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ABSTRACT

Background: Mutations of the murine limb deformity
(Id) locus are responsible for a pleiotropic phenotype of
completely penetrant limb malformations and incom-
pletely penetrant renal agenesis and/or dysgenesis. The
Id locus encodes a complex family of mRNA and protein
isoforms.
Materials and Methods: To examine the role of one of
the more prominent of these isoforms, isoform IV, we
specifically eliminated it by gene targeting.
Results: Unlike other mutant Id mice, homozygous
mice bearing this isoform IV disruption display incom-
pletely penetrant renal agenesis, but have perfectly nor-
mal limbs. Whole mount in situ hybridization demon-
strated that this targeted disruption was specific for
isoform IV and did not interfere with the expression of
other Id isoforms. The isoform IV-disrupted allele of Id

does not complement the renal agenesis phenotype of
other Id alleles, in a manner consistent with its pen-
etrance, and like the isoform IV-deficient mice, these
compound heterozygotes have normal limbs. Sequence
analysis of formin isoform IV in other Id mutant alleles
did not detect any amino acid changes relative to the
strain of origin of the mutant allele.
Conclusions: Thus, the disruption of isoform IV is suf-
ficient for the renal agenesis phenotype, but not the limb
phenotype of Id mutant mice. Structural mutations in
this isoform are only one of several genetic mechanisms
leading to the renal phenotype, since amino acid changes
in this isoform were not detected. These results demon-
strate that this gene is limb deformity, and that variable
isoform expression may play a role in generating the
pleiotropic Id phenotype.

INTRODUCTION
A number of murine and human complex dys-
morphic syndromes are inherited in a Mendelian
fashion (1,2), suggesting the action of a single
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gene. While the pleiotropic nature of such single-
gene disorders may result from multiple factors,
tissue-specific control of gene expression is one
likely mechanism for pleiotropy. For example,
the activity of a single-gene product can be reg-
ulated in a tissue-specific manner at the level of
transcription or translation. In addition, multiple
gene products can be variably produced in dif-
ferent tissues by alternative promoter utilization
and/or differential splicing, resulting in the local-
ized expression of distinct proteins.

The mouse limb deformity locus (Id) provides
a good model for the study of factors involved in
the generation of complex dysmorphic syn-
dromes from single genes. Five recessive mutants
(ld', idOR, dTgHd ldTgBri and id1"2) of this locus
have previously been described (3-9). Homozy-
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gous mutant mice have oligosyndactyly with fu-
sion of the long bones of the limbs, as well as
renal agenesis, hypoplasia, and dysplasia. The
limb phenotype is completely penetrant in ho-
mozygotes, but the renal agenesis phenotype
shows incomplete penetrance and variable ex-
pressivity. Each of the five known alleles have
differences in penetrance of the renal phenotype,
which vary from 98% in ld/ld' mice (10) to 21%
in Id12/ld'12 mice (9). These differences may be a
consequence of the strength of each allele and/or
strain background differences (10).

The gene for the Id locus was cloned via a
transgene insertion in the ldTgHd allele (7). The
gene is composed of at least 24 exons spanning
over 400 kb (1 la), and has at least four different
mRNA isoforms that are differentially expressed
during development (see Fig. IA) (11). Isoforms
1-111 contain a common 5' exon that codes for a
basic protein domain, while isoform IV contains
a unique 5' terminal exon encoding an acidic
domain. Isoforms I-III are coordinately ex-
pressed in the developing kidney and central and
peripheral nervous systems, but they are ex-
pressed only at very low levels in the limb buds.
Isoform IV is expressed at high levels in the limb
buds, particularly the apical ectodermal ridge
(AER), developing kidneys, notochord, branchial
arches, somites, and tail buds, as determined by
RNase protection (11) and in situ hybridization
analysis (12). In the chicken, a similar pattern of
expression was seen using antibodies to the iso-
form IV product (13). In addition, there are at
least two distinct promoters in the Id locus: one
at the 5' end of isoforms I-III and an internal
promoter for isoform IV. The existence of the
internal promoter was demonstrated using a lacZ
reporter assay in transgenic mice (12). These ob-
servations suggest distinct roles for isoforms I-III
and IV in the Id phenotype.

Given that Id is a complex locus giving rise to
multiple protein isoforms, we were interested in
determining whether components of the pleio-
tropic Id phenotype might be the consequence of
a mutation affecting one of these isoforms. To
test this, we have investigated the role of isoform
IV in the Id phenotype by isoform-specific gene
targeting, and by sequence analysis of this iso-
form in spontaneously occurring Id mutants. Our
results indicate that the disruption of isoform IV
results in the occurrence of one of the mutant Id
phenotypes, renal agenesis/dysgenesis pheno-
type, but not the limb phenotype that accompa-
nies other mutations at the Id locus.

