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m Abstract L1 retrotransposons comprise 17% of the human genome. Although
most L1s are inactive, some elements remain capable of retrotransposition. L1 elements
have a long evolutionary history dating to the beginnings of eukaryotic existence. Al-
though many aspects of their retrotransposition mechanism remain poorly understood,
they likely integrate into genomic DNA by a process called target primed reverse tran-
scription. L1s have shaped mammalian genomes through a number of mechanisms.
First, they have greatly expanded the genome both by their own retrotransposition
and by providing the machinery necessary for the retrotransposition of other mobile
elements, such as Alus. Second, they have shuffled non-L1 sequence throughout the
genome by a process termed transduction. Third, they have affected gene expression
by a number of mechanisms. For instance, they occasionally insert into genes and
cause disease both in humans and in mice. L1 elements have proven useful as phylo-
genetic markers and may find other practical applications in gene discovery following
insertional mutagenesis in mice and in the delivery of therapeutic genes.
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INTRODUCTION

Preliminary analysis of the human genome sequence has already provided several
major surprises. For one, the human genome contains less than twice as many genes
as the fly, worm, and Arabidopsis genomes. Equally surprising is the observation
that 45% of the human genome consists of transposable elements, a much greater
percentage than the 3% to 10% observed in the genomes of the three other organ-
isms (107). Since sequences that have been in the genome longer than 200 My
have diverged to the point where they are unidentifiable, it is likely that even more
than 45% of the human genome is composed of transposable elements (107, 191).
Transposable elements have contributed greatly to what we now realize is a highly
dynamic genome.

Although this review concentrates on a particular type of transposable element,
the L1 retrotransposon, ageneral introduction to the topic is warranted. Mammalian
transposable elements consist of DNA transposons and retrotransposons (Figure 1).
DNA transposons have structures similar to bacterial transposons. They have in-
verted terminal repeats and encode a transposase activity. They generally move by a
“cut and paste” mechanism utilizing the transposase (143, 192). Although roughly
3% of the human genome is composed of DNA transposons, they are remnants
or fossils of ancient elements, and it is unlikely that any remain transpositionally
active (107). In contrast to DNA transposons, retrotransposons encode a reverse
transcriptase (RT) activity and move by a “copy and paste” process involving an
RNA intermediate. The original retrotransposon is maintainesitu where it is
transcribed. The transcript is then reverse transcribed and integrated into a new
genomic location (115, 217). Approximately 42% of the human genome is com-
posed of retrotransposons (107), and, although most of these elements are inactive,
some retain the ability to retrotranspose (172).

Retrotransposable elements can be classified as either autonomous or non-
autonomous. Elements are considered autonomous if they encode certain activ-
ities necessary for their mobility. However, it is unlikely that they are strictly
autonomous because host proteins, such as DNA repair enzymes, are probably also
required for their retrotransposition. There are two classes of autonomous retro-
transposons: LTR (long terminal repeat) retrotransposons and non-LTR retrotrans-
posons. Mammalian LTR retrotransposons are structurally similar to retroviruses,
but they lack a functionaknv gene. These retrotransposons include elements
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such as mouse intracisternal A-particles (IAPs) (103) and human endogenous
retroviruses (HERVs) (13,191, 219), both of which are unlikely to include au-
tonomously active elements. About 8% of the human genome is composed of
defective endogenous retroviruses and solitary LTRs derived from recombination
between the SL.TR and the 3LTR of these elements (107). The non-LTR retro-
transposon class contains LINEs (long interspersed nucleotide elements), which
include inactive elements, such as L2 in humans, and active elements, such as L1
in humans and mice (107,120, 191). Approximately 21% of the human genome is
composed of autonomous non-LTR retrotransposons (107).

In addition to the autonomous retrotransposons, there are a large number of
nonautonomous retrotransposons in mammalian genomes. These elements do
not encode any proteins. Therefore, they require activities encoded by other au-
tonomous retrotransposons for their mobility. The most prominent members of
this class are Alu elements in humans and their B1 counterparts in mice (169).
The greater than 1 million Alu elements in the human genome account for about
11% of its mass, whereas roughly 100,000 B1 elements populate the mouse
genome (107, 191). Other nonautonomous retrotransposons in the human genome
include processed pseudogenes and SVA elements. Thus, transposable elements
and transposon-derived sequences make up about 45% of the total mass of the
human genome, or 40 times the 1.1% of the genome that is composed of protein-
coding sequences (107).

L1 elements are the master retrotransposons in mammalian genomes. Besides
duplicating themselves, they likely have been responsible for the genomic ex-
pansion of nonautonomous retrotransposons, specifically Alu elements, processed
pseudogenes, and SVA elements in the human genome. Over evolutionary time
they have not only expanded greatly in number, but also have acquired other roles,
some of which are quite useful to the organism, whereas others are detrimental to
individual members of the species (90). Many of these roles of L1 retrotransposons
are discussed in this review.

MECHANISM OF L1 RETROTRANSPOSITION

In mammals, the great majority of L1 retrotransposons are inactive, defective
elements, owing to’Sruncation, inversion, or point mutations. Of the 520,000
L1 sequences in humans, only about 3000-5000 represent full-length elements
(66, 107). The discovery of a full-length mouse L1 element with intact open read-
ing frames (112), and the creation of a consensus alignment of many human L1
sequences (177), helped to elucidate the anatomy of the full-length, 6-kb element.
The consensus sequence revealed that L1 elements haum@ahslated region
(UTR) with internal promoter activity, two open reading frames (ORFs) LATR

that ends in an AATAAA polyadenylation signal, and a polyA tail (Figure 1). The
discovery that several full-length, retrotranspositionally active elements had the
predicted ORFs validated the consensus sequence (147).
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In some cases, careful scrutiny of L1 structure has offered insight into the
mechanism of L1 retrotransposition. In other cases, an understanding of similar
retrotransposons in other organisms has suggested hypotheses for the L1 mech-
anism. The development of limited functional assays has strengthened some of
these hypotheses (41,52, 127a). Furthermore, the development of a cell culture—
based retrotransposition assay was instrumental in demonstrating L1 functions
necessary for retrotransposition (147) (Figure 2). However, many aspects of the
retrotransposition mechanism remain unknown. The general steps of retrotranspo-
sition include transcription, RNA processing, mRNA export, translation, posttran-
scriptional modifications and RNP formation, return to the nucleus, and reverse
transcription and integration (Figure 3). Here we summarize what is known and
what is theorized regarding the mechanism of L1 retrotransposition.

Transcription

The 8 UTR of human L1 contains internal promoter activity independent of up-
stream sequences (199), but the machinery responsible for transcribing L1 in vivo
remains undetermined. A reporter gene driven by an’llITR fragment appar-

ently can be transcribed by RNA polymerase Il (Pol IIl) (105). However, incon-
sistent with Pol lll-mediated transcription, the L1 transcript is much larger than a
typical Pol lll transcript and encodes proteins. Moreover, the presence of internal
Pol Ill termination sequences in L1 argues against Pol lll-mediated transcription.
With few exceptions, Pol Ill in higher eukaryotes terminates within clusters of four

or more consecutive T residues in the noncoding DNA strand (16, 58a, 101). Pol 11
transcripts rarely contain four consecutive internal U residues and almost never
contain five consecutive U residues. However, the noncoding strand of the consen-
sus sequence of active human L1 elements contains a stretch of six T residues and
a stretch of seven T residues. Furthermore, the active L1 consensus element con-
tains a functional AATAAA polyadenylation (polyA) signal (146). The AATAAA
polyA signal is required for RNA polymerase Il (Pol Il) termination (160), and
proper cleavage and polyadenylation after the AATAAA polyA signal requires
Pol 1l (77,128), suggesting that Pol Il transcribes L1. Lastly, theJB5R of

both mouse and human L1 elements can be replaced functionally with a het-
erologous Pol Il promoter in the cultured cell assay for retrotransposition (147,
151).

