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Transposable elements in cancer
Kathleen H. Burns

Abstract | Transposable elements give rise to interspersed repeats, sequences that comprise
most of our genomes. These mobile DNAs have been historically underappreciated — both
because they have been presumed to be unimportant, and because their high copy number
and variability pose unique technical challenges. Neither impediment now seems steadfast.
Interest in the human mobilome has never been greater, and methods enabling its study are
maturing at a fast pace. This Review describes the activity of transposable elements in
human cancers, particularly long interspersed element‑1 (LINE‑1). LINE‑1 sequences are
self-propagating, protein-coding retrotransposons, and their activity results in somatically
acquired insertions in cancer genomes. Altered expression of transposable elements and
animation of genomic LINE‑1 sequences appear to be hallmarks of cancer, and can be
responsible for driving mutations in tumorigenesis.

Retrotransposition
A mechanism used by
transposable elements to
copy RNA intermediates
to genomic DNA.

Centromeric satellites
Arrays of tandem, simple
repeats at the regions of
chromosomes that attach
to the mitotic spindle.
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The human genome, like that of other eukaryotes,
comprises largely interspersed repeats. Essentially
half our DNA is recognizable as repeated sequence
derived from mobile DNA1,2. Relatively recent insertions
result from active mobile DNAs specific to Homo sapiens, whereas older insertions were acquired in ancestral species and are shared between humans and other
organisms3,4. Although they are frequently dismissed as
non-functional, irrelevant ‘junk’ DNA, one can argue
that few other p
 rocesses have so profoundly affected our
genetic make‑up.
That there are currently active mobile DNAs in
humans was fully appreciated in 1988, when researchers identified long interspersed element‑1 (LINE‑1; also
known as L1) insertions responsible for haemophilia A5.
Two unrelated affected individuals had independently
acquired LINE‑1 repeat sequences interrupting exon 14
of the factor VIII (F8) gene that rendered the mutated
alleles incapable of coding for the coagulation factor.
Today, 124 instances of genetic disease have been attributed to germline LINE‑1‑mediated retrotransposition6.
Elegant experiments have demonstrated LINE‑1 activity in vitro7–9 and in vivo10,11, and advances in genome
sequencing have demonstrated that LINE‑1 proteins
and the sequences they mobilize are major sources of
structural variation in human populations12–19.
LINE‑1 is a protein-coding transposable element
that copies itself through an RNA intermediate. It is thus
referred to as an autonomous (protein-coding) retro
transposon (or RNA transposon)20. In the germline,
LINE‑1 reverse transcriptase is also responsible for the
retrotransposition of other RNAs. These include non-
autonomous mobile elements, such as the Alu short

interspersed element (SINE)21 and the SINE–variable
number tandem repeat (VNTR)–Alu (SVA) composite retroelement 22,23 (FIG. 1). LINE‑1 proteins are also
co‑opted to deposit the occasional pseudogene24,25 or U6
ribosomal RNA (rRNA) sequence26–29.
Even with the recognition that LINE‑1, Alu and
SVA insertions can cause genetic disease6, it has been
possible to dismiss retrotransposable element activities
as imperceptible in the life of most individuals — too
infrequently active to be relevant. Cancers present an
important exception. We now understand that mechanisms keeping mobile DNAs in check are sufficiently
compromised in many malignancies to enable LINE‑1
proteins to be expressed and mobile DNAs to become
dynamic constituents of cancer genomes.
This Review will introduce mobile DNAs resident
in our genomes and distinguish those types that are
currently active. It will then focus on replication of the
LINE‑1 retrotransposon and how expression of LINE‑1
and other interspersed repeats is altered in cancers.
Finally, this Review discusses the dynamics of somatically
acquired insertions and their roles in tumorigenesis.

