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Abstract

Long INterspersed Element-1 (L1) is a transposable element that can insert copies of itself in new genomic locations causing
genomic instability. In somatic cells, L1 retrotransposition activity is usually repressed but somatic L1 retrotransposition has
recently been observed during neuronal differentiation. In this study, we evaluate whether L1 elements are differentially active in
rat tissues during postnatal development. To this purpose, we quantified L1 in genomic DNA extracted from the olfactory bulb
(OB), cerebellum (CE), cortex (CO) and heart (H). Each analysis was repeated on rats aged 7, 21 and 60 days. We found that L1
content in OB and CE tissue was significantly higher than H tissue, in rats of all three ages studied, suggesting that L1 activity

could be modulated in postnatal development and neurogenesis.
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Introduction

Long INterspersed Element-1 (LINE-1 or L1) is a non-long
terminal repeat (LTR) autonomous retrotransposon, which
constitutes approximately 17, 20 and 23% of human, mouse
and rat genomes respectively. Fully functional L1s insert cop-
ies of themselves into new genomic locations via
retrotransposition, which involves L1 reverse transcription
and integration by the target-primed reverse transcription
mechanism (TPRT) (Feng et al. 1996). L1 retrotransposition
may cause genomic instability, genetic disorders and cancers
through insertional mutagenesis; further, it is a major force in
shaping the structure and function of mammalian genomes
(Boissinot and Sookdeo 2016).
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The full-length mammalian L1 is about 6 kb and is made
up of a 5" untranslated region (5' UTR) with internal sense and
antisense RNA polymerase II promoters, open reading frame
ORF1 and ORF2, encoding proteins involved in
retrotransposition and a 3’ untranslated region (3" UTR) with
a polyadenylation site (Ostertag and Kazazian 2001).
Recently, an additional ORF (ORFO), in the antisense 5’
UTR of L1, was reported in primate lineage, which might play
some positive regulatory role in the retrotransposition process
(Denli et al. 2015). However, most of the L1 sequences pres-
ent in mammalian genomes are retrotransposition defective
due to 5' truncation and mutations in ORF2 (Kazazian
2004); in the human genome, approximately 80 to 100 L1s
remain retrotransposition competent (Brouha et al. 2003).

L1 activity is usually repressed in somatic cells by various
host defense mechanisms (reviewed recently by Goodier
2016), which are often impaired in cancer cells (Iskow et al.
2010) and can be affected by environmental stress (Del Re
et al. 2012; Del Re and Giorgi 2013; Miousse et al. 2015).
Until recently, L1 retrotransposition was thought to occur only
in germ cells and in tumor cells. This hypothesis changed
when several reports showed that L1 mobilization can occur
in mouse and human brains. Muotri et al. (2005) showed that
an engineered human LINE-1 element could retrotranspose in
rat neural precursor cells (NPC) in vitro and in transgenic
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mouse brain in vivo. Coufal et al. (2009) reported that the copy
number of endogenous L1s in several regions of adult human
postmortem brains was higher than that detected in heart or
liver genomic DNAs from the same donor. Other papers
reported that somatic endogenous L1 retrotranspositions
occur in the human hippocampus, caudate nucleus and
cerebral cortex (Baillie et al. 2011; Evrony et al. 2012;
Kurnosov et al. 2015; Upton et al. 2015). Moreover, it has been
observed that endogenous LINE-1 insertions in human brain
preferentially affect genes involved in neuronal functions
(Baillie et al. 2011; Upton et al. 2015). Other observations
indicated that transposable elements are active in the
Drosophila brain (Li et al. 2013), suggesting that mobile ele-
ment activity is not restricted to the mammalian brain.
Therefore, it is now accepted that L1 elements are mainly
active in neural progenitors, although the debate is still open
about the rate of L1 insertions per neuron (Evrony et al. 2012;
Evrony et al. 2016; Upton et al. 2015; Goodier 2016, b;
Faulkner and Garcia-Perez 2017). A recent report (Macia
et al. 2017) indicates that L1 retrotransposition can also take
place in non-dividing mature neuronal cells.

On the basis of these reports, L1 may contribute to both
neuronal plasticity and neurological functions (Erwin et al.
2014). An open question is if L1 activity plays a role in some
neuropathological conditions and if so, how. Some evidence
has emerged recently about L1 activity’s role in neurological
disease, such as Rett syndrome and posttraumatic stress dis-
order (PTSD) and in psychiatric disorders, such as depression
and bipolarism (Baillie et al. 2011; Bundo et al. 2014; Guffanti
et al. 2016; Liu et al. 2016).

