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Abstract

Background: Transposable elements (TEs) and genomes have been at war for millions of years. On one hand,
genomes developed epigenetic systems to inactivate TEs. On the other hand, it appears that TEs can take ad-
vantage of stress to evade the genome’s repressing systems and spread throughout the genome. However,
until recently it was unclear how and why stress influences transposable elements’movement. In this review,
we explore the mechanisms involved in TE stress-induced activation.

Methods: The first part of the review looks into epigenetic mechanisms, its 19 references were taken from
Handbook of Epigenetics 2nd edition (1) and reviews (2) (3). The rest of the studies presented in this review
were drawn from searches done on Web of Science with the terms: TS=((Transposable element* OR mobile
genetic element*) AND (Stress or Evolution) AND (Activation)) with peer-reviewed articles and reviews writ-
ten in English included only. The search yielded 401 results and 56 were estimated relevant and of sufficient
quality to be selected.

Summary: The main conclusion reached by this review is that protection mechanisms against TEs move-
ment, which are mostly epigenetic, are compromised by the presence of stress. Additionally, TEs themselves
evolved diverse tools to promote their activation under certain stress conditions allowing them to evade the
repression imposed by the genome. These two mechanisms provide opportunities for TEs to move around
the genome and create genetic diversity during stress episodes. As such, TEs stress induced mobility certain-
ly played a major role in the rapid adaption of populations and its impact can be witnessed across genomes.

Introduction

McClintock’s discovery of transposable elements (TEs) in maize (4) un-
veiled the genome as a dynamic playground for mobile DNA sequences.
TEs are ubiquitous, mostly repetitive, short DNA sequences that move
from one location to another location in the genome, often creating a
duplicate copy in the process. As sequencing techniques and our capac-
ity to recognize transposable elements progressed, the genome appeared
to be more of a battlefield, where TEs colonized a considerable part of
eukaryote’s genomes. In fact, biologists were startled to observe that TEs
related sequences could constitute up to 85% of an organisms™ genome.
(5) It became necessary to understand the nature of TEs and explain their
overwhelming presence in genomes. Dawkins and others (6, 7) hypothe-
sized that TEs were selfish, self-replicating elements, serving no purpose
to the genome. However, McClintock suggested that TEs were, instead, an
important source of genetic variation, involved in regulatory networks and
likely activated by stress. (8)

The observation of active TE families with transposition rates three orders
superior to mutation rates have definitively established TEs as a source
of variation and material for selection. (9, 10) Moreover, the discovery of
TE families and individual insertions domesticated by genomes (11, 12),
coupled to the discovery of TEs responding to stress and TEs involved in
regulatory networks (13, 14) ruled out the view of TEs as junk DNA and
proved McClintock right.

In addition to being a source of variation, TEs are themselves highly vari-
able elements. The classification proposed by Wicker et al. (15) is the pre-
dominant system used in the literature to describe TEs. The classification
divides TEs into two major classes, Class I (retrotransposons) replicating
through an RNA intermediate and Class II (DNA transposons), which do
not utilize an RNA intermediate to spread. Further sub-classification char-
acterizes TEs as part of families and orders. (15)

For along time, only the phenotypic consequences of TE activation -which
describes the movement and spread of TEs- could be studied. Yet, it was
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enough to observe that organisms exposed to stress displayed increased
TE activity. (8, 16, 17) The mechanisms underlying the activation of TEs
remained elusive for a long time following TE’s discovery until, as we will
see, recent findings in the field of epigenetics have allowed us to discern
the processes governing TE stress-induced activation.

In this review, we will first look at the known mechanisms involved in TE
repression. Using our current understanding of repression mechanisms,
we will, in a second part, study how stress affects silencing pathways and
elicits TE activation. Finally, we will discuss how TE activation impacts
organisms at the genetic, phenotypic and evolutionary level.

