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Abstract

Transposable elements (TEs) have emerged as important factors in establishing the cell
type-specific gene regulatory networks and evolutionary novelty of embryonic and pla-
cental development. Recently, studies on the role of TEs and their dysregulation in
cancers have shed light on the transcriptional, transpositional, and regulatory activ-
ity of TEs, revealing that the activation of developmental transcriptional programs by
TEs may have a role in the dedifferentiation of cancer cells to the progenitor-like cell
states. This essay reviews the recent evidence of the cis-regulatory TEs (henceforth
crTE) in normal development and malignancy as well as the key transcription factors
and regulatory pathways that are implicated in both cell states, and presents exist-
ing gaps remaining to be studied, limitations of current technologies, and therapeutic
possibilities.
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INTRODUCTION

Transposable elements (TEs), first discovered by McClintock,! 121 are

genomic elements capable of moving to new loci that are found in

almost all eukaryotic genomes. About 50% of the human genome

Abbreviations: AML, acute myeloid leukemia; AR, androgen receptor; CRC, colorectal cancer;
CRE, cis-regulatory element; DNMT, DNA methyltransferase; dsRNA, double-stranded RNA;
EMT, epithelial-mesenchymal transition; ERV, endogenous retrovirus; ESC, embryonic stem
cell; HDAC, histone deacetylase; HERV, human endogenous retrovirus; KRAB-ZNF,
Krippel-associated box zinc finger; LINE, long interspersed nuclear element; LTR, long
terminal repeat; NSCLC, non-small cell lung cancer; piRNA, piwi-interacting RNA; PSC,
pluripotent stem cell; SINE, short interspersed nuclear element; siRNA, silencing RNA; TAD,
topologically associating domain; TE, transposable element; TF, transcription factor; TPRT,
target-primed reverse transcription; TSC, trophoblast stem cells; UTR, untranslated region;
VNTR, variable number tandem repeat.

consists of TEs,[34] but out of these, only about 100 elements have
retained their ability to move autonomously, that is, are transposition-

[25] TEs are classified into two major classes,

ally capable elements.
retrotransposons (“copy-paste”) and DNA transposons (“cut-paste”)
by their mechanism of transposition, and further into four families

known as long and short interspersed nuclear elements (LINEs and
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SINEs), long terminal repeats or endogenous retroviruses (LTRs/ERVs),
and DNA transposons by their replication and integration mechanisms
and into further subfamilies by their phylogenetic relationships!¢!
(Figure 1A).

The potential role of TEs in gene regulation has been consid-
ered since their discovery.”8] The majority of TEs are fixed in the
genome and incapable of transposition due to mutations or silencing
mechanisms. Despite the tight control in normal cellular conditions,
it has become evident that the cis-regulatory sequences in integrated
TEs have been adapted into a myriad of different roles: TEs have
evolved to possess multiple cis-regulatory roles in the human and other
eukaryotic genomes, including promoters, enhancers, silencers, and
boundary elements that demarcate topologically associated domains
(comprehensively reviewed by, e.g., Sundaram and Wysocka,! the
“gene-battery” model of TE adaptation to regulatory roles by Britten
and Davidson!”! evaluated in light of modern evidence by Sundaram
and Wang!10]).

Genome expansion is an important driver of the evolution of gene
regulatory networks, providing new binding sites for transcription fac-
tors (TFs) in waves of expansions rather than by accumulation of point
mutations.[*X] TEs have had a key role in this process of regulatory
evolution as evidenced by the majority of primate-specific and actively
evolving cis-regulatory elements (CREs) being derived from TEs.[12-14]
Around a quarter of the human cis-regulatory genome in normal tissues
is comprised of TEs.[15] TEs have an especially outsized role in cis-
regulation during embryonic and placental development: expansions
of TEs have rewired regulatory networks for essential pluripotency
factors! 161 and placental cis-regulation, 17181 including the direct exap-
tation of a retroviral envelope protein gene into syncytin, an essential
factor in placental development.[1?] Other examples of TF programs
rewired by TEs include, for example, tumor suppressor p532°! and
innate immunity factor STAT1.[21]

Due to their mutagenicity and cis-regulatory potential, TE activity
is tightly controlled in normal cellular conditions by multiple overlap-
ping mechanisms. These include piwi-interacting RNAs (piRNAs), small
interfering RNAs (siRNAs), Kriippel-associated box domain-containing
zinc-finger proteins (KRAB-ZNFs) and p53 binding, DNA methyla-
tion, deposition of repressive histone modifications (Figure 1B), or
ultimately domesticating the TE into functional, endogenous roles in
the host genome (Figure 1C) (comprehensively reviewed by Almeida
et all22]). TE silencing mechanisms are often multilayered: for exam-
ple, a recent genome-wide CRISPR screen identified potential LINE1
regulators involved in diverse functional pathways such as chro-
matin remodeling, RNA splicing, N6-methylation of RNA, and RNA
and protein degradation pathways.[23] However, the silencing is often
disrupted in cancers, not only due to the loss of repressive chro-
matin modifications but also by transcript filtering mechanisms.[24:2]
This can result in activation of TE transcription, transposition, and
cis-regulatory activity that can have effects on cancer initiation and
progression (Figure 2). Most notably, the causative role of transposi-
tion events in cancer initiation has been reported in colorectal cancer
(CRC) with TE insertions resulting in disruptions of the APC gene.[26-28]

