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1. ABSTRACT

Long interspersed nucleotide element 1 (L1) is a
family of non-LTR retrotransposons that can replicate and
reintegrate into the host genome. L1s have considerably
influenced  mammalian  genome  evolution by
retrotransposing during germ cell development or early
embryogenesis, leading to massive genome expansion. In
humans, over 30% of the genome can be attributed to L1-
mediated retrotransposition. Historically, L1s were thought
to only retrotranspose during gametogenesis and in
neoplastic processes, but recent studies have shown that
L1s are extremely active in the mouse, rat, and human
neuronal progenitor cells (NPCs). In fact, it is estimated
that the hippocampus and other regions of the brain may
have multiple insertions per cell. These insertions can
dramatically impact neuronal transcriptional expression,
creating unique transcriptomes of individual neurons.
Furthermore, transcriptional activation of L1 elements
mimics the transcription activation of the NeuroD1 gene,
suggesting a prominent role of L1 expression during
neurogenesis.
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2. INTRODUCTION

Discovered by Barbara McClintock in 1940s (1),
mobile DNA elements are repetitive sequences capable of
“moving” and reinserting into the host genome. Class II
DNA transposons, the mobile DNA elements discovered by
McClintock, utilize a “cut-and-paste” mechanism to confer
mobility. The element can excise itself from the host’s
genome and integrate in a new location (2). Such activity
can impact gene expression, affecting color in maize
kernels for example. Retrotransposons, on the other hand,
use a “copy-and-paste” mechanism, which enables the
retroelement to duplicate each integration event (3).
Retrotransposons are transcribed into RNA intermediates
and must utilize a reverse transcriptase activity to
reintegrate into the host genome. Similar to DNA
transposons, new retrotransposon insertions can also affect
gene expression, generating a genetic mosaicism in
multicellular organisms. The impact of these de novo
insertions in the genome is probably underestimated due to
the paucity of data. However, it is clear the multiplicity
effect of the L1 replication mechanism, retrotransposons
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compromise an overwhelming majority of mobile DNA
elements in eukaryotic genomes (4). Of particular interest
is the LINE family, the most prominent autonomous mobile
element in mammalian genomes.

2.1. L1 prominence in mammalian genomes

In mammals, the LINE family has expanded
immensely and is the single greatest constituent of genomic
DNA, accounting for approximately 20% of the entire
genome in humans, chimpanzees, mice, and platypuses
alike (5, 6). Small Interspersed Nuclear Elements (SINEs)
account for another ~10% of mammalian genomes. SINEs
are short sequence retroposons (~300 bp) that hijack the
proteins expressed by L1 in order to retrotranspose.
Therefore, about 30% of mammalian genomes can be
attributed to LINE-mediated expansion, signifying the
importance of L1 in mammalian genome evolution.

Although mammalian genomes are highly
abundant in LINE and SINE sequences, only a small subset
of these transposable elements are full length, free of
mutations and able to retrotranspose. In humans, it is
postulated that of the 516,000 L1 sequences, approximately
100 are currently active (7). In comparison, approximately
3,000 putatively active L1 elements exist within the mouse
genome (8). It should be noted, however, the rate of
generational L1 integration for human is the same as the
mouse, even though the mouse has 30 times more
putatively active elements (9).

2.2. L1 structure

An L1 element is approximately 6 kb long,
composed of 910 bp 5’UTR with promoter-like properties,
two open reading frames (ORF1 and ORF2), and a 205 bp
3’UTR that encodes a functional polyadenylation signal
(10). ORF1 is a RNA chaperone and probably assists on
annealing of complementary strands, and removal of
mispaired DNA duplexes (11). ORF2 contains a functional
endonuclease (EN) (12) and reverse transcriptase (RT)
domain (13). Translation of ORF1 and ORF2 is necessary
for L1 to integrate back into the genome (14). When
expressed and translated, L1s can integrate into the host
genome by the target-primed reverse transcription
mechanism (15). In general, L1s nick and integrate at 5’-
TTTT/AA-3’ canonical sites in the host’s genome. Newly
inserted L1 elements typically consist of an intact 3’ region
including a variable length in the polyA tail, but are often
truncated at the 5’ end, possibly due to incomplete RT
activity, and always flanked in between target site
duplications (16). For more detailed information on the
structure, biology, retrotransposition mechanism, reviewed
in17, 18.

2.3. L1 retrotransposition modulates gene function
When L1 elements reinsert into the host genome,
they can alter gene transcription by a variety of
mechanisms. Insertion within an exon can cause frameshift
mutations, premature stop codons, or exon-skipping. In
some instances, an integration event can cause a large
genomic deletion at the site of insertion, thus removing part
of an exon or regulatory sequence (19). Likewise, if L1
inserts within a transcribed portion of a gene, it can
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decrease the gene’s mRNA levels by causing the
transcriptional machinery to slow down or abort due to the
high A/T content in ORF2 (20). L1s can create premature
polyadenylation sites (21) or chromatin modifications due
to methylation of the CpG islands in the 5’UTR (22).
Alternatively, the promoter capabilities of L1 can increase
gene transcription or create new transcription start sites
when inserted into untranslated portions of genes (23). L1
insertions can also create new isoforms by introducing new
splice sites (24). In summary, de novo L1 integrations can
cause mutagenesis by a variety of mechanism, shaping the
genome and impacting nearby gene expression.