Since the rat is still one of the most important model sys-
tems for human neurological and psychiatric disorders
(Abbott 2004; Cohen et al. 2003), it may be useful to obtain
information about L1 retrotransposition in rat neural tissues.
Indeed, until now, L1 activity has been studied mainly through
the use of human and mouse cells and tissues, with the
exception of Muotri et al. (2005) who showed that human
L1 elements could retrotranspose in rat neural precursor cells.
L1 of rat (Rattus norvegicus) is the most successful mamma-
lian L1 retrotransposon identified so far, constituting around
23% in the rat genomes (Gibbs et al. 2004). The basic struc-
ture of the reported full-length rat L1 (RnL1 accession n°
DQ100473) is similar to that of human L1 except for the 5’
UTR, which is bipartite and consists in tandem arrays of
monomers (about 650 bp) connected to ORF1 by a specific
tether sequence (Furano 2000; Kirilyuk et al. 2008).

The aim of this work is to assess L1 retrotransposition in
different rat brain tissues evaluating variation of L1 content by
comparison of age-related differences and tissue-related dif-
ferences. Three postnatal development stages (7, 21, 60 days
of'age) were investigated. Three tissues (olfactory bulb, cortex
and cerebellum) and a non-neural control tissue (heart) were
analyzed.

@ Springer

Materials and methods
Tissue specimens

Tissues were dissected from Wistar rat (Harlan Italy, Udine,
IT). Animals were maintained on a 12:12-h light/dark cycle
and given food and water ad libitum. All animal experiments
were authorized by a local bioethical committee (Protocol n°
17-72-1212) and performed according to the Italian and
European Community laws on animal use for experimental
purposes. Olfactory bulb (BO), cerebellum (CR), cortex
(CX) and heart (Cuo) were collected and stored at — 80 °C
until processed for DNA extraction. All the tissues were from
ratsat 7 (n=7), 21 (n=5) and 60 (n =9) days of age.

DNA extraction and real-time PCR analysis

Tissue sample of about 20 mg was finely minced and incubat-
ed with 500 pl of lysis solution (10 mM Tris-HCI pH 8.0,
1 mM EDTA, 1.5% SDS, 200 pg proteinase K) overnight at
56 °C. DNA genomic was extracted and purified with
QIAamp® DNA Micro kit (QIAgen, Hilden, Germany) ac-
cording to the manufacturer’s instructions.

Real-time PCR was performed using multiplex TagMan
qPCR assay. TagMan® Universal Master Mix II with
Uracil-N glycosylase (UNG) (Applied Biosystems, Foster
City, CA, USA) and a probe with VIC (4,7,2'-trichloro-7'-
phynil-6-carboxyfluorescein) or FAM (6-carboxyfluorescein)
reporter were used. Oligonucleotide PCR primers and
TagMan-MGB probes were designed by qPCR Assay design
by IDT (Integrated DNA Technologies) and purchased from
Applied Biosystems. The following primers and probe were
used at 300 uM final concentration: ORF2-1 sequence:
GAGTGTTCCTCTTTCTCCACAACCT (forward),
GTGCGATTGGCTAAGATC (reverse), CCACAACC
TCGCCAGCATCT (probe); ORF2-2 sequence:
TGCAGATCGATCCATGCTTATC (forward), GTTCCAGA
TGCTTCCCTAGTTT (reverse), ACCTCCACATCAAA
CCAGACACACT (probe).

The following primers and probe were used at 150 uM
final concentration: 5" UTR L1 sequence: AAGAACAG
CTGAAGACCTGTAG (forward), CTATAAGCCTGTGT
GTCAGGAG (reverse), AACTACACGCCGGAAAGCAG
AACA (probe).

The following primers and probe were used at 720 uM
final concentration: 5S Rib gene: GCCATACCACCCTG
AAC (forward), GGTCTC CCATCCAAGTAC (reverse),
TCG TCT GAT CTC GGA AGC TAA GC (probe).

ORF2-1 and ORF2-2 probes were conjugated to the
fluorophore label VIC and all other probes were conjugated with
6-FAM. For the control assay depicted in Fig. 3 (5" UTR/5S
RNA), the 5" UTR probe was generated with the VIC
fluorophore in order to multiplex with the 5S Rib-6-FAM probe.
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Copy numbers were determined using the UCSC rat ge-
nome, assembly July 2014, browser in silico PCR function.
ORF2-1 matches 200 genomic L1s; ORF2-2 matches 8200
genomic L1s; 5" UTR matches 8500 genomic L1s; 5S Rib
matches 17 ribosomal genes.

