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Summary

Mice homozygous for the recessive mutation SWaying
(sw) are characterized by ataxia and hypertonia, attrib-
uted to the malformation of anteriorregions of the cer-
ebellum. We show thatsw is adeletion ofasingle base
pair from the proto-oncogene Wnt-1. The deletion is
predicted to cause premature termination of transla-
tion, eliminating thecarboxy-terminal halfofthe Wnt-1
protein. Histological examination shows that sw is
phenotypically identical to a previously described
wnt-1 mutation introduced into mice by gene tar-
geting. Although both mutations in Wnt-1 disrupt pri-
marily the development of the anterior cerebellum,
they also exhibita variability in expressivity such that
rostrally adjacent structures in the midbrain and cau-
dally adjacent structures in the posterior cerebellum
can also be affected.

Introduction

Processes as seemingly different as insect segmentation
and vertebrate neural development require the activity of
genes from the Wnffamily (Nusse et al., 1991). This family
of genes is found in genera throughout the animal king-
dom, including Caenorhabditis (Kamb et al., 1989), Dro-
sophila (Cabrera et al., 1987; Rijsewijk et al., 1987), Xeno-
pus (Noordermeer et al., 1989), and Homo (Van't Veer
et al., 1984). Members of the Wnt family are related by
sequence similarity and share a signal sequence motif,
potential glycosylation sites, and a highly conserved array
of 21 cysteine residues concentrated toward the carboxyl
half of the protein. In Drosophila, the Wnt gene family is
represented by the segment polarity gene wingless (wg),
which is required for pattern formation within each embry-
onic segmental unit as well as for the normal development
of wing and leg imaginal disks (Morata and Lawrence,
1977; Baker, 1987; Martinez-Arias et al., 1988). The wg
gene acts in a non-cell autonomous fashion, presumably
via a secreted protein that stimulates the growth and/or
differentiation of adjacent cells (Morata and Lawrence,
1977; Van den Heuvel et al., 1989). In mice there are at
least ten expressed members of this family (McMahon and
McMahon, 1989; Gavin et al., 1990; Roelink et al., 1990;
Rbelink and Nusse, 1991). The protein coded by the mu-
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rine Wnt-1 gene is secreted by cultured cells (IBrown et al.,
1987; Papkoff et al., 1987; Papkoff, 1989; Bradley and
Brown, 1990; Papkoff and Schryver, 1990) and, by analogy
with its Drosophila counterpart, is suspected to act induc-
tively upon neighboring cells (Burgess, 1988; Nusse,
1988).

WntA was originally identified in mice as the proto-
oncogene int-1 (Nusse and Varmus 1982). Integration of
proviral DNA from mouse mammary tumor virus in the
vicinity of this gene is associated with mammary carcino-
genesis, presumably the result of ectopic expression of
Wnt-1 in mammary tissue. Normally, the Wnt-1 gene is not
expressed in mammary tissue, but in adult testes (Jako-
bovits et al., 1986; Shackleford and Varmus, 1987) and in
the midgestation embryonic neural tube (Shackleford and
Varmus, 1987; Wilkinson et al., 1987). Analysis of mice
homozygous for targeted mutations in Wnt-1 demon-
strated a role for Wnt-1 in neurogenesis (McMahon and
Bradley, 1990; Thomas and Capecchi, 1990). Although
Wnt-1 mRNA is detectable at numerous sites along the
entire length of the neural tube, the effect of the wnt-1 ~
mutation is restricted to a small subset of these sites and
is most strongly manifest as an underdevelopment of the
midbrain and cerebellum.

