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Post-entrapment genome engineering: First exon size
does not affect the expression of fusion transcripts
generated by gene entrapment
Anna B. Osipovich, Aparna Singh, and H. Earl Ruley1

Department of Microbiology and Immunology, Vanderbilt University, School of Medicine, Nashville, Tennessee 37232-2363, USA

Gene trap mutagenesis in mouse embryonic stem cells has been widely used for genome-wide studies of mammalian
gene function. However, while large numbers of genes can be disrupted, individual mutations may suffer from
limitations due to the structure and/or placement of targeting vector. To extend the utility of gene trap
mutagenesis, replaceable 3� [or poly(A)] gene trap vectors were developed that permit sequences inserted in
individual entrapment clones to be engineered by Cre-mediated recombination. 3� traps incorporating different drug
resistance genes could be readily exchanged, simply by selecting for the drug-resistance gene of the replacement
vector. By substituting different 3� traps, we show that otherwise identical fusion genes containing a large first exon
(804 nt) are not expressed at appreciably lower levels than genes expressing small first exons (384 and 151 nt). Thus,
size appears to have less effect on the expression and processing of first exons than has been reported for internal
exons. Finally, a retroviral poly(A) trap (consisting of a RNA polymerase II promoter, a neomycin-resistance gene,
and 5�-splice site) typically produced mutagenized clones in which vector sequences spliced to the 3�-terminal exons
of cellular transcription units, suggesting strong selection for fusion transcripts that evade nonsense-mediated decay.
The efficient exchange of poly(A) traps should greatly extend the utility of mutant libraries generated by gene
entrapment and provides new strategies to study the rules that govern the expression of exons inserted throughout
the genome.

[Supplemental material is available online at www.genome.org. Sequence tags (3�-RACE products) of genes disrupted
by the LNPAT1 vector have been deposited in dbGSS (GenBank accession nos. CL943680–CL943829). The follow-
ing individuals kindly provided reagents, samples, or unpublished information as indicated in the paper: P. Leder,
Y. Ishida, and K. Araki.]

The number and diversity of genes identified by the mammalian
genome projects suggest that considerable biology remains to be
characterized on a molecular level and have provided the impe-
tus for developing genome-wide strategies to characterize gene
functions important in normal and disease processes. Tagged se-
quence mutagenesis uses gene entrapment vectors to disrupt
genes in murine embryonic stem (ES) cells combined with rapid,
DNA-sequence-based screens to characterize the genes disrupted
in each ES cell (Hicks et al. 1997; Salminen et al. 1998; Stanford
et al. 1998; Wiles et al. 2000; Hansen et al. 2003; Stryke et al.
2003; Chen et al. 2004). The resulting libraries of mutant stem
cell clones provide large numbers of mutations, characterized at
the nucleotide level, that can be transmitted into the mouse
germ line (Skarnes et al. 2004).

A variety of gene entrapment vectors have been developed,
each with specialized features that address issues of gene target-
ing and mutagenicity, identification of disrupted genes, and
monitoring of disrupted gene expression. However, no single de-
sign appears to be best suited for all applications. For example, 5�

gene traps, which rely on splicing of cellular transcripts to acti-
vate expression of a drug-resistance gene, disrupt only expressed
genes (Skarnes et al. 1992). The U3 retroviral gene traps also

target only expressed genes and rely on splicing of cellular tran-
scripts to splice acceptor sites in the flanking cellular DNA (Osi-
povich et al. 2004). 3� or poly(A) traps can target nonexpressed
genes, but their mutagenic potential varies (Niwa et al. 1993).
Vectors with additional features (e.g., to create conditional gene
knockouts or to activate expression of cellular genes) are also
feasible but often at the expense of other features that would be
useful for large-scale mutagenesis. Finally, inserted vector se-
quences may induce secondary phenotypes unrelated to the dis-
ruption of the occupied gene (Al-Shawi et al. 1988; Braun et al.
1990; Kim et al. 1992; Olsen et al. 1996; Pham et al. 1996; Seidl
et al. 1999; Huang et al. 2000).

