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Abstract: Endogenous retroviruses (ERVs), deriving from exogenous retroviral infections of germ
line cells occurred millions of years ago, represent ~8% of human genome. Most ERVs are highly
inactivated because of the accumulation of mutations, insertions, deletions, and/or truncations.
However, it is becoming increasingly apparent that ERVs influence host biology through genetic
and epigenetic mechanisms under particular physiological and pathological conditions, which
provide both beneficial and deleterious effects for the host. For instance, certain ERVs expression is
essential for human embryonic development. Whereas abnormal activation of ERVs was found to be
involved in numbers of human diseases, such as cancer and neurodegenerative diseases. Therefore,
understanding the mechanisms of regulation of ERVs would provide insights into the role of ERVs in
health and diseases. Here, we provide an overview of mechanisms of transcriptional regulation of
ERVs and their dysregulation in human diseases.

Keywords: endogenous retroviruses (ERVs); transcriptional regulation; cancer;
neurodegenerative diseases

1. Introduction

Transposable elements (TEs) are repetitive genetic sequences that once had or still
have the ability to transpose, that is, to mobilize and insert elsewhere in the genome [1].
Nearly half of the human genome consists of TEs [2,3] (Figure 1A). TEs can be catego-
rized into two classes: elements that can be transposed via a DNA intermediate and a
cut-and-paste mechanism (transposons), and those using an RNA and a copy-paste mech-
anism (retrotransposons) [4]. Retrotransposons are further divided into long terminal
repeat (LTR) elements and more primitive and ancient non-LTR elements with an obligate
intracellular life cycle [5]. Non-LTR retrotransposons consist of two main groups: long
interspersed nuclear elements (LINEs), which encode their own proteins necessary for retro-
transposition; and short interspersed nuclear elements (SINEs), which are short, noncoding
RNAs that hijack the LINE protein machinery [5] (Figure 1A,B). Retrotransposons flanked
by LTRs that have high similarities to exogenous retroviruses are termed endogenous
retroviruses (ERVs), which are the remnants of ancient exogenous retroviral infections [6]
(Figure 1B). These endogenized forms of viral sequences were derived from exogenous
retroviral infections and integrations for germ cells and transmitted vertically through
Mendelian inheritance [7]. In human, ERVs account for ~8% of the human genome [2]
(Figure 1A). The complete genomic structure of ERVs is composed of gag, pro, pol, and
env, flanked by two LTRs (Figure 1B). Among them, gag encodes for capsid, nucleocapsid,
and matrix protein; pro encodes for protease; pol encodes for reverse transcriptase and
integrase; and env encodes for envelope protein [7]. LTRs are non-coding regions that
contain many regulatory functions (promoter, enhancer, polyA signal, and others) [7].
However, most of ERVs are non-protein coding due to the accumulation of mutations,
insertions, deletions, and truncations [8,9]. Based on the sequence similarity of their pol
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regions with reverse transcriptase sequences of exogenous retroviruses, ERVs are divided
into three main classes: class I (Gamma- and Epsilonretrovirus-like), class II (Alpha-, Beta-,
Deltaretrovirus-, and Lentivirus-like), and class III (Spumaretrovirus-like) [10]. How-
ever, no Alpha-, Deltaretrovirus-, or Lentivirus-like elements were detectable in human
genome [9]. The major classes of ERVs are shown in Table 1. Human ERVs (HERVs)
are further classified into several groups based on the tRNA binding to the viral primer
binding site (PBS) to prime reverse transcription. For example, HERV-K implies a group
of proviruses using a lysine (K) tRNA as primer [11]. In some cases, the PBS sequence
was unclear when novel elements were discovered, resulting in their names based on
neighboring genes (e.g., HERV-ADP), clone number (e.g., HERV-571), or amino acid motifs
(e.g., HERV-FRD) [12]. Recently, a unified nomenclature system for ERVs that provides the
ERV group, the genomic loci, and species was proposed, which can aid genome annotation
and research of ERVs [12].
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Figure 1. Organization and structure of transposable elements (TEs). (A) Pie chart shows the
proportion of various selected genomic features within the human genome. (B) Genomic structures
of LINE, SINE, and ERV. The general structure of a full-length ERV is shown. AR, adenine (A)-rich
region. pA, poly (A) tail. PBS, primer binding site. PPT, polypurine tract.

Table 1. Classification of ERVs.

ERVs Classes Exogenous Counterpart Representative ERVs
FeLV, GALYV, KoRV, McERY,
Gammaretrovirus MDEV, MuERV-C, MuRRS,
Class I Epsilonretrovirus MuRVY, MuLV, GLN, VL30,
PERV, HERV-E,EH,I,P, R, T,
W, HERV-FRD
Alpharetrovirus ALV, IAP, MMTV, MPMV,
Class IT Betaretrovirus MusD/ETn, MINERVa,
Deltaretrovirus RELIK, HERV-K (HML-1, 2, 3,
Lentivirus 4,5,6,7,8,9,10)
Class III Spumaretrovirus MuERV-L, HERV-L

Human ERVs are shown in bold. No Alpha-, Deltaretrovirus-, or Lentivirus-like elements are detectable in
human genome.

ERVs have been considered as “junk DNA sequences” for a long time [5]. However, it
is becoming increasingly apparent that ERVs influence host biology through genetic and
epigenetic mechanisms under particular physiological and pathological conditions, which
provides both beneficial and deleterious effects for the host. For example, certain ERVs
expression is essential for human embryonic development, whereas abnormal activation of
ERVs is involved in numbers of human diseases, such as cancer and neurodegenerative
diseases. Therefore, ERVs are under strict epigenetic regulation by the host, among which
the methylation modifications of histone and DNA play significant roles. In this review, we
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will summarize recent findings on the mechanisms of transcriptional regulation of ERVs
and their transcriptional dysregulation in human diseases.

2. Silencing and Transcriptional Regulation of ERVs

Currently, most discoveries about ERVs silencing and transcriptional regulation have
been studied in mice, especially during embryonic development and in germ cells. Mouse
embryonic stem cells (mESCs) are usually used as a cellular model to study the tran-
scriptional regulation of ERVs, as the pluripotent state is capable of suppressing both
exogenous and endogenous retroviruses [13-15]. Many mechanisms and concepts of tran-
scriptional regulation of mouse ERVs may be applicable to human ERVs, but there may be
discrepancies between them.

2.1. KRAB-ZFPs/TRIM28 Pathway Is a Master Regulator for ERVs Silencing

A common target for ERVs silencing is the PBS, an essential sequence used to prime
reverse transcription by a host tRNA as primer. The first example for this mechanism is
ZFP809, a member of the family of Kriippel-associated box-containing zinc-finger proteins
(KRAB-ZFPs), which binds the PBS'™ of provirus [16]. Interestingly, the DNA-binding
specificity of ZFP809 is evolutionarily conserved and predates the endogenization of retro-
viruses presently targeted by ZFP809 in Mus musculus [17]. ZFP809 contains two domains,
a KRAB box at the N terminus that is responsible for the interaction with TRIM28 and a
zinc-finger domain containing seven zinc fingers that provide its sequence-specific DNA-
binding activity [18]. Besides ZFP809, additional KRAB-ZFPs have also been identified
to bind ERVs sequences, through which mediate provirus silencing, including ZFP708,
ZNF91/93, ZFP819, ZFP932, Gm15446, and YY1 [19-23]. The KRAB domain of KRAB-ZFPs
mediates the recruitment of TRIM28, the master regulator of ERVs silencing [6,24]. TRIM28
(also known as KAP1, TIF13, or KRIP-1), which was identified to bind to the KRAB do-
main of KRAB-ZFPs, functions as a scaffold for other repressive histone-modifying and
-binding factors, including the histone methyltransferase SETDB1, the human silencing hub
(HUSH) complex, and heterochromatin protein 1 (HP1), which catalyze heterochromatin
formation and transcriptional repression [25] (Figure 2). Trim28 is expressed in a variety of
cell types with especially high levels during early embryonic development, in brain and
mESCs [24,26,27]. Knockout of Trim28 results in embryonic lethal at E8.5, highlighting its
essential role in early development [26].

SETDBI (also known as ESET or KMT1E) is a protein lysine methyltransferase methy-
lating histone H3 at lysine 9 (H3K9) [28]. Unlike other H3K9 methyltransferases, SETDB1
and SETDB1-mediated H3K9me3 play critical roles for silencing of ERVs [29]. SETDB1
is mainly localized in cytoplasm [30] while ATF7IP promotes its nuclear import and in-
hibits its nuclear export [31]. SETDBI interacts with TRIM28 and is recruited to ERVs by
KRAB-ZFPs/TRIM28 pathway, then establishes H3K9me3 in ERVs [29] (Figure 2). Actually,
the KRAB-ZFPs/TRIM28 pathway is central for the de novo recruitment of SETDB1 to
ERVs [28]. In addition to SETDB1, several other histone methyltransferases have also
been described for ERVs silencing, including SUV39H1, SUV39H2, G9a (also known as
EHMT2), GLP (also known as EHMT1), and NSD2 [32-35]. Another well-known interac-
tion partner of TRIM28 is the human silencing hub (HUSH) complex, comprising TASOR
(also known as FAM208A), MPP8 (MPHOSPHS), and PPHLN1 (Periphilin 1) [36]. The
HUSH complex is recruited to genomic loci rich in H3K9me3 and interacts with SETDB1
and MORC2, mainly repressing evolutionarily young retrotransposons, such as young
L1 [36]. Furthermore, epigenetic silencing by the HUSH complex also mediates position-
effect variegation in human cells [37]. Recently, a study described a functional connection
between the mouse-orthologous “nuclear exosome targeting” (NEXT) and HUSH com-
plexes, involved in nuclear RNA decay and the epigenetic silencing of TEs, respectively,
suggesting that transcriptional and post-transcriptional machineries synergize to suppress
the genotoxic potential of TE RNAs [38]. H3K9me3 reader proteins, such as HP1, can
bind to pre-existing H3K9me3 and bridge with SETDB1 through direct interaction [39].
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Despite the reported function of HP1 proteins in H3K9me-dependent gene repression and
the critical role of H3K9me3 in transcriptional silencing of ERVs, the depletion of all three
HP1 isoforms (HP1x, HP1$3, and HP1y) in mESCs is not sufficient for the derepression
of selected ERVs [40]. This surprising finding is attributed that H3K9me3 may repress
ERVs transcription via inhibiting deposition of covalent histone modifications required for
transcription [40]. Regardless, additional studies aimed at characterizing the functional
significance of H3K9 readers are clearly warranted.

HUSH
complex

RNA N
5hmC (YTHDF‘-

Figure 2. An overview model of ERVs silencing. ERVs are predominantly silenced by H3K9me3
through the canonical KRAB-ZFPs/TRIM28 pathway. KRAB-ZFPs bind to PBS region of ERVs and
recruit TRIM28. Sumoylation of TRIM28 by SUMO2 enhances the recruitment of TRIM28 to ERVs.
The ATPase activity of chromatin remodeler SMARCADI contributes to the occupancy of TRIM28
at ERVs. TRIM28 provides a scaffolding platform allowing for the recruitment of SETDB1, HP1,
and HUSH complex, and the formation of macromolecular ensembles, which establish H3K9me3 in
ERVs. Histone chaperone CHAF1A interacts with HP1, SETDB1, KDM1A, and HDAC1/2, modifying
proviral chromatin with the repressive histone mark H3K9me3 and reducing the acquisition of active
H3K4me3 and H3Ac marks. Histone chaperone isoforms ASF1A and ASF1B promote the localization
of CHAF1A to ERVs. In addition to transcription-based silencing, RNA-mediated regulation of ERVs,
such as epigenetic modifications of ERV RNAs, also play a critical role in silencing of ERVs.

2.2. Chromatin Remodeler and Histone Chaperone Maintain ERV's Silencing through
KRAB-ZFPs/TRIM28 Pathway

The chromatin remodelers and the histone chaperones differing from well-known
RNA chaperones or Janus chaperones have been considered as two important classes of
factors involved in transcriptional regulation of ERVs, which are dependent on the KRAB-
ZFPs/TRIM28 pathway. Recently, the SWI/SNF-like remodeler SMARCAD1 was identified
as a key factor in the control of ERVs in mESCs [41]. As key regulators of nucleosome
positioning, the SWI/SNF family of chromatin-remodeling complexes use energy generated
through hydrolysis of ATP to slide or eject nucleosomes and promote chromatin access
by moving nucleosomes, by which either activates or represses transcription [42,43]. For
the transcriptional regulation of ERVs, SMARCADI is enriched at ERVs subfamilies class
I and II, particularly at active IAPs, where it preserves repressive histone methylation
marks. Importantly, recruitment of SMARCADI1 to ERVs is dependent on TRIM28 and
the ATPase function of SMARCAD1 is required for SMARCAD1 and TRIM28 occupancy
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at ERVs (Figure 2), highlighting a critical role for SWI/SNF-like chromatin-remodeling
activities in the establishment of ERVs silencing in mammals [41].

The association of histones with specific chaperone complexes is important for their
folding, oligomerization, post-translational modification, nuclear import, stability, assem-
bly, and genomic localization, which affects all chromosomal processes, including gene
expression, chromosome segregation, and genome replication and repair [44]. Recently,
a systematic genome-wide siRNA screen identified CHAF1A, a histone chaperone that
assembles histones H3/H4 during DNA replication and repair [45,46], as a significant
factor for silencing of ERVs [39]. It is shown that CHAF1A interacts with HP1, SETDBI,
KDM1A, and HDAC1/2 [39,47,48] (Figure 2), modifying proviral chromatin with the re-
pressive histone mark H3K9me3 and reducing the acquisition of active H3K4me3 and
H3Ac marks [39]. ASF1 is also a chaperone that forms a complex with histones H3 and
H4 [49]. The nucleosome assembly function of the two ASF1 isoforms, ASF1A and ASF1B,
is shown to be responsible for localizing CHAF1A to proviral sequences [39].

ATRX is a chromatin remodeler and interacts with DAXX to form a histone chaperone
complex, which deposits histone variant H3.3 into repetitive heterochromatin, including
regions of retrotransposons, pericentric heterochromatin, and telomeres [50]. A series
of studies revealed that ATRX and DAXX play roles for heterochromatin formation on
ERVs through deposition of histone H3.3 [51-53]. The histone variant H3.3 belongs to the
replication-independent class of variants and associated to both active chromatin states
(e.g., H3K4me and H3K27ac) and heterochromatin states (e.g., H3K9me3 and H3K27me3) [54].
In mESCs, a study reported that recruitment of DAXX, H3.3 and TRIM28 to ERVs is co-
dependent and occurs upstream of SETDB1, and H3.3 deletion leads to reduced H3K9me3
at ERVs regions and derepression of IAPs, establishing an important role for H3.3 in control
of ERVs transcription in mESCs [53].

