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The Zebrafish Glypican Knypek Controls
Cell Polarity during Gastrulation Movements
of Convergent Extension

CE movements in the most studied frog gastrula are
driven chiefly by medio-lateral intercalation of mesoder-
mal and ectodermal cells, which entails medio-lateral
cell elongation and alignment (Keller et al., 2000). Meso-
dermal cells exhibit bipolar, whereas neuroectodermal
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blick (slb, wnt11) and pipetail (ppt, wnt5) mutants exhibit

Summary shortened embryonic axes (Hammerschmidt et al., 1996;
Rauch et al., 1997). slb function is required for medio-

Mutations in the zebrafish knypek locus impair gastru- lateral cell intercalation mediating extension but is dis-
lation movements of convergent extension that narrow pensable for cell fate specification (Heisenberg et al.,
embryonic body and elongate it from head to tail. We 2000). Similarly, overexpression of XWnt5, zebrafish
demonstrate that knypek regulates cellular move- Wnt4, dominant-negative forms of the Frizzled family
ments but not cell fate specification. Convergent ex- of Wnt receptors, as well as a Xdishevelled (Xdsh), a
tension movement defects in knypek are associated downstream component of Wnt signaling, inhibit CE in
with abnormal cell polarity, as mutant cells fail to elon- frog and fish embryos and in frog explants without alter-
gate and align medio-laterally. Positional cloning re- ing cell fates (Deardorff et al., 1998; Heisenberg et al.,
veals that knypek encodes a member of the glypican 2000; Moon et al., 1993; Sokol, 1996; Ungar et al., 1995).
family of heparan sulfate proteoglycans. Double mu- Furthermore, the failure of cells lacking Xdsh function
tant and overexpression analyses show that Knypek to undergo CE is due to defective cell polarity (Wall-
potentiates Wnt11 signaling, mediating convergent ingford et al., 2000). The Wnt signaling promoting CE
extension. These studies provide experimental and does not operate through the canonical pathway involv-
genetic evidence that glypican Knypek acts during ing �-catenin. Rather, it follows a noncanonical pathway,
vertebrate gastrulation as a positive modulator of non- possibly similar to the planar cell polarity (PCP) signaling
canonical Wnt signaling to establish polarized cell be- pathway described in Drosophila (Djiane et al., 2000;
haviors underlying convergent extension movements. Heisenberg et al., 2000; Wallingford et al., 2000) with

small GTPases RhoA and Rac, and Jun N-terminal ki-
Introduction nase cascade acting downstream of Dsh (Mlodzik,

1999).
Cell motility is a hallmark of animal development (Trin- Large-scale genetic screens in zebrafish have identi-
kaus, 1984). In vertebrates, this is particularly evident fied several mutations interfering with extension of the
during gastrulation, a critical embryonic phase during embryonic axis including knypek (kny, for “shorty” in
which inductive interactions and cell rearrangements Polish; Solnica-Krezel et al., 1996). Here, by analyzing
generate the basic body plan (Keller et al., 1991). Germ movements of cell populations and morphometric analy-
layers arise when prospective mesendodermal cells ses in vivo, we show that kny function is required for
move beneath the ectoderm. Simultaneous convergent convergence movements of lateral cells and CE move-
extension (CE) movements narrow the nascent embry- ments of dorsal tissues. Defective CE movements in kny
onic axis, elongating it from head to tail. As cells engage mutants are associated with failure of mutant cells to
in these morphogenetic movements, they acquire spe- acquire medio-laterally polarized cell morphology. Posi-
cific fates, largely determined by their position within a tional cloning indicates that kny encodes a glypican,
gradient of bone morphogenetic proteins-2, 4, 7 (Bmp) a heparan sulfate proteoglycan (HSPG) broadly ex-
(De Robertis et al., 2000; Harland and Gerhart, 1997). pressed during gastrulation. We link Kny to noncanoni-
Whereas significant advances have been made in dis- cal Wnt signaling by showing that kny mutations exacer-
secting the molecular mechanisms of cell fate specifica- bate the CE defect of slb mutants in a dose-dependent
tion, elucidation of the genetic hierarchy underlying the manner. Furthermore, Kny enhances Wnt11 signaling in
morphogenetic events of gastrulation is just beginning. overexpression experiments. Our study reveals specific

and global function of Kny (glypican) as a positive modu-
lator of noncanonical Wnt signaling, mediating polarized4 Correspondence: lilianna.solnica-krezel@vanderbilt.edu
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cell morphology that underlies CE movements during significantly smaller at the end of gastrulation (Figure
1N; 547 � 39 �m, n � 5, a 14-fold change). Furthermore,vertebrate gastrulation.
the subsequent elongation of the labeled cell array dur-
ing early segmentation was almost completely inhibitedResults
(573 � 33 �m, n � 5; Figure 1O).

To address whether kny is required for the generalkny Mutations Impair the Gastrulation Movements
cell motility, we analyzed speeds of cells in the ventralof Convergence and Extension
region of the embryo at 90% epiboly. Our time lapseThe embryonic axis and organ primodia of kny mutants
analyses revealed that both WT and kny cells do notare shorter along the anterior-posterior (AP) axis and
engage in CE movements, but rather migrate toward thebroader medio-laterally compared to wild-type (WT) sib-
vegetal pole. Importantly, total movement speed of knylings, suggesting defective CE movements and/or alter-
cells (211 � 46; n � 11) is not significantly different fromation of cell fates (Figures 1A-1C; Solnica-Krezel et al.,
that observed for WT cells (213 � 30; n � 23). These1996). We distinguished between these possibilities by
observations are consistent with the process of epibolydirectly assaying dorsalward migration and elongation
not being significantly affected in kny mutants (Solnica-of cell groups and fate specification in kny mutants.
Krezel et al., 1996) and demonstrate that kny is notTo measure dorsalward movements of lateral cells, we
required for all aspects of cell motility during gastru-labeled clusters of predominantly mesodermal cells lo-
lation.cated at the blastoderm margin, 90� from the dorsal

