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Introduction

Mammalian genomes, for example the human genome, mouse 
genome and rat genome contain about 40–50% repetitive DNA 
sequences and 37–45% mobile genetic elements (transposons) 
including 17–23% long interspersed nuclear elements (LINEs).1-3 
LINEs and SINEs (short interspersed nuclear elements) consti-
tute the retrotransposons of mammalian genomes, which play a 
major role in genome evolution through their RNA-intermediates 
by a “copy and paste” mechanism.4,5 LINEs (L1s) are non-long-
terminal repeat (LTR), autonomous, retrotransposons expressed 
as polyadenylated LINE-RNAs by RNA polymerase II and cel-
lular transcription factors.6 The full-length L1 (6–7 kb) consists 
of a 5'-untranslated region (5'UTR) with an internal RNA poly-
merase II-promoter, open reading frame (ORF)-1, ORF2, 3'UTR 
and a poly(A)-tail.7 The ORF-1 encodes a RNA-binding protein 
(ORF1p), while ORF2 encodes a protein (ORF2p), which has 
endonuclease (EN) and reverse transcriptase (RT) activities.8 
The full-length L1-members with active ORF1 and ORF2 are 
retrotransposition-competent, however, more than 90% of L1s 

We report strong somatic and germ line expression of LINE RNAs in eight different tissues of rat by using a novel ~2.8 kb 
genomic PstI-LINE DNA (P1-LINE) isolated from the rat brain. P1-LINE is present in a 93 kb LINE-SINE-cluster in sub-
telomeric region of chromosome 12 (12p12) and as multiple truncated copies interspersed in all rat chromosomes. P1-
LINEs occur as inverted repeats at multiple genomic loci in tissue-specific and mosaic patterns. P1-LINE RNAs are strongly 
expressed in brain, liver, lungs, heart, kidney, testes, spleen and thymus into large to small heterogeneous RNAs (~5.0 to 
0.2 kb) in tissue-specific and dynamic patterns in individual rats. P1-LINE DNA is strongly methylated at CpG-dinucleotides 
in most genomic copies in all the tissues and weakly hypomethylated in few copies in some tissues. Small (700–75 nt) 
P1-LINE RNAs expressed in all tissues may be possible precursors for small regulatory RNAs (PIWI-interacting/piRNAs) 
bioinformatically derived from P1-LINE. The strong and dynamic expression of LINE RNAs from multiple chromosomal 
loci and the putative piRNAs in somatic tissues of rat under normal physiological conditions may define functional 
chromosomal domains marked by LINE RNAs as long noncoding RNAs (lncRNAs) unrestricted by DNA methylation. The 
tissue-specific, dynamic RNA expression and mosaic genomic distribution of LINEs representing a steady-state genomic 
flux of retrotransposon RNAs suggest for biological role of LINE RNAs as long ncRNAs and small piRNAs in mammalian 
tissues independent of their cellular fate for translation, reverse-transcription and retrotransposition. This may provide 
evolutionary advantages to LINEs and mammalian genomes.

Long interspersed nuclear elements (LINEs) 
show tissue-specific, mosaic genome and 

methylation-unrestricted, widespread expression 
of noncoding RNAs in somatic tissues of the rat
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are retrotransposition-defective due to 5'-truncation and muta-
tions in ORF2.9 Most of the L1 sequences present in mammalian 
genomes are 5'-truncated because the ORF2 protein involved in 
the reverse transcription of L1 RNA is less efficient and is unable 
to copy the 5'-end of the RNA.10

L1 sequences are major retrotransposons in mammalian 
genomes, with variability in abundance, copy number and 
sequences at different genomic loci.11 L1s are prevalent in AT-rich, 
gene-poor (intergenic) regions, low-recombination regions and 
introns, usually in antisense orientation with respect to the 
nearest gene as well as in clusters, e.g., in the human X chromo-
some.12,13 Distribution of L1s in the genome differs with respect 
to their size and evolutionary age.11 Full-length L1s are generally 
present in abundance in sex chromosomes whereas truncated ele-
ments are more abundant in autosomes. On evolutionary scale, 
young L1s are present closer to the genes, while older elements are 
present in gene-deficient regions or farther from the genes. About 
6,00,000 copies of L1s comprise 23% of the rat (Rattus norvegi-
cus) genome representing the autonomous, non-LTR retrotrans-
posons.3 The basic structure of the reported full-length rat L1 
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RNA signaling has been proposed to play a central cellular sig-
naling role in multicellular ontogeny, homeostasis and epigenetic 
memory.25 Long ncRNAs have also been described as regulators 
and integrators of gene regulatory transcriptional and RNA pro-
cessing networks in multicellular organisms.26

RNA sequencing and ENCODE analyses have shown an enor-
mously large number (hundreds of thousands) of intragenic and 
intergenic lncRNAs catalogoued as annotated lncRNAs, which 
have been conserved through evolution for controlling various 
functions in diverse organisms such as epigenetic regulation of 
gene expression and linked to diseases like cancer and neuro-
degeneration.27 It is estimated by full-length cDNA sequencing 
and genome-wide hybridizations that about 63% of the mouse 
genome sequence is pervasively transcribed, thus thousands of 
novel protein-coding transcripts and > 30,000 lncRNAs of 
intronic, intergenic and antisense nature have been described.28-30 
Similarly, by whole chromosome RNA analysis it has been 
observed that about 93% of the human genome sequence is per-
vasively transcribed in one or the other cell type.31-35 Maximum 
of these transcripts are logically expected to be the “dark matter” 
of the genome or ncRNAs of diverse biological functions.36

Recently, a class of small regulatory RNAs called piRNAs 
(PIWI-interacting RNAs) have been reported to function for 
silencing of transposons in the germline.37-40 PIWIs are germ-line 
specific Argonaute class of RNA-interference effector proteins 
associated with piRNAs. Loss of MIWI2, a mouse PIWI-
homolog, leads to increased germ-line transposon activity and 
germ-line stem cell and meiotic defects.41 Genomic DNA regions 
coding for piRNAs exist as large clusters (~20–100 kb) in mam-
malian genome and they are transcribed into precursor piRNAs 
(~10 kb), which are further processed into piRNAs (24–31 nt). 
Genomic antisense piRNA has complementary sequence with 
LINE-1 transcript.42 RNA processing and site-specific cleavage 
of complementary base pairing of antisense piRNA and LINE-1 
RNA complex facilitates generation of sense piRNA from the 
LINE-1 RNA, which again can base pair with the antisense 
piRNA to amplify piRNAs in a cycle of events.43 Recently, 
expression of mammalian piRNAs outside of germ-line tissue has 
also been demonstrated.44

We report a novel ~2.8 kb genomic LINE1, named P1-LINE 
(accession number GQ244317) mostly composed of ORF2 
sequence and present in all chromosomes in mosaic patterns in 
the rat tissues. It shows high levels of heterogeneous, tissue-spe-
cific and dynamic RNA expression in individual rats. P1-LINE is 
mostly hypermethylated in all eight tissues studied, thus showing 
high levels of LINE RNA expression unrestricted by DNA meth-
ylation. P1-LINE shows five piRNAs and their possible precursor 
RNAs. This represents global LINE RNA expression as noncod-
ing RNAs in somatic tissues.

Results

Cloning of LINE DNA from rat genome and sequence analy-
sis. Since rat genome contains very high amounts of repetitive 
DNA (41%) and LINE sequences (23%), genomic DNA from 
the rat brain was digested by BamHI, EcoRI, Hind III, PstI and 

(RnL1, accession no DQ100473) is similar to that of mammalian 
L1 in structure except for the 5'UTR, which is bipartite and con-
tains a specific tether sequence (21 bp sequence connecting the 
5'UTR to ORF-1).14 At the sequence level, the 3'UTR defines six 
rat-specific L1-subfamilies, which cover 12% of the genome and 
is represented by 1,50,000 copies.

About only 1.2% of mammalian genome in the form of exons 
is used to code for amino acids in proteins while the rest > 98% 
is non-protein coding in nature and transcribed into noncoding 
RNAs (ncRNAs). Recently, existence and functional significance 
of ncRNAs from mammalian genome have been reviewed.15 Long 
ncRNAs have been described with many overlapping functions. 
Mammalian ncRNAs function as regulators of gene expression 
and assembly of cellular structures and the possible mecha-
nisms involved in these have been described.16 For examples, the 
lncRNA, MALAT1 regulates alternative splicing of mRNAs 
by regulating the SR (splice regulator) proteins. Chromatin-
mediated local gene silencing by cis-acting lncRNAs, e.g., Xist 
RNA, which is associated with the inactivation of mammalian 
X chromosome; trans-(long intergenic ncRNA) lincRNA, e.g., 
p53-regulated lincRNA-p21 hitting multiple targets; HOTAIR 
lncRNA acting as scaffolds for histone modifiers; the neuronal 
enhancer associated lncRNAs (encRNAs) organizing enhancer 
activity and higher order chromatin structures; genomic repro-
gramming of induced pluripotent stem cells (iPSCs) by lncRNAs 
and nucleation of nuclear structures by lncRNAs are some other 
examples of functions of mammalian long ncRNAs.17-19 Similarly, 
many lncRNAs have been described as signals for cellular regula-
tions, e.g., lincRNA-p21 and PANDA induced by DNA dam-
age; induction of COLDAIR and COOLAIR lncRNAs by cold; 
ROR lincRNA colocalized with the pluripotency transcription 
factors like Oct4, Sox2 and Nanog. The repeat detector ncRNAs: 
e.g., RNA decay by Staufen; ncRNA decoys, e.g., DHFR minor, 
telomere associated TERRA, PANDA binding with NF-YA 
and Gas5-suppressing glucocorticoid receptor, MALAT1 and 
miRNA target mimics for miRNAs and splicing factors; ncRNA 
as guides, e.g., lncRNAs binding to protein factors like polycomb, 
MLL, TFIIB and ncRNA as scaffolds, e.g., HOTAIR, ANRIL, 
α-satellite repeat-binding lncRNA have been reported. These 
ncRNAs have been variously described to explain the mecha-
nisms of their actions and function(s).20 Biological functions 
of ncRNAs in the mammalian central nervous system (CNS) 
has been highlighted with respect to miRNAs, small nucleolar 
RNAs, retrotransposons, NRSE small modulatory RNAs like 
BC1/BC200 correlating the complexity of CNS with biogenesis, 
dynamics of action and combinatorial regulations of ncRNAs.21 
Similarly, role of ncRNAs has been explained in the neuronal 
network with special reference to REST/NRSF and neurological 
disorders.22 Role of lncRNAs has also been highlighted in cancer 
and neurological diseases.23,24

