due to their 
innate mobility and mutability such TE bursts might 

have enabled the founders to modulate and reorganize 
their genomes and thereby to drive genetic diversity of 
their progeny, a prerequisite for adaptive radiation and 

speciation

Profuse evolutionary diversification and speciation on 
volcanic islands: transposon instability and amplification 

bursts explain the genetic paradox 

E. Heard, March 8th 2017 

! Oliver and Greene [2009] have asserted that TEs are a key factor, even a 
prerequisite, in the evolution of species-rich lineages

! Founder individuals and populations on remote volcanic islands experience 
significant levels of physiological and genomic stress as a consequence of both 
biotic and abiotic factors. 

Oliver and Greene, Bioessays, 2009

Insertion of TE sequences into noncoding regulatory 
regions of the genome, in response to volcanic stress, 

and the subsequent re-wiring of transcriptional networks 
may explain the rapid phenotypic evolution and origin of 

morphological novelties so common in adaptive 
radiations on volcanic islands. 	  

! Might this result in unleashing of TEs allowing them to proliferate and spread, 
which in turn gives rise to novel genetic variation and remodels genomic 
regulatory circuits, facilitating rapid morphological, ecological and behavioral 
change, and adaptive radiation…? 



Stressors:

Biotic factors, such as inbreeding and interspecific hybridization 

Abiotic factors – environmental stressors:
•  Heat shock: increased transposition rates by one or two orders of magnitude in 

various organisms from yeast to flies
•  Cold shock, UV radiation and γ-radiation, chemicals and toxins can induce 

high levels of transposition (even brief exposures  (e.g., 1.5 min exposure to 
ethanol vapors!). 

•  Extrinsic environmental stressors as well as  cellular stresses can trigger bursts of 
transposition resulting in dramatic amplification of TE copy numbers and 
generation of novel mutations and phenotypes, some of which may be adaptive 
and promote survival in the local changed environment.

As McClintock proposed (McClintock, 1984) from her experiments in 1940’s…

Stress induction of TE activity and Rapid Evolution?

E. Heard, March 8th 2017 

Where did the Ds and Ac elements come from? McClintock 
thought that the chromosome BFB cycle that she initiated in 
1944 generated the elements through rearrangements of the
genome which released them from a quiescent state where 
they had been lying buried in heterochromatin…

TEs may help organisms to cope with 
environmental stress by providing host with 

genomic and phenotypic diversity



E. Heard, March 8th 2017 

From: Craddock Biology Direct (2016) 11:44

Mobiliza6on	  of	  TEs	  in	  response	  to	  stress	  might	  be	  
due	  to	  relaxa6on	  of	  the	  epigene6c	  control	  
mechanisms	  [59].	  The	  induced	  TE	  mobiliza6on	  
would	  lead	  to	  a	  transient	  period	  of	  genomic	  
instability,	  corresponding	  perhaps	  to	  the	  stochas6c	  
phase	  of	  gene6c	  disorganiza6on	  hypothesized	  by	  
Carson	  [48,	  49]	  to	  be	  cri6cal	  for	  specia6on,	  before	  
their	  ac6vity	  

"  Organisms with abundant TEs may be better equipped to respond to stress of 
founder events and the harsh conditions (eg active volcanic habitats) 

"  By generating a host of new genetic combinations as a result of bursts of TE 
amplification – that may set the stage for adaptation and speciation.

"  TEs may play a critical role in survival, rampant speciation and adaptation of 
plants and animals in volcanic environments, and may underlie many of the 
evolutionary innovations frequently associated with adaptive radiations.

"  However, proof that TEs facilitated or promoted speciation is still subject of 
debate: change in TE content  = cause or consequence of speciation 

"  Need experimental validation –
"  Genome sequencing of species in different geographic locations
"  Testing species survival under different conditions in the laboratory etc

Stress induction of TE activity and Rapid Evolution?



E. Heard, March 8th 2017

How important is Genomic Stress in TE activation?

•  TEs are usually inactive due to epigenetic silencing.

•  “Stress” conditions can activate TEs via specific factors (eg TFs) and/
or through relaxation of epigenetic silencing (Slotkin & Martienssen 2007).

•  Active (mobile) TEs increase mutation frequency.

•  Most mutations caused by TEs neutral or harmful.

•  Rare TE-induced mutations (or rearrangement) may be adaptive.

