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Gradients of Wnt/f3-catenin signaling coordinate development and physiological homeostasis in metazoan
animals. Proper embryonic development of the fruit fly Drosophila melanogaster requires the Naked cuticle
(Nkd) protein to attenuate a gradient of Wnt/-catenin signaling across each segmental anlage. Nkd inhibits
Wnt signaling by binding the intracellular protein Dishevelled (Dsh). Mice and humans have two nkd ho-
mologs, nkdl and nkd2, whose encoded proteins can bind Dsh homologs (the Dvl proteins) and inhibit Wnt
signaling. To determine whether nkd genes are necessary for murine development, we replaced nkd exons that
encode Dvl-binding sequences with IRES-lacZ/neomycin cassettes. Mutants homozygous for each nkd““% allele
are viable with slightly reduced mean litter sizes. Surprisingly, double-knockout mice are viable, with subtle
alterations in cranial bone morphology that are reminiscent of mutation in another Wnt/f3-catenin antagonist,
axin2. Our data show that nkd function in the mouse is dispensable for embryonic development.

Our expanding knowledge of molecular mechanisms that
govern vertebrate development stems from a legacy of discov-
ery using model genetic organisms—in particular, the fruit fly
Drosophila melanogaster. Just over a quarter century ago, Niis-
slein-Volhard, Wieschaus, and their colleagues in Tiibingen
saturated the fly genome with embryonic lethal mutations that
produce altered body patterns, the cloning of which ultimately
revealed an evolutionarily conserved “toolkit” of genes—com-
posed predominantly of transcription factors and signal trans-
ducers—that executes the development of all of the animals
studied to date (8, 55). Because teleost fish—from which mod-
ern mammals derive—underwent two rounds of genome du-
plication 300 to 400 million years ago (27), genes that are
present in single copy in protostomes such as Drosophila are
often present in multiple copies and act with partial or com-
plete redundancy in mammals. For example, mammals have
three hedgehog (hh) and four Notch (N) genes, each of which is
present in single copy in flies (2, 29, 48). Duplicate toolkit
genes may evolve mutable tissue- or stage-specific functions or
may exhibit functional redundancy that is not evident unless all
paralogs are simultaneously mutated.

Wnt proteins are a family of intercellular signaling pro-
teins with widespread roles in animal development, tissue ho-
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meostasis, and human disease (11, 47). Flies have 7 wnt genes,
while mice and humans have 19 (http://www.stanford.edu
/~rnusse/wntwindow.html). Diversification of Wnt proteins
occurred early in animal evolution, as the basal cnidarian
Nematostella vectensis has 12 wnt genes whose expression in dis-
crete domains along the anterior-posterior axis is reminiscent
of fly and mammalian homeotic gene expression (41). Funda-
mental insights into the mechanism of Wnt signaling emerged
from the study of wingless (wg), a Drosophila wnt gene with
numerous sequential roles in nearly all of the tissues and life
stages of the fly (37). The earliest requirement for wg is during
embryo segmentation, where its expression in ectodermal
stripes prefigures the segmented body plan (3, 52). When the
secreted Wg protein encounters adjacent cells, it elicits a com-
plex signaling cascade, termed the canonical Wnt/B-catenin
pathway, that culminates in accumulation of the transcriptional
cofactor B-catenin and transactivation of tissue-specific target
genes (54, 56, 61). Proper embryonic development requires the
graded action of Wg and other signals across each segmental
anlage (4, 24, 58). In the absence of wg or key downstream
signal transducers, the transcription of target genes such as ik
and engrailed (en) ceases, with dramatic consequences for pat-
tern formation; conversely, increased Wg signaling leads to
expanded domains of 4k and en expression, with opposite but
equally dramatic phenotypic consequences (4, 5, 43, 52, 53, 60,
62, 75). Subsequent investigations of Wg and other Wnt pro-
teins have revealed several “noncanonical” signaling pathways,
some of which, like the canonical pathway, act through Friz-
zled (Fz) and Arrow/LRP receptors, some of which may act
through Fz and cadherin-family molecules, and others of which
act through N or Ryk/Derailed (Drl) receptors (12, 16, 25, 30,
39, 40, 49, 63, 65).

Among the original Tiibingen mutant collection is the naked
cuticle (nkd) gene (34). Shortly after the onset of Wg action,
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nkd mutants develop markedly elevated levels of B-catenin and
expanded domains of Wg target gene expression despite an
apparently normal quantity and distribution of Wg, suggesting
that nkd mutant cells are hypersensitive to Wg (5, 52, 67, 75).
Molecular characterization of nkd revealed a novel gene whose
transcript is Wg inducible, thereby forming a negative feed-
back loop (75). Nkd can bind and inactivate Dishevelled (Dsh)
or its mammalian homologs, the Dvl proteins, a family of
intracellular “scaffold” proteins that transduces several types
of Wnt signal but whose mechanisms of action remain myste-
rious and controversial (7, 51, 57, 68-71). Although Dsh is
thought to be a hub of cytoplasmic signaling, a recent report
suggests that Dsh may also carry Wnt signals into the nucleus
(32). Likewise, the mechanism of Nkd action on Dsh in Drosoph-
ila remains puzzling but also involves nuclear transport (67).

