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constant within each species. All fish continued to swim and feed visually with
no evidence of a lack of motivation.
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The development of characteristic visceral asymmetries along the
left–right (LR) axis in an initially bilaterally symmetrical embryo
is an essential feature of vertebrate patterning. The allelic mouse
mutations inversus viscerum (iv)1,2 and legless (lgl)3,4 produce LR
inversion, or situs inversus, in half of live-born homozygotes. This
suggests that the iv gene product drives correct LR determination,
and in its absence this process is randomized2. These mutations
provide tools for studying the development of LR-handed asym-
metry and provide mouse models of human lateralization defects.
At the molecular level, the normally LR asymmetric expression
patterns of nodal5 and lefty6 are randomized in iv/iv embryos,
suggesting that iv functions early in the genetic hierarchy of
LR specification. Here we report the positional cloning of an
axonemal dynein heavy-chain gene, left/right-dynein (lrd), that is
mutated in both lgl and iv. lrd is expressed in the node of the
embryo at embryonic day 7.5, consistent with its having a role in
LR development7. Our findings indicate that dynein, a micro-
tubule-based motor, is involved in the determination of LR-
handed asymmetry and provide insight into the early molecular
mechanisms of this process.

In humans, random development of left–right asymmetry is a
feature of Kartagener’s syndrome, which is manifested by situs
inversus, immotile cilia and the absence of ciliary dynein arms;
this suggests that dynein function has a role in LR development8,9.
Dyneins are a family of minus-end-directed microtubule-based
motors which are traditionally classified as either cytoplasmic or
axonemal. Cytoplasmic dyneins have been implicated in vesicular
transport, nuclear migration, and spindle orientation10,11, whereas
axonemal dyneins produce the motive forces that cause the sliding
of adjacent microtubules in the axoneme10,11 and thus produce
ciliary and flagellar movement. Dyneins function as large multi-
subunit complexes containing up to three heavy chains, which
include the force-producing motor domain, in addition to several
intermediate and light chains. So far, 15 distinct dynein heavy-chain
genes have been identified in vertebrates12–14. Two of these (Dnchc1
and Dnahc13) were mapped to the distal region of mouse chromo-
some 12, close to the previously identified map location of the iv and
lgl mutations4,15.

We isolated and analysed overlapping YAC (yeast artificial
chromosome) clones spanning the lgl transgene insertion site in
this region of chromosome 12, which indicated that the lgl mutation
includes a deletion of at least 600 kilobases (kb) (Fig. 1a). Our
inability to isolate non-chimaeric YACs at one end of the contig or
to identify the remaining mouse DNA–transgene junction suggests
that this deletion may extend to the end of the chromosome. To
determine whether a dynein gene is involved in the iv and lgl
mutations, we screened the lgl YAC contig at low stringency with a
DNA probe for the highly conserved first P-loop nucleotide-binding
domain found in both cytoplasmic and axonemal dynein. This
strategy identified a 2.1-kb genomic Bgl II fragment which cross-
hybridizes to the dynein P-loop probe and is deleted in lgl DNA (see
Supplementary information). Sequence analysis of this fragment
revealed that it is distinct from Dnchc1 and Dnahc13 and includes
two exons orthologous to a rat dynein-like gene, DLP11 (ref. 12).
We cloned over 7 kb of coding sequence from this gene, including
all four central P-loops, and sequence analysis reveals 67% identity
and 81% similarity to the sea-urchin axonemal dynein-b heavy-
chain gene, compared with only 31% identity and 54% similarity
to the rat cytoplasmic dynein heavy-chain gene (Fig. 1b). In

Figure 1 Identification of a dynein gene deleted in lgl. a, YAC contig spanning the

mouse DNA/transgene junction in lgl. The location of the newly identified lrd

gene (see text) is indicated. b, Homology of cloned lrd sequences with rat

cytoplasmic and sea-urchin axonemal dynein heavy chains.
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addition, the sequence immediately adjacent to the first P-loop
(TETTKDL) defines this gene as an axonemal dynein isoform16.
Recombination mapping using the same C57BL/6J X SI/Col-iv
outcross/backcross panel initially used to determine the map
position of iv (ref. 17) demonstrated no recombination between
this gene, which we designate left/right-dynein (lrd), and iv out of
39 informative meioses, including the one animal that exhibited a
recombination event between the distal end of IgH-V and iv17

