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The L1 retrotransposon is the most highly successful autonomous retrotransposon in mammals. This prolific genome
parasite may on occasion benefit its host through genome rearrangements or adjustments of host gene expression. In
examining possible effects of L1 elements on host gene expression, we investigated whether a full-length L1 element
inserted in the antisense orientation into an intron of a cellular gene may actually split the gene’s transcript into two
smaller transcripts: (1) a transcript containing the upstream exons and terminating in the major antisense
polyadenylation site (MAPS) of the L1, and (2) a transcript derived from the L1 antisense promoter (ASP) that
includes the downstream exons of the gene. Bioinformatic analysis and experimental follow-up provide evidence for
this L1 “gene-breaking” hypothesis. We identified three human genes apparently “broken” by L1 elements, as well as
12 more candidate genes. Most of the inserted L1 elements in our 15 candidate genes predate the human/chimp
divergence. If indeed split, the transcripts of these genes may in at least one case encode potentially interacting
proteins, and in another case may encode novel proteins. Gene-breaking represents a new mechanism through which
L1 elements remodel mammalian genomes.

[Supplemental material is available online at www.genome.org.]

Transposable elements are neither “junk DNA” nor mere curiosi-
ties to be categorized taxonomically and relegated to dusty cata-
logs; rather, they can affect gene expression in important ways
and are a dynamic and significant part of our evolutionary his-
tory (Boissinot et al. 2000; Meischl et al. 2000; Myers et al. 2002;
Brouha et al. 2003; Salem et al. 2003; Kazazian Jr. 2004). Trans-
posons comprise nearly 45% of the human genome (Interna-
tional Human Genome Sequencing Consortium 2001) and in-
clude DNA transposons, LTR retrotransposons, and non-LTR ret-
rotransposons such as LINEs and SINEs. Each class can be divided
into several subgroups, each with a unique evolutionary history.
Most elements are currently inactive, but the active elements
shape the genome through continued expansion, transduction,
chromosomal rearrangements (Gilbert et al. 2002; Symer et al.
2002), and even direct effects on gene expression (van de Lage-
maat et al. 2003; Druker et al. 2004; Han and Boeke 2004). The
related endogenous retroviruses have also been implicated in af-
fecting gene expression, inserting new promoters and/or 3� end
forming sequences into many human genes (Landry 2003).

L1 elements, retrotransposons comprising nearly 17% of the
human genome (Smit 1996; International Human Genome Se-
quencing Consortium 2001), possess not only the well-known 5�

forward promoter (Swergold 1990) long known to initiate tran-
scription of the two open reading frames, but also a 5� antisense
promoter (ASP) that for unknown reasons drives outward tran-
scription of adjacent flanking sequences. Speek (2001) and Nigu-
mann et al. (2002) identified many cellular transcripts apparently
produced by the ASP.

Han et al. (2004) identified another way in which L1 ele-
ments significantly affect transcription of their flanking se-

quences. When present in a gene in the antisense orientation, an
L1 element can truncate transcripts from the gene’s promoter by
premature polyadenylation within the 3�end of the ORF2 region
of the antisense L1. This polyadenylation can be relatively effi-
cient, but still allows a certain amount of read-through. The ma-
jor antisense polyadenylation signal (MAPS, Fig. 1) defined by
those experiments is located at position 5584 in human L1rp
(contained in the RP2 gene, accession no. AJ007590), on the
antisense strand (Han et al. 2004). Although these experiments
were performed on episomal gene fusions that lacked introns,
Han et al. predicted that similar effects could potentially occur if
antisense L1 elements were inserted into native chromosomal
genes. We provide evidence here supporting this hypothesis.

The “gene-breaking” model

Coupled together, the discoveries of the L1 ASP and the L1 MAPS
sparked our consideration of the “L1 gene-breaking” hypothesis
that is the subject of this communication. Gene-breaking refers
to the situation in which an L1 element positioned in the anti-
sense orientation, relative to the host gene, in any intron could
in principle split what was originally a single transcription unit
into two: an upstream gene (terminating at the MAPS) and a
downstream gene (starting at the ASP). The full transcript may
also be made, depending on the strength of the MAPS (Fig. 1).

