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Preface to “Recent Progress in Understanding the 
Mechanism and Consequences of Retrotransposon 
Movement” 

Retrotransposons move via an RNA intermediate and have had a profound impact on genome 
evolution and function in eukaryotes. In the Special Issue entitled “Recent Progress in Understanding the 
Mechanism and Consequences of Retrotransposon Movement” published in Viruses, three research 
articles and seven reviews explore different facets of the retrotransposon lifestyle. Here, we briefly 
summarize work presented in the Special Issue that should update the readership of Viruses on 
retroelements and endogenous retroviruses.  

Arkhipova and coworkers provide new computational analyses suggesting that ORF3 from several 
LTR-retrotransposons present in Bdelloid rotifers can encode not only Envelope-like proteins but also a 
GDSL esterase/lipase or a DEDDy-like exonuclease. The results suggest that there is extensive gene 
sharing between different groups of retroelements. Work from the Curcio and Purzycka labs focuses on 
the structure and function of transcripts from the Ty1 retrotransposon of Saccharomyces cerevisiae. 
Curcio and coworkers propose a model for kissing loop interactions involved in dimerization of genomic 
Ty1 RNA. Purzycka and coworkers analyze how the structure of a recently discovered internal Ty1 (i) 
transcript impacts initiation of translation from two alternative start codons. Interestingly, Ty1i RNA 
encodes a restriction factor encompassing the C-terminal of Gag that is required for modulating 
retrotransposition. 

The seven review articles cover a wide area of retroelement biology; from investigating specific 
steps in the process of retrotransposition to understanding the retroelement and pseudogene landscape in 
normal and malfunctioning cells. Le Grice and coauthors contribute a detailed review analyzing distinct 
topological differences between reverse transcription of the yeast retrotransposon Ty3 and its retroviral 
counterparts. Zaratiegui reviews and expands on recent work linking transposon integration with the 
universal process of DNA replication. Nefedova and Kim also review retroelement integration using 
retrotransposons from Drosophila as a guide. Their contribution highlights the roles of DNA sequence 
and structure, and protein contacts required for integration in different regions of the genome. 
Contributions from Magiorkinis and Tramontano and coauthors address the fascinating but incompletely 
understood roles that endogenous retroviruses play in mammalian cells. Hurst and Magiorkinis highlight 
the benefits of increased genetic variation and accelerated genome evolution mediated by endogenous 
retroviral insertions with detrimental effects that may result in disease. The Grandi and Tramontano 
review provides a detailed and critical analysis of endogenous retroviral insertions and their relationship 
to a variety of human diseases. Scott and Devine review a very active area of research, where somatic 
retrotransposition of LINE-1 has been implicated in human cancer. Importantly, Scott and Devine 
emphasize the challenge of determining whether LINE-1 insertions are “cancer drivers or passengers”. 
Lastly, Kubiak and Makalowska review the interesting roles that retrocopies of protein coding genes play 
in evolving new genes or regulating expression of other genes. 

In closing, we thank the authors for their thoughtful contributions, the external reviewers for their 
help evaluating and improving the manuscripts, and the staff of Viruses for expert editorial assistance. 
We also hope the Special Issue informs the readership of Viruses of the intimate relationships between 
transposons and viruses. 

David J. Garfinkel and Katarzyna J. Purzycka 
Special Issue Editors 













dependent on the hypomethylation of its promoter, has been proposed to be involved in endometriotic
lesion development [73].

Overall, these findings have confirmed a pivotal role of Syncytin-1 expression in placental
physiology, and showed how its deregulation could contribute to maternal systemic disorders [60].

6. HERV-W Expression in Tumorigenesis and Cancer Progression

Tumorigenesis is a complex multistep process involving both inherited and environmental factors
and possible association with HERV expression. Of course, this link has been greatly sustained by
the well-described transforming nature of exogenous animal retroviruses, which were originally
designated as “RNA tumor viruses”. However, the high copy number and repetitive nature of HERVs
may also trigger additional tumorigenesis mechanisms that do not require the production of infectious
viral particles, as summarized in Figure 3. In particular, HERV mobilization and integration could
be responsible for insertional mutagenesis events (panel a), which could disrupt or deregulate host
genes (e.g., oncosuppressors, transcriptional regulators). The presence of repetitive elements could
also trigger chromosomal rearrangements by non-allelic homologous recombination (panel b). HERV
transcriptional de-repression, possibly prompted by the altered epigenetic environment commonly
associated with cancerous tissues, can lead to uncontrolled activation of downstream cellular genes
(e.g., oncogenes, transcription factors) (panel c). Even in the absence of protein production, HERVs
transcription could stimulate the accumulation of incomplete replication intermediates, which can
activate innate immunity pathways and deregulate non-coding RNA networks (panel d). Finally, if a
HERV protein is produced, its activities (e.g., fusogenic and/or immunosuppressive functions) and/or
abilities (e.g., interaction with cellular proteins) may contribute to tumor development (panel e).
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Figure 3. Potential mechanisms of HERV-mediated transformation in tumorigenesis. (a) Insertional
mutagenesis could disrupt/deregulate host genes; (b) non-allelic homologous recombination could induce
chromosomal rearrangements; (c) transcriptional silencing abrogation could trigger LTR promoter activity;
(d) accumulation of replication intermediates could evoke immunity and/or deregulate RNA networking;
(e) protein production could evoke immunity and/or provide oncogenic functions.

Remarkably, despite several studies that reported the general increase—or even the de novo
appearance—of HERV-W transcripts in tumors as compared to healthy tissues (Table 3), it is yet to be
understood whether such HERV overexpression is the cause or just a consequence of transformation.
In fact, HERV expression is generally silenced by epigenetic mechanisms in normal cells, yet abnormal
hypomethylation of CpG dinucleotides is commonly observed in tumor cells. This dysregulation
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could possibly lead to increased levels of HERV expression as an indirect product of the altered
epigenetic environment, instead of a main determinant of the disease onset. Unfortunately, despite the
central role of epigenetic changes in influencing HERV transcription, very few studies to date have
analyzed the HERV-W sequences methylation status in tumor tissues. One study investigating the
epigenetic state of L1 and HERV-W sequences in human ovarian carcinomas reported a consistent
reduction in promoter methylation, corresponding to an increase in expression [74]. Upregulation of
L1 and HERV-W expression could contribute to tumor progression by de novo mobilization of the
abundant HERV-W transcripts. Interestingly, despite an overall increase in hypomethylation, some L1
and HERV-W sequences remained hypermethlyated in malignant samples [74]. This result raises the
possibility of more specific regulation of HERV expression leading to a beneficial or detrimental effect
on disease progression. HERV-W transcriptional increase in ovarian carcinomas has been reported by
Hu et al., but a similar expression level was similarly observed in healthy ovaries, and the number of
samples was too low to be statistically significant [57]. HERV-W expression has also been investigated
in endometrial carcinomas, due to the presence of giant syncytial cells possibly mediated by Env
fusogenic activity. Results showed that Syncytin-1 was upregulated in both benign and malignant
tissues; however, the highest expression was detected in endometrial carcinomas [75].

In contrast to the above mentioned studies that reported an increase of HERV-W expression in
tumor tissues, other studies reported no significant upregulation of HERV-W transcriptional activity in
human cancers. Stauffer et al. investigated HERV-W expression in placenta, breast, colon, and kidney
cancers, observing that the HERV-W transcription levels in healthy breast and placenta were higher
than in corresponding tumor samples [11]. Similarly, Kim et al. reported no significant differences
in HERV-W expression between paired tumor and normal adjacent tissues from breast, colon, liver,
stomach, and uterus [56].

In addition to the analyses performed on tumor samples from patients, a number of studies
investigated the HERV-W group transcriptional activity in cancer cell lines. These studies, however,
could not reliably measure the HERV-W expression in cancers, showing a lack of correlation between
the expression levels observed in normal tissues and the corresponding cancer cell lines [55]. Moreover,
the observed upregulation of HERV-W expression could be, at least in part, a consequence of the tumor
cell line environment instead of a specific signature of cancer. For instance, HERV-W RNA levels
were increased in three neuroblastoma cell lines (SH-SY5Y, SK-N-DZ, and SK-N-AS), with a selective
upregulation during hypoxia recovery and after the treatment with demethylating agents. Both
treatments are known to influence HERV transcription with no specificity for tumor environment [78].
Similarly, Díaz-Caballo et al. reported a HERV-W hyperexpression in HCT8 colon carcinoma cells,
and proposed a correlation with the induction of a chemotherapy-refractory state [77]. Such increased
transcription, however, is possibly the consequence of the experimental induction of a cytostatic stress.

Studies performed in additional cancer cell lines reported more specific effects associated with
HERV-W hyperexpression. SH-SY5Y and another neuroblastoma cell line transfected with HERV-W
env resulted in increased expression of SK3 (small conductance Ca2+-activated K+ channel protein
3), an ion channel relevant for neuronal excitotoxicity and linked to various diseases of the nervous
system [79]. Such upregulation was proposed to depend on the activation of the SK3 promoter
cAMP responsive elements (CRE) as direct consequence of the HERV-W Env-mediated increased
phosphorylation of the activating transcription factor CREB (CRE-binding protein) [79]. Similarly,
Bjerrgarden et al. hypothesized a direct role of Syncytin-1 fusogenic activity in breast cancer based on
the fact that MCF-7 and MDA-MB-231 cells express Syncytin-1 on the cell surface and hence are able to
fuse with endothelial cells presenting hASCT-2 receptor [76].

As previously described for HERV-W physiological expression, many reports assessed the altered
HERV-W transcription in different tumor tissues, however, very few studies attempted to connect
transcription to specific HERV-W loci (Table 4). These studies, even if not conclusive for the definitive
association of HERV-W expression to tumor development, provide a more reliable picture of the single
HERV-W elements upregulated in different human cancers, and suggest further investigations are
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warranted to determine HERV-W’s epigenetic status and specific roles in pathogenesis. Moreover,
the identification of specific HERV-W loci expressed in cancer tissues also allows evaluation of their
structural characteristics. It is interesting to note that, besides 9 HERV-W proviruses, a number of
L1-generated processed pseudogenes (6) and solitary LTRs (8) are specifically upregulated in cancer
tissues (Table 4). This suggests that highly defective HERV-W elements, especially in the presence
of an altered epigenetic control, can be actively transcribed and differentially expressed in cancerous
tissues, possibly contributing to the disease progression.

Table 3. General HERV-W group expression in tumoral tissues.

Tumoral Tissue Ref. Method a Physiol.
Expression b

Possible Biases of HERV-W Members
Underrepresentation c

B cells [55] * RT-PCR (gag−, pol−, env+) [17] ◦

Primers specific for single expressed sequences
(placental Syncytin-1 gag AF072500 and env AF072506;
MSRV clones pol AF009668) could not detect divergent

HERV-Ws, no information on full-length HERVs
expression and LTR activity, samples amount is poorly

representative (2)

Bladder [55] * RT-PCR (gag−, pol+, env+) - (2)

Breast

[11] Search of Syncytin-1 in
EST data

[11,56]

Low total HERV EST counts, could not detect HERV-Ws
divergent from Syncytin-1, no information on LTR

activity, number of cDNA/EST libraries great variability
across tissues, under-representation of poorly expressed

genes in small libraries (1)

[76] * RT-PCR, real time
qRT-PCR,

Specific detection of a Syncytin-1 env portion only, could
not detect transcripts divergent/defective for env, no
information on full-length sequences expression and

LTR activity

[56] env real time qRT-PCR

Primers specific for placental Syncytin-1 (NM_014590.3)
could not detect env defective or highly divergent
HERV-Ws, no information on full-length HERVs

expression and LTR activity, samples amount is poorly
representative (3)

[55] * RT-PCR (gag−, pol+, env+) (2)

Brain [55] * RT-PCR (gag−, pol+, env+) [11,55] (2)

Colon

[11] Search of Syncytin-1 in
EST data

[56]

(1)

[56] env real time qRT-PCR (3)
[55] * RT-PCR (gag−, pol+, env+) (2)

[77] * qPCR

Specific detection of a Syncytin-1 env portion only, could
not detect transcripts divergent/defective for env, no
information on full-length sequences expression and

LTR activity

Endometrium [75] qPCR, RT-PCR, NB, WB [14,57,75]
Specific detection of a small portion of Syncytin-1 env

only, samples amount is poorly representative,
expression values are highly heterogeneous

Esophagus [55] * RT-PCR (gag−, pol+, env+) - (2)

Histiocyte [55] * RT-PCR (gag−, pol+, env+) - (2)

Kidney [11] Search of Syncytin-1 in
EST data [10,55]

(1)

[55] * RT-PCR (gag−, pol+, env+) (2)

Neuroblasts [78] * pol real time qPCRs -

Could not detect transcripts defective or highly
divergent for pol gene, no information about full-length
sequences expression and LTR activity, samples amount

is poorly representative (4)

Ovary
[74] Real time qRT-PCR

[57,74]

Primers designed on Syncytin-1 locus (AC000064) could
not detect divergent HERV-Ws, samples amount is

poorly representative
[57] pol real time qPCRs (4)

[55] * RT-PCR (gag−, pol+, env+) (2)
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Table 3. Cont.

Tumoral Tissue Ref. Method a Physiol.
Expression b

Possible Biases of HERV-W Members
Underrepresentation c

Pancreas [55] * RT-PCR (gag−, pol+, env+) - (2)

Placenta [11] Search of Syncytin-1 in
EST data [23–25] (1)

Prostate [55] * RT-PCR (gag−, pol−, env+) [55] (2)

Skin [55] * RT-PCR (gag−, pol−, env+) - (2)

Stomach
[56] env real time qRT-PCR

[56]
(3)

[55] * RT-PCR (gag−, pol+, env+) (2)

T-cells [55] * RT-PCR (gag−, pol+, env+) [17] ◦ (2)

Uterus
[56] env real time qRT-PCR

[55,56]
(3)

[55] * RT-PCR (gag−, pol+, env+) (2)
a NB = Northern Blot, WB = Western Blot; b Studies that reported the general group expression in healthy tissues;
c Methodological biases that potentially affected the effective and specific detection and characterization of the
expressed HERV-W sequences. After the first mention, biases with multiple citations are reported as a number; ◦
data obtained in total PBMC; * data obtained in cancer cell lines.

Table 4. Specific HERV-W loci reported as hyperexpressed in tumoral tissues.

Locus Chr:start-end (Strand) a Type b Genomic Context c Tissue d LTR e Method f Ref.

1q31.2 1:192855545-192856320 (−) LTR MER21C (−) Testis - MA [15]
2p24.2 2:17520208-17527981 (+) PV L3 (−) Testis Pro ◦ MA, qRT-PCR [15,80]
2p12 2:76098816-76106624 (+) PV - Testis Pro MA [15]

3p12.3 3:74921984-74927237 (−) PG - Prostate - MA [15]
3q28 3:191376573-191383381 (+) PG - Testis - MA [15]
4p13 4:42287455-42294913 (−) PV TCONS_00007753 (−) Testis Pro ◦ MA, qRT-PCR [15,80]
4q26 4:114965536-114972972 (+) PG - Testis - MA [15]

5p13.3 5:31109366-31109859 (−) LTR - Ovary - MA [15]
6q21 6:106676012-106683689 (+) PG ATG5 (−) Skin T cells - MA, qRT-PCR [81]

7q21.2 7:92097313:92107506 (−) PV -
Testis* Pro ◦ MA, qRT-PCR [80]

Bladder Pro qRT-PCR [82]
Skin T cells - MA, qRT-PCR [81]

7q21.3 7:95987661-95988433 (−) LTR Alu Sx (−) Testis - MA [15]
7q31.1b 7:114019143-114026368 (−) PG FOXP2 (+) Testis - MA [15]
7q36.3 7:155177752-155178503 (−) LTR BC150495 (+) Testis PA MA [15]

8q24.13 8:125912007-125919468 (−) PV - Prostate Pro MA [15]
13q21.1 13:55627766-55635877 (+) PV - Testis - MA [15]
13q21.33 13:69795752-69799468 (+) PV LINC00383 (+) (Ex) Testis Pro ◦ MA, qRT-PCR [80]
16p12.3 16:18124951-18125494 (−) LTR - Testis - MA [15]
17q22 17:53088886-53095859 (−) PG STXBP4 (+) Testis - MA [15]

21q21.1 21:20125060-20132866 (−) PV MIR548XHG (−) (Ex) Testis - MA [15]
21q21.3 21:28226756-28234297 (+) PV - Testis Pro ◦ MA, qRT-PCR [15,80]
Xq21.1 X:82517449-82517774 (−) LTR L1 PA11 (+), L1 MA2 (+) Testis - MA [15]
Xq23 X:113140352-113141135 (−) LTR L1 (−), XACT (−) Testis Pro ◦ MA, qRT-PCR [80]
Xq24 X:120490096-120490859 (+) LTR - Testis PA MA [15]

a Chromosomal positions are referred to genome assembly GRCh37/hg19. Syncytin locus is highlighted in bold;
b PV: provirus; PG: processed pseudogene, LTR: solitary LTR; c Elements co-localized with HERV-W loci: italics
indicates coding genes, (Ex) indicates HERVs within an exon; d Tissues for which the HERV-W sequence expression
was reported also in physiological conditions are marked with *; e Reported activity of the sequences LTRs: Pro:
promoter; PA: PolyA signal. The mark ◦ indicates a hypomethylated status with respect to normal samples; f

MA: microarray.

In particular, the majority of studies reported HERV-W sequence specific expression both in
tumoral testis, along with the previously reported Syncytin-1 expression [25], and in a number of
other cancers mostly affecting the genitourinary trait. Pérot and coworkers have analyzed paired
normal and tumoral tissues through a dedicated microarray (see also paragraph 4 and Table 2), and
reported a number of HERV-W loci that were differentially expressed in testis (16), prostate (2) and
ovary (1) cancer samples [15]. Similarly, Gimenez and coworkers identified six HERV-W loci, including
Syncytin-1, whose expression was upregulated in testicular cancer [80]. The precise localization of
these expressed HERV-W sequences allowed comparison of their epigenetic status in normal and
tumoral tissues, revealing, in the latter a U3 promoters hypomethylation in at least five out of the
six loci [80]. As is the case for ovarian cancer [74], some sequences remained unmethylated in the
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tumor environments but not in the normal counterparts [80], suggesting the presence of different levels
of HERV transcriptional control. When considering bladder urothelial cell carcinomas, Syncytin-1
was significantly hyperexpressed in >75% of the analyzed tumor tissues (n = 82) as compared to the
6% of the matched adjacent tissues, increasing proliferation and viability of human immortalized
uroepithelial cells [82]. In this case, the identification of specific HERV-W sequences significantly
upregulated in tumor tissues also allowed detection of single nucleotide substitutions. The latter were
found in positions 142 and 277 of the Syncytin-1 3′LTR, in ~88% tumoral tissues while they were
observed only in a small proportion (~5%) of healthy controls. Interestingly, the T142C mutation
apparently resulted in selective binding of the c-Myb transcription factor to ERVWE1 LTR, and
was possibly associated with the selective enhancement of Syncytin-1 promoter activity in bladder
urothelial cell carcinoma [82]. In addition, the expression of specific HERV-W loci has been assessed in
mycosis fungoides, the most common Cutaneous T-Cell Lymphoma (CTCL) [81]. In fact, two HERV-W
loci in chromosomes 6 (6q21) and 7 (7q21.2—Sincytin-1), which frequently harbor abnormalities and
rearrangements in CTCL, were predominantly and significantly upregulated in mycosis fungoides
lesions as compared to the same patient intact skin [81].

Despite the number of studies investigating HERV-W expression (either general or associated with
specific loci), no human cancer has been unequivocally related to this or any other HERV group. This
greatly depends on the lack of definitive evidence that specific HERV sequences are effectively able to
induce tumors through the so far proposed mechanisms. Although HERV expression in tumors may
contribute to the disease’s clinical outcome, the currently available results suggest only that the HERV-W
group has variable expression profiles in both normal and cancerous tissues [11]. As in previous cases,
the use of different experimental approaches often affected by potential methodological biases, together
with the lack of connection between the observed transcripts and the specific originating locus, currently
impedes effective assessment of the biological significance of the HERV-W group expression in tumors.
Moreover, the current lack of exhaustive information on HERV-W loci basal expression in healthy
tissues clearly limits complete evaluation of their effective dysregulation in the corresponding tumors,
which are further complicated by an altered epigenetic regulation. In light of this, even with clear
evidence of differential HERV-W expression between tumoral and healthy tissues, further studies
are needed to establish which HERV-W loci are actively involved in tumorigenesis and which ones
constitute an “epiphenomenon” due to the altered tumoral environment [83].