A MURINE Id LOCUS
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FIG. 1. Disruption of isoform IV of the Id gene
(A) Murine Id locus. The alternative splicing of iso-
forms I-IV are shown (after Jackson-Grusby et al.
1992). Not all 24 exons are shown, only those im-
portant for distinguishing the four isoforms. (B) Tar-
geting strategy. Top: genomic organization of the
wild-type Id gene (129 strain) around the 5'-termi-
nal exon (black box) of isoform IV. Middle: replace-
ment-type targeting construct for isoform IV. A
PGK-neo gene (arrow, indicating direction of tran-
scription) was inserted into this exon at a unique
BamHI site of isoform IV, in the opposite orientation
relative to transcription, and introduced stop codons
in all three reading frames of isoform IV. Bottom:
structure of the mutant locus (ldGKo allele) after ho-
mologous recombination with the targeting con-
struct. The location of the flanking (probe 1) and
internal (probe 2) probes used for Southern analysis
are indicated by bars under the wild type allele. Re-
striction enzyme sites: B, BamHI; Bg, BgIII; H,
HindIII; N, NotI; R, EcoRI; X, XbaI; Xh, XhoI.

MATERIALS AND METHODS
Gene Targeting
The 129Sv genomic clone for the 5'-terminal
exon of isoform IV was isolated from a 129Sv
female liver genomic library (Stratagene). The
targeting construct was made in the vector pPNT
(14), and JI ES cells (15) were used for transfec-
tion. The growth, transfection, and isolation of
potential targeted clones were carried out as pre-
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viously described (16). One hundred ninety-six
clones were analyzed for homologous recombi-
nation by nested polymerase chain reaction
(PCR) (data not shown), and by Southern anal-
ysis using a flanking primer and a neo primer.
Eight PCR positive clones were expanded and
correct targeting in six clones was confirmed by
Southern blot analysis with five different restric-
tion enzymes, using either a flanking probe
(Fig. 1B, probe 1) or an internal probe (Fig. 1B,
probe 2) from the exon. After blastocyst injec-
tion, one targeted line gave germ-line transmis-
sion. The production of chimeric animals and
mating of chimeric males with NIH Black Swiss
(Taconic) females to test for germ-line chimerism
has been described elsewhere (16). Fl heterozy-
gotes were intercrossed to generate all geno-
types, and the line was maintained in this mixed
background.

Skeletal Stains
Skeletal stains were done as described previously
(17). The axial skeletons of IdGKd/ldGKO animals
were normal (data not shown), as previously
reported for all other Id alleles (3-9,18,19).

Whole Mount in Situ Hybridization
Analysis
Experiments were performed as described previ-
ously (20), with the exception that embryos
were permeablized with detergents (21), as op-
posed to proteinase K treatment when examin-
ing AER staining patterns (12). Probes for iso-
forms 1-111 and isoform IV were carried out as
described elsewhere (12).

Immunoblot Analysis
For immunoblot analysis, protein samples were
separated on 6% acrylamide Laemmli gels, trans-
ferred to Immobilon-P (Millipore), and hybrid-
ized with the appropriate antiserum. Adult ani-
mals were genotyped by Southern analysis of tail
DNA, while embryos were the result of homozy-
gous matings, and therefore of uniform geno-
type. An entire litter (8-9 embryos) was dis-
sected for limb bud samples, while only two
heads or two bodies (devoid of head and limb
buds) were used for those samples. After dissec-
tion, the embryo samples were quickly frozen at
-800C. Samples were disrupted by Dounce ho-
mogenization in PBS with protease inhibitors.
One-half of each sample was loaded in each well.

Each genotype from each embryonic fraction
was repeated at least twice, with similar results
(data not shown). Polyacrylamide gel electro-
phoresis, immunoblotting, and stripping of filters
were performed as described elsewhere (22).

Sequence Analysis
cDNA representing the entirety of the coding
sequence of isoform IV were synthesized from
homozygous kidney samples from FVB, Id' and
idOR mice, using SuperScript (GIBCO/BRL). Five
primer pairs were used to amplify overlapping
800- to 1,000-bp fragments from isoform IV (se-
quences and PCR conditions available upon re-
quest). PCR products were cloned by the T-vec-
tor kit (InVitrogen), and two clones of each
fragment were sequenced on one strand each to
give complete coverage for isoform IV. Auto-
mated sequencing was performed on an Applied
Biosystems, Inc., machine, using conditions rec-
ommended by the manufacturer. Sequence
polymorphisms were confirmed by repeat se-
quencing of both strands of the same fragment. If
confirmed, the relevant region of isoform IV was
directly amplified from genomic DNA. The PCR
fragments were directly sequenced, or the pres-
ence of polymorphic restriction enzyme sites
from the polymorphic nucleotides were deter-
mined.

RESULTS
Targeted Disruption of Isoform IV

Unique 5' exons are used for isoforms I-IlI and
isoform IV (Fig. LA). A replacement-type target-
ing construct was designed to disrupt isoform IV
(Fig. 1B), using a 129-Sv genomic clone of the Id
locus surrounding the 5'-terminal exon of iso-
form IV for the targeting construct. This exon is
adjacent to the isoform IV promoter and is not
utilized in isoforms I-III (Fig. IA). A PGK-neo
cassette was inserted 195 bp 3' of the start codon
(65 amino acids into the open reading frame) of
this exon, in the opposite orientation relative to
transcription. Stop codons were introduced in all
three reading frames. This insertion into the 5'-
terminal acidic exon of isoform IV is predicted to
result in either a severely truncated, nonfunc-
tional protein from the isoform IV transcript, or
no protein product, and should have no effect on
the expression of isoforms I-III.