2.3. Sumoylation of TRIM28 Contributes to ERV's Silencing

Post-translational modification with small ubiquitin-related modifier (SUMO) pro-
teins is one of the key regulatory protein modifications in eukaryotic cells. Hundreds of
proteins involved in processes, such as chromatin organization, transcription, DNA repair,
macromolecular assembly, protein homeostasis, trafficking, and signal transduction, are
subject to reversible sumoylation [55]. Recent studies have shown that H3K9me3 depo-
sition requires protein sumoylation, suggesting that the SUMO pathway functions as an
important module in gene silencing and heterochromatin formation [56]. Importantly, the
genome-wide screen for provirus silencing factors further confirmed the significant role
of sumoylation for ERVs repression [39]. The SUMO family in mammals consists of four
members: SUMO1, SUMO2, SUMO3, and SUMO4 [55]. Among them, SUMO2 orchestrates
viral silencing through sumoylation modification of TRIM28 [39]. Sumoylation enhances
the recruitment of TRIM28 to the proviral DNA, which in turn results in the modification
of proviral chromatin with repressive histone H3K9me3 marks [39] (Figure 2). Nonetheless,
further studies are needed to determine the mechanism of sumoylation in transcriptional
regulation of ERVs.

2.4. DNA Methylation in ERVs Silencing

In addition to histone-based silencing, ERVs exhibit distinctive DNA methylation
patterns [6]. Interestingly, KRAB-ZFPs/TRIM28 and SETDB1 are necessary to target ERV-
containing loci for rapid de novo DNA methylation [57]. Three DNA methyltransferases in
mammals (DNMT1, DNMT3A, and DNMT3B) have been intensively studied. The roles of
DNA methylation in ERVs silencing appears to be cell type dependent [24,29,58,59]. For
example, knockout of all three DNA methyltransferases in mESCs showed a complete loss
of DNA methylation on ERVs, but only subtle derepression of ERVs was observed [29,60,61].
However, loss of DNA methylation activates ERVs expression in differentiated or somatic
cells, such as mouse embryonic fibroblasts (MEFs) [58,59], while deletion of Trim28 or Setdb1
in MEFs does not lead to significant activation of ERVs [24,29]. Interestingly, deletion of
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Trim28 or Setdbl in neural progenitor cells or pro-B cells results in strong ERVs derepression
with only a slight reduction in DNA methylation [62-65]. These data indicate that the
KRAB-ZFPs/TRIM28 pathway is primarily used for ERVs silencing in cells with stemness,
whereas differentiated cells primarily rely on DNA methylation to suppress ERVs. As a
member of DNMT3 family, DNMT3L (DNMT3-like) has no DNA methyltransferase activity
but is capable of interacting with both DNMT3A and DNMT3B to stimulate their enzymatic
activities [66]. Deletion of Dnmt3l in mouse testis prevents the de novo methylation of both
LTR and non-LTR retrotransposons, leading to the activation of IAPs and L1, as well as
meiotic failure [67]. Notably, a recent study reported a correlation between the silencing
mechanism and the evolutionary age of ERVs [68]. Young LTRs tend to be CpG rich and
are mainly suppressed by DNA methylation, while intermediate age LTRs are associated
predominantly with histone modifications, particularly H3K9 methylation [68].

2.5. RNA-Mediated Regulation of ERVs

In addition to DNA-specific binding by co-repressors, histone chaperones, and chro-
matin remodelers, RNA-mediated targeting of ERVs also play a significant role for the
silencing and transcriptional regulation of ERVs. It has been reported that siRNA- or anti-
sense transcripts-based silencing pathways suppress IAPs and non-LTR retrotransposons
such as L1 [69,70]. The most representative RNA-dependent gene silencing is Xist, the
master regulator of X chromosome inactivation in mammals [71]. SPEN is a key factor for
establishment of Xist-mediated silencing through directly recruited to Xist RNA [71]. A
recent study showed that SPEN binds to retroviral RNA and performs a surveillance role
to recruit chromatin-silencing machinery to these parasitic loci, suggesting that Xist may
coopt ERVs RNA-protein interactions to repurpose powerful antiviral chromatin-silencing
machinery [72]. Another mechanism for RNA-mediated transcriptional regulation of ERVs
is the Piwi-interacting RNA (piRNA) pathway. piRNAs are a class of small RNAs that are
24-31 nucleotides in length and associate with PIWI proteins to form effector complexes
known as piRNA-induced silencing complexes, which repress retrotransposons via tran-
scriptional or post-transcriptional mechanisms [73]. It is in Drosophila that piRNA was first
found to induce silencing through H3K9me3 formation [74]. In mice, depletion of Piwi
proteins leads to derepression of IAPs and L1 [75,76].

It is worth noting that RNA epigenetic modifications play a significant role in regula-
tion of ERVs. TET2, a member of the Ten-eleven translocation (TET) family, can be recruited
to actively transcribed MuERVL RNAs by the RNA-binding protein PSPC1, then catalyzes
5hmC modification of MuERVL RNAs, resulting in their destabilization (Figure 2), which
provides evidence for a functional role of transcriptionally active ERVs as specific docking
sites for RNA epigenetic modulation [77]. m6A RNA methylation, which is catalyzed
by the complex of methyltransferase-like METTL3-METTL14 proteins [78], is shown to
reduce the half-life of IAP mRNAs by recruiting the m6A reader proteins YTHDF family
(Figure 2), indicating that RNA methylation provides a protective effect in maintaining
cellular integrity by clearing reactive ERVs-derived RNA species [79].

2.6. Exogenous Viruses Are Associated with ERVs Activation

Human ERVs activation can be triggered by infections of exogenous viruses such
as HIV-1, hepatitis B virus (HBV), hepatitis C virus (HCV), human T-lymphotropic tu-
mor virus-1 (HTLV-1), influenza A virus, and Kaposi’s Sarcoma-associated herpesvirus
(KSHYV) [80,81]. For HIV-1, the recombinant Tat protein upregulates HERV-K (HML-2) gag
RNA transcripts in lymphocytes and monocytic cells through transcription factors NF-«B or
NF-AT, indicating that exogenous viral infection activates transcription factors, which also
bind to ERVs LTR regions and induce their activation [82]. An in-depth understanding of
how ERVs are activated by exogenous viruses would facilitate the search for novel targets
of virus-mediated diseases and therapeutic intervention.
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2.7. Additional Factors in ERVs Transcriptional Regulation

Additional factors also contribute to transcriptional regulation of ERVs. TIP60, a lysine
acetyltransferase, was found to be involved in silencing of ERVs, through positively regu-
lating the expression of SUV39H1 and SETDBI, and thereby establishing global H3K9me3
levels [83]. KDM1A (also known as LSD1), a lysine-specific demethylase, was shown to
be required to silence ERVs through regulating histone methylation and acetylation at
LTR sequences. Kdmla mutant mESCs exhibit increased methylation of histone H3K4,
increased acetylation of H3K27, and decreased methylation of H3K9, indicating that chro-
matin modification mediated by KDM1A is part of the host’s defense against excessive
ERVs activity [84]. Recently, the histone chaperone FACT, which is critical for nucleosome
reorganization during replication, transcription, and DNA repair [85], was reported to
recruit USP7 to repress MUERVL and MuERVL-fused 2C genes in mESCs by impeding
the ubiquitination of H2Bub, providing insights into the regulation of TE-derived cryptic
promoters during mammalian development and in diseases [86].

As a DNA-binding protein that is specifically expressed in two cell-stage embryos dur-
ing mouse development [87], ZSCANA4C is positively associated with H3K27ac, H3K4mel
and H3K14ac deposition on MT2 (MuERVL LTR) and interacts with GBAF chromatin-
remodeling complex to activate MT2 enhancer activity, indicating that ZSCAN4C plays a
significant role in regulating MuERVL in mESCs [88]. DUX4, a eutherian-specific multicopy
retrogene, encodes a transcription factor that can activate hundreds of retroviral elements
(MuERVL/HERVL family) that define the cleavage-specific transcriptional programs in
humans and mice [89]. In addition, it is shown that female sex hormones activate HERV-K
through the OCT#4 transcription factor in T47D breast cancer cells [90]. Notably, a recent
study reported that TERT, the catalytic subunit of telomerase, can activate a subclass of
ERVs independent of its telomerase activity to form double-stranded RNAs (dsRNAs),
which trigger interferon signaling in cancer cells and promote an immunosuppressive
tumor microenvironment [91].

3. Transcriptional Dysregulation of ERVs in Human Diseases

Several studies have suggested that TEs are domesticated for the benefit of the host.
This process, in which the host makes use of TEs (including ERVs)-derived functions,
are called exaptation, co-option, or repurposing [6]. Either cis-regulatory element activ-
ities or encoded proteins of ERVs can be beneficial to the host. For example, syncytin-1
and syncytin-2, which are specifically expressed in the placenta, are envelope proteins
encoded by HERV-W and HERV-FRD, respectively, and with cell—cell fusogenic activities,
contributing to the formation of placenta syncytiotrophoblast layer at the materno—fetal
interface [92,93]. Therefore, capture of retroviral envelope genes may play a critical role in
the emergence of placental mammals. Another example of exaptation is the Fvl gene of
mice, which is an endogenous gag gene related to ERV-L family [94,95]. Fv1 confers host
resistance to MuLV by blocking the incoming viral capsid cores shortly after entry [96,97].
Fv1 orthologues have been identified in a wide range of rodent species [98,99] and some
Fv1 homologues restrict non-MuLV retroviruses [100], suggesting that Fv1 does not recog-
nize conserved amino acid motifs but may instead detect structurally conserved spatial
patterns in the hexameric lattice typical of retroviral capsid cores [97,101]. Notably, the
neuronal Arc protein, which evolved from a Ty3/Gypsy retrotransposon Gag domain and
has retained the topology of a retroviral Gag protein [102], is able to self-assemble into
virus-like capsids that encapsulate RNA [103]. The Arc protein is released from neurons in
extracellular vesicles and transfer the Arc mRNA into new target cells, where it can undergo
activity-dependent translation, suggesting that Gag retroelements have been repurposed
during evolution to mediate intercellular communication in the nervous system [103].

In spite of the exaptations of ERVs by the host, the dysregulation of them is involved
in numbers of pathological processes. Although there is no direct evidence for ERVs
causing diseases, aberrant expression profiles of the ERVs transcripts and their regulatory
activities on proximal host genes have been identified in different diseases, such as cancer
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and neurodegenerative diseases. Mechanistically, ERVs may participate in pathological
processes through several pathways: (i) ERVs act as promoters or enhance cellular gene
expression through LTR cis-regulatory element activities; (ii) insertion of ERVs sequences
induces chromosomal rearrangements and genome instability; (iii) ERVs encode proteins,
long non-coding RNAs (IncRNAs), and double-stranded RNAs (dsRNAs) to affect host

physiology.
3.1. HERVs in Cancer

The transcriptional activation of HERVs is a common feature in human cancers, sug-
gesting that ERVs are causative elements or cofactors contributing to the onset and progres-
sion of human cancer [104]. So far, several studies have strongly suggested that ERVs play
roles in various human cancers (Table 2).

Table 2. HERVs and oncogenic mechanisms in human cancers.

HERVs

Products/Activities

HERVs Oncogenic Mechanisms

ENV induces EMT and activates ERK pathway in breast cancer [105].
ENV mediates intercellular fusion in melanoma [106].

ENV protein ENV maintains CD133+ melanoma cells with stemness features [107].

ENV promotes pancreatic cancer proliferation, tumorigenesis, and metastasis by activating
RAS/MEK/ERK and JNK/c-Jun signaling pathways [108].

HERV-K (HML-2)

Rec activates c-MYC by overcoming the transcriptional repression of testicular zinc-finger
protein (TZFP) for c-MYC promoter [109].

Rec protein Rec relieves the repression of androgen receptor (AR) activity by forming a trimeric complex

with TZFP and AR [109], or binds to the human small glutamine-rich tetratricopeptide
repeat protein (hSGT) [110].

Np?9 interacts with ligand of Numb protein X, affecting tumorigenesis through the
LNX/Numb/Notch pathway [111].

Np?9 protein Np9 as a critical molecular switch of multiple signaling pathways in leukemia [112].

Rec and Np9 derepressed c-MYC through the inhibition of promyelocytic leukemia
zinc-finger protein (PLZF) [113].

UCA1 enhances proliferation, motility, invasion, and drug resistance of bladder cancer [114].
IncRNA linc-ROR contributes to progression, metastasis, or chemoresistance in breast cancer [115],

HERV-H pancreatic cancer [116], and hepatocellular carcinoma [117].
cis-regulatory element LTR acts as alternative promoter for GSDML in cervical cancer [118,119].
HERV-E cis-regulatory element Modulating PLA2G4A transcription in urothelial cancer [120].
syncytin-1/ERVW-1 ENV protein Syncytin-1 mediates cancer-endothelial cell fusions in breast cancer [121].
g PRLH1 plays an important role in the formation of RNA-protein complex that promotes the
ERV-9 IncRNA HR-mediated DSB repair [122].
MaLR cis-regulatory element LTR acts as alternative promoter for CSFIR in Hodgkin’s lymphoma [123].
MER52A IncRNA IncMER52A promotes invasion f:m.d metastasis Of hepatocellular carcinoma cells by
stabilizing p120-catenin [124].
MERA48 IncRNA /cis-regulatory IncRNA EVADR is associated with adenocarcinomas, and a MER48 ERV element acts as an
element active promoter for its specific activation [125].
Multiple HERVS dsRNA dsRNAs derived from the bi-directional transcription of HERVs induce an

immunosuppressive tumor microenvironment [91,126].

Given the potential transposable ability of retrotransposon, it is the belief that the
tumorigenicity of HERVs can depend on retroviral movement, thereby destabilizing the
host genome [104]. Indeed, new insertions of TEs, especially ERVs, have been reported
in several tumors [127]. LTRs can act as alternative promoter or enhancer, leading to the
deregulation of proto-oncogenes or tumor suppressor genes [7]. A representative example
is in Hodgkin’s lymphoma, where CSFIR transcription initiates at an LTR element of the
MaLR THEI1B family, rather than from its own promoter [123]. However, it should be noted
that the LTRs activity may have an anti-oncogenic effect by driving the expression of tumor
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suppressor genes, such as TP63 and TNFRSF10B, which are regulated by upstream LTRs
belonging to the ERV9 group of HERVs [128,129].

