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FGF-dependent left-right asymmetry patterning
in zebrafish is mediated by ler2 and Fibp1
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Establishment of left-right asymmetry in vertebrates requires
nodal, Wnt-PCP and FGF signaling and involves ciliogenesis in a
laterality organ. Effector genes through which FGF signaling af-
fects laterality have not been described. We isolated the zebrafish
ier2 and fibp1 genes as FGF target genes and show that their
protein products interact. Knock down of these factors interferes
with establishment of organ laterality and causes defective cilia
formation in Kupffer’'s Vesicle, the zebrafish laterality organ. Cilia
are also lost after suppression of FGF8, but can be rescued by
injection of ier2 and fibp7 mRNA. We conclude that ler2 and Fibp1
mediate FGF signaling in ciliogenesis in Kupffer’s Vesicle and in the
establishment of laterality in the zebrafish embryo.

ciliogenesis | Kupffer's vesicle | laterality

hile bilaterians are broadly symmetrical along the left/
right (L/R) axis, substantial asymmetries exist that are
an essential feature of the animal’s body plan. In humans,
various types of L/R defects arise, leading to abnormal posi-
tioning of organs, skeletal malformation, and failure of neural
tube closure (1). Establishment of L/R asymmetry in verte-
brates has been studied extensively, leading to the implication
of several signaling pathways in the process (2-6). Although
the nature of the initial symmetry-breaking event remains
elusive, subsequent regulatory cascades have been elucidated
to a considerable extent and shown to be conserved in
evolution (6). Ciliogenesis in the mouse node and in equivalent
structures such as zebrafish Kupffer’s vesicle, chick Hensen’s
node, and Xenopus gastrocoel roof plate, is essential for the
establishment of L/R asymmetry (7-12). The rotation of
monocilia in these fluid-filled cavities generates leftward
nodal flow, which deposits vesicles containing signaling factors
on one side of the node (9), presumably leading to L/R
polarization. Although an alternative model has been pro-
posed in which cilia act as mechanosensory devices (3, 13, 14),
the importance of cilia as such in laterality establishment is
clear. Recently, a role for Bardet-Biedl syndrome proteins (15,
16) and for noncanonical Wnt/planar cell polarity (PCP)
signaling (17) has been reported in early ciliogenesis and
laterality establishment. In mice and zebrafish, these pathways
are also involved in regulating cell movements in development,
and interference with their function leads to midline defects in
addition to laterality defects. These observations, and corre-
lations seen in zebrafish mutants (18), point to an association
of midline and laterality defects in vertebrate embryos.
Several signaling pathways have been implicated in L/R asym-
metry, notably the nodal and hedgehog pathways (2-6). Fibro-
blast growth factor (FGF) signaling is known to have a role in this
process, although opposite effects on laterality have been re-
ported for the mouse and chick (19-21). Studies in the rabbit
suggest that the differences are dominated by the geometry of
the early embryo (22). In zebrafish ace/fgf§ mutants, laterality of
brain, heart, and gut is frequently abnormal, and a fraction of the
mutant embryos show defects in Kupffer’s vesicle (23). In
the mouse, FGF signaling induces vesicular traffic that leads to
the asymmetric deposition of other signaling factors at one side
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of the node, presumably generating nodal asymmetry that leads
to a transfer of the L/R signal to the lateral plate mesoderm (9).
Although this latter study indicates that FGF functions in L/R
asymmetry by controlling vesicle trafficking, the effects of FGF
on the expression of nodal and lefty2 suggest an additional role
in transcriptional regulation. The mechanism of FGF action and
possible effector molecules transmitting the signal in L/R asym-
metry establishment are presently unknown.

