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A strategy employing gene trap mutagenesis and site-specific recombination (Cre/loxP) has been used to
identify genes that are transiently expressed during early mouse development. Embryonic stem cells expressing
a reporter plasmid that codes for neomycin phosphotransferase and Escherichia coli LacZ were infected with
a retroviral gene trap vector (U3Cre) carrying coding sequences for Cre recombinase (Cre) in the U3 region.
Activation of Cre expression from integrations into active genes resulted in a permanent switching between the
two selectable marker genes and consequently the expression of 3-galactosidase (3-Gal). As a result, clones in
which U3Cre had disrupted genes that were only transiently expressed could be selected. Moreover, U3Cre-
activating cells acquired a cell autonomous marker that could be traced to cells and tissues of the developing
embryo. Thus, when two of the clones with inducible U3Cre integrations were passaged in the germ line, they

generated spatial patterns of (3-Gal expression.

Fusions between promoterless genes that encode an easily
assayable gene product and the controlling elements of cellular
genes have proved valuable tools for studying gene function
and regulation in mammalian cells. Several types of vectors,
referred to as “gene traps,” that insert a promoterless reporter
gene into mostly random chromosomal sites, including tran-
scriptionally active regions, have been developed. By selecting
for gene expression, recombinants in which the reporter gene
is fused to the regulatory elements of an endogenous gene are
obtained. Transcripts generated by these fusions faithfully re-
flect the activity of a disrupted cellular gene and serve as a
molecular tag to clone any gene linked to a specific function
(for reviews, see references 9, 13, 14, and 37). Particularly
useful in this regard have been mouse embryonic stem (ES)
cell lines which can pass genes introduced in vitro to transgenic
offspring in vivo (1, 15, 21, 34).

Approximately 50% of genes disrupted in ES cell lines after
infection or electroporation of gene trap vectors generated
recessive phenotypes in mice (7, 32, 35). Based on this high
efficiency of gene inactivation, it appears possible to isolate cell
lines with integrations in most expressed genes (2 X 10 to 4 X
10%). However, it would not be practical to pass all mutations
to the germ line since many mutations will involve genes of
lesser significance. Moreover, genes that are not expressed in
ES cells generally go unobserved. Therefore, it would be useful
to prescreen mutagenized ES-cell clones for mutations that
affect genes involved in significant biological processes. To this
end, three types of screens have been developed.

One approach involves sequencing DNA regions immedi-
ately adjacent to a gene trap vector. Comparison of the flank-
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ing sequences with nucleic acid databases reveals instances in
which the gene trap has disrupted known genes (12, 37). A
second approach uses a marker gene which can be easily visu-
alized in the developing embryo. Analysis of pattern formation
in chimeric or transgenic mice identifies mutations in develop-
mentally regulated genes (6, 7, 39). A third approach relies on
areporter gene that requires an N-terminal signal sequence for
expression. This effectively selects for mutations in genes that
encode secreted proteins (31).

However, none of these strategies specifically selects for
mutations in genes that are only transiently expressed. Since
during mouse development most genes are expressed in a
temporally and spatially restricted manner, it would be advan-
tageous to develop a gene trap approach that enables the
recovery of integrations into transiently expressed genes. To
this end, a gene trap expressing the site-specific recombinase
Cre was used to induce a permanent switching between two
selectable marker genes expressed from a constitutive pro-
moter. Since recombination uncouples the expression of the
marker gene from the Cre-activating cellular promoter, genes
that are expressed in a temporally restricted manner can be
identified. Moreover, promoter uncoupling results in the ac-
quisition of a cell autonomous marker which facilitates the
analysis of cell fate and migration in the developing embryo.

In this paper we describe five ES-cell clones with gene trap
integrations in genes that are induced during differentiation.
Two of these clones generated spatial patterns of gene expres-
sion in transgenic embryos.

