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Limb morphogenesis is an excellent model system to study pattern formation during vertebrate development. 
The legless (lgl) insertional mutation can serve as a tool to analyze specific events in limb development at the 
embryologic, genetic, and molecular levels. Hemizygous mice of this transgenic line are phenotypicaUy 
normal, but homozygous mutants are inviable and exhibit limb, brain, and craniofacial malformations, as well  
as situs inversus. By morphological analysis of mutant hindlimb buds we show absence of a normal apical 
ectodermal ridge, a structure required for limb bud outgrowth, and an unusually high degree of mesenchymal 
and ectodermal cell death. Mutant embryos are extremely sensitive to retinoic acid, a known teratogen with a 
proposed role in limb development. The hindlimb malformations in legless mutants are less severe when bred 
into the BALB/c background, suggesting the involvement of other strain-specific genes. Molecular analysis of 
the disrupted region indicates two tightly linked insertion sites. Sequences flanking the transgene insertions 
have been cloned and mapped to chromosome 12, near the iv (situs inversus viscerum) locus. Consistent with 
this, complementation tests confirm allelism of lgl and iv and suggest that the transgene insertion may have 
disrupted more than one gene. Phylogenetically conserved sequences flanking the transgene insertions were 
identified and used to isolate candidate lgl and iv cDNAs. 
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The vertebrate limb has served as a powerful model sys- 
tem for the investigation of pattern formation during de- 
velopment. The process of limb formation is well con- 
served during evolution, with grafted pieces of limb buds 
from mammals or reptiles capable of driving appropriate 
chicken limb development (Fallon and Crosby 1977). 
Furthermore, limb morphogenesis has been hypothe- 
sized to use a number of interesting mechanisms, includ- 
ing gradients emanating from the zone of polarizing ac- 
tivity (ZPA) (Tickle et al. 1975), cell division memory in 
the mesenchymal progress zone (Summerbell and Lewis 
1975), reaction-diffusion processes (Turing 1952), and 
essential, although poorly understood, inductive interac- 
tions between the mesenchyme and apical ectodermal 
ridge (AER)(Harrison 1918; Zwilling 1955; Saunders et 
al. 1957; Hurle et al. 1989). To unravel limb develop- 
ment at the molecular level it is necessary to character- 
ize the key genetic components that govern the process. 

Transgene insertional mutagenesis can randomly scan 
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the mammalian genome, searching for genes of develop- 
mental significance. Conceptually, the approach is iden- 
tical to the transposable element tagging that has been 
used so successfully in identifying interesting genes in 
bacteria (Heffron et al. 1975), Drosophila (Rubin et al. 
1982), Caenorhabditis elegans (Moerman et al. 1986), 
and plants (O'Reilly et al. 1985). In each case, the foreign 
DNA serves as both mutagen and molecular tag, allow- 
ing molecular retrieval of the altered chromosomal re- 
gion. 

Previously, we have described the developmentally in- 
teresting phenotype observed in newborn mice homozy- 
gous for the legless (lgl) transgene insertional mutation, 
which arose in the pHTI-1 line of transgenic mice (Mc- 
Neish et al. 1988, 1990). As the name suggests, essen- 
tially all of these mice have deficient hindlimbs, with 
structures distal to the femur absent. Furthermore, the 
forelimbs are also malformed, but with a markedly vari- 
able expressivity. Some forelimbs are only mildly af- 
fected, with missing anterior digits; other forelimbs are 
severely altered, with the paws and anterior forearm 
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Figure 1. Normal development of forelimb (arrow) and hind- 
limb (*) buds in lgl/lgl embryos through day l0 of gestation. (A) 
An early day 10 embryo with 28 somites. (B) A late day 10 
embryo with 40 somites. Magnification, 16.8x. 

amined by scanning electron microscopy (SEM) to search 
for early morphologic lesions that might underlie the 
subsequent phenotype. Hindlimbs were ideal for this 
analysis because the uniformity of the mutant pheno- 
type allowed the association of an observed embryologic 
defect with a known outcome. Figure 1 shows that early 
hindlimb bud development in lgl/lgl embryos progresses 
within normal limits through day 10 of gestation. These 
are both mutant embryos, but lgl/lgl hindlimb bud de- 
velopment at this stage cannot be distinguished from 
controls. By day 11, the mutant hindlimb buds failed to 
develop to the paddle stage achieved by wild-type em- 
bryos (Fig. 2). This lack of outgrowth is most likely the 
result of absence of the AER. Figure 2, A and B, illus- 
trates the AER in hindlimb buds from day 11 wild-type 
and hemizygous mouse embryos. The absence of this 
structure in comparably aged mutant hindlimb buds is 
evident in Figure 2, C and D. 

bone (the radius) missing, but with the posterior forearm 
bone (the ulna) present and normal. That is, lgl/lgl mice 
are lacking anterior, distal forearm structures, but with 
considerable individual variation. Moreover, the mutant 
mice have aberrant brains, with the most anterior struc- 
tures, the olfactory lobes, usually absent. The cerebral 
hemispheres are often malformed, with hydrocephaly, 
encephaloceles, and darkened necrotic regions, but the 
more posterior structures of the mutant brain are nor- 
mal. Craniofacial clefts are observed in -50% of the mu- 
tants. And finally, in half of the mutant mice we ob- 
served situs inversus, a mirror image arrangement of in- 
ternal organs. This suggests that a gene product that 
normally governs visceral positioning is now absent or 
defective, allowing randomization of internal left-right 
asymmetry. 

