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Abstract

LINE-1 (L1) elements are retrotransposons that insert extra copies of themselves throughout the
genome using a “copy and paste” mechanism. L1s have contributed ~20% to total human genome
content and are able to influence chromosome integrity and gene expression upon reinsertion.
Recent studies show that L1 elements are active and “jumping” during neuronal differentiation.
New somatic L1 insertions may generate “genomic plasticity” in neurons by causing variation in
genomic DNA sequences and by altering the transcriptome of individual cells. Thus, L1-induced
variation may affect neuronal plasticity and behavior. Here, we discuss potential consequences of
L1-induced neuronal diversity and propose that a mechanism generating diversity in the brain
could broaden the spectrum of behavioral phenotypes that can originate from any single genome.

Introduction

When Barbara McClintock discovered transposons in 1948, she observed color variegation
in maize kernels and leaves. Through cytological and genetic studies, she came to the
conclusion that mobile DNA led to somatic mosaicism and phenotypic diversity in the
affected tissues [1]. McClintock realized that, in addition to causing chromosome breakage
and acting as insertional mutagens, transposons might also act as “controlling elements” and
exert regulatory control over genes in their proximity. While the notion that DNA could be
mobile was accepted, the idea of control was not [2].

McClintock favored the view that mobile DNA might play an important role in gene
regulation, but conventional wisdom argued that transposons were “selfish” parasitic
sequences that invaded host genomes and did more harm than good. In recent years, the
view that not all transpositional events are detrimental has gained acceptance. Host genomes
have evolved mechanisms to harness the unique properties of transposable elements to their
own benefit. Transposed elements (elements that have been rendered incapable of
transposition through mutation), and retroelements (elements that transpose via an RNA
intermediate) in particular, have played important roles in mammalian genome evolution
and in the generation of new human-specific genes [3-5]: transposed elements support
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genome integrity as part of centromeres and telomeres, impact the transcriptome and
contribute to tissue-specific gene expression [6-8].

Recent evidence from our laboratory and others suggests that, within an individual, neuronal
genomes are genetically diverse and that brains are somatic mosaics [9,10]. Neuronal
genetic diversity results from aneuploidy (whole chromosome gains and losses) [11],
genomic copy number variations (CNVs) [12], and actively “jumping” transposable
elements, termed long interspersed repeated sequences (LINE-1 or L1 elements) (Figure 1A)
[9,13].

Here, we discuss the intriguing hypothesis that L1-mediated retrotransposition provides a
means for generating neuronal DNA sequence diversity [see Box 1] that could have an
impact on the transcriptome and ultimately neuronal phenotypes. We propose that events
related to L1 transposition are sources of genomic diversity within an individual mammalian
brain that parallel conventional mechanisms generating genetic diversity in natural
populations. This mechanism could account for the range of individual differences in
behavior observed in isogenic animals that are presumed to be genetically identical, and it
could underlie phenotypic discordance in monozygotic twins. In addition to germline
mutations, the propensity to generate variability within individuals would provide another
source of variation that could affect fitness and thereby be susceptible to natural selection.

Box 1
Genetic diversity among neurons is not a new idea

A striking attribute of nervous systems is diversity. Neuronal diversity is seen in the
remarkable array of morphological types and in the vast number of neuronal connections.
For instance, it is estimated that the mouse brain contains ~75 million neurons, and the
human brain has ~85-100 billion neurons [64,65]. The total number of synapses in the
human neocortex is estimated to be 0.15 quadrillion (101°) and a typical neuron is
predicted to have ~5,000-200,000 synapses [65].

One hypothesis to explain how the vast extent of neuronal diversity in the human brain
can be encoded by only ~30,000 genes was derived from analogy to the immune system
[66], where extraordinary cellular diversity is the direct result of somatic DNA
rearrangement. Evidence to support the hypothesis that a similar mechanism may occur
during neurogenesis came from the observation that one component of the immune
system recombinase (RAG-1) is expressed in cortical and hippocampal NPCs during
mouse neurodevelopment [67]; however, the use of transgenic mice with rearrangement
reporter genes failed to detect recombinase activity in the brain [68,69].