Here, we report the isolation of ier2 and fibpl as FGF target
genes that cooperate in laterality determination in zebrafish.
Knock down of each gene affects ciliogenesis and establishment
of L/R asymmetry, and the two genes are synergistic in their
function. Further, supplementation with ier2 and fibpl mRNAs
can rescue ciliogenesis in Kupffer’s vesicle that has been im-
paired by depletion of FGF8. Thus, we provide evidence for the
functional interaction of Ier2 and Fibpl, and for their joint
requirement downstream of FGFS for ciliogenesis in Kupffer’s
vesicle and for the establishment of laterality in the zebrafish
embryo.

Results

Identification of ler2 and Physical Interaction with Fibp1. We used
microarray analysis to screen for effectors of FGF signaling by
comparing the transcriptome of embryos injected with control,
f28f8, or dominant negative fgf receptor 4 (dnfgfr4) RNA. We first
focused on one of the FGF-induced genes, immediate early
response 2 (ier2, also known as pip92), a gene activated by growth
factors in cell culture whose in vivo functions have not been
characterized to date (24-26). To probe Ier2 function we used
it as a bait in yeast 2-hybrid screening experiments. These studies
yielded fgf intra-cellular binding protein 1(fibpl) as a major
interacting factor. Fibp1 is known to be a nuclear FGF binding
protein, but as in the case of Ier2, its in vivo functions have not
been elucidated (27, 28). Ier2 is partly and Fipbl is highly
conserved among vertebrates (Figs. S1 and S2). In the zebrafish
embryo, ier2 shows an FGF syn-expression group pattern at early
stages (29, 30) and is later detected in the notochord and caudal
region, whereas fibp! expression is ubiquitous (Figs. S3 and S4).
To check the microarray results we performed in situ hybrid-
ization with ier2 and fibp1 after injection of fgf8 or dnfgfr4 RNA
into zebrafish embryos. Both genes were strongly induced by fgf8
and suppressed by dnfgfr4¢ RNA (Fig. 1 A-F), confirming that
they are downstream targets of the FGF signaling pathway. We
also tested the yeast 2-hybrid results by coimmunoprecipitation
experiments after cotransfection of Flag-tagged Ier2 and HA-
tagged Fibpl into cultured cells. Reciprocal tests showed effec-
tive coprecipitation of the two proteins (Fig. 1 G and H).
Further, the two proteins colocalized in the nucleus after
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Fig. 1. ler2 and Fibp1 are Downstream of FGF. (A-F) Whole-mount in situ

hybridization with jer2 (A-C) at 80% epiboly, and with fibp1 (D-F) at 60%
epiboly stages after injection of control gfp RNA, 100 pg (A and D); fgf8 RNA,
5pg (Band E); and dnfgfr4 RNA, 300 pg (Cand F). (G and H) Physical interaction
between ler2 and Fibp1. Immunoprecipitation (IP) and immunoblotting (IB)
areindicated. (/-L) Intracellular localization of ler2 and Fibp1. ler2 (/) and Fibp1
(J) are colocalized in the nucleus (K) after injection of epitope-tagged con-
structs into zebrafish embryos. (L) Merged image I-K

injection of epitope-tagged RNAs into zebrafish embryos at
shield and 80% epiboly stages (Fig. 1 /-L) and after transfection
into 293T cells (data not shown). These data indicate that Ier2
and Fibpl are FGF induced factors that can physically interact
in the nucleus during embryonic development.

