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Long interspersed element 1 (LINE-1) is the only protein-
coding transposon that is active in humans. LINE-1 prop-
agates in the genome using RNA intermediates via retro-
transposition. This activity has resulted in LINE-1
sequences occupying approximately one-fifth of our ge-
nome. Although most copies of LINE-1 are immobile,
~100 copies are retrotransposition-competent. Retro-
transposition is normally limited via epigenetic silencing,
DNA repair, and other host defense mechanisms. In con-
trast, LINE-1 overexpression and retrotransposition are
hallmarks of cancers. Here, we review mechanisms of
LINE-1 regulation and how LINE-1 may promote genetic
heterogeneity in tumors. Finally, we discuss therapeutic
strategies to exploit LINE-1 biology in cancers.

Barbara McClintock’s discovery of transposable ele-
ments (TEs; DNA sequences that can mobilize from one
genomic location to another) in maize (McClintock
1950) provided a foundation for understanding genome
composition and the dynamic nature of DNA across taxa.

Since this discovery, we have recognized that much of
the content of eukaryotic genomes, including the human
genome, is composed of interspersed repeats derived from
TE activity (Britten and Kohne 1968; Smit 1996; Lander
et al. 2001). Retrotransposons, which mobilize via RNA
intermediates, are the major class of interspersed repeats
in humans. Although most retrotransposons are incapable
of mobilization in humans, subfamilies of LINE-1 (L1PA1
and L1PA2) are still active for retrotransposition and
hence are a potential source of heritable genetic variation,
somatic mosaicism, and genome instability via germline
and somatic activity (Boissinot et al. 2000; Beck et al.
2010; Huang et al. 2010; Iskow et al. 2010).
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In 1988, physician scientists discovered LINE-1 inser-
tional mutations in the blood-clotting gene factor VIII in
two unrelated individuals with hemophilia, providing
the foundation that LINE-1 is an active mobile element
in humans (Kazazian et al. 1988). In the 35 yr since this
landmark discovery, >100 LINE-1-mediated insertional
mutations resulting from germline retrotransposition
have been shown to cause human genetic diseases
(Hancks and Kazazian 2016). In each example, LINE-1 ac-
tivity inserted a retrotransposon sequence at a critical
gene sequence and caused a loss-of-function allele.

Shortly after LINE-1 insertional mutagenesis was recog-
nized as a cause of constitutional genetic disease, somatic
retrotransposition was discovered as a driver of tumori-
genesis. Investigators evaluating the adenomatous polyp-
osis coli (APC) locus in 150 individuals with colon cancer
found a somatic LINE-1 insertion that disrupted the tu-
mor suppressor gene in the malignant cells of an individ-
ual (Miki et al. 1992). Since this report, others have
corroborated that LINE-1 retrotransposition is an uncom-
mon though recurrent mechanism of APC loss in colon
cancer (Scott et al. 2016; Cajuso et al. 2019).

Recently, other reports and studies from large cancer ge-
nome consortia have highlighted how pervasive somatic
retrotransposition is across many distinct types of cancers
(Lee et al. 2012; Helman et al. 2014; Tubio et al. 2014; Ro-
driguez-Martin et al. 2020), indicating that mutagenesis
by retrotransposition is a hallmark of malignancies. While
initially the field anticipated that insertions might more
commonly “drive” cancers as insertional mutagens, this
seems not to be the rule. Interest now is shifting toward
understanding the influence of LINE-1 and retrotranspo-
sons on cancer biology, including whether their dysregu-
lation or associated DNA damage may contribute to
cancer initiation and evolution and whether this biology
could be exploited for therapeutic opportunities. Here,
we provide an orientation to LINE-1 biology in cancers
with an emphasis on these emerging topics.
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Overview of non-LTR retrotransposons in humans

TEs are classified as DNA transposons or retrotranspo-
sons (Wicker et al. 2007; Bourque et al. 2018). DNA trans-
posons (3% of the human genome) mobilize by excising as
DNA fragments and relocating in the genome (Fig. 1A;
Hoyt et al. 2022). These transposons are no longer active
in humans; however, some of their sequences have been
“domesticated” as genes for host function (Joly-Lopez
and Bureau 2018). For example, recombination-activating
genes (RAGs) involved in V(D] recombination were do-
mesticated from the Transib DNA transposon (Agrawal
etal. 1998; Roth and Craig 1998; Huang et al. 2016). Other
domesticated genes in humans include CENPB, THAP9,
and PGBD5 (Smit and Riggs 1996; Majumdar et al. 2013;
Henssen et al. 2015; Jangam et al. 2017).

In contrast, retrotransposons mobilize by making
cDNA copies of their transcribed RNAs and inserting
these into the genome, which is a process called retro-
transposition (Fig. 1; Burns 2017). Retrotransposons can
be further classified in several ways. One type includes
long terminal repeat (LTR) retrotransposons (8%) that
are derived from past retrovirus infections in the germline
and hence are also called endogenous retroviruses (ERVs)
(Dewannieux et al. 2006; Hoyt et al. 2022). Like DNA
transposons, there are no known propagating ERVs active
in humans, although there are ERV copies in the genome
that are transcriptionally active with partially intact pro-
tein-coding open reading frames (ORFs; gag, pol, or env)
(Bannert and Kurth 2006). Another type is non-LTR retro-
transposons (Fig. 1A), which include elements that encode
their own proteins for retrotransposition, such as LINE-1
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(17%), or that exploit LINE-1 proteins for retrotransposi-
tion, such as short interspersed elements (SINEs); e.g.,
Alu (10%) and SINE-VNTR-Alu composite elements
(SVAs; 0.15%) (Payer and Burns 2019; Hoyt et al. 2022.).
Hence, all ongoing retrotransposition in humans is attrib-
utable to LINE-1 and its proteins.

An active LINE-1 unit and its retrotransposition life cycle

Our current estimate is that we each inherit a comple-
ment of 100 copies of LINE-1 (L1PA1 and L1PA2) that
are retrotransposition-competent (Brouha et al. 2003;
Beck et al. 2010). The rest of the LINE-1 copies in our
genome are inactive commonly due to incomplete inser-
tions resulting from 5’ truncations or acquired mutations
(Beck et al. 2011). An intact functional LINE-1 copy in hu-
mans is 6 kb, and its sequence structure contains a 5’ un-
translated region (UTR), two open reading frames (ORF1
and ORF2) separated by a short 63-bp sequence, and a 3’
UTR with a polyadenylation (polyA) signal (Fig. 1A; Dom-
broski et al. 1991).

The retrotransposition cycle of LINE-1 begins with its
transcription by RNA polymerase II, which is regulated
by the internal promoter in the 5 UTR (Fig. 1B). The bicis-
tronic LINE-1 transcript is 5'-capped, 3’-polyadenylated,
and exported to the cytosol for translation of ORF1p and
ORF2p, both of which are essential for propagation of
the element. ORFlp is a 40-kDa RNA binding protein
that forms homotrimers that chaperone LINE-1 RNA
(Martin et al. 2003, 2005; Khazina et al. 2011). ORF2p is
a 150-kDa protein with endonuclease (EN) and reverse

New LINE-1 Copy
RNA Pol Il

DNA Damage,
Genome Instability
YOG SONOR
Derepression, X
Transcription /
5 Cap /NSNS \ph Q ) NUCLEUS
LINE-1 RNA ¢ A
Target-Primed Reverse P
CYTOSOL Transcription ‘.
. Nuclear @
Translation Enty @
LINE-1 Y
o

NN RPlomaten SN

N
v oo Agaregates OO
P4 S
o ORF2p . .}\.