The cell movement defects described above corre-embryonic shield, by photoactivation of a caged fluores-
lated with reduced convergence and extension of tis-cein lineage label at the onset of gastrulation (6 hr post
sues revealed by morphometric analyses of live kny mu-fertilization [hpf]; Figures 1D and 1E; Sepich et al., 2000).
tant embryos. At mid gastrulation (8.5 hpf), the lengthsSubsequently, we monitored dorsal translocation of the
of the embryo and of the dorsal mesendoderm werelabeled cells along the gastrula equator. By the end of
significantly reduced. As development progressed, thisthe gastrula period, lateral cells of WT embryos were
defect was even more pronounced (Figures 1O and 1R).observed 46 � 6� (9.5 hpf; n � 11; Figures 1F and 1H)
In addition, the thickness of the dorsal blastoderm wasfrom the dorsal midline, in agreement with previous re-
reduced at mid gastrulation (kny, 46 � 6 �m, n � 10;sults (51 � 9�, n � 68, Sepich et al., 2000). By contrast,
WT 53 � 8 �m, n � 14, p � 0.048). This was correlatedin knym119/m119 (kny) mutant siblings similarly labeled cell
with the impaired dorsalward movements of lateral cells;groups were found significantly further away from the
however, it remains to be determined whether radialdorsal axis (67 � 10�, n � 10, p � 3.5 E10�5), revealing
intercalations that contribute to thinning of the germa severe defect in dorsalward cell movements (Figures
layers are normal in kny mutants. Furthermore, the1G and 1H).
medio-lateral dimension of newly formed somite at 2We tested the possibility that defective cell move-
somite stage in kny mutants (153 � 8 �m, n � 20) wasments result from altered cell fate decisions as reported
significantly larger than in WT (106 � 15 �m, n � 20, p �for chordino mutants, in which reduced dorsal cell mi-
2 E10�7). Together, these cell movement, morphometric,

gration coincides with ventralization of germ layers
and fate-mapping analyses provide evidence that kny

(Sepich et al., 2000). Despite impaired dorsalward move-
function is critically required for both convergence and

ments, labeled lateral cells in kny gastrulae undergo extension movements in lateral and dorsal regions of
normal cell specification, as indicated by their normal the gastrula, but not for cell fate specification of lateral
position with respect to paraxial protocadherin (papc) cells.
expression domain (Yamamoto et al., 1998), marking
presomitic mesoderm in lineage-traced WT and kny sib- kny Mutations Disrupt Polarized Cell Morphology
lings embryos (Figures 1I and 1J). Significantly, the la- Underlying CE Movements
beled cell arrays were shorter in kny mutants compared In Xenopus, cells engaged in CE movements become
to WT, suggesting that extension movements of lateral elongated and oriented medio-laterally as they interca-
tissues were also compromised. late between one another, narrowing and extending

To assay directly the movements of dorsal cell popula- embryonic tissue (Keller et al., 2000). Moreover, disrup-
tions that contribute to tissue extension, we first labeled tion of this polarized cell behavior by overexpression of
groups of cells within the dorsal embryonic shield by a mutated form of Dishevelled impairs CE (Wallingford
photoactivation of lineage tracer (Figures 1K and 1L). et al., 2000). Using in vivo confocal microscopy, we
Subsequently, their AP dimension was measured at the analyzed the shape and orientation of fluorescently la-
onset (6 hpf), the end of the gastrula period (9.5 hpf), beled cells in the late gastrulae of kny and WT embryos
and the 2 somite stage (10.7 hpf). In WT embryos, the (Figures 2A and 2B). In the paraxial region of WT gastru-
labeled cells spread along the AP axis and nonlabeled lae, ectodermal and mesodermal cells were elongated
cells intercalate between the labeled cells forming an (length to width ratio [LWR], 1.9 � 0.6, n � 119) and the
elongated, interrupted cell array (Figure 1M). The AP orientation of their long axes exhibited a strong medio-
length of the resulting labeled dorsal cell array dramati- lateral bias (72% of cells in the � 20� range with respect
cally increased by the end of the gastrula period (39 � to the medio-lateral axis of the embryo) consistent with
3 �m, n � 5, to 762 � 34 �m, n � 6, a 20-fold change) and previous reports for ectodermal layer (Concha and
continued to increase during the segmentation period Adams, 1998). In contrast, kny mutant cells were signifi-
(Figure 1M and 1O; 911 � 46 �m, n � 5). Although cantly less elongated (LWR 1.6 � 0.4, n � 133, p �
the initial size of the labeled spot was the same in kny 0.002). Moreover, little medio-lateral bias in the orienta-

tion of kny mutant cells was detected (32% of cells;mutants (38 � 0.7 �m, n � 2), its AP dimension was
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Figure 1. kny Mutations Impair Convergence and Extension Movements without Altering Lateral Cell Fates

Compared to (A) WT, (B) knyfr6/fr6, and (C), maternal zygotic knym818/m818 show a similar axis extension defect at 1 dpf. (D) To monitor convergence
movements, small groups of marginal cells located 90� from dorsal were labeled by photoactivation of caged fluorescein at early gastrulation.
(E) Embryo immediately after labeling, and (F) WT and (G) knym119 embryos at YPC stage, animal views, dorsal to the right. (H) Plot compares
dorsal migration of labeled cell groups in kny mutants (red) and WT (blue). (I and J) To assess cell fate specification, lateral cells were labeled
as in (D) and visualized at the 3 somite stage with antifluorescein antibody (red) in (I) WT and (J) knym119 mutants with respect to papc expression
(brown) in the forming somites (arrow). (K) To assess extension movements, a small group of cells in the dorsal embryonic shield was labeled
as in (D). (L) Dorsal view of an embryo immediately after labeling. Lateral view of (M) WT and (N) knym119 embryo at the 1 somite stage; arrows
mark the anterior and posterior limits of labeled cell arrays. (O) Graph compares the labeled cell groups elongation (dashed line) with hypoblast
length (dotted line) and embryo length (solid line), determined by morphometric analysis of live embryos. (P and R) Axis extension defect in
(R) kny mutant compared to (P) WT at 2 somite stage (10.7 hpf), lateral views; arrows mark the limits of embryonic axis. The following
abbreviations were used: ap, animal pole; d, dorsal; es, embryonic shield; nt, notochord; and PSM resomitic mesoderm.