A conceptual approach to these problems involves replace-
able gene trap vectors that would allow genes disrupted in indi-
vidual ES cell clones to be engineered so as to create features not
present in the original occupied locus (Araki et al. 1999; Har-
douin and Nagy 2000). The replaceable cassettes may contain
heterotypic recombination sequences for the Cre, Flp, or �C31
DNA site-specific recombinases that do not recombine with each
other, but they recombine with other sites of the same type. This
allows sequences of the targeting vector to be replaced with DNA
introduced into the cells by a process known as recombinase-
mediated cassette exchange (RMCE) (Bethke and Sauer 1997;
Bouhassira et al. 1997; Seibler et al. 1998; Feng et al. 1999;
Soukharev et al. 1999; Araki et al. 2002; Lauth et al. 2002; Belteki
et al. 2003). In principle, the replacement cassettes can be used to
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engineer entrapment loci for several applications such as re-
moval of the entrapment cassette within the vector to restore
expression of the occupied cellular gene, creation of an allelic
series of mutations, insertion of genes to be expressed from the
promoter of the disrupted cellular genes, and modifications re-
sulting in the expression of affinity-tagged fusion proteins for
studies of protein–protein interactions. Replaceable gene traps
can also be used to identify optimal sequence elements for gene
entrapment without the need to construct new vectors.

The present study describes the development and use of
replaceable 3� or poly(A) gene trap vectors. As with previously
described 3� gene traps (Niwa et al. 1993; Yoshida et al. 1995;
Salminen et al. 1998; Zambrowicz et al. 1998), gene entrapment
involves selection for drug-resistant clones in which the Neo or
Zeo sequences splice to downstream exons of cellular genes. We
report that most inserts spliced to the 3�-terminal exons of pre-
viously characterized transcription units, suggesting the gene-
entrapment process selects for the expression of fusion tran-
scripts that evade nonsense-mediated decay (Baker and Parker
2004; Maquat 2004). We also show that 3� traps flanked by het-
erotypic loxP cleavage sites (Lee and Saito 1998) and that incor-
porate different drug-resistance genes can be readily replaced via
RMCE simply by selecting for the drug-resistance marker of the
replacement vector.

Previous poly(A) traps have used relatively large drug-
resistance genes contained within a single 5�-exon to select for
inserts capable of splicing to the 3�-ends of cellular genes. This
poses a potential problem, since the first exons of cellular genes
are typically much smaller, with mean lengths of 151 and 384 nt
for untranslated and partially translated exons, respectively (Da-
vuluri et al. 2001). The strong preference for small exons within
cellular genes (with the exception of 3�-terminal exons) is
thought to result from exon definition, a process by which exons
are recognized as functional units by in-
teractions between protein complexes
that bind to the ends of the exon (Berget
1995) or between the 5�-CAP and proxi-
mal downstream 5� splice site (Lewis et
al. 1996). Increasing the size of internal
exons has been shown to result in exon
skipping and reduced levels of gene ex-
pression (Sterner et al. 1996); however,
studies to investigate the effects of first
exon size have not been reported. We
therefore tested whether 3� gene traps
using smaller 5�-exons might be ex-
pressed more efficiently than vectors
with large 5�-exons. Otherwise identical
fusion genes were generated by RMCE
that expressed Neo or Zeo genes with 5�-
exons of 804, 375, and 161 nt. However,
first exon size did not appear to have a
significant effect on the expression of
fusion genes generated by gene entrap-
ment.

Results

Replaceable 3� gene trap vectors

Replaceable 3� gene trap vectors incor-
porating neomycin (Neo) or zeocin (Zeo)

resistance genes were constructed to assess the effects of 5�-exon
size on the expression of fusion transcripts generated by gene
entrapment and to compare the relative strengths of the Pol II
and PGK promoters. LNPAT1 (Fig. 1) consists of the gene trap
elements from the previously described RET vector (Ishida and
Leder 1999) (with the longer Pol II promoter sequence [Matsuda
et al. 2004]) placed between heterotypic recognition sites (loxP
and lox5171) for the Cre DNA site-specific recombinase (Lee
and Saito 1998). An RNA instability region from the human GM-
CSF gene is intended to suppress the expression of unspliced
transcripts, providing further selection for cells that express
properly spliced fusion transcripts. Coding sequences for en-
hanced green fluorescent protein (EGFP) preceded by an internal
ribosome entry site (IRES) provide a reporter gene to monitor
expression of disrupted cellular genes. Transcripts from occupied
cellular genes that splice to the EGFP sequence terminate at
downstream polyadenylation signals, thus disrupting their ex-
pression. An HSV Tk gene provides a means to select for the loss
of vector sequences, enriching for Cre-mediated replacement
events.

A set of plasmid-based 3� gene traps was also constructed as
shown in Figure 2. PolIINeo contains the same entrapment cas-
sette as LNPAT1. NeoPTC is similar to PolNeo, but the drug-
resistance gene is expressed from the phosphoglycerate kinase
(PGK) promoter (Adra et al. 1987), and the poly(A) trap cassette
is flanked by loxP and lox5171 sites (Fig. 2B). ZeoPTC and
IntZeoPTC are identical to NeoPTC except the neomycin-
resistance gene was replaced with zeocin and intron-containing
zeocin-resistance genes, respectively (Fig. 2C,D). The Neo and Zeo
drug-resistance genes in NeoPTC and ZeoPTC are thus expressed
from 5�-exons of 804 and 375 bp, respectively. A 140-bp syn-
thetic intron splits the Zeo coding sequence in IntZeoPTC into
two exons of 161 and 214 bp.

