
JOURNAL OF VIROLOGY,
0022-538X/99/$04.0010

Aug. 1999, p. 6946–6952 Vol. 73, No. 8

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

An Avian Sarcoma/Leukosis Virus-Based Gene Trap Vector for
Mammalian Cells

XIANGQUN H. ZHENG AND STEPHEN H. HUGHES*

ABL-Basic Research Program, NCI-Frederick Cancer Research and Development Center, Frederick,
Maryland 21702-1201

Received 23 February 1999/Accepted 7 May 1999

RCASBP-M2C is a retroviral vector derived from an avian sarcoma/leukosis virus which has been modified
so that it uses the envelope gene from an amphotropic murine leukemia virus (E. V. Barsov and S. H. Hughes,
J. Virol. 70:3922–3929, 1996). The vector replicates efficiently in avian cells and infects, but does not replicate
in, mammalian cells. This makes the vector useful for gene delivery, mutagenesis, and other applications in
mammalian systems. Here we describe the development of a derivative of RCASBP-M2C, pGT-GFP, that can
be used in gene trap experiments in mammalian cells. The gene trap vector pGT-GFP contains a green
fluorescent protein (GFP) reporter gene. Appropriate insertion of the vector into genes causes GFP expression;
this facilitates the rapid enrichment and cloning of the trapped cells and provides an opportunity to select
subpopulations of trapped cells based on the subcellular localization of GFP. With this vector, we have
generated about 90 gene-trapped lines using D17 and NIH 3T3 cells. Five trapped NIH 3T3 lines were selected
based on the distribution of GFP in cells. The cellular genes disrupted by viral integration have been identified
in four of these lines by using a 5* rapid amplification of cDNA ends protocol.

Over the past 15 years, we have developed a series of ret-
roviral vectors (the RCAS vectors) based on an avian sarcoma/
leukosis virus (ASLV) (11, 14, 28). Although these vectors
have been used widely in avian systems, they do not efficiently
infect mammalian cells because the ASLV envelope glycopro-
tein does not recognize receptors on the surface of mammalian
cells. One can extend the host range of the RCAS vectors by
introducing the ASLV subgroup A receptor into mammalian
cells or by generating transgenic mice expressing the ASLV
subgroup A receptor (7, 10, 12). An alternative approach is to
replace the env gene encoding the ASLV envelope glycopro-
tein with the env gene of the amphotropic murine leukemia
virus (MLV) (5). The resulting virus, RCASBP-M2C, is still
able to infect and replicate efficiently in avian cells. Although
RCASBP-M2C can efficiently infect mammalian cells, it is rep-
lication defective in mammalian cells. Compared with an
MLV-based vector, RCASBP-M2C has several advantages.
Since it is replication competent in avian cells, high-titer virus
stock can be prepared simply by passaging transfected avian
cells. There is no need for a packaging cell line, which is
required when a replication-defective MLV vector is used.
Replication-defective MLV-based vectors can become replica-
tion competent by recombination with endogenous viruses. In
contrast, the proviruses of ASLV-based vectors are stable
when integrated into the genome of a mammalian cell. Neither
mammalian cells nor the EV-0-derived chicken cells used to
propagate the ASLV vectors have sequences closely related to
the ASLV vectors. The absence of related sequences also
makes an ASLV-based provirus easy to detect in mammalian
cells. Since it is replication defective in mammalian cells, the
ASLV-based virus is safe to handle. In contrast to physical
gene-transfer methods, such as electroporation and calcium
phosphate-DNA precipitation, which often introduce DNA
into the genome in tandem arrays that frequently contain re-

arrangements, retroviral infection gives rise to integrated pro-
viruses that have precisely defined structures. Retroviral inte-
gration does not cause gross rearrangements of the host cell
genome. In general, the efficiency of stable gene transfer is
higher when a viral infection protocol is used (25). With these
advantages, the RCASBP-M2C vector should be useful for
gene delivery and insertional mutagenesis in mammalian sys-
tems. Here we describe the development of a derivative of the
RCASBP-M2C vector, pGT-GFP, that can be used for gene
trapping in mammalian cells.

