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LINE-1 (L1) elements are the most abundant autonomous retrotransposons in the human genome, accounting for about 17% of
human DNA. The L1 retrotransposon encodes two proteins, open reading frame (ORF)1 and the ORF2 endonuclease/reverse
transcriptase. L1 RNA and ORF2 protein are difficult to detect in mammalian cells, even in the context of overexpression systems.
Here we show that inserting L1 sequences on a transcript significantly decreases RNA expression and therefore protein
expression. This decreased RNA concentration does not result from major effects on the transcription initiation rate or RNA
stability. Rather, the poor L1 expression is primarily due to inadequate transcriptional elongation. Because L1 is an abundant and
broadly distributed mobile element, the inhibition of transcriptional elongation by L1 might profoundly affect expression of
endogenous human genes. We propose a model in which L1 affects gene expression genome-wide by acting as a ‘molecular
rheostat’ of target genes. Bioinformatic data are consistent with the hypothesis that L1 can serve as an evolutionary fine-tuner of
the human transcriptome.

L1 elements are the most abundant autonomous retrotransposons
in the human genome, accounting for about 17% of human DNA1.
A functional full-length L1 element, depicted in Fig. 1a, contains an
internal promoter in the 5 0 untranslated region (5 0 UTR) that
initiates transcription at base 1 (ref. 2). This is followed by two long
open reading frames, ORF1 and ORF2, required for retrotransposi-
tion3,4 in cis5,6. ORF1 encodes an RNA-binding protein that has
nucleic acid chaperone activity in vitro7–9, but no known specific
role in the L1 replication mechanism. ORF2 encodes a protein with
endonuclease and reverse transcriptase activities, both critical for
retrotransposition3,4. A short 3 0 UTR is followed immediately by a
poly(A) tail, and the entire element is typically flanked by target site
duplications. The L1 retrotransposition machinery is not only used
for L1 mobilization itself but also assists in the retrotransposition of
Alu retroelements10.
L1 elements are mobilized through target-primed reverse tran-

scription, in which ORF2 nicks target DNA, using the resultant
3 0-OH to prime the reverse transcription of L1 RNA11,12. ORF2 is
probably relatively non-processive and often fails to reach the RNA
5 0 end during first-strand synthesis. This explains, at least in part,
the distribution of predominantly non-functional, 5 0 truncated L1s
in the genome13,14.
A puzzling feature of L1 is the difficulty in detecting L1 RNA and

ORF2 protein in mammalian cells, even in the context of high-copy
plasmids and overexpression. In contrast, recombinant ORF2 was
expressed successfully in yeast and baculovirus systems12,15,16. This
suggests amammalian-specific mechanism for negatively regulating
L1 expression, which, considering the mutagenic nature of trans-
position and dearth of L1 expression in somatic cells17,18, is not
unexpected. The difficulty in expressing L1 RNA suggests a tran-
scriptional defect, but translation might also have a function in low
ORF2 expression, because the ORF2 translation initiation mecha-
nism is not understood. Recent data indicate that L1 transcription
might be inhibited by cryptic premature polyadenylation signals19,
which would produce nonfunctional truncated L1 transcripts. Here
we show that poor expression of ORF2 results from the inability of
RNA polymerase to elongate efficiently through L1 coding

sequences, with polyadenylation having a smaller role. We also
show that L1 sequences in the antisense orientation inhibit tran-
scription by producing premature polyadenylation; this is signifi-
cant because most L1 elements within human genes are in the
antisense orientation.

L1 forms a component of most mammalian transcription units,
but the effects of these primarily intronic inserted sequences have
not been studied carefully. About 79% of human genes are esti-
mated to contain at least one segment of L1 in their transcription
unit (see Methods), and L1 segments from pre-existing and newly
derived insertions usually contain L1 ORF2 (refs 14, 20–22). As
these sequences are mostly intronic, it has been assumed that the
extra sequences are spliced out and do not affect target gene
expression. Our findings indicate that, through a combination of
transcriptional elongation inhibition and premature polyadenyla-
tion, L1 insertions in either orientation can affect the RNA pro-
duction of endogenous genes, both qualitatively and quantitatively.
We propose a human genome model in which L1 has led to
numerous subtle but potentially significant transcriptome
alterations.