Amplicons were verified using the L1Base2 (http://I1base.
charite.de/l1base.php) and matched a minimum of 500 rat full-
length LINE-1 elements in the database with the following iden-
tities: 98% identities, E value 2e-33 (ORF2-1); 99% identities, E
value 2e-62 (ORF2-2); 98% identities, E value 2¢-58 (5" UTR).

Each sample was routinely analyzed in triplicate.

Quantitative PCR experiments were performed using a
StepOne Real-Time PCR Detection System (Applied
Biosystems, Foster City, CA, USA) according to standard
protocol. Data shown in figures were additionally normalized
to the lowest value shown as 1.0, as previously described by
Coufal et al. (2009).

Fig. 1 L1 content in tissues of rat a
7, 21 and 60 days of age. 1.20
ORF2-1 primers and probe were
used with 5S Rib gene as an
internal control. Values were -
standardized such that the lowest S 116
value of all the experiments (heart ‘g
tissue from a 7-day-old rat) was o
normalized to 1.0. Means and < 112
standard errors are shown. OB, E | | I
olfactory bulb; CO, cortex; CE, 5 * % * ¥
cerebellum; H, heart. Number (7, ® f T T |
21 and 60) is for days of age. Data = 108 I *
are grouped by age group (a) and s
by tissue type (b). All one-way &
ANOVA analyses, both between 1.04
tissues within each age group (a)
and between age groups within
each tissue (b), were significant T
(respectively p <0.002 and 1.00
p<0.01). Tukey HSD test and OB7 CO7 CE7 H7
Bonferroni tests were applied, b
significant differences are shown.
(*) p<0.05; (**) p<0.01 1.20

c *

a

£ 116

8

<

E 1.12

3

'g 1.08

s i

14

1.04 it
1.00

OB 7 0OB210B60

Rat sex determination

The genotypic sex of each animal was identified from the
presence (male) or the absence (female) of SRY gene by
PCR using PCR Ready Mix (Sigma, Milan, Italy).

As a control, a sequence of beta-actin gene (ACTB, Chr.
12p11) was also amplified. Therefore, PCR of SRY sequence
yielded a 317 bp product in the male samples but not in the
female ones. PCR of ACTB sequence yielded a 228 bp prod-
uct in all the samples, confirming successful PCR. Female and
male tissues were used as reference.

The following primers were used to amplify the SRY se-
quence: TACAGCCTGAGGACATATTA (forward),
GCACTTTAACCCTTCGATGA (reverse). The following
primers were used to amplify the ACTB sequence:
AGCCATGTACGTAGCCATCC (forward), CTCTCAGC
TGTGGTGGTGAA (reverse).

1

* %
I |
* |

OB 60 CO60 CE60 H60

OB21 CO21 CE21 H21

% %k

CE7 CE21 CE60

1
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CO07 CO21CO60

*
TiI
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Statistical analyses

One-way analysis of variance (ANOVA) both between tissues
within each age group and between age groups within each
tissue, was applied and when it resulted significant (p < 0.05),
Tukey HSD test and Bonferroni and Holm tests were used.

Comparison between male and female was performed by ¢
Student test.

Results and discussion

To investigate whether L1 elements are differentially active in
various tissues at early stages of postnatal development, we
studied tissues of 21 rats from 7 to 60 days of age. Olfactory
bulb (OB), cerebellum (CE), cortex (CO) and heart (H) tissue
samples were collected from each rat. Genomic DNA was

Fig. 2 Multiplex qRT-PCR a
analysis of tissues of rat of 7, 21 1.20
and 60 days of age using 5' UTR
L1 primers and a probe with 5S
Rib gene as internal control.

