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Barbara McClintock was the first to suggest that transposons are a source of genome instability and that genotoxic stress assisted
in their mobilization. The generation of double-stranded DNA breaks (DSBs) is a severe form of genotoxic stress that threatens
the integrity of the genome, activates cell cycle checkpoints, and, in some cases, causes cell death. Applying McClintock’s stress
hypothesis to humans, are L1 retrotransposons, the most active autonomous mobile elements in the modern day human genome,
mobilized by DSBs? Here, evidence that transposable elements, particularly retrotransposons, are mobilized by genotoxic stress is
reviewed. In the setting of DSB formation, L1 mobility may be affected by changes in the substrate for L1 integration, the DNA
repair machinery, or the L1 element itself. The review concludes with a discussion of the potential consequences of L1 mobilization
in the setting of genotoxic stress.
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THE CELLULAR RESPONSE TO DNA
DAMAGE IS COMPLEX

There are many chemical agents and natural processes
that have the ability to damage DNA. UV light, X-rays,
chemotherapeutic drugs, cigarette smoke, and even cell divi-
sion have the potential to generate DNA lesions [1]. Depend-
ing on the source of DNA damage, the structure of the DNA
break and its mechanism of repair may be different. Oxida-
tive damage creates DNA double-strand breaks that are re-
paired by nonhomologous end joining [2]. Nucleotide base
damage and dimer formation induced by UV rays during
sun exposure are repaired by base excision repair [3]. Stalled
replication forks in dividing cells are repaired by homologous
recombination [4].

Shortly after the induction of a DSB, complex signaling
pathways are activated [5]. These signaling cascades recruit
DNA repair factors to DSBs, alter transcription, and trigger
cell fate decisions. Significant damage may trigger cell cycle
arrest, or even apoptosis. Various cellular events occurring
secondary to DNA damage may affect L1 retrotransposition.
Because the cellular response to genotoxic stress can vary de-
pending on the type of lesion and cell type, the effects on
L1 retrotransposition could depend on the context of DNA
damage.

MOBILIZATION OF TRANSPOSABLE
ELEMENTS BY DNA DAMAGE

While direct evidence for the activation of L1 retrotranspo-
sition by DNA damage is still sparse, there is a growing body
of data that other mobile elements can be activated by DNA
damage. Barbara McClintock initially observed Ac/Ds ele-
ment transposition in response to chromosomal transloca-
tions [6, 7]. Indeed, some transposable elements, including
P elements in Drosophila and the synthetic Sleeping Beauty
element, appear to be activated by DNA damage and repair
processes [8—10]. Mobilization is not limited to DNA trans-
posons: various forms of DNA damage activate retrotrans-
position of long terminal repeat (LTR) and non-LTR retro-
transposons including Gypsy and I factor in Drosophila and
Tyl in yeast [11-16]. Even closer to home for L1, transcrip-
tion and retrotransposition of Alu elements are increased
when cells are exposed to etoposide, a topoisomerase II in-
hibitor that produces DSBs [17, 18]. This is relevant to L1s
because Alu elements are thought to co-opt L1 proteins for
their mobilization, so increased Alu retrotransposition may
reflect increased L1 mobility [19]. In a genome screen of mice
exposed to gamma irradiation, new SINE and L1 insertions
were detected, but it was unresolved if the frequency of new
insertions was significantly different in irradiated compared
to unirradiated controls [20].
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FIGURE 1: DNA damage can affect multiple stages of the L1 life cycle. (1) Transcription of the L1 element is controlled by epigenetic factors
and transcription factors. (2) L1 RNA is exported to the cytoplasm, where its copy number influences retrotransposition frequency. (3)
Translation of ORF1 and ORF2 proteins. (4) L1 protein and mRNA are imported into the nucleus, where ORF2 endonuclease creates a DNA
double-strand break. Induced breaks may be able to serve as alternative substrates for insertion. (5) ORF2 reverse transcribes a cDNA copy of
L1 at the insertion site. Host factors are thought to inhibit or assist in resolution of the insertion. The dark square represents the cell nucleus,

and the lighter surrounding square represents the cytoplasm.

OVERVIEW OF THE L1 LIFECYCLE

The L1 lifecycle provides ample opportunities for regulation
by its host cell (Figure 1). A full-length RNA encoding the
ORF1 and ORF2 proteins is transcribed from a retrotrans-
position-competent L1. L1 mRNA is exported to the cy-
toplasm where its encoded ORF1 and ORF2 proteins are
translated. This protein-RNA complex returns to the nu-
cleus, where the endonuclease domain of ORF2 nicks the tar-
get site. The reverse transcriptase domain of ORF2 creates a
cDNA copy using the target site’s 5" overhang as a primer.
Subsequent displacement of the mRNA by a complementary
strand of cDNA and ligation of the breaks are thought to re-
quire host machinery.

