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Abstract: LINE1 (L1) is an autonomous, non-LTR retrotransposon and the

L1 family of retrotransposons constitute around 17%, 20% and 23% in the human,
mouse and rat genomes respectively. Under normal physiological conditions,

the retroelements remain by and large transcriptionally silent but are activated

in response to biotic and abiotic stress conditions and during perturbation in
cellular metabolism. They have also been shown to be transiently activated under
certain developmental programs. Using RT-PCR, we show that the L1 elements are
transcriptionally active in the hippocampus region of the brain of four-month-old
rat under normal conditions without any apparent stress. Twenty non-redundant
LINE1-specific reverse transcriptase (RTase) sequences form ORF2 region were
isolated, cloned and sequenced. Full length L1 element sequences complementary
to the isolated sequences were retrieved from the L1 database. In silico analysis was
used to determine the presence of these retroelements proximal (up to 10 kb)

to the genes transcriptionally active in the hippocampus. Many important genes
were found to be in close proximity of the transcriptionally active L1 elements.
Transcriptional activation of the elements possibly affects the expression of the
neighbouring genes.
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Introduction

Transposable elements make up sizeable components of all eukaryotic genomes,
varying from 14% to over 80%. On the basis of their mechanism of transposition,
they are categorized into two classes: (i) class | elements, called retrotransposons
which move via an RNA intermediate by “copy-and-paste” mechanism; and

(i) class Il elements, called transposons move via a DNA intermediate by “cut-
and-paste” mechanism. The “copy-and-paste” mechanism implies that transposition
of the element leads to increase in copy number whereas transposition by the
“cut-and-paste” mechanism normally does not lead to increase in the copy
number. Retroelements constitute a predominant class of elements in eukaryotic
genomes and subdivided into two categories: LTR elements and non LTR elements.
The mammalian genomes contain a preponderance of non-LTR retroelements.
One of the transpositionally active groups of non-LTR elements in mammalian
genomes is the L1 elements, LINE1 (Long Interspersed Nuclear Element). The L1
elements constitute approximately 17%, 20% and 23% in the human, mouse and
rat genomes respectively (Lander et al., 2001;Waterston et al., 2002; Gibbs et

al., 2004). They remain quiescent under normal physiological and developmental
conditions (Furano, 2000; Ostertag and Kazazian, 2001; Moran and Gilbert,

2002); however, they could become active under environmental stress conditions
(Muotri et al., 2009; Hunter et al., 2012, 2013;Terasaki et al., 2013) and certain
pathological conditions (Beck et al., 2011; Kaer and Speek, 2013). The elements
have shown to be active during the processes of differentiation (Muotri et al.,
2005; Coufal et al.,, 2009), neurogenesis (Singer et al., 2010; Thomas et al., 2012),
and embryogenesis (Garcia-Perez et al., 2007; van den Hurk et al., 2007; Castro-
Diaz et al., 2014). Increased rate of L1 retrotransposition has also been reported
in the neuronal tissues in schizophrenia and bipolar disorders (Coufal et al., 2011;
Poduri et al., 2013; Bundo et al., 2014). Transpositional events in somatic cells have
been shown to lead to mosaicism during neuronal differentiation (Muotri et al.,
2005). Integration of the L1 elements into different locations within the genome
may possibly affect the expression pattern of neighbouring genes. Activation of
the elements in pathological conditions could be explained by certain degree of
metabolic perturbation in the affected cells. As per the L1 database, over 11,600
full length L1 elements have been detected in human, over 6,500 in rat and over
2,000 in mouse genomes
(http://line1.bioapps.biozentrum.uniwuerzburg.de/l1base.php).

L1 encodes two proteins: ORF1, an RNA binding protein and ORF2, an
endonuclease and reverse transcriptase. Both the proteins are required for L1
transposition. L1 elements propagate in the host genome via an mRNA. Moran
and Gilbert (2002) showed that the integrated full length L1 element is generally
flanked by variably sized target site duplications.The L1 elements are thought to
be transcribed by RNA polymerase Il. Transcription into full-length RNA is the
first step in the L1 retrotransposition that provides a template for the synthesis of
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both L1-encoded proteins and a DNA copy (Furano, 2000; Ostertag and Kazazian,
2001; Moran and Gilbert, 2002). Then the reverse transcribed DNA copy may be
integrated into the host genome.The increased activation of L1 retrotransposition
in the neuronal genome has also been observed in mental disorders including
schizophrenia and bipolar disorders (Coufal et al., 2011; Poduri et al., 2013; Bundo
et al., 2014). It is conjectured that increased retrotranspositional activity of the L1
elements in schizophrenia may be triggered by genetic and/or environmental factors
in the early neural development and that could be the contributing factor for the
susceptibility and pathophysiology of the disease (Bundo et al., 2014).