(data not shown).
Comparison of lrd sequences from wild type and iv demonstrates

a striking missense mutation in iv mice. Analysis of 7 kb of sequence
obtained from cloned reverse transcription polymerase chain reac-
tion (RT-PCR) products from wild-type (ICR outbred mice) and iv/
iv homozygous mice revealed six silent base changes that did not
alter coding potential, and are therefore probably strain poly-
morphisms. However, one difference was found that changes a
glutamic acid to a lysine at a position corresponding to residue
2,249 of the sea-urchin sequence (Fig. 2a). This amino-acid sub-
stitution, resulting in a change from negative to positive charge, is
located between the second and third P-loop motifs. This region of
the protein is part of the highly conserved central portion of the
heavy chain that constitutes the motor domain10 (Fig. 1b). The
G → A base change in iv was confirmed by sequencing RT-PCR
products from multiple RNA preparations and by sequencing the
relevant exon from genomic DNAs of multiple iv and wild-type
mice. The iv mutation arose in an outbred stock of mice that was
subsequently crossed into the strains DBA, C3H and BALB/c; hence
no parental strain is available for comparison. Thus, to establish that
the mutation did not represent a strain polymorphism, we
sequenced the genomic DNA encompassing this region of the lrd
gene from eight different strains of laboratory mice (C57BL/6J,
C3H, BALB/c, A/J, AKR/J, DBA, 129/J and SJL/J), the wild-derived
strains TIRANO/Ei (Mus domesticus), SPRET/Ei (Mus spretus), and
PANCEVO/Ei (Mus hortulanis), as well as rat (Rattus norvegicus).
All contain the wild-type glutamic acid at this position. As shown in
Fig. 2b, this region of the protein is highly conserved across widely
divergent species and among both axonemal and cytoplasmic

dynein heavy chains. The glutamic acid residue at this position is
absolutely conserved among all known dynein heavy-chain
sequences, which suggests that it is critical to the function of the
protein. We conclude that this glutamic acid-to-lysine substitution
is unique to iv mutants and therefore provides a molecular basis for
the randomization of LR development seen in these mice.

The lgl phenotype, with hindlimb, brain and craniofacial mal-
formations, as well as situs inversus3, is more severe than the iv
phenotype. This could be the result of a more severe lrd mutation in
lgl—a deletion versus the missense mutation found in iv—and/or
the result of additional genes mutated in lgl mice.

Expression of lrd messenger RNA was examined by northern blot
hybridization, RT-PCR and in situ hybridization. Northern blot
hybridization demonstrates a low abundance lrd transcript of
,15 kb in adult brain (see Supplementary information). Expression
was detected at a lower level in adult testes (data not shown). The
transcript size appears similar in iv and wild-type RNA. RT-PCR
showed that lrd mRNA is expressed as early as the blastocyst stage
(embryonic day (E) 3.5) and is also expressed in embryonic stem
(ES) cells, which are derived from the blastocyst inner cell mass
(Fig. 3). Expression is also seen at E8, E9 and E16.5 (Fig. 3). No
transcripts were detected in mouse embryo fibroblasts (MEFs;
Fig. 3). In situ hybridization showed that lrd mRNA embryonic
expression is highly restricted; at E7.5, before the time of asym-
metric expression of nodal and lefty, lrd mRNA is detected only in
the ventral cells of the node (Fig. 4a–c). We detected no expression
in the heart at any stage. These results show that the onset of lrd
mRNA expression precedes that of nodal and lefty, two of the earliest
molecular markers of LR asymmetry, which are misexpressed in iv
mutant embryos.5,6 Also, the presence of lrd transcripts in the node
implicates this mammalian equivalent of Spemann’s organizer in
the establishment of the LR axis. In the newborn and adult,
expression of lrd mRNA was found in several types of ciliated
epithelium, including the oviducts (Fig. 4d).

