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Abstract

The human genome contains millions of fragments from retrotrans-
posons—highly repetitive DNA sequences that were once able to
“copy and paste” themselves to other regions in the genome.
However, the majority of retrotransposons have lost this capacity
through acquisition of mutations or through endogenous silencing
mechanisms. Without this imminent threat of transposition, retro-
transposons have the potential to act as a major source of genomic
innovation. Indeed, large numbers of retrotransposons have been
found to be active in specific contexts: as gene regulatory elements
and promoters for protein-coding genes or long noncoding RNAs,
among others. In this review, we summarise recent findings about
retrotransposons, with implications in gene expression regulation,
the expansion of gene isoform diversity and the generation of long
noncoding RNAs. We highlight key examples that demonstrate their
role in cellular identity and their versatility as markers of cell states,
and we discuss how their dysregulation may contribute to the
formation of and possibly therapeutic response in human cancers.
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Introduction

The human genome consists of 3 billion nucleotides, the sequence

that provides the blueprint for human life. The genetic information

is organised in regulatory networks, consisting of trans-acting

protein-coding or noncoding genes, and cis-acting regulatory

elements that control expression patterns. The interplay of these

elements facilitates the establishment of cellular diversity during

embryogenesis, and the subsequent development of tissues and

organs. However, only a subset of the human genome actively

contributes to these regulatory networks. High-throughput genomics

technology has been used to map the active elements in the human

genome sequence, through initiatives such as ENCODE [1] and the

Roadmap Epigenomics Project [2]. These efforts have used ChIP-Seq

to generate genomewide profiles of transcription factor binding sites

and landscapes of histone modifications [1,2]; DNase-Seq to identify

regions of accessible chromatin [3]; and RNA-Seq to measure tran-

scription [4], providing in-depth information about the regulatory

networks encoded in the space of the human genome sequence.

About 50% of the human genome consists of repetitive

elements—DNA sequences that occur multiple times in almost-

identical copies [5]. The largest fraction of repetitive DNA is

contributed by retrotransposons, a family of transposable elements

(TEs) that are able to “copy and paste” their own DNA in the host

genome. There are three major classes of retrotransposons: long

interspersed nuclear elements (LINEs), short interspersed nuclear

elements (SINEs) and endogenous retroviral elements (ERVs)

[6–10]. Today, almost all retrotransposons have lost their capacity

for transposition. However, the remaining fragments contain the

major ingredients of regulatory networks: cis-regulatory sequences,

transcription start sites, and even genes that can be transcribed.

Indeed, retrotransposons are frequently detected across all genomic

assays, suggesting that they can contribute to both regulation and

transcription in the human genome.

Compared to protein-coding genes, retrotransposon sequences

are much less conserved, and they can differ substantially between

species [11–16]. While this may suggest that they are not essential

for human life, they nevertheless show some biochemical activity

[3]. The presence of biochemical activity amidst low evolutionary

conservation highlights one of the key challenges in retrotransposon

research: how to identify elements that are biologically relevant

(“functional” for simplicity) among all active retrotransposons (Box 1).

In this review, we discuss recent evidence showing that retrotrans-

posons make large-scale contributions to gene regulatory elements,

noncoding genes and protein-coding genes. In particular, we highlight
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studies that demonstrate a phenotype attributed to retrotransposon

activation or describe a mechanism by which this occurs, and we

summarise recent evidence implicating retrotransposon activation in

cancer. This review mainly focuses on the ERV class of retrotrans-

posons; however, it also highlights common themes among ERVs,

LINEs and SINEs that have emerged from genomewide studies of their

regulation and contribution to the transcriptome.

LINEs, SINEs and ERVs/LTRs and their contribution to the
human genome sequence

The three classes of retrotransposons (ERV, LINE, SINE) can be

distinguished based on their retrotransposition mechanisms;

however, the naming of individual elements follows a similar

hierarchical system (Fig 1; numbers were calculated from the

GRCh38 RepeatMasker annotations). Within each class of retro-

transposons, there are two additional layers that group the individ-

ual elements based on their similarity [17–24]. The first layer

reflects the family of retrotransposons, such as Alu (SINE), L1

(LINE) or ERV1 (ERVs) (Fig 1B). The second layer captures the

subfamily, such as AluSx (family: Alu), L1M5 (family: L1) or

HERVH (family: ERV1) (Fig 1C). Elements belonging to the same

subfamily can show a very high sequence similarity, and often

hundreds or thousands of almost-identical copies can be found in

the human genome (Fig 1D and E).

ERVs and LTRs

ERVs are genomic elements that resemble retroviruses—viruses

which multiply their DNA by inserting it into the genome of the

host cell. If retroviruses infect cells of the germline or cells that

give rise to the germline, their DNA can be passed to the next

generation, giving rise to endogenous retroviruses [25]. A

complete endogenous retrovirus consists of a set of genes (Gag,

Pol, Env) that facilitate the retrotransposition, and two identical

long terminal repeats (LTRs) that flank these genes and contain

the promoter element (Fig 1F) [26–30]. A complete ERV spans

several kilobases. However, this structure is only preserved in a

subset of genomic elements, as most ERVs are fragments or soli-

tary LTRs. Estimated to contribute to 9% of the human genome,

ERVs are the smallest retrotransposon family. Compared with the

more repetitive retrotransposon classes, ERVs contribute a larger

diversity of potential regulatory elements to the human genome,

making them particularly interesting in the context of transcrip-

tional regulation [3,31–33].