Any or all steps in the retrotransposition process could be
affected by the cellular response to DNA damage. This review
will focus on (1) alterations in the activity of the L1 element,
primarily by regulation of L1 transcription; (2) alterations in
L1 entry into the genome, with emphasis on insertion into
pre-existing DSBs, and (3) alterations in cellular factors in
response to DNA damage, in particular DNA repair machin-
ery and its effect on L1 retrotransposition.

ALTERED ACTIVITY OF L1s IN THE
SETTING OF DNA DAMAGE

The division of potential causes of L1 mobilization in the set-
ting of DNA damage into L1-intrinsic versus extrinsic factors
is admittedly an arbitrary one. It is unlikely that an “element
intrinsic” property such as the level of L1 RNA or protein
is altered without concomitant alterations in cellular factors
that influence L1. This section is focused on L1 RNA not be-
cause RNA is necessarily the most likely point of regulation
(although it is a reasonable target, as discussed below), but
because there are more abundant data pointing to a poten-
tial role for regulation of L1 RNA in the context of genotoxic
stress.

Altering L1 RNA may well alter the abundance of L1
proteins or ribonucleoproteins. Consistent with this idea,
cells treated with etoposide exhibited increased Alu RNA,
increased reverse transcriptase activity and increased retro-
transposition [17, 18]. On the other hand, the expression of
some proteins is not directly correlated with element RNA
levels. For example, the TyAl protein of the Tyl LTR retro-
transposon in yeast did not accumulate following exposure
to gamma irradiation, whereas mRNA copy number and
retrotransposition frequency did increase [15].

The notion that RNA or protein levels correlate with
retrotransposition frequency, while direct, may be too sim-
plistic and ignores other, more subtle forms of regulation.
For example, the compartmentalization of L1 proteins may
be affected by DNA damage. When tagged ORF1 and ORF2
proteins are expressed individually or together from a virus,
they localize to the nucleolus [21]. This effect has also been
seen in yeast retroelements, where a protein tagged with the
Ty3 retrotransposon integrase domain is targeted to the nu-
cleolus [22]. As Goodier and colleagues point out, L1 could
traffic through the nucleolus; this idea is supported by the
presence of chimeric transcripts of L1s fused to small RNA
species such as U6, U3, U5, and 5S (reviewed in [21]). In the
setting of DNA damage, nucleolar protein trafficking path-
ways are altered (reviewed in [23]). For example, PML and
Mdm?2 are sequestered in the nucleolus following DNA dam-
age [24]. The sequestration of Mdm?2 results in enhanced p53
stability [24]. Trafficking of L1 through the nucleolus there-
fore may be altered in the setting of genotoxic stress and rep-
resents a potential pathway for regulating L1 mobility.

L1 RNA LEVELS AND GENOTOXIC STRESS

Several lines of evidence suggest that L1 RNA abundance
is critical and rate-limiting for L1 retrotransposition. L1
RNA is required for retrotransposition, not only because it
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encodes the machinery needed for L1 to retrotranspose, but
because the RNA itself serves as a replication intermediate
(Figure 1). That L1 transcript abundance is rate-limiting for
retrotransposition is suggested by studies in cultured cells
with tagged L1 elements showing that decreased L1 mRNA
levels result in reduced retrotransposition [25]. Conversely,
increased L1 RNA levels have been observed for highly ac-
tive L1 elements [26]. Furthermore, the correlation between
RNA levels and retrotransposition frequency is not unique to
L1 retrotransposons: Tyl elements in yeast appear to retro-
transpose in direct proportion to the amount of Tyl mRNA
(15,27, 28].

Given that RNA is important for L1 mobility, does DNA
damage influence L1 transcript abundance? To our knowl-
edge, there are no published data that compare L1 RNA lev-
els in irradiated and unirradiated cells. However, there is ev-
idence that RNA levels of other retrotransposons are influ-
enced by DNA damage. For example, gamma radiation has
been shown to increase Tyl RNA in yeast [15] and IAP RNA
in murine myeloid cells [29]. Furthermore, murine and hu-
man cell lines expressing the Bcl-2 survival gene exhibit an
increase in endogenous Alu mRNA levels following exposure
to gamma radiation, UV, etoposide, and cisplatin [17].

