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Truncation of the tumour suppressor adenomatous polyposis
coli (Apc) constitutively activates the Wnt/B-catenin signalling
pathway'. Apc has a role in development: for example, embryos of
mice with truncated Apc do not complete gastrulation’. To
understand this role more fully, we examined the effect of
truncated Apc on zebrafish development. Here we show that, in
contrast to mice, zebrafish do complete gastrulation. However,
mutant hearts fail to loop and form excessive endocardial
cushions. Conversely, overexpression of Apc or Dickkopf 1
(Dkk1), a secreted Wnt inhibitor’, blocks cushion formation.
In wild-type hearts, nuclear §-catenin, the hallmark of activated
canonical Wnt signalling®, accumulates only in valve-forming
cells, where it can activate a Tcf reporter. In mutant hearts, all
cells display nuclear 8-catenin and Tcf reporter activity, while
valve markers are markedly upregulated. Concomitantly, pro-
liferation and epithelial-mesenchymal transition, normally
restricted to endocardial cushions, occur throughout the endo-
cardium. Our findings identify a novel role for Wnt/3-catenin
signalling in determining endocardial cell fate.

Apcis an essential component of the axin-containing destruction
complex that phosphorylates 3-catenin, tagging it for ubiquitina-
tion and degradation by the proteasome. In the presence of a Wnt
ligand, 3-catenin is stabilized and accumulates in the nucleus where
it binds and activates Tcf transcription factors'. APC mutations,
common in colorectal cancer, occur proximal to the axin-binding
motifs in the mutation cluster region (MCR; Fig. la). These
truncations lead to constitutive activation of the pathway.

We have recently developed a reverse genetics strategy for
inactivating genes in the zebrafish germline®. The current zebrafish
genome database contains a single apc orthologue (Supplementary
Fig. la, b). We screened an F; N-ethyl-N-nitrosourea (ENU)-
mutagenized zebrafish library for apc nonsense mutations mapping
to the putative MCR. A premature stop codon corresponding to
amino acid (a.a.) 1318 of human APC was identified. The allele
was designated apc™, and is predicted to constitutively activate
Wnt/B-catenin signalling.

apc™" heterozygotes developed normally. Intercrossing resulted
in clutches of F; embryos of which 25% died between 72 and 96
hours post-fertilization (h.p.f.), displaying multiple defects. These
included, most prominently, cardiac malformation with associated
pericardial oedema and blood pooling (Fig. 1b), enlarged otic
vesicles, smaller eyes, and body curvature. Further, jaw, pharynx,
and inner-ear structures failed to develop and fin buds arrested.
Primordia for internal organs such as gut, liver and pancreas formed
but developed abnormally (A.FL.H and A-P.G.H, unpublished
observations). Genotyping revealed complete correspondence
between this phenotype and homozygosity for the apc™ mutation.
Mutant embryos probably developed beyond gastrulation owing to
the presence of maternal Apc (data not shown).

To verify that the above developmental defects were due to loss
of Apc function and not to co-segregation of an unidentified
linked mutation, we injected zygotes resulting from intercrosses
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of apc™"* heterozygotes with 200 pg of RNA encoding a human
APC fragment (a.a. 1020-2032) containing the 3-catenin and axin
binding domains fused to green fluorescent protein (GFP). We
observed a 66% reduction in the expected number of mutants at 48
h.p.f. (23/271 compared to an anticipated 68/271), whereas the
expected frequency of mutants was observed in non-injected sib-
lings (24.6%; n = 167). Genotyping confirmed that 59.1% of
apc™'™" homozygotes now appeared phenotypically normal,
whereas another 12.5% had normal hearts, but retained most
other defects (for example, enlarged otic vesicles, smaller eyes,
and body curvature) (Fig. 2c). This implied that the mutant
phenotype was due specifically to loss of the Wnt-regulatory
function of Apc, and that the heart defects were not secondary to
other abnormalities.

In an independent forward genetic screen (D.Z., to be published
elsewhere), we identified a second ENU-induced mutant apc allele
(termed CA50a), whose phenotype was indistinguishable from
that of the mcr mutant (Fig. 1b, d). The CA50a allele failed to
complement the mcr allele. The CA50a mutation results in prema-
ture stop codon truncation of the encoded gene product at a Leu
residue corresponding to position 613 of the human protein.