We analysed L1 expression in different regions of brain of four-month-old rats
by RT-PCR using primers designed for the L1-specific reverse transcriptase domain.
We observed the presence of L1-specific reverse transcriptase (RTase) transcripts
in the hippocampus under normal physiological conditions. Analysis of diversity of
RTase domain of different L1 elements indicates the presence of transcript from at
least 19 different L1 elements. In silico analysis reveals that the L1 elements active in
the hippocampus are located within introns and in the close vicinity of upstream or
downstream of the genes involved in neural related functions.

Material and Methods

Animals

Four-month-old male Wistar albino rats (6 for each age group) were used for all
the experiments. Animals were maintained in the animal house facility of Jawaharlal
Nehru University (JNU), New Delhi, at a constant temperature of 25 °C, humidity
of 55% and 12 h dark and 12 h light cycle (light from 06:00 to 18:00 h).The
animals were fed standard chow rat feed (Hindustan Lever Ltd., India) and water
ad libitum. All animal experiments were approved by the JNU-Institutional Animal
Ethics Committee; and all the institutional guidelines were adhered to in the care
and treatment of the animals. Rats were sacrificed by cervical dislocation. Different
regions of brain namely cerebral cortex, hippocampus, cerebellum, medulla and pons
were excised, rapidly frozen in liquid nitrogen and stored at —80 °C.

RNA isolation and RT-PCR

Total RNA from the 4-month-old normal rat brain regions was extracted using
TriZol (Invitrogen, USA) according to the manufacturer’s instructions. To eliminate
the possibility of genomic DNA contamination, the RNA samples were treated with
the RNase free DNase | (Fermentas) according to the manufacturer’s instructions.
The concentration of RNA was determined and integrity of RNA in the samples
was confirmed by 1.2% (w/v) MOPS agarose gel electrophoresis.

Isolation of reverse transcriptase sequences

Forward and reverse primers for PCR amplification were designed from the
conserved domain within the ORF2 of the L1 element (Dobigny et al., 2004).
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RT-PCR was carried out using Promega’s Access RT-PCR system with slight
modifications: 1 uyg RNA template, 1.5 mM MgCl,, and 200 nM of each of the
primers (5-ATT CTRTTC CATTGG TCT A-3’ and 5’-CCATGCTCATSG ATT
GG-3’). The amplification was performed in a MJ Research thermocycler with the
following parameters: 94 °C for 2 min, followed by 30 cycles of 94 °C for 30 s,

52 °C for 30 s and 72 °C for 30 s, followed by a final extension step at 72 °C for
10 min.The amplified products were eluted from 1.5% agarose gel and cloned into
a pGEMTeasy vector (Promega). Cloned amplicons were sequenced by Scigenome,
India.

Similarity among the amplified sequences

Thirty seven different nucleotide sequences obtained were checked for non-
redundant sequences and the sequences over 90% similarities were excluded.

We used the Mview tool for this analysis (http://www.ebi.ac.uk/tools/msa). Mview
transforms the Sequence Similarity Search results into Multiple Sequence Alignment
(Brown et al., 1998). Of all the sequences, 20 non-redundant sequences were used
for further analysis.

Distribution of L1 elements on different chromosomes

The sequence of each chromosome was analysed using Ensembl BLAST/BLAT
(Hubbard et al., 2002) online program (http://asia.ensembl.org/Multi/blastview).
BLAT analysis was performed with “exact matches” search sensitivity. Top

1,000 results for each sequence were sorted by raw score. Out of all results

only those alignments were selected which showed approximately 95% sequence
similarity and 90% length match with query sequences. Total number of alignments
per chromosome were calculated and converted to percentages for each query
sequence. To show the relationship between L1 density and chromosome size,
Pearson’s correlation test was performed. The statistical analyses and graphs were
built using Prism GraphPad v5.

