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Semaphorin 3d promotes cell proliferation and neural crest
cell development downstream of TCF in the zebrafish

hindbrain

Jason D. Berndt and Mary C. Halloran*

Neural crest cells (NCCs) are pluripotent migratory cells that are crucial to the development of the peripheral nervous system,
pigment cells and craniofacial cartilage and bone. NCCs are specified within the dorsal ectoderm and undergo an epithelial to
mesenchymal transition (EMT) in order to migrate to target destinations where they differentiate. Here we report a role for a
member of the semaphorin family of cell guidance molecules in NCC development. Morpholino-mediated knockdown of Sema3d
inhibits the proliferation of hindbrain neuroepithelial cells. In addition, Sema3d knockdown reduces markers of migratory NCCs
and disrupts NCC-derived tissues. Similarly, expression of a dominant-repressor form of TCF (ATCF) reduces hindbrain cell
proliferation and leads to a disruption of migratory NCC markers. Moreover, expression of ATCF downregulates sema3d RNA
expression. Finally, Sema3d overexpression rescues reduced proliferation caused by ATCF expression, suggesting that Sema3d lies
downstream of Wnt/TCF signaling in the molecular pathway thought to control cell cycle in NCC precursors.

KEY WORDS: Neural crest, Zebrafish, Semaphorin, TCF, Cell cycle, Cyclin

INTRODUCTION

Neural crest cells (NCCs) are a population of pluripotent precursor
cells that arise from the border of the neural ectoderm during
neurulation and migrate through the extracellular space to multiple
targets in the embryo. There they differentiate into several cell types,
including neurons, glia, pigment cells, cartilage and bone (Le
Douarin and Kalcheim, 1999). To begin migration, NCCs
delaminate from the neuroepithelium, which requires an EMT.
During EMT, cells downregulate epithelial cell adhesions in favor
of adhesion to the extracellular matrix and undergo changes in cell
morphology that allow them to migrate (Duband et al., 1995; Hay,
1995). NCCs undergo cell division before and throughout their
migration and differentiation (Kalcheim and Burstyn-Cohen, 2005).
Precise regulation of the proliferation of NCCs and their precursors
is probably crucial for their development. Wnt signaling plays a role
in controlling the G1- to S-phase transition of trunk NCCs, and this
is thought to be required for the onset of NCC migration (Burstyn-
Cohen et al., 2004). However, little is known about what other
factors may control NCC proliferation or the role of the cell cycle in
subsequent NCC development.

We have investigated the role of a semaphorin, Sema3d, in
hindbrain NCC development in the zebrafish. Semaphorins
constitute a large family of signaling molecules originally identified
as axon guidance cues (Kolodkin, 1998). Semaphorins also guide
migrating cells (Tamagnone and Comoglio, 2004). Class 3
semaphorins are secreted and bind to heteromeric receptors
containing members of the plexin and neuropilin protein families
(Yu and Kolodkin, 1999). Signaling through these receptors is
thought to regulate the cytoskeleton of axonal growth cones and
migratory cells, in part, through the activity of Rho GTPases
(Tamagnone and Comoglio, 2000; Liu and Strittmatter, 2001;
Pasterkamp and Kolodkin, 2003; Negishi et al., 2005).
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Semaphorins have been implicated previously in the control of
NCC migration. Sema3a inhibits the migration of chick NCCs in
vitro and is expressed in regions bordering NCC migration
pathways in vivo (Eickholt et al., 1999). Disruption of Sema3a or
Sema3f signaling in vivo causes NCCs to invade normally NCC-
free zones, suggesting that these semaphorins act to inhibit NCCs
from straying outside their pathway (Osborne et al., 2005).
Similarly, class 3 semaphorins are proposed to maintain
appropriate separation of hindbrain migratory NCC streams in
zebrafish (Yu and Moens, 2005). In other contexts, semaphorins
may also attract NCCs. In mice, Sema3c is expressed in the
cardiac outflow tract, a target to which NCCs fail to migrate in
Sema3c knockout mice (Brown et al., 2001; Feiner et al., 2001).
Semaphorin receptors are also implicated in NCC migration.
When neuropilin 1 expression is inhibited in chick, NCCs
destined to form sympathetic neurons are unable to complete their
migration (Bron et al., 2004). A similar phenotype is seen in
neuropilin 1-null mice (Kawasaki et al., 2002). Thus, semaphorins
and their receptors play an important role in the migration of
NCCs across species. Here, we show a different role for a
semaphorin in controlling proliferation of NCC precursors.

In zebrafish, Sema3d and neuropilins are expressed in subsets of
cranial NCCs prior to the onset of migration (Halloran et al., 1999;
Yu et al., 2004), suggesting a potential role in NCC development.
We show that Sema3d loss of function leads to a decrease in the
number of migratory NCCs and a disruption in the development
of NCC derivatives. Furthermore, we unexpectedly found that
Sema3d knockdown leads to reduced proliferation of hindbrain
neuroepithelial cells at the time of NCC production. Cell
proliferation in NCC precursors has been linked to Wnt signaling
(Burstyn-Cohen et al., 2004). We also show that the inhibition of
Wnt/TCF signaling via expression of ATCF leads to the inhibition
of hindbrain cell proliferation and migratory NCC markers.
Moreover, sema3d expression is eliminated by expression of ATCF.
Finally, overexpression of Sema3d partially rescues the reduced cell
proliferation, suggesting that Sema3d lies downstream of Wnt/TCF
signaling in this pathway.
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MATERIALS AND METHODS

Embryos

Wild-type (AB) zebrafish (Danio rerio) embryos were obtained from natural
matings. For Sema3d overexpression studies, Tg(hsp70:sema3d™*) (Liu et
al., 2004) embryos were obtained from homozygote incrosses. For TCF
inhibition studies, Tg(hsp70:ATCFe™) (Lewis et al., 2004) embryos were
obtained from hemizygous outcrosses to leopard strain. Double transgenic
embryos were obtained from Tg(hsp70:sema3d™*) homozygote crosses to
Tg(hsp70:ATCF#?) hemizygotes and screened by GFP fluoresence.
Embryos were reared at 25-29.5°C in E3 embryo medium and staged
according to Kimmel et al. (Kimmel et al., 1995). Hours or days post
fertilization (hpf and dpf) were defined as time reared at 28.5°C. Heat-
induction of transgenes was performed by transferring embryos in 100 ml
E3 in glass beakers from 28.5°C to 39.5°C for 1 hour. Embryos were then
returned to 28.5°C for recovery until BrdU treatment and/or fixation.