This construct was introduced into J1 em-
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bryonic stem cells (15), and nine clones contain-
ing the disrupted allele (IdGKO) were identified
using a nested PCR strategy, with neo primers
and primers from the flanking region 5' of the
targeting construct (data not shown). These nine
positive clones were analyzed by Southern blot-
ting, using a flanking probe (probe 1, Fig. iB) or
an internal probe (probe 2, Fig. iB). After Xbal
digestion, the predicted polymorphic band of 2
kb and the wild-type 12-kb band were observed
in eight clones using probe 1 (Fig. 2A), demon-
strating appropriate targeting. Using probe 2 af-
ter HindIlI digestion, correct targeting was con-
firmed by the presence of a polymorphic 8-kb
band in seven clones, in addition to the wild-type
6-kb band (Fig. 2B). Using several different en-
zyme digestions and these probes, five of the
clones had completely correct targeting (data not
shown). However, the other PCR-positive clones
had bands of inappropriate sizes (see Fig. 2A,
lane 2 and Fig. 2B, lanes 2 and 5), suggesting that
targeting was aberrant in these clones. One of
three correctly targeted clones resulted in germ-
line transmission after injection into blastocysts,
establishing the IdGKO isoform IV mutation in
mice.

Immunoblot Analysis of Isoform IV in
Mutant Animals
F IldGKOI+ heterozygotes were crossed, and all
possible Id genotypes were observed in the off-
spring (Fig. 2C). Over 100 offspring resulting
from heterozygous crosses were genotyped, and
all genotypes were present in the expected 1:2:1
(+/+ :ldGK0/+ :IdGK/lIdGKo) ratio. To determine if
the disruption resulted in total loss of isoform IV
protein, we performed Western blot analysis of
embryos that resulted from heterozygous
crosses. The different isoforms of the Id locus
potentially encode a family of proteins, termed
the formins (23). In vitro translation studies
demonstrated that isoforms I, II, and IV encode
proteins of 180, 160, and 165 kDa, respectively,
and isoform III encodes a protein of 78 kDa (24).
To examine the expression of formin isoform IV,
we used a rabbit antiserum that was made to the
5' end of the proline-rich exon of the mouse
protein (a-proline antiserum). This exon is com-
mon to all four isoforms; however, this anti-
serum only detects a 165-kDa protein corre-
sponding to isoform IV in embryonic samples
(see below).

Immunoblots of kidney lysates from wild-
type animals, using the a-proline antiserum,
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FIG. 2. Southern and immunoblot blot analy-
sis of ES clones and animals
(A) Southern analysis of DNA from targeted ES
clones, after XbaI digestion, and using a flanking
probe (probe 1 from Fig. iB). Lane 1, control JI ES
cell DNA; lanes 2-10, PCR-positive clones; +, wild-
type allele (12 kb); KO, ldGK" allele (2 kb). (B)
Southern analysis of the same ES clones, after
HindlIl digestion, using an internal probe (probe 2
from Fig. iB). +, wild-type allele (6 kb); KO, ldGKO
allele (8 kb). (C) Southern analysis of mice contain-
ing the ldGKO allele. Tail DNA samples from the F2
offspring of a heterozygous cross (lanes 1-11) were
analyzed by Southern blot analysis after EcoRI diges-
tion, using the internal probe 2. +, wild-type allele
(6 kb); KO, IdGKO allele (8 kb). Pups 4, 5, 8, 9, and
11 were +/+, pups 1-3, 6, and 7 were ldGKOI+, and
pup 10 was ldGKOldGKO. (D) Immunoblot analysis of
lysates from bodies, dissected away from head and
limb buds, of El0.5 embryos of different genotypes.
The genotypes analyzed were: ldGKO/ldGKO homozy-
gotes (lanes 1,2); ldGKOIldlgBri compound heterozy-
gotes (lanes 3-6); and ldGKOI+ heterozygote (lane
7). The relevant protein bands are indicated by ar-
rows: IV refers to the 165-kDa isoform IV protein; B
refers to the 155-kDa ldTgBri truncated protein. A
background band of about 120 kDa was shown to
demonstrate relative protein loading in each lane.
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TABLE 1. Limb and Kidney Phenotypes of Fl Compound Heterozygotes from Homozygous Crosses

Normal kidneys
Abnormal Kidney

Genotype Normal limbs 0 1 2 (%) abnormality

idGKOI + 92/92 0 0 92 0 None
ldGKOldGKO 105/105 1 5 99 6%* Agenesis
IdGKOldTgBri 62/62 0 1 61 2% Agenesis
ldGKOIldln2 43/43 1 0 42 2% Multicystic dysplastic

Matings were between homozygous parents to give uniform genotypes in each litter. Pregnant females were checked twice daily
for litters to minimize the chance of missing pups that died at birth. All pups were scored for limb phenotype and for the num-
ber of kidneys by inspection under a dissecting microscope.
*p < 0.05, when compared with ldGKOI+ neonates by Fisher's exact test.