Expression of lrd mRNA in the embryo was observed primarily in
non-ciliated cells, such as ES cells and blastocysts; it is unlikely that
expression in the node is due to the presence of cilia, because cilia

Figure 2 iv has a missense mutation in a highly conserved amino acid of Lrd.

a, Raw sequence data. b, The E → K substitution is unique to iv and is in a very

highly conserved amino-acid residue (orange). Amino acids that are identical or

show only conservative changes across species are shaded. The consensus

(bottom) shows residues that are identical among all known axonemal and

cytoplasmic dynein sequences, including those not shown here. Amino-acid

sequences in this region of Lrd were identical for all wild-type mouse strains

analysed (12 in total). The rat orthologue also contains a glutamic acid at this

position (data not shown).
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Figure 3 RT-PCR analysis of embryonic and adult expression. Primers used were

specific for lrd (top) or control b-actin (bottom). Negative controls include: no

reverse transcriptase (-RT), no tissue (medium control, -RNA), and no RNA (H2O).
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found in the node are immotile monocilia lacking dynein arms18. lrd
mRNA expression was detected in many ciliated cells in the new-
born and adult as well (Fig. 4d, and data not shown). As the
sequence of lrd is more similar to axonemal than cytoplasmic
dyneins, it is paradoxical that it is also found in cells lacking cilia;
however, dyneins classified as axonemal have been found in non-
ciliated cells19, suggesting that there is some blurring of the bound-
ary between axonemal and cytoplasmic dyneins. We propose that
lrd has dual functions: in the ciliated epithelium of adult structures
it functions in ciliary beating, whereas embryonic expression
indicates that mechanisms other than ciliary movement are
involved in LR specification.

As a component of the dynein motor complex, lrd is an excellent
candidate for involvement in LR determination, based on previous
studies of dynein function and models of the development of
handed asymmetry. As a microtubule-based motor, dynein might
provide an initial LR bias to the embryo by asymmetric movement
along a microtubule scaffolding which is oriented relative to the
anterior–posterior and dorsal–ventral axes. Organized microtubule
arrays are required for axis development in several model organ-
isms20–22. In Xenopus, for example, disruption of microtubule arrays
in early embryos prevents cortical rotation and results in diminished
dorsal–anterior development and randomized LR cardiac
asymmetries22. Additionally, RNA encoding Vgl, a protein that
can regulate Xenopus LR development23, is asymmetrically localized
to the vegetal cortex of the embryo through association with
microtubules24. These observations demonstrate the importance
of microtubules in axis determination and the asymmetric localiza-
tion of putative morphogens. Furthermore, the expression of lrd in
the node is consistent with a role in LR specification, because several
of the molecules implicated in LR development, such as nodal,
HNF-3b and shh, are also expressed there. A model of LR
development25 proposed the existence of handed molecules that
are oriented with respect to the anterior–posterior and dorsal–
ventral axes of the early embryo; these molecules would establish LR
asymmetry by directional movements of morphogens. Based on our
results showing that an axonemal dynein is mutated in iv, the
handed molecules may be microtubules and dynein the molecular
motor required to generate LR asymmetry. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Mice. The lgl mutation has been described.3 SI/Col-iv/iv mice were obtained
from Jackson Labs. For embryo isolation, noon on the day of finding a
copulation plug (after overnight breeding) was considered as embryonic day 0.5.
YAC cloning. F3, B4 and B6 YACs (Fig. 1a) were isolated as described26. B14,
B24 and B25 YACs were isolated from the Princeton YAC library screened
with B4 YAC sequences (59-GAAGAGCAGTCGGTGCTTTTACCAG-39 and
59CAGACAGTTGTGAGCCACTGGATATA-39), and C3 was isolated from the
Baylor mouse YAC library using the same primers. YAC end-specific fragments

were isolated as described26, and interspecific backcross chromosome mapping
(Jackson Labs Backcross DNA Panel Map Service) was used to show that B14,
B24 and B25 are chimaeric; the right end of C3 contains repetitive sequences
and was therefore not mapped. Probes from the left end of F3, the right end of
B4, and all non-repetitive probes isolated from C3 are deleted in lgl/lgl DNA.
lrd gene isolation. A 270-bp dynein P-loop probe was cloned from mouse
brain cDNA with primers (59-AACCTTTGATTTCCAGGC-39 and 59-ATGGT-
GATGAAGATAGCC-39) based on conserved sequences flanking the first P-
loop of the human and rat cytoplasmic dynein genes (GenBank accession
numbers L23958 and L08505). This probe hybridized at reduced stringency
(628) to a 2.1-kb Bgl II fragment in C3, B14, B24 and B25 YAC DNAs. This
cross-hybridizing fragment was cloned from a C3 YAC plasmid library and was
used to screen adult mouse brain and testis cDNA libraries (Clontech) to isolate
dyn-2 and dyn-22.2 cDNA clones.