Values were standardized such 1.16
that the lowest value of all the

experiments (heart tissue from a

21-day-old rat) was normalized to 1.12

1.0. Means and standard errors are
shown. OB, olfactory bulb; CO,
cortex; CE, cerebellum; H, heart
Number (7, 21 and 60) is for days
of age. Data are grouped by age
group (a) and by tissue type (b)

Relative 5’UTR —-L1 DNA content

One-way ANOVA analysis both
between tissues within each age
group was not significant except

; CE, i H, . 1.08
3 : X 1.04 i I
for the 60 age group (p <0.05) 1.00

(a). One-way ANOVA analysis
between age groups within each
tissue was not significant (b). b
Tukey HSD test and Bonferroni

OoB7 CO7 CE7

tests were applied, significant 1.20
difference is shown. (*) p <0.05
1.16
1.12

Relative 5’'UTR-L1 DNA content

1.08 }'
1.04 I
1.00
OB7 0B210B60
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extracted from each sample and analyzed for L1 content by
multiplex TagMan qPCR assay.

Figure 1 shows the L1 content, evaluated through anal-
ysis of ORF2-1 sequences, in OB, CO, CE and H tissues
of rats of 7, 21 and 60 days of age (individual data are
reported in Electronic Supplementary Material, Table S1).
Figure la shows that L1 content in OB and CE tissues
was higher than in H tissues, in rats of all three ages.
These results are congruent with the data obtained by
Coufal et al. (2009) studying human tissues. Indeed, they
found an increase in the L1 content in several regions of
adult human brains, when compared to the copy number
of endogenous L1s in the heart or liver. The significant L1
increase observed in OB tissue may be related to
neurogenesis, according to Muotri et al. (2005). It is well
known that OB is a site of postnatal and adult
neurogenesis (Altman 1962; Altman 1969), as well as
the forebrain sub-ventricular zone (Wagner et al. 1999;

ali

OB 60 CO 60 CE60

OB21 CO21 CE21 H21

| |

CO7 C0O21CO60 CE7 CE21 CE60 H7 H21 H60
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Levison et al. 1999). The L1 increase observed in CE in
rats of 7 days of age may also be related to neurogenesis,
since it has been reported that CE neurogenesis persists
for up to a week after birth (Sotelo 2004). However, we
also found an increase of L1 in CE of 60-day-old animals;
therefore, L1 mobilization may not be limited to neuronal
precursor cells. Differently, L1 content in CO tissues was
increased (p < 0.05) in rats of 7 days of age but no statis-
tically reliable differences were found in rats of 21 and
60 days of age, as compared to H tissues (Fig. 1a). CO is
a neurogenic zone of the rat brain but neurogenesis in the
rat postnatal cortex is negligible, occurring only in small
numbers of CO cells after birth (Mehler and Gokhan
1999). Thus, the observed differences in L1 content be-
tween OB and CE on the one hand and CO on the other
might be due to a significantly larger precursor cell pool
in OB and CE, as compared to CO.

Fig.3 Data from multiplex JPCR a
assays analyzing ORF2-2/5’

1.20
UTR. Values were standardized
such that the lowest value of all
the experiments (heart tissue from

1.16

a 7-day-old rat) was normalized to
1.0. Means and standard errors are
shown. OB, olfactory bulb; CO,
cortex; CE, cerebellum; H, heart.
Number (7, 21 and 60) is for days
of age. Data are grouped by age
group (a) and by tissue type (b).
All one-way ANOVA analyses
both between tissues within each
age group (a) and between age

1.12
1
groups within each tissue (b) were 1.04
significant (respectively p < 0.005
and p <0.01) except for CO.
Tukey HSD test and Bonferroni

1.00
tests were applied, significant OB7 CO7 CE7
differences are shown. (*)
p<0.05; (**) p<0.01

k% kK

Relative L1 DNA content
2

o
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To verify whether L1 content changes during postnatal
development, we compared data regarding different days of
age within each single tissue (Fig. 1b). Results indicate that
L1 quantity in tissues at 60 days of age was significantly
higher than that in tissues at 7 days of age (Fig. 1b).
Therefore, L1 activity is not completely suppressed even in
the non-brain tissue. Apparent activation of retrotransposition
has been reported during normal aging in various mouse tis-
sues (De Cecco et al. 2013a; De Cecco et al. 2013b); our
observations suggest that it can also occur in the tissues of
young individuals.

