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Abstract
Long interspersed elements 1 (LINE-1 or L1) are currently the only active form of autonomous retrotransposons that exist in the
human genome. The 6 kb L1 element encodes its own proteins to mediate retrotransposition without the aid of components from
other retrotransposons. Moreover, L1 not only can transpose its’ own element but L1 proteins are also used for retrotransposition by
other retrotransposons in the human genome including short interspersed elements (SINEs), of which Alu elements are a subset. L1
elements are expressed in the pluripotent cells of the early embryo and are then repressed in most somatic cells. They are, however,
expressed in neurons in the brain and can become de-repressed in some cancer cells. However, the consequence of activity in these
cells is not fully understood. In this review, we discuss the approach of using proteomic analysis to understand the function of
the most abundant of the L1-derived proteins, ORF1p, in human embryonic stem cells (hESCs) and how we can apply proteomic
approaches to decipher the role of L1-derived proteins in neurons and cancer cells. We will also discuss other recent findings about
ORF1p, and proteins and RNAs with which it associates in mammalian cells and discuss how these findings affect our view of how
this protein may impact human biology.

Introduction
In the last few decades there has been a growing interest
in the role of transposable elements (TEs), colloquially
referred to as “jumping genes” in human biology [1-4].
TEs, and a specific subset of this clade, retrotransposons,
are widespread throughout eukaryote genomes. The socalled long interspersed elements-1 (LINE-1 or L1) are
of especial interest because they represent the only class
of retrotransposons in the human genome that are fully
autonomous, meaning they encode all of the proteins
required for their own retrotransposition. LINEs are
transcribed into an RNA copy which is then reverse
transcribed to create DNA that then integrates into
the host genome, thereby expanding its copy number.
Integration of these DNA copies can occur at a new site
within the genome thereby creating a form of insertional
mutagenesis. Thus, these elements are sometimes viewed
as an important source of evolutionary drive; as in some
cases, a new insertion can result in increased evolutionary
fitness and provide the individual with an advantage,
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while in others it is detrimental [1,4]. LINEs make up
approximately 17% of the human genome with an estimated
half a million copies per genome. Retrotransposons in
general constitute close to fifty percent of the human
genome but are difficult to study in genomic or gene
expression analyses. This is due to the highly-repeated
nature of their sequences so that mapping these sequences
to specific loci is challenging. Usually, therefore, in general
genomic analyses, retrotransposons are deliberately
masked or excluded. When human genome sequencing
efforts first reported draft analyses of the genome, TEs
were widely considered as junk that had accumulated
over millions of years of evolution [5]. A number of recent
observations stimulated interest in these elements. One
was the discovery that retrotransposons were expressed in
neurons of the adult brain [6,7]. This raised the prospect
that insertional mutagenesis, caused by these elements,
might affect neuronal function and in doing so increase
neuronal plasticity. Although that latter idea is not
universally accepted [8-10] there is still strong interest
in understanding what role transposable elements play
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in neuronal function. Another observation that sparked
renewed interest in retrotransposons was the observation
that retrotransposons, which are transcriptionally silenced
in most cell types of the body, can become re-activated
in certain cancers [11]. These observations suggested
that transcriptional activation of these elements, rather
than just being a consequence of cellular transformation,
could be the cause of transformation or, at the very least,
contribute to disease progression. With an average size of
6 kb, LINEs encode two proteins from open reading frames
(ORFs), a nucleic acid-binding protein often referred
to as an RNA chaperone (ORF1p) and a protein that has
endonuclease and reverse transcriptase activity (ORF2p).
A primate-specific ORF transcribed in an antisense
orientation, named ORF0, has recently been described
although its’ function is still to be defined [12,13]. ORF1p
and ORF2p are required for LINE-1 retrotransposition
[14,15]. Interestingly, some other TEs, such as the shortinterspersed elements (SINEs), of which Alu elements
are a part, are non-autonomous and require the LINE-1
proteins for their own retrotransposition [16-18]. This is
important because SINE elements make up approximately
13% of the human genome and several SINEs (including
Alus) are associated with human disease [reviewed in 1].
Therefore, the LINE elements and their encoded proteins
can have major effects on the biology of our species.