Since the induction of DNA damage has an extensive ef-
fect on the transcriptional profile of a cell [30], it is plau-
sible that L1 RNA levels are differentially regulated follow-
ing gamma radiation. One way to regulate L1 expression fol-
lowing DNA damage is to alter transcription factor levels
or binding activity. The 5"UTR of the L1 contains an inter-
nal promoter element [31-33] with putative binding sites for
SRY family members [34], YY1 [35], and RUNX3 [25]. DNA
damage could modulate L1 activity by acting through factors
that bind these sites.

Binding of the SRY family member, SOX11, to the L1
5'UTR was shown to increase L1 retrotransposition, pro-
moter activity, and RNA copy number [34]. More recently,
binding of SOX2 has been shown to inhibit L1 promoter ac-
tivity in rat hippocampal neuronal stem cells [36]. SOX2 and
SOX11 possess high-mobility group domains, which have
been shown to bind to cisplatin-DNA adducts [37]. If SRY
family members are differentially recruited to the sites of
DNA damage, then this could alter the profile of transcrip-
tion factors at the L1 5"UTR.

Another L1 transcription factor that may be affected
by DNA damage is the ubiquitous YinYangl (YY1) factor.
YY1 is thought to facilitate the production of full-length L1
mRNAs [38]. In response to exposure to methyl-N-nitro-
N-nitrosoguanidine, YY1 was polyADP-ribosylated in HeLa
cells, decreasing its ability to bind its consensus target se-
quences [39]. YY1 has also been shown to be a negative regu-
lator of p53 activation under conditions of genomic stress in
primary and cancer cell lines [40]. This is interesting given
that L1 activity is itself thought to be a genomic stressor
that induces apoptosis using a p53-dependent mechanism
[41]. Under conditions of DNA damage, YY1 could therefore
have opposing effects on the retrotransposition frequency:
decreased YY1 binding could result in fewer full-length L1

transcripts while YY1’s effects on p53 might enhance the sur-
vival of cells that harbor new L1 insertions.

As is discussed elsewhere in this issue, L1 RNA levels can
also be influenced by epigenetic regulation. Focusing here on
CpG methylation as a mode of transcriptional silencing of
L1s, negative regulation of L1 retrotransposition by this form
of “methylation defense” predicts that L1s are methylated
and that demethylation derepresses Lls. Consistent with
methylation defense, the L1 5"UTR has been shown to un-
dergo methylation and methylation has a negative effect on
L1 promoter activity [42] and retrotransposition using a cul-
tured cell assay [43]. This effect may be mediated by methyl-
CpG-binding protein 2 (MeCP2), which inhibits retrotrans-
position in the cultured cell assay [44]. Oxidative damage has
been shown to decrease the affinity of MeCP2 for damaged
methylated DNA [45]. DNA damage near an L1 element may
therefore release it from negative regulation.

DNA damage may also play a role in regulating global
methylation of genomic Lls. Gamma radiation has been
shown to induce hypomethylation in cell lines [46] and in
mouse livers, and spleens [47]. One potential mechanism for
hypomethylation in the setting of irradiation is an alteration
in the folate pool. Gamma radiation has been shown to re-
duce the activity of the enzyme methylenetetrahydrofolate
reductase in the livers of mice [48]. A polymorphism asso-
ciated with reduced activity of this enzyme has been linked
to hypomethylation and gastric cancer susceptibility in hu-
mans [49]. Another possibility is that irradiation influences
the expression of DNA methyltransferases. Hypomethyla-
tion in transformed cell lines has been associated with de-
creased expression of the DNA methyltransferases DNMT1,
DNMT3a, and DNMT3b [50] and mobilization of retro-
transposons has been linked to methyltransferase deficiency.
For example, methylation of the LTR retrotransposon IAP is
diminished and transcription is activated in DnmtI deficient
mouse embryos [51]. Mouse knockouts of Dnmt3L demethy-
late genomic L1 insertions and exhibit greatly increased lev-
els of L1 mRNA in their germ cells [52]. If by either or both
mechanisms widespread demethylation occurs, L1s could be
globally activated following DNA damage.