Genome’s weapons against transposable elements
activity

Under the threat of spreading transposable elements, the eukaryotic ge-
nome has developed a set of tools operating at multiple levels to turn mo-
bile elements immobile. In fact, it has been hypothesized that epigenetic
mechanisms involved in gene regulation such as DNA methylation and
RNA interference (RNAI), first evolved as defense systems against TEs.
(18) In this part, we will draw our attention towards the three main mech-
anisms developed by eukaryotes to repress TEs, namely RNAi, DNA meth-
ylation and histone modification. In addition, we will take a look at the
Repeat-Induced Point (RIP) mutation system present in Neurospora.

RNAi

The main tool used by eukaryotic cells and genomes to counter TE activ-
ity is the RNAi system. RNAi uses RNA precursors to silence post-tran-
scriptionally foreign DNA and TEs. Indeed, it is hypothesized that RNAi
evolved as a defense against viruses and TEs. (19) Among vertebrates, the
RNAI system is differentiated between the germinal and somatic cells.



In germinal cell lines, the piwi-interacting RNA (piRNA) pathway is in-
volved, while in somatic cells it is the small-interfering and micro-interfer-
ing RNA (si- & miRNA). The repressing mechanisms employed by PIWI/
piRNA and, siRNA & miRNA are similar, and only differ in the proteins
involved, type of RNA used and their targets. (20) The PIWI/piRNA path-
way represses TEs in germinal cells and prevents the uncontrolled spread
of TEs in the next generation. (21-23) Indeed, mutations in genes associ-
ated with the PIWI/piRNA pathway results in de-repression of TEs in the
germline and leads to defects in development. (24)

The PIWI/piRNA pathway uses piRNA loaded on an argonaute protein
called PIWI, to repress transcripts with repeats such as TEs. The path-
way includes the loading of a single-stranded 26-30 nucleotides piRNA on
a PIWI protein. (20) The loading requires the presence of the chaperone
Hsp90 and of Shu a co-chaperone. (25, 26) Once the loading is completed,
the piRNA and PIWI form the RNA-induced silencing complex (RISC).
The RISC binds to target mRNA, creating a double stranded RNA between
the target mRNA and piRNA. The formation of a double stranded RNA
acts as a signal for the recruitment of various nucleases. The nucleases then
proceed with the degradation of the target mRNA.

The PIWI/piRNA pathway does not only mediate degradation of TEs
transcripts but also promotes epigenetic silencing of TEs coding se-
quence. (27) For instance, binding of the RISC complex to piRNA comple-
mentary DNA sequence, triggers epigenetic modifications such as histone
acetylation and DNA methylation. Mechanisms involved in silencing of
TEs similar to the PIWI/piRNA pathway, can be found in plants (28-30)
and in yeasts. (31, 32) In plants it is called RNA directed methylation
(RdADM) and in yeasts RNA-induced transcriptional silencing, both use
siRNA instead of piRNA. Overall, RNAi mechanisms across organisms are
responsible for degradation of TE transcripts and initiation of epigenetic
silencing of TE sequences.

DNA Methylation

One of the epigenetic repression mechanisms triggered by RNAi is DNA
methylation. DNA methylation is characterized by the addition of a meth-
yl group on the 5th position of the cytosine ring (5-mC). The methylation
of cytosine is widespread in CpG rich regions, which are prevalent in pro-
moters and TEs. As a matter of fact, TEs constitute 40% of the CpGs in
the human genome and are largely hypermethylated. (33) 5-mC is mostly
associated with gene and TE repression by hindering the binding of tran-
scription factors. (34) In the maize plant, DNA holo-methylation inhibits
the Ac transposase binding to TEs. (35) Additionally, 5-mC initiates his-
tone modification and heterochromatin formation through the binding of
Methyl-DNA binding proteins (MBDs). (33) It is important to note that
DNA methylation is not an invariable process across eukaryotes. For in-
stance, DNA methylation in D.melanogaster is restricted to the embryonic
development stage and is absent in the other life-stages. (36)