Gene trapping is a type of insertional mutagenesis that al-
lows the easy identification of disrupted genes (20, 31). The
concept behind gene trapping is that expression of a reporter
gene that lacks promoter elements and an ATG initiation
codon but contains an appropriate splice acceptor is depen-
dent on the presence of a chromosomal transcription unit at
the integration site. The transcript from the integrated re-
porter gene is a fusion between the 59 part of the cellular gene
and the reporter gene. Chimeric embryos derived from embry-
onic stem (ES) cells containing such fusions can be screened
for interesting patterns of expression of the protein encoded by
the gene fusion. This method can be used to identify develop-
mentally regulated genes; the phenotype of the mutant animal
can help to elucidate the function of the trapped gene. More
recently, gene trapping has been used in an attempt to disrupt
and tag essentially all of the genes in mouse ES cells (38).

One major problem of the gene trap strategy is that, in most
cases, there is no simple way to preselect the ES cells for
interesting genes or mutations before a significant effort is
made to generate and analyze chimeric embryos. Some effort
has been made to simplify the problem. For instance, Skarnes
et al. modified a conventional gene trap vector so that the
b-galactosidase (b-gal) activity encoded by the reporter gene
was detected only if the cellular gene that was fused to the
reporter gene contained an N-terminal signal sequence. In this
system, the ES cells were preselected for integration into genes
coding for secreted or cell surface proteins (32). Another
group prescreened ES cells in vitro for a subset of ES cells in
which bgeo fusion proteins (described below) were confined to
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the nucleus, in an attempt to trap genes that encode nuclear
proteins (33). Alternatively, ES cells can be induced to differ-
entiate in vitro. ES cells that gave rise to embryoid bodies with
tissue-specific expression patterns of the fusion proteins were
selected and used to generate mice for phenotypic studies (4,
30).

With the importance of the preselection of ES cells in mind,
we developed an RCASBP-M2C-based gene trap vector, pGT-
GFP, which allows the prescreening of mutagenized cells based
on the subcellular localization of the GFP fusions. The subcel-
lular localization of a fusion protein provides a starting point
for functional studies. For instance, most transcription factors
and chromosomal proteins are nuclear proteins. Similarly, cell
surface proteins are likely to be either membrane components
or signal transduction molecules. In gene trap experiments in
both yeast (8) and mice (31, 33), b-gal activity encoded by gene
fusions was detected in various subcellular localizations, sug-
gesting that the amino-terminal portion of the fusion protein
that is encoded by the cellular gene is sufficient, at least in
some cases, to direct the fusion protein into particular cellular
compartments, presumably based on its intrinsic subcellular
distribution. In the gene trap experiment described by Tate et
al., many of the bgeo gene fusions that encoded nuclear pro-
teins have bgeo fused to open reading frames with nuclear
localization signals or other hallmarks of nuclear proteins. In
addition, antibodies raised against peptides derived from two
trapped genes showed that the endogenous proteins have a
subcellular distribution similar to that of the fused proteins
(33). These observations support the idea that the subcellular
localization of a protein fusion reflects the normal distribution
of the product of the trapped cellular gene in the cell.

Most of the reported gene trap systems use bacterial b-gal or
bgeo as the reporter. bgeo is a fusion of the neomycin resis-
tance gene and the b-gal gene. We have used the gfp gene from
the jellyfish Aequorea victoria as the reporter gene in the gene
trap vector pGT-GFP. The gfp gene has been widely used as an
indicator of gene expression and protein localization in differ-
ent organisms, such as Caenorhabditis elegans (9), zebrafish (1,
2, 15, 22, 24), Drosophila melanogaster (6, 34, 37), and mouse
(13, 27, 39, 40). Green fluorescent protein (GFP) provides a
vital marker that reflects the dynamic nature of gene expres-
sion during development without fixation and staining of the
tissues or cells. In contrast, b-gal activity provides a static view
of gene expression during development and requires fixation
and the addition of a chemical substrate to tissues or cells.
Moreover, while GFP gives a clear picture of subcellular dis-
tribution, the b-gal substrate can diffuse, and an immunostain-
ing procedure using an antibody against b-gal protein is re-
quired to determine the precise distribution of b-gal in cells.
Although GFP has not been used as a reporter for gene trap
experiments in mice, it has been used as a reporter in enhancer
trap experiments in D. melanogaster to reveal gene expression
patterns in various developmental stages (34, 37). Transgenic

mouse lines that express unfused GFP were generated to label
the whole animal (27) or specific tissues and cells (39, 40). The
expression of a single copy of gfp-Hox gene fusion could be
detected during various stages of mouse embryogenesis; the
GFP expression pattern reflected the expression pattern of the
Hox genes (13). These observations suggest that GFP or mod-
ified versions of GFP could be used in gene trap experiments
in mice.

