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Endogenous retroelements (EREs) are
essential motors of evolution yet
require careful control to prevent geno-
mic catastrophes, notably during the vul-
nerable epigenetic
reprogramming that occur immediately
after fertilization and in germ cells.
Accordingly, a variety of mechanisms
restrict these mobile genetic units. Previ-

phases of

ous studies have revealed the importance
of KRAB-containing zinc finger proteins
(KRAB-ZFPs) and their cofactor, KAP1,
in the early embryonic silencing of
endogenous retroviruses and so-called
SVAs, but the implication of this tran-
scriptional repression system in the con-
trol of LINE-1, the only known active
autonomous retrotransposon in the
human genome, was thought to be mar-
ginal. Two recent studies straighten the
record by revealing that the KRAB/KAP
system is key to the control of L1 in
embryonic stem (ES) cells, and go further
in demonstrating that DNA methylation
and KRAB/KAPI-induced repression
contribute to this process in an evolu-
tionally dynamic fashion. These results
shed light on the delicate equilibrium
between higher vertebrates and endoge-
nous retroelements, which are not just
genetic invaders calling for strict control
but rather a constantly renewed and
nicely exploitable source of evolutionary
potential.

Barbara McClintock’s discovery of
transposable elements in maize in the early
1950s ' challenged the prevailing dogma,
which considered genomes as static enti-
ties passed essentially unchanged from one
generation to the next. As such, it was met
with scepticism, as was even more her sug-
gestion that mobile genetic elements
played important roles in regulating gene
Yet this ultimately

expression. was
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recognized as a formidable intuition, and
served as one of the bases for Roy Britten
and Eric Davidson’s visionary model on
gene regulation in eukaryotic cells.?
Today, it has become obvious that trans-
posable elements are not only essential
motors of evolution that remodel genome
architecture, but also key components of
transcriptional networks that govern pro-
cesses as crucial as embryonic stem cell
pluripotency.”®

Transposons in the LINE light

Transposons account for a readily iden-
tifiable 50% of the human and mouse
genomic DNA,>'® far more than the
1.5% encoding for protein.'"'* And tak-
ing into account the decay of older ele-
ments beyond recognition, genomic
rearrangements occurring over the course
and the

sequencing and

of evolution, challenge of
assembling  repetitive
sequences, the true proportion of the
genomes of these and other higher species
contributed by mobile genetic elements is
most likely much greater.'”

DNA transposons, which replicate by a
cut-and-paste mechanism, are rare and
inactive in the genomes of higher verte-
brates, representing less than 2% of the
human DNA. The very vast majority of
mobile elements in both humans and
mice are indeed retroelements, which
spread by reverse transcription of an RNA
intermediate and integration of its DNA
copy, a copy-and-paste process that pro-
gressively amplifies their representation in
the host genome. Whether in mouse or
human, about a quarter of the retroele-
ment-derived DNA stems from LTR-con-
taining retroviruses, which became part of
the genome of these species or their ances-
tors after infecting the germ line.''° The



rest originates in non-LTR retrotranspo-
sons, mobile elements without known
extracellular equivalent that can be either
the autonomous Long Interspersed Ele-
ment or LINE (e.g. LINE-1 or L1), or the
non-autonomous Short Interspersed Ele-
ment SINE (e.g., Alu) and SVA, depen-
dent for their retrotransposition on LINE-
provided trans-acting functions. Non-
LTR retroelements are the only class of
transposons  still in  humans,
accounting for an estimated one new germ

active

line integrant every 50 human births."”
LINE-1 makes up approximately 17%
of the human DNA (with around
500’000 copies), and is the only currently
active autonomous transposon in humans,
with 80 to 100 copies still retrotransposi-
tion-competent.'"'* 2% LINE can also
mobilize non-autonomous retrotranspo-
sons and cellular RNAs, including non-
coding and mRNAs, which at times
results in the formation of processed pseu-
dogenes.”'?* A full-length LINE-1 is typ-
ically 6.0 Kb-long with an approximately
900bp 5’ untranslated region (UTR), 2
open reading frames (ORF1 and ORF2)
and a 200bp 3’'UTR ending in a poly(A)
tail. The 5"UTR drives L1 transcription as
it contains binding sites for many tran-
scription factors,”> >’ and further contains
both sense and antisense promoters.
ORF1 and ORF2 encode for proteins
(ORFlp and OREF2p) that are essential
for retrotransposition. ORFlp is a 40-
kDa, RNA binding, nucleo-cytoplasmic
protein with nucleic acid chaperone activ-
ity.”>?" Importantly, L1 ORF1p preferen-
the mRNA it
originates from, a phenomenon called cis-