Figures 2C–2E). Based on these observations, we pro- using positional cloning methods (see Experimental Pro-
cedures). The knyb404 deletion allele was first localizedpose that disruption of polarized cell behavior is the

basis for defective CE movements in kny mutants. to linkage group 14. Subsequently, the ENU-induced
knym119 allele was linked to a cluster of three simple
sequence length polymorphism markers, with oneThe knypek Gene Encodes a Glypican

To gain insight into the molecular nature of the gastrula- (Z8801) closer than 0.1 cM to the mutation (Figure 3A).
Further studies revealed that these three markers weretion defect in kny mutants, we isolated the kny gene
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Figure 2. Kny Is Essential for Elongation and
Medio-Lateral Orientation of Cells during
Convergent Extension

Confocal microscope images of DiI scatter
labeled cells in paraxial mesoderm of (A) WT
and (B) knym119 embryos, dorsal view, midline
to the right and anterior to the top. Arrows in
boxed panels indicate orientation of individ-
ual cells. Rose diagrams of cell orientation at
the end of gastrula period 9.5–10 hpf in (C)
WT and (D) kny embryos. Medio-lateral and
anterior-posterior axes correspond to hori-
zontal and vertical diagram axes, respec-
tively. Note cell number scale difference be-
tween diagrams. (E) Graph shows fractions
of medio-laterally aligned cells, whose longi-
tudinal axis is oriented �20� with respect to
the medio-lateral embryonic axis. The follow-
ing abbreviations were used: LWR, length to
width ratio; and n, number of cells analyzed.

absent from genomic DNA isolated from knyb404/b404 phenotype. Embryos obtained from matings of knym119,
knyfr6, or knym818 heterozygotes were injected with kny�mutants and from three newly isolated 	-irradiation-
synthetic RNA and their phenotype was assessed at 1induced alleles, knyv4, knyv5, and knyv8, indicating that all
day post fertilization (dpf), when the mutant phenotypeof these mutations deleted the kny region.
is clearly manifested (Figures 1A and 1B). The embryonicTo initiate a chromosomal walk toward the kny locus,
axis shortening was completely suppressed in the ma-we screened YAC and PAC genomic libraries (Amemiya
jority of knym119 and knym818 mutants by injection of aset al., 1999) using the closest markers and assembled
little as 3 pg of kny RNA (Table 1). By contrast, 20–40a physical contig encompassing the kny region (Figure
pg of mutated knym119 RNA did not rescue the kny mutant3A). PAC clone 13L19, carrying two markers located
phenotype (Table 1).closer than 0.1 cM to the kny locus (Figure 3A), was

At 5 dpf, however, the rescued knym119, knyfr6, andpartially “shot gun” sequenced. Comparison of the PAC
knym818 mutant embryos exhibited a characteristic abnor-sequences with the GenBank database uncovered three
mal head morphology resembling the “hammerhead”potential open reading frames. We determined the cod-
class of mutants, which lack tissue anterior to the eyesing sequences of two of these genes from knym119 mutant
(Figures 4A–4F; Piotrowski et al., 1996). Whereas WTand WT siblings and identified a single nucleotide alter-
cartilages contain organized arrays of parallel, elon-ation in one of them, encoding a homolog of heparan
gated cells (Figures 4G and 4I; Kimmel et al., 1998),sulfate proteoglycans, glypicans GPC 4 and 6 (Paine-
round and disorganized cells were observed in kny mu-

Saunders et al., 1999; Veugelers et al., 1998). knym119

tant cartilages (Figures 4H and 4J). This defect revealed
displays an exchange of a conserved Ala to Asp (A321D) a late kny function in craniofacial development, which
within a region highly similar among all glypicans (Fig- was not suppressed by RNA injection. Some of the res-
ures 3B and 3C). We subsequently sequenced RT-PCR cued homozygous knym818/m818 embryos survived to matu-
products amplified from two other ENU-induced kny rity and were fertile. Their progeny, however, did not
alleles. knyfr6 mutants that exhibit phenotypes of compa- show any enhancement of the axis extension defect
rable strengths to knym119 carry a C-to-A nucleotide compared to zygotic kny mutants (Figure 1C; data not
transversion resulting in a premature termination of mu- shown), indicating that maternally provided kny function
tant protein at position 247. A third allele, knym818, caus- (see below) does not play a significant role in CE.
ing slightly weaker defects, carries two alterations from Sequence comparison indicated that the Kny protein
WT close to the C terminus of the mature core protein is a member of the glypican family, with highest similarity
leading to V525G and Q527P substitutions. However, to murine and human GPC6 (60% identical, 79% similar)
the presence of the V525G in knyfr6 suggests that it is and GPC4 (58% identical, 72% similar). Kny shares the
a polymorphism among zebrafish strains and that the same protein organization with other members of the
Q527P substitution is the molecular defect in knym818 glypican family (Lander et al., 1996). As in all glypicans,
(Figures 3B and 3C). the predicted Kny protein starts with an 18 amino acid

We confirmed the identification of glypican as the signal sequence and terminates with a 22 residue hy-
drophobic tail, both lacking sequence similarity to otherkny gene by testing its ability to rescue the kny mutant
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Figure 3. Positional Cloning of the kny Gene, Structure of Kny Protein, and Similarity of the Glypicans to the Cysteine Rich Domain

(A) Scheme of positional cloning of the kny gene.
(B) Predicted structure of Kny protein. Gray boxes designate N- and C-terminal signal sequences, open box denotes mature protein, stars
indicate putative glycosilation sites, GPI marks the putative GPI attachment site, Flag represents epitope tag site, horizontal line highlights
Kny sequence with similarity to the cystein rich domain (CRD), and vertical bars point to mutation sites in knyfr6, knym119, knym818 alleles.
(C) Alignment of glypican sequences to the CRD domain. Black bars indicate residues identical in all glypicans, gray bars mark chemically
conserved residues present in six or more proteins. Stars mark residues conserved between CRD (Pfam v5.5 model, Bateman et al., 2000)
and glypicans, while C1-C10 indicate the positions of invariant cysteines of CRD domain. Residues altered in knyfr6, knym119 are boxed.

glypicans (Figure 3B). Moreover, analysis using the DGPI surrounded by acidic residues, a feature characteristic
of heparan sulfate attachment sites (Esko and Zhang,program (D. Buloz and J. Kronegg, personal communi-

cation) uncovered a potential cleavage and glycosylpho- 1996). The presence and distribution of 14 cysteine resi-
dues in the Kny protein core are also conserved amongsphatidylinositol (GPI) moiety attachment site at Ser-

528, seven residues upstream of the hydrophobic tail members of the glypican family (Figure 3C, Lander et
al., 1996).(Figure 3B). Three Ser-Gly dipeptide repeats are clus-

tered near the C terminus of the Kny protein, and are Comparison of the Kny sequence with Pfam collection
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Table 1. WT kny and Its Flag-Tagged Version but Not Mutated knym119 Rescue the Mutant Phenotype

Genotype Injected RNA pg Total Number Embryos % with kny Mutant Phenotypea

knym119 — 102 24.5
knym119 kny� 3 165 3
knym119 kny� 20 112 3
knym818 — 87 25.2
knym818 kny� 3 153 2
knym119 kny C-Flag 10 147 4.7
knym119 knym119 20 128 24.2

a Mutant phenotype was defined as severe shortening of the body axis at 1 dpf as seen in Figures 1A and 1B.

of protein domains revealed a previously unreported 1999). To determine the subcellular distribution of Kny,
we constructed a Kny derivative containing a Flag epi-similarity between the middle region (position 200 to

300) and the cysteine rich domain (CRD) found in the tope tag close to a predicted glycosylation site at the
C terminus (Kny C-Flag) (Figure 3B). Three picogramsWnt receptor Frizzled, the Wnt binding protein FRZB,

as well as in some tyrosine kinase receptors and extra- of synthetic RNA encoding Kny C-Flag efficiently res-
cued the kny mutant phenotype upon microinjectioncellular matrix proteins (Xu and Nusse, 1998). Specifi-

cally, the distribution of six cysteines is well conserved, (Table 1), indicating that the chimeric protein is fully
functional. Immunostaining of the injected embryos us-suggesting a similar tertiary organization (C3, C5-C8,

with C253 of Kny likely corresponding to C4 of CRD; ing anti-Flag antibody revealed localization of the Kny
C-Flag protein at the cell membrane in a characteristicFigure 3C).

