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Control of Cell Migration in the Zebrafish
Lateral Line: Implication of the Gene “Tumour-
Associated Calcium Signal Transducer,” tacstd
Eduardo J. Villablanca,1 Armand Renucci,2,3 Dora Sapède,2,3 Valérie Lec,2,3 Fabien Soubiran,2,3

Pablo C. Sandoval,1 Christine Dambly-Chaudière,2,3 Alain Ghysen,2,3 and Miguel L. Allende1*

The sensory organs of the zebrafish lateral-line system (neuromasts) originate from migrating primordia
that move along precise pathways. The posterior primordium, which deposits the neuromasts on the body
and tail of the embryo, migrates along the horizontal myoseptum from the otic region to the tip of the tail.
This migration is controlled by the chemokine SDF1, which is expressed along the prospective pathway, and
by its receptor CXCR4, which is expressed by the migrating cells. In this report, we describe another
zebrafish gene that is heterogeneously expressed in the migrating cells, tacstd. This gene codes for a
membrane protein that is homologous to the TACSTD1/2 mammalian proteins. Inactivation of the zebrafish
tacstd gene results in a decrease in proneuromast deposition, suggesting that tacstd is required for the
deposition process. Developmental Dynamics 235:1578–1588, 2006. © 2006 Wiley-Liss, Inc.
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INTRODUCTION

Cell migration plays important roles
in development and disease. How mi-
gration is controlled remains, how-
ever, poorly understood. Our limited
understanding of migration control is
partly due to the fact that migrating
cells move through complex and het-
erogeneous territories that offer a
large variety of potential cues such as
extracellular matrix components,
other cells’ surface markers, gradients
of diffusible or non-diffusible factors,
and paracrine signals. The large num-
ber of potentially relevant factors
makes the in vivo analysis of cell guid-
ance very difficult, and at the same

time makes in vitro studies unrealis-
tic. Recently, however, the lateral line
of fish has emerged as a favourable
system for the genetic analysis of cell
migration and of its control.

The lateral-line system consists of a
series of superficial sense organs dis-
tributed over the body of fish and
amphibians. The organs, called neuro-
masts, comprise a core of mechanosen-
sory hair cells similar to those found
in the inner ear, surrounded by a ring
of support cells. Neuromasts are de-
posited by migrating primordia that
originate from cephalic placodes. The
neuromasts on the body and tail form
the posterior lateral line (PLL) system

and are derived from a primordium
that forms just posterior to the otic
vesicle and migrates all the way to the
tip of the tail (Harrison, 1904; Stone,
1922).

In the zebrafish, the embryonic PLL
comprises 7–8 neuromasts and is laid
down during the second day of devel-
opment (Metcalfe et al., 1985). The
PLL primordium begins its migration
at 20 hr after fertilization (haf) and
travels along the horizontal myosep-
tum at a constant speed of 1.7
somites/hr until it reaches the tip of
the tail at about 42 haf. During its
journey, the primordium deposits five
groups of 15–20 cells (proneuromasts)

1Millennium Nucleus in Developmental Biology, Facultad de Ciencias, Universidad de Chile, Santiago, Chile
2INSERM, E343, Laboratoire de Neurogénétique, Montpellier, France
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at regular intervals, and eventually
splits into 2–3 groups when it has
reached the tip of the tail (Gompel et
al., 2001).

Within the trailing half of the mi-
grating primordium, small foci of 1–2
cells express the zebrafish atonal ho-
molog, ath1, and it has been suggested
that expression of this proneural gene
pre-defines the prospective hair cells
(Itoh and Chitnis, 2001). Typically two
to three foci can be detected, suggest-
ing that presumptive neuromasts are
individualized within the primordium
well before they are deposited. Hair
cell differentiation (as detected by ex-
pression of the acetylated tubulin
marker or incorporation of the fluores-
cent vital dye 4-Di-2-Asp) does not
take place until several hours after
deposition, however.

The pathway along which the PLL
primordium migrates is defined by the
expression of the chemokine SDF1 in
a thin stripe of cells extending along
the horizontal myoseptum (David et
al., 2002). The migrating cells express
the SDF1 receptor, CXCR4. The inac-
tivation of the genes coding for either
the chemokine (sdf1a) or its receptor
(cxcr4b) blocks primordium migration.
It appears, therefore, that the SDF1/
CXCR4 system is crucially involved in
determining the migratory properties
of the PLL primordium. Interestingly,
the same molecules have been impli-
cated in the long-distance migration of
germ cells both in zebrafish and in
mouse (Doitsidou et al., 2002;
Molyneaux et al., 2003), and also in
the formation of metastases in several
types of cancers (Müller et al., 2001).

The onset of cxcr4b expression in
placodal cells coincides with the onset
of migration, and the down-regulation
of cxcr4b in the cells at the trailing
edge of the primordium coincides with
the progressive decrease in migratory
capability that finally leads to cell ar-
rest and proneuromast deposition
(David et al., 2002). We do not know
what controls these coordinated
changes in cxcr4b expression, but it
seems likely that other genes are in-
volved. Here we investigate the impli-
cation in this control of the zebrafish
gene tumour-associated calcium sig-
nal transducer (tacstd), a gene whose
expression in mammals is restricted
to trophoblast cells and to various
types of tumor cells.