ORF2 reduces RNA and protein amounts
To examine the effect of ORF2 sequences on expression, we fused
either lacZ or L1 ORF2 coding regions downstream of the green
fluorescent protein (GFP) ORF (Fig. 1b). Placing these test tran-
scripts downstream of GFP permitted the examination of RNA and
protein expression independently of translation initiation, because
translation initiates in GFP. The presence of ORF2 sequence
significantly lowered steady-state protein production and led to a
70-fold decrease in RNA relative to lacZ (Fig. 1c, d, lanes 2 and 3).
Inserting ORF2 in the antisense orientation produced a similar, but
less potent, decrease in full-length RNA. These phenomena also
occur with the mouse ORF2 sequence (Fig. 1d, lanes 5 and 6) and
are therefore not human L1-specific. The effect is limited neither
to specific cell lines nor to the promoter used (Supplementary
Fig. S2a, b).

When L1 ORF2 is inserted in the antisense orientation, most
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of the decrease in full-length RNA is accounted for by lower-
molecular-mass species. These are probably prematurely polyade-
nylated transcripts, because they exist in both total cytoplasmic and
poly(A)-selected RNA and do not hybridize with a 3 0 UTR probe
(Supplementary Fig. S2c). Cloning and sequencing of these fore-
shortened RNAs identified the polyadenylation sites used (Fig. 1e).
Thus, an ORF2 sequence placed in the antisense direction inhibits
full-length transcript production primarily through premature
polyadenylation. Some truncated, polyadenylated transcripts
derived from GFPORF2 were also identified but these specific
truncations have only a minor function in decreasing the amounts
of full-length transcript. Polyadenylated transcripts are expected to
be stable. If these shorter transcripts are primarily responsible for
decreased full-length RNA amounts they should be detected at
much higher concentrations, and they are in GFPORF2AS. After
quantifying total hybridization signal and comparison with the
control, only 15% of the ‘missing’ GFPORF2 RNA is accounted for
by lower-molecular-mass species, whereas 87% is accounted for in
GFPORF2AS (Supplementary Fig. S3). We also experimentally
verified that inserting a poly(A) signal upstream of the L1 ORF2
sequence (immediately after GFP) leads to truncated species that
can account for the lack of full-length transcript (Supplementary
Fig. S2d). Thus, only some of the decrease in sense-strand
GFPORF2 RNA is accounted for by premature polyadenylation,
and most of the decrease results from another mechanism.

Poor expression is not due to ORF2 protein feedback
Poor expression of ORF2 could result from some effect of ORF2
protein. pGFPORF2mut2 contains twomissense mutations (D205G
and D702Y) that destroy the known catalytic activities of ORF2
(refs 3, 4) and alleviate its toxicity in yeast23 and baculovirus12.
pGFPORF2 was altered separately by adding a stop codon and four
extra base pairs between GFP andORF2; in this construct, GFPstop-
ORF2, the GFPORF2 fusion protein is truncated and ORF2 is
shifted out of frame with respect to GFP, and produces only GFP.
Finally, we introduced twoþ1 frameshifts early in ORF2 by adding
adenosines before nucleotide positions 2,134 and 2,629 (numbers
relative to the L1.2 GenBank sequence, accession no. M80343) to
eliminate the possibility of the production of ORF2 protein by the
initiation of internal translation. Although these frameshifts are
early in ORF2, they occur after a residue (N14) required for
transposition3, and thus must be translated in a full-length active
L1 element, whether or not ORF2 is initiated internally. pGFPORF2,
pGFPORF2mut2, pGFPstopORF2 and pGFPORF2fs each show
similar reductions in RNA (Fig. 2), confirming that the RNA deficit
results from the ORF2 nucleotide sequence, not ORF2 protein.