Because of this there is an important need to understand
how LINE elements and their proteins function. Recently
we isolated a protein complex associated with the ORF1p
in human embryonic stem cells (hESCs), one of the few
types of normal cells to naturally express LINE-1 elements
[19]. Our studies build upon a number of groundbreaking
studies that helped define the ORF1p-associated complex
in other cells types [20-23]. Additionally, a recent genetic
screen conducted in two different cell types identified
genes involved in both inhibition and activation of LINE1 activity in mammalian cells [24]. The data from this
genetic screen also highlight some of the proteins that
likely restrict or activate LINE function in cells and data
that is comparable to the proteomic studies. Finally, a
recent study also examined the L1 elements (and especially
ORF1p) during primate evolution [25] and provided new
insights into how ORF1p might interact with cellular
RNAs and proteins. Here we review the progress in our
understanding of the L1-derived ORF1 protein and its
interactors, how this information might inform our
understanding of the potential role of LINE elements in
human biology, and how proteomic strategies might be
used to further these studies.

The ORF1p Complex in Cells
In early human pre-implantation development, LINEs
are found to be expressed up to the blastocyst stage at
which time the embryo is about to implant in the uterine
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wall [see 26]. At this time the embryo has two main cell
types, an outer layer of trophectroderm cells that will give
rise to part of the placenta, and an inner group of so-called
epiblast cells that are pluripotent and can give rise to every
cell type present in the body [see 27 for recent review]. In
the next few days of development, LINEs are silenced in
most somatic lineages but remain active in the germline
[26]. In the germ cell lineage, unique mechanisms have
evolved in order to control activity of TEs, including LINEs,
since excessive TE-mediated insertional mutagenesis
would likely have drastic effects on the genome. But most
epiblast-derived cells that go on to form the somatic cells of
the animal suppress the activity of transposable elements.
Most likely, it is thought, that expression of TEs can lead
to insertional mutagenesis with obvious prospects for
creating deleterious effects on cells. In order to study the
L1-derived ORF1p protein, a number of studies expressed
ORF1p in cultured cells that do not normally express the
protein as a way to identify potential ORF1p interactors
[20-23]. These studies provided a number of important
insights into how ORF1p might function. Building on these
foundational studies, we isolated an ORF1p-associated
complex from human embryonic stem cells (hESCs).
These cells are derived directly from the pluripotent
epiblast cells of the early human embryo in which LINE
elements are naturally expressed. Indeed, hESCs mirror
their in vivo counterparts in many ways, including in
the natural expression of LINE elements [19]. Thus, we
employed these cells because they naturally express TEs
and notably express the LINE-derived protein ORF1p.
Therefore, unlike the previous studies, there was no need to
exogenously express ORF1p from various promoters. The
overlap in proteins identified in our study and the previous
studies was only about fifteen percent, suggesting that
the composition of L1 ORF1p complex might be cell-type
specific, affected by overexpression of the ORF1p in cells
that don’t normally express it, affected by varying methods
of isolating the ORF1p complex, or all of the above.
Here we will focus on two of the proteins identified in our
screen [19] and many of the other screens [20-23], namely
MOV10 and PURA, and discuss how recent studies have
informed our views of how these proteins may impact ORF1p
activity and, therefore, affect LINE-1 activity. The MOV10
helicase was also identified in a CRISPR–Cas9 genetic
screening strategy in two distinct human cell lines [24]. In
this study, the authors carried out a genome-wide survey
of genes involved in the control of L1 retrotransposition.
Amongst the genes identified in this study as suppressors
of L1 activity was MOV10, consistent with previous studies
that indicated that MOV10 acts as a restriction factor for
retrotransposons and retroviruses [28-31]. Recent studies
in C. elegans found that the worm homolog of MOV10, ERI6/7 acting together with Adenosine Deaminases Acting on
RNAs (ADARs), is able to silence both long terminal repeat
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(LTR) retrotransposons and endogenous retroviruses in
that system [32]. Interestingly, the authors of that study
concluded that: “The activation of retrotransposons in
the ADAR- and ERI-6/7/MOV10-defective mutant is
associated with the induction of the unfolded protein
response (UPR), a common response to viral infection”
[32]. This work speculated that, since the proteins produced
in response to viral infection and pathogens overlap with
those expressed with retrotransposons, it might mean
that there is a common response to “foreign elements”
as has been suggested previously [see 33 for review].