LINEs, SINEs and SINE-related nonautonomous retrotransposons

Similar to ERVs, LINEs contain all of the ingredients required for

retrotransposition [34]. Complete LINE elements can be more than 6

kilobases long. LINEs contain two open reading frames (ORFs)

encoding an RNA-binding protein, and an endonuclease and reverse

transcriptase [35–37] (Fig 1G). In primates, a short third open read-

ing frame was described for a subset of LINE elements [38]. Unlike

LTR promoters, LINE promoters transcribe themselves, and are

considered weaker, sometimes requiring additional regulatory input

to activate cell-type-specific expression [39]. Some LINEs contain an

Box 1: Active versus functional

Large-scale genomics assays are powerful tools to map specific char-
acteristics such as transcription factor binding, histone modifications,
chromatin accessibility, chromatin interactions, methylation, transcrip-
tion or even transcript structure to the human genome. The vast
majority of the genome is detected in at least one such assay;
however, not all of that is evolutionarily conserved, as shown by
comparisons of genome sequences from different species. In this
review, we will use the terms active and functional to discriminate
the observation of biochemical activity at a genomic locus (active)
from the demonstration that this activity has a consequence (func-
tional). In this sense, functional does not imply that an element is
evolutionarily conserved or essential for human life, but in the case of
retrotransposons distinguishes possible noise from elements whose
activity may contribute to early embryonic development, innate
immunity or human diseases.

Glossary

BANCR BRAF-activated non-protein-coding RNA
Cas9 CRISPR-associated protein 9
Cdx2 caudal type homeobox 2
ChIP chromatin immunoprecipitation
ChIP-Seq chromatin immunoprecipitation followed by DNA

sequencing
CRISPR clustered regularly interspaced short palindromic repeats
CSF1R colony-stimulating factor 1 receptor
DNase-Seq DNase I hypersensitive sites sequencing
DNMTI DNA methyltransferase inhibitor
Elf5 E74-like factor 5
Env envelope
Eomes eomesodermin
ERK2 extracellular signal-regulated kinase 2
ERV endogenous retrovirus/endogenous retroviral element
ESC embryonic stem cell
Gag group-specific antigen
H3K27ac histone 3 lysine 27 acetylation
H3K4me3 histone 3 lysine 4 trimethylation
H3K9ac histone 3 lysine 9 acetylation
HBV hepatitis B virus
HERV human endogenous retrovirus
HPAT5 human pluripotency-associated transcript 5
KAP1 KRAB-associated protein-1
LBP9 lipid-binding protein 9
linc-RoR long intergenic non-protein-coding RNA, regulator of

reprogramming
LINE long interspersed nuclear elements
lncRNA long noncoding RNA
LTR long terminal repeat
OCT4 octamer-binding transcription factor 4
ORF open reading frame
Pol polymerase
RNAi RNA interference
RNA-Seq RNA sequencing
SAMMSON survival-associated mitochondrial melanoma-specific

oncogenic noncoding RNA
shRNA small hairpin RNA
SINE short interspersed nuclear elements
siRNA small interfering RNA
SVA SINE-R, VNTR and Alu
TE transposable element
TF transcription factor
TRIM28 tripartite motif-containing 28
TSS transcription start site
UCA1 urothelial cancer-associated 1

EMBO reports Vol 17 | No 8 | 2016 ª 2016 The Authors

EMBO reports Retrotransposons and the transcriptome Jonathan Göke & Huck Hui Ng

1132



F

A CLASS

B FAMILY

D GENOMIC COPIES
 SUBFAMILY

C SUBFAMILY

E INDIVIDUAL
 ELEMENTS

G H

% of human genome

Non-Retrotransposon

ERV/LTR

ERV/LTR

ERV/LTR
HERVH

E
R

V
L-

M
aL

R

E
R

V
1

T
H

E
1B

M
LT

1D

H
E

R
V

H

LT
R

7

H
E

R
V

L

M
LT

2A
1

LT
R

5_
H

s
H

E
R

V
K

L1
P

A
7

L1
P

A
3

L2
a

L2
c

L2c

L3 L4

A
lu

S
x

M
IR

b

M
IR

c

MIR

M
IR

A
lu

Jb

AluJb

A
lu

Y

E
R

V
L

E
R

V
K

O
th

er
s

L1 L2

O
th

er
s

A
lu

M
IR

HERVH hits
Chr 2

Chromosome 2

LTR7B LTR7BHERVH-int

219,030,000 219,035,000

A B An An

5'UTR 3'UTR

ORF2ORF1ORF0
LTRLTR Gag Pol Env

219,040,000 219,045,000

SINE

SINE

SINE + SVA
Alu

Genes

LINE

LINE

LINE
L1

0.0 0.2 0.4 0.6 0.8 1.0

0 50 100

HERVH elements

150 200 250

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Retrotransposon

Alu VNTR LTR5/
HERVK

SVA

Figure 1.