Inhibitory effect does not map to a discrete sequence
We attempted tomap a region of the ORF2 sequence responsible for
this decrease in RNA. Starting with pGFPstopORF2, progressive
amino-terminal and carboxy-terminal deletions, as well as several
internal deletions, were tested (Fig. 3a). No single discrete nucleo-
tide sequence block determined the RNA deficit. Rather, longer
ORF2 sequences led to lower concentrations of RNA, which
correlated with protein abundance (Supplementary Fig. S3). This
is consistent with a repetitive sequence or sequences scattered
throughout ORF2 that collectively inhibit ORF2 expression.
An interesting feature of L1 coding sequences is a strong adeno-

sine-rich bias in the sense strand (Fig. 3b). This A-rich bias is absent
from the 5 0 UTR. We tested the hypothesis that ORF1 and ORF2
confer a similar length-dependent inhibition of expression. Because
ORF1 is only 1,017 base pairs long, placing ORF1 downstream of

       

Figure 2 Decreased RNA amounts are not due to ORF2 protein. Top, structures of

GFPORF2mut2, GFPORF2fs and GFPstopORF2. Bottom, total RNA analysis of HeLa

transfections. Open and black arrows show the expected positions of GFPORF2 and

GFPlacZ, respectively.

Figure 1 ORF2 sequence decreases expression. a, L1 structure (see the text). b, Plasmid
structures. Fusions are in frame unless noted otherwise. neo is used for normalization of

transfection. c, Immunoblotting of HeLa transfections. Anti-Myc shows equal loading.
d, Total RNA analysis of HeLa transfections. mORF2, mouse ORF2; AS, antisense. Open
and black arrows show the expected positions of GFPORF2 and GFPlacZ, respectively.

e, Identification of lower-molecular-mass bands. Roman numerals refer to bands in
Fig. 1d. The presumptive poly(A) signals are highlighted in red, and the polyadenylation

sites are indicated by arrows. Numbers refer to L1.2 sequence (GenBank accession no.

M80343) or L1spa sequence (GenBank accession no. AF016099).
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GFP is not expected to interfere with its expression on the basis of
the ORF2 deletion mapping experiments. However, if the A-rich
bias governs poor expression, expanding the ORF1 sequence to
ORF2 length (about 4 kilobases) should markedly decrease RNA
amounts. A control construct (pGFPORF1) with a single copy of
ORF1 is expressed efficiently, but a lengthened ORF1-containing
construct (pGFPstop4ORF1) containing four tandem repeats of
ORF1, like the ORF2 construct, led to low concentrations of GFP
RNA. As with ORF2, the effect was sense-strand-specific (Fig. 3c,
lanes 4–7). In contrast, tandemized L1 5 0 UTR (5 £ 800 base pairs
long), lacking the A-rich bias, had no effect (Fig. 3c, lanes 8 and 9).
The effect of unusual base composition on transcription might be
analogous to a similar phenomenon in yeast, in which mutants in
the THO complex decrease the transcription of long GC-rich DNA
stretches24. Elsewhere we show that alteration of the L1 base content
abolishes the transcription defect and results in high-frequency
retrotransposition25, further supporting the hypothesis that the
unusual strand bias inhibits expression.

ORF2 transcripts are inefficiently elongated
Lower steady-state RNA concentrations could result from either
increased RNA degradation or decreased RNA production. We
measured the RNA half-life of the GFPlacZ and GFPORF2 tran-
scripts after treatment with the transcriptional inhibitor actinomy-
cin D. GFPlacZ and GFPORF2 transcript amounts decreased on a
similar timescale relative to the neo transcript (Fig. 4a, left). The
half-life of GFPORF2 relative to GFPlacZ is decreased at most
twofold (Fig. 4a, right); quantification by real-time polymerase

chain reaction with reverse transcription (RT–PCR) was consistent
with this result (Supplementary Fig. S4). This minor change in RNA
half-life cannot account for the 70-fold decrease in steady-state
GFPORF2 RNA amounts (Fig. 1d, lanes 2 and 3), indicating that
most of the GFPORF2 transcript decrease might result from some
mechanism other than transcript instability.