Together, the linkage analyses, nonsense, and mis- punctate pattern (Figures 5M and 5N). A similar distribu-
tion of Kny C-Flag was observed after transfection ofsense mutations identified in three ENU-induced alleles

and the rescue experiments provide conclusive evi- this construct into COS cells (data not shown). This
pattern is consistent with Kny being membrane an-dence that the kny gene encodes a zebrafish homolog

of GPC4/6. Furthermore, the knyfr6 and knym119 mutant chored and may represent association of Knypek with
specific membrane microdomains (“rafts”) rich in cho-phenotypes most likely result from a complete loss of

function of zygotically supplied kny gene product. lesterol and glycosphingolipids, as reported for several
GPI-anchored proteins (Hooper, 1999). In contrast,
Knym119C-Flag mutant protein, upon overexpression inExpression of kny Gene during Early Development

Uniform distribution of kny RNA in all blastomeres from zebrafish embryos, was detected in the cytoplasm
rather than at the cell surface (Figures 5O and 5P). West-the one cell stage until 30% epiboly (4.6 hpf; Figures

5A and 5B) indicated that the kny gene is maternally ern blot analysis revealed that both WT Kny C-Flag and
mutant Knym119C-Flag proteins were glycosylated (dataexpressed. At the onset of gastrulation (5.2 hpf), a do-

main of more intense expression appears at the dorsal not shown). Therefore, Knym119 mutant protein appears
modified with heparan sulfate chains, but it fails to local-blastoderm margin (Figures 5C and 5D). Starting at the

early gastrula stage, kny is expressed in a graded fash- ize to the cell membrane, a likely cause for its lack of
activity (Table 1).ion from dorsal to ventral (Figures 5E and 5F). Similarly,

from the late gastrula stage until early somitogenesis,
kny is strongly expressed in dorso-lateral tissues and kny Promotes Noncanonical Wnt11 Signaling

In vertebrates and Drosophila, heparan sulfate proteo-especially in the prechordal mesendoderm (Figure 5G).
By contrast, only low kny RNA levels were found in glycans have been implicated in several signaling path-

ways including Bmp, Fgf, and Wnt (Selleck, 2000). Sev-ventro-animal regions of the late gastrulae correspond-
ing to the cell-depleted evacuation zone (Figures 5H eral features shared between the phenotypes of kny, slb

(wnt11, Heisenberg et al., 2000), and ppt (wnt5; Rauchand 5I), which forms as a result of CE and epibolic
movements (Kimmel et al., 1995). Hybridization with et al., 1997) mutants strongly suggest involvement of

kny in the noncanonical, PCP-like Wnt pathway. Theseknyb404/b404 deletion mutant embryos demonstrated that
the maternal transcripts are diminished at the onset, include a shorter and broader body axis in all mutants,

impaired extension movements of lateral cell popula-and are undetectable by the end of the gastrula period
(data not shown). During the segmentation period, kny tions, delayed prechordal plate migration in kny and slb

(Heisenberg and Nüsslein-Volhard, 1997; Marlow et al.,expression becomes more complex, including strong
RNA accumulation in the forming somites, pronephric 1998), and jaw defect in ppt and kny (Piotrowski et al.,

1996; Figure 4). This possibility was intriguing, as theducts, neural retina and ventral CNS (Figures 5J–5L).
This spatio-temporal expression pattern corresponds two known Drosophila glypicans, Dally and Dally-like,

are not required for the PCP signaling, but rather arewell to the embryonic territories exhibiting abnormal CE
in kny mutants. essential components of the canonical Wg signaling

pathway (Baeg et al., 2001; Lin and Perrimon, 1999;
Tsuda et al., 1999). To test for an interaction betweenKnypek Protein Accumulates at the

Cell Membrane Kny and noncanonical Wnt signaling, we constructed
a knym119;slbtz216 double mutant. We observed that theThe Kny protein sequence suggested that it is mem-

brane bound like known GPI tethered proteins (Hooper, expressivity of the cyclopia phenotype in slb mutants,
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Figure 4. kny� RNA Rescues Axis Extension Defect but Not the Craniofacial Abnormalities of kny Mutants

(A and B) WT, (C and D) knyfr6/fr6, (E and F) knyfr6/fr6 injected with synthetic kny� RNA at 5 dpf. Asterisks point to anterior head, where the
developing jaw normally protrudes rostal to the eyes. Arrowheads indicate mouth opening. (G–J) Alcian blue stained cartilaginous elements
of (G and I) WT and (H and J) knym119/m119 mutant embryo. (G and H) Ventral view of whole head. (I and J) Flat mount of isolated Meckel’s
cartilage showing defect in elongation and cellular organization. The following abbreviations were used: c, ceratohyal; e, eye; m, Meckel’s
cartilage; and sb, swim bladder.

as measured by the cyclopia index ([CI], Marlow et al., of slb and kny, the neural plate outlined by dlx3 was
broader than in the respective weaker phenotypes.1998), increased with copy number of the knym119 mutant

alleles, revealing a functional interaction between Kny kny;slb double mutants exhibited a broader and shorter
neural plate and presomitic mesoderm domains, markedand Wnt11 (Figure 6C). Partial cyclopia occurred more

often in slb mutants heterozygous for knym119 mutation by dlx3 and papc, compared to single kny mutants.
Cyclopia in these mutants is correlated with defectivethan in slb mutants containing two WT kny alleles, and

double homozygous kny;slb mutants frequently exhib- anterior extension of midline cells leading to the failure of
eye field separation (Heisenberg and Nüsslein-Volhard,ited complete cyclopia featuring a single eye (Figures