HERVSs can take a direct action via their own proteins in cancer. The envelop pro-
teins of HERVSs, such as syncytin-1 and HERV-K (HML-2) ENV, have been reported to
contribute to tumorigenesis by inducing cell-cell fusion in melanoma [106], endometrial
carcinoma [130], and breast cancer [121]. Furthermore, HERV-K (HML-2) ENV has also
been shown to activate Ras/Raf/MEK/ERK and JNK/c-Jun signaling pathways, thereby
promoting tumorigenesis and development [105,108,131], suggesting a direct interaction
of ENV with cellular signaling pathways. Another mechanism by which ENV supports
tumor progression is to promote immune escape by abolishing the anti-oncogenic cytolytic
immune responses through its immunosuppressive domain (ISD) [132]. In addition to ENV,
HERV proteins Rec and Np9 encoded by HERV-K (HML-2) are also regarded as tumor-
specific biomarkers and act oncogenically by activating oncogene c-MYC or signaling
pathways such as Notch, Wnt/ 3-catenin, Ras/ERK, and AKT [109-113].

IncRNAs play significant roles in various biological processes, including cancer pro-
gression. Strikingly, 75-83% of IncRNAs have been identified to contain TE sequences,
especially ERVs [133]. Several HERVs-derived IncRNAs have been characterized in tu-
morigenesis and development. UCA1I, a IncRNA consists of LTR7Y and HERV-H, has been
shown to enhance proliferation, motility, invasion, and drug resistance of bladder can-
cer [114]. The HERVs-derived IncRNAs SAMMSON and BANCR are involved in melanoma
progression [134,135], and linc-ROR contributes to progression, metastasis or chemoresis-
tance in breast cancer [115], pancreatic cancer [116], and hepatocellular carcinoma [117]. A
recent study identified a novel HCC (hepatocellular carcinoma)-specific IncRNA derived
from MER52A, IncMERS52A, which promotes invasion and metastasis of HCC cells by
stabilizing p120-catenin [124]. Higher IncMERS52A is associated with advanced TNM stage,
less differentiated tumors, and shorter overall survival, and can serve as biomarker and
therapeutic target for patients with HCC [124]. Another HERVs-derived IncRNA, EVADR,
is revealed a striking association with adenocarcinomas, which are tumors of glandular
origin, including colon, rectal, lung, pancreas, and stomach adenocarcinomas, and EVADR
expression correlates with decreased patient survival [125]. Interestingly, a MER48 ERV
element provides an active promoter to drive the specific activation of EVADR [125].

It has been reported that HERVs contribute to the modulation of innate immune
response in different physiological and pathological conditions [104]. For example, Inc-
EPAV, a full-length ERV-derived IncRNA, is a positive regulator of host innate immune
responses by regulating expression of RELA, an NF-«kB subunit that plays a critical role in
antiviral responses [136]. Notably, dsRNAs derived from the bi-directional transcription
of HERVs have opposite effects on modulating immune response in tumorigenesis and
development. They may be involved in both anti-tumor defense and oncogenic process.
On the one hand, dsRNAs from HERVs activated by DNMT inhibitors (DNMTis) in
tumor cells can induce a growth-inhibiting immune response, and the high expression of
genes associated with anti-viral response potentiates the response to immune checkpoint
therapy [137,138]. On the other hand, HERVs-derived dsRNAs can also induce immune-
suppressed microenvironment of tumors, similar to a chronic virally infected state [91,126].
These findings suggest significant implications of HERVs in cancer immunotherapy.

HERV deoxyuridine triphosphate nucleotidohydrolase (dUTPase) can trigger innate
and adaptive immune responses [139]. In pulmonary arterial hypertension (PAH), the
HERV-K dUTPase activates B cells, elevates cytokines in monocytes and pulmonary arterial
endothelial cells, and increases pulmonary artery vulnerability to apoptosis, contributing to
sustained inflammation and immune dysregulation [140]. Increased production and release
of elastase, neutrophil extracellular traps, and vinculin-mediated increased adhesion in
PAH are attributed to an increased in HERV-K dUTPase [141]. Another example of pro-
inflammatory potential of HERV-K dUTPase is psoriasis, where HERV-K dUTPase proteins
induce the activation of NF-«kB through TLR2 to trigger the secretion of TH1 and TH17
cytokines involved in the formation of psoriatic plaques, supporting HERV-K dUTPase
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as a potential contributor to psoriasis pathophysiology [142]. Moreover, expression of
dUTPase was identified in colorectal cancer and could be a predictive biomarker for the
metastatic potential of colorectal cancer [143,144]. Interestingly, a recent study revealed that
the expression of dUTPase determines whether elevation of the ribonucleotide reductase
subunit R2 can lead to genome stress and chromosomal instability, and the combination of
low dUTPase and high R2 in clinical tumor samples predicts poor survival in patients with
colorectal cancer or breast cancers [145].

Considering the activation of HERVs in many human cancers and that HERVs ex-
pression has been shown to be associated with proliferation, metastasis, TNM stage, and
overall survival, HERVs can be used as biomarkers for tumor diagnosis and/or progno-
sis [104]. For instance, a study reported that the combination testing of HERV-K (HML-2)
with traditional prostate-specific antigen improves the efficacy of prostate cancer detection,
specifically for older men and smokers who tend to develop a more aggressive disease [146].
HERVs have the potential to be targets for new cancer therapeutic opportunities as well.
In this view, anti-HERV-K (HML-2) ENV antibodies have been shown to inhibit growth
and induce apoptosis of breast cancer cells in vitro, and reduce growth of xenograft tumors
in mice [147]. Consistently, HERV-K ENV-specific CAR" T cells are able to lyse melanoma
tumor cells in an antigen-specific manner [148]. Moreover, DNMTis activate the viral
recognition and interferon response pathway by inducing dsRNAs transcribed by HERVs,
which potentiates the response to immune checkpoint therapy [137,138].

3.2. HERVs in Aging and Neurodegenerative Diseases

As mentioned above, ERVs are largely transcriptionally silenced through heterochro-
matic structures. However, there may be a net loss of heterochromatin with aging, leading
to the abnormal activation of TEs, including ERVs, in aging individuals [149,150]. It has
been reported that IAPs and MusD are activated in aging mice [151,152]. In humans,
HERV-K (HML-2) and HERV-W exhibit distinct expression patterns between young and
old individuals [153]. Interestingly, the expression of HERV-H and HERV-W in peripheral
blood mononuclear cells (PBMCs) was shown to be significantly positively correlated with
age over 30 years [154]. Notably, HERV-W expression has been shown to significantly
increase in individuals over 40 years old, and neurodegenerative diseases such as multiple
sclerosis (MS) also occur in this age range [154]. Nowadays, ERVs have been implicated in
the occurrence and development of neurodegenerative diseases, such as MS, amyotrophic
lateral sclerosis (ALS), and autism spectrum disorder (ASD).

MS is an autoimmune-mediated neurodegenerative disease of the central nervous
system characterized by inflammatory demyelination with axonal transection [155]. Al-
though the underlying etiology of MS is still not fully understood, the development of MS
has been associated with activation of HERVs, especially HERV-W [4]. The presence of
retroviral particles was first found in MS patients approximately 30 years ago [156,157] and
subsequent studies revealed that these particles originated from HERV elements, originally
called MS-associated retrovirus (MSRV), and now named HERV-W because it uses a trypto-
phan (W) tRNA as a primer for reverse transcription [158,159]. Mechanistically, HERV-W
ENV can activate the innate immune system through a TLR4/CD14-dependent pathway
and promote the development of a Th1 type of immune response upon DC activation [160].
HERV-W ENV-mediated activation of TLR4 leads to the induction of proinflammatory cy-
tokines and inducible nitric oxide synthase, as well as the formation of nitrotyrosine groups
and a subsequent reduction in myelin protein expression, resulting in an overall reduc-
tion of the oligodendroglial differentiation capacity and remyelination failure in MS [161].
Moreover, HERV-W ENV is also a potent superantigen associated with demyelination in
MS, possibly related to molecular mimicry with myelin oligodendrocyte glycoprotein [162].
A recent study reported that HERV-W ENV induces a degenerative phenotype in microglial
cells and drives them toward a close spatial association with myelinated axons, suggesting
that HERV-W ENV-mediated microglial polarization contributes to neurodegeneration
in MS [163]. Accordingly, treatment with neutralizing antibodies against HERV-W ENV
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abrogates the oligodendroglial maturation blockade [164]. In this view, the neutralizing
antibodies have been used in a recently completed clinical study in MS patients, which
showed that the antibody-mediated neutralization exerts neuroprotective effects [163]. In
addition to HERV-W, other HERV elements have also been found in MS, such as HERV-H
and HERV-K (HML-2) [165-168]. Taken together, these data suggest that activation of
multiple HERVs families is linked to MS, among which HERV-W play a significant role.

Amyotrophic lateral sclerosis (ALS), a neurodegenerative disease characterized by
progressive loss of cortical and spinal motor neurons, is another neurodegenerative disease
associated with HERVs [162]. Activation of retroviral elements in ALS was first found
through a study that identified RNA-directed DNA polymerase activity in brain tissue
extracts from ALS patients, whereas no virus or transmissible agent was detected [169].
Subsequent studies confirmed the presence of reverse transcriptase in serum of ALS pa-
tients [170-172]; however, the attempts to search for exogenous retroviruses in ALS patients
were unsuccessful [171,173], leading to the investigation of HERVs in ALS pathogenesis. As
expected, a study revealed that HERV-K (HML-2) pol transcripts are upregulated in patients
with ALS but not detectable in Parkinson disease or in healthy controls [174]. A subsequent
study further identified the expression of HERV-K (HML-2) pol, env, and gag genes in brains
of ALS patients [175]. Moreover, HERV-K (HML-2) ENV has also been detected in cortical
and spinal neurons of ALS patients, but not in neurons from healthy individuals, which
contributes to neurite retraction and beading, and neurodegeneration [175]. Several mecha-
nisms by which HERV-K (HML-2) is activated in ALS have been revealed. For example,
the nuclear translocation of IRF1 and NF-kB isoforms p50 and p65 has been revealed to
contribute to the neuronal HERV-K (HML-2) activation in ALS brain tissue, implicating the
critical role of neuroinflammation [176]. As a multifunctional protein dysregulated in ALS,
TDP-43 expression strongly correlates with HERV-K (HML-2) [174], and has been shown to
activate HERV-K (HML-2) through binding to the LTR region of the provirus [175]. Besides
HERV-K (HML-2), HERV-W ENV is also detected in muscle cells of ALS patients [177].
Nonetheless, although activation of HERVSs is common in ALS, its pathogenic mechanisms
require further investigation.

Recent studies have revealed aberrant expression of HERVs in neurodevelopmental disor-
der ASD. HERV-H is more abundantly expressed while HERV-W shows lower expression levels
in PBMCs from ASD patients compared to healthy controls [178]. Furthermore, the expression
of HERV-H is significantly upregulated in ASD patients with severe disease development [178].
Notably, HEMO, an ERV envelope protein of MER34 family [179], was reported to be altered in
ASD patients and may be useful for the disease diagnosis [180]. Therefore, HERVs expression
can be considered as a biomarker that is easily detectable in blood and may be helpful for early
diagnosis of ASD. In addition, several studies have revealed that HERV-H, HERV-K (HML-2),
HERV-L, and HERV-W are activated in Alzheimer’s disease (AD) [181-183]. In schizophrenia,
several HERVs families have been shown to be dysregulated, including HERV-K (HML-2),
HERV-W, ERV9, HERV-FRD, and HERV-H [184-189]. In addition, a recent study revealed
that HERV-W ENV alters the NMDAR-mediated synaptic organization and plasticity through
glia- and cytokine-dependent changes, leading to defective glutamate synapse maturation,
behavioral impairments, and psychosis [190].

4. Conclusions and Perspective

ERVs are involved in various biological processes by encoding proteins, IncRNAs,
dsRNAs, or acting as promoters/enhancers, thereby affecting human health and disease.
Recent progress suggests that the implication of ERVs in cancer and neurodegenerative
diseases provides an opportunity to develop novel therapeutic strategies. For example,
nucleoside reverse transcriptase inhibitors (NRTIs) have shown promise in the treatment of
neurodegenerative diseases [5]. DNMTis have been revealed to induce dsRNAs transcribed
by ERVs in tumor cells, which activate the viral recognition and interferon response path-
way, thereby enhancing the response to immune checkpoint therapy [137,138]. However,
although many players in ERVs regulation have been identified, the detailed mechanisms
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of ERVs silencing and activation, especially the mechanisms of their action in human health
and diseases, are not fully understood. Clearly, there are many species-, cell-type-, and
disease-specific mechanisms, and unraveling which ERVs are silenced or activated, and
how they are sensed in different contexts will be a major undertaking. The application of
omics approaches, such as high-throughput sequencing, single-cell RNA-seq, genome edit-
ing technology, and proteomics can help to address these issues. Previously, ERVs have not
received enough attention due to technical difficulties in analyzing these highly repetitive
elements. With the development of technology, the mysteries of ERVs are being revealed
step by step. However, the story of ERVs transcriptional regulation and the identification
of specific ERV loci associated with specific diseases remains incomplete. Therefore, it is
crucial and promising to enrich the knowledge of ERVs, our ancient “roommates” making
up ~8% of human genome, in health and diseases.