Morpholino design and injection

Morpholino oligonucleotides were synthesized by Gene Tools (Corvalis,
OR). Lyophilized morpholinos were resuspended in sterile water at a
concentration of 2 mM. Morpholinos were further diluted in 1X Danieau
solution (Nasevicius and Ekker, 2000) with 0.1% Phenol Red to the working
concentration. Optimal doses, defined as the highest dose that did not
significantly increase mortality or cause overt non-specific necrosis, were
determined empirically. Approximately 1 nl was injected into the yolks of
embryos at the one- to four-cell stage. In some cases, morpholinos
conjugated to FITC were used. This tag did not affect the efficacy of the
morpholino (not shown).

Sema3d translation inhibition  morpholino (3DMO, 5'-
catgatggacgaggagatttctgca-3') and four-base mismatch control morpholino
(5'-catcatgcacgaggagatatcteca-3") were used at 100 or 250 pM (Liu et al.,
2004; Wolman et al., 2004). Additionally, either of two Sema3d splice
blocking morpholinos was injected at 500 wM. These were designed to
complement the boundaries of the fourth intron/fifth exon (3DI4E5MO, 5'-
cacattcagtctgcagcaagagaaa-3') and fourth exon/fourth intron (3DE414MO,
5'-ctgactgatacttacaagagggttt-3’). In some experiments, we also used a
random sequence control morpholino (5'-cctcttacctcagttacaatttata-3") at 500
wM. Sema3d splice morpholinos were tested by RT-PCR on total RNA
isolated from embryos with Trizol (Invitrogen) using the following primers:
RT, 5'-tgg aac tgg tag tgg tga ac-3'; forward, 5’'-cca gac aac atc aat aaa cac
cec-3'; reverse, 5'-ttg ccc agg aaa tca gac ge-3'. Sequencing of individual,
gel-purified bands was performed by the UW-Biotechnology Center
(Madison, WI). Sequence analysis was conducted using MacVector
(Accelrys, San Diego, CA).

In situ hybridization
In situ hybridization was performed at 67°C with digoxigenin or FITC-
labeled riboprobes as in Halloran et al. (Halloran et al., 1999). Digoxigenin
or FITC was localized immunohistochemically with an antibody conjugated
to alkaline phosphatase (Roche, Indianapolis, IN) and with NBT/BCIP as a
substrate.

crestin and dlx2 double-labeling experiments were performed according
to Jowett (Jowett, 1999). Quantification was performed by outlining the
rhombomere 4 migratory stream in images collected by epifluoresence and
automated calculation of the integrated area by Metamorph (Universal
Imaging, Dowington, PA).

Phosphohistone-H3 and BrdU labeling

Phosphorylated histone H3 was recognized by a rabbit polyclonal antibody
(Upstate Bio, NY) and detected with the Vector ABC kit (Vector Labs, CA)
or Alexa 568 secondary antibodies. PH3-positive nuclei were counted by
eye on a Nikon TE3000 inverted microscope at 600X magnification. Nuclei
were counted in rhombomeres 3, 4 and 5 throughout the entire dorsal ventral
extent of the neuroepithelium.

S-phase nuclei were identified by 5-bromo-2-deoxyuridine (BrdU)
incorporation as described (Shepard et al., 2004). Immunohistochemistry
for BrdU (mouse anti-BrdU, Roche, Indianapolis, IN) was performed using
Alexa 488- or Alexa 568-conjugated secondary antibodies (Molecular
Probes, Eugene, OR). Embryos were flat-mounted dorsal side towards the
coverslip in an anti-fade solution (Hjorth and Key, 2001). Images were

collected every 1 wm to a depth of 40 wm from the dorsal surface with a
BioRad MRC 1024 laser-scanning confocal microscope. Experimental and
control embryos were always imaged during the same session using the
same settings on the microscope and software. Nuclei were counted in
rhombomeres 3, 4 and 5 on one side of the neural tube in a single optical
plane at the level of the dorsal otocyst.

Alcian blue

Cartilage was labeled with 0.1% (w/v) Alcian Blue (Sigma) essentially as
described (Schilling et al., 1996), except that the dilution buffer consisted of
0.37% HCI and 70% ethanol, and trypsinization was not performed. Lower
jaws were dissected and flat-mounted.

FITC-uncaging

One cell stage embryos were injected with 2% DMNB-caged FITC-dextran
(10X 10° M,, Molecular Probes, Eugene, OR). At 15 hpf, embryos were
dechorionated, arrayed in depression wells, and bathed in E3. The
fluorophore was uncaged via illumination at 360 nm with a 60X dipping
objective. Exposure for 1 second through a pinhole aperture was controlled
by an automated shutter. Embryos were fixed 2 hours later, counter-stained
with 0.2% TOPRO3 (Molecular Probes, Eugene, OR), and flat mounted
for confocal imaging. The number of uncaged cells adjacent to the
neuroepithelium was quantified.