ª 2016 The Authors EMBO reports Vol 17 | No 8 | 2016

Jonathan Göke & Huck Hui Ng Retrotransposons and the transcriptome EMBO reports

1133



additional antisense promoter that can drive transcription into adja-

cent genes [39–41]. Many times, LINEs are only fragments, and due

to 50 truncation, it is estimated that only a small fraction of all LINEs

contains the promoter element [42,43]. LINEs contribute the largest

fraction (21%) of retrotransposon-derived DNA to the human

genome.

SINEs are shorter in length than ERVs or LINEs (usually fewer

than 500 bp), and unlike these autonomous retrotransposons, SINEs

do not contain ORFs (Fig 1H) [44]. SINEs originate from small func-

tional RNAs [45,46], and instead of encoding their own proteins,

they require the machinery from LINE elements for retrotransposi-

tion [39,47,48]. SINEs also contribute to the small class of SVA

retrotransposons, a family of nonautonomous retrotransposons that

also contain LTR sequences [49–51] (Fig 1G). Thirteen percent of

the human genome resembles SINE elements. With more than

1 million copies, the Alu family of SINEs is the most frequent retro-

transposon in the human genome.

Silencing of retrotransposons

Due to their potential to disrupt DNA sequences and impair genome

stability, most ERVs, LINEs and SINEs are silenced. Silencing is

orchestrated by a combination of sequence-specific transcription

factors and epigenetic modifiers that affect histone modifications or

DNA methylation.

The transcription factor (TF) family that extensively binds to

retrotransposons is named Kruppel-associated box-zinc finger

(KRAB-ZFP) proteins [29,52–56]. These KRAB-ZFP proteins are

among the fastest evolving group of genes in the human genome

[57], and it is estimated that this diversity enables their ability to

recognise a large number of genomic retroelements [52]. One of the

first KRAB-ZFP TFs that were found to contribute to retrotransposon

silencing was ZFP809 [58,59]. ZFP809 recognises and binds a

sequence element in the promoter of ERVs and then recruits the

epigenetic silencing machinery, at the core of which is TRIM28 [59].

KRAB-ZFPs also silence other retrotransposons, in addition to ERVs.

For example, the primate-specific TFs ZNF91/93 evolved in

response to expansion of the LINE L1PA3 subfamily and SINE-

related SVA elements in what has been called an evolutionary arms

race [52]. Further, the binding of KRAB-ZNF proteins to a broad

range of retrotransposons was confirmed on a larger scale through

the analysis of genomewide binding profiles of 18 KRAB-ZFP TFs

[55]. The majority (16 out of 18) of KRAB-ZFPs were shown to bind

to retrotransposons from LINE, ERV and SVA families.

Binding of sequence-specific TFs to retrotransposons is the first

step in the cascade that facilitates their epigenetic silencing.

Sequence-specific TFs recruit TRIM28 (also known as KAP1), which

plays a pivotal role in the silencing cascade by facilitating histone

tail methylation and DNA methylation. This ensures transposon

silencing during early embryogenesis, and even in adult tissues

[53,54,58,60–71]. Most retrotransposons are well under control

through these sequence-specific and epigenetic silencing mecha-

nisms and not able to undergo transposition. Noteworthy, deletion

of Trim28 in the maternal germline results in embryonic lethality

[72], demonstrating the essentiality of this dynamic and robust

defence system that ensures genomic and epigenetic stability.

Retrotransposons as a source of regulatory elements,
noncoding genes and alternative gene isoforms

Retrotransposons in the human genome are identified based on their

sequence similarity to retrotransposons, rather than their ability to

copy and paste their DNA. In fact, only a very small subset of retro-

transposons in the human genome can transpose their DNA,

suggesting that the majority do not function as retrotransposons.

Instead, these elements can acquire novel functions, either through

a change in their retrotransposon identity over a long period of time

or through the more rapid process of exaptation, where retrotrans-

poson sequences are partially preserved but gain functionality in a

different context. Such retrotransposons not only alter their own

function, many times they confer novel or altered functions to the

host.

Broadly, exaptation of retrotransposons can be classified accord-

ing to the mechanism through which they influence the transcrip-

tome. Firstly, retrotransposons can be co-opted as enhancers

(Fig 2A), influencing the expression of nearby genes without acti-

vating the retrotransposon itself. Secondly, retrotransposons can act

as promoters that initiate transcription at the retroelement. Such

elements can increase gene isoform diversity and introduce novel

cell-type specificity for existing protein-coding genes (Fig 2B). In

addition, they may act as their own promoter, driving expression of

retrotransposon-derived RNAs (Fig 2C and D). Thirdly, retrotrans-

posons can directly be integrated into existing genes, increasing

gene isoform diversity and influencing posttranscriptional regulation

[73,74]. There are additional examples of retrotransposon exapta-

tion that impact on small RNA pathways, and chromatin architec-

ture and accessibility (see [6,75,76]). In the following sections, we

provide an overview of how exaptation of the regulatory elements

of retrotransposons and specifically ERVs integrates them into exist-

ing regulatory networks as enhancers, promoters or as a source of

novel noncoding and protein-coding genes.