demonstrated the presence of a predominant
band of 165 kDa, corresponding in size to iso-
form IV, which was undetectable in lysates of
IdGKO/ldGKo homozygote kidneys (data not
shown). This 165-kDa protein was also missing
from crude lysates of bodies of El0.5 IdGKOlldGKO
homozygote embryos, but, as expected, was
present in ldGKOI+ heterozygotes (Fig. 2D). Sim-
ilar results were obtained using an antiserum
raised against the 5'-terminal exon of isoform IV
(data not shown), demonstrating that this pro-
tein represents the translation product of isoform
IV and that it is absent in the null embryos. The
ld9TBri allele, resulting from a transgene insertion
(8,19), codes for a truncated (1 55 kDa) protein of
isoform IV (D.C. Chan, unpublished observa-
tions). Body lysates from ldGKOIldTgBri compound
heterozygotes contained only this truncated pro-
tein, and did not contain detectable levels of the
165-kDa protein (Fig. 2D, lanes 3-6), providing
additional evidence that the isoform IV disrupted
allele does not make any of the normal isoform
IV 165-kDa protein. Identical results were ob-
tained from immunoblot analysis of dissected
limb buds and head samples of E10.5 embryos
(data not shown). These results demonstrate that
no isoform IV protein was produced from the
IdGKO allele and confirm that we have eliminated
this isoform in these mice.

Limb and Kidney Phenotypes
of Mutant Mice

All ldGKOlldGKO animals appeared grossly normal
by inspection and were healthy and fertile. To
assess the phenotype of ldGKolldGKO homozygotes

and compound heterozygotes formed between
ldGKO and other Id mutant alleles, ldGKOldGKO
homozygous males were mated to +/+, ldGKOI
ldGKO, ldTgBrilldTgBri and Idl"I2ldl"2 homozygous
females, and neonates were scored for limb and
kidney abnormalities. All heterozygous ldGKOI+
and homozygous ldGK/lldGKO neonates had nor-
mal limbs by inspection (Table 1) and skeletal
staining (Fig. 3A,B). In particular, all animals had
normal numbers of digits, absence of syndactyly,
and absence of radioulnar and tibiofibular syn-
ostosis, which are the hallmarks of the Id limb
phenotype. ldGKOI/dTgBri and ldGKO/ldln2 com-
pound heterozygotes also had entirely normal
limbs (Table 1). These findings demonstrate that
the disruption of isoform IV is not sufficient for
the limb phenotype of the Id locus and that the
IdGKO mutant allele complements the limb phe-
notype of other Id alleles.

In contrast to the absent limb phenotype,
6% (6/105) of ldGKOIldGKO homozygous mutants
had unilateral or bilateral renal agenesis (Table 1,
Fig. 3C,D). The adrenal glands were always
present bilaterally. In some cases, blind-ended
ureters originating from the bladder were
present, while in others, the ureters were absent
on the ipsilateral side (Fig. 3C,D). Of 62 IdGKOI
ldTgBri compound heterozygote neonates, one an-
imal (2%) had unilateral agenesis (Table 1).
Also, one IdGKO11dl2 compound heterozygote ne-
onate had bilateral multicystic dysplastic kidneys
(Table 1, Fig. 3E-G), a phenotype within the
spectrum of renal agenesis and seen previously
in ld'n2/Ild'2 mutants (9,10). The tubules of such
kidneys are characterized by developmental mal-
formations, resulting in huge urine-filled cysts
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FIG. 3. Analysis of mutant mice
(A) and (B) Forelimbs after skeletal staining. Note that both limbs have the normal number of digits, and both
have paired long bones (radius and ulna). Left, ldGKOI+ limb; right, ldGKOIldGKO limb. (C) IdGKOIldGKO animal with
bilateral renal agenesis. The adrenal glands (a) were present bilaterally, but the ureter (ur) was present only on
the left side. (D) ldGKoIldGKO animal with unilateral (left) renal agenesis. The adrenal glands (a) were present bilat-
erally, but the ureter (ur) was present only on the side with the kidney (k) and distinguished from the uterine
horn (uh) on the same side. (E) Kidney from a 2-week-old +/+ mouse, sectioned and stained with hematoxylin
and eosin. (F) Kidney from a ldGK0Ildln2 2-week-old littermate with bilateral multicystic dysplastic kidneys, sec-
tioned and stained with hematoxylin and eosin. Note the massive cysts, due to maldevelopment of the excretory
system. (G) Part of kidney section in F (higher magnification). The small cysts on the right of the figure reflect the
maldevelopment associated with the multicystic dysplastic kidney phenotype.
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TABLE 2. Limb and Kidney Phenotypes of F2 Offspring from IdGK"/ldl"2 Heterozygous Crosses

