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ERVs and 
LINEs—along 
novel lines of 
thinking
Peer Terborg

A major part of the genomes of  
 organisms is made up of what 

scientists now call transposable and 
transposed elements (TEs). The most 
complex TEs are endogenous retro-
viruses (ERVs) and long interspersed 
nuclear elements (LINEs). Approxi-
mately 8% of the human genome is 
made of ERVs and 17% of LINEs. 
A growing number of investigations 
define these elements as important 
structural and regulatory elements of 
the genome and they are increasingly 
appreciated as a major driving force 
of evolution.1 The mainstream opinion 
still interprets these genetic elements 
as the remnants of ancient invasions 
of RNA viruses, although, like protein 
coding genes, more and more functions 
are attributed to them. Previously, I 
referred to these elements as variation-
inducing genetic elements (VIGEs),2,3,4 
since they appear to be particularly 

good at generating novel genetic 
contexts and regulatory environments. 
In this short perspective, some unex-
pected novel functions of ERVs and 
LINEs will be highlighted.

LINEs

The first class of TEs (or VIGEs), 
which has recently gained a lot of 
attention, is LINEs. Although current 
philosophers of nature believe that 
LINEs—like ERVs—have their origin 
in RNA viruses, which invaded the 
genomes in ancient times, this view 
is untenable, knowing that presently 
there are no RNA viruses resembling 
LINEs. LINEs have a unique genetic 
make-up, and the only reason to 
perceive them as RNA virus remnants 
is that they have a reverse transcriptase 
enzyme resembling that of ERVs. 
Still, the actual origin of LINEs is 
completely unknown. LINE1, the 
only transposable element active in the 
human genome, is a complex genetic 
element with two open reading frames: 
ORF1 and ORF2. The protein coded 
by ORF2 provides essential enzymatic 
activities for the reverse transcription, 
as well as for integration of a newly 
transposed copy of LINE1. LINE1 
propagates through a copy-paste 

mechanism, thereby leaving identical 
copies on different positions in the 
genome. The exact role of ORF1 is 
unclear. It specifies a protein with 
protein-binding properties, but it 
can also function as a nucleic acid 
chaperone.5 Why do organisms contain 
such extremely elaborate mechanisms 
to induce variation in their genomes? 

From immunology, we know that 
T and B cells also have mechanisms 
to produce variation in their DNA 
sequences to rapidly increase 
the specificity of their intruder-
recognition systems (T-cell receptor 
and immunoglobulin rearrangements). 
The VIGE hypothesis holds that LINEs 
are a tool to induce or deliver variation. 
But where? Could they be involved 
in learning processes in the brain? 
Here, billions of differentiated neurons 
require continuous plasticity to operate 
in neuronal networks.6 

One of the most unexpected novel 
functions of LINE1 is constructing 
a layer of fine-tuning in the neural 
networks in the brain. The mammalian 
brain is an extremely complex organ 
made up of a thousand different types 
of neurons that perform a variety of 
functions. In 2015, an Australian team 
of researchers revealed that the DNA 
of hippocampal and cortical neurons is 

Figure 1. Genetic organization of the two ‘evolutionarily’ unrelated transposable elements, LINE1 and ERV. LINE1 is about 6 kilobases (kb) long, while 
ERVs vary between 7 and 9 kb.
UTR = untranslated region; ORF = open reading frame; c-c = RNA & protein-binding protein; EN = endonuclease; RT = reverse transcriptase; LTR = long 
terminal repeat; Prt = protease; Pol = polymerase, which codes for a reverse transcriptase (RT); and an integrase (INT). Some ERVs also contain an Env 
gene, which codes for an envelope protein.
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distinct, due to LINE1 mobilizations 
and retrotranspositions, which 
contribute to cell mosaicism. Most 
neurons in the brain have alterations 
to their DNA that make each neuron 
genetically unique. The researchers 
suggested that LINEs were potentially 
involved in building and fine-tuning 
neuronal networks.7 Similarly, a 
group of neuroscientists of the Salk 
Institute in California, US, showed that 
LINE1 in healthy neurons does not 
just insert DNA but also removes it.8 
The researchers described how LINE1 
deletes whole genes and consequently 
causes disparity between neurons, 
since such variations may affect the 
expression of genes critical to the 
developing brain. 

The findings may explain what 
makes our thoughts and sensations so 
unique, and why identical twins can 
be so different. Because the brain is 
composed of billions of differentiated 
neurons—not one is identical—the 
genome requires a mechanism to 
induce such variation, just like the 
immune system requires variation-
inducing mechanisms to generate 
millions of distinct antibodies and 
T-cell receptors. The enormous 
amount of variation required cannot 
be coded into the genome, as it would 
exceed the dimensions of the cell. If 
the information needed to produce the 
different neurons had to be recorded 
in the genome, it would be too large to 
function as a data processing system. 
Here, LINE1 functions to generate 
variation in the neurons and they 
clearly provide a genomic mechanism 
to increase processing power. That this 
variation-inducing mechanism does not 
act randomly is evident from the fact 
that no cancers of hippocampal cells 
are known to medical science.