Pol Il and its associated transcription factors are recruited to a core promoter ele-
ment, typically the TATA motif located 25-30 base pairs upstream of the transcrip-
tion initiation site. Early steps in transcription include binding of TATA Binding
Protein (TBP), a component of TFIID, to the TATA motif and subsequent binding
of TFIIB to TFIID. Other transcription factors and Pol Il bind this complex to
form a complete transcription complex (232). However, some Pol ll-dependent
promoters lack TATA sequences, instead containing initiator (Inr) elements capa-
ble of independently directing transcription initiation (215). Pol Il transcription
from an internal promoter was first demonstrated jimkey a retrotransposon
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from Drosophila melanogastgii42). It has since been shown thatkey as well
as the related Drosophila retrotransposons, | factor, F, and Doc, contain conserved
downstream promoter elements (DPES) that direct transcription initiation at an
Inr-like sequence by directly recruiting TFIID (24, 141). A similar arrangement
may allow Pol Il transcription from an internal promoter in human L1 elements.

Several groups have demonstrated protein binding to a downstream core pro-
moter element essential for human L1 transcription (127, 140). This protein has
been identified as the Yin Yang-1 (YY-1) transcription factor (12, 105), and the
conserved protein binding sequence, base gai3to+21 of the L1 5UTR cod-
ing strand, is a perfect match to the YY-1 core binding sequence (83, 188). YY-1
can actas atranscriptional activator, repressor, or initiator (179, 186). Interestingly,
YY-1 can initiate transcription in vitro in the absence of TFIID (179, 206), binding
TFIIB directly and directing Pol Il to the transcription initiation site (207). The
human L1 YY-1 binding site may be analogous to the Drosophila DPE, and YY-1
binding may either recruit TFIID or bind TFIIB directly during the formation of
a Pol Il preinitiation complex. The TATA-less human DNA polymergsgene
promoter has an Inr with an overlapping YY-1 binding site. Careful mutational
analysis of this promoter demonstrates that YY-1 binding is not required for tran-
scription, but rather may serve to position the transcription complex or regulate
promoter activity (216). Such a mechanism cannot be ruled out for L1 transcription,
but limited mutational analysis of the L1 promoter suggests that YY-1 binding is
very important for efficient transcription (12, 140). Additional promoter studies
including further mutational analysis should help to elucidate the mechanism of
L1 transcription.

Unlike humans, rats and mice have several distinct L1 subfamilies that are
defined by differences in their Structures. Most murine L1 subfamilies have
5 UTRs notably different from the human BTR in that they contain a variable
number of tandemly repeated units of 205 to 210 bp, called monomers, followed by
a short non-monomeric region (51, 55, 112, 163). The V subfamily has no identifi-
able monomers, and, because its members diverge significantly in sequence from
each other, it is the oldest subfamily (4, 87). The F subfamily has a large number
of inactive members, and it is the oldest L1 subfamily with monomers evident
at its 8 end (163, 174, 220). A consensus F monomer has been resurrected and
shown to have promoter activity (4). The A subfamily (112, 182) contains about
50,000 truncated and 6000 to 8000 full-length members per diploid mouse genome
(173). These elements have monomers (112) and share about 95%—-97% sequence
similarity (174). The recently discovered Subfamily (34, 151) contains about
3000 full-length members per diploid genome (151, 173). These elements were
called T= because most are transposable and their monomers are 70% identical in
sequence to the F monomers (151).1TLs share greater than 99% sequence simi-
larity (most are greater than 99.6% identical to each other) (34). The most recently
discovered L1 subfamily is theg&ubfamily. These L1s are 93—9% identical
to each other and contain monomers that, like dre about 70% identical to F
monomers. Although both&nd T- monomers differ from F monomers by about
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30%, they also differ from each other by 33%. There are roughly 1500 full-length
Gk elements in the diploid mouse genome (59).

Experiments using cultured cells transiently transfected with various regions
of the mouse 5 UTR fused to a reporter gene have revealed that the promoter
activity lies within the monomers and that promoter strength is proportional to the
number of monomers. L1s of the Subfamily contain a conserved YY-1 binding
site within each monomer. In the genome, many of these elements begin within
or near the YY-1 site, supporting a possible role for YY-1 in positioning of the
transcription complex (35). However,&1s contain a YY-1 binding site that
differs from consensus by one nucleotide and, in the genome, these elements tend
not to begin near this site (59). L1s of the A subfamily do not contain a YY-1
binding site, suggesting that the mechanism of transcription may vary among L1
elements. The mechanism by which monomers are created and maintained is also
an interesting, albeit unsolved, puzzle.

Evidence to date suggests that L1 expression is germ line specific. Full-length,
sense-stranded L1 transcripts have been detected in prepuberal spermatocytes, but
are rare in normal somatic tissues (18). Recently, a mouse model of retrotrans-
position was created using a tagged human L1 element under the control of its
endogenous promoter. Strand-specific RT-PCR designed to detect the full-length
tagged transcript demonstrated expression in the male and female germ line, but
not in multiple somatic tissues. Studies in the transgenic mouse model indicate
that retrotransposition of the tagged human L1 element under the control of its
endogenous promoter occurs in late-meiotic and post-meiotic male germ cells
(161). The transcription factors that determine the germ line specificity of L1 tran-
scription have not been defined. However, indirect evidence suggests that the SOX
family of transcription factors may be involved (201). Many groups have also sug-
gested that transcription of L1 elements may be controlled by methylation at CpG
dinucleotides in the L1'5untranslated region (72, 156, 202, 221, 230).

If L1 were a genetic parasite, as hypothesized, then one would expect a germ
line—specific pattern of L1 expression. L1 retrotransposition in the germ line is
likely to lead to an expansion in the number of L1 elements in the genome, whereas
L1 retrotransposition events in somatic tissues cannot be passed on to future gen-
erations and are likely to be detrimental to the host. For example, unchecked
retrotransposition in somatic tissues could result in an insertion into a tumor sup-
pressor gene that could ultimately promote oncogenesis. Interestingly, in a cultured
cell assay, retrotransposition is detected in a large variety of transformed cells but
not in primary cell lines or ES cells (J.L. Goodier, E.T. Prak & H.H. Kazazian Jr,
unpublished data). The initial mutations that cause a cell to become precancerous
might occasionally activate L1 transcription. The resultant somatic retrotranspo-
sition events could increase the likelihood of accumulating additional mutations
that would ultimately produce cancer. In fact, there is at least one example of an
authentic retrotransposition event contributing to cancer; an L1 element inserted
into the APC gene of tumor cells in a patient who had developed colon cancer
(139).
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RNA Processing and Nuclear Export

RNAs transcribed by Pol Il are typically modified by cleavage and addition of

a polyA tail, by addition of a 7-methylguanosine cap, and by splicing of in-
trons (204). As mentioned previously, L1 elements contain a functional AATAAA
polyadenylation signal and likely use the cleavage and polyadenylation machin-
ery typical of Pol Il transcripts. However, there are two unusual features of the
L1 polyadenylation signal. First, the AATAAA polyadenylation signal of L1 el-
ements is immediately followed by the presumed polyA tail. This observation
can be interpreted in one of two ways: Either cleavage and polyadenylation of
L1 elements occur immediately after the AATAAA signal, as opposed to the
usual 10-25 nucleotides downstream (26), or they occur at the typical number
of bases downstream of the AATAAA signal and the A residues found between
the polyA signal and the polyA tail are encoded. If the latter is true, it begs the
qguestion why L1 elements have evolved to contain a stretch of A residues after
the polyA signal. One possible answer is that the A-rich region may be positively
selected by the L1 integration process (see discussion of TPRT below). Analysis
of mouse L1 elements in the genome database suggests that the A-rich region
is encoded because many elements have the sequence AATGG A(n) following
the polyA signal (J.L. Goodier, personal communication). The second unusual
feature of the L1 polyadenylation process is that L1s are usually lacking impor-
tant sequences downstream of the polyadenylation site. These conserved, GU-rich
sequences are 20-60 nucleotidesf3he polyadenylation signal and promote ef-
ficient cleavage and polyadenylation (129, 130). The sequence 20-60 nucleotides
downstream of retrotransposed L1 elements depends upon the insertion site and
is highly variable (often this sequence is the polyA tail). One would predict that
subsequent retrotransposition events would therefore polyadenylate inefficiently
after the AATAAA signal. In fact, this appears to be the case. L1 elements fre-
qguently bypass their own polyA signal and use a downstream signal (146). This
process results in the retrotransposition of genomic sequéntéi® L1 element

and is called L1-mediated transduction (see section on L1-mediated transduction
below).