Bioinformatic evidence for the predicted transcripts

To investigate our L1 “gene-breaking” hypothesis, we began by
searching for evidence of L1 ASP-derived transcripts. We used the
first 600 nucleotides of L1rp (Schwahn et al. 1998) as a query in
a BLAST search (Altschul et al. 1997) against the human EST
database. Over 60 ESTs met our criteria of having an antisense
alignment �200 base pairs, >90% identity, an e-value <1e-50,
and substantial amounts of both L1 and non-L1 sequence; there-
fore, they could be readily aligned to known or predicted genes
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and were unambiguously derived from L1. The genes correspond-
ing to the candidate ESTs were aligned to the genome using Spi-
dey (Wheelan et al. 2001) to determine whether the transcript
commenced in an intronic antisense L1. Fifteen of these genes
met the following stringent criteria: the ASP-derived EST aligned
perfectly to the antisense 5� L1 sequence situated in an intron,
the gene’s alignment with the EST spanned the entire length of
the EST, with an e-value <1e-60, and the L1 was full-length (cov-
ering all 6019 bases of L1rp) and flanked by target site duplica-
tions. Five of these ESTs represent cases identified by Nigumann
et al. (2002) as transcripts driven by the ASP, and 10 are newly
identified.

Next, we identified upstream transcripts that terminate in
the MAPS. The last 485 residues of L1 were used as a query in an
unfiltered BLAST search against the human EST database. Over
4900 ESTs with BLAST alignment e-values >1e-10 were identified
this way. Those for which the alignments terminated 3� of the
MAPS (between residues 5551 and 5562) were further analyzed.
We identified eight transcripts (six EST sequences plus one gene
record and a predicted gene record) that terminate exactly in the
MAPS (Fig. 2). Six of these are clearly polyadenylated and thus
unambiguously represent transcripts produced by termination at
the MAPS. The other two come from libraries obtained by using
an oligo dT primer and presumably also did contain polyA tails
that were truncated in the database records.

Our search for 3� antisense L1 sequence in the RefSeq data-
base also revealed a cellular gene, kinetochore protein Spc25, that
is normally polyadenylated at the MAPS of an L1 sequence lying
distal to the last exon; its last 457 nucleotides are identical to the
first 457 3� antisense nucleotides of L1rp. The L1 element par-
tially contained in Spc25 is 95% identical to L1rp. The existence

of multiple Spc25 transcripts with this
structure in the database provides addi-
tional evidence that the MAPS activity is
present in endogenous L1 elements.

We performed another search of
the EST database with the entire L1 se-
quence in order to detect any other
mRNA termination sites. L1 positions
5170, 5172, and 5173 form a noticeable
cluster of antisense EST termination sites
(359 ESTs on the antisense strand).
These positions are situated 68 bases
downstream of a potential poly(A) sig-
nal, on the antisense strand. None of the
ESTs contains any non-L1 sequence and
therefore cannot be assigned to any par-
ticular genomic location. However,
these data indicate that there may be
more than one cryptic polyadenylation
signal in the antisense L1 for premature
termination of a cellular transcript.

Although the data presented thus
far confirm that the L1 ASP and the L1
MAPS are used in human genes, they do
not provide complete evidence for a true
gene-breaking event; i.e., a single gene
which gives rise to both an ASP tran-
script and a MAPS-terminated transcript.
To address this, we searched for poten-
tial MAPS-terminated ESTs upstream of
the 15 already identified ESTs originat-

ing from intronic L1 ASPs. To be considered a potential MAPS-
terminated transcript, an EST would ideally extend from the ad-
jacent exon upstream of the antisense L1, into intronic sequence,
and terminate in the L1 MAPS. Realistically, it would be unlikely
to find such an EST in the database since the sequencing reads
generally are not long enough to contain all of this information.

Figure 1. Gene-breaking model. A generic gene is shown, containing an L1 element positioned in
the antisense direction in an intron. Three transcripts could result from this arrangement: transcript A,
an early-terminating upstream transcript containing the 5� exons, part of the intron, and part of L1;
transcript B, a transcript originating from the antisense promoter in L1 and containing part of L1
spliced to the downstream exons; and transcript C, the native (expected) transcript. Arrows show the
direction of transcription; the arrow for the antisense L1 indicates transcription from the native L1
promoter. Red letters, the poly(A) signal; small arrows, polyadenylation sites; TSD, target site dupli-
cation; UTR, untranslated region; ORF, open reading frame; ASP, antisense promoter.