A nuclear run-on assay was performed to evaluate RNA poly-
merase density along GFPlacZ and GFPmORF2 transcripts pro-
duced in human nuclei. Mouse ORF2 was used for this
hybridization-based assay to avoid the high background expected
from the 500,000 endogenous human L1 elements. These experi-
ments show that ORF2 does not inhibit transcription initiation,
because polymerase density in the early region of GFPmORF2 is
similar to the same region in GFPlacZ (Fig. 4b, compare GFP1
probes). However, whereas RNA polymerase proceeds through the
GFPlacZ transcript processively, functionally engaged RNA poly-
merase density decreases gradually as transcription is assayed along
the ORF2 sequence (Fig. 4b). Thus, the ORF2 sequence seems to be
a poor substrate for transcriptional elongation. This could be due to
slow elongation rate, stalling of the RNA polymerase complex, or
premature dissociation.

Evidence for L1 involvement in transcriptome evolution
Because L1 is a mobile element with relatively non-specific target
site selection3,12,14,21,22,26, the observed transcriptional properties of
L1 sequences take on potentially great significance. When L1
elements insert into introns, the new L1 sequence inevitably
becomes part of the target gene and its transcript. On the basis of
our data, we predict that L1 insertions in either orientation could
attenuate the expression of target genes by premature truncation of
RNA (for antisense insertions) or a transcriptional elongation
defect (for sense insertions), each of which decreases the production
of full-length pre-messenger RNA. Because the L1 sequence in the
sense orientation with respect to transcription of the target gene
decreases the production of full-length products to a greater extent
than the L1 antisense sequence (Fig. 1d), we expect that this effect
would require somewhat more inserted antisense sequence within
the target gene. However, decreased target gene expression is
expected in both L1 orientations. To investigate these hypotheses,
we used expression profiling data to select the 5% most highly and
most poorly expressed genes in humans. We then examined the
genomic loci of these two sets of genes and used RepeatMasker to
search the predicted pre-mRNA transcripts for L1 sequence.

The average total amount of L1 sequence present per gene was
markedly different for highly expressed and poorly expressed genes.
Highly expressed genes had small amounts of L1 sequence (an
average of 918 nucleotides of sense L1 per gene and 1,760 nucleo-
tides of antisense L1 per gene), whereas poorly expressed genes had
large amounts of L1 sequence (an average of 4,760 nucleotides of
sense L1 per gene and 8,860 nucleotides of antisense L1 per gene; see
Fig. 5a). In comparison with randomly selected populations of
genes, these values represent the two possible extremes on the
spectrum (Fig. 5b). When the total amount of L1 sequence present
was normalized for total intron amount, L1 was still underrepre-
sented in highly expressed genes (Fig. 5c), showing that this effect
cannot be entirely explained by the greater total intron content of
the poorly expressed genes. These data suggest that L1 sequence
content is one of many contributing factors that determine the
expression of a particular gene. Further analysis shows that this
relationship holds even within specific isochores (L1-poor/highly
expressed or L1-rich/poorly expressed) of the human genome
(Fig. 5d).