•  TEs can also modify gene expression in response to stress, to which 
the elements themselves are responsive…(eg plant examples, earlier)

Transposable elements can reshape genomes, generate 
new genetic diversity and also enable stress-responsive 

regulation of genes

TEs as tools of evolutionary change

Epimuta6ons	  lead	  to	  reversible	  phenotypes	  
notably	  in	  fluctua6ng	  environments	  
	  
Environmentally	  induced	  epigene6c	  changes	  
may	  generate	  transgenera6onal	  phenotypic	  
changes	  by	  ac6va6ng	  TEs	  

Induced TE mobilization may lead to a transient period of 
genomic instability, corresponding perhaps to the stochastic phase 
of genetic disorganization hypothesized to be critical for speciation, 

before their activity is once more suppressed by silencing 
mechanisms, restoring genome stability



E. Heard, March 8th 2017 

Where did the Ds and Ac elements come from? 
McClintock thought that the chromosome BFB cycle that 
she initiated in 1944 generated the elements through 
rearrangements of the genome which released them from 
a quiescent state where they had been lying buried in 
heterochromatin…

Stress induction of TE activity and adaptation?

McClintock’s experiments in 1940’s:
Genomic Shock induced by breakage fusion bridge cycles



Stress and chromatin changes	  

E. Heard, March 2nd,  2015 

Two	  cell	  compartments	  are	  established	  during	  embryogenesis,	  dis6nguished	  by	  their	  differen6a6on	  potency:	  They	  are	  
germ	  cells	  (to6potent)	  and	  soma6c	  cells	  (including	  stem	  cells)	  with	  restricted	  differen6a6on	  poten6als.	  The	  plas6city	  of	  a	  
germ	  or	  stem	  cell's	  genome	  expression	  poten6al	  is	  reflected	  in	  reduced	  levels	  of	  repressive	  histone	  marks	  which	  are	  no	  
longer	  visible	  at	  pericentromeric	  foci.	  Normal	  prolifera6ng	  cells	  typically	  have	  a	  nuclear	  morphology	  showing	  15-‐20	  
heterochroma6c	  foci.	  Polycomb-‐	  and	  Trithorax-‐containing	  complexes	  operate	  in	  specifying	  the	  epigene6c	  and,	  hence,	  
cellular	  iden6ty	  of	  different	  lineages.	  They	  also	  func6on	  in	  response	  to	  external	  "stress"	  s6muli,	  promo6ng	  cellular	  
prolifera6on	  and	  appropriate	  gene	  expression.	  Loss	  of	  genome	  plas6city	  and	  prolifera6on	  poten6al	  occurs	  in	  senescent	  
(aging)	  cells,	  reflected	  by	  abnormally	  large	  heterochroma6c	  foci	  and	  an	  overall	  increased	  level	  of	  repressive	  histone	  marks.	  
Highly	  prolifera6ng	  tumor	  cells,	  however,	  exhibit	  changes	  in	  the	  balance	  of	  repressive	  and	  ac6va6ng	  histone	  marks	  
through	  the	  deregula6on	  of	  PcG	  and	  trxG	  histone-‐modifying	  enzymes.	  This	  is	  accompanied	  by	  perturbed	  nuclear	  
morphology.	  

Soloaga	  A.,	  Thomson	  5.,	  Wiggin	  G.R.,	  Rampersaud	  N.,	  Dyson	  M.H.,	  Hazzalin	  CA.,	  Mahadevan	  L.C,	  and	  
Arthur	  T.S.	  2003.	  MSK2	  and	  
MSKI	  mediate	  the	  mitogen-‐	  and	  stress-‐induced	  phosphoryla6on	  of	  histone	  H3	  and	  HMG-‐14.	  EMBO].	  
22:	  2788-‐2797.	  
	  
Liu	  D.,	  Diorio	  J.,	  Tannenbaum	  B.,	  Caldji	  e.,	  Francis	  D.,	  Freedman	  A.,	  Sharma	  S.,	  Pearson	  D.,	  Plotsky	  
P.M.,	  and	  Meaney	  M.J.	  1997.	  Maternal	  care,	  hippocampal	  glucocor6coid	  receptors,	  and	  
hypothalamic-‐	  pituitary-‐adrenal	  responses	  to	  stress.	  Science	  277:	  1659-‐1662.	  