RESULTS

Structure and Organization
of the Zebrafish tacstd Gene

A zebrafish homolog of tacstd has pre-
viously been reported to be expressed
in lateral line derivatives, notably in
the migrating PLL primordium and in
neuromasts (described as CB701 in
Gompel et al., 2001). In order to fur-
ther characterize this gene, the CB701
cDNA (renamed CG2, obtained from
C. Thisse and B. Thisse) was se-
quenced and used to search the ze-
brafish EST database. This search
identified a longer cDNA clone
(CG77), which yielded a sequence
1,247 bp in length, highly similar to a
previously reported sequence for ze-
brafish tacstd (Amsterdam et al.,
2004). We used the BLAST search al-
gorithm in the NCBI server to deter-
mine the extent of the sequence simi-
larities between the protein encoded
by this cDNA and vertebrate TACSTD
proteins (Fig. 1A). The zebrafish ORF
encodes a protein of 303 amino acids
that has 35.97 identity and 62.71%
similarity to human TACSTD2
(GA733-1) and 37.2 identity and
60.5% similarity to human TACSTD1
(GA733-2).

Additional searches of the available
zebrafish genomic sequence yielded no
further related sequences, suggesting
the existence of a single TACSTD-like
gene in zebrafish. Since there are two
such genes in mammals, we con-
structed a phylogenetic tree based on
the result of the CLUSTAL analysis to
determine possible orthology relation-
ships (Fig. 1B). All of the vertebrate
TACSTD proteins are closely related,
though the mammalian TACSTD2
proteins lie on a separate branch of
the tree. Previous evidence indicates
that human tacstd2 originated from a
retrotransposition event as this gene
lacks introns and does not share sur-
rounding genomic sequences with
tacstd1 (Linnenbach et al., 1993). We
conclude, therefore, that the zebrafish
tacstd is orthologous to the other ver-
tebrate tacstd1 genes.

The zebrafish tacstd gene we have
cloned is located in chromosome 13,
within contig Zv4_scaffold1176 (As-
sembly sequence v.4, release 30.4c,
Sanger Institute, http://www.ensembl.
org/Danio_rerio/). Analysis of the ze-

brafish tacstd genomic sequence
shows that the gene is composed of 9
exons spanning 3.5 Kb of genomic
DNA. There is complete conservation
in the relative positions of the exon–
intron boundaries when we compare
the zebrafish tacstd and human
tacstd1 genomic sequences (Fig. 1A),
further supporting the conclusion that
the zebrafish tacstd and human
tacstd1 are orthologs.

TACSTD Protein Structure
and Cell Localization

The zebrafish TACSTD protein is pre-
dicted to have a putative transmem-
brane domain between amino acids
262 to 284 (predicted by the SMART,
SOSUI, and TMHMM programs), a
thyroglobulin type 1 repeat between
aminoacids 92 and 136 (predicted by
the SMART and PFAM programs), a
short cytosolic domain (aminoacids
285 to 303), and a large extracellular
domain extending between aminoac-
ids 1 to 261 (both predicted by
TMHMM). The protein has several po-
tential phosphorylation sites (Serine
123, Threonine 76, and Tyrosine 182),
all of them showing a score higher
than 0.945 (predicted by the NetPhos
2.0 software). Only Tyrosine 182 is
conserved between the fish and mam-
malian sequences, however.

Although all TACSTD proteins have
a putative transmembrane domain
and are generally agreed to be surface
glycoproteins, human TACSTD has
been shown to be distributed diffusely
in the cytoplasm (Tsujikawa et al.,
1999). In order to ascertain the cellu-
lar distribution of the fish protein, we
fused the tacstd cDNA with the
human myc sequence. tacstd-myc
mRNA-injected embryos were fixed at
12 and 24 haf and were treated with
anti-MYC antibody, itself detected
with an anti-mouse Alexafluor second-
ary antibody. Embryos were analyzed
by confocal microscopy to determine
the localization of TACSTD protein.
Fluorescence is observed on the cell
surface and in a perinuclear distribu-
tion (Fig. 2A,B). Labeling with pro-
pidium iodide shows no overlap with
the antibody demonstrating exclusion
of TACSTD from the nucleus (Fig.
2A). As controls, we used a fusion be-
tween myc and the zebrafish tran-
scription factor skip (R. Young, E.V.
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and M.A., unpublished results), which
shows nuclear localization (Fig. 2C),
while in non-injected embryos we ob-
served no label (not shown). This re-
sult, together with the sequence anal-
ysis, supports the notion that
zebrafish TACSTD is a membrane-as-
sociated protein.

tacstd Expression Pattern

The previous description of the tacstd
expression pattern revealed that the
gene is expressed at a moderate level
in the leading half of the primordium
and at higher levels in the trailing
half. The latter pattern is heteroge-
neous, however, and suggestive of
high expression by the presumptive
support cells, with less expression in
the presumptive hair cells (Gompel et
al., 2001). To further characterize the
tacstd expression pattern, we ana-
lyzed the expression of tacstd mRNA

during embryogenesis until the adult
stage by RT-PCR. We detected the
presence of tacstd mRNA at all stages
examined, including fertilized zy-
gotes, indicating that it is present ma-
ternally (Fig. 3A).