Phenotypes of jer2 and fibp1 Morphants. To investigate Ier2 and
Fibp1 function, we performed knockdown experiments, using
antisense morpholino oligonucleotides (MO) targeted to the
translational start region of each mRNA. Both MOs are highly
effective, as tested by coinjection of RNAs encoding gfp-tagged
Ier2 or Fibp1 with the cognate MO into zebrafish embryos (Fig.
S5). Injection of ier2 MO into 1-cell embryos resulted in reduced
expansion toward the anterior consistent with defects in cell
movements (92% shortened axis, n = 80), compared with
control MO-injected embryos (1%, n = 87) (Fig. 2 A and C).
Likewise, convergence to the midline appeared compromised,
resulting in widened notochord and somites (Fig. 2 B, D, E-L).
At 24 h after fertilization (hpf), ier2 MO-injected embryos had
a short axis (95%, n = 90; control MO-injected embryos were
100% normal, n = 89). This phenotype was successfully rescued
by zebrafish ier2 mRNA (10% axis defects, n = 76), and by
human ier2 RNA (11%,n = 65) (Fig. 3A-D). These data indicate
that zebrafish and human Ier2 are functionally equivalent despite
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Fig.2. ler2 and Fibp1 are required for convergent extension. Control (A and
B) and jier2 morphant (C and D). Lateral (A and C) and dorsal (B and D) views
atthe 5-somite stage. Bracketsin A and Cshow the distance between head and
tail, and arrowheads in B and D show the width of the somites. (E-L) Two-color
in situ hybridization with marker genes at the 3-somite stage. Dorsal views of
anterior (E-H) and posterior (/-L) region. (E and /) Drawings of a normal
embryo indicating the patterns of the markers used, cts/1b (red), dix3b (blue),
ntl (blue), and pcdh8 (red). (F and J) Control MO-injected embryo. (G and K)
ier2 MO-injected embryo. (H and L) fibp1 MO-injected embryo. In the exper-
imental embryos, notochord and somites are wider and extension along the
A/P axis is reduced.

limited sequence conservation (Fig. S1). The MO effects are
dose dependent, as shown in 48 hpf embryos (Fig. 3 F-I). This
allowed a test for functional interaction between Ier2 and Fibpl1.
Low doses of individual MOs had little effect (ier2 MO at 2 ng,
5% axis defects, n = 71; fibpl MO at 3 ng, 11%, n = 101; control
MO, 5%,n = 67) (Fig. 3 E, F, and H). In contrast, a combination
of both MOs at low dose resulted in a phenotype similar to that
induced by high doses of individual MOs (both MOs at low dose,
81% axis defects, n = 78; ier2 MO at 6.5 ng, 91%, n = 71, fibp1
MO at 7 ng, 89%, n = 68; Fig. 3 G, I, and J). FGF signaling can
dorsalize zebrafish embryos (31). Because Ier2 and Fibpl are
induced by FGF and may participate in FGF signal transduction
we tested for effects of the MOs on dorsal/ventral axis specifi-
cation. No changes in the pattern of expression of the ventral
marker bmp4 and the dorsal maker chordin were observed at
early and mid gastrula stages (Fig. S6).

Overexpression of Ier2 and Fibp2 also led to shortened axis
compatible with inhibition of cell movements in the embryo, as
observed at the gastrula stage and at 48 hpf (Fig. S7 and Fig. 3).
It is common for cell movements to be impaired by both
overexpression and suppression of gene involved in the process.
The overexpression phenotype also served to confirm functional
interaction between the two proteins. Effective doses of indi-
vidual RNAs generated similar phenotypes (ier2 RNA at 50 pg,
95% axis defects, n = 87; fibpl RNA at 70 pg, 99%, n = 72; hier2
RNA at 50 pg, 90%, n = 74), control RNA (2% axis defects, n =
78), low doses of ier2 RNA (10%, n = 56) or fibpl RNA (7%,
n = 70) had little effect, and coinjection of low doses showed a
synergistic effect (88%, n = 86) (Fig. 3 M-S). Finally, Ier2 and
Fibp1l were able to cross rescue each other: fibpl RNA reduced
the effect of ier2 MO to 22% axis defects (n = 68) as opposed
to 91% for ier2 MO alone (see above), and ier2 RNA rescued
fibpl MO to 18% defects (n = 84) as opposed to 89% for fibp1
MO alone (Fig. 3 K and L). The cross rescue may be due to a
reduction rather than complete elimination of each protein by
the cognate MO; the remaining protein might then be more
effectively incorporated into complexes by increased concentra-
tion of its partner. These data support the view that Ier2 and
Fibp1 functionally interact in vivo.
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Fig. 3. Functional interaction between ler2 and Fibp1. (A-D) Lateral views at 24 hpf. The ier2 MO-injected embryo has a short trunk (B) compared with the
control (A). The ier2 MO phenotype was rescued by coinjection with zebrafish ier2 mRNA (C) and human ier2 mRNA (D). (E-S). Lateral views at 48 hpf. (E-L) Knock
down phenotypes. Low doses of ier2 MO (F) or fibp1 MO (H) have no phenotype, whereas effective doses of ier2 MO (G) and fibp1 MO (/) show very similar
phenotypes. Coinjection with both MOs at low dose mimics the high-dose phenotype (J). ier2 MO is rescued by fibp1 RNA (K), and fibp1 MO is rescued by ier2
RNA (L). (M-S) ler2 and fibp1 overexpression phenotypes. (M) Control RNA-injected embryos. (N and O) ier2 RNA injection phenotypes at low dose and effective
dose. (P and Q) fibp1 RNA injection phenotypes at low dose and effective dose. (R) Coinjection of low dose of ier2 plus fibp1 RNA. (S) Injection of human

