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ABSTRACT We have developed a novel induction gene
trap approach that preselects in vitro for integrations into
genes that lie downstream of receptor/ligand-mediated sig-
naling pathways. Using this approach, we have identified 20
gene trap integrations in embryonic stem cells, 9 ofwhich were
induced and 11 of which were repressed after exposure to
exogenous retinoic acid (RA). All but one of these integrations
showed unique spatially restricted or tissue-specific patterns
of expression between 8.5 and 11.5 days of embryogenesis.
Interestingly, expression was observed in tissues that are
affected by alterations in RA levels during embryogenesis.
Sequence analysis of fusion transcripts from six integrations
revealed five novel gene sequences and the previously identi-
fied protooncogene c-fvn. To date, germ-line transmission and
breeding has uncovered one homozygous embryonic lethal and
three homozygous viable insertions. These studies demon-
strate the potential of this induction gene trap approach for
identifying and mutating genes downstream of signal trans-
duction pathways.

Embryogenesis requires a regulated and sequential activation
of genes whose protein products contribute to numerous
signaling pathways. It has been possible to dissect many key
signaling pathways in model invertebrates since they are
readily amenable to genetic screens. In mammals, where large
genetic screens are not feasible, one approach to dissect
developmental pathways has been to use cross species homol-
ogy. However, in order to use an unbiased screening approach,
novel strategies must be applied.
We set out to determine whether it would be possible to

adapt gene trap methodology in embryonic stem (ES) cells (1,
2) to identify, mutate, and analyze novel genes involved in
signaling pathways in mammals. When gene trap constructs
integrate into an intron of an active gene, a fusion transcript
is generated containing upstream exons of the trapped gene
and the lacZ sequence (3). There are three important conse-
quences of such insertion events: (i) lacZ expression is regu-
lated by the trapped gene; (ii) the trapped gene can be cloned
using rapid amplification of cDNA ends (RACE)-PCR-based
strategies; (iii) the insertional event has the potential to be
mutagenic and so the biological consequences can be analyzed
after germ-line transmission.
Gene trap approaches have been successfully used to trap

genes expressed in undifferentiated ES cells (3-6). In such
random screens, only 15-30% of the integrations display
restricted patterns of expression during embryogenesis (5, 6).
We used a retinoic acid (RA) prescreen to identify genes that
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respond to RA and to test whether this enriches for genes
involved in embryonic development. The application of exog-
enous RA is known to induce profound effects on patterning
of various tissues during embryogenesis (7, 8). Furthermore,
RA has been shown to alter the expression of developmentally
regulated pattern formation genes both in embryonal carci-
noma cells in culture (9-11) and in embryos (12, 13).
We have identified integrations in 20 genes that were

responsive to RA treatment. All but one of these trapped genes
displayed unique expression patterns during embryogenesis,
indicating that this screen greatly enriches for integrations into
genes that are expressed in a spatially restricted or tissue-
specific manner.

MATERIALS AND METHODS
Gene Trap Vectors. The gene trap vector PT1-ATG (14)

contains the En-2 splice acceptor site fused to the lacZ
reporter gene with an ATG translational start site. Integration
of PT1-ATG into the intron of an active gene can generate a
fusion transcript between lacZ and an endogenous trapped
gene. The bacterial neomycin-resistance gene is driven by the
phosphoglycerate-1 (PGK-1) promoter.
ES Cell Culture and Selection of RA-Responsive Cell Lines.

Ri (15) ES cells were maintained on primary embryonic
fibroblasts (16). After electroporation and selection in G418
for 8 days, drug-resistant colonies were replica-plated (14) and
the filters were placed in ES cell medium (16) (-LIF) con-
taining 5% fetal calf serum (FCS) and 10-6 M all-trans-RA
(Sigma) (RA-induction medium). After 42 hr, fresh RA-
induction medium was added and the filters were left for an
additional 6 hr before assaying for f3-galactosidase ((3-gal)
activity (4). Blue colonies were picked from the master plate
and retested in 24-well plates to differentiate between RA-
responsive and constitutively expressed gene trap integrations.