Almost a decade later, the observation that nonhomologous end-joining (NHEJ) DNA
repair proteins were required for NPC survival [70] and the description of candidate loci
for rearrangement in neurons renewed the hypothesis that V/(D)J-like recombination
might occur during neurogenesis. Other mechanisms, such as stochastic promoter choice
in the case of olfactory receptors [71] and trans-splicing of protocadherin transcripts [72],
are now known to mediate diversity from these loci; yet a role for NHEJ and associated
DNA damage signaling in generating genetic diversity in neurons cannot be ruled out
[73,74].
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L1 elements are retrotransposons that are the most widespread class of transposons in
mammals and constitute almost ~20% of mammalian genomic DNA content [14]. Whereas
most L1 sequences in the genome are retrotransposition incompetent, ~150 full-length L1
elements are present in the human genome and ~3000 in the mouse genome [15,16].

Retrotransposition by L1 occurs via a copy-and-paste mechanism (Figure 1B), in contrast to
the cut-and-paste mechanism of DNA transposons. Most novel retrotransposition events
result in truncated L1 copies that are no longer capable of jumping. As a consequence of this
mechanism, retrotransposition leads to an increase in genomic DNA content. When L1
retrotransposition occurs in individual cells or cell lineages during development, it results in
distinct genomes, here referred to as somatic mosaicism.

L1 elements are mobilized early in development during the formation of the central nervous
system (CNS) and later during adult neurogenesis. Since this mobilization process appears
to occur frequently and independently in individual cells, the result is a substantial number
of newly transposed L1 elements in differentiated neurons. This neuron-to-neuron variation
in genomic DNA content has been observed in both rodents and humans [9,13,17].

The idea that L1 retroelements may be involved in neural development first came from
microarray transcriptome analyses that showed upregulation of L1 expression during
differentiation of rat hippocampal neural stem cells (NSCs) [13]. Further experiments in cell
culture corroborated the microarray results [18]. In this approach, a fluorescently-tagged L1
element was introduced into NSCs, and fluorescence was only observed after the L1 element
had successfully retrotransposed into a new genomic location. These experiments revealed
that L1 retrotransposed in NSCs at low but detectable frequency, but a strong increase of L1
retrotransposition was observed during a 48h time period after the onset of neuronal
differentiation, consistent with an increase of L1 promoter activity (Figure 1C) [9,13].
Furthermore, a fluorescently-tagged L1 element has been demonstrated to retrotranspose in
the mouse brain in vivo [13,17].

L1 activation is likely regulated through the canonical Wnt (wingless and int homolog)-
signaling pathway [19]. The current model proceeds as follows: When L1 elements are
inactive, SRY (sex determining region Y)-box2 (SOX2), a transcription factor that is
essential to maintain self-renewal of undifferentiated embryonic stem cells (ESCs), binds to
sequences in the promoter within the 5° untranslated region (5’-UTR) where it acts as a
repressor. After Wnt-induced activation of a signaling cascade, SOX2-mediated repression
of L1 elements is relieved and L1 expression is induced concomitant with expression of the
neurogenic transcription factor NeuroDZ1. This model suggests regulation of
retrotransposition during neuronal cell fate specification (Figure 1C).

Expanding on these results, our laboratory [9] demonstrated that neural precursor cells
(NPCs) isolated from human fetal brain or derived from human ESCs also supported
retrotransposition of a transgenic human L1 element in vitro. In addition, an increase in
endogenous L1 copy number in adult human brains compared to other somatic tissues could
be demonstrated from the same individuals. Variability occurred not only between different
brain regions in one individual but also between different individuals. The process of
somatic L1 retrotransposition in developing neurons occurred with surprisingly high
frequency: We estimate ~80-800 new insertions per cell in some brain regions, based on
these quantitative assays [9].
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These results were remarkable for two reasons: firstly, L1 retrotransposition in NPCs
challenges the dogma that all neurons are genetically stable entities; secondly, it was
believed that any L1 activity would be confined to the germline and L1 elements were not
expected to be mobile in somatic tissues such as the brain. We believe that this L1-induced
genomic variability could be a mechanism that contributes to neuronal diversity, thereby
affecting neural plasticity, cognition and ultimately behavior. On the other hand, this
mechanism may have negative implications for neuronal genomes, such as increased disease
risk.

