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SUMMARY

Collective cell migration is a hallmark of embryonic
morphogenesis and cancer metastases. However,
the molecular mechanisms regulating coordinated
cell migration remain poorly understood. A genetic
dissection of this problem is afforded by the migrat-
ing lateral line primordium of the zebrafish. We report
that interactions between Wnt/b-catenin and Fgf sig-
naling maintain primordium polarity by differential
regulation of gene expression in the leading versus
the trailing zone. Wnt/b-catenin signaling in leader
cells informs coordinated migration via differential
regulation of the two chemokine receptors, cxcr4b
and cxcr7b. These findings uncover a molecular
mechanism whereby a migrating tissue maintains
stable, polarized gene expression domains despite
periodic loss of whole groups of cells. Our findings
also bear significance for cancer biology. Although
the Fgf, Wnt/b-catenin, and chemokine signaling
pathways are well known to be involved in cancer
progression, these studies provide in vivo evidence
that these pathways are functionally linked.

INTRODUCTION

Cell migration is a fundamental, tightly coordinated process dur-

ing the embryonic and adult life of animals. Organogenesis,

wound healing, and immune responses, for example, are char-

acterized by a robust and exquisite orchestration of directed

movements of cells toward specific locations. In some cases,

cells migrate as individuals, e.g., neural crest cells and cells

comprising our immune system (De Calisto et al., 2005; Redd

et al., 2006). In other cases, cells migrate as groups adhering

to each other via cell-cell adhesion molecules (Friedl, 2004;

Rorth, 2007). Movement of groups of cells occurs, for example,

during gastrulation, blood vessel formation, wound healing, and

Drosophila border cell migration (Martin and Parkhurst, 2004;

Montell, 2006; Rorth, 2007; Schmidt et al., 2007; Solnica-Krezel,

2006). Although much has been learned from in vitro studies

about how individual cells migrate, the mechanisms integrating

the migration and morphogenesis of groups of cells in vivo are
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among the least understood processes in developmental biol-

ogy. Important questions awaiting satisfactory mechanistic

explanations include how cluster polarity is maintained and

how tip cells communicate with cells in the back to ensure coor-

dinated, directed migration. Elucidating the mechanisms regu-

lating collective cell migration is not only crucial for our under-

standing of morphogenesis, but it is also highly relevant to

cancer biology, as several human cancers, including breast

and prostate cancer, invade tissues as groups of cells (Friedl

et al., 2004; Hegerfeldt et al., 2002).

The relative simplicity and experimental accessibility of the ze-

brafish lateral line provide a robust model for elucidating mecha-

nisms that regulate collective cell migration (Ghysen and Dam-

bly-Chaudiere, 2004). The lateral line is a sensory system found

in aquatic vertebrates that detects water movements. It consists

of mechanosensory organs called neuromasts arranged in rows

along the flanks of the animal (Metcalfe et al., 1985; Northcutt

et al., 1995; Platt, 1896; Schulze, 1861; Stone, 1922). Mature neu-

romasts are composed of mechanosensory hair cells in the center,

and supporting cells and mantle cells at the periphery. These sen-

sory organs arise from a neurogenic placode that forms posterior

to the otic placode and delaminates to become the migrating

primary lateral line primordium. During migration, neuromast pre-

cursors (proneuromasts) are sequentially deposited from the trail-

ing zone of the primordium approximately every 3–5 somites

(Figure 1A; see Movies S1 and S2 available online) (Gompel

et al., 2001; Metcalfe et al., 1985). It has been suggested that the

directionality of this collective cell migration is not controlled by

a gradient of an extrinsic guidance molecule, but rather by the po-

larized expression of the two chemokine receptors, cxcr7b and

cxcr4b, within the primordium (Dambly-Chaudiere et al., 2007;

Haas and Gilmour, 2006; Valentin et al., 2007). To date, however,

the molecular mechanismsthatestablish and maintain thisexpres-

sion asymmetry during migration are not understood. Primordium

polarity also underlies proneuromast formation and deposition

from the trailing zone of the primordium. Cells in the leading third

of the primordium are unpatterned, whereas trailing cells are orga-

nized into rosette-shaped proneuromasts and express proneural

and neurogenic genes preceding hair cell differentiation (Itoh and

Chitnis,2001; Lecaudeyetal., 2008; Nechiporuk and Raible, 2008).

Our studies have identified important cell-cell signaling events

that occur between cells in the leading and trailing zones of a mi-

grating cell cluster that function to maintain its polarity as it

migrates. The network is based on localized activation of the
ntal Cell 15, 749–761, November 11, 2008 ª2008 Elsevier Inc. 749

mailto:piotrowski@neuro.utah.edu


Developmental Cell

Maintaining Polarity of a Migrating Cell Cluster
Figure 1. Constitutive Activation of Wnt/

b-Catenin Signaling Disrupts Primordium

Migration, but Not Cell Type Specification

Anterior is oriented toward the left in all figures.

(A and B) In situ hybridization with the lateral line

marker eya1 of 36 hpf WT and apcmcr mutant

embryos. (A) In WT embryos, the primordium

(asterisk) has deposited neuromasts (arrows) and

almost reached the tail tip. (B) In mutant embryos,

the primordium (asterisk) stopped migrating be-

fore reaching the tail.

(C–E) Still images of a 90 min time-lapse recording

of a normally migrating lateral line primordium in

a Tg(Cldnb:lynGFP) embryo. (C) 34 hpf, time point

0 min. (D) After 45 min. (E) After 90 min. The trailing

zone of the primordium (arrow) has almost left the

field of view.

(F–H) Still images of a 90 min time-lapse recording

of a Tg(Cldnb:lynGFP);apcmcr mutant primordium.

(F) 34 hpf, time point 0 min. (G) After 45 min. (H) Af-

ter 90 min. The primordium is not moving tailward.

(I and J) Higher-magnification images of tip cells

(arrows) in migrating (I) Tg(Cldnb:lynGFP) and (J)

Tg(Cldnb:lynGFP);apcmcr mutant primordia.

(K–N) (K and L) Support and (M and N) hair cells are

specified in apcmcr mutant embryos. klf4 in situ la-

bels supporting cells in 36 hpf (K) WT and (L) apcmcr

mutants. Haircells in (M)Tg(Brn3c:GAP43-GFP)s356t

and (N) Tg(Brn3c:GAP43-GFP)s356t;apcmcr 72 hpf

mutant embryos.

(O) Simplified protein structure of WT Apc, Apcmcr,

and APC-GFP.

(P) An apcmcr embryo that was rescued by APC-

GFP injection as revealed by eya1 in situ. Arrows

indicate neuromasts; an asterisk labels the pri-

mordium.

(Q) Quantification of the rescue effect. Rescue

was found to be significant by a test of difference

in population proportions (p = 2.3 3 10�7).

(R–W) (R and U) Wnt target genes lef1 and axin2

are expressed in the tip of 36 hpf WT primordia.