The human mobilome
Much of our DNA is repetitive sequence. This includes
the extensive tandem arrays of simple repeats that make
up centromeric satellites and telomere ends; simple repeats
that are distributed in the genome, including VNTRs; and
more complex high copy number sequences. The latter
repeats are dense in pericentromeric30 and subtelomeric31
heterochromatin but are also interspersed genome wide.
They are derived from mobile DNAs or transposable
elements, and are colloquially known as the mobilome.
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that only a fragment of the full-length sequence is incorporated, but it is not highly error prone27. New insertions
enter the genome nearly identical in sequence to their
pA
tRNA
MIR
260 bp
respective source element27. This sequence homology
is eroded over time through neutral substitutions, and
c
d
antecedent elements are also bifurcated by incoming
VNTR SINE-R pA 2 kb ERV
SVA CCCTCT
gag
pol
env
10 kb
integrations34, such that evidence of the origin of a repeat
LTR
LTR
is effaced over time. Higher organisms without active
MaLR
ORF
2.5 kb
mobile elements are rare4, and our species has never
LTR
LTR
known an interruption to their activity.
f
e
Autonomous mobile DNAs encode proteins needed
LINE
LTR
DNA
for their movement in the genome, including those
SINE
DNA
TIR
TIR
Low homology to
with reverse transcriptase (class I) or transposase
transposable elements
(class II) enzymatic activity. In modern humans, one
L1Hs
autonomous element dominates transposition, the
g
L1PA
species-specific LINE‑1 subfamily, L1PA1, also known
L1M
as L1Hs. LINE‑1 sequences are non-long terminal
AluY
repeat (non-LTR) retrotransposons. In total, LINE‑1
AluS
sequences make up approximately 17% of the human
AluJ
genome1. Multiple successive primate LINE‑1 sub
LTR
families (L1PA1–17, in reverse chronological order)
have been active for more than 100 million years in the
200
180
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140
120
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40
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0
evolutionary lineage that leads to humans35,36 (FIG. 1 g).
MYA
That is, at multiple points in our history as a species,
there has been a discrete switch from one active LINE‑1
Figure 1 | Types of mobile DNA in the human genome. The schematic
illustrates
the
Nature Reviews
| Cancer
organization of consensus sequences for the most common types of transposable
subfamily to another that diverges from the previously
element in the human genome. a | Long interspersed element‑1 (LINE‑1; also known as
active element by a few nucleotides. There are hundreds
L1) is shown with the open reading frames (ORFs) for ORF1 protein (ORF1p) and ORF2p
of thousands of fragments of LINE‑1 sequences in the
marked; locations of the endonuclease domain (EN) and reverse transcriptase domain
genome, and most are present as 3′ fragments or have
(RT) of ORF2p are indicated. The element ends with a 3′ polyadenylation (poly(A)) tail
mutated open reading frames (ORFs) such that they
(pA). b | LINE‑1 ORF2p is responsible for mobilizing the non-autonomous Alu short
are incapable of retrotransposition. However, approxi
interspersed elements (SINEs) derived from signal recognition particle 7SL RNA169.
Mammalian-wide interspersed repeat (MIR) SINE sequences remain in high copy number mately 100 copies of L1PA1 and L1PA2 are intact,
potential source elements for new insertions. These are
in the human genome but are no longer capable of retrotransposition. c | Composite
frequently polymorphic structural variants, with both
SINE–variable number tandem repeat (VNTR)–Alu (SVA) elements are also nonpre-insertion (or ‘empty’) and insertion alleles found in
autonomous and mobilized by LINE‑1 ORF2p. d | The multiple ORFs of endogenous
retroviruses (ERVs; gag, pol and env) and the single ORF of mammalian apparent long
human populations14,15,37–39.
terminal repeat (LTR) retrotransposon (MaLR) sequences are shown, although many of
SINE sequences are non-autonomous (non-protein
these insertion sites have collapsed to solo LTR sequences. e | DNA transposons are
coding) elements that collectively make up a proporrecognizable by terminal inverted repeats (TIRs). These sequences are no longer active
tion of our total DNA comparable to that of the LINE‑1
and transposase ORFs are frequently not found. f | The pie chart shows the relative
sequences1 (FIG. 1f). These include more than one milabundance of each class of mobile DNA as a proportion of total genomic DNA. Most
lion Alu repeats1. AluY and its subfamilies, originating
human elements belong to class I retrotransposons (LINE, SINE and LTR) and DNA
approximately 20 million years ago, continue to propatransposons are class II elements. g | The timeline shows approximate spans of recent
gate in the modern human germline using the reverse
transposable element activity during human evolution. In parts a–d, approximate sizes
transcriptase activity of LINE‑1 (REFS 12,40) . Like
are given for an intact consensus sequence to the right of each type of mobile element.
LINE‑1, Alu elements are a significant source of strucA, A‑rich domain; FLAM, free left Alu monomer; FRAM, free right Alu monomer;
MYA, millions of years ago; tRNA, transfer RNA.
tural variation in humans12,13,16–18,41,42. Mammalian-wide
interspersed repeats (MIRs) are also very frequent SINEs
in our genome, although they are no longer mobile and
The mobilome comprises about half of the human all copies are fixed43,44. In addition to Alu, LINE‑1 protein
Human reference genome
reference genome assembly2 (FIG. 1), and there is evidence
can mobilize SVA sequences22,23,45 — these are composassembly
that
nearly
two-thirds
of
our
DNA
is
complex
repetitive
ite retroelements specific to humans and great apes46.
A version of the human
genome, for example, the
sequence that is probably the result of deterioration of They number approximately 2,700 copies in the human
human Dec. 2013 (GRCh38/
recognizable mobile DNAs32. Transposable elements genome1.
hg38) assembly. Structural
are categorized broadly as class I elements (so‑called
Besides LINE‑1 sequences, the other major autonvariants caused by mobile
copy-and-paste retrotransposons), which use reverse omous retroelements in humans are LTR sequences.
element insertions are not
transcribed RNA intermediates to produce copies These are structurally similar to exogenous, infective
consistently incorporated.
of themselves, and class II elements (so‑called cut- retroviruses. They include endogenous retroviruses
Source element
and-paste DNA transposons) that excise from a donor (ERVs), mammalian LTR transposons (MLTs) and
Full-length genomic long
