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Isolation of an Active Human Transposable Element

BETH A. DOMBROSKI, STEPHEN L. MATHIAS, EL1ZABETH NANTHAKUMAR,
AraN F. Scott, HaiG H. Kazazian, Jr.*

Two de novo insertions of truncated L1 elements into the factor VIII gene on the X
chromosome have been identified that produced hemophilia A. A full-length L1
element that is the likely progenitor of one of these insertions was isolated by its
sequence identity to the factor VIII insertion. This L1 element contains two open-
reading frames and is one of at least four alleles of a locus on chromosome 22 that has
been occupied by an L1 element for at least 6 million years.

RANSPOSABLE ELEMENTS ARE A
common feature of the genomes of
eukaryotes (1). Retrotransposons
(class T and class II) are a specific group of
transposable elements that can be tran-
scribed into RNA, reverse transcribed into
cDNA, and then reintegrated as cDNAs
into the genome at a new location. Examples
of class II retrotransposons are the F, G, and
I factors of Drosophila melanogaster and the
long interspersed elements (LINE-1 or L1)
of mammals (2—4). Class II retrotransposons
do not contain long terminal repeats, have at
least one open-reading frame (ORF), and
have an A-rich tract at their 3’ ends. These
retrotransposons are flanked by duplications
of the insertion site that vary in length. The
amino acid sequence derived from one of the
reading frames contains a region similar to
reverse transcriptases of retroviruses and
class I retrotransposable elements (5, 6).
Although retrotransposition by way of an
RNA intermediate has been documented
only for the I factor of D. melanogaster (7),
the structural similarity of class II elements
implies that they are all retrotransposons.
The L1 element is common in all mam-
malian genomes (3). In humans, L1 ele-
ments (full-length and truncated) compose
about 5% of the genome and number
50,000 to 100,000 copies (§), most of
which are truncated at the 5’ end (9). About
3500 copies are full-length (10). It has been
proposed that rare L1 elements are capable
of retrotransposition; however, no active
individual sequences have been isolated.
A consensus human L1 element con-
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structed from genomic L1 sequences pre-
dicted two ORFs that were not seen in any
of the individual sequences used to construct
the consensus (Fig. 1A) (9). On average, the
nucleotide sequence of a genomic L1 ele-
ment differs from the consensus sequence by
5% (9). In contrast, L1 cDNAs from a
human embryonal tumor cell line differ in
nucleotide sequence from the L1 consensus
sequence by <1% (11). This suggests that
the consensus sequence reflects the sequence
of actively transcribed and potentially retro-
transposable L1 elements.

Evidence that some L1 elements in the
human genome are retrotransposable was
provided by de novo transposition of trun-
cated L1 DNA into exon 14 of the factor
VIII gene producing hemophilia A in two
individuals (12). Each new insertion con-
tained the 3’ portion of an L1 element,
including much of the second ORF in the
consensus sequence (ORF2) (Fig. 1A) and a
polyadenylic acid tail, and was flanked by a
perfect target-site duplication (13). We re-
port here the isolation of the L1 element
that is the likely progenitor of the insertion
from patient JH-27. It represents the first-
identified active transposable element in hu-
mans.

From a region of the factor VIII insertion
in patient JH-27 [nucleotides (nts) 4250 to
4269], we made a 20-nt oligomer (JH-27
oligomer) that differed at three positions
from the consensus L1 sequence (Fig. 1A).
(Nucleotide positions are numbered such
that 1 represents the first nucleotide in the
progenitor allele L1.2B.) When the JH-27
oligomer was hybridized to Bam HI-digest-
ed genomic DNA from 106 individuals,
four to ten fragments of single-copy inten-
sity were observed in the DNA from each
individual (Fig. 1B) (14). Analysis of ge-
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nomic DNA from these unrelated individu-
als showed that most hybridizing fragments
were highly polymorphic as to their presence.
However, 11-kb, 7-kb, and 5.5-kb fragments
were most often present. All of the fragments
in patient JH-27 could be explained by inher-
itance from his parents except for a band at
approximately 4 kb (Fig. 1B). Subsequent
hybridization with a probe from exon 14 of
the factor VIII gene confirmed that this 4-kb
band in patent JH-27 corresponded to the
new L1 insertion.

