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Zebrafish Csrp1 is a member of the cysteine- and glycine-rich
protein (CSRP) family and is expressed in the mesendoderm and its
derivatives. Csrp1 interacts with Dishevelled 2 (Dvl2) and Diversin
(Div), which control cell morphology and other dynamic cell be-
haviors via the noncanonical Wnt and JNK pathways. When csrp1
message is knocked down, abnormal convergent extension cell
movement is induced, resulting in severe deformities in midline
structures. In addition, cardiac bifida is induced as a consequence
of defects in cardiac mesoderm cell migration. Our data highlight
Csrp1 as a key molecule of the noncanonical Wnt pathway, which
orchestrates cell behaviors during dynamic morphogenetic move-
ments of tissues and organs.

gastrulation � heart � Wnt � zebrafish

Morphogenetic movement of cells is regulated by processes
involving signaling, cell adhesion, and cytoskeletal remod-

eling. Before gastrulation in the zebrafish embryo, cells divide on
the animal pole and then migrate toward the vegetal pole by
shielding movement (1). This dynamic movement commences at
50% epiboly to form three distinct layers: endoderm, mesoderm,
and ectoderm. During this event, mesendoderm cells involute
beneath the ectoderm and migrate toward the anterior side.
Next, these cells form the notochord, in which the next interca-
lation movement occurs. Consequently, the notochord extends
along the anterior–posterior axis (2). These characteristic con-
vergent extension (CE) cell movements are crucial for orches-
trated morphogenetic events.

During the CE movement, multiple signaling cascades control
coordinated cell behaviors. silberblick (slb) and pipetail (ppt)
zebrafish mutants show abnormal CE movement and display a
shortened tail and body axis (3, 4). Because slb and ppt encode
Wnt11 and Wnt5, respectively (5), the noncanonical Wnt cas-
cade has been proposed to be essential for CE movement (6). In
Drosophila, noncanonical Wnt signaling establishes planar cell
polarity of the imaginal discs. In the wing disk, prehairs give rise
to distally pointing hairs, where polarity is controlled by several
planar cell polarity genes (7). For example, Dishevelled (Dsh)
redistributes to the plasma membrane in response to Frizzled
(Fz) and localizes to F-actin containing filopodia. This asym-
metric translocation is involved in cytoskeletal remodeling,
which specifies the polarity of these prehairs (8). In Xenopus,
formation of polarized cell protrusions has been shown to be
regulated by two GTPases, Rho and Rac (9). These different
lines of evidence suggest a close relationship between the
noncanonical Wnt pathway and remodeling of the cytoskeleton,
which is crucial for cell shape, adhesion, and migration. None-
theless, factors that mediate noncanonical Wnt signals remain
unclear.

Cysteine- and glycine-rich proteins (CSRPs) belong to the
LIM domain superfamily and are highly conserved in both
vertebrates and invertebrates. The LIM domain can be found in
many different proteins, which act on a wide range of phenom-
ena from gene expression to remodeling of the cytoskeleton (10).

In vertebrates, three members of the Csrp family, Csrp1, Csrp2,
and Csrp3/MLP, have been identified (11–15). Despite extensive
structure–function analysis on this protein family, the molecular
functions of Csrp1 remain largely unknown.

We found that zebrafish csrp1 is expressed in the mesendoderm,
prechordal plate, notochord, and endoderm underlying the cardiac
mesoderm. When Csrp1 function is inhibited, embryos display
abnormal cell behavior during gastrulation and notochord forma-
tion. In addition, these embryos exhibit cardiac bifida. Our analyses
reveal that Csrp1 is a novel component of the noncanonical Wnt
cascade and coordinates cell behaviors during development.

