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Convergence and extension (C&E) cell movements are essential to shape the body axis during vertebrate
gastrulation. We have used the zebrafish to assess the role of the receptor protein-tyrosine phosphatases,
RPTPα and PTPε, in gastrulation cell movements. Both RPTPα and PTPε knockdown and ptpra−/− embryos
show defects in C&E movements. A method was developed to track gastrulation cell movements using
confocal microscopy in a quantitative manner and ptpra−/− embryos displayed reduced convergence as well
as extension speeds. RPTPα and PTPε knockdowns cooperated with knockdown of a well known factor in
C&E cell movement, non-canonical Wnt11. RPTPα and PTPε dephosphorylate and activate Src family kinases
in various cell types in vitro and in vivo. We found that Src family kinase phosphorylation was enhanced in
ptpra−/− embryos, consistent with reduced Src family kinase activity. Importantly, both ptpra−/− and RPTPα
and PTPε knockdown induced C&E defects were rescued by active Fyn and Yes. Moreover, active RhoA
rescued the RPTPα and PTPε knockdown and ptpra−/− induced gastrulation cell movement defects as well.
Our results demonstrate that RPTPα and PTPε are essential for C&E movements in a signaling pathway
parallel to non-canonical Wnts and upstream of Fyn, Yes and RhoA.
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Introduction

RPTPα (ptpra) and PTPε (ptpre) are two highly similar receptor-
like protein-tyrosine phosphatases consisting of a short highly
glycosylated extracellular domain and two cytoplasmically localized
phosphatase domains. RPTPα and PTPε are involved in several
processes, including cell polarization (Chiusaroli et al., 2004; Herrera
Abreu et al., 2008), migration (Zeng et al., 2003) and cell cycle
control (Ardini et al., 2000). The function of RPTPα and PTPε is
often ascribed to direct activation of Src family kinases (SFKs)
through dephosphorylation of the inhibitory pTyr527 residue in the
C-terminus (Courtneidge, 1985; den Hertog et al., 1993; Peretz et al.,
2000; Zheng et al., 1992). Src and SFKs are known to be activated by
different stimuli, including cell adhesion to ECM proteins and growth
factors (Hsia et al., 2005; Roche et al., 1995). Many of these actions
require actin cytoskeleton remodeling through activation of Rho
GTPase family members (Ridley and Hall, 1992; Ridley et al., 1992).

During vertebrate gastrulation a series of cellular movements
result in the formation of the three germ layers, endoderm, mesoderm
and ectoderm that create the basic body plan of the developing
embryo (Warga and Kimmel, 1990). Convergence and extension
(C&E) represent two of these essential cell movements that have
been well characterized in zebrafish. Cells converge towards the
midline, forming the medial/lateral axis, where they intercalate
with one another and extend around the yolk, giving rise to the
anterior/posterior axis (Griffin et al., 1995; Keller et al., 1992; Solnica-
Krezel et al., 1996). C&E cell movements are regulated by the non-
canonical Wnt signaling pathway which is similar to the planar cell
polarity (PCP) pathway identified in Drosophila (Matsui et al., 2005;
Medina et al., 2000; Solnica-Krezel and Eaton, 2003).