Location of genes in the vicinity of intact L1 elements

Each chromosomal sequence was submitted to the L1 database (http://line1.bioapps
.biozentrum.uni-wuerzburg.de/l1base.php) to know intact L1 elements-associated
sequences within the rat genome (using RGSC v3.4-Ens30.34; 6108 Entries, Last
Update: 2007-10-14 21:07:58). The first top 100 were sorted by intactness score,
which also provided information about genes associated with each resultant L1
element. Each L1 UID was selected and checked for the vicinity of genes belonging
to a specified probable chromosomal location using Ensembl Rat Genome Database
RGSC v3.4.The chromosomal location was ascertained in “Ensembl Genome
Browser” (http://asia.ensembl.org/index.html) in its required input format (e.g.
Chromosomal Position-7:105925414-105916554). Only those genes were selected
for further analysis, which were in the direct vicinity i.e. located within the gene
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or located up to 10 kb from the upstream or downstream to an annotated protein
coding gene. Thus, data were rearranged manually to show the presence of intact L1
element in the vicinity of a gene (upstream or downstream or intragenic). The results
of Ensembl Genome Browser for the genes associated with intact L1 elements

were recorded and tabulated. The expression of each gene in rat hippocampus was
assessed using “Atlas Gene Expression Database” (http://www.ebi.ac.uk/gxa/).

Results

Presence of L1 specific transcripts in the hippocampus

The L1 retrotransposons are present in multiple copies in the rat genome and only
a few copies are known to be transcriptionally active under stress conditions. We

Figure 1 — RT-PCR profile of the L1 reverse
transcriptase domain amplified using RNA
isolated from different regions of brain.

(A) RI-PCR amplification profiles of the L1
reverse transcriptase domain of different
regions of brain: cerebellum, cortex,
hippocampus, medulla oblongata, and pons.
Approximately 280-bp amplicon (positive
control) is expected using the specific
primers. Amplification product is visible only
in the hippocampus. (B) Lanes 1—4 — RT-PCR
amplification of the L1 reverse transcriptase
domain from the hippocampus of different
rats. Lane 5 — negative control.
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analysed the presence of L1 specific transcripts in various regions of rat brain
under normal growth conditions. The degenerate primers corresponding to the
L1-specific RTase domain are expected to produce an amplicon of ~280 bp. RNA
isolated from five different regions (cerebral cortex, cerebellum, hippocampus,
medulla oblongata and pons) of four-month-old rat brain were used for RT-PCR.
The RT-PCR profiles show the presence of the L1-specific transcript only in the
RNA isolated from the hippocampus region (Figure 1A).The results indicate that
the L1 retrotransposons are transcriptionally active in the hippocampus region
of rat brain. No L1-specific transcripts were observed in any other region of the
brain. The experiments were repeated several times confirming that detectable
transcriptional activity of L1 elements is only present in the hippocampus
(Figure 1B).

Existence of different families of L1 transcripts

The reverse transcriptase domain of L1 retrotransposons is highly conserved

at the amino acid level but not at the nucleotide level. Since a large number of
different L1 retrotransposons are present in the genome, the kinetic complexity
of the amplified transcript was analysed in order to identify transcriptionally
active elements. Therefore, the amplified products were cloned and sequenced.
Of the 37 clones sequenced, 20 were non-redundant sequences for L1-specific
RTase domain suggesting that they possibly have originated from different L1
elements. All these sequences originating from transcriptionally active elements
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Figure 2 — Distribution of full length L1 elements in the individual chromosomes.
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were analysed in silico to access the physical distribution of the hippocampus
active L1 elements in the rat genome. Since the truncated elements could not
be functional, only full length elements were taken into consideration. Analysis
indicates a skewed distribution of the full length L1 elements on different rat
chromosomes. Chromosome 1 contains over 69% of the full length elements
and chromosomes 19 and 20 are almost devoid of any full length L1 elements
(Figure 2).The chromosome 1 contains majority of full length elements but only
a tiny fraction of these active in the hippocampus. The elements were considered
active on the basis of sequence homology to the RT-transcript. And out of these
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a very few of the full length elements are located in the vicinity of the protein
coding genes. Chromosomes 2, 4, 9, 13 and 14 contain 13,9, 10, 10 and 7% of the
transcriptionally active L1 elements respectively.