Normal development of the vertebrate cerebellum in-
volves a series of proliferation, differentiation, and cell mi-
gration steps that begins in midgestation embiryogenesis
and proceeds until well past the birth of the organism (Ja-
cobsen, 1978). A number of the morphological changes
and cell lineage relationships involved in cerebellar gene-
sis have been described (Altman and Bayer, 1985a,
1985b, 1985c¢; Martinez and Alvarado-Mallart, 1989; Hallo-
netetal., 1990), and to date, mutational analysis has iden-
tified approximately 20 murine genes involved either in
cerebellar development or in the maintenance of adult cer-
ebellar integrity (Sidman, 1983; Mullen, 1984; Lyon and
Searle, 1989). One of these mutations is the autosomal
recessive allele swaying (sw) (Lane, 1967). The sw pheno-
type is very similar to that described for an adult mouse
homozygous for the targeted mutation in Wnt-1 (Thomas
and Capecchi, 1990). Mutants of both types are character-
ized by ataxia and lack the anterior half of their cerebellum.
Moreover, the Writ-1 gene has been localized to mouse
chromosome 15, approximately 45 cM from the centro-
mere, a site quitedose to sw (Lane, 1970; NusSe et al.,
1964; Meruelo et al., 1987). In this report; we show that
the sw mutation is due to a frameshift mutation inthe Wnt-1
structural gene and that mice homozygous forsivare indis-
tinguishable in phenotype from mice homozygous for the
targeted wnt-V allele or from the Compound hetero-
zygote.

Results
The Wnt-YM and SW Mutations Are

Phenotypically Similar
The targeted Wnt-1 allele wnt-1"Mwas created by inserting
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a 1 kb bacterial neo' gene into the second protein-coding
exon of the murine Wnt-1 gene (McMahon and Bradley,
1990; Thomas and Capecchi, 1990). The allele used inthis
study contains a tandem duplication of the mutant wnf-1
sequence, the result of the conversion of the original Whf-1
locus by adimer of the gene targeting vector. The insertion
site of the neo' gene lies between codons 54 and 55 of the
370 amino acid Wnt-1 protein and is likely to result in a null
mutation. Biological activity of Wht-1 is thought to require
most, if not all, of the amino acid residues of the native
protein. Not only are the highly conserved functional mo-
tifs, such as the signal sequence, glycosylation sites, and
cysteine residues, dispersed throughout the length of the
protein, but no mouse mammary tumor virus proviral inser-
tion events (identifiable by ectopic expression of the wild-
type Wnt-1 protein) have ever been found within the
protein-coding domains of this gene. Despite the assess-
ment of wnf-1"8as a loss-of-function mutation, the pheno-
type caused by this allele varies in expressivity (Thomas
and Capecchi, 1990).

This variability is manifested in two ways: in lifespan,
ranging from prenatal death to survival to adulthood, and
in the quantity of cerebellar and midbrain tissue at a given
stage of development. At one extreme, wnf-1"8 homozy-
gotes lack all evidence of cerebellar primordium, and large
portions of the midbrain appear defective (McMahon and
Bradley, 1990; Thomas and Capecchi, 1990). At the other
extreme, the wnt-1 redwnt-1reomice that survive to weaning
age exhibit extensive cerebellar development. This is illus-
trated in Figure 1 by a comparison of sagittal sections
of a cerebellum from a 4-week-old wnt-1"lwnt-1"m mouse
(Figure 1a) with those from two wnt-1nmdwnt-1no animals
(Figures 1b and 1c). Although neither wnf-1 cerebellum
shows much folial development anterior to the primary
fissure, posterior foliation is quite extensive. Both brains
also show additional abnormalities—the presence of de-
tached layers of granule and Purkinje cells (see arrow-
heads, Figures 1band 1c) and a lack of midline cerebellar
fusion (not visible in sagittal section).

The wnf-1“ cerebella depicted in Figure 1 are remark-
ably similar in structure to those described for sw mice,
sw was originally identified as a recessive mutation that
causes ataxic behavior (Lane, 1967). Analyses of the
brains from sw mice show that anterior folia and vermis
of the cerebellum are absent, while posterior structures
appear normal, In addition, the sw cerebellum is notjoined
at the midline, the posterior cerebellar vermis is fused with
the white matter of the midbrain, and islands of cerebellar
cellular layers are found in the midbrain (Sidman, 1968).

