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Transposable Elements

From Selfish DNA, Junk DNA...
To Genome architects, Genetic and Epigenetic tools
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Transposable Elements

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

< Sequencing of genomes has revealed the massive presence of TEs and their relics
<> Making up most of the 98% of “non-coding” genome — “junk” or “hidden treasures”?
<~ Latest census : 4.5x10 transposable elements in the human genome!
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Transposable Elements

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

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

TE repeat hybridisation on Maize chromosome 9

Barbara McClintock, 1951 Wang et al, Plant Cell 2006
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Heterochromatin and the Epigenetic Silencing of Genes and TEs

Heterochromatin and Euchromatin Voir COURS 2015
Emile Heintz, 1929

e | ' 'y
Bertram et Barr, 1949 A &
' i ~ 3
Euchromatin Heterochromatin The heterochromatic inactive X ( 2 f
M. Lyon, 1961 B [‘

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

Barbara McClintock proposed that “changes in quantity, quality or structural
organization of heterochromatic elements may well alter the kind and/or degree of

and the kind and the relative effectiveness of genic action” (McClintock, 1950).

particular exchanges that occur, and in this way control the chromosome organization
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Transposable Elements (TEs) as Generators of Genetic
Diversity and Modulators of Gene Expression

* TEs = powerful genetic force

Disruption of an exon Alteration of splicing
engaged in the evolution of
higher species. - = — — ] e
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Transposable elements as generators of genes
for new (host) functions

* Placentation:

Syncytin - required to form the syncytiotrophoblast double layer — essential for
maternal/fetal exchange. Exaptation of an env gene: emergence of mammalian
ancestors with a placenta from egg-laying animals? New env-derived syncytin
genes, each providing its host with a selective advantage (see Lavialle, Heidmann et al, 2012)
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 Immune System:

Recombination-activating genes RAG/ and RAGZ2, which are critical for V(D)J
recombination and adaptive immune system development, originated from
domestication of a member of the Transib family of DNA transposons, approx.

500 Mya (Kapitonov & Jurka 2005, Zhou et al. 2004). :
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Transposable elements as generators of phenotypic diversity through
the modulation of gene expression (genetic and epigenetic)

E. Heard, February 13th, 2017

Rethinking Junk DNA

A large group of scientists has found that so-called junk DNA, which makes up most of the human gename, does much more than previously thought.
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Architects of gene regulatory landscapes — providing specific
DNA binding sites for factors that control gene expression —

enhancers, locus control regions (super-enhancers), insulators etc
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Transposable elements as generators of phenotypic diversity through
the modulation of gene expression (genetic and epigenetic)

New alleles
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TEs can regulate genes via DNA methylation in
plants and animals
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TEs are implicated in epigenetic phenomena

X-chromosome 1nactivation

M L

E. Heard, February 13th, 2017

Imprinting
Imprinted Genes Control
Embryonic & Neonatal Growth
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TEs are implicated in epigenetic phenomena

E. Hear:

X-chromosome 1nactivation

L1 DNA

Chow et al, Cell 2010

The X chromosome is specifically
enriched in LINE retroelements, which
may facilitate X inactivation (Lyon
LINE Hypothesis, 1998)
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Epigenetic Mechanisms and Transposable Elements

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

¢ On the other hand, it may only be thanks to the existence of

epigenetic mechanisms that TEs can persist in a host after they
first appear (Slotkin and Martienssen, 2007; Fedoroff, 2012).

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

¢ Epigenetic silencing represents an opportunity for both
heritable and reprogrammable expression.
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Classes of Transposable Elements

Different distributions and dynamics in different organisms
Transposons vary in structure and manner of proliferation
These features are used to classify them
Each class contains autonomous elements that can self-proliferate,
and non-autonomous elements that cannot.