Importance of chromatin in mediating speed and amplitude of stress responses in cells 
Chromatin is a critically important component of the cellular response to stress.

(1) Stresses such as heat shock are sensed by factors located inside of or outside of the cell 
(2) In the case of heat shock a key factor (HSF1),  relays the message to the nucleus 
(3) to strongly induce transcription of genes involved in buffering changes eg protein folding (Hsp proteins)
(4)  RNA stability and (5) protein production levels are also important factors in the response to stress. 
(6) Protein activity, such as the chaperones induced by heat shock, is critical in mediating the response. 
(7) cells may send signals to neighboring cells to assist in mounting a larger stress response encompassing 
many cells and tissues.

(COURS 2015)



Drosophila polytene chromosomes :
Transcription and decondensation at heat 

shock genes; silencing and chromatin 
condensation elsewhere

Heatshock induced chromatin changes	  

E. Heard, March 2nd,  2015 

To	  induce	  transcrip6on	  during	  heat	  
shock,	  HSF	  binds	  to	  regulatory	  
elements	  and	  recruits	  coac6vators,	  
including	  chroma6n-‐modifying	  
enzymes	  and	  nucleosome-‐
remodeling	  complexes	  that	  move	  or	  
displace	  histones	  at	  the	  promoter	  
and	  gene	  body	  (10).	  Metazoan	  HSF	  
remains	  mostly	  as	  an	  inac6ve	  
monomer	  in	  unstressed	  cells	  and	  is	  
converted	  to	  an	  ac6ve	  trimer	  that	  
binds	  to	  the	  heat	  shock	  response	  
element	  (HSE)	  during	  heat	  shock	  
(11).	  	  

he	  cellular	  response	  to	  heat	  shock	  includes	  the	  
transcrip6onal	  up-‐regula6on	  of	  genes	  
encoding	  heat	  shock	  proteins	  (HSPs)	  as	  part	  of	  
the	  cell's	  internal	  repair	  mechanism.[1]	  They	  
are	  also	  called	  stress-‐proteins.[2]	  and	  respond	  
to	  heat,	  cold	  and	  oxygen	  depriva6on	  by	  
ac6va6ng	  several	  cascade	  pathways.	  HSPs	  are	  
also	  present	  in	  cells	  under	  perfectly	  normal	  
condi6ons.[2]	  Some	  HSPs,	  called	  chaperones,	  
ensure	  that	  the	  cell’s	  proteins	  are	  in	  the	  right	  
shape	  and	  in	  the	  right	  place	  at	  the	  right	  6me.
[1][2]	  For	  example,	  HSPs	  help	  new	  or	  
misfolded	  proteins	  to	  fold	  into	  their	  correct	  
three-‐dimensional	  conforma6ons,	  which	  is	  
essen6al	  for	  their	  func6on.[2]	  They	  also	  shumle	  
proteins	  from	  one	  compartment	  to	  another	  
inside	  the	  cell,	  and	  target	  old	  or	  terminally	  
misfolded	  proteins	  to	  proteases	  for	  
degrada6on.[2]	  Heat	  shock	  proteins	  are	  also	  
believed	  to	  play	  a	  role	  in	  the	  presenta6on	  of	  
pieces	  of	  proteins	  (or	  pep6des)	  on	  the	  cell	  
surface	  to	  help	  the	  immune	  system	  recognize	  
diseased	  cells.[3]	  

Heat shock protein genes are highly induced –
Release of paused RNA PolII, recruitment of HSFs…  

The “stress proteins” or chaperones produced 
ensure accurate protein folding; target misfolded 
proteins for protease degradation etc

The rest of the genome is shut down

Lampbrush chromosomes from oocytes heat shocked for 15 min at 35°C then cultured at 20°C
for increasing periods of time – the loops gradually reform and by 70h are indistinguishable

Flannery and Hill (1988) Experimental Cell Research 177 9-18

except pericentric heterochromatin and some TEs ….
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Heat shock protein genes are highly induced –
Release of paused RNA PolII, recruitment of HSFs…  

The “stress proteins” or chaperones produced 
ensure accurate protein folding; target misfolded 
proteins for protease degradation etc

The rest of the genome is shut down

Lampbrush chromosomes from oocytes heat shocked for 15 min at 35°C then cultured at 20°C
for increasing periods of time – the loops gradually reform and by 70h are indistinguishable
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except pericentric heterochromatin and some TEs ….
Heterochromatin is sensitive to STRESS