6C and 6E). 1997; Marlow et al., 1998). Visualizing the midline with
the sonic hedgehog (shh) probe revealed that the dis-Analyses of neuroectodermal and mesodermal mark-

ers also revealed an additive effect of both mutations tance between the anterior tip of the shh domain and
the neural plate is longer in double kny;slb than in knyon the CE defect. At early segmentation, among the

progeny of double slbtz216;knym119 heterozygotes, five or slb mutants (Figure 6D), which likely explains the
enhanced cyclopia phenotype in those embryos (Fig-phenotypic classes were distinguished with respect to

the position of the hatching gland rudiment (marked by ures 6C and 6E). Together, these genetic analyses are
consistent with the notion that kny and slb genes func-hgg1) and the width of nascent neural plate (marked by

dlx3): WT, strong and weak slb, strong and weak kny, tionally interact during CE, acting in the same or in paral-
lel pathways.and double mutant (Figures 6A and 6B). In strong classes
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Figure 5. Maternal and Zygotic kny mRNA Expression and Subcellular Immunolocalization of Kny Protein

(A) Maternal expression of kny in the blastoderm of 2 cell stage embryo. (B) Expression at 30% epiboly. (C and D) 50% epiboly stage, arrows
point to the new dorsal expression domain. (E, F, and G) 65% epiboly, note dorsal to ventral decline in kny expression, arrowheads indicate
prechordal mesoderm. (H and I) 90% epiboly. (J and K) 14 somite stage, arrowhead indicates expression in pronephric duct and arrows in
somites. (L) At 2 dpf, expression is seen in midbrain-hindbrain boundary (arrow), forming pectoral fins and branchial arches (arrowheads).
Immunolocalization of Kny C-Flag (M and N) and Knym119 C-Flag (O and P) proteins upon overexpression in zebrafish embryo. Confocal
microscopy images (3 �m apart) of lateral mesoderm at 80% epiboly. Uneven staining is likely due to nonuniform distribution of injected RNA.
(A and B) lateral view, (C, E, and H) lateral views dorsal to the right, (D, G, I, and K) dorsal views, (F) animal pole view, and (J and L) lateral
view anterior to the left. The following abbreviations were used: ap, animal pole; bl, blastoderm; d, dorsal blastoderm margin; e, eye; ez,
evacuation zone; f, pectoral fin; h, head; tb, tailbud; and y, yolk.

To start to address whether kny regulates CE acting pg wnt11 RNA resulted in only partial rescue of a small
fraction of slb mutant embryos (75% WT, 8% partialin parallel to Wnt signaling or in the same pathway, we

performed molecular epistasis experiments. First, we rescue, 15% slb, 2% abnormal; Figure 6F) and injection
of 3 pg of kny RNA does not affect the slb phenotypetested if overexpression of wnt11 can suppress the kny

mutant phenotype. Embryos obtained from kny hetero- (75% WT, 24% slb, 1% abnormal). However, coinjection
of 3 pg of kny with 0.3 pg of wnt11 RNA enhanced thezygous parents injected with synthetic wnt11 RNA were

scored for suppression of the prechordal plate migration rescue potential of wnt11 (87% WT, 8% partial rescue,
2% slb, 3% abnormal). In contrast, coinjection of tenand embryonic axis extension. Neither defect was sup-

pressed upon Wnt11 overexpression (data not shown). times more kny RNA (30 pg) with 0.3 pg wnt11 RNA
inhibited the residual rescue activity of wnt11 (71% wt,Next, we tested whether Kny and Wnt11 could cooper-

ate in the rescue of the slb mutant phenotype (Heisen- 6% partial rescue, 22% slb, 1% abnormal). The inhibitory
effect of high kny RNA concentration could be overcomeberg et al., 2000). We determined that injection of as

little as 1 pg of synthetic wnt11 RNA resulted in efficient by coinjections of higher doses of wnt11 RNA (1 pg, 88%
WT, 12% abnormal). Furthermore, high doses (20–40 pg)rescue of the slb phenotype (87% WT, 12% partial res-

cue 1% abnormal of all injected embryos), whereas 0.3 of kny RNA resulted in increased penetrance of cyclopia
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Figure 6. Kny Genetically Interacts with and Potentiates Wnt11 Signaling

(A) Convergence and extension defects in kny or slb mutants are enhanced by mutation in the other gene in a dose-dependent manner. The
anterior migration of the prechordal plate (visualized by in situ hybridization with hgg1 [red]) is shown relative to the edge of the neural plate
(marked by dlx3 expression [brown]).
(B) Convergence of presomitic mesoderm (marked by papc [brown and black arrowheads]) and dorso-posterior neural plate (dlx3).
(C) The Cyclopia Index (CI) of slb mutants increases with increasing number of kny mutant alleles. Genotypes of embryos are as in (A).
(D and E) Enhanced cyclopia in kny;slb double mutants is correlated with a bigger gap between the anterior edge of neural plate (visualized
at 3 somite stage with dlx3) and sonic hedgehog expressing cells in the neural plate midline (white arrowheads). (E) Ventral views of mutant
and WT embryos at 3 dpf. CC, cyclopia classes according to Marlow et al. (1998).
(F) Kny potentiates suppression of the slb mutant phenotype by wnt11 RNA injection (see details in the text). After injection, embryos were
fixed at 3 somite stage, and dlx3 and hgg1 expression was detected to reveal the position of the prechordal plate with respect to the neural
plate. Red bars indicate fraction of embryos with complete slb phenotype; yellow, partially rescued slb mutants; black, abnormal embryos.
The following abbreviation was used: n, number of embryos analyzed.

in the injected slb mutants (10.2 � 5.3%, n � 537) com- speed as individuals or groups, showing little intercala-
tion. By contrast, dorsal cells become medio-laterallypared with the uninjected control (4.8 � 2.1%, n � 244).
aligned and intercalate between their neighbors, drivingThese analyses indicated that while Kny can enhance
extension with little convergence (Concha and Adams,Wnt11 signal at low concentrations, at higher concentra-
1998; Kimmel et al., 1994; Sepich et al., 2000; Trinkaustions Kny inhibits Wnt11 signaling. Together, these ge-
et al., 1992; D.C.M. and L.S.K., unpublished data). Here,netic and molecular epistasis experiments provide cre-
by measuring directly the movements of labeled celldence to the notion that Kny acts in the Slb pathway,
groups in vivo, we showed that dorsal movement ofpossibly by binding to and promoting transmission of
lateral cells was reduced compared to equivalent WTthe Wnt signal.
cell populations. Similarly, elongation of dorsal cell
groups in kny mutants was significantly reduced by the

Discussion end of epiboly, and almost completely blocked during
early segmentation. It is noteworthy that kny function is