On the other hand, activation of the cis-regulatory function through

epigenetic de-regulation of cryptic promoter sites within TEs is known
to drive the expression of oncogenes in multiple cancers.[2?] How-
ever, the whole extent of crTE activation in driving cancer-specific
gene regulatory programs, especially via the activation of cryptic
enhancers, is still mostly unknown, despite the well-known dysregula-
tion of epigenetic control mechanisms in cancer and the importance of
TE regulation in development and other controlled cellular processes.

Transformation of cells into cancer by oncogene activation is highly
dependent on cell state: progenitor-like cells are more susceptible
to transformation compared to fully differentiated cells,[3%31] and
metastatic progression is especially linked to activation of devel-
opmental (epi)genetic programs and enhancer reprogramming.[32:33]
Unlocking phenotypic plasticity through dedifferentiation of cancer
cells into progenitor-like states is considered one of the emerging
hallmarks of cancer,[®*! and recent evidence has shown remarkable
similarities between cancers and pluripotent stem cells in TE acti-
vation and epigenetic dysregulation: Lynch-Sutherland et al.[35! have
proposed the hypothesis that TE-driven regulation specifically reawak-
ens the developmental transcriptional programs in cancers, and new
advancements since then have provided intriguing new evidence on
the roles of crTEs in cancers. This essay synthesizes the new evidence,
identifying the key TEs and TFs that bind them, as well as regulatory
pathways through which they may contribute to malignant states, pro-
viding some insights into what remains unknown and what needs to be

researched further.

PLURIPOTENCY FACTORS COMMONLY BIND TEs
IN EMBRYONIC STEM CELLS (ESCs)

There is a large body of evidence of TEs, especially LINE and LTR
elements, as a major factor in gene regulatory network evolution of
zygotic gene activation and post- and pre-implantation gene expres-
sion (comprehensively reviewed by Senft and Macfarlant3¢l). The epi-
genetic landscape of embryonic development is especially permissive
for TE activity, as embryonic stem cells undergo a complete reprogram-
ming of TE methylation in the early stages of development.!37] In total,
TEs contribute to about 20% of TF binding sites in both human and
mouse.[38] TEs have also rewired new genes in embryonic development
to the pluripotency-maintaining transcriptional programs, with only
a small fraction of OCT4 and NANOG binding sites shared between
human and mouse, whereas CTCF has a more similar binding profile
between both.!16:37]

Multiple genome-wide studies have focused on the canonical
pluripotency factors (OCT4, SOX2, and NANOG) and their occupancy
at TEs. About 24% of OCT4 and SOX2 binding was found to occur at
ERVK repeats in mice over an expected frequency of 9%,4°! and in
humans roughly similar percentages of 21% and 15% were found for
OCT4 and NANOG, respectively.1¢] Analyses of large-scale genomics
data have subsequently revealed that TEs contribute to a large fraction
of open chromatin regions, with especially the LTR class overrepre-
sented in ESCs, 13! and demethylated TEs in ESCs have been shown to

associate with tissue-specific enhancers.[41]
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FIGURE 1

Mechanisms of TE transposition and silencing. (A) TEs are divided into two major classes based on their transposition mechanisms:

Class |, that is, “copy-paste” and Class Il, that is, “cut-paste.” ERV/LTR elements transpose via an mRNA intermediate that encodes for gag, pol, and
env proteins that are required for the transpositional machinery. The mRNA is reverse-transcribed to dsDNA in the cytoplasm and integrated back
into the host genome. These insertions often appear as solo LTR insertions, where the internal sequence is lost due to recombination between 5’
and 3’ LTRs. LINE elements encode a bicistronic mRNA that contains reading frames for an RNA-binding ORF1p and ORF2p that has endonuclease
and reverse transcriptase activity. LINEs transpose via a target-primed reverse transcription mechanism (TPRT), where the ORF2p endonuclease
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The transient cis-regulatory and transcriptional activity of TEs dur-
ing embryonic development is a carefully coordinated process with
waves of transcriptional activation and deactivation of specific sub-
families of TEs. TEs are essential for hESC genome activation,!4243]
and LTR transcription is a hallmark of embryonic development that
is directly regulated by the binding of pluripotency factors.[4445] |n
human embryos, the earliest TE activation measured by RNA expres-
sion and chromatin accessibility seems to occur at the four-cell stage,
with dynamic activation of different TE subfamilies depending on the
stage of development.[4647] |n mouse embryos, LINE1 and MERVL
are already transcribed at the two-cell stage and required for zygotic
gene activation and progression from the two-cell stage.!1234849] Young
LINE1s are also expressed in humans in the early embryo,!°°! and
the induction of transcription positively correlates with gene expres-
sion at the eight-cell stage: for example, two L1PA2 elements induced
the expression of SIX2, a TF involved in early organ development.[23]
Thus, the coordinated expression of specific TEs during develop-
ment is not merely a side effect of the lax epigenetic control dur-
ing reprogramming of DNA methylation but has concrete functional
consequences for zygotic gene activation and the maintenance of
pluripotency.[ 164551521 Collectively, the role of TEs in the develop-
mental processes has been extensively characterized, and it is well
established that specific TEs have crucial roles during development and