Heat shock, chemical, metabolic (see last week – COURS IV)

Release of silencing can affect TEs  and nearby genes

Although there is no evidence in plants or mammals that stress-induced chromatin 
changes can be stably trans-generational, stress-induced derepression of repeat 

elements can lead to new genomic insertions or
 influence gene expression around existing TE insertions



Some TEs take advantage of Heatshock to mobilise	  

E. Heard, March 8th,  2017 

•  Arabidopsis thaliana, heat stress transiently activates specific retrotransposons
•  Can lead to the accumulation of insertions/genetic mutations in the progeny 
•  Deleterious effects of heat stress on these TEs are controlled by regulators of DNA 

methylation and RNAi

Transposons	  are	  programmed	  to	  
amplify	  within	  their	  host	  genomes.	  In	  
defense,	  hosts	  have	  evolved	  
mechanisms	  to	  impede	  transposon	  
ac6va6on,	  ojen	  by	  epigene6c	  
transcrip6onal	  silencing.	  A	  constant	  
and	  likely	  unending	  arms	  race	  between	  
host	  and	  invader	  has	  brought	  about	  
different	  strategies	  to	  mutually	  
counteract	  the	  tricks	  of	  the	  other.	  
Several	  such	  strategies	  are	  combined	  
in	  one	  transposon	  in	  the	  Arabidopsis	  
genome.	  Its	  promoter	  is	  devoid	  of	  
symmetric	  sites	  necessary	  for	  stable	  
maintenance	  of	  repressive	  DNA	  
methyla6on,	  and	  a	  reduc6on	  of	  
methyla6on	  at	  the	  remaining	  cytosines	  
does	  not	  ac6vate	  the	  element.	  More	  
sophis6cated	  s6ll:	  its	  promoter	  shares	  
a	  sequence	  mo6f	  with	  heat	  stress-‐
responsive	  plant	  genes	  and	  is	  
recognized	  by	  a	  heat-‐induced	  plant	  
transcrip6on	  factor.	  Whenever	  the	  
plants	  must	  ac6vate	  their	  heat	  stress	  
defense	  under	  high	  temperatures,	  the	  
transposon	  is	  able	  to	  generate	  new	  
extrachromosomal	  DNA	  copies	  that	  
can	  poten6ally	  integrate	  into	  new	  sites	  
of	  the	  genome.	  In	  addi6on,	  the	  heat	  
response	  is	  especially	  strong	  in	  6ssue	  
with	  dividing	  cells,	  which	  form	  
consequently	  the	  largest	  amount	  of	  
extrachromosomal	  transposon	  copies.	  
We	  see	  this	  as	  an	  example	  of	  a	  “wolf	  in	  
sheep's	  clothing”	  strategy,	  whereby	  
the	  transposon	  becomes	  visible	  as	  
such	  only	  under	  specific	  stress	  
condi6ons	  of	  its	  host	  

Pecinka,	  A.	  et	  al.	  Epigene6c	  regula6on	  of	  repe66ve	  elements	  is	  amenuated	  by	  prolonged	  heat	  stress	  in	  Arabidopsis.	  Plant	  Cell	  22,	  3118–
3129	  (2010).	  	  
Ito,	  H.	  et	  al.	  An	  siRNA	  pathway	  prevents	  transgenera6onal	  retrotransposi6on	  in	  plants	  subjected	  to	  stress.	  Nature	  472,	  115–119	  (2011).	  	  

•  ONSEN	  TE	  -‐	  promoter	  shares	  a	  sequence	  mo6f	  with	  heat	  
stress-‐responsive	  plant	  genes	  and	  is	  recognized	  by	  a	  
heat-‐induced	  plant	  transcrip6on	  factor.	  	  

•  Whenever	  the	  plants	  ac6vate	  their	  heat	  stress	  defense	  
under	  high	  temperatures,	  the	  transposon	  is	  able	  to	  
generate	  new	  extrachromosomal	  DNA	  copies	  that	  can	  
poten6ally	  integrate	  into	  new	  sites	  of	  the	  genome.	  	  