tially associates with

preference that leads to the formation of
ribonucleoprotein  particles  (RNPs).”?
ORF2p (150 kDa) has 2 domains carry-
ing out enzymatic functions essential for
L1 retrotransposition: endonuclease (EN)
and reverse transcriptase (RT).%‘34 L1 ret-
rotransposition occurs by a mechanism
known as Target Primed Reverse Tran-
scription (TPRT), whereby reverse tran-
scription and integration are coupled.? Tt
is a qualitatively inefficient process, as the
vast majority of L1 integrants present in
mammalian genomes are 5 truncated,
that is, devoid of promoter.*®

L1 originated at least 170 million years
ago (mya), before the marsupial/eutherian

divergence. Therefore the human genome
contains L1 insertions predating the origin
of primates, as well as more recent, pri-
mate- and even human-specific inte-
grants.”” L1 can be sorted into subfamilies
based on their age, which can be estimated
by sequence divergence analysis and by
comparing the genomes of different spe-

. 38-40
cies.

Since the emergence of apes
(Hominoidea), some 25 mya, 5 major L1
subfamilies have amplified, named L1PA5
to L1PALI, the latter human-specific hence
also called L1Hs. In primates and other
mammals, L1s have usually evolved with a
single subfamily active at any given time,
amplifying to thousands of copies before
its replacement by another subfamily
likely under selective pressure from host
defense mechanisms.®”**1*? This pattern
of evolution is remarkably different from
that of non-LTR retrotransposons in other
organisms such as Drosophila and fish,
where multiple L1 lineages have usually
evolved in parallel.43’44

L1 can affect genome structure and
function in multdple ways, sometimes
leading to pathology. There is to date at
least 96 retrotransposition events (from
L1s and non-autonomous non-LTR retro-
elements) known to have resulted in
human monogenic disorders.*> While this
illustrates the deleterious potential of ret-
rotransposons, it has become increasingly
evident that these are also essential to the
evolution of higher species. Indeed, as
postulated by Barbara McClintock,
mobile genetic elements shape the struc-
tural and transcriptional landscape of the
genome through their ability to generate
new genes, to influence the expression of
existing ones via enhancer, insulator or
repressor effects,® and to serve as plat-
forms for recombination events that lead

47,48
to chromosomal rearrangements. 7

Host Maneuvers to Cut the LINE

Given the diverse effects of L1 and
other EREs on the genome, their hosts
have unsurprisingly evolved molecular
barriers to prevent the uncontrolled spread
of these elements. These defense mecha-
nisms can target various steps of the ERE
life cycle, including transcription, post-
processing,

transcriptional reverse
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transcription and integration. Transcrip-
tional silencing by DNA methylation,
post-transcriptional repression by RNA
interference, and poisoning of reverse
transcripts by cytidine deamination are
the main known mechanisms of control of
endogenous retroelements.*” As expected
from the high error rate of all reverse tran-
scriptases, EREs overcome these restric-
tions through the emergence of escape
mutants, which in turn impose new selec-
tive pressures for the host to adapt its
defense mechanisms.