in maintaining pluripotency.

PLACENTAL GENE EXPRESSION IS REGULATED
BY TEs

During placentation, trophoblast stem cells (TSCs) invade the
endometrium to form the placenta after embryonal implantation
and connect the maternal blood circulation to the embryonic circu-
lation. Placental development has necessitated remarkably similar
cellular features that are also required for progression of cancer,
such as tissue invasion via epithelial to mesenchymal transition
(EMT), immunosuppression, and stimulation of angiogenesis.![34531
Interestingly, comparative research has shown that organisms with
invasive placentas may be more susceptible to cancers and metas-
tases than metatherian non-placentals such as marsupials. However,
other species-specific suppressive mechanisms could also explain
the differences, since some placental organisms such as elephants
and mole rats are also highly resistant to cancer.[54551 Moreover, an

invasive phenotype is also essential for other non-placental functions

such as wound healing, so mechanisms such as placental immunomod-
ulation can also contribute to the higher susceptibility in placental
organisms.

The evolution of placental mammals has been largely facilitated
by the rewiring of gene regulatory networks by TE expansions.[18]
Multiple TE subfamilies have been reported to regulate placental
gene expression in TSCs in both mice and in human, with the LTRs
being highly overrepresented among the active elements.[17:56-58] One
major player seems to be the elements of the MER50 subfamily, which
were identified by both Yu et al.l58! and Sun et all>”] as active TE-
enhancers. Yu et al.l’8! characterized the MER50 elements in more
detail and found that they regulate genes essential for the forma-
tion of the syncytiotrophoblast, a continuous layer of epithelial cells
that forms the interface between the fetal and maternal blood. About
20% of the TE enhancers that were identified by their H3K27ac pro-
file in TSCs also had bivalent H3K9me3 methylation that was mostly
lost during differentiation to syncytiotrophoblasts, indicating a poised
enhancer state of these TEs that is activated during transition to
another cell type.[58]

Other major regulators of placental gene expression are the
MER41A and MER41B subfamilies identified in three independent
studies as CREs.[56-8] MER41B seems to have various cis-regulatory
roles: it has also been found to be adapted to innate immune
responses,!?1 and Frost et al.[5¢] reported it regulating genes that are
essential for trophoblast development and corroborated the enrich-
ment of STAT and SRF motifs as reported earlier.[21:57] Other active
TEs identified in more than one of these studies are LTR10A, LTR8B,
MER21A, MER39, and MER11D, all of which seem unique to TSCs
as they show no activity in ESCs.[5¢! These TEs were found to bind
many key TFs involved in stem cell state maintenance, such as ELF5,
GATA3, TFAP2C, TP63, and TEAD4, speaking of the unique regula-
tory environment of the placenta molded by TEs. It is worth noting
that the placenta is a transient organ that is discarded after parturi-
tion, and thus it is possible that there has been no selective pressure
for controlling the deleterious effects of TE transposition, enabling
widespread TE adaptation to cis-regulatory functions. Interestingly, in
addition to serving as cis-regulatory elements, TEs contribute directly
to placental gene expression: several genes that are functional in the
placenta are directly adapted from TEs, such as the syncytin gene
that is derived from a retroviral envelope protein gene.'?! Collec-
tively, TEs have been instrumental for the development of the placenta,
showing unique co-option from the syncytin protein to widespread

cis-regulatory activity.