•  A	  “wolf	  in	  sheep's	  clothing”	  strategy,	  whereby	  the	  
transposon	  becomes	  visible	  only	  under	  specific	  stress	  
condi6ons	  of	  its	  host	  



Heatshock induced TE Activation (expression)	  
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counteract	  the	  tricks	  of	  the	  other.	  
Several	  such	  strategies	  are	  combined	  
in	  one	  transposon	  in	  the	  Arabidopsis	  
genome.	  Its	  promoter	  is	  devoid	  of	  
symmetric	  sites	  necessary	  for	  stable	  
maintenance	  of	  repressive	  DNA	  
methyla6on,	  and	  a	  reduc6on	  of	  
methyla6on	  at	  the	  remaining	  cytosines	  
does	  not	  ac6vate	  the	  element.	  More	  
sophis6cated	  s6ll:	  its	  promoter	  shares	  
a	  sequence	  mo6f	  with	  heat	  stress-‐
responsive	  plant	  genes	  and	  is	  
recognized	  by	  a	  heat-‐induced	  plant	  
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plants	  must	  ac6vate	  their	  heat	  stress	  
defense	  under	  high	  temperatures,	  the	  
transposon	  is	  able	  to	  generate	  new	  
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During the heat shock response in 
mouse cells, SINE (B2) RNA, associates 
with RNA polymerase II and represses 
transcription of specific mRNA genes. 
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Epigenetics and Evolution 

Can epimutations participate in evolution? 

Epigene6c	  inheritance	  adds	  another	  dimension	  to	  
the	  modern	  picture	  of	  evolu6on.	  	  
The	  genome	  changes	  slowly,	  through	  the	  processes	  
of	  random	  muta6on	  and	  natural	  selec6on.	  It	  takes	  
many	  genera6ons	  for	  a	  gene6c	  trait	  to	  become	  
common	  in	  a	  popula6on.	  	  
The	  epigenome,	  on	  the	  other	  hand,	  can	  change	  
rapidly	  in	  response	  to	  signals	  from	  the	  environment.	  
And	  epigene6c	  changes	  can	  happen	  in	  many	  
individuals	  at	  once.	  	  
Through	  epigene6c	  inheritance,	  some	  of	  the	  
experiences	  of	  the	  parents	  may	  pass	  to	  future	  
genera6ons?	  
At	  the	  same	  6me,	  the	  epigenome	  remains	  flexible	  as	  
environmental	  condi6ons	  con6nue	  to	  change.	  
Epigene6c	  inheritance	  may	  allow	  an	  organism	  to	  
con6nually	  adjust	  its	  gene	  expression	  to	  fit	  its	  
environment	  -‐	  without	  changing	  its	  DNA	  code?	  
However,	  in	  most	  animals,	  there	  is	  limle	  evidence	  for	  
epigene6c	  inheritance	  due	  to	  germ	  line	  
reprogrammging	  
Transposable	  elements	  might	  provide	  a	  much	  more	  
dynamic	  genome	  in	  response	  to	  environmental	  cues	  
AND	  a	  collec6on	  of	  epialleles	  

Epigenetic inheritance systems provide potential mechanisms by which parents could 
transfer information to their offspring about the environment that they experienced 
-  under certain environmental regimes, such information transfer can, in theory, be 

adaptive  = ‘‘Lamarckian’’ inheritance?  
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Epigenetic inheritance systems provide potential mechanisms by which parents could 
transfer information to their offspring about the environment that they experienced 
-  under certain environmental regimes, such information transfer can, in theory, be 

adaptive  = ‘‘Lamarckian’’ inheritance?  

•  Stress-reactivated TEs might generate the diversity that species requires 
over evolutionary time to survive a specific stress. 

•  This adaptive response may be a long-term strategy to increase variability 
for selection. 

•  Does not necessarily need to be genetic, as TE-induced epialleles would 
also be affected if the control of TEs were lost!

•  To date no/very few examples of environmentally-induced epialleles that 
are heritable over multiple generations…(due to germ line reprogamming)

•  Rather, TEs can provide stable epialleles that may allow responsiveness 
(unmasking of phentoypes) in the face of stress 

•  In addition to providing new genetic variants – which most likely do 
contribute to evolution

(adapted from Slotkin and Marienssen, 2007)
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•  In natural selection, changes in the 
environment drive selection for 
phenotypes that are adaptive 

•  Fixation of selected phenotypes 
gives rise to new traits.  

•  In classical evolution, phenotypes 
are determined by the 
corresponding genotypes that arise 
from non-deleterious mutations of 
genes, which produce adaptive 
genotypes that are favored and 
thus, positively selected . 