MATERIALS AND METHODS

Plasmids. The ppgklxLacZ vector was derived from ppgklxtkneolIL3 (24) by
replacing the genes encoding tkneo and interleukin 3 (IL-3) with coding se-
quences for Neo and LacZ, respectively. Briefly, a loxPLacZ fragment was
assembled in pGEM30 by blunt-end ligation of the LacZ gene (derived from
U3LacZ [20]) into the EcoRI site of the loxP flanking polylinker (24). loxPLacZ
was then cloned as a Sall/Xhol fragment into the Xhol site of pSBC-2 (3)
upstream of the simian virus 40 polyadenylation site. A fragment extending from
the XmnI site of ppgklxtkneoIL3 to the Nhel site of the downstream loxP site was
isolated by a partial digestion and cloned into the respective sites of pSBC-2-
loxLacZ to obtain ppgklxtkneoLacZ. Finally, ppgklxneoLacZ was obtained by
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FIG. 1. Mechanism of LacZ activation by U3Cre integrations into transiently expressed genes. Cre expressed from cell-provirus fusion transcripts (left) excises neo
from ppgklxneoLacZ (right) and places lacZ downstream of the constitutive pgk promoter. This induces synthesis of B-Gal which is independent of U3Cre expression.

For further explanation see the text.

replacing the tkneo fusion gene with neo by using blunt-end cloning and the
RsrIT and BgIII restriction sites of ppgklxtkneoLacZ. The gene trap construct
pGgU3Creen(—) was obtained as described previously (24).

Cells and viruses. D3 ES cells were grown on irradiated (32 Gy) mouse
embryo fibroblast feeder layers in Dulbecco’s modified Eagle medium supple-
mented with 15% (vol/vol) preselected and heat-inactivated fetal calf serum
(Linaris, Bettingen, Germany), 100 mM nonessential amino acids (Gibco), 0.1
mM B-mercaptoethanol (Sigma), 1,000 U of leukemia inhibitory factor (LIF)
(ESGRO; Gibco/BRL) per ml, and 5 mg each of penicillin and streptomycin per
ml. In some experiments differentiation was induced by withdrawing LIF and
feeder layers whereas in others differentiation was allowed to proceed in bacte-
rial plates with Dulbecco’s modified Eagle medium supplemented with 20% fetal
calf serum, 0.3 mM B-mercaptoethanol, and 100 mM nonessential amino acids.

ppgklxneoLacZ was transduced into D3 cells by electroporation with a Bio-
Rad Gene Pulser at 240 V and 500 wF. Following incubation for 24 h, cells were
selected for 7 days in 320 pg of active G418 (Gibco/BRL) per ml.

Infection of ES cells with the U3Cre gene trap virus was performed by incu-
bating 150 ES cells with 50 wl of virus-containing supernatant for 2 h as described
previously (24).

Amplification and cloning of upstream sequences. Inverse PCR from genomic
DNAs was performed with the Cre-specific primers described previously (24). 5'
rapid amplification of cDNA ends (RACE) was performed with 1 pg of total
RNA by using the 5" RACE kit from Gibco/BRL according to the manufacturer’s
instructions. The specific Cre reverse primers were as follows: 5'-GGTATGC
TCAGAAAACGCCTG-3', 5'-CGAACCTCATCACTCGTTGCATC-3' (nest-
ed), and 5'-CGGTCAGTAAATTGGACACCTTCC-3' (nested). Amplification
reactions were performed in a Perkin-Elmer thermocycler, and amplified DNA
was cloned into the pGEMT vector (Promega) as described previously (24).
Inserts were sequenced with an ABI 310 genetic analyzer (Perkin-Elmer).

Nucleic acid hybridization analyses. DNA and RNA hybridizations were per-
formed on Hybond N or Hybond N+ membranes (Amersham) by using
[**P]dCTP-labeled probes and a random priming labeling kit (Rediprime; Am-
ersham). Blots either were scanned with a PhosphorImager (Molecular Dynam-
ics) and analyzed with IPLabGel software (Molecular Dynamics) or were ex-
posed to Kodak-Biomax autoradiography film.

Histochemical analysis of LacZ expression. Cells were stained for 2 h at 37°C
with a solution of 1 mg of 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside
(X-Gal) per ml in phosphate-buffered saline after fixation for 15 min in a solution
of 2% formaldehyde and 0.2% glutaraldehyde.