Figure 1. Tagged sequence mutagenesis with the LNPAT1 gene trap vector. An LNPAT1 provirus is
shown integrated after the second exon (black) of a hypothetical gene. The Neo-resistance gene (dark
gray shading), expressed from the RNA polymerase II (PolII) promoter, splices to downstream exons (III
and IV). Transcripts of the disrupted gene, containing exons I and II, splice to coding sequences for the
enhanced green fluorescent protein (EGFP) preceded by the ECMV internal ribosome entry site (IRES)
in cells where the occupied gene is expressed. Cellular sequences appended to the 3�-end of virus–cell
fusion transcripts are amplified by 3�-RACE and sequenced. The resulting sequence tags identify genes
disrupted by the provirus and are subcloned for later use, for example, to prepare DNA microarrays.
The resulting library of mutant ES cell clones, cryopreserved in liquid nitrogen, provides a source of
mutant alleles that may be transmitted into the mouse germ line. A Herpes virus thymidine kinase gene
(TK) and RNA destabilization element (flash symbol) are also present. Heterospecific loxP sites (loxP and
loxP5171) allow vector sequences to be replaced by Cre-mediated cassette exchange (see text for
details).
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Tagged sequence mutagenesis with LNPAT1

LNPAT1 was introduced into the Phoenix retrovirus packaging
line (Grignani et al. 1998) and cell supernatants were used to
infect ES cells at a low multiplicity of infection. The ability of
LNPAT1 to work as a 3� gene trap was confirmed by Northern blot
and 3�-RACE analysis of RNAs isolated from G418-resistant ES
clones. Transcripts that hybridized to a Neo probe varied in size as
expected for fusion transcripts generated by splicing to different
cellular genes (data not shown). Cellular sequences appended to
Neo fusion transcripts were amplified by 3�-RACE, and then
cloned and sequenced (Fig. 1). The sequences were compared
with the nonredundant, EST, and mouse genome databases by
using the BLASTN program (Altschul et al. 1990). Search results
with bit scores higher than 100 were considered significant, and
were used to locate 3�-RACE products on the annotated mouse
genome sequence. In most cases, this provided information
about the identity and structure of the occupied genes, including
the locations of exons and coding sequences.

Fusion transcripts were successfully cloned from 171 of 288
(62%) ES cell clones and verified by DNA sequence analysis. Then
20 sequences were derived from sister clones from the same cul-
ture dish and were discarded. The cellular sequences in another
eight RACE products were too short to produce high scoring
matches. Of the RACE products from the 143 remaining clones,
68 (48%) matched transcribed sequences, for example, exons
(Fig. 3). Of these, 22 matched previously characterized genes, 28
matched Riken cDNA and NCBI predicted genes (18 and 10, re-
spectively), and 18 matched unannotated EST contigs. Interest-
ingly, 90% of the fusion transcripts that spliced to exons of char-
acterized transcription units spliced to the last exon of the gene.
Of the sequence tags, 15% matched repetitive sequences and
were therefore difficult to place on the mouse genome, and 37%

of the RACE products matched se-
quences located either within introns or
between genes. These matches were lo-
cated either in introns of known genes
or between the annotated genes. These
RACE products could represent splicing
to sequences capable of functioning as
cryptic 3�-exons, to nonannotated, al-
ternative exons or to sequences from
novel, previously uncharacterized
genes.

Gene entrapment with plasmid-based
3� gene traps

Gene entrapment by the PolIINeo,
NeoPTC, ZeoPTC, and IntZeoPTC vec-
tors was tested following electropora-
tion into both NIH3T3 and ES cells, and
all appeared to function as efficient
poly(A) traps. The plasmids generated
drug-resistant clones with similar fre-
quencies (0.3–2/µg plasmid DNA); Neo
and Zeo transcripts expressed in drug-
resistant clones varied in size based on
Northern blot analysis, as expected for
vector-gene fusion transcripts contain-
ing different amounts of appended cell-
derived RNA (Supplemental Fig. S1); and
fusion transcripts cloned by 3�-RACE all

had the expected structures (data not shown). IntZeoPTC fusion
transcripts also appeared to be properly spliced (Supplemental
Fig. S2), suggesting that the artificial intron was efficiently pro-
cessed. Zeo-containing fusion transcripts appeared to be ex-
pressed at higher levels on average than Neo fusion transcripts,
and were more efficiently cloned by 3�-RACE (100% of the Zeo-
resistant clones [12 clones tested] as compared to 70% of the
Neo-resistant clones). While it is not clear whether these differ-
ences reflect higher expression levels of Zeo-fusion transcripts or
other factors such as more efficient amplification by Zeo-specific
primers, the Zeo-based poly(A) gene traps appear to function at
least as efficiently as Neo-based entrapment vectors.