Quantitative 13-Gal Assay. All ,3-gal induction experiments
were performed on ES cells grown in 35-mm plates in ES cell
medium (-LIF) containing 5% FCS. RAwas added at various
times over a 48-hr period such that all induction time points (6,
12, 24, or 48 hr) were harvested at the same time. Control
samples (0 hr) were grown in medium containing 5% FCS
(-LIF, -RA) throughout the experiment. All cultures at each
time point were done in duplicate (Table 1).

Cells were harvested by trypsin treatment and resuspended
in 100 ,ul of 0.25 M Tris HCl (pH 7.5). After three freeze/thaw
cycles, the samples were centrifuged (13,000 rpm for 5 min;
15,110 x g), (-gal assays were performed with equivalent

Abbreviations: ES cell, embryonic stem cell; RACE, rapid amplification
of cDNA ends; RA, retinoic acid; ,3-gal, f3-galactosidase; LIF, leukemia
inhibitory factor; dpc, days postcoitus; A/P, anterior/posterior.
'iTo whom reprint requests should be addressed.
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Table 1. Quantitative (3-gal assays on ES cell lines after RA exposure

RA treatment, hr -fold

Cell line 0 6 12 24 48 induction

1.9 7 ± 1* 5 ± 0 5 ± 0 4 ± 1 87 ± 4t 12.4
I.23 20 ± 2 24 ± 3 11 ± 3 20 ± 12 29 ± 8t 1.5
I.75 8 ± 1 9 ± 1 9 ± 0 10 ± 1 14 ± 2t 1.8
1.114 20 ± 3 22 ± 0 17 ± 3 15 ± 1 51 ± 10t 2.6
I.134 2 ± 1 4 ± 1 5 ± 0 5 ± 1 46 ± 8t 20.0
I.163 10 ± 1 9 ± 0 9 ± 0 12 ± 1 45 ± 7t 4.0
1.193 13 ± 1 11 ± 1 11 ± 1 11 ± 1 112 ± 46 8.6
1.210 4 ± 1 2 ± 0 2 ± 0 5 ± 1 44 ± 18t 12.0
1.214 5 ± 1 5 ± 0 4 ± 0 17 ± 2 87 ± 4 16.4
R.24 99 ± 19 90 ± 4 92 ± 3 75 ± 8 58 ± 5 0.58
R.68 139 ± 1 132 ± 1 132 ± 5 97 ± 1 56 ± 2 0.40
R.77 41 ± 1 44 ± 1 44 ± 2 36 ± 2 15 ± 0 0.37
R.108 28 ± 0 25 ± 0 27 ± 0 26 ± 1 21 ± 2t 0.75
R.121 74 ± 3 69 ± 1 66 ± 4 57 ± 3 37 ± 4t 0.50
R.124 69 ± 10 87 ± 4 81 ± 4 44 ± 6 25 ± 5 0.36
R.140 58 ± 4 50 ± 1 49 ± 1 46 ± 1 46 ± 1 0.78
R.170 28 ± 1 27 ± 5 29 ± 2 19 ± 1 12 ± 0 0.44
R.179 36 ± 5 35 ± 1 38 ± 3 28 ± 3 16 ± 2 0.46
R.194 19 ± 1 27 ± 2 18 ± 4 11 ± 3 7 ± 1 0.37
R.213 31 ± 0 28 ± 4 25 ± 2 12 ± 0 8 ± 0 0.25

*OD420 (X 102)-most values are given as mean of duplicate samples + range.
tMean of four independent values ± SE.

amounts of protein (0.2 mg) as described (17) and the optical
density at 420 nm (OD420) determined (Table 1).
Embryonic Expression Pattern Analysis and Germ-Line