site to reintegrate elsewhere in the genome33. Most shorter mammalian apparent LTR retrotransposon
interspersed element‑1
human elements are of the former class (FIG. 1f). Reverse (MaLR)47 repeats. Human ERVs, specifically HERV‑K,
(LINE‑1) sequence capable
of retrotransposition.
transcription of these sequences may be interrupted such have been active most recently (FIG. 1 g); although intact
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Retrotransposon RNA. LINE‑1 RNA is notoriously difficult to study. Because LINE‑1 sequences are pervasive
in the genome and are common components of introns,
they are transcribed as ‘read-through’ coupled to the
expression of many genes. There is also evidence that
LINE‑1 RNA is a long-lived component of structural
heterogeneous nuclear RNAs (hnRNAs)80. These relatively abundant species of LINE‑1 RNA can obscure the
presence of the so‑called unit transcript (that is, the 6‑kb,
full-length retrotransposon intermediate)81–84. Only
very recently have rigorous RNA sequencing (RNAseq)-based studies been used to identify LINE‑1 unit
transcripts; these require a tailored analysis, integrating
these reads with other data. For a specific sample to be
characterized, genomic sequences of full-length, potentially transcribed LINE‑1 loci are needed, as internal
sequence variants or unique sequences flanking insertion sites are used in these RNA-seq-based approaches.
Chromatin immunoprecipitation (ChIP) reads indicating RNApolII occupancy and histone modifications
(for example, H3K4 trimethylation or H3K27 acetylation) immediately 5′ of a LINE‑1 (REF. 85), unambiguous mapping of RNA reads from 5′ rapid amplification
of cDNA ends (5′ RACE) sequences86 or read-through
transcripts extending beyond the 3′ polyadenylation
(poly(A)) tails of a LINE‑1 insertion can be used to
infer transcription of specific, full-length LINE‑1 loci87,88.
These advances provide truly new capabilities to characMobile element expression in cancer
terize LINE‑1 RNA expression. Their wider application
Promoter activity. The first kilobase of a full-length is likely to produce catalogues of somatically expressed
LINE‑1 sequence encodes a bidirectional, CpG-rich LINE‑1 in various human cancers.
internal RNA polymerase II (RNApolII) promoter. DNA
The LINE‑1 promoter is bidirectional: promoter
methylation is considered an important mechanism for activity in the sense direction transcribes the two
the silencing of genomic transposable elements, and the ORFs of LINE‑1 and produces the RNA intermediate
LINE‑1 promoter sequence is typically methylated62. for retrotransposition. The 5′ end of LINE‑1 also has
Germline-expressed PIWI-interacting RNAs (piRNAs) are antisense promoter (ASP) activity capable of initiating
crucial in establishing this methylation63, and a wide transcripts that oppose the LINE‑1 orientation. Use of
array of Kruppel-associated box (KRAB) domain- splice donors in the antisense LINE‑1 sequence together
containing zinc-finger proteins (KZFPs) bind to trans- with downstream splice acceptor sites from gene exons
posable elements and promote DNA methylation and can lead to chimeric transcripts89–91. At the MET locus,
histone 3 lysine 9 trimethylation (H3K9me3)-dependent which encodes the hepatocyte growth factor recepheterochromatin formation64–68. LINE‑1 methylation is tor tyrosine kinase, such transcripts originate in an
compromised in the genome-wide hypomethylation intronic L1PA2 element and splice to exons coding the
that characterizes many forms of human malignancy 69, C‑terminal end of MET. This truncated RNA isoform
and genome-wide LINE‑1 promoter hypomethylation has been described in several types of cancer, including
correlates with retrotransposition70. Few studies have in the blast phase of chronic myeloid leukaemia (CML)
focused on individual, active LINE‑1 loci in human and in colon, bladder and oesophageal cancers92–97.
tumours, but these reinforce a model whereby LINE‑1 Retrotransposon sequence incorporated into L1‑ASP
promoter hypomethylation enables expression and transcripts can also provide the start of an ORF (ORF0)
retrotransposition71,72. Other studies have related col- such that a subset of these chimeric RNAs have the
lective or presumably representative LINE‑1 promoter potential to code for fusion proteins91,98. Thus, genomic
hypomethylation in tumours to clinical measures. For LINE‑1 sequences have the potential to alter the
example, LINE‑1 promoter hypomethylation has been regulation and coding potential of cellular RNAs.
associated with genomic instability 73 and poor prognoAlthough LTR retrotransposons have been rendered
sis74 in non-small-cell lung cancer (NSCLC), poor out- immobile in humans, their sequences have persiscomes in colon cancer 75 and oesophageal squamous cell tent, and sometimes co‑opted, regulatory functions99.
carcinoma76, decreased overall survival and drug resist- Compared with LINE‑1 sequences, these are more
ance in young patients with breast cancer 77, recurrence of straightforward to study as there are fewer polymorphic
hepatocellular carcinoma after resection78, and aggressive variants excluded from the human reference genome
histology, poorer progression-free intervals and poorer assembly and the sequences are sufficiently diversurvival in ovarian cancer 79.
gent to allow for unambiguous short read alignments.
elements capable of retrotransposition are not known48,
evidence of their recent activity exists in the form of
small numbers of polymorphic loci in human populations. At some of these loci, three variants — ‘empty’ or
preinsertion alleles, solo LTRs and full-length proviral
sequences — segregate in extant populations48–51.
Finally, DNA transposons, which move by excision
and reintegration in the genome, the so‑called cutand-paste elements, now constitute less than 5% of
human DNA1 (FIG. 1f). Recognizable by short (14–25 bp)
terminal inverted repeats (TIRs), these include Tigger
and Charlie DNA sequences and some other medium
reiterated sequences (MERs)52. These are no longer
active as such in humans, although there are examples of human genes that are co‑opted DNA transposons. Recombinase activating gene (RAG) proteins that
mediate V(D)J recombination for antigen detection by
lymphocytes have been borrowed from DNA transposons as a means of generating antibody diversity 53–58. The
genes encoding histone–lysine N‑methyltransferase SET
domain and mariner transposase fusion protein
(SETMAR), P‑element-derived thanatos-associated
protein 9 (THAP9) and piggyBac transposable element-derived protein 5 (PGBD5) have also been distantly incorporated during human evolution and
retain e nzymatic functions of the parent t ransposable
element 59–61.