Embryos and fetuses were stained overnight at 37°C after fixation for 60 min
and preincubation for 30 min in phosphate-buffered saline solution containing
0.15 mg of chloroquin per ml, 10 mM potassium ferricyanide, 10 mM potassium
ferrocyanide, 2 mM magnesium chloride, and 0.2% Triton X-100 (pH 7.4) to
reduce endogenous background, i.e., B-Gal. Stained embryos were embedded in
glycol methacrylate (JB-4; Polysciences) and blocks were cut to 3-pum thicknesses
with glass knives on an ultramicrotome (LKB) as described recently (16). Sec-
tions were counterstained with nuclear fast red, mounted on clean glass slides,
and analyzed by standard microscopy.

Nucleotide sequence accession numbers. GenBank accession numbers for
the gene trap flanking sequences are as follows: 1C7a, emblAJ2237718; 1C7b,
emblAJ223719; 2C2a, emblAJ223720; 2C2b, emblAJ223721; 2E12, emblAJ223722;
7G4, gblL.20255; and 8G3, emblAJ223723.

RESULTS

Construction of an ES cell line amenable to selectable mark-
er switching by Cre recombinase. To obtain an ES cell line that

would allow Cre recombinase to switch two selectable marker
genes, we electroporated D3 ES cells with the expression plas-
mid ppgklxneoLacZ. ppgklxneoLacZ consists of two tandemly
arrayed selectable marker genes that are expressed from a pgk
promoter (Fig. 1). The 5’ gene codes for neomycin phospho-
transferase and is flanked by two loxP recombination targets in
identical orientation. The 3’ gene codes for B-galactosidase (3-
Gal) (20) and terminates in a simian virus 40 polyadenylation
sequence. To suppress LacZ translation from dicistronic tran-
scripts, two tandem copies of bovine growth hormone polyaden-
ylation sequence were inserted downstream of the neo gene.
Thus, cells expressing ppgklxneoLacZ, albeit neomycin resis-
tant, should not express LacZ. Since Cre recombinase excises the
sequences flanked by loxP (25, 26), Cre expression was expect-
ed to delete the neo gene and thereby place the lacZ gene just
downstream of the pgk promoter. As a result, cells would lose
neomycin resistance and start synthesizing B-Gal (Fig. 1).

Several ppgklxneoLacZ-expressing cell lines were isolated in
G418 and assayed individually for background B-Gal activity by
X-Gal staining. Four of 10 cell lines tested consistently failed
to stain with X-Gal (LacZ ) even after prolonged periods in
culture. When induced to differentiate by withdrawing of LIF and
feeder layers, the cells continued to stain negative, indicating
that the LacZ™ phenotype is stable (data not shown). One cell
line expressing a single copy of ppgklxneoLacZ (plnLacZ13)
was selected for further analysis. When transfected with a
plasmid expressing Cre recombinase (pMCCre— [10]), the
plnLacZ13 cells stained positive for 3-Gal and harbored re-
combined reporter plasmids (data not shown).

Recombined plnLacZ13 expresses LacZ ubiquitously in the
early embryo. Since one goal of this study was to devise a sys-
tem that would enable analysis of cell fate and migration in the
developing embryo, it was important to investigate whether
a recombined reporter plasmid would express LacZ in all
embryonic tissues. Therefore, we injected the ppgklxneoLacZ-
expressing plnLacZ13 cells into C57BL/6 blastocysts and trans-
ferred these into the uteri of NMRI mouse recipients. Chi-
meric males were mated with C57BL/6 females and agouti
offspring carrying the transgene were identified by tail blotting.
Mice heterozygous for the transgene were crossed to a trans-
genic Cre deleter strain which has been shown to express the
recombinase ubiquitously (29). X-Gal staining of the develop-
ing embryos showed that in doubly transgenic mice B-Gal was
expressed ubiquitously. However, virtually no B-Gal expression
was observed in embryos carrying only one transgene (Fig. 2).
Although plnLacZ13 mice showed some B-Gal expression
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FIG. 2. In vivo recombination of ppgklxLacZ in transgenic plnLacZ13 mice.
Embryos resulting from crosses between heterozygous plnLacZ13 and Cre deleter
strains were recovered at the indicated stages of gestation (E = day) and stained
with X-Gal as described in Materials and Methods. Embryos in each panel are
littermates.

within a small circumscribed area of the forebrain, presumably
due to a slight leakiness of the reporter plasmid, this back-
ground was clearly distinguishable from positive controls on
microscopic tissue sections (data not shown).