Sw Is a Mutant Allele of Wnt-1

To test the hypothesis that sw is due to a defect in the
Wnf-1 gene, a heterozygous, +/sw male was mated with
five females heterozygous for the targeted wnf-1 allele
wnf-1"®°. Of 34 newborn mice from these intercross litters,
7 died shortly after birth. All seven showed a brain morphol-
ogy (Figure 2q) virtually identical to that found in wnf-1"6)
wnf-1nohomozygotes (Figure 2b): areduction inthe size of
the tectum and the virtual absence of a defined cerebellum
compared with the heterozygous control (Figure 2a). The
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Figure 1. Cerebella from wnf-1“ Mice

Brains were prepared and sectioned as described (Thomas and Ca-
pecchi, 1990). (a) Normal cerebellum from awnM7wnM"* mouse, (b
and c) Cerebella from wnf—lITT)|Wﬂt-:|.mo mice. +, wnf-1+ wnf-1"";
pep, posterior choroid plexus; pf, primary fissure; arrowheads indicate
detached granular and Purkinje layers. The position of the primary
fissure was assigned following examination of serial sections. All three
examples are from 4-week-old females. The field is 2.5 X 4 mm.
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Figure 2. Midsagittal Sections of Newborns

cb

tec
\

p°p

neol/neo

d ,,-Ntec -

ch-(

pcp

*\ e -

sw /sw

Heads were removed from newborn individuals, fixed in Bouin's reagent, embedded in paraffin, sectioned (8 nm), and stained with hematoxylin
andeosin. Genotypes were determined by Southern transfer analysis of DNA purified from tails.+, vvnf-T; neo, wnf-1™0; sw, wnf-1sn cb, cerebellum;

tec, tectum; pep, posterior choroid plexus. The field is 4 x 7 mm.

phenotypic similarity between the intercross progeny and
the wnf-1 rBlwnt-1 nf homozygotes and the frequency of its
inheritance (21%) provided strong evidence that the sw
mutation affects the Wnht-1 locus.

To determine the molecular basis of the sw mutation,
DNA surrounding and including both wnf-1 alleles from
one of the compound heterozygous mice was analyzed at
the molecular level. Genomic DNA was purified from a
phenotypic wnf-1 individual, cloned into a Xphage vector,
and screened with a Wnt-1-specific probe. Two classes of
phage clones were identified by this protocol. One class
contained a 13.5 kb Bglll fragment derived from the wnf-
1™ allele; the other contained a 12.5 kb Bglll fragment,
presumably originating from the +/sw parent.

The sw mutation was identified by sequencing all four
exons, all intron-exon boundaries, and the 5' untranslated
regions of the Wnt-1 DNA in the 12.5 kb Bglll fragment
(Figure 3a) and comparing this sequence with that from
the wild-type gene (van Ooyen and Nusse, 1984; Fung et
al., 1985; Nusse et al., 1990). A single deviation from the
published sequence of Wnt-1 was found: the deletion of 1
guanosine residue from a run of 4 consecutive guanosines
in the coding strand beginning at genomic nucleotide
1838. The deletion was reaffirmed by sequencing the ap-

propriate regions of the sw and the wild-type alleles in
parallel (Figure 3b). Henceforth we will refer to this muta-
tion in Wnt-1 as wnt-1swn

The wnt-1sv mutation is predicted to generate two re-
striction endonuclease polymorphisms that permit easy
detection of this allele. Deletion of the guanosine residue
simultaneously removes a BsaJl site (CCN2GG) and cre-
ates a Bsll site (CCNTGG). As a result of the latter change,
a 254 bp Bsll fragment found in Wnt-1+ DNA should be
replaced by two Bsll fragments of 178 bp and 86 bp in
wnf-1s" DNA. When DNA from the progeny of a wnt-1+l
wnt-1svx wnt-1 #wnt-1dvcross is genotyped by Bsll diges-
tion and Southern transfer analysis, all three predicted
genotypes are detectable (Figure 3c).

The predicted consequence of the deletion found in
wnt-1swis depicted in Figure 3d. The new reading frame
of the Wnt-1 gene, beginning at codon 189, will terminate
at a TGA stop codon ten codons downstream from the
deletion. As a result, the w n t-1 protein will contain only
the amino-terminal 188 of the 370 wild-type Wnf-1 amino
acids. Among the deleted amino acids are 16 cysteine
residues predicted to play critical roles |n the biological
activity of the native protein (van Ooyen and Nusse, 1984;
Fung et al., 1985; McMahon and Moon, 1989). Such an
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Sections (8 nm) are from the same brains prepared for Figure 2, but from between 0.9 and 1.0 mm from the midline, cb, cerebellum. Field is

3.5 x 5mm.

undisturbed litters, five from each of the three possible
crosses, all but one mutant, a wnt-1rf°lwnt-1r>female,
which survived until weaning, were stillborn or dead within
2 days of birth. Thus, with respect to survivability, there
appears to be no difference between the two mutant wnt-1
alleles.