Figure 2. Alignments to the MAPS region. Alignments of six EST se-
quences, one predicted gene, and one mRNA sequence to the MAPS
region of L1rp. In red is the L1 polyadenylation signal. The sequences
terminating in uppercase “A”s have poly(A) tails in their database re-
cords. Termination sites, as described in Han et al. (2004), are shown with
arrows. Five of the sequences have poly(A) tails starting at one of the
known termination sites; these sites are labeled #1, #2, and #3 to corre-
spond with the first, second, and third polyadenylation sites identified by
Han et al. and marked with arrows on the L1 sequence. Sequence
CN806550 terminates just 5� of the first termination site; this may rep-
resent a previously unknown termination site.
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The 15 genes identified, many of them named and charac-
terized transcripts, were analyzed in detail (Table 1). Each gene
contains a presumably young L1, nearly identical to L1rp, in the
antisense orientation. For each gene we have identified one EST
clearly initiating in the 5� antisense L1 sequence and containing
downstream exons. ESTs terminating upstream of the intron con-
taining the L1 are present for all genes, but these may or may not
represent MAPS-terminated sequences, as the recorded sequences
do not extend into the intronic or antisense L1 sequences. All L1s
in the 15 examples are full-length (just over 6 kb), have over 96%
identity to L1rp, and are flanked by target site duplications, fea-
tures indicating relatively recent insertion. All ESTs derived from
the L1 ASP match canonical splice site sequences at the junction
of the L1 sequence and the sequence from the joined down-
stream exon, consistent with the examples described by Nigu-
mann et al. (2002)

MAPS-terminated transcripts

Thus ASP-directed sequences were in hand for all the 15 candi-
date genes, but none had an unambiguous upstream transcript
clearly demonstrating termination at the intronic antisense L1s.
We designed and performed an RT-PCR screen to search for such
transcripts (Fig. 3A). Total RNA extracts from four different kinds
of human cells (Hela, HCT116, 293, and NCI-H69) were first
subjected to cDNA synthesis by using a polyT-L1 chimeric primer
capable of priming only on mRNAs polyadenylated at the MAPS.
The resultant cDNA was amplified with a common intronic
primer designed to hybridize to L1 sequences just upstream of
the MAPS, and a gene-specific primer, which anneals to an exon
upstream of the exon just 5� to the L1-containing intron. The
primers were designed to detect products containing antisense L1
sequence from the end of L1 up to the MAPS, the intronic seg-
ment upstream of the L1, and transcript sequence up to two
exons upstream, so that sequencing will reveal whether the tran-
script has been spliced. This primer design, therefore, enables
discrimination of PCR amplifications of the upstream mRNA of
interest from genomic DNA that might contaminate the ex-
tracted RNA samples, as well as full-length mRNA.

Using this strategy, we successfully amplified upstream tran-
scripts for three of the 15 L1-split candidate genes; the strategy

was successful in these three cases most likely because the short
distance from the MAPS to the nearest 5� exon-intron junction
facilitates an efficient RT-PCR reaction. Secernin 3 (NM_024583)
has the shortest distance between the cellular exon and the L1
element. A full-length antisense L1 is located in intron 5 of this
gene. In Hela and HCT116 cells, RT-PCR with the secernin 3-spe-
cific primer annealing to exon 4 provided a single major band
migrating at the expected position (Fig. 3B). Sequencing clones of
the PCR product showed that intron 4 had been removed by
splicing but exon 4 and exon 5 sequences, as well as the 5� seg-
ment of the intron upstream of the L1, were all present in the
expected configuration (Fig. 3C). This, together with the previ-
ously found ASP-derived transcript (AA226814), demonstrates
gene-breaking in the human secernin 3 gene (Fig. 3D).

RefSeq NM_004866 contains a full-length L1 element in in-
tron 7; this element is ∼2 kb downstream of the 3� end of exon 7.
We amplified a transcript from NM_004866 that contains part of
exon 6, all of exon 7, and intron 7 up to the L1 element (Fig. 3E).