(S and V) In apcmcr mutant embryos, lef1 and

axin2 are expressed in the entire primordium and

deposited cells. (T and W) Tg(hs:Dkk1) embryos,

heat shocked at 20 hpf, express no lef1 or axin2

by 4 hr post-heat shock.

Scale bars in (A)–(L) and (R)–(W) are equal to

40 mM. Scale bars in (M) and (N) are equal to

20 mM.
Wnt/b-catenin pathway in the leading zone of the primordium.

Subsequent interactions between the Wnt/b-catenin and Fgf sig-

naling pathways serve to restrict activation of these pathways

into mutually exclusive domains. Restricted activation of Wnt/

b-catenin signaling controls the localized expression of cxcr4b

and cxcr7b and coordinates cell migration with sensory organ

deposition by restricting Fgf signaling to trailing cells.

RESULTS

Misregulation of the Wnt/b-Catenin Signaling Pathway
Causes Cell Migration Defects
To investigate a possible role of Wnt/b-catenin signaling in lateral

line development, we analyzed a recessive zebrafish mutation in
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apc (adenomatous polyposis coli) (apcmcr) (Hurlstone et al., 2003;

Peifer and Polakis, 2000). APC is a scaffolding protein with sev-

eral protein-binding domains (Nathke, 2005). It is best known for

regulating the Wnt/b-catenin signaling pathway, in which it is

a necessary component of the complex that targets b-catenin

for destruction in the absence of active Wnt signaling (Bienz,

2002; Rubinfeld et al., 1996). Approximately 85% of human colon

cancer patients possess mutations in APC that lead to constitu-

tive activation of the Wnt/b-catenin signaling pathway in affected

cells (Kinzler and Vogelstein, 1996; Reya and Clevers, 2005). In

addition to its role in regulating the Wnt/b-catenin pathway,

in vitro studies of migrating cells have shown that association

of the C terminus of APC with microtubules is necessary for nor-

mal migration (Kroboth et al., 2007). Similarly to the majority of
evier Inc.
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Figure 2. apcmcr Mutant Cells Display Cell-

Autonomous Defects and Exert a Non-

Cell-Autonomous Effect on Neighboring

WT Cells

(A) Mosaic embryo generated by transplanting red

fluorescently labeled apcmcr cells into Tg(Cldnb:

lynGFP) embryos.

(B and C) Higher-magnification views of the boxed

areas in (A). (B) Red mutant cells are deposited

and form proneuromasts in ectopic positions

(arrows). (C) apcmcr cells induce morphogenesis

defects in neighboring green WT cells.

(D) Overview of an embryo generated by trans-

planting fluorescently labeled WT cells into apcmcr

mutant embryos.

(E and F) Higher-magnification images of two

additional WT to apcmcr transplantations.
mutations in human APC, the zebrafish apcmcr mutation trun-

cates the protein, deleting the central and C-terminal domains

necessary for regulating Wnt/b-catenin signaling and normal

cytoskeletal association, respectively (Figure 1O) (Hurlstone

et al., 2003).

We characterized lateral line primordium development in wild-

type (WT) and apcmcr mutant embryos by using static and

dynamic assays. In situ hybridization with eya1, a lateral line

marker, at 36 hours postfertilization (hpf) demonstrates that the

mutant primordium does not reach the tail tip (Figures 1A and

1B). WT primordia travel at a constant speed and periodically

deposit proneuromasts, whereas apcmcr mutant primordia stall

at �27–29 hpf after leaving behind a disorganized band of cells

(Figures 1A–1H; Movies S1–S4). Individual cells within the apcmcr

mutant primordium are motile but fail to undergo directed coor-

dinated cell migration. Tip cells in the leading zone of WT primor-

dia respond to guidance cues and are important for directional

migration toward the tail tip (Figure 1I; Movie S5) (Haas and Gil-

mour, 2006). In stalling apcmcr mutant primordia, tip cells attempt

to migrate posteriorly and elongate in the process, but they are

held back by the remaining primordia cells that tumble randomly

(Figure 1J; Movie S6). These findings suggest that apcmcr mutant

primordia fail to migrate due to a loss of directed cell migration in

trailing cells in the presence of normal tip cells. Irrespectively,

proneuromasts form within the mutant primordium, and depos-

ited cells differentiate to form all the cell types normally present

in neuromasts, such as support and hair cells, as revealed by klf4

and brn3c expression, respectively (Figures 1K–1N, Movies S2

and S4).

To determine which Apc functions are necessary for normal

lateral line morphogenesis, we injected mRNA coding for the

central zone of the human APC gene (APC-GFP, Figure 1O)

into one-cell-stage embryos from a cross of apcmcr heterozy-

gotes (Miller and Moon, 1997). APC-GFP encodes domains nec-

essary for the regulation of b-catenin, but it lacks domains

needed for microtubule association (Barth et al., 2002; Zum-

brunn et al., 2001). Among 115 injected embryos, only 2 had

the characteristic apcmcr lateral line phenotype, as assayed by

incorporation of DASPEI, a vital dye that labels mechanosensory

hair cells, and by eya1 in situ hybridization. All other injected

apcmcr homozygotes were indistinguishable from WT embryos

(Figures 1P and 1Q). In contrast, uninjected embryos from

the same cross contained the expected frequency of mutants
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(n = 10/36) (Figure 1Q). A total of 44 of the injected embryos

were genotyped and, as expected, about one-quarter (n = 10)

of these phenotypically normal embryos were homozygous for

apcmcr. This demonstrates that regulation of Wnt/b-catenin

signaling is crucial for normal lateral line morphogenesis.

Misregulation of Wnt/b-catenin signaling in apcmcr mutants is

also apparent at the level of gene expression. In situ hybridization

analysis revealed that expression of the Wnt/b-catenin target

genes lef1 and axin2 is restricted to the leading zone of the WT pri-

mordium (Figures 1R, 1U, 1T, and 1W). In contrast, 36 hpf apcmcr

mutants express these genes throughout the primordium (Fig-

ures 1S and 1V). To investigate why apcmcr primordia migrate

normally until 27–29 hpf, we performed lef1 gene expression

analyses and discovered that lef1 is normally restricted until

27 hpf, but expands into trailing cells over the next 2 hours, coin-

ciding with the onset of primordium stalling (Figure S1; Movies S2

and S4). Therefore, all subsequent analyses were performed at

32 hpf or older, when the primordium had stalled in 100% of

the mutants (n > 500). The expression analyses and injection

experiments suggest that primordium migration fails in apcmcr

mutant embryos due to ectopic activation of Wnt/b-catenin sig-

naling in the trailing zone of the primordium, and not because of

a failure of the Apc protein to associate with microtubules.