hier2 RNA.

Failure of Organ Laterality in ier2 and fibp1 Morphants. Because of
the association of convergent extension and laterality defects
(16, 32), we investigated the establishment of L/R asymmetry in
embryos injected with ier2 or fibpl MO. Severe deficits in
laterality were observed after injection of either MO at high dose
or a combination of the two MOs at low doses (Fig. 4). The
Nodal-related genes southpaw (spaw) (33) and [ft] (34) are
normally expressed on the left side, but embryos in which
expression of Ier2, Fibpl, or both was suppressed showed
reversed or bilateral expression of spaw (Fig. 4 A-D and Q) and
Ift] (data not shown). Because both spaw and [ft] are required for
establishment of laterality, any disturbance in their expression
pattern is correlated with defects in organ placement in zebra-
fish and other organisms (33-36). We assayed for effects on heart
and gut laterality in ier2 and fibpl morphants, using cmlc2 (37)
and foxa3 (38) as markers to visualize the early development of
these organs. ler2 and Fibpl morphant embryos have extensive
heart laterality and looping deficits, showing a predominance of
situs inversus (Fig. 4 E-H and Q). Likewise, foxa3 expression in
the developing gut illustrates the frequent failure of gut looping
to the left in the morphant embryos (Fig. 4 I-L and Q). As in
heart development, gut looping showed a predominance of
inverted phenotypes in the morphants, most notably in the
ier2/fibp1 double morphants (Fig. 40Q). It is known that reduction
in spaw expression randomizes gut laterality (38), whereas the
depletion of Ier2 and Fibpl led to a predominance of situs
inversus even though spaw was expressed bilaterally in a majority
of the morphant embryos. These observations suggest that Ier2
and Fibpl are required for the establishment of laterality of
visceral organs in the zebrafish upstream of spaw, but that
additional factors are likely to be affected.
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An additional phenotype observed in the ier2 and fibpl
morphant embryos is undulation of the notochord, as visualized
by in situ hybridization with shh (Fig. 4 M—P) and Ift1 (37) (data
not shown). Establishment of laterality is often compromised in
midline defect mutants in zebrafish (2, 18), and notochord
undulation has been associated with laterality defects (16).