“Controlling elements” - how can L1 activity impact neuronal genomes?

A major implication of somatic mosaicism is that a subset of neurons would have distinct
genomes, leading to unique transcriptomes. How L1 retrotransposition leads to such changes
may be inferred from consequences of L1 germline insertions. Multiple genetic mechanisms
whereby L1 elements impact host genomes, such as insertions, deletions and ectopic
recombination, have been described (reviewed in [3,20]).

New L1 insertions likely affect somatic genomes by modulating RNA abundance through
changing the expression of messenger RNA (mRNA) and/or non-coding RNA (ncRNA).
Transcript levels can increase or decrease through premature polyadenylation, aberrant
splicing, formation of alternative transcripts or premature termination (Figure 2). Gene
expression levels are modulated differently depending on where, and in which orientation,
an L1 element inserts into the gene. For example, L1 elements inserted into an intron in the
antisense orientation had almost no effect on transcript levels, whereas sense insertions
generally caused a substantial decrease in transcript abundance [21,22].

Human and mouse L1 elements contain both a sense and antisense RNA polymerase 11 (pol
I1)-dependent promoter in their 5’'UTR, as well as a newly discovered polll promoter in their
untranslated 3'UTR [7]. Bidirectional transcription from the sense and antisense promoter in
the 5'UTR can produce chimeric transcripts, non-coding RNA, antisense mRNA or double
stranded RNA (dsRNA), which can affect gene expression in distinct ways (Figure 2) [23].
The promoter in the 3'UTR is in the sense orientation, reading “outwards” into the flanking
genomic sequence (Figure 2) [7]. When genome-wide transcript abundance was measured,
the majority of transcripts that derived from L1 sequence initiated at this promoter in a wide
variety of somatic tissues, including brain [7]. Since the majority of new somatic L1
insertions are truncated near their 5" end, it is likely that many newly inserted L1 sequences
in neurons are not of full length but still contain the 3" UTR promoter and may thereby
initiate transcription of downstream sequences. Consequently, an alternative promoter
derived from a novel L1 insertion could increase transcription of a nearby coding gene.

L1 elements are silenced through epigenetic mechanisms, such as DNA methylation and
histone modification, and are activated when those repressive marks are relieved [24].
Ectopic activation of previously silenced retrotransposons can cause expression changes at
neighboring genes by altering the timing or tissue specificity of gene expression, which can
result in substantial somatic variability [25]; conversely, retrotransposons are targets for
DNA methylation, which induces a repressive chromatin structure that can spread to coding
sequences in their proximity, effectively silencing them (Figure 2).

We speculate that any of the mechanisms described can lead to transcript diversity in
differentiated neurons that manifest themselves in individual neuronal proteomic variability.
Indeed, variability of L1 expression has been observed not only between different
individuals but also between different tissues in one individual, including the brain [7]. In
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this way, de novo inserted L1 elements can have considerable effects on the transcriptome in
differentiated neurons, and hence act as “controlling elements” in McClintock’s sense.

Are there preferred target sites of L1 insertions during neuronal
differentiation?

The extent of L1-mediated neuron-to-neuron variability depends on the conservation of L1
insertion sites within the genome; therefore, the question arises whether there are preferred
target sites of L1 insertions during neuronal differentiation or whether integration occurs
randomly?

Pre-existing L1 elements that are static in the human genome are significantly
underrepresented in regions surrounding genes, and enriched in A+T rich regions.
Interestingly, L1 elements that are in the sense orientation with respect to the nearest gene
were significantly underrepresented. This bias was attributed to selective pressure to
eliminate elements that disrupted gene transcription [26].