The kny Dependent Cell Polarity Is Required required for normal movements of both lateral and dor-
for Convergence and Extension Movements sal cell populations. However, time lapse analyses re-
Convergence and extension in the lateral and dorsal vealed that in the ventral gastrula, where CE does not
regions of zebrafish gastrulae are driven by distinct cell take place, both kny and WT cells undergo epibolic

movements toward the vegetal pole at similar speeds,behaviors. Lateral cells migrate dorsally at increasing
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indicating that kny is not required for a general motility. CE Defects in kny Mutants Are Not Caused
Impairment of convergence and extension in many tis- by Excess Bmp Activity
sues of kny mutants also raises a question of tissue- Glypicans can promote or inhibit signaling of several
autonomy of these defects. Indeed, in urodele embryos, cytokines in a tissue-specific manner (Filmus et al., 1999;
defective head mesoderm movements secondarily im- Perrimon and Bernfield, 2000). A round gastrula shape,
pair CE of more posterior tissues (Boucaut et al., 1984; similar to kny, is observed in chordino (din) mutants, in
Shi et al., 1987). Hence, it will be important to determine which an increased Bmp activity impairs CE movements
whether the deficient migration of prechordal mesen- and cell fate specification (Schulte-Merker et al., 1997;
doderm in kny mutants causes or is unrelated to conver- Sepich et al., 2000). Furthermore, functional interactions
gence extension defects of more posterior mesoderm. were observed in Drosophila between glypican Dally

These defective convergence and/or extension cell and Dpp (Jackson et al., 1997; Tsuda et al., 1999), and
movements can account for the reduced kny embryonic in mice between GPC3 and Bmp4 (Paine-Saunders et
axis length and increased medio-lateral dimension of al., 2000). However, in contrast to the ventralized din
organ primordia during gastrulation and segmentation mutants, kny gastrulae do not exhibit increased bmp4
revealed by morphometric measurements. Together, gene expression (data not shown). In addition, cell-trac-
these studies establish a critical requirement for kny ing experiments indicated that fates of lateral cells in
function in the process of convergent extension. The kny gastrulae are comparable to WT. Accordingly, the
demonstrated failure of cells in kny mutant embryos same numbers of cells constitute somites in WT and
to acquire the medio-laterally aligned, elongated cell kny embryos (Henry et al., 2000). Hence, impaired CE
morphology is a likely cellular basis of defective CE movements in kny gastrulae are not a consequence of
movements in dorsal region of kny gastrulae. Similar increased Bmp activity.
disruption of polarized cell morphology was recently
associated with inhibition of CE movements in Xenopus Kny Potentiates Noncanonical Wnt Signaling
tissue explants (Wallingford et al., 2000). Phenotypic similarities between kny, slb, and ppt mu-

tants strongly implicate glypican Kny in noncanonical,
kny Encodes a Homolog of Glypican Core Protein PCP-like signaling by Wnt11/5, formerly established reg-
Positional cloning revealed that kny encodes a member ulators of CE (Heisenberg et al., 2000; Rauch et al.,
of the glypican family of heparan sulfate proteoglycans, 1997). Here, we provided several lines of evidence that
proteins implicated in signaling by many cytokines (Per- Kny functionally interacts with Wnt11, promoting its sig-
rimon and Bernfield, 2000). Glypicans are secreted pro- naling during zebrafish gastrulation. First, we found that
teins, linked to the plasma membrane by a GPI anchor the slb CE and cyclopia mutant phenotypes are exacer-
(Selleck, 2000). Accordingly, FLAG-tagged Kny protein bated in a dose-dependent manner by kny mutations.
was localized at the membrane when overexpressed in This revealed functional interactions between the two
zebrafish embryos. genes, indicating that they act in the same or in parallel

We identified the molecular defect in three ENU- pathways. Functional redundancy between slb (wnt11)
induced kny alleles. The knyfr6 nonsense mutation results and ppt (wnt5) genes could explain the enhanced CE
in a truncated protein, which is most likely completely

kny;slb double mutant phenotype. If slb and ppt are
inactive. The knym119 mutation is predicted to substitute

the only Wnts controlling CE and they act in the same
Ala-321 for Asp, in a region highly conserved in all glypi-

pathway as kny, one would predict an increased conver-cans. As a result, the Knym119 mutant protein is found in
gent extension defect in slb;ppt double mutants, andcytoplasm rather than at cell membrane, and is function-
that this defect would not be further exacerbated byally inactive in overexpression assays. While the activity
the loss of kny function. Second, we demonstrated thatof the knym818mutant allele remains to be determined, the
ectopic kny expression modulates Wnt11 signaling inGlu-527 to Pro substitution could affect the efficiency of
a dose-dependent manner. In coinjection experiments,GPI moiety attachment to the carboxyl terminus of the
low doses of kny RNA promoted suppression of the slbKny protein at Ser-529, by altering the flexible character
mutant phenotype by suboptimal doses of wnt11 RNA.of the linker sequence (Eisenhaber et al., 1998). So far
Conversely, injections of a 10-fold higher kny RNA doseonly one missense mutation in glypicans has been re-
inhibited Wnt11 signaling, an effect that was overcomeported (Veugelers et al., 2000). Hence, the ENU-induced
by increased wnt11 RNA doses. The latter negative ef-mutations described here confirm the significance of
fect could result from depletion of residual maternalthe glypican protein core for the function of this class
Wnt11 activity (Heisenberg et al., 2000; Makita et al.,of proteins in vivo, and will serve as a valuable tool in
1998) or Wnt5. Analogous inhibition of the Wg signalingfurther dissecting the molecular basis of glypican
was observed after overexpression of the second Dro-function.
sophila glypican homolog, Dally-like, which upon over-kny is both maternally and zygotically expressed in a
expression influences extracellular distribution of Wg,manner consistent with its global role in CE movements.
suggesting direct interaction between Dally-like and WgIn early gastrula, kny transcripts accumulate in a graded
ligand (Baeg et al., 2001). The simplest interpretation offashion, peaking in dorsal tissues and decreasing ven-
these results is that HSPG Kny enhances Wnt11 signal-trally. This expression pattern coincides well with defec-
ing by directly binding and stabilizing the ligand on thetive CE movements of lateral and dorsal cell populations
cell surface and facilitating its interaction with a recep-in kny mutants. Maternal contribution of the kny gene
tor. Wnts have a high affinity for heparan sulfate, andproduct does not appear to play a significant role in cell
heparin has been described to promote interactions be-movements, as maternal zygotic and zygotic knym818/m818

mutants exhibit a comparable axis extension defect. tween Wnt and the secreted receptor FRP (Uren et al.,
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2000). Furthermore, removal of HS by enzymatic treat- The requirement of Knypek for polarized cell morphol-
ogy, demonstrated here, helps to understand how glypi-ment or genetic manipulation impairs HS synthesis and
cans can impact tissue morphogenesis.leads to defects in Wnt signaling in invertebrates and

vertebrates. However, gastrulation defects caused by
Experimental Procedureselimination of heparan sulfates in Xenopus (Brickman

and Gerhart, 1994; Itoh and Sokol, 1994) and mice (Lin
Zebrafish Maintenance, Embryo Production, and Staginget al., 2000) are always accompanied by impaired meso-
Zebrafish of AB, AB*, India, and hybrid backgrounds were main-

derm formation. Our analysis of kny mutants reveals tained as described in Solnica-Krezel et al. (1996). Embryos were
specific function of HSPG Kny in cell movements. produced by natural matings and staged according to morphology

as described (Kimmel et al., 1995).Additional support for involvement of Kny in nonca-
nonical Wnt signaling stems from the observation that