7. HERV-W Expression in MS and Other Autoimmune Diseases

Autoimmune diseases comprise a heterogeneous group of complex multifactorial disorders, all
sharing the incorrect recognition of healthy cells and/or the loss of immune tolerance to self-Antigens
(Ags) by the immune system. Clinically, such loss of tolerance leads to Antibody (Abs) production
and/or cytotoxic T cells responses against body components, resulting in chronic inflammation and tissue
destruction. A role for HERV in autoimmune disorders was primarily suggested by (i) the presence of
retroviral Ags and/or specific Abs at the site of disease and in patients’ sera, respectively [84,85]; and (ii) an
increased HERV expression in patients with autoimmune disorders as compared to healthy individuals [86].
Theoretically, given that HERVs are stable components of the human genome, the immune tolerance to
them should have been established during development. Despite this, HERVs still show the ability to
induce, or at least to influence, both innate and adaptive immunity [84–89] (Figure 4). Currently, the
most accepted theory is that HERV expression can evoke autoimmunity by molecular mimicry between
common auto-Ags and exogenous retroviral proteins [86,90–93]. HERV RNAs and proteins may, in fact, be
recognized as PAMPs (Pathogen Associated Molecular Patterns) by innate immunity pathogen recognition
receptors (PRRs) (recently reviewed in [89]), that determine inflammation and auto-Ab production.
Moreover, HERV proteins may act as super-Ags, triggering the non-specific polyclonal activation of
auto-reactive T lymphocytes and inducing massive cytokine release. Besides the direct immunogenic
effects of retroviral products, HERV proteins may affect the host immune response in additional ways,
such as by trans-activating/suppressing genes involved in immune modulation. Even in the absence
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of any expressed product, the mere presence of HERVs can contribute to autoimmunity through
insertional mutagenesis events and/or cis-regulation of adjacent immune regulatory gene expression
at the transcriptional and post-transcriptional level.

Importantly, as described for cancer, autoimmunity is also influenced by abnormal hypomethylation,
which can eventually release HERVs expression [94]. Such an occurrence, even as the mere consequence
of epigenetic alterations, could contribute to immunopathogenesis by providing nucleic acids or proteins
acting as PAMPs. Furthermore, the loss of epigenetic control can provide HERV-W transcripts suitable for
de novo mobilization by L1. Therefore, the proper identification and characterization of the expressed
HERV loci is essential to assess their effective involvement in the disease onset and progression.

Focusing now on the HERV-W group, the major field of investigation in autoimmunity is certainly
MS, although few studies have been reported for other autoimmune or immune-related disorders.

 

 

 

 

Figure 4. Potential mechanisms of HERV contribution to autoimmunity. HERVs can trigger
autoimmunity through the direct sensing of their expression products by pathogen recognition
receptors (PRRs) (red) as well as by mediating the deregulation of the host immune effectors and
modulators (green). In both cases, the eventual hypomethylated status associated with autoimmunity
can upregulate HERVs that are normally silenced in healthy tissues. HERV expressed RNAs and
proteins (upper part) can act as pathogen associated molecular patterns (PAMPs) prompting the innate
immunity effectors, and, consequently, evoking an adaptive response. HERV proteins can either act as
super antigens Ags activating a polyclonal expansion of autoreactive T cells, or deregulate immunity
genes. These mechanisms can be also based on the molecular mimicry of HERVs products, due to their
identity with the exogenous elements. HERV integrated sequences, or even their sole LTR, (lower part)
can affect the host immunity even in the absence of any expressed product, if their insertion disrupts or
deregulates genes involved in immune response and its control.

7.1. Multiple Sclerosis

MS is an autoimmune disorder with poorly understood etiology, and characterized by progressive
demyelination of the central nervous system (CNS). Both innate and adaptive immunity dysregulation
contributes to MS immunopathogenesis, although adaptive immunity may predominate in the disease
onset with selective T and B cell activation accompanying clinical relapses [95]. The precise causes of
axon demyelination and damage remain unclear, even if inflammatory molecules such as cytokines,
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chemokines, prostaglandins, reactive oxygen species and matrix metalloproteinases contribute to
MS [95]. In addition, different infectious agents have been investigated for a possible association with
MS [95–101].

As previously mentioned, the HERV-W group was initially related to MS due to its nucleotide
identity with MSRV [102,103], a putative retroviral element detected in some MS patients [22,41,42,
104,105], and proposed as an exogenous competent member of the HERV-W group [22,106–110]. The
origin of MSRV is, however, still highly debated [18,111,112], and recent findings suggest that the
previously identified MSRV sequences could have arisen from the expression of a single HERV-W
locus, or the in vitro recombination of many HERV-W transcripts [21,113]. In the last twenty years,
many studies investigated the HERV-W/MSRV involvement in MS, mainly by (i) the detection of
HERV-W/MSRV nucleic acids in MS samples; (ii) the presence of HERV-W/MSRV Ags in MS lesions;
(iii) the onset of an immune response against these elements; and (iv) the use of some animal models
of MS. Even if all these types of investigation are taken into account, the evidence strongly suggests
that the presence of HERV-W/MSRV sequences (i) and Ags (ii) could contribute to a higher prevalence
in MS. The clear immunopathogenic potential of these HERV products on cellular-mediated immunity,
as shown in both humans (iii) and animal models (iv), could indeed take part, together with other
individual factors, to cause MS disease.

7.1.1. Detection of HERV-W/MSRV Nucleic Acids in MS Samples

Regarding the presence of HERV-W/MSRV nucleic acids, most studies focused on the detection of
expressed HERV-W/MSRV RNA transcripts, while a few of them investigated the differential amounts
of integrated DNA sequences copy-number in MS samples.

HERV-W/MSRV pol RNA sequences have been detected by RT-PCR approaches in MS patient
brain [114], leptomeningeal, choroid plexus and B cells [22], peripheral blood lymphocytes [115],
cerebrospinal fluid (CSF) [22,115,116], serum [116,117] and plasma [115]. Overall, HERV-W/MSRV
pol amplicons were found in a variable proportion of the MS samples (~50 to 100%) as well as in
some healthy controls (0–50%) and non-MS pathological samples (0–65%). These results suggest that
HERV-W expression may be associated with the pathological environment and have a role in a particular
subset of susceptible individuals. Unfortunately, the expressed RNA sequences were not attributable to
specific HERV-W loci [97]. Also MRSV/HERV-W env RNA expression was reported to be upregulated
in MS patient brains [118,119] and PBMC [120]. Finally, a significantly higher accumulation of both
HERV-W/MSRV pol and env RNAs was reported in MS brains [107] and CSF [121] with respect to
healthy and pathological controls, even if all samples tested contained the HERV-W/MSRV transcripts
regardless of health/disease status.

HERV-W/MSRV DNA copy-number was reported to increase in PBMCs of MS patients as
compared to controls, and copy number also correlated with disease severity [110,120]. Considering
that active HERV-W proliferation ended several millions of years ago, before the evolutionarily
speciation of humans [21], it is unlikely that such variation could depend on the presence of unfixed
proviral integrations in the modern population, as shown for younger HERV groups. It is indeed
more probable that, as described above, the additional HERV-W copies found in MS patients could be
due to processed pseudogenes derived from novel L1-mediated retrotransposition events triggered
by the autoimmune hypomethylated environment. A positive relationship between HERV-W/MSRV
DNA copy number and female gender has been also hypothesized, which is consistent with the
higher incidence of MS in women. In particular, the one proviral copy and 10 L1-generated processed
pseudogenes of HERV-W on the X chromosome could possibly play a role in MS sex-based variants,
similarly to other X chromosome abnormalities [110]. Finally, MSRV pol sequences have been detected
by fluorescence in situ hybridization (FISH) in the peripheral blood cell DNA from all patients with
active MS and healthy controls tested, which supports an endogenous origin of MSRV [116,122].
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7.1.2. Presence of HERV-W/MSRV Ags in MS Lesions

As is the case for HERV-W/MSRV nucleic acids, the presence of HERV-W/MSRV proteins
has been reported in both normal and MS brain tissues, thus questioning their direct role in MS
pathogenesis. However, the presence of HERV-W/MSRV proteins in diseased sites suggests that they
may contribute to MS immunopathogenicity and clinical manifestations. In fact, Syncytin-1 protein
was present in MS patient brains and in specific cell types involved in lesions, neuroinflammation,
and were expressed at a low level [118] or absent [107,120] in controls. In addition, Syncytin-1 in vitro
expression mediated the production of proinflammatory molecules, potentially involved in astrocytes
and oligodendrocyte damage [95], and an accumulation of HERV-W Gag Ags was shown in MS
demyelinated brain lesions [123]. Also, HERV-W Env epitopes were detected in higher quantities
on the surface of B cells and monocytes from patients with active MS with respect to stable MS
patients and healthy controls [124]. Finally, HERV-W/MSRV Env protein abundance in MS brain
lesions was recently associated with areas of active demyelination, being predominantly expressed by
macrophages and microglia, while moderate expression was observed in reactive astrocytes within
active lesions [125].

7.1.3. Onset of an Immune Response against These Elements

Growing evidence suggests that HERV-W/MSRV Env may act as super-Ag that triggers an
abnormal innate immune response independently of a specific recognition pathway. This immune
activation could lead to the overproduction of cytokines, which are known to play a major role
in MS inflammatory demyelinating process. MSRV Env induced in both healthy donors and MS
patients the in vitro polyclonal activation of Vβ16 T-lymphocytes [126] and the subsequent increase
of multiple pro-inflammatory cytokines [126,127]. These HERV-W/MSRV Env pro-inflammatory
properties have been attributed to the protein’s ability to trigger the Toll-Like Receptor 4 (TLR4) [126,
128,129], leading to the overexpression of the same proinflammatory cytokines involved in MS, such
as interleukins 1 and 6 (IL-1, IL-6) and Tumor Necrosis Factor α (TNF-α), and inducing lymphocyte
Th-1 polarization [127,128,130]. Moreover, HERV-W Env interaction with TLR4 and the consequent
upregulation of proinflammatory factors, in particular inducible nitric oxide synthase, led to the
formation of nitrotyrosine groups, which directly affected myelin expression and remyelination by
blocking oligodendrocyte precursor differentiation [131]. In support of these findings, HERV-W
Env neutralization by monoclonal Ab GNbAC1 reduced such stress reactions and rescuing myelin
expression [132], and MSRV Env was recently confirmed to be a potent agonist of human TLR4 in vitro
and in vivo [133].

However, some reports assessed the development of a specific humoral response against
HERV-W/MSRV in MS patients, and found weaker support for its role in MS pathogenesis. Ruprecht et
al. reported the presence of Syncytin-1 Abs in only 1 of 50 MS patients and in none in 59 controls, whereas
MSRV Gag or Env Abs were not detected [112]. In a follow up study in MS patients that monitored
Abs titers against HERV Env proteins, a decrease in anti-HERV-W Env reactivity as a consequence
of interferon (IFN)-β therapy was reported but the decrease was not statistically significant [134], as
previously observed for circulating Env RNA [135]. Finally, a study assessing the humoral response
against selected HERV-W Env peptides showed that two peptides were strongly recognized by MS
patients IgG as compared to controls, and a decrease in recognition after six months of IFN-β therapy
was also reported [136].

7.1.4. Use of Some Animal Models of MS

The potential link between HERV-W/MSRV immunopathogenic properties and MS has been
investigated through mice models, which generally supported the active involvement of these
elements in disease development. Intraperitoneal injection of MSRV virions in immunodeficient
mice transplanted with human lymphocytes led to the onset of acute neurological symptoms, causing
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death by massive brain hemorrhage [137]. Further analysis confirmed the presence of circulating MSRV
RNA and splenic overexpression of proinflammatory cytokines [137]. In another study, Syncytin-1
induced neuroinflammation, neurobehavioral abnormalities and oligodendrocyte and myelin injury
principally evoked by redox reactant–mediated cellular brain damage [118,138]. Always in mice,
MSRV-Env was able to activate the TLR4- and CD14-mediated release of proinflammatory cytokines
and, when associated to the myelin oligodendrocyte glycoprotein (MOG) Ag, induced a specific T
cells IFN-C production. Such combined innate and acquired responses promoted the development of
experimental allergic encephalomyelitis, and was proposed as a suitable MS animal model [139].

In addition to the high number of studies that all assessed the whole group general expression in
MS, a limited number of studies were dedicated to the investigation of individual transcribed HERV-W
loci. The HERV-W processed pseudogene in locus Xq22.3 (ERVWE2) was among the most highly
investigated due to the presence of an almost complete env ORF, interrupted only by a premature
stop at codon 39. Noteworthy is that this L1-retrotransposed HERV-W element is transcribed in
human PBMCs [13,140,141], producing ex vivo an N-terminally truncated Env protein (N-Trenv) [142].
In addition, the evidence that a monoclonal Ab previously used to detect HERV-W Env in MS lesions
(13H5A5) [123] was able to bind N-Trenv, but not Syncytin-1, allowed speculation that this and
other expressed defective proteins may exert some effects in vivo [142]. Also, the ERVWE2 locus in
chromosome X has been proposed as the hypothetical genomic origin of MSRV Env proteins [108,110]
and investigated for its potential role in MS and its higher incidence in women. However, analysis of
ERVWE2 DNA sequences in MS patients and healthy individuals PBMC revealed that all harbored
the stop codon at site 39, and assessed whether genetic polymorphisms could possibly allow the
production of a full-length protein in vivo [143]. The authors also identified 5 ERVWE2 DNA
regions similar to the MOG Ig-like domain that, together with other co-factors, could trigger the
immune cross-reaction against myelin in MS [143]. García-Montojo et al. genotyped the ERVWE2
insertion in a wide group of individuals, and reported a significant association with female MS
susceptibility and polymorphisms rs6622139 and rs1290413, which are more frequent in controls than
MS affected women [144]. A similar analysis was performed for an HERV-W insertion in chromosome
20, but the two identified polymorphisms were not significantly linked to MS susceptibility based
on case–control studies [145]. Other work addressed HERV-W loci expression in MS. Laufer at al.
tried to clarify the origin of the HERV-W/MSRV env sequences detected in MS samples by evaluating
expression from single HERV-W loci. Interestingly, expressed HERV sequences was shown to be
often complicated by in vitro recombination between HERV transcripts, probably caused by RT
template switches and/or PCR-mediated recombination [13,141]. In particular, the authors proposed
that some previously published MSRV env sequences, as well as a high number of HERV-W env
cDNA clones, had actually arisen from the recombination of different HERV-W env transcripts,
detecting up to four recombination events involving up to five HERV-W loci for the same sequence.
It was also shown that the primers commonly used for HERV-W expression studies were similar
enough to anneal with multiple HERV-W loci, underlining the importance of precisely assessing the
transcripts genomic origin when studying HERV RNA expression [83,141]. Of note, similar individual
HERV-W env loci expression levels were found in PBMCs from MS patients and healthy controls [141],
further supporting the low specificity of RNA transcripts for MS disease. Another comprehensive
analysis of HERV-W loci brain transcription was performed by high-throughput sequencing of
env-specific RT-PCR products, identifying >100 HERV-W loci transcribed at very similar levels in
MS patients and healthy individuals [113]. Interestingly, while the deregulated expression of HERV-W
env in MS brain lesions was refuted, the authors reported an inter-individual variability in HERV-W
transcript levels, and a residual promoter activity for many HERV-W LTRs, even if incomplete [113].
A third study analyzing age- and disease-dependent HERV-W env RNA diversity showed that HERV-W
env transcripts originated from multiple loci in primary human neurons, while astrocytes and microglia
showed lower diversity in HERV-W transcript chromosomal origin [146]. Similarly, while multiple loci
encoding HERV-W env RNA sequences were detected in both fetal and adult healthy brains, transcripts
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cloned from neurologic patients mostly mapped to Syncytin-1 locus (7q21.2), and their abundance
was highly correlated with pro-inflammatory gene expression in diseased brains [146]. This could
indicate a wide and complex scenario, poorly clarified by the mere upregulation of general HERV-W
group expression.

Taken together, HERV-W/MSRV expression analyses in MS patients do not definitively confirm
a specific association of these retroviral elements to MS etiology, but strongly suggest a possible
role of group expression, especially at the protein level, in disease immunopathogenesis. Variable
HERV-W/MSRV expression found in both MS patients and healthy individuals could probably
constitute a normal physiological phenomenon, possibly with higher prevalence in MS due to an
altered epigenetic and immunological environment [94,147]. This hypothesis opens the possibility of a
co-contributing role or predisposing factors that will require additional studies on the HERV-W/MSRV
brain proteomic profile in different ethnic populations [147]. In fact, considering the non-specific
super-Ag activity of HERV-W/MSRV Env showed neuropathogenic effects coincident with the major
hallmarks of MS inflammation [125], the HERV-W group could participate in a complex inflammatory
interplay with other not fully understood factors, including genetic predisposition and exogenous
infections [97,148]. It is noteworthy that a therapeutic treatment targeting HERV-W/MSRV has been
proposed as a possible innovative approach for MS using the GNbAC1 monoclonal Ab developed to
selectively recognize MSRV Env. It showed neutralizing effects in vitro and in MS mouse models and
is currently in phase II clinical development [149,150].

7.2. Other Autoimmune Diseases

Besides MS, a few studies investigated HERV-W group expression in other disorders
with poorly understood etiology, in which autoimmunity mechanisms play a major pathogenic
role, such as rheumatoid arthritis (RA), osteoarthritis (OA), chronic inflammatory demyelinating
polyradiculoneuropathy (CIDP), psoriasis and lichen planus (LP). In all these disorders, no evidence of an
etiological link between HERV-W expression and pathogenesis has been reached yet, mostly due to the
poor sample representation and failure to assign the observed transcripts to individual HERV-W loci.

RA is characterized by the progressive destruction of articular components and leads to
severe disability. A common sign of the RA autoimmune response is the presence of a cellular
infiltrate of neutrophils, lymphocytes, and macrophages in the synovial tissue, accompanied by the
increased production of metalloproteinases contributing to extracellular matrix erosion [151]. Based
on preliminary results reporting HERV-W/MSRV RNA in the 50% of RA patient plasma samples,
Gaudin et al. determined if particle-associated HERV-W/MSRV RNA were present in patient
samples [151]. The results showed that neither the patients nor the controls had HERV-W/MSRV RNA
in plasma, while such RNA was detected in the synovial fluid samples of two out of nine RA patients
and one control, suggesting its lack of specificity with respect to RA etiology [151].

OA is another common form of arthritis characterized by the progressive destruction of articular
cartilage, in which many factors, including viral infections, seem to play a role [152]. Bendiksen et al.
analyzed cartilage and chondrocytes from advanced OA as compared to early/non-OA individuals.
While all samples were negative for a number of exogenous infections, a HERV-W env gene was
commonly expressed in advanced OA patient cartilage (88% of patients) while expression was detected
in a lower proportion of controls (0–38%) [152]. The authors also reported the abundant expression of
Env proteins in OA-derived chondrocytes, and the occurrence of viral budding and virus-like particles.
However, the particles were neither isolated nor characterized [152].

Another pathology tentatively linked to HERV-W/MSRV is CIDP, a rare immune disease of
the peripheral nervous system characterized by inflammatory and demyelinating lesions in nerve
roots [153]. Driven by the presence of MSRV-Env in a small number of CIDP patients (5 out of 8) [120],
Faucard et al. confirmed an upregulation of MSRV env and/or pol mRNAs in ~50–65% of CIDP
patients PBMC [153]. The authors also reported the presence of MSRV Env protein in 5 out of 7 CIDP
patients nerve lesions and dominant expression in Schwan cells [153]. Moreover, Schwan cell cultures
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exposed to MSRV-Env displayed a potent induction of IL-6 and CXCL10 chemokines, which could be
significantly inhibited by GNbAC1 MSRV-Env mAb [153].

Finally, HERV-W/MSRV expression may contribute to some skin diseases with unclear etiology.
Psoriasis is a chronic disease characterized by epidermal proliferation and abnormal keratinocytes
differentiation and shows similarities to systemic immunological disorders closely related to
autoimmunity [154]. Considering that HERV expression has been reported in human skin, being either
activated or repressed by UV irradiation [155,156], Molès et al. assessed HERV expression in psoriatic
lesions. Their work detected various pol amplicons comprising HERV-W sequences in both psoriatic and
control skin samples [154]. Another pathology taken into account was LP, a chronic skin inflammatory
disease characterized by lichenoid papules and possibly involving also microbial agents in its unclear
etiology [157]. de Sousa Nogueira et al. observed a downregulation of some HERV groups, including
HERV-W env, in skin biopsies of LP patients, with a concomitant activation of antiviral restriction
genes APOBEC3G, MxA, and IFN-inducible genes that may be involved in immune control of HERV
transcription [157].

8. HERV-W Expression in Neurological and Neuropsychiatric Disorders

HERV-W neuropathogenic effects have also been investigated in a number of neurological
and neuropsychiatric diseases with poorly understood etiology, such as Motor Neuron Disease
(MND), sporadic Creutzfeldt–Jakob disease (sCJD), autistic spectrum disorder (ASD), attention deficit
hyperactivity disorder (ADHD), and schizophrenia. In general, the available information does not
yet support a direct role of HERV-W group in any neurological or neuropsychiatric diseases. In fact,
a proportion of HERV-W-negative patients is reported in the majority of the studies, while a significant
upregulation of HERV-W expression was shown in a subset of cases, strongly suggesting the presence
of other major factors contributing to a complex and poorly understood etiology. It is also worth
noting that many of these pathologies could be concomitant with behavioral variables, such as
drug and alcohol abuse [158], which could be confounding if they are able to influence HERV brain
expression [159].

MND is a heterogeneous group of neurologic disorders characterized by the progressive
degeneration of motor neurons. Elevated levels of HERV-W env transcripts were observed in biopsies
from MND patients limbs as compared to control tissues from the same individual and from healthy
donors [160]. The authors also detected a parallel upregulation of the SOD1 (oxidative stress-responsive)
gene, a marker for oxidative stress, suggesting that its activation could be due to the primary loss of
motor neurons instead of being a direct consequence of HERV-W Env neurotoxic effects [160].

sCJD is a rare form of prion disease, causing fatal neurodegeneration and having as key event the
conformational change of cellular prion protein to an abnormal protease-resistant isoform. Joang et al.
examined the expression of 10 HERV groups in sCJD patients CSFs, detecting transcripts of all analyzed
groups and reporting the highest incidence for HERV-W pol (82.5% positivity), with a significant
increase with respect to controls [161]. Based on subsequent subcloning analysis, all observed
transcripts showed non-identical nucleotide sequence, and none had specificity for sCJD [161].