It has been proposed that gene silenc-
ing by DNA methylation initially evolved
as a defense mechanism against endoge-
nous retrotransposons.5 % It is often pre-
ceded by or coupled with the induction of
heterochromatin through histone modifi-
cations, particularly during the vulnerable
phases of genome-wide demethylation
that occurs in early development and in
germ  cells. The corepressor KAP1/
TRIM28, which serves as a scaffold for
heterochromatin- and DNA methylation-
inducing factors, plays a central role in the
control of many endogenous retroele-
ments (EREs) in human and mouse
embryonic stem cells.”"”* The KAPI-
nucleated repressor complex is commonly
tethered to DNA by members of the
KRAB zinc finger (KRAB-ZNF or
KRAB-ZFP) protein family, which can
bind DNA in a highly sequence-specific
manner through a C-terminal array of
zinc fingers.”® Supporting a role for the
KRAB-ZNF gene family in the control of
transposable elements, its rapid expansion
went parallel to an increase in the abun-
dance of EREs in tetrapod genomes, and a
large fraction of both KRAB-ZNFs and
EREs are species-specific.”

Previous studies had revealed the role
of KAPI in the repression of exogenous
and endogenous retroviruses during early
515255\
recently demonstrated that it also controls

embryonic  development.
L1 retrotransposons in both mouse and
human ES cells.’® Moreover, we interest-
ingly found that KAP1I is recruited only to
a discrete set of L1 subfamilies, namely
L1PAG to L1PA3. A previous study on the
evolution of L1 retrotransposons, which
examined the timing of emergence of the
human L1 subfamilies during primate
evolution, estimated that these families
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amplified in our ancestral genome
between 25 and 7.6 mya.*! Older L1 ele-
ments, likely due to their complete inacti-
vation by mutations accumulated over
time, seem not to be presently targeted by
any silencing mechanism. Younger L1 ele-
ments, mostly human-specific, are not rec-
ognized by KAP1 but instead repressed by
DNA methylation. For those subjected to
KAP1-induced silencing, recruitment of
the corepressor must occur via KRAB-
ZNFs, as indicated by our identification
of Gm6871 as a mouse-specific KRAB-
ZFP responsible for tethering KAP1 to a
temporally discrete subset of murine L1
elements. These data, coupled with the
recent demonstration that the PIWI2 pro-
tein partakes in the regulation of L1HS in
pluripotent cells,”” strongly support an
evolutionary model in which the tran-
scription of newly emerged L1 lineages is
first repressed by small RNA-induced
DNA methylation, before KAP1-medi-
ated silencing takes over through the selec-
tion of KRAB-ZFPs capable of tethering
the master corepressor to their sequence.
The observed dynamics of KAP1 binding
to L1 subfamilies and the identification of
Gm6871 as an Ll-specific KRAB-ZFP
support a model whereby species-specific
KRAB-ZFPs have evolved as host defense
factors restricting specific groups of L1
and other EREs.

Fulfilling this prediction, another
recent study identified ZNF91 and
ZNF93 as 2 primate-specific KRAB-ZFPs
repressing the activity of primate-specific
L1 and SVA subfamilies in hES cells.”® By
using trans-chromosomal mouse ES cells
that contained a copy of human chromo-
some 11 (TC11-mESC), Jacobs and col-
the
epigenetic and transcriptional fate of pri-
mate-specific retrotransposons in a non-

laborators  elegantly  determined

primate background. They first observed
that in TC11-mESC, a subset of SVA and
L1 carried by the human genomic frag-
ment, which were normally repressed by
KAP1 in human ES cells, were dere-
pressed and enriched for the active mark
H3K4me3. They then set up a luciferase-
based repression assay to screen a set of 14
primate-specific ~ KRAB-ZFPs  highly
expressed in hES for their ability to target
these cis-acting SVA and L1 sequences.
Finally, they validated the most repressive

www.landesbioscience.com

candidates by complementation in the
TC11-mESC. This lead to the identifica-
tion of ZNF91 and ZNF93 as responsible
for silencing these SVA and LI, respec-
tively. Further 7 silico analyses aimed at
reconstructing the evolutionary history of
these KRAB-ZNFs, complemented with
in vitro repression assays, indicated that
mutations and structural alterations had
accumulated in the zinc fingers of these
proteins, which led to their ability to rec-
ognize their current ERE targets. In turn,
the authors observed that L1 elements
descending from ZNF93-blocked L1 had
a deletion within the ZNF93 binding site
in the 5’UTR, which allowed them to
escape repression by the KRAB-ZNF. In
summary, these 2 studies shed a ray of
light on the genetic and epigenetic bases
of the evolutionally dynamic events that
govern interactions between L1 and higher
vertebrates.