e o alh @'
o ¢© Py Rm Alu N9 oa ¢

ORF1p ‘. in Trans

SVA /@77

Figure 1. Retrotransposons in the human genome. (A) Shown are the sequence structures of transposable elements and their composition

in the human genome. The LINE-1 retrotransposon encodes two proteins required for mobilization: ORF1p contains RNA binding prop-
erties, and ORF2p contains endonuclease (EN) and reverse transcriptase (RT) activities. Alu elements and SVAs are non-protein-coding
retrotransposons and rely on LINE-1-encoded proteins for retrotransposition. Endogenous retroviruses (ERVs) and DNA transposons
are no longer mobile in humans. However, our genome contains ERV copies that are transcriptionally active with partially intact open
reading frames. (B) Shown is a diagram of the life cycle of LINE-1. In somatic cells, a full-length copy of LINE-1 escapes epigenetic silencing
and is transcribed by RNA polymerase II. The LINE-1 RNA is translated into ORF1p and ORF2p, which together form ribonucleoproteins
(RNPs) in cis. LINE-1-encoded proteins can also form RNPs in trans with other transcripts, including Alu elements and SVAs. LINE-1
RNPs are commonly found in cytosolic aggregates, which are poorly characterized. Once RNPs access the nucleus, LINE-1 retrotranspo-
sition is initiated by ORF2p via target-primed reverse transcription to generate a new copy of the element in the genome. Alternatively,
LINE-1 retrotransposition can be a source of DNA damage and genome instability.
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transcriptase (RT) activities and a strong cis preference
for the polyA of the LINE-1 transcript that encodes it
(Mathias et al. 1991; Feng et al. 1996, Wei et al. 2001;
Doucet et al. 2015). Together, ORF1p trimers and ORF2p
with the LINE-1 RNA form a functional ribonucleopro-
tein (RNP) that need to access the nucleus for retrotrans-
position (Kulpa and Moran 2006; Taylor et al. 2013). In
addition, the LINE-1 5’ UTR contains antisense promoter
(ASP) activity and a primate-specific third ORF (ORFO0) en-
coding a small protein, ORFOp (Fig. 1A; Speek 2001;
Cruickshanks and Tufarelli 2009; Denli et al. 2015), that
are dispensable for LINE-1 retrotransposition. Interesting-
ly, ORFO contains two splice donor sites, which could gen-
erate ORFO chimeric transcripts with neighboring genes
(Denli et al. 2015).

Mechanistically, canonical LINE-1 retrotransposition
occurs via target-primed reverse transcription (TPRT)
(Fig. 2; Luan et al. 1993; Cost et al. 2002). The working
model involves ORF2p EN generating a DNA nick at a
flexible target sequence (3'-AA/TTTT-5') to liberate a 3’
OH (Feng et al. 1996). This reveals a short stretch of polyT
single-stranded DNA (ssDNA) that can complementarily
bind the polyA of the LINE-1 transcript to form a primer—
template structure (Fig. 2). ORF2p RT can extend from the
3’ OH using the LINE-1 RNA as a template to synthesize
the first stand of LINE-1 ¢cDNA (Fig. 2; Cost et al. 2002).
The ¢cDNA intermediate is then processed into a de
novo LINE-1 copy in the genome flanked by <20-bp target
site duplications (TSDs) (Symer et al. 2002; Beck et al.
2011), completing the life cycle of a LINE-1 unit. Hence,
the genomic “scars” of ORF2p activity include inserted
LINE-1 sequences that terminate with polyA tails, are
found at EN target sequences, and are flanked by short
TSDs (Fig. 2).

The mechanisms for how LINE-1 ¢cDNA intermediates
are resolved into complete, double-stranded insertions re-
main elusive and may require host DNA repair factors. For
example, the LINE-1 RNA template needs to be displaced
or degraded from a presumed LINE-1 RNA:cDNA inter-

mediate likely by host factors, since ORF2p lacks RNase
H activity (Fig. 2; Mathias et al. 1991; Malik et al. 1999).
In addition, the formation of TSDs suggests that a second
DNA nick is generated by ORF2p EN or host factors in the
top strand DNA downstream proximal to the initial DNA
nick at the EN target sequence when it is located at the
bottom strand DNA to form staggered DNA nicks, which
is likely a mechanism that can lead to short TSDs flanking
the inserted sequence (Fig. 2). The mechanism of second
strand LINE-1 ¢cDNA synthesis is unknown, although
ORF2p RT may mediate this step (Fig. 2). The remaining
steps are unclear but may involve the joining of the 5’
end of a double-stranded LINE-1 c¢cDNA to genomic
DNA to resolve the insertion (Fig. 2). The 5’ junctions of
resolved LINE-1 insertions sometimes contain nontem-
plated nucleotides (Symer et al. 2002; Kojima 2010), but
how these are generated or used in the resolution of the in-
sertion is unknown. Finally, the role of ORFlp during
TPRT remains unknown, although its function in the
LINE-1 life cycle may be limited to the cytosol. Biochem-
ical reconstitution of LINE-1 retrotransposition has the
potential to elucidate these processes, including address-
ing the contribution of ORFlp, ORF2p, or host DNA re-
pair factors in each step of TPRT.

Noncoding parasites of the LINE-1 retrotransposition
machinery

Although LINE-1-encoded ORF2p has cis preference for
reverse-transcribing the RNA encoding it (Wei et al.
2001), non-protein-coding retrotransposons can hijack
LINE-1 proteins for amplification in the human genome
(Fig. 1). These include Alu elements, which are the most
successful retrotransposons in humans, having generated
>1 million germline copies (Batzer and Deininger 2002;
Dewannieux et al. 2003). Alu elements are ~280 bp in
length and are composed of two related monomer se-
quences derived from the 7SL RNA of the signal recogni-
tion particle (SRP) (Fig. 1A). Alu elements contain an
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Figure 2. Mechanism of LINE-1 target-primed reverse transcription (TPRT). Shown is a working model for canonical LINE-1 retrotrans-
position via TPRT. ORF2p EN initiates TPRT by nicking DNA at a relaxed target site (3’-AA/TTTT-5') to liberate a3’ OH at a short stretch
of polyT, which binds the polyA tail of LINE-1 RNA to form a primer-template structure. ORF2p RT can then extend from the 3’ OH to
generate LINE-1 ¢cDNA using LINE-1 RNA as a template, resulting in a presumed LINE-1 RNA/cDNA hybrid intermediate. The subse-
quent steps of LINE-1 retrotransposition are poorly understood but may include the displacement or degradation of the LINE-1 RNA tem-
plate, the cleavage of the second strand DNA, the synthesis of the second strand DNA, and the joining of the 5’ end of a double-stranded
c¢DNA intermediate to genomic DNA. New copies of LINE-1 in the genome are characterized by signature features: They are enriched at
EN target sequences, contain polyA tails in their 3’ end, and are flanked by short target site duplications (TSDs).
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internal promoter (A box and B box) in the left monomer
for transcription initiation mediated by RNA polymerase
I but lack a terminator sequence and instead use down-
stream T-rich genomic DNA for transcription termina-
tion. The 3’ end of an Alu sequence also contains a long
A-rich region, which is required for Alu RNAs to associate
with ORF2p in trans (Doucet et al. 2015). RNP formation
is likely mediated via the interaction of Alu transcripts
with SRP9-14 proteins at the ribosome that together stall
ORF2p translation in close proximity to Alu RNAs (Wei-
chenrieder et al. 2000). In contrast to ORF2p, ORFlp is
dispensable for Alu retrotransposition (Dewannieux
et al. 2003).

SVAs are the youngest family of retrotransposons in hu-
mans, with ~2700 copies in the genome (Ono et al. 1987;
Hancks and Kazazian 2010). SVAs are a composite ele-
ment of five repeats: a hexamer repeat [[CCCTCT)n],
two antisense Alu-like fragments, a variable number tan-
dem repeat (VNTR), a SINE derived from the LTR of an
ERV (HERV-K10), and a polyA signal (Fig. 1A; Hancks
and Kazazian 2010). The full-length size of SVAs can
vary drastically due to their VNTRs, ranging from 50 bp
to 2 kb, although most SVAs are 2 kb long (Wang et al.
2005; Chu et al. 2023). Transcription of SVAs is poorly un-
derstood but appears to be RNA polymerase II-dependent.
In contrast to Alu elements, retrotransposition of SVAs re-
quires both ORF1p and ORF2p (Hancks et al. 2011).