Another recently identified function 
of LINEs is the formation of eukaryotic 
‘operons’. In microbiology, an operon 
is understood as the functional unit 
of the DNA of prokaryotes (bacteria), 
which consists of several collinear 

genes that are expressed together 
and code for proteins with related 
functions (such as an integrated 
metabolic pathway). In the genomes 
of higher organisms, the eukaryotes, 
collinear operons are uncommon. 
Nevertheless, many proteins must 
be expressed together in cooperating 
networks. A 2016 study suggested 
that interactions between distant 
DNA regions make it possible for 
different genes to be expressed 
together.9 Hence, LINEs may function 
to bring together co-expressed genes 
operating in functional biological 
networks, comparable with bacterial 
genes expressing together in operons. 
These higher, three-dimensional 
genomic structures, which regulate 
the accessibility of the genes through 
chromatin changes, may form through 
LINE-RNA interactions via Hoogsteen 
base pairing.10 We must come to 
consider the genome of eukaryotes 
as spatial networks of interactive 
elements to form regulatory platforms 
for clustered gene expression.

Although several studies had 
identified LINE1 as an essential 
factor for murine preimplantation 
development, the details of ‘how and 
what’ were unknown.11 In 2017, a 
study published in Nature Genetics 
demonstrated that LINE1 activity 
regulates the chromatin dynamics 
and is essential for normal embryonic 
development in mice.12 The report 
demonstrated that appropriate genome-
wide LINE1 chromatin activation/
silencing is required for early 
embryonic development. Embryos 
with activated LINE1 had greater 
chromatin accessibility and a larger 
nuclear volume, whereas embryos with 
repressed LINE1 had less chromatin 
accessibility. Here, the LINE1 system 
appears to function as a generic 
mechanism for gene regulation during 
immediate early embryogenesis. Thus, 
when normal epigenetic control over 
gene expression is not yet in place, 

LINEs regulate the accessibility of the 
genes by modifying the chromatin.

ERVs

Earlier, in a series of papers, I 
argued that the origin of RNA viruses 
can be understood as genetically 
modified ERVs which acquired 
virulence genes and thus became 
disease-causing agents.2–4 The ‘VIGE-
first hypothesis’ holds that RNA 
viruses have their origin in ERVs, 
and that ERVs were created for/with a 
purpose. ERVs are made of two genes, 
gag and pol, which are also found in 
all modern RNA viruses. This fact is 
also the most vital argument for why 
endogenous retroviruses are always 
interpreted as remnants of ancient 
genomic invasions of RNA viruses. 
The pol gene encodes a large protein 
with four distinct enzymatic activities: 
a protease, a reverse transcriptase, 
an RNase, and an integrase. To 
produce the individual proteins, the 
protease, which is synthesized first, 
proteolytically releases the other three 
enzymes from the precursor sequence. 
The transcribed, full-length ERV RNA 
then functions as a template for reverse 
transcriptase, the enzyme that catalyzes 
the synthesis of a double-stranded 
RNA-DNA hybrid. 

Next, the RNase enzyme removes 
the RNA part, and the remaining 
single-stranded DNA forms a circular 
molecule. This circular single-stranded 
DNA serves as a template for the 
synthesis of a second DNA strand. The 
double-stranded DNA copy can now be 
put back in the genome with the help 
of the integrase enzyme. The position 
where this happens is determined by 
repetitive DNA sequences flanking the 
ERV element and/or by the sequence 
specificity of the endonuclease 
(integrase).13,14 Alternatively, the RNA 
molecule can be packed in a capsule 
consisting of three proteins, which 
are specified by the gag gene, and the 
whole thing looks very much like a 
virus. Why this packaging is necessary 
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is unclear, but it may prevent the RNA 
molecule from docking to the wrong 
places in the cell. On the other hand, 
the protein-coated viral-like particles 
may contain biologically active 
molecules which have to be protected 
and/or delivered to the right places. 
In other words, we are dealing with a 
subcellular transport system.  

In 2018, two publications add-
ressing this possibility appeared 
simultaneously in Cell.15,16 Neurons 
use a virus-like construct to pass on 
messenger RNAs that code for the 
building blocks of that virus-like 
construction. These building blocks 
are known as activity-regulated 
cytoskeleton-associated protein (ARC). 
Although the ARC protein was for a 
long time suspected to be involved 
in learning and memory processes, 
nobody knew how or why. ARC is 
homologous to the gag proteins, 
which are found in all RNA viruses 
and ERVs. Although ARC is required 
for synaptic plasticity and cognition, 
and mutations in this gene are linked to 
autism and schizophrenia, its biological 
function is largely undefined.