Histone Modification

Histones are the linking unit between DNA methylation and chromatin
structure. Several types of histones exist (Histone, 1, 2A, 2B, 3, 4). Specific
histones combine into octamers and form the nucleosome which is the
fundamental unit of chromatin structure. (37) The state of the chromatin
structure depends on the electric charge carried by the histones making
up the nucleosome and on modified histone structures recognized by ef-
fector and reader proteins. (38) In their default state, histones are positive-
ly charged and interact tightly with DNA, forming a compact structure
called heterochromatin, which often surrounds TEs sequences. However,
histones and their electric charge can be altered in many different ways.
For example, acetylation of histone tails neutralizes the positive charge and
suppresses the electromagnetic interaction between histones and DNA,
loosening the chromatin structure and releasing sequences from repres-
sion. Some histones, such as histone 1 (H1), are not part of the nucleo-
some. Yet, HI is also involved in TE silencing. H1 interacts with methyl-
ated DNA sequences in active regions of the genome. (39) The interaction
enhances the repression of TEs localized near genes, without promoting

heterochromatin formation. (39)

We have now presented the principal eukaryotic systems tasked to silence
TEs. Nevertheless, these basic defense systems did not prevent species to
evolve additional silencing pathways to control TEs. Of particular inter-
est, the repeat induced point (RIP) mutation system evolved by the fungi
genus Neurospora, which in the case of N. crassa has led to the defini-
tive silencing of all TEs. (40) RIP works by efficiently detecting and mu-
tating both copies of a sequence duplication. Furthermore, RIP mutated
sequences are also targeted for DNA methylation ensuring the complete
silencing of TEs. (41)

How stress allows TEs to escape repressing pathways

It is now evident that genomes evolved an effective defense mechanism
to prevent the spread of mobile elements. Yet, TE activity is regularly wit-
nessed and appears to increase with stress. (16) In this part we will see that
there are two ways TEs take advantage of stress to escape repressing mech-
anisms. The first one is the acquisition of stress responsive elements allow-
ing them to be activated by stress related factors. The second is through
the incapacitation of the silencing mechanism following stressful events.
Although TE stress-induced activation is a widespread phenomenon it
cannot be generalized to all transposons nor all organisms.

TEs with stress responsive elements

TEs equipped with responsive elements in their coding sequences have the
ability to respond to the environment. For instance, ONSEN, a copia-like
retrotransposon in Arabidopsis thaliana, possesses a heat-responsive ele-
ment. (42, 43) Under heat stress conditions, the plant produces heat-stress
defense factors (mostly transcription factors), which recognize and inter-
act with the ONSEN heat responsive element. The interaction leads to the
de-repression of ONSEN and favors its activation. (42) The presence of the
heat-responsive element makes it impossible for the plant to respond to
stress without losing control over ONSEN.

ONSEN is not the only known TE responding to variation in temperature.
Tam3 is a TE present in snap dragons and is characterized by a transposase
sensible to temperature, which is only activated under cold conditions.
(44) Indeed, the transposase is only capable of binding a motif on the TE
at temperatures around 15 degrees. The transposase binding on the motif
causes Tam3 to be demethylated and is followed by its transposition. (44)

Temperature is not the only source of stress TEs can respond to. Tntl is a
superfamily of LTR-retrotransposons, found throughout the Solanaceae
plant family. It is activated by plant microbial factors ensuing a bacterial
infection. (45) In the case of Tntl, its activation allows it to spread both
vertically through the host genome and horizontally through transposition
in the bacterial genome. Some TEs such as Barel and FaRE1 in plants re-
spond to Abscisic Acid (ABA), a hormone associated with stress response.
(46, 47) This was elegantly shown by fusing a GUS protein to FaRE1 and
monitoring GUS signal after administration of ABA. (47) Stress-respon-
sive elements are diverse and common among TEs, it is hypothesized that
they confer a competitive advantage against TEs lacking responsive ele-
ments in terms of transposition rate. (48)

Opportunistic TEs and impact of stress on silencing
mechanisms

The possession of a regulatory element sensible to environmental cues
is not the only way for TEs to be activated by stress. There is now evi-
dence that TEs take advantage of silencing mechanisms downturn follow-
ing stress. Indeed, it appears that cellular stress response and TE silenc-
ing mechanisms are antagonistic. This is illustrated with the dual role of
Hsp90. We saw earlier that Hsp90 is required for the loading of piRNA on
PIWL (25) However, Hsp90 also plays an important role as a chaperone
and in cellular physiological stress response. (49, 50) As such, when ex-
posed to stress, Hsp90 prioritizes its role in cellular stress-response and
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temporarily drops its activity in the piRNA/PIWT silencing pathway. (51)
Hence, Hsp90 manifold roles are responsible for the downturn of the piR-
NA/PIWI pathway and the subsequent activation of TEs during stress.