•  This selection leads to preservation 
of ‘useful’ genes in population’s 
gene pool; ‘useless’ genes are lost 
by natural selection. 

•  In addition, genetic drift (random 
changes in allele), likely to play a 
part in removing rare genes from 
the population.  

•  Effects of genetic drift are more 
pronounced if the population size 
is small. 

Genetically, a novel trait, i.e., phenotype, arises from 
non-deleterious mutations and/or gene recombinations, 
thus altering parts of the genome of the affected 
progeny. Positive selection for the new trait then results 
in an increased proportion of affected progenies in the 
population and the accumulation of novel genes, which 
give rise to the new trait, in the population’s gene pool.	  

Epigenetically, a novel trait might result from 
the expression of genes that are normally 
suppressed [4]. Environmental stress induces 
covalent modifications of DNA [17] and 
histones [17, 18], changes in chromatin 
structure [16, 18, 19], and/or RNAi [20], 
which alter the gene expression profile of the 
affected progeny. Inheritance of the parental 
epigenome and positive selection for the new 
trait thus results in an increased proportion of 
progenies having the altered epigenome, 
although there have been no changes to the 
population’s genetic makeup	  

Changes in the DNA sequence of an organism’s genome might not be required to alter its phenotype and the development of a new trait through natural selection might be, in part, 
the result of epigenetic variations… 
 
Hsp90 inhibition in several model organisms induces the inheritance and enrichment of abnormal phenotypes [11-13]. By inbreeding the affected progenies for successive 
generations, the frequencies of the abnormal phenotypes increase in a non- Mendelian fashion. To date, there is no definitive molecular model for explaining this experimental 
phenomenon. While the rapid production of phenotypes upon Hsp90 inhibition could be accounted for by epigenetic events, phenotypic selection would lead to the accumulation 
of relevant genetic determinants that serve to canalize the phenotype. 
 

Changes in the DNA sequence of an organism’s 
genome might not be required to alter its 
phenotype and the development of a new trait 
through natural selection might be, in part, the 
result of epigenetic variations… 

Epigenetics and Evolution 
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Epigenetics and Evolution 
•  An alternative model “canalization” 

proposed by Waddington: 
•  In the wild population, there are masked 

phenotypes that can be expressed by 
environmental perturbations.  

•  Selection for adaptive phenotypes over 
several generations results in their 
fixation, and the resulting phenotypes 
become the new traits for the population.  

•  The model has two important features:  
•  (1) The ‘new’ phenotypes are inducible by 

environmental stress and are inherent to 
the population, and they do not entail any 
changes to the population’s genome.  

•  (2) Positive selection for these phenotypes 
over several generations results in their 
fixation and independence from the 
original stimuli that was required for their 
initial expression; ie the phenotypes 
become ‘canalized’. 

Waddington CH. “Canalization of development and the 
inheritance of acquired characters”. Nature 1942; 
150:563-565.  
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Heat-shock protein 90 (HSP90) buffers genetic variation  

 
Heat-shock protein 90 (HSP90) buffers genetic variation by stabilizing proteins with variant 
sequences, thereby uncoupling phenotypes from genotypes
 
Hsp90 inhibition in several model organisms induces the inheritance and enrichment of 
abnormal phenotypes.  
 
By inbreeding the affected progenies for successive generations, the frequencies of the 
abnormal phenotypes increase in a non- Mendelian fashion.  
 
To date, there is no definitive molecular model to explain this experimental 
phenomenon…. 
 
 

•  Heat-shock protein 90 (HSP90) buffers 
genetic variation by stabilizing proteins 
with variant sequences, thereby 
uncoupling phenotypes from genotypes. 

•  HSP90 also buffers cis-regulatory 
variation affecting gene expression – but 
HOW?

•  HSP90 represses the regulatory influence 
of endogenous retroviruses (ERVs) on 
neighboring genes that are critical for 
mouse development. 

•  Genes respond to HSP90 inhibition 
depending on their genomic location 
relative to strain-specific ERV-insertion 
sites. 

•  The evolutionary-capacitor function of 
HSP90 may => have facilitated exaptation 
of ERVs as key modifiers of gene 
expression and morphological 
diversification. 