In this report we describe the results of our continued 
embryologic, genetic, and molecular studies of this in- 
sertional mutation. During early hindlimb morphogene- 
sis we observed the absence of normal AER, as well as 
unusual mesenchymal cell death. Genetic background 
effects were investigated by backcrossing to the BALB/c 
inbred mouse strain, resulting in distinct modifications 
of the phenotype. Furthermore, mutant embryos were 
shown to be remarkably sensitive to retinoic acid. At the 
molecular level, mouse DNA flanking the transgene in- 
sertion has been cloned and used for chromosomal map- 
ping. The results suggested allelism with the classic iv 
(situs inversus viscerum) locus, and this was confirmed 
by genetic complementation tests. In addition, we have 
demonstrated that the transgene disruption was complex 
in nature, likely involving two tightly linked transgene 
insertions. Two mouse flanking DNA segments with 
highly evolutionarily conserved sequences were local- 
ized and used to retrieve candidate lgl gene cDNAs. 

R e s u l t s  

Developing hindlimbs 

Hindlimb buds of lgl/lgl and wild-type embryos were ex- 

Histologic analysis 

Serial histologic sections of hindlimb buds from embryos 
of 28--40 somites verified the SEM findings, with no AER 
detected in mutants. In the early day 10 embryos (28-30 

Figure 2. SEM of day 11 hindlimb bud. (A) Day 11 wild-type 
embryo. Arrows indicate AER. [B) Hindlimb bud from day 11 
lgi/+ embryo. Arrows indicate AER. [C,D) Different views of 
the hindlimb bud from day 11 lgl/1g1 embryo. The bud is growth 
retarded, has not attained the characteristic paddle shape, and is 
lacking an AER. Magnification, 47 x. 
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somites), however, no differences could be discerned 
from wild-type littermates. The first noticeable differ- 
ence in mutant embryos appears at 34-35 somites as an 
episode of necrosis in the anterior (preaxial) mesoderm in 
the dorsal half of the hindlimb bud (Fig. 3). As the mu- 
tant embryo reaches the 40-somite stage, mesodermal 
cell death becomes more intense and extends throughout 
the limb mesoderm, especially in the dorsal half of the 
bud (Fig. 4). Surprisingly, mitotic figures can be found in 
the midst of this necrotic episode. At this stage, cell 
death in the ectoderm becomes evident and involves the 
entire anteroposterior extent of apical ectoderm (Fig. 4). 
This episode of cell death begins somewhat more ven- 
trally than the mesodermal necrosis. In the day 11 mu- 
tant hindlimb (45-50 somites), debris from dying cells in 
the mesoderm is minimal and the ectoderm is generally 
free of cell death but shows no thickening indicative of 
AER. One exception was noted where a small, localized 

Figure 3. Histological analysis of hindlimb buds. (A) Tangen- 
tial section of hindlimb bud (magnification, (18x) from wild- 
type embryo on midday 10 (36 somites). Note thickening of 
ectoderm at anterior and posterior poles indicative of AER. (B) 
Tangential section of hindlimb bud (magnification, 18x) from 
lgl/lgl embryo on midday 10 (38 somites). No thickening of the 
ectoderm is evident. The arrow indicates dead cells in the an- 
terior central mesoderm. (C) Enlargement of B (magnification, 
45 x } with arrow indicating same dead cell. Arrowheads denote 
other dead cells. 

Characterization of legless insertional mutation 

thickening was found, but most of the cells therein were 
necrotic. 

Another feature of mutant hindlimb buds was the ab- 
sence of a marginal venous sinus (Fig. 4). This channel, 
which normally underlies the AER, was first seen in 
wild-type embryos of the 30- to 35-somite stage but 
could not be found in any mutant hindlimb bud. 

Retinoic acid hypersensitivity 

Retinoic acid (RA) has been shown to alter the pheno- 
types of certain mutant mice, including curly tail (Seller 
et al. 1979) and Splotch (Kapron-Bras and Trasler 1984). 
Therefore, we decided to search for any interaction be- 
tween RA and lgl. Administration of 25 mg/kg of RA 
intraperitoneally on day 9.5 of gestation (-25-somite 
stage) to six lgl/+ dams yielded 42 viable day 18 fetuses. 
Of these, 13 fetuses were not transgenic (wild type), 21 
were hemizygous for the pHT1 insertion, and 8 were 
homozygous and displayed the mutant phenotype. The 
severity of the Igl phenotype in comparison to untreated 
fetuses (McNeish et al. 1990)was significantly increased, 
as can be seen in Table 1. The results indicate that both 
forelimbs and hindlimbs of lgl/lgl fetuses are missing 
more skeletal elements than lgl/+ or + / +  fetuses ex- 
posed to RA during the period of early limb develop- 
ment. The forelimb phenotype remains more severe pre- 
axially or anteriorly as evidenced by 14/16 missing radii 
versus only 4/16 missing ulnae. Craniofacial clefting, a 
frequent feature of the lgl/lgl offspring, was evident in all 
but one RA-exposed lgl/lgl fetus. At this dose of RA, a 
low frequency of cleft palate was induced in + / +  and 
lgl/+ fetuses as well. Malformations of the tail were 
rarely encountered in untreated lgl/lgl fetuses (McNeish 
et al. 1990), yet 4 of 8 lgl/Igl fetuses were completely 
missing the tail, with only 2 of 34 wild-type and hem- 
izygous mice showing this effect. 