Retrotransposons as enhancers

Despite the existence of multiple layers of repression targeted at the

regulatory sequences of retrotransposons, many have been impli-

cated in gene expression activation [77]. Comparative genomics

studies have shown that retrotransposons provide a rich source of

regulatory innovation [78,79]; a number of these are under

Figure 1. Retrotransposon classes, naming and genomic distribution.
(A) The contribution of the three major classes of retrotransposons to the human genome sequence. (B) Each retrotransposon class contains several families; shown is the
relative contribution of each family to the respective retrotransposon class. (C) Each family contains several subfamilies; the relative contribution to the families is shown, and
selected examples are highlighted. (D) Shown are all HERVH fragments on chromosome 2. (E) Visualisation of a LTR7B-HERVH retrotransposon on chromosome 2 consisting of
the two flanking LTR elements and the internal HERVH element. (F) Model for ERVs. Three genes (Gag, Pol, Env) are surrounded by two long terminal repeats (LTRs) that
contain a promoter. (G) Model for LINEs. Human LINE 1 elements contain 2 (sometimes 3) open reading frames (ORFs), which are regulated by two promoters. (H) Model of
SINEs and SVAs. Unlike the other retrotransposons, SINEs do not contain protein-coding genes. SVAs are a combination of SINEs and ERVs.

◀
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purifying selection, suggesting that exaptation of retrotransposon as

regulatory elements occurs frequently [79–85]. Indeed, many retro-

transposons are unmethylated, bound by transcription factors and

marked by H3K4me3, H3K27ac and H3K9ac, indicating an epige-

netic state reminiscent of active enhancers and promoters (Fig 2A)

[86–89].

In an attempt to systematically identify active elements in the

human genome, Thurman et al [3] analysed DNase-Seq data from a

large variety of human cell lines. DNase-Seq captures regions of

open chromatin, many of which were found to include transposable

elements, among which ERVs were the most enriched class. The

authors showed that ERVs were frequently cell-type-specific and

active as enhancers [3]. Among the primate-specific open chromatin

regions, transposable elements contribute up to 63% [90]. While

not all of these active chromatin regions contribute to regulatory

networks, these numbers are a striking illustration of the potential

of transposable elements to impact on the genomic regulatory

landscape.

Specific examples of regulatory networks that have been system-

atically altered through retrotransposon-derived enhancers can be

found in embryonic stem cells (ESCs), germ cells and cells from

organs related to sexual reproduction. Successful expansion of retro-

transposon requires integration events in cells that pass their DNA to

the offspring, and all of the above cell types provide such a window

of opportunity [91]. In ESCs, up to 25% of binding sites for the key

pluripotency transcription factors OCT4 and NANOG were shown to

originate from transposable elements [31]. These binding sites are

often primate-specific and can integrate new genes into existing

regulatory networks, demonstrating that they indeed act as regula-

tory elements. Besides these embryonic cells, the organs involved in

pregnancy such as the placenta or endometrium have been found to

employ a large number of retrotransposon-derived enhancers

[33,92–94]. By genomewide profiling of epigenetic marks and TF

binding sites in mouse and rat trophoblast stem cells, Chuong et al

[33] identified a specific class of ERVs, RLTR13D5, which was signif-

icantly enriched in enhancers that are active in the placenta. These

ERVs contained binding sites for Eomes, Cdx2 and Elf5, transcription

factors that are central to the trophoblast regulatory network; and

genomewide binding site profiling by ChIP-Seq has confirmed the

binding of these TF to the sites in cultured cells. Through a similar

genomics profiling approach, Lynch et al [94] identified a large

number of retrotransposons that contribute regulatory elements to

drive the endometrium expression profile in humans. Even though

these retrotransposon-derived regulatory elements are not able to

copy and paste their DNA, these studies show that retrotransposon-

derived enhancer activity is frequently associated with tissues that

are linked to embryogenesis, probably because these tissues are

most likely to transmit new retrotransposon copies.