The C3 YAC was used to clone additional cDNAs by direct cDNA selection as
described27, with the following modifications. cDNA prepared from wild-type
adult brain mRNA using oligo(dT) and random primers and the Marathon
cDNA-amplification kit (Clontech) was digested with AluI, HaeIII or RsaI
before linker addition and PCR amplification. cDNA was preblocked with 2 mg
Cot1 DNA (Gibco BRL) and 8 mg lgl/lgl DNA to duplex repetitive and non-
deleted sequences before hybridization. After two rounds of hybridization,
selected cDNAs were subcloned into the pT7blue vector (Novagen).

RT-PCR using TaqStart Ab (Clontech) and Expand long-range PCR
(Boehringer-Mannheim) was used to clone cDNAs connecting the library
and direct selection cDNA sequences and to clone cDNAs from iv/iv mutant
adult-brain RNA.
Chromosome mapping. Recombination mapping was done using the
outcross/backcross panel previously described17. An 800-bp BstXI restriction
fragment probe from dyn-2 cDNA detected a polymorphism between SI/Col
and C57BL/6J DNA digested with PstI, allowing the C57BL/6J portion of the
backcross panel to be used.
Mutation analysis. The region of lrd encompassing the mutation in iv
was amplified using the following primers: dyn3.6 (59-ATGATAA-
CAAGGTGCTGACCC-39), dyn3.7 (59CAAAATGCCAGCTCTGGAGACC-
39), dyn 3.6A (59-GCCAGCAATGAACGAGTGGCCCTCAAACCT-39), and
dyn 3.7A (59-AGCTCTGGAAACCGTGGCTGGTGTGGCTGT-39). Primers
dyn3.6 and dyn3.7 were used for RT-PCR to clone fragments from wild-type
(Outbred ICR mice, Harlan) and iv/iv adult brain RNA. Three different RT-
PCR clones per genotype, representing two different RNA samples, were
analysed. For confirmation, these primers were used to isolate PCR products
from genomic DNA of wild-type mouse strains DBA, 129/J, C57BL/6J, C3H,
SJL/J and Mus spretus, as well as iv/iv (SI/Col), for direct sequencing with
primers dyn3.7 and dyn3.8 (genomic-specific: 59-TGAGTCTACCTGTGGCT-
GTCC-39). Additionally, primers dyn3.6A and dyn3.7Awere used to clone PCR
fragments from SI/Col-iv/iv and the wild-type strains (C57BL/6J, C3H, BALB/
c, A/J, AKR/J, SPRET/Ei (Mus spretus), PANCEVO/Ei (Mus hortulanus),
TIRANO/Ei (Mus domesticus) and rat (Rattus norvegicus). At least two
independent clones per DNA were sequenced. DNAs were obtained from the
Jackson Labs.

Figure 4 Expression of lrd localized by in situ hybridization. a–d,

Hybridization to antisense lrd riboprobe; no signal was detected

with a sense control probe. a, c, Bright-field image; b, d, dark-

field images.a, b, Sagittal section of an E7.5 embryo demonstrat-

ing lrd expression in the node (arrow in b). c, Enlargement to

show nodal localization of signal (arrows). d, lrd is expressed in

the ciliated epithelium of the adult oviduct (left), but not in the

ovary. NR, nodal region; AC, amniotic cavity; PS, primitive streak;