Results
Expression Pattern of Zebrafish csrp1. To examine the expression
pattern of csrp1 in zebrafish embryos, the full-length cDNA was
cloned by means of an RT-PCR strategy using the assembled
sequences in the Zebrafish Information Network, National
Center for Biotechnology Information, and Ensembl databases.
csrp1 was found to encode a small protein that contains two LIM
motifs with two glycine-rich repeats [supporting information (SI)
Fig. 6] (16). Expression of csrp1 is not detected until gastrulation.
Robust expression begins in the axis at the 75% epiboly stage
(Fig. 1A). This expression extends to the anterior side, and, when
the embryo reaches the tail bud stage, csrp1 can be detected in
the prepolster (red arrowhead in Fig. 1B) (17). Weak expression
is also observed in the prechordal plate and notochord (Fig. 1B).
The shape of the csrp1-positive region changes as formation of
the polster proceeds (Fig. 1 C and D). By the one- to four-somite
stage, expression in the notochord is reduced. csrp1 is also found
in the polster precursor cells as examined by coexpression of a
prepolster marker, kruppel-like factor 4 (klf4) (data not shown)
(17). At the 14- to 19-somite stage, csrp1 expression is evident in
the endoderm beneath the cardiac mesoderm (Fig. 1D�). At later
stages, expression is found in the polster, pronephric ducts, the
endoderm underlying cardiac mesoderm, and a restricted part of
the cardiac mesoderm (Fig. 1 E and E�). At the 26-somite stage,
expression is detected predominantly in the pronephric ducts
(Fig. 1F).

Loss of Csrp1 Function Results in Abnormal Axis Formation. To
investigate the role of Csrp1, we injected zebrafish embryos with
two morpholino oligonucleotides (MO) against csrp1; both
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behaved similarly. A mismatch MO was designed as a negative
control, and it did not cause any morphological changes. Injec-
tion of the csrp1 MO resulted in a delay of epiboly progression
around the yolk. At 24 h postfertilization (hpf), somites were
compressed in a shortened posterior region of the body (red
arrowheads in Fig. 2A�). In addition, embryos injected with the
cspr1 MO had a shorter tail and a disorganized anterior region
of the body (Fig. 2 A). These phenotypes were rescued by
coinjection of mouse Csrp1 mRNA (SI Fig. 6).

Next, we found that ablation of csrp1 causes failure of midline
convergence of the presumptive prechordal plate as visualized by
goosecoid (gsc) expression (18). As a result, there was a round
and broad accumulation of cells at the margin and an extensive
delay of subsequent anterior movement (red arrowheads in Fig.
2B�). This was compared with the WT embryo, which displayed
a narrow anterior extension of gsc expression (red arrowheads in
Fig. 1B). We confirmed these findings by floating head ( flh)
expression (Fig. 2 C and C�) (19).

We examined expression of hatching gland 1 (hgg1) and
3�-phosphoadenosine 5�-phosphosulfate synthase 2 (papss2), both
of which are expressed in the polster, the most anterior region
of the prechordal plate (20). At 14 hpf, the WT embryo displays
a U-shaped expression of hgg1 in the polster (Fig. 2D). In the
csrp1 morphants, hgg1 expression is restricted to a smaller area
(Fig. 2D�). Furthermore, the posterior half of the hgg1-positive
region does not form a clear boundary; rather, this area displays
a dispersed expression in posterior regions where hgg1 is not
normally expressed. In contrast to normal papss2 expression,
which is restricted to a distinct region of the polster (Fig. 2E), the
expression pattern in the morphants is expanded and does not
display a well defined border (Fig. 2E�). Another marker, fzd8b,
is expressed in a restricted portion of the ventral telencephalon
at 14 hpf in the WT (Fig. 2F) (21). Similar to borders demarcated
by other markers, the morphants display expanded and dispersed
fzd8b expression in lateral and posterior regions of the telen-

cephalon (red arrowheads in Fig. 2F�), indicating a failure of
mesendoderm cell migration in this region.