Additional modifications of L1 RNA are not known. For example, it is not
known whether L1 transcripts are modified by the addition of a 7-methylguanosine
cap. L1 transcripts do not contain introns and therefore do not require splicing.
Although nearly all mammalian mMRNAs contain introns, there are notable excep-
tions, such as members of the human G-protein—coupled receptor genes and type
| interferon genes (57, 167). Interestingly, in a cultured cell assay, tagged L1 tran-
scripts containing an intron are spliced appropriately and are able to retrotranspose
(147).

Recent experiments are beginning to elucidate the mechanism of mMRNA ex-
port from the nucleus in vertebrates. Cells have evolved a mechanism to prevent
export of unspliced mRNAs, presumably because the export of unspliced RNAs
would be inefficient and could result in protein products that are deleterious to
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the cell. Unspliced RNAs contain splice sites that are bound by splicing factors
called commitment factors and retained in the nucleus (33). Splicing and nuclear
export are therefore coupled. It has been suggested that L1 mRNA might contain
cis-acting elements required for its nuclear export (159). This is a reasonable spec-
ulation based upon the observations that some mRNAs expressed from transfected
cDNAs lacking intron sequences are not exported efficiently, and that several
viruses have evolvedis-acting elements to facilitate export of unspliced RNA.
However, mRNAs expressed from some intronless cDNAs are exported well. In
addition, unlike retroviruses (32), L1 does not face the problem of exporting an
unspliced RNA containing splice sites, an RNA species that is normally retained
in the nucleus by commitment factors. One would not expect L1 RNA to be re-
tained because it normally does not contain splice sites, and therefore, may not
needcis-acting elements for nuclear export.

Translation

L1 mRNAs are atypical of mammalian mMRNAs because they are bicistronic. In
humans, the two ORFs are in frame and separated by a 63-bp noncoding spacer
region that contains stop codons in all three reading frames. In mice, the two
ORFs are also nonoverlapping but in different reading frames, whereas in rats, the
ORFs are overlapping. The mechanism of translation remains largely a mystery.
Experiments suggest that the ORF1 protein is translated by ribosomal initiation
at the 5 UTR followed by ribosomal scanning (131). Whether initiation is cap-
dependent is unknown. Indirect evidence suggests that the human ORF2 is not
translated by termination and reinitiation (131). Frameshifting is unnecessary in
humans and has been ruled out in rats (84). In addition, there is no evidence of an
ORF1/ORF2 fusion protein in either species. Therefore, translation of ORF2 may
occur by some form of internal ribosomal entry such as by the use of an internal
ribosomal entry site (IRES) or by ribosomal shunting.

ORF1 proteinis apparently translated much more efficiently than ORF2 protein.
ORF1 protein has been detected in the cytoplasm of a number of human testicular
germ cell tumors and in breast carcinoma and medulloblastoma (9, 19-21). ORF1
has also been detected in mouse embryonal carcinoma cell lines, male and female
mouse germ cells, Leydig cells of embryonic mouse testis, theca cells of adult
mouse ovary, and a large variety of transformed mouse and human cell lines
(18, 124, 205). However, ORF2 has escaped detection despite efforts using several
antibodies that detect either Baculovirus-produced or bacterial-produced ORF2
protein.

ORF1 encodes an approximately 40-kDa protein (p40) with RNA binding activ-
ity (80, 98, 126). The exact size of the ORF1 protein varies among species and oc-
casionally within species. For example, in the mouse, the ORF1 protein has alength
polymorphism region (LPR) that causes a length difference of up to 28 amino acids
(3,59, 132). The amino acid sequence of the COOH-terminal half of the ORF1
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protein is relatively well conserved across species, whereas thadfidinal half

of the protein varies considerably. However, the ability of the,Xgtminal half

of the protein to form am-helical structure is conserved. Human p40 contains
a leucine zipper motif, rabbit ORF1 protein contains a coiled-coil domain, and
rat and mouse proteins each have unigtigelical structures (39, 79, 82). It was
hypothesized that the conserved COOH-terminal end is involved in RNA binding
and the conserved NH-terminathelical structure is involved in protein-protein
interaction (see section on RNP formation below). A series of elegant experiments
using mouse ORF1 protein strongly support this hypothesis (126). In addition to
these functions, mouse ORF1 protein has nucleic acid chaperone activity in vitro
(125) (see section on TPRT below).

ORF2 encodes an approximately 150-kDa protein with three conserved
domains, an Nktterminal endonuclease (EN) domain (52), a central reverse trans-
criptase (RT) domain (127a), and a COOH-terminal zinc knuckle-like domain (50).
The L1 EN domain cleaves one strand of double-stranded DNA at a large num-
ber of genomic sites characterized by the loose consensus sequer@d, TAA
(28,52, 88). Cleavage site preference may be affected by the local chromatin
structure (30). The EN domain is evolutionarily related in a subset of non-LTR
retrotransposons and shares critical amino acids at positions corresponding to the
catalytic sites of Exonuclease Ill, an endonuclead¢esoherichia col(52, 65, 120,

122, 144).

The L1 RT domain is related in all non-LTR retrotransposons (120). Non-
LTR retrotransposon RT shares sequence similarities with more distantly related
RTs from LTR retrotransposons and retroviruses, yet functions in a very different
way (225). Retroviral and LTR retrotransposon RTs function in the cytoplasm
within particles, use a tRNA primer, and carry out reverse transcription through a
complex process requiring a number of steps (217). On the other hand, non-LTR
retrotransposon RTs are thought to function in the nucleus, use genomic DNA as
a primer, and carry out reverse transcription through the relatively simple process
of target primed reverse transcription (TPRT) (115).

A third conserved domain of ORF2 is a COOH-terminal, cysteine-rich domain
(50). This domain is conserved in all known mammalian L1 elements. Comparison
with Swimmer Jand Zorro, related L1-like non-LTR retrotransposons from teleost
fish andCandida albicansrespectively, suggests that it may be a conserved CCHC
zinc knuckle structure (45, 61). CCHC zinc knuckles are present in all retroviral
nucleocapsid proteins, except spumaviruses (14, 95, 198), and are found in other
proteins that bind single-stranded RNA (8, 11). These observations suggest a pos-
sible role for ORF2 in protein-nucleic acid interaction, specifically the interaction
of ORF2 protein with L1 RNA during the formation of retrotransposition inter-
mediates. Interestingly, in addition to a role in nucleic acid binding, mutational
analysis of various retroviral CCHC zinc knuckles suggests they are important for
reverse transcription, perhaps required for unfolding structured RNA (62, 63, 68).
Such a role cannot be ruled out for the L1 ORF2 protein.
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Posttranslational Modifications and
Ribonucleoprotein Formation

Posttranslational modifications or protein processing of ORF1 and ORF2 proteins
are currently unknown. Itis believed that the ORF1 protein, ORF2 protein, and L1
RNA associate to form ribonucleoprotein (RNP) particles that are intermediates in
retrotransposition. L1 RNA has been found associated with ORF1 protein in RNP
particles in human and mouse teratocarcinoma cells (79, 123). However, ORF2
protein has not yet been detected in these particles. Both mouse and human ORF1
have been demonstrated to form higher-order homomultimers. The protein-protein
interaction is likely mediated by the leucine zipper in humans and may be stabilized
by interchain disulfide bonds (79). ORF1 proteins from mouse and other mammals
lack the leucine zipper, but likely use theithelices for protein-protein interaction
(126).

