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L1 and Alu elements are long and short interspersed retrotransposable elements (LINEs and SINEs) in humans, respectively.
Proteins encoded in the autonomous L1 mediate retrotransposition of the nonautonomous Alu and cellular mRNAs. Alu is the
only active SINE in the human genome and is derived from 7SL RNA of signal recognition particle. In the other eukaryotic
genomes, various tRNA- and 5S rRNA-derived SINEs are found. Some of the tRNA- and 5S rRNA-derived SINEs have partner
LINEs of which 3′ sequences are similar to those of the SINEs. One of the tRNA-derived SINEs is shown to be mobilized by its
partner LINE. Many copies of tRNA and 5S rRNA pseudogenes are present in the human genome. These pseudogenes may have
been generated via the retrotransposition process using L1 proteins. Although there are no sequence similarities between L1 and
Alu, L1 functionally links with Alu and even cellular genes, impacting on our genome shaping.
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which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

In the human genome, coding sequences are less than 5%
while repeat sequences are more than 50% [1]. Most of these
repeat sequences are derived from retrotransposons, which
transpose through RNA intermediates. L1 and Alu elements
are the most successful families of non-LTR elements rep-
resenting approximately 30% of the human genome [1]. L1
is about 6 kb long, has an internal promoter for RNA poly-
merase II, and encodes two essential polypeptides (ORF1 and
ORF2) for retrotransposition (see, eg, [2–4]). The product
of ORF1 is an RNA-binding protein, and ORF2 encodes a
protein with endonuclease and reverse transcriptase activi-
ties [5–9]. While L1 moves autonomously, Alu is a nonau-
tonomous element. Alu elements are short (about 300 bp),
and have internal promoters for RNA polymerase III [10].
Since Alu elements encode no proteins, it had been presumed
that Alu borrows the enzymes like reverse transcriptases from
other sources for retrotransposition.

HUMAN L1 CAN MOBILIZE ALU AND
PROCESSED PSEUDOGENES

The idea that SINE transposition can be mediated by L1 ele-
ment was described by Feng et al [8], Jurka [11], and Martin
et al [12]. Recently, Dewannieux et al [13] showed that L1
can mobilize Alu in the human cells: neomycin-marked Alu
sequences transposed in the Hela cells transiently expressing
the L1 ORF2 proteins; and the transposition process included

splicing out of the autocatalytic intron, target site duplica-
tion, and integrations into consensus A-rich sequences. Re-
verse transcriptase primes on the 3′ terminal poly A stretch of
the L1 mRNA [7]. Also in the experiments using neomycin-
marked Alu sequences, the 3′ terminal polyA tracts of the
Alus were required for retrotransposition. Moreover, L1 can
mediate retrotransposition of a cellular mRNA that is not
associated with retrotransposon, although the rate of retro-
transposition is 100–1000 fold lower than that in the case
of Alu [13–15]. Very recently, U6 snRNA was reported to
be mobilized by L1 [16]. L1 mobilizes Alu and different
kinds of cellular RNAs, and plays important roles in human
genome shaping. Figure 1 is a schematic representation of the
retrotransposition of the human L1 elements and their de-
pendents. Retrotransposition of L1 and Alu (and processed
genes) results in insertion mutations, and crossing-over be-
tween the homologous elements is one of the sources of ge-
netic variations (see, eg, [17]). Insertions of Alu elements in-
troduce alternative 3′ splice sites into existing genes, possi-
bly resulting in defective splicing [18]. Alu and L1 elements
can alter the distribution of methylation in the genome, and
possibly transcription of genes [19, 20]. These rearrange-
ments have a great impact on the genome evolution. Most
mutations may be harmless, because coding and control se-
quences comprise less than 5% of the human genome DNA
[1]. However, for example, it is reported that Alu insertions
cause neurofibromatosis, haemophilia, familial hyperchores-
terolaemia, breast cancer, insulin-resistant diabetes type II
and Ewing sarcoma [19].
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Figure 1: Retrotransposition of the human LINE-1 (L1) elements and their dependents. L1 contains two open reading frames ORF1 and
ORF2. Products of these ORFs associate with the transcripts of L1, Alu, and cellular genes. The RNA-protein complexes bind to another
part of the genome, and new elements of L1 and Alu, and pseudogenes which lack introns are generated. Genes for small RNAs like tRNA
and 5S rRNA may also retrotranspose. In the other eukaryotic genomes, there are also tRNA- and 5S rRNA-derived SINEs. tRNA- and 5S
rRNA-derived SINEs have tRNA- and 5S rRNA-related regions at the 5′ ends, respectively. The 3′ end regions of some of the tRNA- and 5S
rRNA-derived SINEs show similarities to the 3′ end regions of their partner LINEs at the nucleotide sequence level.