PIWI-interacting RNAs
(piRNAs). Small RNAs (26–31
nucleotides) that bind to PIWI
family proteins and have key
roles in silencing retroelements.

Short read alignments
Alignments of short reads from
massively parallel sequencing
(MPS) studies to a reference
sequence; for example, to the
human reference genome
assembly.
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Nucleus

Genomic
DNA
1 Transcription
5′

3′
Unit LINE-1 RNA intermediate

Insertion site
HO

direction of a cellular mRNA105, individual transposon
loci with bidirectional transcription89,106 and, potentially, hybridizations of highly similar, complementary
RNA strands encoded from different loci. These dsRNA
species can instigate gene silencing, for example, at the
metastasis suppressor tissue factor pathway inhibitor 2
(TFPI2) locus in breast and colon cancers105. They
can also activate cellular antiviral response pathways
in ovarian c ancer and melanoma treated with DNA
methyltransferase inhibitors107.

3 TPRT

Mobile element proteins and retrotransposition. All
mobile DNA activity in modern humans can be attrib5′
uted to LINE‑1 proteins. LINE‑1 is a 6‑kb sequence
5′ truncated LINE-1
with two essential protein ORFs, encoding ORF1 proCytoplasm
tein (ORF1p; also known as p40)7,108 and ORF2p109.
4 LINE-1 insertion
Alu RNA stalls
LINE sequences propagate through target primed reverse
translation
transcription (TPRT)110,111 (FIG. 2). Briefly, LINE‑1 RNA
associates in ribonucleoprotein (RNP) complexes with
5′
3′
2 Translation
ORF1p protein, and along with ORF2p, gains access to
ORF1p
chromatin. TPRT hinges on two enzymatic functions of
Alu
trimer
ORF2p: endonuclease and reverse transcriptase activORF2p
Ribosome
LINE-1 RNP intermediate
ities112,113. The endonuclease reaction exposes a 3′OH
from the target site DNA strand for priming, and the
Figure 2 | Mobilization of the LINE1 retrotransposon. Long interspersed element‑1
reverse transcriptase then elongates this strand using
Nature
Reviews
|
Cancer
(LINE‑1) is a retrotransposon, which means that its replication cycle involves an RNA
the LINE‑1 RNA as a template. Even among source eleintermediate. LINE‑1 is also an autonomous element, meaning that it encodes its own
ments with intact ORFs for ORF1p and ORF2p, there
protein machinery for reverse transcription and integration of its sequence into the
is some variability in promoter and protein-coding
genome. Most genomic copies of LINE‑1 do not have intact copies of the open reading
frames (ORFs) needed for retrotransposition; however, around 100 copies do have ORF1
sequences, and only a small number of elements have
protein (ORF1p)- and ORF2p‑coding sequences and are retrotransposition competent.
been recognized as highly active or ‘hot’ by in vitro
The order of events during the mobilization of a LINE‑1 element, which results in a 5′
retrotransposition assays37,114 (BOX 1).
truncated insertion is: step 1, transcription in the nucleus and export of the RNA; step 2,
ORF2p generally displays cis-preference for copying
translation and ribonucleoprotein (RNP) assembly in the cytoplasm; step 3, reverse
the LINE‑1 RNA that encoded it instead of retrotranstranscription of the RNA by ORF2p‑mediated target primed reverse transcription (TPRT);
posing other LINE‑1 or unrelated sequences25. Alu
and step 4, resolution of the double-stranded insert. LINE‑1 transcription is controlled by
interspersed repeats are uniquely successful at breakRNA polymerase II (RNApolII) and regulated by the methylation status of the CpG-rich
ing this preference, and mobilize in trans by co‑opting
internal promoter. ORF1p is a major component of the LINE‑1 RNP complexes that form.
LINE‑1‑encoded ORF2p. Alu are RNApolIII-transcribed
It is thought that nuclear import is required for ORF2p to access the genome. ORF2p has
sequences derived from signal recognition particle 7SL
endonuclease activity that nicks the DNA at an insertion site (the consensus sequence of
insertion sites identified from the The Cancer Genome Atlas (TCGA) survey study is
RNA115,116, and Alu RNA assumes a highly structured
shown) and leaves a 3′OH group. This in turn primes the reverse transcription reaction
form that stalls translation of LINE‑1 at the ribosome
mediated by a distinct domain of ORF2p. Resolution of the intermediate likely involves
and competes with the LINE‑1 RNA to associate with
host DNA repair proteins. In addition, the highly structured Alu RNA can compete with
ORF2p117,118 (FIG. 2). This co‑option appears commonLINE‑1 RNA for newly translated ORF2p by ribosome stalling.
place in the germline, where rates of de novo Alu retrotransposition have surpassed those of LINE‑1, although
ERV1, ERVL and MaLR class remnants have been somatic Alu retrotransposition in cancers occurs less
Target primed reverse
shown to provide promoter sequences for long non- frequently 71,119.
transcription
coding RNAs (lncRNAs) and chimeric gene transcripts
ORF1p encodes an RNA binding protein120,121 that
(TPRT). The molecular process
executed by long interspersed