In vertebrates, the non-canonical Wnt pathway becomes activated
when Wnt11 or Wnt5 binds to Frizzled receptors resulting in the
downstream activation of RhoA and Rac. RhoA and Rac subsequently
propagate the signal to their respective downstream effectors,
including Rok2 and JNK (Habas et al., 2003, 2001; Veeman et al.,
2003). In C. elegans, this cascade will remodel the cell, establishing
polarity and allowing it to mount a proper chemotactic response
through remodeling of the actin cytoskeleton (Goldstein et al., 2006).
It is assumed that non-canonical Wnt signaling induced cell
polarization is at the basis of vertebrate C&E cell movements as
well. A number of mutants have been described in zebrafish that
harbor mutations in genes regulating this process (Heisenberg et al.,
2000; Jessen et al., 2002; Kilian et al., 2003; Topczewski et al., 2001).
The phenotype that all of these mutants have in common is that the
embryos are shorter and broader as one might expect if C&E are
disrupted.
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More recently a number of studies have come to light that show
that C&E is not solely governed by the non-canonical Wnt pathway.
The list of other factors that modulate non-canonical Wnt signaling
directly (Wada et al., 2005) or function independently (Hannus et al.,
2002) is ever growing. Recently, we have shown that signaling
through the Src family kinases Fyn and Yes converges with non-
canonical Wnt signaling and serves to modulate the activity of the
small GTPase RhoA during C&E cell movements (Jopling and den
Hertog, 2005).Csk, a negative regulator of SFKs also has a role in C&E
cell movements (Jopling and den Hertog, 2007). Moreover, we have
shown that the protein-tyrosine phosphatase Shp2, an indirect
activator of SFKs (Zhang et al., 2004), regulates C&E during
gastrulation via Fyn/Yes and RhoA (Jopling et al., 2007).

Here we show that knockdown of RPTPα or PTPε induced C&E
defects using in situ hybridization of C&E specific markers. Co-
injection of ptpra-MO and ptpre-MO induced various degrees of
cyclopia in fish, indicating that RPTPα and PTPε are at least partially
redundant. Ptpra mutant zebrafish were isolated by target selected
gene inactivation and we established that ptpra−/− embryos
displayed C&E defects, similar to the ptpra-MO injected embryos.
Time-lapse confocal microscopy was used to track cell movements
during gastrulation and this technology was adapted to allow quan-
tification of cell movements during gastrulation. Ptpra−/− embryos
displayed reduced C&E cell movement speed as compared to wildtype
siblings. Co-injection of low amounts of ptpra-MO or ptpre-MO
together with low amounts of Wnt11-MO phenocopied the silberblick
phenotype, suggesting that RPTPα and PTPε have a genetic interaction
with Wnt11. In search of an underlying mechanism, we found
enhanced SFK phosphorylation on the inhibitory site and reduced SFK
autophosphorylation, indicating that SFK activity was reduced in
mutant embryos compared to siblings. C&E defects in ptpra−/−

embryos were rescued by active Fyn and Yes, which is consistent with
RPTPα being upstream of SFKs. Moreover, active RhoA rescued the
ptpra−/− phenotype as well. Based on our data, we propose a model
in which RPTPα and PTPε act in parallel to non-canonical Wnt
signaling upstream of the SFKs, Fyn and Yes and upstream of RhoA.
Materials and methods

Zebrafish and in situ hybridization

Zebrafish were kept and the embryos were staged as described
before (Westerfield, 1995). In situ hybridizations were done essen-
tially as described (Thisse et al., 1993) using probes specific for bmp2b,
chd, gsc, ntla, dlx3, hgg1 (currently known as ctsl1b), myod and krox20
as described (Jopling and Hertog, 2007; Jopling et al., 2007). In situ
probes for ptpra, ptprea and ptpreb were generated by performing an
RT reaction on isolated RNA from zebrafish embryos (48 hpf). We
designed oligos to perform PCR on the cDNA constructs of ptpra,
ptprea and ptpreb spanning approximately 800 bp, and a nested oligo
pair with a T7 sequence in the reverse oligo. We used the T7 tag to
generate DIG labeled antisense RNA for in situ hybridization and the
nested oligo pair to verify the sequences. A premature stop ptpra
mutant was identified using target selected gene inactivation as
described in Wienholds et al. (2002). The ptprahu3334 allele changes a
TTG to a TAG codon resulting in a L133STOP coding change.
Constructs

Mouse ptpra constructs were used as described earlier (den Hertog
and Hunter, 1996). For zebrafish ptpra contructs 1 dpf zebrafish were
lysed and mRNA was isolated. Reverse transcription was done with
oligo dT and ptpra cDNA was amplified and cloned into a pSG5-13
vector and sequenced.
MOs, RNA and injections