apcmcr Exhibits Cell-Autonomous Migration Defects
but also Affects Neighboring WT Cells
The gene expression analyses indicate that apcmcr is required

within the primordium. To investigate how apcmcr mutant cells

behave in an otherwise WT primordium, we transplanted red-

labeled mutant cells into green Tg(claudinb:gfp) embryos during

early gastrula stages and observed their behavior in mosaic

primordia. In seven of nine mosaic embryos, apcmcr mutant cells

stopped migrating and were deposited ectopically (Figures 2A–

2C, arrows) between regularly spaced WT proneuromasts,

indicating that the apcmcr mutation acts cell autonomously. How-

ever, ectopic clusters always contained green WT cells, demon-

strating that apcmcr mutant cells exert a non-cell-autonomous

effect on neighboring WT cells, either via aberrant cell adhesion

or aberrant cell signaling (Figures 2B and 2C) (n = 7). In the two

embryos in which apcmcr mutant cells did not affect cell deposi-

tion, mutant cells were deposited early during migration, before

the apcmcr phenotype arises (data not shown). WT cells trans-

planted into apcmcr mutant embryos did not rescue the
ntal Cell 15, 749–761, November 11, 2008 ª2008 Elsevier Inc. 751
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Figure 3. Wnt/b-Catenin Signaling Regulates Fgf Signaling in the Migrating Primordium

(A–H) fgf3 and fgf10 are restricted to the leading zone of (A and E) WT primordia and are upregulated in (B and F) apcmcr mutant primordia. (C and G) Their

expression is lost in the absence of Wnt/b-catenin signaling. (D and H) fgf3 and fgf10 are upregulated in the absence of Fgf signaling.

(I) pea3 expression in WT primordia shows that Fgf signaling is only active in the trailing cells.

(J and K) pea3 is expanded in 38 hpf (J) apcmcr mutants and lost in (K) Tg(hs:Dkk1) embryos.

(L) pea3 expression is abolished by SU5402 treatment.

(M) The Fgf pathway inhibitor sef is expressed in the leading zone of WT primordia.

(N and O) sef expression is expanded in (N) apcmcr mutants and abolished in (O) Tg(hs:Dkk1) embryos.

(P) sef expression does not require Fgf signaling, as it is present in SU5402-treated primordia.

(Q–V) (S and T) Injection of sef morpholino (MO) disrupts primordium migration, (U and V) although the primordia orient correctly toward the posterior. (Q and R)

pea3 expression expands into the leading region of sef morphant primordia. WT, apcmcr, and SU5402-treated embryos were fixed between 32 and 36 hpf,

Tg(hs:Dkk1) embryos were heat shocked at 26 hpf and fixed at 32 hpf, and sef morphant embryos were fixed at 26 hpf.

Brackets in (B), (F), (G), and (N) indicate the primordium. Scale bars in (A)–(P) and (Q), (R), (U), and (V) are equal to 40 mM. Scale bars for (S) and (T) equal 100 mM.
phenotype (Figures 2D–2F, n = 17). At �29 hpf, WT cells slowed

down together with the surrounding apcmcr cells. These data

demonstrate that the apcmcr phenotype is primordium autono-

mous and is not caused by defects in the muscle or skin of the

mutants.

Wnt/b-Catenin Signaling Regulates Fgf Signaling
in the Migrating Primordium
Abrogation of the Fgf signaling pathway by application of the

Fgf receptor inhibitor SU5402 immediately prior to primordium

migration leads to primordium stalling, which is a phenotype

that is strikingly similar to that observed in apcmcr mutant em-

bryos (Figure S2; Movie S7). We therefore asked whether Fgf

and Wnt/b-catenin signaling interact during primordium migra-
752 Developmental Cell 15, 749–761, November 11, 2008 ª2008 Els
tion. fgf3 and fgf10 are the only fgf ligands detectable in the

primordium and are expressed in the leading zone of the WT pri-

mordium (Lecaudey et al., 2008; Nechiporuk and Raible, 2008),

overlapping with the Wnt/b-catenin targets lef1 and axin2 (Fig-

ures 1R, 1U, 3A, and 3E). To determine whether Wnt/b-catenin

signaling regulates fgf3 and fgf10 expression in the leading zone

of the primordium, we analyzed the expression patterns of these

fgf ligands after changes in the level of Wnt/b-catenin pathway

activation. fgf3 and fgf10 expression is upregulated in the entire

primordium of apcmcr mutant embryos (Figures 3B and 3F). Con-

versely, reducing Wnt/b-catenin signaling by overexpressing

the inhibitor dkk1 during primordium migration by heat shocking

Tg(hs:Dkk1) transgenic embryos or by blocking b-catenin-in-

duced transcription by heat shocking Tg(hsDTCF:GFP) embryos
evier Inc.
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(data not shown) leads to strikingly decreased expression of fgf3

and fgf10 (Figures 3C and 3G) (Lewis et al., 2004; Stoick-Cooper

et al., 2007). Importantly, Fgf signaling is not necessary for fgf3

and fgf10 expression in the primordium, as embryos treated

with SU5402 show strong ectopic expression of these fgf ligands

(Figures 3D and 3H). Therefore, fgf3 and fgf10 expression is

regulated by Wnt/b-catenin signaling in the leading zone of the

primordium.

To determine where Fgf signaling is active, we investigated the

expression of the transcription factor pea3, a known target of the

Fgf pathway (Raible and Brand, 2001; Roehl and Nusslein-Vol-

hard, 2001). Strikingly, pea3 is excluded from the leading zone

cells in migrating WT primordia, but is detected throughout the

trailing end of the primordium (Figure 3I). These data indicate

that Fgf ligands are able to act at a distance, and that signaling

may be inhibited in the leading zone. In contrast, 38 hpf apcmcr

mutant embryos express pea3 throughout the primordium and

in deposited cells. pea3 is lost upon induction of dkk1, mirroring

changes in fgf3 and fgf10 expression (Figures 3J and 3K). pea3

expression is lost in SU5402-treated primordia, despite the

dramatic upregulation of fgf ligands, confirming efficient inhibi-

tion of Fgf receptor activation (Figures 3D, 3H, and 3L).

The striking absence of Fgf signaling activity from the leading

cells that produce Fgf ligands in WT primordia could be caused

by the presence of an inhibitor or the absence of Fgf receptors.