Entry into the Nucleus

As a consequence of the mechanism of reverse transcription and integration (see
section on TPRT below), ORF2 protein and L1 RNA must both gain access to
genomic DNA. Proteins larger than approximately 60 kDa are too large to enter
the nucleus by passive diffusion through the nuclear pore (64). The ORF2 protein
alone is predicted to be about 150 kDa. Therefore, access to genomic DNA must
either occur by energy-dependent, active transport through a nuclear pore, or by
entry during nuclear membrane breakdown at mitosis or meiosis. Although sev-
eral mechanisms are known for the active nuclear import of proteins, the classical
pathway is mediated by proteins called importins (also called karyopherins), which
bind to specific amino acid sequences called nuclear localization signals (64, 153).
Experiments suggest that the ORF1 protein does not contain any functional nu-
clear localization signals (E.M. Ostertag & H.H. Kazazian, Jr, unpublished data)
and, as mentioned previously, ORF1 protein has not been detected in the nucleus
by immunostaining technigues. ORF2 protein may contain one or more nuclear
localization signals, but evidence for their function is lacking because of the dif-
ficulty in detecting full-length ORF2 protein. If the ORF2 protein does encode a
functional nuclear localization signal, it would be an interesting case of an RNA
gaining access to the nucleus by encoding its own nuclear import protein. An-
other possibility is that the ORF1 or ORF2 proteins bind an additional protein
that itself contains a nuclear localization signal or that the L1 RNA is required for
nuclear import. Also, retrotransposition may depend upon nuclear breakdown. If
retrotransposition takes place only in dividing cells, this would be a second factor,
along with reduced transcription, in greatly reducing insertions in differentiated,
rarely dividing tissues.

Target Primed Reverse Transcription (TPRT)

L1 elements are likely reverse transcribed and integrated into the genome by
a coupled reverse transcription/integration process called target primed reverse
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transcription (TPRT). TPRT was originally demonstrated for the R2 element, a
site-specific, non-LTR retrotransposon found in arthropods (115). R2 retrotrans-
posons have a single ORF that encodes a protein with Type Il restriction endonu-
clease (228) and reverse transcriptase activity. Elegant in vitro experiments using
a bacterially produced R2 protein demonstrated that the endonuclease domain of
the protein cleaves the noncoding strand of its target site, a sequence in the 28S
rRNA gene. The reverse transcriptase domain of the R2 protein then uses the free
3'-OH at the DNA nick as a primer and the R2 RNA as a template for the reverse
transcription reaction. Reverse transcription of the RNA is followed by cleavage
of the coding strand and integration. TPRT produces a perfect duplication of the
original target site, which flanks the newly inserted element (115) (Figure 4).

There are several reasons to believe that L1 elements use TPRT as their mecha-
nism of reverse transcription and integration, although it has not yet been demon-
strated definitively. First, recent in vitro experiments using Baculovirus-produced,
full-length L1 ORF2 protein produce limited TPRT reactions (29). Second, L1
elements in the genome are often flanked by perfect 7- to 20-bp target site dupli-
cations, a typical consequence of the TPRT reaction. Lastly, the nucleotides at the
predicted cleavage site are often T-rich, which are complementary to the polyA
tail at the 3end of an L1 element, suggesting that they could indeed be used as a
primer for reverse transcription of the L1 RNA.

The vast majority of L1 insertions in vivo are highly truncated at thenl such
that the average insertion length is only about 1 kb, or one sixth that of a full-length
element (107). L1 truncation has long been explained by an inability of the L1 re-
verse transcriptase to copy the entire L1 RNA before disassociating from the RNA.
Truncation may also be due to the action of a cellular RNAse H competing with L1
reverse transcriptase. Digestion of the RNA before the completion of reverse tran-
scription followed by integration would result in an insertion truncated at'tbied

Roughly 25% of recent L1 insertions also contain an inversion of a few hun-
dred to fifteen hundred nucleotides of L1 sequence (161a). The inversion always
involves the 5terminal end of the L1 element and istEuncated itself. In other
words, if L1 sequence is\-B-C-D-E-3, then an inversion-containing insertion
may be 5C-B-D-E-3. The point of inversion may contain a deletion, a dupli-
cation, or neither. We suggest that inversion is a consequence of the L1 TPRT
mechanism and describe a proposed model here.

If cleavage of the second DNA strand occurs before reverse transcription has
been completed, an additiondlt8/droxyl would be available for the priming of
reverse transcription. This potential primer could invade the L1 RNA internally
and prime reverse transcription at a site distinct from the reverse transcription
occurring at the 3end of the L1 RNA. The L1 RNA template would therefore
be primed by two different primers at two separate locations, a possibility that
we call twin priming. Resolution of the RNA/cDNA structure that has under-
gone twin priming would produce a typical L1 inversion with at&ncation
(Figure 5). Depending on the extent of reverse transcription from the primer at
the 3 end of the L1 RNA, the point of inversion would contain a deletion, a du-
plication, or neither. This model predicts all of the typical L1 inversion structures
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that are found in the genome database and does not predict structures that are not
found (such as internal inversions).

If this model is correct, then the bases at theeBd of the internal primer
should complement the bases on the L1 RNA template just proximal to the point
of inversion (the bases at the orange arrow in Figure 5). This prediction is strongly
supported by analysis of recent L1 insertions found in the genome database (161a).
Additionally, cleavage of the second DNA strand must occur before reverse tran-
scription has been completed. During in vitro experiments on the R2 TPRT process,
the cleavage of the second DNA strand occurs after reverse transcription (115).
The fact that R2 elements do not undergo L1-like inversions supports the possi-
bility that the R2 and L1 TPRT mechanisms differ in this regard (T.H. Eickbush,
personal communication).

The roughly 200-bp'®TR of human L1 appears to lack sequences that are im-
portant for reverse transcription, even though th25® bps of R2 are critical for
the reverse transcriptase activity of that element (114). Nearly all of this sequence
can be deleted from human L1 elements with little effect on retrotransposition
in HelLa cells (147). In addition, there are now many examples of retrotranspo-
sition of sequences flanking thé éds of L1 elements in which these flanking
sequences bear no resemblance to the' ILITR (60) (see section on L1-mediated
transduction below). The L1 TPRT model predicts that the L1 polyA tail interacts
with the RT domain of ORF2 protein during the initiation of reverse transcrip-
tion, but the evidence on this point is indirect. The necessary pairing of the A-rich
sequence at the/ 8nd of an L1 element with the T-rich primer created at the
integration site might explain the presence of A residues immediately after the
L1 polyadenylation signal (see section on L1 RNA processing above). The A-rich
regions might be positively selected over time if they are occasionally used during
the priming of reverse transcription. The human SVA element, a nonautonomous
retrotransposon thought to use the same L1 TPRT mechanism, also contains an
A-rich region immediately following the presumed polyA signal (E.M. Ostertag &
H.H. Kazazian Jr, unpublished data) (see section on genomic expansion sponsored
by L1 retrotransposons below).

It has recently been demonstrated that mouse p40 (ORF1 protein) contains
nucleic acid chaperone activity in vitro. Specifically, p40 promoted annealing of
complementary DNA strands and aided strand exchange to form the most stable
hybrids, facilitating the melting of imperfect duplexes and stabilizing perfect du-
plexes (125). The authors suggested that p40 protein might play a role in strand
transfer during L1 reverse transcription. However, p40 protein, although readily
detected in the cytoplasm, has yet to be detected within the nucleus.

IMPACT OF L1 RETROTRANSPOSONS ON
THE MAMMALIAN GENOME

L1 retrotransposons have affected the genome in numerous ways, some beneficial
and others detrimental (Figure 6). However, the total effect of these actions has been
major structural remodeling of the genome, occasionally altering gene expression.
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Here we present what is known about L1 and the genome, along with what has
been proposed and remains unproven.