Involution of the Mesendoderm Is Affected in the csrp1 Morphants. To
observe migration of mesendoderm cells, we injected an EGFP
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Fig. 1. Expression patterns of zebrafish csrp1. (A) At 75% epiboly stage, csrp1
is expressed in the mesendoderm in the axis. R, right side of embryo; L, left side
of embryo. (B) At the bud stage, expression is observed in the developing
notochord and prechordal plate (arrowhead). (C) Expression of csrp1 becomes
restricted in the prepolster region (arrowheads) at the 10- to 13-somite stage.
(D) Expression is maintained in the polster at the 14- to 19-somite stage
(arrowhead). (D�) Expression is also observed in the endoderm (arrows). (E and
E�) Expression is detected in the endoderm beneath the cardiac mesoderm (red
arrows), as well as in an anterior portion of the cardiac mesoderm (blue
arrowheads) at the 14- to 19-somite stage. (F) At the 26-somite stage, csrp1 is
expressed in the pronephric ducts.
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Fig. 2. Knockdown of csrp1 caused defects in gastrulation. (A and A�) Mor-
phants of csrp1 had short bodies with compressed somites (arrowheads) com-
pared with the WT (A). (B, B�, C, and C�) In the WT, marginal cells, which were
marked by expression of gsc (B) and flh (C), accumulated at the margin. In the
morphants, these cells did not accumulate, making large expression domains of
gsc (B�) and flh (C�) at 12 hpf. Anterior migration of these cells was also impaired.
(D–F and D�–F�) At 14 hpf, the prepolster region, marked by hgg1 (D) and papss2
(E), formed a U-shaped expression domain. In the morphants, this expression
domain became deformed without a clear boundary (D� and E�). (F and F�)
Expression of fzd8b in the head mesenchyme was restricted in the WT at 14 hpf
(F). This expression domain was expanded with dispersed signals in the mor-
phants (F�). (G) Notochord cells were visualized by injection of pFlh-EGFP. In the
morphants, marginal cells accumulated on the dorsal margin at 50% epiboly
stage, but some cells were displaced without accumulation at the midline even at
60–80% epiboly stages (green arrows). At 90% epiboly stage, some mesen-
doderm cells (green arrows) localized beyond the territory of the notochord.
Formation of the notochord was delayed and abnormal without elongation of
cell shape. (H and H�) Morphology of the notochord was examined by ntl
expression at 14 hpf. The faint but distinct accumulation of ntl-positive cells was
observed in the anterior end of the notochord (circle in H). This group of cells was
not observed in the morphants (circle in H�). The notochord of the morphants
was wider than that of the WT (brackets in H and H�). These pictures were taken
at the same magnification. (I and I�) Somites were visualized by expression of
myod. In the morphants, thin and compressed somites were formed (bracket in
I�) compared with the WT (bracket in I).
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expression construct driven by the flh promoter to restrict EGFP
to the notochord (Fig. 2G). When injected into the WT embryos,
most EGFP-positive cells are found in the notochord starting
from the 90% epiboly stage (SI Fig. 7). During gastrulation and
subsequent notochord formation, EGFP-positive cells display
the CE cell movement with lateral elongation of cell shape and
intercalation (SI Movie 1).

In contrast, the morphants have EGFP-positive cells that do
not accumulate at the margin during the onset of gastrulation
(Fig. 2G). Some cells indicated by green arrows migrate to the
margin at the 50% epiboly stage yet fail to complete midline
convergence at the 60–90% epiboly stages. As a result, EGFP-
positive cells do not form a clear notochord structure, but rather
are dispersed in the lateral plate mesoderm where flh-positive
cells are normally not present (green arrows in Fig. 2G and SI
Movie 2). These results, together with the expression patterns of
csrp1 (Fig. 1), indicate that Csrp1 plays crucial roles in involution
and migration of mesendoderm cells during gastrulation.

To further confirm this, we examined ntl expression. In the
WT, a cluster of ntl-expressing cells is formed at the anterior end
of the notochord at 14 hpf (Fig. 2H). Contrary to this, the ntl cell
cluster is not formed in the csrp1 morphants; rather, the expres-
sion of ntl fades toward the anterior end (Fig. 2H�). In addition,
the notochord of these embryos becomes wider (Fig. 2H�).
Visualization of myoD expression reveals that somites are com-
pressed along the anterior–posterior axis, with each thin somite
elongated laterally (Fig. 2I�).

Noncanonical Wnt Signaling and Csrp1. Wnt11 is expressed in the
mesendoderm cells and the presumptive notochord, whereas Wnt5
is expressed in the posterior presomitic mesoderm (4, 22). We
examined the expression of csrp1 in wnt11 and wnt5 morphants.
csrp1 expression is not affected in either morphant (SI Fig. 8). This
suggests that expression of csrp1 is regulated independent of Wnt11
and Wnt5. Consistent with this, expression of wnt11 and wnt5 is not
affected in the csrp1 morphants (data not shown).