ALTERED L1 ENTRY INTO THE GENOME
DURING DNA DAMAGE

Insertion of an L1 copy into the genome necessitates the
creation and repair of broken DNA. Based on the ele-
gant work from Tom Eickbush’s group on the non-LTR
retrotransposon R2Bm and recent findings using an in
vitro L1 system, the L1 endonuclease is believed to nick
DNA in a staggered fashion creating overhanging single-
stranded DNA ([53-55]. After L1 integration, the DNA
ends are sealed and filled in, forming the target site du-
plications that flank a typical L1 insertion (steps 4 and 5,
Figure 1). On the other hand, what happens to L1 integra-
tion if a cell is subjected to DNA damage (Figure 2)? The
presence of broken DNA may allow L1 to integrate into
preformed breaks in an endonuclease-independent fashion
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FIGURE 2: Potential ways in which DNA damage could influence L1 retrotransposition. (a) Endonuclease-dependent insertion under normal
conditions. The L1 endonuclease () makes staggered nicks at the target site, creating 3’ overhangs. Filling in generates 7-20 base pair target
site duplications (=) flanking the insertion. (b) Endonuclease-independent insertion at the site of a double-strand break. The preexisting
double-strand break shown here lacks staggered nicks or overhangs. L1 entry into this site would therefore also lack target site duplications.
Genomic deletions may occur due to processing by cellular DNA repair processes (). (c) Endonuclease-dependent insertion potentiated
by DNA damage. DNA damage may upregulate cellular cofactors of reverse transcription and integration (@). Insertion via pathway c is

endonuclease-dependent, but occurs at an increased efficiency.

(Figure 2(b)). Alternatively or in addition, enzymes used by
the cell to repair damaged DNA may aid (or inhibit) L1 retro-
transposition (Figure 2(c)).

Retrotransposons can use artificially induced DNA
breaks as substrates for insertion. Yeast with deficiencies in
homologous recombination machinery occasionally capture
Tyl cDNA during repair of breaks introduced at the MAT
locus [56, 57]. Using a plasmid-based assay in which DNA
breaks repaired by captured cDNA are selectively recovered,
Yu and Gabriel found that 21 out of 37 captured sequences
were derived from Tyl elements [58]. Furthermore, in mouse
cells both LTR retrotransposons and SINE elements were able
to repair a break induced by the restriction enzyme I-Scel
[59].

Collectively, these studies indicate that retrotransposons
can integrate into broken DNA. But does this happen fre-
quently? The previously described experiments used genetic
screens to look for what may have been rare events. Un-
der the conditions of the cell culture L1 retrotransposition
assay, mutation of the L1 endonuclease active site reduced
the retrotransposition frequency to ~ 1% of wild-type lev-
els [60]. This result suggests that L1 usually uses its own
endonuclease to gain entry into the genome. However, in
the setting of DNA repair enzyme deficiency (DNA-PKcs or
XRCC4 deficiency in particular) Lls lacking endonuclease
exhibited greatly increased rates of retrotransposition [61].
L1slacking endonuclease generated genomic insertions in re-
pair deficient cells with atypical structures (including large

deletions at the site of integration), while fully functional L1s
generated fewer of these “atypical” insertions [61-64].

CELLULAR COFACTORS AND INHIBITORS OF
RETROTRANSPOSITION

Cellular proteins involved in the response to DNA damage,
particularly those of the nonhomologous end joining cascade
(NHE]J), may act as cofactors or inhibitors of retrotransposi-
tion. Transcription of NHEJ factors including Ku70 and its
partner Ku80 are up-regulated following exposure to gamma
radiation [65]. Furthermore, many of these repair factors
colocalize at the sites of double-strand breaks [66] and have
altered bioavailability following DNA damage [67]. There-
fore it seems reasonable to propose that modulation and al-
tered subcellular distribution of DNA repair enzymes in the
setting of genotoxic stress could influence L1 retrotransposi-
tion.

The contribution of DNA repair factors to the mobi-
lization of DNA transposons has been investigated by sev-
eral groups. In Drosophila, the P element transposase pos-
sesses putative phosphorylation sites for the ataxia telangec-
tasia mutation protein (ATM), a master control kinase of the
DNA damage response [68]. Mutation of specific ATM sites
increased or in some cases decreased excision of these ele-
ments. The DNA repair protein Ku70 and the Bloom heli-
case, both downstream of ATM [69, 70], have been shown
to be important for repair of P element excision sites [71].
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Ku70 is also important for repair of Sleeping Beauty excision
in mammalian cells [9]. In a survey of multiple repair fac-
tors, deficiencies in the NHE] factors Ku80, DNA-PKcs, and
XRCC4 and the homologous recombination factors Rad51C
and XRCC3 decreased Sleeping Beauty mobility in mam-
malian cells [10]. Reconstitution of the knockout reversed
the phenotype, and even increased transposition above wild-
type levels for DNA-PKcs [10].