Transmission. ES cells were aggregated with tetraploid em-
bryos (18), harvested at 8.5-11.5 days postcoitus (dpc), and
stained for ,3-gal expression (4). In all cases, more than one
completely ES-derived embryo was analyzed between 8.5 and
11.5 dpc to confirm the recorded expression pattern. In
addition, diploid chimeras were produced for line I.75, I.210,
and R.121. Some of the integrations were transmitted through
the germ line by injection of the ES cells into C57BL6
blastocysts or by aggregation with CD1 eight-cell-stage host
embryos. Chimeric males were bred to CD1 and/or 129/Sv
females, and DNA of F1 offspring was analyzed by Southern
blotting. Heterozygous and homozygous offspring of F1 inter-
crosses were distinguished by the intensity of the lacZ cross-
hybridizing fragments compared to En-2 as an internal stan-
dard.

Cloning and DNA and RNA Analysis. DNA and RNA
preparations and Southern and Northern blots were per-
formed according to standard procedures (19). Cloning of
fusion transcripts was performed with a 5' RACE kit
(GIBCO/BRL) according to the manufacturer's instructions
with 3' oligonucleotide primers as described (3). RACE-PCR
products were cloned into pAMP1 (GIBCO/BRL) or Blue-
script vectors and sequenced (19). Sequences obtained were
compared to the GenBank/EMBL data base.

RESULTS
Identification of RA-Responsive Integrations. Rl ES cells

(6.5 x 107) were electroporated with the PT1-ATG gene trap
vector (14) and 3600 G418-resistant ES cell colonies were
replica plated. The replicated colonies were induced with RA
for 48 hr and then stained for (-gal activity; 202 (3-gal-positive
colonies were picked from the master plate and retested for
their response to RA. Microscopic analyses of stained colonies
revealed nine cells lines in which (-gal activity was induced by
RA (Table 2). Surprisingly, we also identified 13 ES cell clones
in which the reporter gene was apparently repressed by RA
(Table 2). Repression of (3-gal was not complete and a low level
of activity was detectable in some cells of these colonies, which

explains why they were identified as positive in the original
screen. Clearly, this strategy would not detect integrations into
genes that were completely repressed after 48 hr of RA
treatment.

Quantitation of the g3-Gal Activity. The inductive response
was confirmed for all RA-induced lines using a quantitative
(3-gal assay (Table 1). However, two of the microscopically
identified RA-repressed lines did not show repression by the
quantitative assay and were excluded from the analysis. All
lines that were subsequently analyzed showed clear RA re-
sponsiveness on three independent tests when observed mi-
croscopically and some degree of response in the quantitative
(3-gal assay. (3-Gal activity was induced 2-fold after 6 hr in line
I.134 and 3-fold after 24 hr in line I.214. After 48 hr, the activity
in these lines was induced 20- and 16-fold, respectively. The
other seven RA-induced cell lines were found to be induced
1.5- to 12-fold between 24 and 48 hr.
A temporal and quantitative analysis of RA repression is

complicated by possible differences in stability of lacZ fusion
transcripts and proteins. Nevertheless, in nine ES cell clones,
(3-gal activity was reduced to <0.5 of the control value after 48
hr and showed some degree of repression after 24 hr of RA
treatment. In two lines (R.108 and R.140), the level of repres-
sion observed was only 0.75 and 0.78 of the control values,
respectively. Although this repression is marginal, these lines
were included in the analysis as there was a clear qualitative
difference in the pattern of staining when observed micro-
scopically on three independent assays.
Northern Blot and Southern Blot Analyses. Northern blot

analysis (Fig. 1) of ES cell RNA confirmed that induction of
the lacZ fusion transcript could be observed in line 1.214 (Fig.
1A) after 12 hr and in lines I.114 (Fig. 1C) and 1.193 (Fig. iB)
after 48 hr. To date, repression of lacZ was confirmed at the
transcriptional level for ES cell lines R.68 and R.124 (L.M.F.
and Pall, unpublished data). The fusion transcripts in most of
these cell lines were -4 kb, indicating that "600 bp of
endogenous sequence was fused to lacZ and therefore that
these integrations were most likely in the 5' transcribed regions
of the genes. Similar observations were made for the majority
of the cell lines isolated in this study (data not shown).
The number of gene trap integrations in eight lines was

assessed by Southern blot analysis using a lacZ probe on DNA
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Table 2. Expression analysis in chimeric embryos derived from RA-induced or -repressed ES cell lines