The heart is the first organ to form and function during
vertebrate embryogenesis, and cardiac malformation was the ear-
liest gross developmental defect exhibited by apc mutants. Heart
morphology, expression of the cardiac marker nkx2.5, and chamber
specification (ascertained by expression of cimlc2 and vmhc) were all
normal at 36 h.p.f. in mutants (data not shown). Mutant hearts
comprised both myocardial and endocardial cell layers and initially
manifested vigorous, rhythmic peristaltic contractions. Sub-
sequently, however, they failed to undergo looping morphogenesis
and contractile function diminished progressively, such that by
around 80 h.p.f. both chambers became silent and blood circulation

B CA50a
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Figure 1 Mutation of apc results in heart malformation. a, Diagram of wild-type (WT) Apc
protein; 15 and 20 a.a. repeats mediating 3-catenin binding, and SAMP motifs mediating
Axin binding, are depicted. Asterisks indicate the position of the merand CA50a
truncations. a.a., amino acid; MCR, mutation cluster region. b, Morphology of WT,

apc "™ and ape 45044508 empryos at 48 h.p.f. Blue arrowheads indicate pericardial

oedema and red arrowheads pooled blood in mutants. ¢, Nomarski microscopy of WT and
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ceased altogether. Prior to this, blood was observed regurgitating
within mutant heart chambers (Supplementary videos), indicative
of a valve defect. Histological examination and Nomarski
microscopy revealed that the discrete endocardial cushions (pre-
cursors of the valves proper) positioned between the atrium and
ventricle in wild-type hearts had been replaced by a profuse
endocardial layer fused at the atrioventricular (AV) boundary in
mutant hearts. All endocardial cells appeared to have undergone
epithelial-mesenchymal transition (Fig. 1c, d).

In the APC-GFP RNA injection experiment (see above), we
observed a class of embryos (6.6%, 18/271) in which hearts failed
to undergo looping and blood regurgitated, but that were otherwise
morphologically normal at 48 h.p.f. Phase contrast microscopy and
histology revealed the absence of endocardial cushions (not shown).
These embryos were genotypically wild type (Fig. 2¢). Injection of
wild-type zygotes with 500 pg of APC-GFP RNA increased the
fraction of embryos lacking endocardial cushions at 48 h.p.f.
to 11.2% (25/224). This implied that blocking endogenous
Wnt/B-catenin signalling could inhibit endocardial cushion for-
mation. To further validate this hypothesis, we injected wild-type
embryos with 20 pg of Dkkl RNA. As reported®, this resulted in
forebrain expansion accompanied by a mild reduction in trunk and
tail tissue. Cardiogenesis and vasculogenesis, however, were not
compromised (our findings). At 48 h.p.f., we observed a lack
of heart looping and blood regurgitation in 33.5% (106/316) of
DKkk1-injected embryos, but not in controls (Fig. 2a). Endocardial
cushions were absent (Fig. 2b).

Immunohistochemical staining for $-catenin revealed nuclear
B-catenin, indicative of activated canonical Wnt signalling* in
endocardial cells populating the AV cushions and cushions of the
bulbous arteriosus of wild-type hearts and the myocardial cells
immediately overlying them (Fig. 3a and Supplementary Fig. 2). In

« mcr

MCR

20aa repeat || sAMP motif

apc hearts at 72 h.p.f. Arrowheads indicate the endocardial cushions in the WT and the
fused endocardial layer at the AV boundary in apc ™™’ d, Transverse section of WT and
sagittal sections of apc ™™ and apc “°%% %% hearts at 72 h.p.f. Asterisks indicate
endocardial cushions. Note in apc hearts the profuse endocardium occluding the aperture
between heart chambers and excess cardiac jelly. a, Atrium; v, ventricle.
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contrast, all endocardial and myocardial cells within mutant hearts
displayed prominent nuclear 3-catenin (Fig. 3b). apc™ carriers
were crossed with a transgenic zebrafish line expressing GFP under a
Tcf responsive promoter (TOPAGFP)’. In wild-type embryos we
observed GFP expression only within endocardial cushions (Fig. 3¢).
In apc mutant hearts, GFP expression occurred throughout the
endo- and myocardium (Fig. 3d). Expression of proliferating cell
nuclear antigen (PCNA) mirrored the pattern of nuclear 3-catenin,
being restricted to transdifferentiated endocardial cells in cushions
(Fig. 3e). In mutant hearts, all endocardial cells were PCNA positive
(Fig. 3f).