Distribution of the tacstd message
was analyzed in whole mount embryos
by in situ hybridization. In 4 somite
stage embryos, expression is re-
stricted to the otic vesicle while at the
14 somite stage expression decreases
in the otic vesicle and appears in the
olfactory placodes (data not shown).
At 23 haf, expression persists in the
otic vesicle and olfactory region and
new expression is observed in anterior
and posterior lateral line elements
(Fig. 3B). At 28 haf, expression in the
otic vesicle becomes restricted to the
ventral zone, and is maintained in the
migrating PLL primordium as well as
in proneuromasts (Fig. 3C). At 48 haf,

expression is still detected in the ma-
ture neuromasts and olfactory organs
but has become weaker in the otic ves-
icle (Fig. 3D).

Within pro-neuromasts and mature
neuromasts, the tacstd expression pat-
tern appears ring-like, suggesting spe-
cific labeling of a peripheral group of
cells, and possibly excluding differen-
tated hair cells (Fig. 3E). We compared
tacstd expression to that of the ze-
brafish atonal homolog, the ath1 pro-
neural gene. ath1 is expressed in a
small cluster of presumptive hair cells
in the center of the undifferentiated
neuromast (Itoh and Chitnis, 2001). We
observe that tacstd and ath1 are ex-
pressed in largely complementary pat-
terns in pro-neuromasts (Fig. 3E–G).

The development of the anterior lat-
eral line (ALL) has not been ade-
quately described so far. We observe a
strong expression of tacstd in the ALL

Fig. 1. The vertebrate TACSTD proteins. A:
Amino acid sequence alignment of selected ver-
tebrate TACSTD proteins. Sequences are from
zebrafish (DrTACSTD), Xenopus laevis (XlTAC-
STD1), chicken (GgTACSTD1), and human
(HhTACSTD1 and HhTACSTD2). Arrowheads in-
dicate intron positions in the genomic sequence
of the zebrafish tacstd gene (above sequence)
and the human tacstd1 gene (arrowheads below
sequence). B: Phylogenetic tree generated from
multiple alignment data. In addition to the se-
quences shown in A, two other TACSTD se-
quences are included: mouse TACSTD2
(MmTACSTD2) and Fugu rubripes TACSTD. Hor-
izontal lines demarcate the Transmembrane do-
main (Tm) and the Thyroglobulin Type 1 Repeat
(Tt1r).
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Fig. 2. Localization of TACSTD protein. Zebrafish embryos were injected with myc fusion mRNAs, allowed to develop for 12 hr, and developed with
an anti-myc antibody. A: Zebrafish tacstd-myc fusion mRNA was injected and embryonic cells were visualized under confocal microscopy; nuclei were
labelled with propidium iodide (red) and the anti-myc antibody was detected with an Alexa fluorescent secondary antibody (green). B: Same as in A,
but propidium iodide was not added. Note expression localized to membranes and to the perinuclear region. C: Injected mRNA corresponds to
myc-tagged SKIP protein, a transcription factor localized to the nucleus.

Fig. 3. Developmental expression of tacstd. A: RT-PCR detection of tacstd message at 0, 6, 24, 48 haf, 6 daf, and adult (Ad) stages. Amplification
of Wnt5a message is used as a positive control. The adult mRNA sample was contaminated with genomic DNA as amplification of genomic sequence
produces a larger product (labelled as “genomic”). B–D: Whole mount in situ hybridization using a tacstd riboprobe. Embryos were processed for
hybridization at 23 (B), 28 (C), and 48 haf (D). E–G: Neuromasts of in situ hybridized embryos. Probes used were tacstd (E), ath1 (F), or both probes
(G). H,I: tacstd expression in the anterior lateral line (H) or posterior lateral line (I) primordia. Arrows indicate direction of migration. Dotted circles
demarcate cells showing a rosette pattern, which is coincident with strong expression of tacstd. Expression to the left of the primordium in I is a
recently deposited proneuromast. ALL, anterior lateral line; L1-5, posterior lateral line neuromasts; O1,2, otic neuromasts; OP, olfactory placode; OV,
otic vesicle; PLL, posterior lateral line; prim, primordium.
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neuromasts, very similar to the ex-
pression observed in PLL neuromasts
(Fig. 3C,D). We also observed expres-
sion in the ALL supra-orbital primor-
dium (Fig. 3H). This expression, how-
ever, is much weaker than in the PLL
primordium (Fig. 3I) or in deposited
neuromasts. Interestingly, the ALL
primordium shows clear signs of being
organized in rosettes (Fig. 3H, dotted
outlines) that prefigure the concentric
organization of each neuromast, as
previously documented for the PLL
primordium (Gompel et al., 2001; Fig.
3I, dotted outlines).

Loss-of-Function of tacstd

The function of tacstd in lateral line
development was analyzed by pre-
venting translation of the gene using
an antisense morpholino (MO) oligo-

nucleotide approach. We designed two
morpholino sequences that are com-
plementary to the region surrounding
the translation start site (MO1-tacstd
and MO2-tacstd). Both morpholinos
produced essentially identical pheno-
types, with different optimal concen-
trations and toxicity. In the case of the
MO1-tacstd morpholino, we confirmed
that it effectively inhibits translation
of tacstd. We injected 50 pg of tacstd-
myc mRNA, or the mRNA together
with 10 nL of 1.25 mM MO1-tacstd,
into one cell-stage embryos and pro-
cessed them for immunohistochemis-
try to detect the MYC epitope. While
the mRNA injection by itself produces
clear MYC staining, we could not de-
tect any label in embryos where the
tacstd-myc mRNA had been co-in-
jected with MO1-tacstd (not shown).