Days of gestation*

Cell line 8.5 9.5 10.5 11.5 Staining pattern
RA induced

1.9 0/3 3/3 Medial regions of somites, two lateral stripes in spinal cord
1.23 0/2 3/3 Dorsal midbrain, yolk sac endoderm
1.75 1/1 4/6 6/7 8/9 Yolk sac endoderm
1.114 0/4 6/6 5/5 Fetal liver, yolk sac endoderm
1.134 2/2 3/4 1/1 4/7 Yolk sac mesoderm
1.163 0/3 2/2 3/3 Posterior spinal cord, adjacent mesoderm, distal limb bud, yolk

sac mesoderm
1.193 3/3 2/2 Limb bud mesenchyme, branchial arches, facial mesenchyme,

posterior somites, yolk sac endoderm
1.210 0/4 4/6 3/3 Dorsal tip of otic vesicle, eye, yolk sac endoderm
1.214 0/1 0/1 2/2 Rostral regions of somites, two lateral stripes in

adjacent spinal cord
RA repressed

R.24 1/1 3/10 6/11 - 8.5 dpc, neural ectoderm, primitive gut;
10.5 dpc, telencephalon, hindbrain, eyes, branchial
arches, limb bud, heart, liver, somites

R.68 2/2 2/2 2/2 - 8.5 dpc, widespread;
9.5/10.5 dpc, heart, branchial arches, craniofacial
region, ventral hind- and midbrain, dorsal roof of
hindbrain, limb buds, amnion

R.77 1/1 5/6 3/3 Yolk sac endoderm
R.108 2/2 5/5 4/4 8.5/9.5 dpc, branchial arches, craniofacial region,

hindbrain, yolk sac;
10.5/11.5 dpc, anterior distal tip of limb buds, heart,
posterior spinal cord and adjacent mesoderm, yolk sac

R.121 1/6 0/8 0/3 Two stripes in hindbrain, weak in heart and allantois
R.124 2/2 2/3 Heart, branchial arch and dorsal hindbrain
R.140 2/2 2/2 9.5 dpc, weak expression in heart, dorsal roof of the

hindbrain, branchial arches, yolk sac;
10.5 dpc, as at 9.5 dpc plus anterior distal tip of the limb buds

R.170 0/5 0/4 0/4 No expression
R.179 - 4/4 3/3 3/3 Yolk sac mesoderm, amnion
R.194 0/2 0/2 3/4 Scattered cells in limb bud ectoderm, tail tip, heart, yolk sac
R.213 4/4 2/2 - Heart, presumptive pancreatic primordium, yolk sac endoderm

, Not determined.
*No. of lacZ expressing embryos/total no. of embryos analyzed.

digested with EcoRI, which cuts once within the gene trap
vector. One (R.140), two (1.23, 1.214, and 1.193), three (1.163),
or four (R.24 and 1.114) restriction fragments were detected
indicating that one to four copies of the gene trap vector had
integrated into the cell lines (Table 3). For lines 1.23 and 1.163,
only one restriction fragment segregated with the observed
expression pattern in the F2 and later generations. In lines
1.114 and 1.193, the multiple bands cosegregated with the
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FIG. 1. Northern blot analysis of cell lines 1.214 (A), 1.193 (B), and

1.114 (C) after different times (indicated above each lane) of RA
exposure hybridized with a lacZ-specific probe. Ethidium bromide-
stained gels are shown as loading controls.

expected patterns of expression for up to four generations,
suggesting tandem integration into a single site (data not
shown).
Embryonic Expression Patterns of RA-Responsive Genes.