Although we believe that pGT-GFP can be used in mouse
ES cells, we made the initial tests of the vector in mouse NIH
3T3 cells and dog D17 cells. Cells that expressed GFP were
isolated. Some cells were chosen based on the subcellular lo-
calization of the GFP fusion, and the trapped genes were
characterized. Of the four GFP fusion transcripts we charac-
terized, two contained novel sequences, one contained a
known gene, and one contained segments of a known gene and
sequences that had not previously been reported. For the
known gene, the splice acceptor preceding gfp was used appro-
priately, and the gfp is in frame with the disrupted cellular
gene. The distribution of the GFP fusion was in reasonable
accordance with the published distribution of the normal cel-
lular protein.

MATERIALS AND METHODS

Plasmid construction. pGT-GFP (Fig. 1) was derived from the vector
RCASBP-M2C (5). A gfp cassette containing a splice acceptor, the GFP coding
sequence preceded by a 14-codon linker, and a unidirectional simian virus 40
(SV40) polyadenylation site was inserted at the end of the env gene in RCASBP-
M2C. The gfp cassette was placed in the RCASBP-M2C vector in an orientation
opposite to the viral genes. The gfp gene in the cassette was derived from the
pGreen Lantern-1 plasmid (Life Technology, Gaithersburg, Md.). A NcoI site
was introduced at the ATG initiation codon of gfp and a HindIII site was
introduced immediately upstream of the TAA stop codon. The NcoI-HindIII
fragment containing the GFP coding sequence without the TAA stop codon was
inserted in the helper plasmid SACla12Nco (19) which contains a splice acceptor
42 bp upstream of the gfp insertion site. The 42 nucleotides encode the sequence
Pro Leu Trp Pro Gly Gly Ser Trp Asp Val Gln Pro Thr Thr, in frame with gfp.
These 14 amino acids should serve as a linker between the cellular protein and
GFP. The SV40 intron and polyadenylation site were PCR amplified from
pGreen Lantern-1 and inserted in the HindIII site just beyond the end of the
GFP coding sequence. As a result of the PCR, a TAA stop codon was introduced
in frame with the gfp gene, and a NotI site was added at the end of the polyad-
enylation site. The NotI site was used in subsequent cloning steps. This plasmid
is called SACla12Nco-GFP/pA. Since the SV40 polyadenylation site is bidirec-
tional, it could interfere with the transcription of the viral genes. To eliminate the
polyadenylation motif that would be in the same orientation as the viral genes,
plasmid SACla12Nco-GFP/pA was linearized at a unique HpaI site that is inside
the polyadenylation site. The entire plasmid, except the region containing the
polyadenylation site to be removed, was amplified by using a pair of PCR primers
(TATTGCAGCTTATAATGGTTAC and GCAAGTAAAACCTCTACAAA
TG) that flank the polyadenylation site. The PCR product was circularized by
using T4 DNA ligase. The resulting plasmid, SACla12Nco-GFP/pA(f), contains
only a unidirectional polyadenylation site. The modified polyadenylation site was
sequenced to check for PCR errors. Finally, a ClaI-NotI fragment of
SACla12Nco-GFP/pA(f) containing the splice acceptor, the GFP coding se-
quence preceded by the 14-codon linker, and the unidirectional SV40 polyade-
nylation site was inserted in RCASBP-M2C(CM) to make pGT-GFP. RCASBP-
M2C(CM) is a derivative of RCASBP-M2C; the MluI site near the site where the

FIG. 1. Schematic structure of the gene trap vector pGT-GFP. The long terminal repeats (LTR), gag, pol, and the sequence that encodes the envelope signal peptide
are from the parental ASLV. The env gene is from an amphotropic MLV. The gfp trapping cassette, including the GFP coding sequence (GFP), the splice acceptor
(SA), a 14-codon linker (Linker), and the polyadenylation signal (pA), is placed in an orientation opposite to the viral genes. SD, splice donor. Figure is not to scale.
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viral sequences were joined to the plasmid was removed, making the MluI site
adjacent to the ClaI cloning site in RCASBP-M2C(CM) unique.