Precursor cells of the prechordal plate have polarized
pseudopod-like processes at the onset of gastrulation. Forma-
tion of these cell protrusions is controlled by the planar cell
polarity/noncanonical Wnt cascade (23). An intriguing possi-
bility is that these pseudopodial processes might be formed via
interplay between Csrp1 and the noncanonical Wnt pathway.
To test this possibility, we examined morphological changes
induced by introduction of Csrp1 in HEK293 cells. In the
presence of serum, Csrp1-expressing HEK293 cells form mul-
tiple tiny protrusions where Csrp1 localized (yellow arrow-
heads in Fig. 3A). In this condition, Csrp1-negative cells do not
form such distinct processes (SI Table 1). As reported previ-
ously (24, 25), stimulation by Wnt1 alone induces polarized
elongation of cell shape even in Csrp1-negative cells (yellow
arrowhead in Fig. 3B Left). When Csrp1 is expressed in
HEK293 cells stimulated by Wnt1, the cells elongate to form
even larger protrusions (yellow arrowheads in Fig. 3B Right).
In this case, the cells did not make multiple processes, but
rather formed a single, larger protrusion. Membrane ruff ling
is induced in such protrusions, where Csrp1 colocalized (Fig.
3 C and C�). This implies that Csrp1 acts in a cooperative
manner with the noncanonical Wnt pathway. Therefore, Csrp1
most likely transforms the classical Wnt1-induced cell elon-
gation into polarized protrusions.

The JNK pathway is involved in cytoskeletal remodeling, as
previously suggested (26). Indeed, the amount of phosphory-
lated activating transcription factor (ATF) is reduced in the csrp1
morphants (Fig. 3D). To further examine this, we determined
whether JNK was activated in HEK293 cells. Introduction of
Csrp1 in HEK293 cells significantly increases the amount of
phosphorylated ATF2 that is coprecipitated with JNK (Fig. 3E),
indicating that Csrp1 is involved in activation of the JNK

pathway. In addition, Diversin (Div), which is involved in JNK
activation (27), is found to interact with Csrp1, as revealed by
coprecipitation of these two proteins from HEK293 cells (Fig.
3F). Next, we examined the functional relationship between
Csrp1 and components of noncanonical Wnt signaling. First, we
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Fig. 3. Csrp1 and the noncanonical Wnt/JNK signaling cascade. (A) Overexpres-
sion of Csrp1 in HEK293 cells induced formation of multiple cell protrusions
(arrowheads) in the presence of 10% serum. In these protrusions, Csrp1 localized
as shown by antibody staining. (B) When stimulated by Wnt1-conditioned me-
dium, Csrp1-negative HEK293 cells elongated and formed small protrusions
(arrowhead in Left). In contrast, Csrp1-expressing cells formed large protrusions
where Csrp1 colocalized (arrowheads in Right). (C) Csrp1 accumulated in ruffling
membrane formed at the edge of protrusions (arrowhead). A higher-
magnification view is shown in C�. (D) Cell lysates prepared from zebrafish
embryos were used for immunoprecipitation using an anti-JNK antibody. The
amount of phosphorylated ATF2 in the precipitate was decreased in the csrp1
morphants, as revealed by an anti-phospho ATF2 antibody, compared with
embryos injected with control MO. (E) Cell lysates were prepared from mock-
transfected and Csrp1-expressing HEK293 cells. Phosphorylation of ATF2 was
enhanced in the Csrp1-expressing cells. �-Tubulin was stained for a control. (F)
From HEK293 cells expressing Flag-tagged Div (FL-Div) and Myc-tagged Csrp1
(Myc-Csrp1), Div was coprecipitated with Csrp1. (G) Immunoprecipitation assay
using HEK293 cells. Flag-tagged Dvl2 (FL-Dvl2) and/or Myc-Csrp1 was introduced,
and then Csrp1 was precipitated from lysates. In the precipitates, Dvl2 was
detected. (H) A pAR-luciferase reporter and an expression vector for cJun were
introduced in HEK293 cells along with Csrp1, Dvl2, and Div. This reporter is
activated synergistically by Csrp1 and Dvl2/Div. This effect is further enhanced in
the presence of Wnt1.
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analyzed molecules coprecipitated with Csrp1. Interestingly,
Dishevelled 2 (Dvl2) was found in the precipitate (Fig. 3G).