Ubiquitous expression of B-Gal was confirmed for plnLacZ13
mice by staining embryonic tissue sections, including those
from the liver, kidney, intestine, heart, limb, and rib cartilage
(data not shown). This suggested that ppglxneoLacZ had in-
tegrated into a chromosomal locus that does not significantly
restrict expression. Moreover, no obvious loss-of-function ab-
normalities were observed in homozygous plnLacZ13 mice,
indicating that the integration did not disrupt any vital genes.

A U3Cre/pIlnLacZ13 integration library preselected in G418
contains clones with inducible LacZ expression. A library of
approximately 1 X 10° to 2 X 10° independent proviral inte-
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grations was constructed in microtiter plates by infecting
plnLacZ13 cells (=150 cells per well) with the retroviral gene
trap vector U3Cre, which contains a promoterless Cre recom-
binase gene in the U3 region of the long terminal repeat
(LTR). As has been shown in previous studies, activation of
this type of gene trap occurs from integrations in or near 5'
exons and does not require in-frame fusions with the coding
sequences of cellular genes (12, 24, 36, 38).

Since activation of Cre expression from integrations into
transcribed genes results in loss of the neomycin resistance
gene (Fig. 1), the library was first selected in G418. This was
expected to eliminate all integrations into genes that express
Cre to levels high enough to cause recombination. Thus, sur-
viving cells were likely to have provirus integrations in tran-
scriptionally inactive chromosomal regions (including silent
genes) or in genes expressed too weakly to cause recombina-
tion.

To identify cell pools with inducible U3Cre integrations, ali-
quots removed from each well were allowed to differentiate for
4 days without LIF or feeder layers. This period was chosen be-
cause we have found in earlier experiments that by this time
over 50% of the cells express the mesodermal marker brachyury,
which is indicative of gastrulation (11, 33). Since gastrulation
corresponds to cellular diversification, we expected enhanced
gene activity and therefore a higher fraction of genes that
would be accessible to gene trap mutagenesis. Of 960 pools,
44 stained positive for B-Gal. Upon retesting, nine pools ex-
pressed B-Gal even before differentiation, indicating that G418
selection did not completely eliminate the integrations into
expressed genes. Five pools with inducible B-Gal expression
and one pool with constitutive B-Gal expression were selected
to isolate the cell lines 2E12, 1C7, 8G3, 2H7, 2C2, and 7G4,
respectively.

To verify clonality, genomic DNAs were cleaved with BamHI
and hybridized on Southern blots to a Cre-specific probe. Since
BamHI cleaves within the 5’ third of Cre, each nonrearranged
provirus should generate three hybridizing fragments, i.e., a
constant fragment of 2.6 kb derived from the provirus and two
variable fragments representing sequences extending from the
BamHI sites in the LTRs to the BamHI sites in the 5" and 3’
flanking cellular DNA, respectively. Figure 3 (left panel) shows
that each clone contained one to three nonrearranged provi-
ruses, which is consistent with a multiplicity of infection of
~1.5.

All clones generated differentiated progeny that stained pos-
itive for B-Gal, indicating that U3Cre expression was induced.
However, the fraction of LacZ™ cells among the progeny of
each clone varied from as high as 100% in 7G4 cells to 25% in
1C7 cells (Fig. 4). Assuming that differentiating cells gradually
lose their proliferative potential, this staining heterogeneity is
likely to reflect gene activation in distinct precursor cells. Thus,
a less mature progenitor would yield higher numbers of LacZ™
cells than any of its more differentiated progeny.