We next examined the hearts of axinl mutant (mbl) zebrafish®°.
Pericardial oedema and blood pooling were observed in the
majority (81%; 50/62) of mbl mutants. Frequently, this was
accompanied by reduced (26%) or absent (13%) looping of the
heart tube and blood regurgitation within heart chambers (com-
plete loss of circulation was observed in 7% of mbl embryos by 72
h.p.f.). The most severely affected mbl mutant hearts closely
resembled apc mutant hearts (data not shown). mbl hearts with
intermediate looping displayed enlarged endocardial cushions and a
concomitant increase in nuclear 3-catenin and PCNA (Supplemen-
tary Fig. 3).

To further investigate the link between Wnt/B-catenin signalling
and valve formation, we performed in situ hybridization (ISH) for
bmp4, versican (or cspg2/br146) and notchlb. As reported pre-
viously'® all three genes are initially expressed throughout the
anteroposterior extent of the heart, bmp4 and versican in the
myocardium and notchlb in the endocardium. Later, expression
of these genes is restricted to the AV valve-forming region—bmp4
and versican by 37 h.p.f., and notch1b by 45 h.p.f.. At 36 h.p.f,, the
expression pattern of these three markers was indistinguishable
between mutant and wild-type hearts (not shown). By 48 h.p.f,
bmp4 and versican expression was restricted to a few myocardial
cells at the valve-forming region in wild-type hearts (Fig. 4a, ¢). In
mutant hearts, both genes were dramatically upregulated and the
domains of expression greatly expanded, encompassing the entire
ventricle (Fig. 4b, d). Likewise, endocardial expression of notch 1b

Diske 1-injected
c Genotype
Phenotype Sib (%)
WT 67
Heart anly ]
Cushion-less 6.6
Mutant 0 7.5

Figure 2 Wnt/3-catenin signalling regulates endocardial cushion formation. Lateral views
of hearts at 48 h.p.f. in a WT (a) and Dkk7-injected embryo (b). Arrowheads indicate one
of the two AV endocardial cushions in a and endocardial monolayer at the AV boundary in b.
a, atrium; v, ventricle; WT, wild type (non-injected control). Anterior to the left. Original
magnification X200. ¢, Percentage of embryos with a given phenotype and genotype

following injection of RNA encoding APC—GFP. ‘Heart only’ denotes rescue of only the

heart defect, while ‘cushion-less’ indicates inhibition of endocardial cushion formation.
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was valve-specific in wild-type hearts at 48 h.p.f. (Fig. 4e), but a
broader expression domain was detected in mutant hearts (Fig. 4f).
At 72 h.p.f., notchlb expression was observed throughout the
endocardium of mutant hearts (inset Fig. 4f). Another endocardial
valve-specific marker, hyaluronan synthase 2 (has2 or DG42)
(J. Bakkers, personal communication) was restricted to the AV
valve-forming region in both wild-type and mutant hearts at 48
h.p.f., albeit already upregulated in mutant hearts (insets Fig. 4g, h).
At 72 h.p.f,, has2 expression remained restricted in wild-type hearts
(Fig. 4g) but was expressed throughout the endocardium of
mutants (Fig. 4h). As bmp4, versican and has2 are purportedly
transcriptional targets of the Wnt/B-catenin pathway (refs 4, 11, 12,
and M. Morkel and W. Birchmeier, personal communication), these
data confirmed that Wnt/B-catenin signalling is operative in myo-
cardial and endocardial cells only at the valve-forming region in
wild-type hearts.

Cardiac valve formation depends on signalling between myocar-
dial and endocardial cell layers across an elaborate extracellular
matrix, involving TGF-8, BMP, and EGF family members"*".
Here we uncover a role for the Wnt/B-catenin pathway in this
network. Wnt/B-catenin signalling is probably not involved in valve
specification. Rather, it regulates subsequent expression of valve
markers as well as proliferation and transdifferentiation of endo-
cardial cells to establish endocardial cushions (model in Sup-
plementary Fig. 4). Mice mutant in the Wnt target genes versican
or has2 fail to develop endocardial cushions'®". Similarly, jekyll