DNA repair factors also influence the mobility of retro-
transposons. A mutagenesis screen for inhibitors of Tyl
retrotransposition revealed genes that help maintain ge-
nomic integrity including telomerase, a yeast homologue of
Bloom, and components of the NBS complex [72]. Rad3
and Ssl2, helicases involved in nucleotide excision repair,
appear to inhibit Tyl retrotransposition post-translationally
[73]. Potential cofactors for Tyl retrotransposition are the
Ku repair factors. Ku70 protein coprecipitates with Tyl
cDNA, cofractionates with Tyl retrotransposition interme-
diates, and deficiency in both Ku70 and Ku80 dramatically
decreases retrotransposition [74].

There is also evidence linking NHE]J machinery to the
regulation of Lls. Ku70/80 binding sites have been iden-
tified in murine Lls: Lls make up 19% of the mouse
genome, but account for 26% of the Ku70/80 binding sites
[75]. Cell lines deficient in DNA-PKcs permit lower rates
of endonuclease-dependent L1 retrotransposition than their
wild-type parentals, while XRCC4 mutants permit higher
rates of L1 retrotransposition [61]. Repair enzyme deficiency
could affect L1 retrotransposition via multiple pathways. In-
creased persistence of unrepaired double-strand breaks could
serve as substrates for insertion and increase endonuclease-
independent insertion (Figure 2(b)). On the other hand, a
dearth of DNA repair enzymes might hinder the resolution
of L1 insertions. The loss or altered availability of inhibitors
could, conversely, promote retrotransposition.

POTENTIAL CONSEQUENCES OF L1 ACTIVATION
DURING GENOTOXIC STRESS

Increased retrotransposition in the setting of genetic dam-
age could have a beneficial effect on the cell: L1 insertion
into the site of a DSB could form a bridge between chromo-
some fragments, sealing an otherwise irreparable break [76].
Consistent with this idea, activity of the L1-like NLI1Tc ele-
ment resulted in decreased unrepaired DNA breaks and en-
hanced survival of Trypanosoma cruzi exposed to daunoru-
bicin [77]. Moreover, retrotransposons may have been co-
opted over the course of evolution to play a role in special-
ized DNA repair functions. An example of this is the prefer-
ential insertion into and maintenance of telomere ends. Mo-
bile elements with an insertion site preference for telomere or
subtelomeric regions have been identified in Saccharomyces
cerevisiae, Chlorella vulgaris, Bombyx mori, Allium cepa, and
Giardia lamblia [78-82]. In Drosophila, the non-LTR retro-
transposons HeT-A and TART not only preferentially in-
sert at chromosome ends, but play a direct role in telomere
maintenance [83-85]. In other animals including humans,
telomere maintenance relies on telomerase and DNA repair

molecules such as WRN and Artemis [86, 87]. Evidence from
Caenorhabditis elegans (mut7) and mammals (Artemis), in-
dicates that deficiencies of these enzymes can mobilize trans-
posable elements [88], (E.A. Farkash and E.T. Luning Park,
unpublished data). Enhanced mobility, coupled with oppor-
tunity may cause mobile elements to assist with telomere
maintenance under conditions of genotoxic stress.

On the other hand, with the exception of HeT-A and
TART in Drosophila, preferential insertion into chromosome
ends does not necessarily translate into a beneficial function
for the element. Insertion into telomeres could be less dis-
ruptive than inserting elsewhere, giving elements with this
insertion site preference a proliferative advantage. If, as is
widely presumed, L1 integration is random, then increasing
its mobility will most likely have neutral or negative conse-
quences for the host cell. Even simply upregulating the L1
endonuclease in the absence of successful integration could
be toxic to the cell by promoting the formation of additional
DSBs, fostering chromosomal rearrangements, and translo-
cations. The consequences of L1 integration into preformed
DNA breaks in the setting of genotoxic stress could be severe
in that such insertions may be more likely to be accompa-
nied by large deletions [61]. In this regard it is worth noting
that pathogenic insertions in chimpanzees and humans have
been associated with large deletions [89]. A meta-analysis
of human pathogenic insertions found 6 out of 48 (12.5%)
were associated with large deletions, compared to 5 out of
145 (3.4%) polymorphic genomic insertions [90] and 6 out
of 100 insertions characterized in a cell-culture-based retro-
transposition assay [64]. Severe DNA damage can result in
cell cycle arrest and apoptosis [91]. Both cell cycle arrest and
apoptosis have been seen to accompany retrotransposition
in severely stressed cells [28, 41]. Retrotransposition in a cell
with damaged DNA could be its final undoing. The poten-
tial lethality of genotoxic stress may help to account for the
paucity of endonuclease-independent insertions among L1s
present in the human genome.
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