Genetic background effects on the lgl phenotype 

The lgl mutation was produced in C57BL6/C3H hybrid 
mice. We were interested in determining whether the 
phenotype of homozygous mutants would vary when ex- 
pressed on a different genetic background. To this end, 
lgl hemizygous females were crossed to wild-type males 
of the inbred BALB/c strain. BALB/c was chosen because 
it is more distantly related to C57BL/6 and C3H than 
many other common laboratory strains [Hogan et al. 
1986). Transgenic female offspring were backcrossed to 
wild-type BALB/c males, resulting in successive genera- 
tions with increasing proportions of their genomes con- 
tributed by the BALB/c strain. 

After six generations the genetic background is 
-98.4% BALB/c. Hemizygous Igl males and females 
were then mated to produce homozygous mutants, 
which exhibited brain and forelimb defects indistin- 
guishable from those observed previously on the 
C57BL6/C3H background. The hindlimb defects, how- 
ever, were much less severe in the BALB/c strain. The 
mutants had significant hindlimb development distal to 

GENES & DEVELOPMENT 2247 

 Cold Spring Harbor Laboratory Press on February 2, 2021 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Singh et al. 

Figure 4. Cell death in mutant hindlimb 
buds. (A) Tangential section of hindlimb 
bud from late day 10 wild-type embryo (40 
somites). Note thickened ectoderm cover- 
ing much of the anterior half of the limb 
bud and the underlying marginal venous 
sinus {arrowheads}. Magnification, 21.2x. 
(B) Tangential section of hindlimb bud 
from lgl/lgl embryo late on day 10 (40 
somites). No evidence of AER or marginal 
venous sinus. Magnification, 21.2x. (C) 
Enlargement (magnification, 53 x) of B dis- 
playing the extent of cell death in the hind- 
limb bud mesoderm and ectoderm. Note 
extensive cell death in ectoderm (small ar- 
rowhead) and distal mesoderm (large ar- 
rowhead). Arrows indicate mitotic figures 
indicating cell division. 

the  femur,  w i t h  apparen t ly  no rma l  tibias, relat ively nor- 
ma l  fibulas, and some tarsal  and meta ta r sa l  s t ruc tures  
present  (Fig. 5). 

Cloning m o u s e  D N A  f lank ing  the  transgene insert ion 

To ident i fy  the  m o u s e  genes disrupted by the t ransgene  
insert ion,  we re t r ieved junct ion  D N A  segments  carrying 

both t ransgene and non t ransgene  D N A .  A n u m b e r  of 
convent iona l  cloning strategies failed, apparent ly  be- 
cause of the ex t reme hype rme thy l a t ed  state of the trans- 
gene and the res t r ic t ion sys tems  present  in mos t  Esche- 
richia coli host  s trains (data not  shown).  Never theless ,  
two approaches succeeded eventua l ly  in generat ing junc- 
t ion segment  clones. First, Southern  blots of StuI-di- 
gested, par t ia l ly  purif ied t ransgene conca temer  D N A  

Table 1. Expression of selected malformations in offspring of mice treated with all-trans retinoic acid 

Retinoic acid (25 mg/kg) 

lgl/lgla lg1/lgl lgl/+ + / + 

Malformation % (n} % (n) % (n} % (n) 

Missing femur 2 (88) 25 (16) 0 (42) 0 (26) 
Missing or rudimentary humerus 5 (88) 25 (16) 0 (42) 0 {26) 
Missing radius 44 (88) 88 (16) 0 (42) 0 (26) 
Missing ulna 2 (88) 25 {16) 0 (42} 0 (26) 
Craniofacial cleft 51 (130) 88 (8) 5 (21} 8 (13) 
Tailless 0 (130) 50 (8) 10 (21) 0 (13) 

Retinoic acid was administered intraperitoneally on day 9.5 of gestation. 
aResults are from McNeish et al. (1990). 

2248 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on February 2, 2021 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Characterization of legless insertional mutat ion  

Figure 5. Skeletal preparation of a newborn lgl/lgl mouse pup 
after breeding for six generations onto the BALB/c background. 
Note extensive hindlimb development distal to the femur. 

gave a single very intense band of hybridization to a 
transgene probe and three faint bands, presumably rep- 
resenting single copy junction segments (for details, see 
Materials and methods). To clone these putative junc- 
tion segments, DNA was purified from appropriate gel 
regions, ligated to known sequences (pBS plasmid), and 
polymerase chain reaction (PCR)-amplified to eliminate 
methylation. The product segments were then purified 
and used to generate plasmid libraries that were screened 
with a transgene probe. All three StuI segments isolated 
in this manner carried true junctions between pHT1 
transgene and non-pHT1 DNA. Only one, however, car- 
ried mouse DNA. We were surprised to learn that the 
other two junctions were between pHT1 transgene and 
E. coli genomic DNA, which had apparently contami- 
nated the original preparation of pHT1 DNA microin- 
jected into zygotes and was consequently incorporated 
into the transgene concatemer. The identities of the non- 
pHT1 portions of the junction segments were deter- 
mined by using them as probes to hybridize to mouse 
(transgenic and nontransgenic) and E. coli genomic DNA 
Southern blots (data not shown). 

A second successful cloning approach used plasmid 

rescue in the extremely restriction-deficient DH10B 
cells (Grant et al. 1990). Genomic DNA from lgl/lgl mice 
was partially digested with Sau3AI, and segments >12 
kb in size were selected from an agarose gel. This DNA 
was circularized by ligation under dilute conditions (< 1 
~g/ml) and used to transform DH10B cells, which were 
grown on ampicillin plates. We observed that thousands 
of rescue clones were obtained readily with these cells, 
although much more exhaustive plasmid rescue efforts 
with other strains of E. coli had previously failed to yield 
any. 