The effect of the mutant alleles on brain development
was determined by histological comparisons of neonatal
wi7f-1" progeny of thethree crosses. Based on morphologi-
cal criteria, the brains from 13 wnt-1~ individuals fell
roughly into two classes. Inone class (8 of 13 mice), signifi-
cant amounts of cerebellar tissue were detected, and the
presence of midbrain structures such as the colliculi was
quite obvious. In the other class, the cerebellum was
nearly undetectable, and the midbrain was markedly re-
duced in size. No correlation could be made, however,
between these two phenotypic classes and the three wnt-
1' genotypes.

Examples of the first class are shown in Figures 2 and
4 as mid- and parasagittal brain sections from individuals
homozygous for wnt-1"0(Figure 2b; Figure 4b) and wnt-1
(Figure 2d; Figure 4d). The two mutant brains, although
different in genotype, are quite similar morphologically. At
the midline (Figure 2), the cerebellum and the tectum (tec)
are reduced in size compared with a heterozygous wnt-1 4

wnt-1r€ control (Figure 2a). As sectioning proceeds later-
ally, however, additional cerebellar tissue is revealed, and
atthe positions shown in Figure 4, the wnt-1 ~cerebella are
indistinguishable from the control.

The presence of distinct cerebellar tissue in the lateral
regions was not as evident in 5 of the 13 wnt-1~ brains
examined. An example of this second class, from a wnt-
1"°lwnt-Vwmouse, is shown in sagittal section in Figure
2c and Figure 4c. At the midline (Figure 2c), both cerebel-
lum and tectum are noticeably smaller than the other mu-
tant brains (Figures 2b and 2d), and even in lateral sec-
tions, only minor amounts of deeply staining cells
(presumably representing the cerebellar granular layers)
are detected (Figure 4c). Both classes of wnt-1 ~brain mor-
phologies are found in mice homozygous for both mutant
alleles as well as in the compound heterozygote, sug-
gesting strongly that the two alleles are equivalent.

Discussion

We have shown that sw is a mutant allele of the Wnt-1
locus. The mutation is a deletion of a guanosine residue
from the coding strand in the third exon of the Wnt-1 gene.
This deletion shifts the normal Wnt-1 reading frame, re-
sulting in premature translation termination, deleting the
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carboxy-terminal 50% of the Whf-1 protein. Such a dele-
tion would be predicted to alter severely, if not abolish,
activity of the protein. Comparison of mice homozygous for
the wnf-1s" allele with mice homozygous for the presumed
null allele wnf-1suggests that this is the case. When
examined at the same developmental stage, mice homo-
zygous for either allele (or compound heterozygous mice)
are indistinguishable morphologically. In addition, mice of
all three mutant genotypes show the same characteristic
variations in expressivity.

It has been suggested that this variability in expressivity,
originally associated with only one wnf-1  allele (Thomas
and Capecchi, 1990), could be the result of instability of
the targeted insertion mutation. The wnf-1"8allele used in
this study does contain a direct repeat of two mutant wnf-1
genes, which could presumably recombine with each
other. However, because both members of this duplication
contain the neei insertion, an intrachromosomal recombi-
nation event would serve only to reduce the number of
mutant sequences (from two to one) and not to eliminate
the mutagenic insertion. The data presented above dem-
onstrate that the wnf-1swallele also varies in expressivity.
This suggests thatthe variation is not due to allele-specific
affects and that the previously published nonequivalent
phenotypes of the wnf-1"*" and wnf-1* homozygotes are
due to differences in either genetic backgrounds or hus-
bandry protocols used in the original studies. It should be
noted that both wnf-1- alleles originated and have been
maintained as intercrosses between different inbred
strains of mice. Should other loci influence the phenotype
of wnf-1- homozygotes, individual variations in expressiv-
ity of wnf-1 mutations might represent the random assort-
ment of different alleles of these other genes.