Author Contributions: Conceptualization, Y.C. and J.M.; writing—original draft preparation, Q.Z.
and J.M.; writing—review and editing, Q.Z., ].P,, Y.C. and ].M.; supervision, Y.C.; funding acquisition,
Q.Z.,, Y.C. and ].M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by grants from the National Natural Science Foundation of China
(31730020, 32000512, 31801155), and the Hangzhou Science and Technology Bureau (20182014B01).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank all members of our laboratory for critical comments and discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Senft, A.D.; Macfarlan, T.S. Transposable elements shape the evolution of mammalian development. Nat. Rev. Genet. 2021, 22,
691-711. [CrossRef] [PubMed]

2. Lander, E.S;; Linton, L.M.; Birren, B.; Nusbaum, C.; Zody, M.C.; Baldwin, J.; Devon, K.; Dewar, K.; Doyle, M.; FitzHugh, W.; et al.
Initial sequencing and analysis of the human genome. Nature 2001, 409, 860-921. [CrossRef] [PubMed]

3. Kazazian, H.H.; Moran, J.V. Mobile DNA in Health and Disease. N. Engl. . Med. 2017, 377, 361-370. [CrossRef] [PubMed]

4. Kury, P; Nath, A.; Creange, A.; Dolei, A.; Marche, P.; Gold, J.; Giovannoni, G.; Hartung, H.P.; Perron, H. Human Endogenous
Retroviruses in Neurological Diseases. Trends Mol. Med. 2018, 24, 379-394. [CrossRef]

5. Gorbunova, V,; Seluanov, A.; Mita, P.; McKerrow, W.; Feny®, D.; Boeke, ].D.; Linker, S.B.; Gage, FH.; Kreiling, ].A.; Petrashen, A.P;
et al. The role of retrotransposable elements in ageing and age-associated diseases. Nature 2021, 596, 43-53. [CrossRef]

6. Geis, EK.; Goff, S.P. Silencing and Transcriptional Regulation of Endogenous Retroviruses: An Overview. Viruses 2020, 12, 884.
[CrossRef]

7. Mao, J.; Zhang, Q.; Cong, Y.-S. Human endogenous retroviruses in development and disease. Comput. Struct. Biotechnol. J. 2021,
19, 5978-5986. [CrossRef]

8.  De Parseval, N.; Heidmann, T. Human endogenous retroviruses: From infectious elements to human genes. Cytogenet. Genome
Res. 2005, 110, 318-332. [CrossRef]

9.  Vargiu, L.; Rodriguez-Tomé, P.; Sperber, G.O.; Cadeddu, M.; Grandi, N.; Blikstad, V.; Tramontano, E.; Blomberg, ]J. Classification
and characterization of human endogenous retroviruses; mosaic forms are common. Retrovirology 2016, 13, 7. [CrossRef]

10. Johnson, W.E. Endogenous Retroviruses in the Genomics Era. Annu. Rev. Virol. 2015, 2, 135-159. [CrossRef]

11. Mager, D.L,; Stoye, ].P. Mammalian Endogenous Retroviruses. Microbiol. Spectr. 2015, 3, MDNA3-0009-2014. [CrossRef]

12.  Gifford, R].; Blomberg, J.; Coffin, ].M.; Fan, H.; Heidmann, T.; Mayer, J.; Stoye, J.; Tristem, M.; Johnson, W.E. Nomenclature for
endogenous retrovirus (ERV) loci. Retrovirology 2018, 15, 59. [CrossRef]

13. Teich, N.M.; Weiss, R.A.; Martin, G.R.; Lowy, D.R. Virus infection of murine teratocarcinoma stem cell lines. Cell 1977, 12, 973-982.
[CrossRef]

14. Niwa, O.; Yokota, Y.; Ishida, H.; Sugahara, T. Independent mechanisms involved in suppression of the Moloney leukemia virus
genome during differentiation of murine teratocarcinoma cells. Cell 1983, 32, 1105-1113. [CrossRef]

15. Feuer, G.; Taketo, M.; Hanecak, R.C.; Fan, H. Two blocks in Moloney murine leukemia virus expression in undifferentiated F9
embryonal carcinoma cells as determined by transient expression assays. J. Virol. 1989, 63, 2317-2324. [CrossRef]

16. Wolf, D.; Goff, S.P. Embryonic stem cells use ZFP809 to silence retroviral DNAs. Nature 2009, 458, 1201-1204. [CrossRef]


http://doi.org/10.1038/s41576-021-00385-1
http://www.ncbi.nlm.nih.gov/pubmed/34354263
http://doi.org/10.1038/35057062
http://www.ncbi.nlm.nih.gov/pubmed/11237011
http://doi.org/10.1056/NEJMra1510092
http://www.ncbi.nlm.nih.gov/pubmed/28745987
http://doi.org/10.1016/j.molmed.2018.02.007
http://doi.org/10.1038/s41586-021-03542-y
http://doi.org/10.3390/v12080884
http://doi.org/10.1016/j.csbj.2021.10.037
http://doi.org/10.1159/000084964
http://doi.org/10.1186/s12977-015-0232-y
http://doi.org/10.1146/annurev-virology-100114-054945
http://doi.org/10.1128/microbiolspec.MDNA3-0009-2014
http://doi.org/10.1186/s12977-018-0442-1
http://doi.org/10.1016/0092-8674(77)90162-3
http://doi.org/10.1016/0092-8674(83)90294-5
http://doi.org/10.1128/jvi.63.5.2317-2324.1989
http://doi.org/10.1038/nature07844

Int. . Mol. Sci. 2022, 23, 10112 13 of 20

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wolf, G.; Yang, P,; Fiichtbauer, A.C.; Fiichtbauer, E.-M; Silva, A.M.; Park, C.; Wu, W.; Nielsen, A.L.; Pedersen, ES.; Macfarlan, T.S.
The KRAB zinc finger protein ZFP809 is required to initiate epigenetic silencing of endogenous retroviruses. Genes Dev. 2015, 29,
538-554. [CrossRef]

Wang, C.; Goff, S.P. Differential control of retrovirus silencing in embryonic cells by proteasomal regulation of the ZFP809
retroviral repressor. Proc. Natl. Acad. Sci. USA 2017, 114, E922-E930. [CrossRef]

Seah, M.K.Y.; Wang, Y.; Goy, P.-A.; Loh, HM.; Peh, W.J.; Low, D.H.P; Han, B.Y.; Wong, E.; Leong, E.L.; Wolf, G.; et al. The KRAB-
zinc-finger protein ZFP708 mediates epigenetic repression at RMER19B retrotransposons. Development 2019, 146, dev170266.
[CrossRef]

Jacobs, EM.].; Greenberg, D.; Nguyen, N.; Haeussler, M.; Ewing, A.D.; Katzman, S.; Paten, B.; Salama, S.R.; Haussler, D. An
evolutionary arms race between KRAB zinc-finger genes ZNF91/93 and SVA /L1 retrotransposons. Nature 2014, 516, 242-245.
[CrossRef]

Tan, X.; Xu, X.; Elkenani, M.; Smorag, L.; Zechner, U.; Nolte, ]J.; Engel, W.; Pantakani, D.V.K. Zfp819, a novel KRAB-zinc finger
protein, interacts with KAP1 and functions in genomic integrity maintenance of mouse embryonic stem cells. Stem Cell Res. 2013,
11, 1045-1059. [CrossRef] [PubMed]

Ecco, G.; Cassano, M.; Kauzlaric, A.; Dug, J.; Coluccio, A.; Offner, S.; Imbeault, M.; Rowe, H.M.; Turelli, P; Trono, D. Transposable
Elements and Their KRAB-ZFP Controllers Regulate Gene Expression in Adult Tissues. Dev. Cell 2016, 36, 611-623. [CrossRef]
[PubMed]

Schlesinger, S.; Lee, A.H.; Wang, G.Z.; Green, L.; Goff, S.P. Proviral silencing in embryonic cells is regulated by Yin Yang 1. Cell
Rep. 2013, 4, 50-58. [CrossRef] [PubMed]

Rowe, H.M.; Jakobsson, J.; Mesnard, D.; Rougemont, J.; Reynard, S.; Aktas, T.; Maillard, P.V.; Layard-Liesching, H.; Verp, S.;
Marquis, J.; et al. KAP1 controls endogenous retroviruses in embryonic stem cells. Nature 2010, 463, 237-240. [CrossRef]

Yang, P.; Wang, Y.; Macfarlan, T.S. The Role of KRAB-ZFPs in Transposable Element Repression and Mammalian Evolution.
Trends Genet. 2017, 33, 871-881. [CrossRef]

Cammas, F; Mark, M.; Dollé, P; Dierich, A.; Chambon, P.; Losson, R. Mice lacking the transcriptional corepressor TIF1beta are
defective in early postimplantation development. Development 2000, 127, 2955-2963. [CrossRef]

Grassi, D.A,; Jonsson, M.E.; Brattas, P.L.; Jakobsson, J. TRIM28 and the control of transposable elements in the brain. Brain Res.
2019, 1705, 43-47. [CrossRef]

Fukuda, K.; Shinkai, Y. SETDB1-Mediated Silencing of Retroelements. Viruses 2020, 12, 596. [CrossRef]

Matsui, T.; Leung, D.; Miyashita, H.; Maksakova, I.A.; Miyachi, H.; Kimura, H.; Tachibana, M.; Lorincz, M.C.; Shinkai, Y. Proviral
silencing in embryonic stem cells requires the histone methyltransferase ESET. Nature 2010, 464, 927-931. [CrossRef]

Tachibana, K.; Gotoh, E.; Kawamata, N.; Ishimoto, K.; Uchihara, Y.; Iwanari, H.; Sugiyama, A.; Kawamura, T.; Mochizuki, Y.;
Tanaka, T.; et al. Analysis of the subcellular localization of the human histone methyltransferase SETDB1. Biochem. Biophys. Res.
Commun. 2015, 465, 725-731. [CrossRef]

Tsusaka, T.; Shimura, C.; Shinkai, Y. ATF7IP regulates SETDB1 nuclear localization and increases its ubiquitination. EMBO Rep.
2019, 20, e48297. [CrossRef] [PubMed]

Bulut-Karslioglu, A.; De La Rosa-Velazquez, I.A.; Ramirez, F; Barenboim, M.; Onishi-Seebacher, M.; Arand, ].; Galdn, C.; Winter,
G.E.; Engist, B.; Gerle, B.; et al. Suv39h-dependent H3K9me3 marks intact retrotransposons and silences LINE elements in mouse
embryonic stem cells. Mol. Cell 2014, 55, 277-290. [CrossRef] [PubMed]

Leung, D.C.; Dong, K.B.; Maksakova, L.A.; Goyal, P.; Appanah, R; Lee, S.; Tachibana, M.; Shinkai, Y.; Lehnertz, B.; Mager, D.L.;
et al. Lysine methyltransferase G9a is required for de novo DNA methylation and the establishment, but not the maintenance, of
proviral silencing. Proc. Natl. Acad. Sci. USA 2011, 108, 5718-5723. [CrossRef] [PubMed]

Maksakova, I.A.; Thompson, PJ.; Goyal, P; Jones, S.J.; Singh, P.B.; Karimi, M.M.; Lorincz, M.C. Distinct roles of KAP1, HP1
and G9a/GLP in silencing of the two-cell-specific retrotransposon MERVL in mouse ES cells. Epigenetics Chromatin 2013, 6, 15.
[CrossRef]

Gao, T.; Chen, F.; Zhang, W.; Zhao, X.; Hu, X.; Lu, X. Nsd2 Represses Endogenous Retrovirus MERVL in Embryonic Stem Cells.
Stem Cells Int. 2021, 2021, 6663960. [CrossRef] [PubMed]

Robbez-Masson, L.; Tie, C.H.C.; Conde, L.; Tunbak, H.; Husovsky, C.; Tchasovnikarova, I.A.; Timms, R.T.; Herrero, J.; Lehner, PJ.;
Rowe, HM. The HUSH complex cooperates with TRIM28 to repress young retrotransposons and new genes. Genome Res. 2018,
28, 836-845. [CrossRef]

Tchasovnikarova, I.A.; Timms, R.T.; Matheson, N.J.; Wals, K.; Antrobus, R.; Gottgens, B.; Dougan, G.; Dawson, M.A.; Lehner, PJ.
GENE SILENCING. Epigenetic silencing by the HUSH complex mediates position-effect variegation in human cells. Science 2015,
348, 1481-1485. [CrossRef]

Garland, W.; Miiller, I.; Wu, M.; Schmid, M.; Imamura, K.; Rib, L.; Sandelin, A.; Helin, K.; Jensen, T.H. Chromatin modifier HUSH
co-operates with RNA decay factor NEXT to restrict transposable element expression. Mol. Cell 2022, 82, 1691-1707.e8. [CrossRef]
Yang, B.X; El Farran, C.A.; Guo, H.C,; Yu, T.; Fang, H.T.; Wang, H.F,; Schlesinger, S.; Seah, Y.ES.; Goh, G.Y.L.; Neo, S.P; et al.
Systematic identification of factors for provirus silencing in embryonic stem cells. Cell 2015, 163, 230-245. [CrossRef]
Maksakova, I.A.; Goyal, P; Bullwinkel, J.; Brown, J.P.; Bilenky, M.; Mager, D.L.; Singh, P.B.; Lorincz, M.C. H3K9me3-binding
proteins are dispensable for SETDB1/H3K9me3-dependent retroviral silencing. Epigenetics Chromatin 2011, 4, 12. [CrossRef]


http://doi.org/10.1101/gad.252767.114
http://doi.org/10.1073/pnas.1620879114
http://doi.org/10.1242/dev.170266
http://doi.org/10.1038/nature13760
http://doi.org/10.1016/j.scr.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/23954693
http://doi.org/10.1016/j.devcel.2016.02.024
http://www.ncbi.nlm.nih.gov/pubmed/27003935
http://doi.org/10.1016/j.celrep.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/23810560
http://doi.org/10.1038/nature08674
http://doi.org/10.1016/j.tig.2017.08.006
http://doi.org/10.1242/dev.127.13.2955
http://doi.org/10.1016/j.brainres.2018.02.043
http://doi.org/10.3390/v12060596
http://doi.org/10.1038/nature08858
http://doi.org/10.1016/j.bbrc.2015.08.065
http://doi.org/10.15252/embr.201948297
http://www.ncbi.nlm.nih.gov/pubmed/31576654
http://doi.org/10.1016/j.molcel.2014.05.029
http://www.ncbi.nlm.nih.gov/pubmed/24981170
http://doi.org/10.1073/pnas.1014660108
http://www.ncbi.nlm.nih.gov/pubmed/21427230
http://doi.org/10.1186/1756-8935-6-15
http://doi.org/10.1155/2021/6663960
http://www.ncbi.nlm.nih.gov/pubmed/33531910
http://doi.org/10.1101/gr.228171.117
http://doi.org/10.1126/science.aaa7227
http://doi.org/10.1016/j.molcel.2022.03.004
http://doi.org/10.1016/j.cell.2015.08.037
http://doi.org/10.1186/1756-8935-4-12

Int. . Mol. Sci. 2022, 23, 10112 14 of 20

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Sachs, P; Ding, D.; Bergmaier, P.; Lamp, B.; Schlagheck, C.; Finkernagel, F.; Nist, A.; Stiewe, T.; Mermoud, ]J.E. SMARCAD1
ATPase activity is required to silence endogenous retroviruses in embryonic stem cells. Nat. Commun. 2019, 10, 1335. [CrossRef]
[PubMed]

Mittal, P.; Roberts, C.W.M. The SWI/SNF complex in cancer—Biology, biomarkers and therapy. Nat. Rev. Clin. Oncol. 2020, 17,
435-448. [CrossRef] [PubMed]

Clapier, C.R.; Iwasa, J.; Cairns, B.R.; Peterson, C.L. Mechanisms of action and regulation of ATP-dependent chromatin-remodelling
complexes. Nat. Rev. Mol. Cell Biol. 2017, 18, 407-422. [CrossRef]

Hammond, C.M.; Stremme, C.B.; Huang, H.; Patel, D.].; Groth, A. Histone chaperone networks shaping chromatin function. Nat.
Rev. Mol. Cell Biol. 2017, 18, 141-158. [CrossRef]