Mice and humans have two nkd genes, nkdl and nkd?2,
that share sequence similarity with fly nkd in two regions: an
EF hand-containing domain—termed the EFX domain—that
binds Dsh and a C-terminal histidine-rich region (35, 70-72).
Alignments of insect and mammalian Nkd proteins reveal four
conserved sequence motifs interspersed by mostly unrelated
sequence, suggesting a common arrangement of functional
motifs in the ancestral Nkd protein (67, 70). Our studies of
Drosophila Nkd showed that protein truncations N terminal of
Dsh-binding regions produced embryonic lethality with the
strongest phenotypic consequences (67, 75). Similarly, muta-
tion or deletion of the mouse Nkdl EF hand impaired the
mutant protein’s ability to inhibit Wnt/B-catenin signaling in
cultured cells (71). We hypothesized that truncating mutations
similar to those that cause strong nkd phenotypes and lethality
in Drosophila, when introduced into the mammalian nkd genes,
would produce null genetic lesions, possibly resulting in em-
bryonic lethality and/or phenotypes indicative of increased
Wnt signaling.

Here we report the generation of mice in which an internal
ribosome entry site—B-galactosidase (IRES-lacZ) fusion gene
replaces exons encoding nkdl or nkd2 EFX domains and the
results of our breeding experiments. Each nkd™““ mouse ex-
presses B-galactosidase in patterns that mimic endogenous nkd
expression (70). Mice homozygous for each of our nkd"*
alleles are viable, with slight reductions in mean litter size. Our
nkdl mutant mice do not exhibit the reduced testis mass that
was observed in mice homozygous for a distinct nkdI allele
reported by another group during the course of our studies
(45). By mating nkdl to nkd2 mutant mice in a mixed genetic
background, we have obtained a small number of adult ho-
mozygous double-mutant mice that are viable and fertile. Un-
like the strict genetic requirement for nkd in the fly embryo,
mouse nkd activity is apparently dispensable for embryonic
development.

MATERIALS AND METHODS

Animals. All of the experiments in this study were performed according to
guidelines approved by the Institutional Animal Care and Use Committee
(IACUC).

Cloning of nkdl and nkd2 genomic DNAs. Bacterial artificial chromosome
clones encompassing the mouse nkdl and nkd2 coding regions were obtained
from mouse 129Sv libraries by Southern blotting and PCR screens performed by
Research Genetics (now owned by Invitrogen). Each bacterial artificial chromo-
some was digested with restriction enzymes, and DNA fragments hybridizing to
nkdl or nkd2 cDNA probes by Southern blotting were subcloned into Bluescript-
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IIKS+ (Stratagene). Subclones encompassing exons 5 to 10 (nkdI) or 4 to 10
(nkd2) were restriction mapped with multiple six-cutter enzymes, and genomic
maps consistent with the Celera mouse genomic sequence were assembled as
shown in Fig. 1A and 2A.

Targeting constructs. We used the targeting vector pGKneoTK3.IRESlacZ
made by Andreas Kispert (cited in reference 76). For the 5" arm of nkd1, a 1.2-kb
Sall/Xhol PCR product that introduced a stop codon at amino acid 91 in exon
5 was cloned into the Sall site; for the 3" arm, a 3-kb SspI/HindIII fragment
within the 3’ untranslated region was cloned into the Notl/BamHI site to make
the construct shown in Fig. 1A. For the 5’ arm of nkd2, a 0.8-kb Sall/Xhol PCR
product that introduced a stop codon into exon 6 at amino acid 121 was cloned
into the Sall site; for the 3’ arm, a 2.2-kb Sacl/Ncol fragment encompassing
exons 8 to 10 was cloned into the Notl/BamHI site to make the construct shown
in Fig. 2A.

ES cell culture. Sall-linearized targeting constructs for each gene were elec-
troporated into 129SvEv embryonic stem (ES) cells by standard methods, the
cells were subjected to positive and negative selection, and surviving clones were
screened by PCR. The targeting frequencies were as follows: nkd1, 2/900 clones;
nkd2, 4/1,460 clones. Each was verified by PCR and Southern blotting with 5’ and
3" probes external to each targeting arm as shown in Fig. 1A and 2A.

Chimeric-mouse generation. Chimeric mice were generated from two indepen-
dent ES cell clones for each gene (nkd1, 1G3 and 3H7; nkd2, 5C12 and 9H3), and
similar genotyping, expression, and breeding results were obtained for each clone.
The nkd1"“# and nkd2'*# mice generated in this study have been deposited and are
available through Jackson Laboratories (stock no. 6958 and 6960).

Southern blotting. Tail DNA was digested with EcoRV or EcoRI (for nkdI)
or Xbal (for nkd2) at 37°C overnight, separated on a 0.8% agarose gel, trans-
ferred to Hybond-N+ (Amersham Pharmacia Biotech) membrane by alkaline
transfer, probed with the indicated 3P-labeled DNA fragments schematized in
Fig. 1A and 2A, and exposed for autoradiography.