Cre-mediated cassette exchange

We hypothesized that it might be possible to exchange 3� traps
incorporating different drug-resistance genes, simply by selecting
for the drug-resistance gene of the replacement vector. To test
this hypothesis, several replacement experiments were per-
formed as summarized in Table 1. Entrapment clones were co-
transfected with a Cre-expression plasmid (CAGGS-Cre) together
with the replacement vector, and potential replacement clones
were selected in media containing appropriate antibiotic. The
selected clones were analyzed by Southern blot hybridization to
determine the frequency of correct gene replacement events (Fig.
4; Supplemental Figs. S3 and S4). Proper cassette exchange was
also demonstrated by 3�-RACE, which confirmed that the differ-
ent entrapment cassettes spliced to the same downstream exons
(data not shown). In all cases, cassette exchange involving the
selection of one poly(A) trap for another was quite efficient, with
12%–93% of the selected clones having the desired replacement
(Table 1). However, in studies involving replacement of the
LNPAT1 vector, the selection against the Tk gene with gangcyclovir

Figure 2. Replaceable 3� gene entrapment cassettes. (A,B) neomycin- and (C,D) zeocin-resistance
genes ending at a 3�-splice site (SD) and RNA destabilization sequence (flash symbol) were cloned
downstream of the (A) RNA polymerase II (Pol II) or (B,C,D) phosphoglycerol kinase (PGK) promoters.
IntZeoPTC contains a synthetic intron inserted within the Zeocin-resistance gene (D). After gene
entrapment, vector sequences splice to downstream exons of cellular genes (black boxes). The sizes
of 5�-exons containing Neo and Zeo sequences is indicated in base pairs (bp). Heterospecific loxP
sites (loxP and lox5171) allow vector sequences to be replaced by Cre-mediated cassette ex-
change.
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provided no practical benefit (data not shown), even when pre-
viously effective conditions were used (Chang et al. 1993).

Fusion gene expression by Pol II and PGK promoters
in replacement clones

By placing different promoter–marker–splice donor cassettes in
the same locus, we were able to compare the effects of different
sequences on the expression and processing of otherwise identi-
cal fusion genes. A PolIINeo poly(A) trap (LNPAT1) inserted in
the 4930562A09Rik gene was replaced first by ZeoPTC, and then
the ZeoPTC cassette was replaced by NeoPTC (Table 1; Fig. 4). The
resulting clones were used to compare the relative strengths of
Pol II and PGK promoters expressing Neo–4930562A09Rik fusion
transcripts and to compare the relative levels of expression by
PGKZeo and PGKNeo poly(A) traps that splice to the same
downstream exon (Fig. 5A). The steady-state levels of Neo–
4930562A09Rik fusion transcripts expressed from the PGKNeo
poly(A) trap were approximately four times higher than those

expressed from the PolIINeo poly(A) trap (normalized to �-actin),
providing a measure of the relative strengths of the PGK and Pol
II promoters. Moreover, Zeo fusion transcripts were expressed at
approximately twofold higher levels than Neo fusion transcripts.
This suggests that poly(A) traps incorporating the Zeo 5�-exon
may be expressed at higher levels than otherwise identical Neo-
based vectors.

First exon size does not affect levels of fusion gene expression

We considered the possibility that Zeo-based poly(A) traps might
be expressed more efficiently than the Neo-based vectors because
the drug-resistance gene is expressed as a smaller first exon, 375
versus 804 nt. We therefore compared the expression of other
Neo and Zeo fusion genes generated by replacing a NeoPTC vector
(Fig. 2B) inserted in the LOC228098 gene with the ZeoPTC and
IntZeoPTC poly(A) traps. The Zeo sequence in ZeoPTC is incor-
porated into a single, 375-nt 5�-exon, while in IntZeoPTC, it is
split by an artificial intron into exons of 161 and 214 nt (Fig.
2C,D). Steady-state levels of fusion transcripts expressed in the
original NeoPTC–LOC228098 clone and in the ZeoPTC–
LOC228098 and IntZeoPTC–LOC228098 replacement clones
were analyzed by Northern blot analysis (Fig. 5B). As before, the
levels of Zeo fusion transcripts were higher (1.3�) than Neo tran-
scripts when normalized to a �-actin control. However, no dif-
ferences were observed in the levels of ZeoPTC and IntZeoPCT
transcripts.