The distinction between anterior and posterior cerebel-
lum seen in adult wnf-1- mice is reminiscent of at least
three other mouse mutations. Meander tail (mea [Ross et
al., 1990]) and rostral cerebellar malformation (rcm [Lane
etal., 1990]) are recessive alleles characterized by a disor-
ganization of cellular patterning, restricted to the anterior
lobes ofthe cerebellum. Similarly, mice carrying the leaner
allele (g1 of the tottering locus exhibit a degeneration of
cortical neurons in the anterior cerebellar lobe (Sidman et
al., 1965; Herrup and Wilczynski, 1982) and show abnor-
mal anterior versus posterior regulation of tyrosine hydrox-
ylase expression (Hess and Wilson, 1991). Although the
morphology and histology of all these mutants are some-
what different, together they suggest a discrete compart-
mentalization of the cerebellum not obvious from the ex-
amination of wild-type mice.

There is also nongenetic precedent in defining an ante-
rior/posterior cerebellar delineation. In the embryonic rat
brain, for example, Purkinje cells fated for anterior regions
are distinguished spatially and temporally (with respect to
migration) from those destined for posterior regions (Alt-
man and Bayer, 1985c). Transplantation experiments of
neural tube tissue between chick and quail have sug-
gested that a similar anterior/posterior division occurs in
the avian cerebellum as a consequence of a develop-
mental program (Martinez and Alvarado-Mallart, 1989;
Hallonet et al., 1990): cells in anterior regions can be

traced to a mesencephalic origin, whereas those in the
posterior originate from the metencephalon. If in factthere
are two parallel pathways of cerebellar development, it is
tempting to speculate that wnf-1 mutations exhibit a more
profound effect on one, the anterior.

An attractive hypothesis to explain this effect is that in
the absence of wnf-1, embryonic cellular proliferation in
the midbrain region is retarded. Thus, the ultimate quantity
of cells required for appropriate development is reduced
in what eventually will become anterior cerebellum. It
should be noted that in avians, the mesencephalic contri-
bution to the cerebellum is distributed rostromedially (Hal-
lonet et al., 1990). An absence of mesencephalic-derived
cells would thus be expected to affect the midline as well
as the anterior cerebellum. However, differentiation, per
se, may not be absolutely dependent upon Whf-1 func-
tions, since normal cerebellar cell types are found in the
wnf-1- background (Sidman, 1968; Thomas and Capec-
chi, 1990).

Although wnf-1 mutations exert the strongest effects
upon anterior cerebellum, they also influence, in variable
fashion, adjacent structures. Histological comparisons of
newborn, wnM~ mice reveal a gradient of expressivity
extending into other cerebellar regions and the midbrain. If
the mutant alleles do represent loss-of-function mutations,
the individual variation in phenotype is thus a result of
other components, environmental or genetic, which influ-
ence brain development. Because the wnf-1- mutants do
not yet exist in isogenic backgrounds, such variations in
phenotypes are not totally unexpected. It is possible, for
example, that other members of the Wnf gene family can
complement wnf-1- mutations. Genetic or epigenetic fac-
tors that modulate the expression of other Wnfgenes could
thus potentially affect the expressivity of the wnf-1 ~muta-
tions. Whatever the mechanism, the complementatioh of
the wnf-1- phenotype occurs only in cells destined for pos-
terior cerebellum and the tectum. Inthe ro*tromedial cere-
bellum, Wnf-1 is epistatic to these other postulated compo-
nents, as that structure is never seen in a wnf-1
background. This region of Whf-1 epistasis may in fact
correspond to a ring of cells at the midbrain-hindbfain
junction known to express high levels of Whf-1 mRNA at
embryonic day 10.5 (Wilkinson et al., 1987).

In conclusion, we have identified sw as a single base
pair deletion in the Wnf-1 gene. This mutation results in a
phenotype indistinguishable from that caused by the other
characterized wnf-1- allele wnf-1rea Analyses of mice mu-
tant for wnf-1 have shown this gene to be essential for the
development of the anterior lobe of the Cerebellum. This
same analysis also implies a role for Whf-1 in the normal
development ofthe posterior cerebellum and the midbfain,
although these functions can apparently be comple-
mented by as yet undescribed factors.

Experimental Procedures

Mice Strains .

Mice heterozygous for the Writ-1 insertion were generated as de-
scribed (Thomas and Capecchi, 1990). Although the original mutation
was created in a strain 129/Sv/Ev mouse, mice in this study were
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the product of two backcrosses into a C57BL/6J inbred line. Mice
heterozygous for SW were obtained from the Jackson Laboratory on a
C57BL/6J x C3HeB/FeJ hybrid background.