The original pHT1 transgene construct used to make 
Igl mice had been linearized by cleavage at the ScaI site 
within the ampicillin-resistance gene of pBR322. There- 
fore, successful plasmid rescue of transgene sequences 
required the exact reconstruction of this gene during the 
generation of the transgene concatemer. Genomic 
Southern blot experiments indicated that >90% of the 
ScaI sites had been recreated in the transgene. Neverthe- 
less, some portions of the transgene may remain "unres- 
cuable" as a result of an inactive ampicillin-resistance 
gene resulting from base changes during rejoining or oc- 
casional head-to-head or tail-to-tail ligations. 

We first screened the rescue clones with a total mouse 
genomic DNA probe at reduced stringency to identify 
clones carrying mouse repeat DNA sequences. Nine in- 
dependent overlapping clones representing a single junc- 
tion, designated J1, were identified. Although this single 
junction was rescue-cloned nine times, the repeat probe 
screening did not appear to retrieve all junctions, as the 
previously PCR-cloned mouse-transgene junction was 
missed. To characterize thoroughly the transgene inser- 
tion, we therefore conducted an exhaustive search for 
sequences flanking the transgene by preparing DNA 
from -1000 individual rescue clones. These clones were 
then screened for the presence of nontransgene DNA se- 
quences by restriction digestion with BstXI and BstEII, 
which do not cleave within the pHT1 transgene. Any 
DNAs cut by these enzymes were analyzed further by 
hybridization to mouse and E. coli DNA to determine 
the nature of the nontransgene sequences. The clones 
were then restriction mapped to place them in overlap- 
ping groups representing individual junctions. 

This analysis yielded five additional overlapping 
clones of the J1 transgene-mouse DNA junction rescued 
previously and 16 clones of the transgene-mouse junc- 
tion isolated already by PCR, designated J2. It also pro- 
duced six clones of one E. coli-transgene junction and 10 
clones of the other E. coli-transgene junction isolated 
previously by PCR. Furthermore, we found two addi- 
tional transgene-E, coli junctions, obtaining five clones 
of one and four clones of the other. The isolation of a 
total of four distinct junctions with E. coli DNA sug- 
gested the presence of at least two blocks of E. coli ge- 
nomic DNA inserted within the transgene concatemer. 

The J1 mouse sequences were then used to screen a 
wild-type mouse genomic cosmid library, resulting in 
the identification of two cosmids, C-10 and C-11 that, 
together, spanned 60 kb surrounding this transgene in- 
sertion site (Fig. 6). These were restriction mapped, and a 
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Figure 6. Model  of the  t ransgene disruption.  The  horizontal  arrows at the  top represent  the  two t ight ly l inked t ransgene insertions. 
The solid rectangles are E. coli genomic DNA sequences integrated into one of the transgene concatemers. 01 and J2) Mouse sequences 
found at transgene junctions. The gaps in the mouse sequence line denote the deletions generated by the transgene insertions. (C-10 
and C-11) Cosmid clones of wild-type DNA that span the J1 region; (k4) A X clone of wild-type DNA from the J2 region. The boxed 
CG marks the position of a CG island; the boxed Z + sequences were found to be highly conserved phylogenetically. The vertical 
arrows labeled J indicate where transgene-mouse DNA junctions were located on the J1 and J2 plasmid rescue clones. Restriction sites 
indicated are BamHI (B), EcoRV (RV), HindIII (H), XhoI (Xh), SalI (Sa), BstEII (Bs), StuI (S), BglI (Bg), BglII (B1), XbaI (X), and EcoRI (R). 

number  of restr ict ion segments from around the junc- 
tion region were used to probe genomic Southern blots of 
lgl/lgl, lg l /+,  and + / + DNA.  The results confirmed that  
this was a true junction and indicated that the transgene 
insertion at this site was associated wi th  an - 1-kb D N A  
deletion (data not  shown). 

Interestingly, the J2 mouse  f lanking D N A  sequences, 
originally isolated by PCR, were not present on either 
the C-10 or C-11 cosmid clone, suggesting the presence 
of two distinct transgene insertions that are separated by 
930  kb of chromosomal  DNA.  Nevertheless,  our South- 
ern analyses of hundreds of progeny of lgl /+ matings and 
chromosomal  mapping studies described later indicate 
that  the two loci are tightly linked. The J2 mouse se- 
quences were used to retrieve a wild-type mouse D N A  X 
clone (X4) that  covered this junction region. Genomic  
Southern blots, wi th  various restrict ion segments from 
this clone as probes, again confirmed that  this was a true 
junction region and showed that  this transgene insertion 
resulted in a deletion of 110  kb of mouse D N A  (data not 
shown). 

sented in Figure 6. In this model two transgene inser- 
tions are separated by at least 30 kb of DNA, as the J2 
sequences are not found on either of the C-10 or C-11 
cosmids that span the other insertion site. Nevertheless, 
the chromosomal mapping data (discussed later) places 
the two transgene insertions at the same chromosomal  
position, indicating that  they are t ightly linked. The rel- 
ative orientation of the D N A s  at the two sites is un- 
known. FIGE analysis suggested that  BstEII or BstXI 
cleave the mouse D N A  flanking the transgene inser- 
tions, as well as the two blocks of E. coli D N A  within 
the J2 insertion, producing the observed four segments of 