expressed in cancers. Examples of the latter include forms trimers with avidity for the negatively charged,
element‑1 (LINE‑1) open
macrophage colony stimulating factor 1 receptor bendable backbone of single-stranded RNA 122,123.
reading frame 2p (ORF2p),
(CSF1R)100 and interferon regulatory factor 5 (IRF5) ORF1p interacts with LINE‑1 RNA and is required for
using a strand of target site
RNA isoforms101 in Hodgkin lymphoma driven by ERV retrotransposition of LINE‑1, although its exact role is
DNA to prime reverse
transcription of an RNA.
promoter sequences, Erb‑b2 receptor tyrosine kinase 4 unclear. ORF1p largely localizes to the cytoplasm where
(ERBB4; also known as HER4) transcripts initiated from it is a major constituent of LINE‑1 RNPs124–126.
Cis-preference
intronic LTRs and coding for N‑terminally truncated
LINE‑1 ORF1p overexpression is a hallmark
The tendency of long
protein products in anaplastic large cell lymphoma102 of human cancers 127–129. ORF1p can be detected by
interspersed element‑1
and a LTR2–fatty acid binding protein 7 (FABP7) fusion immunohistochemistry, in more than 90% of breast and
(LINE‑1)-encoded open reading
frame 2p (ORF2p) to associate
protein in diffuse large B cell lymphoma103,104.
ovarian cancers, as well as nearly 90% of pancreatic canwith and reverse transcribe the
LINE‑1 and LTR transcription also has the poten- cers, 50–60% of tubular gastrointestinal tract c ancers,
RNA strand that encoded the
tial to result in double-stranded RNA (dsRNA). Origins including oesophageal cancers and colon cancers, 50%
protein. This opposes other
may include lncRNA originating from a transpos- of lung cancers and 40% of prostate cancers127. In conRNA species that co‑opt
ORF2p by association in trans.
able element promoter that overlaps and opposes the trast, primary glioblastomas and low-grade B cell
418 | JULY 2017 | VOLUME 17
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lymphomas express little ORF1p127,130. Thus, tumour
origin is an important determinant of LINE‑1 expression, although the molecular mechanisms underlying
this are unknown. However, tissue-specific effects are
not the only determinant of ORF1p expression. Even
within malignancies of one histological type, there
is variation in the levels of ORF1p immunoreactivity from case to case. For example, LINE‑1 ORF1p is
highly expressed in approximately 20% of cases of lung
adenocarcinoma, expressed at more moderate levels in
approximately 30% of cases and is undetectable in the
remainder 127. Part of this may be attributed to differences in the complement of inherited, active LINE‑1
inherent to each individual, although this has not been
directly demonstrated. The alternative explanation
is that permissiveness for LINE‑1 expression reflects
another genetic or epigenetic feature that is variable
across these tumours. Supporting this model, p53
mutation is associated with LINE‑1 ORF1p expression in lung cancers127, and the wild-type p53 tumour
suppressor represses transposable element expression
in experimental systems131. Moreover, genomic DNA
methylation profiling can be used to distinguish lung
cancer cases with and without somatically acquired
LINE‑1 insertions39. These data suggest that together
cellular environment and epigenetic status may supersede variations in inherited LINE‑1 loci in determining
ORF1p expression.
In contrast, in pancreatic ductal adenocarcinoma
(PDAC), most fully developed malignancies (~90%)
express LINE‑1 ORF1p. This loss of retroelement control is not seen with the same uniformity early in the
disease; only 11% of the histological precursor lesions,
pancreatic intraepithelial neoplasias (PanINs), express
LINE‑1 ORF1p127. Although ORF1p expression levels
Box 1 | Retrotransposition assays
Retrotransposition
assays have informed
ORF1
ORF2
much of our
understanding of long
SD SA
Splicing
interspersed element‑1
(LINE‑1) activity. These
assays provide a
measurement of the
Retrotransposition
processing of a LINE‑1
RNA intermediate and
the reverse
G FP
transcription and
integration of that processed sequence into the genome. Native LINE‑1 does not have
Nature Reviews
introns, and splicing of LINE‑1 RNA sequences is presumed to typically
preclude| Cancer
G

FP

G FP

retrotransposition. These assays introduce a reporter gene (GFP) into the 3′
untranslated region (UTR) of an ectopic LINE‑1 sequence in an antisense orientation
(that is, opposing the direction of the LINE‑1). The reporter is interrupted by an intronic
sequence in the same direction as the LINE‑1. It is operational only after the sequence
has been retrotransposed7–9. The LINE‑1 RNA must be spliced to remove this intron, and
the reconstituted reporter must be reverse transcribed, integrated into the genome
and expressed in sense. These assays have been used to demonstrate which LINE‑1 loci
are hot or highly retrotransposition competent37,114, as well as to identify crucial LINE‑1
sequences and cellular proteins important for retrotransposition ORF, open reading
frame; SA, splice acceptor or 3′ splice site; SD, splice donor or 5′ splice site.