DNA Transposons Retrotransposons
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DR ITR Tel-mariner (1.4 kb) ITR DR

LTR Retrotransposons Non-LTR Retrotransposons

RT EN

Gag Pol Eny
Prt

HERY (~9.2 kb), IAP (~5Kb)

Autonomous Non-autonomous

TSD EN RT C AATAAA A(n), TSD
DI O+ 1K ORF 2 w TSD TSD
o P N &
I R

L1 Element (6 kb)

A(m) oy \
Alu Element (.3 I*"'D.‘:;j I‘ COLLEGE
¥ % DE FRANCE

1530

E. Heard, February 13th, 2017 Haig H. Kazazian Jr. Science 2004,;303:1626-1632



Transposable Elements:

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

Type | — Retrotransposons

gag ,E,Ql
e
Non-LTR E orfl orf2 ﬁ—AAAAAAA

LTR

Type Il — DNA transposons

Autonomous

Transposase
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Mutation derivative m Trar%ase m
7 Y

TIRs conserved

MITE

Replicase Helicase

E. Heard, February 13th, 2017  Slotkin and Martienssen, 2007
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Human Retrotransposons

Non-LTR L1 (LINE- autonoous) pA
rEwataNsposRNs ol —[5'UTR|  ORFA ORF2 [37UTR| AAA =

Non- .
transposable ) Alu  (SINE-non autonoous)

SVA elemcnts(‘ss% —» | Left monomer | A-rich | Right monomer | AAA =

0.2% .
r— - = SVA (SINE-VNTR-Alu): composite, primate-specific PA
: = — [ (CCCTCT), [ Alu-iike | VNTR | HERV-KIO-ike | AAA =

Others ¢
6.0% N

LTR retrotransposons DNA transposons
8.3% 2.8%
<> The human genome contains few DNA transposons and none seem to be active
< But it contains millions of copies of retrotransposons
<> 1.2 million copies of the (non-autonomous) Alu repeat in the human genome
<> >100,000 L1 sequences exist in human genome, most inactive (mutated/truncated)
<> Only the LINE-1 (L1) family, remains the primary source of retrotransposition
< A few (<10) “Hot” L1s account for most L1 and Alu retrotransposition in humans
< “Hot” L1s are extremely polymorphic and specific to a few individuals;
< They may participate in creating somatic variation during life span, and also in

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




Mouse Retrotransposons

Mice have many more active LINEs and ERVs than humans
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LTR elements: Endogenous retroviruses

Virus-like particules in the cytoplasme

other
2 %
LINES
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ETn and IAP elements: =
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Most ancient - coopted for roles in germ
line and development (more next week)

Marius Walter/Deborah Bourc’his
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Non-LTR Elements

LINEs/SINEs- Long and Short Interspersed Elements

other

2 % | INEs mouse LINE1 (~ 6 kb)
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| 5 UTR 1 ORF2 3'UTR
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Evolution of Mouse LINE 1 Elements

Most L1s are truncated fossils.

20,000 L1s full-length : ~3,000 copies
retrotransposition-competent
(Goodier et al., 2001).
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Transposable Elements

Canonical full-length TE structure

Retrotransposons
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Most Transposons and Retrotransposons are truncated or
mutated => cannot be mobilised, but are still
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Controlling TEs: an Evolutionary Arms Race

¢ TEs have been exploited through evolution to create new functions but their
unrestrained spread would rapidly lead to lethality.
¢ Yet they persist in all eukaryotic genomes... How?

E’ \>) \>*J \Y S ) \ "~/

¢ Depending on where a new TE copy inserts into the genome, this can
 disrupt normal gene function and lethality or disease => no
propagation...
*+ have an advantageous effect (rarely): new gene function, regulation etc
“* have no effect, simply adding to the overall size of the genome
*+ have no immediate effect — because it becomes silenced (cryptic)
¢ To avoid the potentially deleterious effects of active TEs, the genome has
evolved ‘defense’ mechanisms to suppress their activity: post-transcriptional,
transcriptional and epigenetic
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Controlling TEs: an Evolutionary Arms Race

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

% This drives the evolution of new repressive mechanisms, and so on....