Field inversion gel electrophoretic analysis 

To better unders tand the nature  of the transgene disrup- 
tion, we digested lgl/lgl D N A  with  restriction enzymes 
that  did not cut wi th in  the pHT1 sequences of the trans- 
gene (BstEII or BstXI). This D N A  was resolved by field 
inversion gel electrophoresis (FIGE), Southern blotted, 
and hybridized to pHT1 transgene sequence probe. As 
shown in Figure 7, four distinct bands of hybridization 
were observed, suggesting the presence of four separate 
blocks of pHT1 transgene DNA.  A number  of control 
experiments  wi th  varying amounts  of restriction en- 
zyme and different lengths of digestion demonstrated 
that  these bands were not  the result  of incomplete cleav- 
age {data not  shown). The sizes of these transgene blocks 
were es t imated to be 480, 310, 190, and 55 kb. 

The simplest  model  compatible wi th  the data is pre- 

Figure 7. Blot hybridization of lgl/lgl genomic DNA digested 
with BstEII (1) and BstXI (2). Genomic DNA digests were re- 
solved by FIGE (for details, see Materials and methods), blotted, 
and hybridized with 32p-radiolabeled transgene DNA {pHT} and 
sequences flanking either end of J1 junction (Jla, Jlb). The sizes 
of the hybridizing bands are in kilobase pairs. 
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pHTl-containing DNA. The smallest segment, of - 55  
kb, hybridizes to mouse flanking DNA from both sides 
of the J1 transgene insertion, indicating that it does not 
carry either of the two blocks of E. coli genomic DNA. 
The smaller transgene insertion resulted in a deletion of 

1 kb, whereas all 10 kb of the mouse DNA of the k4 
clone beyond the J2 junction site is absent in lgI/Igl ho- 
mozygotes, thus establishing a lower limit for the size of 
this deletion. Of the eight predicted junction segments 
between pHT1 transgene DNA and non-pHT1 DNA, six 
have been isolated, but two appear to be particularly dif- 
ficult to clone by plasmid rescue. 

Chromosome mapping 

The chromosomal positions of the two transgene inser- 
tions were determined by hybridizing single-copy mouse 
sequences from the Jl and J2 junction clones to an inter- 
specific backcross panel derived by crossing C57BL/6I 
and Mus spretus. This panel has been typed for >800 loci 
that are well distributed among all of the autosomes as 
well as the X chromosome (Copeland and Jenkins 1991). 
DNAs from C57BL/6J and Mus spretus were digested 
with several restriction enzymes and analyzed by South- 
ern blot hybridization to identify informative restriction 
fragment length polymorphisms (RFLPs) with each of 
the transgene flanking probes. The strain distribution 
pattem of each RFLP in the interspecific backcross was 
then used to determine the chromosomal position of the 
transgene insertions. 

The transgene insertions were localized to the distal 
region of chromosome 12. N2 progeny (162)were typed 
for the immunoglobulin heavy-chain gene (IgH) locus 
and a single-copy restriction segment from the J1 region, 
with no recombinants observed. This places the trans- 
gene insertion within 1.8 cM of the IgH locus, within 
95% confidence limit. This chromosomal location was 
confirmed independently by in situ hybridization of bi- 
otinylated transgene probe (pHT1) to metaphase chro- 
mosomes isolated from lgl/lgl liver cells (J. Crolla and N. 
Brown, pers. comm.). Interspecific backcross mapping of 
the J2 region placed it at the same position as J1. Signif- 
icantly, these transgene insertions also mapped, within 
experimental error, at the same location as the iv gene 
(Brueckner et al. 1989; Hanzlik et al. 1990). This is of 
particular interest as the homozygous iv~iv mice display 
a phenotype remarkably similar to lgI/lgI mice, with 
50% having situs inversus, a mirror image reversal of 
internal organ symmetry. The iv/ iv mice, however, have 
normal limb, craniofacial, and brain morphology. 

lgl is allelic with iv 

To test for possible allelism, we mated iv~iv homozy- 
gotes of the SI/Col strain {The Jackson Laboratory, Bar 
Harbor, ME) with igl/+ hemizygotes. Among 30 prog- 
eny, all of which carried an iv allele, 15 were found by 
Southem analysis to have the Igl transgene insertion; 
among these, 10 (67%) showed situs inversus as deter- 
mined by the position of the milk spot or visceral exam- 

ination when necessary. These results clearly showed 
that the iv and lgl mutations do not complement each 
other with respect to the inverted viscera phenotype; 
therefore, the two loci are allelic. It should be noted, 
however, that none of the progeny mice had any of the 
other malformations associated with the lgl phenotype. 
This suggests that the transgene insertion disrupted one 
gene allelic with iv and other gene(s) important in limb, 
craniofacial, and brain development. 

Candidate genes 

The C-10 and C-11 cosmid clones carrying - 6 0  kb of 
DNA surrounding the J1 transgene insertion were re- 
striction mapped {Fig. 6). This analysis revealed the pres- 
ence of a very pronounced CG or HpaII t iny fragment 
(HTF) island - 1 4  kb from the insertion. Within a 1-kb 
region were located one NruI, one NaeI, two SacII, and 
two BssHII recognition sites. These 6-bp sequences are 
all rich in guanosines and cytosines, with three of them 
{NaeI, SacII, and BssHII) consisting of only Cs and Gs 
and with NruI having four of six bases of C or G. Fur- 
thermore, three of these recognition sites (NruI, BssHII, 
and SacII) have two CG dinucleotides, which are sever- 
alfold under-represented in mammalian DNA. The NaeI 
site also has one CG. The net result of their base com- 
position and sequence characteristics is that these rec- 
ognition sites are found quite rarely in mammal ian  
DNA. The presence of a cluster of six of these sequences 
within a 1-kb region is therefore striking and strongly 
suggests the presence of a CG island which, in tum, in- 
dicates the presence of a gene, as such islands are often 
found near the 5' ends of mammalian genes {Bird et al. 
19851. 