RESULTS

sema3d is expressed in hindbrain NCCs

In zebrafish, cranial NCCs initially arise lateral to the
neuroepithelium in two anteroposterior bands from the midbrain
through the hindbrain (Schilling and Kimmel, 1994). Subsequently,
NCCs also arise from the neuroepithelium proper (J.D.B. and
M.C.H., unpublished). NCCs begin migration around 14-15 hpf and
segregate into three distinct streams lateral to rhombomeres 2, 4
and 6. We have reported previously that sema3d is expressed in
rhombomeres 3, 4 and 5, and in migratory NCCs (Halloran et al.,
1999). A more detailed analysis of sema3d expression confirms this
initial expression pattern and reveals additional expression in other
premigratory NCCs. As early as 11-12 hpf, sema3d expression is
initiated in the hindbrain and premigratory NCCs (not shown). By
15 hpf, sema3d is expressed strongly in rhombomeres 3, 4 and 5
and in rhombomere 2 (Fig. 1A). Transverse sections through
rhomobomere 4 at this stage reveal that expression is restricted to
the dorsal neuroepithelium (Fig. 1B). Expression is also apparent in
premigratory and early migratory NCCs adjacent to rhombomere 4
(Fig. 1A,B). Despite this initial restriction, sema3d is eventually
expressed in all three migratory streams, i.e. adjacent to
rhombomeres 2, 4 and 6 (Halloran et al., 1999). Ultimately, sema3d
is expressed in the mandibular, hyoid and gill pharyngeal arches
(Halloran et al., 1999) (Fig. 1C). Thus, sema3d is expressed in a
dynamic pattern during premigratory and migratory NCC stages,
suggesting that it may play a role in NCC development.

Sema3d knockdown causes abnormalities in a
subset of NCC derivatives

In order to investigate the role of Sema3d in NCC development, we
examined the effects of Sema3d knockdown on NCC derivatives in
the head. We injected newly fertilized embryos with a Sema3d
translation blocking morpholino (3DMO) (Liu et al., 2004; Wolman
et al., 2004), or one of two control morpholinos (CONMO): a
random sequence control morpholino or one containing four
mispaired bases relative to 3DMO. To control for potential non-
specific effects of the morpholino, we also used two Sema3d splice-
blocking morpholinos (3DI4ESMO and 3DE414MO). RT-PCR and
sequencing of Sema3d cDNA from morpholino injected embryos
showed that 3DI4ESMO caused an 118 nucleotide in-frame deletion
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corresponding to nucleotides 656-775 of Sema3d (GenBank
Accession Number, NM_131048, Fig. 1J). This deletion removed a
region of the Sema domain, including a predicted N-glycosylation
site. 3DE4I4MO caused a small variable deletion (15-20 nucleotides
within the Sema domain) (Fig. 1J, deletion begins at nucleotide 656
and has a variable 3’ end). Embryos in this and subsequent
experiments were stage-matched to correct for delay caused by
morpholino injection.

NCCs give rise to cranial cartilage, peripheral nervous system
components, and pigment cells. Thus, we analyzed these cell types
following Sema3d knockdown. Embryos injected with 3DMO
showed dramatic reductions and malformations of lower jaw
cartilage when compared with CONMO-injected embryos (Fig.
1D,E). This phenotype varied from the complete absence of cartilage
(not shown) to milder reductions in the size of the Meckel’s and
ceratohyal cartilages accompanied by a loss of the hyosymplectic
and gill cartilages (Fig. 1E). 3DI4ESMO or 3DE4I4MO-injected
embryos displayed a similar range and quality of phenotype as
3DMO-injected embryos (Fig. 1F; data not shown), suggesting that
Sema3d knockdown specifically disrupts patterning of the jaw. We
also examined non-ectomesenchymal NCC derivatives. We
observed pigment cells in living embryos from 2 to 5 dpf. 3DMO
and 3DI4E5SMO-injected embryos had reduced numbers of
melanophores relative to CONMO-injected and uninjected embryos
(Fig. 1G-I and not shown). This reduction was most severe in the

e “"é?otp ‘1 *

Fig. 1. Sema3d mRNA is expressed in NCCs and
morpholino knockdown of Sema3d disrupts
NCC derivatives without affecting NCC
induction. (A-C) In situ hybridization for sema3d
at 15 hpf (A,B) and 22 hpf (C). (D-F) Alcian Blue
labeling of pharyngeal cartilage at 5 dpf; (G-I) DIC
imaging of melanophores in 2 dpf in CONMO
(D,G), 3DMO (E,H) and 3DI4E5MO (F,l) injected
embryos. Arrow in G indicates ventral horn of
melanophores. (J) RT-PCR on mRNA extracted from
embryos injected with Sema3d splice blocking
morpholinos. (K-N) In situ hybridization for crestin
at 13 hpf (K,L) and hoxb2a at 18 hpf (M,N) in
CONMO (K,M) and 3DMO (L,N) injected embryos.
(A,K-N) Dorsal views, anterior is leftwards.

(B) Transverse section through rhombomere 4.
(C,G-I) Lateral views, anterior is leftwards.

(D-F) Ventral views, anterior is leftwards. r2-r5,
rhombomeres 2-5; oto, otocyst; m, hs, ch and gill,
Meckel’s, hyosymplectic, ceratohyal and gill
cartilages, respectively; bp, base pairs. Scale bars:
40 pm for A,C,M,N; 20 um for B; 100 uwm for D-I;
80 um for K, L.
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ventral horn of melanophores in the head (arrow in Fig. 1G).
Immunohistochemistry for the HuC/D antigen at 48 hpf labels the
neurons of peripheral cranial ganglia. We did not detect a difference
in HuC/D immunoreactivity between CONMO and 3DMO-injected
embryos (not shown). Moreover, we did not detect differences in the
glia of these ganglia between CONMO and 3DMO-injected
embryos, as detected by foxd3 expression at 36 hpf (not shown).
Collectively, these results suggest that Sema3d expression in the
NCCs and hindbrain is necessary for the development of some but
not all cranial NCC-derivatives.