For further confirmation, we coexpressed Csrp1, Div2, Div,
c-Jun, and a JNK responsive reporter gene in HEK293 cells (Fig.
3H). In this assay, these three components acted synergistically
on luciferase activity. Interestingly, this synergism is more evi-
dent in the presence of Wnt1.

Additional data using zebrafish embryos are presented in SI
Figs. 9 and 10.

Csrp1 and Heart Development. As described above, csrp1 is ex-
pressed in the endoderm underlying cardiac mesoderm and a
restricted region of cardiac mesoderm (Fig. 1E). To explore
further, we examined csrp1 expression as it relates to expression
of a cardiac marker, gata4. At 14 hpf, csrp1 is expressed in the
cardiac mesoderm and underlying endoderm (blue and red
arrowheads, respectively, in Fig. 4 A–C), as shown in sections
made at positions indicated in Fig. 4D. In corresponding serial
sections, expression of gata4 is detected in the cardiac mesoderm,
yet its expression domain is larger and expanded posteriorly
(blue arrowheads in Fig. 4 E–I). These data indicate that
expression of csrp1 is restricted to an anterior portion of the
cardiac mesoderm as contrasted with the broad expression of
gata4; hence, csrp1 expression defines a unique subregion of
cardiac mesoderm (Fig. 4J). In addition, csrp1 is expressed in the
endoderm beneath cardiac mesoderm.

To explore the potential functions of Csrp1 in cardiac devel-
opment, we examined the expression of several cardiac markers,
such as gata4, nkx2.5, hand2, gata5, and bmp2b (Fig. 5 A–F and
A�–F�) (28–31). In the csrp1 morphants, expression of gata4 and
nkx2.5 is not affected at 14 hpf; however, the expression domain
becomes muddled and laterally located (Fig. 5 A, A�, B, and B�).
hand2 is expressed in the cardiac mesoderm in the WT (Fig. 5
C and D), whereas its expression in the morphants is broader
(Fig. 5 C� and D�). gata5 and bmp2b are expressed in the
endoderm in the WT (Fig. 5 E and F). Expression of these genes
also becomes broad and muddled in the morphants, with some
cells distributed in an ectopic area (Fig. 5F�).

More profound effects are observed at later stages. At 26 hpf,

expression of cmlc becomes separated in the morphants (Fig.
5G�), whereas formation of a single heart tube is visualized by its
expression in the WT (Fig. 5G). At 30 hpf, cardiac mesoderm
cells remain separated, as visualized by expression of cmlc, amhc,
and vmhc (Fig. 5 H�, I�, and J�, respectively). These lines of
evidence indicate that Csrp1 regulates migration of cardiac
mesoderm cells. Hence, by preventing migration of cells and
subsequent fusion of the bilateral cardiac mesoderm at the
midline, a loss of Csrp1 function results in cardiac bifida.

Discussion
Expression of csrp1 is observed in the mesendoderm and noto-
chord, but its notochord expression is reduced before the interca-
lation movement it initiates (Fig. 1). Nonetheless, knockdown of
csrp1 results in abnormal cell behaviors in both notochord and
mesendoderm (Fig. 2). As shown in SI Movies 1 and 2, mesen-
doderm cells in WT embryos display organized behaviors and
subsequent CE movement, whereas those of the morphants stay
disorganized without exhibiting polarized movement and elonga-
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tion of cell shape. This suggests that Csrp1 is involved in the
initiation of cell behaviors in the mesendoderm, which affects
subsequent intercalation movement. We also suggest a possibility
that Csrp1-positive cells at the frontier of mesendoderm cell
migration might regulate behaviors of caudally located migrating
cells. Several markers, such as shh and ntl, are expressed in the
notochord normally, suggesting that Csrp1 is not involved in this
differentiation pathway. csrp1 is strongly expressed in the prepolster
(Fig. 1), and its expression pattern resembles that of klf4. None-
theless, a loss of Klf4 function results in a loss of polster formation
and down-regulation of marker genes (17). In contrast, in the csrp1
morphants, the polster was formed without extinction of hgg1 or
papss2 expression; however, the morphology is altered (Fig. 2 D�
and E�). Consistent with this, klf4 expression is maintained in the
morphants (data not shown). These results suggest that Klf4
regulates differentiation of the polster, whereas Csrp1 controls its
morphogenesis based on cell movement. In this sense, morphology
of Cap1 (cyclase-associated protein-1) morphants resembles that of
the csrp1 morphants (20). Cap1 is required for the apical regulation
of actin dynamics during morphogenetic movement (32). Because
cap1 is expressed in the anterior mesendoderm (20), there might be
a functional interaction between Cap1 and Csrp1. To explore this
further, putative interacting partners for Csrp1 must be identified.