PCR genotyping. The wild-type nkdl allele was detected with primers from
intron 4 (N1-IN4-5p, CCTGCTGAAGTGGTTGGTAG) and exon 5 (N1-EX5-
3p, GAGAACTCCTCCCATTTAGATG) to generate a 487-bp product, while
the recombined nkd1'*“# allele was detected with primer N1-IN4-5p and a primer
from the IRES-lacZ vector (ILZ-3p, TAGAGCGGCCTACGTTTAAACATCG)
to generate a 346-bp product. The wild-type nkd2 allele was detected with
primers in intron 5 (N2-IN5-5p, TGGTCAGGGAACGACAGAG) and exon 6
(N2-IN6-3p, GTTCCAGATCTCAAGAGGTC) to generate a 472-bp product,
while the recombined nkd2'““# allele was detected with primers N2-IN5-5p and
ILZ-3p to generate a 346-bp product. PCR amplification of genomic DNA was
performed with 35 cycles of denaturation at 94°C, annealing at 58°C, and exten-
sion at 72°C, and DNA was visualized on a 1.2% agarose gel with ethidium
bromide as shown in Fig. 1C and 2C.

Northern blotting. Mouse tissues were flash frozen in liquid N, and Dounce
homogenized, and RNA was isolated by the protocol provided with the TRIzol
reagent (Invitrogen). Oligo(dT)-selected mRNA was separated on a 1% agarose
gel in morpholinepropanesulfonic acid (MOPS) buffer, transferred to Hybond-N+
membrane, and hybridized to *?P-labeled DNA probes as shown in Fig. 1D.

Reverse transcription (RT)-PCR. RNA was isolated from mouse brain of the
genotypes indicated in Fig. 2D as described above, reverse transcribed with
Moloney murine leukemia virus reverse transcriptase (Invitrogen), and subject to
PCR as follows. nkd2 exons 4 to 7 were detected with exon 4 (N2-EX4-5p,
AGGAGCTGCTCAATGGAGA) and exon 7 (N2-EX7-3p, ACCTCGTAGAT
GGTGTGCAT) primers to synthesize a 323-bp product; exons 8 to 10 were
detected with exon 8 (N2-EX8-5p, CGTGGCAGAACAGAGATTG) and exon
10 (N2-EX10-3p, TACCGCTTGTGACCATAGG) primers to synthesize a
579-bp product; and exons 4 to 10 were detected with primers N2-EX4-5p and
N2-EX10-3p to synthesize a 1,025-bp product from the wild-type chromosome or
a 699-bp product from the nkd2'*“* chromosome. Sequencing of the 699-bp band
from nkd2'“c#"°Z animals confirmed splicing between exons 5 and 9 that predicts
the synthesis of an out-of-frame, prematurely truncated protein (data not shown).

Western blotting. Embryos of each genotype at 15.5 days postcoitus (dpc) were
pulverized in liquid N, and then homogenized with a Teflon-glass homogenizer
in triple-detergent buffer (50 mM Tris, 50 mM NaCl [pH 7.4], 1% NP-40, 0.1%
sodium dodecyl sulfate, 0.5% Na-deoxycholate, 5 mM EDTA, 1 mM EGTA, 1
mM Na-orthovanadate, 50 mM NaF, 1X complete protease inhibitor [Roche]),
and extracts were spun at 1,000 X g for 10 min. A 200-pg sample of soluble
extract, quantitated by Bradford assay (Bio-Rad), was resolved by sodium dode-
cyl sulfate-10% polyacrylamide gel electrophoresis and transferred to polyvinyl-
idene difluoride membranes (Millipore). Membranes were blocked in 5% dry
milk for 1 h at room temperature and then incubated with a rabbit polyclonal
antibody against Nkd1 (1:1,000; Cell Signaling Technology) or four different
Nkd2 antibodies (one made by the University of Texas [UT] Southwestern



4456 ZHANG ET AL. MoL. CELL. BIOL.

NKQ'T =—
I L
1 [ 1L
Jokb 123 4 56 7-10
/
/ R
! feeR v
LU
15kb—‘—’—b- r7771 3' prabe
-d—v—azkb—--
‘ \ b P - \\
IRES-lacZ neo K ampR
v 5 ! 8 10 v .
1kb -a—4.5 kb—p - ——6Bkb—— P
—
B D &
NN X '
L ""15
10—
2 kb
5 —
kb
b e =45
4 —
10— ppan