Total Normal Renal Abnormal
Genotype (%) limbs agenesis/dysgenesis (%)

ld'n211dI2 20 (24%) 0/20 12/20 60%

ldGKOIldln2 53 (62%) 53/53 6/53 11%
IdGKOldGKO 11 (13%) 11/11 1/11 9%

Matings were between heterozygous ldGK0/ldln2 parents. All offspring were genotyped by Southern blot analysis. Pregnant fe-
males were checked twice daily for litters to minimize the chance of missing pups that died at birth. All pups were scored under
a dissecting microscope for limb phenotype and for kidney abnormalities.

from defective tubulogenesis (Fig. 3F, compared
with a normal kidney in Fig. 3E). At high mag-
nification (Fig. 3G), even the normal-appearing
parenchyma at the margin of this multicystic
dysplastic kidney showed evidence of smaller
cysts, reflecting the hindrance of urine flow re-
sulting from tubular maldevelopment. We have
not observed renal agenesis in 92 neonatal het-
erozygous ldGKOI+ mice (Table 1), nor in several
hundred wild-type animals in this mixed strain
background (data not shown).

To examine in more detail the noncomple-
mentation between the ldGKo allele and the Id'12
allele, we analyzed the limb and kidney pheno-
types of F2 offspring of an F IldGKOIldl12 com-
pound heterozygous cross (Table 2). As ex-
pected, approximately 25% of the offspring were
Id12/Ild'12 homozygotes. These animals all had
abnormal limbs, and 60% of them had renal
agenesis or dysgenesis, which was higher than,
but consistent with, previous observations (9).
The remaining neonates, which included ldGKO/
ld'12 compound heterozygotes and idGKo/idGKo
homozygotes, had normal limbs. However, 6/53
(1 1 %) of the compound heterozygotes and 1 / 11
(9%) of the ldGKol/dGKo homozygotes had renal
agenesis/dysgenesis. In separate matings be-
tween wild-type mice and Id'12Ild'12 homozy-
gotes, out of 42 offspring, none had renal agen-
esis/dysgenesis, demonstrating that the renal
phenotype observed in these mice was caused
only by the Id alleles. There was a relatively
lower number of ldGKO/ldGKO homozygotes
(13%). We have not yet determined whether
this occurred by chance or was due to aneu-
ploidy from segregation of the abnormal chro-
mosomes in the ld'12 mice (9). We have not
observed any other evidence that the isoform IV
disruption had an effect on embryonic viability.

In support of this interpretation, the litter sizes of
matings between mice that were homozygous
for the isoform IV disruption averaged between 9
and 10 mice, which is similar to wild-type litter
sizes (data not shown).

These results indicate that the disruption of
isoform IV results in renal agenesis/dysgenesis,
with penetrance somewhat lower than that ob-
served with other Id mutant alleles. Consistent
with this observation, a low incidence of non-
complementarity of the renal agenesis pheno-
type was observed between the ldGKo and the
IdTgBri or ld1n2 alleles. By contrast, the IdGKo allele
complemented the limb phenotype of all Id al-
leles tested. Thus, the disruption of isoform IV is
sufficient for the Id renal agenesis phenotype, but
not the limb phenotype.

Analysis of Isoform-specific RNA
Expression by in Situ Hybridization
To prove that the ldGKO allele is an isoform-spe-
cific disruption of the Id locus, the spatial and
temporal patterns of expression of the formin
isoforms (I-IV) were examined by whole-mount
in situ hybridization analysis in +/+ and idGKOl
ldGKO embryos (Fig 4). Isoform IV is expressed at
high levels in the AER, branchial arches, and in a
punctate pattern in the somites of E9.5 and
E 10.5 embryos, but not in their dorsal root gan-
glia (DRG) or trigeminal ganglia (TG). In con-
trast, isoforms I-III are expressed in the DRG and
TG of E 10.5 embryos, but not the AER or somites
(12). Therefore, the AER, somites, DRG and TG
represent areas of unique expression of Id iso-
forms. In addition, isoforms I-IlI and IV are co-
ordinately expressed in the mesonephros, the
ureteric bud, and the branching derivatives of
the bud (12).
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FIG. 4. Whole-mount in situ analysis of isoforms I-III and IV in wild-type and mutant mice
+/+ (A) and ldGKO/lldGKO (-I/-) (B) E l 1.5 embryos, and dissected mesonephroi from + /+ (C) and IdGKO/ldG'KO
(-/-) (D) E10.5 embryos were hybridized with an isoform I-III RNA antisense probe. +/+ (E) and IdGKOIldGKO
(F) E 10.5 embryos, and dissected kidneys from +/+ (G) and IdGKOIldGKO (H) E13.5 embryos were hybridized with
an isoform IV RNA antisense probe. AER, apical ectodermal ridge; S, punctate staining in the somites; DRG, dorsal
root ganglia; TG, trigeminal ganglia; Mes, mesonephric tubules; Tu, metanephric tubules (arrowheads); BA,
branchial arches.

Using an isoform I-III-specific antisense
RNA probe, the staining patterns of the DRG and
TG were identical between E 1 1.5 + / + (Fig. 4A)
and IdGKOIldGKO embryos (Fig. 4B), as well as in
E9.5 and E10.5 embryos (data not shown). In
contrast, using an isoform IV-specific antisense
RNA probe, there was intense staining of the
AER, somites, and branchial arches of +/+ E9.5
(data not shown) and E10.5 embryos (Fig. 4E).
However, this staining pattern was absent in
ldGKOlldGKo E9.5 (data not shown) or E 10.5 em-
bryos (Fig. 4F).