Further the authors went on to suggest that this common
response to foreign elements might occur because of the
burden of having to replicate foreign RNA and proteins
in the cell, a process that they termed: “proteotoxicity”.
Interestingly, previous studies in HeLa cells demonstrated
that ADAR1 can bind to the L1 RNP complex and inhibit
retrotransposition [34]. It was also concluded that this
inhibition of L1 retrotransposition was independent of
ADAR1’s RNA editing function. Overall, the conclusion
of this previous study was that ADAR1 didn’t interfere
with the accumulation of the L1 RNP complex but rather
somehow interfered with its’ activity [34]. Therefore,
these new studies in C. elegans on the cooperativity of
ADAR and ERI-6/7/MOV10 in retrotransposon silencing
could point to new avenues of research into L1 element
silencing in mammalian cells. Such studies could provide
new insights into how MOV10 (and ADARs) might act
in transposon silencing, findings that might impact our
understanding of how mammalian cells could deal with
a LINE-1-derived ORF1p complex. The notion that cells
react to the burden of production of LINE-1-derived
proteins and RNAs as a form of “proteotoxicity” is also
interesting. This is especially the case in light of evidence
that in certain circumstances riboncleoprotein (RNP)
complexes, created when proteins associate and coat viralor retrotransposon-derived RNAs, are produced in cells of
the brain and in human cancers. An interesting question is
whether the metabolism of cells that deal with L1-derived
RNA- and protein-induced proteotoxicity is altered and
how that might, in turn, affect the stability of normal cell
states?
Another recent study that shed light on the role of
MOV10 focused on a group of emerging highly-pathogenic
representatives of bunyaviruses [35]. These newly emerging
viruses include severe fever with thrombocytopenia
syndrome virus, considered by the World Health
Organization to be a very dangerous pathogen [see 36 for
brief review]. Bunyavirus RNP complexes can act both as
a complex for RNA synthesis and as the structural core of
the Bunyavirus virions. The RNPs are assembled when
multiple copies of the Bunyavirus nucleoprotein coat the
viral RNA and associate with a viral polymerase. This RNP
complex thus represents the machinery for viral genome
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replication and transcription. The recent study showed
that MOV10 associates with bunyavirus nucleoproteins
and inhibits the replication of the virus, and thus restricts
bunyaviral infection [35]. MOV10 does this by interfering
with the nucleoprotein-arm domain (which consists of
only 34 amino-acids), of nucleoprotein machinery and
consequently disassembling the RNP complex [35]. This
study therefore provides important new insights into
how MOV10 might associate with the L1 ORF1p complex
to restrict LINE-1 activity and perhaps also methods to
develop inhibitors of ORF1p activity.
Another protein found in many studies of the ORF1p
complex, including ours, is the purine rich element
binding protein alpha (Pur-a) - a DNA- and RNAbinding protein encoded by the PURA gene [37,38].
PURA was also identified in the genome-wide CRISPRCas9 mediated screen described above as an inhibitor
of L1 transposition [24]. In humans, the PURA gene has
been identified as being involved in activating nuclear
transcription, facilitating cytoplasmic RNA transport and
regulating DNA replication in the cell cycle. Mutations
in PURA have been associated with autosomal dominant
and neurodevelopmental disorders [39]. Using genome
sequencing methods, mutations in the PURA gene have
been identified in patients with a range of neurological
disorders including seizures, hypotonia, learning
disabilities and developmental delay, now described as
PURA syndrome [40]. As patients with mutations in
the PURA gene continue to be identified, these findings
expand our understanding of the functional domains of the
PURA protein. Most recently a patient was described with
a nonsense mutation within the PURA gene that expanded
the range of phenotypes associated with PURA mutations
to include short stature, problems with bone development
and delayed puberty [36]. These studies do not immediately
provide new information on how PURA might act at
the molecular level or interact with L1-derived ORF1p.
However, because both PURA and L1 ORF1p are expressed
in the brain and PURA deficits affect brain development,
these findings provide new avenues of exploration for
understanding how LINE-1 retrotransposons might
act in the brain during homeostasis and development.