Genetic Mapping and Positional Cloningsevere impairment of CE movements in kny mutants is
knym119 and knym818 alleles were identified in a large-scale chemicalassociated with the failure of mutant cells to acquire
mutagenesis screen in the AB genetic background (Solnica-Krezelmedio-lateral cell orientation. Strikingly, a mutated form
et al., 1996; Weidinger et al., 1999), knyv4, knyv5, and knyv 8 in a

of Dsh that interferes with noncanonical Wnt signaling noncomplementation screening of the progeny of 	-ray mutagen-
(Sokol, 1996), upon overexpression in Xenopus, inhibits ized males using knym119 heterozygotes and knyb404 was isolated in

a parental haploid screen after 	-ray mutagenesis (Walker, 1999).CE movements and medio-lateral alignment of cells and
knyfr6 was induced with ENU and isolated in a F2 screen for dominantpolarized protrusive activity (Wallingford et al., 2000).
enhancers of the chordin mutation dintt250 (Schulte-Merker et al.,Together, these results strongly support the notion that
1997) in double-heterozygous embryos at 36 hpf (Z.L. and M.H.,

Kny regulates polarized cell morphology underlying CE unpublished data). In this screen, the initial putative din/�, kny/�
as a positive modulator of noncanonical Wnt11 signaling embryos displayed a subtle duplication of the ventral tail fin; how-

ever, this din-enhancing effect was lost after outcrossing of thepathway, possibly corresponding to the PCP pathway in
knyfr6 F1 carrier.Drosophila (Djiane et al., 2000; Heisenberg et al., 2000).

The knyb404 allele was mapped to LG14 by linkage to centromericIntriguingly, in Drosophila, Wg and the two known glypi-
markers in half-tetrad analysis (Postlethwait and Talbot, 1997). Sub-

cans have been implicated in the canonical Wg but not sequent segregation analyses of simple sequence length polymor-
in the PCP signaling (Baeg et al., 2001; Lin and Perrimon, phisms ([SSLPs]; Shimoda et al., 1999) on both arms of LG14 using
1999; Tsuda et al., 1999). Conversely, kny is unlikely to be a small panel of 48 meioses revealed that knym119 was linked to a

cluster of four SSLP markers (Figure 3A), three of which, Z3091,involved in canonical Wnt signaling during gastrulation.
Z8801, and Z20663, were polymorphic. Fine structure mapping us-Whereas in vertebrates defective canonical Wnt signal-
ing a panel of 1150 meioses determined the genetic distances be-ing leads to abnormal anterior-posterior neural pat- tween the kny locus and these markers to be 0.4 cM, � 0.1 cM, and

terning (reviewed in Wilson and Rubenstein, 2000), no 0.3 cM, respectively. The ends of contig PAC clones were se-
gross neural patterning defects were observed in kny quenced directly, and YAC clones’ ends were rescued by self-circu-

larization. PAC and YAC sequencing uncovered single nucleotidemutants (Solnica-Krezel et al., 1996).
polymorphisms that allowed us to determine the critical interval forA role for Kny in other signaling pathways cannot be
the kny gene (Figure 3A). DNA from PAC 13L19 carrying two closelyexcluded at this time, as glypican functions are highly
linked to the kny locus markers, Z8801 and a new SSLP marker JT1,

tissue and context specific (Moline et al., 2000). How- was subcloned into pBS-SK vector after an incomplete digestion
ever, we have previously demonstrated that kny muta- with MboI and gel purification of 2–3 kb fraction. Eighty random

clones were sequenced from both ends using automated cycle se-tions do not interfere with Hedgehog signaling (Marlow
quencing. Obtained sequences were compared with the GenBanket al., 1998). Similarly, kny mutants do not exhibit defi-
database using BLASTN and BLASTX programs uncovering threeciencies in adaxial cells or cerebellum (Solnica-Krezel
potential open reading frames (ORF -A, -B, -C). Searches of the

et al., 1996), nor the loss of ntl expression observed in zebrafish expressed sequence tag (EST) database with the PAC
embryos injected with dominant-negative Fgf receptor 13L19 sequences identified two clones for ORF-A and three clones

encoding ORF-B, encoding a homolog of heparan sulfate proteogly-RNA (Griffin et al., 1995), supporting the notion that kny
can, glypicans GPC4 and 6. The missing 5
 end of the gpc4/6 geneis not required for Fgf signaling. Moreover, in coinjection
was isolated by nested PCR amplification using a zebrafish gastrulaexperiments 30 pg of kny RNA did not suppress Fgf8-
cDNA library on �UniZap (gift from D. Kimelman) vector as a tem-

elicited dorsalization, (n � 120, data not shown; Reifers plate. The obtained fragment was ligated with the previously isolated
et al., 1998). partial EST clone, resulting in a complete pBS-KNY clone.