Cell culture, transfection, and infection. DF-1, a permanent fibroblast cell
line, was derived from EV-0 chicken embryos (3, 16, 29). The cells were cultured
in 13 Dulbecco’s modified Eagle medium (GIBCO BRL, Gaithersburg, Md.)
supplemented with 10% tryptose phosphate broth (GIBCO BRL), 5% newborn
calf serum (GIBCO BRL), 5% fetal calf serum (Hyclone, Logan, Utah), 100 U
of penicillin/ml, and 100 mg of streptomycin/ml (Quality Biological, Inc., Gaith-
ersburg, Md.). The cells were incubated at 39°C with 5% CO2. Mouse NIH 3T3
cells and dog D17 cells were maintained in Dulbecco’s modified Eagle medium
supplemented with 10% calf serum (GIBCO BRL), 100 U of penicillin/ml, and
100 mg of streptomycin/ml. The mammalian cells were incubated at 37°C with 5%
CO2. The plasmid containing pGT-GFP was prepared by using the Qiagen
plasmid kit (QIAGEN Inc., Chatsworth, Calif.). Plasmid DNA was introduced
into DF-1 cells by calcium phosphate precipitation (18, 36). The transfected cells
were passaged two to three times to let the viruses spread throughout the culture.
Once virus production peaked, as measured by reverse transcriptase (RT) activ-
ity in the culture supernatant (18, 19), the cells were either analyzed as described
below or treated with 2.5 mg of mitomycin C/ml (Sigma, St. Louis, Mo.) to stop
cell proliferation. The NIH 3T3 and D17 cells were infected by cocultivation with
the virus-producing, growth-arrested DF-1 cells for approximately 48 h.

Fluorescence-activated cell sorting and confocal microscope analysis. Infected
DF-1 cells, as well as NIH 3T3 and D17 cells that had been cocultivated with the
virus-producing, growth-arrested DF-1 cells, were suspended in 2% fetal calf
serum in phosphate-buffered saline at a concentration of 5 3 106 cells/ml. The
percentage of green cells was measured by a fluorescence-activated cell sorter
(FACS). The fluorescent cells were sorted into either a pool or as single cells into
a 96-well tissue culture plate. The FACS-sorted cells were cultured either on
multiwell Lab-Tek chamber slides (Nalge Nunc, Milwaukee, Wis.) or on glass-
bottom microwell dishes (MatTek Corp., Ashland, Mass.). The subcellular lo-
calization of the green fluorescence was determined by using either a CLSM
Zeiss 310 upright microscope or a CLSM Zeiss 410 inverted microscope.

Identifying the trapped genes. FACS-sorted NIH 3T3 clones with interesting
subcellular localization of green fluorescence were expanded and total RNA was
prepared by using RNA STAT-60 reagent (Tel-Test “B”, Inc., Friendswood,
Tex.). Poly(A)1 mRNA was isolated from the total RNA by using Oligotex resin
(QIAGEN). The genes that were disrupted by the pGT-GFP vector were am-
plified by using a Marathon cDNA amplification kit (Clontech Laboratories, Inc.,
Palo Alto, Calif.). Briefly, the poly(A)1 mRNA derived from trapped NIH 3T3
cells was converted to double-stranded cDNA. An adapter oligonucleotide was
added to the ends of the cDNA to make a library of adapter-ligated cDNA,
which was used as the template for 59 rapid amplification of cDNA ends (59
RACE) reactions. The gfp-specific primer for 59 RACE was ATAGGTGAAG
GTAGTGACCAGTGTTGGC; the adapter-specific primer was provided in the
kit. The RACE reactions were carried out by using Advantage cDNA PCR kit
(Clontech Laboratories, Inc.). 59 RACE products were cloned into the TA
cloning vector pCR2.1 (Invitrogen, Carlsbad, Calif.) and sequenced by using ABI
PRISM DNA sequencing protocol (Perkin-Elmer, Foster City, Calif.). The se-
quences of the RACE products were analyzed by using the BLAST program to
search for homologous sequences in the GenBank.