Intriguingly, mutations in both MOV10 and PURA are
found to affect brain development [37,38,41,42]. One can
therefore speculate on the role of ORF1p in the absence
of, or mutations in, such proteins. Some key questions
to consider: How does an ORF1p complex behave in the
absence of Pur-α or MOV10? How do such conditions
affect the transposition efficiency of LINE-1 and other L1dependent elements, such as SINEs, in the brain? What
impact does L1 ORF1p have on the functional activity of
proteins like Pur-α and MOV10 in the brain of a normal
individual? As the role of transposable elements in brain
development and aging are examined more fully, it will
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be important to understand what role not only LINE-1derived insertions play but also LINE-1-derived proteins,
especially the most abundant, ORF1p.

Has Evolution of ORF1p Allowed Other
Mobile Elements to Cross the Line?
One productive avenue of investigation into L1 ORF1p

New Roles for LINE-derived ORF1 Protein structure to function relationships has been to examine
While many of the recent studies described above
pertain to the already known functions of ORF1p and its
associated proteins, other recent studies suggest a new,
and intriguing, aspect of ORF1p biology, namely in the
relationship to newly-acquired viruses, including SARSCoV-2. These studies described the ability of the SARSCoV-2 virus, the cause of COVID-19 disease in humans,
to integrate into the DNA of human cells in culture [43].
The ability of the SARS-CoV-2 to integrate into the human
genome could, perhaps, create conditions for re-infection
of an individual from a genomic pool. The ability of
viruses such as SARS-CoV-2 to integrate into the genome
would, presumably, require access to reverse transcriptase
activity. This could, the authors suggest, be supplied by
active LINE-1 elements. Indeed, the study found that cells
in which there was greater evidence for insertion of SARSCoV-2 into the genome had a much higher incidence of
ORF1p expression than other cells. These data suggest
that the ORF1p (presumably together with the L1-derived
reverse transcriptase, ORF2p) could help novel viruses to
enter the human genome. Importantly in this regard, the
authors also showed that viral infection per se increases
the expression of LINE-1 elements and the expression
of ORF1p. One conclusion that can be drawn from these
studies is that SARS-CoV-2 itself somehow stimulates the
expression of LINE-1 elements, perhaps through some form
of stress response (see above). In turn, the activated LINEs
and their expressed products may help the virus integrate
into the host. Others however have both questioned the
methodology of the work [44] or found little evidence
for SARS-CoV-2 integration into the genome of infected
individuals [45] raising questions about the solidity of
the other findings. Interestingly however, in terms of the
ability of a virus to stimulate LINE-1 activity, previous
studies examined the effect of the Kaposi’s sarcoma (KS)associated herpesvirus (KSHV) on L1 retrotransposition
[46,47]. KSHV is the causative agent of Kaposi’s sarcoma,
a type of tumor commonly found in AIDS patients, as
well as KSHV inflammatory cytokine syndrome, primary
effusion lymphoma and HHV-8-associated multicentric
Castleman’s disease and KSHV inflammatory cytokine
syndrome. KSHV is one of several known “oncoviruses” or
human cancer viruses. These studies indicated that KSHV
infection led to down-regulation of MOV10 which in turn
led to the up-regulation of L1 expression [46]. Therefore, it
will be important to understand how the SARS-CoV-2 virus
might, like KSHV, stimulate L1 expression, irrespective
of whether it leads to SARS-CoV-2 integration into the
genome.
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how the ORF1p itself evolves in multiple species as it has
done in primates. Recently Furano, Jones and colleagues
described an analysis of L1 ORF1p in different primate
species [48]. The c-terminus of the ORF1p, which is highly
conserved among L1 families, has multiple activities that
are required for L1 retrotransposition. These activities
include high affinity nucleic acid binding and chaperone
activity, swift formation of stable nucleoprotein complexes
and, of course, retrotransposition itself. The N-terminus of
the ORF1p molecule contains a coiled-coil domain whose
function is less clear but whose sequence has nevertheless
altered over evolutionary time. These studies found that
ORF1p can be susceptible to inactivation by single point
mutations and, at the same time, can survive multiple
amino acid substitutions [48]. According to Furano, Jones
and colleagues, the evolution of the coiled-coil domains
in mice and humans was proposed to be an adaptation of
the ORF1p to genetic changes extrinsic to L1, that is, in its’
environment. Instead, they now argue that expansion of
the coiled-coil domains occurs during evolution with some
variability in the sequence of each domain. The authors
suggest that by expanding the functional sequencing space
of the coiled-coil domain, this mitigates any substitution
events that could destroy ORF1p function, thus allowing
L1 to thrive over many evolutionary events. Perhaps by
expanding the coiled-coil domain, L1 elements made
themselves more adaptable and more resistant to damaging
mutations that would kill their retrotransposition. An
intriguing idea, but does L1-derived ORF1p adaptability
come at a cost to its host?