A Bam HI
Al
H [ ORF1 H ORF2 J ’AL'D
5-UTR 3-UTR
JH-27 TGGGTGAACTCCCATTCGTA

COnSQnSLIS TGAGTGAACTCCCATTCACA

B 10 203 & 8

Fig. 1. (A) Structure of consensus 6.1-kb human
L1 element. ORF], first ORF; A, A-rich tract;
open triangles flanking the consensus element,
target-site duplication; shaded triangle above
ORE2, position of the JH-27 oligomer; Bam HI,
site at nt 4836; JH-27, the JH-27 oligomer
(underlines indicate differences from consensus).
(B) Hybridization pattern of the JH-27 oligomer
to a dried agarose gel containing Bam HI-digest-
ed genomic DNA. Lanes 1, 2, and 3, family of
patient JH-27: mother, father, and patient; lanes
4 and 5, DNA from two unrelated individuals.
Arrow indicates the de novo insertion of L1
sequence into exon 14 of the factor VIII gene.
The 11-kb Bam HI fragment corresponds to the
L1.1 element, the 5.5-kb fragment to the L1.2
element, and the 8.4-kb fragment to the L1.3
element.

Fig. 2. Partial restriction maps of the phage
inserts containing L1.1 and L1.2A. E, Eco RI; B,
Bam HI; P, Pst I; S, Sph 1. (A) Restriction map
of the phage containing L1.1. Shaded box, L1.1;
bold line, human genomic flanking sequences.
Triangles indicate positions of probes we used to
screen the bacteriophage libraries: 1, 5’ L1 oligo-
mer (nts 61 to 80) derived from the L1 consen-
sus; 2, the JH-27 oligomer; and 3, 3’ L1 oligomer
(nts 5919 to 5938) derived from the cDNA
consensus (30). The dashed bracket indicates the
Eco RI fragment used as a single-copy flanking
probe for Southern blot analysis. The 11-kb Bam
HI fragment is indicated. (B) Restriction map of

Nucleotide sequence identity between an
individual L1 element and a new insertion
identifies that element as a putative precur-
sor of the insertion. Therefore, we searched
for a full-length L1 element containing se-
quence identical to the 3784 bp of the
insertion found in patient JH-27. We
screened an anonymous human genomic
library in bacteriophage A with the JH-27
oligomer and with probes specific for the 5’
and 3’ ends of the consensus L1 element to
detect full-length elements that included ho-
mology to the insertion found in patient
JH-27 (15). Two recombinants, L1.1 and
L1.2A, were isolated that hybridized to all
three probes.

The high-frequency 11-kb Bam HI frag-
ment that hybridized to the JH-27 oligomer
is represented in L1.1 (Fig. 2). When Bam
HI digests of genomic DNA from 62 unre-
lated individuals were hybridized with a
portion of the 11-kb Bam HI fragment that
lies 5" to L1.1, only one band at 11 kb was
seen in each individual (16). Nucleotide
sequence analysis revealed that L1.1 is full-
length, ends in a polyadenylic acid tail of 54
residues, and is flanked by a perfect 14-bp
target-site duplication. There is a 1-base
pair deletion at the beginning of the first
predicted reading frame (nucleotide posi-
tion 915), resulting in a frame-shift muta-
tion and a premature termination codon
(17). The second reading frame is open. The
3’ portion of L1.1 (3784 bp) differs from
the insertion sequence found in patient JH-
27 by six nucleotides, four of which change
the encoded amino acid (Fig. 3). With the
use of somatic cell hybrid DNAs, L1.1 has
been mapped to chromosome 14 (18).

From the restriction map of L1.2A (Fig.
2), it was evident that the JH-27 oligomer
fell within a 5.5-kb Bam HI fragment (Fig.
1B) that was observed in about 70% of
human genomic DNAs studied. However,
when a single-copy probe from the 5’ flank-
ing sequence of L1.2A was hybridized to

A 11 kb
E B E E E B
| | [y L
] [ Y A A
for=i=rid 259
L1.1
B
6.4 kb S
P E EEP E B E EE S
1] T LR
1 1 A A A |
rm———d _? 3 {
Pi P2
L1.2A

the phage containing L1.2A. Shaded box, L1.2A; bold line, human flanking sequences. Dashed
brackets indicate 5’ and 3’ single-copy flanking probes used for Southern blot analysis. The bracket
labeled 6.4 kb denotes the Pst I fragment detected by the 5’ flanking Eco RI probe. The bracket labeled
5.5 kb indicates the Bam HI fragment detected by the JH-27 oligomer. P1 and P2 indicate primers we
used with the PCR to amplify the 3’ end of L1.2 from genomic DNA (21). Numbered triangles indicate