RefSeq NM_014960 is split by an antisense L1 in intron 10.
This gene actually contains two L1 elements in intron 10, one a
5� truncated L1 (containing nucleotides 5393 onward) in the an-
tisense orientation, and a full-length L1 element also in the an-
tisense orientation downstream of the truncated L1. We identi-
fied an upstream transcript containing part of exon 9, all of exon
10 (and none of intron 9), and intron 10 up to the MAPS in the
truncated L1. The ASP-derived transcript identified by database
searches commences in the full-length L1 downstream (Fig. 3F).
The existence of the transcript terminating at the MAPS of the
truncated L1 demonstrates that even partial antisense L1 ele-
ments can truncate cellular mRNAs as predicted from transfec-
tion experiments.

The other 12 candidates contain L1 elements that are fur-
ther away from the nearest upstream intron-exon boundary (7–
100 kb). For technical reasons, these lengthy mRNAs are more
difficult to amplify.

Confirming the ASP product

Although the EST data strongly support the existence of ASP-
driven mRNA from the 15 candidate genes, we attempted to ob-

tain a complete set of gene-breaking evi-
dence in a single cell line by RT-PCR clon-
ing of the ASP-driven product from
Secernin 3. Our efforts resulted in a previ-
ously unpublished sequence containing the
first 91 bases of the intronic L1 (in the an-
tisense orientation), 25 bases of intron 5,
and then splicing to exon 7 of secernin 3
(Fig. 4). Exon 6 is skipped, presumably
spliced out. This case confirms that in HeLa
cells, the secernin 3 coding region generates
two transcription units split by the L1. The
identification of exon skipping in the ASP-
promoted transcript also raises the point
that the L1-containing transcripts may be
recognized differently by the splicing ma-
chinery and may be spliced in alternate
ways, as the database transcript AA226814
is also an ASP-derived transcript and this se-
quence contains exon 6 as well as part of
the intronic L1, part of intron 5, and part of
exon 7.

Table 1. Fifteen gene-breaking candidates studied in detail

Accession
number Gene name L1 EST

% id to
L1rp

TSD
lenb

NM_000245a MET CB988551 97% 13
NM_000740 CHRM3: cholinergic receptor, muscarinic 3 CD654050 98% 6
NM_002499 Neogenin 1 BX951091 96% 8
NM_004411a Dynein AA220950 96% 6
NM_004866a SCAMP1 BE566710 96% 5
NM_005816a CD96 antigen BE568884 98% 13
NM_014497 NP220 nuclear protein BG542212 98% 7
NM_014960 Arylsulfatase G BG994996 96% 8
NM_017679 Breast carcinoma amplified sequence 3 (BCAS3) AJ518836 97% 15
NM_022743 SMYD3 BM809976 97% 8
NM_024583a Secernin 3 AA226814 97% 6
NM_145259 Activin A receptor BE787024 98% 9
NM_175624 RAB3A interacting protein (rabin3) BE617461 99% 11
NM_182758 BX957167 96% 10
NM_198499 CN272126 97% 6

The chimp orthologs of NM_000740, NM_175624, and NM_145259 do not contain an L1 cor-
responding to the human intronic antisense L1 sequences examined here. TSD, target site dupli-
cation.
aIndicates examples already found by Nigumann et al. (2002).
blen = length
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Predicted protein products

We find strong evidence for gene-
breaking in a variety of cell lines and tis-
sues with both bioinformatics and ex-
perimental assays. The phenomenon
clearly produces separate mRNA tran-
scripts from at least three genes, and it is
possible that the transcripts have func-
tional significance apart from their RNA
forms. Protein products from such split
genes could in principle maintain sepa-
rate structurally stable and functional
domains, and it is possible that such pro-
teins survive in the cellular environment
long enough to play roles in the func-
tions of their parental genes. The inter-
actions that normally stabilize the
folded structure of peptides could well
facilitate the interaction of the two pro-
tein fragments to form a protein of nor-
mal or slightly altered function. In one
of our examples, BCAS3 (NM_017679),
gene-breaking has produced a subfrag-
ment of the original protein.

I n a n o t h e r e x a m p l e , M E T
(NM_000245), gene-breaking could pro-
duce functionally interacting proteins.

The hepatocyte growth factor re-
ceptor gene, MET, contains an L1 in the
antisense direction in its second intron,
shown in Figure 5A. The EST, CB98851,
confirms that this L1 does express the
downstream exons of MET from its anti-
sense promoter.