We examined the effect of tacstd in-
activation on lateral line development
by examining the pattern of labeled
neuromasts in 56 haf larvae. Differen-
tiated neuromasts are easily observed
after incubation with the fluorescent
vital hair cell marker, 4-Di-2-Asp (Di-
Asp). In wild type embryos, the pri-
mary pattern comprises 5, or very
rarely 4 or 6, neuromasts laid down at
regular intervals along the horizontal
myoseptum (lateral neuromasts), and
2 or 3 additional terminal neuromasts
(ter) located more ventrally at the tip
of the tail (Fig. 4A). When injected at
concentrations below 1 mM, the MO1-
tacstd morpholino had no effect on the
lateral line nor on any other aspect of
fish development. At 1.5 mM, the sur-
vival rate was very low. At 1.25 mM,
we observed a significant reduction in

Fig. 4. Embryonic posterior lateral line labeled
by 4-Di-2-ASP, a marker of differentiated hair
cells (A, B, and F) or by uncaging the primordium
(C–E). A: Wild type embryo with the normal pat-
tern of five neuromasts along the horizontal my-
oseptum (L1–L5) and two terminal neuromasts
(ter). B: Morphant embryo where all PLL neuro-
masts are missing. C: Uncaging the primordium
at the position marked by the asterisk in a wild
type embryo reveals the neuromasts (L1–5 and
ter) and interneuromastic cells (arrows). D: Un-
caging in a morphant reveals that the primordium
has reached the tip of the tail (arrowhead) but no
neuromasts have been deposited. E,F: In a par-
tial morphant where four clusters have been de-
posited, including a terminal one (E), each cluster
has differentiated hair cells on the next day (F).
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number or complete absence of neuro-
masts as assayed by the presence of
DiAsp label in hair cells (Fig. 4B).
When we counted the number of Di-
Asp-positive neuromasts in uninjected
controls vs. MO1-tacstd injected fish,
we observed that the average number
of neuromasts present in the trunk
and tail (excluding the terminal neu-
romasts) was reduced from 5.0 to 3.2
(N � 20).

Since the DiAsp-labeled neuro-
masts that do form in morphant em-
bryos are often observed near the tip
of the tail (the terminal neuromasts),
we conclude that the primordium is
capable of migrating in the absence of
the tacstd gene product. The deficit in
DiAsp labeling could, therefore, be
due either to a defect in deposition, or
to a lack of differentiation of the hair
cells, or both. In order to distinguish
between these possibilities, we la-
belled the migrating cells of the PLL
primordium by uncaging experiments.
Embryos that had been injected with
caged fluorescein, or with both MO-
tacstd and caged fluorescein, were al-
lowed to develop for 20 hr, and the
PLL primordium was visualized un-
der Nomarski optics and subjected to
a brief pulse of UV light. The embryos
were returned to tank water for devel-
opment to proceed in the dark and
were examined the next day. Wild
type embryos display a consistent pat-
tern of five groups of fluorescent cells
aligned along the horizontal myosep-
tum and two to three terminal groups
(Fig. 4C). In addition, a trail of cells
extends all along the pathway (arrows
in Fig. 4C), corresponding to the inter-
neuromastic cells that later give rise
to intercalary neuromasts (Grant et
al., 2005; López-Schier and Hudspeth,
2005). Contrariwise, morpholino-in-
jected embryos showed a strong reduc-
tion in the number of deposited groups
of cells, parallel to the observed reduc-
tion in the number of differentiated
neuromasts (Fig. 4D). We conclude
that the inactivation of tacstd inter-
feres with the deposition of neuro-
masts by the migrating primordium.

In order to detect whether there is
an additional effect of tacstd inactiva-
tion on cell differentiation, we corre-
lated the pattern of deposited cells as
detected after uncaging the primor-
dium, with the pattern of differenti-
ated neuromasts as detected by DiAsp

incorporation in the hair cells. We ob-
served a complete correlation between
the two patterns (Fig. 4E,F), suggest-
ing that the inactivation of tacstd in-
terferes with the deposition of cells by
the primordium, but not with their
differentiation.

Neuromast Deposition
Phenotype

We used a second morpholino, MO2-
tacstd (see Experimental Procedures
section), to validate the results de-
scribed above. When used at 1.25 mM,
the concentration used for the first
morpholino, MO2-tacstd produced a
high lethality (72%, N � 72). Further-
more, 10 out of 14 surviving embryos
showed twisted bodies that would
make the identification of neuromasts
unreliable. At 1 mM, however, MO2-
tacstd produced marginal lethality
(2%, N � 102) with 30% of the surviv-
ing embryos showing kinked bodies
and 3% showing severe malforma-
tions. In order to facilitate the analy-
sis of the phenotype, we developed a
label based on the observation that
alkaline phosphatase accumulates in
the neuromasts (Fig. 5A), as already
observed by D. Gilmour (see legend to
supplemental fig. 1 in Gilmour et al.,
2004). Among 124 sides where the en-
tire pattern could be reliably exam-
ined, the average number of neuro-
masts was 2.66 with 87% of the
embryos showing a reduced number of
neuromasts relative to the wild type
(Table 1). This reduction is slightly
larger than in fish injected with MO1-
tacstd.