Kaufman, P.D.; Kobayashi, R.; Kessler, N.; Stillman, B. The p150 and p60 subunits of chromatin assembly factor I: A molecular
link between newly synthesized histones and DNA replication. Cell 1995, 81, 1105-1114. [CrossRef]

Gaillard, P-H.L.; Martini, E.M.; Kaufman, P.D.; Stillman, B.; Moustacchi, E.; Almouzni, G. Chromatin assembly coupled to DNA
repair: A new role for chromatin assembly factor I. Cell 1996, 86, 887-896. [CrossRef]

Lechner, M.S.; Begg, G.E.; Speicher, D.W.; Rauscher, FJ. Molecular determinants for targeting heterochromatin protein 1-mediated
gene silencing: Direct chromoshadow domain-KAP-1 corepressor interaction is essential. Mol. Cell. Biol. 2000, 20, 6449—-6465.
[CrossRef]

Thiru, A.; Nietlispach, D.; Mott, H.R.; Okuwaki, M.; Lyon, D.; Nielsen, P.R.; Hirshberg, M.; Verreault, A.; Murzina, N.V.; Laue, E.D.
Structural basis of HP1/PXVXL motif peptide interactions and HP1 localisation to heterochromatin. EMBO ]. 2004, 23, 489-499.
[CrossRef]

Simon, B.; Lou, H.J.; Huet-Calderwood, C.; Shi, G.; Boggon, T.J.; Turk, B.E.; Calderwood, D.A. Tousled-like kinase 2 targets ASF1
histone chaperones through client mimicry. Nat. Commun. 2022, 13, 749. [CrossRef]

Dyer, M.A.; Qadeer, Z.A.; Valle-Garcia, D.; Bernstein, E. ATRX and DAXX: Mechanisms and Mutations. Cold Spring Harb. Perspect.
Med. 2017, 7, a026567. [CrossRef]

Sadic, D.; Schmidt, K.; Groh, S.; Kondofersky, I.; Ellwart, J.; Fuchs, C.; Theis, EJ.; Schotta, G. Atrx promotes heterochromatin
formation at retrotransposons. EMBO Rep. 2015, 16, 836-850. [CrossRef] [PubMed]

He, Q.; Kim, H.; Huang, R.; Lu, W.; Tang, M.; Shi, F; Yang, D.; Zhang, X.; Huang, J.; Liu, D.; et al. The Daxx/Atrx Complex
Protects Tandem Repetitive Elements during DNA Hypomethylation by Promoting H3K9 Trimethylation. Cell Stem Cell 2015, 17,
273-286. [CrossRef] [PubMed]

Elsésser, S.J.; Noh, K.-M.; Diaz, N.; Allis, C.D.; Banaszynski, L.A. Histone H3.3 is required for endogenous retroviral element
silencing in embryonic stem cells. Nature 2015, 522, 240-244. [CrossRef] [PubMed]

Trovato, M.; Patil, V.; Gehre, M.; Noh, K.M. Histone Variant H3.3 Mutations in Defining the Chromatin Function in Mammals.
Cells 2020, 9, 2716. [CrossRef]

Flotho, A.; Melchior, F. Sumoylation: A regulatory protein modification in health and disease. Annu. Rev. Biochem. 2013, 82,
357-385. [CrossRef]

Ninova, M.; Fejes Téth, K.; Aravin, A.A. The control of gene expression and cell identity by H3K9 trimethylation. Development
2019, 146, dev181180. [CrossRef]

Rowe, H.M.; Friedli, M.; Offner, S.; Verp, S.; Mesnard, D.; Marquis, J.; Aktas, T.; Trono, D. De novo DNA methylation of
endogenous retroviruses is shaped by KRAB-ZFPs/KAP1 and ESET. Development 2013, 140, 519-529. [CrossRef]

Hutnick, L.K.; Huang, X.; Loo, T.-C.; Ma, Z.; Fan, G. Repression of retrotransposal elements in mouse embryonic stem cells is
primarily mediated by a DNA methylation-independent mechanism. J. Biol. Chem. 2010, 285, 21082-21091. [CrossRef]

Walsh, C.P; Chaillet, J.R.; Bestor, T.H. Transcription of IAP endogenous retroviruses is constrained by cytosine methylation. Nat.
Genet. 1998, 20, 116-117. [CrossRef]

Karimi, M.M.; Goyal, P.; Maksakova, I. A ; Bilenky, M.; Leung, D.; Tang, ] X.; Shinkai, Y.; Mager, D.L.; Jones, S.; Hirst, M.; et al.
DNA methylation and SETDB1/H3K9me3 regulate predominantly distinct sets of genes, retroelements, and chimeric transcripts
in mESCs. Cell Stem Cell 2011, 8, 676—687. [CrossRef] [PubMed]

Groh, S.; Schotta, G. Silencing of endogenous retroviruses by heterochromatin. Cell. Mol. Life Sci. 2017, 74, 2055-2065. [CrossRef]
[PubMed]

Fasching, L.; Kapopoulou, A.; Sachdeva, R.; Petri, R.; Jonsson, M.E.; Manne, C.; Turelli, P; Jern, P.; Cammas, F,; Trono, D.; et al.
TRIM28 represses transcription of endogenous retroviruses in neural progenitor cells. Cell Rep. 2015, 10, 20-28. [CrossRef]
[PubMed]

Tan, S.-L.; Nishi, M.; Ohtsuka, T.; Matsui, T.; Takemoto, K.; Kamio-Miura, A.; Aburatani, H.; Shinkai, Y.; Kageyama, R. Essential
roles of the histone methyltransferase ESET in the epigenetic control of neural progenitor cells during development. Development
2012, 139, 3806-3816. [CrossRef]

Collins, PL.; Kyle, K.E.; Egawa, T.; Shinkai, Y.; Oltz, E.M. The histone methyltransferase SETDBI represses endogenous and
exogenous retroviruses in B lymphocytes. Proc. Natl. Acad. Sci. USA 2015, 112, 8367-8372. [CrossRef] [PubMed]

Pasquarella, A.; Ebert, A.; Pereira de Almeida, G.; Hinterberger, M.; Kazerani, M.; Nuber, A.; Ellwart, J.; Klein, L.; Busslinger,
M.; Schotta, G. Retrotransposon derepression leads to activation of the unfolded protein response and apoptosis in pro-B cells.
Development 2016, 143, 1788-1799. [CrossRef]


http://doi.org/10.1038/s41467-019-09078-0
http://www.ncbi.nlm.nih.gov/pubmed/30902974
http://doi.org/10.1038/s41571-020-0357-3
http://www.ncbi.nlm.nih.gov/pubmed/32303701
http://doi.org/10.1038/nrm.2017.26
http://doi.org/10.1038/nrm.2016.159
http://doi.org/10.1016/S0092-8674(05)80015-7
http://doi.org/10.1016/S0092-8674(00)80164-6
http://doi.org/10.1128/MCB.20.17.6449-6465.2000
http://doi.org/10.1038/sj.emboj.7600088
http://doi.org/10.1038/s41467-022-28427-0
http://doi.org/10.1101/cshperspect.a026567
http://doi.org/10.15252/embr.201439937
http://www.ncbi.nlm.nih.gov/pubmed/26012739
http://doi.org/10.1016/j.stem.2015.07.022
http://www.ncbi.nlm.nih.gov/pubmed/26340527
http://doi.org/10.1038/nature14345
http://www.ncbi.nlm.nih.gov/pubmed/25938714
http://doi.org/10.3390/cells9122716
http://doi.org/10.1146/annurev-biochem-061909-093311
http://doi.org/10.1242/dev.181180
http://doi.org/10.1242/dev.087585
http://doi.org/10.1074/jbc.M110.125674
http://doi.org/10.1038/2413
http://doi.org/10.1016/j.stem.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21624812
http://doi.org/10.1007/s00018-017-2454-8
http://www.ncbi.nlm.nih.gov/pubmed/28160052
http://doi.org/10.1016/j.celrep.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25543143
http://doi.org/10.1242/dev.082198
http://doi.org/10.1073/pnas.1422187112
http://www.ncbi.nlm.nih.gov/pubmed/26100872
http://doi.org/10.1242/dev.130203

Int. . Mol. Sci. 2022, 23, 10112 15 of 20

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Veland, N.; Lu, Y.; Hardikar, S.; Gaddis, S.; Zeng, Y.; Liu, B.; Estecio, M.R,; Takata, Y.; Lin, K.; Tomida, M.W.; et al. DNMT3L
facilitates DNA methylation partly by maintaining DNMT3A stability in mouse embryonic stem cells. Nucleic Acids Res. 2019, 47,
152-167. [CrossRef]

Bourc'his, D.; Bestor, T.H. Meiotic catastrophe and retrotransposon reactivation in male germ cells lacking Dnmt3L. Nature 2004,
431, 96-99. [CrossRef]

Ohtani, H.; Liu, M.; Zhou, W,; Liang, G.; Jones, P.A. Switching roles for DNA and histone methylation depend on evolutionary
ages of human endogenous retroviruses. Genome Res. 2018, 28, 1147-1157. [CrossRef]

Stein, P.; Rozhkov, N.V; Li, F; Cardenas, FL.; Davydenko, O.; Davydenk, O.; Vandivier, L.E.; Gregory, B.D.; Hannon, G.J.; Schultz,
R.M. Essential Role for endogenous siRNAs during meiosis in mouse oocytes. PLoS Genet. 2015, 11, €1005013. [CrossRef]

Li, J.; Kannan, M.; Trivett, A.L.; Liao, H.; Wu, X.; Akagi, K.; Symer, D.E. An antisense promoter in mouse L1 retrotransposon
open reading frame-1 initiates expression of diverse fusion transcripts and limits retrotransposition. Nucleic Acids Res. 2014, 42,
4546-4562. [CrossRef]

Brockdorff, N.; Bowness, ].S.; Wei, G. Progress toward understanding chromosome silencing by Xist RNA. Genes Dev. 2020, 34,
733-744. [CrossRef] [PubMed]

Carter, A.C.; Xu, J.; Nakamoto, M.Y.; Wei, Y.; Zarnegar, B.].; Shi, Q.; Broughton, ].P.; Ransom, R.C.; Salhotra, A.; Nagaraja, S.D.;
et al. Spen links RNA-mediated endogenous retrovirus silencing and X chromosome inactivation. eLife 2020, 9, e54508. [CrossRef]
[PubMed]

Iwasaki, Y.W.; Siomi, M.C.; Siomi, H. PIWI-Interacting RNA: Its Biogenesis and Functions. Annu. Rev. Biochem. 2015, 84, 405-433.
[CrossRef] [PubMed]

Pal-Bhadra, M.; Leibovitch, B.A.; Gandhi, S.G.; Chikka, M.R.; Rao, M.; Bhadra, U.; Birchler, ]J.A.; Elgin, S.C.R. Heterochromatic
silencing and HP1 localization in Drosophila are dependent on the RNAi machinery. Science 2004, 303, 669-672. [CrossRef]
Aravin, A.A.; Sachidanandam, R.; Girard, A.; Fejes-Toth, K.; Hannon, G.J. Developmentally regulated piRNA clusters implicate
MILI in transposon control. Science 2007, 316, 744-747. [CrossRef]

Aravin, A.A.; Sachidanandam, R.; Bourc’his, D.; Schaefer, C.; Pezic, D.; Toth, K.E; Bestor, T.; Hannon, G.J. A piRNA pathway
primed by individual transposons is linked to de novo DNA methylation in mice. Mol. Cell 2008, 31, 785-799. [CrossRef]
Guallar, D.; Bi, X.; Pardavila, J.A.; Huang, X.; Saenz, C.; Shi, X.; Zhou, H.; Faiola, F; Ding, J.; Haruehanroengra, P.; et al.
RNA-dependent chromatin targeting of TET2 for endogenous retrovirus control in pluripotent stem cells. Nat. Genet. 2018, 50,
443-451. [CrossRef]

Shi, H.; Wei, ].; He, C. Where, When, and How: Context-Dependent Functions of RNA Methylation Writers, Readers, and Erasers.
Mol. Cell 2019, 74, 640-650. [CrossRef]

Chelmicki, T.; Roger, E.; Teissandier, A.; Dura, M.; Bonneville, L.; Rucli, S.; Dossin, E,; Fouassier, C.; Lameiras, S.; Bourc’his, D.
mPA RNA methylation regulates the fate of endogenous retroviruses. Nature 2021, 591, 312-316. [CrossRef]

Chen, J.; Foroozesh, M.; Qin, Z. Transactivation of human endogenous retroviruses by tumor viruses and their functions in
virus-associated malignancies. Oncogenesis 2019, 8, 6. [CrossRef]

Tovo, P-A.; Garazzino, S.; Dapra, V.; Alliaudi, C.; Silvestro, E.; Calvi, C.; Montanari, P.; Galliano, I.; Bergallo, M. Chronic HCV
Infection Is Associated with Overexpression of Human Endogenous Retroviruses that Persists after Drug-Induced Viral Clearance.
Int. ]. Mol. Sci. 2020, 21, 3980. [CrossRef] [PubMed]

Vincendeau, M.; Gottesdorfer, I.; Schreml, ]. M.H.; Wetie, A.G.N.; Mayer, J.; Greenwood, A.D.; Helfer, M.; Kramer, S.; Seifarth,
W.; Hadian, K,; et al. Modulation of human endogenous retrovirus (HERV) transcription during persistent and de novo HIV-1
infection. Retrovirology 2015, 12, 27. [CrossRef] [PubMed]

Rajagopalan, D.; Tirado-Magallanes, R.; Bhatia, S.S.; Teo, W.S,; Sian, S.; Hora, S.; Lee, K.K.; Zhang, Y.; Jadhav, S.P.; Wu, Y,; et al.
TIP60 represses activation of endogenous retroviral elements. Nucleic Acids Res. 2018, 46, 9456-9470. [CrossRef]

Macfarlan, T.S; Gifford, W.D.; Agarwal, S.; Driscoll, S.; Lettieri, K.; Wang, J.; Andrews, S.E.; Franco, L.; Rosenfeld, M.G.; Ren, B.;
et al. Endogenous retroviruses and neighboring genes are coordinately repressed by LSD1/KDM1A. Genes Dev. 2011, 25, 594-607.
[CrossRef] [PubMed]

Winkler, D.D.; Luger, K. The histone chaperone FACT: Structural insights and mechanisms for nucleosome reorganization. J. Biol.
Chem. 2011, 286, 18369-18374. [CrossRef]

Chen, F; Zhang, W.; Xie, D.; Gao, T.; Dong, Z.; Lu, X. Histone chaperone FACT represses retrotransposon MERVL and MERVL-
derived cryptic promoters. Nucleic Acids Res. 2020, 48, 10211-10225. [CrossRef]