Antisense splice site donor MOs were designed one or two exons
upstream of the catalytic site of the respective cDNAs and ordered from
GeneTools (Philomath,OR): ptpra, 5′-TTGCGGCGTTTACCTCTTTCCGCTC;
ptprea, 5′-AAGGGATGCTAACCTCTTTTCTCTC; ptpreb, 5′-TATCTTATCT-
CACCTCTTTTCTCTC; wnt11 as described in: Lele et al. (2001). 5′ capped
sense RNAs were synthesized using mMessage mMachine kit
(Ambion). The amount of RNA that was injected at the one cell
stage was optimized for each synthetic RNA. For the rescue experi-
ments, we used mutant, constitutively active forms of human Fyn,
Yes (Jopling and denHertog, 2007), and active human RhoA and Rac1
(Jopling and den Hertog, 2005) as described previously. Phenotypes
were assessed at indicated stages, based on morphology or based on
dlx3/hgg1 markers at 10 hpf.

Western blot

Embryos were grown until 52 hpf and were deyolked with
deyolking buffer (1⁄2 Ginzburg Fish Ringer) without calcium (Link
et al., 2006; Westerfield, 1995). Subsequently embryos were grinded
in buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA,
1 mM sodium orthovanadate, 1% Nonidet P-40, 0.1% sodium deox-
ycholate, and protease inhibitor mixture (Complete Mini, Roche
Diagnostics) and lysed using a syringe. Lysates were centrifuged at
14,000 g to pellet cellular debris. Lysates were subjected to SDS-PAGE
and blotted (amount loaded per lane corresponds to 15 embryos).
After transfer themembranewas stainedwith Coomassie Blue stain to
verify equal loading of the lysates. Subsequently the PVDF membrane
was blocked with 1% BSA or 5% Milk and then incubated with the
corresponding antibodies against pSrc418 (1:1000, BioSource Tech-
nologies), actin (1:5000, kindly provided by MP Peppelenbosch,
UniversityMedical Center Groningen, the Netherlands) and antiserum
against RPTPα#5478 (1:1000; denHertog et al., 1994) followedby the
horseradish peroxidase conjugated secondary antibody. The mem-
branes were subjected to detection by enhanced chemiluminescence.

Confocal microscopy

Histone 1 injection
The embryos were injected at the 1-cell stage with Histone 1

tagged with Alexa fluor 488 from Molecular Probes (H1).

Image acquisition
For time-lapse imaging the embryos were dechorionated (at 30%

epiboly) and mounted at shield stage in 1% lowmelting point agarose
in E3 embryo rearing medium and covered with E3 in a culture dish
with a glass coverslip replacing the bottom. A Leica SP2 confocal
microscope with a 40× objective was used for live imaging of the
Alexa 488 signal using a 488 nm laser line for excitation. Temperature
was maintained at approximately 28.5 °C on a heated stage. Time
points were recorded every 2 min from shield stage until 1-somite
stage.

Positioning
The H1-injected embryos are positioned with the dorsal side

against the coverslip approximately 100 µm anterior to shield
position. At this position the C&E cell movements of the epiblast can
be clearly visualized.

Analysis
Time-lapse images were analyzed using ImageJ (http://rsbweb.

nih.gov/ij/). The nuclear labeling is used to determine the position of
the individual cells in a single optical slice for each time point. In the
images the embryo is positioned with the anterior side towards the
top of the image. The Cartesian coordinates of cell tracks generated in

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/


Fig. 1. RPTPα and PTPε are conserved in the zebrafish genome. Protein sequences were
obtained from Ensembl database of RPTPα and PTPε from fugu, Xenopus, chicken and
human. The N-terminal phosphatase domains were used to align with the zebrafish
RPTPα and two PTPε (N-terminal phosphatase) protein sequences using the MEGA4
program. The evolutionary history was inferred using the Neighbor-Joining method.
The optimal tree with the sum of branch length=0.96066757 is shown. The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test
(500 replicates) is shown next to the branches. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Dayhoff matrix
basedmethod and are in the units of the number of amino acid substitutions per site. All
positions containing alignment gaps andmissing data were eliminated only in pairwise
sequence comparisons (pairwise deletion option). There were a total of 264 positions in
the final dataset.
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this way will represent the contribution of cell migration to con-
vergence (X-axis) and extension (Y-axis).