To confirm recombination, genomic DNAs were cleaved
with BamHI and hybridized on Southern blots to a pgk-specific
probe. As shown in Fig. 3 (right panel, top), BamHI cuts within
the 5’ ends of pgk and lacZ, such that nonrecombined cells
generate an internal hybridizing fragment of 2.7 kb. Since this
fragment accommodates all sequences flanked by loxP, its de-
letion should generate a residual fragment of 0.6 kb. Figure 3
(right panel, bottom) shows that each differentiated clone con-
tained this fragment, indicating that ppgklxneoLacZ had re-
combined. However, as expected from the heterogeneous
staining patterns, recombination was mostly incomplete.

Recombination of ppgklxneoLacZ is caused by inducible cell-
provirus fusion transcripts. To ascertain that Cre was ex-
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FIG. 3. U3Cre provirus integrations and site-specific recombination in clones isolated after induction of differentiation. (Upper panel) Structure of U3Cre
proviruses (left) and reporter plasmids (right) before and after recombination. (Lower panel) Southern blot analysis of clones recovered from the plnLacZ13 integration
library following induction of differentiation. Genomic DNAs extracted from individual clones before (u, undifferentiated) and after (d, differentiated) differentiation

were cleaved with BamHI, fractionated on agarose gels, blotted onto nylon filters,

and hybridized to 3*P-labeled Cre-specific (left) or pgk-specific (right) probes. The

large-molecular-size bands hybridizing to pgk represent the endogenous pgk promoter.

pressed from cell-provirus fusion transcripts, Northern blots
with RNAs from differentiating clones were hybridized to a
Cre-specific probe. U3 gene trap integrations expressed in ES
cells typically generate cell-provirus fusion transcripts of vari-
able sizes that initiate in a nearby cellular promoter and ter-
minate in the polyadenylation site of the 5" LTR. In some
cases, a second transcript which initiates at the same cellular
promoter but terminates in the polyadenylation site of the 3’
LTR is also seen (Fig. 5, upper panel) (2, 35).

As expected, each clone expressed cell DNA-provirus fusion

transcripts which, in all but the 7G4 cells, were induced by
differentiation. More importantly, clones 2E12 and 8G3 ex-
pressed the fusion transcripts only transiently (Fig. 5, lower
panel). Interestingly, U3Cre expression in clone 8G3 was in-
duced twice, on days 1 and 7. This pattern is reminiscent of the
expression of certain cytokine genes in differentiating ES cells
(28).

Sequences flanking the U3Cre proviruses hybridize to sin-
gle-copy genes. To investigate whether U3Cre proviruses had
disrupted single-copy genes, upstream proviral sequences were

TABLE 1. Summary of results obtained with ES-cell clones”

No. of nucleotides

Hybridization to

Cell line Proviruses in provirus flankin single-co Homology to Nature of induction Fusion gene
(n) DpN A (method) s genes 124 known genes of fusion transcript inheritance
1C7 2 217 (IP) Yes No ND No
154 (IP) Yes No
2C2 2b 120 (IP) Yes No Gradual Yes
147 (IP) Yes No
2E12 1 498 (IP) Yes No Transient No
No
7G4 ¢ 39 (5 RACE) NT Stathmin Constitutive Yes
8G3 1 177 (IP) Yes No Transient Yes
2H7 1 4 (IP) NT NT Gradual No

“ The number of proviruses per cell was determined by Southern blotting as described in the legend to Fig. 3. For inverse PCR, genomic DNAs were digested with
Msel and religated to obtain circular molecules. After cleavage with Pvull, 1 ug of DNA from each sample was used for PCR as described in Materials and Methods.
5" RACE was performed with 10 pg of total cellular RNA as described in Materials and Methods. Fusion transcripts were visualized on Northern blots as described

in the legend to Fig. 5. IP, inverse PCR; ND, not detected; NT, not tested.

® Provirus integrations were segregated by breeding into C57BL/6 mice. Integration sites were identified by tail blotting and hybridization to *?P-labeled flanking
sequence probes. The Cre-activating integration (2C2b) was identified by mating either transgenic mouse to a plnLaZ13 reporter mouse and by staining the developing

embryos with X-Gal.