Indeed, the only Fgf receptor present in the primordium, fgfr1, is

expressed at very low levels in the leading zone of the WT pri-

mordium (Figures S3A and S3B) (Lecaudey et al., 2008; Nechi-

poruk and Raible, 2008). In apcmcr mutant embryos, fgfr1 is also

initially low in the leading zone of the primordium but becomes

upregulated over time (Figures S3C and S3D). This upregulation

can be explained by our finding that fgfr1 is an Fgf pathway tar-

get in the primordium, as it is lost upon treatment with SU5402

(Figure S3E). We hypothesize that stalling of the primordium

exposes the leading zone to increasing levels of Fgf ligands

over time, leading to upregulation of fgfr1. Another important

mechanism to inhibit Fgf signaling is via the expression of the

cytoplasmic membrane-associated Fgf signaling inhibitor sef

(il17rd) (Furthauer et al., 2002; Tsang et al., 2002). Since sef is

coexpressed with lef1 and axin2 in the leading region of the

primordium (Figure 3M), we tested whether Wnt/b-catenin sig-

naling controls expression of this Fgf pathway inhibitor. Indeed,

in addition to regulating fgf ligand expression, the Wnt/b-cate-

nin signaling pathway also regulates expression of sef, as this

gene is ectopically expressed in trailing cells in apcmcr mutant

primordia and is downregulated when Wnt/b-catenin signaling

is depleted by induction of dkk1 (Figures 3N and 3O). sef

expression does not depend on Fgf signaling, as it is ectopically

expressed in trailing and deposited cells, even though it is

downregulated in other regions of the embryo in SU5402-

treated embryos (Figure 3P; Figures S4A and S4C). Depletion

of sef by morpholino injections causes expansion of the Fgf

targets pea3 and dkk1 (see below) into the leading zone of

the primordium, accompanied by a primordium migration de-

fect (Figures 3Q–3V; Figure S5) (Asai et al., 2006). Therefore,

even though we cannot rule out the existence of additional

mechanisms, sef plays an important role in inhibiting Fgf path-

way activation in the leading zone, likely in combination with

low fgfr1 expression.
Developme
sprouty 4 (spry4) is another well known Fgfr1 signal transduc-

tion inhibitor that is expressed in trailing cells of the WT primor-

dium (Figure S6A) (Furthauer et al., 2001). In contrast to sef, spry4

acts as a classical Fgf feedback attenuator, as it is lost upon

SU5402 treatment, but is expanded in apcmcr mutant primordia

due to upregulation of Fgf signaling (Figures S6B and S6C).

Thus, spry4 is not involved in inhibiting Fgf signaling in the lead-

ing zone.

To confirm the selectivity of SU5402 drug treatments, we com-

pared treated embryos to a genetic knockdown of Fgf signaling

via heat shock induction of Tg(hs:dn-fgfr1), which expresses a

dominant-negative Fgfr1 (Lee et al., 2005) (Figures S7A–S7D).

A 1 hr heat shock induction of Tg(hs:dn-fgfr1) is similarly effective

in eliminating pea3 and dkk1 and expanding sef; however, trans-

genic embryos begin to die within a few hours after the treatment

(Figures S7E–S7G). To avoid possible interference from dying

cells with the gene expression analyses, we chose SU5402 to

inhibit Fgf signaling.

Wnt/b-Catenin-Mediated Fgf Signaling Is Required
in Trailing Cells for Proneuromast Development
A recent study by Millimaki et al. (2007) showed that Fgf signaling

is required for the induction and maintenance of zebrafish ear

and lateral line hair cells. Fgf signaling also controls proneuro-

mast development in the lateral line by inducing radial epithelial-

ization of support cells and regulating expression of the proneu-

ral transcription factor atoh1 in patches containing cells fated to

give rise to hair cells and support cells (Figure 4B) (Lecaudey

et al., 2008; Nechiporuk and Raible, 2008; Millimaki et al., 2007).

Proneuromast development was analyzed in different experi-

mental conditions. During WT proneuromast formation, cells or-

ganize into rosettes that can be detected by cell shape changes

and focal accumulation of Claudin-GFP (Figure 4A). In 100% of

Tg(hs:Dkk1) transgenic and SU5402-treated embryos, no pro-

neuromasts can be distinguished, as Fgf signaling is disrupted

in both conditions (Figures 4C and 4E). As expected, no atoh1

expression is found in these primordia (Figures 4D and 4F). In

contrast, in apcmcr mutant embryos, in which Fgf signaling is ac-

tive, proneuromasts show normal cell type specification (Figures

1K–1N). Immediately after primordium stalling, the leading zone

in apcmcr mutant primordia is still unpatterned; however, �5

hours later, a proneuromast begins to form in the leading zone

(Figures 4G and 4H; Movie S4). As primordium stalling occurs

before ectopic rosettogenesis in apcmcr primordia, rosettogene-

sis in the leading zone is not the cause of the migration defect.

Rosettogenesis Does Not Influence Primordium
Migration
Our analysis of Wnt/b-catenin signaling revealed that primordia

migrate in the absence of rosettes. Irrespective of when we

abrogate Wnt/b-catenin (and, secondarily, Fgf signaling) by

inducing dkk1 during migration, primordia continue to migrate

to the tail tip in the absence of rosettogenesis. Primordium mi-

gration is evidenced by the presence of the lateral line nerve (Fig-

ures 4J and 4L, arrows; Figure S8) and time-lapse imaging

(Movie S8). We heat shocked embryos at 24 hpf, after migration

has started and shortly before the deposition of the first trunk

neuromast (Figure 4I), and at 28 hpf, shortly after deposition of

the second proneuromast (L2, Figure 4K). After each heat shock,
ntal Cell 15, 749–761, November 11, 2008 ª2008 Elsevier Inc. 753
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Figure 4. Wnt/b-Catenin-Mediated Fgf Sig-

naling Is Necessary for Neurogenesis and

Rosette Formation

(A and B) (A) The trailing zone of WT primordia

contains proneuromasts distinguishable by their

rossette morphology, focal accumulation of Clau-

din-GFP (arrows), and expression of the proneural

gene (B) atoh1 at 32 hpf.

(C and D) (C) Loss of Fgf signaling by treatment

with SU5402 between 20 and 38 hpf causes loss

of rosette formation and (D) atoh1 expression.

(E and F) (E) Similarly, abrogating expression of

Fgf ligands by inhibiting Wnt/b-catenin via heat

shock induction of Dkk1 at 20 hpf leads to

a loss of rosettes and (F) atoh1 expression at

28 hpf.

(G and H) Still images of Movie S4. Ectopic ro-

sette formation does not contribute to the apcmcr

migration phenotype, as stalled mutant primordia

still have normally unpatterned leading zones

(bracket in [G]). Ectopic rosette formation occurs

in the leading zone at 5 hr after stalling (bracket

in [H]).

(I–N) dkk1 disrupts neuromast (NM) deposition

without affecting migration. (I) At 24 hpf, the WT

primordium is migrating, but no NM deposition

has occurred. (J) dkk1 induction at 24 hpf leads

to the formation of a small L2 and complete

loss of more posterior NMs without affecting

migration, as evidenced by the presence of the

lateral line nerve (white arrow). (K) By 28 hpf,

the WT primordium has deposited two NMs, L1

and L2. (L) dkk1 induction at 28 hpf ablates the

NMs posterior to L3. (M) Quantification of NM

numbers for dkk1 induction at 24 hpf and

28 hpf. On average, the primordium is able to

deposit one additional NM after dkk1 induction

(orange bars). Data are shown as means ± SD

(*p << 0.001, **p << 0.001, ˆp << 0.001 Student’s

t test). (N) At 48 hpf, the WT primordium has

deposited all posterior NMs.
only one additional neuromast was deposited (Figures 4J–4M).