the same probes as in (A).
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genomic DNA digested with Pst I, a frag-
ment of the appropriate size (6.4 kb) was
detected in all 40 individuals examined, and
no variant fragment was seen in any individ-
ual (16). These data indicate that L1.2 de-
fines a locus common to all individuals
studied and that a variant allele contains
changes in the JH-27 oligomer sequence
that prevent the oligomer from hybridizing.
Sequence analysis of L1.2A determined that
it is full-length, ends in a polyadenylic acid
tail of 27 residues, and is flanked by a perfect
15-bp target-site duplication (Fig. 3). Be-
cause both reading frames of L1.2A are
open, this is the first human L1 element
isolated that contains the two predicted
ORFs. Functional studies with experimental
constructs of L1.2A indicate that both
ORFs can produce protein products (19,
20). Comparison of the nucleotide sequence
in common between the insertion found in
patient JH-27 and L1.2A revealed two dif-
ferences at the 3’ end of ORF2, both of
which result in an amino acid substitution
(Fig. 3). The firstis a T to G substitution at
nt 5649 (Ile to Met), and the second is a C
to T substitution at nt 5765 (Ser to Leu).

We then used the polymerase chain reac-
tion (PCR) to amplify the 3’ end of L1.2
containing nts 5649 and 5765 from genom-
ic DNA of the parents of patient JH-27
(Fig. 2) (21). Sequence of this portion of
L1.2 was homozygous in both parents of
patient JH-27 and identical to the insertion
sequence found in their son. In genomic
DNA of five nuclear families, the changes at
nts 5649 and 5765 always occurred together
as a common allele of the L1.2 locus.

With the use of a bacteriophage \ library
constructed from genomic DNA of the
mother of patient JH-27, we isolated an
allele (L1.2B) from the L1.2 locus that
contains a sequence identical to the 3784-bp
insertion found in patient JH-27 (22). The
restriction map of the phage insert contain-
ing L1.2B is identical to the map of the
insert containing L1.2A except that the
L1.2B insert is 3 kb larger. Sequence analy-
sis of this allele revealed that it is also
full-length, ends in a polyadenylic acid tail of
27 residues, contains two ORFs, and is
flanked by the same perfect 15-bp target-site
duplication as allele L1.2A. The sequence of
the 3’ portion (3784 bp) is identical to the
entire insertion from patient JH-27 (23).
Upstream of sequence in common with this
insertion L1.2B differs from L1.2A by only
a single silent change in ORF2 at nt 2109 (T
to C) (Fig. 3).

The L1.2 locus is on chromosome 22 at
22q11.1-q11.2 (18, 24). Because we believe
that the L1.2B allele at the L1.2 locus is
responsible for the transposition event in
patient JH-27, we designate this locus
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Fig. 3. Comparison of  uHz7-L1 AAAGACAAACAAAAC [ Asasscacasscansac
L1 elements (31) with

sequence homology to L1.2B  GAAAGTGGGCATTCT| | I [ Ax]oamcraeeeatTer
the L1 fragment (JH-

27—L1) inserted into the L1.2A GAAAGTGGGCATTCT] | I ..] A?7|w5rcsocnﬁcr
factor VIII gene of pa- -1

tient JH-27. Shaded L1.1 TAAACTTAGTAACA| sess]| o oo ee ® | As]TasacTTAGTARCA
boxes, ORFs; nucleotide

sequence, target-site du-

plications; A, at 3’ end of each L1, polyadenylic acid tract of length n. Dots indicate single-nucleotide
differences from L1.2B. In L1.2A from left to right, first dot is nt 2109 (T to C), second dot is nt 5649
(T to G, Ile to Met), and third dot is nt 5765 (C to T, Ser to Leu). In L1.1 from left to right, at nt 915

G is deleted (arrow), first dot is nt 1150 (A to T,

Thr to Ser), second dot is nt 1641 (A to G), third

dot is nt 1661 (T to C, Val to Ala), fourth dot is nt 1869 (A to G), fifth dot is nt 2565 (C to A), sixth
dot is nt 3076 (G to A, Gly to Arg); seventh dot is nt 3121 (G to T, Ala to Ser), eighth dot is nt 3759
(A to T, Lys to Asn); ninth dot is nt 4055 (G to A, Arg to Gln), and tenth dot is nt 5622 (C to G).