¢ Provirus integrations were segregated by breeding into C57BL/6 mice. The U3Cre-expressing integration was identified by tail blotting and hybridization to a
32P-labeled HindIII/Spel restriction fragment derived from a stathmin cDNA clone (5).
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FIG. 4. Induction of B-Gal expression in differentiating U3Cre-expressing
clones. Cells were induced to differentiate by the withdrawal of LIF and feeder
layers for 4 days. Cells were stained with X-Gal before (left panels) and after
(right panels) differentiation and examined by light microscopy at a X100 mag-
nification. Samples are representative of four independent inductions.

isolated by inverse PCR or 5 RACE and sequenced (8, 36).
All sequences showed typical cell DNA-provirus junctions and
varied in size from 4 to 500 nucleotides (Table 1). While the
sequences from inducible integrations showed no homology to
known genes or expressed sequence tags, the 7G4 flanking
sequence was 100% identical with the 5’ end of the stathmin
cDNA (Table 1 and data not shown). Stathmin is a cell cycle-
regulated, tubulin binding protein which has been previously
shown to be highly expressed in proliferating cells (4, 17, 23).

Each of the cloned flanking sequences hybridized to a single
BamHI restriction fragment in wild-type DNA, indicating that
they were derived from single-copy genes. Additional hybrid-
izing fragments representing the allele occupied by the provi-
rus were generated in each corresponding parental clone (data
not shown).

B-Gal expression patterns in transgenic embryos. To test
whether the selected clones were still totipotent, we individu-
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ally injected each into blastocysts and mated the resulting chi-
meras with C57BL/6 mice. Analysis of the offspring indicated
that three clones had contributed to the germ line despite ex-
tensive in vitro manipulation. Moreover, the transgenes were
inherited in each case in an autosomal Mendelian fashion
(Table 1).

To examine whether the inducible gene trap integrations
were also inducible in vivo, mice bearing the U3Cre but not
the ppgklxneoLacZ transgene were mated with homozygous
plnLacZ13 mice. Developing embryos were recovered af-
ter 8.5 days of gestation and stained for B-Gal expression.
Two different lines of transgenic mice were used as positive
controls. One strain originated from a doubly transgenic
plnLacZ13/Cre deleter mouse from which it received a recom-
bined reporter plasmid through the germ line. The other strain
was derived from clone 7G4, which expresses Cre constitu-
tively. In both cases, embryos stained completely with X-Gal,
indicating ubiquitous recombination of ppgklxneolLacZ. In

Days o A Y S

— 20k
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FIG. 5. Analysis of cell-provirus fusion transcripts in clones with inducible
LacZ expression. (Upper panel) Predicted transcripts from U3Cre integrations
into expressed genes. (Lower panels) Northern blot analysis of cell-provirus
fusion transcripts in differentiating clones. RNAs were extracted from individual
clones after incubation of the cells for various intervals in bacterial plates without
LIF or feeder layers. Twenty micrograms of total RNA (7G4, 2E12, 8G3, and
2H7) and 5 pg of polyadenylated RNA (2C2) were fractionated on formalde-
hyde-agarose gels, blotted onto nylon filters, and hybridized to 3>P-labeled Cre or
L32 (19) probes.
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FIG. 6. B-Gal expression patterns in transgenic embryos. Embryos resulting from crosses between heterozygous 7G4, 2C2, or 8G3 mice and homozygous plnLacZ13
reporter mice were recovered at 8.5 days of gestation and stained with X-Gal. A, whole mounts; B, heart; C, intestinal stalk; D, somites; E, yolk sac. pln, plnLacZ13;
Cre, Cre deleter. The whole mounts and tissue sections were examined by light microscopy at X20 and X 100 magnifications, respectively. Cell clusters in 2C2 are marked
by arrowheads. Note that despite the presence of recombined reporter plasmids, the endodermal component of the extraembryonic membranes does not express LacZ.