WM GAPDH
C X ¥ E XX
< WT 487 bp 50— & -
--KO 346 bp
27— £

FIG. 1. Targeting of mouse nkd1. (A) Schematic of the Nkd1 protein above the genomic region, with exons numbered 1 to 10 and the direction
of transcription designated by the arrow. The asterisk designates the position of the stop codon introduced into exon 5. Homologous recombination
(dashed lines) replaced exons 5 to 10 with the IRES-lacZ/neo cassette. Enzyme sites: V, EcoORV; R, EcoRI. aa, amino acids. (B) Southern blotting
of mouse tail DNA cut with EcoRV (top) or EcoRI (bottom) from the indicated genotypes and probed with the 5’ (top) or 3’ (bottom) external
probes as designated in panel A. (C) PCR genotyping with tail DNAs from mice of the indicated genotypes amplified with primers specific for the
wild-type (WT) and nkd1'“# (KO) chromosomes. (D) Northern blotting of adult lung mRNAs from mice of the indicated genotypes probed with
nkdl exon 10 probe (top) and then stripped and reprobed with gapdh as a loading control (bottom). Note that +/— has approximately half the
signal from the major 1.8-kb band of +/+ mice and that —/— lung tissue has no specific hybridization signal. (E) Western blotting of extracts from
15.5-dpc nkd1 +/+, +/—, and —/— mouse embryos. Note the reduction of the ~60-kDa band in the +/— lane and its absence from the —/— lane
(arrow). The arrowhead designates a cross-reactive band that confirms equal loading in each lane.
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FIG. 2. Targeting of mouse nkd2. (A) Schematic of Nkd2 protein above the nkd2 genomic region as described for Fig. 1. Homologous
recombination replaced exons 6 to 8 with the IRES-lacZ/neo cassette. Enzyme site: X, Xbal. aa, amino acids. (B) Southern blotting of tail DNAs
from mice of the indicated genotypes cut with Xbal (top and bottom) and probed with 5" (top) or 3’ (bottom) external probes as designated in
panel A. (C) PCR genotyping with tail DNA from mice of the indicated genotypes amplified by primers specific for the wild-type (WT) and nkd2"*
(KO) chromosomes. (D) RT-PCR analysis of brain RNA from adult mice of the indicated nkd2 genotypes with primers spanning the designated
nkd?2 exons or the control gene gapdh, with (+) or without (—) reverse transcriptase (RT). Markers are loaded in the leftmost lanes. (Top) —/—
reactions lack specific bands spanning exons 8 to 10 (579 bp) or 4 to 7 (323 bp) that were deleted by the targeting event. gapdh (350 bp) is a positive
control that is amplified from all three samples. (Bottom) +/+ mice have a 1,025-bp band corresponding to the full-length exon 4 to 10 product.
+/— mice have 1,025- and 699-bp bands, while —/— mice only have the 699-bp band (arrow). Sequencing of the 699-bp band revealed exon 5-9-10
splicing, predicting the synthesis of an out-of-frame, truncated protein (data not shown).
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and nkd2'“<?. (A and B) X-Gal staining of 12.5-dpc embryos harvested from nkd1“*'* (A) or nkd2'“<#'*

(B) heterozygous intercrosses reveals an intensity of blue staining that increases with the nkd“# copy number. (C) Ten and one-half day postcoitus
nkd1'“?'* (left) or nkd2"““#'* (right) embryo. Note dorsal CNS staining in nkd1"°“ that is absent from nkd2"Z (arrows) but similar somite
(arrowheads) and tail bud (asterisks) expression. (D) Fifteen and one-half day postcoitus nkd1“#'* (left) and nkd2'““'* (right) embryos. Note the
similar expression of each gene in the snout, ear, and hair follicles (panels D’ to D”) but distinct staining patterns in the distal limb buds. (E and
F) Liver tissue from adult nkd1“?'* (E) or nkd2"*“*'* (F) mice showing pericentral hepatocyte staining in the former but not the latter. (G) Snout
tissue of a 15.5-dpc nkd1“?'* mouse showing expression in whisker mesenchyme (arrow) and dermal papillae (arrowhead). (H) nkd2'““’* mouse

intestine tissue showing staining of the wall musculature (arrowhead).

Antibody Production Core and three made by Cell Signaling Technology; data
not shown) at 4°C overnight, followed by incubation with horseradish peroxidase-
conjugated goat anti-rabbit secondary antibodies (1:1,500; Pierce) at room temper-
ature for 1 h. Signals were visualized with the SuperSignal West Chemiluminescent
Substrate kit (Pierce).

X-Gal staining. Embryos and adult tissues were dissected in phosphate-buff-
ered saline, fixed in 4% paraformaldehyde—phosphate-buffered saline for 1 h at
4°C, rinsed three times for 30 min each time in rinse buffer (100 mM sodium
phosphate, 2 mM MgCl,, 0.01% sodium deoxycholate, 0.02% NP-40), and then
incubated in 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) staining
solution (100 mM sodium phosphate, 2 mM MgCl,, 0.01% sodium deoxycholate,
0.02% NP-40, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 1
mg/ml X-Gal) overnight at 37°C to detect B-galactosidase activity. Sectioned
X-Gal-stained tissues were counterstained in nuclear fast red.

Immunohistochemistry. B-Catenin immunostaining was performed in dupli-
cate on testis tissue from three animals of each genotype at room temperature
with the Animal Research Kit (Dako) and antigen retrieval reagent BORG
(BioCare Medical). Anti-B-catenin monoclonal antibody E-5 (Santa Cruz Bio-
technology) was used at 1:40, and slides were counterstained with hematoxylin.

Skeletal preparations. Adult mice of the ages indicated were euthanized by
CO, inhalation, skinned, eviscerated, fixed in 95% ethanol overnight, and then

rocked in acetone overnight to clear adipose tissues. The specimens were stained
with alcian blue staining solution (4 volumes 95% ethanol, 1 volume acetic acid,
and 0.15 mg alcian blue/ml) for 48 h, rinsed in 95% ethanol for >5 h, treated with
2% KOH overnight to remove soft tissues, and then stained with alizarin red
staining solution (1% KOH plus 0.05 mg alizarin red/ml) for 30 to 90 min. The
specimens were cleared in 1% KOH plus 20% glycerol for >2 days and then
photographed in 50% ethanol-50% glycerol.