The publications in Cell now 
shed some light on this matter. Jason 
Shepherd and colleagues from the 
University of Utah, USA, transferred 
the ARC gene into bacteria, and 
observed that ARC proteins self-
assemble into capsids which look 
very much like virus coats.15 The 
researchers concluded that that 
neuronal ARC gene encodes a 
repurposed retrotransposon gag protein 
that packages intercellular RNA to 
mediate intercellular communication 
in the nervous system. Purified ARC 
capsids are taken up and transfer ARC 
mRNA into the cytoplasm of neurons. 
Apparently, the neurons need ARC in 
such large amounts that they require a 
special delivery system. Furthermore, 
these results show that ARC exhibits 
molecular properties similar to those 
of retroviral gag proteins. Of course, 
the authors spun an evolutionary story 

around their findings, claiming that 
ARC is derived from a vertebrate 
lineage of Ty3/gypsy retrotransposons. 
In a comment on a Dutch media 
site, Shepherd admitted: “Other 
neuroscientists would have laughed 
at me if I had claimed something like 
that before.” His response identifies the 
junk DNA hypothesis of the Darwinian 
paradigm as a science stopper, and 
shows that questioning junk DNA 
still induces scoff and laughter from 
a scientific community blinded by 
the erroneous idea that our genome is 
made of viruses.

In the same issue of Cell, a 
research group from the University 
of Massachusetts further disclosed 
another function of ARC proteins.16 
They discovered that the motor 
neurons of fruit flies control muscles 
by releasing extracellular vesicles 
which are packed with ARC capsids. 
Here too, the ARC protein forms 
capsid-like structures. They bind 
dArc1 mRNA in neurons and they are 
uploaded into extracellular vesicles 
that are transferred from motor 
neurons to muscles. The more active 
the neurons are the more capsids 
are delivered. These results point 
to a trans-synaptic mRNA transport 
mechanism involving retrovirus-like 
capsids and extracellular vesicles. 
The paper also reports how cultured 
genetically modified mouse neurons, 
which do not express the ARC gene, 
integrated ARC capsids and started to 
use the delivered ARC mRNAs. Again, 
we see a sophisticated delivery system 
at work, not viruses. The researchers 
asked whether this form of transport 
may also play a role in the delivery of 
additional mRNAs and proteins, and 
perhaps may promote the spread of 
Alzheimer’s and other neurological 
disorders.16

Considering these novel facts, we 
are compelled to also ask whether 
the ERV system itself is some sort 
of common delivery mechanism, 
since ERV-like vesicles readily 

leave and enter cells of the placenta. 
Unfortunately, nobody is really 
interested in studying this fascinating 
possibility. Still, it has recently been 
reported that ERVs can act as DNA 
regulatory elements17,18 as long non-
coding RNAs,19,20 and as triggers for 
the innate immune system.20 ERVs in 
the human genome are able to bind 
‘signal transducer and activator of 
transcription’ 1 (STAT1), an effector 
of the interferon (IFN) pathway 
involved in immune responses. The 
enrichment of ERVs in IFN-regulated 
genes suggest that they play an active 
role as regulators of essential immune 
system genes.21

Conclusions

In biology, everything is regulated 
and controlled. Although we have 
only recently started to study truly 
the functions of TEs we have already 
found that they accomplish many 
crucial functions in regulating gene 
expression, differentiation, and 
development. About 10 years ago, 
I started to name TEs after their 
functions in the genome: variation-
inducing genetic elements (VIGEs).2,3 
In the light of current knowledge, this 
term still seems to be appropriate, 
although their functions now go far 
beyond inducing variation. 

New studies keep providing 
unexpected functions for TEs, 
indicating they are an integral part of 
originally designed genomes, which 
we should refer to as baranomes.22 
This is clear from the DNA-
nucleosome binding rules that their 
sequences tightly follow23 and by 
increasing evidence that the activity 
of TEs is tightly controlled by (epi)
genetic mechanisms and specific 
RNA molecules.24 It is outlandish to 
claim this intricate genetic system 
came about by an ancient invasion 
of RNA viruses. In my opinion, the 
mainstream opinion still has the order 
of events upside down: the genomes 
of the eukaryotes are not built of 
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remnants of RNA viruses. Rather, 
RNA viruses have their origin in the 
genome, and to be precise in ERVs. 
Life was created good; RNA-viruses 
and the diseases they induce first 
appeared after the Fall.
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