Discussion
L1 ORF sequences in the sense orientation serve as a poor substrate
for transcription. The inhibition of transcription by the L1 ORFs
could well serve as a negative regulatory mechanism evolved by the

Figure 3 Decrease in L1 expression is dependent on length. a, The left panel depicts the
structures of deletion constructs. Hollow regions represent deleted sequences. B, BbvCI;

E, EcoRI; A, Afl II; Ac, Acl I; S, Spe I. The right panel shows a total RNA analysis of HeLa

transfections. Lanes: M, mock; lacZ, pGFPstoplacZ; ORF2, pGFPstopORF2. Open and

black arrows show the expected positions of GFPstopORF2 and GFPstoplacZ,

respectively. b, The adenosine base composition of the sense strand, in 50-nucleotide
windows, was plotted for each position in L1.2 with MacVector 6.5.3 (Oxford Molecular).

c, The top panel shows the structures of GFPstopORF1, GFPstop4ORF1 and
GFPstop5UTR. The 4ORF1 repeat is about 4,500 nucleotides long and the 5 0 UTR repeat

is about 4,000 nucleotides long. The bottom panel shows a total RNA analysis of HeLa

transfections. Open, black and grey arrows show the expected positions of

GFPstop4ORF1, GFPstop5UTR and GFPstopORF1, respectively.
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host to prevent excessive retrotransposition. This is consistent with
the ability to express L1 ORF2 in non-mammalian organisms that
lack the L1 family of retrotransposons and therefore might not have
evolved the required regulatory machinery. It is possible that in
retrotransposition competent tissues (for example germ cells17,18) a
more processive form of the RNA polymerase II complex is
recruited to the L1 promoter and that this bypasses the elongation
defect. This could be due either to germ-cell- or other cell-specific
transcription factors that affect the type of RNA polymerase
elongation complex formed at the L1 promoter27–29, or germ-cell-
specific elongation factors30,31 that enhance active L1 transcription.

The changes in target gene expression and structure that could
result from an L1 insertion are potentially of even greater signifi-
cance. Because RNApolymerase gradually pauses and/or dissociates
from the template as it encounters longer stretches of L1 sequence,
we expect L1 insertions to attenuate expression of the target gene
(Fig. 6a). Bioinformatic data presented here support the hypothesis
that L1 insertions attenuate gene expression and have a profound
impact on the human transcriptome. Our data are also consistent
with examples of known de novo full-length L1 insertions into
introns that lead to very significantly decreased RNA amounts of
target genes in mammalian cells32,33. Further experiments will be
needed to determine whether the inhibitory effect is cumulative

over multiple segments of L1 ORF-derived sequence or whether all
L1 sequence must be in a single contiguous block to inhibit
elongation.
When molecular parasites invade a genome, they evolve to

maximize their own survival, often to the detriment of their
host34,35. Nevertheless, this unwelcome guest might become useful
over evolutionary time, as has occurred with significant conse-
quences in Drosophila, in which telomeres are produced by retro-
transposition36, and in the evolution of the vertebrate adaptive
immune system37. In the present case, L1 elements might have had
an integral role in the evolution of humans by repeatedly fine-
tuning gene expression. Because L1s are found in high copy number
in all mammals, and mouse ORF2 behaves similarly to human
ORF2, this proposed model could apply throughout mammalian
evolution. The fine-tuning could be a cumulative effect of small L1
insertions into introns that individually might have relatively minor
effects on expression. When such expression adjustments are
beneficial, the insertions will provide a selective advantage and
become fixed in the host genome; when effects are deleterious, the
insertion alleles will fail to become fixed in the gene pool. Because
large insertions within genes are likely to have an immediate,
marked impact on expression of the target, they are more likely to
be selected against13.

Figure 4 Analysis of ORF2 stability and transcription. a, Half-life measurements. In the left
panel, transfected HeLa cells were treated with actinomycin D 48 h after transfection.

Total RNA was collected 0, 30, 40, 120, 240 and 480min after treatment and quantified

by blotting. In the right panel, the half-lives (t 1/2) of GFPlacZ or GFPORF2 (relative to the

t 1/2 of the neo control) were calculated and compared with t 1/2,GFPlacZ/t 1/2,neo set to 1.

b, Nuclear run-on analysis (NRO). Nuclei were isolated from HeLa cells 36 h after

transfection and used for NRO. Bold lines under GFP, lacZ and mORF2 indicate probe

positions. 7SK controls for RNA polymerase III transcription. b-actin is a control for RNA

polymerase II transcription. 5 0 -US is a negative control that hybridizes to a region

upstream of the cytomegalovirus (CMV) promoter. neo controls for transfection.