RESULTS

The gene trap vector pGT-GFP (Fig. 1) is an ALSV-based
retroviral vector that efficiently infects, but does not replicate
in, mammalian cells. pGT-GFP was created by introducing into
a derivative of RCASBP-M2C a GFP coding sequence in
which the 59 end of the gfp gene is linked to a splice acceptor
and the 39 end is linked to a modified SV40 polyadenylation
signal. To express GFP in cells, the proviral form of the vector
must insert into an intron of an actively expressed gene in the
appropriate orientation. The splice donor of the cellular gene
would be linked to the splice acceptor in the GFP cassette to
form a fused transcript with gfp. To obtain valid translation of
the fusion transcript, the joining must link the gfp sequence to
the cellular gene in the appropriate reading frame. The poly-
adenylation signal in the gfp gene trap cassette will stop tran-
scription from the fusion gene. Ordinarily such insertions
would disrupt the function of the gene into which the vector
inserts.

The pGT-GFP vector was tested in DF-1 cells, D17 cells,
and NIH 3T3 cells. Virus was prepared in DF-1 cells. The
virus-producing DF-1 cells were treated with 2.5 mg of mito-
mycin C/ml. At this concentration, mitomycin C blocks the
proliferation of DF-1 cells but has only a limited effect on virus
production (data not shown). D17 and NIH 3T3 cells were

infected by cocultivation with mitomycin C-treated, virus-pro-
ducing DF-1 cells. To determine the percentage of cells that
became fluorescent upon viral infection, the cells were ana-
lyzed by using a FACS, and the results are summarized in
Table 1.

As negative and positive controls for FACS analysis, mock-
infected DF-1 cells and DF-1 cells infected with a virus that
constitutively expresses GFP were tested; 0.2% of mock-in-
fected DF-1 cells and 97.4% of infected DF-1 cells were fluo-
rescent, indicating that the FACS analysis was appropriate for
this study. About 2% of DF-1 cells infected with pGT-GFP
(two preparations of the same vector were tested) were fluo-
rescent at passage three after transfection, and 2.4% of the
D17 cells and 10.7% of the NIH 3T3 cells that had been
cocultivated with virus-producing, growth-arrested DF-1 cells
were fluorescent. Because the D17 cells and NIH 3T3 cells
were infected by cocultivation with different preparations of
the virus-producing DF-1 cells, the significance of this differ-
ence is unclear. In these experiments, the fluorescent cell pop-
ulations contained some DF-1 cells. Since the DF-1 cells had
been treated with mitomycin C, the majority of cells should
have been D17 and NIH 3T3 cells, and only these cells should
have grown and produced colonies.

As discussed previously, the subcellular localization of a
protein can shed light on its function. GFP is distributed
throughout the cell (data not shown). When GFP is linked to
a fusion partner, it may adopt a new subcellular location, which
is likely determined by the subcellular localization of the cel-
lular gene product included in the fusion. The FACS-sorted
green fluorescent NIH 3T3 and D17 cells were observed by
using a confocal microscope either as a pool enriched for green
fluorescent cells (Fig. 2E and F) or as individual clones (Fig.
2A to D). Of about 90 clones, three patterns of green fluores-
cence were observed most frequently—general distribution
throughout the cell (Fig. 2A), nuclear localization (in some
cases excluded from the nucleolus) (Fig. 2E and F), and cyto-
plasmic localization (Fig. 2C and D). Less frequently observed
patterns included small spots in the cytoplasm (Fig. 2B) and a
cable-like distribution of GFP inside the cell or on the cell
surface (Fig. 2E). The punctate pattern may be caused by the
association of the GFP fusion with cellular organelles, such as
the Golgi apparatus or the mitochondria. The cable-like GFP
pattern may indicate that the fusion protein was a component

TABLE 1. Percentage of cells that became fluorescent upon
viral infection

Cell linea Vectorb % of fluorescent
cells

DF-1 Mock 0.2
RCASBP-M2C/GFP 97.4
pGT-GFP(7) 2.1
pGT-GFP(11) 2.0

D17 Mock 0.3
pGT-GFP(7) 2.4

NIH 3T3 Mock 0.1
pGT-GFP(7) 10.7

a Virally infected DF-1 cells were prepared by passaging transfected cells. NIH
3T3 and D17 cells were infected by cocultivation with the virus-producing,
mitomycin C-treated DF-1 cells.