A reduction in the number of depos-
ited neuromasts could result either
from a decrease in the rate of deposi-
tion of proneuromasts, or from fail-
ures to actually deposit defined pro-
neuromasts. In the first case, one
would expect the entire pattern to be
modified; in the second case, one
would expect to find gaps in an other-
wise normal pattern. We addressed
this question by examining the posi-
tion of the first PLL neuromast to be
deposited (L1) in larvae showing dif-
ferent degrees of severity of the phe-
notype. The expectation is that, ac-
cording to the first hypothesis, the
position of the L1 neuromast should
be displaced posteriorly according to
the severity of the phenotype. The sec-

ond hypothesis predicts that the posi-
tion where the first PLL neuromast is
found should be close to the normal
position of L1 (somite 6 � 1) or, if L1
deposition has failed, close to the po-
sition of L2 (somite 13 � 2), or if both
L1 and L2 failed, then at the position
of L3 (somite 18 � 2.8). In order to
simplify the histogram, we pooled the
data for embryos with 5–6 neuro-
masts (no phenotype), with 3–4 neu-
romasts (moderate phenotype), and
with 1–2 neuromasts (extreme pheno-
type, frequencies shown in Table 1,
data pooled from 2 daf and 6 daf lar-
vae). As shown in Figure 6, the results
clearly support the first hypothesis,
indicating that the defect induced by
the inactivation of tacstd alters the
process of primordium partitioning it-
self.

Effects of tacstd Loss-of-
Function on Formation of
the Secondary and Anterior
Lateral Lines

We examined the effect of MO2-tacstd
injection on the deposition of neuro-
masts by primII, which forms the sec-
ondary lateral line (Sapède et al.,
2002). This was done in 6 daf embryos,
an age when primII has deposited 3–4
neuromasts in wild type embryos. At
this age, it is not possible to distin-
guish neuromasts deposited by primI
and primII based on their morphology
or size. The alkaline phosphatase la-
bel allows the identification of the two
types of neuromasts, however, based
on two criteria (Fig. 5B–E). First, the
neuromasts deposited by primII mi-
grate ventrally (López-Schier et al.,
2004) and push ahead of them the
stream of interneuromastic cells de-
posited by primI (Fig. 5C,D). Second,
the accumulation of phosphatase is
anisotropic, being reduced in the di-
rection of hair cell polarity (López-
Schier et al., 2004) as seen in Figure
5D and E. While either criterion may
occasionally be ambiguous, the combi-
nation of the two allowed us to un-
equivocally assign all of the neuro-
masts present in larvae at 6 daf to
either primI or primII.

The lethality observed in mor-
phants after 6 days reached 40%, and
the lateral line phenotype was less se-
vere (3.1 lateral neuromasts on aver-
age, instead of 2.6 in 2-day-old em-
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bryos). This decrease in phenotype
severity is presumably due to a higher
lethality among the more extremely
affected embryos, as also suggested by
the increase in the proportion of em-
bryos with 5–6 neuromasts and de-
crease in the proportion of embryos
with no neuromasts (Table 1, compare
top 2 rows).

We observed that the average num-
ber of primII neuromasts found at this
age is only marginally affected, at 3.1
per side (N � 64) instead of 3.5 in the
wild type. This number is but weakly
correlated with the severity of the ef-
fect on primI neuromasts (Table 1,
and Fig. 7B,C). An independent indi-
cation that primII is only modestly af-
fected is provided by the analysis of
D1, the first neuromast of the dorsal
line. The dorsal line is formed by a
primordium that splits off from primII
at about 36 haf (Sapède et al., 2002).
The occurrence of D1 is nearly normal
in all categories of morphant embryos

Fig. 5. Alkaline phosphatase labeling of neuromasts. A: Normal pattern of neuromasts in a 2-day-old embryo. L1–L5 and the terminal neuromasts
are derived form primI. D1, the first neuromast of the dorsal line, is derived from primII. B: Normal pattern in a 6-day-old larva. Consecutive primI
neuromasts are connected by a thin trail of interneuromastic cells. Four additional neuromasts have been added by primII: LII.1–LII.4. The dorsal line
comprises three additional neuromasts along the dorsal midline (out of focus). C: The trail of primI interneuromastic cells (INC) is continuous with the
primI neuromast L1 but appears pushed away by the derivatives of primII (D1 and LII.1). D,E: The phosphatase activity reveals neuromast anisotropy,
with the primI neuromasts being polarized along the antero-posterior axis while the primII neuromasts are polarized in a dorso-ventral direction (double
arrows). Scale bars � 1 mm (A,B), 250 �m (C–E).

TABLE 1. Effects of tacstd Loss-of-Function on Lateral Line Formationa

Phenotypic class

0 1–2 3–4 5–6

2 daf (%) 12 33 42 13
6 daf (%) 6 31 38 25
No. NM primll 2.7 3.0 3.0 3.7
No. D1 1.0 0.95 0.92 0.94

aA morpholino antisense oligonucleotide (MO2-tacstd) was injected into one-cell stage
embryos and the effects on lateral line development were quantified by counting the
number of neuromasts present after staining for alkaline phosphatase activity.
Larvae were assigned to four different categories according to the severity of the
phenotype: 0, 1–2, 3–4, and 5–6 lateral neuromasts present per side (N � 124 sides
for 2 daf and N � 68 sides for 6 daf). The top two rows show percentages of larvae that
fall into each of the four categories at 2 and 6 daf. The bottom two rows show
quantification of primll-associated neuromasts at 6 daf, in the same phenotypic
classes based on the number of primary lateral neuromasts. The third row shows the
average number of neuromasts derived from primll. The fourth row shows the
probability of observing D1, the first neuromast of the dorsal line, which is also
associated with primll. Discrimination between the lateral neuromasts deposited by
priml and those deposited by primll was achieved as indicated in the Results section.
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(Table 1), confirming that the slight
decrease in the average number of
primII neuromasts may reflect a prob-
lem of developmental delay in the
most affected fish, rather than a direct
effect of tacstd absence on primII.