As seen in Figure 5B, the MET prod-
uct is synthesized as a single protein
which is predicted to be proteolytically
cleaved into the � and � subunits and to
function as a disulfide-linked het-
erodimer. The protease cleavage site de-
fining the � and � subunits is located 25
codons upstream of the end of exon 2.
Therefore, a 5� MET transcript terminat-
ing in the L1 MAPS can create a protein
similar to the � subunit, whereas the L1
ASP-derived transcript can create a pro-
tein similar to the � subunit. These
slightly altered protein products could
interact in a fashion analogous to the
original MET protein.

We sought to identify more ex-
amples in which an antisense L1 ele-
ment might affect the protein products
of the host gene. This can happen be-
cause the mature transcripts terminated
by L1 MAPS and produced by L1 ASP
contain intronic sequence at the 3� end
and 5� end, respectively. In both cases,
this can cause the open reading frame to
extend into intronic sequence, creating
an altered protein isoform. We looked at

Figure 3. RT-PCR cloning of the upstream run-on transcript from NM_024583 (secernin 3). (A) The
RT-PCR strategy. The full-length L1 (red box) is located in intron 5 (black line) in the antisense
orientation. After cDNA synthesis from the extracted total RNA with the L1-poly T primer (JB8441), the
L1-antisense primer (JB8438), which hybridizes just upstream of the MAPS (white star), and the gene
specific primer (JB8435), which anneals within exon 4 (green box), were used to amplify the upstream
run-on transcript. Exon 5 is shown as a blue box. (B) Gel purification of the PCR product. From the two
different human cell lines, Hela (lane 1) and HCT116 (lane 3), ∼650-base pair fragments were gener-
ated as major bands whereas no product was amplified without reverse transcriptase on cDNA syn-
thesis (lanes 2,4) and template DNA on PCR (lane 5). The marker is a 100-base pair DNA ladder (lane
C). (C) The sequence of the ∼650-base pair PCR product contains the 5� end of intron 5 (in black) but
not intron 4 (orange in A), which was spliced out. Colors as in Figure 2a. In D,E,F, gray boxes and lines
indicate sequence and splicing not observed in the database or in our transcripts, as these short
sequencing products do not contain the entire mRNA, but which are inferred from the sequence of the
full-length mRNA. (D) NM_024583 (secernin 3). The L1 is 6 kb and is shown as an arrow; the direction
of the arrow indicates the direction of transcription from the native L1 promoter. The first line shows
the full-length gene structure as defined by Spidey. Underneath is the polyadenylated transcript
discovered and sequenced here that terminates in the L1, and below that is a previously described
transcript that starts in the 5� end of the L1 and is potentially driven by the ASP. (E) NM_004866
(SCAMP1). The L1 is 6 kb and is shown as an arrow. As in (D), the first line shows the full-length gene
structure as defined by Spidey, the second line shows the polyadenylated transcript described here,
and the third line shows the database sequence BE566710, which is the ASP-derived product. (F)
NM_014960 (arylsulfatase G). The full-length gene structure is shown in the first line. Here there are
two arrows for the L1. The first arrow indicates a truncated antisense L1 situated upstream of the
full-length antisense L1, indicated by the second arrow. The second line is the product described here
that terminates at the MAPS in the truncated L1. The last line depicts the database sequence that
appears to be derived from the ASP of the full-length L1 element.

Wheelan et al.

1076 Genome Research
www.genome.org



all upstream transcripts to determine whether extension of the
transcript into intronic sequence could affect the encoded amino
acid sequence. This analysis revealed that all transcripts poten-
tially encode cellular proteins truncated at their carboxy termini,
containing the sequence from the upstream exons attached to
adjacent intron-derived sequences; these extensions added 1–85
intron-encoded amino acids to the C-terminus of the encoded
upstream proteins. The presence of part of an L1 element in
either the upstream or downstream transcripts may alter splicing
of the transcript to produce translation products not otherwise
seen.

