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A gene trap approach in Xenopus

Odile J. Bronchain, Katharine O. Hartley and Enrique Amaya

The frog transgenesis technique ultimately promises to
make mutagenesis possible through random insertion
of plasmid DNA into the genome. This study was
undertaken to evaluate whether a gene trap approach
combined with transgenesis would be appropriate for
performing insertional mutagenesis in Xenopus
embryos. Firstly, we confirmed that the transgenic
technique results in stable integration into the genome
and that transmission through the germline occurs in
the expected Mendelian fashion. Secondly, we
developed several gene trap vectors, using the green
fluorescent protein (GFP) as a marker. Using these
vectors, we trapped several genes in Xenopus laevis
that are expressed in a spatially restricted manner,
including expression in the epiphysis, the olfactory bulb
and placodes, the eyes, ear, brain, muscles, tail and
intestine. Finally, we cloned one of the trapped genes
using 5' rapid amplification of cDNA ends polymerase
chain reaction (RACE PCR). These results suggest that
the transgenic technique combined with a gene trap
approach might provide a powerful method for
generating mutations in endogenous genes in Xenopus.
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Results and discussion

In this study, we wanted to determine whether the
Xenopus transgenesis technique [1] could be adapted for
insertional mutagenesis. Transgenesis in the frog is based
on restriction enzyme mediated integration (REMI) and
allows the generation of transgenic frog embryos express-
ing reporter constructs at a high frequency and in a non-
mosaic fashion [1]. Because plasmid DNA is randomly
inserted into the genome, this technique is probably
mutagenic [2]. If the transgenic technique is to be useful
for insertional mutagenesis, however, the integrated DNA
must be stably transmitted through the germline.

To address this issue, we have generated transgenic
embryos carrying a Ylcrystallin-GFP  construct, which
is specifically expressed in the lens, and raised them to

maturity. The transgenic frogs were crossed to wild-type
counterparts and the F1 progeny was analyzed for the
expression of the ylcrystallin-GFP construct (Figure 1;
Table 1). Four independent lines were crossed and all
transmitted the transgene. In lines 1 and 3, 50% of the F1
progeny expressed the transgene, suggesting that one
integration event occurred during the transgenic proce-
dure. F1 progeny derived from line 2 expressed the trans-
gene at 75%, suggesting two independent integrations.
The frequency of transmission obtained from these lines
strongly suggests that the integration event in these
founder animals occurred at a very early stage of develop-
ment, resulting in a non-mosaic germline. In line 4, 89% of
the I'1 progeny expressed the transgene, suggesting three
or four independent integrations. We are currently raising
the GFP-expressing F1 animals from line 1 and the meta-
morphosed frogs still express the transgene (Figure 1b).
These results confirm that the amphibian transgenesis pro-
cedure results in early, stable integration of plasmid DNA
into the genome, that the germline in the FO founder
animals is not mosaic and that the transgenesis procedure
is suitable for multi-generation experiments. In addition,
the ability to generate more than a thousand transgenic
animals following a simple mating procedure makes this
technology in the frog particularly powerful (see Table 1).

Next, we investigated whether a gene trap approach would
be feasible in Xenopus. A typical gene trap vector contains a
selectable marker either fused in frame or placed on an
independent translational unit to a selectable marker.
Because it is devoid of promoter sequences, an insertion
into a transcriptionally active unit is required for the
marker to be expressed [3-5]. In the mouse, a selection
step occurs following transfection of embryonic stem cells.
Rather than utilizing a selection step, we have modified
the existing gene trap vectors to allow for rapid screening
of insertions in living embryos. We replaced the commonly
used B-galactosidase reporter gene with the GFP gene
[6-7], the expression of which can be detected in living
embryos at all stages of development following the start of
zygotic transcription. Integration of a gene trap vector con-
taining GFP into an actively transcribed gene acts as a
locus-specific marker of the gene in living embryos and
provides a tag for identifying the disrupted gene.