vary between individuals, there is little heterogeneity
within a single tumour or between different sites of
disease in the same patient 132.
Antibodies to detect ORF2p have recently been
reported133–135, and immunostaining shows that it is
expressed in most intestinal adenomas and colon
adenocarcinomas, prostate intraepithelial neoplasias
(PINs) and prostate adenocarcinomas, lung adenocarcinomas, and breast invasive ductal carcinomas135.
Although more studies remain to be done to validate
these findings and test their clinical relevance, these data
suggest that LINE‑1 ORF1p and ORF2p could have utility as c ancer biomarkers for non-invasive screening or
predicting clinical outcomes.
Functional effects of LINE‑1 proteins in human
cancers remain to be characterized in most of these
disease contexts. As with other aspects of this exciting
field, the repetitive and variable numbers of genomic
sequences have posed unique challenges, for example,
complicating approaches to loss‑of‑function experiments. Characterizing cellular RNA that may be sequestered by ORF1p126 and addressing potential consequences
of ORF2p endonuclease and reverse transcriptase activities apart from canonical retrotransposition are likely
to emerge as important areas of investigation. Finally,
although LTR retrotransposons are not competent for
transposition, their persisting protein-coding potential
may promote neoplastic properties during tumour progression. Oncogenic effects have been attributed to the
splice products of the HERV‑K(HML2) env gene, rec and
np9 (REF. 136), and immunosuppressive functions are
associated with the HERV‑H envelope137. Further studies
to characterize the expression and functional significance
of these virus-like proteins in cancers may be valuable.

Retrotransposition in cancer
Somatic LINE‑1 insertions occur in many types of
human cancer, and they can be clinically significant
mutagens. The first example of this was recognized in
1992 in a patient with colorectal cancer. In this patient,
a 750‑bp LINE‑1 insertion interrupted a coding exon
of adenomatous polyposis coli (APC) and crucially
compromised APC function138. The APC gene is well-
established to have tumour suppressor activities in the
colon139. Inherited mutations in APC cause familial
adenomatous polyposis (FAP) and ‘second hit’, as well
as de novo, acquired mutations are commonplace early
events in sporadic colorectal tumours140–144. Methods
that harnessed next-generation sequencing for genomewide profiling of LINE‑1 insertions in tumour DNA for
comparison with matched normal DNA took nearly
20 years to establish39 (BOX 2). By 2016, these methods
had matured and a second somatic LINE‑1 insertion
in the same APC exon was reported in an independent
patient with colon cancer 72. This insertion occurred
at a different position in the exon and spanned 1.4 kb.
Ultimately, the LINE‑1 insertion in APC in this case was
one of 27 somatically acquired LINE‑1 insertions identified in the same tumour. The other insertions were distributed in intronic and intergenic spaces genome wide
without obvious functional effects.
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Box 2 | Finding germline and somatic insertions
Most polymorphic,
*
inherited long
interspersed element‑1
*
*
(LINE‑1) variants and all
*
somatically acquired
LINE‑1 will not be
LINE-1 insertion
incorporated in the
ACA
human reference
Reference assembly
genome assembly.
Instead, there are
hundreds of thousands
Paired-end reads Poly(A) TSD * Clipped reads
of look-alike sequences.
Thus, identifying new
Nature Reviews | Cancer
insertions requires approaches tailored to analysing targeted sequencing (amplification
167
typing of L1 active subfamilies (ATLAS) , LINE‑1 sequencing (L1‑seq)39,148, transposon
insertion profiling (TIP)-seq132, retrotransposon capturing (RC)-seq70, sequencing,
identification and mapping of primed LINE‑1 elements (SIMPLE)168) or whole-genome
sequencing (WGS)71,119,152. Algorithms use paired-end and clipped reads that span the
junction between the insertion sequence and the surrounding genomic sequence to
pinpoint insertions. Several of these algorithms use the polyadenylation (poly(A)) tail at
the 3′ end of the element, and one has been developed specifically to recognize 3′
transduction events. For WGS data and targeted sequencing approaches that capture
both sides of the element (that is, the 5′ and 3′ ends), algorithms may recognize target
site duplications (TSDs). Some assays use a one-sided PCR to amplify insertions and may
have useful information only from the 3′ aspect (bold outlined paired-end reads, right
side). The 3′ACA trinucleotide sequence distinguishes L1PA1 insertions from older
LINE‑1 subfamilies.

Genomic LINE‑1 copies that result from canonical
retrotransposition reactions (FIG. 2) have five sequence
features. First, these are almost universally members of
‘young’, currently active LINE‑1 families (L1PA1 and
L1PA2)6,25; old LINE‑1 sequences are not substrates
for retrotransposition. Second, LINE‑1 and sequences
dependent on LINE‑1 ORF2p for retrotransposition
have 3′ poly(A) sequences incorporated into their
genomic copies, reflecting their RNA precursors109,118.
Third, these insertions tend to occur at ORF2p endo
nuclease recognition sites, 5′ TTTT‑AA 3′, where
the gap is the nicked strand scissile bond112,145. Fourth,
the c opies are flanked by variable length target site duplications (TSDs)146. Fifth, LINE‑1 sequences that are retro
transposed are typically 5′ truncated, and inversions of
the 5′ end are also seen147.
Tumour types prone to retrotransposition. Tumours
of the gastrointestinal tract, particularly colon cancers, are prone to somatic LINE‑1 activity. A study
using targeted LINE‑1 insertion site sequencing in 16
colorectal tumours and matched normal DNA samples
identified 69 PCR-validated, tumour-specific insertions148. A survey of 43 tumours that had undergone
whole-genome sequencing in The Cancer Genome
Atlas (TCGA) showed more LINE‑1 retrotransposition in colorectal cancers than in prostate and ovarian
cancers, with one colorectal cancer case harbouring
106 somatic insertions119. In other cases the number of
insertions ranged from a few to a few dozen119. Other
luminal malignancies, namely oesophag eal squamous carcinomas and adenocarcinomas149,150, gastric