nicks DNA at a TTAAAA motif, freeing a 3’ OH group that primes the reverse transcription of the LINE RNA. The cDNA is integrated, and the
second strand is subsequently synthesized. DNA elements encode for a transposase that can nick the DNA sequence and integrate it into a new
locus in the host genome. The non-coding sequences in each TE type are marked in gray and the coding sequences are marked in brown. (B) TEs are
silenced by different mechanisms. General mechanisms include DNA methylation, repressive histone modifications and RNA-mediated silencing.
These silencing mechanisms are especially conferred by KRAB-ZNFs that recruit DNA methylases, histone deacetylases, and histone methylases
at TEs, and piRNAs that are functional in the male germline that utilize similar mechanisms but can also post-transcriptionally nick TE-mRNA in the
cytoplasm. (C) TEs can be domesticated or co-opted into new roles such as promoters or enhancers in the genome by accumulation of mutations,
diminishing their deleterious effects and rewiring new gene regulatory networks.
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Modes of TE activation and their consequences in cancer cells
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FIGURE 2 Modes of TE activation and their consequences in cancer cells. (A) De novo insertions resulting in from the ~100 active LINEs in
cancer can cause insertional mutagenesis, where the coding sequences of tumor suppressors, such as APC, can be disrupted. Other mechanisms
include novel cis-regulatory elements carried by insertions and exonization of insertions in gene sequences. (B) Insertions can cause
megabase-scale chromosomal rearrangements, including deletions, transductions, duplications, and breakage-fusion-bridge cycles that can cause
oncogene amplifications. (C) Extant germline TE insertions can be activated due to the dysregulation of epigenetic control mechanisms. These
elements can contain cis-regulatory sequences, such as enhancers and cryptic promoters that can drive the expression of nearby oncogenes. (D)
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MUTATIONAL AND cis-REGULATORY ROLES OF TEs
IN CANCER

Activation of TE transcription and transposition has been extensively
studied in pan-cancer analyses that have found large differences in
TE activity and transposition rates between cancer types,'®! colorectal
and esophageal carcinomas as well as head and lung small cell carcino-
mas showing the highest transposition activity. Transposition is known
to cause insertional mutagenesis, genomic instability, and large-scale
genomic rearrangements in cancer (Figure 2a,b).°! The transposi-
tional activity is driven by around 100 intact germline copies of the
evolutionarily young LINE subfamilies (L1Hs, L1PA2) that still harbor
full-length and transposition-capable sequences.[25591 Whole genome
sequencing studies can efficiently map TE transposition events and
their mutagenic effects, but functional genomics and transcriptomics
assays are needed for a comprehensive understanding of regulatory
TE activity in the epigenomic level. TE transcription rates have also
been reported to vary between cancer types, but largely the same
repertoire of young LINEs are also transcriptionally overexpressed
in the same cancer types and correlated with demethylation and a
heightened interferon response.[6961] However, TE transcription and
cis-regulatory activity are not limited to full-length LINEs but can orig-
inate from all TE families upon their epigenetic derepression. Li et al.
[23] also showed that L1 5’ UTR can transactivate nearby genes. The
5" UTRs showed functional enhancer activity and were enriched for
active enhancer marks such as H3K27ac and H3K4me1. Further sys-
temic perturbation of L1 sequences through CRISPRa and CRISPRIi
influenced the expression of L1-regulated genes, and transcriptionally
active L1 showed increased cohesin occupancy and physical contacts
with their target genes.

CRC is one of the cancer types with the highest transposition rates.
Interestingly, LINE transposition already starts during embryogene-
sis, also occurring in the normal colon epithelium, with CRC showing
a threefold increase in transpositional activity compared to the nor-
mal colon.l?] Nam et al. reported that some of the LINE promoters
remain demethylated after the global rearrangement of DNA methyla-
tion in the early embryo, resulting in increased LINE insertion burden
with age. Thus, early stages of CRC already show transpositional
activity, indicating that TE insertions very likely contribute to can-
cer driver mutations. For example, disruption of the APC gene has
been shown to initiate CRC, and TE structural variants contribute to
tumorigenesis.[>26-28.63] The role of TE transposition events in the ini-
tiation of cancer also raises an interesting question whether this also
applies to TEs with cis-regulatory activity—can they contribute to ini-
tiating cancer or does their activity only appear during later stages of
cancer development.

Several epigenetic and filtering mechanisms contribute to TE silenc-

ing in somatic cells, and non-mutational epigenetic reprogramming is

considered as one of the enabling characteristics in the development
of cancers.[2534] However, whether the mechanisms that cause tran-
scriptional and transpositional TE activity in cancers also correlate with
the activation of their cis-regulatory features is largely unknown. In
recent years, evidence of TE co-option to multiple cis-regulatory roles
in cancer, known as onco-exaptation, has been emerging (Figure 2C,
left panel). Multiple studies have shown that DNMT and HDAC inhibi-
tion leads to transcriptional activation of TEs.[**] In particular, LTR12C
elements become transcriptionally active upon inhibition of epige-
netic enzymes in multiple cancers.[64-66] TEs have been shown to
contribute to the development of cancer by driving the expression
of oncogenes through chimeric TE-gene transcripts.!12?] Chimeric TE-
transcripts also encode immunogenic antigens that are presented on
the surface of cancer cells,!®”] presenting a promising opportunity
to exploit these neoantigens and TE-produced double-stranded RNA
(dsRNA\) in cancer immunotherapies (reviewed recently by Reid Cahn
et al.[68] and Liang et al.l¢?]). TEs are also known to harbor features
of active gene regulatory sites, including open chromatin, enhancer-
specific histone marks, and TF binding in multiple cancers, such as
breast,[7°! acute myeloid leukemia (AML),[71] prostate,l”2] colorectal,
and hepatocellularl73! cancers (Figure 2C, right panel). This evidence
indicates that TEs can play active regulatory roles in different cancer
types.