Sema3d knockdown does not alter NCC induction
or hindbrain patterning

To understand the function of Sema3d and determine the stage of
NCC development at which it is required, we analyzed each step of
NCC development. To test whether defects in NCC derivatives were
due to a failure of initial NCC induction, we analyzed markers of
premigratory NCCs. Prior to the onset of migration, NCCs are found
in two bands lateral to the neuroepithelium. In addition, NCCs arise
from a region overlying and within the neuroepithelium. We found
no difference in the expression of two premigratory NCC markers,
crestin (Rubinstein et al., 2000; Luo et al., 2001) and snaillb
(previously snail2) (Thisse et al., 1995), in these regions between
3DMO and CONMO-injected embryos at 13 hpf (Fig. 1K,L and not
shown). We also examined premigratory NCC markers at later
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stages of development. At 17 hpf we saw no reduction in foxd3
(Odenthal and Nusslein-Volhard, 1998; Kelsh et al., 2000),
sox9a/sox9b (Chiang et al., 2001), sox/0 (Dutton et al., 2001) or
snaillb expression (not shown). Because NCCs are formed from
dorsal ectoderm, the absence of changes in the expression of
premigratory NCC markers suggests that Sema3d knockdown does
not alter dorsoventral patterning in the hindbrain. In addition, we
examined the anteroposterior patterning of the hindbrain because
different numbers of NCCs are generated from different
rhombomeres (Lumsden et al., 1991). Thus, anteroposterior fate
transformations could conceivably alter the number of migratory
NCCs and NCC derivatives. We labeled 3DMO and CONMO-
injected embryos at 17 hpf for hoxbla, hoxb2a, hoxb3a or hoxa2b
(Prince et al., 1998), or for krox20 (Oxtoby and Jowett, 1993), each
of which is expressed with specific anteroposterior boundaries.
We did not detect differences in the placement, size or
compartmentalization of rhombomeres between 3DMO and
CONMO-injected embryos (Fig. 1M,N; not shown). Collectively,
these data show that the defects in NCC derivatives caused by
Sema3d knockdown are not due to large scale changes in NCC
induction or hindbrain patterning.

Sema3d does not affect the NCC EMT

Following their induction, NCCs undergo an EMT to begin
migration; inhibition of EMT could lead to defects in NCC
derivatives. In order to test whether Sema3d is required for EMT, we
counted the number of NCCs that underwent the EMT during a 2-
hour time period in Sema3d knockdown embryos. We co-injected
embryos with either 3DMO or CONMO and caged-FITC dextran at
the one-cell stage. To label a subset of NCC precursors in the
neuroepithelium, we photo-uncaged the fluorophore in a small
region of rhombomeres 4 and 6 at 15 hpf. Embryos were fixed 2
hours later, counterstained with TOPRO3 to label all nuclei, and
imaged on a confocal microscope (Fig. 2A,B). We found no
difference in the number of FITC-labeled migratory NCCs adjacent
to thombomeres 4 or 6 between CONMO and 3DMO-injected
embryos (Table 1) (thombomere 4, P=0.20; rhombomere 6, P=0.39;
t-test). These data suggest that the EMT of NCCs from the hindbrain
neuroepithelium at 15-17 hpf is not dependent on Sema3d.

Sema3d knockdown causes a reduction in
migratory NCC markers

The next stage in NCC development is migration from the neural
tube. We used markers of migratory NCCs to test whether Sema3d
knockdown alters the number of migrating NCCs or disrupts the
pattern of NCC migration. At 18 hpf, we labeled embryos by in situ
hybridization for crestin and dix2 (Akimenko et al., 1994). Wild-
type and CONMO-injected embryos expressed crestin normally in
the three migratory streams of hindbrain NCCs (Fig. 2C; not shown).
By contrast, 3DMO-injected embryos showed a strong reduction in
crestin labeling (Fig. 2D). 3DE4I4MO and 3DI4E5MO-injected
embryos also showed reduced crestin expression in hindbrain NCCs
(Fig. 2E; not shown). We counted the number of embryos showing
reduced crestin labeling. We found that 13% and 17% of uninjected
and CONMO-injected embryos, respectively, showed a reduction;
whereas, 72%, 68% and 56% of 3DMO, 3DI4ESMO and
3DE4I4MO-injected embryos, respectively, showed a reduction.
The reductions in Sema3d knockdown embryos were statistically
significant compared to controls (P<107 for all comparisons, z-test,
n=272 uninjected, n=214 CONMO, n=118 3DMO, n=122
3DI4ESMO, n=55 3DE414MO). DIix2 is expressed in NCCs
migrating to the pharyngeal arches. Following Sema3d knockdown

crestin

3DI4E5SMO

crestin

Fig. 2. Sema3d knockdown reduces migratory NCC markers
without affecting EMT. (A,B) Uncaged FITC-dextran (green) and
TOPRO3 labeling of nuclei (blue) in the hindbrain at 17 hpf in CONMO
(A) and 3DMO (B) injected embryos. (C-E) Double in situ hybridization
for crestin (green) and dix2 (red); expression is reduced in 3DMO (D)
and 3DI4E5MO (E) injected embryos compared with CONMO (C).

(F) Quantification of the area of labeling of crestin and dix2 in the r4
migratory stream, indicated by white outline in C. *P<107®, t-test.
(A-E) Dorsal views, anterior is leftwards. oto, otocyst. Scale bars:

40 pm.

by 3DMO or 3DI4E5SMO, dix2 expression was also reduced,
although not as severely as crestin (Fig. 2C-E). To quantify the
reduction, we used double-fluorescent in situ hybridization to label
crestin and dIx2 in the same embryos. In whole mounts and sections
of wild-type embryos, we found that the expression regions of dix2
and crestin largely overlap (not shown). We measured the area of
labeling of both genes in the rhombomere 4 migratory stream. We
found a significant reduction in the area of labeling with both genes
in 3DMO-injected embryos relative to CONMO-injected (Fig. 2F).
The area of crestin expression was reduced by 27%, and the area of
dix2 expression was reduced by 23%. This suggests that 3DMO-
injected embryos have fewer migratory NCCs or that NCCs are less
dispersed compared with CONMO-injected embryos. Nevertheless,
the intensity of crestin labeling was more drastically reduced than
that of dix2, suggesting that Sema3d knockdown may affect the
expression of crestin in addition to affecting the migration of NCCs.