Gene transcripts (mRNAs) can also be reverse-tran-
scribed by ORF2p, a process that has generated ~8000 pro-
cessed pseudogenes (retrocopies) in our genome (Esnault
et al. 2000). Importantly, these retrocopies lack promot-
ers, and hence most are not transcriptionally active. Final-
ly, U6 ribosomal RNA sequences are infrequently reverse-
transcribed by LINE-1 proteins in the form of U6-3'L1 chi-
meras (Buzdin et al. 2002; Moldovan et al. 2019). Like
LINE-1 insertions, inserted sequences derived from ca-
nonical ORF2p activity terminate with polyA tails, are
found at EN cleavage sequences in the genome, and are
flanked by short TSDs (Fig. 2).
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Regulation of LINE-1 retrotransposition in somatic cells
Epigenetic repression of LINE-1

Human cells have evolved several defenses to restrain
LINE-1 retrotransposition, including multiple related epi-
genetic silencing mechanisms (Fig. 3A). These include
DNA cytosine methylation and repressive histone modifi-
cations, which are established in the germline and in early
development and are maintained in somatic cells via
PIWI-interacting RNAs (piRNAs), DNA methyltransfer-
ases (DNMTs), and multiple protein complexes, including
Kruppel-associated box (KRAB) domain-containing zinc
finger proteins (KZFPs)/KAP1 and the human silencing
hub (HUSH) complex (Fig. 3A; Castro-Diaz et al. 2014;
Jacobs et al. 2014; Newkirk et al. 2017; Robbez-Masson
et al. 2018). In somatic cells, DNA methylation is found
at CpG islands of the 5 UTR of LINE-1 copies (Woodcock
et al. 1997). However, such LINE-1 methylation is found
compromised in human cancers with global DNA hypo-
methylation and is associated with ORFlp expression
and somatic retrotransposition (Chalitchagorn et al.
2004; Estécio et al. 2007; Rodi¢ et al. 2014; Ardeljan
et al. 2017}, supporting that DNA methylation suppresses
LINE-1. Indeed, DNA-hypomethylating agents in cul-
tured cells induce LINE-1 expression (Yang et al. 2004;
de Cubas et al. 2020; Sato et al. 2023). In some cases,
loss of methylation at a specific LINE-1 locus helped to
identify it as the “source element” responsible for a
somatic retrotransposition event (Scott et al. 2016;
Nguyen et al. 2018). However, this type of locus-specific
analysis is not commonplace due to technical challenges
that make it difficult to relate a de novo insertion found
with short read sequencing to a specific source element.
As aresult, we do not have a comprehensive census of ac-
tive LINE-1 loci in cancers.

Our understanding of epigenetic variation of individual
LINE-1 loci across human tissues is limited: the precise
promoter sequence and CpG content of each inherited
L1 allele, its DNA methylation state in each cell type,

Figure 3. Epigenetic silencing of LINE-1.
(A) Multiple protein complexes, including
KAPI1 and HUSH, function in concert to de-
posit repressive marks at LINE-1 sequenc-
es, such as DNA methylation via DNMTs
or H3K9 trimethylation via SETDBI. (B)
Shown is a working model for how epigen-
o etic variation (e.g., alterations in DNA me-
o VO thylation patterns) of individual LINE-1
sequences across somatic cell types influ-
ences ORF1p expression and somatic retro-
transposition in human tissues.
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and the associated pattern of expression of the element
(Fig. 3B). Genome-wide analysis of LINE-1 methylation
not only would identify source elements responsible for
somatic retrotransposition but would also indicate influ-
ences of LINE-1 methylation on genome function, such
as neighboring gene expression, regional chromatin states,
and three-dimensional genome organization. Testing
these relationships might then be possible using CRISPR
activation and interference systems to manipulate meth-
ylation at individual LINE-1 loci to directly probe its con-
sequences. Future studies addressing the epigenetic
variation of LINE-1 loci may be particularly significant
in the context of human malignancies with epigenetic
dysregulation and in Mendelian diseases caused by muta-
tions in epigenetic “writer,” “eraser,” and “reader” genes
and chromatin remodelers (Baylin and Jones 2016).

In addition to DNA methylation, recent studies identi-
fied that the HUSH complex, which is a heterotrimer
composed of MPP8, TASOR, and periphilin, silences
LINE-1 elements via recruitment of the histone methyl-
transferase SETDBI1 for deposition of repressive histone
H3K9 trimethylation (Fig. 3A; Liu et al. 2018; Robbez-
Masson et al. 2018; Tunbak et al. 2020). In normal cells,
the HUSH complex is proposed to selectively silence
LINE-1 copies via the detection of long, intronless tran-
scription units in the genome, which are distinct charac-
teristics of evolutionarily young LINE-1 elements
(Seczynska et al. 2022; Seczynska and Lehner 2023). In hu-
man cancers, compromised HUSH-mediated heterochro-
matinization, potentially due to down-regulation of
MPP8, may contribute to the activation of LINE-1 expres-
sion (Tunbak et al. 2020). Importantly, the HUSH com-
plex also targets transgenes for silencing. Thus, it is
critical that investigations into HUSH functions in differ-
ent cell type and disease contexts include analyses of en-
dogenous LINE-1 loci in addition to relying on LINE-1
transgene reporters.

Finally, the tumor suppressor p53, which is mutated in
over half of human cancers, has been implicated as a tran-
scriptional repressor of LINE-1 (Fig. 3A; Harris et al. 2009;
Tiwari et al. 2020). Namely, loss of p53 causes ORFlp ex-
pression in cells (Tiwari et al. 2020); however, this result is
cell type-specific, suggesting that there are likely multiple
layers of LINE-1 suppression. Thus, investigating the in-
teractions between DNA methylation, histone methyla-
tion, and p53 at individual LINE-1 loci will provide
insights into the multiple layers of LINE-1 epigenetic
regulation.

Retrotransposition-competent LINE-1 RNAs

Transcription of LINE-1 elements initiates at the start of
the 5 UTR and can terminate at the polyA signal within
the 3 UTR or continue past the 3 UTR until a polyA sig-
nal is encountered in downstream genomic DNA (Skow-
ronski et al. 1988; Philippe et al. 2016; Deininger et al.
2017). Hence, retrotransposition-competent LINE-1 tran-
scripts contain intact ORFs and are >6 kb in length.

It is important to note that the majority of LINE-1
RNAs in cells are nonfunctional for retrotransposition
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and stem from “readthrough” of LINE-1 embedded in
intronic intervals or encompassed by long noncoding
RNA (IncRNAs) (Deininger et al. 2017). Thus, measure-
ments of LINE-1 RNA by RT-PCR or in situ hybridiza-
tions can be misleading and should not be used as a
surrogate for retrotransposition potential. However, sev-
eral bioinformatics tools have been developed to assay
LINE-1 subfamily expression using consensus sequences
(e.g., LIPA1 contains a diagnostic “5-ACA-3'" trinucleo-
tide in its 3’ UTR) or locus-specific expression using the 3’
unique readthrough sequences of LINE-1 chimeric RNAs
(Jin et al. 2015; Jung et al. 2018; Yang et al. 2019; McKer-
row and Feny6 2020). These analyses can be further sup-
ported with detection of chromatin marks at upstream
sequences of the elements, including histone H3K4 trime-
thylation (Philippe et al. 2016).

Long read sequencing will allow us to accurately distin-
guish retrotransposition-competent “unit transcripts”
versus other LINE-1 RNAs in cells (Berrens et al. 2022).
These tools are expected to open avenues of investigation
into the functional roles of LINE-1-containing transcripts.
Indeed, there are ~5000 LINE-1 loci that can be transcrip-
tionally active in our genome (Deininger et al. 2017). The
ASP activity of LINE-1 5 UTR can generate spliced chime-
ric transcripts extending to exons of nearby genes (Nigu-
mann et al. 2002; Denli et al. 2015; Attig et al. 2018),
including a spliced variant of the MET oncogene in bladder
cancers (Weber et al. 2010; Wolff et al. 2010). The extent of
LINE-1 ASP causing aberrant proteins such as oncogenes
in cancers requires additional investigation.

Regulation of LINE-1 RNA, encoded proteins, and RNPs

In the cytosol, bicistronic LINE-1 transcripts can be trans-
lated into ORF1p and ORF2p. ORF1p is abundantly trans-
lated and can be readily detected in cells using standard
protein detection techniques (e.g., immunoblotting and
immunohistochemistry) (Rodi¢ et al. 2014). Hence,
ORFl1p detection can be a metric for LINE-1 expression
and retrotransposition potential. ORFlp contains a
coiled-coil domain (CCD) that mediates homotrimer for-
mation (Martin et al. 2003; Khazina et al. 2011) and an
RNA recognition motif (RRM) and a C-terminal domain
(CTD) that together mediate LINE-1 RNA binding in a
non-sequence-specific manner (Januszyk et al. 2007; Kha-
zina and Weichenrieder 2009), promoting the protein’s
role as a LINE-1 RNA chaperone.

ORF2p performs the essential enzymatic activities for
retrotransposition and is an endogenous source of DNA
damage in cells (Cost et al. 2002; Gasior et al. 2006).
ORF2p contains an apurinic/apyrimidinic endonuclease
(APE)-like EN domain and a telomerase-like RT, as well
as a cystine-rich domain with a poorly understood func-
tion required for retrotransposition (Mathias et al. 1991;
Feng et al. 1996; Kopera et al. 2011; Adney et al. 2019).
In contrast to ORF1p, ORF2p is difficult to detect in cells
(Ardeljan et al. 2020b), suggesting that LINE-1 and its host
cells may limit ORF2p levels, likely to restrain its geno-
toxicity. Nonetheless, the pervasive genetic signature of
germline and somatic retrotransposition provides



unequivocal evidence that ORF2p is produced and func-
tional in human cells.