1=
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“An evolutionary arms race has shaped the genomes of primates, including humans”.
E. Heard, February 13th, 2017  (Image David Greenberg, UCSC). http://news.ucsc.edu/2014/09/jumping-genes.html




Retrotransposon (LINE1) life cycle

E. Heard, February 13th, 2017



Multiple Levels of Control?
TRANSCRIPTION POST-TRANSCRIPTION

INTEGRATION cytoplasm
NUCLEAR IMPORT RNP ASSEMBLY;

t
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Multiple Levels of Control?
TRANSCRIPTION POST-TRANSCRIPTION

DNA methylation: DNMT1, DNMT3C, DNMT3L RNA editing: APOBECs

H3K9 methylation: SetB1, KAP1

INTEGRATION cytoplasm

! NUCLEAR IMPORT RNP ASSEMBLY @
»
E. Heard, February 13th, 2017
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Transcriptional and Epigenetic Control of TEs

¢ How is a TE recognized and targeted for silencing?
RNA and DNA based mechanisms
¢ How is this silencing maintained?
Epigenetic mechanisms
¢ When and how is it reversed?
In the germ line, during development, in somatic cells

@M COLLEG
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Targeting of TEs for repression

Both RNA and DNA based mechanisms of TE recognition exist:

e RNA interference 1s an almost universal feature of TE control

Small RNAs derived from TEs can:
» target TE mRNA for degradation and translational inhibition

Craig Mello and Andy Fire
Nobel Prize, 2006
"for their discovery of RNA
interference - gene silencing
by double-stranded RNA"
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Targeting of TEs for repression

Both RNA and DNA based mechanisms of TE recognition exist:

e RNA interference 1s an almost universal feature of TE control

Small RNAs derived from TEs can:

» target TE mRNA for degradation and translational inhibition
» target TE chromatin for heritable epigenetic modification

? H3KSme3

) i
o T =
/ [——

LINE1 fragment

* RNA interference is the most evolutionary conserved strategy to combat TEs

* Key RNAI factors seem to be derived from last common eukaryotic ancestor

* RNA-Induced Silencing Complexes (RISC) promote mRNA decay or
transcriptional silencing and epigenetic modifications (RITS complex)

* Variations of RNA1 strategies for TE defense exist in all organisms (not yeast)

* Common feature: Target specificity through complementarity with the
guiding sncRNA

GE
NCE

E. Heard, February 13th, 2017



RNA-guided interference strategy: eukaryotic RNAi (RNA cleavage)
and bacterial CRISPR-mediated interference (DNA cleavage)

CRISPR-mediated interference

Foreign DNA

.

Eukaryotic RNA-interference

\ CRISPR locus
RVAVS 0.000000000VE0000¢
I Repeat Repeat Repeat

» CRISPR

transcription
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1
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: miRNA locus
e D000
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[ RNA bic;genesis ]
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crRNA-guided surveillance complex
Cas protein(s)

Target interference

E. Heard, February 13th, 2017
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Targeting of TEs for repression

Both RNA and DNA based mechanisms of TE recognition exist:

e RNA interference 1s an almost universal feature of TE control
Small RNAs derived from TEs can:

» target TE mRNA for degradation and translational inhibition
» target TE chromatin for heritable epigenetic modification

? H3K9me3
MTas)% o~ pIRNA
v
@ (
——

OO0
4’)) LINE1

v

LINE1 fragment

§.38 3¢ 3t
MOAIIILDDE

* DNA sequences of TEs can be recognized by repressor proteins (zinc finger
proteins) that bind specifically and can recruit heterochromatin-inducing factors
(More next week — COURS III)

* Different eukaryotes exploit different types and combinations of controls — and
these can also vary depending on cell type, or developmental stage.