From analyses in mammalian cell culture it became clear that de novo insertions of
engineered L1 elements occur preferentially within a small A+T-rich sequence window that
contains the loosely conserved endonuclease recognition sequence [27,28,29]. New L1
insertions did occur within genes, preferably within introns and up- and downstream of
coding sequences [28,29]. One study came to the conclusion that no integration site
preference for any specific genomic niche exists [30], while another study found de novo L1
insertions occurred in L1-poor, Alu element-rich and G+C neutral genomic regions [31].
Thus, despite the preference of the L1 endonuclease for A+T-rich sequences, this does not
lead to an insertion bias over large genomic regions [31].

During embryonic or adult neurogenesis, L1 distribution patterns may be restricted by the
context of chromatin structure that exists at specific timepoints during neuronal
differentiation (Figure 1C). Insertions into open chromatin would be facilitated, whereas
insertions into condensed heterochromatin would be unlikely. One possibility could be that
de novo L1 insertions target a subset of genes causing similar transcriptional consequences;
consequently, neurons would have similarly altered genomes, despite extensive
retrotransposition. Another possibility could be that L1 insertions indiscriminately land in
accessible chromatin, thus affecting many genes and causing a wide variety of
transcriptional changes. As shown below, both scenarios are not necessarily mutually
exclusive. Understanding if preferred genomic insertion sites exist for L1 is critical
considering the amount of variability that can be caused by L1 retrotransposition in NPCs.

A hint that L1 element insertions may not be entirely random in NPCs came from an
experiment in which a fluorescently-tagged L1 element was introduced into rat and human
NPCs [9,13]. Only a limited number of novel insertion events were cloned and sequenced,
but the majority of the newly transposed elements landed in neuronally expressed genes. In
one example, an insertion occurred upstream of the postsynaptic density 93 (Psd-93) gene in
an antisense orientation. As a consequence, gene expression of Psd-93 was affected,
resulting in a phenotypic change in the neuronal differentiation potential. In another
example, two distinct insertions were found in the 5" UTR of the Slc6a6 gene, which
encodes a neurotransmitter transporter; two independent insertions within so close proximity
would be exceedingly unlikely to occur randomly.

Chromatin modifications that occur during lineage commitment from ESCs to NPCs have
been analyzed, revealing characteristic changes in active and repressive histone marks that
correspond well with gene expression [32]. Two types of promoters were identified: CpG-

Trends Neurosci. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Singer et al.

Page 6

rich promoters, generally associated with ubiquitously expressed ‘housekeeping’ genes; and
CpG-poor promoters, generally associated with highly lineage-specific genes. In NPCs a
large number (~8,000) of ‘housekeeping’ genes with CpG-rich promoters were associated
with active chromatin marks and expressed, compared to the upregulation of only a small
number (~200) of NPC-specific genes with CpG-poor promoters. Since L1 endonuclease
recognizes an A+T-rich sequence motif, it is tempting to speculate that de novo L1
insertions could be preferentially targeted into CpG-poor promoters of NPC-specific genes;
however, insertions into A+T-rich introns of housekeeping genes are equally likely.

It has been suggested that L1 mRNA could be retained in the cytoplasm in ribonucleoprotein
complexes (RNPs) during germline transmission [33]; likewise, it remains a possibility that
L1 persists in the same form in NPCs. This way, L1 mRNA could be passed on to daughter
cells, retrotransposing during 2-3 cell divisions before cell cycle exit and before neuronal
differentiation is complete (Figure 1C); thus, new insertions could be even more specifically
targeted close to neuron-specific genes that are expressed at this stage.

Since massive cell death occurs during neurodevelopment [34-36], de novo L1 insertions in
the mature brain probably represent only a subset of all L1 retrotranspositions that occurred
during neurogenesis. Considering the fact that many essential housekeeping genes are
expressed in NPCs, it is likely that some de novo insertions could have deleterious
consequences that induce apoptosis.