The pattern of expression of isoforms I-III
and IV was examined in the developing kidneys.
The expression of isoform 1-111 in the mesoneph-
ric ducts and tubules was identical between + / +
(Fig. 4C) and ldGKOIldGKO (Fig. 4D) embryos. In
addition, the ureteric bud and branching deriva-
tives were stained with a probe to isoforms I-III
in embryos of both genotypes (data not shown).
However, isoform IV was expressed in the devel-
oping kidneys only in +/+ embryos. Isoform IV
was detectable in the mesonephric ducts and
tubules, ureteric bud (data not shown), and in a

punctate pattern from branching of the ureteric
bud in older (E13.5) kidneys (Fig. 4G). In IdGKOI
ldGKO embryos, no expression of isoform IV was
detectable in mesonephroi, ureteric buds (data
not shown), or E13.5 kidneys (Fig. 4H). Thus,
the spatial and temporal expression of isoform IV
RNA is specifically disrupted in the IdGKO allele,
whereas the expression of RNA from isoforms
I-III is unaffected.

No Isoform IV Mutations in the IdJ
or IdoR Alleles

The ldgTBr" and ld'1,2 alleles are the result of a
transgene insertion and a chromosomal translo-
cation, respectively, at the 3'-end of the formin
gene (9,19), which disrupt all known isoforms
(I-IV) of the Id locus. As expected, these disrup-
tions result in the production of slightly trun-
cated isoform IV proteins as assessed by immu-
noblot analysis (D. C. Chan and P. Leder,
unpublished observations, and results presented
above). In contrast, the molecular basis of the
mutations responsible for the ld' and IdOR alleles
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have not been described. These spontaneously
occurring alleles are likely to contain point mu-
tations or small deletions or insertions, since no
genomic rearrangements have been detected by
Southern blot analysis (data not shown) and the
proteins produced from these alleles are unal-
tered in size or quantity by immunoblot analysis
(D. C. Chan and P. Leder, unpublished observa-
tions).

To determine whether mutations in isoform
IV are present in the ld' and idoR alleles, the
sequences of isoform IV cDNAs for these alleles
were determined and compared with the pub-
lished sequence from FVB mice (11). Reverse
transcription polymerase chain reaction (RT-
PCR) products encompassing the ORF of isoform
IV were cloned and sequenced from wild-type
(FVB), idoRIldoR and ld'ild' kidney RNA samples.
No nucleotide changes were detected in the cod-
ing sequence of isoform IV in the wild-type allele
of FVB mice. No mutations or polymorphisms
were found in the idOR allele, either. However,
we found four differences resulting in amino acid
changes in isoform IV of the Id' allele: (1) a 3-bp
deletion from 2304-2306, resulting in the dele-
tion of a proline residue (AP694); (2) an A -- G
transition at position 1372 (Al 372G), which re-
sults in an arg -- gly amino acid substitution at
amino acid 383 (R383G); (3) a G -> A transition
at position 1322 (G1322A), which results in a gly
-> asp amino acid substitution at amino acid 366
(G366N); and (4) an A -> G transition at position
3450 (A3450G), which results in a cys -> trp
amino acid substitution at amino acid 1076
(C1077W). To determine if these changes occur
in the strain of origin of the Id' allele, the AP694
region and the region surrounding amino acid
1077 were sequenced from CBA/Ca mice, which
is the strain in which the ld' allele arose. The
G1322A and A1372G mutations introduced
novel restriction enzyme recognition sites. PCR
fragments surrounding these sites were amplified
and digested with the appropriate enzymes from
ldJ/ldl and CBA/Ca DNA. All four mutations
were present in CBA/Ca, indicating that they are
strain polymorphisms. Since CBA/Ca mice have
normal limbs and kidneys, these polymorphisms
cannot be responsible for the abnormal function
of the Id' allele. Therefore, there are no patho-
logical isoform IV mutations in the 1d6 or idOR
alleles, demonstrating that isoform IV mutations
are not necessary for the limb and kidney phe-
notypes of these spontaneous mutants of the Id
locus.

DISCUSSION
In an effort to dissect the molecular basis for
individual components of the complex Id pheno-
type, we have examined the role of an individual
isoform of the Id locus in the limb deformity phe-
notype. Isoform IV is expressed from an internal
promoter (12) and is an independent transcrip-
tional unit, distinct from isoforms I-III. By dis-
rupting the 5'-terminal exon of isoform IV, we
have created mice that lacked this isoform but
retain normal expression of isoforms I-III. Mice
that are selectively and completely deficient for
isoform IV manifest incompletely penetrant re-
nal agenesis, yet they have normal limbs. In
addition, the isoform IV-disrupted allele does
not complement the renal agenesis phenotype of
two Id mutant alleles. Thus, loss of function of
isoform IV is sufficient for the low incidence of
the renal agenesis/dysgenesis phenotype of the Id
locus, but not the limb phenotype. However,
whereas elimination of isoform IV is sufficient to
produce the renal phenotype, mutations in this
isoform are not necessary for either the limb or
kidney phenotype of Id, since no isoform IV mu-
tations were found in either the Id' or ldOR alleles,
which produce both manifestations of the Id phe-
notype. Our results uncover an important role
for an individual isoform of the Id locus in the
generation of the complex limb deformity pheno-
type and suggest that variable isoform expression
may play a role in this pleiotropic phenotype. In
addition, we have created a new Id mutant that
can be used to study factors involved in the pen-
etrance of the renal agenesis phenotype.