Hybridization controls are described in Methods. Normalized functionally engaged

polymerase density is the signal (N ¼ 3) corrected for a-amanitin-resistant transcription

and hybridization efficiency, with GFP1 set to 1. Error bars show the standard deviation.
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Our findings also indicate that L1 insertions into endogenous
genes could potentially generate novel mRNA, and consequently
protein isoforms, by producing prematurely truncated, stable
transcripts in addition to the original gene product (Fig. 6b). An
example of a useful shortmRNA/protein isoform generated from an

L1 insertion has been shown for the human ATRN gene38. In this
example, the L1 insertion is short (212 base pairs) and the poly-
adenylation signal used is the presumed native L1 polyadenylation
signal. We predict that truncated mRNA isoforms can be produced
from other polyadenylation signals in L1 coding sequences, par-
ticularly in the L1 antisense orientation. We have found examples of
human transcripts that use precisely these cryptic poly(A) signals
(for example, SPC25 gene transcripts, some of which end at poly(A)
signal II from Fig. 1d) (S. Wheelan and J.D.B., manuscript in
preparation). The cryptic poly(A) signals seem to occur at sites
scattered throughout the element sequence. All of these contain the
highly conserved AATAAA element or a subtle variant (AATTAAA
or ATAAA) at the appropriate distance from the site of cleavage and
polyadenylation (Fig. 1e). The downstream GU/U-rich regions of
poly(A) sites are highly variable39, and we suspect that the 40% U
content of the ORF2 antisense strandmight account for the stronger
polyadenylation signals observed in the antisense case. The weak-
ness of the sites in the sense strand presumably reflects ongoing
selection on L1 to make full-length RNA copies for retrotransposi-
tion. Premature polyadenylation of L1 sense sequences has recently
been noted by others19 and is consistent with this aspect of the
proposed model.

These models (Fig. 6a, b) predict that L1 insertions could have
major effects on both the quality and quantity of genome-wide
mRNAs. Longer L1 insertions should have more potent effects and
are therefore more likely to be disastrous for target gene expression.
The potential danger of long L1 insertions is consistent with the
observed profile of L1 insertions in humans, in which short
segments corresponding to 3 0-terminal fragments of the L1 element
dominate the length distribution14,20–22. This is probably due to a
combination of non-processive reverse transcription and the sub-

Figure 6 Models for L1-mediated modulation of gene expression/structure. a, Effects on
transcription. Brown dots represent transcriptional complexes, which could be slowed,

paused or dissociated from the templates on encountering significant amounts of L1

sequence. b, Effects on mRNA and protein structure. Left, hypothetical gene with three

exons. Middle, intronic sense L1 insertions can produce a minor amount of prematurely

polyadenylated mRNA, potentially giving rise to a truncated protein with additional,

previously untranslated amino acids at the C terminus (white segment). Right, intronic

antisense L1 insertions can produce a major amount of prematurely polyadenylated

mRNA.

Figure 5 Bioinformatic analysis of L1 content in genes. a, Average L1 content of genomic
loci of sets of highly (black bars) and poorly (grey bars) expressed genes (see Methods).

b, Average L1 content in sets of randomly selected populations of genes (see Methods).
Positions where the highly and poorly expressed genes would be (data superimposed from

a) are indicated and are outside the random distribution (P , 0.01). c, Data from a,
normalized to total intron content. d, Highly and poorly expressed genes were sorted into
high GC, low L1 isochore or low GC, high L1 isochore50 classes. The percentage of each

expression class falling into each isochore is indicated. Subpopulations were analysed as

described in a and c.
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sequent ‘purifying selection’ against long insertions13. In addition, if
L1 functions to fine-tune gene expression, retrotransposition-
competent (and by definition full-length) L1 elements could pro-
vide a selective advantage to the host and might be present at a
higher than expected frequency. This might help to explain a
puzzling aspect of the L1 insertion profile—the overrepresentation
of full-length L1 elements13,14. Although many such elements are
currently non-functional because of mutation, most were probably
previously active.