More novel protein structures produced by the L1
antisense promoter

In addition to the products described above, other novel protein
segments could also be encoded by the downstream transcripts
derived from the L1 ASP. Most of the L1 ASP-derived ESTs have
ORFs encoding products ranging in size from four to 88 amino
acids, most consisting entirely of L1 sequence. Alternatively,
novel proteins could potentially result from the fusion of trans-
lated L1 sequences with cellular proteins. They could also be
translated from ATG codons internal to the target gene, which
would create a shorter gene product. For example, the transcript
AJ518836, driven by the L1 ASP in the BCAS3 gene (NM_017679),
is the product of splicing L1 antisense sequence to exon 3 of
BCAS3. In the frame defined by the first ATG, it encodes a 113-
amino acid protein derived partly from L1 and partly from
BCAS3, but in the frame defined by the second ATG, it is in the
same frame as the full gene transcript and encodes a C-terminal
subfragment of the BCAS3 protein. Remarkably, this smaller pro-
tein is identical to the previously identified Maab3 protein
(CAD57724), or “metastasis-associated antigen of breast cancer,”
from an unpublished screen of overexpressed proteins in the
metastatic breast cancer cell line MCF7. Both ATG sequences are
embedded in reasonable Kozak sequences and could potentially
be used in vivo. In this example, the L1 ASP-derived transcript
encodes a protein, Maab 3, encoded by a transcript resulting from
fusion of L1 sequence to that encoded by internal exons of a
cellular gene.

The antisense promoter produces a variety of mRNA types

Nigumann et al. (2002) analyzed the L1 ASP in detail. Looking at
the alignments of genes to this promoter region, they created six
categories describing the different ways that L1 antisense se-
quence was included in the transcript. Some of these categories
include spliced transcripts, in which a piece of the L1 antisense
sequence is removed from the final transcript, joining two non-

adjacent L1 sequences. We did a similar analysis of our 15 ex-
amples (Supplemental Fig. 1), and found that nearly all of our
alignments involve splicing from the ASP to cellular exons, leav-
ing out part of the intervening antisense L1 sequence as well as
adjacent intron, and occasionally exon, sequences. All intron-
exon junctions observed occur at canonical splice sites.

To address whether L1 ASP or MAPS activities are tissue-
specific, we noted the tissue distribution of the cells generating
ESTs described here. The ESTs are derived from a wide range of
cell types, spanning nearly every tissue as well as both cancerous
and noncancerous cells.

Comparison of human and chimpanzee genes

In order to gauge the evolutionary timing of gene-breaking, we
examined the chimpanzee orthologs of all 15 genes studied here.
The chimpanzee orthologs were identified using the reciprocal
best hit method: the human mRNA was aligned to the chimpan-
zee draft assembly (13 Nov. 2003, NCBI Build 1, Version 1, pro-
duced by the Chimpanzee Genome Sequencing Consortium), the
putative chimpanzee gene was extracted using the alignment,
and finally, the chimpanzee sequence was aligned to all human
mRNA sequences. If the best hit in the final search was the same
as the starting mRNA, the sequences were labeled orthologous.
Twelve of the orthologous chimp genes contained L1 elements in
the intron corresponding to the human L1 position, but three of
the chimp orthologs contained no L1 sequences. Therefore, in
most cases, the L1 elements involved in gene-breaking predate
the chimp–human divergence.

Conclusions

From this analysis it is apparent that L1-mediated gene-breaking
is a biologic reality. The cell type distributions of both the MAPS
and ASP ESTs, as well as our results from two separate cell lines,
indicate that expression from the L1 ASP and polyadenylation at
the MAPS are global phenomena. Using bioinformatics and di-
rect experimental approaches, we show that gene-breaking plays
a part in the expression of at least three novel human genes. Over
150 full-length, nearly exact (>98%) matches to L1rp were found
in the antisense orientation in introns of cellular genes, and
thousands more very slightly degenerate L1s were found in these
positions as well. Truncated L1 elements are hundreds of times
more numerous, presenting many more MAPS that may affect
gene expression. Thus, MAPS termination and gene-breaking po-

Figure 5. (A) The MET gene, showing the location of the L1 element as
well as the 5� and L1-promoted ESTs. (B) The MET gene product, showing
the cleavage point between the � and � subunits as well as the mapping
of the gene’s exons onto the protein product.