Next-generation deep sequencing technologies will soon enable the discovery of the extent
and exact locations of new L1 insertion sites in brain compared to other somatic tissues of
the same individual. As many new L1 insertion sites are catalogued, it will become clear if
preferred insertion sites exist or if L1 insertions are purely random. As these analyses extend
to the single cell level, the relationship between new L1 insertion sites and the extent and
character of neural mosaics will be revealed.

Does L1 retrotransposition cause “intangible variance” in the brain?

Despite exhaustive efforts to control genotype and environment, a wide range of phenotypes
has been observed in isogenic mouse strains, in traits such as fear avoidance, stress response
and learning [37]. Such variabilities usually take the form of a normally distributed, bell-
shaped curve, indicating that the underlying causes are random. This phenomenon has been
termed “intangible variance”, suggesting that there are intrinsic mechanisms that generate
random variability besides the genetic blueprint within each individual [38]. The same
effect, albeit smaller, can be observed in phenotypically discordant monozygotic twins.
Mechanisms such as CNVs [12], aneuploidy [10], RNA editing [39] or epigenetic effects
[25] could be involved in generating this random variation, all of which can have stochastic
effects on genome structure and the transcriptome, and thus influence quantitative traits.

Could L1 retrotransposition play a role in generating this “intangible variance” in a
population? Considering that many novel L1 insertions may occur in any given neuron
during development and continue to occur during adult neurogenesis, this is an appealing
proposition. As described above, novel L1 element insertions could have vast influences on
neuronal genomes and transcriptomes. Further, L1 retrotransposition, with limited
conservation of insertion sites, could fulfill the requirement of a stochastic mechanism that
generates random variability (Figure 3). In addition, the L1-mediated effects need not be
large in order to influence phenotypes. Recent studies have demonstrated altered rodent
behavior resulting from the modulation of the firing pattern of a single neuron [40,41]. Even
if only a fraction of new L1 insertions have an impact on neuronal transcriptomes and
thereby change neuronal properties subtly, effects on neural plasticity and behavior could
occur. Thus, L1-mediated retrotransposition may be a mechanism that alters neuronal
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function in individuals, thereby broadening the spectrum of behavioral phenotypes that can
originate from any single genome (Figure 3).

Can the environment influence L1-mediated neural plasticity?

McClintock proposed that activation of transposable elements is the genome’s response to
environmental shock [42]. Since her original discovery, ample evidence has accumulated
proving that environmental stress factors can have effects on the activity of transposons
ranging from bacteria to higher eukaryotes: Regarding retroelements in mammals,
physiological cell stressors and viral infection transcriptionally activated Alu elements [43—
45] and genotoxic agents and carcinogens increased L1 retrotransposition in cell culture
[46-48]. Oxidative stress or heavy metals were also implicated in increasing L1
retrotransposition activity in vivo and in cell culture, but these effects likely act on the post-
transcriptional level influencing L1-mediated DNA repair and not L1 transcription [49,50].
To date, no direct link between physiological cell stressors and enhanced L1
retrotransposition has been demonstrated in vivo.

Transposed elements can confer stress inducibility to genes in their proximity [51] or protect
those genes against stress via a small RNA-mediated mechanism [52]; therefore, it has been
speculated that, at least in plants, a burst of transposon activity aids in rapidly generating
genetic diversity in changing environments. It is tempting to consider parallels to
mammalian brain development, where environmental influences may impact L1 mobility in
newly born neurons during embryonic development or adult neurogenesis [53,54]. (Figure
3). For instance, stress, infections, nutrition or other environmental factors that affect the
mother may increase or decrease L1 retrotransposition in the developing embryo. Cytokines
and stress hormone levels can alter the in utero environment and can have direct influences
on neurogenesis and brain development [55,56]. In adult mice, exercise has been shown to
enhance L1 retrotransposition two-fold [17], although whether this effect is due to an
increase in newborn neurons or through metabolic changes due to the exercise itself is not
yet clear.