Genomic Expansion Sponsored by L1 Retrotransposons

There is considerable evidence that L1-encoded proteins preferentially act upon
the L1 element that encoded theaispreference). Strong indirect evidence comes
from the following facts. Only about 1% of full-length L1s are active (172). If the
retrotransposition machinery from the few active L1 elements could retrotrans-
pose RNA from the many defective elemeiristrans, then one might expect
most precursors of recent insertions to be inactive elements. However, this is not
the case. Indeed, the precursors of thdeenovohuman L1 insertions into the
factor VIII, dystrophin, and CYBB genes have been isolated, and they are all ac-
tive elements (42, 81, 135). Moreover, two full-length disease-causing insertions
in humans, L}.ha and Llzp, and two full-length disease-causing insertions in
mice, Llspaand L1y, are all active L1 elements (93, 151). Direct evidenceisf
preference comes from the work of two groups using the retrotransposition assay
(49, 214). Wei et al. have found that mutations in either ORF1 or ORF2 can be
trans complemented by an active L1 at less than 1% of control levels. How the
nascent proteins interact with L1 RNA or each other is a mystery. Perhaps the
ribonucleoprotein particle forms as the proteins come off the ribosome, thereby
limiting their availability to other L1 RNAs. In any casgspreference in L1 retro-
transposition is important in greatly limiting genomic expansion by defective L1s.
On the other hand, preferential propagation of active L1s increases the likelihood
that L1 elements will remain active in mammalian genomes (107, 214). An excep-
tion to thecis preference rule is the expansion of Alu elements, SVA elements,
and processed pseudogenes, which almost certainly results from lovirbavel
complementation by L1 endonuclease and reverse transcriptase activities.

The 1.1 million Alu elements in the human genome contain roughly 300 bps and
are composed of two similar 150-bp segments, thaB of which ends in a polyA
tail (169) (Figure 1). A subset of human-specific Alus from four closely related
subfamilies, Alu Y, Ya5, Ya8, and Yb8, are retrotranspositionally competent (38).
Most remaining Alu subfamilies are either not transcribed or weakly transcribed
(180). Alu elements are concentrated in GC-rich regions of the human genome,
but young Alus have a more uniform distribution across the genome (107). This
latter fact has suggested that there might be positive selection for Alu sequences in
regions of substantial gene expression, i.e., GC-rich DNA. Schmid has suggested
that an increase in Alu transcription promotes general translation of proteins under
conditions of cellular stress (175). His group has shown that Alu-mediated inhibi-
tion of PKR (double-stranded RNA-regulated protein kinase) activation results in
an increase in translation (27). Under this hypothesis, Alus could be under positive
selection in the readily transcribed, open chromatin near genes. This could explain
the large number of “old” Alus in gene-rich GC-rich regions.

Considerable circumstantial evidence suggests that L1 elements provide key
enzymatic activities for Alu insertionaj Alu sequences end in a polyA tail, which
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is thought to be required for L1-mediated TPRA) Both types of elements are
usually flanked by a target site duplication of 7—20 bp, which is probably created
by TPRT. €) The insertion sites of Alu elements have the same general consensus
sequence as the consensus sequence for L1 endonuclease (88). It was previously
difficult to explain why Alu elements are concentrated in GC-rich DNA, while
L1s are concentrated in AT-rich DNA, if the L1 machinery was responsible for the
retrotransposition of both elements (100). The observation that recently inserted
Alus and L1s are both concentrated in similar genomic sites, i.e., in AT-rich DNA,
and the finding that the GC-rich distribution of Alu elements likely represents
post-insertion selection, eliminates this argument against the role of L1 machinery
in Alu retrotransposition (107).

Processed pseudogenes are DNA copies of RNA polymerase Il-derived mRNAs
that have been inserted into the genome at locations that resemble L1 target sites.
These pseudogenes lack intronic RNA, usually have polyA tails, and are flanked
by 7-20-bp target site duplications (209). Their sequences make up roughly 0.5%
of the genome (44, 107). Two groups have presented evidence that cotransfection
with an active L1 element in addition to a cDNA sequence tagged with a retro-
transposition marker cassette can lead to insertion of the tagged cDNA at a low
frequency (49, 214). The inserted sequences characterized by one of these groups
appeared quite similar to those of endogenous processed pseudogenes (214). In
addition, mutations in the L1 ORF1 or ORF2 proteins eliminated processed pseu-
dogene formation, providing strong evidence for the role of both L1 proteins in
this process (49, 214).

SVA elements are nonautonomous retrotransposons present in 2000 to 5000
copies in the human genome (158, 183; E.M. Ostertag & H.H. Kazazian Jr, unpub-
lished data). At their B5ends, full-length SVA elements have up to 40 hexameric
(CCCTCT) repeats. This region is followed kg) @ region containing antisense
Alu sequence i) a VNTR region containing multiple copies of a 35-50-bp repeat,

(c) a SINE-R sequence with similarity to théeéhd of an endogenous retrovirus,
and @) a polyadenylation signal and polyA tail (183) (Figure 1). Since full-length
SVA elements are alt-89% similar in sequence to each other (E.M. Ostertag &
H.H. Kazazian Jr, unpublished data) and are present only in hominoid primates
(92), these elements are quite young by evolutionary standards, prebEbiyy

old. Many characteristics of SVA insertions are reminiscent of L1 insertions. Some
insertions are'3runcated, they end in a polyA tail directly following a polyA sig-
nal, and they are flanked by target site duplications that are similar in length and
sequence to L1 TSDs (E.M. Ostertag & H.H. Kazazian Jr, unpublished data).

Alus, processed pseudogenes, and SVA elements share features that make them
candidates for retrotransposition by the L1 machinery. They are all likely tran-
scribed in germ line cells where L1 elements are expressed and are able to retro-
transpose. Furthermore, they all end in a polyA tail and are flanked by L1-like
TSDs, suggesting that they are all inserted into the genome by TPRT. Of the three
elements, only Alus and SVAs (see section on human disease below) have re-
sulted inde novadnsertions, indicating that they are currently retrotranspositionally
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active. Interestingly, Alus and SVAs both have Alu sequence components. Perhaps
the Alu sequences are important in threns-complementation by L1, placing the
element RNA in close proximity to the L1 machinery either on the ribosome or
within a ribonucleoprotein particle (15).

L1 Retrotransposons Can Cause Human Disease

L1 retrotransposons can cause human disease by a number of mechanisms, includ-
ing promoting unequal homologous recombination, direct L1 insertion into genes,
and providing the machinery for insertion of other retrotransposons into genes
(Figure 6). Homologous recombination due to mispairing of repeated sequences
has been rarely observed for L1 elements and more commonly seen for Alu el-
ements (37). L1 mispairing and unequal crossing over has caused three recent
deletions producing disease (25,178; R Gatti, personal communication). It also
produced an ancient duplication having important evolutionary consequences—
the duplication of/-globin genes that occurred in New World monkeys (54). Over

40 instances of Alu mispairing and crossing over leading to deletion have been
reported in various disease states (37).

Several explanations have been proposed as to why homologous recombination
is observed more frequently among Alu elements than it is among L1 elements
(37). First, Alus contain sequences that are recombinogenic in other contexts (170);
however, their role in Alu/Alu recombination is debatable (184). Second, the av-
erage genomic distance between two L1s is greater than that between two Alus
(107), making L1/L1 events both less likely to occur and more likely to result
in lethal mutations. Third, L1s tend to reside in more AT-rich DNA, while Alus
reside in GC-rich DNA (107). Since AT-rich DNA is relatively gene poor, L1/L1
homologous recombination events may occur more frequently than suspected, but
rarely result in deletion of gene sequences.

Recent insertions of retrotransposons are associated with 35 isolated cases of a
variety of disease states in human beings (Table 1). Of these, 13 are L1 insertions,
19 are Aluinsertions, 2 are SVA insertions, and 1 is an insertion of a sequence trans-
duced by an SVA element. Another very recent L1 insertion is a normal variant in
a family segregating hemophilia A (JH-25 in Table 1). There have not been recent
insertions of processed pseudogenes, although some of these sequences are poly
morphic as to presence within human populations and are less than 100,000 years
old (6).

