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Full-length human L1 insertions retain the capacity for
high frequency retrotransposition in cultured cells
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Functional L1 elements are autonomous retrotrans-
posons that can insert into human genes and cause
disease. To date, 10 of 12 known L1 retrotransposi-
tions into human genes have been found to be 5'-
truncated and incapable of further retrotransposi-
tion. Here we report the nucleotide sequences of the
two full-length L1 elements, L1 ββββ-thal and L1 RP, that
have inserted into the ββββ-globin and retinitis pigmen-
tosa-2 (RP2) genes, respectively. L1 ββββ-thal is 99.4%
identical to a consensus sequence of active human
L1s, while L1 RP is 99.9% identical. Both elements
retain impressive capacity for high frequency retro-
transposition in cultured HeLa cells. Indeed, L1 RP is
the most active L1 isolated to date. Our data indicate
that not all L1 insertions into human genes are ‘dead
on arrival’. Our findings also lend further credence to
the concept of cis preference, that the proteins
encoded by a particular L1 preferentially act upon
their encoding RNA as opposed to other L1 RNAs.

INTRODUCTION

LINE-1 or L1 elements are autonomous non-LTR retrotrans-
posons that can be transcribed into RNA, reverse-transcribed
into cDNA and integrated into new genomic locations. Human
L1 elements consist of a 5'-UTR with an internal promoter (1),
two open reading frames (ORF1 and ORF2), and a 3'-UTR and
a poly(A) tail (2). ORF1 encodes a nucleic acid binding protein
(3,4) and ORF2 encodes a protein with endonuclease activity
(5), reverse transcriptase activity (6) and a C-terminal cysteine-
rich motif (7). There are ~100 000 L1 elements in the human
genome (8) but only ~30–60 are thought to be capable of retro-
transposition (9). Greater than 95% of all human L1s are 5'-
truncated while others contain termination codons, frameshifts
or other deleterious mutations that abolish activity. To date, 12
L1 retrotranspositions into genes have been reported as
disease-causing mutations (10–18; E. Bakker and G. van
Ommen, personal communication). Eleven of the 12 insertions
belong to the Ta subset (19; C. Meischl, personal communica-
tion), a group of transcriptionally active L1s that contains most
retrotransposition-competent elements. Of the 12 insertions,

10 were 5'-truncated and therefore incapable of subsequent
rotransposition. Here we demonstrate that the two full-leng
L1 insertions are highly active in a cell culture-based retr
transposition assay and are likely capable of secondary re
transpositionin vivo.

RESULTS AND DISCUSSION

L1β-thal was discovered in a mother and daughter of Ukraini
descent with hematological indices typical ofβ-thalassemia
trait (15). The L1 was inserted into the 3'-end of intron 2 of th
β-globin gene in the antisense orientation. It has two ORFs
107 bp poly(A) tail and is flanked by a 9–13 bp target si
duplication. L1β-thal is 99.4% identical to a consensus sequen
of active human L1s and its encoded proteins contain 11 am
acid differences from consensus (Fig. 1). L1RP was found in
intron 1 of the retinitis pigmentosa-2 (RP2) gene of a patie
with X-linked retinitis pigmentosa and his carrier mother (17
L1RP has two ORFs, an unusual poly(A) tail in which the A
tract is interrupted by 11 nt (GTTTTAAATTT) and it is
flanked by a 14 bp target site duplication. The L1RP sequence is
99.9% identical to the active L1 consensus sequence and
encoded proteins contain only three amino acid changes fr
the consensus (Fig 1).

To determine if the L1β-thal and L1RP insertions have retained
retrotransposition capability, we tested them in a cultured c
assay shown to detect authentic retrotransposition events (.
For this assay, we cloned the elements into an episomal exp
sion vector such that amneo1indicator cassette was present i
their 3'-UTRs in the antisense orientation. This cassette can
activated upon retrotransposition to confer G418 resistance
transfected cells (20). For each L1, we tested three differ
constructs (Table 1), one containing both the heterologo
immediate early CMV promoter (pCMV) 5' to the L1 and a
SV40 polyadenylation signal [SV40 poly(A)] 3' to the L1, th
second containing only the SV40 poly(A) and the third co
taining neither pCMV nor the SV40 poly(A) signal (a nativ
L1). As predicted by their high degree of similarity to the con
sensus sequence of active elements, both L1β-thal and L1RP ret-
rotransposed at frequencies comparable with those reported
L1.3 (9), previously the most active element in this assa
Indeed, L1RP constructs retrotransposed at frequencies twi
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those of L1.3, making L1RP the most active human L1 isolated
to date. Deleting either pCMV or both pCMV and SV40
poly(A) increased the observed retrotransposition frequencies
of L1.3 and L1RP. Possible explanations for this increase
include the loss of competition between neighboring promoters
for polymerase and transcription factors or the relief of steric
hindrance at polymerase binding sites. These results provide
further evidence that L1 elements retrotranspose very effi-
ciently in this assay (21).