L1 elements and their kin in other eukaryotes have been shown to
rearrange genes and chromosomes by awide variety of mechanisms.
In addition to gene inactivation through insertion into exons,
insertions in tissue culture cells are often associated with genomic
instability21,22. Homologous recombination between dispersed
copies of retrotransposon sequences can also lead to chromosome
rearrangements40. Finally, transcription past the L1 element poly-
adenylation site during retrotransposition can lead to the ‘transduc-
tion’ of 3 0 sequences flanking the donor L1 element41–43. A
symmetrical process involving 5 0 sequences can occur when a
cellular promoter upstream of an L1 element transcribes into an
active L1 element22. Here we propose an addition to the retro-
transposon repertoire of genome remodelling activities—the inser-
tion of expression-modulating sequences into host gene introns to
reprogram gene expression. As recent genome sequencing studies
have shown, the gene complements of mammals can be remarkably
similar44. Thus, a major component of mammalian speciation
might result from subtle transcriptome reprogramming through
alterations in exon usage patterns as well as amounts of gene
expression. Even within a species, alleles that show cis-acting
heritable variations in expression are relatively common in normal
individuals45,46 and might account for phenotypic differences. The
proposedmodel suggests the possibility that L1 elements could have
a major function in such variations, both within and between
species. Rigorous experimental proof of this model requires knock-
ing L1 sequences into the introns of specific mammalian genes,
generating isogenic filled and empty alleles, and comparing the
quantity and quality of the resultant gene products. A

Methods
Oligonucleotide sequences, plasmid construction
All oligonucleotide sequences described in this manuscript are shown in Supplementary
Table S1. General structures of test expression reporters are shown (Supplementary
Fig. S1); details of plasmid construction are available from the authors on request.

Cell culture and transfection
Cell culture and transfections were performed as described25. Proportions were scaled up
linearly for 150-mm dishes. For downstream northern, immunoblot or nuclear run-on
analysis, cells were harvested 36–48 h after transfection.

Northern blot analysis
Northern blots were performed essentially as described25. Prehybridizations and
hybridizations were performed in 50% formamide, 5£ SSC, 5£ Denhardt’s solution, 1%
SDS, and 100 mgml21 boiled herring-spermDNAat 42 8C. The following [g-32P]ATP end-
labelled oligonucleotides were used as probes: GFP probe, JB4057; neo probe, JB4059; 3 0

UTR probe, JB5574.
Image Gauge v. 3.0 (Fuji Photo Film Co.) was used to quantify the signal (N ¼ 3). Each

band was corrected by subtracting a lane-specific background. Corrected test transcripts
were normalized to corrected neo transcripts.

For half-life measurements (N ¼ 2–4), actinomycin D was used at 5 mgml21. A
radiolabelled 500-base-pair fragment of the enhanced GFP gene was used to detect GFP
fusion transcripts. End-labelled JB4059 was used to detect neo transcripts. GFPORF2
samples were exposed 50-fold longer than GFPlacZ to make them visible. The quantified
transcripts, normalized to neo,were plotted on a semi-logarithmic axis against time, where
the slope from a best-fit line represents the decrease in relative transcript over time. The
slope from these plots of GFPlacZ and GFPORF2 were compared to obtain the relative
half-lives shown in Fig. 4a (right).

Western blot analysis
Immunoblots were performed as described elsewhere25. Anti-GFP(FL) antibody (Santa
Cruz) was used at 1:500 dilution. Anti-rabbit IgG (Amersham) was used at 1:5,000
dilution. Anti-Myc antibody (Santa Cruz) was used at 1:1,000 dilution. Anti-mouse IgG
(Amersham) was used at 1:5,000 dilution.