Although 16 of the 35 total insertions (44%) have occurred into the X chro-
mosome, most of the excess of X chromosome insertions is due to L1 elements.
Eleven of 14 recent L1 insertions (79%) are into X chromosomal genes, whereas 6
of 19 Alu insertions (32%) and 1 of 2 SVA insertions are into the X chromosome.
Some L1 insertions causing X-linked diseasedgeovoevents, i.e., mothers of
affected males are noncarriers. A detection bias clearly exists for genes whose
disruption by a single hit causes disease, i.e., X-linked and autosomal dominant
disorders.
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The recent L1 insertions have certain characteristics that mirror those of older
L1s residing in the human genome. All but one of these L1 insertions is flanked by
typical target site duplications. Twelve of the 14 insertions (86%) contain truncated
L1 elements ranging from 500 bp to 3.8 kb in length, while two are full-length with
intact ORFs. Three of the 14 insertions are associated with transductioiteail
ing sequences (81, 134, 139) (see section on L1-mediated transduction below).

Ofthe 13 disease-producing L1 insertions, 9 are into gene exons and presumably
introduce nonsense codons into the coding sequence or produce skipping of the
disrupted exon. The four disease-producing L1 insertions into introns cause exon
skipping, decreased transcription, or decreased stability of the primary transcript.
For example, an L1 insertion into an intron of the fukutin gene in Fukuyama-type
muscular dystrophy patients resulted in alternative splicing (99), as did an L1
insertion into an intron of the CYBB gene in a patient with chronic granulomatous
disease (133). Full-length insertions int@-aglobin gene intron in a patient with
B-thalassemia and into tHRP2gene in a retinitis pigmentosa patient caused low
or absent MRNA levels without aberrant splicing (40, 176).

While 13 of the L1 insertions occurred either in the germ line or very early
in development, an L1 insertion into an exon of the adenomatous polyposis coli
(APC) gene in a colon cancer (mentioned previously) was a somatic event in
dedifferentiated cells. The insertion clearly occurred in the cancer tissue since it
was not present in normal colonic tissue of the patient (139).

A striking observation concerning recent human L1 insertions is that nearly all
arise from a single, relatively small, subset of human L1s called the Ta subset.
This subset is characterized by substitution of ACA for GAG 92-94 bp upstream
of the polyA tail (172,189). Of the 14 recent L1 insertions, 13 (93%) are Ta
subset elements. The Ta subset has recently been subdivided into Ta-0 and Ta-1
subgroups based on nucleotide sequence (17). The Ta-1 subset is younger and
presently accounts for the majority of Ta elements; about 70% of the Ta-1 insertions
are polymorphic as to presence in the human population, whereas only about 30%
of the Ta-0 insertions are polymorphic (17). The fourteenth recent insertion is a
pre-Ta element containing ACG instead of ACA at the diagnostic trinucleotide
(JH-28 in Table 1) (91). Blot hybridization estimates placed the number of full-
length Ta elements in the diploid human genome at about 200 copies (172). Sas-
saman et al. isolated a number of full-length Ta elements from a genomic library
and found that 50% had two intact ORFs and roughly one half of these, or about
one quarter of the total, were retrotranspositionally active in the cell culture assay.
This led to an estimate of 30 to 60 active L1s in the human genome (172). In
an update of the recent analysis of the working draft sequence covering roughly
90% of the human genome (the euchromatic portion), there were 57 full-length Ta
elements and 22 full-length pre-Ta elements with intact ORFs (107; R.M. Badge &
J.V. Moran, personal communication). If we assume that 50% of the 57 Ta ele-
ments and 10% of the pre-Ta elements are retrotranspositionally active, then there
are 30 active L1s in roughly 90% of the haploid genome, or about 65 in the full
diploid genome, an estimate that is similar to that of Sassaman et al. (172).
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We can use the total number of recent insertions along with the number of non-
recurrent mutations in the Human Gene Mutation Database (102) (http://archive.
uwcm.ac.uk/uwcm/mg/hgmd0.html) to estimate the fraction of human mutations
that are retrotransposition events. There are reasons why this estimate may be too
low, e.g., the inability of investigators to detect all insertions greater than 1 kb in
length by PCR, or too high, e.g., the failure of the database to count recurrent mu-
tations. However, the estimate calculated in this way is roughly 1/600, with 1/1100
as the estimate for Alu insertions and 1/1500 as the estimate for L1 insertions (89).

The frequency of retrotransposition events per individual has also been esti-
mated in a number of ways, using mutation rates in specific genes and overall
mutation rates in germ cells. All estimates range between 1 retrotransposon inser-
tion in every 4 individuals and 1 insertion in every 100 individuals (36, 89, 226).
For the L1 retrotransposon, the estimate translates into 1 insertion in every 10 to
250 individuals.

L1 Retrotransposition Can Cause Mouse Disease

Although it is likely that in the mouse unequal homologous recombination events
between either non-LTR retrotransposons or LTR-retrotransposons exist, none has
yet been reported. On the other hand, retrotransposon insertions account for a
substantial proportion of disease-producing mutations in the mouse. Mice have
many more active retrotransposons of different types than humans do, and have a
correspondingly much larger fraction of spontaneous mutations due to insertion
of retrotransposons.

In contrast to humans, mice are burdened by insertions of LTR retrotransposons
whose origins derive from endogenous retroviruses. These are intracisternal A
particles (IAPs), early transposons (Etns), and mammalian LTR-retrotransposons
(MaLRs) (Table 1). The estimated 1000—2000 IAPs in the mouse genome are
defective retroviral-like elements witliag-, pol-, andenvlike similarity regions
in their sequence (103). Most IAPs, but not all, lack intact ORFs and nearly all
have major deletions in the#nvgenes. Although low-level retrotransposition of a
defective IAP element has been demonstrated in cultured cells (74), no autonomous
retrotransposable IAP has been isolated and characterized to date. There have
been at least 13 instances of IAP insertions in spontaneous mouse disease, all of
which involve defective IAPs. Presumably IAP RNA is reverse transcribed within
cytoplasmic particles by a retroviral reverse transcriptase, but the source of the
enzymes and other machinery necessary for IAP mobilization is unknown.

The origin of Etns has recently been elucidated (118). These elements contain
two LTRs with roughly 500 bp of sequence unrelated to retroviral sequence be-
tween the LTRs (194). Mager & Freeman have shown that the LTRs and a portion
of the intervening sequence are derived from murine Type D retroviruses. At one
point, Type D retroviruses underwent deletion of most of their internal sequences
and later acquired new genomic sequences. Presumably, present-day Etn elements
use the reverse transcriptase of their ancestor, the Type D retrovirus, to carry out
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their own retrotransposition (118). Etn insertions account for at least 11 instances
of mouse disease.

MaLRs are the largest family of mouse retroviral-like elements. They have
an unusual mosaic structure consisting of an origin region repeat (ORR1) and a
mouse transposon element (MT). They have an open reading frame of 1.3-1.6 kb
internal to LTRs. The ORF does not encode reverse transcriptase or any other
apparent protein (190). A single insertion of a partially deleted MaLR has been
found (113). Although there are less than 5000 IAPs, Etns, and MaLRs in toto in
the mouse genome, insertions of these elements account for roughly 7% to 8% of
all mutations in the mouse.

L1 insertions make up another 2% to 3% of mutations in the mouse. L1 retro-
transposition events are responsible for spontaneous disease in five mouse lines,
the spastic mouse, the Orleans reeler mouse, the black-eyed white mouse, the beige
mouse, and the med mouse (Table 1). Three of these five disorders are due to in-
sertion of full-length L1s, Lpa L1on, and L. Of the five L1 insertions, four are
derived from E elements, a young and expanding subfamily, and the fifth is too
short to classify (59). Manydelements have retrotransposed so recently that they
are highly polymorphic as to presence in various mouse subspecies and lab strains.
Mus spretusndMus musculusppear to have similar numbers of @lements in
their genomes, but the data suggest that many, if not all, of these elements are
present at different locations in the genomes of these two subspecies (34).

Although at least 4 of 5 recent L1 insertions in the mouse belong to the T
subfamily, the A and @subfamilies also contain a number of active elements.
The number of active mouse L1 elements has been estimated by the cell culture
assay to be 1800¢1(34), 900 A, and 400 &(59), for a total of 3100. This number
is 50 to 60 times the estimate of active human L1s, and is close to the excess of
the proportion of L1 insertions causing mouse disease compared to that producing
human disease (2.5% vs. 0.07%, or 35-fold).