Two pieces of evidence that link L1 activity with environmental stresses are the discoveries
that L1 mRNA and proteins can accumulate in “stress granules” (SGs) (Figure 1C) and that
L1 expression may be regulated hormonally. The sequestration of L1 RNA in SGs would
provide a cellular “reservoir” that could be quickly activated in response to environmental
stimuli [57]. In this way, environmental stressors could lead indirectly to increased L1
retrotransposition, which would affect neuronal plasticity. Regarding hormone-
responsiveness, there is evidence that androgenic steroids and steroid-like compounds can
induce L1 activity [58]. In addition, L1 expression has been observed in mouse
steroidogenic tissues such as gonadal cell types and placenta [59]. The possibility that L1
activity may be induced in this manner is intriguing, considering evidence that implicates
steroid hormones in embryonic brain development, stress responses, and behavior [60].

Although direct evidence of the induction of L1 jumping in the brain after exposing to stress
or steroid hormones is currently lacking; we suggest that a gene regulatory network could
exist that coordinates L1 expression in response to environmental factors, including stress
and steroidal hormones. How could environmental cues be relayed back to L1
retrotransposition? A mechanism would have to include sensing of the environmental signal
and its transduction to the genome to induce L1 activity. A testable working hypothesis
could be based on the observation that a key component of the stress response is the
increased secretion of adrenal steroids that can bind to specific receptors [61], inducing a
signaling response that could lead to transcriptional activation of L1.
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How could somatic variability in the brain be of evolutionary advantage?

One possibility for why L1 retrotransposition in neurons may have been retained during
evolution is because it may have been metabolically too expensive to prevent it;
consequently, genomic neuronal diversity was merely tolerated and evolved neutrally.
However, a mechanism that creates somatic variability during neurogenesis and permits
greater adaptability to changing environments would not only be subject to natural selection
but also potentially favored by it [62]. According to the concept of Weismann’s barrier, the
germ line is protected from somatic DNA changes during an individual’s lifetime [63]. This
theory further negates the Lamarckian notion that adaptive somatic mutations in an
individual could be passed on to their offspring; yet, if the mechanism that creates this
variability has an impact on fitness, it will be subject to natural selection. Hence, we have to
assume that the underpinnings of a mechanism generating somatic diversity in the brain are
genetic. Thus, selection would act on maintaining this genetic mechanism and not on the
somatic insertions themselves. This assumption can be tested by analyzing mutants that
either show enhanced or decreased L1 retrotransposition or by finding ways to artificially
alter the level of somatic L1 transposition in the brain. Since somatic mosaicism is observed
in neurons and seems to be developmentally regulated, we favor the hypothesis that neural
mosaics help to diversify the range of behavioral phenotypes that are possible from a given
genome.

Conclusions and future directions

The discovery that somatic retrotransposition of L1 retroelements occurs in neural stem cells
in the brain overturned the commonly held view that transposable elements in mammals are
dormant genomic parasites that only “jump” in cells contributing to the germline to ensure
their survival. Surprisingly, new somatic L1 insertions seem to occur frequently, probably in
many (if not most) neurons, during embryonic neuronal differentiation as well as during
adult neurogenesis. This leads to neuron-to-neuron variation in genomic DNA content,
which may alter individual neuronal transcriptomes. Diversifying an individual neuronal
‘readout’ through retrotransposition could have implications for synaptic plasticity, leading
to altered neuronal circuitry and behavior. Further, this event may be influenced by
environmental factors, providing a potential genetic mechanism for generating neuronal
diversity in response to changing environments.

A first step towards answering the question of a possible functional role of L1 induced
genomic variation will be to comprehensively catalogue and characterize new insertion sites
within the mammalian brain, ultimately at the single cell level. Even with the advent of
ultra-high throughput sequencing methods this is still a costly and challenging endeavor.
What we can already conclude is that an unexpected source of variation exists within
mammalian brains that generates diversity within any individual. In unraveling the
implications of L1 induced “genomic plasticity” in the brain we are just beginning to truly
understand McClintock’s notion of a ‘dynamic genome’.
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Figure 1. Background on L1 retrotransposition