Role of lncRNAs has also been explained in epigenetic regu-
lation of chromatin and gene expression during embryological 
and neural differentiation, where lncRNA can function to make 
sequence specific recognition with promoter/enhancer of a given 
gene and simultaneously act as an adaptor to bind and deliver 
chromatin modifying protein(s) to the nucleosome(s).25 Further, 
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LTR (23–108 bp) and simple repeats (1163–1230 bp). P1-LINE 
showed homology with ORF2 of the LINE isolated from Rattus 
norvegicus (RnL1, accession number DQ100473) in the follow-
ing regions: 123–1162 bp, 1231–1404 bp and 1424–2796 bp of 
P1-LINE with 4328–5408 bp, 4164–4332 bp and 4962–5859 
bp of RnL1, respectively (Fig. 1C).14 The ORF2 homologous 
sequences of P1-LINE (123–1013 bp and 2157–2792 bp) can 
encode for a 309 aa and a 212 aa partial ORF2 proteins in the -2 
frame, respectively. The rest of the ORF2 sequence is mutated, 
hence it may not code for the protein. Part of ORF2 is dupli-
cated (123–562 bp and 2347–2794 bp) in P1-LINE. The 2.8 kb 
P1-LINE is located in the 12p12 locus of rat chromosome 12, 
which is a sub-telomeric region (Fig. 2A).

BLAT analysis shows that the 1400–2796 bp region of 
P1-LINE is present in all rat chromosomes, at a number of loci, 
in more than hundred thousand copies (Table 2; Fig. 2B). We 
named this region as P1-LINE common region (P1-LINEc). 
Only selected homology-hits with a minimum score of 1000 
and identity of 90% are shown in Table 2. BLAT analysis also 
showed more number of hits on the bigger rat chromosomes, like 
the chromosomes 1, 2, 3, 4, 5 and X, while it decreased as the 
size of the chromosomes decreases, except for the chromosomes 
10, 11 and 20. These observations indicate that P1-LINE is pres-
ent throughout the rat genome in multiple copies. We analyzed 
a 93  kb region of 12p12 locus of chromosome 12 (accession 

the DNA fragments were resolved by agarose gel electrophoresis 
and the six DNA fragments: 5.6 kb BamHI (B1), 2.3 kb EcoRI 
(E1), 1.3 kb EcoRI (E2), 3.5 kb Hind III (H1), 2.8 kb PstI (P1) 
and 2.3 kb PstI (P2) were gel-purified (Table 1). As an example, 
digestion of the rat brain genomic DNA by PstI generating the 
2.8 kb and 2.3 kb DNA fragments is shown (Fig. 1A). The 2.8 
kb PstI fragment was cloned into pBluescript vector at PstI site 
to generate pP1 clone (Fig. 1B). The other five DNA fragments 
were similarly cloned into the respective restriction enzyme sites 
in the pBluescript vector generating the pB1, pE1, pE2, pH1 and 
pP2 clones (Table 1; Fig. S1A–F).

The six DNA fragments were sequenced and the sequences 
were analyzed by bioinformatics tools available online and 
through the genome database. The four LINE DNA fragments: 
B1, E1, H1 and P1 were identified on the basis of percentage of 
repeats and LINE sequences (Fig. S1G; Fig. 1C and Table 1). B1 
contains 28.11% repeats and 7.08% LINE with a long-terminal 
repeat (LTR) at 1151–1319 bp, E1 contains 80.09% LINE as the 
sole repeat sequence, H1 contains 65.40% repeats and 43.34% 
LINE, while P1 contains 98.03% repeats and 92.52% LINE. E2 
contains 1.55% GC-rich repeat and P2 contains 3.47% simple 
repeats, 5.74% long-terminal repeat (LTR) and both are derived 
from the intergenic regions. Since, P1-LINE DNA contains 98% 
repeats and 92% LINE, it was studied further. It is a 2796 bp 
repetitive DNA containing 92% LINE-1 (L1) sequences with a 

Figure 1. P1-LINE DNA from the rat genome. (A) Rat brain genomic DNA was completely digested with PstI (P) and resolved in 1% agarose-TAE gel. 
The 2.8 kb DNA band was gel-purified and cloned into PstI site of pBlueScript II SK (+) vector. (B) The clone was digested by PstI to verify the insert. 
V, vector [pBS-SK(+)II]; P1, insert (P1-LINE). (C) Schematic diagram of cloned P1-LINE showing LINE1, LTR/MaLR, simple repeat sequences and putative 
open reading frames (ORFs) of 309 aa and 212 aa, homologous to the ORF2 of RnL1. The three CCGG sites are mentioned. The five rat-specific piRNAs 
are piR1 (1706–1734 nt), piR2 (2364–2338 nt), piR3 (2442–2471 nt), piR4 (2451–2479 nt) and piR5 (2513–2483 nt). The 310 (2421–2730) bp probe was used 
for the alkaline-agarose Southern blot (Fig. 6) and denaturing northern blot for small RNA (Fig. 7). MaLR, mammalian apparent LTR (long-terminal 
repeat)-retrotransposon.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te

www.landesbioscience.com	 RNA Biology	 1383

program within a dissimilarity margin of less than or equal to 
5%. Some of these transcription factors are C/EBPα, C/EBPβ, 
c-Fos, YY1, GR, Pax-4a.

P1-LINE sequence was analyzed with the piRNA database to 
look for presence of putative piRNA(s). Interestingly, P1-LINE 
showed homology with five rat piRNAs of 27–31 nt in the 
1706–2513 bp ORF2 region (Table 3). Out of the five puta-
tive piRNAs, three are generated from the top strand, i.e., piR1 
(1,706–1,734 nt), piR3 (2,442–2,471 nt) and piR4 (2,451–2,479 
nt), while two piRNAs are generated from the bottom strand, 
i.e., piR2 (2,364–2,338 nt) and piR5 (2,513–2,483 nt), respec-
tively. The five piRNAs are 100% identical to P1-LINE. The 
piR1 to piR5 piRNAs exist in several thousands of copies, such as 
8505, 23623, 24235, 23164 and 28700 copies in the rat genome, 
respectively and they have been reported from the rat testis.45

P1-LINE RNA expression in rat tissues by northern blot 
analysis. We investigated P1-LINE RNA expression in eight dif-
ferent tissues of the adult rat under normal physiological condi-
tions by northern blot analysis using 32P-labeled 2.8 kb P1-LINE 
DNA probe. It shows strong P1-LINE RNA expression in mul-
tiple tissues of the rat, such as brain, liver, lungs, heart, kidney, 
testis, spleen and thymus (Fig. 3A, B and C; Fig. S2A and B). 
The LINE RNAs are heterogeneous (> 5.0 to 0.2 kb) in size, 
their expression levels are different in different tissues and their 
expression pattern is variable in four individual rats (Fig. 3A and 
B; Fig. S2A and B), which was quantitated by densitometry and 
represented as relative RNA expression, i.e., P1-LINE RNA nor-
malized to 28S rRNA (Fig. 3C). It shows highest expression in 
the heart and testes; high expression in the lungs, kidney, spleen 
and thymus followed by brain and liver. Based on the densitom-
etry of the northern blot signals, Table 4 shows the variations 
in the RNA expression in the tissues of four individual rats in a 
scale of weak (< 3), moderate (3–4), strong (4–5), very strong (> 
5). The LINE RNA expression is very strong in the heart, kid-
ney, testis, spleen and thymus; strong in the brain and lungs and 
moderate in the liver. With respect to individual variations in the 
expression level, testis is highly variable; brain, liver, lungs, heart 
and kidney show low variability; while spleen and thymus show 
more or less no variation. However, all the tissues show varia-
tions with respect to the size of the transcripts. Lungs, spleen and 
thymus show strong RNA expression ranging from large to small 
size transcripts. In case of lungs, two out of four rats show large 
transcripts, whereas all four show small transcripts. Spleen and 

number NW_047365.1) having P1-LINE by repeat masker (Fig. 
2A). Cluster analysis showed presence of 53 LINEs (1–53), out 
of which, two are full length LINEs of 6402 bp and 6166 bp 
(no. 4 and 13) marked with asterisks and the rest are truncated 
copies. P1-LINE is shown as a black bar at position 35–37. In the 
same 93 kb region, 57 SINEs are also present. The length of the 
SINEs varies from 12 to 303 bp. Thus, it is a very rich zone of 
LINE-SINE cluster in the sub-telomeric region of chromosome 
12. The Promoter 2.0 prediction showed no promoter sequence 
in P1-LINE but several putative transcription factor binding 
sites were detected in the 2.8 kb sequence by using PROMO 3.0 