To search for possible coding sequences, we tested re- 
striction segments from the C-10 and C-11 cosmids for 
evolutionary conservation by hybridizing them at re- 
duced stringency to genomic Southern blots of DNAs 
from mouse, rat, pig, chicken, human, and Drosophila. A 
1.1-kb BamHI-HindlII segment - 3  kb from the trans- 
gene insertion site was found to be particularly well con- 
served. As shown in Figure 8A, a 750-bp HaelII subfrag- 
ment  of this segment gave multiple distinct bands of 
hybridization for all DNAs tested, including Drosophila. 
The hybridization to several distinct segments in each 
DNA tested suggested that this coding region might rep- 
resent a member of a multigene family, and this was 
confirmed by isolating a number of homologous clones 
from an 8.5-day C57BL/6J embryonic eDNA library. Ini- 
tial sequence analysis of these cDNAs demonstrates that 
they are derived from distinct yet closely related genes 
(data not shown). 

Single-copy mouse DNA segments from the 12 inser- 
tion region were also used as probes in "zoo" blots to 
identify possible coding sequences. As shown in Figure 
8B, there is evidence for considerable evolutionary con- 
servation of the 2.9-kb BgllI-BamHI restriction segment, 
which cross-hybridizes at 58~ to rat, human, pig, 
chicken, and even Drosophila genomic DNA. At higher 
stringency (65~ discrete hybridization bands are re- 
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Figure 8. Southern blot analysis demonstrating evolutionary conservation of sequences flanking the J1 and J2 junctions. PvuII- 
digested genomic DNAs from rat (lane 1 ), human {lane 2), pig (lane 3), chicken (lane 4), Drosophila (lane 5), and wild-type mouse (lane 
6) were hybridized (58~ with a 750-bp HaeIII subfragment from the well-conserved 1.1-kb HindIII-BamHI restriction segment near 
the J1 junction {A) and the 2.9-kb BglII-BamHI fragment from the J2 junction (B). The amount of genomic DNA digested was 5 ~g (rat), 
10 ~g {human), 15 ~g {pig), 15 ~g {chicken), 15 ~g (Drosophila), and 8 ~g (mouse). Size markers are in kilobase pairs (M). 

tained in rat, chicken, and human DNA, further suggest- 
ing phylogenetic conservation of J2 sequences (data not 
shown). This segment was then used to screen an 11.5 
day mouse embryonic cDNA library, yielding several 
clones that are currently being investigated further. 

D i s c u s s i o n  

The lgl insertional mutation has apparently disrupted 
genes involved in some interesting facets of mammalian 
development. Limb morphogenesis has long provided an 
important model to understand pattern formation during 
vertebrate development with many classic experimental 
approaches shedding light on the function of developing 
limb regions, including the AER, the mesenchymal prog- 
ress zone, and the ZPA. Furthermore, more contempo- 
rary experiments have revealed interesting expression 
patterns in developing limbs for a variety of genes be- 
lieved to be developmentally important (Brockes 1989). 
The Igl mutation promises to help combine the molec- 
ular, embryologic, and genetic approaches by providing 
molecular access to genes that clearly play a significant 
role in limb morphogenesis. In addition to limb defects, 
the lgl/lgl mice show craniofacial malformations and ab- 
normal development of the anterior parts of the brain, 
and 50% of them have situs inversus, a mirror image 
arrangement of internal organs. 

Histologic and SEM analysis of developing lgl/lgl hind- 
limbs revealed several interesting abnormalities. Early 
limb bud formation during days 9 and 10 appears normal 
when viewed grossly with regard to growth and form. 
But by day 11 the mutant hindlimbs are smaller in size 
and misshapen. Closer inspection, however, reveals that 
day 10 lgl/lgl hindlimb buds lack an AER, as well as the 
underlying venous sinus and have an unusually large 
number of dying cells in the mesoderm and ectoderm. 
Thus, the deficiency leading to the lgl hindlimb pheno- 
type has its effect during early day 10 around the stage of 
30--35 somites. The mesenchymal cells, which originally 
migrate from the lateral plate mesoderm to initiate limb 
bud formation, have a key role in limb development 

(Harrison 1918). Removal of these mesenchymal cells 
blocks limb formation, whereas grafting of mesenchy- 
mal cells can generate a limb at a new position. Further- 
more, combining hindlimb mesenchyme with forelimb 
ectoderm results in the formation of a hindlimb, and 
limb ectoderm grafting does not produce a limb at the 
new site. Removal of the AER will, however, cause ces- 
sation of further limb development (Saunders 1948). It is 
interesting to note that removal of the AER from an early 
stage chick wing bud results in a limb with only the 
humerus and no distal structures (Rowe et al. 1982). In 
lgl/lgl mutants the absence of limb skeleton distal to the 
femur suggests an early loss of AER function and coin- 
cides with our morphologic observations that did not 
demonstrate any typical AER throughout the period of 
hindlimb bud formation. Moreover, the pattern of cell 
death in the lgl/lgl hindlimb bud is similar to that re- 
ported in chick limb buds with AER removed (Rowe et 
al. 1982). These workers describe cell debris first appear- 
ing in the anterior mesoderm, followed by an extension 
to include most of the distal mesoderm across the an- 
teroposterior axis of the limb. Consistent with the lack 
of AER is the absence of a marginal venous sinus in 
mutant hindlimbs. Feinberg and Saunders (1982) have 
shown that AER is required for the development of these 
vessels in the chick; thus, the absence of this vascular 
channel in mutant hindlimbs further strengthens the 
conclusion that AER function is absent in lgl/Igl hind- 
limbs. 