Another morphogenetic process, head cartilage elon-
gation, is strongly affected in kny mutants. Whereas, in Sequence Comparison and Mutation Detection

To search for mutations in the kny mutant alleles, full gpc4/6 codingWT larvae chondrocytes are elongated, forming parallel
sequences were amplified by RT-PCR from embryos homozygousor single stacks along the cartilages (Kimmel et al.,
for knym119, knym818, or knyfr6 mutations and their WT siblings and were1998), kny mutant cartilage cells are rounder and appear
directly sequenced. Subsequently, the detected mutations were

disorganized. Similar craniofacial abnormalities were confirmed by sequencing of genomic DNA isolated from the respec-
observed in ppt mutants of the hammerhead class (Pio- tive mutants.
trowski et al., 1996), suggesting that Kny and Wnt5 inter-
act in the process of cartilage morphogenesis, analo- In Situ Hybridization

Sense and antisense RNA probes for the kny gene were synthesizedgous to the Kny/Wnt11 functional interaction during CE
using pBS-5
KNY, which contains 5
 UTR and a small fragment ofdemonstrated here. Mutations of mammalian glypicans
the kny ORF cloned into the EcoRI-SacI site of pBS-SK. Antisensepresent complex developmental phenotypes associ-
probes for dlx3, papc, hgg1, shh, and wnt11 were made as described

ated with abnormal tissue growth and morphogenesis (Makita et al., 1998; Marlow et al., 1998; Sepich et al., 2000). Whole-
(Filmus et al., 1999; Paine-Saunders et al., 2000). The mount in situ hybrydization was performed as described in Thisse

and Thisse (1998).cellular bases of these phenotypes are largely unknown.
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RNA Rescue Assay Baeg, G.H., Lin, X., Khare, N., Baumgartner, S., and Perrimon, N.
(2001). Heparan sulfate proteoglycans are critical for the organiza-The kny ORF was subcloned into EcoRI-XhoI site of pCS2 vector

(Rupp et al., 1994) to generate expression constructs. Site directed tion of the extracellular distribution of Wingless. Development 128,
87–94.mutagenesis and epitope tagging were performed using a PCR-

based method (Gama and Breitwieser, 1999) yielding pKny119 plas- Bateman, A., Birney, E., Durbin, R., Eddy, S.R., Howe, K.L., and
mid with Ala321Asp substitution and pKny C-Flag plasmid with Flag Sonnhammer, E.L. (2000). The Pfam protein families database. Nu-
tag (DYKDDDDK) between T481 and S482. pKny119 C-Flag plasmid cleic Acids Res. 28, 263–266.
was constructed by subcloning of restriction fragment carrying

Boucaut, J.C., Darribere, T., Boulekbache, H., and Thiery, J.P. (1984).knym119 mutation into pKny C-Flag plasmid. Sense-capped RNA en-
Prevention of gastrulation but not neurulation by antibodies to fibro-coding Knypek and its derivatives was synthesized with SP6 RNA
nectin in amphibian embryos. Nature 307, 364–367.polymerase and mMESSAGE mMACHINE system (Ambion) after

NotI linearization. RNA encoding wnt11 was synthesized as de- Brickman, M.C., and Gerhart, J.C. (1994). Heparitinase inhibition of
scribed (Makita et al., 1998). RNA injections were performed ac- mesoderm induction and gastrulation in Xenopus laevis embryos.
cording to Marlow et al. (1998). Injections of doses above 50 pg of Dev. Biol. 164, 484–501.
WT or knym119 RNA led to abnormal development or growth arrest

Concha, M., and Adams, R. (1998). Oriented cell divisions and cellu-of injected embryos (data not shown).
lar morphogenesis in the zebrafish gastrula and neurula: a time-
lapse analysis. Development 125, 983–994.

Immunostaining
De Robertis, E.M., Larrain, J., Oegeschlager, M., and Wessely, O.Ten picograms of Kny C-Flag RNA and 50 pg of plasmid pKny119
(2000). The establishment of Spemann’s organizer and patterningC-Flag was injected into WT embryos at the one–four cell stage,
of the vertebrate embryo. Nat. Rev. Genet. 1, 171–181.and embryos were fixed at mid gastrula stage (80% epiboly, 8.5

hpf) overnight in 4% paraformaldehyde, 4% sucrose in PBT (0.1% Deardorff, M.A., Tan, C., Conrad, L.J., and Klein, P.S. (1998). Friz-
Tween 20 in PBS). After blocking with 2% BSA and 2% normal zled-8 is expressed in the Spemann organizer and plays a role in
goat serum in PBT (BS), embryos were incubated with Anti-Flag early morphogenesis. Development 125, 2687–2700.
M5 monoclonal antibody (Sigma, 1:250) followed by washes and

Djiane, A., Riou, J., Umbhauer, M., Boucaut, J., and Shi, D. (2000).incubation with M2 anti-mouse IgG secondary antibody (Sigma,
Role of frizzled 7 in the regulation of convergent extension move-1:500) in BS. After washes with PBT, embryos were mounted in
ments during gastrulation in Xenopus laevis. Development 127,80% glycerol and analyzed using a Zeiss LSM 410 Confocal Laser
3091–3100.Scanning Inverted Microscope (supported by NIH grants CA68485

and DK20593). Eisenhaber, B., Bork, P., and Eisenhaber, F. (1998). Sequence prop-
erties of GPI-anchored proteins near the omega-site: constraints
for the polypeptide binding site of the putative transamidase. Prot.Morphometric Analyses and Measurement of Dorsal

Movement and Anterior-Posterior Elongation Eng. 11, 1155–1161.
of Labeled Polyclones Esko, J.D., and Zhang, L. (1996). Influence of core protein sequence
Morphometric analyses of live embryos, cell labeling, polyclone on glycosaminoglycan assembly. Curr. Opin. Struct. Biol. 6, 663–
movement measurements, and statistical analysis were performed 670.
as described in Sepich et al. (2000). As expressivity of kny phenotype

Filmus, J., Song, H., Shi, W., Duenas Gonzalez, A., Kaya, M., andexhibits background dependent variability (Marlow et al., 1998), for
Cano-Gauci, D. (1999). Glypican-3 is a novel inhibitor of insulin-likeall measurements knym119 in AB/India hybrid background producing
growth factor signaling. Medicina 59, 546.strong phenotype was used.

Gama, L., and Breitwieser, G.E. (1999). Generation of epitope-tagged
Cell Polarity proteins by inverse PCR mutagenesis. Biotechniques 26, 814–816.
Scatter labeling of cells was achieved by injecting a droplet of DiI

Griffin, K., Patient, R., and Holder, N. (1995). Analysis of FGF function
in soybean oil into one cell of an 8–32 cell stage embryo. Between

in normal and no tail zebrafish embryos reveals separate mecha-
tail bud and 1 somite stages, Z-series images were collected at 3

nisms for formation of the trunk and the tail. Development 121, 2983-
�m intervals, using a confocal microscope. Dimensions and orienta-

2994.
tion of cells were determined using NIH Image 1.62. Aspect ratios

Hammerschmidt, M., Pelegri, F., Mullins, M.C., Kane, D.A., Brand,were calculated using Microsoft Excel. Watson’s U2 tests for signifi-
M., van Eden, F.J.M., Furutani-Seiki, M., Kelsh, R.N., Odenthal, J.,cance and Rose Diagrams of orientation were determined using
Warga, R.M., et al. (1996). Mutations affecting morphogenesis duringVectorRose 3.02 software (PAZ Software).
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