Onco-exaptation of TEs can have both pro- and anti-tumor effects
depending on the cancer type. TE transcription in cancers and tumor-
adjacent normal tissues has been mostly associated with worse sur-
vival in, for example, hepatocellular,74] head and neck,!”>! breast,!7¢!
and kidneyl””] cancers, but there is also some evidence of posi-
tive correlation on survival in osteosarcomal’®] and melanoma.”?!
Attig et al.l8%] showed recently that onco-exaptation can also have
pleiotropic effects: in lung cancer, calbindin (CALB1) expression driven
by HERVH alternative promoter prevents senescence in early stages of
cancer but suppresses protumor inflammation in later stages, leading
to a survival disadvantage (Figure 2D). These results indicate that the
effects of TE dysregulation must be considered in the context of can-
cer type and disease stage and that further studies with a larger scale
and a higher resolution are needed, for example, by utilizing single-cell
sequencing technologies, to elucidate the role of TE activity in different
cancers.

ESCs, placenta, and cancer cells have striking similarities in their
epigenetic states that also reflect their transcriptional, transpositional,
and crTE activity. During development, mammalian genomes undergo
genome-wide hypomethylation that causes widespread transient
TE activity, which is very similar to the global hypomethylation and
increased TE activity observed in cancer. In both cases, the observed
TE activity emerges predominantly from the LTR elements.[41:4481-83]
TEs adapted to cis-regulatory functions during development are

often also active in cancers. For example, the chimeric HERVH-CALB1

Transcriptional activation of TEs has been extensively studied, and it has been found that transcription can have positive, pleiotropic, and negative
effects on cancer survival depending on the cancer type. TE transcription can also mimic viral immune responses in cancer cells, also presenting

TE-derived antigens on cell surfaces.
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transcript expressed in lung cancer!® js also expressed in ESCs and
healthy neurons, indicating a possible connection between develop-
mental processes and onco-exaptation.[4>84] Moreover, the syncytin
gene that is essential for the placenta has also been adapted to induce
cell fusions in breast and endometrial cancers.[8°]

TE activity in ESCs raises an interesting question about the role of
TE re-activation in cancer stem cells (CSC). In arecent report, TEs were
shown to be essential for maintaining stemness in AML,[8¢] which is a
key feature for cancer dedifferentiation.[87] CSCs are cell populations
within cancers that have features that resemble embryonic stem cells,
such as unlimited potential for proliferation viacommon pathways (e.g.,
Whnt) and telomere repair mechanisms. They are drivers of key can-
cer processes, such as tumor establishment, growth, and relapse via
resistant post-treatment cell populations. CSCs also exhibit many of
the same surface markers that are present in ESCs.[8889] |t is largely
elusive which cells CSCs are derived from, but there is recent evi-
dence that oncogenesis in prostate cancer arises from the co-option
of pluripotent stem cell (PSC) crTEs that promote growth via andro-
gen receptor (AR) binding.72! However, more studies are needed to
determine the connection between TEs and CSCs.

Recently, the role of crTEs in both ESCs and cancers has been com-
prehensively reviewed by, for example, Fueyo et al.[?°! Grundy
et al.l?4] Hermant and Torres-Padilla,’Y) and Sundaram and
Wysocka.l?l Cancer as a disease of development and its connec-
tions to ESCs and placenta has also been reviewed by for example
Costanzo et al.[>%) and Stanger and Wahl.!2] This review focuses on
specific LTR subfamilies (LTR7, LTR10, LTR12C, and MER11), as these
elements have been shown to be especially rich in their cis-regulatory
sequence content!?] and have the most definitive evidence of cis-
regulatory activity in both development and cancer. In addition, these
TEs have links to pathways that may have roles in both development
and malignancy. However, this list is not exhaustive, and there are more
potential TEs presented in the aforementioned reviews and Figure 3.