ler2 and Fibp1 Are Required for Ciliogenesis in Kupffer's Vesicle.
Kupffer’s vesicle, a fluid-filled structure, is located beneath the
tail bud in the zebrafish embryo and is the functional equivalent
of the mammalian node (10). Kupffer’s vesicle cells carry
monocilia, and these cilia and possibly the fluid flow that
depends on their function, are critical for the establishment of
laterality in zebrafish (6, 9). It is known that ace/fgfS mutant
zebrafish suffer defects in Kupffer’s vesicle formation and
exhibit abnormal laterality of pharyngeal arches and visceral
organs (23), and L/R asymmetry phenotypes after the loss of
FGF signaling have been reported in other organisms as well (9,
19,23). We investigated the role of FGF signaling and of Ier2 and
Fibpl in the development of cilia in Kupffer’s vesicle. Injection
of an fgf8 MO led to a dramatic loss of cilia in Kupffer’s vesicle
(87% of embryos with reduced cilia, n = 21) compared with
control MO-injected embryos (2%, n = 20) (Fig. 5 A4, B, and G).
Likewise, injection of ier2 MO (80%, n = 23) or fibpl1 MO (88%,
n = 20) separately caused a partial loss of cilia (Fig. 5 C, D, and
G), with the length of the remaining cilia reduced. The evidence
for cooperation between the two factors is further supported by
an almost complete loss of cilia after coinjection of ier2 and fibp1
MOs (90%, n = 21) (Fig. 5 E and G), yielding a phenotype
similar to that of knockdown of FGF8 (Fig. 5 B and G). Most
critically, the loss of cilia elicited by suppression of FGFS8
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Fig. 4. ler2 and Fibp1 are required to establish left-right asymmetry in

zebrafish. Control MO (A, E, I, and M), ier2 MO, 6.5ng (B, F, J,and N), fibp1 MO,
7 ng (C, G, K, and O), and ier2 MO plus fibp1 MO, 2 plus 3 ng (D, H, L, and P)
were injected, and embryos examined by whole-mount in situ hybridization.
(Q) Quantification of experimentsillustrated in A-L. (A-D) Dorsal view of spaw
expression at 19 hpf. MO-injected embryos show bilateral expression (B-D)
compared with left side expression of controls (A). (E-H) Ventral view of cm/c2
expression at 36 hpf. ler2 and fibp7 MO cause abnormal heart laterality and
looping (F-H); control in E. (I-L) Asymmetric expression of foxa3 in gut was
altered by ier2 or fibp1 MO injection (J-L), compared with controls (/), all at 36
hpf. (M-P) ler2 and fibp1 MOs caused notochord undulation at 22 hpf. h,
heart; g, gut; n, notochord.

expression was effectively reversed by coinjection of ier2 plus
fibpl mRNAs with the fgf8 MO (18%, n = 19) (Fig. 5 F and G).
These observations provide strong evidence for the view that
Ier2 and Fibpl are cooperating factors downstream of FGF
signaling that are required for the formation of Kupffer’s vesicle
cilia in the zebrafish. This places Ier2 and Fibp1 upstream of the
information transfer from the node to the lateral plate meso-
derm during laterality establishment in the zebrafish embryo.
To gain more insight into the relationship between fgfS and
ier2 in Kupffer’s vesicle formation we carried out a detailed
comparison of their expression patterns in this region of the
embryo. Both genes are expressed in Kupffer’s vesicle and
presomitic mesoderm (Fig. 6 A and B). Double label fluores-
cence in situ hybridization of ier2 with fgf§ and with charon (cha),
a marker for Kupffer’s vesicle, shows colocalization of fgf§ and
ier2 in Kupffer’s vesicle, with cha limited to a horseshoe-shaped
caudal region, as reported in ref. 39 (Fig. 6 C and D). Thus,
FGFS, Ier2 and Charon, together with the ubiquitously ex-
pressed Fibp1, are in a position to affect the function of Kupffer’s
vesicle in the specification of laterality. A relationship between
these factors is further supported by the observation that injec-
tion of fgf8§ MO or a combination of ier2 and fibpl MOs led to
a loss of cha expression in Kupffer’s vesicle (Fig. 6 F and G). As
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Fig. 5. Cilia formation in Kupffer’s vesicle depends on ler2 and Fibp1. (A-F)
Monocilia were detected with anti-acetylated tubulin antibody (red), and
nuclei with DAPI (blue) in Kupffer’s vesicle at the 5-somite stage. fgf8 MO, 8
ng (B) and ier2 MO plus fibp1 MO (E) -injected embryos show dramatic
reduction of cilia, compared with control (A). Moderate reduction of cilia by
ier2 MO (C) or fibp1 MO (D) alone was observed. Loss of cilia was rescued by
coinjection with jer2 RNA plus fibp1 RNA with fgf8 MO (F). For levels of MOs
see legend to Fig. 4. (G) Number of cilia in Kupffer’s vesicle; 12 embryos were
counted in each case corresponding to images in (A-F). n, notochord.