Dual-energy X-ray absorptiometry scans. Percent body fat and bone mineral
density were determined with a GE-Lunar PIXImus equipped with software
version 2.1.

Statistical analysis. The significance of mouse body and testis weights in Fig.
4 and 5B was calculated with a Student unpaired ¢ test.

RESULTS

Targeting of the nkdl and nkd2 genes. nkdl and nkd2 are
single-copy genes on mouse chromosomes 8C1 and 13C4, re-
spectively; humans have single orthologs of each gene on chro-
mosomes 16q12.1 and 5p15.3, with no additional closely re-
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lated sequences or pseudogenes identified by genomic BLAST
searches of the mouse and human genomes. In order to gen-
erate null mutations in nkdl and nkd2, we made mice harbor-
ing stop codons 5’ of each encoded EFX domain by replacing
exons 5 to 10 (nkdl) or 6 to 8 (nkd2) with IRES-lacZ (Fig. 1A
and 2A; see Materials and Methods). Southern blot assays,
PCR, and genomic sequencing confirmed each targeting event,
both in ES cells and following germ line transmission in mice
(Fig. 1B and C and 2B and C and data not shown). Northern
blotting and/or RT-PCR of tissues from homozygous mutant
animals confirmed the predicted molecular nature of each tar-
geting event (Fig. 1D and 2D and data not shown). Western
analysis of 15.5-dpc embryo extracts of each nkdl genotype
with affinity-purified anti-Nkd1 antisera confirmed the absence
of Nkdl protein in homozygous mutants (Fig. 1E). Unfortu-
nately, four independent antisera against Nkd2 were unable to
detect endogenous Nkd2 from either lysates or immunopre-
cipitates of 15.5-dpc embryos, despite the facts that nkd2
mRNA and nkd2'“““ are abundant at that time and that each
antiserum was able to detect overproduced Nkd2 by Western
blotting of Nkd2-transfected cultured cells (70) (Fig. 3D and
data not shown). We verified the homozygous viable nature of
nkd2 mutation by introducing a genetic lesion of comparable
severity to nkd2'“°“ by excising exon 5 via Cre-lox technology
(T.C. and K.W., unpublished data).

nkd1"““* and nkd2'“* expression resembles endogenous nkd
mRNA. As expected, the intensity of X-Gal staining in nkd"*
embryos or tissues strictly correlated with the gene dosage,
with homozygous mutants consistently staining more intensely
than heterozygotes (Fig. 3A and B). We observed patterns of
X-Gal staining in each nkd“““ mouse that closely mimic the
dynamic patterns of endogenous nkd! and nkd2 mRNAs (e.g.,
cf. reference 70 and Fig. 3C), making each nkd"*““ strain po-
tentially useful as a reporter for Wnt-dependent transcrip-
tional activity. For example, while nkd1“* and nkd2"* are
each expressed in the somites and tail bud through mid-em-
bryogenesis, nkd1"““* but not nkd2““# is expressed in the dor-
sal embryonic CNS and in adult pericentral hepatocytes (Fig.
3C, E, and F), and both reporters are expressed in the intes-
tinal musculature (Fig. 3H and data not shown). The expres-
sion of nkd1““ in some pericentral hepatocytes may reflect
regulation by Wnt/B-catenin signals (6). By 15.5 dpc, nkd1"***
and nkd2'““ are expressed in similar patterns within the mes-
enchyme and dermal papillae of developing vibrissae and pel-
age hair follicles (Fig. 3D, D", and G), where the roles for Wnt
signaling in stem cell maintenance and follicle morphogenesis
are well recognized (1).

nkdl or nkd2 knockout mice are viable and fertile. In a
mixed 129-Bl6 genetic background, heterozygous intercrosses
of each nkd““ allele gave rise to viable progeny in roughly
Mendelian ratios (Table 1) and animals homozygous mutant
for each nkd allele were viable and fertile (Table 1). Growth
curves for 4- to 12-week-old pups fed ad libitum showed a
slight yet statistically significant retardation of growth (males,
15%; females, 4.6%) for nkd1'““#""“Z by 12 weeks, similar to a
previously reported nkd! allele (45), but no growth abnormal-
ity in nkd2'“e#"e<Z (Fig. 4). Histology and weights of major
organs from 3-month-old mice were comparable between the
wild type and each mutant (» = 6 to 11 animals of each
genotype; data not shown). We then crossed our original al-
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TABLE 1. Breeding results from nkd1'*Z and nkd2'*Z crosses®

No. of mice of

No. of No.of No. of each genotype

Background and cross pairs litters pups/litter

4+ H- =)=

BI6-129 hybrid

nkd1"<4/* X nkd1'ac?+ 9 15 7.3 32 55 23

nkd2'<ZI* X pkd2'acz/+ 5 14 7.4 25 52 26
129

nkd1'<%/* X nkd1'ac?/+ 10 23 4.9 29 50 27

nkd2'“<?I* X pkd2'ac?'* 3 4 5.8 9 7 7
Total (both)

nkd1'“<?'* X nkd]'c?'* 61 105 50

nkd2" <%+ X nkd2'ac#+ 34 59 33
BI6-129 hybrid

nkdllacz/larz X nkd]lacz/lacz 6 19 53

nkdzlacZ/IaCZ X ndeIm‘Z/lch 9 33 6.4
129

nkd]lacZ/lacZ X nkdllacZ/lchb 6 1 1

nkdzlch/[a(‘Z X nkdzlch/lu(‘Z 6 20 4.5

¢ For each cross, the number of breeding pairs, the number of litters, and the
mean number of pups per litter are indicated.