We also examined the fate of the
anterior lateral line (ALL) in the mor-
phant embryos. The ALL develops
more slowly than the PLL, and only a
few neuromasts have formed at 48
haf. We did not detect any major re-
duction in the ALL neuromasts in
morphant embryos. As the ALL is
much more developed in 6-day-old
fish, we observed the pattern of neu-
romasts in 6 daf morphant fish by
staining with alkaline phosphatase.
At that stage, however, morphants of-
ten showed severe defects in jaw for-
mation (Fig. 6), making it impossible
to quantify the data and to assess
whether there is a direct effect on the
formation of the anterior lines. If

there is such an effect, however, it is
clearly weaker than the effect on
primI of the PLL.

DISCUSSION

The human tacstd genes code for cell
surface glycoproteins that were first
identified as carcinoma-associated an-
tigens (Ross et al., 1986). The corre-
sponding genes were cloned and called
trop-1 and trop-2 based on the pres-
ence of the antigens in normal tropho-
blast cells (Fornaro et al., 1995). The
trop genes were later renamed “Tumor-
Associated Calcium Signal Trans-
ducer” (tacstd) based on the capability
of the protein to produce calcium tran-
sients upon activation by cognate an-
tibodies (Ripani et al., 1998), though
its endogenous ligand remains un-
known.

Human TACSTD1 (also named Ep-
CAM) is expressed in several epithelia
and is postulated to have a function in
cell adhesion and tumorigenesis
(Litvinov et al., 1994) and more re-
cently has been proposed as a regula-
tor of proliferation (Münz et al., 2004).
How this is related to the high expres-
sion levels of the tacstd gene in the
zebrafish lateral line remains to be
discovered. However, we have noted
an interesting correlation between
these two processes arising from the
work of Santin et al. (2004). Using
microarray technology, they identified
human genes overexpressed in ovar-
ian tumors. Among the ten genes most
highly overexpressed compared to
normal ovarian cells (above 20-fold in-
duction), several (both TACSTD1 and
TACSTD2, two Claudin genes, and
the transcription factor AP2) have ho-
mologs in zebrafish known to be ex-
pressed at high levels in the lateral
line system, particularly in the mi-
grating primordium (Gompel et al.,
2001; Kollmar et al., 2001; O’Brien et
al., 2004; this study). It appears,
therefore, that at least part of the mo-
lecular machinery involved in primor-
dium migration is shared with that of
invasive tumor cells.

The two mammalian tacstd genes
seem to have derived from a single
ancestral gene through mRNA-medi-
ated retrotransposition, with tacstd2
arising as a retrocopy of tacstd1 (Lin-
nenbach et al., 1993). We found a sin-
gle tacstd gene in zebrafish, clearly

orthologous to the vertebrate tacstd1
genes, indicating that the transposi-
tion event that generated tacstd2 oc-
curred after the fish and tetrapod lin-
eages diverged from each other (yet
prior to the divergence of the avian
and mammalian lineages, Linnenbach
et al., 1993).

We relied on gene inactivation to
investigate the role of tacstd in the
control of cell migration and/or of cell
type determination. tacstd gene
knockdown results in a reduction of
the number of PLL neuromasts. This
reduction could reflect a general im-
pairment of development due to mor-
pholino-antisense injection, leading to
delayed migration and proneuromast
deposition. This explanation is un-
likely, however, for three reasons.
First, in many cases, one or two ter-
minal neuromasts appear at the ap-
propriate time in embryos where the
more anterior PLL is drastically re-
duced. The presence of differentiated
terminal neuromasts suggests that
the phenotype can be attributed to a
defect in cell deposition, rather than
to a defect in cell migration, hair cell
differentiation, or a general defect in
development. Second, the finding that
two different morpholino oligonucleo-
tides elicit the same phenotype argues
for a specific, rather than general, ef-
fect. And, thirdly, we have tested a
number of morpholino oligonucleo-
tides directed against genes of the pro-
neural class (A. Sarrazin, A. G., and
M. A., unpublished results); none of
these morpholinos, despite showing
strong effects on neuromast hair cell
differentiation, affect proneuromast
deposition.

An aspect that remains to be ex-
plored concerns the consequences of
the failed deposition of proneuromasts
on PLL primordium cell number and
composition. The migrating primor-
dium does not appear to be substan-
tially larger in size in morphant fish
compared to controls, despite the de-
crease in deposition rate. It is possible
that tacstd loss-of-function involves
decreased proliferation or increased
cell death, which could also lead to
defective deposition without directly
affecting the migratory properties of
the primordium cells. For example, it
may be the case that deposition re-
quires a specific primordium size or
cell number to occur. Further work

Fig. 6. Phenotypic analysis of MO2-tacstd
morphant embryos: distribution of the most an-
terior primI neuromast (L1) as a function of its
position (somite number). The distribution is
shown separately for the embryos that are
strongly affected (top), moderately affected
(middle), and not affected (bottom). As the dis-
tributions are not significantly different at 2 and
6 days, the data of both types of embryos were
pooled.
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will have to be carried out to distin-
guish among the existing possibilities.