Table 1. Efficient exchange of 3� gene trap vectors

Gene trap
vector

Disrupted
gene

Replacement
vector

Clone with
correct gene

replacement (%)

LNPAT1 4930562A09Rik ZeoPTC 12
ZeoPTC 4930562A09Rik NeoPTC 30
NeoPTC LOC228098 ZeoPTC 89
NeoPTC LOC228098 IntZeoPTC 93
IntZeoPTC 4933407O12Rik NeoPTC 83

Gene trap vectors disrupting the indicated genes were replaced by Cre-
mediated cassette exchange. Clones isolated after selecting for the resis-
tance gene carried by the replacement vector were analyzed by Southern
blot hybridization. The percentage of clones in which the entrapment
vectors were properly replaced is indicated for each experiment.

Figure 3. Tagged-sequences mutagenesis with the LNPAT1 3� gene
trap. Here 172 vector–fusion transcripts cloned by 3�-RACE corresponded
to genes disrupted in ES cells by the LNPAT1 vector as determined by
their DNA sequence (confirmed 3�-RACE products). Of these, 151 pro-
vided unique sequence tags (i.e., they were not derived from sister clones
from the same culture dish), and 143 matched the mouse genome se-
quence (MGS). Based on the mouse genome sequence annotation, 68
(48%) of the RACE sequences matched transcribed sequences (i.e., ex-
ons), corresponding to 22 previously characterized genes, 18 Riken
cDNAs, 10 transcription units identified by gene prediction software
(NCBI LOC genes), and 18 EST contigs not included among the Entrez
gene annotations (ESTs). Of the remaining 53 sequence tags, eight
matched intron sequences within annotated genes, 45 matched genomic
sequences not contained within annotated transcription units and there-
fore may be between genes, and 22 contained repetitive sequences and
could not be placed on the genome sequence.

Figure 4. Cre-mediated cassette exchange at the 4930562A09Rik lo-
cus. (A) Sequences of the LNPAT1 provirus inserted in the 4930562A09Rik
locus were replaced by the ZeoPTC gene trap cassette, which was then
replaced by NeoPTC. (B) Clones containing the proper gene replace-
ments were identified by Southern blot analysis. The replacement of
LNAPT1 by ZeoPTC (upper panel) was accompanied by the loss of the
4.5-kb Neo-hybridizing SacI fragment and the presence of a 3.2-kb Zeo-
hybridizing fragment (lanes 4,11). SacI sites are located in each LTR and
in the Tk gene. The replacement of ZeoPTC by NeoPTC (lower panel) was
accompanied by the loss of the 3.2-kb Zeo-hybridizing fragment and the
presence of a 3.6-kb Neo-hybridizing fragment (clones 7, 8, 9, 13, 15, 18,
19, 21, and 23).
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Although the expression of fusion genes generated with
Neo-based poly(A) traps increased when the targeting vector was
replaced with a zeocin-resistance gene, the magnitude of the ef-
fect was relatively modest, 1.3- to 2-fold. A potential problem is
that gene entrapment with Neo-based vectors may select for spe-
cific types of inserts able to express the large, Neo-containing first
exon, thus circumventing the potential benefit of a smaller first
exon. Precedence for this possibility has been observed with in-
ternal exons, where the effect of exon size is significantly reduced
when the exon is surrounded by small introns (Sterner et al.
1996).

To explore this issue, we first compared the distances be-
tween Zeo- and Neo-poly(A) traps and the downstream exons to
which they splice. Genomic DNA from entrapment clones was
amplified by nested PCR, using primers to the drug-resistance
genes and downstream exons as identified by 3�-RACE (data not
shown). While the experiments provided information on only a
limited number of inserts, the data suggest that the average in-
tervening sequence downstream of Neo- and Zeo-based poly(A)
traps is similar in size.

We next replaced an IntZeoPTC vector, which originally dis-
rupted the 4933407O12Rik gene, with NeoPTC. This fusion gene
was selected because IntZeoPTC splices over 2 kb to the last exon
of 4933407O12Rik. If smaller 5�-exons are expressed more effi-
ciently, then fusion genes disrupted by IntZeoPTC might be ex-
pressed at significantly reduced levels following replacement
with NeoPTC. However, Neo fusion transcripts were expressed at
only half the level of Zeo fusion transcripts (Fig. 5C).