in the case of cilia (Fig. 5F), the loss of cha expression elicited
by fgf8§ MO was rescued by coinjection of ier2 plus fibpl RNA
(Fig. 6H). Kupffer’s vesicle is formed from a set of cells in the
early gastrula called the forerunner cells (40). In embryos
injected with ier2 MO, fibpl MO or both, forerunner cells could
still be detected although they were disorganized and broken up
into multiple groups of cells (Fig. 6 I-L). Thus, Ier2 and Fibpl
appear to affect Kupffer’s vesicle formation starting at the time
of forerunner cell formation.

Discussion

Involvement of the FGF signaling pathway in establishment of
L/R asymmetry has been reported in several organisms including
the mouse, chick, rabbit, and zebrafish (9, 19-23). One study
focused on the role of FGF in facilitating vesicular deposition on
one side of the node (9), whereas other studies showed a
requirement for FGF signaling for the expression of other genes
and for the final laterality of different organs in the embryo
(19-23). The mechanism of FGF function in laterality and the
nature of mediators acting downstream of FGF in this process
are largely unknown. In the present article, we describe the
identification of the early immediate response 2 (ier2) gene as an
FGF target gene in the zebrafish embryo, using microarray
analysis. Jer2 was discovered as a growth-factor inducible gene
(24) whose expression in cultured cells could be activated by Ets
and CArG-like elements (25). The function of Ier2 in embryonic
development has not been studied. Although the overall se-
quence similarity between the zebrafish protein and human and
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mouse Ier2 is moderate, we found that the N-terminal region and
2 additional short segments in the middle of the protein are
highly conserved. Rescue of the Ier2 loss-of-function phenotype
in zebrafish by injection of human /ER2 mRNA (Fig. 3D)

2234 | www.pnas.org/cgi/doi/10.1073/pnas.0812880106

supports the view that the protein we study is the ortholog of
human IER2. To understand Ier2 function, we performed a yeast
2-hybrid screen, leading to the discovery of FGF intracellular
binding protein 1 (Fibpl) as an Ier2-interacting partner. Both
Ier2 and Fibpl are localized in the nucleus. We confirmed the
in vivo interaction between these proteins, using injection of
mRNA and MO-based knockdown experiments. In both over-
expression and inhibition experiments the phenotypes obtained
with either factor were identical. Further, joint overexpression or
inhibition acted synergistically while cross-rescue between the
two proteins could be achieved. These data strongly suggest that
Ier2 and Fibpl interact functionally in the embryo. To investi-
gate the pathway through which FGF activates ier2 and fibp1, we
injected mRNA encoding the FGF effector Pea3 (41), an Ets
family transcription factor, into zebrafish embryos. The expres-
sion level of ier2 and fibpl were dramatically increased by Pea3
overexpression (data not shown), suggesting that these two genes
are downstream of the MAPK branch of the FGF pathway.