Repression of the Already
Suppressed

An intriguing observation is that EREs
keep being repressed by KAP1 long after
losing their retrotransposition potential
through mutations. What are the bases of
this phenomenon? Is it just the vestige of a
now obsolete control mechanism, or
rather due to the need to maintain repres-
sion for reasons unrelated to transposition,
and the manifestation of the progressive
co-option of targeted retroelements?

The production of an intact ORF2
protein by an otherwise defective L1 could
keep promoting the mobilization of non-
autonomous elements or other Lls still
endowed with functional cis-acting
sequences and ORF1 (Fig. 1A). However,
we determined that only 1.5% of KAP1-
bound L1 elements still have an intact
ORF2. Thus, for the vast majority of ret-
rotransposition-defective L1, the risk of
trans-stimulation of other retroelements
does not justify persistent repression, even
though it is conceivable that rare trun-
cated ORF2s retaining a functional endo-
nuclease domain might cause DNA
damage through the generation of DNA
double-strand breaks.””~%?

Less anecdotally, there is a growing rec-
ognition that many cis-acting regulatory
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sequences reside in EREs, and influence
cellular genes expression by acting as pro-
moters, enhancers or  insulators
(Fig. 1B).*® Furthermore, KAP1-medi-
ated epigenetic repression can spread over
tens of kilobases,®® and tethering of the
KAP1 complex to genomic loci during the
early embryonic period can trigger the
methylation of adjacent CpG islands.**
Consistent with these findings, we could
observe the KAP1-dependent silencing in
human ES cells of a reporter construct
containing a KAP1-targeted L1 sequence
upstream of its promoter.5 6 Examining
the transcriptome of murine and human
ES cells, in which depletion of KAPI or a
specific KRAB-ZFP was used to incapaci-
tate the KRAB/KAP1 pathway, more
globally revealed the cis-acting impact of
ERE-nucleated KAP1-mediated repres-
sion. This demonstrated that not only a
wide range of EREs were upregulated, but
also a high number of ERE-close genes,
the transcription of which was stimulated
via either promoter or enhancer
effects.”>*#* However, most of these local
influences stemmed from the de-repres-
sion of ERVs or SVAs, whereas no signifi-
cant association was recorded for L1.°°
How to explain this difference? First, it
could be that KAP1-bound Lls, but not
ERVs and SVAs, lack DNA binding sites
for transcription factors highly active in
ES cells. This hypothesis is consistent with
the stronger upregulation of ERVs and
SVAs, compared with L1, in KAPI-
depleted human and murine ES
cells.’**%¢ Second, L1-residing cis-acting
regulatory sequences that are inert in ES
cells could exert their influence later in
differentiation. By performing KAP1
ChiP-seq analyses in primary CD4+ T
lymphocytes and CD34+ haematopoietic
stem cells, we indeed noted that between
4 and 7% of full-length L1 copies bearing
KAP1 in ES cells remained KAP1-bound
in these other cellular environments
(unpublished). It is tempting to speculate
that these L1 integrants contain tissue-spe-
which
become active when KAP1 is released or
post-translationally modified at these loci
by differentiation-induced signals
(Fig. 1D). Comparing the genetic and

cific enhancers or promoters,

epigenetic features of KAP1-bearing L1

integrants and  of their genomic
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Figure 1. KRAB-ZFP-mediated transcriptional regulation of L1 elements and its long-term impact on the host transcriptional landscape and genome
architecture. Detrimental influences exerted by retrotransposition-defective L1 elements on the host could explain the maintenance of their KAP1-medi-
ated repression (red area): For example, the production of an intact ORF2 protein by an otherwise defective L1 could promote the mobilization of non-
autonomous Alu and SVA elements, as well as other L1s with a mutated ORF2 but endowed with functional 5'UTR and ORF1 (A). In addition, KAP1-medi-
ated control of L1 could be required to avoid transcriptional perturbations induced either in cis via promoter or enhancer effects (B), or in trans by L1-
derived small and long non-coding RNAs (C). Some L1 sequences can undergo positive selection and be co-opted by the host as promoters or enhancers
(green area), which coupled to the tissue-specific expression of KRAB-ZNFs, may serve as a platform for context-specific gene regulation (D).