Renal Agenesis, but no Limb Phenotype,
in Isoform IV-Deficient Mice

We have demonstrated that the disruption of a
specific isoform of the Id locus can isolate the
limb and kidney phenotypes of a complex dys-
morphic syndrome in mice. The loss of function
of isoform IV is sufficient for the renal agenesis
phenotype of the Id locus, albeit at a low pen-
etrance, providing compelling evidence for a role
for this isoform and the 165-kDa protein that it
encodes in kidney development. We have also
definitively shown that this gene is involved in
the Id phenotype, since the targeted disruption of
isoform IV did not complement the renal agen-
esis phenotype of two other Id alleles. The non-
complementation of the kidney phenotype be-
tween ldGKo and ld'12 is particularly compelling in
this respect. However, isoform IV-deficient mice
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have normal limbs, demonstrating that the loss
of this isoform is not sufficient for the Id limb
phenotype. One potential explanation for the
segregation of the limb and kidney phenotypes is
that the ldGKO allele is weaker than the other
known Id alleles; those mutant alleles in which
the mutations have been characterized have dis-
ruptions of all of the known isoforms, whereas
the isoform IV targeted allele specifically disrupts
only this isoform, leaving intact the expression of
isoforms I-III. This explanation is supported by
the low penetrance of the renal phenotype in the
isoform IV deficient mice. However, this cannot
be a complete explanation. Although we do not
know the molecular lesions of the id' or idOR
alleles, the idV and Id/OR alleles have no mutations
in isoform IV and hence do not disrupt all Id
isoforms, either. It is also possible that the mo-

lecular actions of the Id gene products are distinct
in the developing limb and kidney and that the
pleiotropic phenotype is the result of variable
isoform expression. This is supported by the dif-
ferent spatial and temporal patterns of expres-

sion of the RNA and protein isoforms of Id.
The developing AER is defective in Id mu-

tants with limb abnormalities (25), which sug-

gests that the origin of the limb defects in Id
mutants resides in the AER. Consequently, the
expression pattern of Id isoforms was examined,
with the goal of identifying those isoforms
which, by virtue of their expression in the AER,
might contribute to the Id limb phenotype. Iso-
form IV is expressed at high levels in the AER of
developing limb buds (11,12), yet no limb phe-
notype was observed in the isoform IV-deficient
mice, suggesting that additional isoforms (and
the proteins they encode) must complement a

deficiency of isoform IV in the limb. Axial pat-
terning in the developing limb bud is a result of
reciprocal inductive interactions between the
mesenchyme and ectoderm (for a recent review,
see ref. 26). Molecularly, these interactions ap-

pear to result from a feedback loop in the mes-

enchyme and ectoderm, consisting of Shh, fgf-4,
and Wnt-7a (27-34). This feedback loop is dis-
rupted in Id mutants (12). Thus, it is possible that
defects in the AER of Id mutants could result
from primary abnormalities in the AER or mes-

enchyme. In support of the importance of the
mesenchyme in the Id phenotype, wild-type
mesenchyme can rescue the AER defect of Id
ectoderm in chimeric mouse/avian limbs (35).
Consequently, isoforms that are expressed in the
mesenchyme may play an important role in the
Id phenotype. Taken together, these experiments

suggest that an Id isoform that is expressed any-
where in the developing limb could potentially
be involved in the mutant limb phenotype. For
example, low levels of RNA of isoforms I and II
are present in the limb bud (10) and contain the
COOH-terminal region of the Id gene disrupted
in the ldTgHd ldTgBri, or ld'"2 alleles. These iso-
forms are unaltered in the isoform IV-deficient
mice. Other candidate isoforms have been iden-
tified in embryonic limb bud ectoderm (11).

It is also clear that missense mutations of
isoform IV are not necessary for either the limb
or renal phenotypes of Id, since sequence analy-
sis of two alleles (1dJ and idNR) failed to detect
physiologically significant alterations in isoform
IV protein structure. Both of these alleles have
fully penetrant limb defects and highly penetrant
renal agenesis. For example, the Id' allele has
98% penetrance, while the idOR allele has 70%
penetrance of renal agenesis (10). All of these
results are best explained by a model in which
isoforms other than isoform IV are necessary and
sufficient for the limb phenotype of Id, whereas
mutations in isoform IV are sufficient, but not
necessary, for the renal agenesis phenotype.