Figure 4. The downstream product of the L1 ASP in Secernin 3
(NM_024583). The full gene product (top line) as well as the MAPS-
terminated (line 2) and two ASP-derived (lines 3,4) products are shown;
the ASP-derived product that we sequenced, in line 4, skips exon 6 of
secernin 3, presumably due to splicing, whereas the database sequence
contains exon 6 as well as the L1 sequence and part of exon 7. As in
Figure 3, gray boxes and lines indicate the expected structure of the
mRNAs shown; these sequences are inferred from the known sequence of
the full-length mRNA.

Gene-breaking by human retrotransposons

Genome Research 1077
www.genome.org



tentially have a significant effect on gene expression. Whether
these truncated transcripts are merely tolerated or are function-
ally important contributors remains to be seen; in at least one
case a gene-breaking transcript may have its own cellular func-
tion. Many factors are expected to influence the relative abun-
dance of the 5� and 3� transcripts of “broken” genes, including (1)
the strength of the native promoter in the cell or tissue of inter-
est, (2) RNA stabilities affected by 3� and 5� UTR sequences, (3)
activity of the L1 ASP in the cell or tissue in question, and (4)
possible effects of RNAi on L1-containing “broken transcripts.”
Further studies will concentrate on finding ancient examples of
gene-breaking in which what was once a single gene is now bro-
ken into two interacting genes separated by an L1, such that the
original full-length transcript no longer exists at all, and on
quantifying the impact of gene-breaking on cellular transcrip-
tion.

Methods

Cell culture
Hela and 293 cells were gifts from J. Moran (The University of
Michigan Medical School) and S. Blackshaw (The Johns Hopkins
University School of Medicine), respectively, and were main-
tained in DMEM supplemented with 10% FBS and 0.5 mg/mL
Normocin (InvivoGen). HCT116 and NCI-H69 cells were pur-
chased from ATCC and maintained in McCoy’s 5A and RPMI
(Invitrogen) supplemented with 10% FBS and 0.5 mg/mL Nor-
mocin (InvivoGen).

RT-PCR cloning
Total RNA was extracted from Hela, 293, HCT116, and NCI-H69
cells with an RNeasy Mini Kit (Qiagen). To prevent genomic DNA
contamination, an RNase-Free DNase Set (Qiagen) was utilized
during the RNA extraction. The rest of the extraction process was
carried out according to the manufacturer’s instructions. In
searching for transcripts terminating in L1 MAPS, the cDNA syn-
thesis was performed with 2–5 µg/mL total RNA, 0.12 µM L1-
polyT chimera primer (JB8441: 5�-TTTTTTTTTTTTTTTT
TAAGACA), and SUPERSCRIPT II RNaseH-Reverse Transcriptase
(Invitrogen). In searching for transcripts starting in the L1 ASP,
instead of JB8441, 3�RACE RT primer (5�- GACTCGAGTCGA
CATCGATTTTTTTTTTTTTTTTT) was used. One µL cDNA synthe-
sis solution was used for PCR amplification with ExTaq polymer-
ase HS (Takara), 1 � Buffer 1 or 3 (Roche), 0.4 mM dNTPs, 0.2 µM
primers (JB8435: 5�-CCAGGGTGGAAATTGCACAG for Secernin
3 exon 3 and JB8437:5�-TCCCCAAAACAGATGTTATCATTCC or
JB8438: 5�-GGGAGGGATAGCATTGGGAGA for Secernin 3 in-
tron 5; JB9131: 5�-ATGGAAATGCAGAAATCACCCCTCTTC for
Secernin 3 intron 5; JB9134: 5�-ATCCCACGATACATGAATCCAA
TTCCA for Secernin 3 exon 8; JB8568: 5�-TGGGTCAAAAATGGG
GATATGG for NM_004866 exon 6, JB8447: 5�-GGGGGTTAGGG
GGAGAGAAA for NM_004866 intron 7; JB8501: 5�-GTGGAC
GTCTCCGAGGTGCT for NM_014960 exon 9, JB8557: 5�-TGCC
CACTGTCACCACTCCT for NM_014960 intron 10), and the fol-
lowing thermal conditions: 95°C, 2 min; 50 cycles of 95°C, 30
sec; 60°C, 30 sec; 72°C, 1.5–8 min; and 72°C, 10 min. The PCR
products (major bands) were purified on agarose gels, cloned by
using a TOPO TA Cloning Kit (Invitrogen), and sequenced at the
DNA sequencing facility of The Johns Hopkins University High-
Throughput Biology Center.
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