ASD and ADHD are two neurodevelopmental diseases caused by complex interactions with not
fully clarified genetic and environmental factors. ASD patients PBMC showed higher positivity for
HERV-H and HERV-W mRNAs as compared to controls [162]. Subsequent quantification showed that
HERV-H and HERV-W were, respectively, more and less abundantly expressed in ADS patients [162].
Similarly, the HERV-H transcript level in ADHD patients PBMC was significantly higher, while no
differences were found in HERV-W expression [163].

Among neuropsychiatric disorders, the field of greatest interest for HERV-W involvement is
schizophrenia. The first findings were provided by Deb-Rinker et al. in monozygotic twins discordant
for schizophrenia, presenting one sequence (schizophrenia associated retrovirus, SZRV-1, AF135487)
similar to both a MSRV (AF009668) and a HERV-9 (S77575) sequences expressed in placenta [164].
Karlsson et al. then detected HERV-W/MSRV pol sequences in the cell-free CSF from ~29% acute
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onset schizophrenia patients and 5% individuals in later stages of the disease, but not in patients
with non-inflammatory neurological diseases and healthy controls [165]. Similarly, HERV-W/MSRV
expression was up-regulated in the brain frontal cortex regions of schizophrenia patients when
compared with control tissues from healthy individuals [165]. In subsequent studies, the same authors
reported the presence of HERV-W RNA in the plasma of a subgroup (9 out of 54) of recent-onset
schizophrenia patients, 5 of which harbored HERV-W/MSRV sequences in CSF [166]. They detected an
elevated level of HERV-W gag (but not env) transcripts in PBMC of patients with schizophrenia-related
psychosis, and reported an upregulation of HERV-W sequences from locus 11q13.5 [167]. HERV-W
env plasmatic mRNA was found in 36% of recent-onset schizophrenia patients and in none of the 106
controls, and also RT activity was significantly increased in patient sera [168]. At the protein level,
HERV-W Env hyperexpression in U251 human glioma cells triggered the production of the dopamine
receptor D3 and brain-derived neurotrophic factor (BDNF), both associated with schizophrenia,
and increased the phosphorylation of CREB protein, which is necessary for BDNF expression [168]
and confirmed in human neuroblastoma cells [79]. Moreover, recent findings also suggested that
phosphorylation of Glycogen Synthase Kinase 3β might be involved in HERV-W Env-mediated BDNF
induction [169]. A study detecting HERV-W Ags in patients reported positive serum antigenemia
for Gag and Env in ~50% of schizophrenic patients and in 3–4% of blood donors [170]. Of note,
a full-length HERV-W LTR was found in the regulatory region of GABBR1 (GABA receptor B1) gene,
which is downregulated in schizophrenic patients [171]. However, the roles of this LTR and GABBR1
in schizophrenia remain to be clarified.

In contrast to the studies reported above, which showed an increased HERV-W expression in
Schizophrenia [166–168], a number of investigations reported no specific correlation between the
HERV-W transcription and development of neurological diseases [158,172,173]. The comprehensive
microarray-based analysis of 20 HERV group’s transcriptional activity in 215 brain samples from
schizophrenia or bipolar disorders (BD) patients and matched controls failed to show relevant links
between HERV brain expression and schizophrenia, suggesting that it could be more likely that
HERV transcriptional activity is influenced by the individual genetic background and the presence
of immune cell infiltrates and/or medical treatments [172]. Interestingly, the different brain areas
of each individual showed a common pattern of HERV expression, where the HERV-W env gene
was transcriptionally active but did not show significant differences between healthy controls and
schizophrenic patients [172]. Weis et al. observed that HERV-W Gag proteins were present in human
brain anterior cingulate cortex and hippocampus, mostly associated with neurons and astrocytes,
and showed significantly reduced expression in schizophrenia, major depression, and BD patients
as compared to controls [158]. HERV-W env transcription was increased in schizophrenia and BD
patient PBMCs, but the corresponding DNA copy number was paradoxically lower in patients
than in healthy controls. Moreover, differences in HERV-W env amplicon nucleotide sequences and
their relative frequencies were observed in comparisons of patients to controls and in comparisons
among Schizophrenia and BD patients to MS patients [173]. The authors hypothesized that when
HERV-W genes are hypomethylated during development, environmental stimuli (such as exogenous
infections) could prompt lineage-specific HERV-W genomic modifications and determine variable
patterns responding differently to subsequent environmental triggers, leading to diverse clinical
manifestations [173].

9. HERV-W Expression in the Presence of Exogenous Infections

HERVs have also been proposed to influence exogenous viral infections, and such a role could
be either beneficial or harmful. HERV antisense transcripts have been hypothesized as a plausible
defense against exogenous infections, in which complementarity between homologous retroviral
RNA sequences could form dsRNA and detected as a PAMP by the innate immunity PRRs [89,174].
Another possible HERV-mediated antiviral effect could be the partial resistance to infection, evoked
by receptor interference and blocking by HERV proteins [175,176]. However, exogenous viruses and
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expressed HERVs may also generate cooperative effects, stimulating each other’s transcription or
leading to the complementation of defective elements. Clearly, some of these interactions require a
certain degree of sequence and structural homology, and are most likely to happen between HERVs
and exogenous retroviruses.

9.1. Retroviral Infections

Humans are currently threatened by two exogenous retroviruses: Human Immunodeficiency
Virus (HIV, Lentiviridae) and Human T-cell Lymphotropic Virus (HTLV, Deltaretroviridae). HERV-W
Env glycoprotein was shown to functionally complement an env-defective HIV-1 strain, generating
HERV-W-pseudotyped particles infectious for CD4-negative cells, and therefore, possibly expanding
HIV-1 tropism [177]. HERV-W elements were upregulated in three persistently HIV-1 infected cell lines,
but not in infected cells [178]. Of note, reversal of HIV-1 latency by treatment with histone deacetylase
inhibitors caused no substantial increases of HERV-W env gene transcription [179]. Significant HERV-W
RNA hyperexpression was detected in the brains of AIDS patients suffering from dementia [114].
However, this variation in expression is probably a consequence of increased immune activity linked
to monocyte differentiation and macrophage activation, and had no active role in AIDS neuropathy.
HIV Tat transactivator protein increased MSRV env mRNAs and HERV-W Env protein expression
in astrocytes and differentiated macrophages but reduced expression in monocytes [180]. Similarly,
HTLV-I Tax homolog of Tat also activates transcription from HERV-W LTRs by interacting with CREB
along with other transcription factors [181]. T cell cross-reactivity between HERV and HIV epitopes
was tested in vitro, giving negative results [182].

9.2. Herpesviral Infections

The possible interplay between Herpesviruses infection and HERV-W expression has been widely
analyzed, especially in the context of MS and autoimmunity, and the ability of various Herpesviruses
to influence HERV-W transcription [85–87]. HERV-W/MSRV expression was enhanced by Herpes
Simplex Virus 1 (HSV-1) superinfection in MS patients cells [41,96,183]. More specifically, Lafon et
al. showed that HERV-W Env protein expression in neuroblastoma cell lines can be reactivated by
HSV-1, probably through its infected cell polypeptide 0 and 4 (ICP0 and ICP4, respectively) early
proteins [96]. HERV-W Gag and Env proteins were also induced by HSV-1 in neuronal and brain
endothelial cells in vitro, and expression was also compatible with an ICP0-mediated activation [184].
Additional evidence has been reported in HeLa cells, in which HSV-1 IE1 protein stimulated LTR-driven
transcription of HERV-W elements, probably through the modulation of the Oct-1 transcription
factor [185]. The authors proposed that IE1 activation could also involve HERV-W solitary LTRs,
potentially promoting possible nearby genes [185].

Besides HSV-1, other Herpesviruses have been analyzed for their ability to activate HERV-W in
MS. A hypothetical ERVWE1 Env peptide (29 aa) harbored an epitope predicted to be presented by
different HLA class I molecules and possibly acted as a target for effector T-cells in MS. Interestingly,
this epitope was partially homologous with all the pathogens against with elevated Abs titers in MS
patients, including HSV-1, HHV-6, VZV (Varicella Zoster Virus), EBV (Epstein Barr Virus), and measles
virus [186]. Hence, it was claimed that the effector T cell recognizing this putative epitope would
most readily cooperate with regulatory T cells to support an immune response, leading either to a
prompt resolution of the infection or to tissue damage by autoimmune processes [99,186]. Regarding
EBV, the exposure to the virus or to its major Env glycoprotein (gp350) triggered HERV-W/MSRV
expression in PBMCs from MS patients and MSRV positive healthy controls, as well as in cultured
U87-MG astrocytes, with an activation pathway possibly involving NF-kB [187]. The infection of a
number of cancer and non-cancer cell lines with CMV induced RT activity in all cells, and upregulated
various HERVs, including HERV-W, in CMV-infected neural tumor stem cells after UV irradiation [188].
Other evidence of a helper role in HERV-W activation came from kidney transplant recipients with
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high CMV load, who displayed significantly higher HERV-W pol expression than patients with
moderate/undetectable CMV load or healthy subjects [189].

9.3. Other Exogenous Infections

Although retroviral and herpesviral infections have been most intensively studied for their
effects on HERV-W expression, influenza virus, spleen necrosis virus (SNV) and porcine endogenous
retrovirus (PERV) infections have also been implicated in modulating HERV-W.

Nellåker et al. described specific expression patterns of HERV-W gag and env genes (even if
encoded by sequences with truncated/no LTRs) in different cell-lines, and observing subsets of
elements being transactivated by influenza virus active replication [140]. Similar variations were
also observed as a consequence of serum deprivation, suggesting that the cellular stress itself could
contribute to HERV-W modulation [140]. Subsequent analysis showed that influenza virus infection
induced spliced ERVWE1 transcripts able to encode Syncytin-1 in extra-placental cells by GCM1
overexpression [190], and downregulated the level of repressive histone mark H3K9me3 [191].

The HERV-W Env glycoprotein induced cellular resistance to SNV, whose infectivity was reduced
by 1000–10,000-fold in D-17 cells expressing HERV-W Env [192].

Finally, in the field of xenotransplantation, the expression level of HERV-W genes differed in
PERV-infected HEK-293 cells in comparison to uninfected cultures [193].

10. The HERV-W Transcriptional Landscape in the Context of Human Physiopathology: Current
Needs and Future Perspectives

As described in the previous sections, no definitive link between HERV-W expression and disease
onset and progression has been found. The great majority of the studies, in fact, have been based on
the detection and the eventual quantification of expression from the entire HERV group. The analysis
of bulk HERV expression cannot reveal the contribution of specific HERV-W loci to physiological or
pathological disease states. Furthermore, most of the studies have been based on not fully standardized
methodologies performed on differently representative samples. Thus, although a great amount of
data has been generated, they are frequently discordant and difficult to compare with each other. The
main biases that affected, in our opinion, a great number of studies aimed at analyzing the HERV-W
group expression are summarized in Table S2, along with their inconclusive nature and suggestions
for improvement.

The currently available information strongly suggests that the HERV-W group is commonly
transcribed in human cells, and that this happens in both healthy and pathological conditions.
Collective expression greatly varies between tissues and reflects individual genetic backgrounds.
In particular, the presence of HERV-W RNA and Ags in human tissues and cells seems to be a
physiological phenomenon. HERV-W expression is detected in (a subset of) healthy individuals and
possibly increases under pathological conditions, without necessarily representing an etiological factor.
The direct pathogenic effects of HERV-W RNA and proteins have not been confirmed and still lack a
molecular mode of action in vivo. In contrast, the effects that these HERV-W products could trigger in
their interplay with the host—including immune stimulation, insertional mutagenesis (also through de
novo retrotransposition events) and deregulatory functions—are more likely to contribute to human
pathogenesis, and also influence some animal models of human disease. Even in this case, however,
the identification and characterization of the specific HERV-W sequences and the exact molecular
mechanisms involved remains a major goal and necessary for the exploitation of HERV-W candidates
for therapeutic purposes.

Defining the expression patterns of single HERV-W loci through a dedicated microarray or
RNA-seq analyses will be essential to provide additional insights into the quantitative changes
originating from specific HERV-W sequences and to identify single members possibly linked to
human pathogenesis. Indeed, this promising field deserves a deeper investigation aimed, first of all,
at characterizing all the possible mechanisms involving HERV-W presence and expression in both
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physiological and pathological conditions. The latter also includes the possibility that an altered
epigenetic environment could prompt de novo mobilization of HERV-W transcripts by active L1
elements. This ongoing process would generate additional HERV-W processed pseudogenes when
compared with the ones recently mapped in the human genome reference sequence [21].

The current lack of knowledge of the individual HERV-W loci transcriptional status is in large
part due to the previous incomplete characterization of the HERV-W genomic landscape. Much of
the current experimental designs have focused on a few HERV-W sequences, above all Syncytin-1
and MSRV clones (Table S2). This has prevented until now (i) the univocal assignment of the
HERV-W expressed sequences to the locus of origin; (ii) the characterization of the single HERV-W
sequences differential expression in the diverse physiological tissues, essential to assess their effective
dysregulation in diseased environments; (iii) the evaluation of the full-length HERV-W sequence
transcription, coding capacity and regulatory elements; (iv) the characterization of the single HERV-W
sequences epigenetic status in both physiological and pathological contexts; and (v) the study of
the HERV-W sequences genomic context of insertion, identification of nearby host genes that can
potentially influence (or be influenced by) HERV-W elements even in the absence of a detectable
expressed product (Table S2).

We also outline future research investigating HERV-W’s contribution to human physiopathology,
including dedicated genome-wide high-throughput studies using stringent primers and probes
that are able to distinguish the uniqueness of single HERV-W elements conforming to standard
conditions. Developing these reagents will help properly define the specific contribution of the
different retroelements to the human transcriptome [95]. Importantly, the physiological consequences
of individual HERV-W loci expression must be evaluated a priori, in order to have a reliable “basal”
level to compare with the same, diseased, tissue [86]. Such specific quantitative analyses must then
be performed on a statistically significant population, possibly including paired samples of both
healthy tissues and pathological lesions from the same individual. Moreover, these investigations also
take into account the influence of the HERV-W loci genomic context of integration, and to analyze
the molecular diversity of single insertions within the human population. HERV-W polymorphisms
are necessary to understand due to the possibility that different HERV-W allelic variants may exert
specific effects on the pathogenesis phenotype, progression and therapeutic response, depending on
the host genetic background [95]. Considering that ~80–100 copies of L1 are active in the human
genome [36,39,194], the eventual L1-mediated retrotransposition of HERV-W sequences should also
be considered, especially in those pathological environments associated with an altered epigenetic
control, where the hypomethylation of both L1 and HERV-W sequences have been reported [74].
Finally, since structurally-incomplete LTRs could be still able to drive the transcription of HERV-W
proviruses, processed pseudogenes or nearby host genes, the methylation levels of truncated and
solitary LTRs should also be evaluated. Indeed, besides detecting HERV-W group overall expression,
the identification of the specific encoding locus appears to be mandatory to establish any definitive
associations between human diseases and specific retroelements, and also to properly understand
the molecular nature of emergent forms that have arisen through recombination events involving
different HERV-W loci [95], especially in those contexts where the epigenetics alteration could liberate
HERVs expression. Similarly, the molecular determinants responsible for specific HERV-W loci
upregulation as well as their role either as a cause or a consequence of disease must also be clarified
in detail [97]. Together, these approaches will finally provide well-characterized mechanisms of
HERV-mediated pathogenesis.

In conclusion, it is certainly possible and perhaps likely that specific HERV-W sequences may
play a role in human pathogenesis, without necessarily being the only etiological determinant of
disease. Indeed, in the field of autoimmunity, one or more HERV-W insertions (or even specific allelic
variants) and/or their expressed products may be involved in a complex inflammatory and immune
interplay with other unknown or not fully understood co-factors. The latter may include individual
predispositions, depending on the host genetic background, as well as extrinsic factors such as stress,
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environmental stimuli or exogenous infections. All these complex relationships must be considered,
especially in the field of multifactorial disorders with poorly clarified etiology. In light of this, the
identification and characterization of the precise HERV-W loci showing a differential transcription
pattern and/or L1-mediated HERV-W de novo mobilization in a specific pathological context appear
to be mandatory to definitively demonstrate a cause–effect connection to any disease etiology, and to
subsequently identify single HERV-W sequences exploitable as novel therapeutic targets. The latter
could be suitable for various, innovative approaches, from the employment of retroviral inhibitors
to the administration of passive as well as active immunotherapy directed against specific HERV
products, possibly in association with the treatment with DNA-demethylating agents. However, even
in the absence of an etiological contribution, the identification of specific HERV-W sequences selectively
expressed in a given pathological context could provide novel and reliable sequence-based biomarkers
of disease. Also, disease-associated Ags suitable for directing immunotherapeutic approaches to
the precise site of pathogenesis could be developed as protein biomarkers. All these HERV-based
therapeutic applications could certainly constitute an innovative treatment for many human diseases.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/9/5/162/s1.
Table S1: Syncytin-1 expression in pathological placentas, Table S2: Major biases and current needs for HERV-W
transcriptome studies.
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Abstract: The human LINE-1 (or L1) element is a non-LTR retrotransposon that is mobilized
through an RNA intermediate by an L1-encoded reverse transcriptase and other L1-encoded proteins.
L1 elements remain actively mobile today and continue to mutagenize human genomes. Importantly,
when new insertions disrupt gene function, they can cause diseases. Historically, L1s were thought to
be active in the germline but silenced in adult somatic tissues. However, recent studies now show that
L1 is active in at least some somatic tissues, including epithelial cancers. In this review, we provide
an overview of these recent developments, and examine evidence that somatic L1 retrotransposition
can initiate and drive tumorigenesis in humans. Recent studies have: (i) cataloged somatic L1 activity
in many epithelial tumor types; (ii) identified specific full-length L1 source elements that give rise to
somatic L1 insertions; and (iii) determined that L1 promoter hypomethylation likely plays an early
role in the derepression of L1s in somatic tissues. A central challenge moving forward is to determine
the extent to which L1 driver mutations can promote tumor initiation, evolution, and metastasis
in humans.

Keywords: retrotransposon; somatic retrotransposition; cancer genomics; LINE-1, L1

1. Introduction

Transposable genetic elements constitute at least 45% of the human genome [1]. Some of these
mobile elements or “jumping genes” have the ability to replicate themselves and insert new copies
elsewhere in the genome [2]. The most prevalent mobile element in humans is the Long Interspersed
Element 1, abbreviated LINE-1 or L1, which has expanded to over 500,000 copies in the human
genome and makes up ∼17% of the human genome sequence [1]. This massive copy number
expansion is the result of over 150 million years of L1 propagation that began with the incorporation
of these elements into ancestral genomes sometime before the mammalian radiation [1]. L1s belong
to the non-long-terminal-repeat (non-LTR) class of retrotransposons, which have certain sequence
attributes and move through an RNA intermediate. Non-LTR retrotransposons themselves originated
over 600 million years ago (probably from eubacterial reverse transcriptases) during the Precambrian
Era and likely predate multicellular eukaryotic life [3,4]. The end result of L1 expansion over these
hundreds of millions of years is a human genome that is littered with L1 copies [1]. A small number
of these endogenous L1 retrotransposons remain actively mobile today and continue to mutagenize
human genomes. We present here a brief review of our current understanding of how these elements
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influence human genomes, and ultimately, human health. A major focus is to examine somatic L1
retrotransposition as a causative agent in human cancers.

2. Mobilization of L1 Retrotransposons

In order to examine how L1s influence human genomes and disease, we must first understand
how these elements are mobilized (Figure 1).

Figure 1. Mobilization of L1s. New L1 insertions are generated via the five step process depicted here.
This process begins with a full-length (FL)-L1 source element in the genomic DNA (A; colored bar; L1
features are not to scale). This element is transcribed (B) and the resulting mRNA (orange) is exported
into the cytoplasm. This mRNA is translated (C) into the open reading frame (ORF)1p (light green) and
ORF2p (dark green) proteins, which bind the L1 mRNA to form a ribonucleoprotein complex (D). This
complex is imported (E) into the nucleus. Finally, the new L1 insertion is generated by target-primed
reverse transcription (F). The result of this mobilization process is another copy of L1 (grey) located
somewhere in the genome, flanked by target site duplications (TSDs; orange) and with a poly(A) tail
(yellow) (G). UTR; untranslated region.