Table 1. Genomic DNA fragments cloned from the rat brain

Clone Accession no.
Insert 

DNA (bp)
Repeat content LINE content Chr./genomic position Max. Score

Max 
Identity

RNA expression 

pB1 JQ585588 5607 28.11% 7.08% 11/ NW_047356.1 1.036e+04 100% weak

pE1 HQ186301 2075 80.09% 80.09% 4/ NW_047696.2 3832 100% Very strong

pE2 JQ585589 1353 1.55% 0.00 X/ NW_048043.1 2499 100% No

pH1 JQ585587 3481 65.40% 43.34% 3/ NW_047656.1 6397 99% Moderate

pP1 GQ244317 2796 98.03% 92.52% 12/ NW_047365.1 5158 100% Very strong 

pP2 JQ585590 2334 9.21% 0.00 17/ NW_047492.2 4311 100% Weak

RNA expressions are from Figure3; Figure S2.

Table 2. P1-LINE DNA in rat chromosomes

Chr. No. P1-LINE (bp) Hits Score (≥1000) Identity (≥90%)

1 1422–2796 24 21 24

2 1408–2796 20 15 20

3 1424–2796 17 15 16

4 1189–2796 12 9 9

5 1351–2796 17 14 16

6 1407–2796 11 6 11

7 1399–2796 10 9 10

8 1416–2796 9 8 9

9 1402–2796 5 4 5

10 1409–2796 10 9 10

11 1410–2796 12 8 12

12 1–2796 5 5 5

13 1424–2792 6 3 6

14 1404–2793 2 2 2

15 1424–2796 6 6 6

16 1424–2796 4 3 4

17 1403–2796 8 6 8

18 1267–2773 4 3 4

19 1424–2796 1 1 1

20 1424–2796 30 1 5

X 1452–2796 16 10 16

Y 1435–2794 11 1 1

Hits with score ≥ 1000 and identity ≥ 90% by BLAT analysis, chromo-
some 20 was analyzed by BLAST. Chr., chromosome.
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in some tissues (Fig. S2C–F) but E2 (no LINE) shows no RNA 
expression (data not shown). Thus there is a correlation between 
the level of RNA expression and the content of LINE sequence 
of the genomic repetitive DNAs. The strong and heterogeneous 
P1-LINE RNA expression in the rat tissues represents LINEs 
expressing from multiple chromosomal sites in the rat genome. 
We also checked P1-LINE RNA expression in the eight tissues of 
4 week-old immature rat, which also showed expression of LINE 
RNAs similar to that of the adult rat tissues (Fig. S3A). Thus, 
P1-LINE showed heterogeneous, tissue-specific and dynamic 

thymus show mainly six major types of transcripts in addition to 
the heterogeneous transcripts with more or less same pattern of 
expression in all four individual rats. The heterogeneous LINE 
RNAs (Fig. 3) must be produced from the 5'truncated P1-LINEs 
present in multiple copies at different genomic sites (Table 2), 
hence they represent long non-protein coding RNAs (lncRNAs). 
We also examined RNA expression from the other 5 repetitive 
DNAs. The E1 repetitive DNA (80% LINE) shows strong RNA 
expression, H1 (43% LINE) shows moderate RNA expression, 
B1 (7% LINE) and P2 (no LINE) show weak RNA expression 

Figure 2. Presence of P1-LINE sequences in the rat genome. (A) The 93 kb region (accession number NW_047365.1) of the rat chromosome 12 (12p12, 
1–93197 bp) shows a cluster of 53 LINEs (1–53) as light gray boxes in the middle bar and 57 SINEs (1–57) as dark gray boxes in two parts (1–22 and 
23–57) in the top (1–46345 bp) and bottom (46346–93197 bp) bars, respectively. The full length L1 (4 and 13) sequences are marked with a star. P1-LINE 
is drawn as a black solid line from 35 to 37 in the middle bar. (B) Distribution and abundance of P1-LINE sequences in the rat chromosomes (Table 2).
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HpaII-digested P1-LINE DNA produced large heterogeneous 
fragments of > 10 to 2 kb, but in addition to this, Msp I digested 
the DNA to produce six major fragments of 5.0, 3.0, 2.8, 1.3, 
0.89 and 0.4 kb. The 2.8, 1.3, 0.89 and 0.4 kb fragments were 
strongly produced by Msp I, but not by HpaII, in all the eight 
tissues (brain, liver, lungs, heart, kidney, testes, spleen and thy-
mus), hence they were methylated at the internal C of 5'-CCGG-
3' sequence present at the three positions (1117, 1485 and 1903) 
in the 2.8 kb P1-LINE (Fig. 5B). The 0.89 and 0.4 kb fragments 
are also produced from the cloned 2.8 kb P1-LINE DNA (Fig. 
5A). A 5.0 kb MspI fragment is strongly produced in the lungs, 
thymus and weakly produced in other tissues. The weak HpaII 
signals at 3.0 kb, 1.3 kb and 0.89 kb in the heart and at 3.0 kb, 
2.8 kb, 1.3 kb, 0.89 kb and 0.4 kb in the testis show hypomethyl-
ated P1-LINE sequences. This suggests tissue-specific P1-LINE 
methylation in rat genome. Quantitation of the four Msp I DNA 
fragments (2.8 kb, 1.3 kb, 0.89 kb and 0.4 kb) by densitometry 
shows that in all the tissues the 2.8 kb DNA was methylated up 
to 50–70% whereas the 1.3, 0.89 and 0.4 kb DNAs were meth-
ylated up to about 90% (Fig. 5C). This shows that P1-LINE 
is mostly hypermethylated but some hypomethylated P1-LINE 
sequences are also present in rat genome. The DNA methylation 
status of P1-LINE represents LINEs from the entire rat genome 
and to some extent it also shows a tissue-specific methylation pat-
tern of LINEs. Thus P1-LINE is transcribed from the genome in 
a methylation-unrestricted manner.

IRS-PCR shows tissue-specific and mosaic patterns of 
P1-LINEs in rat genome. Bioinformatically, we found that 
P1-LINE is present in multiple copies at a number of loci and in 
both orientations in the rat genome. This suggested that some 
copies of P1-LINE should be present as inverted repeats. Figure 
6A shows a schematic representation of PCR-amplification of 
the 310 bp DNA from the P1-LINEc region by P1+P2 primers. 
IRS-PCR (Fig. 6B) by single primer (P1 or P2) amplification 
shows discrete bands in almost all tissues indicating the pres-
ence of P1-LINE sequences as inverted repeats at multiple sites 
in rat genome. Spleen and thymus show very weak amplifica-
tion by P1 primer and by P1 or P2 primer respectively. Distinct 
bands are observed for P1 primer in brain, liver, heart, kidney 
and testis, while weak bands are observed in lungs. Similarly, 
distinct bands are observed for P2 primer in brain, lungs, kid-
ney, testis and spleen, while weak bands are observed in liver 
and heart. For P1+P2 primers, all the tissues show a strong band 
of 310 bp indicating amplification from all P1-LINE genomic 
copies. Genomic DNA-PCR of a rat repetitive DNA sequence 

patterns of endogenous LINE RNA expression in seven somatic 
tissues and the male gonadal tissue (testis) of the immature and 
adult rats under normal physiological conditions. Therefore 
P1-LINE sequences in the rat genome show widespread expres-
sion of noncoding RNAs (ncRNAs) in the somatic and gonadal 
(testes) tissues of the rat.

P1-LINE RNA expression in rat tissues by RT-PCR analy-
sis. Since almost all P1-LINE copies distributed throughout the 
rat genome contain the P1-LINE common (P1-LINEc) region, 
primers (P1 and P2) were designed from this region to study its 
RNA expression and genomic organization (Fig. 4A). P1-LINE 
RNA expression measured by RT-PCR was normalized to expres-
sion of GAPDH mRNA. It shows that the brain (1.602 ± 0.181), 
testes (1.538 ± 0.176), thymus (1.447 ± 0.190), spleen (1.385 ± 
0.255) and lungs (1.345 ± 0.130) have higher expression levels 
whereas the kidney (0.966 ± 0.216), liver (0.950 ± 0.234) and 
heart (0.901 ± 0.220) show relatively lower expression levels (Fig. 
4B and C). This represents total P1-LINE RNA expression from 
the rat genome in the tissues. The results from the northern blot 
hybridization and RT-PCR both show that P1-LINE RNAs are 
expressed in the tissues. However, the results obtained by these 
two techniques are not similar, which may be due to differences 
in the presence of the 2.8 kb P1-LINE and the 310 bp P1-LINEc 
regions in the genome due to variations in the truncated P1-LINE 
copies, their copy no. as well as their transcriptional activity in 
the tissues. The truncated copies of P1-LINE are different in dif-
ferent tissues and rats with respect to the extent of truncation. We 
expect their transcriptional activity by RNA polymerase II may 
be different. The RT-PCR would amplify from the RNAs from 
all the truncated P1-LINE copies as well as the 2.8 kb P1-LINE. 
However for the northern blot, the extent of hybridization of 
the RNAs from the truncated P1-LINE copies and the 2.8 kb 
P1-LINE may be different (the probe being the 2.8 kb P1-LINE 
DNA). This may contribute to variations in the results from 
RT-PCR and northern blot experiments.