We generated a variety of gene trap vectors and tested
them in transgenic X. /aevis embryos. The basic exon trap
(E'T) vector contains little more than the GFP coding
sequence. This vector must integrate into exons of actively
transcribed genes in the correct orientation (and reading
frame, if within the translated region) for GFP fluores-
cence to be recovered. To allow detection of integrations
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Figure 1

Germline transmission of the ylcrystallin—GFP
transgene in X. laevis. (a) Image of four F1
stage 30 embryos from transgenic line 1.
Note that two out of the four embryos express
GFP in the lens. (b) Metamorphosed F1
froglet expressing GFP in the lens.
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into introns, we have added splice acceptor (SA) sequences
upstream of GFP; these SA sequences were from the aden-
ovirus late major transcript [5] (the SAGT vector) or the
murine engrailed 2 gene [8] (the SEGT vector). Because we
wanted to screen more specifically for insertions into trans-
lated genes, we mutated the GFP initiation codon in the
SEGT vector (SEAGT) so that GFP translation would
occur only when fused in frame within the translated
region of a trapped gene product.

Our screening strategy relies on generating fusion tran-
scripts between endogenous genes and GFP, in some
instances resulting in GFP fusion proteins. For a gene trap
approach to be generally useful, therefore, it is essential
that GFP fluorescence will not be adversely affected
when randomly fused to other proteins. T'o avoid potential
misfolding problems, we inserted a stretch of glycine
residues upstream of the GFP coding sequence. This
bridge would be expected to provide a flexible hinge
between GFP and upstream sequences, allowing the for-
mation of independent protein modules.

To determine the efficacy of a gene trap approach in

Xenopus, we generated several hundred transgenic

Table 1

GFP expression in ylcrystallin-GFP F1 embryos.

GFP+ GFP— % of GFP+ Number of

embryos integrations

Line 1 1412 1379 50.7 1

Line 2 812 266 75.5 2

Line 3 844 856 49.6 1

Line 4 2179 269 89.0 3-4

Four independent transgenic FO founder animals were mated to wild-
type counterparts and the F1 progeny were assayed for GFP
expression at stage 30. Positive (GFP+) and negative (GFP—) embryos
were scored. The percentage of expressing embryos is shown and the
number of independent integrations was based on this percentage as
predicted by simple Mendelian segregation.

embryos with each of our gene trap vectors. The embryos
were screened for GFP expression from the gastrula to
tadpole stages. Although most embryos failed to express
GFP, a small percentage of them (between 0.5% and 3%)
expressed GFP either ubiquitously or in a spatially
restricted pattern. In general, a higher percentage of
embryos generated with the SAGT and SEGT vectors
expressed GFP than embryos generated with ET or
SEAGT. Figures 2 and 3 show GFP expression in differ-
ent gene trap embryos. Embryos in Figure 2a,b and
Figure 3d were generated using the SAG'T vector. SA1
expressed GFP ubiquitously (Figure 2a and data not
shown). Figure 2a shows a close-up view of the expression
pattern of this gene trap insertion in the head. SA2
expressed GFP in the tail somites (Figure 2b) and nervous
system (data not shown). SA3 expressed GFP weakly
throughout the brain (Figure 3d). Figure 3b shows the
expression pattern of a tadpole (E'T1) generated with the
exon trap vector. ET1 expressed GEFP exclusively
throughout the olfactory system, including the placodes,
bulb and nerves. SE1 (Figure 3c), a tadpole generated
with SEGT, showed strong expression in the pineal gland
and weaker expression in the midbrain—hindbrain border.
Finally, Figure 2c—e shows the expression pattern of three
embryos (SEA1-3) generated with SEAGT. SEA1 showed
fluorescence in the inner ear, most probably the otoconia
(Figure 2¢). SEA2 expressed GFP in nerves flanking the
spinal cord (Figure 2d), and SEA3 expressed GFP specifi-
cally in the coiled intestine (Figure 2e).