L1-Mediated Transduction

Because cleavage of L1 transcripts at the polyA site is often inconsistent, sequences
flanking L1 3 ends may be carried along in a retrotransposition event (146). These
“stowaway” sequences are called transduced sequences. Holmes et al. first recog-
nized an L1 transduction event, atBansduction of over 500 bp included with an

L1 insertion into the human dystrophin gene (81). Since then two othesirg-
ductions have been recognized in association with recent L1 disease-producing
insertions in humans (134, 139). Moran et al. demonstratechBsduction ex-
perimentally in the cell culture assay. They placed the retrotransposition marker
cassette '3f the L1 polyA signal, and showed that L1s are able to retrotranspose
sequences from theif 8anks to new genomic sites. Further, L1s could retrotrans-
pose a promoterless marker cassette into a transcribed gene, leading to formation
of new fusion proteins (146). The results indicated that exons downstream of active
L1s could be shuffled into new sites, thereby creating new genes. When human
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genome databases were analyzed, it turned out that roughly 20% of L1 inser-
tions contain 3transduced sequences (60, 166). In humans, these transductions
range from 30 bp to 1 kb and may account for 25 Mbp or about 0.8% of the
haploid genome. In mice, ransductions have been observed in about 10% of
L1 insertion events, ranging from 500 bp to 3 kb (60). Because there is usually
substantial truncation of L1 sequence associated with L1 retrotranspositions, 3
transductions could easily produce insertions completely lacking in L1 sequence
(Figure 6). In addition, inversions within the transduced sequence create the possi-
bility of a wide variety of inserted sequences originating from a singliaBk of a
retrotransposon.

Since retrotransposons can be transcribed from upstream promoters, sequences
flanking their 5 ends can also be observed following retrotransposition. A few 5
transductions have now been found associated with insertions of L1s in the human
genome (107).

Effects of Retrotransposon Insertions on Gene Expression

L1 sequences alter expression of some human genes (Figure 6). Three examples
are a proposed enhancer activity for the apolipoprotein Lp(a) gene (229), an age-
regulatory activity for the factor IX gene (104), and a locus control region activity

for the growth hormone gene cluster (185). However, all of the L1s involved have
considerable sequence differences from the L1 consensus sequence. Thus, L1s in
general do not appear to contain sequence involved in gene regulation.

Although most L1 elements lack enhancer activity, pol 1l promoter activity
has recently been discovered on the antisense strand of L1 DNA between nu-
cleotides 400 to 600 within the /TR (195) (Figure 6). Fifteen cDNAs were
isolated from a human teratocarcinoma cell line that contained UTRs spliced
to the sequences of known genes or non-protein coding sequences. Four selected
chimeric transcripts were found in total RNA of other cell lines. The author sug-
gests that many human L1s contain an antisense promoter that is capable of in-
terfering with the normal expression of neighboring genes, and that this type of
transcriptional control may be quite common. Dispersion of L1 elements may have
provided many opportunities for pol Il transcription at new genomic locations. In
an analogous situation, the mouse B2 SINE element contains pol Il promoter
activity, which is responsible for the transcription of at least one geama 3
(53).

It has recently been proposed that low-level transcription of L1 elements in a
subset of somatic cells may affect the expression of neighboring genes. Individual
variation in the proportion of cells with retrotransposon transcription, in the loca-
tion of the retrotransposons, and in the level of transcription could, in theory, lead
to individual variation in susceptibility to oncogenesis or complex diseases (218).
Although no experimental evidence supports this hypothesis, it would be interest-
ing to study the effect that polymorphic L1 elements may have on neighboring
gene expression.
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A Proposed Role for L1 Retrotransposons
in X Chromosome Inactivation

In humans, the density of L1 sequences on the X chromosome is twice that of
the average density of L1 sequences on autosomes (26% of total sequence versus
13%) (10). In every somatic cell of the mammalian female, one of the two X
chromosomes is mostly inactivated (73). Lyon has proposed that L1 elements
serve as “booster stations,” helping to propagate the signal transmitt¥dsby
RNA (116, 117)Xist RNA is thought to play an important role in X inactivation
because itis expressed from (22), and interacts specifically with (164), the inactive
X chromosome. The evidence for the “Lyon repeat hypothesis,” and an alternative
version in which X chromosome heterochromatization spreads from one L1 to
another through physical interaction(121), is circumstantal ijere is significant
clustering of L1s around the X inactivation center (10).(1s are in short supply

in regions of the X chromosome that escape inactivation (I))A( sites of
X-autosome translocations in mice, there is a positive correlation between the
number of L1 elements on the autosome and the extent of heterochromatization of
autosomal genes (116).

Non-LTR Retrotransposon RT and Cellular Telomerase

The relationship of the RT of non-LTR retrotransposons to the catalytic subunit
of telomerase is quite striking (111, 136). In a mechanism similar to the TPRT
reaction of non-LTR retrotransposons, telomerase adds deoxyribonucleotides to
the ends of chromosomes using tH®H end of a DNA strand as primer and

a telomerase-associated RNA as template (48). Telomerase has a number of se-
quence domains similar to those of retrotransposon RTs, along with an additional
domain not found in the RTs (111). Phylogenetic analysis suggests a close rela-
tionship between these enzymes (120), but there is controversy as to whether the
catalytic subunit of telomerase is derived from retrotransposon RT or vice versa
(48, 152). We favor the idea that eukaryotic cells recruited retrotransposon RT to
acquire telomerase activity. The evolutionary age of non-LTR retrotransposons
goes along with the very early eukaryotic origins of telomerase. A phylogenetic
tree of eukaryotic RTs rooted by prokaryotic mobile elements also suggests that
telomerase RT was derived from retrotransposon RT (120). There are other in-
teresting examples of human proteins that have either evolved from transposable
element proteins or have incorporated transposable element protein domains dur-
ing their evolution (107, 191), notably the RAG proteins, which are responsible
for V(D)J recombination (5, 76).

A Proposed Role for L1s in DNA Repair

In the late 1980s, Edgell and colleagues proposed that double-strand break (DSB)
repair is a major role for L1 insertions (47). Such a role for L1s would maintain
the integrity of the genome and have important evolutionary consequences. One
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would expect that L1 insertions into genomic double-stranded breaks would not
be flanked by the perfect target site duplications that are created by the action of
the L1 endonuclease during the TPRT process. Since many L1 elements in the
genome have perfect target site duplications and because mutations in the active
site residues of the L1 endonuclease greatly reduce retrotransposition capability
in the cell culture assay, it is not likely that L1 elements play a major role in DSB
repair in humans. However, a minor endonuclease-independent pathway may exist
forL1insertions. Indeed, examples both in humans and in mice may represent DSB
repair mediated by endonuclease-independent retrotransposition of L1 elements
(23,119, 208).

APPLICATIONS OF L1 RETROTRANSPOSONS

1. Phylogenetic markers. The presence of L1 retrotransposons in the genome for
at least several hundred million years, their continuous and recent retrotrans-
position activity, and their stable integration are properties of L1 elements
that make them excellent phylogenetic markers. Old L1 insertions can be
used to perform phylogenetic analysis between species (155) and recent L1
insertions, which are polymorphic as to presence or absence in human popu-
lations, can be used to study recent human population dynamics (171, 181).
Alu elements share many of the same desirable properties for use as phylo-
genetic markers and have been used successfully to study human diversity
(213).

2. Random mutagenesis system. Weak target site preference meansthat L1 ele-
ments retrotranspose relatively randomly throughout the genome, and there
is no bias against L1s inserting into gene sequences (146). The ability to dis-
rupt genes randomly and stably makes L1 elements potentially very attractive
for use in a random mutagenesis system in mouse. The recent development
of an enhanced green fluorescent protein (EGFP)-based retrotransposition
cassette that can detect single-cell retrotransposition events in vivo opens
the door for such a system (162). Additionally, recent experiments demon-
strate that L1 elements are able to retrotranspose in the mouse germ line at a
frequency of greater than 1 in 100 sperm (161; E.M. Ostertag, unpublished
data). Incorporation of gene-trapping technology may create a powerful and
simple system for making mouse mutants without the requirement for em-
bryonic stem cell-based strategies.