Hsp90 is not the only protein impaired by its different roles in the presence
of stress. KAP1 and SIRT6 are chromatin remodeling proteins involved in
the formation of heterochromatin and silencing of TEs. (52) However, un-
der stress conditions and during aging, SIRT6 and KAP1 are recruited to
DNA breaks, which releases TEs from their repression. (53) In the absence
of SIRT6 and KAP1 chromatin around TEs is no longer compacted, which
facilitates TE activation. (52) Once more, it is the competing roles of a
single protein that compromises TEs silencing mechanisms. The existence
of competing roles for proteins often underlies the rapid re-purposing of
an existing gene under an evolutionary pressure, where the duplication
and emergence of a new gene fulfilling that advantageous function was not
rapid enough. (54)

An alternative hypothesis is that a protein’s competitive role evolved be-
cause TEs activation are beneficial to organisms under stress. Indeed, in
some instances, it appears that cells are forced to impede repressing mech-
anisms enforced on TEs. Under stress conditions, Hsp70, an inducible
chaperone, forms a complex with Hsp90 along with other factors involved
in piRNA biogenesis. The complex is then targeted for degradation by the
lysosome. (55) This results in the functional collapse of the piRNA/PIWI
pathway and is followed by activation of TEs. (55) This study demonstrates
that TE repression is loosened under stress conditions with the presence
of Hsp70. Similarly, it is observed in plants, where demethylation of TE
rich regions is naturally triggered by stress. (56) As such, it appears that
loosening TE repression during stress episodes is an advantageous trait.
The effect of these mechanisms occurring in germ cells, is to increase and
generate genetic diversity, providing material for natural selection and
evolution.

All organisms are regularly exposed to stress. Since stress appears to inca-
pacitate repressing mechanisms, TEs should be proliferating in genomes.
Yet, TE movement is overall low in most organisms. (57) One explanation
is that relaxation of silencing mechanisms is insufficient for TE activation.
This is the case with ONSEN, where stress-induced demethylation is not
enough to induce its activation. (42) Another explanation is that stress
does not activate all TEs, some are even repressed. (53) For example, in
the rat’s hippocampus, acute stress results in an increase of H3K9me3 (a
histone mark associated with heterochromatin), which provokes a reduc-
tion in TE movement. (58) A strengthening of repressing mechanisms en-
forced on TEs is also witnessed in rice after phosphate starvation. (59) In
rice, phosphate starvation results in an increase of 5mC around known
TEs. (59) Thus, stress does not always incapacitate silencing pathways and
does not always compromise germ cells integrity.

Finally, we have to keep in mind that TE activation is dependent on many
factors such as location, type of TE, epigenetics, physiological state, cell
type and cell cycle phase. For example, in a fungal pathogen, families of
TEs show temporal variation in activation upon exposure to an identical
stress. (60) Additionally, change in the fungal pathogen physiological state
altered the TE activation pattern. Hence, TE stress-induced activation is
hard to predict and cannot be generalized.

Outcomes of TE stress-induced activation

In this part, we will explore the wide range of consequences TE movement
has on genomes. Additionally, we will investigate the impact TEs have on
species’ evolutionary history. As we will see, TE activation produces a lot
of genetic variability. To the point, where they might be responsible for
adaptive radiations. Finally, we will see that TEs are essential for popula-
tions’ survival on the evolutionary timescale.