E. Heard, February 13th, 2017



RNAI1 Pathways: RNA-induced silencing

SiRNA pathway

¢ 3’ Methylation
sRNAdwiees [T [T @) HENY)
'

Argonaute  (“AGO )

loaded with SRNA "0

i 3 slicing

Target RNA  Luiiuiiiiiii

Gebert and Rosenkranz (2015) WIREs RNA
E. Heard, February 13th, 2017 “RNA-based regulation of transposon expression”




RNAI1 Pathways: RNA-induced silencing

Expression

Homologs of human
Mouse
Drosophila

Bound small RNA
Length (nt)
Precursor
Biogenesis

Function

AGO
All tissues

AGO1, AGO2, AGO3, AGO4
AGO1, AGO2, AGO3, AGO4

AGO1, AGO2

miRNA siRNA
20-23 20-23
Hairpin-structured RNA dsRNA
Drosha, Dicer Dicer

- AGO AGO

, % mMiRNA , A\ siRNA

* "*l'l'lfl'lfl?lfa:!'l‘)OH y S PRI OCHs ¥
Target mRNA Transposon, virus

Regulation of mRNA stability
and translation

LT I Ty -

Reguilation of transposon, protection
from viral infection

PIWI
Germline and cancer
HIWI, HILI, PIWIL3, HIWI2
MIWI, MILI, MIWI2
PIWI, AUB, AGO3
piIRNA
25-31
ssRNA
Dicerindependent

Transposon, other target

Regulation of transposon,
unknown function

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

* Such double stranded RNA will be recognised & cleaved by Dicer generating small interfering siRNAs

* Small RNAs are loaded onto Argonaute proteins which will then find and cleave the target RNAs
(PTGS), but can also enter the nucleus where they can cooperate with chromatin factors to induce

transcriptional silencing (TGS)

E. Heard, February 13th, 2017

“RNA-based regulation of transposon expression”

1530

e




RNAI1 Pathways: RNA-induced silencing

SiRNA pathway

piRNA pathway

[
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loaded with SIRNA @ el \ //
. @B

E.E

TEs that produce double stranded RNA (in cis or trans) will be detected by Dicer

and cleaved to generate small interfering siRNAs

TE clusters generate single stranded RNA that 1s processed into small RNAs

(piRNAs) and amplified, in order to establish TE repression in the germ line in

animals, when epigenetic silencing is temporarily released




Drosophila Hybrid Dysgenesis

E. Heard, February 13th, 2017 Schaefer et al, 1979 - Genetics ~ Courtesy of Felipe Texeira

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

Q wigr OLab ? Lav O Wil

0.0 RO

€«<—— X

Defective Germline
00

Development:

[F1] * Mutation Induction
* Chromosomal rearrangements
* DNA damage
* Loss of germ cells

[F1]

Fertile Sterile
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Hybrid dysgenesis 1s caused by P-element DNA

transposon

P-element
ATG TGA TAA
L 1
v v \/ Donor DNA Tn5 Ti DNA Donor DNA
ORF 0 ORF 1 ORF 2 ORF 3 onor ‘ n5 Transposon ~ Donor
[ —________ SSa— )

P-strain
(after 1970s)

from S. Ronsseray

E. Heard, February 13th, 2017

germline-specific ' Transposase Binding

! Synaptic Complex
ﬁ Formation
v
;+
| o ————E——— |
v

Cleavage

Wild* Lab
(after 1970s)

() ()

(before 1950s)

Target DNA
Target capture

| Strand transfer

Adapted from Davies et al, 2000 — Science

Many P-elements No P-elements

Wild*
Harwich strain

Rapid spread of P elements in all populations of
D. melanogaster worldwide, in less than 50 years
(Anxolabehere et al., 1988).

=
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Germline defects are probably caused by genomic

instability

Host somatic splicing factor

AlG TGA (Psi) prevents the production
g ' ! . of P transposase in somatic
8 tissues — restricts P-element
activity to germline.
ATG TGA TAA
1 H H ]
ORF oV ORF 1 V ORF 2 \/ ORF 3
o) germline-specific
=
[}
) A'IrG TAA
]
[ I | | ] ——> Transposase

Felipe Texeira

E. Heard, February 13th, 2017

Embryonic
germ-line
cell

No repressor

X

Mobilization by P element
P transposase
Same cell, /
a little later
/
intime P

Germline

What is the nature of the “repressor” of P-element
mobilisation, that is transmitted by females only?
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Epigenetically inherited small RNAs are associated
with F1 germline protection
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PIWI-interacting RNA (piRNA)-Mediated Transcriptional
Silencing

p—

)

Primary piRNAs produced from different loci
**" (clusters) in Drosophila genome. ..