Fluorescence microscopy
Cells were visualized with a Nikon Eclipse TE300 microscope using a fluorescein
isothiocyanate filter (Chroma B-2E/C) for GFP visualization. The same exposure time was
used for all fluorescence pictures.

RT–PCR cloning
First-strand synthesis was performed with SUPERSCRIPT II RNaseH2 Reverse
Transcriptase (Invitrogen) in accordance with the manufacturer’s instructions. For each
first-strand synthesis reaction, 40 ng DNase I-treated total RNA was used. The primer
3RACERTwas used for first-strand synthesis. A 1-ml portion of the first-strand synthesis
reaction was used in a PCR reaction containing 100mM dNTPs, each primer at 500 nM,
and 5 units of Amplitaq (Perkin Elmer). Amplification primers were 3RACEAMP and
JB4360. Amplification products were separated on a 1% agarose gel and dominant bands
were excised and cloned using the TOPO TA cloning kit (Invitrogen). DNA sequencing
was performed by Agencourt.

Nuclear run-on analysis
Isolation and transcription of nuclei. Nuclei were isolated and run-on reactions were
performed essentially as described previously47. Reactions were stopped by the addition of
TRIzol, and RNAwas isolated in accordance with the manufacturer’s instructions. RNA
was hydrolysed and hybridized as described previously47.

Filter preparation/hybridization. Each oligonucleotide (0.75 pmol) was diluted in
100 ml of 0.5M NaOH and slot-blotted on a GeneScreen Plus nylon membrane. Filters
were neutralized with 100mM Tris-HCl, pH 8, crosslinked by ultraviolet irradiation, then
prehybridized and hybridized in 50% formamide, 5£ SSC, 5£ Denhardt’s solution, 1%
SDS and 100 mgml21 boiled herring-sperm DNA.

Control hybridization transcripts. A T7 transcription reaction of each control
transcript with a C-terminal ATP-binding aptamer48 was performed in vitro with
radiolabelled CTP. Full-length transcripts were purified on an ATP-agarose column as
described previously49. These transcripts were hydrolysed and hybridized as described
above.

Signal quantification. Each quantified slot-blot signal was corrected for membrane
background by subtracting signal from an adjacent region of themembrane. Each slot-blot
signal was also corrected for a-amanitin-resistant transcription. To measure elongation,
the corrected experimental signal was divided by the hybridization correction factor
(background-corrected control hybridization signal); results were then normalized to
GFP1 by dividing all signals by the GFP1 signal. To measure initiation, the corrected GFP1
experimental signal was divided by the corresponding neo experimental signal.

Bioinformatic analysis of L1s in genes
The gene expression data of normal tissues profiled by Gene Logic Inc. were analysed to
identify 983 genes with the highest expression and 866 genes with the poorest expression.
The genomic coordinates (transcript start to transcript end) of 16,597 RefSeq genes and
the genome RepeatMasker*.out files were downloaded from http://genome.ucsc.edu/
(June 2002 genome assembly, build 12). The RepeatMasker*.out files were parsed to
identify the genomic coordinates of L1 elements. These L1 coordinates were used to
calculate the amount of ‘LINE1/L1’ in each transcript.

The distributions of L1s in random genes were constructed by performing
bootstrapping. In brief, a set of genes was randomly generated from the 16,597 RefSeq
genes. The L1 content was recorded for each random gene set. This process was repeated
for 10,000 iterations to generate a distribution.

Isochores50 with low (40% or less) GC content and high (50% or more) GC content
were obtained from http://bioinfo2.ugr.es/isochores/. The highly and poorly expressed
genes belonging to these subsets were analysed for L1 content as described above. Genes
spanning isochore boundaries were added to both isochores (this was rare). Some genes
did not fall into either isochore subset and were therefore omitted from this analysis.
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