P1-LINE is highly methylated in rat genome. LINE sequences 
are reported to be methylated in differentiated cells to silence 
their expression under normal conditions. Since we observed 
high levels of RNA expression for P1-LINE in somatic tissues 
of the rat under normal conditions, this prompted us to check 
the methylation status of P1-LINE in the genome. We analyzed 
the DNA methylation status of P1-LINE by PstI+Msp I/HpaII 
restriction digestions of the genomic DNA from the tissues fol-
lowed by Southern blot hybridization by the 32P-labeled 2.8 kb 
P1-LINE DNA probe (Fig. 5 A, B and C). We observed that 

Table 3. Putative piRNAs from P1-LINE in rat genome

P1-LINE 
piRNA

Rat piRNA Length (nt) Sequence (5'-3')
P1-LINE position 

(bp)
Copy no. in 

genome
E-value

piR1 rno_piR_006383 29 UGG GUA GUG GCU UAG UCC CUG GAA GCU CU 1706–1734 8505 1.9e-05

piR2 rno_piR_000046 27 AAG CUG GAA AGA ACC CAG AUG CCC UUC 2364–2338 23623 0.00014

piR3 rno_piR_010982 30 UAU GCC CAA GAG AGG UAU AGC UGG AUC CUC 2442–2471 24235 6.9e-06

piR4 rno_piR_000929 29 GAG AGG UAU AGC UGG AUC CUC AGG CAG UU 2451–2479 23164 1.9e-05

piR5 rno_piR_011544 31 UCA GUC UGG AGG UUC CUC AGA AAA UUG GAC A 2513–2483 28700 2.6e-06

piR (1–5) show 100% identity with P1-LINE.
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3'-UTR regions of the transcripts/mRNAs. These are 474–699 
nt sequences from the transcripts/mRNAs detected in the brain, 
liver, spleen and 12 d fetus of the rat (Table 5). Interestingly, all 
these ESTs show homology with the common region (1424–2796 
bp) of P1-LINE present in all rat chromosomes indicating exis-
tence of homologous sequences between the transcripts/mRNAs 
and the ORF2 sequence of the truncated LINEs. Therefore, the 
small transcripts detected by the PAGE-urea northern blot in dif-
ferent rat tissues may be partly homologous to these ESTs from 

(accession number GQ463151, upper panel) 
and GAPDH gene (lower panel) are used as 
reference signals for comparison (Fig. 6C). 
The IRS-PCR products were also analyzed 
by alkaline-agarose gel and Southern hybrid-
ization with 32P-labeled 310 bp P1-LINEc 
probe (Fig. 6D). Distinct P1-LINE specific 
DNA bands were observed as inverted copies 
amplified by either P1 or P2 primer and as 
total copies by P1+P2 primers. Total ampli-
fication of genomic P1-LINE sequences 
by P1+P2 primers detected as hybridiza-
tion signals varies between 17–18% (3.1 to  
2.6 × 105 IDV, data not shown) whereas the 
relative amplification signals from P1-LINE 
inverted repeats vary between 1.2 to 0.8 
for P1 and 1.1 to 0.6 for P2 in the tissues 
(Fig.  6E). This shows that the positions 
of the inverted copies of P1-LINE in the 
genome and their copy number in different 
tissues of the rat are different. In spleen and 
thymus, the inverted repeats of P1-LINE 
may be less in copies. Therefore, P1-LINE 
shows tissue-specific and mosaic distribution 
patterns in rat genome.

Expression of small RNA from P1-LINE. 
DNA sequence analysis and homology search 
showed that five rat piRNAs of 27–31 nt can 
be generated from 1706–2513 bp (ORF2) 
region of P1-LINE (Fig. 1C and Table 3). 
This includes three piRNAs from the top 
strand (piR1, piR3 and piR4) and two piR-
NAs from the bottom strand (piR2 and 
piR5) showing their opposite orientation. 
The 5 putative piRNAs from P1-LINE are as 
follows: piR1 (1706–1734) is 29 nt and exists 
in 8505 copies, piR2 (2364–2338) is 27 nt 
and exists in 23623 copies, piR3 (2442–
2471) is 30 nt and exists in 24235 copies, 
piR4 (2451–2479) is 29 nt and exists in 
23164 copies and piR5 (2513–2483) is 31 nt 
and exists in 28700 copies in rat genome. All 
5 piRNAs are 100% identical to the piRNAs 
in the database reported from the rat testes. 
In order to detect small RNAs (piRNAs) 
from P1-LINE in the tissues, denaturing 
polyacrylamide+urea northern blot hybrid-
ization was performed using 32P-labeled 310 bp PCR-amplified 
P1-LINEc DNA probe, which is derived from the common 
(ORF2) region. Heterogeneous transcripts of ~700 to ~75 nt were 
detected in all the eight tissues along with two distinct RNAs of 
~400 and ~170 nt detected in some tissues (Fig. 7A and B). These 
transcripts are also detected in the tissues of immature (4 week) 
rats (Fig. S3B). From the sequence analysis, we detected ESTs 
in the rat EST-database matching with P1-LINE up to 88–96% 
identity mostly representing the 5' untranslated (5'-UTR) and 

Figure 3. Expression of P1-LINE RNA in adult rat tissues by northern blot. RNA expression of P1-
LINE in eight different tissues of adult rat was examined by northern blot hybridization using 
32P-labeled 2.8 kb P1-LINE DNA probe. Heterogeneous RNAs of ~5.0 to 0.2 kb sizes were de-
tected. Some distinct transcripts are marked with arrows. 100 pg of the unlabelled probe was 
used as a positive control (+) for hybridization. Equal loading of total RNA in the gel is shown by 
methylene blue staining of 28S and 18S rRNAs. Expression of 28S rRNA is shown as an internal 
reference. (A) and (B) represent two experiments showing RNA expression for two out of four 
individual rats, Figure S2A and B represent the other two rats. Densitometric quantitation of 
P1-LINE RNA normalized to 28S rRNA is represented as relative RNA expression. (C) Relative 
RNA expression of P1-LINE (Mean ± SEM, see Table 4) from the four rats.
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positions in all rat chromosomes (Table 2 and Fig. 2) represent-
ing LINE sequences of the rat genome. The 123–2796 bp region 
of P1-LINE is 92% homologous to the rat L1 sequence (RnL1), 
but it is discontinuous and split into three parts (123–1162 bp, 
1231–1404 bp and 1424–2796 bp) by the simple repeat and 
intergenic sequences (Fig. 1C). P1-LINE sequence homologous 
to ORF2 is present in the 3'end (4164–5859 bp) of the Rn L1. A 
total of 2116 bp (123–1162 bp+1231–1404 bp+1424–2796 bp) 
of P1-LINE is homologous to 1695 bp (4164–5859 bp) of ORF2 
of RnL1; and 447 bp sequence of RnL1 ORF2 (4962–5408 bp) 
is duplicated in P1-LINE, i.e., at 123–562 bp and 2347–2794 
bp. These two regions of P1-LINE are 94% and 82% similar 
to ORF2, respectively. Initially, they might have been part of 
two different L1 sequences and during the course of evolution 
they might have joined together.46 The discontinuity or split in 
the ORF2 sequences of P1-LINE also supports this idea. LINE 
sequences are generally present in the AT-rich regions of mam-
malian genome.47 The 2.8 kb P1-LINE is present in the 93 kb 
sub-telomeric region of chromosome 12 (12p12) (Fig. 2), which 
is also AT-rich and devoid of exonic sequences. The 1400–2794 
bp region of P1-LINE (94% homologous to ORF2 of RnL1) is 
named as common region (P1-LINEc). Interestingly, P1-LINEc 
is present in multiple copies at number of loci in all rat chro-
mosomes representing its widespread distribution in the genome 
(Table 2 and Fig. 2). These LINE sequences are 5' truncated 
(devoid of 5'-UTR promoter) and possess mutations in the ORF2 

the rat EST-database. We suggest that these small LINE RNAs 
may represent precursors of the piRNAs.

Discussion

The present study has focused on endogenous RNA expression 
from LINEs in somatic tissues of the rat (Rattus norvegicus). 
We isolated a 2.8 kb PstI genomic repetitive DNA from the rat 
brain, which is a truncated LINE (L1) with homology to ORF2 
(reverse transcriptase) of rat LINE 1 (RnL1).14 P1-LINE is pres-
ent as multiple 5' truncated copies at different genomic loci in all 
rat chromosomes. These P1-LINE sequences are hypermethyl-
ated and show tissue-specific, mosaic distribution in rat genome. 
P1-LINE shows widespread RNA expression in somatic tissues in 
a heterogeneous, tissue-specific, dynamic and methylation-unre-
stricted manner. Most of these LINE RNAs from variously trun-
cated LINEs represent long noncoding RNAs (lncRNAs) and 
precursors for piRNAs arguing for the noncoding RNA based 
cellular function(s) of LINEs.