ExamplesRegulation/expansion of the transcriptome by ERVs

D ERV-RNAs
Differs by subfamily,
coding potential is 
gradually reduced 
over time

HERVK Embryogenesis [130]
 ALS/Motor 
 neuron disease [183]
 Cancer [152,153] 

HERVH Pluripotency [99,104,120] 

A Enhancers

 Pluripotency [31]

 Immunity [32]

Coding potential

B Alternative ERV promoter

DicerO Mouse oocytes [106]

FABP7 Cancer [107]

Noncoding
32%

Coding
68%

C Single ERV promoter (novel genes?) PAPPA2 Pregnancy [109]

BANCR Cancer [114]

linc-RoR Cancer,
 pluripotency [115]

UCA1 Cancer [116]

HPAT5 Pluripotency [118]

SAMMSON Cancer [119]

Coding 3%

Noncoding
97%

ERV
Non-ERV exon TSS and processed transcript

Figure 2. ERVs regulate and expand the transcriptome.
(A) ERVs can act as enhancers, regulating genes in the proximity. (B) ERVs can act as alternative promoters for protein-coding and noncoding genes. (C) ERVs can provide the
only promoter for a gene; such ERV-derived genes are largely noncoding. (D) ERVs can be transcribed over their full length. Transcribed ERVs can generate proteins and
peptides, but they can also generate noncoding RNAs.
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Large-scale genomics surveys provide a genomewide overview,

and transcriptomics data link retrotransposons to proximal gene

expression; however, revealing the functions of individual elements

is challenging. Chuong et al [32] used CRISPR–Cas9 to delete speci-

fic ERVs that are bound by transcription factors downstream of the

interferon signalling pathway. Without these ERVs, expression of

nearby genes was uncoupled from interferon signalling, impairing

the inflammatory response to infection. Important binding sites tend

to be well preserved between species [95]; however, retrotrans-

poson-derived enhancers can contribute to interspecies differences

by rewiring regulatory networks. These studies on retrotransposon

enhancers demonstrate that this can affect a variety of cell types

and cellular functions: from pluripotency in early embryos to the

immune response in adults.

Retrotransposons as promoters: retrotransposon-derived RNAs

The original purpose of retrotransposon regulatory sequences was

to drive expression not of distal, but of the proximal DNA of the

retrotransposon genes. Analysis of large-scale transcriptome data

sets has shown that many retrotransposons, and in particular ERVs,

still act as transcription start sites (TSS) in different cell types and

scenarios (Fig 2B–D). ERV regulatory elements act as promoters and

TSS in early embryos [96–98], embryonic stem cells [99,100] and

adult tissues [90,98,101–103]. Global estimates suggest that more

than 30% of TSS overlap with retrotransposons [98]. Many ERV-

derived promoters are highly cell-type-specific [96,98,104], and

thereby increase transcriptome complexity.

The promoter and TSS of ERVs reside within the LTR elements

(Fig 1D and E). Accordingly, most of the cell-type specificity origi-

nates from these LTRs. The LTR sequence—and particularly splice

sites within or downstream of the LTR—determines the impact on

the transcriptome. LTR families that are devoid of splice sites initiate

transcription of the adjacent, often proviral DNA. In contrast, LTR

families with splice sites often generate “fusion transcripts” contain-

ing an ERV fragment at the 30 end, and other, often non-ERV exons

in the remaining transcript [76,96,97,101,105].

LTRs with splicing elements as cell-type-specific alternative promoters

LTR elements that contain a splice donor site and are transcribed

can be spliced to a splice acceptor site further downstream. If such

an LTR promoter resides upstream of genes, the splice acceptor site

can be provided by the genes’ exons (Fig 2B). In this way, ERVs are

a source of alternative promoters, generating transcript isoforms

that are active in a specific cell type or that encode a truncated

protein or transcript. One such example is Dicer, a gene that is

central to the microRNA and RNAi pathways. In mice, Dicer has an

oocyte-specific transcript that is initiated in a rodent-specific LTR

element [106], and gives rise to a truncated Dicer isoform that more

efficiently processes siRNAs. Deletion of the LTR element causes

sterility in females with meiotic spindle defects and increases the

expression of endogenous siRNA targets and of retrotransposons.

Hence, this demonstrates that retrotransposons can become essen-

tial as cell-type-specific alternative promoters and first exons. Addi-

tional examples of tissue-specific regulation of gene expression by

retrotransposons exist in humans ([107,108], see [109] for an over-

view). Among all alternative TSS that overlap with an ERV element,

68% belong to protein-coding genes (Fig 2B, estimated using

RepeatMasker and Ensembl annotations for GRCh38). The large

number of ERVs in promoters suggests that other examples like

Dicer exist, where the alternative promoter initiated in an ERV has

become essential for human biology.

Retrotransposons as a source of long noncoding RNAs

For many genes, the TSS in the retrotransposon is the only TSS. For

transcription of these single-TSS genes, the retrotransposons is

essential as it provides the only promoter. The vast majority (97%)

of such genes are long noncoding RNAs (lncRNAs; Fig 2C, esti-

mated using RepeatMasker and Ensembl annotations for GRCh38).

LncRNAs show higher cell-type specificity compared with

protein-coding genes, and their expression levels are generally lower

[110]. Thousands of lncRNAs have been discovered, and many are

involved in human diseases such as cancer [111–113]. Strikingly,

75–83% of lncRNAs contain transposable elements (TEs), a consid-

erably higher percentage compared with protein-coding genes

[101,104]. Nineteen percent of lncRNAs consist of more than 50%

TE sequence [101], suggesting that exaptation of TEs and evolution

of lncRNAs are closely related. In fact, many lncRNAs were discov-

ered without the knowledge that they substantially overlap with

retrotransposons [114–116]. TEs which are part of lncRNA exons

show higher conservation in primates. This is indicative of purifying

selection, reinforcing the idea that retrotransposons are a key

element of lncRNAs [100,101].