The phenotype of ier2 or fibpl MO-mediated knockdown
includes apparent defects in convergent extension cell move-
ments during gastrulation. At 24 hpf, reduced notochord devel-
opment is apparent by direct inspection and by in situ hybrid-
ization with shh; such a phenotype has been observed after
interference with convergent extension, and has been linked to
effects on laterality in the zebrafish embryo (16). We found that
knockdown of ier2 and fibpl resulted in severe L/R defects,
observable by the reversion and randomization of markers of
laterality such as spaw and Ifty2, and by the development of
internal organs at later stages (Fig. 4). These defects were traced
back to a deficit of ciliogenesis in Kupffer’s vesicle; cilia in this
fluid filled cavity are required for the establishment of laterality
in zebrafish as in the homologous organs of other vertebrates
(2-7, 9, 10, 15, 16). These experiments further supported the
cooperation between Ier2 and Fibpl and the role of FGF
signaling in the pathway. It is known that ciliogenesis in Kupffer’s
vesicle is impaired in the ace/fgf8 mutant (23). We reproduced
this effect with the aid of an FGF8 MO and showed that
knockdown of Ier2 and Fibpl phenocopies loss of FGFS in this
system. Either of these interventions also led to a loss of cha
expression, providing an additional link to the establishment of
laterality (39). Most critically, the effect of FGF8 knockdown on
ciliogenesis and cha expression could be rescued by supplying
Ier2 and Fibpl, indicating that FGFS action in laterality estab-
lishment is mediated by these two factors.

Recently, a modulator of Nodal signaling, Ttrap (32), and a
mediator of Wnt signaling, duboraya (16), were shown to be
involved in the establishment of laterality. Their loss-of-function
phenotypes are similar to those of ier2 and fibp1, affecting cell
movements and causing notochord undulation; in addition,
duboraya is required for ciliogenesis in Kupffer’s vesicle. The
relationship between convergent extension movements and cil-
iogenesis is also implied by studies on the Bardet-Biedl Syn-
drome (BBS), which causes neural tube defects because of
impaired Wnt-PCP signaling and ciliary dysfunction (17). The
establishment of the L/R axis requires the coordinated action of
multiple signaling pathways, with the nodal and hedgehog path-
ways most extensively studied. With the recent indication of an
involvement of Wnt signaling (16) and our evidence for the role
of Ier2 and Fibpl downstream of FGF signaling, the multiple
inputs in the regulation of laterality are becoming more clearly
defined.

Materials and Methods

Zebrafish Strains. We used AB* line as a wild type, and mutants lines acet?82
and clo™378,

In Situ Hybridization and Immunostaining. \WWhole-mount in situ hybridization
with alkaline phosphatase-based single- or double-color reaction is described
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in ref. 42. Fluorescent in situ hybridization (FISH) was performed as reported
in ref. 43. Detection of tubulin in Kupffer’s vesicle was performed immuno-
staining with anti-acetylated tubulin antibody (Sigma), and detected with
Alexa Fluor 568 (Molecular Probes). DAPI was used to stain nuclei.

Microinjection of mRNA and Morpholinos. One-cell stage embryos were used
for microinjection with mRNA and morpholino (MO). Fgf8 constructs are
described in ref. 30, and dominant negative fgfr4 (dnfgfr4) was constructed
by deletion of the intracellular domain of zebrafish fgfr4, and tested by its
effects on several markers. ler2 and fibp1 were amplified form cDNA libraries
[a HeLa cell library was a gift from M. K Jang (National Institutes of Health,
MD]. All injection constructs were subcloned into pCS2+ vector, and mRNA
was generated using the mMMESSAGEmMMACHINE kit (Ambion). Morpholino
antisense oligonucleotide (MO) for jer2, 5'-GCCTCTGCTGTGACATCCATT-
GTTC-3’, for fibp1, 5'-CCCCACAAACACATCCAACTCCATG-3'were designed
and purchased from Gene-Tools; the bold sequence CAT corresponds to the
start codon. Fgf8 MO is described in ref. 44; it was injected at a level of 8 ng
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Yeast 2-Hybrid, Cell Culture, and Immunoprecipitation. We constructed a yeast
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purchased form Sigma. Proteins were detected by enhanced chemilumines-
cence (Western blot Dura; Pierce).
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