A significant advantage of an insertional mutagenesis
scheme is the relative ease of identifying mutant alleles. A
gene trap approach has the added advantage that trapped
genes can be identified from isolated mRNA, rather than
genomic DNA. Even though an embryo may contain mul-
tiple insertions (Table 1), therefore, only ones that are
actively transcribed will be identified. To determine
whether we could clone some of the trapped genes, we
isolated mRNA from individual gene trap embryos and
performed 5 RACE PCR using nested primers within
GFP. We have cloned and analyzed several 5 RACE-PCR
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Figure 2
Cp Gene trap embryos expressing GFP in
A B different tissues. The top left panel shows a
‘% side view and ventral view of two tadpoles.
l.--.-@“*_.‘_ e The colored boxes outline the regions and
- E orientation used to take each picture.
[ & — (a,b) SA1 and SA2 were generated using the
{b-.-'hcr“_'}'D_ salvi SAGT vector. GFP expression in SA1 was
_ g e ubiquitous. (a) A magnified view of the head
— Ventral view from SA1. Note strong expression in the lens.

| :

(b) View of the tail from SA2. Note strong
expression in the somites. (c—e) SEA1, 2 and
3 were three separate embryos containing the
SEAGT gene trap vector. Each embryo
expressed GFP in a distinct manner. (c) SEAL
expressed GFP in the inner ear (otoconia;
arrow), (d) SEA2 expressed GFP in neurons
flanking the spinal cord and (e) SEA3
expressed GFP in the coiled intestine. The
white dots outline the eye in (c).
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products. Two of them were isolated from embryos gener-
ated with the SEGT vector. In both cases, we found that
the engrailed 2 splice acceptor is used properly to create
new GFP fusion transcripts (Figure 4). The two 5" RACE
products showed homology to previously identified
c¢DNAs in the database. One showed 100% identity to the
5" end of the Xenopus RelB gene encompassing the 5" UTR
and part of the coding region [9] (Figure 4b). The junction
between Re/B and GFP maintained the correct reading
frame, resulting in a RelB—-GFP fusion product. It is prob-
able, therefore, that the insertion has interrupted the
normal coding sequence of the Re/B gene. Another
product that we cloned was 100% homologous to the
mouse Mym gene (M. Sam and A. Bernstein, unpublished
observations; GenBank accession number AF019615). We
later identified this sequence within the mouse Engrailed
2 intron present in the SEGT and SEAGT vectors, so we
conclude that mouse Mym is a cryptic exon within the
second intron of the mouse KEngrailed 2 gene. The two
cases in which we cloned upstream sequences from
embryos generated with the SAGT vector, sequence
analysis showed that the expected adenovirus splice
acceptor site was not used (data not shown). Instead, the
splice junction occurred around 10 bp upstream of the
GFP initiation codon, where a cryptic splice acceptor is
present. At least in Xenopus, therefore, gene trap vectors
containing engrailed splice acceptor sequences might be
preferable to those containing adenovirus sequences.

In conclusion, we have shown that the transgenesis tech-
nique can be used to generate stable transgenic lines in X.
laevis and that the germline of the FO founder animals is
not mosaic. In addition, we show that the technique can
be adapted for insertional mutagenesis using a gene trap
strategy. Using this approach, we have trapped genes
expressed in many tissue types and cloned some of the
trapped genes using 5 RACE PCR. Indeed, we believe

Figure 3

(a
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Gene trap embryos expressing the GFP within the brain. (a) Dorsal view
of the head of a transgenic embryo containing a T—-GFP fusion under the
control of the neural B-tubulin promoter (NBT—t GFP). GFP expression is
observed throughout the brain, including the cranial nerves. This embryo
serves as a reference for positioning the expression of the different gene
trap embryos along the anterior—posterior axis. The colored boxes outline
the regions of the head photographed in (b, yellow), (c, blue) and (d, red).
(b) ET1 was generated using the exon trap vector ET. GFP fluorescence
was restricted to the olfactory placodes, nerves and bulbs. (c) SE1 was
generated using the SEGT gene trap vector and expressed GFP in the
pineal gland (arrow) and the midbrain—hindbrain junction (asterisk in
panels (a), (c) and (d)). (d) SA2 was generated using the SAGT gene
trap vector. Expression was observed weakly throughout the brain.
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Figure 4
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Cloned gene trap sequences. (a) Nucleotide and predicted amino acid
sequences of the Engrailed 2/gly—GFP junction in the SEGT gene trap
vector. A vertical arrow indicates the splice site. The Engrailed 2 SA
sequence is shown in blue with the intron in lowercase letters and the
exon in uppercase letters. The glycine bridge is shown in purple and
GFP in green. (b) Sequence obtained from a trapped gene obtained
using a 5" RACE PCR approach (shown in pink). The predicted amino
acid sequence is indicated underneath the nucleotide sequence.