Repercussion of TE movement on genomes

Novel TE insertion near a gene leads to many outcomes (Figure 1.). A
TE can modify a gene by disrupting its coding sequence. For instance,
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genes can be rendered non-functional with an insertion in the open read-
ing frame (I.a) or by interfering with promoters/enhancers (I.c) However,
new insertions may also be source of variability, with the incorporation
of a new exon (a process called exonization) (I.e) (61), the modification
of a transcription start site (I.g) (62), or the formation of a new polya-
denylation site (Ib). (63) In addition to generating new exons, TEs can
influence the splicing pattern of a gene (Lh). (64) This often happens with
the addition of a splice site or by making two or more exons incompatible.
We saw in the previous part, that TEs can be equipped with regulatory
sequences. As a consequence, the novel insertion of a TE may introduce
new cis-regulatory sites next to a gene and modify its expression pattern
(L.d). For instance, a study demonstrated that ONSEN insertions resulted
in up-regulation of downstream genes, contributing to the formation of an
ABA insensitive phenotype. (65)

[ bl
Exan dtruption New polyadenyiasion site

—i—_—-——;—-—_

i

New ciz-regulabory site

—LL—-—-—

(el
Promatertenhancer distruption

S . A——

I

lﬁlwmzmmn Promecéerenhancer cplgensiic sliencing
; O —-HL—-—
g {hi

Haw iranacriptonal gtart site

—L—-—-—

Il sl (
ihi
Developmental gene ckpression Masked TE splicing site

il i) =
Ertomic gene sxprassicn Urimusked TE ur-licir-gsig
EAY; iy

c PN

Splicing alaration

=

Figure 1. Schematic illustration of the various direct (l.) and

indirect effects (Il.) TEs have on genes. Red boxes represent

newly inserted TE, grey boxes represent gene’s open reading

grame, red lollipops represent methylated DNA sites and

white lollipops represent unmethylated sites. Black arrows

represent transcription start site. a&b should write disruption.
Figure from Pimpinelli, S and piacentini, L (92).

TEs do not necessarily have to be inserted in the coding region to affect
gene expression. Indeed, TE insertion generating local epigenetic change
is sufficient to impact gene expression. For example, TE insertion can
result in local demethylation, unmasking cryptic promoters (II. C) and
splice sites (IL.d). Conversely, TE insertion can locally increase methyla-
tion, altering gene expression (I.a) and masking splice sites (ILDb).

New TE insertions can influence the genome’s architecture and chromatin
state. Indeed, some TE families possess CTCF binding sites, which serve
as anchor points for chromatin loops. (66) Hence, TEs introducing new
CTCEF binding sites induce divergent chromatin looping, re-shaping en-
hancer-promoter interactions and ultimately leading to altered gene ex-
pression. (67) There are other ways for TEs to influence the genome and
gene expression. For instance, it is possible for TE to excise a complete
gene and move it to a different genomic environment, resulting in a new
gene expression profile. (68) Finally, the activation of Class II transposable
elements, which generate a double strand break, is known to favor chro-
mosomal rearrangements. (69) All in all, TEs have the power to modify
the genome in a large number of ways and on different scales.

Sometimes, a TE produces a beneficial phenotype and the accountable
insertion is conserved. This process is called TE exaptation. It describes
the integration and conservation of TE insertions producing a beneficial
phenotype. (70) Many genes originate from exapted TEs. For example, the



RAG genes, involved in the generation of antigen receptor repertoire in
vertebrate’s adaptive immune system, are derived from TEs. (71) Exapt-
ed elements are also embedded in regulatory networks. This is the case
of FHY3 and FARI, two transcription factors involved in the regulation
of the photoreceptor phyA. (72) Interestingly, FAR1 emerged from a TE
in the Mutator-like elements (MULEs) family. Elements in this family are
periodically activated by stress. (73) It supports the hypothesis that stress
facilitates and accelerates the creation of novel phenotypes. Recent stud-
ies showed that TEs insertions - called polymorphic mobile elements in-
sertions (pMEIS) - were responsible for isoform diversity and differential
gene regulation between human tissues. (74, 75)

TE activation is itself a source of stress that genomes have to face. As we
saw previously some TE repression systems, such as RNAi, evolved un-
der the threat of TE spread. (19) On one side, genomes and organisms
are selected for their capacity to limit the stress imposed by transposable
elements, which in turn forces TE to evolve systems to evade the silenc-
ing mechanisms. This could be compared to an evolutionary arms race
between genomes and TEs. Yet, as we will see, it seems that TE activity is
still required and needed to fuel genetic innovations on which populations
are reliant on. Thus, in reality, genomes and TEs have reached a negotiated
settlement, mutually depending on the others’ existence.