Data from seven truncated human insertions have shown
previously that newly inserted L1s likely arise from active,
full-length progenitor elements (12,22). The protein coding
regions in these previously characterized insertions were intact
but truncated, suggesting that these elements might have

retained activity had they not been truncated at some point d
ing retrotransposition. Additionally, two newly retrotranspose
full-length mouse L1 insertions retained retrotransposition act
ity in cultured cells and are likely capable of secondary retrotra
position in the mouse genome (23). L1β-thal and L1RP are the first
recently retrotransposed, full-length human L1 insertio
available for further characterization. That they have retain
retrotransposition activity in this assay provides the first ev
dence that some disease-producing human L1 insertions
not inactivated upon retrotransposition. It should be noted t
activity in the cultured cell assay does not prove that these e
ments will retrotranspose again from their new genomic loc
tions. Other factors such as repressive effects of chroma

Figure 1. L1β-thal and L1RP are closely related to the consensus sequence of active L1 elements. This consensus sequence was generated by comparing th
of seven full-length elements (L1.2A, LRE2.1, L1.3, L1.4, L1.19, L1.20 and L1.39) capable of retrotransposition in a cultured cell assay (25). The approximate
locations of the endonuclease and reverse transcriptase domains are indicated by EN and RT, and the full-length L1s are 6.0 kb.

Table 1.Retrotransposition frequencies of L1β-thal and L1RP are comparable with those of L1.3

We calculated retrotransposition frequency as the number of G418R foci per million hygromycinR

cells plated (20).n refers to the number of independent transfections. Retrotransposition frequencies
for L1β-thal and L1RP were among the highest observed to date; the frequency for cells transfected with
pJM101/L1RP ∆CMV reached one event in 30–35 hygromycinR cells plated. A reverse transcriptase-
defective allele of L1.2 (D702Y, pJM105) and an L1.2 construct lacking a presumptive promoter (no
CMV promoter or L1 5'-UTR, pJM102∆CMV) generated G418R foci at significantly lower frequen-
cies (20). The G418R foci generated by pJM105 are likely due to low leveltrans-complementation of
the reverse transcriptase-defective allele by an endogenous L1 (20). The number of G418R foci seen
with pJM102∆CMV is greater than expected, but it should be noted that this construct contains an
active L1. While the element lacks a promoter, transcripts arising from other promoters on the expres-
sion construct that fail to terminate prior to the L1 could generate a retrotransposition event.

Construct n Retrotransposition frequency/106 hygromycinR

cells (range)

pJM101/L1.3 7 4450 (2610–5690)

pJM101/L1.3∆CMV 9 16 140 (7480–30 430)

pJM101/L1.3∆CMV ∆SV40 poly(A)+ 9 8000 (3440–13 430)

pJM101/L1β-thal 6 7770 (2810–14 300)

pJM101/L1β-thal ∆CMV 6 5310 (2400–9300)

pJM101/L1β-thal ∆CMV ∆SV40 poly(A)+ 6 2820 (1880–4400)

pJM101/L1RP 6 8490 (6480–10 070)

pJM101/L1RP ∆CMV 6 30 750 (22 220–35 630)

pJM101/L1RP ∆CMV ∆SV40 poly(A)+ 6 17 910 (13 190–24 230)

pJM105 8 1.4 (0–4)

pJM102∆CMV 12 17 (0–58)
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structure and methylation may play a role in keeping retro-
transposition in check (24).

It has been proposed that the protein products of a particular
L1 bind primarily to their encoding RNA, i.e.cis preference
(22). Although the vast majority of L1s are inactive, no charac-
terized disease-producing L1 insertions contain nonsense or
frameshift mutations. In addition, two full-length mouse L1
insertions and the precursors of two truncated human L1 inser-
tions were retrotranspositionally active elements (20,23).
Furthermore, an L1 mutated in either ORF1 or ORF2 is not
efficiently complemented by co-transfection with an active L1
in the cultured cell assay (J.V. Moran and H.H. Kazazian,
unpublished data). The observation that L1β-thal and L1RP are
highly retrotransposition competent further strengthens the
case forcis preference in L1 retrotransposition.