Stability of Neo and Zeo fusion transcripts

We next tested whether differences in the levels of Neo and Zeo
fusion transcripts might result from differences in RNA stability.
Cells expressing either IntZeoPTC–4933407O12Rik or NeoPTC–
4933407O12Rik fusion genes were switched to media containing
50 µg/mL actinomycin D, and the levels of 4933407O12Rik fu-
sion transcripts were monitored at various times thereafter (Fig.
6). The levels of NeoPTC–4933407O12Rik transcripts declined at

about twice the rate of IntZeoPTC–
4933407O12Rik transcripts, suggesting
that differences in the expression of oth-
erwise identical Zeo and Neo fusion tran-
scripts are due to differences in RNA sta-
bility. Consequently, first exon size ap-
pears to have no significant effect on the
expression of fusion genes generated by
gene entrapment.

Discussion
In the present study, replaceable 3� [or
poly(A)] gene trap vectors were devel-
oped and used to study factors that in-
fluence the expression of 5�-exons. We
show that 3� traps incorporating differ-
ent drug-resistance genes can be readily
exchanged simply by selecting for the
drug-resistance marker of the replace-
ment vector. By substituting different 3�

traps, we show that fusion genes con-
taining a relatively large first exon (804
nt) are not expressed at appreciably
lower levels than genes expressing small

first exons (384 and 151 nt). Moreover, vector sequences in most
entrapment clones spliced to 3�-terminal exons of previously
characterized genes. This suggests that gene entrapment by the
LNPAT1 vector strongly selects for fusion transcripts capable of
evading nonsense-mediated decay.

Figure 5. Fusion gene expression in replacement clones. RNA from cell clones expressing poly(A)
traps inserted in the (A) 4930562A09Rik, (B) LOC228098, and (C) 4933407O12Rik genes were analyzed
by Northern blot hybridization, probing with gene-specific, Neo-specific, and Zeo-specific probes. The
clones in A were obtained by replacing an LNPAT1 poly(A) trap (Pol2Neo) inserted in the
4930562A09Rik gene with ZeoPTC (PGKZeo), and then by replacing the ZeoPTC cassette with NeoPTC
(PGKNeo). The clones in B were obtained by replacing a NeoPTC poly(A) trap in the LOC228098 gene
with either ZeoPTC (PGKZeo) or IntZeoPTC (PGKIntZeo). The clones in C were obtained by replacing
a IntZeoPTC (PGKIntZeo) poly(A) trap in the 4933407O12Rik gene with NeoPTC (PGKNeo). All clones
expressed fusion transcripts of the expected size as indicated on the left. None of the targeted genes
appeared to be expressed in the parental stem cells (ES), confirming the ability of poly(A) traps to
disrupt nonexpressed genes.

Figure 6. Stability of Neo- and Zeo-4933407O12Rik fusion transcripts.
(A) Northern blot analysis of RNA decay in actinomycin D-treated cells.
RNAs were extracted from actinomycin D-treated cells expressing Neo-
4933407O12Rik and Zeo-4933407O12Rik fusion transcripts, and the
Northern blots were hybridized to a 4933407O12Rik-specific probe.
RNAs were also probed with a �-actin probe to assess relative levels of
RNA in each sample. (B) Kinetics of fusion transcript turnover. Relative
levels of Neo-4933407O12Rik (squares) and Zeo-4933407O12Rik (circles)
fusion transcripts in A were measured by PhosphorImager densitometry
and plotted as a function of time. Zeo-4933407O12Rik fusion transcripts
were twice as stable as the otherwise identical Neo fusion transcripts.
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Cassette exchange involving the selection of one poly(A)
trap for another was remarkably efficient, with 10%–90% of the
selected clones having the desired replacement. The background
of improperly targeted clones presumably results from Cre-
independent integration at sites in the genome capable of pro-
viding functional 3�-exons as required for expression of the in-
coming poly(A) trap. Since ∼10% of randomly integrated poly(A)
traps are expressed, we estimate that RMCE was responsible for
the integration of 1%–10% of transfected replacement vectors in
the genome.