Organization of P1-LINE sequences in the rat genome. 
We isolated, cloned and sequenced six repetitive DNA frag-
ments (B1, E1, E2, H1, P1 and P2) from genomic DNA of the 
rat brain (Fig.  1 and Table 1; Fig. S1). DNA sequence analy-
sis showed that out of the six DNA fragments, P1, E1 and H1 
contain 92%, 80% and 43% LINE sequences, respectively. 
P1-LINE sequences are present in multiple copies at different 

Table 4. Level of P1-LINE RNA expression and size of the transcripts

Tissues Fig. 3A Fig. 3B  Fig. S2A  Fig. S2B Mean±SEM

Brain
Expression 4.050 1.608 6.790 3.582 4.007 ± 1.067 Strong

Transcripts 
size (kb)

0.2, 0.3, 0.6, 0.75, 1.5, 3.5 0.2, 0.3 0.2, 0.3, 0.7, 1.5, 3.2 0.2, 0.3, 0.5, 1.5, 3.8 

Liver
Expression 2.161 1.291 4.261 6.107 3.455 ± 1.081 Moderate

Transcripts 
size (kb)

1.5, 3.5 0.2, 0.3 1.5, 3.2 0.2, 0.3, 0.5, 1.5, 3.8 

Lungs

Expression 1.521 3.130 8.444 5.325 4.605 ± 1.498 Strong

Transcripts 
size (kb)

0.2, 0.3, 0.6, 1.5 
0.2, 0.3, 0.6, 0.75, 

1.5, 3.2, 5.9 
0.2, 0.3, 0.7, 0.8, 

1.5, 3.2 
0.2, 0.3, 0.5, 0.85, 

1.5, 3.8 

Heart
Expression 5.474 6.879 10.300 5.657 7.078 ± 1.118 Very strong

Transcripts 
size (kb)

0.2, 0.3, 0.6, 1.5, 3.5 
0.2, 0.3, 0.6, 0.75, 
1.5, 2.3, 3.2, 5.9 

0.2, 1.5, 2.0, 3.2 0.2, 0.3, 0.5, 1.5, 3.8 

Kidney
Expression 3.513 4.808 8.940 4.710 5.493 ± 1.186 Very strong

Transcripts 
size (kb)

0.2, 0.3, 0.6, 0.75, 1.0, 
1.5, 3.5

0.2, 0.3, 0.6, 0.75, 
1.5, 3.2, 5.9 

0.85, 1.0, 1.5, 3.2 
0.2, 0.3, 0.5, 0.85, 

1.5, 3.8 

Testis
Expression 2.683 9.288 12.420 2.523 6.729 ± 2.466 Very strong

Transcripts 
size (kb)

0.2, 0.3, 0.6, 0.75, 1.3, 
1.5, 3.5 

0.2, 0.3, 0.6, 0.75, 
1.5, 2.3 

0.2, 0.3, 0.7, 1.0, 1.5, 
3.2, 8.0 

0.2, 0.3

Spleen
Expression 4.213 4.458 6.745 5.310 5.181 ± 0.571 Very strong

Transcripts 
size (kb)

0.2, 0.3, 0.6, 0.75, 1.0, 
1.5, 3.5 

0.2, 0.3, 0.6, 0.75, 
1.5, 3.2, 5.9 

0.2, 0.3, 0.7, 1.0, 1.5, 
3.2, 8.0 

0.2, 0.3, 0.5, 0.85, 
1.5, 2.3, 3.8 

Thymus Expression 3.849 4.388 6.499 5.926 5.166 ± 0.625 Very strong

Transcripts 
size (kb)

0.2, 0.3, 0.6, 0.75, 1.0, 
1.5, 3.5 

0.2, 0.3, 0.6, 0.75, 
1.5, 3.2, 5.9 

0.2, 0.3, 1.5, 3.2 0.2, 0.3, 0.5, 0.85, 
1.3, 1.5, 2.3, 3.8 

Expression = IDV ratio of P1-LINE/28S rRNA. < 3 = weak; 3–4 = moderate; 4–5 = strong; > 5 = very strong.
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long noncoding LINE RNA expression pattern. Northern blots 
(Fig. 3; Fig. S2) show that P1-LINE RNAs are expressed in the 
heart, kidney, testis, spleen, thymus, brain, lungs and liver from 
high to low levels with variations in the level of expression and 
transcript size in individual rats. RT-PCR (Fig. 4) shows that 
P1-LINE RNAs are expressed in brain, testes, thymus, spleen, 
lungs, kidney, liver and heart from high to low levels. This dif-
ference in the expression patterns observed by the two techniques 
should be due to variations in the presence of truncated P1-LINE 
copies and their transcriptional activity in the tissues. This sug-
gests transcription of P1-LINE being regulated in a tissue-spe-
cific and dynamic manner. The immature (4 week) and adult (16 
week) rats both show P1-LINE RNA expression suggesting the 
onset of LINE transcription from early part of life in mammals. 
Previously expression of LINEs has been reported to occur under 
cellular stress conditions, e.g., oxidative stress in human neuro-
blastoma cells, gamma radiation in osteosarcoma cells, induction 
by a tryptophan-photoproduct in HeLa cells and induction by 
benzo(a)pyrene in HeLa cells.55-58 Also, cancerous cells and tis-
sues have been reported to show higher expression of LINEs, e.g., 
colon cancer, renal cell carcinoma, prostate cancer, liver carci-
noma, gastric cancer, ovarian carcinoma and teratocarcinoma as 

and therefore should be defective for retrotrans-
position. This agrees to the idea that the 3'end 
of L1 sequences are widely distributed and move 
frequently in the genome during evolution.11 
The fact that LINE sequences are normally 
present in clusters in the genome, is supported 
by the 93 kb region of chromosome 12 (12p12) 
containing P1-LINE, 52 truncated LINEs and 
two full length L1s (Fig. 2). This full length 
L1 is capable of making ORF1 protein but not 
ORF2 protein, as it contains several mutations 
as translational termination sites. The 93 kb 
region also contains 57 SINEs along with the 
LINEs showing its dependence on L1 for ret-
rotransposition and thus, its non-autonomous 
nature.48 It would be interesting to study the 
chromatin structure of this LINE-SINE cluster 
in the subtelomeric 93 kb (12p12) region of the 
rat chromosome 12 and its relationship to the 
LINE/SINE RNA expression.

Widespread expression of P1-LINE as 
long noncoding RNAs in somatic tissues. 
We observed that three genomic repetitive 
DNA fragments, i.e., P1, E1, H1 with LINE 
sequences are expressed as endogenous RNAs in 
the rat tissues (Fig. 3, Tables 1 and 4; Fig. S2). 
Other three genomic repetitive DNA frag-
ments, i.e., B1, E2, P2, which contain far less 
%age or no LINE sequence, are either weakly 
expressed or not expressed into RNA in the rat 
tissues (Fig. S2). Earlier, germ-line expression 
of L1 sequences has been reported in mouse tes-
tis and mouse ovary and human testis but there 
are very few reports of expression of LINEs in 
somatic cells or tissues of adult mammals.49-52 
We observed widespread expression of P1-LINE RNAs as long 
noncoding RNAs in seven different somatic tissues (brain, liver, 
lungs, heart, kidney, spleen and thymus) and one germline tis-
sue (testis) of adult (16 week) (Fig. 3) and immature (4 week) 
rats (Fig. S3A). The expression of LINE RNAs is heterogeneous, 
tissue-specific and variable in individual rats suggesting its tran-
scription from truncated LINEs at different chromosomal loci 
and its dynamic nature of expression in the genome. Northern 
blot analysis showed larger transcripts of ~5.0 > 2.8 kb and smaller 
transcripts of < 2.8 kb suggesting transcription from the trun-
cated copies of P1-LINE. Individual rats showing variable RNA 
expression patterns with respect to the tissues suggest dynamic 
expression of the LINEs. Since, 28S and 18S rRNAs may contain 
certain LINE sequences, we also observed some P1-LINE RNA 
signals similar to the sizes of these rRNAs.53,54 We observed more 
LINE RNAs in the range of 1.5 kb to 0.2 kb in the northern blots 
(Fig. 3; Fig. S2), which correlate with genomic distribution of the 
LINEs (Table 2), shows widely distributed P1-LINE common 
region (1400–2796 bp) in rat genome. This shows that multiple 
P1-LINE copies located at different positions in the chromo-
somes are transcribed to generate the heterogeneous and dynamic 

Figure 4. Expression of P1-LINE RNA in adult rat tissues by RT-PCR. RNA expression of P1-
LINE in eight different tissues of adult rat was examined by RT-PCR. (A) P1 and P2 primers 
from the P1-LINE common region homologous to ORF2 generate a 310 bp amplicon. (B) 
Representative expression of P1-LINE RNA in eight different tissues. RT, reverse transcrip-
tase; -RT, no RT negative control; NTC, no template (1st strand cDNA) negative control; 
GAPDH (452 bp), reference signal. (C) Relative RNA expression (P1-LINE RNA /GAPDH mRNA) 
by densitometric quantitation of the results from four individual rats.
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and one germline tissue of a mam-
malian species under normal physi-
ological conditions. This argues for 
biological role of LINE RNAs as cel-
lular noncoding RNAs. These LINE 
RNAs may be associated with the 
chromatin and involved in organiz-
ing chromatin domains/landscapes 
for regulation of gene expression, 
e.g., LINE RNA associated with the 
Xist noncoding RNA for inactiva-
tion of mammalian X chromosome 
or acting as long noncoding RNAs 
for binding with regulatory proteins, 
e.g., the hsrωRNA during the heat 
shock response in Drosophila.76,77