The regulation of ORF2p production from the LINE-1
RNA remains elusive but may involve multiple mecha-
nisms. For one, ORF2p is translated via an unconvention-
al ribosomal termination/reinitiation mechanism (Alisch
et al. 2006), which may be a mechanism that limits its
production; however, this process is only partly under-
stood. Moreover, the clearance of ORF2p from cells re-
mains unclear, although a role of autophagy in the
clearance of LINE-1 RNPs has been implicated (Guo
et al. 2014). Other recent studies highlighted N®-methyla-
denosine (m®A) modification of LINE-1 RNA or let-7
microRNAs binding to LINE-1-RNA as mechanisms
that regulate ORF2p levels in cells (Tristin-Ramos et al.
2020; Hwang et al. 2021).

ORF1p and ORF2p associate with LINE-1 RNA to form
dynamic, heterogenous LINE-1 ribonucleoproteins
(RNPs), as revealed through interactomics (Goodier et al.
2013; Taylor et al. 2013, 2018; Lugman-Fatah et al.
2023). These studies show that LINE-1-encoded proteins
are associated with diverse cellular host factors that can
either promote or restrict retrotransposition. For example,
the RNA helicase MOV10 and SAMHDI1 limit retrotrans-
position by sequestering LINE-1 RNPs in stress granules
(Goodier et al. 2012; Hu et al. 2015), whereas polyA bind-
ing proteins PABPN1/4 promote retrotransposition by
aiding in LINE-1 RNP formation (Dai et al. 2012). Interest-
ingly, phase separation of ORF1p in the cytosol appears to
be a prerequisite for retrotransposition (Sil et al. 2023),
highlighting that intrinsic properties of ORF1p mediating
RNP formation are critical. Together, these studies indi-
cate that the spatial organization and composition of
LINE-1 RNPs may be important for translation and stabil-
ity of LINE-1-encoded proteins and their assembly into
functional intermediates of retrotransposition.

After assembly, retrotransposition-competent LINE-1
RNPs are proposed to enter the nucleus during nuclear en-
velope breakdown (Mita et al. 2018). However, LINE-1 ret-
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rotransposition is detected in postmitotic cells (Macia
et al. 2017), highlighting that LINE-1 RNPs may access
the nucleus via several mechanisms. Future single-mole-
cule live-cell imaging analysis of LINE-1 RNA and encod-
ed proteins might provide insights into the formation,
localization, and regulation of LINE-1 RNPs.

Regulation of target-primed reverse transcription:
resolving vs. removing insertion intermediates

In the nucleus, a LINE-1 RNP can initiate retrotrans-
position via TPRT (Luan and Eickbush 1995; Cost et al.
2002; Wilkinson et al. 2023). However, LINE-1 retrotrans-
position in somatic cells rarely generates full-length inser-
tions and instead results in a variety of genomic outcomes
and alterations, including most commonly 5’ truncations
(Fig. 4; Gilbert et al. 2002; Symer et al. 2002; Rodriguez-
Martin et al. 2020; Nam et al. 2023). Host DNA repair
mechanisms likely limit LINE-1 retrotransposition
through several mechanisms (Fig. 4A). Here, we discuss
the roles of host DNA repair factors in removing or resolv-
ing LINE-1 insertion intermediates.

Much of our understanding of the roles of host DNA re-
pair factors on TPRT is based on a cell-based functional as-
say for LINE-1 retrotransposition (Fig. 4A; Moran et al.
1996; Kopera et al. 2016). This elegant assay includes a
LINE-1 sequence with its 3’ UTR containing an antisense
reporter gene cassette disrupted by a sense-oriented in-
tron, which ensures the reporter gene will be expressed
in cells only after splicing and retrotransposition of the
LINE-1 transcript (Fig. 4A; Kopera et al. 2016). Important-
ly, this assay primarily indicates 5’ truncated LINE-1 inser-
tions with a minimal length of ~2 kb (Fig. 4A; Gilbert et al.
2002). Using this assay, several DNA repair factors have
been identified as regulators of LINE-1 retrotransposition
(Fig.4A; Liuet al. 2018; Mita et al. 2020). An interpretation
of these studies is that those factors that inhibit retro-
transposition may remove LINE-1 insertion intermedi-
ates, whereas those factors that promote LINE-1
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retrotransposition may resolve intermediates into inser-
tions. For example, the DNA sliding clamp PCNA is re-
quired for efficient LINE-1 retrotransposition; it is
suggested to regulate reverse transcription via the
PCNA-interacting protein (PIP) box of ORF2p (Taylor
et al. 2013). RNase H2 enzymes also promote LINE-1 ret-
rotransposition (Benitez-Guijarro et al. 2018) likely by
the degradation of the LINE-1 RNA template from the pre-
sumed hybrid intermediate to allow for second stand
cDNA synthesis. In contrast to RNase H2, the RNA/
DNA helicase senataxin inhibits LINE-1 retrotransposi-
tion likely via unwinding LINE-1 RNA:cDNA intermedi-
ates to limit reverse transcription (Liu et al. 2018).
Additionally, PARP1/PARP2 and the singe-stranded
DNA binding complex RPA promote LINE-1 retrotranspo-
sition (Fig. 4A) and are proposed to function in concert
to protect the newly synthesized cDNA from degradation
or mutations after removal of the LINE-1 RNA template
(Miyoshi et al. 2019). In support of this model, the APO-
BEC cytidine deaminases—including APOBEC3A—that
target single-strand DNA substrates inhibit LINE-1 retro-
transposition (Muckenfuss et al. 2006; Richardson et al.
2014). Moreover, the 3 DNA flap endonuclease XPF inhib-
its retrotransposition and was proposed to cleave LINE-1 3’
c¢DNA intermediates (Gasior et al. 2008).

In addition, landmark genetic screens identified multi-
ple suppressors of LINE-1 retrotransposition that are in-
volved in DNA repair pathways, including factors of the
intracross-link (ICL) repair pathway Fanconi anemia (FA;
e.g, FANCD2 and FANCA ) and the chromosomal break re-
pair pathway homologous recombination (e.g., BRCA1 and
BRCA2) (Liu et al. 2018; Mita et al. 2020). Consistent with
these results, arecent study highlighted that core factors in
the FA pathway (e.g., FANCD2, FANCA, and SLX4) are ep-
istatic with XPF for suppression of LINE-1 retrotransposi-
tion (Bona and Crossan 2023), proposing a model in which
factors of the FA pathway function in concert to recruit
XPF to cleave LINE-1 3’ cDNA intermediates. In addition
to recruitment via the FA pathway, XPF was previously
proposed to be recruited to LINE-1 ¢cDNA intermediates
by factors (e.g, XPA, XPD, and XPC) in the nucleotide
excision repair pathway (Servant et al. 2017). These results
suggest that there are likely redundant DNA repair mech-
anisms for suppression of LINE-1 retrotransposition. Fu-
ture studies are required to address the mechanisms of
how factors in homologous recombination individually
or in concert limit LINE-1 retrotransposition. Together,
these results highlight the intricate roles of host DNA re-
pair factors in regulating LINE-1 retrotransposition.

Regulation of LINE-1 retrotransposition by DNA
replication

Several biochemical and genetics studies have linked
LINE-1 retrotransposition to DNA replication. For exam-
ple, proteomics analyses found ORF2p to be associated
with factors detected at DNA replication forks (Mita
et al. 2018; Taylor et al. 2018), including PCNA, MCM
proteins, RPA, and PARPI. In addition, high-throughput
mapping of 3’ junctions of thousands of de novo LINE-1 in-
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sertions in cultured cells revealed a correlation between
retrotransposition site preference and DNA replication
timing but not transcription or chromatin state (Flasch
et al. 2019; Sultana et al. 2019). Namely, LINE-1 EN-de-
pendent insertions are enriched in early replicating geno-
mic regions. Consistent with these results, somatic LINE-
1 insertions in cancer genomes also correlate with replica-
tion timing (Rodriguez-Martin et al. 2020); however, these
are enriched at late replicating genomic regions. These
discrepancies in replication timing could be explained
by differing dosages of LINE-1 exposure and selective pro-
cesses on cells with a high occurrence of retrotransposi-
tion during cancer development.