Figure 3 Deregulated Wnt/3-catenin signalling and proliferation in apc mutant hearts.
Sagittal sections of WT (a, ¢, ) and apc (b, d, f) hearts at 72 h.p.f. stained for 3-catenin
(3-cat; a, h), GFP (c, d) and PCNA (e, f). Arrowheads (a, ¢, e) point to positive nuclei
(brown precipitate) of transdifferentiated endocardial cells populating AV cushions. Insets
in ¢ and d show whole-mount ISH for GFP expression detected within a few cells only at
the AV boundary (arrowhead) in WT; TOPdGFP heart, whereas it is present throughout the
anteroposterior extent of the heart in apc; TOPAGFP. a, atrium; ba, bulbous arteriosus; v,
ventricle. Original magnification x1,000.
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Figure 4 Expression of valve markers is upregulated and expanded in apc hearts. Whole-
mount ISH of WT (a, ¢, e, g) and apc (b, d, f, h) embryos at 48 h.p.f. (a—f, insets of g and
h) and 72 h.p.f. (g, h, inset of f). Myocardial bmp4 and versican expression and
endocardial notch1band has2 expression are restricted to the valve-forming region in WT
hearts (arrowheads in a, ¢, e, @), whereas expression of all genes is upregulated and
domains expanded throughout the apc hearts (arrowheads in b, d, f, h). Inset in f shows
notch expression at 72 h.p.f. Insets in g, h show has2 expression being already
upregulated at 48 h.p.f. in apc hearts. Original magnification x125.

mutant zebrafish lack functional AV valve tissue. The gene mutated
in jekyll mutants encodes uridine 5'-diphosphate (UDP)-glucose
dehydrogenase'®. Sugarless, the jekyll orthologue in Drosophila, is
required for Wnt signalling'®. Wnt/$-catenin signalling is therefore
probably impaired in jekyll mutants. Previously, Wnt/3-catenin
signalling has been shown to antagonize cardiogenesis by suppres-
sing cardiomyocyte precursor differentiation from mesoderm',
demonstrated by conditional deletion of the S-catenin gene,
which leads to the formation of multiple ectopic hearts®. Wnt/3-
catenin is also implicated in the proliferation and migration of
neural crest cells required for outflow tract septation®'. Our results
now show a distinct role for this pathway in controlling endocardial
cell fate decisions and proliferation, thereby modelling the heart
proper. d
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Methods

Target-selected inactivation of the apc gene

Fish embryos were raised and staged as previously described®. A sequence contig for the
3'-half of the apc gene was constructed by performing database searches in the zebrafish
trace database (http://www.ensembl.org/Danio_rerio). We modified a previously
described methodology for reverse genetics in zebrafish® by incorporating Cell mediated
mismatch recognition®. Primers (Supplementary Table 1) were designed for the
amplification of three overlapping PCR (polymerase chain reaction) fragments (1 kilobase
each) and used to screen a library of 4,608 ENU-mutagenized F, fish. An F; founder
harbouring the apc™" mutation was outcrossed to Ab and TL wild-type backgrounds,
yielding identical phenotypes. To identify the CA50a mutation, apc complementary DNA
generated by reverse transcription coupled PCR (primer sequences available on request)
on 60 pooled mutant embryos or 60 wild-type siblings was sequenced.

RNA injections

5'-capped mRNAs were synthesized from pCS2+ constructs encoding APC-GFP** and
zebrafish Dkk1° using mMessage mMachine in vitro transcription kit (Ambion). RNA in
water with 0.2% phenol red was injected into 1-2-cell-stage embryos of Ab or TL strain.

Histology, ISH and immunohistochemistry

‘Whole-mount ISH was performed as previously described**. Probes for bmp4 and notch1b
have been previously described'’. has2 and versican probes were obtained from J. Bakkers.
For (immuno-)histochemistry, dehydrated embryos were paraffin-embedded and
sectioned at 6 pm. Methylene blue was used for routine histology. Immunohistochemical
staining with antibodies for §-catenin (Transduction Laboratories) and PCNA (PC10;
Euro Diagnostica) were as previously described*. GFP protein was detected using antibody
B-2 (Santa Cruz Biotechnology). Serial sections were mounted on the same slide, allowing
direct comparison of sections. Visualization was with HRP and DAB.
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Plants belonging to the legume family develop nitrogen-fixing
root nodules in symbiosis with bacteria commonly known as
rhizobia. The legume host encodes all of the functions necessary
to build the specialized symbiotic organ, the nodule, but the
process is elicited by the bacteria'~. Molecular communication
initiates the interaction, and signals, usually flavones, secreted by
the legume root induce the bacteria to produce a lipochitin-
oligosaccharide signal molecule (Nod-factor), which in turn
triggers the plant organogenic process*”. An important determi-
nant of bacterial host specificity is the structure of the Nod-
factor, suggesting that a plant receptor is involved in signal
perception and signal transduction initiating the plant develop-
mental response®®. Here we describe the cloning of a putative
Nod-factor receptor kinase gene (NFR5) from Lotus japonicus.
NFR5 is essential for Nod-factor perception and encodes an
unusual transmembrane serine/threonine receptor-like kinase
required for the earliest detectable plant responses to bacteria
and Nod-factor. The extracellular domain of the putative recep-
tor has three modules with similarity to LysM domains known
from peptidoglycan-binding proteins and chitinases. Together
with an atypical kinase domain structure this characterizes an
unusual receptor-like kinase.