3. Gene delivery vector. The ability to stably integrate into the genome, the
ability to carry 3 sequences via L1-mediated transduction, and the lack of
proteins that are not endogenous to the genome (and therefore potentially
immunogenic) are the L1 properties that have created interest in using L1
elements as gene delivery vehicles. In fact, an L1 element packaged in a
gutted adenoviral vector has been used to deliver marker genes to transformed
cells in culture (193).
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Figure 1 (See figure on previous page) Structure of mammalian transposable ele-
ments. Mammalian transposable elements consist of DNA transposons and retrotrans-
posons. DNA transposons are flanked by inverted terminal repeats (ITRs) and have a
single open reading frame (ORF) that encodes a transposase. They are also flanked
by short direct repeats (DRs) created during the integration process. An example of a
DNA transposon is the Tcl-mariner transposon. Retrotransposons can be divided into
autonomous and nonautonomous elements based upon whether they have@RFs (
ored rectanglegthat encode proteins required for their retrotransposition. Autonomous
retrotransposons are classified aslong terminal repeat (LTR) of non-LTR. An
example of an LTR retrotransposon is the human endogenous retrovirus (HERV). The
LTR retrotransposons are flanked by LTRs and have partially overlapping ORFs for
their group-specific antigeigég), proteasert), polymerasegol), and envelopegny

genes. Also shown are the reverse transcriptase (RT) and endonuclease (EN) domains
of the polymerase protein. An L1 element is an example of a non-LTR retrotranspo-
son. L1s consist of & &intranslated region (8TR), two ORFs separated by a short
intergenic region, a’8TR, a polyA signal (AATAAA), and a polyA tail (A(n)). L1
elements are often flanked by 7—20-bp target site duplications (TSD)s. Shown are the
RT and EN domains of the ORF2 protein, as well as a conserved cysteine-rich motif
(C). The Alu element and the SVA element are examples of nhonautonomous retro-
transposons. Alu elements contain two similar sequences, the left monomer (L) and
the right monomer (R) and end in a polyA tail. SVA elements consist of CCCTCT
hexameric repeats, an antisense Alu-like region, a VNTR region, a region (SINE-R)
with homology to the end of a HERYV, a polyA signal and a polyA tail. Alus and SVAs
are flanked by L1-like TSDs. The approximate size in kilobases (kb) of a full-length
element of each example is indicated in parentheses.
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Figure 2 A cell culture-based retrotransposition assay. In the retrotransposition as-
say, a full-length L1 element is tagged with a retrotransposition cassette. A retrotrans-
position cassette consists of a marker gdight green rectanglginterrupted by an
intron (ight yellow rectanglgin the opposite transcriptional orientation. The splice
donor (SD) and splice acceptor (SA) sites are indicated. Transcripts directed from the
marker’s promoterlight gray rectangle and bent arrgncannot remove the intron by
splicing and will not produce functional protein. The entire cassette is cloned into the
3 untranslated region (83TR) of an L1 element in the orientation opposite that of
the L1 promoter§UTR and bent arrojv The marker can only become activatejl (
when a full-length L1 element is transcribed (L1 RNA is represent@ihk the color

of marker components have been maintainda))tt{e intron is removed by splicing,

and €) the RNA is reverse transcribed and integrated into the genah@&rdnscripts
directed from the marker's promoter after a retrotransposition event produce func-
tional protein. The tagged-L1 construct is transiently transfected into cultured cells.
Typical markers include the neomycin phosphotransferasg gene or the Enhanced
Green Fluorescent Protein (EGFP) gene. Positive cells are selected by growth in G418
containing media or by analysis for fluorescence, respectively (147, 162).
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Figure 3 The steps in L1 retrotransposition. A full-length active L1 element is transcribed
from its internal promoterkent arrow) to produce a bicistronic mRNA. It is currently un-
known if the RNA undergoes processing or how the RNA is exported from the nucleus. Once
in the cytoplasm, the ORF1 and ORF2 proteins are translated and specifically function on
the RNA that transcribed thenai§ preference). At least one L1 RNA molecule, one ORF2
molecule, and one or more ORF1 molecules may assemble into a ribonucleoprotein (RNP)
complex that is an intermediate in retrotransposition. Both the ORF2 protein and associated
L1 RNA must gain access to the nucleus, where the L1 RNA is reverse transcribed and in-
tegrated into a new genomic location by a process called target primed reverse transcription
(TPRT). Many L1 elements underg6tsuncation or 5inversion and truncation during the
TPRT process, resulting in an inactive DNA copy of the original element. The TPRT process
creates 7—-20-bp target site duplications that flank the L1 elerbkr &nd pink rectanglés
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Figure4 Target primed reverse transcription (TPRT). The non-LTR retrotransposons
are thought to integrate by TPRT. This TPRT model is based upon the mechanism
worked outin vivo for the R2 retrotransposon (115p) (During TPRT, the retro-
transposon’s endonuclease cleaves one strand of genomic DNA at its targelusite (
rectanglg, producing a 3hydroxyl (OH) at the nick. lf) The retrotransposon RNA

(red ling) inserts at the nick and the retrotransposon’s reverse transcriptase uses the
free 30OH to prime reverse transcription. Reverse transcription proceeds, producing
a cDNA of the retrotransposon RNAjreen ling. () The endonuclease cleaves the
second DNA strand of the target site to produce a staggered bdgakhé cDNA in-

serts into the break by an unknown mechanignhRemoval of RNA and completion

of DNA synthesis produces a complete insertion flanked by target site duplications
(TSDs).
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Figure5 Twin priming. This model demonstrates our proposed mechanism by which
L1 5 inversions are created during the TPRT procesIife L1 endonuclease cleaves
one strand of genomic DNA at its target sitdue rectangl® creating a 3hydroxyl

(OH) at the nick.§) The endonuclease performs second strand cleavage before reverse
transcription has been completed, creating a secobhgddoxyl and staggered break.

(c) The L1 RNA inserts into the break and the L1 reverse transcriptase uses the first
3'OH to initiate reverse transcriptiopitk arrow). (d) The second ‘®H invades the

RNA internally and is used to prime reverse transcription at a secondoséage
arrow). (e) Resolution of the RNA/cDNA structure and completion of DNA synthesis
produces an insertion with & Biversion. The entire insertion is flanked by target site
duplications (TSDs). The L1 RNA sequence is represented-ByB-C-D-E-3. After

the inversion, the insertion sequence’i€5B-D-E-3.
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Figure 6 (See figure on previous page) Impact of L1 retrotransposons on the mam-
malian genome. L1 elements have had a variety of effects on the human geapme. (
L1 elements expand the genome by their retrotransposition. L1 elements replicate by
a “copy and paste” mechanism. The L1 proteins work preferentially on the RNA that
transcribed themcfs preference). Therefore, only full-length elements with two open
reading frames are active. The active L1 is first transcribegitu, and then the RNA

is reverse transcribed and integrated into a new location. L1 elements can integrate
as full-length copiesA), however, they frequently’ Sruncate B), or 5 invert and
truncate C), producing an inactive copy of the original elemer) ome nonau-
tonomous retrotransposons, such as Alu, are an exception tstheeference rule

and are retrotransposédtransby the L1 machinery, further contributing to genomic
expansion. ) L1 elements occasionally insert into gene sequences, thereby causing
genetic disordersd| L1 elements can also cause disease by creating deletions and
duplications after unequal homologous recombinatiepL{ elements often bypass
their own polyA signal and use a downstream signal. This results in the transduction
of 3 sequences, potentially gene exon sequengre® rectanglg upon their retro-
transposition D). Retrotransposition of a’ &xon into another gene could result in
exon shuffling E). L1 elements could even shuffle exons without leaving evidence of
themselves if they severely Buncate during retrotransposition of aegkon ). (f)

The expression of genes can be affected by the presence of an L1 element. Some L1s
have antisense Pol Il promoters, which can affect the expression of nearby Ggnes (
Other L1s have acquired an enhancer function and can regulate expression of local

genes ).