Sema3d knockdown reduces cell proliferation in
the hindbrain

Because the gross pattern of NCC migration was intact in Sema3d
knockdown embryos, we explored an alternative mechanism for the
defects in migratory NCCs and NCC derivatives described above.
NCCs undergo extensive proliferation before and after migration.
Furthermore, progression from the G1 to S phase of the cell cycle is
required for the onset of migration in chicken trunk NCCs (Burstyn-
Cohen and Kalcheim, 2002; Burstyn-Cohen et al., 2004). Although
semaphorins have not been implicated in cell cycle regulation, we
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Table 1. Number of migratory NCCs 2 hours after uncaging
FITC-dextran

Meanzs.e.m. Rhombomere 4 Rhombomere 6
CONMO (n=42) 3.0+0.44 3.1+0.34
3DMO (n=41) 3.7+0.37 3.6+0.42

analyzed the effect of Sema3d knockdown on the numbers of
neuroepithelial cells in G2/M phase or S phase by immunolabeling
for PH3 and incorporated BrdU, respectively. We found a reduction
in the number of proliferating hindbrain neuroepithelial cells at 17
hpf in 3DMO-injected embryos compared with CONMO-injected
embryos (Fig. 3A-D). The number of BrdU-positive nuclei in the
dorsal neuroepithelial regions that strongly expresses sema3d, i.e.
rhombomeres 3, 4 and 5, was significantly reduced in 3DMO
(27% reduction, P<107%) and 3DI4ESMO-injected embryos (18%
reduction, P<1077) when compared with CONMO (Fig. 3E).
Likewise, the number of PH3-positive nuclei in the same region was
also significantly reduced in 3DMO (29% reduction, P<1077) and
3DI4E5MO-injected embryos (24% reduction, P<10™*) compared
with CONMO-injected embryos (Fig. 3F). Thus, Sema3d
knockdown leads to a reduction in the proliferation of NCC
precursors.

In order to address the temporal and spatial specificity of the
reduction in cell proliferation, we analyzed PH3 expression at other
times and in other tissues of 3DMO and CONMO-injected embryos.
As described above, we found that PH3 labeling was reduced in the
hindbrain at 18 hpf (Table 2). By contrast, at a time before the onset
of Sema3d expression (10 hpf), the number of PH3 labeled nuclei in
the future neuroepithelium was unaffected by 3DMO injection
(Table 2). Similarly, when we counted PH3 labeled nuclei in the
hindbrain at later times of development (24 and 36 hpf), we did not
find a difference between 3DMO and CONMO-injected embryos
(Table 2). Furthermore, PH3 labeling in other regions of the embryo
where Sema3d is not expressed, e.g. the eye, was not affected.
Interestingly, in two regions that express Sema3d, the spinal cord
and pharyngeal arches, Sema3d knockdown increased the number
of PH3-positive nuclei (Table 2). Collectively, these data suggest that
Sema3d regulates cell proliferation in a specific spatiotemporal
pattern and that hindbrain neuroepithelial cell proliferation is
selectively reduced during the time of NCC production.
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Sema3d knockdown affects cyclin gene
expression

The cell cycle duration in neuroepithelial cells during the early
stages of sema3d expression (~12 hpf) is about 4-5 hours (Kimmel
et al., 1994). As the inhibition of Sema3d protein by morpholino
injection is constitutive, the analysis of PH3 and BrdU at 17 hpf in
Sema3d knockdown embryos reflects the cumulative effects of more
than one round of cell cycle. To discern which phase of the cell cycle
is affected, we examined the expression of several cyclins and
cyclin-dependent kinase inhibitor proteins (KIPs). Cyclin D1
transcript and protein levels increase during the G1 phase of the cell
cycle. In the above studies, a low concentration (100 uM) of 3DMO
was sufficient to decrease cell proliferation (Fig. 3) (Table 2). At this
dose, we did not detect differences in cyclin DI transcript levels.
However, when we injected the same morpholino at a higher
concentration (250 pM), the expression of cyclin DI was increased
in 3DMO-injected embryos relative to CONMO (Fig. 4A,B).
Similarly, 3DI4ESMO injection increased cyclin DI expression
relative to CONMO-injected and uninjected embryos (Fig. 4C). We
next examined two cyclins expressed in the G2 phase of the cell
cycle, cyclin A2 and cyclin Bl. Both cyclin A2 and cyclin BI were
decreased in 3DMO and 3DI4E5SMO-injected embryos relative to
controls (Fig. 4D-F; not shown). Cyclin E2 mRNA, another G1
cyclin, was not affected by Sema3d knockdown (not shown).
Finally, we examined the expression of two kinase inhibitor
proteins, p27kipl (cdknlb — Zebrafish Information Network) and
pS57kip2 (cdknlc — Zebrafish Information Network), which are
expressed in G1 and direct cells toward cell cycle exit (GO). Notably,
both p27kipl and p57kip2 were increased in thombomere 4 in
3DMO-injected embryos relative to CONMO-injected embryos
(Fig. 4G-I; not shown). Collectively, these data suggest that Sema3d
knockdown causes G1/GO cell cycle arrest.

Sema3d knockdown increases cell death
specifically in the dorsal hindbrain

Cell cycle arrest can lead to cell death. Reduced proliferation and/or
increased cell death of NCCs or NCC precursors could explain the
disruption of NCC development after Sema3d knockdown. At a low
concentration of the morpholino (100 wM) (at which we saw defects
in proliferation, migratory NCCs and derivatives), we did not find
overt necrosis or apoptosis in 3DMO-injected embryos using direct

Fig. 3. Sema3d knockdown
inhibits cell cycle in the
hindbrain.