neighborhood in ES cells and various
somatic cells will constitute a first step
toward addressing this hypothesis.
Moving from a local to a more global
scale, it could be that the KAP1-mediated
control of L1 in ES cells avoids transcrip-
tional perturbations induced in mans by
Ll-driven RNA interference (Fig. 1C).
RNA interference (RNAi) designates a
group of pathways, in which usually short
noncoding RNAs serve as guides to pro-
tein complexes that down-regulate target
genes either by blocking translation, trig-
gering RNA degradation or inhibiting
transcription. Various classes of small
RNAs can be distinguished, including
endogenous small interfering RNAs
(endo-siRNAs), microRNAs (miRNAs)
and PIWI-interacting RNAs (piRNAs).66
The link between RNA interference and

endogenous retroelements is manifold and
bidirectional. First, a significant fraction
of small RNAs, in particular endo-siRNAs
and piRNAs, are produced by transpos-
able elements, suggesting their relevance
in the sequence-based production, recog-
nition and regulation of these transposons.
Notably, the simultaneous activity of L1
sense and antisense promoters leads to
“self-inflicted” L1 control via the genera-
tion of endo-siRNAs.®” Second, in silico
analyses reveal that a subset of mammalian
miRNAs is derived from ancient LINE-
2,% and the production of L1 5UTR-
derived miRNAs has also been demon-
strated.®®’®  Third, it
described that Microprocessor, a nuclear
protein complex involved in miRNA bio-
genesis, can recognize secondary structures
formed within the 5’UTR of L1 mRNAs

was recently
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transcribed from evolutionary older L1
subfamilies.”! Fourth, PIWI-interacting
small RNAs, which are generated from
clusters of transposable elements, have
been implicated in the control of L1 retro-
transposition in human pluripotent stem
cells.”” Finally, EREs have been major
contributors to the generation and diversi-
fication of long noncoding (Inc) RNAs,
another group of RNAs involved in the
regulation of cellular gene e)(prc:ssion.72’73

It is predicted that the recruitment of
KAP1 to L1 elements will repress the
expression of small and long noncoding
RNAs by these transposons, although this
needs to be experimentally verified. The
relevance of this effect, for integrants that
are themselves retrotransposition-incom-
petent, may be in the possible targeting of
other genomic regions by these interfering
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RNAs. This appears to be a distinct possi-
bility, considering that a remarkably
important fraction (17%) of the human
genome is L1-derived, including 1 to 4%
of coding sequences,'® and that, for
instance, a majority of expressed full-
length L1 elements in hES cells are located
within genes.”* Additionally, due to muta-
tions accumulated in these elements over
time, they could produce degenerate
interfering RNAs with off-target effects on
cellular genes. In support of a role for
ERE-derived interfering RNAs in the con-
trol of physiological processes, recent data
indicate that ERE-produced IncRNAs are
key to the maintenance of pluripo-
tency.” 587576 This warrants experiments
aimed at determining whether KAP1 and
specific KRAB-ZNFs regulate the produc-
tion of L1-derived small and long noncod-
ing RNAs, and at identifying the possibly
non-ERE targets of these effectors.

Concluding remarks

Some fifty years
McClintock’s  original ~ description  of
mobile genetic elements,' their promi-

after Barbara

nence in the genetic make up of higher spe-
cies came to light with the first draft of the

10,11 -
Since then, the geno-

human genome.
mics revolution has started unveiling the
formidable intricacy of the relationship
between transposable elements and their
hosts. This relationship is not just an esca-
lating arms race, but rather a subte game
of give-and-take, where hosts are protected
from genomic disasters by restriction
mechanisms, yet these controls are imposed
with enough subtety to preserve the pro-
duction of genetic diversity, and what is
more exploited at times to help domesti-
cate a selected subset of transposons for
adaptive purposes, by using them as plat-
forms for modulating transcription net-
works. Evolutionary biology at its best. . .
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