Most ERV-initiated lncRNAs have promoters and TSS of retrovi-

ral origin. However, sometimes only a small part of the final tran-

script contains sequences from ERVs. As a result, their cellular

function is often very specific to the individual lncRNA, and a large

diversity of different ERV-derived lncRNAs has been described.

Among the lncRNAs that are initiated in retrotransposons and were

shown to be functional are: linc-RoR, a ncRNA that is required for

pluripotency and influences p53 levels in response to DNA damage

[115,117]; HPAT5, a lncRNA that plays a role in human preimplan-

tation development and reprogramming, possibly through interac-

tion with the let7 miRNA family [118]; and the lncRNAs BANCR,

SAMMSON and UCA1 that were discovered in cancer cells

[114,116,119]. The diversity of functions attributed to these

lncRNAs—all initiated through an ERV promoter—demonstrates

that retrotransposons contribute novel functions also by expanding

the noncoding transcriptome.

Transcribed ERVs contribute to the coding and noncoding

transcriptome

Some LTR families have a highly cell-type-specific promoter but are

not spliced, and one example is LTR7 [96,99,104,120]. LTR7 is

bound by key transcription factors such as NANOG, LBP9 or the

kinase ERK2 and shows high levels of H3K4me3, which is associated

with promoter activity [96,121,122]. LTR7 is the LTR of the human

endogenous retrovirus h (HERVH), which provides one of the most

striking examples for exaptation of retrotransposons in the human

genome [99,123–125]. Unlike other LTRs that act as alternative

promoters of non-ERV exons, LTR7 primarily drives transcription of

HERVH, generating hundreds of transcripts across the genome that

are dominated by retroviral genes (Fig 2D). HERVH expression is

highly specific to the pluripotent state of hESCs [99,104,120,123]. In

contrast to LTRs which only provide a similar promoter and TSS to

otherwise diverse genes, LTR7-HERVH elements provide both

promoter and a large part of the transcript sequence itself,
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suggesting that they form a class that shares some functionality. To

investigate this hypothesis, Lu et al [99] generated multiple shRNAs

against different parts of the HERVH transcripts, all of which led to

differentiation of hESCs. These HERVH transcripts have lost their

protein-coding potential, suggesting that HERVH forms a class of

lncRNAs that are essential for the maintenance of pluripotency in

humans. HERVH transcripts are localised in the nucleus where they

interact with proteins, potentially working together as noncoding

regulators of gene expression [99]. Notably, not all HERVH elements

are fully transcribed, and they also contribute a number of lncRNAs

through splicing [115,118]. Due to the repetitive nature of retrotrans-

posons, it is rather difficult to identify the essential copies; an

in-depth understanding of the role of HERVH as a class and of indi-

vidual HERVH-derived transcripts in human pluripotency requires

additional research efforts. While HERVH is the most prominent

family, other retrotransposons also show transcription of the retrovi-

ral genes during early embryogenesis [96]. These examples suggest

that retrotransposons contribute to novel noncoding transcripts in

the human genome and that exaptation of retroviral genes as

noncoding RNAs may constitute a general mechanism.

Since retrotransposons frequently occur as fragments or mutated

copies, most transcribed retrotransposons do not have strong

protein-coding potential. However, there are a few notable excep-

tions. Among the ERVs, the HERVK family is the most recently inte-

grated family in the human genome [126]. Proteins and viral

particles transcribed from HERVK have been reported in germ cell

tumours and human embryonal carcinoma cells [127–129].

Recently, proteins from the HERVK genes have been identified in

human blastocysts, indicating that human embryogenesis tolerates,

or possibly benefits from HERVK expression [130]. One of the

HERVK-encoded proteins was shown to interact with cellular RNAs,

indicating that HERVK may be integrated into the cellular pathways

[130]. HERVK expression in early embryos is associated with an

antiviral response mechanism, possibly protecting the embryo from

exogenous viruses [130]. However, among the ERV families which

are transcribed in early embryos, only HERVK shows coding

potential comparable to mRNAs [96], suggesting that the majority of

ERVs in early embryos generate noncoding transcripts.

ERVs as markers of cell identity and cell potency

The unifying theme for ERV exaptation is that their highly specific

regulatory elements contribute to genome regulation and transcrip-

tion as cell-type-specific enhancers and promoters. Unlike protein-

coding genes that are most often used as markers of cellular iden-

tity, there are hundreds of ERV copies in the human genome.

Further, ERV promoters are robustly activated and very specific for

the cell type of interest. ERVs and ERV promoters therefore provide

a unique resource as markers of cellular identity.