(A-D) Immunodetection in the
hindbrain at 17 hpf of BrdU (A,B)
and PH3 (C,D) in CONMO (A,C)
and 3DMO (B,D) injected
embryos. (E,F) Quantification of
the number of BrdU (E) and PH3
(F) labeled nuclei in the
neuroepithelium of rhombomeres
3-5. Numbers in parentheses
indicate n. *P<10™* compared
with CONMO, t-test. (A-D) Dorsal
views, anterior is leftwards. Scale
bar: 40 pm for A-D.

CON 3DMO 3DIES
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Table 2. Phosphohistone-H3 positive nuclei

Meanzs.e.m. 10 hpf 18 hpf 24 hpf 36 hpf
Cranial neuroepithelium CONMO 26+1.6 27+1.0 30+2.1 28+1.7
3DMO 29+0.9 22+1.3* 28+3.5 30+2.2
Spinal neuroepithelium CONMO ND 14+0.4 16+0.6 14+1.3
3DMO ND 17£0.9" 17+1.0 14+1.0
Eye CONMO ND 26+2.3 46+1.4 31+1.6
3DMO ND 30+2.8 44+3.0 32+3.4
Otocyst CONMO ND 5+0.6 8+0.5 10+0.8
3DMO ND 6x0.5 8+0.8 10+0.8
Tailbud CONMO ND 14+1.1 7+0.5 6+1.1
3DMO ND 12+0.7 7+1.0 5+0.7
Pharyngeal arches CONMO ND ND 24+2.3 12+0.8
3DMO ND ND 23+1.9 14+0.9*

*P<0.005, TP<0.02.

observation or by labeling with Acridine Orange or TUNEL at 17 or
22 hpf (not shown). At a high concentration (250 M) (at which we
saw changes in expression of cyclin genes), we saw some necrosis
and apoptosis in the brain that appeared to gradually increase
between 12-24 hpf, the period when Sema3d is expressed (not
shown). We analyzed cell death at 24 hpf and found that the number
of Acridine Orange-labeled cells was increased in 3DMO-injected
or 3DI4ESMO-injected relative to CONMO-injected embryos (see
Fig. S1A,B in the supplementary material). These changes were
limited to the dorsal hindbrain and NCC-forming regions (see Fig.
S1C-H in the supplementary material). We did not detect an increase
in the ventral hindbrain neuroepithelium, the eye or the spinal cord.
Together, these data suggest a specific pattern of cell death related
to Sema3d function rather than non-specific morpholino-related
toxicity.

Sema3d overexpression rescues aspects of
Sema3d knockdown

We investigated whether Sema3d overexpression could rescue the
NCC and proliferation defects caused by Sema3d knockdown. We
overexpressed Sema3d using a stable transgenic line containing
myc-tagged sema3d (Sema3d™°) controlled by the Asp70 promoter
(Liu et al., 2004; Sakai and Halloran, 2006). First, we asked whether
Sema3d overexpression affected cyclin DI expression. We
overexpressed Sema3d™* by heat-shocking Sema3d™* transgenic

A CONMO B

Mo C s

D g E F

3DMESMO

embryos for 1 hour at 14 hpf and analyzed cyclin D1 transcript levels
at 17 hpf. We found that heat-shock induced overexpression of
Sema3d™* decreased cyclin DI expression relative to non-heat-
shocked Sema3d™* transgenic and heat-shock wild-type controls
(see Fig. S2A,B in the supplementary material and not shown).
Furthermore, Sema3d™° overexpression restored normal cyclin D1
levels in 3DI4E5MO-injected transgenic embryos (see Fig. S2C,D
in the supplementary material), whereas heat-shock alone in wild-
type embryos did not (see Fig. S2E,F in the supplementary material).

Next, we asked whether Sema3d overexpression affected PH3
and/or BrdU labeling. We heat-shocked wild-type and Sema3d™*
transgenic embryos for 1 hour at 14 hpf and assayed for PH3 and
BrdU labeling at 17 hpf. Neither heat-shock induced Sema3d
overexpression in Sema3d™¢ transgenic embryos nor heat-
shock alone in wild-type embryos affected the number of PH3-
positive nuclei (see Fig. S2H in the supplementary material). By
contrast, Sema3d™* overexpression significantly reduced BrdU
incorporation (see Fig. S2G in the supplementary material).
Surprisingly, heat shock alone in wild-type embryos also reduced
BrdU labeling (see Fig. S2G in the supplementary material).
However, Sema3d™*¢ transgenic embryos were not as severely
affected by heat-shock as were wild-type embryos (heat-shock
Sema3d™* versus heat-shock wild type, P<0.03) (see Fig. S2G in
the supplementary material). Thus, Sema3d™¢ overexpression
counteracted the effects of heat-shock alone. This suggests that

Fig. 4. Sema3d knockdown affects the expression of
cell cycle genes. (A-l) In situ hybridization in the hindbrain
at 17hpf for cyclin D1 (A-C), cyclin A2 (D-F) and p57kip2 (G-
[)in CONMO (A,D,G), 3DMO (B,E,H), and 3DI4E5MO (C,F )
injected embryos. oto, otocyst. (A-l) Dorsal views, anterior is
leftwards. Scale bars: 40 pm for A-l.

cyclinA2

pS57kip2
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Sema3d overexpression promotes the transition to S phase. As
morpholino-mediated knockdown of Sema3d led to a loss of both
PH3 and BrdU, we asked whether Sema3d™* overexpression could
rescue these effects. Unexpectedly, Sema3d™* overexpression failed
to rescue the decreases in PH3 or BrdU caused by 3DI4ESMO-
mediated Sema3d knockdown (see Fig. S2G,H in the supplementary
material).