Falco, G.; Lee, S.-L.; Stanghellini, I.; Bassey, U.C.; Hamatani, T.; Ko, M.S.H. Zscan4: A novel gene expressed exclusively in late
2-cell embryos and embryonic stem cells. Dev. Biol. 2007, 307, 539-550. [CrossRef]

Zhang, W.; Chen, E; Chen, R;; Xie, D.; Yang, ].; Zhao, X.; Guo, R.; Zhang, Y.; Shen, Y.; Goke, |.; et al. Zscan4c activates endogenous
retrovirus MERVL and cleavage embryo genes. Nucleic Acids Res. 2019, 47, 8485-8501. [CrossRef]

Hendrickson, P.G.; Dorais, J.A.; Grow, E.J.; Whiddon, J.L.; Lim, J.-W.; Wike, C.L.; Weaver, B.D.; Pflueger, C.; Emery, B.R,;
Wilcox, A.L.; et al. Conserved roles of mouse DUX and human DUX4 in activating cleavage-stage genes and MERVL/HERVL
retrotransposons. Nat. Genet. 2017, 49, 925-934. [CrossRef]

Nguyen, T.D.; Davis, J.; Eugenio, R.A.; Liu, Y. Female Sex Hormones Activate Human Endogenous Retrovirus Type K Through
the OCT4 Transcription Factor in T47D Breast Cancer Cells. AIDS Res. Hum. Retrovir. 2019, 35, 348-356. [CrossRef]


http://doi.org/10.1093/nar/gky947
http://doi.org/10.1038/nature02886
http://doi.org/10.1101/gr.234229.118
http://doi.org/10.1371/journal.pgen.1005013
http://doi.org/10.1093/nar/gku091
http://doi.org/10.1101/gad.337196.120
http://www.ncbi.nlm.nih.gov/pubmed/32482714
http://doi.org/10.7554/eLife.54508
http://www.ncbi.nlm.nih.gov/pubmed/32379046
http://doi.org/10.1146/annurev-biochem-060614-034258
http://www.ncbi.nlm.nih.gov/pubmed/25747396
http://doi.org/10.1126/science.1092653
http://doi.org/10.1126/science.1142612
http://doi.org/10.1016/j.molcel.2008.09.003
http://doi.org/10.1038/s41588-018-0060-9
http://doi.org/10.1016/j.molcel.2019.04.025
http://doi.org/10.1038/s41586-020-03135-1
http://doi.org/10.1038/s41389-018-0114-y
http://doi.org/10.3390/ijms21113980
http://www.ncbi.nlm.nih.gov/pubmed/32492928
http://doi.org/10.1186/s12977-015-0156-6
http://www.ncbi.nlm.nih.gov/pubmed/25886562
http://doi.org/10.1093/nar/gky659
http://doi.org/10.1101/gad.2008511
http://www.ncbi.nlm.nih.gov/pubmed/21357675
http://doi.org/10.1074/jbc.R110.180778
http://doi.org/10.1093/nar/gkaa732
http://doi.org/10.1016/j.ydbio.2007.05.003
http://doi.org/10.1093/nar/gkz594
http://doi.org/10.1038/ng.3844
http://doi.org/10.1089/aid.2018.0173

Int. . Mol. Sci. 2022, 23, 10112 16 of 20

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Mao, J.; Zhang, Q.; Wang, Y.; Zhuang, Y.; Xu, L.; Ma, X.; Guan, D.; Zhou, J.; Liu, J.; Wu, X,; et al. TERT activates endogenous
retroviruses to promote an immunosuppressive tumour microenvironment. EMBO Rep. 2022, 23, e52984. [CrossRef]

Mi, S.; Lee, X,; Li, X.; Veldman, G.M.; Finnerty, H.; Racie, L.; LaVallie, E.; Tang, X.Y.; Edouard, P.; Howes, S.; et al. Syncytin is a
captive retroviral envelope protein involved in human placental morphogenesis. Nature 2000, 403, 785-789. [CrossRef] [PubMed]
Blaise, S.; de Parseval, N.; Bénit, L.; Heidmann, T. Genomewide screening for fusogenic human endogenous retrovirus envelopes
identifies syncytin 2, a gene conserved on primate evolution. Proc. Natl. Acad. Sci. USA 2003, 100, 13013-13018. [CrossRef]
[PubMed]

Best, S.; Le Tissier, P.; Towers, G.; Stoye, J.P. Positional cloning of the mouse retrovirus restriction gene Fv1. Nature 1996, 382,
826-829. [CrossRef]

Bénit, L.; De Parseval, N.; Casella, J.F.; Callebaut, I.; Cordonnier, A.; Heidmann, T. Cloning of a new murine endogenous
retrovirus, MuERV-L, with strong similarity to the human HERV-L element and with a gag coding sequence closely related to the
Fv1 restriction gene. J. Virol. 1997, 71, 5652-5657. [CrossRef] [PubMed]

Pincus, T.; Hartley, ].W.; Rowe, W.P. A major genetic locus affecting resistance to infection with murine leukemia viruses. I. Tissue
culture studies of naturally occurring viruses. J. Exp. Med. 1971, 133, 1219-1233. [CrossRef] [PubMed]

Johnson, W.E. Origins and evolutionary consequences of ancient endogenous retroviruses. Nat. Rev. Microbiol. 2019, 17, 355-370.
[CrossRef]

Boso, G.; Buckler-White, A.; Kozak, C.A. Ancient Evolutionary Origin and Positive Selection of the Retroviral Restriction Factor
in Muroid Rodents. J. Virol. 2018, 92, e00850-18. [CrossRef]

Young, G.R,; Yap, M.W.; Michaux, J.R.; Steppan, S.J.; Stoye, ].P. Evolutionary journey of the retroviral restriction gene. Proc. Natl.
Acad. Sci. USA 2018, 115, 10130-10135. [CrossRef]

Yap, M.W.; Colbeck, E.; Ellis, S.A.; Stoye, J.P. Evolution of the retroviral restriction gene Fv1: Inhibition of non-MLV retroviruses.
PLoS Pathog. 2014, 10, €1003968. [CrossRef]

Mortuza, G.B.; Haire, L.F,; Stevens, A.; Smerdon, S.J.; Stoye, J.P.; Taylor, I.A. High-resolution structure of a retroviral capsid
hexameric amino-terminal domain. Nature 2004, 431, 481-485. [CrossRef] [PubMed]

Myrum, C.; Moreno-Castilla, P.; Rapp, PR. ‘Arc’-hitecture of normal cognitive aging. Ageing Res. Rev. 2022, 80, 101678. [CrossRef]
[PubMed]

Pastuzyn, E.D.; Day, C.E.; Kearns, R.B.; Kyrke-Smith, M.; Taibi, A.V.; McCormick, J.; Yoder, N.; Belnap, D.M.; Erlendsson, S.;
Morado, D.R;; et al. The Neuronal Gene Arc Encodes a Repurposed Retrotransposon Gag Protein that Mediates Intercellular
RNA Transfer. Cell 2018, 172, 275-288.e18. [CrossRef] [PubMed]

Matteucci, C.; Balestrieri, E.; Argaw-Denboba, A.; Sinibaldi-Vallebona, P. Human endogenous retroviruses role in cancer cell
stemness. Semin. Cancer Biol. 2018, 53, 17-30. [CrossRef]

Lemaitre, C.; Tsang, J.; Bireau, C.; Heidmann, T.; Dewannieux, M. A human endogenous retrovirus-derived gene that can
contribute to oncogenesis by activating the ERK pathway and inducing migration and invasion. PLoS Pathog. 2017, 13, e1006451.
[CrossRef] [PubMed]

Huang, G.; Li, Z.; Wan, X.; Wang, Y.; Dong, ]. Human endogenous retroviral K element encodes fusogenic activity in melanoma
cells. J. Carcinog. 2013, 12, 5. [CrossRef]

Argaw-Denboba, A.; Balestrieri, E.; Serafino, A.; Cipriani, C.; Bucci, I.; Sorrentino, R.; Sciamanna, I.; Gambacurta, A.; Sinibaldi-
Vallebona, P.; Matteucci, C. HERV-K activation is strictly required to sustain CD133+ melanoma cells with stemness features. J.
Exp. Clin. Cancer Res. 2017, 36, 20. [CrossRef]

Li, M.; Radvanyi, L.; Yin, B.; Rycaj, K.; Li, J.; Chivukula, R.; Lin, K;; Lu, Y; Shen, J.; Chang, D.Z.; et al. Downregulation of Human
Endogenous Retrovirus Type K (HERV-K) Viral RNA in Pancreatic Cancer Cells Decreases Cell Proliferation and Tumor Growth.
Clin. Cancer Res. 2017, 23, 5892-5911. [CrossRef]

Kaufmann, S.; Sauter, M.; Schmitt, M.; Baumert, B.; Best, B.; Boese, A.; Roemer, K.; Mueller-Lantzsch, N. Human endogenous
retrovirus protein Rec interacts with the testicular zinc-finger protein and androgen receptor. J. Gen. Virol. 2010, 91, 1494-1502.
[CrossRef]

Hanke, K.; Chudak, C.; Kurth, R.; Bannert, N. The Rec protein of HERV-K(HML-2) upregulates androgen receptor activity by
binding to the human small glutamine-rich tetratricopeptide repeat protein (hSGT). Int ]. Cancer 2013, 132, 556-567. [CrossRef]
Armbruester, V.; Sauter, M.; Roemer, K.; Best, B.; Hahn, S.; Nty, A.; Schmid, A.; Philipp, S.; Mueller, A.; Mueller-Lantzsch, N. Np9
protein of human endogenous retrovirus K interacts with ligand of numb protein X. J. Virol. 2004, 78, 10310-10319. [CrossRef]
Chen, T.; Meng, Z.; Gan, Y,; Wang, X.; Xu, E; Gu, Y.; Xu, X;; Tang, J.; Zhou, H.; Zhang, X_; et al. The viral oncogene Np9 acts as
a critical molecular switch for co-activating -catenin, ERK, Akt and Notchl and promoting the growth of human leukemia
stem/progenitor cells. Leukemia 2013, 27, 1469-1478. [CrossRef]

Denne, M.; Sauter, M.; Armbruester, V.; Licht, ].D.; Roemer, K.; Mueller-Lantzsch, N. Physical and functional interactions of
human endogenous retrovirus proteins Np9 and rec with the promyelocytic leukemia zinc finger protein. J. Virol. 2007, 81,
5607-5616. [CrossRef]

Wang, E; Li, X,; Xie, X.; Zhao, L.; Chen, W. UCA1, a non-protein-coding RNA up-regulated in bladder carcinoma and embryo,
influencing cell growth and promoting invasion. FEBS Lett. 2008, 582, 1919-1927. [CrossRef]

Hou, P; Zhao, Y,; Li, Z.; Yao, R.; Ma, M.; Gao, Y.; Zhao, L.; Zhang, Y.; Huang, B.; Lu, J. LincRNA-ROR induces epithelial-to-
mesenchymal transition and contributes to breast cancer tumorigenesis and metastasis. Cell Death Dis. 2014, 5, €1287. [CrossRef]


http://doi.org/10.15252/embr.202152984
http://doi.org/10.1038/35001608
http://www.ncbi.nlm.nih.gov/pubmed/10693809
http://doi.org/10.1073/pnas.2132646100
http://www.ncbi.nlm.nih.gov/pubmed/14557543
http://doi.org/10.1038/382826a0
http://doi.org/10.1128/jvi.71.7.5652-5657.1997
http://www.ncbi.nlm.nih.gov/pubmed/9188643
http://doi.org/10.1084/jem.133.6.1219
http://www.ncbi.nlm.nih.gov/pubmed/4325132
http://doi.org/10.1038/s41579-019-0189-2
http://doi.org/10.1128/JVI.00850-18
http://doi.org/10.1073/pnas.1808516115
http://doi.org/10.1371/journal.ppat.1003968
http://doi.org/10.1038/nature02915
http://www.ncbi.nlm.nih.gov/pubmed/15386017
http://doi.org/10.1016/j.arr.2022.101678
http://www.ncbi.nlm.nih.gov/pubmed/35781092
http://doi.org/10.1016/j.cell.2017.12.024
http://www.ncbi.nlm.nih.gov/pubmed/29328916
http://doi.org/10.1016/j.semcancer.2018.10.001
http://doi.org/10.1371/journal.ppat.1006451
http://www.ncbi.nlm.nih.gov/pubmed/28651004
http://doi.org/10.4103/1477-3163.109032
http://doi.org/10.1186/s13046-016-0485-x
http://doi.org/10.1158/1078-0432.CCR-17-0001
http://doi.org/10.1099/vir.0.014241-0
http://doi.org/10.1002/ijc.27693
http://doi.org/10.1128/JVI.78.19.10310-10319.2004
http://doi.org/10.1038/leu.2013.8
http://doi.org/10.1128/JVI.02771-06
http://doi.org/10.1016/j.febslet.2008.05.012
http://doi.org/10.1038/cddis.2014.249

Int. . Mol. Sci. 2022, 23, 10112 17 of 20

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Zhan, H.X,; Wang, Y,; Li, C.; Xu, JW.; Zhou, B.; Zhu, ] K,; Han, H.F; Wang, L.; Wang, Y.S.; Hu, S.Y. LincRNA-ROR promotes
invasion, metastasis and tumor growth in pancreatic cancer through activating ZEB1 pathway. Cancer Lett. 2016, 374, 261-271.
[CrossRef]

Takahashi, K.; Yan, I.K.; Kogure, T.; Haga, H.; Patel, T. Extracellular vesicle-mediated transfer of long non-coding RNA ROR
modulates chemosensitivity in human hepatocellular cancer. FEBS Open Bio 2014, 4, 458-467. [CrossRef]

Sin, H.S.; Huh, J.W.; Kim, D.S.; Kang, D.W.; Min, D.S.; Kim, T.H.; Ha, H.S.; Kim, H.H.; Lee, S.Y.; Kim, H.S. Transcriptional control
of the HERV-H LTR element of the GSDML gene in human tissues and cancer cells. Arch. Virol 2006, 151, 1985-1994. [CrossRef]
Sun, Q.; Yang, J.; Xing, G.; Sun, Q.; Zhang, L.; He, F. Expression of GSDML Associates with Tumor Progression in Uterine Cervix
Cancer. Transl. Oncol. 2008, 1, 73-83. [CrossRef]

Gosenca, D.; Gabriel, U,; Steidler, A.; Mayer, J.; Diem, O.; Erben, P,; Fabarius, A.; Leib-Mosch, C.; Hofmann, W.-K_; Seifarth, W.
HERV-E-mediated modulation of PLA2G4A transcription in urothelial carcinoma. PLoS ONE 2012, 7, €49341. [CrossRef]
Bjerregaard, B.; Holck, S.; Christensen, 1.].; Larsson, L.I. Syncytin is involved in breast cancer-endothelial cell fusions. Cell. Mol.
Life Sci. 2006, 63, 1906-1911. [CrossRef]