TEs, a source of genetic diversity for populations

TE activity has the power to transform the genome on a small and large
scale, but how important are TEs as a source of variation? For instance,
could TE movement create enough genetic diversity to drive speciation?
In diatoms, TEs are functionally involved in temperature stress response.
The difference in TE insertions and families among diatom populations
resulted into differential physiological response to stress. (76) In this case,
TE movement could be the first step toward the speciation of diatom pop-
ulations.

An emerging view called the TE-Thrust hypothesis (77), suggests that TE
activation is responsible for adaptive radiations and evolution of lineages.
(78) In fact, there is evidence to support that TE activity is linked to spe-
ciation events in mammals (79), angiosperms (80) and certain reptiles.
(81) Moreover, primates adaptive radiation coincide with a burst in TE
activity. (82) During such evolutionary events, stress might be responsible
for triggering bursts in TE activity. For example, in the invasive species
Cardiocondyla obscurior a large increase in TE movement is observed
following founding events. (83) Founding events are known to put a lot
of stress on the starting population as it needs to rapidly adapt to a new
environment. TE burst could provide a molecular mechanism to Stress-In-
duced Evolutionary Innovation (SIEI), where sustained stress cues drive
the formation of new group of cells - that characteristically exhibit more
cellular stress - promoting the modelling and differentiation of new tis-
sues. (84) Hence, there is increasing evidence to support the importance
of TE stress-induced activation in the evolution of lineages and species. It
would be interesting to monitor the rate of TE activity in endangered spe-
cies to see if climate change related stress translates into higher TE activity
and differential activation rate between populations.

Another argument advocates for the role of TEs in evolution. Can lineages
persist on large timescales without TE activity? TEs are present in all eu-
karyotes and in most prokaryotes. Moreover, practically all studied organ-
isms exhibit at least minimal TE activity. (85, 86) In fact, N. crassa is the
only known living organism to have completely silenced TE activity with
its RIP system. (40) It demonstrates that, first it is possible for evolution
to produce systems that completely silence TEs and second, such systems
are extremely rare and/or not conserved. Thus, suppression of TE activity
appears to be an evolutionary dead-end. As a matter of fact, insufficient
TE activity and lack of genetic variation might be responsible for extinc-
tions among the sphenodontidae, a reptilian lineage. (78, 87) Hence, the
conservation of TEs activity in almost all organisms indicates that TEs are
essential for adaptation.

The TE-Thrust hypothesis only holds true if TE movement is not chaotic
and completely uncontrolled. Indeed, TE movement is by itself a source of
stress for genomes and organisms, illustrated by TEs implication in some

human diseases such as monogenic disease allele, cancers and autoimmu-
nity. (88, 89) If this source of stress becomes too intense under certain
conditions, the affected population faces a risk of extinction. (90, 91) As
such, the presence of repressing mechanisms and the idea of negotiated
settlement is essential.

Conclusion

Genomes evolved a set of systems to prevent chaotic TE movement. How-
ever, the tools employed by genomes are not infallible. It appears that
genomes and evolution tolerate and benefit from intrinsic flaws among
silencing systems in order to facilitate TE activation when under stress.
This is well illustrated with Hsp70 and the competing roles of silencing
proteins. Moreover, some TEs borrowed stress-responsive elements to
promote their own activation under stress. This widespread capacity to
mobilize under stress indicates that TE stress-induced activation is neces-
sary for populations to persist through time. As a matter of fact, increasing
evidence supports the claim that TEs are important drivers of evolution
and played a vital role in major adaptive radiations. All in all, TE stress-in-
duced activation creates genetic variation, which fuels adaptation and spe-
ciation.
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