and small bowel tumours132, hepatocellular carcinomas 70 and PDACs 132,151, also show somatic LINE‑1
retrotransposition.
Outside the gastrointestinal tract, NSCLCs39,71 and
head and neck cancers71,152 frequently show somatically
acquired LINE‑1 insertions, as do prostate and ovarian cancers as mentioned above71,119,153. Meanwhile,
haematolymphoid malignancies, namely plasma cell
myelomas119 and acute myeloid leukaemias (AMLs)152,
and high-grade central nervous system gliomas39,119,130,154
have little evidence of somatic retrotransposition. Breast
cancers also have relatively low levels71.
Mechanisms underlying this predilection for LINE‑1
retrotransposition in certain malignancies are not well
understood. Overall, the types of tumour that acquire
somatic LINE‑1 insertions correspond to those types
that show LINE‑1 protein expression127, and controls on
expression are probably important. However, there is no
clear correlation between the amount of ORF1p across
tumour types and the numbers of retrotransposition
events seen. Ovarian epithelial cancers as a group have
the highest levels of ORF1p expression127, but more
modest numbers of LINE‑1 insertions per tumour than
gastrointestinal tract cancers119. Either non-functional
LINE‑1 loci are expressed in these ovarian tumours, or
the LINE‑1 proteins are necessary but not sufficient for
retrotransposition.
Hot LINE‑1 loci in human cancers. A proportion
of LINE‑1 insertions exhibit 3′ transduction. These
result from a read-through of the poly(A) sequence
of the source element such that the RNA intermediate
and ultimately the newly acquired genomic insertion
incorporate this downstream sequence — a signature
of the source element locus87,88,155–157. A recent study of
genomes from 244 patients with cancer found that
approximately half of cases had somatically acquired
retrotranspositions and a significant portion, almost
one-quarter of these events (655 of 2,756 total insertions), had 3′ transduced sequences71. Nearly all these
insertions (95%) were attributable to 72 germline
LINE‑1 loci. Two exceptionally hot elements at 22q12
and 6p24.1 accounted for more than one-third of
somatic transductions in this study and frequently
sourced numerous insertions per tumour. Although
it is unclear to what extent this representation reflects
their expression levels, inherent retrotransp osition
potential or their tendency to read through their
poly(A) sequence, the emerging model is that, as in the
germline, limited numbers of hot LINE‑1 loci dominate
retrotransposition in cancers.
Internal sequence variations (that is, within the
LINE‑1 sequence) can also be used to infer the source
element of an insertion72. Depending on the complement of full-length L1Hs elements in an individual
and the length of a somatically acquired insertion, it
is possible to either unambiguously identify the source
or narrow the possibilities. This approach was used to
trace the source element of the most recently discovered somatic LINE‑1 insertion at APC72. The source
LINE‑1 is a full-length, intact element at 17p11.2.
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a
LINE-1 expression

LINE-1 expression

Driving mutation

APC

b

Primary tumour subclones
Metastatic clone

Time

Figure 3 | LINE‑1 insertions accrue in cancer cell clones. a | Precancerous and normal
cells can allow long interspersed element‑1 (LINE‑1) expression,Nature
although
it is unclear
Reviews
| Cancer
how pervasive this is. Left: the diagram shows a LINE‑1 source element that escaped
somatic silencing in normal epithelial tissue lining the gastrointestinal tract (indicated
by green cells). In most cells, this has no effect. In a rare cell, this will generate an
insertion that promotes tumour development, such as one identified in the
adenomatous polyposis coli (APC) locus. Right: cells that have undergone
transformation may become more permissive for LINE‑1 expression. b | A model of how
transiently active source LINE‑1 can contribute to the genetic evolution of cancers.
Clonal evolution of a primary tumour and its metastatic offshoot is shown with the
quantity of tumour cells denoted by the size of the evolving clones. Time is depicted
on the x axis. Four successive LINE‑1 source elements are illustrated as being active over
the course of tumour development; these are colour-coded to match the subclone in
which each is active. The circular plots depict genomic locations arrayed clockwise as
the circumference, with arrows drawn between source LINE‑1 positions and their
corresponding acquired insertions (arrowheads). The genetic heterogeneity of the
malignant population that results from acquired insertion events is indicated by
the clusters of tumour cells.

Two additional source elements on chromosomes 12
and 14 were responsible for most of the other somatic
insertions in that case.
Retrotransposition of other sequences can also
occur in cancers, although these have received less
attention to date. Somatically acquired Alu insertions
appear to be outnumbered by LINE‑1 retrotransposition events, comprising only about 5.5% of instances
(10 insertions) reported in the TCGA survey study 119.
Somatically acquired pseudogene insertions have also
been described (42 in 660 cancer cases) with greatest
prevalence in NSCLCs and colorectal cancers158,159.