> Among six breeding pairs, a single litter consisting of a single pup was
produced during a 3-month period. No histologic abnormalities were noted in
the testes or ovaries of nkd1*“#/aZ animals in the 129 background, although one
of the males had unilateral testicular agenesis.

lele-transmitting chimeras into the 129SvEv background and
found that heterozygous intercrosses of mice carrying each nkd
allele also yielded roughly Mendelian progeny ratios but re-
duced mean litter sizes relative to the mixed background (Ta-
ble 1).

nkd1'“#"<Z and nkd2"*“#"*“% mice in a mixed background
were fertile but with slightly reduced mean litter sizes com-
pared to those of heterozygotes (Table 1). In view of the
important role for Wnt/B-catenin signaling in the maintenance
of bone mass (21, 38), examination of alizarin red- and alcian
blue-stained 3-month-old female skeletons (two wild type, four
nkd1“<#"<Z and two nkd2"“#"*%), as well as dual-energy
X-ray absorptiometry scans and subsequent histologic sections
of knee joints (four wild type, five nkd1““#"*<# and five
nkd2' <<%y " did not yield any consistent differences between
wild-type and nkdl or nkd2 mutant animals (data not shown).

In the course of our studies, another group reported that
homozygosity for a distinct targeted mutation in nkdI caused a
slight reduction in testis size and reduced numbers of elon-
gated sperm (45). In contrast to their report, our 3-month-old
nkd1"<#"<Z (and nkd2"*“*""**) mice had testis-to-body weight
ratios similar to those of the wild type (Fig. 5B). X-Gal staining
of mutant testis tissue revealed B-galactosidase activity in elon-
gating spermatids within testicular tubules (Fig. 5C to E), con-
sistent with previous observations (45). However, in contrast to
the previously reported nkdl mutant mice, we did not observe
any obvious differences in B-catenin abundance or distribution
by diaminobenzidine (DAB) immunohistochemistry between
wild-type and nkdl or nkd2 mutant testes (three testes per
genotype) (Fig. SF to H). Unlike our knockout alleles, which
are each predicted to encode proteins truncated near their N
termini, the previously reported nkdl allele encodes an inter-
nally deleted ~45-kDa Nkd1 protein that lacks the Dvl-binding
EFX domain, and its persistence in the previously reported
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FIG. 4. Growth curves of wild-type and nkdI and nkd2 mutant mice. Shown are mean weights * standard deviations for the indicated numbers
of male (top) and female (bottom) mice at the indicated postnatal weeks of age. At 12 weeks, nkd 1'““#"*Z but not nkd2'“#"«% mice are significantly

smaller than wild-type mice, with P values indicated.

knockouts (45) may interfere with Wnt/B-catenin signaling
and/or Dvl homeostasis in a manner distinct from that of our
mutations.

nkdl nkd2 double-knockout mice are viable. nkd! and
nkd?2 are expressed in partially redundant patterns through-
out gestation (e.g., Fig. 3D), so the absence of visible em-
bryonic phenotypes could be due to genetic redundancy. To
test this possibility, we mated nkd1“* and nkd2'“# mice in
the mixed genetic background. nkd1"““'* nkd2"““*'* mice were
viable and fertile, as were their progeny with the genotypes
nkd]/an/lacZ nkdzlarZH», nkd]/acZ/+ nkdzlacZ/lacZ, and nkd]/an/lacZ
nkd2'<#"<Z However, females possessing no or one wild-type
copy of nkdl or nkd2 did not tend to their young as well as
nkdl or nkd2 homozygous mutants, as 35% of 46 litters from
mothers with no or one wild-type copy of nkdl or nkd2 were
cannibalized by their mothers prior to weaning, compared to
14% of 51 litters from nkd1“#"*<% or nkd2"““#"* single-
mutant mothers. Nevertheless, by breeding male and female
compound heterozygous mice, we raised two male and three
female nkd1'“<#"<Z pkd2'*c?a°Z mice from 12 litters, confirm-
ing their genotype by PCR and Southern blotting (e.g., Fig. 6A
to C). No histologic abnormalities were observed in major
organs of the five double-knockout mice obtained (data not
shown), and the abundance and distribution of B-catenin by
DAB immunohistochemistry in double-knockout testes resem-
bled the wild type and the single mutants (Fig. SF to I). How-
ever, skeletal preparations of male and female 2-month-old
double-knockout mice revealed a slightly shortened skull and
nasal bones (Fig. 6D and data not shown) that are similar to
but less severe than those of animals homozygous mutant for
another antagonist of Wnt/B-catenin signaling, axin2 (46, 73).
While axin2 mutant cranial bone sutures underwent premature

fusion (73) in a manner that is perhaps similar to human
craniosynostosis, such fusions were not evident in the two nkd
double-knockout animals examined (Fig. 6D and data not
shown), suggesting that the nkd mutant phenotype is not as
severe as that of axin2.