Detection and tracing of cell positions
Due to the innate changes in intensity, size and shape of H1 signal

of the nuclei additional image processing is needed for efficient
tracing of the cells. Making the images binary solves the problem of
variable fluorescent intensities. The occasionally occurring of fused
objects is handled by a watershedding process which is able to re-
separate most fused objects. These objects still change during the
time-lapse run in size and shape. Eroding ever object to a single pixel
generates an image with single point markings representing the
individual positions of each object. For tracing purposes these single
pixels need to be dilated. When the resulting image is re-projected
onto the original it shows that the generated objects represent cell
positions with a very high accuracy. The objects generated are
readily traced with an algorithm plugin which implements the
feature point detection and tracking algorithm as described in
Sbalzarini and Koumoutsakos (2005). The algorithm generates a
report with the Cartesian coordinates for all traced objects at each
time point.

Quantification
During mid-gastrulation the general cell movements visualized

with this method are in the extension direction. The Y-coordinates of
the cell tracks are used as a measurement for the contribution of these
cell tracks to extension of the embryo. The individual movements
between time frames in the Y-direction of the traced cells are quan-
tified. During late gastrulation the general cell movements visualized
with this method are in the convergence direction. The X-coordinates
of the cell tracks are used as a measurement for the contribution
of these cell tracks to convergence of the embryo. The individual
movements between time frames in the X-direction of the traced cells
are quantified. The statistical analysis has been performed by the
Microsoft Excel Student t-test assuming unequal variances with
alpha=0.05.

Cell shape analysis
To achieve ubiquitousfluorescentmembrane labeling, the embryos

were injected at 1 cell stagewith 20 pg ofmRNA encodingmembrane-
citrine (a YFP variant with a C-terminal fusion of the Ras membrane-
localization sequence [CAAX]). To visualize the cell shape in the
presomitic mesoderm, membrane-citrine expressing live embryos
were mounted in 0.75% soft agarose at the dorsal side in glass
bottomed Petri dishes. Using a SP2 Leica confocal microscope the
presomitic mesoderm was imaged using a 40× oil objective. Images
were processed in ImageJ and, analysis of cell length-to-width ratio
and angular deviation was performed by the Shape_Descriptor1u
plugin (Syverud et al., 2007).

Results

Identification and expression of zebrafish ptpra, ptprea and ptpreb

To assess the function of ptpra and ptpre in early vertebrate
development we set out to identify these genes in the zebrafish
genome. We blasted the PTP domain of human RPTPα and PTPε
respectively against the zebrafish genome Zv7 in the Ensembl
database. Candidate gene hits were found based on homology of the
PTP domain and similarity of the overall protein structure. They were
blasted back against the human genome and aligned with RPTPα and
PTPε of several species to validate these hits (Fig. 1), using Mega4
software (Tamura et al., 2007). Upon aligning it became apparent
that the zebrafish genome contains one ortholog for RPTPα and two
for PTPε, named PTPεa (ptprea) and PTPεb (ptpreb) henceforth.
Zebrafish ptprawas found on chromosome 21 and annotated as ptpra
(ENSDARG00000001769) and the coding sequence is consistent with
the cDNA that we cloned previously (accession number Y15874) (van
der Sar et al., 2002). Ptpreawas found on chromosome 3, annotated as
LOC567443 (ENSDARG00000015891); ptpreb was found on chromo-
some 17, annotated as NP_001038642.1 (ENSDARG00000021151).
The zebrafish orthologs are highly homologous to human and mouse
RPTPα and PTPε, showing 77%, 68% and 72% protein sequence identity
to human and 75%, 71% and 72% protein sequence identity to mouse,
respectively.