A| Composition of L1 and dependent sequences. L1 elements belong to the long
interspersed element (LINES) class of repeat sequences and are the only active class of
retroelements in the human genome. Full-length, functional L1s are ~6kb long and are
autonomous because they encode proteins necessary for their retrotransposition. L1 elements
contain a polymerase Il promoter in their 5’UTR (blue band, with arrow), followed by two
open reading frames (ORF1 and ORF2) and a short 3-UTR that ends in a poly(A) tail. The
poly(A) tail is preceded by a polyadenylation signal (pA). ORF1 encodes a nucleic acid
chaperone [75]; ORF2 encodes an endonuclease and reverse transcriptase [76]. Both of the
element-encoded proteins are essential for retrotransposition.
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Another class of repeats in mammalian genomes are short interspersed elements (SINES).
SINEs are sequences that do not encode for their own proteins necessary for transposition
but can be mobilized by L1- encoded proteins and are therefore non-autonomous. SINEs
that can be transactivated by L1 are Alu and SVA elements. SVA elements are ~3kb long,
do not contain a transcriptional promoter sequence and consist of several components
(SINE-R, VNTR, Alu), including a hexanucleotide repeat sequence at their 5’ end
(CCCTCTp) and a poly(A) tail at their 3' end; (VNTR, variable number of tandem repeats).
Alu elements are short ~300bp long sequences that contain two polymerase 111 promoter
regions (blue bands, with arrows) and consist of two related monomers: left monomer (LM)
and right monomer (RM). Both monomers are separated by an A-rich linker region (Ap).
Alu elements usually end in a long poly(A) tract. A hallmark of all novel L1-mediated
retrotransposon insertions is that they are flanked by target site duplications (TSDs, black
arrows) of varying lengths.

Processed pseudogenes are generated from spliced mRNAs that have hijacked the L1
machinery, were reverse transcribed, and inserted into the genome. They consist of intron-
less exonic sequences and typically do not include a promoter sequence. If inserted near a
regulatory region they can become expressed and exert regulatory functions [77,78].

B| L1 retrotransposition cycle. L1 transcription is repressed by methylation (Me) of the
CpG island in its promoter. Once transcribed, L1 mRNA (blue line) is exported from the
nucleus and translated in the cytoplasm, where it assembles with its own encoded proteins,
which show a strong cis-preference and forms ribonucleoprotein complexes (RNPs). RNP
complexes are re-imported into the nucleus, probably due to nuclear envelope breakdown
during mitosis. L1 RNA is reinserted in the genome by a proposed mechanism referred to as
target site primed reverse transcription (TPRT), whereby the endonuclease makes a single-
stranded nick in the host DNA (consensus sequence: 5'-TTTT/AA-3') [27] and the reverse
transcriptase uses the nicked DNA to prime reverse transcription from the 3’ end of the L1
RNA. Frequently, reverse transcription fails to proceed to the 5’ end, resulting in truncated
de novo insertions that are unable to jJump again. L1 mRNA and proteins can be sequestered
into stress granules (SGs) [79]. SGs are discrete cytoplasmic aggregates that are induced by
a range of stress conditions, including hypoxia, heat shock and oxidative stress. Two
possible functions of SGs in the context of L1 biogenesis have been discussed: L1-RNPs
could be either targeted for degradation or return from SGs to the polysome-associated
cytoplasmic pool of translated mRNASs [80], which upon re-entry into the nucleus would
lead to new L1 insertions in the genomic DNA. In addition to L1, Alus, SVAs or cellular
MRNAs can be “hijacked” by L1 proteins, thus facilitating their retrotransposition into the
genome and possibly generating additional variation.