Histology
Collection and processing of embryonic and adult tissues have been
described previously (Thomas and Capecchi, 1990).

Heads from newborn mice were fixed in Bouin’s reagent (Sigma) for
a minimum of 3 days prior to infiltration and embedding. Samples
destined for sagittal sectioning were then halved along the midline with
a razor blade. Infiltration of the samples began with an overnight wash
(two changes) in 5% sucrose, 0.1 M sodium phosphate (pH 7.4), fol-
lowed by sequential washes of 50%, 70%, 95%, and 100% ethanol,
followed by ethanol/xylene (1/1 [v/V]), xylene, xylene/paraffin (U1 [v/V]),
and finally infiltration with two changes of paraffin (Paraplast, Oxford
Labware), Sections (8 |im) were prepared using a Leica 1512 micro-
tome and were mounted on acid-washed glass slides. Hematoxylin
and eosin staining was performed using standard protocols. Photogra-
phy was through a Wild MPS Photoautomat mounted on a Wild 78
dissecting microscope, using Kodak Ektar 125 film.

Genotype Determination

DNAwas extracted from tails of adult and newborn mice and yolk sacs
of embryos using the protocol of Hogan et al., 1986. The ivnf-1""
allele was distinguished from wnt-V by Southern transfer analysis as
described previously (Thomas and Capecchi, 1990). Identification of
wnt-\SWwas performed as follows: 10 ng of tail-derived DNA was di-
gested with 20 U of Bsll (New England Biolabs) at 55°C for 12 hr in
a 40 nl reaction mix containing buffer supplied by the manufacturer,
supplemented with 4 mM spermidine. Following ethanol precipitation,
the digested DNA was resuspended in 15 nl of a loading buffer con-
sisting of 6% sucrose, 1mM EDTA (pH 8.0). Samples were electropho-
resed through 6% polyacrylamide and electrotransferred to an
Immobilon-N membrane (Millipore). Prehybridization and hybridization
of the filter were under conditions suggested by the manufacturer.
The probe used to detect the Whf-1 sequences was a random-primed
(Pharmacia), 3P-labeled DNA fragment consisting of 1.3 kb of Whf-1
genomic DNA extending from an EcoRI site in intron 2 to an Accl site
in exon 4 (van Ooyen and Nusse, 1984). Filters were washed under
supplier-recommended conditions, with two final washes at 68°C in
0.3 x SSC, 0.1% SDS, and 0.1% sodium pyrophosphate.

Cloning and Sequencing of wnt-1+
the source of the WNt-YWDNA was a phenotypic WNt-1~ newborn
offspring from a cross between w n M 1 and siv heterzygotes. DNA was
extracted from the liver under conditions used for tail DNA extraction.
Purified liver DNA (170 ng) was digested to completion with Bglll
(Gibco-BRL) and centrifuged through a 10%-40% sucrose gradient
buffered in 1 M NaCl, 20 mM Tris (pH 8.0), 1 mM EDTA. Samples
containing DNA from 10-15 kb in length were pooled and dialyzed into
Tris-EDTA buffer. Following ethanol precipitation, 250 ng of
Bglll-digested DNA Was cloned into BamHI-cut >,-Dash Il (Stratagene).
Recombinant phage (109 were screened by filter hybridization,
prob|ng with a 2 kb Clal-Bglll fragment containing the 3'end of Whf-1
genomic DNA (van Ooyen and Nusse, 1984). Wnf-1-containing DNA
was removed from the phage by digestion with Sail, subcloned into
pUC9, and mapped by restriction endonuclease digestion. Individual
restriction fragments were subcloned further prior to sequencing.
Sequencing of ivnf-1* was performed on double-stranded plasmids
using Sequenase (U. S. Biochemicals) and [KS]JdATP. Sequencing
reactions used either specific oligonucleotide primers (synthesized on
ari ABI model 380B DNA synthesizer) or universal primers. Verification
of the Wnf-1™ sequence was performed using the primer, 5-GCT-
GCAGTGACAACATC-3'. corresponding to coding strand nucleotides
1735-1862 from the wild-type Whf-1 genomic sequence.
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