Deng, B.; Xu, W.; Wang, Z.; Liu, C,; Lin, P; Li, B.; Huang, Q.; Yang, J.; Zhou, H.; Qu, L. An LTR retrotransposon-derived IncRNA
interacts with RNF169 to promote homologous recombination. EMBO Rep. 2019, 20, e47650. [CrossRef]

Lamprecht, B.; Walter, K; Kreher, S.; Kumar, R.; Hummel, M.; Lenze, D.; Kochert, K.; Bouhlel, M.A.; Richter, ].; Soler, E.; et al.
Derepression of an endogenous long terminal repeat activates the CSFIR proto-oncogene in human lymphoma. Nat. Med. 2010,
16, 571-579. [CrossRef]

Wu, Y,; Zhao, Y,; Huan, L.; Zhao, J.; Zhou, Y.; Xu, L.; Hu, Z,; Liu, Y.; Chen, Z.; Wang, L.; et al. An LTR Retrotransposon-Derived
Long Noncoding RNA IncMER52A Promotes Hepatocellular Carcinoma Progression by Binding p120-Catenin. Cancer Res. 2020,
80, 976-987. [CrossRef]

Gibb, E.A.; Warren, R.L.; Wilson, G.W.; Brown, S.D.; Robertson, G.A.; Morin, G.B.; Holt, R.A. Activation of an endogenous
retrovirus-associated long non-coding RNA in human adenocarcinoma. Genome Med. 2015, 7, 22. [CrossRef]

Cafiadas, I.; Thummalapalli, R.; Kim, ].W,; Kitajima, S.; Jenkins, R.W.; Christensen, C.L.; Campisi, M.; Kuang, Y.; Zhang, Y.;
Gjini, E.; et al. Tumor innate immunity primed by specific interferon-stimulated endogenous retroviruses. Nat. Med. 2018, 24,
1143-1150. [CrossRef]

Lee, E.; Iskow, R.; Yang, L.; Gokcumen, O.; Haseley, P.; Luquette, L.J., III; Lohr, J.G.; Harris, C.C.; Ding, L.; Wilson, R.K.; et al.
Landscape of somatic retrotransposition in human cancers. Science 2012, 337, 967-971. [CrossRef]

Beyer, U.; Moll-Rocek, J.; Moll, U.M.; Dobbelstein, M. Endogenous retrovirus drives hitherto unknown proapoptotic p63 isoforms
in the male germ line of humans and great apes. Proc. Natl. Acad. Sci. USA 2011, 108, 3624-3629. [CrossRef]

Beyer, U.; Kronung, S.K.; Leha, A.; Walter, L.; Dobbelstein, M. Comprehensive identification of genes driven by ERV9-LTRs
reveals TNFRSF10B as a re-activatable mediator of testicular cancer cell death. Cell Death Differ. 2016, 23, 64-75. [CrossRef]
Strick, R.; Ackermann, S.; Langbein, M.; Swiatek, J.; Schubert, S.W.; Hashemolhosseini, S.; Koscheck, T.; Fasching, P.A.; Schild,
R.L.; Beckmann, M.W.; et al. Proliferation and cell-cell fusion of endometrial carcinoma are induced by the human endogenous
retroviral Syncytin-1 and regulated by TGF-beta. ]. Mol. Med. 2007, 85, 23-38. [CrossRef]

Zhou, F; Li, M.; Wei, Y,; Lin, K.; Lu, Y.; Shen, J.; Johanning, G.L.; Wang-Johanning, F. Activation of HERV-K Env protein is
essential for tumorigenesis and metastasis of breast cancer cells. Oncotarget 2016, 7, 84093-84117. [CrossRef]

Grandi, N.; Tramontano, E. HERV Envelope Proteins: Physiological Role and Pathogenic Potential in Cancer and Autoimmunity.
Front. Microbiol. 2018, 9, 462. [CrossRef]

Goke, J.; Ng, H.H. CTRL+INSERT: Retrotransposons and their contribution to regulation and innovation of the transcriptome.
EMBO Rep. 2016, 17, 1131-1144. [CrossRef]

Leucci, E.; Vendramin, R.; Spinazzi, M.; Laurette, P; Fiers, M.; Wouters, J.; Radaelli, E.; Eyckerman, S.; Leonelli, C.; Vanderheyden,
K.; et al. Melanoma addiction to the long non-coding RNA SAMMSON. Nature 2016, 531, 518-522. [CrossRef]

Flockhart, R.J.; Webster, D.E.; Qu, K.; Mascarenhas, N.; Kovalski, J.; Kretz, M.; Khavari, P.A. BRAFV600E remodels the melanocyte
transcriptome and induces BANCR to regulate melanoma cell migration. Genome Res. 2012, 22, 1006-1014. [CrossRef]

Zhou, B.; Qi, F; Wu, F; Nie, H; Song, Y.; Shao, L.; Han, J.; Wu, Z; Saiyin, H.; Wei, G.; et al. Endogenous Retrovirus-Derived Long
Noncoding RNA Enhances Innate Immune Responses via Derepressing RELA Expression. mBio 2019, 10, e00937-19. [CrossRef]
Chiappinelli, K.B.; Strissel, P.L.; Desrichard, A.; Li, H.; Henke, C.; Akman, B.; Hein, A.; Rote, N.S.; Cope, L.M.; Snyder, A.; et al.
Inhibiting DNA Methylation Causes an Interferon Response in Cancer via dsRNA Including Endogenous Retroviruses. Cell 2015,
162,974-986. [CrossRef] [PubMed]

Roulois, D.; Loo Yau, H.; Singhania, R.; Wang, Y.; Danesh, A.; Shen, S.Y.; Han, H.; Liang, G.; Jones, P.A.; Pugh, T.J].; et al.
DNA-Demethylating Agents Target Colorectal Cancer Cells by Inducing Viral Mimicry by Endogenous Transcripts. Cell 2015,
162, 961-973. [CrossRef]

Otsuki, S.; Saito, T; Taylor, S.; Li, D.; Moonen, J.-R.; Marciano, D.P.; Harper, R.L.; Cao, A.; Wang, L.; Ariza, M.E.; et al. Monocyte-
released HERV-K dUTPase engages TLR4 and MCAM causing endothelial mesenchymal transition. JCI Insight 2021, 6, e146416.
[CrossRef]

Saito, T.; Miyagawa, K.; Chen, S.-Y.; Tamosiuniene, R.; Wang, L.; Sharpe, O.; Samayoa, E.; Harada, D.; Moonen, J.-R.A.J.; Cao,
A.; et al. Upregulation of Human Endogenous Retrovirus-K Is Linked to Immunity and Inflammation in Pulmonary Arterial
Hypertension. Circulation 2017, 136, 1920-1935. [CrossRef]


http://doi.org/10.1016/j.canlet.2016.02.018
http://doi.org/10.1016/j.fob.2014.04.007
http://doi.org/10.1007/s00705-006-0764-5
http://doi.org/10.1593/tlo.08112
http://doi.org/10.1371/journal.pone.0049341
http://doi.org/10.1007/s00018-006-6201-9
http://doi.org/10.15252/embr.201847650
http://doi.org/10.1038/nm.2129
http://doi.org/10.1158/0008-5472.CAN-19-2115
http://doi.org/10.1186/s13073-015-0142-6
http://doi.org/10.1038/s41591-018-0116-5
http://doi.org/10.1126/science.1222077
http://doi.org/10.1073/pnas.1016201108
http://doi.org/10.1038/cdd.2015.68
http://doi.org/10.1007/s00109-006-0104-y
http://doi.org/10.18632/oncotarget.11455
http://doi.org/10.3389/fmicb.2018.00462
http://doi.org/10.15252/embr.201642743
http://doi.org/10.1038/nature17161
http://doi.org/10.1101/gr.140061.112
http://doi.org/10.1128/mBio.00937-19
http://doi.org/10.1016/j.cell.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26317466
http://doi.org/10.1016/j.cell.2015.07.056
http://doi.org/10.1172/jci.insight.146416
http://doi.org/10.1161/CIRCULATIONAHA.117.027589

Int. . Mol. Sci. 2022, 23, 10112 18 of 20

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Taylor, S.; Isobe, S.; Cao, A.; Contrepois, K.; Benayoun, B.A; Jiang, L.; Wang, L.; Melemenidis, S.; Ozen, M.O.; Otsuki, S.; et al.
Endogenous Retroviral Elements Generate Pathologic Neutrophils in Pulmonary Arterial Hypertension. Am. J. Respir. Crit. Care
Med. 2022. [CrossRef] [PubMed]

Ariza, M.-E.; Williams, M.V. A human endogenous retrovirus K dUTPase triggers a TH1, TH17 cytokine response: Does it have a
role in psoriasis? J. Investig. Dermatol. 2011, 131, 2419-2427. [CrossRef] [PubMed]

Fleischmann, J.; Kremmer, E.; Miiller, S.; Sommer, P.; Kirchner, T.; Niedobitek, G.; Grasser, F.A. Expression of deoxyuridine
triphosphatase (dUTPase) in colorectal tumours. Int. J. Cancer 1999, 84, 614—-617. [CrossRef]

Kawahara, A.; Akagi, Y.; Hattori, S.; Mizobe, T.; Shirouzu, K.; Ono, M.; Yanagawa, T.; Kuwano, M.; Kage, M. Higher expression of
deoxyuridine triphosphatase ({UTPase) may predict the metastasis potential of colorectal cancer. J. Clin. Pathol. 2009, 62, 364-369.
[CrossRef]

Chen, C.-W,; Tsao, N.; Huang, L.-Y.; Yen, Y;; Liu, X.; Lehman, C.; Wang, Y.-H.; Tseng, M.-C.; Chen, Y.-].; Ho, Y.-C.; et al. The Impact
of dUTPase on Ribonucleotide Reductase-Induced Genome Instability in Cancer Cells. Cell Rep. 2016, 16, 1287-1299. [CrossRef]
Wallace, T.A.; Downey, R.E; Seufert, C.J.; Schetter, A.; Dorsey, T.H.; Johnson, C.A.; Goldman, R.; Loffredo, C.A.; Yan, P; Sullivan,
F]J.; et al. Elevated HERV-K mRNA expression in PBMC is associated with a prostate cancer diagnosis particularly in older men
and smokers. Carcinogenesis 2014, 35, 2074-2083. [CrossRef]

Wang-Johanning, F.; Rycaj, K.; Plummer, ].B.; Li, M.; Yin, B.; Frerich, K.; Garza, ].G.; Shen, |.; Lin, K,; Yan, P; et al. Inmunothera-
peutic potential of anti-human endogenous retrovirus-K envelope protein antibodies in targeting breast tumors. J. Natl. Cancer
Inst. 2012, 104, 189-210. [CrossRef]

Krishnamurthy, J.; Rabinovich, B.A.; Mi, T.; Switzer, K.C.; Olivares, S.; Maiti, S.N.; Plummer, ].B.; Singh, H.; Kumaresan, PR,;
Huls, HM.; et al. Genetic Engineering of T Cells to Target HERV-K, an Ancient Retrovirus on Melanoma. Clin. Cancer Res. 2015,
21, 3241-3251. [CrossRef]

Villeponteau, B. The heterochromatin loss model of aging. Exp. Gerontol. 1997, 32, 383-394. [CrossRef]

Pal, S.; Tyler, ] K. Epigenetics and aging. Sci. Adv. 2016, 2, e1600584. [CrossRef]

Barbot, W.; Dupressoir, A.; Lazar, V.; Heidmann, T. Epigenetic regulation of an IAP retrotransposon in the aging mouse:
Progressive demethylation and de-silencing of the element by its repetitive induction. Nucleic Acids Res. 2002, 30, 2365-2373.
[CrossRef] [PubMed]

De Cecco, M.; Criscione, S.W.; Peterson, A.L.; Neretti, N.; Sedivy, ].M.; Kreiling, J.A. Transposable elements become active and
mobile in the genomes of aging mammalian somatic tissues. Aging 2013, 5, 867-883. [CrossRef] [PubMed]

Nevalainen, T.; Autio, A.; Mishra, B.H.; Marttila, S.; Jylha, M.; Hurme, M. Aging-associated patterns in the expression of human
endogenous retroviruses. PLoS ONE 2018, 13, e0207407. [CrossRef]

Balestrieri, E.; Pica, F.; Matteucci, C.; Zenobi, R.; Sorrentino, R.; Argaw-Denboba, A.; Cipriani, C.; Bucci, I.; Sinibaldi-Vallebona, P.
Transcriptional activity of human endogenous retroviruses in human peripheral blood mononuclear cells. Biomed. Res. Int. 2015,
2015, 164529. [CrossRef] [PubMed]

McGinley, M.P.; Goldschmidt, C.H.; Rae-Grant, A.D. Diagnosis and Treatment of Multiple Sclerosis: A Review. JAMA 2021, 325,
765-779. [CrossRef] [PubMed]

Perron, H.; Geny, C.; Laurent, A.; Mouriquand, C.; Pellat, J.; Perret, ].; Seigneurin, ].M. Leptomeningeal cell line from multiple
sclerosis with reverse transcriptase activity and viral particles. Res. Virol. 1989, 140, 551-561. [CrossRef]

Perron, H.; Lalande, B.; Gratacap, B.; Laurent, A.; Genoulaz, O.; Geny, C.; Mallaret, M.; Schuller, E.; Stoebner, P.; Seigneurin, ].M.
Isolation of retrovirus from patients with multiple sclerosis. Lancet 1991, 337, 862-863. [CrossRef]

Komurian-Pradel, F; Paranhos-Baccala, G.; Bedin, F.; Ounanian-Paraz, A.; Sodoyer, M.; Ott, C.; Rajoharison, A.; Garcia, E.;
Mallet, F.; Mandrand, B.; et al. Molecular cloning and characterization of MSRV-related sequences associated with retrovirus-like
particles. Virology 1999, 260, 1-9. [CrossRef]

Blond, J.L.; Beseme, F.; Duret, L.; Bouton, O.; Bedin, E; Perron, H.; Mandrand, B.; Mallet, F. Molecular characterization and
placental expression of HERV-W, a new human endogenous retrovirus family. J. Virol. 1999, 73, 1175-1185. [CrossRef]

Rolland, A.; Jouvin-Marche, E.; Viret, C.; Faure, M.; Perron, H.; Marche, PN. The envelope protein of a human endogenous
retrovirus-W family activates innate immunity through CD14/TLR4 and promotes Thl-like responses. . Immunol. 2006, 176,
7636-7644. [CrossRef]