It has been known for some time that L1-derived proteins
are required for the retrotransposition of other elements
including SINEs and Alus, a subset of SINEs [see 49 for
review]. More recently it has become apparent that L1derived proteins are required for the transposition of
other non-autonomous elements. Some of these elements
include so-called composite elements (named after their
constituent elements) and include variable number of
tandem repeats (VNTRs) including SVA (SINE-R-VNTRAlu) and LAVA (L1-Alu-VNTR-Alu). Recent studies
examined the ability of the L1 ORF1p to mobilize a
hominid-specific SVA element and found that this element
is a preferred substrate of the L1-derived proteins [25].
These studies also confirmed, using in vitro assays, that
the SVA-D element is an active, albeit non-autonomous,
human transposable element. The implications of
these findings are that L1-derived ORF1p can aid in the
transposition of the SVA element. Overall, this study was
not able to conclude that L1-derived ORF1p co-evolved with
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composite elements. It did nevertheless find that changes
in ORF1p in Orangutans, for example, were associated with
a reduced genomic insertion rate of SVA retrotransposons
in that species by comparison with that seen in humans. A
speculation from this latter finding is that changes in the
Orangutan ORF1p coding sequence made SVA transposons
a less favored co-factor for SVA RNA. An alternative way
of looking at this is that the human L1 still adequately
supports SVA retrotransposition. Why should we care
about SVA retrotransposition since previous studies have
suggested that the retrotransposition rate of SVA within the
human genome is fairly small? One reason to be interested
is that more recent analyses of SVA retrotranspostion
rates suggest a higher rate of SVA insertions in the human
genome than had previously been thought [50]. This study
analyzed de novo L1, SVA, and Alu retrotransposition
events in 599 individuals in the Utah Centre d’Etude du
Polymorphisme Humain (CEPH) study, comprising 33
three-generation pedigrees. Analysis of insertion events
in these individuals was carried out using three mobile
element insertion-software calling tools. The insertion rate
for Alu elements was estimated to be one in 40 births, which
was lower than previous estimates. The insertion rate for
L1s was estimated to be 1 in 63 births and was within the
range of the previous estimates which ranged from 1 in 20
to 1 in 200 births. But when the authors estimated the rate
of SVA insertions within these pedigrees they found that
the insertion rate was 1 in 63. This was much higher than
previous estimates which had suggested an SVA insertion
rate of 1 in 900 births. Obviously, new insertions such as
these could have both beneficial and harmful effects on
the genome and the individual. Nevertheless, perhaps
this is a cause for concern and a reason to try and better
understand how the L1 ORF1p facilitates transposition of
SVA and other elements and what impact environmental
factors might have on L1 activation during embryonic and
fetal development?
Some of these recent findings about the ORF1p of LINE1 elements indicate that it could have a much broader
impact on human biology than simply enabling the
retrotransposition of its’ own element. All in all, they
suggest that the ORF1p can bind not only its’ own RNA but
also the RNA of other retrotransposons and perhaps even
of viruses. Another recent study examined the ability of
the L1 ORF1p to bind other cellular RNAs. Brigg, Kerrow
and colleagues examined the ORF1p complex in prostate
cancer cells which express ORF1p [51]. Cancer cells, unlike
their normal counterparts, often express retrotransposons
[reviewed in 2]. Indeed, ORF1p is found to be expressed
in approximately fifty percent of all tumors, and these
tumors are also found to have some L1 insertions [2,11].