LTR7/B/Y

The five subfamilies, LTR7, LTR7A, LTR7B, LTR7C, and LTR7Y, can
either be integrated as solo insertions in the genome or flank their
proviral HERVH-int sequence. LTR7 elements have been extensively
studied in ESCs, and they have been found to be essential for main-
taining the pluripotency of ESCs and induced pluripotent stem cells
by directly binding multiple pluripotency factors, such as TFCP2L1,
NANOG, SOX2, OCT4 (POU5F1), and KLF4[16:424552.93-95] and partic-
ipating in TAD formation.!?¢] In a functional quantitative ChIP-STARR-
seq assay, LTR7 was shown to have the highest enrichment in the
most high-activity class of enhancers in hESCs.[?7! Pluripotency factors
NANOG and KLF4 were found to be essential for driving cis-regulation
and expression from these elements. Specific LTR7 subfamilies seem to
control different stages of development, with LTR7B enriched in the
eight-cell and morula stage, LTR7Y in the blastocyst stage, and LTR7
in the epiblast, although all variants do not seem to play a functional

role!4¢98] By using a combination of transcriptome and ChIP-seq

data for TF binding and histone modifications, these studies found
that LTR7-derived transcription and active histone modifications, such
as H3K27ac, H3K4me1, and H3K4me3 strongly correlate with the
stage of embryonic development. LTR7s also protect embryonic cells
from deleterious LINE transposition.[>%] There is evidence suggesting
that LTR7 elements can have dual roles as both enhancers and pro-
moters, with some studies showing that LTR7-HERVH is a marker of
pluripotency (reviewed by Sexton et al.l99]).

In cancers, the role LTR7 elements is still largely elusive. LTR7Y was
found to be significantly overexpressed in six cancer types—colorectal,
stomach, bladder, head and neck, lung, and liver cancers—correlating
with the overall high rates of TE transcription and transposition in
these cancer types.[5¢1] The proviral HERVH sequence co-expressed
strongly with LTR7Y in these cancer types, suggesting that these
sequences are co-regulated or that the full endogenous retroviral
sequence is expressed. LTR7Y is associated with open chromatin in
colorectal and lung cancers, and all three LTR7 subfamilies showed
moderate activity in a functional STARR-seq enhancer assay.73:100]
Interestingly, a knockout of tumor suppressor ARID1A in CRC led to
the increased transcription of LTR7, LTR7Y, and the proviral HERVH-
int, also stimulating the activity of transcriptional regulator BRD4. The
upregulation of LTR7-HERVH led to the increased formation of BRD4
nuclear foci, upregulating BRD4-mediated transcription.[1°1] BRD4 is
also an important regulator of MYC, possibly indicating a connection
between the LTR7 activation and the BRD4-MYC axis in driving can-

n.[102] HERVH expression correlates with lymph node

cer progressio
invasion and microsatellite instable subtype of CRC/[103] but as a
whole, only preliminary evidence of the activity of LTR7s and the provi-
ral HERVH in cancer exists. Due to their key roles in development
and the connection to MYC regulation, further studies are important
for elucidating the role and function of LTR7-HERVH in tumorigenic

processes.

LTR10A/F

The provirus of LTR10 subfamilies is known as HERVIP10. Some
members of these subfamilies, such as LTR10B1, LTR10B2, LTR10C,
LTR10D, and LTR10E, are known to be highly enriched for p53 binding
sites.[20] More recently, the LTR 10A subfamily has emerged as an espe-
cially important cis-regulatory element in both ESCs and cancers. It
has been shown to contribute to the expression of important placental
genes,[56] and a recent report suggests that LTR10 elements function
as tumor-specific enhancers in CRC that drive tumor progression: Both
Ivancevic et al.[1%] and Karttunen et al.l”3! showed that LTR10 sub-
families are relatively widely enriched in accessible chromatin regions
inmultiple epithelial cancers, such as colorectal, stomach, prostate, and
lung tumors. Moreover, both Frost et al.l5¢] and Ivancevic et al.[200]
showed that the LTR10A elements are essential in the regulation of the
AP-1 pathway, and the important role this pathway plays in both pla-
centa and cancers was noted by both independent studies. The LTR10A
and LTR10F elements were reported to contain an internal highly

mutable variable number tandem repeat (VNTR) region consisting of
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FIGURE 3 Summary of different functional properties of TEs in development and cancer.

28-30 bp repeats harboring AP-1 motif. The number of these repeats
correlated with H3K27ac and FOSL1 binding and were found to have
tumor-specific variations in CRC, possibly correlating with microsatel-
lite instability-type tumors.[190] The AP-1 pathway contributes to cell
motility and invasion,[194] suggesting that its activity can have large
implications in both placental development and cancer. In conclusion,
LTR10 is one of the most comprehensively studied crTE subfamilies in
the context of cancer, and the AP-1 pathway has a close connection
between the placenta and cancer via TE regulation. The VNTR region
also suggests a novel mechanism of TE onco-exaptation via an expan-
sion of TF motifs within their sequences, possibly due to microsatellite
instability that occurs in some cancer types.