P1-LINE DNA methylation and 
RNA expression. LINE sequences 
have self-limiting properties toward 
retrotransposition, e.g., deletion of 
promoter in the 5'-UTR and muta-
tion in the ORF2, besides active 
silencing mechanisms, such as, epi-
genetic regulations by DNA meth-
ylation, histone methylation, small 
regulatory RNA-mediated hetero-
chromatinization and inhibition 
by APOBEC3 (apolipoprotein B 
mRNA-editing enzyme, catalytic 
polypeptide -a family of DNA or 
RNA cytidine deaminases).7,78-82 It 
also includes AT-richness of L1 caus-
ing inefficient transcription and pre-
mature polyadenylation to inhibit 
its expansion.10,83 Methylation at 
CpG-dinucleotides in the GC-rich 
promoter of L1 causes silencing by 
inhibiting the initiation of tran-
scription.84 However, cytosine 
methylation has been reported to 
be preferentially directed to genes 
not to retrotransposons in a uro-
chordate.85 Similarly, in another 
example, methylation status of the 
LTR-retrotransposon did not cor-
relate with the copy numbers and 
activity.86

Our results show that P1-LINE is strongly hypermethylated 
in all the eight tissues studied, while a few of them like heart and 
testis show some degree of hypomethylation (Fig. 5). The hyper-
methylation status of P1-LINE does not correlate with its strong 
RNA expression in the tissues, which cannot be accounted by the 
small fraction of the hypomethylated P1-LINE sequences. We 
also observed tissue-specific methylation patterns of P1-LINE 
with respect to the hypermethylated 5kb Msp I band in the lungs 
and thymus and the hypomethylated 2.8, 1.3, 0.89 and 0.4 kb 

well as in other diseases such as hemophilia, Duchenne Muscular 
Dystrophy (DMD), β-thalassemia, chronic granulomatous dis-
ease (CGD) and Coffin-Lowry Syndrome (CLS).59-71 Therefore, 
expression of L1s is generally correlated with genome rearrange-
ment, genomic instability, alterations in gene expression and dis-
eases.72 Recently, LINEs have been reviewed as a major source 
of genetic disposition to diseases in humans.73-75 However, this 
is the first report of endogenous LINE RNA expression as long 
and small noncoding RNAs in seven different somatic tissues 

Figure 5. Methylation of P1-LINE DNA in rat genome. (A) The cloned 2.8 kb P1-LINE DNA fragment (P1) 
was digested by Msp I (M)/HpaII (H) and used as a positive control to assess the corresponding genomic 
P1-LINE DNA fragments. (B) Genomic DNA purified from eight different tissues of adult rat was digested 
by PstI+Msp I (M) and PstI+HpaII (H) followed by Southern blot hybridization with 32P-labeled 2.8 kb 
P1-LINE DNA probe to assess DNA-methylation at 5'-CCGG-3' sequences of P1-LINE in the rat genome. 
Four Msp I bands (2.8, 1.3, 0.89 and 0.4 kb) are marked by arrows.The blot is representative of two inde-
pendent experiments from individual rats. + is purified 2.8 kb P1-LINE DNA used as positive control. (C) 
Densitometric quantitation of the four Msp I bands (2.8, 1.3, 0.89 and 0.4 kb) showing % methylation of 
P1-LINE expressed as [(Msp I-HpaII)/Msp I]x100 in the tissues.
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HpaII bands in the heart and testis suggesting variations 
in the organization of the LINE-chromatin in the tissues. 
Recent report shows that methylation within the genes 
(gene body methylation) is also important and involved 
in the transcriptional regulation.87 Similarly, P1-LINE 
RNA expression may not be inhibited by DNA meth-
ylation. Since the strong, heterogeneous and widespread 
RNA expression suggests expression of LINEs from mul-
tiple sites in the rat genome, we consider this is unre-
stricted by the DNA hypermethylation. This observation 
was not reported earlier. It would be interesting to study 
the methylation status of P1-LINE chromatin in relation 
to its RNA expression and relationship of long noncoding 
LINE RNA with DNA methylation.

P1-LINE shows tissue-specific mosaic pattern in 
rat genome. Due to high copy number and widespread 
presence of LINEs in the genome, it gives mosaic appear-
ance.88 IRS-PCR patterns of P1-LINE by single primer 
(Fig. 6) show that different copies of P1-LINE are present 
as inverted repeats in close proximity of each other in the 
rat genome. Different sizes and intensities of the DNA-
bands amplified by a single primer (P1 or P2) represent 
multiple copies of LINEs as inverted repeats at different 
genomic locations. The differential pattern of IRS-PCR 
for the eight different tissues clearly shows that the chro-
mosomal organization of P1-LINE is unique in each tis-
sue creating a tissue-specific and mosaic pattern of the 
genome (Fig. 6). Since, P1-LINE is strongly expressed 
at RNA level from multiple loci, its mosaic distribu-
tion and transcription together may create tissue-specific 
noncoding LINE RNA-landscapes of the chromatin 
of the genome. The hypermethylated state of P1-LINE 
may also add new property to this landscaping of the 
genome.89 Earlier, it was shown that human populations 
contain about 44% polymorphic L1s in the genome. 
This accounts for 6 major classes of L1s (hot L1s) and 
an average human being may contain about 80–100 
retrotransposition-competent L1s.90 RNA expression and 
retrotransposition of L1 have been shown to contribute 

Figure 6. Interspersed-repetitive sequence-PCR (IRS-PCR) of 
P1-LINE in rat genome. (A) A schematic diagram showing the 
primers (P1 and P2) from the common region (1400–2796 bp) 
of P1-LINE and its expected amplification-product of 310 bp. 
(B) IRS-PCR products from genomic DNA from eight differ-
ent rat tissues using single primer (P1 or P2) marked as lane 1 
and lane 2, and double primers (P1+P2) marked as lane 3 are 
shown, respectively. (C) Genomic DNA-PCR of a rat repetitive 
DNA sequence (accession number GQ463151, upper panel) is 
shown as the 408 bp and the GAPDH gene (lower panel) as the 
452 bp amplicons as reference signals. M- 100 bp DNA ladder 
used as a molecular size marker. (D) Alkaline-agarose gel elec-
trophoresis and Southern blot hybridization of the IRS-PCR 
products from the tissues with the 32P-labeled 310 bp P1-LINE 
DNA probe. Arrow indicates a band which is absent in some 
other tissue. (E) Densitometric quantitation of the IRS-PCR-
Southern blot signals from (D) expressed as relative amplifica-
tion (lane 1/3 and 2/3) from the inverted repeats of P1-LINE.
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copy number of the five piRNAs (Table 3) pro-
duced from the rat genome. We observed strong 
expression of small transcripts of 700–75 nt 
homologous to the 310 bp probe derived from 
the P1-LINE common region (ORF2 and piRNA 
sequences) in the denaturing northern blot analy-
sis of RNA from eight different tissues of the 
adult (16 week) (Fig. 6) and immature (4 week) 
(Fig. S3B) rats. Moreover, three piRNAs (piR3, 
piR4, piR5) out of the five piRNAs are mapped 
to the 310 bp probe, which detected the small 
transcripts. Seven ESTs of 474–699 nt from the 
rat genome (Table 5) also show strong homology 
with P1-LINE common region (1424–2796 bp). 
This suggests that the small P1-LINE transcripts 
(700–75 nt) are partly homologous to the 5'UTR 
and 3'UTR regions of the rat transcripts/mRNAs 
represented as the ESTs and they may also be pre-
cursor RNAs for the piRNAs. Interestingly, the 
P1-LINE common region is the ORF2 sequence. 
Hence, 5'truncated LINEs with ORF2 sequences 
abundantly present in the rat genome can pro-
duce precursor RNAs for the piRNAs. Since 
piRNAs can silence invasion of transposons into 
the genome, the transcripts from the truncated 
LINEs can negatively regulate retrotransposition 
of LINEs and may also regulate the transcripts/
mRNAs either directly or through the piRNAs. 
This indicates biological role of the LINE RNAs 
as well as the piRNAs for RNA regulations in 
the somatic tissues of the rat. This is likely to be 
independent of the fate of the LINE RNAs for 
retrotransposition. Therefore, both these LINE 
RNAs and piRNAs should represent noncoding 
RNAs. Recently, LINE RNAs have been shown 

to contain self-cleaving catalytic RNAs or ribozymes for the 
5'end-RNA processing of the LINE RNAs and translational 
initiation of the ORFs indicating a primary function for the 
RNA regulation.98