3. L1 RETROTRANSPOSITION IN THE BRAIN

The human brain consists of approximately 86.1
billion neurons and 84.6 non-neuronal cells (25). In
addition, the typical mature neuron makes 5,000-20,000
synaptic connections (26), creating an elaborate and
complex network. Furthermore, the mammalian brain is
diversified with many neuronal types and subtypes.
Although the true definitions of a neuronal type and
subtype are debated, the number of subtypes is far too great
to be estimated with current knowledge and methodologies
(27). However, current definitions of neuronal types and
subtypes do not even take into consideration differences of
molecular  expression  levels, connectivity, and
electrophysiology of individual cells within cell types. It is
difficult to attribute the origin of neuronal diversity solely
on spatial and temporal gene regulation. In fact, the
nervous system uses several molecular mechanisms to
generate neuronal diversity (28). These mechanisms may
include aneuploidy, promoter usage, alternative RNA
splicing, alternative polyadenylation, RNA editing,
epigenetics, and L1 retrotransposition. Combinations of
these mechanisms would likely create individualistic
functions in distinct neurons. L1 retrotransposition is
extremely intriguing because it can significantly interfere
with many of the other mechanisms listed above, including
promoter usage, RNA splicing, polyadenylation, and
epigenetics.

3.1. L1 retrotransposition in neuronal progenitor cells

It has been previously shown that L1 is highly
expressed and capable of retrotransposing in neuronal
progenitor cells (29). To visualize retrotransposition, a
construct consisting of L1 and the eGFP indicator cassette
was transfected into adult rat hippocampal neural
progenitor cells (NPCs). This construct is designed to
fluoresce only after the L1 construct retrotransposes back
into the genome. Several NPCs fluoresced, whereas no
fluorescence was seen in other somatic cell types, such as
mesenchymal stem cells and fibroblasts. PCR of genomic
DNA confirmed the retrotransposition. These data show
the capacity of L1s to retrotranspose in rat NPCs, and has
been confirmed both in vivo with transgenic mice (29) and
in vitro using human NPCs derived from embryonic stem
cells (30).

The major advantage of the transgenic mouse
expressing the L1-eGFP indicator cassette is the ability to
trace the lineage of which cells have undergone
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Figure 1. Schematic of the molecular mechanism regulating L1 retrotransposition during neurogenesis. NeuroD1 and L1
transcription are controlled by Sox2 and TCF/LEF sites of the 5’UTR. In the neural stem cell state, Sox2 binds to the Sox sites
and inhibits transcription. Stimulation by Wnt3a induces the recruitment of beta-catenin and TCF/LEF. Binding of TCF/LEF
induces the transcription and subsequent expression of NeuroD1 and L1, accompanying the neural stem cell

retrotransposition (31). Previous studies with the L1-eGFP
transgenic mouse detected L1 retrotransposition in testis
but did not closely examine the NPCs of the brain (32). In
contrast, using a non-tissue specific reporter, L1
retrotransposition was detected at relatively frequent
rates in the brain in addition to the testis (29). Other
tissues were examined, including the kidney, intestine,
heart, liver, spleen, lung, skin, and muscle, but no
indication of retrotransposition existed. Analyses of the
transgenic mice also show multiple neuron types derived
at different times of development display evidence of
retrotransposition, as evidenced by co-localization with
the neuronal maker NeuN. No eGFP-positive cells co-
localized with astrocyte marker S100-beta or
oligodendrocyte marker glutathione S-transferase pi. By
analysis of embryonic brains from the L1-eGFP
transgenic mice and estimating from neuroatomical
adult brain regions, it was possible to conclude that L1
retrotransposition begins around E10 and continues
postnatally. These  results demonstrate L1
retrotransposition is probably specific to the cells of
neuronal lineage and can occur during either embryonic
or adult neurogenesis.

Although the L1-eGFP transgenic mice display
the ability of L1 to retrotanspose in NPCs, the question of
whether endogenous LINEs retrotransposed in the brain
still remained. To answer this query, a multiplex qPCR
analysis on genomes derived from human postmortem
tissue was performed (30). The experiment was set up to
compare the copy number of L1 elements in brain, heart,
and liver tissues. The results demonstrated brain tissue
contained approximately 80 more L1 element sequences
per cellular genome than tissue of the heart and liver. The
copy number quantification of the qPCR results, generated
by a standard plasmid-based comparison, does not
completely reproduce the genomic structure. Moreover, an
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increase number in L1 sequences may not necessarily
reflects and activity of L1 retrotransposition. It is still
possible that other somatic mechanism could account for
the expansion of L1 sequences in the brain. Definite proof
of new L1 insertions from sequencing techniques will help
to elucidate this question.