The fact that tacstd is expressed in
anterior as well as posterior neuro-
masts suggests that the gene is not spe-
cifically involved in controlling CXCR4-
dependent migration, which drives the
PLL primordium but not the ALL one
(David et al., 2002). Thus, we believe
that tacstd is more likely involved in the
shift between cell migration and cell dif-
ferentiation, and/or in synchronizing
the arrest of migration such that depos-
ited cells will retain their coherent or-
ganization. In this view, the elevated
expression of tacstd in the PLL primor-
dium may be required to counteract the
strong migratory drive imposed on
these cells by the SDF1-CXCR4 system.

We observed that the TACSTD pro-
tein is largely localized on the cell sur-
face, consistent with the presence of a
transmembrane domain and with
data on mammalian TACSTDs. This
cellular localization suggests that
TACSTD could act either as a trans-
ducer of some external signal, or as a

cell-communication device allowing
neighbouring cells to assume a con-
certed fate. Since the nucleation of
presumptive neuromasts occurs in the
primordium well ahead of actual dep-
osition (Itoh and Chitnis, 2001), it
seems unlikely that external signals
play an important role in this process.
We favor, therefore, the idea that
tacstd mediates a local “community ef-
fect,” such that groups of about 20
cells will behave synchronously and
end up as a single cluster of deposited
cells. Whether this effect acts primar-
ily on the arrest of migration or on the
onset of differentiation remains to be
determined.

EXPERIMENTAL
PROCEDURES

Animals

Wild type zebrafish (Danio rerio) of
the Tübingen or AB strains were kept
in our facility using standard condi-
tions (Westerfield, 1994). For obtain-

ing embryos, pairs of adult fish were
allowed to spawn spontaneously, were
staged according to Kimmel et al.
(1995), and were raised at 28°C in E3
medium (5 mM NaCl, 0.17 mM KCl,
0.33 mM CaCl2, 0.33 mM MgSO4, and
0.1% Methylene Blue) in Petri dishes
(Haffter et al., 1996). We express the
larval ages in hours after fertilization
(haf) or days after fertilization (daf).

cDNA Cloning, Sequence
Analysis, and Alignments

Using a partial cDNA clone named CG2
(a gift of C. Thisse and B. Thisse; de-
scribed as CB701 in Gompel et al.,
2001), we screened the zebrafish EST
database and identified a longer cDNA
clone (CG77) that was sequenced and
the encoded amino acid sequence de-
duced. The open reading frame found in
this cDNA encodes for a protein of 303
amino acids that is highly similar to
mammalian TACSTD proteins. Homol-
ogy searches were carried out using
BLAST (Altschul et al., 1990). Align-

Fig. 7. Effect of tacstd inactivation on secondary lateral line formation. A: A normal 6-day-old larva showing three primII neuromasts (LII.1, LII.2, and
LII.3). B,C: Two morphant embryos showing a strong phenotype. B: One lateral and two terminal primI neuromasts are present. The primII neuromasts
have formed normally (LII.1–LII.4). C: No primI neuromast is present on the focused side of the embryo; two lateral and one terminal primI neuromasts
are present on the other side as indicated. This embryo also shows the stereotyped head defect present in about 30% of the embryos. Note that in
A and C, the D1 neuromast has been dislodged during manipulation. This rarely happens and can easily be detected because a rim of labelled cells
remains attached to the epidermis, as can be faintly seen at this low magnification in A.
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ments were performed using the
CLUSTAL algorithm (Thompson et al.,
1994) comparing zebrafish TACSTD
to the following proteins: human
TACSTD1 (formerly GA733-2; Locus
ID: P16422); human TACSTD2 (for-
merly GA733-1; Locus ID: P09758);
Mouse TACSTD2 (Locus ID:
NP_064431); chicken TACSTD1 (Locus
ID: NP_001012582); Xenopus laevis
TACSTD1 (Locus ID: AAN86618); and
a Fugu rubripes predicted sequence
(SINFRUG00000141564 on scaf-
fold_656, Fugu build 2c, release 30.2e).
The phylogenetic tree was derived from
the CLUSTAL results using the un-
rooted NJ tree method. Analysis of ze-
brafish genomic sequence was per-
formed on the Ensembl web site (http://
www.ensembl.org/Danio_rerio/) using
zebrafish assembly version 4 (Zv4), re-
lease 30.4c. All sequences were handled
with the EdtiSeq software (DNASTAR,
Inc.).

Protein analysis was carried out with
the following software: PFAM (Bate-
man et al., 2004; http://www.sanger.ac.
uk/Software/Pfam/); SMART (Schultz
et al., 1998; http://smart.embl-heidel-
berg.de/); SOSUI (Hirokawa et al.,
1998; http://sosui.proteome.bio.tuat.ac.
jp/sosuiframe0.html); NetPhos 2.0
(Blom et al., 1999; http://www.cbs.
dtu.dk/services/NetPhos/); and THMM
(Krogh et al., 2001).