Moreover, although LINE-1 retrotransposition can be
detected in nondividing cells (Macia et al. 2017), measure-
ments of retrotransposition in replicating cells have found
LINE-1 insertions to be enriched during S phase (Shi et al.
2007; Mita et al. 2018), suggesting that DNA replication
may provide an ideal context for efficient retrotransposi-
tion. In support of this model, many factors involved in
replication-coupled DNA repair, including the FA path-
way and ATR signaling (e.g, FANCD2, FANCM,
BRCA1, and ATRIP), were found to be required for growth
of p53-deficient cells expressing LINE-1 (Ardeljan et al.
2020a). These results support a working model in which
LINE-1 may efficiently exploit DNA replication forks for
integration in cells deficient for replication-coupled
DNA repair. Future studies are required to address the
mechanisms of how LINE-1 RNPs exploit ongoing DNA
replication forks for integration versus how LINE-1
RNPs integrate into the genome independent of DNA
replication.

Genomic outcomes of LINE-1 retrotransposition

5' truncations

Somatic LINE-1 insertions are commonly 5'-truncated
(Fig. 4B). In addition to the 5 truncations, these differ
from full-length insertions in that the 5’ junctions of inser-
tions contain microhomology (Symer et al. 2002; Zingler
et al. 2005), which is a signature (i.e., a genomic “scar”)
of chromosomal break repair via end-joining pathways
(Cisneros-Aguirre et al. 2022). Consistent with this obser-
vation, factors involved in end-joining repair pathways
(e.g., KU70, LIG4, and PARP1) are required for LINE-1 ret-
rotransposition (Fig. 4A; Suzuki et al. 2009; Miyoshi et al.
2019), suggesting that these repair pathways complete the
ligation of the truncated LINE-1 cDNA to genomic DNA.
The mechanisms that cause 5’ truncations are unclear but
may involve the degradation or cleavage of LINE-1 RNA
or insertion intermediates during TPRT by host DNA re-
pair factors. Interestingly, the lengths of somatic LINE-1
insertions in cancer genomes show a bimodal distribu-
tion, with most being 5'-truncated shorter than 2 kb and
the rest being nearly full length (Tubio et al. 2014; Nam
et al. 2023). We speculate that 5’ truncations might occur
early during reverse transcription and that the genera-
tion of a long cDNA likely bypasses the mechanisms
that cause 5 truncations. In contrast to LINE-1, somatic



insertions of Alu and SVAs are commonly complete
(Rodriguez-Martin et al. 2020).

5 inversions

Other common outcomes of LINE-1 retrotransposition in-
clude 5’ inversions, which are composed of inverted 5’
LINE-1 sequences joined to 3’ LINE-1 sequences (Fig.
4B). These events may be mediated by a proposed twin
priming model in which a second priming event occurs
at the target site of TPRT, and the resulting cDNAs
from both priming events are joined using microhomol-
ogy to resolve the insertion (Ostertag and Kazazian
2001). However, this proposed model of twin priming re-
quires experimental validation.

3’ transductions

Another common outcome includes LINE-1 3’ transduc-
tions (Fig. 4B), which are generated by retrotransposition
of LINE-1 transcripts containing 3’ genomic readthrough
sequences. These events result in the duplication of geno-
mic sequences downstream from LINE-1 source ele-
ments, which can include coding and regulatory
sequences with the potential to influence genome func-
tion (Moran et al. 1999; Tubio et al. 2014). Resolved
LINE-1 3’ transductions contain the genomic “scars” of
ORF2p activity, and most are commonly 5-truncated
with some only containing 3’ genomic readthrough se-
quences, called orphan transductions (Solyom et al.
2012; Tubio et al. 2014). Importantly, these events are
technically valuable for the identification of source ele-
ments for somatic retrotransposition (Tubio et al. 2014).

EN-independent insertions

ORF2p can also generate LINE-1 insertions independent
of its EN activity (Feng et al. 1996; Morrish et al. 2002), al-
though EN-independent (ENi) insertions are inefficient
compared with EN-dependent insertions. ENi events
commonly lack TSDs, do not have a preference to insert
at canonical EN cleavage motifs, and contain 5 and 3’
truncations (Fig. 4B). The working model for these inser-
tions is that ORF2p RT generates cDNA at a pre-existing
DNA lesion containing a free 3 OH in the genome such as
a chromosomal break, where de novo ¢cDNA bridges the
broken chromosome. In support of this model, EN mutat-
ed ORF2p can integrate LINE-1 at Cas9-mediated chromo-
somal breaks and at deprotected telomere ends (Morrish
et al. 2002; Tao et al. 2022). In addition, deficiencies of
DNA repair factors (e.g., FANCD2 and BRCA1) that cause
increased DNA breaks also increase ENi insertions
(Flasch et al. 2019; Mita et al. 2020; Bona and Crossan
2023). The mechanisms for how a LINE-1 RNP is recruit-
ed to an endogenous site of DNA damage in the genome
remain unknown. However, these ENi insertions might
represent a rare mechanism of RNA-templated DNA re-
pair by ORF2p RT in cells, which is implicated for other
RTs such as a group II intron-like RT in bacteria (Park
et al. 2022) and telomerase and polymerase 6 in humans
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(Kopera et al. 2011; Chandramouly et al. 2021). In sum-
mary, LINE-1 retrotransposition results in a variety of ge-
nomic outcomes, the mechanisms for which are only
partly understood.

LINE-1 overexpression and retrotransposition
are hallmarks of human cancers

ORF1p overexpression in human malignancies

LINE-1 overexpression as evaluated by ORF1p expression
is a hallmark of human epithelial cancers, particularly
those with p53 mutations (Rodic¢ et al. 2014; McKerrow
et al. 2022). These include ovarian, esophageal, colon,
lung, breast, and pancreatic cancers, although ORFl1p ac-
cumulates at varying levels and in varying proportions
of cases depending on the type of malignancy. In high-
grade serous ovarian cancers (HGSOCs), ORFlp levels
are quite consistently high, and the marker has been de-
tected in precursor lesions of the disease (serous tubal
intraepithelial carcinoma [STIC]) (Pisanic et al. 2019; Xia
et al. 2019; Sato et al. 2023), indicating that induction of
LINE-1 expression is an early event in tumor develop-
ment, concomitant with histologic transformation and
the fixation of mutations in TP53. Timing and precise mo-
lecular causes of induction of ORFlp and its duration of
expression during cancer evolution mostly remain un-
known, including whether cancer cells might transiently
express LINE-1. Interestingly, in contrast to many epithe-
lial cancers, blood cancers and glioblastomas lack ORF1p
expression, and these cancer genomes are not character-
ized by frequent insertion events (Rodi¢ et al. 2014,
Achanta et al. 2016; Carreira et al. 2016). Furthermore, al-
though ORFI1p expression appears to be an indicator of ret-
rotransposition potential, ORFlp expression levels and
the number of somatic LINE-1 insertions do not always
correlate in cancers (Rodi¢ et al. 2014; Rodriguez-Martin
et al. 2020; McKerrow et al. 2022). These observations
suggest that there are likely additional determinants of
somatic LINE-1 retrotransposition in cancers, which
might include host factors that regulate the LINE-1 life
cycle.

Strikingly, ORF1p was recently detected in peripheral
blood draws from cancer patients, including women
with ovarian cancers, using ultrasensitive detection as-
says in the attomolar range (Sato et al. 2023; Taylor
et al. 2023). This finding suggests that ORF1p has the po-
tential to be used as a blood-based biomarker of malignan-
cy. Additionally, this finding motivates future studies to
determine whether circulating ORF1p can be measured
in early-stage malignancies for applications in early detec-
tion and to address its potential as a biomarker to monitor
cancers over time or to evaluate for minimal residual dis-
ease after therapy.

Mechanistically, the contribution of LINE-1 to cellular
transformation is yet unclear, and while ORF2p can func-
tion as an endogenous mutagen, functional consequences
of the readily detected overexpressed ORF1p are more opa-
que. In addition to binding to LINE-1 RNA, ORFlp can
bind other cellular RNAs in trans, including mRNAs
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and circular RN As (Martin et al. 2005; Briggs et al. 2021),
and the consequences of these interactions in cancer cells
are unknown. It is plausible that ORF1p can sequester not
only LINE-1 RNA but also other endogenous mRNAs or
other RNA species in cancers. It is intriguing to consider
addressing whether genetic vulnerabilities can be identi-
fied in cells overexpressing ORF1p, although overexpres-
sion of ORFlp alone does not appear to be toxic in
cultured cells (Ardeljan et al. 2020a).