the Xenopus system is particularly suited for a gene trap
approach to insertional mutagenesis. Firstly, the trans-
genic technique can be used to produce several hundred
transgenic embryos in a few hours [1]; therefore, generat-
ing embryos containing trapped genes requires a very
modest investment of time. Secondly, given that the
embryos develop externally, expression of the marker
gene GIFP can be monitored in living embryos at any stage
of development, in any tissue. In fact, a screen can be tai-
lored such that only embryos expressing the marker gene
at a particular stage or tissue type are maintained and
raised to maturity. This will greatly decrease the need to
maintain a large colony, as one can select from the start
which embryos to raise. Thirdly, when establishing fami-
lies of lines, one can easily recognize animals carrying the
integration (and putative mutation). Heterozygous animals
can be selected by expression of the GFP marker and only
these are raised at each generation. The ability to generate
several thousand embryos from a simple mating makes
this system particularly powerful for genetic purposes,
including careful analysis of phenotypes, gene mapping,
and segregation analysis.

We should also mention two major disadvantages of using
X. laevis for genetic experiments, however. The generation
time is long (around 1-2 years), and X. /aevis is essentially
tetraploid [10-12]. Mutations in some developmental loci
might not, therefore, result in obvious phenotypes because
of functional redundancy in closely related paralogs. Given

that teleosts also underwent an additional genome duplica-
tion relative to most other vertebrates [13—15], this concern
also holds true for zebrafish. Fortunately, there is a closely
related diploid frog in the same genus as X. /aevis. Xenopus
tropicalis has all the advantages of its larger cousin, includ-
ing our ability to make transgenic lines [12], but has the
additional advantages that it is diploid and has a generation
time of around five months [10-12]. In the future we plan
to perform a large-scale gene trap screen in X. zropicalis.

Supplementary material

Supplementary material including an additional figure showing a
diagram of the different gene trap vectors and Materials and methods
are available at http://current-biology.com/supmat/supmatin.htm.
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Diagram of the GFP gene trap vectors. (a) The basic exon trap vector
(ET) contains a stretch of 14 glycine residues subcloned in frame to
the GFP coding sequence (Gly—GFP). (b) The adenovirus gene trap
construct (SAGT) contains a 120 base pair fragment, including the
intronl—exon2 boundary of the adenovirus major late transcript splice
acceptor, subcloned upstream of the GFP open reading frame. (c) The
engrailed gene trap construct (SEGT) contains a 2.2 kb DNA
fragment, including the En-2 intron/homeobox containing exon
boundary fragment. This fragment was subcloned in frame upstream of
Gly—GFP. (d) The engrailed gene trap construct with the mutated
initiation codon of GFP (SESGT) is derived from SEGT. Purple boxes,
glycine bridges; Ad, adenovirus; En-2, engrailed; SA, splice acceptor.

Supplementary materials and methods
Transgenic frog embryos were generated as previously described
[S1,S2]. The gene trap vectors were linearized using Hindlll/Notl. The
REMI experiments were conducted using 100 ng of linearized plasmid
DNA per reaction and the nuclei were treated with Hindlll.