Taken together, our results suggest that P1-LINE, abundantly 
present at multiple chromosomal sites in the rat genome, is tran-
scriptionally highly active in almost all somatic and gametic tis-
sues in the young and adult individuals. It shows tissue-specific 
and mosaic genomic distribution. P1-LINE DNA is heavily 
methylated in the chromatin, but it is strongly expressed into 
LINE RNAs. The truncated LINEs are expressed into hetero-
geneous long and small noncoding RNAs, which may mark 
RNA-landscapes in the chromatin and may also be precursors 
for piRNAs for small RNA-mediated cellular regulations. This 
is the first report of methylation-unrestricted, widespread, strong 
and dynamic flux of retrotransposon RNA expression from 
endogenous LINEs with mosaic genomic patterns in the somatic 
tissues of a mammalian species. Biological role of such LINE 
RNAs in mammalian tissues under normal physiological condi-
tions should explain their functional significance in the context 
of noncoding RNA, genome expansion and evolution.

to mosaic cellular patterns in the mammalian brain and this has 
been reported to be involved in the process of neurogenesis in 
the adult brain, which is induced by cellular signaling mecha-
nisms.91,92 Interestingly, LINE 1 retrotransposition has also been 
linked to excercise and experience leading to learning and mem-
ory in the hippocampus region of the mouse brain suggesting 
their physiological significance.93 Somatic mosaicism and copy 
number variation of DNA sequences in the human tissues have 
also been reported to contribute to variations in the genotype as 
well as the phenotype of the tissues.94,95 Our results show that 
LINEs have a natural and tissue-specific mosaic genomic distri-
bution in mammals.

P1-LINE and small RNAs. Recently, regulation of LINEs 
and other retrotransposons by piRNAs has been reported.40,96,97 
Presence of bidirectional promoters in the L1 sequences are 
involved in generation of the long double-stranded transcripts, 
which can act as precursors for the piRNAs. Sequence analysis 
of P1-LINE showed five rat piRNAs, which can be generated 
from the common region (1706–2513 bp) of P1-LINE pres-
ent all over the genome. The high copy number of P1-LINE 
in the rat chromosomes (Table 2) also correlates with the high 

Figure 7. Expression of small RNAs from P1-LINE in adult rat tissues. Expression of small 
RNA from P1-LINE was examined in eight different tissues of the adult rat by denaturing 
(12% polyacrylamide+8M urea) gel electrophoresis followed by northern blot hybridiza-
tion. (A) An ethidium bromide-stained gel of the rat liver RNA shows the 5.8S rRNA (163 
nt), 5S rRNA (120 nt) and tRNA (75 nt). (B) Hybridization of the similar gel with 32P-labeled 
310 bp P1-LINE DNA probe. Small RNAs of ~700–75 nt are detected. M = molecular size 
marker (48–20 nt oligos).
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DNA sequencing and sequence analysis. The 2.8 kb PstI 
DNA clone was sequenced and analyzed in silico by homology 
search in BLAST (www.blast.ncbi.nlm.nih.gov), BLAT (www.
genome.ucsc.edu), Repeat Masker (www.repeatmasker.org), 
Promoter 2.0 prediction (www.cbs.dtu.dk), PROMO 3.0 (www.
alggen.lsi.upc.es) sites and by piRNA (PIWI-interacting RNA) 
database (pirnabank.ibab.ac.in). Homology searches with the 
rat genome (www.rgd.mcw.edu) and rat EST database (www.
blast.ncbi.nlm.nih.gov) were also analyzed. For BLAT analyses, 
the selected hits with the score and identity of 1000 and 90% 
were considered, respectively. For the piRNAs, 100% identity 
was observed. The 2.8 kb sequence was also compared with the 
full length rat LINE 1 (RnL1, accession number DQ100473) 
reported earlier.14 The B1, E1, E2, H1, P2 genomic DNA frag-
ments were also sequenced and the sequences were analyzed in 
silico.

RNA isolation and northern blot analysis. Total RNA was 
isolated from the rat tissues (brain, liver, lungs, heart, kidney, 
testes, spleen and thymus) by the Tri-reagent (cat. no. T9424, 
Sigma) method. RNA expression was studied by northern 
blot hybridization. Fifteen μg of total RNA from each tissue 
was denatured by 50% formamide, 2.5 M formaldehyde in 
MOPS [3-(N-morpholino) propanesulfonic acid] buffer (20 
mM MOPS, 2 mM sodium acetate, 1 mM EDTA, pH 7.0) at 
65°C for 15 min, cooled, mixed with 2 × loading buffer [0.025% 
(w/v) bromophenol blue, 0.025% (w/v) xylene cyanol, 5 mM 
EDTA (pH 8.0)] and resolved by 1.5% agarose-formaldehyde 
gel electrophoresis in MOPS-buffer. The RNA was vacuum-
blotted from the gel on to the nylon membrane (cat. no. 60106, 
Biodyne A) and immobilized by UV-cross-linking. The blot 
was stained with methylene blue to check for the quality and 

Materials and Methods

Animal, tissues and reagents. Healthy male immature (4 week) 
and adult (16 week) rats (Rattus norvegicus, Wistar strain) 
were obtained from the Animal House of Jawaharlal Nehru 
University, New Delhi. The study was performed as per the 
guidelines and approval of the Institutional Animal Ethics 
Committee (IAEC). Eight tissues (brain, liver, lungs, heart, 
kidney, testes, spleen and thymus) were collected and used for 
the experiments. Molecular biology grade reagents and oligo-
nucleotides from Sigma-Aldrich (USA), restriction enzymes, 
DNA/RNA modifying enzymes and polymerases from New 
England Biolabs, Fermentas, Promega, α-(32P)dATP (specific 
activity = 4 × 106 CPM/mmole) from BRIT were used for 
the study. Basic molecular biology methods were followed as  
described earlier.99

Genomic DNA isolation and DNA cloning. Genomic DNA 
(20 μg) purified from the rat brain was digested by BamH I, 
EcoR I, Hind III, PstI and the DNA fragments were resolved by 
1% agarose-TAE buffer (40 mM TRIS-acetate, 1 mM EDTA, 
pH 8.0) gel electrophoresis with 0.5 μg/ml ethidium bromide. 
We observed two major PstI bands of approximately 2.8 kb (P1) 
and 2.3 kb (P2) in addition to the smear (20–0.5 kb). The P1 
(2.8 kb) DNA fragment was cut out and extracted from the gel 
by using a gel-extraction kit (cat. no. 28704, Qiagen) and the 
DNA was cloned into the PstI site of pBS-SK (+) II vector. The 
plasmid DNA was isolated from the transformed colonies and 
the recombinant clones (pP1-LINE) were checked by PstI diges-
tion for the 2.8 kb inserted DNA fragment. Other genomic DNA 
fragments (B1, E1, E2, H1 and P2; described in the results) were 
similarly purified, cloned and verified.

Table 5. Homology of P1-LINE with rat ESTs

Rattus norvegicus (Sprague-Dawley) ESTs Accession No.
mRNA region 

(nt.)
Query coverage 

(nt.)
P1-LINE region 

(nt.)
Score 
(bits)

Identity

Brain  
cDNA clone TL0AAA65YA19 5', 

mRNA sequence

FQ078661.1 1-688 24% 
(694)

1600-2288 922 90%

Liver  
cDNA clone TL0ABA26YM18 5', 

mRNA sequence

FQ106675.1 645-19 22% 
(631)

1767-2393 893 92%

Spleen  
cDNA clone TL0AEA10YM14 5', 

mRNA sequence

FQ155627.1 1-536 19% 
(536)

2261-2796 891 96%

11-12 days foetus  
cDNA clone 

TL0ADA52YB24 5', mRNA sequence

FQ148598.1 26-709 24% 
(699)

1424-2115 811 88%

Brain microvessel  
cDNA Library cDNA 5', mRNA sequence

CD568346.1 59-667 21% 
(615)

2148-2758 811 90%

Spleen  
cDNA clone TL0AEA83YE14 3', 

mRNA sequence

FQ199552.1 96-673 20% 
(584)

2217-2793 739 89%

Brain 
cDNA clone TL0AAA75YC18 3', 

mRNA sequence

FQ088022.1 103-575 16% 
(474)

2054-2526 725 94%

Total BLAST hits = 107, hits from specific tissues and with identity > 85% are shown. Most ESTs (5' and 3' untranslated regions of the mRNAs) match with 
1400-2796 bp (ORF2 and piRNA region) of P1-LINE. Identity = maximum identity, E value = 0.0 for all above.
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0.25 N HCl for 10 min, washed with H
2
O for 10 min, denatured 

by 1.5 M NaCl+0.5 M NaOH for 30 min (twice) and neutralized 
by 1.5 M NaCl + 1 M Tris-Cl (pH 7.0) for 30 min (twice). DNA 
was vacuum-blotted to the nylon membrane, UV-crosslinked, 
pre-hybridized in Sodium-Phosphate buffer (0.3 M Na

2
HPO

4,
 

7% SDS, 1 mM EDTA and 100 μg/ml denatured calf thymus 
DNA) at 65°C for 2 h and hybridized in hybridization buffer 
added with denatured 32P-labeled 2.8 kb P1-LINE DNA probe 
(specific activity = 2–3 × 108 cpm/μg) at 106 cpm/ml conc. at 
65°C for 16–18 h. The membrane was successively washed in 
washing solution I (1X SSC + 0.5% SDS) at 25–30°C for 10 
min, washing solution II (0.6X SSC + 0.1% SDS) at 65°C for 20 
min, washing solution III (0.2X SSC + 0.1% SDS) at 65°C for 
20 min to remove background and non-specific hybridization. 
The membrane was exposed to X-ray film for autoradiography. 
Unlabelled 2.8 kb P1-LINE DNA (100 pg) was used as a posi-
tive control and P1-LINE DNA digested with Msp I or HpaII 
was loaded in the gel to locate the positions of the corresponding 
bands from the genomic DNA. Four distinct MspI-bands (2.8, 
1.3, 0.89 and 0.4 kb) were quantitated by densitometry and their 
background-subtracted specific signal density (IDV) was used to 
calculate the % methylation as [(Msp I-HpaII)/Msp I] × 100 and 
plot the graph.