C| L1 regulation during neurogenesis. L1 transcription is repressed in neural stem cells
(NSCs) by a complex comprised of the transcription factor SOX2 and histone deacetylase 1
(HDAC1). SOX2 binds to a bipartite sequence motif that also contains a LEF binding site.
Derepression of the SOX2/HDAC1 complex occurs during the transition from NSCs to
neural progenitor cells (NPCs); subsequently L1 expression is induced by Whnt signaling:
WNT3A activates p—catenin, which then accumulates in the nucleus where it forms an
activating complex with TCF/LEF. The TCF/LEF complex can now bind to the LEF binding
site that has been vacated by SOX2 leading to the transcriptional activation (bent black
arrow) and jumping (curved red arrows) of L1 elements.
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Figure 2. How L1 insertion may affect the transcriptome

DNA

A| In a process termed transduction, L1 elements (golden cylinders) carry sequences
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flanking the element from their original source location to a new location; this can occur on
the 5" and 3’ end: transcription that initiates upstream from the L1 element results in mMRNA
that contains additional sequence 5’ of the L1 element (red line), whereas poly-adenylation
sites that are located further downstream of the L1 element can lead to extension of L1
MRNA beyond the element’s 3’ end (green line). This process can cause exon shuffling or
lead to insertion of regulatory sequences such as transcription factor binding sites at a new

genomic location.
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B| Mammalian L1 elements (golden cylinders) contain functional splice sites in both sense
and antisense (AS) orientations; thus, when integrated into introns, L1 elements can induce
aberrant splicing resulting in alternative mRNA transcripts.

C| L1 elements contain numerous internal polyadenylation [(p(A)] signals in both sense and
antisense orientation that can lead to alternative mRNA transcripts or premature termination,
thus affecting mRNA splicing and stability.

D| Transcript levels of genes can be changed through regulatory sequences that are
contained within L1 elements. Human L1 elements contain one sense and one antisense
promoter within their 5' UTR and another promoter in the 3' UTR (bent arrows). The
antisense promoter in the 5’ and 3’ UTRs can initiate ectopic transcription of sequences
flanking L1. Antisense transcripts can lead to production of non-coding RNA (ncRNA) or
chimeric transcripts. Further, antisense RNA could reduce mRNA levels through the
formation of double-stranded RNA (dsRNA), triggering the protein kinase R (PKR)
degradation pathway [81], or leading to siRNA that induces RISC-dependent silencing [82].
In addition, ncRNAs could modulate epigenetic marks in cis and aid in the establishment of
boundary elements.

E| An L1 element that has inserted upstream of another gene can become methylated (Me),
which may induce formation of heterochromatin (red ovals) that can spread into flanking
promoter sequences, effectively silencing transcription. Conversely, activation of an inserted
L1 element could lead to ectopic activation of a nearby gene by facilitating binding of
transcription factors (green oval).
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Figure 3. Putative implications of L1-mediated somatic mosaicism in the brain

In a reversal of the commonly held belief that retrotransposition occurs primarily in the
germline [83], it became clear that L1 elements are expressed in many somatic tissues,
including the brain [7,13,84]. Recent evidence shows that L1 retrotransposition (curved red
arrows) does not occur in the parental germline but in the soma during early embryonic
development (colored dots), resulting in individuals that are genetically mosaic with respect
to L1 composition [33]. It has been suggested, however, that L1 RNA may be transcribed in
the parental germline and carried over in both male and female germ cells in the form of
RNPs (black line with red dots) and integrated into the genome at the preimplantation stage
[33] (colored spots); however, these events are probably rare, since retrotransposons are
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effectively silenced in the germline through a small RNA induced mechanism [78,85].
Somatic L1 retrotranspositon events that occur during embryogenesis would result in clonal
sectors of cells (colored patches) that carry the same insertion event. The size of clonal
sectors depends on the developmental stage when the insertion occurred and the number of
subsequent cell divisions. L1 insertion events that happen during embryonic brain
development will be found in different brain regions (colored patches and dots), whereas
events that happen during adult neurogenesis will be restricted to specific areas, such as the
dentate gyrus (insert). According to our hypothesis, L1-induced mosaicism could increase
variability in the brain (blue curve), which could have implications for behavioral
phenotypes. The environment could influence regulation of somatic L1 retrotransposition in
the brain and this influence could be mediated by epigenetic or hormonal mechanisms.
Depending on its impact on the brain and the consequences, L1-induced somatic variability
could either increase the risk for neurological disease or induce behavioral changes that
could help the organism to better adapt to changing environments.
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