It is interesting to note that the many teratogenic ef- 
fects of RA treatment include missing olfactory bulb, 
cleft palate, situs inversus, and malformed limbs 
(Shenefelt 1972). In this report we studied the develop- 
mental effects of low levels of RA, which result in very 
few malformations in wild-type and hemizygous lgl 
mice. The observed hypersensitivity of the lgl/Igl mu- 
tant embryos to exogenous RA provides intriguing hints 
concerning the possible molecular pathways disrupted 
by the transgene insertion. The increased severity of the 
resulting phenotype, sometimes producing a near-com- 
plete absence of all limbs and tail, indicates a reduced 
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ability to contend with artificially elevated RA levels. 
This, in turn, suggests a possible alteration in RA-sens- 
ing or -degradation pathways, although even this rather 
general proposition remains quite speculative. 

The observed genetic background effects may be ex- 
plained by the actions of other strain-specific genes. It is 
possible that other genes exist whose functions overlap 
those of lgl; alleles of these genes specific to BALB/c may 
partially compensate for the loss of lgl function, allowing 
mutant hindlimb development to progress further than 
in C57BL/C3H mice. Alternatively, the genes mutated 
in lgl/lgl mice may not be inactivated by a physical dis- 
ruption but, rather, by an epigenetic modification such 
as hypermethylation. Our early attempts at cloning the 
DNA flanking the transgene insertion revealed that the 
transgene sequences had become extremely hypermeth- 
ylated in the C57BL/C3H mice (data not shown). We 
suspected that the genes responsible for the lgl mutant 
hindlimb phenotype were inactivated by methylation 
owing to their proximity to transgene sequences that 
direct methylation. Strain-specific modifier genes are 
known to exist that can control patterns of transgene 
methylation (Engler et al. 1991). However, isochizomer 
analysis with the restriction enzymes HpaII and MspI 
demonstrated that the methylation status of the trans- 
gene was unchanged on breeding to the BALB/c back- 
ground (data not shown). 

Molecular analysis of the transgene disruption demon- 
strated the presence of two distinct transgene insertions 
separated by at least 30 kb of DNA. The probability of 
two independent transgene insertions occurring within 
0.5 cM of each other, as was observed in Igl mice, is 
extremely low. This suggests that the two events were 
linked, perhaps with an initial large concatemer under- 
going simultaneous multiple illegitimate recombina- 
tions with this chromosomal region, resulting in the 
double insertion with a residual "island" of mouse ge- 
nomic DNA between. Chromosomal mapping studies 
with mouse single-copy DNA sequences flanking each of 
these insertions showed the two transgene blocks to be 
linked very closely and to reside at or near the iv locus. 
Furthermore, complementation tests demonstrated al- 
lelism between the lgl and iv mutations. Interestingly, 
however, the lgl/iv mice showed situs inversus but no 
limb, brain, or craniofacial abnormalities, suggesting 
that the transgene insertion disrupted more than one 
gene. Alternatively, the lgl mutation might simply rep- 
resent a more severe or null allele of the iv  gene. 

The lgl insertional mutation promises molecular ac- 
cess to a gene of key importance in the establishment of 
bilateral asymmetry. The process by which the develop- 
ing embryo distinguishes left from right to generate 
asymmetries of organ formation and location is poorly 
understood. It is known, however, that -50% of the 
mice homozygous for the autosomal recessive iv gene 
exhibit reversed left-right asymmetry, as if the process 
were randomized (Hummel and Chapman 1959). Inter- 
estingly, a careful analysis shows that in -40% of these 
iv~iv mice one observes only partial reversal (Layton 
1976). Moreover, in -20% of iv~iv mice heart defects 

result from a disarrayed process of cardiac looping (Lay- 
ton 1978), probably caused by uncertain establishment of 
visceral asymmetry. 

Similarly, in humans many heart defects have been 
associated with situs inversus or situs ambiguous, an 
incomplete visceral inversion (Arnold et al. 1983). The 
polysplenia, asplenia, and Kartegener "syndromes" are 
closely related genetically, with reported sibships in 
which one sibling has polysplenia and the other has as- 
plenia (Polheus and Schafer 1954; Zlotogora and Elian 
1981) or in which one sibling has polysplenia and the 
other has Kartegener syndrome (Schidlow et al. 1982). 
Each condition represents a developmental defect in 
asymmetry, with polysplenia, for example, associated 
with bilateral left-sidedness with multiple spleens and 
frequently two left lungs, and congenital cardiac defects 
including atrial and ventricular septal defects, right aor- 
tic arch, endocardial cushion defects, pulmonic stenosis, 
double outlet right ventricle, and patent ductus arterio- 
sus. Asplenia is a bilateral right-sidedness, and Karteg- 
ener syndrome is a situs inversus condition. Proteogly- 
can synthesis (Yost 1990) and adrenergic mechanisms 
(Fujinaga and Baden 1991) have been implicated in situs 
determination, and interesting theoretical models have 
been proposed (Brown and Wolpert 1990); nevertheless, 
the molecular mechanisms remain obscure. The molec- 
ular handle provided by the lgl transgene insertion 
should greatly facilitate identification of the iv gene. 