As shown in Fig. 3 A and B, introduction of Csrp1 into
HEK293 cells induced formation of cell protrusions, which is
regulated cooperatively with Wnt1, suggesting synergism be-
tween Csrp1 and the noncanonical Wnt pathway. Mesendoderm
cells migrate in an integrin/focal adhesion kinase signaling-
dependent manner in axis formation. Abrogation of integrin or
focal adhesion kinase signaling results in a failure of gastrulation
in both Xenopus and zebrafish (33, 34). Formation of cell
protrusion is induced by activation of Rac-GTPase, which is
regulated by multiple factors and their interactions (35). Among
them, paxillin and zyxin contain multiple LIM domains (36, 37).
In fact, Csrp1 has been shown to interact with zyxin, which is
essential for the integrin-linked cascade to control cell motility
(38). Therefore, Csrp1 could be a component of complexes that
control integrin-dependent cell migration of mesendoderm and
cardiac mesoderm cells.

It has been shown that Csrp1 and Csrp2 interact with GATA2/4/6
to up-regulate serum response factor-dependent transcription (39).
Because gata5 is expressed in the endoderm underlying cardiac
mesoderm, we performed the same immunoprecipitation assay yet
failed to detect interaction between Csrp1 and Gata5 (data not
shown). To explore possible involvement in gene regulation, mi-
croarray analysis should be carried out to examine gene expression
profiles in csrp1 morphants, because Csrp1 is indeed in the nucleus
and its nuclear translocation is enhanced by Wnt1 as shown in Fig.
3 A and C. In addition, functions of Csrp proteins in establishment
of cytoarchitecture must be analyzed to understand tissue interac-
tions and signaling from the cytoskeleton to the nucleus, which
seems to depend on Wnt1 (data not shown).

As suggested by cardiac bifida mutants, such as mil, oep, bon, fau,
and cas, endoderm is involved in migration of heart precursors (30,
40–43), and tissue interaction between endoderm and cardiac
mesoderm is a key for correct migration of cardiac progenitors.
Consistent with this, csrp1 is expressed in the endoderm underlying
cardiac mesoderm, and a loss of Csrp1 function results in the same
cardiac bifida as shown in this study. In addition to the endodermal
expression, csrp1 is expressed in a subset of cardiac mesoderm cells
(Fig. 4). Because injection of the csrp1 MOs abrogates the function
in both endoderm and mesoderm, we do not know whether Csrp1
plays distinct roles in mesoderm and endoderm. Nonetheless,
during the formation of the notochord, Csrp1, which is expressed
only in the anterior-most population of cells, is involved in the cell
behaviors of the caudally located Csrp1-negative cells (additional
data are shown in SI Fig. 11). This suggests that Csrp1 expressed in

a small population of cardiac progenitors might control migration
of Csrp1-negative cardiac mesoderm cells. Although precise anal-
ysis is needed to explore the Csrp1 functions, our data highlight
Csrp1 as an essential factor that connects the noncanonical Wnt
signals to cell behaviors and migration.