In embryos derived from three RA-induced lines, lacZ ex-
pression was restricted to spatially defined regions along the
anterior/posterior (A/P) axis in the spinal cord and adjacent
somites (Table 2; Fig. 2 A-C). Another RA-induced line
generated embryos in which lacZ expression was observed in
the posterior somites, the branchial arches and facial mesen-
chyme, as well as in the limb bud (Fig. 2D). The remaining five
RA-induced lines were expressed in specific tissues including
the dorsal midbrain (Fig. 2I), the fetal liver (Fig. 2L), and
extraembryonic tissues (data not shown).
Ten of the 11 lines that showed repression of 13-gal activity

in vitro showed spatially restricted reporter gene expression in
chimeric embryos in vivo (Table 2; Fig. 2) and the patterns, in
general, differed from those generated from the RA-induced
lines. For example, none of the RA-repressed lines showed
expression in restricted regions along the A/P axis compared
to 3 of 9 RA-induced liens. In addition, 8 RA-repressed lines
expressed the reporter gene in the developing heart, whereas
none of the RA-induced liens was expressed in this tissue. In
embryos derived from 4 of the RA-repressed lines, expression
was also seen in scattered cells within the hindbrain, cranial-
facial region, and branchial arches. The scattered reporter
gene expression pattern and the apparent flow of these cells is

Developmental Biology: Forrester et al.
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suggestive of neural crest cells. In embryos derived from line
R.121, (-gal activity was restricted to two bands across the
hindbrain at 8.5 dpc, but this very restricted pattern was seen
only in 1 of 6 embryos at this stage. No expression was seen at
later stages in 11 embryos. Three RA-repressed lines showed
reporter gene expression in the developing limb buds (Fig. 2 E,
F, and H). One of the lines also showed expression throughout
the neurectoderm of 8.5-dpc embryos (Fig. 2G) and, after
neural tube closure, this broad expression pattern was lost and
expression became restricted to regions of the telencephalon,
hindbrain, eyes, branchial arches, somites, limb buds, and fetal
liver (Fig. 2H).

It is interesting to note that none of the trapped genes that
responded to RA in vitro was ubiquitously expressed in vivo
and only one line failed to express the reporter gene in
embryos at the developmental stages analyzed.
Germ-Line Transmission of the Integrations in RA-

Responsive Genes. Six of the RA responsive integrations were
transmitted through the germ line and in all cases lacZ
expression analysis of heterozygous embryos confirmed the

A B

19

D

.193

G

Table 3. Germ-line transmission and RACE-PCR cloning results

No. of
Cell vector Fusion transcript Homozygous
line integrations cloned phenotype
I.23 2* - Viable
1.114 4 150-bp novel sequence Viable
1.163 3* 120-bp novel sequence Viable
1.193 2 256-bp novel sequence Viable
1.214 2 200-bp homology to 5'

UTR of rat
muscarinic
acetylcholine
receptor subtype M4

R.24 4 130-bp c-fyn
R.140 1 205-bp novel sequence Embryonic

lethal

-, Not determined; UTR, untranslated region.
*Segregation of one restriction fragment with the expression patterns
after the F2 generation.