Kremer, D.; Schichel, T.; Forster, M.; Tzekova, N.; Bernard, C.; van der Valk, P.; van Horssen, J.; Hartung, H.-P.; Perron, H.; Kiiry, P.
Human endogenous retrovirus type W envelope protein inhibits oligodendroglial precursor cell differentiation. Ann. Neurol.
2013, 74, 721-732. [CrossRef] [PubMed]

Romer, C. Viruses and Endogenous Retroviruses as Roots for Neuroinflammation and Neurodegenerative Diseases. Front.
Neurosci. 2021, 15, 648629. [CrossRef]

Kremer, D.; Gruchot, J.; Weyers, V.; Oldemeier, L.; Gottle, P.; Healy, L.; Ho Jang, J.; Kang T Xu, Y.; Volsko, C.; Dutta, R.; et al.
PHERV-W envelope protein fuels microglial cell-dependent damage of myelinated axons in multiple sclerosis. Proc. Natl. Acad.
Sci. USA 2019, 116, 15216-15225. [CrossRef] [PubMed]

Kremer, D.; Forster, M.; Schichel, T.; Gottle, P.; Hartung, H.-P.; Perron, H.; Kiiry, P. The neutralizing antibody GNbAC1 abrogates
HERV-W envelope protein-mediated oligodendroglial maturation blockade. Mult. Scler. J. 2015, 21, 1200-1203. [CrossRef]
[PubMed]


http://doi.org/10.1164/rccm.202102-0446OC
http://www.ncbi.nlm.nih.gov/pubmed/35696338
http://doi.org/10.1038/jid.2011.217
http://www.ncbi.nlm.nih.gov/pubmed/21776007
http://doi.org/10.1002/(SICI)1097-0215(19991222)84:6&lt;614::AID-IJC13&gt;3.0.CO;2-P
http://doi.org/10.1136/jcp.2008.060004
http://doi.org/10.1016/j.celrep.2016.06.094
http://doi.org/10.1093/carcin/bgu114
http://doi.org/10.1093/jnci/djr540
http://doi.org/10.1158/1078-0432.CCR-14-3197
http://doi.org/10.1016/S0531-5565(96)00155-6
http://doi.org/10.1126/sciadv.1600584
http://doi.org/10.1093/nar/30.11.2365
http://www.ncbi.nlm.nih.gov/pubmed/12034823
http://doi.org/10.18632/aging.100621
http://www.ncbi.nlm.nih.gov/pubmed/24323947
http://doi.org/10.1371/journal.pone.0207407
http://doi.org/10.1155/2015/164529
http://www.ncbi.nlm.nih.gov/pubmed/25734056
http://doi.org/10.1001/jama.2020.26858
http://www.ncbi.nlm.nih.gov/pubmed/33620411
http://doi.org/10.1016/S0923-2516(89)80141-4
http://doi.org/10.1016/0140-6736(91)92579-Q
http://doi.org/10.1006/viro.1999.9792
http://doi.org/10.1128/JVI.73.2.1175-1185.1999
http://doi.org/10.4049/jimmunol.176.12.7636
http://doi.org/10.1002/ana.23970
http://www.ncbi.nlm.nih.gov/pubmed/23836485
http://doi.org/10.3389/fnins.2021.648629
http://doi.org/10.1073/pnas.1901283116
http://www.ncbi.nlm.nih.gov/pubmed/31213545
http://doi.org/10.1177/1352458514560926
http://www.ncbi.nlm.nih.gov/pubmed/25480862

Int. . Mol. Sci. 2022, 23, 10112 19 of 20

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Hansen, B.; Oturai, A.B.; Harbo, H.F; Celius, E.G.; Nissen, K.K.; Laska, M.].; Sendergaard, H.B.; Petersen, T.; Nexg, B.A. Genetic
association of multiple sclerosis with the marker rs391745 near the endogenous retroviral locus HERV-Fc1: Analysis of disease
subtypes. PLoS ONE 2011, 6, e26438. [CrossRef]

Christensen, T.; Dissing Serensen, P.; Riemann, H.; Hansen, H.J.; Munch, M.; Haahr, S.; Meller-Larsen, A. Molecular characteriza-
tion of HERV-H variants associated with multiple sclerosis. Acta Neurol. Scand. 2000, 101, 229-238. [CrossRef]

Brudek, T.; Christensen, T.; Aagaard, L.; Petersen, T.; Hansen, H.].; Moller-Larsen, A. B cells and monocytes from patients with
active multiple sclerosis exhibit increased surface expression of both HERV-H Env and HERV-W Env, accompanied by increased
seroreactivity. Retrovirology 2009, 6, 104. [CrossRef]

Muradrasoli, S.; Forsman, A.; Hu, L.; Blikstad, V.; Blomberg, ]. Development of real-time PCRs for detection and quantitation of
human MMTV-like (HML) sequences HML expression in human tissues. J. Virol. Methods 2006, 136, 83-92. [CrossRef]

Viola, M.V,; Frazier, M.; White, L.; Brody, J.; Spiegelman, S. RNA-instructed DNA polymerase activity in a cytoplasmic particulate
fraction in brains from Guamanian patients. . Exp. Med. 1975, 142, 483-494. [CrossRef]

Andrews, W.D.; Tuke, PW.; Al-Chalabi, A.; Gaudin, P; Jjaz, S.; Parton, M.].; Garson, J.A. Detection of reverse transcriptase activity
in the serum of patients with motor neurone disease. J. Med. Virol. 2000, 61, 527-532. [CrossRef]

McCormick, A.L.; Brown, R.H.; Cudkowicz, M.E.; Al-Chalabi, A.; Garson, ].A. Quantification of reverse transcriptase in ALS and
elimination of a novel retroviral candidate. Neurology 2008, 70, 278-283. [CrossRef] [PubMed]

Steele, A.J.; Al-Chalabi, A.; Ferrante, K.; Cudkowicz, M.E.; Brown, R.H.; Garson, J.A. Detection of serum reverse transcriptase
activity in patients with ALS and unaffected blood relatives. Neurology 2005, 64, 454-458. [CrossRef] [PubMed]

Kim, YJ.; Fan, Y.; Laurie, P.; Kim, ]. M.H.; Ravits, ]. No evidence of HIV pol gene in spinal cord tissues in sporadic ALS by real-time
RT-PCR. Amyotroph. Lateral Scler. 2010, 11, 91-96. [CrossRef] [PubMed]

Douville, R.; Liu, J.; Rothstein, J.; Nath, A. Identification of active loci of a human endogenous retrovirus in neurons of patients
with amyotrophic lateral sclerosis. Ann. Neurol. 2011, 69, 141-151. [CrossRef]

Li, W.; Lee, M.-H.; Henderson, L.; Tyagi, R.; Bachani, M.; Steiner, J.; Campanac, E.; Hoffman, D.A_; von Geldern, G.; Johnson, K,;
et al. Human endogenous retrovirus-K contributes to motor neuron disease. Sci. Transl. Med. 2015, 7, 307ral53. [CrossRef]
Manghera, M.; Ferguson-Parry, J.; Lin, R.; Douville, R.N. NF-kB and IRF1 Induce Endogenous Retrovirus K Expression via
Interferon-Stimulated Response Elements in Its 5’ Long Terminal Repeat. J. Virol. 2016, 90, 9338-9349. [CrossRef]

Oluwole, S.0.A.; Yao, Y.; Conradi, S.; Kristensson, K.; Karlsson, H. Elevated levels of transcripts encoding a human retroviral
envelope protein (syncytin) in muscles from patients with motor neuron disease. Amyotroph. Lateral Scler. 2007, 8, 67-72.
[CrossRef]

Balestrieri, E.; Arpino, C.; Matteucci, C.; Sorrentino, R.; Pica, F.; Alessandrelli, R.; Coniglio, A.; Curatolo, P; Rezza, G.; Macciardi,
F.; et al. HERVs expression in Autism Spectrum Disorders. PLoS ONE 2012, 7, e48831. [CrossRef]

Heidmann, O.; Béguin, A.; Paternina, J.; Berthier, R.; Deloger, M.; Bawa, O.; Heidmann, T. HEMO, an ancestral endogenous
retroviral envelope protein shed in the blood of pregnant women and expressed in pluripotent stem cells and tumors. Proc. Natl.
Acad. Sci. USA 2017, 114, E6642-E6651. [CrossRef]

Balestrieri, E.; Cipriani, C.; Matteucci, C.; Benvenuto, A.; Coniglio, A.; Argaw-Denboba, A.; Toschi, N.; Bucci, I.; Miele, M.T,;
Grelli, S.; et al. Children with Autism Spectrum Disorder and Their Mothers Share Abnormal Expression of Selected Endogenous
Retroviruses Families and Cytokines. Front. Immunol 2019, 10, 2244. [CrossRef]

Johnston, J.B.; Silva, C.; Holden, J.; Warren, K.G.; Clark, A.W.; Power, C. Monocyte activation and differentiation augment human
endogenous retrovirus expression: Implications for inflammatory brain diseases. Ann. Neurol 2001, 50, 434-442. [CrossRef]
[PubMed]

Sun, W.; Samimi, H.; Gamez, M.; Zare, H.; Frost, B. Pathogenic tau-induced piRNA depletion promotes neuronal death through
transposable element dysregulation in neurodegenerative tauopathies. Nat. Neurosci. 2018, 21, 1038-1048. [CrossRef]

Dembny, P; Newman, A.G,; Singh, M.; Hinz, M.; Szczepek, M.; Kriiger, C.; Adalbert, R.; Dzaye, O.; Trimbuch, T.; Wallach, T.; et al.
Human endogenous retrovirus HERV-K(HML-2) RNA causes neurodegeneration through Toll-like receptors. JCI Insight 2020, 5, €131093.
[CrossRef]

Mak, M.; Samochowiec, J.; Frydecka, D.; Pelka-Wysiecka, J.; Szmida, E.; Karpiniski, P.; Sasiadek, M.M.; Piotrowski, P.; Samo-
chowiec, A.; Misiak, B. First-episode schizophrenia is associated with a reduction of HERV-K methylation in peripheral blood.
Psychiatry Res. 2019, 271, 459-463. [CrossRef] [PubMed]

Perron, H.; Hamdani, N.; Faucard, R.; Lajnef, M.; Jamain, S.; Daban-Huard, C.; Sarrazin, S.; LeGuen, E.; Houenou, J.; Delavest,
M.; et al. Molecular characteristics of Human Endogenous Retrovirus type-W in schizophrenia and bipolar disorder. Transl.
Psychiatry 2012, 2, e201. [CrossRef] [PubMed]

Li, F; Sabunciyan, S.; Yolken, R.H.; Lee, D.; Kim, S.; Karlsson, H. Transcription of human endogenous retroviruses in human
brain by RNA-seq analysis. PLoS ONE 2019, 14, €0207353. [CrossRef]

Huang, W.; Li, S.;; Hu, Y; Yu, H.; Luo, F; Zhang, Q.; Zhu, F. Implication of the env gene of the human endogenous retrovirus W
family in the expression of BDNF and DRD3 and development of recent-onset schizophrenia. Schizophr. Bull. 2011, 37, 988-1000.
[CrossRef]


http://doi.org/10.1371/journal.pone.0026438
http://doi.org/10.1034/j.1600-0404.2000.101004229.x
http://doi.org/10.1186/1742-4690-6-104
http://doi.org/10.1016/j.jviromet.2006.04.005
http://doi.org/10.1084/jem.142.2.483
http://doi.org/10.1002/1096-9071(200008)61:4&lt;527::AID-JMV17&gt;3.0.CO;2-A
http://doi.org/10.1212/01.wnl.0000297552.13219.b4
http://www.ncbi.nlm.nih.gov/pubmed/18209202
http://doi.org/10.1212/01.WNL.0000150899.76130.71
http://www.ncbi.nlm.nih.gov/pubmed/15699374
http://doi.org/10.3109/17482960902835988
http://www.ncbi.nlm.nih.gov/pubmed/19322704
http://doi.org/10.1002/ana.22149
http://doi.org/10.1126/scitranslmed.aac8201
http://doi.org/10.1128/JVI.01503-16
http://doi.org/10.1080/17482960600864207
http://doi.org/10.1371/journal.pone.0048831
http://doi.org/10.1073/pnas.1702204114
http://doi.org/10.3389/fimmu.2019.02244
http://doi.org/10.1002/ana.1131
http://www.ncbi.nlm.nih.gov/pubmed/11601494
http://doi.org/10.1038/s41593-018-0194-1
http://doi.org/10.1172/jci.insight.131093
http://doi.org/10.1016/j.psychres.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/30537669
http://doi.org/10.1038/tp.2012.125
http://www.ncbi.nlm.nih.gov/pubmed/23212585
http://doi.org/10.1371/journal.pone.0207353
http://doi.org/10.1093/schbul/sbp166

Int. . Mol. Sci. 2022, 23, 10112 20 0f 20

188. Huang, W.-J.; Liu, Z.-C.; Wei, W.; Wang, G.-H.; W, J.-G.; Zhu, F. Human endogenous retroviral pol RNA and protein detected
and identified in the blood of individuals with schizophrenia. Schizophr. Res. 2006, 83, 193-199. [CrossRef]

189. Karlsson, H.; Bachmann, S.; Schroder, J.; McArthur, J.; Torrey, E.E; Yolken, R.H. Retroviral RNA identified in the cerebrospinal
fluids and brains of individuals with schizophrenia. Proc. Natl. Acad. Sci. USA 2001, 98, 4634-4639. [CrossRef]

190. Johansson, E.M.; Bouchet, D.; Tamouza, R.; Ellul, P,; Morr, A.S.; Avignone, E.; Germi, R.; Leboyer, M.; Perron, H.; Groc, L. Human
endogenous retroviral protein triggers deficit in glutamate synapse maturation and behaviors associated with psychosis. Sci. Adv.
2020, 6, eabc0708. [CrossRef]


http://doi.org/10.1016/j.schres.2006.01.007
http://doi.org/10.1073/pnas.061021998
http://doi.org/10.1126/sciadv.abc0708

	Introduction 
	Silencing and Transcriptional Regulation of ERVs 
	KRAB-ZFPs/TRIM28 Pathway Is a Master Regulator for ERVs Silencing 
	Chromatin Remodeler and Histone Chaperone Maintain ERVs Silencing through KRAB-ZFPs/TRIM28 Pathway 
	Sumoylation of TRIM28 Contributes to ERVs Silencing 
	DNA Methylation in ERVs Silencing 
	RNA-Mediated Regulation of ERVs 
	Exogenous Viruses Are Associated with ERVs Activation 
	Additional Factors in ERVs Transcriptional Regulation 

	Transcriptional Dysregulation of ERVs in Human Diseases 
	HERVs in Cancer 
	HERVs in Aging and Neurodegenerative Diseases 

	Conclusions and Perspective 
	References