LRE-1 (L1 retrotransposable element—1).
We have identified four alleles of the LRE-1
locus: (i) L1.2B, (ii) L1.2A, (iii) an allele
that is not recognized by the JH-27 oligomer,
and (iv) an allele that at a minimum differs
from L1.2B by a G to C transverison at
position 5766. L1.2B has a gene frequency of
roughly 0.2 in the 40 individuals we studied.

Southern (DNA) blot analysis of primate
DNA with single-copy probes both 5’ and
3'to L1.2 and 5’ to L1.1 (Fig. 2) showed
that both L1.2 and L1.1 are present in
chimpanzee and gorilla at the same genomic
locations as in man. Digestion of genomic
DNA with enzymes that have a recognition
site in L1.2, followed by hybridization with
a flanking probe, identified a fragment iden-
tical in size to the human fragment in two
chimpanzees (six of six digests) and two
gorillas (four of six digests) (16). Similar
results were obtained for the L1.1 locus.
These data indicate that L1.2 and L1.1 have
been located at the same chromosomal sites
at least since the evolutionary divergence of
man, chimpanzee, and gorilla, approximate-
ly 6 million years ago (25).

We isolated another JH-27-specific full-
length element, L1.3, from the bacterio-
phage \ library of genomic DNA from the
mother of patient JH-27 that corresponds to
the 8.4-kb Bam HI fragment (Fig. 1B).
L1.3 contains at least two nucleotide
changes from the insertion sequence found
in patient JH-27. There are only six candi-
date progenitor elements in the parents of
patient JH-27 (Fig. 1B) (those Bam HI
fragments greater than 4836 bp). Three of
these elements have now been characterized.

It is unlikely that an as yet unidentified
clement gave rise to the insertion found in
patient JH-27. L1.2 has been at the same
chromosomal location for at least 6 million
years, and the insertion found in patient
JH-27 occurred within the last 20 years.
Given estimates of substitution rates in pri-
mate DNA, differences of 5 to 15 nts would
be expected between L1.2 and the insertion
found in patient JH-27 if these elements
were diverging independently of each other
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(26). Instead, the sequence of the L1.2B
allele is completely identical to the insertion
found in patient JH-27, whereas the LRE-1
locus itself has diverged (four known al-
leles). Therefore, if the insertion arose from
transposition of a different element, that
element would probably have been derived
from a recent transposition of L1.2B itself
for there to be no sequence differences. In
that case, L1.2B would still be the oldest
precursor sequence and an active transpos-
able element.

Two hypotheses of L1 expansion in the
human genome have been proposed, a mas-
ter gene model and a self-propagation mod-
el. The master gene produces only inactive
copies (27), and a precursor retrotransposon
would not itself be the product of a retro-
transposition event. However, L1.2B, the
putative progenitor of the insertion found in
padent JH-27, is itself flanked by a target-
site duplication and is therefore the product
of a retrotransposition event. These data
therefore favor the model of self-propaga-
tion, in which a number of active elements
can produce both active and inactive prog-
eny. If the self-propagation model is correct,
then retrotransposable elements should con-
tain their own promoter because an up-
stream promoter would be lost with each
new secondary retrotransposition event.
The 5' untranslated regions (UTRs) of
some human and rat L1 elements contain
substantial promoter activity (28), and an
internal RNA polymerase II promoter was
reported for the L1-like element jockey from
D. melanogaster (29).

Whether retrotransposition of L1 ele-
ments requires protein products translated
from their ORFs remains an open question.
L1.2A, expressed in transfected Ntera2D1
human teratocarcinoma cells, produced a
40-kD ORF1 (first ORF) protein, as pre-
dicted by the consensus sequence (19). In
addition, Mathias and co-workers (20) have
detected reverse transcriptase activity encod-
ed by the ORF2 of L1.2A expressed in
yeast.

The insertion found in patient JH-27 is an

exact but truncated copy of its progenitor
element L1.2B. If the translated ORF1 and
OREF2 products of an L1 element function
in trans (act on other L1 elements), an L1
insertion could be the product of a tran-
scribed L1 element incapable of producing
protein. That L1.2 alleles are the only hu-
man L1 elements known to date that con-
tain two ORFs suggests that use of protein
products in cis is preferred in L1 retrotrans-
position, as demonstrated for Drosophila 1
factor retrotransposition (7).
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Reverse Transcriptase Encoded by a Human