The notion of cellular identity is particularly relevant for work

with pluripotent cells. ESCs are derived from the blastocyst and

correspond to the pluripotent preimplantation epiblast cells within

the inner cell mass [131–133]. However, there are many differences

between the in vitro expression profiles of ESCs and the in vivo

expression profile of cells from the human blastocyst [134]. These

differences have been attributed to ESCs being in a developmentally

more advanced, “primed” state, compared to the “naı̈ve” state of

pluripotency found in mouse ESCs and in the cells from human

blastocysts [135]. By using specific culture conditions, it is possible

to alter the cell state of hESCs in a way that they more closely

resemble naı̈ve pluripotent cells [136–140]. Strikingly, ERVs were

found to be a key indicator for these alternative states of pluripo-

tency (Fig 3A). In humans, the HERVK-associated LTR elements

(LTR5_Hs) are expressed specifically in naı̈ve pluripotent cells and

embryonic carcinoma cells [96,129,130], the HERVH-associated

LTR7Y elements have been used as a reporter for naı̈ve pluripotency

[96], and the HERVH-associated LTR7 was used to isolate naı̈ve

human ESCs [122]. The ability to demarcate specific cell states

reflects the highly specific ERV expression in the distinct stages of

early embryonic development: LTR7Y is specific for the blastocyst

stage and only weakly expressed in primed ESCs, LTR7 is specific

LTR7Y
[96]

B MURINEA HUMAN

2 cell-like Embryonic
stem cells

MuERVL
[143, 144]

Embryo

8-cell Morula Blastocyst

Embryonic stem cells Embryonic stem cells

Epiblast

‘Naïve’ ‘Primed’

LTR7
[99,104,120]

LTR7
[122]

LTR5_HS
[96,129,130]

LTR7B
[96]

MLT2A1
[96]

Figure 3. Specific ERVs mark the different cellular identities in early embryonic development.
(A) Specific ERV families are expressed in the early human embryo, and in naïve and primed human embryonic stem cells (ESCs). (B) In mouse, it was found that ERVs are
specifically activated in the two-cell stage. These ERVs are spontaneously expressed in cells which show features of two-cell-like totipotent cells.
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for the pluripotent cells from the blastocyst, and LTR5_Hs is

expressed in the blastocyst and morula stage [96]. LTR families that

are specifically expressed in earlier stages such as the morula

(LTR7B) and the 8-cell stage (MLT2A1) have also been identified

using single-cell RNA-Seq data from human embryos [96,134,141].

In mice, a two-cell specific ERV family (MuERVL) has been used to

identify a subpopulation within mESCs that resemble properties of

the totipotent two-cell stage (Fig 3B) [142–144]. The highly specific

regulatory elements within the ERV promoters provide a powerful

tool to identify novel cell states and evaluate cell potency even

beyond currently available cell models.

Retrotransposons in cancer: oncogenic lncRNAs, genomic
instability and a link to immunotherapy

Many insights into the regulation, transcription and function of

retrotransposons have been obtained from models of early embry-

onic development. However, retrotransposon expression can be

observed across adult tissues [90,98,102,103]. This extensive contri-

bution of retrotransposons to the transcriptome of adult tissues and

nonembryonic cell types highlights the possibility that their dysregu-

lation may be a factor in diseases such as cancer.

By comparing the expression profiles of tumours with the

corresponding healthy tissue, it has been found that ERVs are

among the dysregulated genes across a number of cancer types

[145–151]. The spectrum of possible functions of ERVs in cancer

is as wide as their diversity in healthy tissues. In B-cell-derived

Hodgkin lymphomas, ERVs from the THE1B family are systemati-

cally activated, leading—among others—to transcription of an

alternative promoter of the oncogene CSF1R [151]. Transcripts

from the HERVK family were shown to be translated, generating

proteins and peptides that are absent in normal tissues

[26,152,153]. In hepatocellular carcinomas, upregulation of ERV

elements was specifically associated with a subtype of tumours

that are HBV-positive [146]. The expression of these upregulated

ERVs was driven by their promoter sequence, and many of the

ERV-derived RNAs were noncoding. While some cancers show

concerted upregulation of ERVs, individual ERV-derived lncRNAs

contribute to the disease in other cases. The lncRNA SAMMSON is

specifically induced in melanomas where it contributes to cancer

cell-specific mitochondrial functions [119]. Inhibition of SAMMSON

led to reduced tumour growth, and its cancer cell specificity

makes it a candidate therapeutic target. The TSS of SAMMSON

originates from an LTR1 retrotransposon; therefore, the specific

upregulation may be related to its retroviral origin. Other

ERV-derived lncRNAs that appear to play a role in cancer are:

BANCR—a lncRNA involved in melanoma cell migration [114];

UCA1—a lncRNA that promotes cell growth and invasion in

bladder cancer [116]; and the aforementioned linc-RoR that was

found to contribute to breast cancer [154], pancreatic cancer [155]

and hepatocellular carcinoma [156]. Additional lncRNAs that are

central to cancer have been discovered, reinforcing their important

role in the disease [111–113]. Many of these lncRNAs are likely to

consist partly of retrotransposons, highlighting the potential impact

that ERV-derived transcripts might have in cancer.