L1 elements are associated in close vicinity with genes

On searching of the L1 Rn database, we found 77 full length elements in the
vicinity of genes. Of these full length elements, 63 are localized in the intragenic
regions and the remaining ones were located upstream or downstream (within
10 kb) of the genes (Figure 3A and B). Figure 3B shows a relative distribution of
the elements within or in the vicinity of the genes. At least 20 different members
of the L1 family appear to be transcriptionally active in the hippocampus.The
integration of a large proportion of these elements is within genes, either within
an intron or in some cases also includes part of an exon. Functionality of the gene
containing element within an intron may not be affected provided the integration
does not affect the splicing.

Discussion

The rat genome contains 23% of the L1 family of retroelements and a proportion
of the elements may potentially be mobile. They are known to be under tight
regulatory controls and remain transcriptionally or transpositionally silent under
normal conditions. They are known to be activated under environmental stress

or metabolic perturbation (Muotri et al., 2009; Hunter et al., 2013; Kaer and
Speek, 2013).We show that the retroelements that normally are transcriptionally/
transpositionally activated in response to stress or metabolic perturbation could
be active under normal physiological conditions in the hippocampus. Since the
transcription of the elements is a prerequisite for retrotransposition, it is very
likely that at least a part of L1-derived transcript would lead to retrotransposition.
Besides retrotransposition activity has shown to be increased during
embryogenesis and neurogenesis. Since the hippocampus is the primary site for
neurogenesis it is possible that the enhanced transcriptional activity of L1 elements
in the hippocampus may directly be related to neurogenesis.

Enhanced transpositional activation of L1 elements has been associated with high
neuronal turn over leading to neuronal diversity and plasticity. In adult humans,
700 new neurons are added in the hippocampus every day. Substantial neurogenesis
takes place throughout life in the human hippocampus except a modest decline
during aging (Spalding et al., 2013). New neurons are continuously added and this
high degree of neurogenesis continuously remodels hippocampal circuits (Akers
et al., 2014). This remodelling possibly is a consequence of synthesis of new
neurons replenishing the old ones. It is tempting to conjecture that the increased
retrotransposition during neurogenesis may be related to the degradation of old
neurons. However, there are contrasting observations with respect to increase in
copy number of L1 elements in the hippocampus. Coufal et al. (2009) observed
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an increased in copy number of L1 elements in the hippocampus and other
regions of adult human brain as compared to the copy number of L1 elements

in heart or liver. On the other hand, Evrony et al. (2012) analysed the genomic
variability among the individual neurons of the brain by single neuron sequencing
and concluded that no detectable level of L1 induced integration in neurons.They
suggested that L1 was not a major generator of neuronal diversity.

The retroelements have mostly been considered evolutionary byproducts even
though mammalian genomes contain a significant proportion of potentially mobile
retrotransposons (Speek, 2001; Baillie et al., 2011). The transcriptional control
on the elements is being exercised either through epigenetic modulations or by
specific miRNAs (Macia et al., 2011). The regulatory controls are known to be
relaxed during pathological conditions especially in cancer. Extensive transduction
of non-repetitive DNA mediated by L1 retrotransposition in cancer genomes
has been observed (Tubio et al., 2014). A significant proportion of protein coding
genes and regulatory domains of the genes have been shown to be evolved
from retrotransposons (Kokosar and Kordis, 2013). The proximity of the active
retroelements to protein coding genes may affect their expression.The L1
elements could be integrated within the gene in either orientation. The human
and mouse L1 elements may have both upstream and downstream transcriptional
capabilities due to presence of sense and anti-sense promoters at their 5 UTRs.
Expression of genes such as Nkain3, Mtif2, Atfé, Rabgap1l, Dock1, Lin7a, Cyp20a1 etc.
located in close proximity to the L1 elements may possibly be modulated by the
active element in the hippocampus (Speek, 2001; Faulkner et al., 2009). Therefore, it
is conjectured that limited transcriptional activation of elements may have specific
role in neuronal differentiation.
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