LINKS BETWEEN LINES AND SINES IN
THE OTHER EUKARYOTIC GENOMES

The Alu element which is the only active SINE in the hu-
man genome, is thought to be derived from the 7 SL RNA
that is a component of signal recognition particle [21]. In
the other eukaryotic genomes, there are SINEs which are de-
rived from tRNA genes [22]. Nucleotide sequences of the
5′ regions of tRNA-derived SINEs are similar to those of
tRNA genes. Some tRNA-derived SINEs have sequence sim-
ilarity to LINEs in their 3′ end regions [22]: for example,
HE1 SINE and HER1 LINE in higher elasmobranchs (sharks,
skates, and rays), tortoise SINE and CR1-like LINE of tur-
tle, salmonid Hpa1 SINE and RSg-1 LINE of rainbow trout,
and P.s.1/SINE and Lucy-1 CR1-like LINE in Podarcis sic-
ula. This fact leads us to think that these SINEs are mobi-
lized by the partner LINEs. Indeed, it is demonstrated that
in Hela cells, the 3′ end of a fish (eel) SINE is recognized
by the reverse transcriptase of its partner LINE, and that the
fish SINE can be mobilized by the partner’s machinery [23].
In the zebrafish genome, 5S rRNA-derived SINEs have been
found [24]: their 5′ end regions are similar to the 5S rRNA at
the nucleotide sequence level, and their 3′ regions resemble
the 3′ parts of their partner LINEs. One may imagine that
LINEs had ever existed (or still exists) with ability to pro-
vide their 3′ parts for generation of partner SINEs. All of
SINEs, tRNA genes, and 5S rRNA genes are transcribed by
RNA polymerase III. Alu elements, tRNA-derived SINEs, and

tRNA genes have type 2 internal promoters, while 5S rRNA-
derived SINEs and 5S rRNA genes have type 1 internal pro-
moters. Different from the type 1 promoters, the type 2 pro-
moters in 5S rRNA genes synthesize the RNAs with the DNA
signals upstream of the transcribed region, which perhaps re-
sults in the restricted distribution of 5S rRNA-derived SINEs
in eukaryotic species [24].

CONTRIBUTION OF L1 TO OUR GENOME EVOLUTION

Interestingly, there are many copies of pseudogenes, frag-
ments and paralogues of tRNA and 5S rRNA genes in the
human genome [1]: 497 copies of the true tRNA genes com-
pared with 324 copies of their related genes; and 4 copies of
the true 5S rRNA gene compared with 520 copies of its re-
lated genes. As described above, in the human genome, Alu is
the only active SINE, and the active tRNA-derived SINE and
the 5S rRNA-derived SINE have not been found. However, it
is possible that human tRNA and 5S rRNA genes retrotrans-
pose with the L1-encoded proteins, if the transcripts acciden-
tally contain A-rich sequences at the 3′ ends [25]. The human
genome is reported to contain many types of chimeric retro-
genes that were formed using the L1 integration machinery
[26]. It should be noted that a new insertion of Alu to the
germline is computationally estimated to occur in about 1 of
every 100 births [27]. Directly and indirectly, L1 greatly con-
tributes to the evolution of our genome.
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