LTR12C

LTR12C is the long terminal repeat of the ERV9 family of endoge-
nous retroviruses that was reported to have promoter activity since
its discovery.[195] The LTR12C subfamily has been studied in mul-
tiple cellular contexts. Its transcription has been reported during
embryonic development from two- to eight-cell stages and in the

morula stage,[4647] but its cis-regulatory activities and their signifi-

cance in development are still mostly unclear. The LTR12-ERV9 has
been exapted for cis-regulatory activities in normal cellular condi-
tions, such as the promoter of a zinc finger gene ZNF80,110¢] a male
germ line-specific isoform of TP63,11°7] and for long-range regula-
tion of B-globin via a long non-coding RNA that stabilizes long-range
LTR enhancer assemblies that regulate erythropoiesis.[108109] The
strong cis-regulatory functions of LTR12C elements are due to a
strong TATA box and CCAAT boxes that can bind NFY-B, confer-
ring BRD4-independent transcription and enhancer activity from the
elements.[64110.111] The |TR12C sequence also contains a highly
variable tandem repeat region, which is possibly one of the mecha-
nisms of sequence adaptation for the cis-regulatory activity of this
subfamily.

LTR12C elements have been found to be strongly responsive to
DNMT and HDAC inhibition that increases their expression and
drives transcription of neopeptides that can cause an immunogenic
response.l61:64-66731 | TR12C has been reported to drive oncogene
expression in multiple cancers,[2%112] to be essential for the mainte-
nance of stemness,!8¢] and to have enhancer activity in a study focusing
on AML.I711 I TR12C elements may function as oncogenic enhancers
via NFYA activity since cancer type-specific binding of NFYA at LTR12C

elements has been shown in liver cancer cells along with functional
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enhancer activity and nascent RNA transcription (GRO-seq) signal.[73]
However, LTR12C studies have largely focused on its promoter activity
and its ability to drive transcription, and thus more data is needed to
establish its distal enhancer activity.

MER11A/B/C/D

Another interesting TE group is the MER11, (medium reiteration fre-
quency repetitive sequences) that are classified into MER11A, B, C,
and D subfamilies. MER11 elements can be up to 1100 bp long, but
their length varies depending on the number of 50 bp repeats.[113] As
previously mentioned, expansions of VNTRs have amplified JUN/AP-
1 motifs in LTR10A and LTR10F elements, suggesting that similar
mechanism could have expanded TF binding sites also at MER11 ele-
ments, but this has not been confirmed in any studies so far to our
knowledge. MER11 subfamilies, especially MER11A, B, and C, have
been implicated as developmental enhancers with high activity dur-
ing endodermal differentiation and in defining the segregation of
inner cell mass and trophectoderm, and were found to contain bind-
ing sites for several pluripotency factors,[4394114] They also showed
high activity in a functional enhancer assay in CRC cells, with the
same enhancers also showing enhancer-like epigenetic features in
developmental tissues.!”3]

It has been suggested that MER11 elements may have a role in can-
cer via TFAP2A activity: the binding of TFAP2A at MER11 elements
has been shown in colon cancer cells,|73] but whether it also binds to
the same CREs during development has not been studied to our knowl-
edge. However, TFAP2 family TFs have multiple roles in development:
TFAP2C is a pioneer factor for pluripotency factor enhancers!11%]
and is considered a trophoblast marker.!116] TFAP2A and TFAP2C are
essential in a core regulatory network for TGF-g-mediated EMT! 1171 |n
CRC, TFAP2C is linked to stemness via upregulating stem cell factors,
and its overexpression is correlated with chemotherapy resistance and
poor prognosis.! 118 However, both TFAP2A and TFAP2C have tumor
suppressor and oncogene properties depending on the cancer type
(reviewed in Kotat et al.[117]),

Interestingly, multiple copies of MER11D and LTR8B were found to
be associated with a cluster of pregnancy-specific glycoprotein (PSG)
genes that are expressed in the syncytiotrophoblast and are impor-
tant markers of pregnancy.[5¢! TFAP2A can induce lung cancer EMT
and metastasis by transactivating the PSG9 gene that increases TGF-
B signaling,[1201 and TFAP2C was also shown to promote EMT in
lung cancer in another study,!21! suggesting a potential connection
between TE-regulated activity; however, neither of these reports stud-
ied the binding of TFAP2 to TEs nor whether the EMT promotion is

mediated by TEs, so more studies are still needed.

OTHER TES AND POSSIBLE PATHWAYS

Grillo et all”2] were the first to our knowledge to directly study

the connections in TE activation between PSCs, normal prostate, and

prostate cancer. Interestingly, they reported two subtypes of prostate
cancer: the constant subtype had no enrichment of regulatory TEs,
whereas in the reprogrammed subtype, 186 regulatory TEs were iden-
tified from two cohorts. Of the 186 identified TE subfamilies, 164 were
found to be common with embryonic tissues but only 22 were com-
mon with the 97 subfamilies identified in benign prostate, highlighting
the similarity of the developmental and malignant states. The most
active subfamilies were Tigger3a, LTR5_Hs, and LIME4b and these TEs
were found to bind mostly lineage-specific TFs, such as the AR, which
is an essential regulator of most prostate cancers. These results pro-
vide evidence of the connections between development and cancer
and interesting leads for further studies. Other TE subfamilies with
functional evidence of being active in different transcriptional and cis-
regulatory roles in either developmental processes, cancer, or both, are
summarized in Figure 3.