PCR amplification of the tacstd cod-
ing region was performed from the
CG77 clone with the following prim-
ers: Tacstd2RBam: 5� AGACGAGGA-
TCCATAACTTTATTTCTGTG 3� and
Tacstd2FCla: 5� GTTAATCGATGAG-
AAATTGTCTCCATTTCT 3�. The pri-
mers contain BamHI and ClaI restric-
tion sites, respectively. The PCR
amplification product was cloned into
the pGEM T-easy vector and trans-
ferred into the BamHI/ClaI restriction
sites present in the pCS-MT vector.
This construct, which contains the ze-
brafish tacstd cDNA fused at its car-
boxy terminus to the human myc se-
quence, was named pCStacstd-myc.

RT-PCR, In Situ
Hybridization and
Immunolabelling

Analysis of the expression of tacstd by
RT-PCR was performed using total
RNA from the following developmen-
tal stages: 0 haf, 6 haf, 24 haf, 48 haf,

6 daf (days after fertilization), and
from adult fish. RT-PCR was carried
out using primers F1: 5� CAGAT-
GAGAATGCCTTTGTGG 3� and R3:
5� ACTCTTCAAGCTCAGATCCCG 3�,
which amplify a 200-bp fragment of
the tacstd cDNA.

For detection of tacstd message, em-
bryos were fixed for 2 hr in 4% para-
formaldehyde/phosphate buffered sa-
line, then rinsed with PBS-Tween,
transferred to 100% methanol, and
stored at �20°C until processed for
whole-mount in situ hibridization
(Jowett and Lettice, 1994) or immuno-
chemistry (Westerfield, 1994). For in
situ experiments, riboprobes were
made from cDNA: tacstd linearized
with NotI and transcribed with T7
RNA polymerase; atonal with BamHI
and T7 RNA polymerase. For immu-
nolabelling, we used anti-acetylated
�-tubulin (1:1,000) and anti-Myc (1:
400).

Knockdown Experiment

Morpholino oligonucleotides were ob-
tained from Gene Tools (Philomath,
OR). The antisense Morpholino se-
quences used to inhibit the translation
of tacstd are MO1-tacstd: 5�-ACTA-
AAACCTTCATTGTGAGCGAGA-3�,
and MO2-tacstd: 5�-AGGCAACTA-
AAACCTTCATTGTGAG-3�; the bold
sequences correspond to the ATG
translation start codon. MO1-tacstd
was used at 1.25 mM and MO2-
tacstd at 1 mM in 1� Danieau buffer
(pH 7.6) as suggested by Gene Tools,
and injected into 1– 4 cell stage em-
bryos. For co-injection experiments,
the same concentration of morpho-
lino oligonucleotide was combined
with caged fluorescein (2% final, see
below).

Cell Labeling and
Microscopy

Neuromast hair cells of embryos were
labeled by incubation of live fish with
0.2 mg/mL 4-(4-diethylaminostyryl)-
N-methylpyridinium iodide (4-Di-2-
ASP, Molecular Probes, Eugene, OR)
in embryo medium for 5 min. Labelled
fish were rinsed in fresh embryo me-
dium and anaesthetized with tricaine
(3-aminobenzoic acid ethyl ester,
methanesolfonate salt, Sigma, St.
Louis, MO) for observation. Fish were

observed under florescence using a
green filter set. The primary pattern
of neuromasts is usually complete at
48 haf but the injection of morpholinos
occasionally slows down development
and, therefore, we routinely re-exam-
ined the pattern at 56 haf. For quan-
tification of effects on the primary
PLL, we counted the “lateral” neuro-
masts (L1 to L5) and, where indicated,
we also included the terminal (ter, L6-
L8) neuromasts.

For labeling neuromasts with alka-
line phosphatase, embryos are fixed in
PBS-4%PFA for 1 hr at room temper-
ature and rinsed in PBS. If needed,
they can be kept at 4°C in PBS for up
to several days. The embryos are then
treated in the same manner as for the
in situ hybridization staining protocol.
They are transferred to the alkaline
phosphatase incubation buffer for 15
min and the NBT-PCI substrate is
added at one half the normal concen-
tration. The reaction is followed under
a dissection microscope and stopped
(after 15–30 min) by several rinses in
PBS.

For subcellular localization of the
TACSTD protein, embryos were in-
jected with 100 to 200 pg of tacstd-myc
mRNA at the one cell stage. Embryos
were grown until 12 or 24 haf and fixed
in PFA 4%. Embryos were processed
for immunochemistry using anti-Myc
antibody and were developed with an
Alexa 488 second antibody (Molecular
Probes). Embryos were mounted in
0.7% agarose and visualized under
confocal microscopy (LSM META 510,
Carl Zeiss, Thornwood, NY).

Caged fluorescein coupled to
10,000 MW dextran (Molecular
Probes D-3310) was resuspended in
ultra pure water (Sigma) to a 10%
stock solution and stored at �20°C
in the dark to avoid uncaging by nat-
ural light. Uncaging experiments
were performed on zygotes that had
been injected with a 2% solution of
caged fluorescein at the 1– 4 cell
stage. Twenty-two haf embryos were
anesthetized, mounted in methyl-
cellulose, and examined with No-
marski optics under orange light to
determine primordium position. Pri-
mordial cells were uncaged by a brief
pulse (1 sec) of UV light with 20�
objective. Embryos were then trans-
ferred in tank water and left to de-
velop at 28.5°C in the dark.
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