LNPAT1 preferentially targeted genes by inserting into the
last intron and expressed fusion transcripts that spliced to a
single downstream exon. This is in contrast to the 5� gene traps
(i.e., a promoterless 3�-exon) that are preferentially expressed by
inserts positioned near the 5�-ends of cellular genes. These results
are consistent with a mechanism involving selection for fusion
transcripts that do not activate nonsense-mediated decay
(NMD). NMD is triggered by termination codons positioned
more than 50 nt upstream from a splice junction, thus providing
a mechanism to eliminate transcripts that might express delete-
rious truncated proteins resulting from nonsense mutations
(Baker and Parker 2004; Maquat 2004). The 3� gene traps used
in the present study can theoretically splice to single downstream
exons without engaging NMD, because the termination codons
for the Neo and Zeo drug-resistance genes are positioned <50 nt
upstream of the splice donor site. However, fusion transcripts
incorporating multiple downstream exons are expected to
activate NMD. The apparent selection against clones expressing
multiply spliced fusion transcripts implies that NMD can be ac-
tivated within a wide variety of cellular genes. Moreover, since
only modest levels of Neo expression are sufficient for drug resis-
tance, the predicted degradation of multiply spliced Neo tran-
scripts appears to be relatively efficient. Of the 50 fusion tran-
scripts that involved well-annotated genes, only four contained
multiple cellular exons. It will be interesting to determine if the
appended sequences contain elements capable of suppressing
NMD.

Although LNPAT1 preferentially targets the last intron of
cellular genes, the provirus is generally positioned in the middle
of the occupied transcription unit, because of the relatively large
size of 3�-terminal exons. For example, the average gene dis-
rupted by LNPAT1 encoded 1268 nt of exon sequence of which
an average of 596 nt of exon sequence was located downstream
of the provirus. These results are similar to those that have been
described for the related RET poly(A) trap vector (Matsuda et al.
2004), but are at odds with studies involving VICTR3 and
VICTR20 in which 44% of the integration events were reported
to be near the 5�-ends of cellular genes (Zambrowicz et al. 1998).
Additional experiments will be required to identify factors that
may influence the expression of fusion transcripts with multiple
downstream exons.

The present study raises important issues with regard to the
use of poly(A) entrapment vectors for large-scale mutagenesis in
murine ES cells. First, the ability of poly(A) traps to disrupt cel-
lular gene expression relies on splicing between cellular tran-
scripts and a splice acceptor–reporter gene cassette located at the
5�-end of the provirus. While the vectors are mutagenic in that
they block the expression of cellular exons downstream of the
provirus, vectors inserting downstream of most or all protein-
coding sequences may not disrupt cellular gene expression. Our
results indicate that the mutagenic potential of poly(A) entrap-
ment vectors may be enhanced by modifications that enable 3�

fusion transcripts to evade nonsense mediated decay or that de-
stabilize 5� fusion transcripts.

Second, our results illustrate the use of RCME to engineer
entrapment loci, thereby creating features not present in the
original targeting vector. Potential applications include removal
of the entrapment cassette within the vector sequences to restore
expression of the occupied cellular gene, creation of an allelic
series of mutations, insertion of genes to be expressed from the
promoter of the disrupted cellular genes, and modifications re-
sulting in the expression of affinity-tagged fusion proteins for
studies of protein–protein interactions. In short, post-entrap-
ment genome engineering can greatly extend the utility of librar-
ies of ES cell clones generated by gene entrapment.

Finally, the present study illustrates how replaceable gene
traps can be used to optimize features of vectors important for
tagged sequence mutagenesis (e.g., that determine mutagenicity
or levels of fusion gene expression). Sequence elements can be
tested side by side in otherwise identical fusion genes. For retro-
virus-based vectors, the process eliminates the time-consuming
step of preparing new viruses for each construct.

Methods

Construction of poly(A) trap vectors
The LNPAT1 vector was made by PCR-mediated subcloning of a
part of the Moloney mouse leukemia virus 3�-LTR (XbaIU3-RU5)
sequence from the pBabe vector (Morgenstern and Land 1990)
and the following sequences from the pRET vector (Ishida and
Leder 1999): splice acceptor (Bcl2 intron2/exon3)-IRES-EGFP-pA
(bovine growth hormone gene), HSV thymidine kinase cassette
(promoter-gene-polyA site), RNA polymerase II promoter-
neomycinphospho-transpherase gene-splice donor (Hprt gene
exon 8/intron 8)-mRNA instability signal (human GM-CSF), and
5�-retrovirus sequences. Wild-type LoxP site and mutant
Lox5171 (Lee and Saito 1998) were made by oligonucleotide an-
nealing and cloned in between the retrovirus backbone and gene
trapping sequences.