Drosophila ovary: cap
Demethylation f,s

uuunl,"" H 3 K 9 m e3
4 .
spreading

H3K4me?2 H3K9me3

[ Promoter (| Transposon body |

From Czech and Hannon, TIBs, 2016

. piIRNA-Piwi/Asterix (Arx) complexes scan for, and detect, nascent transposon transcription.

. Upon target engagement, Piwi recruits the Panoramix (Panx) complex (Piwi, Arx, and Panx)
& induces co-transcriptional repression by recruiting general silencing machinery factors.

. Lysine-specific demethylase 1 (Lsd1) removes active histone marks (H3K4me?2) from
transposon promoter regions, enabling efficient TE suppression at transcriptional level.

. => Transposon bodies receive repressive histone 3 lysine 9 trimethylation (H3K9me3) marks

via HMTase Eggless (Egg) + cofactor Windei (Wde).

Subsequent recruitment of HP1 to H3K9me3 leads to heterochromatin formation.

. Maelstrom (Mael), a putative single-stranded RNA-binding protein, is required for
transcriptional silencing and blocks H3K9me3 spread.



RNA1 mediated Epigenetic Silencing of TEs

B Methylation at histone H3K9
RNAi-mediated chromatin modifications F/,] CpG DNA methylation

Heterochromatin
» Reduced transcription

e g e
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Recruitment of:

« Histone methyltransferase

« De novo DNA methyltransferase

« Other chromatin-modifying
proteins

.
i,

PP RNA
(Q ) / ) // ) Cleavage
/( / / / / \.}

Euchromatin
« Active transcription

Different chromatin factors ensure heritable transposon silencing:
H3K9 methylation, DNA methylation...
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DNA Methyltransferases:
Orchestrators of DNA Methylation

Replication
/-—\ Active loss
TETs
+ q

v Passive loss
(no DNMT1)
Maintenance

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

e DNMT1 preferentially methylates hemimethylated DNA => maintenance MTAse
e DNMT3A/3B show equal preference for hemimethylated and unmethylated DNA
e DNMT3L stimulates DNMT3A/3B activity

e DNMT1 is present in all cells - DNMT3A/B are more context specific
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DNA Methylation 1s essential for TE silencing in Mammals

v \
2 2
RS RO £9.5 wt
¥ o ¥ of Wild type Dnmt1 /=
®
S - -7.2kb
S 1A1- -5.4 kb
2 i -4.1.kb
<
R —18s
Genomic Total RNA

DNA (IAP probe)
* Mutants in the maintenance DNA Mtase, Dnmtlshow early lethality (around

E9.5) and result in aberrant activation of the most aggressive TEs (IAPs) (Walsh
et al, 1998)
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Epigenomes are globally reprogrammed 1n the mammalian
germ line and during early development

A Post-fertilization reprogramming Germline reprogramming
A
Imprint maintenance
Maintenance at some IAP :
. el
o]
= —€— Global demethylation \‘ ¢ Global demethylation Global
j Active and passive (paternal) ‘ and imprint erasure remethylation
; Passive (maternal) ~ in migrating PGCs
\
& % v Imprint establishment ‘
s Global . s, (male germ line)
< remethylation " '
Z . v
(@) . Imprint establishment
pX / emale germ line)
Imprint erasure ‘. - /
E6.5 E11.5 E16 5 Birth
- Epigenetic
P “material”?
/ ® \
\ O/
Zygote ‘ . Histones,
maternal mRNAs
/ \ Blastocyst Migrating PGCs orotelms

In the developing germ line and in the early embryo, DNA Methylation

and other chromatin marks are globally lost.