DISCUSSION

The discovery of a discrete “toolkit” of conserved genes that
govern the development of all animals was one of the great
epiphanies of 20th century biology. Wnt proteins are among
the most ancient of the toolkit proteins and remain a subject of
intense biomedical interest not only for their roles in a diverse
array of physiological processes but also due to frequent mis-
regulation of Wnt signaling in human disease. The widespread
activation of Wnt, Hedgehog, EGF, and Notch signaling in
human cancer underscores each cell’s critical task of control-
ling these signaling systems in their normal contexts, where
they enforce stem cell and tissue homeostasis (9, 28, 64). Mul-
tiple control mechanisms have evolved to ensure that each of
these influential signals is active only at the right place and for
a limited time. In addition to restricting the synthesis of path-
way-stimulating ligands, feedback regulation is a key mecha-
nism that limits the action of these signals (17).

Our previous work showed that nkd is a negative feedback
regulator for Wg signaling in Drosophila and that mice and
humans have two nkd-related genes, nkdl and nkd2 (70, 75).
Guided by our studies of Drosophila nkd function, we gener-
ated early truncating lesions in each mouse nkd gene to inves-
tigate whether they are essential for development. To our
surprise, nkd genes are dispensable for mouse development, as
we only observed subtly reduced fertility, increased cannibal-
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FIG. 5. nkd mutant testes resemble wild-type testes. (A) X-Gal-stained wild-type (wt, left), nkd1'°?"*Z (middle), and nkd2'*#"°Z (right) testis tissues
from 3-month-old males. (B) Ratios of combined testis weight to body weight for the indicated numbers of 3-month-old wild-type (top bar) and
homozygous nkdl (middle bar) or nkd2 (bottom bar) mutant male mice. (C to E) High-power magnifications of X-Gal-stained testis tubules from
wild-type (C), nkd1"#"a<Z (D), and nkd2“*"*% (E) mice. Note the X-Gal-positive elongating sperm near the tubular lumen (arrows) in panels D and
E. (F to I) B-Catenin immunohistochemistry of wild-type (F), nkd 1'“%"°Z (G), nkd2'*“#"a<Z (H), and nkd 1'*“%"<Z pjed2'*<#"a<Z (T) testes revealed by DAB
staining (brown) shows similar distribution and intensity of intertubular (Leydig cell, arrow) staining, as well as basal spermatocyte nuclei (large arrowhead
in lower left of each inset) and elongating spermatids (small arrowhead in upper right of each inset). Note the similar staining of all four genotypes.

ization of litters, and altered cranial bone morphology in mu-
tant animals. We surmise that each of these phenotypes is
modifiable by genetic background, as litter sizes were consis-
tently reduced in the pure 129 background compared to the

mixed Bl16-129 background. We also observed shortened nasal
bones in nkd1°#"*Z single-mutant animals in the 129 back-
ground—similar to those seen in the double-knockout animals in
the mixed background—which was not evident for nkd 1“4 in
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FIG. 6. nkdl nkd2 double-mutant mice are viable. (A) PCR genotyping of a subset of progeny of an nkd1"““*'* nkd2'*“#'* intercross for nkd1
and nkd?2 gene status. Note that lane 4 DNA is from a double knockout. WT, wild type; KO, knockout. (B) Southern blotting of wild-type (left
lanes), nkd1“?'* nkd2"<#*'* (middle lanes), and nkd1"“#"4Z pkd2'«#"=<Z (right lanes) DNAs probed for nkd! (left blot) and nkd2 (right blot)
status. (C) Three-month-old nkd1'#"<Z pkd2'ac?"<Z adult female with a slightly short nose. (D) Rostral view of wild-type (left) and nkd1'<#"«*
nkd2'“#"<Z (right) 2-month-old female skeleton preparations. Cranial bones: parietal (p), frontal (f), and nasal (n). Sutures: sagittal (large arrows),
coronal (arrowheads), and posterior frontal (small arrows). The double line of alizarin red stain at sutures suggests an absence of craniosynostosis.
Note that the length of the nasal bone, from the frontonasal suture to its anterior tip, is decreased in an nkd1"#"*Z pkd2'«“#"aZ mouse (double

yellow arrows).

the mixed background (data not shown), indicating that the cra-
nial abnormalities in our nkd mutants are also strain dependent.

The similarity between nkd- and axin2-encoded mutant cra-
nial phenotypes is likely not a coincidence because both genes
are inducible inhibitors of Wnt/B-catenin signaling (50). Mice
express another axin gene, axinl, that is not regulated by Wnt
signaling but which is essential for early development (74). Any
differences in axinl and axin2 function are the result of distinct
expression patterns, because the endogenous mouse axinl cod-
ing region can be replaced with the axin2 cDNA without phe-
notypic consequence (10). It is intriguing that just as our nkd
mutant mouse phenotype is less severe than the axin2 pheno-
type, the cuticle phenotype of Drosophila nkd mutants is typi-
cally not as severe as that of axin mutants (23, 34, 67). Genetic
epistasis has also revealed an important difference between the
nkd and axin genes in Drosophila, with the nkd phenotype
being signal dependent and axin signal independent (5, 23, 57).
If this relationship is also true in mammals, then one may
predict that the nkd mutant but not the axin2 mutant pheno-
type should be suppressed by reducing the wnt or dvl gene
dosage. In spite of this conjecture, the axin2 mutant cranial
phenotype is partially suppressed by heterozygosity for 3-cate-
nin (46), consistent with axinl-dependent regulation of B-cate-
nin levels in axin2 mutant adults.