•  New regulatory layer through which 
HSP90 uncouples phenotypic outcomes 
from individual genotypes. 
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•  Gene-regulatory potential of TEs has fueled evolutionary diversification and 
innovation in craniofacial development and mammalian pregnancy. 

•  It is unclear how randomly integrated TEs initially appearing as genetic 
variations within a population ultimately regulate the expression of critical 
genes and thus developmental trajectories.

•  Might the evolutionary capacitor HSP90 facilitate fixation of TEs in a 
population by first buffering the consequences of new TE insertions in the few 
individuals that carry these variations?  

Two predictions:

(1)  HSP90 would control TE expression and its effect on nearby host genes in somatic 
cells, thereby mitigating the developmental and phenotypic effects associated with 
TE insertions

(2)  Individuals in natural populations would accumulate genetic variation caused by 
TEs without exhibiting any overt differences in gene-expression profiles, as long as 
HSP90 is functional. 

HSP90 buffers Regulatory Effects of Transposable Elements 
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•  Heat-shock protein 90 (HSP90) buffers genetic variation by stabilizing proteins with variant sequences, thereby 
uncoupling phenotypes from genotypes. 

•  HSP90 also buffers cis-regulatory variation affecting gene expression – but HOW?

HSP90 buffers Regulatory Effects of Mammalian ERVs 

•  Cells treated with nanomolar concentrations of HSP90  inhibitor NVP-AUY922,
•  Genes neighboring ERVs are upregulated by HSP90 inhibition
•  HSP90 cooperates with TRIM28 (KAP1) in restricting gene expression
•  KAP1-mediated recruitment of repressive machinery to ERVs requires HSP90 activity 
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•  Heat-shock protein 90 (HSP90) buffers genetic variation by stabilizing proteins with variant sequences, thereby 
uncoupling phenotypes from genotypes. 

•  HSP90 also buffers cis-regulatory variation affecting gene expression – but HOW?
•  HSP90 represses the regulatory influence of endogenous retroviruses (ERVs) on neighboring genes that are critical for 

mouse development. 
•  Genes respond to HSP90 inhibition depending on their genomic location relative to strain-specific ERV-insertion sites. 
•  The evolutionary-capacitor function of HSP90 may => have facilitated exaptation of ERVs as key modifiers of gene 

expression and morphological diversification. 
•  New regulatory layer through which HSP90 uncouples phenotypic outcomes from individual genotypes. 

HSP90 buffers Regulatory Effects of Mammalian ERVs 
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How important are TEs in Cancer Evolution? 

Babaian and Mager Mobile DNA (2016) 7:24

TE-based epigenetic variation and “natural selection” of epialleles 
•  Tumor cells are subject to multiple 

stresses: hypoxic, metabolic, replicative 
(see last week)

•  High epigenetic variance may occur, both 
between TE loci and at the same TE locus 
between cells in a population. 

•  Epigenetic variance fosters regulatory 
innovation & increases during oncogenesis

•  DNA methylation heterogeneity increases 
in tumor progression

•  Metastable epigenetic states and noisy TE 
expression (and TE-driven gene 
expression) can contribute to cell-cell 
variation in a population

•  Adaptive force for tumor progression

Epigene6c	  evolu6on	  model	  for	  onco-‐exapta6on.	  In	  the	  
star6ng	  cell	  popula6on	  there	  is	  a	  dispersed	  and	  low/noisy	  
promoter	  ac6vity	  at	  TEs	  
(colored	  triangles)	  from	  a	  set	  of	  transcrip6onally	  permissive	  
TEs	  (grey	  triangles).	  TE-‐derived	  transcript	  expression	  is	  low	  
and	  variable	  between	  cells.	  
Some	  transcripts	  are	  more	  reliably	  measurable	  (orange	  box).	  
Clonal	  tumor	  evolu6onary	  forces	  change	  the	  frequency	  and	  
expression	  of	  TE-‐derived	  
transcripts	  by	  homogenizing	  epialleles	  and	  use	  of	  TE	  
promoters	  (highlighted	  haplotype).	  A	  higher	  frequency	  of	  
‘ac6ve’	  TE	  epialleles	  at	  a	  locus	  results	  in	  
increased	  measurable	  transcripts	  ini6a6ng	  from	  that	  
posi6on.	  TE	  epialleles	  that	  promote	  oncogenesis,	  namely	  
onco-‐exapta6ons,	  can	  be	  selected	  for	  
and	  arise	  mul6ple	  6mes	  independently	  as	  driver	  epialleles,	  
in	  contrast	  to	  the	  more	  dispersed	  passenger	  epialleles,	  or	  
“nonapta6ons”	  
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 TE-derived elements can correspond to epialleles: 
With onco-exaptation - multiple phenotypic states can be selected.