Finally, we asked whether Sema3d overexpression could rescue
defects in crestin expression or NCC derivatives. We overexpressed
Sema3d™* by heat-shocking transgenic embryos for 1 hour at 14
hpf and analyzed crestin at 18 hpf. Sema3d™° overexpression alone
did not change crestin expression and failed to rescue the reduction
in crestin following Sema3d knockdown by 3DI4E5MO (not
shown). Moreover, Sema3d™° overexpression induced by heat-
shock for 1 hour at 14 hpf or for 1 hour at 14, 24, 36, 48, 60, 72 and
84 hpf, did not cause aberrant cartilage or pigment phenotypes at 5
dpf and did not rescue the cartilage or pigment phenotypes produced
by 3DI4ESMO injection (not shown).

Sema3d overexpression rescues decreased
proliferation caused by TCF inhibition

Because cell cycle was disrupted by Sema3d knockdown, we
examined the possibility that Sema3d is in the molecular pathway
thought to control cell cycle in NCCs. Canonical Wnt signaling,
which activates TCF-dependent transcription, is crucial for the G1/S
transition in NCCs (Burstyn-Cohen et al., 2004) as in other systems
(Tetsu and McCormick, 1999). Therefore, we asked whether this is
also true for hindbrain NCCs in zebrafish embryos. We employed a
transgenic line containing a dominant-repressor form of TCF
(ATCF#P) driven by the Asp70 promoter (Lewis et al., 2004). Using
this line, Lewis et al. (Lewis et al., 2004) found that the induction of
ATCF# before the six-somite stage (12 hpf) leads to a failure of
NCC specification. Therefore, we activated the transgene after this
period. Induction of ATCF2® by heat shock for 1 hour at 14 hpf
resulted in a significant reduction in the number of BrdU-labeled
nuclei at 17 hpf (Fig. 5A,B,J, 43% reduction, P<107'3, t-test). As
expected, ATCF® expression also reduced crestin expression (Fig.
5C,D) and eliminated cyclin DI (Fig. SE,F). Notably, expression of
ATCF2™ resulted in the elimination of sema3d expression (Fig.
5G,H). Analysis of the genomic sequence revealed at least three
potential TCF-binding sites in the 5’ sequence proximal to the
sema3d-coding region (not shown), suggesting the potential for
direct transcriptional regulation by TCF. Thus, we tested whether
Sema3d™"* overexpression could rescue the ATCFE® phenotype. We
crossed Sema3d™"* to ATCF&® fish to produce double transgenic
embryos. We heat induced expression of both transgenes and
analyzed BrdU incorporation and crestin expression. Sema3d™*¢
overexpression significantly increased the number of BrdU-labeled
nuclei in ATCF#P-expressing embryos (Fig. SIJ, 40% increase,
P<10™, t-test). crestin expression was not restored by
overexpression of Sema3d™* in ATCF&? expressing embryos (not
shown). These data suggest that Sema3d acts downstream of TCF
and upstream of the cell cycle but in parallel with other Wnt/TCF
downstream factors necessary for NCC development.

DISCUSSION

These experiments provide evidence for a novel role for a
semaphorin in the regulation of cell cycle and NCC development.
Sema3d is expressed in a dynamic pattern in the dorsal hindbrain
and migratory NCCs. Neuropilins also are expressed in the
hindbrain and migratory NCCs (Yu et al., 2004). Although Sema3d
is a secreted protein, there is evidence that class 3 semaphorins
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Fig. 5. ATCF9' disrupts cell cycle and crestin expression and
eliminates cyclin D1 and sema3d expression.

(A-l) Immunodetection of BrdU (A,B,l) and in situ hybridization for
crestin (C,D), cyclinD1 (E,F), sema3d (G,H) in the hindbrain at 17 hpf of
heat-shocked wild-type siblings (A,C,E,G), ATCF9fP transgenic (B,D,F,H),
and ATCF9 4+ Sema3d™¢ double-transgenic (I) embryos.

(J) Quantification of the number of BrdU-labeled nuclei in the
neuroepithelium of rhombomeres 3-5. Numbers in parentheses indicate
n. *P<107"3 versus wild-type sibling, #P<107 versus ATCFI', t-test.
(A-l) Dorsal views, anterior is leftwards. oto, otocyst. Scale bar: 40 um
for A-l.

associate with the extracellular matrix and neuropilins on the surface
of cells secreting them (De Wit et al., 2005). Thus, Sema3d could
act via autocrine or paracrine signaling on NCCs or their precursors.
We found that knockdown of Sema3d caused a reduction in
migratory NCC markers and defects in a subset of NCC derivatives
(Figs 1, 2). These effects occurred in the absence of effects on
premigratory NCCs or patterning of the hindbrain neuroepithelium
(Fig. 1). Sema3d knockdown also inhibited cell proliferation in the
hindbrain (Fig. 3). A reduction in proliferation of NCC precursors
alone could cause reduced numbers of migratory cells and
subsequent defects in NCC derivatives. In addition, because cell
cycle has been linked to the NCC EMT, it is also possible that
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Sema3d could affect the EMT. However, our results suggest that
Sema3d knockdown does not negatively regulate the NCC EMT. In
our photo-uncaging experiments, we examined the number of NCCs
undergoing the EMT during a period less than the length of one cell
cycle. This allowed us to minimize the contribution of differences in
cell number caused by cell proliferation changes and to emphasize
potential differences in cell motility. Thus, we were able to test the
EMT largely independently of changes in cell cycle. Because we did
not exhaustively test all times during NCC production or all regions
of the hindbrain, we cannot rule out the possibility that Sema3d
regulates the EMT. However, taken together our results are
consistent with a mechanism in which the primary role of Sema3d
is to regulate the cell cycle of NCCs with the potential to affect the
NCC EMT.

Interestingly, a separate class of ligands, vascular endothelial
growth factors (VEGFs), can bind to the semaphorin receptor
neuropilin, and are known to regulate cell proliferation and
migration in tissues with invasive migratory behavior similar to
NCCs, e.g. endothelial cells and carcinomas (Ferrara et al., 2003;
Tammela et al., 2005). There is evidence that VEGFs compete with
class 3 semaphorins for neuropilin binding (Miao et al., 1999;
Bagnard et al., 2001). Furthermore, zebrafish VEGF 5 is expressed
by NCCs (Yu et al., 2004), which suggests that this competition may
be relevant to NCC proliferation and EMT.