This process begins with a canonical full-length L1 (FL-L1) source element that is ∼6 kb long and
consists of a promoter that is located within a 5′ untranslated region (UTR), two non-overlapping
open reading frames (ORFs), a 3′ UTR, and a poly(A) tail (Figure 1A). Only a fraction of the L1
copies in the human genome have these features, as most copies are either 5′ truncated or have other
deleterious mutations (see below). The first step in L1 mobilization is transcription of the FL-L1 source
element from its internal promoter (Figure 1A), most likely by RNA Polymerase II [5]. This process
arises only from FL-L1 source elements, since truncated L1s are missing important sequence features
in the first 100 bp of the 5′ UTR that are critical for transcription initiation [6]. The resulting bicistronic
mRNA is then exported from the nucleus into the cytoplasm, where it is translated to make two
L1-encoded proteins, ORF1p and ORF2p (Figure 1B). ORF1p is a small RNA-binding protein [7].
ORF2p is a larger protein that encodes both endonuclease (EN) [8] and reverse transcriptase (RT)
functions [9]. These proteins then bind the L1 mRNA that produced them to form a ribonucleoprotein
complex [10,11] that enters the nucleus (Figure 1D,E). The ORF1p and ORF2p proteins have a strong cis
preference for mobilizing the specific mRNA that gave rise to them, which allows for the preferential
amplification of functional L1 copies [11–13]. Recently, a third ORF (named ORF0) was discovered
in primate L1s (including humans); ORF0 is transcribed from an antisense promoter in the canonical
L1 5′ UTR and can be translated into the ORF0 protein or alternative ORF0-fusion proteins that
include the coding exons of neighboring genes [14]. Although ORF0 proteins can increase L1 activity
(through an unknown mechanism), they are not necessary for retrotransposition [14].
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The final step of L1 mobilization is known as target-primed reverse transcription (TPRT)
(Figure 1F). This mechanism was first characterized in the non-LTR retrotransposon R2 from
the silkworm Bombyx mori [15], and later was shown to accurately describe L1 integration as well [16].
Briefly, the process begins when the EN domain of ORF2p nicks the genomic DNA at its target site.
The consensus recognition sequence for the EN domain is 5′-TTTT/A-3′ [8,17,18], although there
is considerable flexibility in the exact site that is bound and cut by EN [19]. This cleavage exposes
a 3′OH group, which is then used by the ORF2p RT domain to prime the reverse transcription of the L1
mRNA, starting from the poly(A) tail [20,21] and extending towards the 5′ end of the mRNA [15,16].
Finally, the complementary strand is synthesized and the junctions are repaired through mechanisms
that are not well understood, likely involving host factors. The result of this process is a newly-inserted
L1 copy, or “offspring” insertion, at a second genomic site (Figure 1G). It is important to note that
the original FL-L1 source element remains intact in this process, and is capable of producing additional
offspring insertions [22].

New L1 insertions have important hallmark features of retrotransposition: a poly(A) tail, flanking
target site duplications (TSDs), frequent 5’ truncation, and occasional 5’ inversion [5,23–26]. Additionally,
L1s can sometimes mobilize downstream sequences in a process that is known as 3’ transduction; this is
thought to occur when transcription continues through the L1 polyadenylation signal and terminates
after another signal in the adjacent genomic DNA [27–29]. The L1 retrotransposition machinery also
can be hijacked by the nonautonomous retrotransposons Alu [30] and SVA [31,32], as well as cellular
mRNAs [12]. As a consequence, the L1-mediated TPRT mechanism ultimately is responsible for
the mobilization of most, if not all, recently inserted mobile elements in human genomes. Likewise,
all of these mobile elements have features in common with L1 (e.g., TSDs that are similar in length
and sequence composition) because they are all mobilized by the same TPRT mechanism and L1
proteins. Polymorphic copies of HERV-K elements (endogenous retroviruses) also are found in human
genomes, but evidence suggests that functional HERV-K copies are either very rare or no longer exist
in human populations [33,34].

The large number of individual steps that are required for L1 mobilization present numerous
opportunities for human cells to regulate this mutagenic activity, and many such L1 regulators have
evolved. In fact, there are mechanisms of L1 repression that act at each step of the mobilization process.
For example, one of the most well-studied mechanisms of L1 repression is the methylation of CpG
dinucleotides in the L1 promoter [35,36]. Promoter methylation silences L1s by repressing transcription,
which is the first step of the mobilization process [36]. Beyond methylation, there are numerous other
activities that inhibit L1 mobilization. These include histone modifications and chromatin remodeling
(which also regulate L1 transcription), small RNA-mediated mechanisms (including piwi-interacting
RNAs and small-interfering RNAs), and numerous cellular proteins that inhibit L1 mobilization
post-transcriptionally in both the cytoplasm and the nucleus (reviewed recently by JL Goodier [37]).
These redundant mechanisms work together to repress L1 activity.

3. An Historical Perspective of L1 Activity

Mobile genetic elements were first discovered in maize genomes by Barbara McClintock
in 1950 [2]. This work eventually won her the Nobel Prize in Physiology or Medicine in 1983 [38],
once the ubiquitous nature of transposable elements was recognized and fully appreciated. Repetitive
elements were first discovered in the human genome during the course of DNA renaturation
experiments in the 1960s, but these elements remained a mystery for some time [39,40]. L1 elements
specifically were found in the human genome in the early 1980s [41–43]. From their first description by
Adams et al. in 1980 it was suggested that L1s could be “essentially parasitic” DNA without a function
(page 6126); this speculation was based on the lack of measurable L1 transcription in bone marrow
cells [41]. This concept of parasitic or selfish DNA was not new. The exact origin of the idea is difficult
to determine, but it was popularized around this time by the publication of Richard Dawkins’ book
The Selfish Gene in 1976, and there were even ongoing reviews and debates about this notion in Nature
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in 1980 [44–46]. However, this classification of L1s as useless “junk DNA” was challenged as soon
as it was introduced, both theoretically within the same article by Adams et al. [41] and by others as
scientists began to recognize the mutagenic potential of these sequences.

During the 1980s there was a furious rush to describe the newly-discovered L1 repetitive
elements. This included classifying L1s, determining their function, and beginning to understand their
activity—all of which occurred in the short span of eight years. When L1s were first discovered in 1980,
they were simply described as long repeated sequences of variable length that were dispersed across all
human chromosomes [41]. Researchers in the field quickly determined that L1s had been discovered
by multiple laboratories, and introduced standardized terminology by 1982 [42]. Long repetitive
elements in general were referred to as LINEs, and the most common element was termed LINE-1 or
L1. Next, researchers concluded (from many lines of evidence) that these repeats could potentially
be mobile elements and speculated that they were moving through an RNA intermediate (summarized
by Singer and Skowronski in 1985 [47]). In just the next year (1986), concrete evidence to confirm
this hypothesis was found with the discovery that L1 ORF2 could potentially encode a protein with
homology to reverse transcriptase proteins [43]. Around the same time, FL-L1 transcripts were shown
to be expressed in a human teratocarcinoma cell line [48,49]. These studies provided additional support
for the theory that L1s might represent mobile elements that could mutagenize the human genome,
a hypothesis that would soon be confirmed.

The first evidence for ongoing mobility of L1s in human genomes came in 1988, when Kazazian et al.
found two disease-causing de novo germline L1 insertions [25]. This L1 activity was discovered during
a screen of hemophilia A patients for pathogenic mutations in the Factor VIII gene (F8) on Chromosome
X. Two unrelated patients were found to have germline L1 insertions in the F8 gene that were absent
from their parents’ genomes, indicating that these L1 insertions probably occurred in gametes or during
early embryogenesis [25]. The two most important findings of this study were that L1s are actively
mobile in human genomes and that offspring insertions can cause disease by disrupting genes. Months
after this initial discovery, a putative somatic L1 insertion was identified in a case of breast cancer [50].
This 7–8 kb insertion was located in an intron of the MYC proto-oncogene. However, only part of
this L1 insertion was sequenced and the structure lacked the hallmarks of TPRT [51]. Thus, although
this study offered the first suggestion of somatic L1 activity in humans, such activity was unlikely in
this case.

The next bona fide instance of L1 retrotransposition was found in 1992, when a somatic L1 insertion
was discovered by Miki et al. in a case of colorectal cancer (CRC) [52]. Similar to the L1 mutations
in F8 [25], this insertion was discovered during a screen for mutations in the APC tumor suppressor
gene (TSG) in tumors of CRC patients. This screen was performed because APC plays a pivotal role
in this kind of cancer: the majority of CRC tumors are initiated by mutation or loss of function of
both APC alleles in normal colon cells, which results in the formation of a precancerous lesion that
can eventually progress to carcinoma [53–55]. This L1 insertion was absent from adjacent normal
colon tissue, suggesting that it occurred in a cancerous or precancerous colon cell sometime during
the tumorigenesis process. This was remarkable because it was the first somatic L1 retrotransposition
event that was documented in humans. This 750 bp insertion was flanked by TSDs and had a poly(A)
tail, indicating that it was a bona fide somatic insertion produced by the TPRT mechanism. Likewise,
this insertion interrupted the last coding exon of APC, so it was expected to disrupt normal APC
function. The authors emphasized that the insertion likely initiated the tumor, but in view of our
current understanding of CRC, this interpretation is somewhat unclear (see Section 5 for discussion).

For many years this was the only available evidence that L1 elements were capable of
retrotransposition in somatic tissues. There was another putative example of somatic L1 activity published
in 1997 [56]. However, this insertion again lacked the expected hallmarks of TPRT, and therefore, most
likely was not produced by somatic retrotransposition [51,56]. Thus, genuine somatic L1 insertions
appeared to be rare in humans in these early studies. In contrast, germline L1 insertions have been
linked to many additional human diseases throughout the 1990s, 2000s, and to the present. In fact,
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germline L1 insertions have caused at least 29 cases of human disease, and have contributed to another
94 cases indirectly by mobilizing Alu, SVA, or other mRNAs (reviewed in [57]). In most cases, these
disease-causing insertions occurred within the coding exons of known genes and disrupted gene
function (although insertions in the promoters, 5′ UTR, 3′ UTR, and introns of genes also have been
observed).

At this point in time scientists were undertaking important mechanistic research on L1
retrotransposons, including studies aimed at understanding how L1s are mobilized (briefly reviewed
in Section 2). Much of the work during this period was done with a clever cell culture-based
retrotransposition assay [58]. Specifically, Moran et al. demonstrated in 1996 that a plasmid-borne FL-L1
source element was highly active in HeLa cells, and could generate numerous offspring insertions
in its host’s HeLa cell chromosomes [58]. Retrotransposition of the L1 element was dependent upon
the two proteins that were encoded by the plasmid-borne L1 copy (ORF1p and ORF2p), as targeted
mutations of these regions abolished L1 activity. Moreover, the new L1 insertions that were generated
in HeLa chromosomes had the expected features of TPRT-mediated events. This study was remarkable
because it confirmed that L1s are indeed active retrotransposons in humans [58]. However, the L1
retrotransposition assay itself is in some ways equally remarkable because it has fueled decades of
productive research on L1 biology. For example, Brouha et al. [59] and Beck et al. [60] have used this
assay to identify active FL-L1 source elements in human genomes. Others have used the assay to study
the roles of the L1-encoded ORF0p, ORF1p, and ORF2p proteins in retrotransposition [8,14,58,61–63].
Conceptually similar Alu [30] and SVA [31,32] assays have confirmed that both of these nonautonomous
elements hijack the L1 machinery for their own mobilization. The L1 assay also has been
adapted for the creation of mouse models to study the timing and effects of L1 retrotransposition
in the mouse [64–68]. Many other advances have leveraged these assays as well (reviewed in [69]).

4. Somatic L1 Activity in Human Genomes

As outlined above in Section 3, Miki et al. reported the earliest example of a somatic L1 insertion that
might have helped to drive tumorigenesis in humans [52]. However, almost two decades passed before it
became apparent that somatic L1 insertions occur frequently in human epithelial cancers. After a hiatus
of 18 years, our laboratory demonstrated in 2010 that somatic L1 insertions occur frequently in human
lung tumors [51]. A series of other studies subsequently revealed that somatic L1 retrotransposition is
a hallmark feature of human epithelial cancers [70–81] (see Table 1). These observations have led to
the suggestion that L1 might generate driver mutations in proto-oncogenes or TSGs that could fuel
tumorigenesis in humans [51,52,70] (see Section 5). In the following sections, we review these studies
and explore the role of somatic L1 retrotransposition in human cancers.

4.1. A Second Discovery of L1 Retrotransposition in Cancer

As mentioned above, we rediscovered somatic L1 retrotransposition in human tumors in a study
that leveraged next-generation sequencing technologies to investigate L1 retrotransposition in human
populations and cancers [51]. This study introduced the L1-Seq assay, which is a modified and updated
version of L1 Display [82]. Similar to L1 Display, L1-Seq exploits sequence features of the youngest,
most active L1 (L1-Ta) elements to selectively amplify the 3’ insertion junctions of these young L1
copies. In contrast to L1 Display assays, which use a gel electrophoresis step to visualize new L1
insertions, L1-Seq assays instead apply DNA sequencing technologies directly to the junction fragments
to discover the chromosomal coordinates of new L1 insertions in a high-throughput manner.

After developing and optimizing the L1-Seq approach, we used it to discover new L1 insertions
in 38 diverse humans, eight tumor-derived cell lines, 20 non-small cell lung tumors (with matched
normal tissues), and 10 brain tumors (with matched blood leukocyte controls) [51]. This screen
identified 802 novel L1 insertions, the majority of which were rare germline insertions. However,
nine somatic L1 insertions also were identified in six of the 20 lung tumors, which were validated
with PCR and Sanger sequencing. Somatic L1 insertions were not found in the brain tumors that
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were examined in this study, foreshadowing the fact that somatic L1 insertions do not occur in all tumor
types (see Section 4.2). Taken together with the Miki et al. 1992 study, our study revealed that somatic
L1 retrotransposition occurs in at least two types of human cancers (colon and lung), and suggested
that somatic L1 retrotransposition might occur more broadly than previously appreciated [51,52].

4.2. Cataloguing Somatic Retrotransposition in Cancer

During the seven years that have elapsed since our 2010 study [51], many additional studies have
documented somatic L1 activity in a range of human epithelial cancers. The main findings of these
14 research articles are summarized in Table 1. These papers have established many principles of
somatic L1 activity, while at the same time posing important new questions.

Table 1. Studies of somatic L1 activity in cancer genomes. Column three gives the total number of
somatic L1 insertions discovered in the total number of tumors assayed; these estimates take validation
rates into account when applicable.

Reference Tumor Type
Insertions
(Tumors) Important Findings

Miki et al.
1992 [52] Colorectal 1

(1)
First genuine somatic L1 activity; L1 insertion in APC might
have initiated colorectal cancer (CRC), but somewhat unclear

Iskow et al.
2010 [51] Lung, brain

8, 0
(20, 10)

Introduced high-throughput L1-Seq assay; Established that
somatic L1 activity occurs frequently in lung tumors, but not
in brain tumors; Suggested that L1s might drive
tumorigenesis; Found a hypomethylation signature that
distinguishes L1-permissive lung tumors

Lee et al. 2012
[70]

Colorectal,
prostate,

ovarian, brain,
blood

178
(43)

Somatic L1 activity only in epithelial tumors, absent from
brain and blood; Genes with somatic L1 insertions typically
had decreased expression; Compared features of somatic and
germline L1s

Solyom et al.
2012 [71] Colorectal 72

(16)

Positive correlation between patient age and number of
somatic L1s; Most L1 insertions occurred after
tumor initiation

Shukla et al.
2013 [72] Liver 12

(19)

Intronic somatic L1 insertion into a regulatory element
increased expression of candidate liver oncogene ST18;
Suggested that L1s might be somatically active in normal
liver cells

Pitkänen et al.
2014 [73] Colorectal

83
(92)

All L1 insertions originated from one source element on
Chromosome 22, in TTC28; These L1 insertions
were previously mischaracterized as translocations

Helman et al.
2014 [74] 11 types

695
(976)

Somatic L1 insertion in an exon of the PTEN tumor
suppressor gene (TSG); Lung, colorectal, head and neck, and
uterine cancers had highest L1 mobilization levels

Tubio et al.
2014 [75] 12 types 2711

(290)

3′ transductions make up 24% of somatic L1 activity; A small
number of source elements gave rise to most L1 insertions
with transductions; Active sources had promoter
hypomethylation; Activity of sources fluctuates over
the course of tumor evolution

Paterson et al.
2015 [76] Esophageal

5108
(43)

The majority of L1s were discovered by searching for
somatic poly(A) insertions, so some probably represent
L1-mediated transposition of non-L1 sequence; Identified
active source elements using 3′ transductions
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Table 1. Cont.

Reference Tumor Type
Insertions
(Tumors) Important Findings

Rodić et al.
2015 [77] Pancreatic

409
(20)

Inverse correlation between survival and both the number of
somatic L1 insertions and ORF1p protein expression;
Retrotransposition occurs throughout tumor development,
but is discontinuous

Ewing et al.
2015 [78]

Colorectal,
pancreatic,

gastric,
testicular

104
(18)

Frequent somatic L1 insertions in precancerous adenomas;
Most somatic L1 insertions were clonal; Validated one
somatic non-germline L1 insertion in normal colon;
Suggested that L1 insertions are occurring in normal colon or
very early in tumorigenesis

Doucet-O’Hare
et al. 2015 [79] Esophageal

118
(20)

Found somatic L1 insertions in patients with Barrett’s
Esophagus (a cancer-predisposing condition) and
esophageal cancer; L1 activity seen in patients that did not
develop cancer; Suggested that somatic L1 activity could
occur in normal or metaplastic cells

Scott et al.
2016 [80] Colorectal 27

(1)

An L1-initiated CRC caused by L1 mutagenesis of APC TSG;
Tumor initiated by activity of a hot, population-specific
FL-L1 source element, which was hypomethylated and
expressed in normal colon tissue; Demonstrated that L1s can
evade somatic repression and initiate tumorigenesis

Achanta et al.
2016 [83] Brain 1

(10)

Found one somatic L1 insertion in a secondary glioblastoma;
Cannot rule out that this occurred in normal brain because
compared to DNA from blood

Carreira et al.
2016 [84] Brain

0
(14)

Could only validate one TPRT-independent somatic L1
insertion and one likely Alu-Alu recombination event;
Conclude that L1 retrotransposition does not occur in
primary glioblastoma or glioma

Tang et al.
2017 [81]

Ovarian;
pancreatic

35, 205
(8, 13)

Found one somatic L1 insertion in BRCA1 TSG intron,
in an ovarian cancer; Some pancreatic L1 insertions (76)
were discovered in an earlier analysis of this same
sequencing data [77] and used for methodological
validation here

Although these studies employed several strategies to measure somatic L1 activity, most of the
methods can be grouped into two basic categories: (1) targeted resequencing assays and (2) bioinformatics
tools that use whole genome sequencing (WGS) or whole exome sequencing (WES) to discover somatic
L1 insertions. Targeted resequencing tools exploit specific sequence features of young L1s to selectively
amplify and sequence novel L1 insertion junctions. These assays are similar to the previously described L1
Display [82] and L1-Seq [51] assays, often with further improvements in multiplexing, genome coverage,
and enrichment of L1 junction fragments prior to sequencing [71,72,77–79,81,83,84]. With the decreased
price of WGS, and the availability of such data in public repositories, several groups have developed
bioinformatics tools to discover somatic L1 insertions in silico using WGS or WES data [70,74,75,80].
One advantage of this approach is that existing WGS or WES data from large consortia (like The Cancer
Genome Atlas project (TCGA) [70,74,75] and the International Cancer Genome Consortium (ICGC)
[75]) can be directly screened for somatic L1 insertions. As the cost of genome sequencing continues
to decrease, WGS is increasingly being used to discover somatic L1 insertions in smaller laboratories
as well [80]. This approach also provides the opportunity to assess other somatic variants (without
any additional sequencing) to understand how L1 insertions work together with other mutagenic
processes to drive tumorigenesis [75,80]. It is important to note that all of these techniques require
validation to confirm that putative somatic insertions have the expected features of TPRT-mediated
events (e.g., poly(A) tails and flanking TSDs).

Somatic L1 activity in cancer genomes has been found to be almost entirely confined to tumors
arising from epithelial tissues [70] (see Table 1 for details). The highest levels of L1 mobilization
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are found in lung [51,74,75] and colorectal [70,71,74,75,78,80] cancers. Moderate L1 activity is seen
in esophageal [76,79], pancreatic [77,78,81], head and neck [74,75], uterine [74], ovarian [70,74,81],
gastric [78], and prostate [70,75] cancers. Lower but detectable levels of L1 activity have been seen
in breast [74,75], bone [75], liver [72], kidney [74], and testicular [78] cancers. Only one TPRT-mediated
somatic L1 insertion has been found in a case of brain cancer, though it is unclear whether this event
occurred in the normal brain or during tumorigenesis because the normal DNA that was used for
comparison was isolated from blood instead of adjacent normal brain tissue [83]. One other somatic
L1 insertion was identified in a glioma tumor-derived cell line [75], though the exact timing of this
insertion is again not discernible. Numerous other studies have found no such events in 60 brain
tumors that were examined, leading to the consensus that somatic L1 activity in brain cancers is either
absent or extremely rare [51,70,74,84]. This is somewhat ironic, given that L1s are very active in normal
brain tissues (see Section 4.5). A similar lack of L1 activity has been noted in 25 examined hematologic
malignancies [70,74]. These results are perhaps not surprising in light of in vitro experiments that
demonstrated very low levels of engineered L1 activity in precursor cells of these cancer types
(astrocytes [85] and hematopoietic stem cells [86]); these data also further support the theory that
somatic L1 activity is only found in tumors of epithelial origin [70]. Within each tumor type, the number
of somatic L1 insertions per tumor also can vary substantially. This is illustrated most clearly in the
lung tumors that were sequenced by the ICGC, where the number of somatic L1 insertions per tumor
ranged from zero to over 800, with an average of ∼63 insertions per tumor [75].

Additionally, L1s are responsible for the occasional somatic retrotransposition of other sequences
in cancer genomes. The most commonly mobilized non-L1 sequences are 3′ transductions, which are
produced when the sequence downstream of a FL-L1 source element is mobilized (see Sections 2 and
4.3). In one large study, 3′ transductions occurred in 24% (655/2756) of the somatic retrotransposition
events that were discovered in tumors [75]; half of these transductions were so-called “orphans”
consisting only of downstream DNA without any L1 sequence [75,87,88]. These 3′ transductions can
amplify exons, entire genes, and regulatory sequences, providing another mechanism by which L1s
might alter the function of cancer cells [75].