A summary of the specific TE subfamilies active in different tran-
scriptional and cis-regulatory roles in development and cancer, includ-
ing subfamilies that were not mentioned in the main text but were
reported to have functional activity. All subfamilies are human-specific
except for ones with only evidence in mice marked with Mm (Mus mus-
culus). The major classes of TEs are marked in different colors, the
proviral sequences of LTR elements are in bold, the gene names in
chimeric TE-genes are in italics, and the TE-associated TFs in the rel-
evant sections are also in bold. The figure is adapted from Grillo and

Lupien.[122]

LIMITATIONS OF CURRENT APPROACHES

Studying TEs has been and still is hampered by their repetitive
sequences that pose inherent difficulties for mapping them from short-
read sequencing data. This is particularly challenging in the case of less
divergent evolutionarily younger TE subfamilies, many of which seem
to show high transpositional and cis-regulatory activity, for example,
LTR5_Hs, L1Hs, and L1PA2.1123] Thus, the use of long-read sequenc-
ing methods for mapping transcription, methylation, and chromatin
accessibility, such as NaNOMe-seq[31124] and CELLO-seq!'2°], and
improvements in mapping algorithms are important in uncovering the
cis-regulatory activity emerging from TEs that are hard to map with
short reads. However, short-read sequencing methods such as ChiIP-
seq, CUT&TAG, and ATAC-seq used to determine precise TF binding
and chromatin accessibility are still essential and harder to replace with
long-read sequencing.

Most of the studies on TE cis-regulatory activity thus far are based
on biochemical measurements (e.g., RNA-seq, ChIP-seq, and ATAC-
seq), which has been criticized as not being definitive evidence of func-
tional cis-regulatory activity.[126.127] However, there is evidence that
coordinated TE cis-regulation can be estimated solely from protein-
coding gene expression and is consistently correlated with chromatin
states.[128] |n total, about 4% of the whole human genome is under
evolutionary constraint,!?2?] which is a relatively reliable measure
of biologically relevant functional activity. However, a comparative

genomics approach may undervalue TEs that have recently expanded
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and thus have no evident sequence constraint but have neverthe-
less been co-opted and are functionally active by using biochemical
measures.[130]

Due to the uncertainties of determining cis-regulatory activity with
biochemical measurements, large-scale functional genome screen-
ing methods are important for complementing them. Targeting TE
sequences to directly assess their effect on gene expression is
paramount, as enhancer redundancy is common, and some studies have
also found little effects stemming from TEs.[131.132] The development
of, for example, CRISPR-Cas9-based technologies for CRE deletion
and silencing using CRISPR interference has been rapid, with most
of the newer studies mentioned in this review utilizing them to sup-
port biochemical measurements, but higher throughput single-cell and
locus-level methods, such as CROP-seq or Perturb-seq,[133134] are also
needed to achieve a more comprehensive view of TE activity, as indi-
vidual copies of TEs may be active in different cellular contexts. Thus,
we predict that in the coming years, we will see the understanding
of TEs in cancer to take large leaps forward utilizing these new tech-
nigues and increasing amount of large-scale data that is available for

public use.

CONCLUSIONS

Overall, this article provides evidence of the intriguing links between
cis-regulatory activity of TEs in development and cancer. The evi-
dence is still preliminary given the complexity and redundancy of
the non-coding genome and the size and repetitiveness of the TE
repertoire, covering almost half of the human genome. Thus, a better
understanding of cis-regulatory activity of TEs in both development
and cancer is warranted. The unsolved question is whether the cis-
regulatory activity of TEs is a by-product of epigenetic dysregulation
or whether TEs have an active role as cancer drivers stemming from
their cis-regulatory activities. For active regulatory roles, TEs could
be stochastically activated or co-opted after mutations or escape
from epigenetic control due to natural aging and environmental fac-
tors. Another pertinent question is the heterogeneity in TE activity
in different cancers, within cancer subtypes, in different tumor cell
populations, and between patients. A better understanding of TE
dysregulation in cancers could become useful in the development
of epigenetic therapies targeting TEs to complement immunothera-
pies, as many ongoing clinical trials are already studying the efficacy
of combined epigenetic- and immuno-therapy in different cancer
types.[13%] Thus, more research is needed to explain not only the nor-
mal physiological functions of TEs but also whether deviation from
or exploitation of the normal TE-regulated developmental programs
are consequential for the initiation, development, and progression

of cancer.
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