MATERIALS AND METHODS

Isolation and sequencing of L1ββββ-thal and L1RP

Using sequence derived from subcloned breakpoint fragments
(15), we amplified the full-length L1 from theβ-globin gene
using the Expand Long Template PCR System (Boehringer
Mannheim, Indianapolis, IN) and primers flanking the inserted
L1 (GlobinL1-5', 5'-CCCAACCATAAAATAAAAGCAGA-
GAGG-3'; GlobinL1-3', 5'-GAATAACAGTGATAATTTCT-
GGGTTAAGGCAA-3'). PCR conditions were: one cycle of
94°C for 1 min; 10 cycles of 94°C for 10s, 63°C for 30s and
68°C for 4 min; 20 cycles of 94°C for 10 s, 63°C for 30s, 68°C
for 4 min + 20 s auto-elongation/cycle; one cycle of 68°C for
7 min. Reactions contained 2.6 U of Expand Long Template
enzyme mixture, 350µM each dNTP and 300µM each DNA
primer in Expand PCR buffer 1. Because GlobinL1-5' contains
5 nt of 5' L1 sequence at the 3' end, this primer pair specifically
amplified only theβ-globin allele that contained the L1 inser-
tion. We purified the 6 kb PCR product using the Wizard PCR
Prep Purification System (Promega, Madison, WI) and cloned
it into pPCR-script (Stratagene, La Jolla, CA) as per the manu-
facturer’s protocol. We combined three clones in an equimolar
ratio and sequenced them using ABI 377 or 373A stretch
sequencers with Taq FS Dye Terminator chemistry to generate
sequences for this element. We sequenced pPCR.L1Glo-62,
the PCR clone used to generate the CEP4-based (Invitrogen,
Carlsbad, CA) clones tested in the retrotransposition assay
(20), separately to screen for PCR errors. Using this method,
we determined that there were two errors, one in the 5'-UTR at
nt 309 and a synonymous change in codon 651 of ORF2. Since
no amino acids were mutated in pPCR.L1Glo-62, the errors
were not corrected before additional cloning steps were per-
formed.

We cloned L1RP in the same manner as L1β-thal using pub-
lished flanking sequence and genomic DNA (17). The primers
used for this amplification were: RP2L1-5', 5'-TGGAATGTG-
TATTAAGACTGTAAGGTGGG-3'; RP2L1-3', 5'-ACT-
GCCTGGTTTATGCCGCTTA-3'. PCR conditions were
similar to those used to amplify L1β-thal but the annealing tem-
perature was 68°C rather than 63°C. We generated the
sequence for this element by sequencing four clones combined
in an equimolar ratio. As with L1β-thal, we sequenced the L1RP
clone intended for use in further cloning steps, pPCR.L1RP-

32, separately. There were seven errors in pPCR.L1RP-32,
in the 5'-UTR at nt 342, one in the inter-ORF region at nt 195
and five in ORF2 (codons 192, 210, 236, 294 and 1168). On
one of the PCR errors in ORF2 resulted in an amino ac
change (I1168T). Although residue 1168 is not thought to
within a functional domain, we corrected this error by repla
ing an SpeI–BstZ17I fragment in pPCR.L1RP-32 with the
same fragment from another L1RP clone with the correct
sequence to create pPCR.L1RPS-5. We then us
pPCR.L1RPS-5 to generate the pCEP4-based vectors for
retrotransposition assay. Genbank accession nos for L1β-thal and
L1RP are AF149422 and AF148856, respectively.

Creation of constructs for the retrotransposition assay

The original retrotransposition construct, JM101 (20), consi
of pCEP4 (Invitrogen), L1.2, and themneoIcassette in the 3'-
UTR of L1.2. Most L1 elements contain aBstZ17I site in their
3'-UTR close to the 3' end of the element, while aNotI site is
present in the cloning vector between the CMV promoter a
the 5'-UTR of the L1. To create pJM101/ L1β-thal and its∆CMV
and∆CMV ∆SV40 poly(A)+ derivatives, we digested pJM101
pJM101∆CMV and pJM101∆CMV ∆SV40 poly(A)+ with NotI
and BstZ17I to remove L1.2 (20). We then removed L1β-thal
from pPCR.L1Glo-62 as a 6.0 kbNotI–BstZ17I fragment and
ligated it into the various pJM101 backbones. We genera
pJM101/L1RP and its ∆CMV and ∆CMV ∆SV40 poly(A)+

derivatives in the same manner using a 6.0 kbNotI–BstZ17I
fragment from pPCR.L1RPS-5. The retrotransposition ass
was carried out as described previously (20).
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