Processed pseudogenes also are generated in somatic tissues via the retrotransposition of cellular
mRNAs by the L1 machinery [89,90]. Such events occur at a low rate in human tumors (42 insertions
in 629 tumors examined in an in-depth study of this phenomenon) [90]. Similar to L1 activity, somatic
processed pseudogene formation is observed most frequently in lung and colorectal cancers, and less
often in other epithelial cancers. Of note, one processed pseudogene insertion was recovered from
a chondrosarcoma, which is a cartilage tumor of mesenchymal origin [90]; this finding contradicts
the theory that L1 activity is restricted to epithelial tissues [70]. Infrequent somatic Alu insertions
also have been observed in various epithelial cancers [70,71,74,75], and one somatic SVA insertion
has been validated in a head and neck cancer [74]. Thus, in addition to simple L1 insertions,
other non-L1 sequences are mobilized by the L1-mediated TPRT mechanism at lower frequencies
in somatic tumor tissues.

4.3. Identification of Active Full-length (FL)-L1 Source Elements in Tumors

It is increasingly becoming possible to identify the specific FL-L1 source elements that produce
somatic offspring insertions in tumors. A key development in this regard has been a much more
extensive knowledge of the FL-L1 source elements that are harbored by human genomes. Based on
the reference (REF) human genome sequence, Brouha et al. initially estimated that every individual has
a collection of approximately 80 to 100 FL-L1 source elements that are retrotransposition-competent [59].
Later studies demonstrated that each individual also has non-reference (non-REF) FL-L1 source
elements [60,80,91] (and our unpublished data). We refer to this collection of REF and non-REF
FL-L1 source elements as an individual’s FL-L1 source element profile [80]. Source element profiles
appear to vary considerably from one person to the next, and such differences likely produce
variation in the levels of germline and somatic L1 mutagenesis that are caused by L1s [59,60,80,91]
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(and our unpublished data). Thus, a key goal for the future will be to understand exactly how
these FL-L1 profiles vary in human populations and how this variation affects L1-mediated diseases,
including cancers.

Currently, there are two available methods to determine source/offspring relationships between
L1 elements. The first uses 3′ transductions to identify offspring insertions that were generated from
a specific source element; this technique is very effective and accurate, but is useful only for the subset
of insertions that have 3′ transductions [22,73,75]. We recently developed a second method to track
source/offspring relationships using interior mutations that are frequently found in FL-L1 source
elements [80]. Each source element has its own unique set of interior mutations that is inherited
by offspring insertions emanating from that source element, and this provides a means to track
source/offspring relationships [80].

Both of these methods have been used to study the FL-L1 elements that are active in human
tumors. One large study employed the 3′ transduction method and found that a relatively small
number of source elements (72) were responsible for the bulk (95%) of measurable somatic L1 activity
in 290 tumors of 12 types [75]. Even more surprising, two of these source elements were responsible for
over a third of the somatic activity that could be tracked with 3′ transductions [75]. Activity from one of
these elements (along with many others) has been mistaken for chromosomal translocations by multiple
cancer genomics groups [73,75]. This is an extremely important distinction because translocations can
create novel fusion genes (which are often oncogenic) whereas L1 insertions cannot [75]. It is important
to note that only ∼24% of somatic offspring can be attributed to specific source elements using
3′ transductions, and much of what we currently know about source elements in cancer is based upon
such methods. Thus, additional studies will be necessary to identify all of the source elements that
are somatically active in human cancers. As a step in this direction, we recently developed and used
the interior mutation method to identify source elements that produced somatic L1 insertions in a case
of CRC [80]. Three non-REF source elements (on Chromosomes 17, 14, and 12) produced the majority
of somatic L1 insertions in this tumor, including an insertion that disrupted the APC TSG and initiated
tumorigenesis [80].

These studies have uncovered some important features of active source elements. For instance,
both REF and non-REF FL-L1 source elements can contribute to somatic L1 retrotransposition [75,80].
Source elements that are active in tumors have two intact ORFs, and most belong to the youngest L1
subfamily (Ta-1d) [80]. Some sources are “hot” L1s [75,80], which are particularly active in the cell
culture-based retrotransposition assay [58] (see Section 3). The global distribution of source elements
also can differ—some source elements are population-specific, while others are present in all 26 of
the global populations that were examined by the 1000 Genomes Project [80]. The number of active
source elements, and the amount of activity for each source element, varies considerably between
tumors and tumor types. This activity can even change with the different stages of tumor evolution,
with levels of L1 activity fluctuating during cancer development and progression [75,77]. In some
instances, somatic FL-L1 insertions can even themselves give rise to further somatic L1 activity [75].

4.4. Mechanism of Reactivation of L1s in Cancer Genomes

The discovery of frequent somatic L1 activity in cancer has researchers asking why this
phenomenon is occurring and why it is so variable between tumors and tissues. Promoter methylation
is one of the earliest lines of defense against L1 activity, and therefore, hypomethylation is thought
to be a necessary step for L1 reactivation in tumors. This hypothesis has been corroborated by many
groups. These studies examined methylation at three different levels, using techniques that vary
in scope. First, the Illumina Infinium platform assesses global genomic methylation within CpG
islands [51]. Second, average L1 promoter methylation across all FL-L1 copies can be measured using
general bisulfite sequencing PCR (with internal L1 primers that amplify most FL-L1 promoters [71,72]).
Finally, methylation of specific FL-L1 source elements can be measured with targeted bisulfite

155



sequencing PCR by amplifying the 5′ junctions of these elements (using a primer in the upstream
genomic DNA in combination with an internal L1 primer) [75,80].

Using the first method (the Illumina Infinium platform), we identified a hypomethylation
signature at 59 genomic CpG sites that was associated with L1-permissive lung cancers [51].
Soon thereafter, Solyom et al. identified four CpG sites in L1 promoters that were hypomethylated
in CRC tumors compared to normal colon tissue [71]. Hypomethylation of the entire CpG island
was later observed in the L1 promoters of liver tumors compared to adjacent normal tissue [72].
Moreover, there was a strong positive correlation between the level of hypomethylation at these
promoters and the number of somatic L1 insertions that were produced in all three tumors that
were examined [72]. These last two studies used methods that measure the average methylation
levels at many L1 promoters throughout the genome (i.e., the second, general method listed above).
In contrast, two recent studies have inspected the promoters of specific FL-L1 source elements
using the third (targeted) method outlined above. These studies found that the source elements
(i) were hypomethylated in the tumors in which they caused somatic L1 insertions; (ii) were usually
methylated in tumors that lacked activity from the source element; and (iii) were often methylated
in normal tissue [75,80]. The functional consequences of L1 promoter hypomethylation also have
been demonstrated—a source element that produced a somatic insertion early in tumorigenesis
was hypomethylated and transcribed in both normal and tumor colon tissue [80]. Collectively,
these results suggest that methylation represses L1 elements in normal somatic tissues, but is either
absent or removed from elements that have become reanimated. Other host factors and mechanisms
likely contribute to this process as well (see Section 2). Additional work is needed to better understand
how these elements are silenced and derepressed in somatic human tissues, and how these processes
impact tumorigenesis.

4.5. L1 Retrotransposition Contributes to Genomic Diversity in the Adult Brain

In addition to cancer genomes, somatic retrotransposition also occurs in neuronal cells [66,85] and
normal brain tissues [66,85,92]. Using an array capture and sequencing-based technology to discover
new L1 insertions, the Faulkner group documented high levels of L1 activity in the human brain
(850 putative somatic L1 insertions in three individuals) [92]. Somatic retrotransposition was confirmed
in the brain independently by the Walsh lab using single cell sequencing technology, although at
much lower levels [93]. The Faulkner lab subsequently carried out their own single cell analyses
in human neuronal brain tissues, and verified that somatic L1 retrotransposition indeed occurs at
high frequencies in such tissues [94] (in agreement with their earlier 2011 study [92]). Although there
is some disagreement about the absolute level of somatic retrotransposition that occurs in the human
brain, these studies seem to agree that such mobilization occurs. While this is not directly related to
cancer, it is important to consider that somatic mobilization is not limited to the germline and tumors,
but also occurs in the brain and may occur in other normal somatic tissues as well (see Section 6.2).
It is of interest to note that the first transposable element that was discovered by Barbara McClintock
is mobilized exclusively in the somatic cells of maize [2].

5. L1 as a Driver of Tumorigenesis

Perhaps the most important discussion ongoing in the human retrotransposon field is the exact
timing of L1 activity during tumor development and progression. This boils down to one central
question: are somatic L1 insertions drivers of tumorigenesis or mere passengers along for the ride?
Nearly every published paper in the field addresses this question, including the first documented case
of somatic L1 activity from 1992 [52]. This somatic L1 insertion disrupted a coding exon of the APC TSG
and likely was a driver of tumorigenesis [52] (Table 2). However, in view of our current understanding
of CRC, the precise role of this insertion in tumorigenesis remains unclear. This is because the second
APC allele was not examined in that study and the authors did not rule out a possible role for faulty
DNA repair as an initiator of tumorigenesis [52] (see [80] for details). Thus, the precise stage of
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tumorigenesis that was affected by this L1 driver mutation (i.e., tumor initiation vs. a later stage)
remains unclear. There have been additional findings supporting the theory that somatic L1 insertions
participate in tumorigenesis. For example, a somatic L1 mutation has been identified in a uterine
tumor in the known cancer gene PTEN (Table 2). However, a relatively small number of clear L1 driver
mutations have been discovered to date (Table 2; see Section 6.1 for further discussion of this point).

Studies published in 2012 [70] and 2014 [74] confirmed that intronic L1 insertions in human tumors
usually result in decreased expression of the mutated genes, and thus, could theoretically contribute
to tumorigenesis by decreasing the expression of TSGs. However, the frequency of this occurrence
is under debate: two additional studies had the contradictory finding that the vast majority of intronic
somatic L1 insertions had no effect on gene expression in liver, lung, and colon tumors [72,75].
Thus, although L1 insertions can change gene expression in tumors at least occasionally, more work
is needed to reach a consensus on how frequently this occurs. Interestingly, the unique type of
mutation that is caused by L1 mobilization (i.e., structural variation) also can have unexpected effects
on gene expression. For example, Shukla et al. [72] identified a somatic L1 insertion within an intron
of the ST18 gene that disrupted a cis-regulatory repressor element, which in turn led to increased
expression of the ST18 gene (Table 2). This group concluded that ST18 is likely a proto-oncogene that
has a role in driving liver cancer in this case [72]. It has since been demonstrated that ST18 is important
for the development and persistence of liver tumors by facilitating interactions with tumor associated
macrophages [95]. Therefore, the somatic L1 insertion in ST18 likely was integral for the formation and
maintenance of the tumor in which it was discovered [72]. Both somatically-acquired and germline L1
elements in the genome also can have large effects on the transcriptome through a number of diverse
mechanisms that are independent of L1 activity [96] (recently reviewed in [97]). It can be imagined
that these mechanisms could impact the expression of proto-oncogenes and TSGs, adding another
level of complexity of the potential roles of retrotransposons in cancer cells [72,75].

Table 2. Likely driver mutations caused by somatic L1 retrotransposon insertions in known
proto-oncogenes and TSGs.

Gene Location of Insertion Tumor Type Reference

APC 16th exon (coding) Colorectal Miki et al. 1992 [52]
APC 16th exon (coding) Colorectal Scott et al. 2016 [80]

PTEN 6th exon (coding) Uterine Helman et al. 2014 [74]
ST18 Intron (repressor) Liver Shukla et al. 2013 [72]

One major unresolved question is: how often do L1 driver mutations initiate tumorigenesis
in normal cells? Insertions that occur after tumor growth is well underway would not appear to
participate in tumorigenesis per se, but instead might play a role in tumor evolution or metastasis.
Doucet-O’Hare et al. examined the evolution of esophageal cancer from a precancerous condition
and demonstrated that L1s can be active very early during the tumorigenesis process, and even
found somatic L1 insertions in precancerous lesions that never progressed to cancer (over a 15 year
period) [79]. In a similar study, Ewing et al. also found somatic L1 insertions in precancerous lesions
(adenomas) of the colon and in normal colon tissue [78]. These papers together strongly suggest that
tumor-initiating L1 insertions could occur in a normal cell and then become amplified into a tumor
through selection.

We recently demonstrated that L1 indeed can initiate tumorigenesis in normal colon cells [80].
APC is a gatekeeper TSG that is frequently mutated in patients with CRC—in fact, both copies of APC
must be mutated to initiate most cases of CRC [53–55]. We discovered a somatic L1 insertion that
disrupted the last coding exon of this gene [80], only 388 bp upstream of the somatic L1 insertion that
was discovered by Miki et al. in 1992 [52] (Table 2). Importantly, we also established that the second APC
allele was inactivated by a point mutation, and that this tumor had stable microsatellites, indicating that
faulty DNA repair did not initiate tumorigenesis in this case [80]. Instead, we showed that the tumor
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developed in concordance with the well-established two-hit genetic model for CRC wherein both
APC gatekeeper alleles are mutated in a normal cell [53–55]. L1 disrupted one of the two APC alleles
and a stop codon disrupted the second allele. Thus, somatic L1 mutations can initiate tumorigenesis
in normal colon cells.

6. Closing Remarks and Future Directions

This review has summarized the current literature documenting somatic L1 retrotransposition
in human cancers. The wave of papers that has been published on this topic over the last seven years has
provided a survey of which tumor types are permissive for somatic L1 activity; the field also has begun
to address the important question of why this phenomenon is occurring and the effects it has on cancer
development and progression. However, in the course of discovering important characteristics of
somatic L1 activity, these papers also have raised several new questions that need to be addressed.
To close this review, we summarize below some unsettled questions and future directions.

6.1. Why Don’t We See L1-Initiated Cancers More Frequently?

As discussed in Section 5, there have only been a few reported instances of probable L1-initiated
tumors (Table 2). Though somatically-mobilized L1s can indeed initiate and drive tumorigenesis [80],
there have been a notably small number of such cases discovered, especially considering the total
number of tumors that have been examined for somatic L1 activity across all the studies in Table 1.
This raises the question: why don’t we see this phenomenon more frequently? Although one possibility
is that L1s initiate tumorigenesis in somatic cells only rarely, as suggested by multiple groups [71,75,77],
there also are a few reasons that we may be underestimating the frequency L1-mediated cancers.

First and foremost, the genetic pathways for tumor development have not been thoroughly defined
for most tumor types. Thus, we might be finding somatic L1 insertions in proto-oncogenes and TSGs
that have not yet been discovered, and as a consequence, we cannot yet link these insertions to tumor
development. In this regard, somatic L1 insertions may define a novel set of proto-oncogenes and TSGs that
can only drive tumorigenesis when mutated by L1. In support of this idea, recurring L1 mutations have
been identified in several novel genes that were not previously linked to tumorigenesis [70,71,74–76,78].
This phenomenon is reminiscent of studies in mice where tumors were induced by the Sleeping Beauty
transposon [98]. Even when an L1 insertion occurs within a known proto-oncogene or TSG, it can be
difficult to link the insertion unambiguously to the tumor in which it was discovered. For example, in
some cases a known proto-oncogene or TSG might not have been linked to a specific tumor type (e.g., the
role of ST18 in liver cancer development was determined a few years after the L1 insertion in this gene
was reported [72,95]). Even if the gene has been clearly implicated in the tumor type previously, it can
be difficult to interpret the impact of some L1 insertions without extensive experimentation (e.g., it
is difficult to predict the functional consequences of intronic insertions, such as the one that was
discovered in BRCA1 in a case of ovarian cancer [81]).

Another confounding factor is that the temporal order in which gene mutations occur during
tumor initiation and evolution is unclear in most tumor types (recently reviewed in [99]). In many
cases, the discovery of tumor progression pathways is hindered by the extraordinary mutational
heterogeneity that is found within most cancer types [100]. As a result, there are only a few tumor
types (e.g., CRC) in which we can currently determine whether tumors are actually initiated by L1
insertions in known driver genes. Thus, although projects such as TCGA and ICGC have begun
to explore the mutational landscapes of many human cancers, much more work is needed to fully
understand how L1 mutagenesis contributes to tumor formation.

6.2. To What Extent Are L1s Active in Normal Noncancerous Cells and Tissues?

Although L1 clearly is quite active in the normal somatic tissues of the brain and epithelial cancers,
we are just beginning to explore the extent of somatic activity in other normal tissues. Several lines of
evidence suggest that L1 can evade somatic repression in at least some other normal tissues. In one
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study, 21 putative somatic L1 insertions were identified in normal liver cells using a targeted sequencing
assay [72]. In another study, two somatic L1 insertions were discovered in normal stomach cells [78].
Yet another study found nine putative somatic L1 insertions in the normal esophagus [79]. In all three
of these studies, independent validation of somatic L1 activity in the normal tissue was either very
limited or not possible. A confounding factor was that germline insertions could appear to be new
somatic insertions in adjacent normal tissue if the tumor underwent chromosomal loss over the site.
Regardless, these studies are likely to have reported true somatic insertions, since it can be reasonably
expected that germline insertions would be detected by PCR in the tumor-infiltrating noncancerous
cells that comprise the tumor stroma. Thorough validation might have been possible if a second normal
tissue were available in these studies (however, this was not the case). In contrast, two additional
somatic L1 insertions have been identified in normal tissues that were fully validated by PCR: the first
in normal colon and absent from liver cells [78]; the second in normal esophagus (and a precancerous
lesion) and absent from blood cells [79]. Finally, in our CRC study we determined that a tumor-forming
L1 insertion in APC occurred at the earliest stages of tumorigenesis (most likely in a normal colon
cell), providing further evidence that normal colon tissues can support somatic L1 activity [80]. Thus,
there is a lot of evidence in the literature (albeit sometimes preliminary in nature) to suggest that
normal adult tissues may broadly support somatic L1 retrotransposition.

On the basis of this limited evidence, is it possible that most (if not all) normal epithelial tissues
support L1 activity? If so, this might have been largely missed for the same reason that it was initially
overlooked in the brain: that each cell in a given tissue generates a unique collection of somatic L1
retrotransposition events that cannot be detected in bulk tissue. The solution to this problem is to adapt
L1 discovery methods to single cell sequencing technologies. This approach has been pioneered in brain
tissues by the Walsh [93] and Faulkner [94] labs, and should be adaptable to other normal tissues as well.
Through whole genome amplification, this technique is able to both sequence the genome of a single
cell and also provide material for validation [93,94]. Although this approach is still in its infancy, it
likely will be useful for finding the somatic L1 insertions that the literature suggests are mutagenizing
the genomes of normal cells throughout the human body. Clearly, more work will be necessary to
determine whether this is the case.

6.3. How Does Inter-Individual Genomic Variation Affect Somatic L1 Activity?

Finally, we need to address how differences in FL-L1 source element profiles influence
tumorigenesis. As discussed in Section 4.3, each individual inherits a different collection of FL-L1 source
elements. The content of these profiles could have considerable effects on the risk of an individual
developing L1-mediated diseases, including cancers. In this regard, many questions remain unanswered:
How many hot FL-L1 source elements are present in each human’s genome and how does this vary
from one human to the next? How many elements can evade somatic repression and initiate human
cancers in normal somatic tissues, and in which tissues does this occur? This is a particularly important
question because it is quite possible that most of the somatic L1 insertions that have been discovered in
tumors thus far were produced by source elements that only became derepressed after tumorigenesis
was underway. If this were the case, it might help to explain why the community has identified only a
handful of clearly recognizable L1 driver mutations in human cancers: most insertions were generated
too late to initiate or drive tumorigenesis. However, several lines of evidence indicate that at least some
FL-L1 source elements can evade somatic repression in normal tissues, and generate driver mutations
sufficiently early to initiate tumorigenesis. We need to explore this class of events more carefully and
determine how often source elements can generate tumor-initiating mutations in normal cells. Events
that occur later in tumorigenesis also need to be explored further for roles in tumor evolution and
metastasis.

We also need to gain a better understanding of how FL-L1 source element profiles vary in human
populations. Although some FL-L1s are ubiquitously found in most or all human genomes, many others
are found only in a subset of individuals and are inherited in a population-specific manner [80]. As a
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result, ancestry could play an important role in determining an individual’s mutagenic burden from
germline and somatic L1 activity. For example, in our CRC study, a population-specific FL-L1 source
element on Chromosome 17 of the patient’s genome initiated tumorigenesis [80]. Since this element is
restricted to populations that are associated with the African diaspora, the cancer risk that is associated
with this element also would be restricted to such populations. At the present time, very little is
known about how source element profiles vary across diverse human demographies, and how these
differences affect tumorigenesis.

6.4. Conclusions

We have presented a brief overview of research examining somatic L1 retrotransposition in human
genomes, focusing on landmark studies outlining the activity of these mobile elements in human
cancers. Researchers in this field have characterized many aspects of somatic L1 activity in the short
span of only seven years. However, several major questions remain unresolved. One unsettled question
is: How often does somatic L1 retrotransposition initiate and drive tumorigenesis in humans? Despite
the fact that thousands of somatic L1 insertions have been recovered from many tumor types, only a
handful of clearly-recognizable driver mutations have been discovered. We also have a very incomplete
understanding of L1 activity in normal somatic tissues. If L1s are highly active in most adult somatic
tissues, we clearly need to gain a better understanding of the consequences of this activity. Likewise,
in our current era of human genomics and precision medicine, it is increasingly important to define
inter-individual variation and determine how variation in FL-L1 source element profiles may impact
human health and disease.
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83. Achanta, P.; Steranka, J.P.; Tang, Z.; Rodić, N.; Sharma, R.; Yang, W.R.; Ma, S.; Grivainis, M.; Huang, C.R.L.;
Schneider, A.M.; et al. Somatic retrotransposition is infrequent in glioblastomas. Mob. DNA 2016, 7, 22.