Epigenetic variation, and possibly selection, at LTRs may provide a powerful 
means for epigenetic evolution in cancer.

In cancer evolution (unlike in evolution of organisms) the major contribution 
may be epigenetic rather than genetic (see COURS 2016)
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“Onco-Exaptation”: TE-initiated non-coding RNAs 

Babaian and Mager Mobile DNA (2016) 7:24

•  SAMMSON lncRNA (survival associated mitochondrial melanoma specific 
oncogenic non-coding RNA), promoter is a solitary LTR1A2 element

•  Proposed to play an oncogenic role in melanoma 
•  Located near the melanoma-specific oncogene MITF and is always included in 

genomic amplifications involving MITF. 
•  SAMMSON increases growth and invasiveness and is a target for SOX10 a 

key TF in melanocyte development which is deregulated in melanoma. 
•  Two SOX10 binding sites near the SAMMSON TSS lie just upstream and 

downstream of the LTR , suggesting that both the core promoter motifs 
provided by the LTR and adjacent enhancer sites combine to regulate 
SAMMSON.

•  SAMMSON interacts with p32, a master regulator of mitochondrial 
homeostasis and metabolism, to increase its mitochondrial targeting and pro-
oncogenic function. Our results indicate that silencing of the lineage addiction 
oncogene SAMMSON disrupts vital mitochondrial functions in a cancer-cell-
specific manner; 

•  Effective, tissue-restricted antimelanoma therapeutic target?

Leucci E, et al. Melanoma addiction to the long non-coding RNA SAMMSON. Nature. 2016;531(7595):518–22.

The known oncogene MITF is found in the 
3p13–3p14 region of chromosome 3 that is 
amplified in melanomas and associated with 
poor prognosis. This study shows that a long 
non-coding RNA, SAMMSON, also lies in this 
region and is co-gained with MITF. 
SAMMSON interacts with p32 and thereby 
affects mitochondrial function in a pro-
oncogenic manner. SAMMSON depletion 
sensitizes melanoma cells to MAPK-targeting 
therapeutics in vivo and in patient-derived 
xenograft models. These results point to 
SAMMSON as a potentially useful biomarker 
for malignancy and as an anti-melanoma 
therapeutic target.

Goding, 2016
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Transposable Elements and the Dynamic 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) 
 
 

TF	  y	  RNA	  	  
Pol	  II	  

AAAA	  

TF	  z	  RNA	  	  
Pol	  II	  

AAAA	  

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”

• 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? 

Lennart N
ilsson ©

TF	  x	  
RNA	  	  
Pol	  II	  

AAAA	  

TF	  y	  
RNA	  	  
Pol	  II	  

AAAA	  
In fact, a dynamic genome with an even greater range of epigenomes!

TF	  x	  RNA	  	  
Pol	  II	  

AAAA	  

<<<<	  

<<<<	  

<<<<	  

An important driving force of 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
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In fact, a dynamic genome with an even greater range of epigenomes!

TF	  x	  RNA	  	  
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<<<<	  

<<<<	  

<<<<	  
1.  All cells contain same genes: cell identities depend on which genes are expressed.
2.  Expression patterns are established by transcription factors controlled by signalling 

+ positional info, and then maintained by epigenetic mechanisms
3.  Transposable elements and the sequences they contain have provided many of the 

regulatory networks allowing species-specific patterns of gene expression
4.  TEs also can provide somatic diversity : no two individuals are truly identical!
5.  TEs can provide the basis for rapid evolution, particularly in the face of stress.
6.  TEs are targeted by epigenetic processes – can provide plasticity and 

responsiveness to environmental cues, as well as stable and heritable silencing.

An important driving force of 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
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Buffering (canalization): 
Up to a certain threshold, genetic or 

environmental variation will not affect 
the pathway 

 
cf  C.H. Waddington 

Buffering (canalization): 
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the pathway 
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Transposable Elements and the Dynamic Genome

Barbara McClintock
1902-1992

Nobel Prize in Physiology or Medicine 1983
For her discovery of mobile genetic elements

“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”. 
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