Most epigenetic marks are erased at each generation (COURS 2014)
(except at a few single copy loci and young TEs)

How are TEs controlled during these critical periods?
In early embryos (next week), mainly via DNA binding repressor proteins (KRAB-Z{P)
In the germ line piIRNAs seem to be involved in re-establishing de novo silencing



CONTROLLING TEs :
(I) Germ line (II) Soma

Critical times for “host” protection from TE activity: in germ
line and early embryogenesis before germ line 1s laid down

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

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

Somatic protection is also required to protect the
organism at least long enough for it to reproduce...
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The piRNA pathway, DNA methylation and Histone modifications
ensure transposon silencing in the mouse germ line

Eplblast Prospermatogoma Spennatogoma Leptotene Zygotene Pachytene
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L1 ORF1p Prom AT e
DNA methylatiofil —

E. Heard, February 13th, 2017 S.J. Newkirk and W. An, 2017



DNA Methylation 1s essential for TE silencing
in the male germ line of mice

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

ioti c>°‘\\ o“'* @"&
xell °t'| c:sa;(a):::l:'lo:c?;(;ﬁon B . £ L C'@, & @@0@ fd The DNA methyltransferase DNMT3C
male germ cells lacking Dnmt3L 4 . - o
-  + transposon activity
Déborah Bourc’his & Timothy H. Bestor L1 - L Joan Baran," Aurdlie Teissandier, " Natasha Zamudi ... Stéphanie Roy,?

Valérie Nalesso,™* Yann H

) IAP LTR LINE-1 5UTR
» - $ &

Wilddype

Bourc’his and Bestor, Nature 2008 B SCEREE

DNMT3C-KO

Barau et al, Sczence 20] 7

e Mutants in Dnmt3L (cofactor of de novo MTases Dnmt3A/3B) show arrest in

spermatogenesis due to aberrant activation of repeat elements (Bourc’his and
Bestor, 2008)

* Recently a novel, male germ line-specific de novo DNMT, Dnmt3C was discovered
in the mouse. Its knock out gave a similar arrest during spermatogenesis (Barau et

al,2017). DNMT3C is a duplication of DNMT?3B and it targets evolutio x,«‘
young transposons.
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The piRNA pathway and DNA methylation collaborate to
ensure transposon silencing in the mouse germ line

genomic mCpG %
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The piRNA pathway and DNA methylation collaborate to
ensure transposon silencing in the mouse germ line

genomic mCpG %
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Dnmt3L, Dnmt3C and Piwi mutants all give similar
developmental arrest of spermatogenesis and infertility
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E. Heard, February 13th, 2017 Courtesy of Joan Barau/Deborah Bourc’his




Dnmt3C and Dnmt3L KO mice fail to repress

transposons in the male germ line

Transposon reactivation

Mutant / Wild type

0 2 Transposon expression,
fold-change
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Transposon hypomethylation
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A methylation defect at evolutionarily young, active LINEs
reminiscent of small (p1)RNA directed DNA methylation
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Dnmt3C appears to have evolved specifically
in some rodents
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Different strategies for silencing of ancient and young LINEs
In mouse germ line

independent

Young L1s

pPiRNA
Cluster
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Epigenetic Control as a Defense
but also a Resource for the Host and 1ts Selfish Parasites

¢+ RNA interference and Epigenetic silencing mechanisms have co-
evolved with TEs: they provide a means to protect the genome from
aberrant expression and mobility — but with opportunities enabling
vertical transfer of TEs and appearance of new host functions.

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

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

“* DNA-targeting of silencing machinery and the remarkable KRAB-
Zinc finger proteins involved — both as regulators of gene
expression and as arms against TEs: NEXT WEEK!
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CHAIRE EPIGENETIQUE ET MEMOIRE CELLULAIRE

Année 2016-2017 :
“Epigénétique et ADN égoiste”

20 Février, 2017

Cours III
L’1mpact des €¢léments transposables et de leurs reliques sur
le developpement.

The impact of transposable elements and their relics on
development.
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