b RCASBP-M2C/GFP was used as a positive control that constitutively ex-
presses GFP. pGT-GFP(7) and pGT-GFP(11) are two independent clones of the
vector pGT-GFP. NIH 3T3 and D17 cells were cocultivated with different prep-
arations of DF-1 cells that had been separately transfected with pGT-GFP(7).
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FIG. 2. Different subcellular localizations of GFP fusions observed in living cells by using an inverted confocal microscope. (A to D) Trapped NIH 3T3 lines carrying
GT-3, GT-7, GT-12, and GT-13, respectively. (E and F) Trapped D17 cells observed in a cell pool enriched for fluorescent cells. Bar 5 25 mm. A to D have the same
scale, and E and F have the same scale.
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of the cytoskeleton. The exact location of the GFP can be
determined by staining the cells with organelle-specific dyes or
by immunostaining the cells with antibody against specific com-
ponents of the organelles.

The gfp sequence at the 39 end of the transcripts produced by
the gene fusion can be used as a molecular tag to identify the
disrupted gene by using the RACE protocol. 59 RACE reac-
tions were performed on five FACS-sorted NIH 3T3 clones,
which were selected based on their patterns of GFP distribu-
tion, some of which are shown in Fig. 2. We failed to obtain a
RACE product from one clone; however, we did obtain 59
RACE amplification products from the four other clones. The
results are summarized in Fig. 3.

The 59 RACE products are composed of three regions—the
adapter sequence that has been added to the 59 end of cDNA,
the trapped gene sequence joined to the linker sequence at the
splice acceptor site, and 197 bp of the GFP coding sequence.
BLAST analysis of the nucleotide sequences of the trapped
genes GT-3 and GT-7 discovered no sequence homologies in
the GenBank, suggesting that these sequences represent seg-
ments of novel genes. The trapped genes GT-1 and GT-13 are
related to known genes. Cells carrying GT-1 contained green
fluorescence that was distributed all over the cell (data not
shown, but similar to Fig. 2A). Two fragments of the GT-1
gene share 90 and 82% sequence identity with bp 1296 to 1381
and bp 1558 to 1686 of the human hepatocyte growth-factor-
like protein (HLP) gene (GenBank accession no. U37055).
The sequences amplified by 59 RACE reactions should all be
transcribed, so it was surprising to find that bp 1296 to 1381
and bp 1558 to 1686 are within the 59 flanking region of the
HLP gene. A simple explanation for this discrepancy is that bp
1296 to 1381 and bp 1558 to 1686 are transcribed through an
unknown alternative promoter of the HLP gene. If the two

regions are distributed on two adjoining exons, they could be
joined in the mature transcript. If this is the case, the remain-
ing approximately 850 bp of sequence that do not have homol-
ogy to the published sequence of HLP can be interpreted as
being unidentified exon(s) of the HLP gene. To test these
ideas, we looked for transcription of the GT-1 gene by RT-
PCR. A 1,018-bp fragment was amplified from the double-
stranded cDNA prepared from cloned cells carrying GT-1, as
well as from mouse brain, by using a pair of primers flanking
the trapped sequence (data not shown; see Fig. 3 for positions
of the primers), thus confirming the expression of this segment
into RNA. We cannot tell if the trapped gene uses the same
reading frame as gfp in the GT-1 fusion because there is no
information in the reading frame of this part of the trapped
gene. However, the presence of the green fluorescence in the
cells suggested that the GFP coding sequence was translated
correctly. The GFP fusion of the clone carrying GT-13 con-
tained sequences from mouse phospholipase C-a (PLC-a)
gene (accession no. M73329). The PLC-a gene sequence was
joined to gfp at bp 678. The splice acceptor preceding the gfp
sequence was used appropriately. Although the 59 RACE re-
action did not reach the 59 end of the PLC-a gene transcript,
the PLC-a gene transcript was in the same reading frame as
gfp.