Plasmids

The ylcrystallin—-GFP construct was generated by subcloning a 2.2 kb
fragment of the ylcrystallin genomic DNA encompassing the promoter
region (received from Robert Grainger, [S3]) upstream of an enhanced
version of GFP [S4]. The adenovirus splice acceptor construct (SAGT)
was generated by inserting a 120 base pair Ncol-BamHI DNA fragment
from pSA-GFPNeo (Dixon and Evans, unpublished observations) into a
GUAS—-GFP3 construct linearized with BamHI-Ncol (K.H. and E.A.,
unpublished observations). The engrailed splice acceptor constructs
(SEGT, SEAGT) were generated by inserting a 2.2 kb HindllI-Bglll
DNA fragment from pGTM1 [S5] containing the En2 splice acceptor
(SA) sequence into the Hindlll-Bglll sites of either the Gly—GFP con-
struct or Gly—-AGFP*. The Gly—GFP construct is derived from the
pCS—GFP3 construct, which contains a modified GFP [S4] subcloned
in pCS2+ [S6,S7]. An oligonucleotide encoding a stretch of 14 glycine
residues (5'-GAATTCG[GGA]14GGATCC-3') was subcloned in frame into
the EcoRI-BamHI sites of pCSGFP3. The Amet—GFP was generated
by PCR. The amino terminal portion of GFP3 was amplified using a
primer homologous to base pairs 3—34 (5'-cGGGATCCAAAGGAGAA-
GAATTTTCACTG-3') with addition of a BamHI restriction site in 5' for
cloning purposes, and a primer homologous to the cDNA sequence
localized at base pairs 426448 (5'-CGTTGTGGGAGTTGTAGTTG-
TAT-3'). The PCR product was subsequently digested with BamHI and
Ncol restriction enzymes and subcloned into the BamHI-Ncol sites of
the Gly—GFP construct. To avoid potential read-through from the poly-
merase, we have exchanged the single SV40 polyadenylation (polyA)

sequence with a double polyA sequence (Xenopus 3' (-globin UTR
/SV40 polyA) from the pCSXFD construct [S1]. The double polyA was
subcloned as an Xbal-Notl fragment from pCSXFD into the Xbal-Notl
sites of the Gly—AGFP to give the final Gly—-AGFP* construct.

5'RACE PCR

Total cellular RNA from individual embryos was isolated by the guani-
dinium thiocyanate-phenol-chloroform method [S8]. A 5' RACE PCR
was performed as previously described [S9]. The first strand cDNA
was reverse transcribed using a GFP-specific primer homologous to
base pairs 426-448 (5'-CGTTGTGGGAGTTGTAGTTGTAT-3'). As
we were starting from individual embryos that might express the marker
gene in only a few cells, the amount of total RNA used for the reverse
transcription reaction varied from sample to sample and was estimated
on the basis of the expression pattern of the marker gene and the stage
at which the embryos were sacrificed. On average we used 2—10 pg of
total RNA. The total RNA was annealed to 10 ng of the GFP-specific
oligonucleotide and incubated for 1h with superscript Il (Gibco)
according to the manufacturer, recommendations. The synthesis of the
second strand cDNA was performed as previously described [S9]. A
series of nested PCR reactions were then performed using the 5’
RACE primer (5'-GGTTGTGAGCTCTTCTAGATGG-3') [S9] and a
succession of GFP-specific primers, each homologous to a sequence
closer to the 5' end of the GFP cDNA: PCR1: 5'-CGTGTCTTG-
TAGTTCCCGTCGTC-3', PCR2: 5- GAAAAGCATTGAACAC-
CATAAGT-3', and PCR3: 5'- GCATCACCTTCACCCTCTCCACT-3'.
Usually, two rounds of nested PCR were sufficient to recover the trap
gene fusion transcripts. The PCR reactions were performed using the
expand high fidelity PCR system (Boerhinger Mannheim) in a total
volume of 50 pl, using 600 nM of each primer, 500 pM dNTPs, in 1x
Buffer 3 supplemented with MgCl, at a final concentration of 5 mM.
The amplification was carried out as followed: a 2 min hot start at
94°C, followed by 30 cycles (30s at 94°C, 1 min 30 s at 60°C, and
3 min at 72°C). The reaction was completed by a final extension step at
72°C for 10 min, subcloned using the pGEM-T Vector system |
(Promega) and final products were sequenced.
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