The effects of loss of Wnt/b-catenin signaling on rosettogenesis

and migration were confirmed in Tg(hsDTCF:GFP) embryos

(Figure S9) The finding that Wnt/b-catenin signaling-depleted

primordia migrate suggests that Wnt pathway activation in the

leading zone is not required for migration, but that ectopic ex-

pression of Wnt/b-catenin signaling in trailing cells impedes mi-

gration (Figure 7B).

Fgf Signaling Inhibits Wnt/b-Catenin Signaling via dkk1

To further interrogate how Wnt/b-catenin and Fgf signaling

interact, we examined the effects of loss of Fgf signaling on

Wnt/b-catenin pathway activation in migrating primordia. Phar-

macological abrogation of the Fgf pathway during migration

leads to ectopically expressed lef1 and axin2 in the trailing do-

main of the primordium (Figures 1R, 1U, 5A, and 5B), which is

similar to the phenotype observed in apcmcr mutants (Figures

1S and 1V). These data indicate that Fgf signaling inhibits the

Wnt/b-catenin pathway in the trailing zone of the migrating pri-
754 Developmental Cell 15, 749–761, November 11, 2008 ª2008 El
mordium. However, the ectopic activation of Fgfs in the apcmcr

mutant trailing zone, where b-catenin is constitutively active, is

not able to suppress Wnt/b-catenin target genes. (Figures 1S,

1V, 3B, and 3F). Therefore, the Fgf-induced inhibitory factor

must be acting upstream of b-catenin. A likely candidate is dkk1,

a diffusible inhibitor of the Wnt/b-catenin pathway (Niehrs, 2006).

Indeed, dkk1 is strongly expressed in a zone directly adjacent to

the area in which Wnt/b-catenin signaling is active and within the

pea3 expression domain, marking the zone of Fgf pathway

activation (Figure 5C). However, it is excluded from the most

trailing cells. In contrast, dkk1 is expressed throughout the lateral

line of apcmcr mutants (Figure 5D).

Although dkk1 is classically thought to be a direct target of the

Wnt/b-catenin pathway (Niehrs, 2006), its expression is abol-

ished from migrating WT and apcmcr mutant primordia after Fgf

pathway abrogation by SU5402 treatment or heat shock induc-

tion of Tg(hs:dn-fgfr1) (Figures 5E and 5F; data not shown).

This demonstrates that dkk1 expression depends on Fgf signal-

ing in the primordium. The proximity of dkk1-expressing cells to
sevier Inc.
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the leading zone suggests that dkk1 might also be controlled by

Wnt signals; however, this is not the case, as dkk1 expression is

completely lost in apcmcr mutant embryos treated with SU5402

(Figure 5F). Thus, expansion of dkk1 expression in apcmcr mutant

embryos is due to ectopic Fgf pathway activation and is only

indirectly due to expansion of Wnt/b-catenin signaling. As

expected, knockdown of dkk1 by morpholino injection leads to

expansion of Wnt/b-catenin target genes lef1 and axin2 in the pri-

mordium and causes primordium stalling (Figures 5G and 5H;

data not shown) (Seiliez et al., 2006). Dkk1 is thought to be a dif-

fusible inhibitor; however, in the primordium, it appears that

Dkk1 does not diffuse very far, as dkk1- and lef1-expressing cells

are situated adjacent to one another (Figure S10). We have

excluded that Dkk1 activity might be inhibited in leading zone

cells, as heat shock induction of dkk1 is able to repress Wnt

target activation (Figures 1T and 1W).

Taken together, these data imply a mechanism whereby Wnt/

b-catenin pathway activation spatially restricts itself through

Fgf-mediated induction of dkk1. This negative feedback loop be-

tween Wnt/b-catenin signaling and Fgf signaling ensures their

mutually exclusive activation and maintains primordium polarity.

Localized Wnt/b-Catenin Signaling Is Necessary
for Asymmetric Expression of Chemokine Receptors
Chemokine signaling is also crucial for primordium migration.

Coordinated directional migration requires asymmetric expres-

sion of the chemokine receptors, cxcr4b and cxcr7b, in the pri-

Figure 5. Fgf Signaling Inhibits Wnt/b-Catenin Signaling via Induc-

tion of dkk1

(A and B) SU5402 treatment leads to ectopic induction of the Wnt/b-catenin

signaling targets lef1 and axin2 in 36 hpf embryos.

(C) In WT embryos, dkk1 is expressed adjacent to the unpatterned tip of the

primordium.

(D–F) (D) dkk1 is a Fgf target, as it is highly upregulated in apcmcr mutant

primordia and is absent in (E) Fgf signaling-depleted WT, as well as in (F) Fgf

signaling-depleted apcmcr mutant primordia.

(G and H) Morpholino knockdown of dkk1 causes expansion of lef1 and axin2,

similar to loss of Fgf signaling. The scale bar is equal to 40 mM.
Developm
mordium and expression of the ligand sdf1a (cxcl12a) in a narrow

stripe along the horizontal myoseptum (Dambly-Chaudiere et al.,

2007; David et al., 2002; Haas and Gilmour, 2006; Li et al., 2004;

Valentin et al., 2007). sdf1a is normally expressed in apcmcr em-

bryos, consistent with the tissue-autonomous effect of apcmcr

revealed by transplantation experiments (Figures 2A–2C; data

not shown).

In WT primordia, cxcr4b is most highly expressed in the lead-

ing zone of the primordium and is downregulated in trailing cells

(Figure 6A) (Valentin et al., 2007). Conversely, cxcr7b is excluded

from the leading zone but is strongly expressed in the trailing half

of the primordium and in deposited cells (Figure 6B) (Dambly-

Chaudiere et al., 2007; Valentin et al., 2007). In apcmcr mutant

embryos, cxcr4b is ectopically expressed in trailing cells and

cxcr7b expression is completely absent (Figures 6C and 6D).

This initially led us to believe that either the Wnt/b-catenin or

the Fgf signaling pathway initiates cxcr4b expression. However,

Fgf signaling is not active in the leading zone of WT primordia,

and, more importantly, pharmacological Fgf pathway inhibition

with SU5402 also causes ectopic expression of cxcr4b and

loss of cxcr7b (Figures 6E and 6F). Therefore, Fgf signaling

does not regulate chemokine receptor expression in WT primor-

dia. Instead, the misregulation of chemokine receptors in

SU5402-treated embryos is a secondary effect of ectopic activa-

tion of Wnt/b-catenin signaling. Interestingly, shutting down Wnt/

b-catenin signaling by heat shock induction of dkk1 does not

affect cxcr4b expression, revealing that another factor activates

cxcr4b expression in the leading zone (Figure 6G; data not

shown). Since cxcr4b is ectopically expressed in apcmcr mutant

primordia, we conclude that the Wnt/b-catenin pathway is capa-

ble of inhibiting a repressor of cxcr4b in the most trailing cells.

cxcr7b, however, expands into the leading zone when Wnt/

b-catenin signaling is inhibited (Figure 6H). Therefore, Wnt/b-cat-

enin signaling in the leading zone of the WT primordium localizes

chemokine receptor expression by inhibiting expression of

cxcr7b. Conversely, cxcr4b expression is inhibited in the trailing

zone due to the absence of Wnt/b-catenin signaling.

