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level of control is provided by a post-transcriptional
mechanism (MacGregor et al., 1992). CRABP-II is largely co-
expressed with another autoregulated member of the RA signal
transduction pathway, namely RARβ2 (de Thé et al., 1990;
Hoffman et al., 1990; Sucov et al., 1990).

Further insight into gene function can be gained by studying
the effects of specific mutations. To this end the technique of
gene targeting by homologous recombination in embryonic
stem cells has proved highly useful. Recently, several different
RAR and RXR isoform-specific mutations have been reported,
as well as total null mutations (Li et al., 1993; Lohnes et al.,
1993; Lufkin et al., 1993; Sucov et al., 1994) Surprisingly,
individual isoforms of each receptor seem to be dispensable for
normal development. At least two isoforms must be eliminated
before any obvious defect is produced, an effect seen when
isoforms from either the same or different genes within the
family are targeted (Lohnes et al., 1993; Lufkin et al., 1993);
Luo and Giguère, unpublished results). 

To investigate the role of CRABP-II in RA signal transduc-
tion, we have disrupted the CRABP-II gene to give a null
mutation. Mice homozygous for the mutation are viable and
fertile. Defects are limited to the forelimb in which there is an
additional, postaxial digit, which is generally, but not exclu-
sively, unilateral. This limb abnormality can be related to the
expression domains of a CRABP-II promoter-lacZ transgene
within the developing limb. The possibility that loss of
CRABP-II may result in an alteration of RA levels on the
posterior side of the limb bud is discussed. 

MATERIALS AND METHODS

Transgenic mice: production and expression analysis
The vector p2.7CIIlacZ was made by inserting a 2.7 kb BglII fragment
containing the CRABP-II promoter and 121 bp of 5′ untranslated
sequence (MacGregor et al., 1992; see also Fig. 2A) upstream of the
E. coli lacZ reporter gene in pSDKlacZpA. Transgenic mice were
generated on an outbred CD-1 background by standard procedure
(Hogan et al., 1986), and transgenic offspring were identified by
Southern blots of tail DNA with a lacZ DNA probe. Transgenic males
mice were mated with CD-1 females, and fetuses were examined in
mid-gestation for β-galactosidase expression. Only those males (Tg1-
8 and Tg15-3) that showed CRABP-II-like expression were retained
for further breeding and analysis. Expression analysis was performed
as previously described (Rossant et al., 1991).

Targeting vector construction
The genomic clones for the mouse CRABP-II gene was isolated from
a mouse strain 129Sv genomic library. The targeting vector
pNTC2.KO was constructed as follows. A 2.7 kb BglII fragment con-
taining the promoter region of the CRABP-II gene and the 5′ untrans-
lated region of exon 1 was cloned into the XhoI site of plasmid pNT
(Tybulewicz et al., 1991) to form pNT2.7. An 8.3 kb BglII fragment
originating within intron 1 and containing the remaining 3′ sequences
of the gene was cloned into the BamHI site of pNT2.7 to form
pNTC2.KO. The 0.5 kb BglII fragment containing exon 1 sequences
including the translational start site and the splice donor site, is thus
replaced by the neo cassette (Fig. 2).

ES cell culture, detection of homologous recombinants
and generation of chimeras 
The targeting vector was introduced into the D3 ES cell line
(Doetschman et al., 1985) by electroporation, and the cells were main-
tained under G418/GANC double selection for 8 days. Genomic DNA
was isolated from surviving colonies, digested with BglII and
screened by Southern blotting for homologous recombinants using the
1.6 kb EcoRI probe derived from the shorter vector arm (probe A in
Fig. 2). Positive clones contained a 4.3 kb mutant band as well as a
2.7 kb wild-type band. These clones were verified by a second
genomic digest (XhoI), probed with an external 3′ probe (probe B,
Fig. 2) which gave a 9 kb wild-type and 11 kb mutant band. Cells
from 3 targeted lines were introduced into C57Bl/6 blastocysts by
microinjection as described (Papaioannou and Johnson, 1993).

Immunohistochemistry
10.5 dpc embryos were fixed in 4% paraformaldehyde, infiltrated with
30% sucrose and prepared for immunocytochemistry as described
(LaMantia et al., 1993). The affinity purified anti-CRABP-II poly-
clonal antibody was diluted to 1-2 µg/ml and the monoclonal anti-
NCAM (Chemicon) antibody was used at 1 µg/ml for immunohisto-
chemical staining. Antibody binding was detected using
DTAF-conjugated species-specific secondary antibodies (Chemicon
or Accurate chemicals) and photographed using a Zeiss fluorescence
microscope (Axioscope).

RNA isolation, skeletal staining and RA treatment of
pregnant females
Total RNA was prepared from embryos using TRIZOL reagent
(BRL). Newborn pups and adult limbs were prepared for skeletal
analysis by alcian blue/alizarin red staining as described (Lufkin et
al., 1992). RA treatment was performed as described (Lyn and
Giguère, 1994).

RESULTS

A CRABP-II promoter lacZ/transgene is expressed in
the posterior domain of the developing limb bud
Previous northern blot and in situ hybridization studies of the
pattern of expression of CRABP-II have demonstrated that
CRABP-II mRNA is abundantly expressed in the mesenchy-
mal cells of the developing limb bud (Giguère et al., 1990;
Ruberte et al., 1992; Lyn and Giguère, 1994). In order to study
the transcriptional regulation of the CRABP-II gene during
limb bud development, we have generated transgenic mice
expressing a 2.7 kb CRABP-II promoter-lacZ fusion gene. Two
transgenic males produced litters in which the expected 50%
showed essentially identical and very specific patterns of
expression. Fetuses derived from Tg15-3 show the strongest
staining, with blue color being apparent within 15 minutes of
immersing in substrate (see below), and the analysis of
expression patterns was performed on litters sired by mouse
Tg15-3. During early development, the CRABP-II promoter-
lacZ fusion gene exhibits a pattern of β-galactosidase activity
reminiscent of the sites that have been demonstrated to express
CRABP-II mRNA (Fraser, Lyn and Giguère, unpublished
data). At a later stage, intense β-galactosidase activity is
restricted to the developing limb buds (Fig. 1A) while weak
lacZ expression could still be detected in the frontonasal and
pharyngeal arch mesenchyme (data not shown). Interestingly,
strong lacZ expression is detected in the posterior mesenchyme
of the developing limb buds as staining was apparent in the
posterior domain between 15 and 30 minutes after initiation of
staining (Fig. 1A-C). Longer incubation with X-gal (Fig. 1D,
1.5 hours) revealed a graded expression of the lacZ transgene
both in the anteroposterior and dorsoventral axes. Overnight
staining showed an homogenous distribution of lacZ
expression throughout the mesenchyme (data not shown), with
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