With the sequence information obtained by 59 RACE, the
remaining cDNA sequence of a trapped gene that is down-
stream of the viral integration site can be obtained by 39
RACE. As an example, we used 39 RACE to isolate the 39
region of the GT-1 gene. The adapter-ligated double-stranded
cDNA pools prepared from mouse brain and cloned cells car-
rying GT-1 were used as 39 RACE templates. The adapters had
been added to both 59 and 39 ends of the cDNA, so that the
same adapter-ligated cDNA pool could be used for either 59
or 39 RACE. A gene-specific primer complementary to the 39
end of the trapped GT-1 sequence was paired with the primer
complementary to the 39 RACE adapter reactions (see Fig. 3
for position of the GT-1 primer). A 3.8-kb fragment was am-
plified from both mouse brain cDNA and from cDNA derived
from cells carrying GT-1 (data not shown). This fragment
contained the transcript of the undisrupted GT-1 gene extend-
ing from the GT-1-specific primer towards the end of the
transcript. The 3.8-kb fragment was amplified from the cDNA
made from cells carrying GT-1 because the viral insertion is
heterozygous in those cells; one allele of the gene contained
the proviral insertion, the other allele was wild type. A 1.1-kb
fragment was amplified from the cDNA derived from cells
carrying GT-1 but not from the mouse brain cDNA, suggesting
that this fragment was from the gfp fusion transcript. Sequenc-
ing of the 1.1-kb fragment confirmed that the disrupted allele
of the GT-1 gene contained the gfp gene sequence.

DISCUSSION

The gene trap vector pGT-GFP is an ALSV-based retroviral
vector with the env gene from the amphotropic MLV. The
proviral form of pGT-GFP is able to insert into the mamma-
lian genome without causing gross rearrangement. Compared
with an MLV-based gene trap vector, the proviral form of
which may be mobilized due to recombination or complemen-
tation with endogenous viruses, the integrated pGT-GFP is
stable in mammalian cells. The lack of homologous sequences
in the mammalian genome makes it easy to detect pGT-GFP
proviral DNA in mammalian cells. Another useful feature of
the pGT-GFP vector is its reporter gene gfp, which provides a
vital and dynamic marker that can be used to visualize gene
expression in the living cell and animal. Unlike other markers,

FIG. 3. Diagram showing the structures of the 59 RACE products amplified
from four different gene trap clones, carrying GT-1, GT-3, GT-7, and GT-13,
respectively. Grey box, part of the gfp sequence; cross-hatched box, linker se-
quence between the cellular gene and gfp; hatched box, the 59 RACE adapter;
open box, trapped chromosomal sequence with no homology in the GenBank;
black box, trapped chromosomal sequence with homology in the GenBank;
closed arrows, the primers used in RT-PCR; open arrow, the primer used in 39
RACE reaction. The identities of the trapped cellular genes, with starting and
ending positions noted, are labeled. No match, transcripts that have no homol-
ogous sequences in GenBank. Bar 5 200 bp.
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no prior fixation and staining are required to view GFP, nor
are immunostaining procedures necessary when a more precise
localization of the marker in cell is desired. However, it must
be kept in mind that, although the GFP marker used in our
study works well in tissue culture systems, a modified version of
GFP may be necessary to follow gene expression in embryo
and adult mice (13, 27, 39, 40).

The appropriate integration of pGT-GFP into an actively
expressed gene will produce a gene fusion between the cellular
gene and gfp. If the resulting fusion transcript is in frame, the
cells should express a fusion protein. The subcellular locations
of the GFP fusions will reflect the distribution of the trapped
cellular gene products and provide a parameter to preselect
the trapped cells before additional efforts are made to clone
the cellular genes and to generate chimeric mice.

The data obtained from infecting DF-1, D17, and NIH 3T3
cells demonstrated that pGT-GFP was able to generate useful
GFP fusions. The percentage of green fluorescent cells ob-
tained after infection varied for different cell lines: about 2%
for DF-1 and D17 cells and 10% for NIH 3T3 cells. We do not
know whether this difference is significant or not. As has al-
ready been discussed, integration of pGT-GFP in the mamma-
lian genome has to meet several criteria in order to make a
GFP fusion: the provirus needs to be inserted in the intron of
an actively transcribed gene, the orientation of gfp has to be the
same as the cellular gene, and splicing of the transcript has to
generate a valid reading frame for gfp. Therefore, it seems
reasonable that a relatively small percentage of cells would be
fluorescent. It should be clear that the vector we have devel-
oped requires the fusion to be in one of three possible reading
frames. This means that the use of this vector will result in
some genes being missed. Additional gene trap vectors closely
related to pGT-GFP that contain gfp in the other two reading
frames can be made. The use of all three vectors will increase
the chance that any given gene will be trapped.