As noted earlier, L1 integration within or near
a gene can dramatically change its expression pattern.
For example, when an L1 element inserted within the
5’UTR of the post-synaptic density gene Psd-93 of a rat
NPCs, the PSD-93 expression was altered, affecting cell
fate (29). During neuronal differentiation, Psd-93 began
expression earlier and at greater levels in the NPCs.
Furthermore, the NPCs overexpressing PSD-93
differentiated almost exclusively into neurons, whereas
normal differentiation produces similar amounts of
neurons and glia. This data shows a single integration
event can dramatically affect a cell’s expression profile
and fate. Considering the fact that an average of 80 L1
integration events occur per neural cell in humans (30),
we hypothesize L1-mediated integration would create an
extraordinary level of inter-neuronal diversity.

3.2. Control of L1 activation and expression in neuronal
cells

Understanding the regulatory elements of the L1
transcript would likely yield insights into why L1 is
specifically active in NPCs. Recently, Kuwubara et al.
discovered that Wnt3a stimulation on neural stem cells
increases L1 expression in about 10-fold via the beta-
catenin pathway (33). Overlapping Sox and TCF/LEF
(Sox/LEF) sites within the 5 UTR and ORF2 protein of
LINE-1 mediate the upregulation of expression (Figure 1).
Furthermore, the Sox/LEF sites exist in the mouse, rat, and
human L1, suggesting a conserved role among all
mammals.
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Fibroblast growth factor 2 signaling keeps neural
stem cells in a proliferative, undifferentiated state. Sox2
associates to the Sox/LEF sites, repressing L1 expression (29).
Wnt3a stimulation induces the neural stem cell to differentiate
into NPCs. As the neural stem cell progresses into the
progenitor stage, Sox2 expression is lost concomitant with
increase of L1 expression. Interestingly, Wnt3a activates
transcription of NeuroD1 in a similar manner as L1. NeuroD1
is a major transcription factor that promotes neurogenesis by
activating many proneural genes. The promoter region of
NeuroD1 has Sox/LEF sites, similar to the 5’UTR of L1.
Likewise, the temporal expression pattern of NeuroD1 and L1
mirror each other during neuronal differentiation. The
correlation between NeuroD1 and L1 insinuates that L1
expression is of utmost importance during neurogenesis.

The chromatin modifier methyl-CpG binding
protein 2 (MeCP2) is another key regulator of L1 in neurons
(34). In a neural stem cell state, the MeCP2 protein occupies
to the promoter of L1, preventing transcription. Upon
differentiation, MeCP2 releases from the promoter, allowing
L1 transcription to take place. In mature neurons, MeCP2
reoccupies the L1 promoter, preventing spurious expression
(35). Mutations that lead to alterations in MeCP2 expression
or loss of MeCP2 protein function are the cause of Rett
Syndrome (36). In neurons derived from iPSCs of Rett
patients, we have detected increased expression and
retrotransposition of L1 (34). Therefore, we propose loss of
regulation of the neuronal retrotransposition could contribute
to the pathology or heterogeneity of Rett Syndrome (37).

4. SUMMARY AND PERSPECTIVE

Mammals, and especially humans, are often
described as  having individualistic = behaviors.
Monozygotic twins, although alike in appearance and
physical build, typically have unique personalities even
when reared in the same environment (38). The work of
Tellegen et al., and other similar studies, have deducted
personality is 50% determined by genetics, 50%
determined by “environment.” However, rearing
monozygotic twins in virtually the same environment
yielded only 0-10% affect on personality. Therefore, 40-
50% of the personality determined by “environment” is
actually due to something other than the environment. In
similar experiments, studies were performed to determine
where behavior variability in inbred laboratory mice arises
(39, 40). The studies concluded that behavior variability in
inbred mice is due to a complex set of factors, including the

possibility of differences in repetitive sequences,
generating stochastic variability within cells. This
variability phenomenon is known in genetics as

“incomplete penetrance”, indicating the existence of a
mechanism that generates diversity even among genetically
identical individuals exposed to exactly the same
environment. Most of the times, such stochastic process is
considered noise and frequently overlooked. However,
more studies are realizing that the random process is an
important part of biological complex organisms. In fact,
random fluctuations in gene expression can reach some
threshold level to cause an outcome (41, 42).
Unfortunately, cellular outcomes are not always visible and
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experimental validation of stochastic processes is scarce,
with few examples that lead to a more dramatic readout
(43, 44). We hypothesize that mammalian behavioral
variability between individuals is in part due to neuronal
variability mediated by L1 somatic retrotransposition.
Because de novo L1 integrations occur per neuron, each
neuron is going to express a mildly distinct transcriptome.
Furthermore, since L1 integration seems to insert within
neuronal genes at random, each mammalian individual will
have a distinct combination of neurons, which, in turn will
dictate the unique networks and circuits, creating individual
behaviors.
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