Interspersed repetitive sequence-polymerase chain reaction 
(IRS-PCR). Genomic DNA purified from the tissues was used 
for Interspersed Repetitive Sequence-Polymerase Chain Reaction 
(IRS-PCR) by using the P1-LINE common region P1 and P2 
primers (310 bp amplicon). The IRS-PCR (50 μl) mixture con-
tained PCR-buffer (10 mM TRIS-HCl, 50 mM KCl, 2.5 mM 
MgCl

2
, pH 8.3), 50.0 ng genomic DNA, 0.2 mM dNTPs, 25.0 

pmol of single primer (P1 or P2) or 12.5 pmol each of double 
primers (P1 + P2), 1.0 unit Taq DNA pol. As per our earlier 
report, the cycle parameters were as follows: denaturation at 94°C 
for 5 min; 10 cycles of 94°C for 50 sec, 30°C for 1 min 20 sec, 
72°C for 3 min 30 sec; then 30 cycles of 94°C for 50 sec, 61°C for 
1 min 20 sec, 72°C for 3 min 30 sec; and a final extension step 
at 72°C for 10 min; followed by an end-step at 4°C.100 One-tenth 
(5 μl) of the PCR-product was analyzed by 1% agarose-TAE buf-
fer gel electrophoresis. Another repeat-sequence DNA (accession 
number GQ463151), isolated from the rat genome, as well as 
the GAPDH gene were PCR-amplified from the genomic DNA 
by their corresponding specific primers for comparison. The 
IRS-PCR products (2/5th) were also mixed with alkaline-dye 
[50 mM NaOH, 1 mM EDTA, 3% Ficoll, 0.01% (w/v) bromo-
phenol blue] and resolved in 1.5% alkaline-agarose gel in alkaline 
buffer (50 mM NaOH, 10 mM EDTA, pH 8.0) by electropho-
resis at 3.5 V/cm, Southern-blotted to the membrane in the 
alkaline buffer and hybridized with 32P-labeled 310 bp P1-LINE 
common region DNA probe followed by washing of the blot and 
autoradiography.101 The band patterns were scored. The hybrid-
ization signals were quantitated by densitometry and expressed as 
P1/P1+P2 and P2/P1+P2.

Denaturing (PAGE-urea) northern blot analysis for small 
RNA. Denaturing (PAGE-urea) northern blot hybridization was 
performed as described by Saito et al., (2006).102 Briefly, 30 μg 
total RNA from the tissues was denatured in 50% formamide 

complete transfer of the RNA. The 2.8 kb P1-LINE DNA was 
released from the pP1-LINE clone by PstI-digestion, gel-purified 
and 32P-labeled by using [α-32P]dATP, random hexamer-primer 
and E. coli DNA Pol I (Klenow) by random-primed synthesis. 
The 32P-labeled DNA probe was purified by Sephadex G-50 
spin-column. Pre-hybridization of the blot was performed in 
hybridization buffer {50% formamide, 5X SSC (20X SSC 
= 3M NaCl+0.3 M Na-citrate, pH 7.0), 0.05 M Na

2
HPO

4
, 

0.5% SDS, 1 mM EDTA, 5X Denhardt’s reagent [0.1% (w/v) 
Ficoll, 0.1% (w/v) Polyvinylpyrrolidone and 0.1% (w/v) BSA], 
100 μg/ml denatured carrier tRNA and 100 μg/ml denatured 
calf thymus DNA} at 42°C for 2 h. Hybridization of the blot 
was performed in the hybridization buffer added with the heat-
denatured 32P-labeled DNA probe (specific activity = 2–3 × 108 
cpm/μg) at 106 cpm/ml conc. at 42°C for 16–18 h. The mem-
brane was washed in 5X SSC+0.1% SDS at 25–30°C for 10 min 
and successively in 2X, 1X, 0.1X SSC containing 0.1% SDS at 
55°C once for 10 min each time to remove background and non-
specific hybridization. The blot was exposed to X-ray film for 
autoradiography. Unlabelled P1-LINE DNA (100 pg) was used 
as a positive control. The 1kb denatured DNA-ladder on the 
membrane was stained with methylene blue and used to assess 
the size of the hybridization signal. A 416 bp DNA (5'1–416) 
from the rat 28S rRNA (accession # NR_046246.1) gene was 
PCR-amplified by the primers (forward primer: 5'-CGC GAC 
CTC AGA TCA GAC GTG-3' and reverse primer: 5'-CAC 
GCC CTC TTG AAC TCT CT-3') from the rat genomic DNA, 
gel-purified, 32P-labeled and hybridized with the RNA gel blots 
after removing the P1-LINE DNA probe. The P1-LINE RNA 
and 28S rRNA signals were quantitated by densitometry as inte-
grated density value (IDV) and the P1-LINE/28S rRNA nor-
malized IDV ratio (Mean ± SEM) was plotted as relative RNA 
expression in the graph.

Reverse transcription-polymerase chain reaction (RT-PCR). 
RNase-free DNase I-treated total RNA (1 μg) from the tissues was 
reverse-transcribed by reverse transcriptase (RT) and oligo(dT) 
primer in 20 μl reaction followed by PCR-amplification of 2 
μl of the RT-reaction product by the primers [forward primer 
(P1): 5'-TGT TGG GGC ATC TTT TGG GTA T-3' and reverse 
primer (P2): 5'-GGA ATG TCG AAT GGC TGA GAA A-3'] 
derived from the 2421–2730 bp P1-LINE common (ORF2) 
region by using the following conditions: 94°C for 5 min and 
25 times (94°C for 45 sec, 61°C for 45 sec, 72°C for 1 min) and 
extension at 72°C for 10 min. The 2.5 μl reaction product was 
resolved by 1.5% agarose-TBE buffer (45 mM Tris-borate, 1 mM 
EDTA, pH 8.3) gel electrophoresis. The -RT negative control and 
the GAPDH [primers: G1 (5'-ACC ACA GTC CAT GCC ATC 
AC-3') and G2 (5'-TCC ACC ACC CTG TTG CTG TA-3'), 
452 bp amplicon] reference RT-PCR were performed. The 310 
bp P1-LINE and the 452 bp GAPDH amplicons were quanti-
tated by densitometry as IDV. The normalized ratio of the IDVs 
of the 310 bp/452 bp signals (Mean ± SEM) was plotted as graph.

DNA methylation by Southern blot analysis. Genomic 
DNA (30 μg) from the tissues was digested by PstI+Msp I and 
PstI+HpaII (10 Units/μg DNA, 16 h) and resolved by 1% agarose/
TAE buffer gel electrophoresis. DNA was in-gel depurinated by 
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and IRS-PCR analyses were performed in the tissues from the 
same individuals. Sizes of the bands were calculated from the 
standard curves of molecular size markers. The sizes of the RNAs 
calculated from the denatured DNA markers are mentioned as 
approximate values. The data were collected from 2–4 experi-
ments and expressed as Mean ± SEM.
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at 65°C for 15 min and mixed with 2× sample buffer [0.025% 
(w/v) bromophenol blue, 0.025% (w/v) xylene cyanol, 5 mM 
EDTA (pH 8.0)], resolved by 12% polyacrylamide-8M urea/
TBE buffer denaturing gel electrophoresis and transferred to the 
nylon membrane by semi-dry electro-blotting in TBE buffer at 
2 mAmp/cm2 for 90 min and immobilized by UV-crosslinking. 
Pre-hybridization of the blot was performed in hybridization buf-
fer [5X Denhardt’s reagent, 5X SSC, 0.5% SDS, 1mM EDTA, 
50 mM Na

2
HPO

4
, 100 μg/ml denatured calf thymus DNA and 

100 μg/ml denatured carrier tRNA] for 2 h at 37°C. The 310 
bp ORF2-probe (2421–2730 bp) was generated by PCR from 
P1-LINE DNA and 32P-labeled by random-primed synthesis as 
mentioned above. Hybridization of the blot was performed in 
the hybridization buffer added with the denatured 310 bp probe 
(specific activity = 2–3 × 108 cpm/μg) at 107 cpm/ml conc. at 
37°C for 16–18 h. The membrane was washed twice with 2X 
SSC+0.1% SDS and once with 1X SSC+0.1% SDS at 37°C 
for 10 min each time to remove background and non-specific 
hybridization. The membrane was exposed to X-ray film for auto-
radiography. Unlabelled 310 bp ORF2-probe (100 pg) was used 
as a positive control.

The tissues from individual rats were analyzed to score varia-
tions in P1-LINE expression. RNA-expression, DNA-methylation 
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