C
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FIG. 2. Expression patterns of gene trap integrations of 8.5- to 11.5-dpc chimeric embryos. (A) 1.9 (11.5 dpc) somites and adjacent spinal cord
(arrow) from the hindbrain to the tail bud. (B) 1.214 (11.5 dpc) somites and adjacent spinal cord (arrow) restricted to the thorax. (C) 1.163 (11.5
dpc) posterior spinal cord, adjacent somites, and yolk sac mesoderm. (D) 1.193 (10.5 dpc) limb buds, somites (arrow), branchial arches (arrowhead),
and craniofacial region (open arrow). (E) R.108 (10.5 dpc) limb buds (arrow) and adjacent mesoderm (heart expression covered by the tail). (F)
R.140 (11.5 dpc) anterior tip of the limb bud (arrow). (G) R.24 (8.5 dpc) neurectoderm and the primitive gut (arrow). (H) R.24 (10.5 dpc)
telencephalon, eyes, branchial arches, limb bud, and somites (liver is covered by the tail). (I) 1.23 (11.5 dpc) dorsal midbrain (arrow). (J) R.68 (9.5
dpc) heart, weak expression in scattered cells in the dorsal and ventral hindbrain, ventral midbrain, branchial arches, and the limb buds (dorsal
staining in the hindbrain can be seen only in a dorsal view). (K) R.213 (11.5 dpc) heart, pancreatic primordium (arrow). (L) 1.114 (9 dpc) fetal
liver.
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expression patterns observed in the aggregation chimeras
(data not shown). To date, genotyping of offspring from F1
intercrosses at 3 weeks of age has revealed four homozygous
viable integrations (1.23, 1.114, 1.163, and 1.193) and one
homozygous embryonic lethal (R.140). The homozygous lethal
phenotype of line R.140 was confirmed by comparing, using
densitometry, the intensity of the lacZ-specific band to an
internal standard probe (En-2). Of 146 intercross offspring, 87
(60%) were heterozygous, 59 (40%) were wild type, and no
homozygotes were detected. The reliability of typing by quan-
titative Southern blots was assessed and confirmed by test
breeding. The homozygous lethal phenotype of line R.140 was
further confirmed by genotyping retarded 12.5-dpc embryos as
homozygous.

Cloning ofTrapped Genes. RACE-PCR cloning was used to
isolate endogenous gene exon sequences upstream of the gene
trap lacZ sequences from six cell lines (Table 3). The sequence
of one clone, cell line R.24, was identical to nucleotides
160-290 of the c-fn cDNA (20). This sequence included the
initiating methionine codon (positions 226-228), which has
been reported to lie within exon 2. Vector integration into the
second intron was confirmed by Southern blot analysis of
BamHI-digested ES cell DNA probed with a c-fyn exon 2 probe
(Fig. 3) (21). A 200-bp sequence generated from the lacZ
fusion transcript in line 1.214 showed 85% identity (over an
80-bp region) to the 5' untranslated region of the rat musca-
rinic acetylcholine receptor (subtype M4). In addition, this
clone contained sequences that were similar to an uncharac-
terized repeat sequence. Sequences that did not correspond to
any known sequence in GenBank were generated from four
lines (Table 3).

DISCUSSION
We have used RA as an inducing agent to demonstrate the
general applicability of an induction gene trap screen in ES
cells to identify genes that lie downstream of ligand/receptor-
mediated signaling pathways. From -4 x 103 integrations, 20
ES cell integrations were identified that responded to RA in
vitro. All but one of these lines displayed a restricted pattern
of expression during late gastrulation to midgestation.

This induction gene trap screen identified a significantly
higher proportion of genes that are expressed in a restricted
manner compared to gene trap screens in which lines were
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FIG. 3. (A) Schematic presentation of the predicted gene trap
vector integration into the second intron of c-f)n protooncogene.
Restriction enzyme sites BamHT (B) and the hybridization probe used
are indicated. (B) Southern blot analysis of wild-type (WT) and R.24
DNA digested with BamHT and hybridized with c-ftn exon 2 probe.
The 5.5-kb fragment in lane R.24 represents the mutant c-ftn allele.

selected solely on the basis of lacZ expression in undifferen-
tiated ES cells (3-6). In such screens, only 14% of the
integrations showed specific patterns of expression at 8.5 dpc
and 30% displayed specific patterns of expression in midges-
tation embryos (5, 6). In contrast, 5 of 9 (56%) RA-responsive
ES cell lines showed restricted patterns at 8.5 dpc and 19 of 20
(95%) showed such patterns between 8.5 and 11.5 dpc. Fur-
thermore, in this induction screen, none of the integrations was
constitutively expressed compared to the 32% that showed
widespread expression in a screen where cell lines were
selected on the basis of lacZ expression in undifferentiated ES
cells (6). Thus, the induction gene trap approach significantly
enriches for integration events into genes that respond to an
inducer in vitro and show restricted expression in vivo. Future
work will determine whether the response of these genes to
RA in vitro is also observed in vivo.
The in vitro induction protocol used in this study was