Inactivation of receptor genes typically results in a phenotype
where mutants are unresponsive towards the signal normally
perceived by the receptor. In Lotus nfr5 mutants are non-nodulating
and are unresponsive to inoculation with Mesorhizobium loti or
application of purified bacterial Nod-factor signal molecules. Root
hair deformation and the early physiological changes observed in
wild-type plants shortly after application of Nod-factor are
undetectable in #fr5 mutants'’. In contrast, mycorrhizal symbiosis
with the fungus Glomus intraradices is normal in the mutants'’,
indicating that NFR5 acts upstream of the common pathway shared
between the fungal and bacterial endosymbiotic systems'>. Together
these phenotypic characteristics suggest that NFR5 is required for
perception of the Nod-factor signal and subsequent rhizobia-
specific activation of the common pathway.

In order to identify and characterize this putative Nod-factor
receptor we initiated map-based cloning of the NFR5 gene. On the
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genetic map the NFRS5 locus (formerly known as SYM5) was
positioned to the lower arm of Lotus chromosome II between the
AFLP markers E33M40-21 and E32M44-13¢ (ref. 13). The posi-
tional cloning strategy for NFR5 and the physical map is outlined in
Fig. la—c and described in the Methods. A contig of TAC and BAC
clones was assembled using closely linked markers and sequenced as
part of the Lotus genome-sequencing programme'*. Subsequent fine
mapping located NFR5 to a 150-kilobase (kb) region delimited by
recombination events (Fig. 1b, ¢). Considering the mutant pheno-
type, two putative transmembrane receptor kinase genes present
among 13 genes in the sequenced region were considered as
candidate genes. Sequencing of the two receptor kinase genes in
the three nfr5 alleles identified mutations in one of the genes. We
identified an in-frame deletion removing 27 nucleotides in nfr5-1, a
retrotransposon insertion in nfr5-2, and a point mutation leading to
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Figure 1 Map-based cloning of NFR5. a, Genetic map of the NFR5 region with positions of
linked AFLP and microsatellite markers above the line and distances in cM below. The
fraction of recombinant plants detected in the mapping population is indicated. b, Physical
map of the BAC and TAC clones between the closest linked microsatellite markers. The
position of sequence-derived markers used to fine map the NFR5 locus and the fraction of
recombinant plants found in the mapping population are indicated. ¢, Candidate genes
identified in the sequenced region delimited by the closest linked recombination events.
GGDP, geranylgerany! diphosphate syntase; RE, retroelement; RZF, ring zinc finger
protein; GT, glycosyl transferase; A2L, apetala2-like protein; RLK, receptor-like kinase;
PL, pectate lyase-like protein; AS, ATPase-subunit; HD, homeodomain protein; ZF, zinc
finger protein. Unlabelled, hypothetical proteins. d, Structure of the NFR5 gene, position of
the transcription initiation point and the nfr5-1, nfr5-2 and nfr5-3 mutations. Asterisk,
stop codon in nfr5-3; black triangle, retrotransposon insertion in nfr5-2; grey box,
indicates the deletion in nfr5-1. e, Southern hybridization demonstrating deletion of
SYM10 in the N15 sym70 mutant line. EcoRI-digested genomic DNA of the parental
variety Sparkle and the fast-neutron-derived mutant N15 hybridized with a pea SYM70
probe covering the region encoding the predicted extracellular domain. Lack of
hybridization with a probe from the 3" UTR confirmed that the gene was deleted

(not shown). f, Control hybridization of the same Southern filter using a probe detecting
the P. sativum SYM29 gene®'. The parental £coRl bands are approximately 5 and 9 kb.
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