The PolNeo vector was made by subcloning into the pBlue-
Script vector (Stratagene) of a BamH1/HindIII fragment contain-
ing a Pol2 promoter-neo-splice donor-mRNA instability signal
cassette from the pRET vector (Ishida and Leder 1999) (a gift from
Philip Leder). The NeoPTC vector was made by, first, replacing
the Pol2 promoter in PolNeo vector for the PGK promoter de-
rived by PCR from PGKPuro vector (a gift from Peter Laird, Univ.
of Southern California, Los Angeles). Subsequently, the wild-type
LoxP site and mutant Lox5171 (Lee and Saito 1998) were made
by annealing of oligonucleotides and subcloned at both sides of
a gene trap cassette in the NeoPTC vector. The ZeoPTC vector was
made by replacement of Neo sequences in the NeoPTC vector for
Zeo sequences derived by PCR from the pcDNA3.1/Zeo vector
(Invitrogen). A synthetic intron was introduced into the IntZeo-
PTC vector by PCR-mediated cloning using primers 1IntZeo (5�-
GGATCCTTCTCTGTCTCGACAAGCCCAGTTTCTATT
GGTCTCCTTAAACCTGTCTTGTAACCTTGATACTTACCT
GGACCGCGCTGATGAACAGGGTC-3�) and 2IntZeo (5�-GGAT
CCGACTCTTGCGTTTCTGATAGGCACCTATTGGTCTTAC
TGACATCCACTTTGCCTTTCTCTCCACAGGACCAGGTG
GTGC-3�).

Cell culture, gene transfer, and virus production
Mouse embryonic stem cells D3 (Doetschman et al. 1985) were
prepared and used as described previously (Hicks et al. 1997).
Phoenix Eco cells (Grignani et al. 1998) and NIH3T3 cells were
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cultured in DMEM with 10% of fetal bovine serum. Retrovirus
producer lines were prepared by transfecting packaging cells with
virus plasmid constructs by coprecipitation with calcium phos-
phate and selected in 2 mg/mL G418 (Sigma) for 7 d. Virus pro-
duction by individual clones was measured as NeoR colony-
forming units after infection on NIH3T3 cells (Ausubel et al.
1999). Supernatants from producer lines with titers of ∼3 � 103

CFU/mL were used to infect ES cells as described (Hicks et al.
1997).

Plasmid poly(A) entrapment vectors were linearized and in-
troduced into ES cells by electroporation. In all, 107 cells were
suspended with DNA in 0.5 mL of PBS in a 0.4-cm electropora-
tion cuvette (BioRad) and then subjected to electric pulse at 400
V, 25 µF in a BioRad Gene Pulser. After 24 h, cells were fed with
medium supplemented either with 400 µg/mL of G418 (Sigma)
or with 100 µg/mL of Zeocin (Invitrogen). For Cre-mediated cas-
sette exchange experiments, circular replacement vectors were
cotransfected with Cre-expression plasmid pCAGGSCre (Araki et
al. 1995) at a 1:2 ratio.

3�-RACE
Disrupted genes were identified using 3�-RACE. RNA was ex-
tracted with Trizol (Invitrogen) reagent as specified by the manu-
facturer. cDNA was synthesized using the 3�-RACE kit (Invitro-
gen) as described in the manufacturer’s protocol. The reverse-
transcription reaction was held in a 20-µL volume using ∼5 µg of
total RNA and AP primer (5�-GGCCACGCGTCGACTAGTA
CTTTTTTTTTTTTTTTTT-3�). cDNA from Neo-resistant clones was
then amplified by two rounds of PCR in a 50-µL reaction using
Taq polymerase (Perkin Elmer), first with 2 µL of the above cDNA
mix with NeoExt primer (5�-ACCGCTTCCTCGTGCTTTAC-3�)
and AUAP primer (5�-GGCCACGCGTCGACTAGTAC-3�), and
second with 1 µL of the first PCR mix with NeoInt primer (5�-
TCGCCTTCTTGACGAGTTCT-3�) and AUAP primer. cDNA from
Zeocin-resistant clones was amplified with ZeoExt (5�-
GACCGAGATCGGCGAGCAGCCGTG-3�) and ZeoInt (5�-CG
TGCACTTCGTGGCCGAGGAGCA-3�) primers. RT-PCR for In-
tZeo clones was performed in the same conditions using the 3�-
Zeo (5�-CGGGATCCTCAGTCCTGCTCCTCGGCCACGAAGTG
3�) primer for RT and the 3�-Zeo and 5�Zeo (5�-CGCTCGAGAT
GGCCAAGTTGACCAGTGCCGTTCC-3�) primers for one round
of PCR reactions.

Actinomycin D chase experiments and Northern blot analysis
ES cells were grown to subconfluency on 10-cm dishes, and fresh
medium was added 12 h prior to blocking of transcription with
actinomycin D (50 µg/mL). Actinomycin D was added to the
media, and cells were harvested after 0, 1, 2, 4, 8, and 20 h of
incubation. RNA was isolated and analyzed by Northern blot
hybridization (Ausubel et al. 1999). For detection of the gene-
specific fusion transcripts (4930562A09Rik, LOC228098, and
4933407O12Rik), we used the probes derived from cloned 3�-
RACE products.
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