LINE-1 retrotransposition in cancer genomes

A recent pan-cancer analysis of whole genomes confirmed
that somatically acquired LINE-1 copies are genetic hall-
marks of human cancers (Rodriguez-Martin et al. 2020),
which was previously revealed by several landmark stud-
ies (Iskow et al. 2010; Lee et al. 2012; Helman et al. 2014;
Tubio et al. 2014; Rodic et al. 2015). However, the burden
of somatic LINE-1 insertions vastly varies across cancer
types. For example, esophageal cancers can contain up
to hundreds of insertions, colon cancers contain dozens
of insertions, and ovarian cancers contain few insertions
(Cajuso et al. 2019; Rodriguez-Martin et al. 2020), as ascer-
tained using whole-genome sequencing by paired-end
short reads of bulk tumor samples. Genomic outcomes
of somatic LINE-1 retrotransposition detected in cancer
genomes include full-length insertions (rare), 5' trunca-
tions (most common), 5’ inversions, and 3’ transductions
(~20%) (Rodriguez-Martin et al. 2020). In addition to
LINE-1, somatically-acquired copies of Alu, SVAs, and
processed pseudogenes are also found in cancer genomes,
although at a much lower frequency (Cooke et al. 2014;
Rodriguez-Martin et al. 2020). Regarding 3’ transductions,
over half of these events detected in cancer genomes can
be attributable to five conserved source LINE-1 elements,
highlighting that there are “hot” LINE-1 source elements
in cancer genomes (Tubio et al. 2014; Pradhan et al. 2017;
Rodriguez-Martin et al. 2020).

A major finding of mapping somatic LINE-1 insertions
in cancer genomes is that these most commonly spare
protein-coding regions and that no genomic sites are re-
current “hot spots” for insertions, which indicate that
most insertions likely represent passenger mutations
(Burns 2017; Rodriguez-Martin et al. 2020). On rare occa-
sions, however, LINE-1 insertions can cripple tumor
suppressor genes, such as the adenomatous polyposis
coli (APC) gene in colorectal cancers (Miki et al. 1992;
Scott et al. 2016; Cajuso et al. 2019). Importantly, our
current measurements of LINE-1 retrotransposition in
cancer genomes using short read sequencing are likely
an underestimate. Indeed, precise retrotransposition
rates and selection pressures exerted by this mutagene-
sis as tumor subclones evolve are not yet well under-
stood. Long read sequencing and single-cell analyses of
cancer genomes are both expected to reveal more com-
prehensive pictures of LINE-1 retrotransposition in hu-
man malignancies. Somatic LINE-1 insertions in
cancer genomes may prove an important genomic signa-
ture for future therapeutic strategies exploiting LINE-1
biology (Burns 2022).
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p53 mutations and LINE-1 expression and
retrotransposition

LINE-1 ORFlp expression and retrotransposition both cor-
relate with p53 mutations in cancers (Rodi¢ et al. 2014;
Rodriguez-Martin et al. 2020; McKerrow et al. 2022); how-
ever, the sequence of events in cellular transformation and
the precise mechanistic relationships between LINE-1 ex-
pression and p53 compromise are unclear. One working
hypothesis is that p53 is a direct transcriptional repressor
of LINE-1 by binding to its 5 UTR (Tiwari et al. 2020).
However, so-called p53 signature lesions in the fallopian
tube, which are thought to precede cellular transforma-
tion to the STIC precursors of HGSOC, are characterized
by TP53 mutations but lack the ORF1p expression seen
in STIC and HGSOC (Pisanic et al. 2019; Xia et al. 2019).
This progression suggests that disruption of p53 alone is
not sufficient to induce ORF1p expression during cancer-
ous transformation. An alternative hypothesis is that
p53 functions as a “guardian of the genome” downstream
from LINE-1 expression, limiting the proliferation of cells
with DNA damage from retrotransposition. In support of
this hypothesis, ectopic expression of LINE-1 in p53-profi-
cient cells induces cell cycle arrest and significantly limits
cell fitness and clonogenic potential (Ardeljan et al.
2020a). These findings suggest that p53-mediated respons-
es may represent a selective mechanism to eliminate or
curtail the growth of cells with deregulated LINE-1 expres-
sion. A corollary of this is that cancer cells need to acquire
P53 mutations to survive with the genotoxic pressure of
LINE-1 expression. We expect unraveling the relationship
between p53 and LINE-1 will provide insights into the
contribution of LINE-1 to cellular transformation.

LINE-1 is a source of endogenous DNA damage and
genome instability

LINE-1 expression has been known to cause DNA damage
and genome instability in cultured cells for two decades
(Gilbert et al. 2002; Symer et al. 2002; Gasior et al. 2006).
However, this area was relatively understudied while the
field focused on LINE-1 as an insertional mutagen in can-
cers; we have now only a partial understanding of the na-
ture of DNA damage induced by LINE-1 activity and the
consequences of LINE-1-mediated DNA damage on ge-
nome integrity (Fig. 5). The recent pan-cancer analysis re-
vealed that LINE-1 insertion intermediates are sources of
chromosomal rearrangements (Rodriguez-Martin et al.
2020), supporting a hypothesis that DNA lesions generat-
ed by LINE-1 activity may be a major source of genome in-
stability in ORFlp (+) cancers.

DNA damage

LINE-1 has the potential to generate diverse types of
DNA lesions via multiple mechanisms (Fig. 5A). For one,
LINE-1 retrotransposition causes the most toxic type of
DNA damage—chromosomal breaks—in cells via the en-
zymatic activities of ORF2p (Fig. 5A; Gasior et al. 2006).
Consistent with this, cells induced with LINE-1
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expression contain elevated levels of several targets of
ATM, including yH2AX (S139) and phosphorylated
RADS50 (S635) (Gasior et al. 2006; Miyoshi et al. 2019;
McKerrow et al. 2022). Nonetheless, a comprehensive
analysis of the status of the DNA damage response in cells
induced with LINE-1 expression is required to character-
ize the DNA-damaging effects of LINE-1. In addition,
the canonical target sequence of ORF2p EN cutting in
the genome has been indirectly determined based on ge-
nome-wide mapping of resolved LINE-1 insertions in
cells. Future experiments directly mapping ORF2p bind-
ing sites and ORF2p-mediated chromosomal breaks using
sequencing-based approaches (Canela et al. 2016; Yan
et al. 2017) can comprehensively profile the sites of
DNA breakage in the genome caused by LINE-1 activity,
which are likely sources of chromosomal instability in
cancers.

In addition to chromosomal breaks, the TPRT model
suggests that LINE-1 retrotransposition may generate oth-
er types of toxic DNA lesions in the genome, such as DNA
nicks, cDNA-RNA hybrids, and LINE-1 3’ ¢cDNA flaps
(Figs. 2, 5A). These structures have been detected in
LINE-1 biochemical assays (Feng et al. 1996; Cost et al.
2002; Miyoshi et al. 2019) but have yet to be characterized
in cells undergoing retrotransposition. Moreover, not only
may LINE-1 cause genotoxicity locally at sites targeted by
ORF2p, but LINE-1 retrotransposition and cellular host
responses may indirectly cause global genotoxic effects.
For example, LINE-1 insertion intermediates may cause
DNA replication stress (Fig. 5A) by posing as barriers to
DNA replication forks and by activating checkpoint re-
sponses that broadly influence DNA replication progres-
sion. Additional studies are needed to address the
influence of LINE-1 expression on the dynamics of DNA
replication. Last, cytidine deaminases such as APOBEC
proteins are activated in response to LINE-1 retrotranspo-
sition (Muckenfuss et al. 2006; Richardson et al. 2014) and

hence have the potential to be sources of aberrant APO-
BEC-related cytidine deamination and associated muta-
genesis in the genome (Fig. 5A). It will be important to
address whether LINE-1 directly or indirectly results in
specific mutational signatures beyond retrotransposition
that can be appreciated in cancer genomes.

Chromosomal instability

LINE-1 retrotransposition and its associated DNA dam-
age can result in a variety of genomic alterations, from
small target site alterations to large-scale chromosomal
structural variants (SVs) (Fig. 5B). For example, LINE-1 ret-
rotransposition has been known to cause genomic dele-
tions at target sites (target site deletions) (Gilbert et al.
2002). These events are commonly found at EN target se-
quences, contain 5'-truncated LINE-1 sequences with
polyA tails, lack TSDs, and contain genomic deletions
of the target site sequences ranging from a few to thou-
sands of base pairs (Gilbert et al. 2002; Symer et al.
2002; Rodriguez-Martin et al. 2020). Strikingly, the pan-
cancer analysis uncovered that these retrotransposition-
mediated deletions can cause the loss of up to tens of
megabase pairs in cancer genomes, resulting in large
interstitial deletion rearrangements (Fig. 5B) that can en-
compass regulatory regions and genes, including tumor
suppressor genes (Rodriguez-Martin et al. 2020). In some
cases, these deletions also encompass centromeres, which
implicates LINE-1 retrotransposition in mitotic errors and
the formation of chromosome aneuploidies.
Mechanistically, one model for the formation of retro-
transposition-mediated deletions involves the pairing of
a LINE-1 insertion intermediate with a distant endoge-
nous chromosomal break upstream of the EN target site
that causes the loss of the intervening sequence. Similar-
ly, LINE-1 insertion intermediates on one chromosome
can pair with endogenous DNA lesions on another
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distinct chromosome, causing retrotransposition-mediat-
ed translocations (Fig. 5B; Rodriguez-Martin et al. 2020).
Nonetheless, the mechanisms of these retrotransposi-
tion-mediated deletions and translocations remain to be
elucidated. LINE-1 can also cause other types of retro-
transposition-mediated SVs, such as chromosomal inver-
sions or duplications that can amplify oncogenes (Fig.
5B), but their etiologies are unknown.