84. Carreira, P.E.; Ewing, A.D.; Li, G.; Schauer, S.N.; Upton, K.R.; Fagg, A.C.; Morell, S.; Kindlova, M.; Gerdes, P.;
Richardson, S.R.; et al. Evidence for L1-associated DNA rearrangements and negligible L1 retrotransposition
in glioblastoma multiforme. Mob. DNA 2016, 7, 21.

85. Coufal, N.G.; Garcia-Perez, J.L.; Peng, G.E.; Yeo, G.W.; Mu, Y.; Lovci, M.T.; Morell, M.; O’Shea, K.S.;
Moran, J.V.; Gage, F.H. L1 retrotransposition in human neural progenitor cells. Nature 2009, 460, 1127–1131.

86. Macia, A.; Widmann, T.J.; Heras, S.R.; Ayllon, V.; Sanchez, L.; Benkaddour-Boumzaouad, M.; Muñoz-Lopez, M.;
Rubio, A.; Amador-Cubero, S.; Blanco-Jimenez, E.; et al. Engineered LINE-1 retrotransposition in nondividing
human neurons. Genome Res. 2017, 27, 335–348.

87. Ostertag, E.M.; Goodier, J.L.; Zhang, Y.; Kazazian, H.H. SVA elements are nonautonomous retrotransposons
that cause disease in humans. Am. J. Hum. Genet. 2003, 73, 1444–1451.

88. Solyom, S.; Ewing, A.D.; Hancks, D.C.; Takeshima, Y.; Awano, H.; Matsuo, M.; Kazazian, H.H.
Pathogenic orphan transduction created by a nonreference LINE-1 retrotransposon. Hum. Mutat. 2012, 33,
369–371.

89. Ewing, A.D.; Ballinger, T.J.; Earl, D.; Broad Institute Genome Sequencing and Analysis Program and Platform;
Harris, C.C.; Ding, L.; Wilson, R.K.; Haussler, D. Retrotransposition of gene transcripts leads to structural
variation in mammalian genomes. Genome Biol. 2013, 14, R22.

90. Cooke, S.L.; Shlien, A.; Marshall, J.; Pipinikas, C.P.; Martincorena, I.; Tubio, J.M.C.; Li, Y.; Menzies, A.;
Mudie, L.; Ramakrishna, M.; et al. Processed pseudogenes acquired somatically during cancer development.
Nat. Commun. 2014, 5, 3644.

91. Sudmant, P.H.; Rausch, T.; Gardner, E.J.; Handsaker, R.E.; Abyzov, A.; Huddleston, J.; Zhang, Y.; Ye, K.;
Jun, G.; Hsi-Yang Fritz, M.; et al. An integrated map of structural variation in 2,504 human genomes. Nature
2015, 526, 75–81.

92. Baillie, J.K.; Barnett, M.W.; Upton, K.R.; Gerhardt, D.J.; Richmond, T.A.; De Sapio, F.; Brennan, P.M.; Rizzu, P.;
Smith, S.; Fell, M.; et al. Somatic retrotransposition alters the genetic landscape of the human brain. Nature
2011, 479, 534–537.

93. Evrony, G.D.; Cai, X.; Lee, E.; Hills, L.B.; Elhosary, P.C.; Lehmann, H.S.; Parker, J.J.; Atabay, K.D.;
Gilmore, E.C.; Poduri, A.; et al. Single-neuron sequencing analysis of L1 retrotransposition and somatic
mutation in the human brain. Cell 2012, 151, 483–496.

94. Upton, K.R.; Gerhardt, D.J.; Jesuadian, J.S.; Richardson, S.R.; Sánchez-Luque, F.J.; Bodea, G.O.; Ewing, A.D.;
Salvador-Palomeque, C.; van der Knaap, M.S.; Brennan, P.M.; et al. Ubiquitous L1 mosaicism in hippocampal
neurons. Cell 2015, 161, 228–239.

95. Ravà, M.; D’Andrea, A.; Doni, M.; Kress, T.R.; Ostuni, R.; Bianchi, V.; Morelli, M.J.; Collino, A.; Ghisletti, S.;
Nicoli, P.; et al. Mutual epithelium-macrophage dependency in liver carcinogenesis mediated by ST18.
Hepatology (Baltimore, Md.) 2017, 65, 1708–1719.

164



96. Faulkner, G.J.; Kimura, Y.; Daub, C.O.; Wani, S.; Plessy, C.; Irvine, K.M.; Schroder, K.; Cloonan, N.;
Steptoe, A.L.; Lassmann, T.; et al. The regulated retrotransposon transcriptome of mammalian cells.
Nat. Genet. 2009, 41, 563–571.

97. Elbarbary, R.A.; Lucas, B.A.; Maquat, L.E. Retrotransposons as regulators of gene expression. Science 2016,
351, doi:10.1126/science.aac7247.

98. Collier, L.S.; Carlson, C.M.; Ravimohan, S.; Dupuy, A.J.; Largaespada, D.A. Cancer gene discovery in solid
tumours using transposon-based somatic mutagenesis in the mouse. Nature 2005, 436, 272–276.

99. Turajlic, S.; McGranahan, N.; Swanton, C. Inferring mutational timing and reconstructing tumour
evolutionary histories. Biochim. Biophys. Acta 2015, 1855, 264–275.

100. Lawrence, M.S.; Stojanov, P.; Mermel, C.H.; Robinson, J.T.; Garraway, L.A.; Golub, T.R.; Meyerson, M.;
Gabriel, S.B.; Lander, E.S.; Getz, G. Discovery and saturation analysis of cancer genes across 21 tumour
types. Nature 2014, 505, 495–501.

c© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

165



viruses

Review

Protein-Coding Genes’ Retrocopies and
Their Functions

Magdalena Regina Kubiak and Izabela Makałowska *

Department of Integrative Genomics, Institute of Anthropology, Faculty of Biology, Adam Mickiewicz
University in Poznan, 61-614 Poznan, Poland; magdalena.kubiak@amu.edu.pl
* Correspondence: izabel@amu.edu.pl; Tel.: +48-61-8295835

Academic Editors: David J. Garfinkel and Katarzyna J. Purzycka
Received: 25 February 2017; Accepted: 11 April 2017; Published: 13 April 2017

Abstract: Transposable elements, often considered to be not important for survival, significantly
contribute to the evolution of transcriptomes, promoters, and proteomes. Reverse transcriptase,
encoded by some transposable elements, can be used in trans to produce a DNA copy of any
RNA molecule in the cell. The retrotransposition of protein-coding genes requires the presence of
reverse transcriptase, which could be delivered by either non-long terminal repeat (non-LTR) or LTR
transposons. The majority of these copies are in a state of “relaxed” selection and remain “dormant”
because they are lacking regulatory regions; however, many become functional. In the course of
evolution, they may undergo subfunctionalization, neofunctionalization, or replace their progenitors.
Functional retrocopies (retrogenes) can encode proteins, novel or similar to those encoded by their
progenitors, can be used as alternative exons or create chimeric transcripts, and can also be involved
in transcriptional interference and participate in the epigenetic regulation of parental gene expression.
They can also act in trans as natural antisense transcripts, microRNA (miRNA) sponges, or a source
of various small RNAs. Moreover, many retrocopies of protein-coding genes are linked to human
diseases, especially various types of cancer.

Keywords: retrotransposon; retrotransposition; retrocopy; retrogene; gene duplication; genome evolution

1. Introduction

A large fraction of human and other eukaryotic genomes consist of sequences that originated,
directly or indirectly, as a result of transposable elements (TE) activities. Most of these genomic
elements are considered to be nonessential to survival. However, TEs have a significant influence on
genome evolution. TEs are probably most commonly known as recombination hotspots; however,
they also contribute to the evolution of promoters and proteomes. Considering the direct contribution
to proteomes, two scenarios exist: the coding potential of a TE is “domesticated” to perform host
cellular function or TE-derived sequences are exapted into a coding portion of existing genes to
generate novel protein variants [1]. One of the most impressive examples of a domesticated TE is
the recombination-activating protein RAG1 [2]. This protein was derived from the transposase gene
of a Transib DNA transposon 500 million years ago [3]. Another great example is the domestication
of the gag gene. As many as 85 gag-like genes might exist in the human genome [4]. The second
direct contribution to proteomes is exaptation, i.e., cooptation of different TE fragments to a new role.
We call exapted those TE fragments that became a part of a coding sequence (CDS) but do not code for
a protein domain attributed to their original function. In humans Alu sequences are major donators of
exons, but exons acquired from other elements, such as LINEs, endogenous retroviruses, and DNA
transposons, have also been reported [5]. Examples of the exaptation of an endogenous retrovirus
envelope (env) gene are the primate genes Syncytin-1 and Syncytin-2, which might be involved in the
formation of the placenta [6].
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Reverse transcriptase (RT), encoded by some TEs, can be used in trans to produce a DNA
copy of any RNA molecule in the cell. This copy, reintegrated into the genome, will most likely
be “dead on arrival” because none of the regulatory elements can be copied in RNA-mediated gene
duplication. Therefore, these sequences are often called retropseudogenes or processed pseudogenes.
Although the majority of these retrocopies are in a state of “relaxed” selection and remain “dormant”
because they are lacking regulatory regions, many become functional. The evolutionary path of these
functional retrocopies, called retrogenes, is not uniform. In the course of evolution, they may undergo
subfunctionalization and share their function with their parent [7], develop a brand new function
(neofunctionalization) [7], or replace their progenitors [8].

Retrogenes were long considered to be unimportant copies, but are currently called “seeds of
evolution” since they have made a significant contribution to molecular evolution [9]. It has been
shown that retrogenes play an important role in the diversification of transcriptomes and proteomes
and may be responsible for a wealth of species-specific features. Some of these differences are highly
important in medical research and may be the reason why results from animal studies cannot be
transferred to humans. For example, the functional mouse retrogene Rps23r1 reduces Alzheimer’s
beta-amyloid levels and tau phosphorylation [10]. This particular retrogene is rodent-specific and
does not exist in the human genome. Another elegant example of the functional phenotypic effect of
retroposition was demonstrated by fgf4 retrogene studies. Insertion of this retrogene is responsible for
chondrodysplasia in dogs. All breeds with short legs are carriers of the fgf4 retrogene [11].

The discovery that retro sequences considered “junk DNA” may be functional and play a crucial
role in shaping genome-specific features was one of the most surprising breakthroughs of human and
other genome analyses. A large number of studies were recently performed to explore these unique
sequences, yet our knowledge of retrogenes’ evolution is exceptionally limited. In this review paper,
we present recent studies aiming to decipher the functions of transcriptionally active retrocopies of
protein-coding genes.

2. Retrotransposons as a Source of Cellular Reverse Transcriptase

The possibility of the reverse flow of genetic information from RNA to DNA was initially proposed
in research conducted on the chicken Rous sarcoma virus [12]. The suggestion that the viral RNA
genome can be transcribed into a DNA sequence and integrated into the host genome, together with
the subsequent discovery of adequate enzymes [13,14], received the Nobel Prize in 1975. At that time,
various mobile genomic elements, such as Ty in yeast [15] and LINE1 in human [16], were found
to encode a reverse transcriptase, which was quickly associated with their mobilization abilities.
This abundant group of “jumping genes”, called retrotransposons, has been divided into two families
characterized by the presence or absence of flanking long terminal repeats (LTRs) (Figure 1). The first
group includes retroviral-like elements with LTRs, and the second consists mainly of long interspersed
nuclear elements (LINEs) and short interspersed nuclear elements (SINEs) without LTRs. The LTR
and non-LTR retrotransposons can be further subdivided into autonomous retrotransposons, which
encode proteins required for mobilization, and nonautonomous retrotransposons, which utilize the
retrotransposition machinery of the others.

The origin of retroelements and the evolutionary relation between them and retroviruses are
not currently clear. The major hindrance in evolutionary analysis is the lack of unitary molecular
characteristics across all retrosequences. Despite this limitation, several approaches have been used
to portray the relations, for example, comparison of the reverse transcriptase [17] or ribonuclease
H domains [18]. According to these analyses, non-LTR retrotransposons are the oldest group of
retroelements and might be derived from various sequences, for example, having a common
ancestor with RNA viruses [17] or originating from the prokaryotic group of II introns, also called
retrointrons [18,19]. In the case of LTR retrotransposons, the evolutionary path is even more ambiguous.
Doubtless, they are closely related with retroviruses, which is reflected in the common structural traits
and notable similarities during the retrotransposition process. Autonomous LTR retrotransposons
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contain gag and pol genes encoding structural proteins required for the formation of the virus-like
particles and enzymes involved in reverse transcription and incorporation of new copies into the
genome. The lack of the envelope (env) gene, which enables recognition and infection of the host
cell, is considered a main difference between retrotransposons and retroviruses. Although env-like
genes have been found in some retrotransposons, their function is not fully understood [20,21]. Due to
these facts, it was suggested that retrotransposons evolved from retroviruses that lost their infectious
properties as a result of mutational inactivation of the genes responsible for intercellular movement.
Alternatively, LTR retrotransposons could have arisen from ancestral non-LTR retrotransposable
elements, with acquisition of the env gene providing an opportunity for retrovirus evolution [17–19].

Figure 1. Schematic representation of the structural organization of (a) long terminal repeat (LTR) and
(b) non-LTR retrotransposons. A detailed description can be found in Sections 2.2 and 2.3.

Both LTR and non-LTR retrotransposons are abundant in eukaryotic genomes (Figure 2). In plants,
the most prominent fraction is composed of LTR retrotransposons and is frequently associated with
an enlarged genome size. A good example is Zea mays, in which insertions of retrotransposons have
doubled the genome size during the past three million years of evolution [22]. LTR retrotransposons
occupy at least 55% of the Z. mays and 76% of the Hordeum vulgare genomes [23–25] and compose
up to 58% and 91% of the Allium cepa and Asparagus officinalis DNA contigs, respectively [26].
Non-LTR retrotransposons are less abundant and usually cover only a few percent of the whole
genome. Nevertheless, analysis of 23 plant genomes indicated that structurally intact (and therefore
potentially active) LINEs are present from model species, such as Arabidopsis thaliana, to very complex
genomes, such as Picea abies [27]. In metazoa, compared to in plants, retrotransposons usually
constitute a smaller genome fraction (Figure 2). A remarkable example is one of the model organisms,
Drosophila melanogaster, in which retrotransposons compose approximately 17% of the genome.
In mammals, non-LTR retrotransposons are the most common; they represent approximately 28% and
35% of the mouse and human genomes, respectively. In contrast, LTR elements compose only 12%
and 9% of these genomes [28]. However, not all retrotransposon families are still active. For example,
only three non-LTR retrotransposon families—long interspersed elements 1 (L1s), Alu elements,
and SVAs (named after their composite parts: SINE-R, VNTR (variable number of tandem repeats),
and an Alu-like sequence)—are actively mobilized in the human genome [29].
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Figure 2. Genomic fractions of retrotransposons in selected genomes. Based on: Zea mays [23],
Hordeum vulgare [25], Drosophila melanogaster, Mus musculus (genome version mm10), Homo sapiens
(genome version hg38)—Repeat Masker online dataset [28].

2.1. Retrotransposition of Nonautonomous Retrotransposons and Gene Copies

While autonomous retrotransposons encode their own mobilization machinery, the generation of
nonautonomous retrotransposons and retrotransposed gene copies has long remained unclear. In the
early 1980s, the analysis of repetitive sequences originating from small nuclear RNA and 7SL RNA
showed that some are flanked by short direct repeats [30]. Because analogous repeats were found in
combination with endogenous retroviruses and other mobile elements, a similar mechanism involving
the insertion of reverse-transcribed RNA into the genome was suggested.

The endogenous reverse transcriptase activity and its ability to retrotranspose cellular
non-retrotransposon mRNA were tested in a minigene system in HeLa cells [31]. Copies of a reporter gene
with all characteristics indicating RNA-dependent duplication, including lack of introns, the presence of
a polyA tract, and short repeats flanking the sequence, were found. Furthermore, the experiment showed
that retrotransposition of mRNA in mammalian cells is still an active process. Further experimentation
with mouse and human cells transfected by vectors containing reverse transcriptase revealed functional
differences between the enzymes from retroviruses and those from LINE retrotransposon [32]. These
results demonstrated that, in contrast to retroviral reverse transcriptase, LINE RT could generate
reverse transcripts from RNAs, which do not show any sequence specificity or similarity to the LINE
themselves. Therefore, autonomous non-LTR retrotransposons might be the source of endogenous RT
involved in the formation of other retrotransposed genetic elements. Experiments performed by the
same group [33] confirmed that LINE1 can act in trans and give rise to new retroposed gene copies.
However, LINE1 elements are more effective in cis, which could be a consequence of the close proximity
of LINE1-derived mRNA and proteins during translation or the limited life-time of protein in the
lack of LINE1 mRNA [34]. This conclusion also explains the abundance of LINE1 elements in the
genome compared to retrotransposed genes, as it was demonstrated that no more than 0.05% of the
retrotransposition events conducted by LINE1 are related to retrotransposed gene formation [34].
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Because the majority of experiments were conducted on animals, mostly mammalian models,
the knowledge of retrotransposition in plants is restricted. Moreover, LINE elements constitute only
a small fraction of the plant genome; their retrotransposition and creation of new gene copies is limited,
but possible [35]. Since the first plant retrocopy was reported in Solanum tuberosum in 1987 [36], many
retrotransposed genes have been found in various plant species [37–40]. For instance, a recent analysis
of A. thaliana identified 251 retrocopies, of which 216 were described as novel [40]. In the RetrogeneDB2
repository, 1821 retrocopies in 37 plant species were identified [41]. Interestingly, analysis of plant
retrocopies showed that LTR retrotransposons might also be involved in retrocopy formation. One of
the best documented cases is the Bs1 retrotransposon, which participated in the creation of retrocopies
of three different cellular genes in the Z. mays genome [42,43]. Moreover, several additional retrocopies
showing the signatures of LTR-mediated retroposition were recently found in both invertebrates and
vertebrates [44]. Tan and coworkers [44] showed that LINE1-linked retrotransposition is dominant
in mammals, whereas in mosquito, zebrafish, and chicken, retrocopies are created by both LTR- and
non-LTR–mediated mechanisms. All polymorphic retrocopies found in Drosophila were formed by
LTR retroposition. This type of retrotransposition is also more common in plants. Recent analysis of
retrocopies derived from circular RNA (circRNA) in the mouse genome has shown LTR sequences
localized in the flanking regions, which may suggest LTR-mediated retrotransposition [45].

Although the majority of retrotransposons have lost the capacity for mobilization—for instance,
no more than 100 L1 in the human genome encode functional retrotranspositional machinery [46]—they
are found to play various roles. They can shape genomes by acting as recombination hotspots or
participating in exon-shuffling. They may also be used as new regulatory elements and alter the
chromatin structure, thus influencing neighboring gene expression [47]. However, due to the integration
of retrotransposons in random sites and the high likelihood of deleterious effects of insertion [48],
different mechanisms of retrotransposition regulation evolved. Multilevel pathways are present in
cells, starting from epigenetic silencing of retrotransposons by genomic DNA methylation and histone
modification [49] to post-transcriptional positive and negative regulation [50].

2.2. LTR Retrotransposon-Based Transposition

The autonomous LTR retrotransposons are a diverse group; however, some common traits exist.
They usually span several kilobases, are flanked by long terminal repeats, and contain promoters for
RNA polymerase II localized in LTRs; however, only one RNA Pol II transcribes the retroelement.
They encode at least two genes, which can overlap, be separated by terminal codons, or be fused
into a single open reading frame [21,51]. One of the genes, pol, encodes various enzymatic domains,
including reverse transcriptase and integrase, while the second, gag, produces structural proteins
involved in the formation of virus-like particles (VLPs) (Figure 1a).

The mechanism of retrotransposition is similar to that observed in retroviruses. The process
begins with transcription of the LTR retrotransposon by RNA polymerase II, after which the newly
synthesized RNA is transported to the cytoplasm [20,51]. Next, translation and formation of VLPs
occurs. Reverse transcriptase, integrase, and RNA molecules are typically packed in VLPs, and by
chance cellular mRNA may also be encapsulated [20,44]. Reverse transcription usually starts by
annealing tRNA to a primer binding site near the 5′ LTR. The microsimilarities between the LTR
retrotransposon and cellular mRNA allow for template switching between these two molecules and
therefore for incorporation of an mRNA sequence into the emerging cDNA [44]. Moreover, stretches
of microsimilarity can appear in multiple places along the gene. Theoretically, template switching can
occur several times, but frequently only a limited part of the parental mRNA is reverse transcribed.
Furthermore, second strand synthesis occurs from a polypurine tract near the 3′ LTR. Next, the LTR
ends of the new cDNA are bound by integrase (IN) and the VLP localizes a nearby nucleus. Finally,
the cDNA–IN complex is transported to the nuclei, and integrase cuts the cellular DNA and joins the
released ends with LTRs from the retrotransposed copy [51]. The complete cDNA is finally integrated
into the genome, generally at a random site (Figure 3). In contrast to LINE1-mediated retroposition,
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new retrocopies acquire long tandem repeats and thus a promoter sequence, which enables further
transcription and retrotransposition [44].