AM, amnion; ME, mesoderm; AL, allantois; EE, extraembryonic

ectoderm; NE, neural ectoderm. Computer-enhanced colour

(yellow) was used to highlight the hybridization signal in c.
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GenBank accession numbers for sequences shown in Fig. 2b: Anthocidaris
crassispina (sea urchin) ciliary dynein-b heavy chain (D01021), Paramecium
tetraurelia outer arm dynein-b heavy chain (U19464), Chlamydomonas
reinhardtii dynein-b heavy chain (U02963), Saccharomyces cerevisiae cyto-
plasmic dynein heavy chain (Z21877), Caenorhabditis elegans dynein (Z75536),
Rattus norvegicus cytoplasmic dynein heavy chain (L08505), Neurospora crassa
cytoplasmic dynein heavy chain (P45443), Drosophila melanogaster cytoplasmic
dynein heavy chain (P37276), Emericella nidulans cytoplasmic dynein (P45444),
and Dictyostelium discoideum cytoplasmic dynein heavy chain (A44357).
RT-PCR. cDNA was prepared using SuperScript (Gibco BRL). PCR was done
using Amplitaq Gold (Perkin-Elmer) and primers dyn3.3 (59-AGAGCTT-
CATCCTCAAAGTTGTCC-39) and dyn3.5 (59-CAACTGGCCACATACG-
GATTC-39) (94 8C for 30 s, 65 8C for 30 s, 72 8C for 30 s; 42 cycles).
In situ hybridization. Serial-section in situ hybridization was performed as
described28 with a cDNA probe from a non-conserved region of lrd (the most 39
694 nucleotides of the sequence indicated in Fig. 1b); this probe does not cross-
hybridize with other dynein genes by Southern blot analysis.
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Interactions between cells help to elaborate pattern within the
vertebrate central nervous system (CNS)1. The genes Wnt-1 and
Wnt-3a, which encode members of the Wnt family of cysteine-
rich secreted signals, are coexpressed at the dorsal midline of the
developing neural tube, coincident with dorsal patterning2,3. Each
signal is essential for embryonic development, Wnt-1 for mid-
brain patterning4,5 and Wnt-3a for formation of the paraxial
mesoderm6, but the absence of a dorsal neural-tube phenotype
in each mutant suggests that Wnt signalling may be redundant.
Here we demonstrate that in the absence of both Wnt-1 and Wnt-
3a there is a marked deficiency in neural crest derivatives, which
originate from the dorsal neural tube7, and a pronounced reduc-
tion in dorsolateral neural precursors within the neural tube
itself. These phenotypes do not seem to result from a disruption
in the mechanisms responsible for establishing normal dorsoven-
tral polarity. Rather, our results are consistent with a model in
which local Wnt signalling regulates the expansion of dorsal
neural precursors. Given the widespread expression of different
Wnt genes in discrete areas of the mammalian neural tube3, this
may represent a general model for the action of Wnt signalling in
the developing CNS.

The Wnt family of cysteine-rich signalling factors is composed
of at least 16 members in the mouse. Four of these, Wnt-1, -3, -3a
and -4, are expressed in largely overlapping regions within the
dorsal CNS, predominantly at the dorsal midline from the forebrain
to spinal cord3. Neural expression of the genes encoding Wnt-1 and
Wnt-3a occurs before that of other family members, coincident
with neural-crest differentiation in the dorsal neural tube. Expres-
sion remains in the roofplate throughout the period of CNS
neurogenesis2,3. Null mutants in three of these Wnt genes have
been described: Wnt-1 regulates midbrain development4,5, Wnt-3a
regulates paraxial mesoderm formation6, and Wnt-4 regulates
kidney tubulogenesis8. None of these signals seems to be required
for dorsal CNS development. However, cell transformation studies
indicate that Wnt-1 and Wnt-3a have similar activities9. Thus
redundancy between Wnt signals may obscure a possible role for
Wnt signalling in formation of the neural crest and in dorsoventral
patterning of the vertebrate CNS.

To address this possibility we generated compound mutants
lacking both Wnt-1 and Wnt-3a signalling. Compound homozy-
gotes were recovered at the expected mendelian frequency (51
compound homozygotes in 673 embryos, close to the expected
frequency of 1/16) between 9.0 and 10.5 days post coitum (d.p.c.).
However, owing to the termination of caudal axial development
accompanying the loss of Wnt-3a activity, relatively few of these
embryos survived to 18.5 d.p.c. (3 compound homozygotes in 151
embryos).

To assess the development of the dorsal neural tube in compound
mutants we first examined structures derived from the neural crest.
Neural crest cells are amongst the first differentiated cell types to be