The formation of the kidneys is a result of a
reciprocal inductive interaction between the ure-
teric bud and metanephric blastema. At about
ElI in the mouse, the ureteric bud grows out
from the mesonephric duct into the metanephric
blastema, resulting in the induction of the blast-
ema to form kidney parenchyma. The differen-
tiating blastema mesenchyme in turn signals the
ureteric bud to continue to grow and branch.
Renal agenesis can result from defects in either
the ureteric bud or metanephric blastema. Delays
in ureteric bud outgrowth appear to be the pri-
mary defect in Id mutant homozygotes, leading
to renal agenesis (10). We have previously
shown that isoforms I-III and isoform IV are
expressed in the pronephros, mesonephric tu-
bules and ducts, the ureteric bud of the develop-
ing metanephros, and ureteric bud derivatives of
the developing kidney by whole-mount in situ
hybridization analysis (12). Thus, the Id isoforms,
including isoform IV, are expressed in the devel-
oping kidney in a pattern consistent with an
important role in ureteric bud outgrowth.

The phenotype of the isoform IV-deficient
mice demonstrates that isoform IV is necessary
for normal renal development and implies that
this isoform is involved in ureteric bud out-
growth. In situ hybridization analysis of the Id
isoforms showed that isoform IV was not ex-
pressed in the ureteric bud of isoform IV-defi-
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cient mice, but isoform I-III expression was ex-
pressed normally. Although the presence of all
other Id isoforms is not sufficient for completely
normal renal development, we have not ruled
out roles for other Id isoforms in renal develop-
ment. Isoforms I-III may also be important for
the normal development of the kidneys, a hy-
pothesis that is supported by their pattern of
expression in the embryo. It is possible that the
other isoforms compensate somewhat, but not
completely, for the loss of isoform IV in the
ldGKOlIdGKO mice.

Penetrance and Renal Agenesis
The renal agenesis phenotype of all Id mutations
displays incomplete penetrance and variable ex-
pressivity (10). In the isoform IV- deficient mice,
this phenotype may have reduced penetrance
relative to other Id alleles because the ldGKO allele
is a weaker allele, as discussed above, or because
of strain differences in penetrance. This low pen-
etrance is nevertheless consistent with the renal
agenesis phenotype of other Id mutants, where
the penetrance ranges from 21% to 96% (10).
The difference in penetrance among other Id al-
leles may be due to differences in the rate of
ureteric bud outgrowth, or to the sensitivity of
particular strains to variations in the rate of out-
growth. For example, the ld' allele, with the
highest penetrance, may result in a uniform de-
lay in the rate of ureteric bud outgrowth such
that nearly every animal has renal defects, while
the IdGKO allele, with relatively low penetrance,
may have a less severe effect on the rate of
ureteric bud outgrowth. It has not been possible
to test directly whether ureteric bud outgrowth is
delayed in the isoform IV- deficient mice because
of the low penetrance of renal agenesis. Compli-
cating this analysis is the fact that all alleles of Id
arise and are maintained in different strain back-
grounds. We are using these differences in pen-
etrance to determine the role of individual alleles
and strain-specific modifying alleles in determin-
ing the penetrance of renal agenesis in Id mu-
tants.

Disruptions of other genes in mice have re-
sulted in completely penetrant, recessive renal
agenesis/dysgenesis: the Wilms tumor-associ-
ated transcription factor WT-1 (36); the c-ret re-
ceptor tyrosine kinase (37); the c-ret ligand
GDNF (38-40); the secreted signaling molecule
Wnt-4 (41), and the transcription factor Pax-2
(42). WT-1 (43,44) and Wnt-4 (41) are expressed

in the mesenchymal condensations surrounding
the growing ureteric bud and are likely involved
in receiving the inductive signal in the meta-
nephric blastema from the ureteric bud. Interfer-
ence with mesenchymal induction in these mu-
tants would be expected to result in completely
penetrant renal agenesis. c-ret is expressed in the
ureteric bud (45), and the elimination of this
gene or its ligand GDNF must result in a more
severe disruption of ureteric bud function than
the described mutations of Id, since they result in
100% penetrant phenotypes. Pax-2 is expressed
in both the epithelial and mesenchymal com-
partments of the developing kidney, and its loss
also results in the loss of genital tracts, suggesting
that Pax-2 is central to development of meso-
nephric as well as metanephric derivatives. Id
mutants have defects in ureteric bud outgrowth
only, but not in the later development of the
kidney, since careful examination of the normal-
appearing kidneys in Id mutant animals have
revealed no abnormalities (G. Ryan and A. Wyn-
shaw-Boris, unpublished observations). Thus,
the defects in renal development in Id mutants
most likely precede ureteric bud outgrowth and
probably occur in the mesonephric ducts. We are
currently examining the expression patterns of
markers for mesonephric ducts and ureteric buds
in IdJIld' mutants to address these issues.

Renal agenesis is also incompletely penetrant
and variably expressed in humans, although it is
unclear whether it is inherited in an autosomal-
dominant and/or autosomal-recessive manner
(46-48). By isolating the renal phenotype of Id
from the limb abnormalities, the isoform IV-
deficient mouse provides a model for human
renal agenesis and suggests a candidate gene for
mutation examination.
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