contrast, 8G3 embryos did not express 3-Gal in extraembry-
onic tissues (Fig. 6). On stained embryo sections, LacZ™ cells
were missing from the yolk sac and the amnion, indicating that
Cre was activated after extraembryonic lineage segregation
(Fig. 6). However, the overall staining pattern was a mosaic
between LacZ™" and LacZ ™ cells. Since no mosaic was detected
in the positive controls, the pattern may have been caused by
an independent activation of Cre in different lineages. Alter-
natively, the short-lived fusion transcripts expressed in 8G3
cells (Fig. 5) may have prevented ubiquitous recombination of
ppgklxneoLacZ. As has been shown previously, Cre recombi-
nase seems to require at least 72 h to recombine 80% of its
targets (33a).

In 2C2 embryos, LacZ™ cells were seen in both the embryo
proper and extraembryonic tissues (Fig. 6). However, unlike

the positive controls, the LacZ™ cells appeared in clusters
throughout the extraembryonic membranes. Although sugges-
tive of a progenitor-progeny relationship, these clusters most
likely reflect Cre activation in distinct embryonic cell lineages.

DISCUSSION

This study exploited the combined features of gene trap
mutagenesis and site-specific recombination to identify genes
that are induced during early mouse development. ES cells
expressing a specific reporter construct were infected with gene
trap retroviruses containing coding sequences for Cre recom-
binase in the U3 region. By using the B-Gal gene as a condi-
tionally expressed marker gene, cell clones in which Cre was
expressed from transcripts initiating in the flanking cellular
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DNA could be identified. Five inducible U3Cre integrations
were selected during ES-cell differentiation, two of which were
passed to the germ line. Since U3Cre expression was also
induced during embryonic development, the results confirm
previous studies showing that genes regulated in vitro are also
regulated in vivo (18, 20, 22, 27, 30, 32).

Analysis of provirus flanking sequences derived from the
inducible clones identified integrations into as-yet-unidentified
single-copy genes. Although recent results seem to suggest that
up to 60% of all gene trap integrations are integrations into
previously characterized genes or expressed sequence tags
(12), we believe that the present strategy does not favor recov-
ery of integrations into known genes. This is because selection
is applied for integrations into 5’ exons of transiently expressed
genes, both of which are underrepresented in conventional
c¢DNA libraries.

The gene trap approach described here has several unique
advantages. Unlike previously described strategies in which
gene trap insertions are restricted to expressed genes, switch-
ing between two selectable marker genes by means of Cre
recombinase allows enrichment for integrations into silent
genes. By first eliminating integrations into active genes, it is
possible to screen large pools of recombinant clones for inte-
grations into regulated genes. This circumvents the laborious
analysis of individual clones (6, 20, 35, 39).

The most important feature of the system is the recombi-
nase-induced uncoupling between B-Gal and Cre expression.
As a result, LacZ continues to be expressed even in the ab-
sence of Cre recombinase, thereby providing the means for the
recovery of transiently expressed genes. In line with this, two of
the five fusion transcripts analyzed in this study were present
only transiently in differentiating cells. Since most develop-
mentally regulated genes are expressed in a temporally and
spatially restricted manner, the strategy is ideal for the molec-
ular analysis of mouse development.

A further consequence of promoter uncoupling is the acqui-
sition of an autonomous marker by the gene trap-activating
cells. Such a genetic marker could be useful for demarcating
cell lineages and for tracking cell fate and migration in the
developing embryo. Although the LacZ expression patterns
described in this study are reminiscent of gene trap activations
in many different lineages, activations at later stages of differ-
entiation are likely to be more restricted and thus earmark the
progenitors of more specialized cells and tissues.

Staining patterns will also provide valuable clues as to which
tissues or organs should be examined for loss-of-function ab-
normalities induced by gene disruptions. This feature is par-
ticularly helpful in cases where mutations generate only subtle
phenotypes.

Finally, the strategy used here is prone to yield strains of
mice in which Cre expression is controlled by tissue-specific
promoters. Such strains should be a valuable tool for targeted
gene disruptions in special cells or tissues.
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