The pan-cancer analysis also revealed that LINE-1 retro-
transposition induces complex rearrangements via chro-
mosome breakage—fusion-bridge (BFB) cycles (Fig. 5B;
Rodriguez-Martin et al. 2020), which is a mechanism of
chromosomal instability originally described by McClin-
tock (1939). One mechanism that LINE-1 is proposed to
trigger is a BFB cycle by bridging two broken chromo-
somes in inverted orientation, generating a dicentric chro-
mosome that forms an anaphase bridge (Fig. 5A), which is
an initiating event for rounds of BFB cycles. Another pos-
sible outcome of abnormally segregated chromosomes is
the formation of micronuclei (Fig. 5A), which are struc-
tures with compromised nuclear envelopes containing
lagging acentric chromosomes or chromosome fragments
(Zhang et al. 2015). However, the frequency of anaphase
bridges or micronucleation in cells undergoing retrotrans-
position has not been experimentally addressed. Both ana-
phase bridges and micronuclei can trigger chromothripsis
(Zhang et al. 2015; Umbreit et al. 2020), which is a rapid
mechanism of chromosomal instability characterized by
massive, clustered rearrangements of chromosomes often
generated “all at once” (Fig. 5B; Stephens et al. 2011).
Nonetheless, the contribution of LINE-1 retrotransposi-
tion to chromothripsis remains to be addressed.

In summary, these observations suggest that LINE-1-
mediated DNA lesions can have profound impact on can-
cer genome evolution. We expect that long read sequenc-
ing of cancer genomes and development of bioinformatic
detection tools specially focused on LINE-1-mediated
SVs will indicate the frequencies of retrotransposition-
mediated SVs in human malignancies. In addition, it is
plausible LINE-1 retrotransposition and its associated
DNA damage could generate SVs with junctions that
lack genomic “scars” of LINE-1 activity, although experi-
ments are needed to fully characterize the chromosomal
instability signature induced by LINE-1 retrotransposi-
tion. Characterizing the DN A-damaging effects and mu-
tational impact of LINE-1 will require modeling the
representative levels and the duration of LINE-1 expres-
sion observed in cancers, which might become possible
using CRISPR activation systems to induce endogenous
LINE-1 expression in experimental settings.

Repeat-mediated genome instability independent
of retrotransposition

The abundant and homologous nature of Alu and LINE-1
sequences poses a threat to genome integrity via the for-
mation of chromosomal structural variants (SVs) between
nonallelic repeats (repeat-mediated SVs) (Batzer and
Deininger 2002; Carvalho and Lupski 2016). For example,
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germline deletion rearrangements between Alu sequenc-
es, which are TEs enriched in introns of genes, can disrupt
tumor suppressor genes such as BRCA1, MSH2, and VHL
and cause cancer predisposition (Song et al. 2018). In addi-
tion to deletions, other repeat-mediated SVs can include
translocations, duplications, inversions, and complex re-
arrangements (Elliott et al. 2005; Gu et al. 2015; Carvalho
and Lupski 2016).

Mechanistically, these repeat-mediated SVs are likely
generated during the repair of broken chromosomes via
the annealing of two repeat sequences from nonallelic
loci (Bhargava et al. 2016; Morales et al. 2018; Balachan-
dran et al. 2022). Interestingly, the most common TE sub-
strates involved in repeat-mediated SVs are young Alu
sequences, which share the highest degree of sequence ho-
mology (Batzer and Deininger 2002; Song et al. 2018; Bala-
chandran et al. 2022). These observations are consistent
with cell-based assays demonstrating that sequence diver-
gence between repeat substrates is a major barrier to the
formation of repeat-mediated SVs via heteroduplex rejec-
tion mechanisms (Morales et al. 2015; Mendez-Dorantes
et al. 2018, 2020).

The prevalence of repeat-mediated SVs in cancers
(somatic) and in normal tissues (germline) has been chal-
lenging to address due to the limitation of resolving rear-
rangement junctions containing TE sequences. Two
recent studies that leveraged long read sequencing ap-
proaches revealed that repeat-mediated SVs may be
more common than previously reported (Balachandran
et al. 2022; Pascarella et al. 2022). For example, a group
identified nearly 500 germline repeat-mediated SVs across
only three human genomes (Balachandran et al. 2022),
suggesting that these events contribute to human varia-
tion. Another group estimated one to four somatic re-
peat-mediated SVs per cell from normal human tissues
(Pascarella et al. 2022), indicating that these events may
be a source of somatic mosaicism, although sequencing
analyses of single cells or single-cell clones are required
to corroborate these findings. Repeat-mediated SVs in nor-
mal cells are likely double-edged swords, such that they
may restore broken chromosomes to prevent whole-chro-
mosome losses at the risk of generating potential harmful
mutations. However, in human cancers, repeat-mediated
SVs are likely sources of genetic heterogeneity for cancer
genome evolution. Long read sequencing of cancer ge-
nomes will reveal the prevalence and impact of these
events in human malignancies.

TE expression including LINE-1 activates immune
responses

Recent impactful studies established that induction of TE
expression by exposing cells to epigenetic small molecule
inhibitors activates cellular interferon responses (Chiap-
pinelli et al. 2015; Roulois et al. 2015). One mechanism
is the generation of cytosolic nucleic acids by TEs that
are recognized by sensors that in turn induce a type Iinter-
feron (IFN-I) response (Fig. 6; Ishak et al. 2018). This acti-
vation of pattern recognition receptor (PRR) pathways by
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Figure 6. Activation of retrotransposons induces immune re-
sponses. TE expression can result in the generation of cytosolic
nucleic acids that can induce a type I interferon response via mul-
tiple mechanisms—processes termed viral mimicry. For exam-
ple, TE RNA transcripts, including Alu, ERVs, and LINE-1,
have the potential to generate double-stranded RNAs via intra-
molecular or intermolecular base pairing, which could be sensed
by MDAS5 and RIG-I to elicit an innate immune response. In addi-
tion, DNA-damaging effects of ORF2p EN or cDNA products of
ORF2p RT activity could be sources for cytosolic double-stranded
DNAs or DNA-RNA hybrids, which could be sensed by cGAS-
STING to elicit an innate immune response. Moreover, TE-de-
rived neoantigens could elicit an adaptive immune response,
which could be generated via translation of peptides encoded by
ERV transcripts containing partially intact ORFs or ORFO chime-
ric transcripts generated via aberrant splicing of LINE-1 copies
with nearby genes.

TEs has been termed “viral mimicry,” since these sensors
are usually activated by invading viruses (Chan and Gack
2016). These sensors include RIG-I and MDAS5, which
detect dsRNAs, and cGAS-STING, which detects
dsDNAs or DNA:RNA hybrids (Chan and Gack 2016).
Understanding how TEs generate immunogenic nucleic
acids and how these affect cells in the context of chronic
TE activation is important to develop strategies to modu-
late the immunologic properties of cancer cells.

Regarding cytosolic dsRNAs, sequencing analysis of cy-
tosolic RNAs protected by MDA5 in cells treated with
5-aza-CdR, an DNMT inhibitor, revealed that most im-
munogenic dsRNAs are derived from transcripts contain-
ing inverted Alu sequences, which are structures relaxed
by ADARI1-mediated adenosine deamination (Mehdipour
et al. 2020). In addition, expression of ERVs can generate
complementary RNAs that form long dsSRNAs and induce
an IFN-I response via MDA5 and RIG-I (Chiappinelli et al.
2015). Induction of LINE-1 expression using an inducible
transgene system in hTERT RPE-1 cells, which lack
cGAS-STING, can similarly induce an IFN-I response,
but the mechanism for this is less clear (Ardeljan et al.
2020a). Although not modeled by this transgene experi-
mental system, induction of endogenous LINE-1 loci
may generate dsRNAs by intramolecular or intermolecu-
lar secondary structures involving LINE-1 RNA, includ-
ing via antisense transcripts induced by the LINE-1 ASP
that may complementarily bind the 5 UTR of sense
LINE-1 transcripts (Fig. 6).