The FACS-sorted fluorescent cells were selected based on
their pattern of fluorescence. Transcripts from the disrupted
cellular genes were cloned by using 59 RACE. In experiments
done with NIH 3T3 cells, we identified four genes: one known
gene, two novel genes, and one gene that contained sequences
from a known gene but also sequences that have no homology
in the GenBank. The expression of the novel sequences of
the GT-1 gene was confirmed by RT-PCR. The 39 region of the
wild-type allele of the GT-1 gene that is downstream of the
proviral integration was identified by using 39 RACE.

Several gene trap protocols have been developed in which
the trapped cells were selected based on the distribution of the
fusion reporter protein in the cell. One such protocol enriched
and selected for membrane proteins and secreted proteins
(32); another protocol focused on nuclear proteins (33). For
such gene trap experiments, including ours, there is always the
possibility that the signals that are crucial for protein localiza-
tion, such as nuclear localization signal and signal peptide, may
not be included in a particular gene fusion. Thus, the distribu-
tion of the reporter fusion may not always reflect the intrinsic
distribution of the endogenous protein. However, there are
data to suggest that when a protein fusion has a specific sub-
cellular distribution, this distribution is similar to that of the
normal cellular protein (21, 26, 33). Our data, while limited,
support this conclusion. For cells carrying GT-13, the PLC-a:
GFP fusion protein was cytoplasmic, concentrated primarily in
the perinuclear region (Fig. 2D). This distribution agreed with
the observation that PLC-a protein was a soluble protein pri-
marily in the cytosol (17). However, while the PLC-a:GFP
fusion does not appear to be in the cytoplasmic membrane,
PLC-a protein was also detected in the membrane fraction (23,

35). The discrepancies between the subcellular distributions of
the GFP fusion and the normal cellular protein may be ex-
plained by the differences in cell types used in different studies.
Alternatively, if the pGT-GFP integration is too close to the 59
end of the trapped gene, the protein localization signals that
are present in the normal protein could be absent in the GFP
fusions.

If multiple proviral integrations are present in a cell, is the
gene identified by 59 RACE always the gene that produces
the GFP fusion? Since the trapping is effective for 2 to 10% of
the cells, it is unlikely that a single cell would contain more
than one integration that makes a GFP fusion protein. A
Southern blot can be used to determine the number of proviral
insertions per cell.

To try to answer questions about the number of proviruses
present in each cell, parallel experiments were done by using
related ASLV-based vectors with an amphotropic MLV enve-
lope that contains a selectable marker (either puromycin re-
sistance or neomycin resistance) under the control of an inter-
nal promoter. Murine ES cells were infected by cocultivation
with mitomycin-C-treated DF-1 cells (see Materials and Meth-
ods). Approximately 20% of the ES cells were infected, judged
by PCR analyses of randomly picked clones. About one-third
of the infected cells could be selected by using the appropriate
selective agent (puromycin or G418). Southern transfer anal-
ysis of DNA from individual drug-resistant clones showed that
the number of proviruses varied from one to six (data not
shown). Since these clones were resistant, they presumably had
a higher average provirus copy number than did the clones that
contained proviruses that were not expressed. An average copy
number of two to four proviruses per infected cell is probably
acceptable for most gene trapping experiments. We believe
that a shorter cocultivation period would reduce the average
provirus copy number if this were necessary for some particu-
lar experiment.

Although it is probably a rare event, the green fluorescence
we observed in some clones might be caused by the expression
of unfused GFP protein driven by a nearby cellular promoter.
The ATG initiation codon was not removed from the GFP
coding region in vector pGT-GFP, thus the GFP coding se-
quence could be expressed as a promoter fusion as well as a
gene fusion. In such cases, the green fluorescence should not
be localized within the cell, and the sequences amplified by 59
RACE should identify transcribed but untranslated regions of
a gene.

The trapping experiments with pGT-GFP performed in
mouse NIH 3T3 cells and dog D17 cells suggested that pGT-
GFP could be used to trap genes in mouse ES cells. Once a cell
containing a fusion with an interesting subcellular expression
pattern is chosen and the disrupted gene is identified, the
phenotype of the insertional mutation can be assessed by gen-
erating and analyzing mutant mice.
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