Materials and Methods
cDNA Probes and in Situ Hybridization. Myc-tagged zebrafish csrp1
and other zebrafish probes, hgg1, papss2, ntl, myod, gata4, gata5,
nkx2.5, hand2, bmp2b, cmlc, vmhc, and amhc, for in situ hybrid-
ization were isolated from cDNA libraries using PCR techniques
with appropriate sets of primers. Maintenance of our fish colony
and whole-mount in situ hybridization were performed as de-
scribed (44). HA-tagged zebrafish NDaam1a (1–417 aa region)
was constructed from this cDNA by using RT-PCR techniques.
Myc-tagged mouse full-length Daam1 was the kind gift of T.
Yamaguchi (National Cancer Institute, Frederick, MD) (45).
Mouse Dvl2 and Xdd1 were kindly gifted by R. Habas (Univer-
sity of Medicine and Dentistry of New Jersey, Newark, NJ) (24)
and S. Y. Sokol (Mount Sinai School of Medicine, New York,
NY) (46), respectively. Human Div was purchased from Kazusa
DNA Research Institute (Chiba, Japan). pFlh-EGFP was a kind
gift from M. E. Halpern (Carnegie Institute, Baltimore, MD)
(47). The zebrafish gsc and fzd8b probes were kindly provided by
W. Shoji (Institute of Development, Aging, and Cancer, Miyagi,
Japan) (48) and T. L. Huh (Kyungpook National University,
Daegu, Korea) (49), respectively.

Immunocytochemistry, Immunoprecipitation, and Western Blotting.
HEK293 cells were maintained in high-glucose DMEM supple-
mented with 10% FCS. Transient transfection was performed by
using polyethylenimine (Polysciences, Warrington, PA). For
immunocytochemistry, cells were fixed for 15 min in a 3.7%
formaldehyde/PBS solution. After fixation, cells were perme-
abilized for 5 min with 0.2% Triton X-100. Cells were incubated
with primary antibodies for 1 h and then incubated with a second
antibody conjugated with Alexa Fluor 488 or Alexa Fluor 594
(Invitrogen, Carlsbad, CA) and Alexa Fluor 594-conjugated
Phalloidin for F-actin staining. Antibodies against Myc or Flag
epitopes were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA), Sigma (St. Louis, MO), and Rockland. For nuclear
staining, cells were incubated with DAPI (Sigma). Images were
recorded and processed with an Olympus (Tokyo, Japan)
FV1000 confocal microscope and processed by Photoshop
(Adobe Systems, San Jose, CA). Immunoprecipitation and
Western blotting were performed as described (50).

cJun N-Terminal Kinase Activity Assay. Transfected HEK293 cells
were lysed by the RIPA buffer and transferred into microcentrifuge
tubes. Cellular debris was removed by centrifugation at 17,000 � g
for 10 min. An anti-JNK antibody (Sigma) was added to cell lysates,
and then EZview Red Protein A Affinity Gel beads (Sigma) were
mixed. Samples were gently rocked for 4 h at 4°C and then were
centrifuged at 8,000 � g for several seconds. Collected beads
were washed with Wash Buffer 1 (Sigma). Assay buffer with ATF2
substrate (Sigma) was added, and samples were incubated for 30
min at 30°C. The reaction was terminated by addition of 4� SDS
sample buffer and boiling. All samples were subjected to SDS/
PAGE and transferred to a membrane to probe with an anti-
phospho-ATF2 (pThr69,71) conjugated with peroxidase (Sigma)
overnight at 4°C. For JNK activation experiments, HEK293 cells
were transfected with various combinations of plasmids: a pFR-Luc
construct (Stratagene, La Jolla, CA), a �-galactosidase expression
plasmid, and expression constructs containing Csrp1 and Gal4-
DBD-fused cJun (pFA2-cJun; Stratagene). A total amount of
transfected DNA was kept constant by adding an empty vector.
Forty hours after transfection, cells were lysed, and luciferase
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activities were measured by standardizing the transfection effi-
ciency with �-galactosidase activities.

Injection of MOs and mRNAs into Zebrafish Eggs. MOs were designed
and synthesized by Gene Tools (Philomath, OR). Sequences
were as follows: zCsrp1, 5�-CTGCTAGGTGTGTGGATAT-
GAAGAG and 5�-CTGTTGTGGGAATGAAGAGAGTTTG-
3�. Control MOs have four base mismatches. MOs were solubi-
lized in Danieau solution. For in vitro synthesis of mRNAs, the

RiboMAX Large Scale RNA Production System (Promega,
Madison, WI) was used. Injection was carried out as described (48).
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