While these studies allude to a possible oncogenic function for

ERVs, other studies show that this does not always have to be the

case. ERVs play an intriguing role in cancer drug responses, with

applications in immunotherapy [157]. DNA methyltransferase inhi-

bitors (DNMTIs) can reduce DNA methylation levels, thereby acti-

vating genes that are silenced in tumours, some of which may be

tumour suppressors. Genomic demethylation by DNMTIs also

results in upregulation of ERVs and the generation of double-

stranded RNAs. These retroviral RNAs are associated with activa-

tion of antiviral response genes, indicating that ERV expression may

potentially be clinically relevant in the context of immunotherapy

[157,158]. Expression of ERVs was also associated with immune

cytolytic activity [159], and neoantigens critical for successful

immunotherapy [160,161]. Thus, ERVs may have opposing roles: as

oncogenic drivers, but also possibly contributing to successful

cancer treatment.

In contrast to ERVs—where a disease association is attributed

to their cis-regulatory potential or to their RNA product in trans—

the research on LINE elements in cancer has been directed at their

function as retrotransposon. The L1 family of LINEs is able to

retrotranspose both in the germline and in somatic cells [162–165];

hence, this family is particularly interesting as it has potential (yet

to some degree uncertain) roles in genomic instability and mutage-

nesis in cancer [166,167]. A systematic analysis of somatic retro-

transposon events in five cancer types using whole-genome

sequencing of the tumour sample and matched blood samples con-

firmed that L1 elements are the most active family also in cancer

(183 L1, 10 Alu and 1 ERV out of 194 in total) [168]. L1 insertions

are enriched in hypomethylated regions and associated with a

change in gene expression [168]. An interesting property of L1

elements is that they can copy and paste nonrepetitive sequences

downstream of the element itself in the genome. This so-called

transduction was used by Tubio et al [169] to map somatic retro-

transposition events back to their original loci. Ninety-five percent

of transduction events originated from only 72 L1 elements, which

is similar to estimates for the number of retrotransposition-

competent elements found in the human population [164], suggest-

ing that the majority of LINE instances are well under control or

incapable of transpositions even in de-regulated cancer genomes.

For these somatically active instances, promoter hypomethylation

indicated a potential loss of silencing that has been reported in other

studies as well [170]. Even though some of these transposition

events disrupted exons and genes, the majority did not seem to

affect gene expression, contrasting Lee et al [168], and suggesting

that L1 retrotranspositions are most often harmless by-products of a

potentially important mutational process. These large pan-cancer

studies have the power to detect general mechanisms across cancer

types; however, the occurrence of L1 retrotransposition events is

often cancer-type-specific [168,169]. Additional insights into the

frequency and relevance of L1 retrotransposition events have been

obtained from studies focused on single cancer types, such as

hepatocellular carcinoma [147], pancreatic ductal adenocarcinoma

[171], oesophageal carcinoma [172], colorectal cancer [173] and

gastric cancer [174], among others. Although the extent to which

the somatic or germline retrotransposition contributes to cancer is

still debatable, the phenomenon is frequently observed [175], and

in specific cases has been directly linked to cancer initiation [176].

This suggests that further exploration of both ERV and non-ERV

retrotransposons in cancer has the potential to uncover novel

aspects of tumour biology.
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Summary

Millions of fragments resembling retrotransposons exist in the

human genome. Large-scale genomics technologies have enabled

researchers to obtain a genomewide view on retrotransposon activa-

tion, their regulation and their contribution to the transcriptome.

Besides their contribution to innovation of genome biology, their

contribution to human diseases has become a focus of research

[175]. Apart from cancer, expression of retrotransposons has been

reported to be associated with multiple sclerosis [177–180],

schizophrenia [181] and amyotrophic lateral sclerosis [182,183].

Following these data-driven discoveries of their activation, the key

challenge is to understand the regulation of retrotransposons, iden-

tify essential elements among the large number of copies and ulti-

mately assign a function for retrotransposon-derived enhancers and

transcripts in vitro and in vivo (see Box 2).

Overall, the pervasiveness of retrotransposons in the human

genome and transcriptional landscape shows that there is a clear

need to identify and assign functions to retrotransposons.

However, this presents many challenges: the technical difficulties

in analysing highly repetitive elements, combined with the huge

diversity of possible mechanisms outlined in this review, demand

new analytical approaches that deviate from methods applied to

nonrepetitive genes. Despite these difficulties, there are many

examples of retrotransposons that have acquired functions as

enhancers, promoters or lncRNAs, suggesting that there are many

additional cases yet to be discovered. In addition, retrotrans-

posons are functionally important, with roles in development,

cellular identity and disease. Technological developments that

bring longer reads for sequencing, insights into genome or tran-

scriptome structure, single-cell resolution for transcriptomics and

regulatory genomics, and almost base pair precision will be

instrumental in interrogating the repetitive part of the human

genome in more detail. Together with precise genome editing

technology and integration of additional big data, research on

retrotransposons promises to yield many new insights. This

presents an exciting opportunity to advance our understanding of

some of the most complex genomic elements that contribute to

almost half of the human genome.
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