DISCUSSION

Our results demonstrate that the migrating primordium is stably

patterned by interactions between the Wnt/b-catenin and Fgf

signaling pathways. The Wnt/b-catenin pathway is activated

only in leading zone cells of the primordium, where it stimulates

the production of Fgf ligands and their inhibitor, sef (Figure 7A;

red domain, yellow Fgf splotch). This results in activation of the

Fgf pathway only in trailing cells (Figures 7A and 7B, green

domain). Fgf pathway activation in trailing cells leads, in turn,

to the production of dkk1, which restricts activation of the Wnt/

b-catenin pathway to the leading zone. Future experiments will

address why dkk1 is not expressed in all trailing cells.

Restriction of the Fgf and Wnt/b-catenin pathways is neces-

sary for asymmetric expression of the chemokine receptors,

cxcr4b and cxcr7b (Figure 7B). In contrast, apcmcr mutant

primordia are not polarized, and they display uniform activation

of the Wnt/b-catenin and Fgf pathways throughout all cells

(Figure 7B; Figure S11A). Ectopic activation of these pathways

causes upregulation of the inhibitors sef and dkk1 throughout

the primordium. Despite the upregulation of sef, Fgf signaling
ental Cell 15, 749–761, November 11, 2008 ª2008 Elsevier Inc. 755
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is still active, as revealed by the expression of the Fgf target,

pea3 (Figures 3J and 7B). It seems likely that Sef abrogates

Fgf signaling only in the presence of low levels of Fgfr1, as

observed in WT primordia. Upregulation of dkk1 has no conse-

quence on Wnt/b-catenin signaling in apcmcr embryos, as the

Wnt pathway is constitutively activated by the mutation regard-

less of signaling events at the membrane. Interestingly, the

pathway antagonists sef and dkk1 are commonly thought to be

feedback induced by the Fgf and Wnt/b-catenin pathways,

respectively (Chamorro et al., 2005; Furthauer et al., 2002).

One exception is the Fgf inhibitor dusp6, which is Wnt/b-catenin

dependent during axis formation in zebrafish development

(Tsang et al., 2004). We have discovered that in the lateral line

primordium, sef expression is induced and maintained entirely

by the Wnt/b-catenin pathway, whereas the Wnt/b-catenin inhib-

itor dkk1 is regulated by the Fgf signaling pathway. This ensures

that these two pathways are active in exclusive domains. These

findings may warrant the reinvestigation of the hierarchy of these

interactions in other developing organ systems.

Regulation of Chemokine Receptors
by the Wnt/b-Catenin Pathway
The combination of gene expression changes and resulting phe-

notypes in the different experimental paradigms revealed that

Wnt/b-catenin signaling in the leading zone restricts expression

of cxcr7b to trailing cells (Figure 7). Ectopic activation of the Wnt/

b-catenin pathway in apcmcr or Fgf-depleted embryos causes

loss of cxcr7b accompanied by ectopic expression of cxcr4b

in the trailing-most cells (Figures S11A and S11B). This result

might suggest that Wnt/b-catenin signaling activates cxcr4b;

however, inhibiting the Wnt/b-catenin pathway does not lead

to a loss of cxcr4b, indicating that activation of cxcr4b expres-

sion in the leading zone occurs via an Fgf- and Wnt/b-catenin-

independent mechanism (Figure 7). Furthermore, the observa-

Figure 6. Localized Wnt/b-Catenin Signal-

ing Is Necessary for Asymmetric Expression

of Chemokine Receptors

(A and B) In 36 hpf WT embryos, (A) cxcr4b is

restricted to the leading zone, and (B) cxcr7b is

restricted to the trailing zone of the migrating

primordium.

(C–F) Expanded Wnt/b-catenin signaling in apcmcr

mutants and SU5402-treated embryos leads to

(C and E) expansion of cxcr4b and (D and F) loss

of cxcr7b.

(G) cxcr4b expression is not affected by a loss of

Wnt/b-catenin signaling.

(H) Loss of Wnt/b-catenin signaling leads to

expansion of cxcr7b into the leading zone of the

primordium. The scale bar is equal to 40 mM.

tion that Wnt/b-catenin signaling is suffi-

cient, but not necessary, for cxcr4b ex-

pression implies that ectopic Wnt/b-

catenin signaling in trailing cells inhibits

a transcriptional repressor of cxcr4b

(‘‘R’’ in Figure 7A). This repressor is inde-

pendent of Fgf signaling, as cxcr4b is also

repressed in trailing cells of SU5402-

treated embryos. Our data suggest that the underlying cause

of the migration defect in apcmcr mutant and SU5402-treated

embryos is the lack of cxcr7b and expansion of cxcr4b expres-

sion in trailing cells. Support for this conclusion also stems

from time-lapse analyses of cxcr7b morpholino-injected em-

bryos in which trailing cells tumble, but tip cells still extend nor-

mally toward the tail (Valentin et al., 2007).

Several models could explain how localized chemokine recep-

tor expression controls directional migration. Based on experi-

mental and genetic manipulations in which primordia migrated

in either direction along the horizontal myoseptum, Sdf1a does

not appear to be expressed in a gradient (Haas and Gilmour,

2006; Smith et al., 1994; Stone, 1923). Therefore, it was sug-

gested that polarized expression of cxcr4b and cxcr7b is likely

responsible for setting up an Sdf1a gradient within the primor-

dium (Dambly-Chaudiere et al., 2007; Valentin et al., 2007). Since

Sdf1a binds both Cxcr7b and Cxcr4b, the two receptors either

have to bind Sdf1a with different affinities or initiate different intra-

cellular signaling pathways in order to modulate the Sdf1a signal

along the a-p axis of the primordium.

A recent study has elucidated a mechanism by which Sdf1

signaling is controlled by Cxcr4b and Cxcr7b during zebrafish

primordial germ cell (PGC) migration (Boldajipour et al., 2008).