By immunoprecipitating the ORF1p complex from
prostate cancer cells and examining associated RNAs,
these authors found that not only did the ORF1p bind to
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its’ own RNA but also to normal cellular RNAs including
circular RNAs, poly-A+ RNA and processing-body
(P-body)-associated RNA. Indeed, they found that LINE-1
RNA was only a small component of the ORF1p-associated
complex and that other RNAs actually were in the vast
majority [51]. An interesting finding of this study was
that the ORF1p complex-associated or P-body-associated
RNAs were correlated with L1 RNA expression in prostate
cancer cell lines. Using a knockdown approach to reduce
ORF1p levels, the authors observed a down-regulation of
RNAs associated with P-bodies. Because P-bodies have
been associated with controlling a variety of key processes
including RNA processing, protein synthesis, protein
degradation and chromatin regulation [see 52, 53 for
reviews], ORF1p could, conceivably, interfere with any of
these processes. The authors noted: “In particular, almost
all of the genes that are significantly correlated with LINE1 RNA in prostate cancer were also enriched in processing
bodies (P-bodies)” [51]. P-bodies are distinct foci formed
in cells through the process of phase separation and
contain many enzymes responsible for RNA turnover.
Therefore, these recent studies indicate that LINE-1 may
interfere with the degradation of P-body-associated RNAs
[51]. Again, the consequence of ORF1p interfering in RNA
processing or degradation in cells could be dramatic.
Intriguingly, P-body homeostasis plays a critical role
in the maintenance of the pluripotent state in mouse
embryonic stem cells [54]. Thus L1-derived impairment
of P-body RNA processing in somatic cells (perhaps even
somatic stem cells) could conceivably alter their state
of differentiation with, perhaps, consequences for their
ultimate malignant transformation.

Conclusion
Despite the fact that L1 elements make up about 17%
of the human genome, until relatively recently they were
considered junk, relics of our ancient past. Proteomic
studies have elucidated some of the proteins that interact
with those produced by L1 elements, especially ORF1p.
Although the impact of L1 element-derived insertions on
the human genome is still being assessed, because every
time these elements are expressed they produce ORF1p, it
is becoming clear that this protein could have a major role
in our biology. Recent proteomic, genetic and biochemical
studies have increased our understanding of how ORF1p
interacts with cellular (and viral) RNAs and proteins and
provides a much more complex picture of its’ potential
role in cellular physiology (Figure 1). Altogether, the
recent findings highlighted here have implications for why
it might be interesting to target L1 ORF1p for inhibition
in humans, a strategy that might be useful for treating a
number of conditions in which the ORF1p is found to be
expressed, especially cancer. In that regard the genomewide screen described recently might be one place to look
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Figure 1: L1 ORF1p interactions in cells as defined by proteomic analysis. Activation of L1 elements by whatever means
leads to the production of L1 RNA that is then transcribed into ORF2 and ORF0 (not shown) and ORF1p. ORF1p monomers form
trimers that can then bind the L1 RNA and enable the L1 elements to transpose. Production of L1 RNA and proteins could place
new metabolic needs on the cell producing them (highlighted in red). In addition, the ORF1 protein can likely bind both normal
cellular RNAs and proteins, perhaps interfering with their normal function. This could create a state of “proteotoxicity” that might
exacerbate other stresses on the cell, perhaps leading to cell death or engulfment by the immune system. Activation of L1 elements
by viruses could provide a mechanism by which they use the L1 ORF1P to enable their own life cycles. The consequences of this
latter action remain to be fully determined. Finally, other transposable elements such as SINEs (including ALUs) and SVA use the
L1-machinery to transpose, potentially creating new insertions in the human genome.

for targets though which to target ORF1p activity because
that screen identified suppressors of L1 activity in addition
to activators [24]. It will also be interesting to see if and
how divergent L1-derived ORF1p molecules found in
primate species could alter the substrate-specificity of
ORF1p for exogenous viruses and, therefore, alter the host
range of such infectious agents. All in all, we may need
to pay much more attention to the so-called “Dark Side”
of the genome and the proteins it produces. Proteomic
studies that expand upon previous studies could be very
useful in determining whether the differences observed
in proteins associated with ORF1p are method-specific
or cell type-specific. Moreover, new methods of isolating
associated proteins with improved proximity tags for mass
spectroscopy could provide new data on direct versus
indirect interactions between ORF1p and components
of the ribonucleoprotein complex. Similarly, proteomic
analyses of post-translational modifications of the L1 RNP
complex and its’ associated proteins might help elucidate
potential mechanisms by which the cell deals with such
a complex. Understanding how L1 elements and their
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encoded proteins function, both in their own life cycle and
in the life cycle of other transposable elements and viruses,
could provide new insights into the impact that all mobile
elements play in the human life cycle, in human health and
on the human genome.
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