designed to identify genes that were either directly or indirectly
responsive to RA. In one of the induced lines, the fusion
transcript responded after 6 hr ofRA treatment but most lines
were induced between 24 and 48 hr. These observations
suggest that most of the trapped genes are not direct targets of
the RA receptor complexes but more likely lie further down-
stream in the RA pathway. However, the promoter region of
the laminin Bi gene contains a RA receptor binding element
and the induction of expression of this gene is not seen until
26 hr after RA treatment (22). Thus, a late inductive response
is not necessarily an indication of an indirect mode of RA
regulation. Clearly, to determine the mode of RA regulation
of these genes, it will be necessary to characterize their
transcriptional regulatory regions and cross them with mice
carrying mutations in RA receptors.
We identified ES cell lines in which the reporter gene was

partially repressed by RA, further demonstrating the power of
this approach to delineate downstream events in genetic
pathways. Interestingly, the expression patterns in embryos
derived from the repressed lines were distinct from those
derived from inducible lines, suggesting that there may be
qualitative differences between these two classes of genes. For
example, none of the nine integrations that were induced by
RA were expressed in the developing heart, whereas 8 of the
11 repressed lines showed some expression in this tissue.
Three induced lines showed restricted patterns of expression

in different regions along the A/P axis in the spinal cord and
in the adjacent somites, reminiscent of aspects of Hox gene
expression (23, 24). This is consistent with the fact that
transcriptional regulation ofHox genes is modulated by RA in
vitro (9, 10, 25, 26) and in vivo (12, 13, 23). Administration of
RA during embryogenesis alters Hox expression, resulting in
vertebral column transformations (23, 24) and mutation of the
RA receptor Ry gene leads to specific homeotic transformations
in the rostral axial skeleton (27). Therefore, it is tempting to
speculate that the three genes identified in this study are
downstream targets of RA receptors and/or of homeobox-
containing transcription factors.

Heart defects have been reported in RA-treated and RA-
deprived embryos (28, 29). In addition, mice homozygous for
a targeted mutation in the retinoid X receptor a gene exhibit
fetal heart defects (30), providing direct evidence that RA and
its receptors are involved in heart development. Interestingly,
eight RA-repressed integrations identified in this study were
expressed in the developing heart. It is possible that some of
these integrations were in genes expressed in cardiac neural
crest-derived cells because four of the heart lines also showed
expression in the dorsal hindbrain and craniofacial areas.
We have successfully cloned fusion transcripts for six RA-

responsive integrations and five appear to be novel genes. In
ES cell line R.24, the gene trap vector integrated into the
second exon of the c-fn protooncogene. As expected, the
LacZ expression pattern matches that reported for fyn (31).

Developmental Biology: Forrester et al.
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The fyn gene is likely to be inactivated by the gene trap
integration as the predicted fusion protein would include only
the first 21 amino acids of Fyn. Preliminary experiments have
shown that the level of normal fyn transcript in the R.24 ES
cell line is half that of levels in control ES cells (data not
shown), which would support this prediction. It is possible
that a low level of normal fyn transcript is made due to
splicing out of the gene trap sequences. Targeted disruption
offrn results in abnormal T-cell signaling (21) and long-term
potentiation (32). It will therefore be interesting to compare
the phenotype generated by this gene trap integration to the
targeted mutant.

It should be possible, by scaling up an induction gene trap
screen, to identify most genes in a given genetic pathway that
are active in ES cells. This approach could also be applied to
identify genes downstream of transcription factors, by estab-
lishing cell lines in which the expression of the gene of interest
can be controlled in an inducible manner (33). Clearly, this
approach has broad applications and will allow for the simul-
taneous identification and mutation of novel genes involved in
a variety of developmental processes in mammals.
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