Cxcr7b expressed in somatic tissue does not itself signal but

acts as an Sdf1 sink, thus creating an Sdf1 gradient along which

PGCs migrate. If Cxcr7b functions as an Sdf1a sink in the primor-

dium, it could be necessary for establishing an Sdf1a gradient

across the migrating primordium, as suggested by Dambly-

Chaudiere et al. (2007). Possibly, the sequestration of Sdf1a by

cxcr7b-expressing trailing cells, coupled with the sloping

expression of cxcr4b, enables individual cells within the primor-

dium to orient toward the tail. In this model, apcmcr and SU5402-

treated primordia fail to migrate because all cells possess the

same chemokine receptor expression, and the ability to generate
756 Developmental Cell 15, 749–761, November 11, 2008 ª2008 Elsevier Inc.
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Figure 7. Schematic Models of Genetic Interactions between Signaling Pathways and Gene Expression Patterns in WT and Manipulated

Primordia

(A) In WT primordia, Wnt/b-catenin pathway activation in the leading zone leads to Fgf pathway activation in the trailing zone. Exclusivity of these domains is

maintained by the induction of dkk1 by Fgf signaling in trailing cells and induction of sef by Wnt/b-catenin signaling in leading cells. cxcr7b expression in leading

cells is inhibited by Wnt/b-catenin signaling, and cxcr4b expression is restricted from the trailing zone via the activity of an uncharacterized repressor (R) that is

inhibited if Wnt/b-catenin signaling is active throughout the primordium.

(B) Summary of gene expression patterns and associated phenotypes in the different experimental manipulations.
an Sdf1a protein gradient across any individual cell is lost. It is

intriguing that tip cells continue to attempt directional migration

long after trailing cells have begun tumbling in apcmcr and

SU5402-treated embryos. We believe that apcmcr cells behavior-

ally and genetically resemble WT cells, as they express high

levels of cxcr4b and lack cxcr7. As tip cells in apcmcr mutant em-

bryos cannot pull trailing cells, this demonstrates that tip cells

are not the only force-generating cells in the primordium, which

is supported by live observations of individually labeled trailing

cells (Haas and Gilmour, 2006).

Our data are consistent with Cxcr7b acting as an Sdf1a sink,

and we have demonstrated that Wnt pathway activation is nec-

essary for restricting Cxcr7b to trailing cells, where it could act to

fine tune the Sdf1a gradient. Alternatively, Cxcr7b could be acti-

vating an intracellular signaling pathway in trailing cells that is

triggered by a secondary guidance signal produced by the tip

cells to coordinate directed migration. This model was sug-

gested by Haas and Gilmour (2006) and is based on their finding

that a few WT tip cells can rescue the migration of cxcr4b-nega-
Developme
tive trailing cells. Future detailed genetic and biochemical analy-

sis of the characteristics and binding partners of cxcr7b will

determine which model or combination of models is correct.

The Wnt/b-Catenin/Fgf Feedback Loop Coordinates
Primordium Migration with Proneuromast Formation
Two studies investigating how loss of Fgf signaling affects pro-

neuromast formation (rosettogenesis) found a tight correlation

between rosettogenesis and migration. They concluded that

normally formed rosettes are a prerequisite for primordium mi-

gration (Lecaudey et al., 2008; Nechiporuk and Raible, 2008).

However, our experiments demonstrate that the loss of Wnt/b-

catenin signaling, secondarily causing the loss of Fgf signaling

in Tg(hs:Dkk1) and Tg(hsDTCF:GFP) embryos, does not cause

primordium migration defects, even though it completely elimi-

nates neuromast formation and deposition (Figures 4 and 7B;

Figures S8 and S9; Movie S8) Therefore, neuromast formation

and primordium migration are not interdependent. Our analy-

ses revealed that the difference between SU5402-treated
ntal Cell 15, 749–761, November 11, 2008 ª2008 Elsevier Inc. 757
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embryos and Tg(hs:Dkk1) embryos is that in SU5402-treated

embryos Wnt/b-catenin signaling is still active, whereas in

Tg(hs:Dkk1) embryos both Fgf and Wnt/b-catenin signaling

are abolished. Thus, the primary cause of migration defects

in SU5402-treated embryos is not the lack of rosettes, but

the concurrent ectopic activation of Wnt/b-catenin signaling

in trailing cells, causing the loss of cxcr7b and ectopic cxcr4b

expression (Figure 7B). Migration in Tg(hs:Dkk1) embryos is not

affected, as cxcr7b is present in trailing cells and cxcr4b is

unaffected. Comparing the effects of Wnt/b-catenin signaling

manipulations on primordium behavior reveals that migration

can occur in the absence of Wnt/b-catenin signaling, but that

it is disrupted in the presence of ectopic Wnt/b-catenin signal-

ing in trailing cells.

Importantly, the comparison between apcmcr, SU5402-treated

Tg(hs:Dkk1) embryos, and heat-shocked Tg(hs:Dkk1) embryos

revealed that the Wnt/b-catenin/Fgf feedback loop in the primor-

dium coordinates both migration and proneuromast formation

by setting up primordium polarity via restriction of Wnt/b-catenin

signaling to the leading zone, and by restriction of Fgf signaling

to the trailing zone, where Fgf signaling initiates neurogenesis.

Nature of b-Catenin Signaling Pathway Activation
The identity of the ligand(s) that activates the b-catenin pathway

in this system remains elusive. The best-known activators of the

b-catenin signaling pathway are secreted Wnt ligands; however,

this pathway can also be activated by other factors, such as

ligands binding to G protein-coupled receptors (Shevtsov

et al., 2006). Since the Sdf1a belongs to this class of proteins,

this signaling pathway presented an interesting candidate for

involvement in the regulation of b-catenin in the primordium.

However, morpholino knockdown of Sdf1a does not cause any

changes in the expression of the b-catenin target gene axin2

(Figures S12A and S12B). Importantly, depleting Dkk1 protein,

which normally binds and inactivates the LRP family of Wnt

receptors, causes upregulation of axin2 and lef1 (Figures 5G

and 5H). Likewise, inhibiting Wnt signaling by heat shock induc-

tion of dkk1 leads to the loss of these two genes (Figures 1T and

1W). Combined, these data reveal that the b-catenin signaling

pathway must be activated by one or several canonical Wnt

ligands. Wnt ligands could be locally produced within the leading

zone of the primordium, they could be ubiquitously expressed

in the environment, or they could be dynamically expressed

surrounding the migrating leading zone of the primordium.

Collective Cell Migration in Cancer
This work may have important implications for the spread of can-

cer cells. Several types of cancers invade surrounding tissue as

collectives rather than as individual cells (Friedl, 2004; Friedl

et al., 1995, 2004). The process of collective cell migration in can-

cer is still not well understood, but several studies indicate that

clusters of cancer cells might be polarized similarly to the lateral

line primordium (Hegerfeldt et al., 2002; Wolf et al., 2007). It is

likely that, just like in the lateral line primordium, opposing signal-

ing pathways interact to set up this polarity.

CXCR4-SDF1 signaling is known to play a crucial role in the

spread of many types of cancer, and the work described here

provides functional connections between this signaling cassette

and the Wnt/b-catenin and Fgf signaling pathways, both of which
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are implicated in various steps of tumorigenesis (Polakis, 2000;

Kwabi-Addo et al., 2004).