Figure 3. Model of mRNA retrotransposition mediated by the LTR retrotransposon (based on [20,44,51]).
The blue sphere represents the nucleus. Stages: 1: Transcription of the LTR retrotransposon (LTR)
and parental gene (PG). 2: Translation of LTR-encoded proteins, including reverse transcriptase (RT),
integrase (IN), and proteins building virus-like particles (VLPs). 3: Formation of VLP with LTR-derived
mRNA and parental gene mRNA. 4: Reverse transcription and template switch (TS). 5: Formation of
the cDNA-IN complex. 6: Translocation and integration of chimeric cDNA into the genome.

2.3. Non-LTR Retrotransposition Mechanism

The most abundant non-LTR retrotransposon in mammals is LINE1 (L1); however, the set of the
elements is quite variable between individuals [52]. For instance, a new insertion of L1 in humans
occurs in between 1/95 and 1/270 of newborns [53]. Intact L1s are up to 6 kb in length and contain
an internal promoter with sense and antisense activity localized in the 5′ untranslated region [54]. We can
distinguish two open reading frames: one encoding a smaller RNA-binding protein with chaperone
activity [55] and the other encoding a larger protein with endonuclease and reverse transcriptase
domains. Mutational analysis of these two open reading frames showed that both proteins are required
for retrotransposition [56]. Additionally, a third, primate-specific open reading frame was recently
found on the antisense strand [57], but the biological function of the transcript is not clear. The majority
of L1 elements also contain a polyA tract in their 3′ region (Figure 1b).

As experiments have shown, the LINE1 element can be transcribed by RNA polymerase II to
mRNA, which is further used in translation and reverse transcription processes (Figure 4) [31,56].
The L1 mRNA is transported to the cytoplasm and translated, and the newly synthesized proteins
interact with RNA in such a way that the one with enzymatic domains binds the 3′ end, while the
smaller ones with chaperone activity are attached along the entire RNA molecule [58]. The spatial
distribution and proximity may influence the cis preference of L1 retrotransposition. However, small
chaperone proteins encoded by L1 may also bind to other RNA molecules. For example, LINE1s are
responsible for the Alu (from 7SL RNA) [59], snRNA [60] and mRNA retrocopies [33]. LINE1s can
also mobilize primate-specific SVA retrotransposons [61,62], hY RNA [63] or even human endogenous
retroviruses [64]. However, the observation that removal of the polyadenylation signal results in a loss
of retrotransposition [65] indicates that the presence of a polyA tail may be one of the requirements for
mobilizing RNA via a LINE1-derived mechanism.
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The ribonucleoprotein particle formed by RNA and LINE1-encoded proteins needs to get close
to the chromosome DNA, where the target-primed reverse transcription occurs. However, it is not
clear how the import to the nucleus happens. It was proposed that retrotransposition occurs during
cell division when the nuclear membrane is disrupted [66]. However, there is also evidence for
retrotransposition in non-dividing cells [67,68] and, therefore, cell division may not be necessary
for the ribonucleoprotein transport near genomic sequence. Nevertheless, the reverse transcriptase
domain begins synthesis of a new DNA strand on an RNA template using the free 3′-OH resulting
from endonuclease cleavage of the genomic sequence [69]. Alternatively, non-classic L1 insertion into
pre-existing gaps in DNA can occur [70]. The subsequent steps have not been thoroughly studied,
but it was proposed that a second nick is generated downstream, thereby enabling second DNA strand
synthesis. The final step may also include creating target site duplication (TDS) of variable length.
Additionally, in this process, the 5′ site of the newly arisen copy is often truncated.

Figure 4. Model of mRNA retrotransposition mediated by non-LTR retrotransposon referring to LINE1.
The blue sphere represents the nucleus; the dotted line shows the probability of nucleus membrane
disruption. Description of the stages: 1: Transcription of the non-LTR retrotransposon (non-LTR)
and parental gene (PG). 2: Translation of non-LTR–encoded proteins, including proteins with reverse
transcriptase (RT) and endonuclease (EN) domains and RNA-binding proteins with chaperone activity.
3: Formation of ribonucleoprotein particle by binding of the proteins to the polyA tail of the parental
gene mRNA. 4: Transport of ribonucleoprotein particle near the genome. 5: Reverse transcription and
incorporation of the parental gene.

3. Number of Retrocopies across Genomes

The identification of retrocopies has been the subject of many studies and with the increasing
number of sequenced genomes, as well as data from high-throughput experiments, new retrocopies
are being discovered in various organisms. Examples of recent analyses include the comparative
genomic study of the green algae retrogene repertoire [71] and inter-specific segregating retrocopies in
cynomolgus and rhesus monkeys [72].

Basic annotations for retrotransposed gene copies, containing the localization and identified
parental gene, are incorporated into several online databases. However, the most frequent description
of these sequences is “processed pseudogene” or just “pseudogene”, which could be misleading as it
does not directly indicate origin by retrotransposition. The major difficulty in annotation is the lack of
specific sequence motifs and the high rate of mutation accumulation in retrocopies. Even the most
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obvious feature, a lack of introns, does not have to be preserved, as retrogenes are known for intron
incorporation [73]. Moreover, they may also acquire novel exons or be fused with another gene and
used as an alternative exon [74]. On the other hand, intronless genes are not always an outcome of
a retroposition event. For instance, single-exon histone-encoding genes are believed to have originated
in prokaryota [75]. Other retrocopy traits, such as the polyA tails and insertion site repeats, are found
only in evolutionarily young retrocopies. Regardless, the best approach to retrocopy identification so
far is based on alignment of known protein-coding sequences to the genome.

The Ensembl genome browser is one of the major resources of publicly available genomic
information. In addition to datasets analyzed in an automated way, manually curated data from
the HAVANA project are included [76]. Annotation of retrocopies, called “processed pseudogenes”,
is based on an imperfect alignment between the genome and protein sequences, which enables
multi-exon and single-exon gene models to be obtained. These single-exon annotations are interpreted
as intronless, and therefore possibly retrotransposed, gene copies [77]. A similar method was applied
in the PseudoPipe pipeline to predict all types of pseudogenes in the eukaryotic genomes stored on
the Pseudogene.org server [78]. A slightly different approach was applied in UCSC Genome Browser,
which besides Ensembl is the largest collection of genomic annotations. Here, the method for retrocopy
identification was based on the RetroFinder pipeline, in which mRNA sequences were aligned to the
genome [74,79]. Similar to the previous approaches, multi-exon and single-exon hits were obtained.
The intronless candidates for retrocopies were then passed through multistage feature-based selection.
For instance, a number of ancestral genes and putative retrocopy exons, as well as the presence and
position of the polyA tail, were considered. PseudoPipe and RetroFinder, together with the HAVANA
annotations, were used to produce a high-confidence dataset of pseudogenes, including retrocopies, in
the human and mouse reference genomes in the GENCODE project [80].

More conservative approaches for retrotransposed gene copy annotation were applied in
retroduplication-dedicated databases. The main purpose of utilizing more restrictive prediction
criteria is the minimization of false positive results. On the other hand, they also provide expanded
information enriched by potential function, interspecies conservation, and expression studies. There
are three retrocopy-specific databases available. The first, HOPPSIGEN, is focused on human and
mouse genomes [81]. A wider range of retrocopies, identified in six primate genomes, is available
in RCPedia [82]. In addition, RetrogeneDB2 stores retrocopy information for 62 animal and 37 plant
species [41]. Moreover, this database includes expression validation based not only on RNA-seq
experiments but also on expressed sequence tag (EST), transcription start sites (TSS), and chromatin
immunoprecipitation sequencing (ChIP-Seq) data. Another distinguishing feature of RetrogeneDB2 is
the inclusion of data from retrocopy number variation studies that show retrocopies’ indel frequencies
across human populations [83].

The numbers of predicted retroposed pseudogenes across databases are summarized in Table 1.
Although all the described methods rely on the alignment of known multi-exon coding genes (in the
form of nucleotide or amino acid sequences) to the genome, the number of retrocopies differs because
of the distinct filtering strategies, as well as the applied tools and parameters. For instance, the
HOPPSIGEN dataset was obtained using the BLAST alignment tool [84], while in RetrogeneDB2,
database retrocopies were identified on the basis of sequence alignments generated by LAST [85]
(Table 2). Additional information about putative retrogenes can also be acquired from intronless gene
databases. For instance, the IGD database [86] and SinEx DB [87] contain sets of single-exon coding
genes for human and 10 mammalian genomes, respectively.

173



Table 1. Comparison of retrocopy sets available in the described databases. In addition, the number of
retrogenes annotated in the Homo sapiens, Pan troglodytes, Macaca mulatta, and Mus musculus genomes
is shown.

Database Plants Animals

Number of Retrocopies

Homo sapiens Pan troglodytes Macaca mulatta Mus musculus

Non-specific databases

Ensembl 1 + + 10,815 69 182 6999
UCSC 2 + + 13,742 − − 18,456

GENCODE 3 − + 9074 − − 6151
Pseudogene.org 4 + + 8739 7505 − 9809

Retrogene-dedicated databases

HOPPSIGEN − + 5206 − − 3428
RCPedia − + 7831 7733 7544 −

RetrogeneDB2 + + 4611 3285 2377 4148
1 Ensembl genome browser release 86 dataset filtered by “processed pseudogene” in BioMart; 2 UCSC RetroGenes
v9 (H. sapiens) and v6 (M. musculus) dataset statistics; 3 GENECODE human (Release 25, GRCh38.p7), Mouse
(Release M11, GRCm38.p4), “processed pseudogenes” with “gene” and “level 1” statuses were chosen from the
comprehensive gene annotation GTF file; 4 class “processed” was selected for all organisms: chimp build 50
(CHIMP2), mouse build 84 (GRCm38), human build 83 (NCBI38).

Table 2. Approaches used in retrocopy-specific databases.

Database Sequence Aligned to the Genome Tool

HOPPSIGEN gene coding sequence TBLASTX
RCPedia entire transcript BLAT

RetrogeneDB2 protein LAST

4. Molecular Functions of Genes Retrocopies

In the retroposition process, the parental regulatory elements are usually not inherited, and the
new copy often slowly decays and is silenced by the accumulation of degenerative mutations in
a process called pseudogenization or nonfunctionalization. However, a large number of transcripts
originating from retrocopies were found in cells, which suggests the acquisition of active promoters.
Retrogenes may use regulatory machinery of nearby genes or utilize distant CpG-rich sequences [88]
and occasionally parts of their own sequence [89] to promote transcription. For instance, when the
parental gene has multiple transcription start sites and the one located upstream of the promoter
region is used, the retrotransposed transcript may contain a prominent part of the core promoter.
A good example of such a case is the PABP3 retrogene. Analysis of the sequence similarity between the
abovementioned retrocopy and the parental gene showed high conservation of the 5′ upstream region,
suggesting that the retrogene arose from a gene transcript containing a fragment of the promoter [89].

After gene duplication, the genome contains two similar genes, which may potentially have
the same function. This initial functional redundancy, depending on the deleterious or beneficial
impact on the organism, may be eliminated or preserved during evolution. Signatures of purifying
selection, like intact open reading frames or lower rates of non-synonymous to synonymous mutation,
are frequently used as evidence to support the putative functionality of the new copy [7]. However,
sequence conservation is not direct evidence of functionality. Experiments focused on the molecular
characteristics of retrogene products are usually necessary to confirm expression and to assess the
function of the analyzed molecule.

The development of high-throughput sequencing methods has enabled wide characterization of
genomes, transcriptomes, and even epigenomes of various organisms, as well as particular organs and
tissues. Sequencing experiments provide information about gene expression, methylation patterns,
and DNA–protein interactions, which may be used to create a complex description of retrogene
functionality and regulation. However, the analysis of short reads produced by next-generation
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sequencers is challenging because of the difficulty in assigning them to one of two or more highly
similar sequences, such as the parental gene and its retrocopies. Nevertheless, new technologies
that produce long reads from a single molecule have improved, and retrocopy expression analyses
should eventually become less problematic. While analytical problems may always exist, our current
knowledge about retrocopies and their function is quite extensive, and many different examples are
well documented (Figure 5).

Figure 5. Selected functions of retrogenes. (a) On the DNA level, for example, retrogenes may be used
as alternative exons and create chimeric transcripts or be involved in transcriptional interference; (b) as
RNAs, they can participate in epigenetic regulation of parental gene expression and act as trans-natural
antisense transcripts, microRNA (miRNA) sponges or a source of various small RNAs; (c) retrogenes can
also encode proteins, which might retain the parental gene function (subfunctionalization), evolve a new
function (neofunctionalization), or even functionally replace the parental gene (“orphan” retrogenes).

4.1. Protein-Coding Retrogenes

Retention of highly similar expressed sequences is often disadvantageous; therefore, conservation
of the same gene function in its retrocopy is rare. Zhang [90] suggested that duplicates could be possible
only in cases of highly demanded genes, such as rRNAs and histones. Although sharing the same function
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appears to be a natural consequence of gene duplication, retrogenes are often regulated in a different
way than their ancestor genes because of distinct regulatory mechanisms. The main consequence of
differences in regulatory machinery is spatio-temporal division of expression. In the most popular
duplication-degeneration-complementation (DDC) model, the parental gene and retrocopy subdivide
the ancestral function [91]. This mode of retrocopy evolution is called subfunctionalization.

One interesting but complex example of retrogene evolution is illustrated by a pair of retrocopies
in A. thaliana [92]. The parental gene CYP98A3 encodes the meta-hydroxylase engaged in the plant
phenolic pathway and lignin biosynthesis. Two retrocopies of this gene, CYP98A8 and CYP98A9, encode
similar enzymes, which specialize in 3′- and 5′-hydroxylation of derivatives of spermidine localized
in the pollen coat and wall. Analysis of the evolutionary history of the CYP98 family shows that in
Brassicaceae, the parental gene CYP98A3 was retrotransposed and the CYP98A8/9 ancestor retrogene
went through tandem duplication [92]. Through further evolution, the loss of one copy was observed in
some lineages; therefore, the remaining copy, CYP98A8, preserved the 3′- and 5′-hydroxylase activity.
However, in the A. thaliana lineage, two copies were conserved, and subdivision of function occurred.
CYP98A9 acts as the 3′-hydroxylase, while CYP98A8 acts as the 5′-hydroxylase. Moreover, the authors
suggest that CYP89A9 retroprotein may have developed an additional function and play a role in
flavonoid metabolism [92].

An example of subfunctionalization in humans is the cell cycle gene CDC14B and its retrocopy,
CDC14Bretro [93]. Retrotransposition of the CDC14Bpar transcript occurred approximately 18–25 million
years ago, and the ancestral function was probably conserved until the separation of African and
Asian apes. However, in the African apes’ ancestor genome, several mutations in the 5′ end of
retrogene sequence were fixed, and subcellular localization of the encoded protein was shifted from
the microtubule to endoplasmic reticulum [93]. The authors suggest that the relocalization of the
retrogene protein was due to a change in substrate and/or interaction partners and was related to
the novel function development and specific testis/brain expression. Thus, this example may not be
subfunctionalization but rather acquisition of a novel function that was previously not reported for
the parental gene, i.e., neofunctionalization [94]. Another example where it is difficult to differentiate
subfunctionalization from neofunctionalization is the RAB6C retrogene, which was retrotransposed
approximately 21–25 million years ago in primates from the RAB6A gene [95]. In contrast to the
parental gene, it is expressed in the centrosome, whereas the ancestor protein is found in the Golgi
apparatus. This subcellular shift is probably a result of C-terminal extension impeding interactions
with the Golgi. A RAB6C depletion experiment resulted in tetraploidization and duplication of the
centrosome. Therefore, the retrogene-encoded protein developed a new function and is perhaps
responsible for controlling cell cycle progression [95].

A retrogene-encoded protein may participate in an ancestral or new metabolic pathway, as shown
above, but the process of retrocopy translation itself can also have an impact on the parental
gene. An interesting example of this phenomenon is the connexin 43 (Cx43) gene and its retrocopy.
Both encode proteins; however, retrogene expression is limited to breast cancer [96,97]. The Cx43
retrogene has an intact open reading frame and encodes a protein of the same size as the parental gene,
yet the ancestral function is not fully retained. While the parental Cx43 gene is involved in cell growth
control and intercellular communication, the retrogene seems to be not engaged in the second one [96].
Interestingly, further research indicated that the translational machinery preferentially binds to the
retrogene, causing a shift in the parental gene mRNA from a polyribosome to monoribosome fraction,
resulting in decreased expression of Cx43 [97]. Silencing of the retrogene resulted in increased Cx43
RNA and protein levels, supporting the regulatory role of the retrogene [97].

Another study of tumor-suppressor gene TP53 suggested that gene duplicates, which arose via
retrotransposition, play a role in the reduction of cancer risk in elephants [98]. Two of 19 retrogenes of
the TP53 gene, TP53RTG12 and TP53RTG19, can be translated and enhance the DNA-damage response.
In comparison to the parental TP53 protein, there are three significant differences: truncation in the
DNA binding domain, lack of a nuclear localization signal, and lack of an oligomerization domain.
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However, the interaction motif, which enables binding to a negative regulator, is conserved. Therefore,
the researchers suggested two putative models of function for this protein. The retrogene-encoded
proteins may bind to and block a TP53 negative regulator or may directly bind to the parental gene
protein and prevent its ubiquitination [98].

A retrogene may not only share a function with the parental gene but may become a functional
replacement after pseudogenization or deletion of its progenitor. The first so-called “orphan” retrogenes
were discovered as a result of a comparative analysis of worm, chicken, and human genes. All 25 such
cases identified in the human genome represent known and well-studied genes that were not previously
recognized as retrocopies. Moreover, seven of them are associated with various human diseases,
including diabetes, attention-deficit/hyperactivity disorder, congestive heart failure, and Huntington’s
disease. One of them, linked to hereditary spastic paraplegia, is the CHMP1B retrogene encoding
chromatin-modifying protein 1B. The parental gene was pseudogenized in the ancestor of Old World
and New World monkeys, but it is still active in rodents [8]. Another study identified a partially
overlapping set of 10 “orphan” retrogenes [99]. Retroduplication and loss of parental genes was also
found as a major mechanism involved in genome evolution and the generation of intronless genes in
tunicates [100].

Another scenario of retrocopy function is dosage compensation when the level of the parental gene
product is, for whatever reason, insufficient. For example, two testis-specific retrogenes, RPL10L and
RPL39L, may compensate for their parental genes, which are inactivated during spermatogenesis [101].
A similar mechanism was proposed for the HNRNP G-T retrogene, which may functionally replace the
parental protein in the course of meiosis [102].

Evidence of retrogene translation was also found during high-throughput data analysis. Because
protein levels correlate with the levels of mRNA associated with polyribosomes, Mascarenhas
and colleagues [103] analyzed the polyribosome loading of all RNA classes. An RNA sequencing
experiment performed on cytosolic extracts and polyribosomal fractions showed that 18 pseudogenes
exhibit significant polyribosome enrichment, which may suggest protein-coding potential [103].
Sixteen of these pseudogenes were found to be retrocopies.

Direct evidence of retrogene translation may be obtained via mass spectrometry. One interesting
example of proteomic data utilization was an attempt to improve and further refine mouse genome
annotations [104]. Analysis of 10.5 million tandem mass spectra enabled confirmation of the translation
of known genes as well as identification of new protein-coding genes. Unique peptide hits were
reported for nine retrocopies. One of them, retrotransposed from peptidylprolyl isomerase A (PPIA)
gene, has two protein-coding variants that differ in the 5′ region. Intriguingly, none of these translated
retrogenes have orthologs in the human genome [104]. Tandem mass spectra were also used in
the proteomic profiling of 30 human adult and fetal tissues and primary hematopoietic cells [105].
In these studies, translation of more than 17,000 known protein-coding genes and 808 novel coding
regions, including 140 pseudogenes, was confirmed. Although the authors did not discriminate
between pseudogene subtypes, retrogenes can be identified in this dataset. For instance, nine peptide
sequences were matched uniquely with the fibrillarin-like 1 (FBLL1) retrogene. Some of the identified
pseudogenes, like MAGE family member B6 pseudogene 1 (MAGEB6P1), had common for retrocopies
testes-specific expression, while others, like voltage-dependent anion channel 1 pseudogene 7
(VDAC1P7), had broad expression patterns [105].

4.2. Consequences of Retrogene Insertion for the Host and nearby Genes

Across the 84,483 retrogenes annotated in 62 animal species deposited in RetrogeneDB,
approximately 20% (18,468) are inserted into the intron of another gene. In the case of the human
genome, this proportion is even larger, and so-called nested retrocopies constitute 44% of the total.
As mentioned previously, a retrocopy may use a promoter of the host gene to become transcriptionally
active. Retrocopies are also frequently found in gene-rich and actively transcribed chromatin regions [88].
Depending on the position of the retrocopy, different destinies for the emerging transcripts are proposed.
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In the “hitchhike” scenario, a retrocopy inserted close to the 5′ end of the host gene uses a 5′ untranslated
region (UTR) for its own transcription without a disruption of the host gene functions [7,88]. However,
the production of resulting chimeric transcripts may theoretically reduce the normal host gene
transcription level. Alternatively, a retrocopy insertion near the 3′ end of the host gene may produce a
new exon for a new splice isoform [88].