Transposable Element

STEPHEN L. MATHIAS, ALAN F. ScotTt, HaiGc H. KazAziAN, JR.,

JEF D. BOEKE, ABRAM GABRIEL*

L1 elements are highly repeated mammalian DNA sequences whose structure suggests
dispersal by retrotransposition. A consensus L1 element encodes a protein with
sequence similarity to known reverse transcriptases. The second open reading frame
from the human L1 element L1.2A was expressed as a fusion protein targeted to Tyl

virus-like particles in Saccharomyces cerevisiae and shown to have reverse transcriptase

activity. This activity was eliminated by a missense mutation in the highly conserved
amino acid motif Y/F-X-D-D. Thus, L1 represents a potential source of the reverse
transcriptase activity necessary for dispersion of the many classes of mammalian

retroelements.

ONG INTERSPERSED ELEMENTS

I (LINE-1 or L1) are a large class of
mammalian repeated sequences with
structural similarities to retrotransposons
(1). The predicted protein encoded by the
second open reading frame (ORF2) of L1
elements contains domains similar to retro-
viral and other reverse transcriptases (RT)
(2, 3). However, the classification of a se-
quence as a retrotransposon based solely on
structural similarities or the presence of RT
amino acid sequence motifs is tenuous; RT
sequence similarity does not by itself prove
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RT activity. The availability of L1.2A, a
putatively functional human L1 element (4),
presented an opportunity to test directly for
RT activity.

To assay the ORF2 protein encoded by
L1.2A for RT activity, we used an expres-
sion system (5) based on retrotransposon
Tyl of Saccharomyces cerevisiae (6) (Fig. 1).

Fig. 1. Summary of plasmid inserts.
Plasmids were constructed as de-
scribed (22) and carry the yeast 2
pm plasmid origin of replication,
the yeast selectable genes URA3
and TRP1, and the bacterial select-
able gene bla. pPGAL1, GALT1 pro-
moter; TYA, first open reading
frame of Tyl; TYB, second open
reading frame of Tyl; ATYB,
TYB truncated at base pair 2173;
black triangles, Tyl LTRs; ORF2,
second open reading frame from

pSM1

pGAL1

Tyl encodes two overlapping ORFs. The
first, TYA, encodes a gag-like protein. The
second, TYB, encodes a pol-like protein
that is expressed as a fusion protein with
TYA protein. Tyl proteins and RNA are
coassembled into virus-like particles
(VLPs). We used a Tyl-L1 chimeric con-
struct (pSM2) in which the L1.2A ORE2
was fused in-frame with TYB immedi-
ately 3' to the protease domain, replacing
the integrase, RT, and RNAseH domains
of TYB (Fig. 1). As a negative control,
the sequence between the fusion site and
the downstream long terminal repeat
(LTR) was deleted (pSM5). The parent
plasmid, which contained a functional Tyl
element (pSM1), was used as a positive
control. All constructs were regulated by
the GAL1 promoter. Upon galactose in-
duction, yeast carrying these plasmids pro-
duced and accumulated large amounts of
VLPs, which were then partially purified
and assayed for RT activity. To reduce RT
activity attributable to expression of en-
dogenous Tyl and Ty2 elements, an spt3
host strain was used. Transcripts initi-
ated from the intact endogenous Tyl LTR
promoter are reduced 10- to 20-fold in spt3
strains, whereas transcription of GALI1-
promoted elements is unaffected (5, 7-
9).

Yeast cell extracts containing VLPs were
fractionated on sucrose gradients and the
fractions were assayed for RT activity (Fig.
2A). The L1-associated activity sedimented
with a slightly slower velocity than the
Tyl RT. This may be due to an altered
structure of the L1-Tyl VLPs. No RT
activity was detected in VLPs from the
negative control plasmid, pSM5. The same
fractions used for the RT profiles were
immunoblotted with an antiserum raised
against Tyl-VLPs (10) (Fig. 2B). The L1
RT peak cofractionated with TYA pro-
teins, as did the Tyl RT. VLPs were
produced from the negative control con-
struct (pSM5) (Fig. 2B), therefore absence
of RT from pSM5 was not due to a lack of
VLP production.

A [ - TYB E_

ety
d TvA ] =
pSM5
: W
d Tva ] N
pSM2
W
IZ ~
PSMs

L1.2A (4); dashed triangles, epitope tags (et) inserted in the parent plasmids to create pSM1et, pSM5et,
pSM2et, and pSM8et (16). The asterisk indicates a missense mutation which produces a D to Y

substitution in the RT domain of ORF2 (22).
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