Since upregulation of Wnt signaling is commonly associated

with tissue invasion and metastasis, it appears counterintuitive

that apc mutant cells in the lateral line fail to migrate. However,

APC mutant cells in the colon exhibit migration defects and fail

to migrate from the base of the crypt toward the tip of the villus,

where they would normally be shaved off into the lumen of the

gut (Radtke and Clevers, 2005). CXCR4 is expressed in normal

and transformed colon cells, but whether this compromised

migration of APC mutant cells is caused by misregulation of che-

mokine signaling remains to be investigated (Jordan et al., 1999;

Kim et al., 2005).

Irrespective of whether the signaling pathways employed

to set up tissue polarity are identical between lateral line

primordia and cancers, our findings provide an important con-

ceptual framework for elucidating how interacting signaling

pathways might control directional migration of clusters of

cancer cells.

Self Organization within the Migrating Primordium
The migrating primordium is a highly dynamic tissue. Cells are

dividing along the whole axis of the primordium, and clusters

of cells constituting�10%–20% of the migrating tissue are drop-

ped off from the trailing zone at regular intervals (Laguerre et al.,

2005). Therefore, the identity of the trailing and leading zones

must be continuously reinforced. In addition, the primordium

encounters tissues with strikingly different positional identities

during its head-to-tail migration. Because of this dynamism,

a self-organized, tissue-autonomous signaling network is re-

quired to pattern the primordium. The model proposed here

provides a mechanism whereby the primordium can be stably

patterned, even though the relative location of individual cells

is constantly changing via intercalary cell divisions and proneur-

omast deposition. The biological logic of the system, if not the

molecules, may be found in other examples of morphogenesis

involving highly dynamic organ anlagen.

EXPERIMENTAL PROCEDURES

Fish Strains

Time-lapse recordings were made by using Tg(Cldnb:lynGFP) embryos, gift

from D. Gilmour (Haas and Gilmour, 2006). Hair cells were visualized by using

Tg(Brn3c:GAP43-GFP)s356t embryos (Xiao et al., 2005). apcmcr mutants were

a gift from H. Clevers (Hurlstone et al., 2003). Tg(hs:Dkk1) embryos were

employed to inhibit Wnt/b-catenin signaling activation (Stoick-Cooper et al.,

2007). Tg(hsDTCF:GFP) embryos were used to confirm Wnt/b-catenin reduc-

tion phenotypes (Lewis et al., 2004). Tg(hsp70l:dnfgfr1-EGFP)pd1 embryos

were used to confirm the SU5402 selectivity treatments (Lee et al., 2005).

In Situ Hybridization

Hybridization and staining were performed as described (Kopinke et al., 2006).

In situ probes used: sef, fgf3 (Kudoh et al., 2001), cxcr4b, cxcr7b (Dambly-

Chaudiere et al., 2007), lef1 (Dorsky et al., 2003), eya1 (Sahly et al., 1999),

pea3 (Munchberg et al., 1999), klf4 (biklf) (Kudoh et al., 2001), fgf10 (Ng et al.,

2002), axin2 (gift from R. Dorsky), and dkk1 (gift from C. Houart). Embryos

were mounted in 100% glycerol. Images were taken with an Axiocam camera

mounted on a Zeiss Axioskop 2 plus microscope.

SU5402 Treatments

SU5402 (Calbiochem; gift from M. Brand) (Mohammadi et al., 1997) was di-

luted to 25 mM in E3 medium containing 1% DMSO. Dechorionated embryos
evier Inc.



Developmental Cell

Maintaining Polarity of a Migrating Cell Cluster
were incubated from 18–20 hpf to 36–38 hpf. The effectiveness of Fgf signaling

inhibition was confirmed by loss of pea3 expression. Treated embryos were

washed several times in E3 prior to fixation. Soaking embryos in 1% DMSO

only did not cause a phenotype.

Hs Induction of dkk1, Dtcf, and dnFgfR1

Heterozygous fish were crossed to WT animals. Offspring were incubated at

42�C for 1 hr at various stages and were fixed several hours later depending

on the experiment. A total of 50% of the embryos did not carry the transgene

and served as a control. Effective inhibition of Wnt/b-catenin signaling was

confirmed by loss of axin2 and lef1 expression from the primordia of heat-

shocked dkk1 and Dtcf embryos. Effective inhibition of FgfR1 was confirmed

by loss of pea3 expression.

Morpholino Injections

MO-dkk1, with a sequence of 50-GAGAGCATGGCGATGTGCATCATGT-30,

was used (Open Biosystems) (Seiliez et al., 2006). A 2 mM solution (1 nl) was

injected. This dose of morpholino yielded a spectrum of phenotypes identical

to those reported, including reduction or loss of anterior sensory organs. MO-

il17rd, with a sequence of 50-CGCAAGTCTCCGTGACCCAGCCATT-30, was

used (Open Biosystems) (Asai et al., 2006). A 3 mM solution (1 nl) was injected.

MO2-cxcl12a, with a sequence of 50-ATCACTTTGAGATCCATGTTTGCA-30,

was used (Open Biosystems) (David et al., 2002). A 2 mM solution (1 nl) was

used. This dose recapitulated the published phenotype. Morpholinos were

diluted in 0.1 M KCl and 5% phenol red in water.

Apc Rescue Experiment

apcmcr rescue was performed as described (Hurlstone et al., 2003; Miller and

Moon, 1997). mRNA was synthesized from a construct containing a central frag-

ment of the human APC gene (aa 1020–2032) (Hurlstone et al., 2003; Miller and

Moon, 1997). Injected 72 hpf embryos were assayed for hair cell phenotypes

by soaking them in 2 mg/ml DASPEI ([2-(4-(dimethylamino)styryl)-N-

ethylpyridinium iodide]; Invitrogen) for 10 min (Whitfield et al., 1996). The

significance of the rescue effect was tested by using a test of difference in

population proportions. To assay the rescue in individual mutants, individual

blastomeres of 8- to 16-cell-stage embryos were injected. This resulted in the

productionofapcmcr homozygotes with unilateral rescueassayed byeya1 insitu.

Transplantation Experiments

Tg(Cldnb:lynGFP) or Tg(Cldnb:lynGFP);apcmcr donor embryos were injected

with 5% Alexa568 and 3% lysine-fixable biotinylated-dextran (Invitrogen)

at the one- to two-cell stage (diluted in 0.2 mM KCl). Cells were transplanted

into the presumptive placode region (Kozlowski et al., 1997) of Tg(Cldnb:

lynGFP) or Tg(Cldnb:lynGFP);apcmcr between 30% and 50% epiboly. Host

embryos were screened for lateral line clones and were fixed at 36–40 hpf.

For apcmcr to WT transplantations, donor embryos were raised to 36–40 hpf

for genotyping.

SUPPLEMENTAL DATA

Supplemental Data include twelve figures, eight movies, and supplemental

Experimental Procedures and can be found with this article online at http://

www.developmentalcell.com/cgi/content/full/15/5/749/DC1/.
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