The first reported chimeric transcript generated by retrocopy insertion into a previously existing
gene was jingwei observed in Drosophila [106]. A decade later, a fusion gene was found in a vertebrate
during a study focused on resistance to human immunodeficiency virus type 1 (HIV-1) [107].
Interestingly, retroposition of cyclophilin A (PPIA) into the TRIM5 gene, which occurred after the
divergence of New World and Old World monkeys, resulted in the origin of a novel protein that was
probably able to attach ubiquitin to HIV-1 virion proteins [107]. However, chimeric transcript creation
is not a widespread phenomenon across the human and mouse genomes. Baertsch and colleagues [74]
analyzed 726 highly expressed retrocopies and identified only 34 cases as potential gene fusions.
In another study, new chimeric transcripts of 13 human and 14 mouse retrocopies, together with the
upstream exons of the host gene, were identified [99]. As an example, the authors present the mouse
Taf9 retrogene, which uses the first two exons of the Ak6 gene to become active.

The retrogene or part of it may also be used as an alternatively spliced exon of the host gene or
a new 3′ exon of a nearby gene. The BRCA1 gene, for example, has an internal retrogene-derived exon,
which generates a 22 amino acid cassette. In SCP2, HLA-F, and KIAA0415, alternatively spliced 3′ end
exons arising from antisense retrocopy insertions were found [74]. Chimeric transcripts were also
found in an analysis focused on human-specific retrocopies harboring 5′ CpG islands [108]. One is
composed of exon 8 of the RNF13 gene and TMEM183A-r retrogene and another is composed of the
HSF2BP gene and H2BFS retrogene. In both cases the retrogene is located antisense to the parental gene
orientation; therefore, these chimeric transcripts may potentially form RNA–RNA duplexes with their
progenitors and participate in their regulation. The third chimeric transcript identified in these studies,
created between the VRK2 gene and EIF3P3 retrogene, was expressed only in malignant prostate cancer
cell lines [108]. Retrocopies expressed as a part of chimeric transcripts were also observed in plants.
For instance, analysis of the retrogene repertoire in the genome of rice showed that more than one-third
of the identified retrocopies recruit additional coding exons from nearby genes [38]. Retrogene-derived
exons are found in many other plants’ proteins; for example, a polygalacturonase-inhibiting protein
encoded by a chimeric gene acting against Aspergillus niger polygalacutonase [38,109].

As already mentioned, the origination of chimeric transcripts may influence the expression level
of a host gene. However, this is not the only way in which retrocopies regulate the expression of
other genes. A group of cis-regulatory transcription-related functions was proposed for neighboring
genes [110]. First, two genes localized in the same genomic locus and transcribed from independent
promoters may directly impede each other’s transcriptional processes [110]. This suppressive influence,
called transcriptional interference, is a result of interactions between the dominant and sensitive
promoters of overlapping genes. According to the promoter orientation and arrangement, several
mechanisms of this process were proposed, including promoter competition, sitting duck interference,
occlusion by another transient promoter occupation, collision of elongation complexes, and roadblocks
precluding transcription [110]. Although transcriptional interference appears to be less frequent in
higher eukaryotes, examples of this process have been reported; for instance, the results of an analysis
focused on mouse and human genes that overlap in antisense orientation were consistent with the
transcriptional collision model [111]. Transcriptional interference was also analyzed in the context
of intronic retroelements and single-exon nested genes [112]. Using a minigene system and different
deletion constructs, the KTI12 retrogene located in the intron of the TXNDC12 gene was analyzed.
This particular case was selected based on the identification of three different ESTs, suggesting forced
exonization of a portion of the TXNDC12 intron upstream of the retrogene. The experimental results
confirmed that expression of the KTI12 retrocopy imposes utilization of cryptic acceptor splice sites
and premature termination of TXNDC12 gene transcription.
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Host genes may also be affected by intronic retrogene methylation. Epigenetic regulation of
expression is one of the mechanisms proposed for retrotransposon activity suppression; thus, a link
between retrotransposition and methylation is strongly suggested. Recent analysis of retrocopy-associated
CpG islands showed that 68% of them are methylated, which in comparison to the whole human genome
is a significant proportion [113]. DNA methylation of cytosine bases at the CpG dinucleotides is a basic
modification that occurs during genomic imprinting. Few examples of imprinted retrogenes have been
reported. For instance, a systematic screen of known genes in mouse led to the identification of 11
imprinted retrogenes, of which three (Mcts2, Dnajb3, and Oxct2a) were nested in an intron of another
gene. Interestingly, imprinting of these retrogenes is conserved in humans [114]. Detailed studies of the
transcriptionally active Mcts2 retrogene, inserted into the fourth intron of the H13 gene, revealed that the
retrogene’s promoter is silenced by methylation in the female germline [115]. Surprisingly, the choice
of polyA signal by the host gene depends on this epigenetic promoter modification. It was shown
that expression of the retrogene from the paternal allele forces utilization of the upstream polyA site,
resulting in a truncated transcript of the host gene [115]. Similar observations were reported for the
Nap1 l5 retrogene and Herc3 host gene [116] and other retrogenes (for review, see: [117]).

4.3. Retrocopy Impact on Parental DNA

The main implication for the coexistence of highly similar sequences in a genome is the possibility
of direct exchange of DNA fragments in a homologous recombination event. Retrogenes, like other
genomic duplicates, can participate in gene conversion. However, this process was shown to be less
frequent for genes localized in distant genomic regions [118]; therefore, it is less likely to occur between
retrocopy–parental gene pairs, as they are in most cases localized on different chromosomes [119].
The retrotransposition process is also proposed as a possible mechanism in the RNA-mediated intron
loss observed in Eukaryota [120–122]. In this model, precise deletion of the parental gene intron occurs
as a result of recombination between genomic DNA and spliced, reverse-transcribed mRNA. Intron
loss analysis conducted on 684 groups of orthologous genes from seven eukaryotic species supported
the proposed mechanism [123]. Another study suggested that higher reverse transcriptase activity
is connected to higher frequencies of intron loss and larger numbers of retrocopies. A correlation
between these events was observed in mammals [124].

Retrogenes may have an impact on parental genes by contributing to epigenetic regulation of their
expression. Nuclear antisense transcripts can act as a scaffold for chromatin remodeling complexes
and therefore guide them to genomic loci on the basis of sequence complementarity [125]. It was
also demonstrated that retrogenes may participate in this mechanism. A well-known example is
the tumor-suppressor gene PTEN, whose expression is regulated at multiple levels by the PTENpg1
retrogene [126,127]. PTENpg1 has three different transcripts, of which two are antisense to the parental
gene. One isoform, called PTENpg1 asRNA alpha, recruits the DNA methyl transferase 3A to the
parental promoter [127]. As a result, repression of parental gene expression occurs by the addition of
three methyl groups to histone H3 Lys27.

4.4. Retrogene Regulatory Functions on RNA Level

4.4.1. Trans-Natural Antisense Transcripts

The vast majority of transcribed retrogenes do not have conserved open reading frames
and therefore have roles other than protein-coding functionality. Retrogenes may be expressed
independently from both DNA strands, which increases the range of possible interactions on the
RNA level. For instance, bioinformatic analysis of ESTs showed that retrogenes constitute 15% of the
87 pseudogenes that were found to be expressed from an antisense strand [128]. Moreover, recent
studies focused on long non-coding RNAs that overlap retrocopies across the human genome identified
three retrocopy-derived antisense RNAs (asRNAs). These retrocopies are potentially capable of forming
RNA:RNA duplexes with their parental genes [129]. One of these long non-coding RNAs (lncRNAs)
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derived from the HNRNPA1P7 retrogene may contribute to heterogeneous nuclear ribonucleoprotein
A1 (hnRNPA1) pre-mRNA processing. The bioinformatic analysis strongly suggested that asRNA
might mask the 5′ splice site in the sixth intron of parental gene transcript and therefore enable the
expression of isoform with a longer sixth exon. Another identified lncRNA, antisense to a ribosomal
protein L23a (RPL23A) retrocopy, is potentially able to mask microRNA target sites in seven splice
forms of the parental gene, thus controlling their stability [129]. An interesting example was found
in the snail Lymnaea stagnalis. A retrocopy of a gene encoding nitric oxide synthase (NOS) includes
a region of antisense homology to its progenitor’s transcript. The antisense region of the pseudogene
transcript forms an RNA:RNA duplex with the NOS-encoding mRNA and prevents its translation [130].
Antisense and sense transcripts can also interact. PTENpg1, described earlier in the context of epigenetic
modification, has a second antisense transcript, PTENpg1 asRNA beta, which stabilizes the expression
of the sense transcript [127].

4.4.2. MicroRNA Sponges

Continuing with the example of PTENpg1, another gene regulation mechanism should be
mentioned. The sense transcript of PTENpg1 shares many microRNA binding sites with the parental
gene and consequently exhibits “sponging” activity, manifested by releasing miRNA-mediated
repression of PTEN [126]. PTEN was identified as a tumor-suppressor gene that negatively regulates
the phosphatidylinositol 3-kinase signaling pathway involved in cell proliferation control [131].
Downregulation of PTEN, which occurs when the retrogene transcript is absent, enhances proliferation
and cell growth and decreases sensitivity to cell death, which promotes tumorigenesis [126,131].
The PTEN-PTENpg1 endogenous competition for shared microRNA molecules has an oncosuppressive
effect on different human cancers, including prostate and colon cancers [126], melanoma [132], renal
cell carcinoma [133], and hepatocellular carcinoma [134]. Since the identification of PTENpg1 as
a microRNA sponge and functional antisense RNA and its role in tumorigenesis, many retrogene-derived
non-coding RNAs have been analyzed in this context [135–138].

One interesting example is the high mobility group A1 (HMGA1) gene and its two retrogenes,
HMGA1P6 and HMGA1P7 [139]. The parental gene encodes proteins involved in chromatin architecture
organization and therefore gene expression regulation. Whereas in adult normal cells HMGA1 proteins
are expressed at a very low level, they are overexpressed in cancers. Analysis of the retrogene–parental
gene expression pattern in thyroid and ovarian carcinomas showed a positive correlation and suggested
gene co-regulation [139]. Both investigated retrogenes conserved the miRNA target site of the parental
gene. The abilities of miRNA–retrogene interactions were experimentally evaluated by transfection of
miRNAs into human breast adenocarcinoma cells. A significant reduction in the HMGA1, HMGA1P6,
and HMGA1P7 mRNA levels was observed, which strongly supports the retrogene miRNA “sponging”
activity. These retrogenes may also regulate the expression of other genes, including cancer-related
ones, such as HMGA2, VEGF, and EZH2 [139]. Another research group found that the HMGA1P7
retrogene is also involved in the regulation of H19 non-coding gene and IGF2 gene expression in
human breast cancer [140]. In contrast to the oncosuppressive function of PTENpg1, HMGA1P6 and
HMGA1P7 show oncogenic activity and contribute to cancer progression.

Retrogenes may also compete with parental genes for other molecules. For instance, the Cx43
retrogene transcript shows higher affinity to translational machinery than the parental gene mRNA
and therefore decreases the parental protein level [97].

4.4.3. Small RNA

Retrogenes have also been proposed as a source of several classes of small RNAs. For example,
they may provide the sequence for novel miRNA genes. Primate-specific miR-492 may be expressed
from both KRT19 gene and retrogene loci [141,142]. Interestingly, hs-miR-492 was proposed to play a
role in the progression of hepatoblastoma [142] and was found to be a proto-oncogenic miRNA, acting
as a cell proliferation promoter in breast cancer [143]. Several other miRNAs stored in miRBase [144],
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the main source of miRNA annotations, lie within retrogenes. For instance, hsa-miR-622, which acts
as a suppressor of tumorigenesis in cancers, including hepatocellular carcinoma [145], overlaps with
the genomic locus of the KRT18P27 retrocopy. Other examples include hsa-miR-7161, located in the
TATDN2P2 retrocopy, and hsa-miR-4788, overlapping HMGB3P13. However, experimental analysis
must be conducted to verify the actual miRNA coding potential.

Piwi-interacting RNA (piRNA) involved in the formation of silencing complexes in animal
germ lines can also be derived from retrocopies. Total small RNA profiling of the marmoset testis
showed abundant expression of piRNAs [146]. Across various clusters, four antisense-oriented piRNAs
localized within retrocopies were found, and the authors suggested that the piRNAs originating
from these clusters might regulate the parental gene expression by cleaving mRNAs. Moreover,
retrogene-derived piRNAs appear to be species-specific because clusters found in the marmoset
were absent in the mouse [146]. Recent bioinformatic analysis focused on the small RNA of human
sperm showed that piRNA clusters also contain non-coding genes, one of which overlaps with
the NPAP1P6 retrocopy [147]. Interestingly, recent evolutionary analysis showed that the parental
gene of the NPAP1P6 retrocopy, NPAP1, was created via duplication of a retrotransposed ancestral
paralog derived from the vertebrate nucleoporin gene POM121 [148]. NPAP1 is a primate-specific
imprinted gene that encodes a nuclear pore-associated protein associated with Prader–Willi syndrome.
As the authors emphasized, this syndrome is linked with testis dysfunction, which supports the
possible relation between many sperm piRNAs and the analyzed retrocopy [147]. Several additional
piRNAs from retrocopies, including IMPDH1P5, TMX2P1, and RP11-545A16.3, which may potentially
interact with the protein-coding genes due to high sequence complementarity, were identified [147].
Six retrogene-derived piRNAs that potentially regulate parental genes were found in late mouse
spermatocytes [149]. For one of them, experimental evidence of post-transcriptional regulation of
Stambp gene was provided. By generating two mouse strains with gene-trap insertions upstream of
the retrocopy, the authors demonstrated relationships between the piRNA precursor, piRNA, and the
parental gene levels, which clearly suggests a role of the retrocopy in Stambp regulation [149]. PiRNA
clusters overlapping retrocopies were also found in other recent studies (e.g., [150,151]).

Antisense transcripts from retrocopies can pair with other transcripts, including those of the
parental gene. This double-stranded RNA may be processed into endogenous small interfering RNA
(endo-siRNA). Analysis of the small RNA profiles from wild-type and seven RNA-silencing mutants of
A. thaliana showed overrepresentation of siRNAs in the transposons, retroelements, and pseudogenes,
which may suggest that these sequences are regulated by siRNA-generating systems [152]. A year later,
two scientific reports published in parallel showed that endo-siRNAs annotated in the retrocopy locus
may regulate their parental genes’ expression in mouse oocytes [153,154]. For instance, 77 small RNAs
were mapped to an expressed retrocopy (Gm15681) of the protein phosphatase 4 regulatory subunit
1 gene (Ppp4r1). Moreover, almost all were oriented antisense to the parental gene, which strongly
suggested that the siRNAs originated from the retrocopy-parental gene double stranded RNA (dsRNA)
region [154]. In another analysis focused on developing rice grains [155], among 145 pseudogenes
identified as good candidates for generating antisense small RNAs, 16.6% were retrocopies. However,
their cis-activity was questioned due to a low rate of identified gene–retrogene complementary
regions from which siRNA can be produced [155]. A cluster of siRNAs derived from pseudogenes
was also identified in African Typanosoma brucei [156]. More detailed studies were conducted for
endo-siRNAs derived from human pseudogenes in hepatocellular carcinoma. A well-documented
example is the human endo-siRNA from the retrogene of the protein phosphatase 1K (PPM1K) gene.
The retrocopy can fold into a hairpin structure due to inverted repeats and can be processed in at least
two endo-siRNAs, one of which downregulates the parental gene and NIMA-related Kinase 8 (NEK8)
gene, inhibiting cell proliferation in hepatocellular carcinoma. Thus, the retrogene could be considered
a tumor-suppressor gene [157].

Retrocopy-derived small RNAs were also found in the human transcriptome during
characterization of the non-coding RNA repertoire. A higher density of small RNA was observed in
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retrocopies than in duplicated pseudogenes or coding genes. Interestingly, transcription-dependent
H3K9me3 enrichment was observed in some cases, suggesting that pseudogene-derived small RNAs,
including retrocopy-derived RNAs, may play a role in modulating the epigenetic suppression of those
pseudogenes, as well as neighboring gene expression [158].

5. Retrogenes in Diseases

Many retrocopies of protein-coding genes are linked to human diseases, especially various types
of cancer (for review, see: [159–162]). It was recently suggested that expression of evolutionarily
young non-coding genes in tumors might be considered a new biological phenomenon [163]. A good
example of a cancer-related retrogene is the RHOB gene, a tumor suppressor of the Rho GTPases
family, which arose via retroposition in the early stage of vertebrate evolution [164]. Another retrogene,
UTP14c, was linked to ovarian cancer predisposition [165]. An analysis of 293 samples representing
13 cancer and normal tissue types revealed 218 pseudogenes expressed only in cancer samples. Out of
them, 178 were observed in multiple cancers and 40 were identified in a single cancer type only [166].

As many reports have shown, retrocopies can be used as diagnostic biomarkers, such as
the INTS6P1 retrogene, for which a low expression level in plasma is linked with hepatocellular
carcinoma [167], or as prognostic markers, such as tumor-suppressive PTENpg1 [126,132–134] and the
oncogenic HMGA1P6 and HMGA1P7 [139,140] retrogenes mentioned in previous sections. Another
retrocopy of the HMGA1 gene is also linked with disease; its overexpression has been found in
human type 2 diabetes. Further analysis indicated that this retrocopy post-transcriptionally regulates
parental gene expression by competing for critical RNA stability factor and, as a result, suppresses the
expression of the insulin receptor gene. Therefore, this retrocopy contributes to insulin resistance [168].

Due to the reactivation of retrotransposons in somatic cells during cancer development, the
formation of new retrocopies was observed [169,170]. Somatically acquired retrocopies are present in
lung and colorectal cancers. Moreover, insertions occur not only in intragenic regions but also in other
genes, which may have implications for their expression. For instance, a KRT6A retrocopy replaced the
3′UTR of the MLL gene transcript and a PTPN12 retrocopy caused deletion of the promoter and first
exon of the MGA gene [170].

Retrogenes may also play active roles in the regulation of signaling pathways involved in
inflammation [171]. A mouse retrocopy of ribosomal protein S15A gene, called Lethe (Rps15a-ps4),
is induced by inflammatory cytokines TNFα and IL-1β. Moreover, it can bind and block RelA
homodimers, which are required for NF-κB activation; therefore, Lethe plays the role of a negative
inflammatory response regulator. Interestingly, the retrogene is expressed in an age-dependent
manner [171]. Mutation in another retrogene, TACSTD2 (tumor-associated calcium signal transducer 2)
causes gelatinous drop-like corneal dystrophy, leading to blindness [172]. An insertion of a retrocopy,
similar to insertion of L1 or Alu elements, may disrupt a gene structure. An example of such event
is insertion of a retrocopy of TMF1 gene into the CYBB gene on the X chromosome. This insertion
induced aberrant CYBB mRNA splicing and introduced a premature stop codon that resulted in
chronic granulomatous disease [173].

Retrocopies were also incorporated into analyses conducted in the context of neurodegenerative
disorders, including Alzheimer’s, Huntington’s, and Parkinson’s diseases [174], as well as muscular
dystrophy [175].

As described above, the chimeric transcript resulting from cyclophilin A (PPIA) retrogene insertion
into the TRIM5 host gene in the owl monkey is involved in HIV-1 resistance [107]. Retrocopies may also
be associated with the host response during pathogen infection in humans, as significant expression
changes were observed after HIV-1 and human type 2 adenovirus infection [176,177]. For instance,
expression pattern analysis after HIV-1 infection of human T-cells showed that the most upregulated
pseudogene group was a group of retrocopies. Additionally, retrocopies accounted for eight out of
13 cases of underexpressed pseudogenes [176]. These results suggest that both tandemly duplicated
and retroposed pseudogenes may be involved in host–pathogen interaction pathways.
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6. Retroposition and Genetic Variation

Retroposition gives rise to considerable genetic variation between individuals. Recent developments
in sequencing technology allow researchers to move beyond the analysis of individual genomes from
model organisms to the study of retrocopies within a population. The 1000 Genomes Project [178]
could be mentioned as an example of a large-scale sequencing project that enables the exploration
of differences in copy-number variation within human populations. Recent studies [66,169,179],
focused on the retrocopy repertoire in human populations, uncovered a total of 208 polymorphic
retrocopies [180] called retroduplication variations (RDVs). Moreover, in two of them [66,169], RDV
polymorphisms were used as genomic markers for the reconstruction of human population history.
In another study, concentrated on retrocopies deletions, 214 indels that affected 190 retrocopies were
identified. Out of them, 68 were found to be ancestral (i.e., their orthologs were found in at least
one another Hominidae species) and the polymorphism of these retrocopies clearly resulted from
a deletion. This study also showed a variation in the retrocopies’ expression level [83].

7. Conclusions

Retrocopies were long considered non-functional pseudogenes or even “junk DNA”; however,
current studies show that they contribute significantly to molecular evolution. Retrocopies have been
found as factors shaping differences between species, individuals, or even tissues and cell types;
therefore, they are considered a source of genetic polymorphism. They are also important players
in complex cellular pathways, including immune response and tumorigenesis. Moreover, a large
and increasing range of putative retrocopy functions make them an interesting subject of molecular
and medical studies. The numerous studies performed to date have enriched our comprehension
of the course and dynamics of retrocopy–gene interactions at the DNA, RNA, and protein levels.
Nevertheless, many questions remain unsolved, and further analyses are necessary to accurately
describe the plant and animal retrocopy repertoire, evolution, and functions.
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