We are in the initial stages of characterizing two can- 
didate genes found flanking the two transgene inser- 
tions. Analysis of the structures of these genes in wild- 
type, lgl, and iv mice might provide clues concerning 
their identities. Definitive proof of their biological func- 
tion, however, will require transgene rescue and/or in- 
dependent individual disruption by homologous recom- 
bination with embryonic stem cells. 

Mater ia l s  and m e t h o d s  

Animals and embryos 

Mice used in these studies were from the pHTI-1 line inbred on 
a C57BL6/C3H hybrid background for many generations. Het- 
erozygous offspring were identified by Southern blot hybridiza- 
tion and autoradiography and mated overnight to produce timed 
pregnancies. The morning of finding a vaginal plug was consid- 
ered day 0. 

Histology and SEM 

On day 10 or 11 of gestation, mice were sacrificed, by cervical 
dislocation and the embryos with their extraembryonic mem- 
branes were removed from the uterus. Under a dissecting mi- 
croscope, the yolk sac was removed and frozen for subsequent 
genotype identification by Southern blotting. Somite number of 
each embryo was determined, and the embryo was then fixed in 
Bouin's fluid for routine histology or in 3% glutaraldehyde, 3% 
paraformaldehyde, in cacodylate buffer for SEM. These latter 
embryos were dehydrated in alcohol and by critical-point dry- 
ing. Surface coating with gold-palladium was carried out with 
an SEM coating unit (5100 Polaron). Pictures were taken on an 
ISI-100 scanning electron microscope. Embryos for routine his- 
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tology were embedded to cut 6-~m tangential sections of hind- 
limb buds, which were stained with hematoxylin and eosin. 

RA 

On day 9.5 of pregnancy, six mice were given all-trans RA 
(Sigma) by intraperitoneal injection. Under conditions of yellow 
light, RA was dissolved in a small quantity of corn oil and given 
at a dose of 25 mg/kg (10 ml/kg of 2.5 mg/ml solution). These 
dams were sacrificed on day 18, and the fetuses were examined 
for external malformations and fixed in 95% ethanol for skeletal 
analysis by alizarin red and alcian blue staining (Kuczuk and 
Scott 1984). 

PCR cloning of junctions 

The transgene sequences were purified partially by digestion of 
homozygous Igl/Igl DNA with BstEII and BstXI, which do not 
cleave within the pHT1 transgene concatemer, electrophoresis 
on a 0.6% agarose gel, and electroelution of DNA segments >25 
kb in size. This DNA was cut with a variety of restriction en- 
zymes, electrophoresed, blotted, and probed with five distinct 
segments of pHT1 to search for faint bands representing possi- 
ble junction segments. Cleavage with StuI, followed by hybrid- 
ization to a 876-bp AatII segment of pHT1, gave a single intense 
band of 8.8 kb, the size of the unit repeated in the transgene 
concatamer, and three faint bands of 2.3, 1.6, and 1.3 kb. These 
putative junctions were excised from appropriate gel regions, 
ligated to SmaI-cut pBS to give known end sequences, and PCR- 
amplified. These amplified segments were then used to generate 
pBS libraries, from which the three pHTl-non-pHT1 junction 
segments were identified. 

High-molecular-weight DNA preparation and FIGE 

Genomic DNA from lgl/lgl mice was prepared in agarose in- 
serts. Newborn pups were sacrificed and the tissue was macer- 
ated with autoclaved glass coverslips and ice-cold PBS (Whit- 
taker). The intact cell suspension was warmed at 35--40~ and 
mixed with an equal volume of low-gelling 1% InCert agarose 
(FMC) in 0.1 mM EDTA, 10 mM Tris-HC1 (pH 8.0), at 55~ The 
cell suspension-agarose slurry was poured quickly into moulds 
(Pharmacia-LKB) and cooled at 4~ for 15 rain. The gel inserts 
were processed for genomic DNA preparation and subsequent 
restriction cleavage according to Smith et al. (1986). 

The restriction digests were resolved by FIGE (Carle et al. 
1986; Chen et al. 1988) in 0.Sx Tris borate buffer at 12-16~ 
with a pulse module (DNAstar). A potential difference of 6-8 
V/cm was maintained throughout the 24- to 36-hr electropho- 
resis run. The initial forward and backward pulses were for 3 
and 1 sec, respectively, and final forward and backward pulses 
were for 60 and 20 sec, respectively. 

Chromosome mapping 

Interspecific backcross progeny were generated by mating 
C57BL/6J x M. spretus F~ females and C57BL/6J males (Copel- 
and and Jenkins 1991). A total of 162 N 2 progeny were typed for 
the IgH locus and J1- and J2-flanking sequences. Recombinant 
distances were calculated (Green 1981) with the computer pro- 
gram Spretus Madness developed by D. Dave and A. Buchberg 
(Frederick, MD). 

Recombinant DNA methodology 

Standard recombinant DNA techniques, including DNA prep- 
aration, and enzymatic manipulations, bacterial transforma- 
tion, blotting, and hybridization, were performed according to 
Sambrook et al. (1989). 
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