If the mouse nkd genes are dispensable for development,
then why are they conserved in evolution? Let us first recon-
sider the function of nkd in Drosophila. Early in fly develop-
ment, just prior to the time when Wg is active, nkd is broadly
transcribed in the embryo (75). nkd accumulation in propor-
tion to the Wg signal then limits B-catenin accumulation and

Wg target gene expression (14, 42, 43, 52, 62, 75). Despite the
complex, Wg-dependent striped pattern of nkd expression ev-
ident during segmentation, ubiquitous Nkd can rescue an nkd
mutant to adulthood, indicating that nkd regulation by Wg
signaling is not strictly necessary for Nkd activity (67). In an
otherwise wild-type background, Nkd overproduction had little
effect on the fly embryo pattern (33, 75). Similarly, we were
unable to observe any obvious consequences for development
or physiology when mouse Nkd1 was expressed in transgenic
mice under the control of the ubiquitous elongation factor 1-a
promoter or the inducible metallothionein promoter (M.
Zhang, M. Amanai, and K. A. Wharton, Jr., unpublished ob-
servations). However, in Drosophila, severe loss-of-Wg signal-
ing phenotypes can be induced in the embryo when Nkd is
overproduced in a genetic background compromised for Wg
pathway activity (33, 75) or when Nkd is overproduced through
several days of larval and pupal development, resulting in a
spectrum of adult phenotypes indicative of reduced Wg signal-
ing or dsh activity (57, 75). Thus, it is possible that our nkd1
transgenes were unable to drive expression to levels high
enough to produce visible phenotypes and/or that mammalian
Nkd1 is an intrinsically weaker antagonist of Wnt signaling
than Drosophila Nkd, as we have observed when either is
misexpressed in Drosophila or Xenopus (70, 75; P. S. Klein,
unpublished observation).

In a fashion reminiscent of the Wg-dependent expression of
nkd in the fly, each mouse nkd gene is expressed in dynamic,
gradient-like patterns throughout embryonic development,
presumably as a consequence of regulation by Wnt and other
signaling pathways (13, 31, 59, 70). In addition to a common



VoL. 27, 2007

organization of sequence motifs in all known Nkd proteins
(67), the exquisite conservation of several putative ion chela-
tion residues in the “loop” of the EFX domain in all of the Nkd
proteins sequenced to date (70, 75; K.W., unpublished data)
strongly suggests conserved functions involving Dsh/Dvl and
possibly other proteins that associate with this domain. How-
ever, a mutant Nkd protein—albeit overproduced—that lacks
the EFX domain can rescue a fly nkd mutant (67), indicating
that the EFX domain, at least in Drosophila, is not strictly
required for Nkd activity. The present study also shows that
Nkd EFX domains are not required for mouse development;
however, in contrast to the situation in the fly (67), we show
that the mouse nkd genes are themselves dispensable for em-
bryonic development.

At least three hypotheses to account for the present results
can be entertained. First, an absolute requirement for the nkd
genes may not be revealed when breeding mice in a controlled
environment under artificial selection. Consistent with this
idea is our observation that mothers with no or one residual
copy of wild-type nkd had an increased propensity to cannibal-
ize their young after birth, suggesting behavioral or stress-
related reproductive phenotypes that will be the subject of
future investigation.

A second possibility is that any alterations in Wnt/B-catenin
signaling that arise in animals lacking nkd activity during em-
bryonic development may be compensated for by altered ex-
pression of other Wnt pathway antagonists, such as those of
the secreted Frizzled-related protein (sFRP), Cerberus, WIF,
and Dickkopf (Dkk) families, which act extracellularly (36), or
Axin2 and Lefl, which act intracellularly (26, 44, 50, 72). In-
deed, the requirement for nkd in Drosophila may be absolute
because flies do not possess homologs of the extracellular
antagonist sSFRP, Cerberus, or Dkk families, and the lone Dro-
sophila WIF protein is dedicated to regulating Hh and not Wnt
signaling (20, 22). In contrast to the mammalian genes, there
have been no reports of transcriptional regulation of the Dro-
sophila axin or tcf gene, and other genes such as wingful and
notum appear to play more important roles in regulating
postembryonic Wg signaling than nkd (18, 19, 75).

Finally, the function of nkd genes and their likely retention
throughout much of the animal kingdom may be rooted in the
phenomenon of canalization, a term that describes the capacity
of evolved life to minimize phenotypic variation in the face of
perturbations in the environment or genetic background (66;
reviewed in reference 15). The mammalian nkd genes may
fine-tune the levels and/or activities of the Dvl proteins so that
downstream signaling events occur with high fidelity. Thus, a
strict requirement for nkd genes may be revealed by experi-
ments that measure the extent to which nkd mutant animals
are susceptible to genetic or pharmacologic perturbation in
Wnt or Dvl signaling. Future behavioral experiments, or ex-
periments in which mutations in the murine nkd genes are
combined with mutations in other Wnt signaling regulators,
may reveal additional roles for these evolutionarily well-con-
served genes.
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