To assess the accuracy of the results, multiplex TagMan
qPCR assays were carried out for all samples analyzing the
5" UTR L1 sequences. We made this choice because most
retrotransposition events produce 5’ truncated elements;
therefore, 5’ UTR probes could have not detected all the
occurred retrotransposition events but only those rare events

T 1
*

—
‘ I |

OB21 CO21 CE21 H21 OB 60 CO60 CE60 H60

—

CO7 CO21CO60 CE7 CE21 CE60 H7 H21 H60
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that produced full-length elements. These results are report-
ed in Fig. 2 (individual data in Electronic Supplementary
Material, Table S1). No significant change over time and
tissues was found, except for a comparison between CE
and CO at 60 days of age (Fig. 2a). Moreover, no significant
difference was observed between different days of age with-
in each single tissue (Fig. 2b). These results indicate that
retrotransposition events occurring during postnatal develop-
ment do not produce detectable L1 full-length elements but
mostly, as expected, 5 truncated L1 copies. To further assess
this hypothesis, multiplex qPCR analysis was carried out
analyzing another ORF2 probe (ORF2-2) together with 5
UTR sequences (Fig. 3; individual data in Electronic
Supplementary Material, Table S1). Results were similar to
those reported in Fig. 1, except for the fact that OB tissues at
21 days of age were not significantly different from heart
tissues (Fig. 3a) and that CO tissues at 60 days of age were
not significantly different from those at 7 days of age (Fig.
3b). Overall, these results confirm that L1 content increase
could be detected by ORF2 probes and not by 5" UTR
probes since retrotransposition events produced mostly 5
truncated L1 copies. Therefore, 5" UTR sequences could
be used as a high copy number DNA reference, as described
by Coufal et al. (2009) for human L1.

We questioned whether there could be gender-based differ-
ences in the somatic L1 retrotransposition dynamic, so we
determined the genotypic sex of each animal by PCR analyses
(see Material and methods section). The samples showing
PCR SRY product were male, whereas the samples without
the PCR SRY product were female. Results from qPCR anal-
ysis regarding the detection of ORF2-1 and ORF2-2,

1.20

Females

1.08
1.00

0B21 CO21 CE21 H21

Relative L1 DNA content

o
s

OoB7 CO7 CE7

Fig. 4 L1 content in tissues of female (n = 11) and male (rn = 10) rat of 7,
21 and 60 days of age. Data from multiplex qPCR assays analyzing
ORF2-1/5S Rib and ORF2-2/5" UTR. Means and standard errors are
shown. Animals of 7 days of age: female » =2, male n=5; animals of
21 days of age: female n=3, male n=2; animals of 60 days of age:
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separated by gender, are showed in Fig. 4. No significant
difference was found between the genders. However, these
results may be biased due to an unequal number of male and
female rats in each age group. Further experiments would be
necessary to clarify this point.

To our knowledge, this report is the first one to have eval-
uated the L1 content in different tissues from rats of different
age. Some studies have dealt with L1 expression in rat brain
and non-brain tissues (Singh and Rath 2012; Mukherjee et al.
2016) and found L1 RNA in several tissues, with heteroge-
neous levels and variations in individual rats. However, in the
two above studies, L1 content was not determined since the
focus was on the biological role of L1 RNA as long ncRNA
and not on somatic L1 retrotransposition activity. We do not
know the mechanisms that might be involved in the phenom-
ena we observed. Much evidence indicates that the absence of
methyl-CpG-binding protein 2 (MeCP2), which is a protein
involved in global DNA methylation, may play a significant
role in the increase of the L1 neuronal retrotransposition
(Muotri et al. 2010). Several studies that dealt with MeCP2
expression in the rat brain showed that it varied by region and
age (Cassel et al. 2004; Mullaney et al. 2004) but the MeCP2
levels that were reported do not appear comparable with our
observations; therefore, other mechanisms could probably be
involved. Recent studies have demonstrated that there can also
be reverse transcribed L1 DNA in the cytosol (Thomas et al.
2017). It is important to point out that, in this study, overall L1
content was measured including any non-integrated L1 se-
quences. Therefore, we cannot exclude that some tissue dif-
ferences in L1 content could also be due to non-integrated L1
sequences.

= Males

OB 60 CO60 CE60 H60

female n =6, male n=3. OB, olfactory bulb; CO, cortex; CE,
cerebellum; H, heart. Number (7, 21 and 60) is for days of age.
Statistical analysis was performed by ¢ Student test. No significant
difference was found between males and females
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Previously, somatic L1 retrotransposition was observed
in vitro in neural progenitor cells and in vivo in human adult
postmortem brain tissues. Here, we extended these findings by
studying young rat tissues. Our data suggest that somatic
retrotransposition occurs in rat tissue during normal develop-
ment in young individuals and that the increase of L1 content
is higher in brain tissue (mainly olfactory bulb and cerebel-
lum) than in non-brain tissue. These observations raise many
questions about the implication of L1 activity in postnatal
development.
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