Timing of retrotransposition. When do somatic LINE‑1
insertions occur? The APC insertion described in
2016 likely served as an early, driver mutation in the
development of the tumour. Consistent with this, its
source e lement was found to have escaped silencing in
adjacent, normal tissue by both RNA-seq and LINE‑1
promoter methylation analysis72. Other somatically
acquired LINE‑1 insertions in intronic and intergenic
intervals — and likely passenger mutations — can also
occasionally be detected in adjacent, normal tissue and
in cancer precursor lesions149,151.
That said, fully transformed cells are likely to provide a more optimal environment for LINE‑1 expression and ongoing retrotransposition. Established
malignancies show LINE‑1 promoter hypomethylation
and ORF1p expression as discussed in the preceding
sections. Interestingly, though, the phenomenon of
LINE‑1 expression and retrotransposition appears to
occur with spatial and temporal restrictions in tumour
development. Studies using 3′ transduced sequences to
identify source elements show that these hot LINE‑1
loci are not simultaneously active throughout the
tumour. Instead, different phases of cancer growth will
be punctuated by the transient activities of different
source elements71 (FIG. 3). Consistent with this, in the
evolution of pancreatic cancers, a primary tumour may
show a high number of somatically acquired LINE‑1,
whereas its metastatic outgrowth would accrue no
additional LINE‑1, or the converse132. These data suggest an episodic or heterogeneous quality to LINE‑1
activity in cancers.
Functions of new insertions. Retrotransposed sequences
can compromise gene function. Insertions of LINE‑1
and Alu can directly disrupt coding exons (FIG. 4). They
can also interfere with mRNA splicing when they land
close to exons. Both mechanisms are well-described
ways for insertions to produce loss‑of‑function alleles in
human genetic diseases6. The somatic LINE‑1 insertions
discovered at the APC locus in colon cancer 72,138 fit this
model. These occur in a crucial coding exon of a crucial
tumour suppressor gene. There is no doubt that they are
causative, or driver, mutations in the d
 evelopment of
these cancers.
Newly retrotransposed sequences most commonly
introduce small fragments of LINE‑1 to non-coding
regions of the genome already replete with repetitive
DNAs. These somatically acquired insertions are widely
distributed without strong hot spots near genes or
enrichments in tumour suppressor or oncogene loci160.
My interpretation of these findings is that these mutations are epiphenomenal to oncogenesis — as a rule,
neutral, passenger mutations.
Rules can have important exceptions. The large
majority of retroelement insertions described to date in
cancers are in intronic and intergenic intervals. Whether
these are consequential has now become a central question in the field. Like other mutations in non-coding
DNA, insertion of a mobile DNA has the potential to
disrupt protein binding sites and regulatory sequences70.
Beyond this potential for disruption, transposable
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a

Exonization

Figure 4 | Functional impacts of transposable elements.
The schematic shows a hypothetical gene locus with exons
marked in grey. The rightward pointing arrow depicts
a promoter, and thin black lines denote mRNA splicing
patterns. a | Long interspersed element‑1 (LINE‑1) and
Alu insertions within or adjacent to exons can interrupt
protein-coding sequences or disrupt splicing, resulting in
loss‑of‑function alleles, such as the insertion in the coding
exon of adenomatous polyposis coli (APC), or alleles
producing altered mRNAs. b | Transposable element
insertions in non-coding DNA could disrupt regulatory
sequences (left). Full-length LINE‑1 sequences also have
the potential to introduce promoter activity and produce
chimeric transcripts and protein coding sequences. For
example, a LINE‑1‑antisense promoter (L1‑ASP) transcript
juxtaposing the LINE‑1 open reading frame 0 (ORF0)
in‑frame with downstream exons is shown (right)98.
c | An intronic, antisense Alu insertion provides a new exon
sequence in a process known as exonization.

Reviews
| Cancer
element insertions are unique inNature
that they
have the
ability to introduce to a locus a complex sequence module (FIG. 4). Transpositions of full-length LINE‑1 may
position its promoter to produce new RNA isoforms
and thus break genes161. Insertions with 3′ transduction
events encompassing a downstream exon can introduce
this into a new RNA, in a phenomenon known as exon
shuffling 71,156. Alu repeats, which are under-studied in
cancers, have internal sequences that have a tendency to
be ‘exonized’162,163. Finally, gene rearrangements associ
ated with retrotransposition27,164,165 or post-insertion
recombinations that delete intervening sequence166
may be highly significant. Moving forward, we should
seek out those retrotransposed sequences with content
likely to have functional effects, those associated with
selectively advantaged tumour subclones and those
recurring independently in different patients.

Conclusions
Much of our DNA is a historical record of retroelement
invasions — fixed and fragmented repeats that have gone
cold. However, hot LINE‑1 sequences persist, reverse
transcribe themselves and trap likenesses of cellular
RNAs in our genome in the process. In recent years, it has
come to light that ancient mobile element promoters and
modern LINE‑1 loci are expressed as RNA and protein
in the context of cancer, and that LINE‑1 is interspersing new sequences in cancer genomes. There are many
implications of these findings. The selective expression
of repetitive sequences in cancers may provide opportunities for cancer detection or cancer cell targeting, and
their RNAs and proteins may have roles in transformation. Moreover, acquired insertions have demonstrated
potential to act as driver mutations, and can both destroy
and create functions at loci in which they fall.
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