Moreover, LINE-1 is proposed to be a source of cytosolic
dsDNA and DNA:RNA hybrids that elicit an IFN-I
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response through cGAS activation (De Cecco et al. 2019;
Simon et al. 2019). However, the exact mechanisms and
the genetic determinants are poorly understood. Here
we speculate on possible mechanisms of how LINE-1
could generate cytosolic dsSDNA and DNA:RNA hybrids
(Fig. 6). One possible source of cytosolic DNA:RNA hy-
brids is from LINE-1 retrotransposition in the nucleus,
where intermediates of TPRT may be cleaved and export-
ed into the cytosol. Alternatively, ORF2p may synthesize
cDNA from LINE-1 RNA in the cytosol independent of
retrotransposition in the nucleus. In support of this hy-
pothesis, ORF2p is proposed to make Alu cDNA in the cy-
tosol via an Alu self-priming mechanism (Fukuda et al.
2021a,b). Another likely source of cytosolic LINE-1
DNA may be related to the genotoxic effects of ORF2p
that can result in cytosolic dSDNA fragments, including
those contained in micronuclei (Fig. 5A). Last, immuno-
genic DNA-RNA hybrids were recently found to be de-
rived and cleaved from R-loops, which are three-
stranded structures harboring an RNA-DNA hybrid and
a displaced strand of DNA generated during transcription
(Crossley et al. 2023). Nonetheless, it remains to be eluci-
dated whether dysregulated TE loci in cancers are sources
of R-loops that can be processed into immunogenic DNA-
RNA hybrids.

In addition to immunogenic nucleic acids, another
mechanism by which TEs can induce immunologic re-
sponses in cancer cells is via generation of neoantigens
(Fig. 6). For example, proteins expressed from a subfamily
of ERV (HERV-K) are sources of antibodies detected in
cancer patients (Boller et al. 1997; Cegolon et al. 2013),
suggesting that encoded proteins from TEs can be immu-
nogenic. A recent pan-cancer transcriptome study identi-
fied that TEs can generate chimeric transcripts with
neighboring genes that result in tumor-specific neoanti-
gens (Shah et al. 2023). The role of the LINE-1 ASP in
the formation of ORFO chimeric transcripts that could
in turn produce fusion proteins that serve as neoantigens
remains to be addressed (Fig. 6). In summary, there are
many potential mechanisms by which TE-derived tran-
scripts and proteins may contribute to cancer cell immu-
nogenicity. Identifying key loci and the underlying
mechanism of action may allow us to recognize key bio-
markers and develop strategies to enhance immunologic
responses to cancers.

Translating LINE-1 and TE deregulation to the clinic

It is now becoming clear that LINE-1 is both a marker and
amutator in human cancers. Previous clinical work inves-
tigating global LINE-1 promoter hypomethylation with
cancer prognosis laid the foundation for translating
LINE-1 biology to the clinic, although these studies re-
sulted in mixed success (Ogino et al. 2008; Saito et al.
2010; Wu et al. 2012; Kupcinskas et al. 2017; Lavasanifar
et al. 2019). Recent insights into LINE-1 biology provide
relatively untapped directions for translational cancer re-
search, offering a novel cancer protein biomarker. Indeed,
recent evidence that ORFlp can be detected
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inexpensively and noninvasively in blood draws of cancer
patients motivates future studies to address whether it
may have utility for early diagnosis, disease monitoring,
minimal residual disease detection, and patient stratifica-
tion (Taylor et al. 2023). Significant work remains to be
done to validate the clinical utility of plasma ORF1p mea-
surements in particular patient cohorts, including wheth-
er it may be most useful as one of the several pan-cancer
biomarkers in multianalyte panels. Detection of circulat-
ing ORF1p may also prove to be useful as a companion
diagnostic if exploiting the genotoxicity and immunoge-
nicity of LINE-1 expression represents new therapeutic
strategies for targeting human malignancies.

Inducing genotoxicity in cells using exogenous agents
(ionizing radiation, DNA-damaging agents, or small mol-
ecule inhibitors targeting DNA repair inhibitors) is a cor-
nerstone of cancer therapy (Cleary et al. 2020). It is
conceivable then that LINE-1 may be exploited as an en-
dogenous source of DNA damage in cancer cells via sever-
al strategies. For example, epigenetic therapies that
selectively induce LINE-1 expression in p53-proficient
cancers may induce genotoxic cell death. In support of
this hypothesis, a recent study indicated that disruption
of the HUSH complex causes genotoxicity via LINE-1 ex-
pression in myeloid leukemia cells (Gu et al. 2021). This
strategy could also be exploited for ORF1p (+), p53 mutant
cancer cells to amplify the genotoxic burden of LINE-1.
While levels of the genotoxic ORF2p are low in ORFlp
(+) cancers (Ardeljan et al. 2020b), mechanisms that limit
this are unknown and may be targetable in a manner that
then uniquely exposes malignant cells to ORF2p as com-
pared with normal cells that lack expression of retrotrans-
position-competent LINE-1 RNAs. Thus, it is intriguing
to pursue strategies that modulate the levels of ORF2p
by increasing its translation and/or promoting its stability
to selectively target ORF1p (+) cancer cells.

Mechanisms that mediate the repair of LINE-1-associat-
ed DNA damage will be important to understand and may
be targetable in combination with strategies that enhance
LINE-1 expression. Recent findings from our group
showed that LINE-1 (+) cells are dependent on DNA repair
factors for cell growth, including those involved in homol-
ogous recombination, the Fanconi anemia pathway, and
ATR signaling (e.g., BRCA1, FANCD2, FANC], FANCM,
BLM, WRN, and ATRIP) (Ardeljan et al. 2020a). These re-
sults suggest that LINE-1-expressing cancers may be sen-
sitized to small molecule inhibitors targeting factors in
the DNA damage response or DNA repair pathways or
to DNA-damaging agents (Cleary et al. 2020; Hopkins
et al. 2022). Similarly, strategies that induce LINE-1 ex-
pression may be selectively damaging to BRCA-deficient
cancers. Finally, nucleoside reverse transcriptase inhibi-
tors (NRTIs) are potent inhibitors of retrotransposition
and may alleviate or compound LINE-1-associated DNA
damage. NRTIs were recently found to sensitize colorec-
tal cancer cell models with deregulated TE expression
via increased DNA damage (Rajurkar et al. 2022), suggest-
ing that possible inhibition of ORF2p via chain termina-
tors may generate toxic DNA lesions. However,
additional work is required to determine the exact mech-
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anisms by which NRTIs sensitize cancer cells with dereg-
ulated TEs, including addressing whether ORF2p RT or
other cellular RTs or error-prone polymerases are the di-
rect target. Development of specific small molecule inhib-
itors to LINE-1 ORF2p EN and RT are needed to address
the consequences of disrupting the enzymatic activities
of LINE-1 in human cancers.

Finally, cytosolic nucleic acids and neoantigens in can-
cers stemming from the expression of TEs appear to be
stimulants of antitumor immunity (Shah et al. 2023), al-
though much remains to be understood about which TE
loci are most critical in which biologic contexts. The rec-
ognition that TEs are sources of immunogenic nucleic ac-
ids and neoantigens suggests that antitumor immunity
could be regulated via the modulation of TE expression
and activity, including via epigenetic therapies such as
DNA-hypomethylating agents, HDAC inhibitors, and
EZH?2 inhibitors (Chiappinelli et al. 2015; Simon et al.
2019; Deblois et al. 2020). Additionally, the immunogenic
properties of TE-derived nucleic acids may be directly tar-
geted, such as with ADARI inhibition, which promotes
dsRNA-mediated immunogenicity (Mehdipour et al.
2020). Neoantigens encoded by TEs may be leveraged as
targets for cancer vaccines or cellular therapies. Indeed,
TE methylation, TE-derived RNAs, and TE-encoded neo-
antigens may serve as important indicators of response to
checkpoint blockade and other immunotherapeutic strat-
egies (Morel et al. 2021; Ng et al. 2023).

Conclusion

LINE-1 retrotransposons are widely activated in human
malignancies, yet contributions of the retroelements to
cancer cell biology require elucidation. Research efforts
using biochemical, genetic, and bioinformatic approaches
have provided insights into the life cycle of LINE-1 and its
regulation and established foundations to address the in-
fluence of LINE-1 and its associated DNA damage on can-
cer initiation and evolution. Bridging these connections
between LINE-1 biology and cancer biology has the poten-
tial to address whether LINE-1 is a cause or a consequence
of cellular transformation, as well as shed light on innova-
tive cancer therapeutic strategies.
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