Previous work has shown that Wnt/TCF signaling controls cell
cycle in NCCs as well as the induction and EMT of NCCs (Chang
and Hemmati-Brivanlou, 1998; LaBonne and Bronner-Fraser, 1998;
Burstyn-Cohen et al., 2004; Lewis et al., 2004). We show that
sema3d expression can be regulated by TCF and that Sema3d™°
overexpression can rescue cell cycle inhibition caused by the
inhibition of Wnt/TCF (Fig. 5). The simplest model for these data is
a linear relationship whereby Sema3d is an effector of the Wnt/TCF
pathway (Fig. 6A). However, although Sema3d™° rescued the
reduced BrdU incorporation caused by ATCEF, it did not rescue the
reduction caused by Sema3d knockdown (see Fig. S2A in the
supplementary material). Moreover, TCF inhibition leads to
decreases in cyclin D1, while Sema3d knockdown leads to increases
in cyclin DI (Figs 4, 5). These findings argue against a direct linear
relationship. Thus, we propose an alternative model that could
explain our data (Fig. 6B). According to this model, Wnt/TCF and
Sema3d interact in a more complex feedback loop. Wnt/TCF is the
primary regulator of the molecular machinery controlling the G1/S
transition, Sema3d has the capacity to modulate this pathway, and
Wnt/TCF can feedback onto Sema3d. We propose that this feedback
is both positive, through the activation of sema3d transcription, and
negative, through the activation of an unknown inhibitor of Sema3d.
Thus, TCF repression would inhibit both Sema3d and the unknown
inhibitor. In this scenario, we expect Sema3d to play a modulatory
role on the timing of the cell cycle, and its activity and/or expression
could be required in a specific temporal or spatial pattern, perhaps
regulated by Wnt/TCF. This model suggests several predictions that
are supported by our data. First, the expression of the dominant
repressor, ATCF, would downregulate Sema3d. Second, Sema3d
overexpression would rescue ATCF because of the downregulation
of the inhibitor. Finally, when ATCF is not expressed, Sema3d
overexpression would not rescue Sema3d knockdown because of the
presence of the inhibitor.

This complex relationship suggests that Sema3d may have the
capacity to regulate the Wnt/TCF pathway. Recent evidence
suggests that semaphorins can directly regulate the Wnt pathway.
Sema4d was found to activate GSK3[p, a component of the
Wnt/TCF pathway, and the activation of GSK3f3 was required for
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Fig. 6. Schematic models of potential interactions between
Wnt/TCF and Sema3d. (A) A linear model with Sema3d signaling
downstream of Wnt/TCF. (B) An alternative model showing the
interaction of parallel pathways by means of an unidentified inhibitor, X.

Semadd-mediated growth cone collapse (Ito et al., 2006). The two
pathways also share the ability to affect both the cell cycle and cell
adhesions, and thus there are multiple points where the pathways
might converge. For example, integrins are known to be important
for NCC EMT and migration (Perris and Perissinotto, 2000). Two
semaphorins, Sema3a and Sema4d, have been shown to modulate
integrin signaling (Serini et al., 2003; Barberis et al., 2004; Toyofuku
et al., 2005). Furthermore, integrin-linked kinase is able to regulate
Cyclin D1 protein and mRNA through GSK3f in cancers and
mammary epithelial cells (D’ Amico et al., 2000; Tan et al., 2001).
Cells in culture require attachment to the substratum in order to
progress from G1 to S phase of the cell cycle (Aplin et al., 1999;
Danen and Yamada, 2001). Thus, loss of attachment of NCCs to the
extracellular matrix and the resulting loss of integrin activation could
result in aberrant cell cycle. Interestingly, we found that membrane
blebbing, which can be regulated by attachment to the extracellular
matrix (Sugrue and Hay, 1981), is increased following Sema3d
knockdown (J.D.B. and M.C.H., unpublished).

Exciting recent studies show that the cell cycle and cell migration
are intimately connected. In addition to its role in cell cycle control,
p27(KIP1) inhibits the activation of the small GTPase RhoA in
cultured mammalian cells (Besson et al., 2004). The Rho GTPases
are known regulators of cytoskeletal dynamics and cell motility, and
in fact RhoB is required for the NCC EMT (Liu and Jessell, 1998).
Moreover, RhoGTPases are known to regulate multiple steps in the
G1/S transition including Cyclin D1 protein accumulation (Tatsuno
et al., 2000; Welsh et al., 2001). We found that p27kipl was
upregulated by Sema3d knockdown, and there is considerable
evidence that RhoGTPases are modulated by semaphorin signaling
(Liu and Strittmatter, 2001; Pasterkamp and Kolodkin, 2003;
Negishi et al., 2005). However, a specific role for Sema3d in
modulating Rho GTPases remains to be tested.

Finally, our data do not rule out the possibility that Sema3d could
regulate NCC migration independently of its effects on cell cycle.
Semaphorins are well known for their role in directing migration of
various cell types and may also regulate EMT and cell scattering.
For example, semaphorins are upregulated in metastatic versus non-
metastatic carcinoma cells (Christensen et al., 1998; Martin-Satue
and Blanco, 1999; Brambilla et al., 2000). In addition, the plexin
family of semaphorin receptors has significant homology to Met, the
proto-oncogene and receptor for hepatocyte growth factor/scatter
factor (Trusolino and Comoglio, 2002). Hepatocyte growth factor
(HGF) can promote autocrine/paracrine-mediated cell dispersal
(Stoker et al., 1987; Stella and Comoglio, 1999). Moreover, plexins
can directly interact with Met (Giordano et al., 2002), suggesting
crosstalk between these signaling pathways.
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