In order to reveal the expression patterns of ptpra, ptprea and
ptpreb respectively, we generated in situ probes as described in the
Materials and methods section. In short: a nested PCR was performed
on a cDNA library to generate PCR products spanning approximately
800 bp of the ptpra, ptprea and ptpreb cDNAs and introducing a T7 tag
for antisense RNA transcription on the 3′ end. The probes were
verified by sequencing. In situ hybridization experiments show that
ptpra, ptprea and ptpreb are ubiquitously expressed during early
stages of zebrafish development (Fig. S1). At later stages (24 hpf,
36 hpf and 72 hpf) ptpra, ptprea and ptpreb are broadly expressed
with enhanced levels of expression in the anterior parts of the
embryo. The PCR products were verified by sequencing and since we
detected mRNA expression of all three genes, we conclude that they
all are functional genes.

RPTPα and PTPε knockdown induced C&E defects during gastrulation

In order to knockdown expression of RPTPα and PTPε, we
designed splice donor MOs targeting the exon immediately upstream
of the catalytic site of these genes and injected them at the one cell
stage. We found that 0.3 ng ptpra-MO consistently produced specific
defects in embryonic development. ptprea-MO or ptpreb-MO by
themselves did not induce phenotypes, even at high concentrations.
However, 2.5 ng ptprea-MO together with 2.5 ng ptpreb-MO induced
specific defects, suggesting redundancy between the two ptpre genes.
Henceforth, ptprea-MO and ptpreb-MOwere co-injected and referred
to as “ptpre-MOs”. The earliest visible defect for both ptpra-MO and
ptpre-MOs was at 10 hpf when the embryo fails to extend properly
around the yolk. At later stages (2 dpf) the RPTPα knockdown and
PTPε knockdown embryos were shorter and ptpra-MO injected
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embryos developed edemas around the heart and yolk (Figs. 2B, C).
When co-injected, ptpra-MO and ptpre-MOs induced an increasingly
severe phenotype even when lower amounts of morpholino
were used. Occasionally, we observed a phenotype resembling
the silberblick mutant phenotype (Heisenberg et al., 2000) and the
Fyn/Yes knockdown phenotype (Jopling and den Hertog, 2005), with
a subset of fish showing severe cyclopia (Figs. 2D–G). The phenotype
was reminiscent of C&E defects and to verify that knockdownof RPTPα
and PTPε affected C&E, morpholino injected embryoswere fixed at the
1 somite stage and stained for dlx3 (edges of the neural plate) and
ctsl1b (referred to in this article as hgg1; precursor of the hatching
gland) bywholemount in situhybridization (Fig. 2H). C&E phenotypes
were assessed by measuring the posterior shift of the hatching gland
and the widening of the dlx3 staining in injected and control embryos
as indicated in the inset of Fig. 2H. The average lengths were plotted as
a percentage of the embryo diameter and compared to control
embryos by Student t-test. We found that knockdown of RPTPα or
PTPε severely affected C&E movements (Fig. 2H).

In order to establish the effectiveness of the RPTPα knockdown,
we analyzed RPTPα protein levels in zebrafish lysates by immuno-
blotting with an immunoserum against mouse RPTPα. We found that
ptpra-MO reduced RPTPα protein expression in a dose-dependent
manner (Fig. 3A). We proceeded to co-inject morpholinos with
Fig. 2. RPTPα and PTPε knockdown fish show convergence and extension defects. Wildtype
2.5 ng ptpreb-MO (C) or triple injectedwith ptpra-MO (0.15 ng) and ptpre-MO (1 ng each, D–
non-injected embryo is included for reference (A). Arrows indicate shorter yolk extension (
ptpra-MO (0.3 ng/embryo) or ptpre-MO (2.5 ng ptprea-MO+2.5 ng ptpreb-MO/embryo) a
fixed.Wholemount in situ staining was performed using probes for dlx3 and hgg1. The resulti
of the hgg1 staining as indicated in the panel on the right, and measuring the width of the dlx
from top viewwith the hatching gland positioned in the middle. The measured distances wer
embryo (yolk). Error bars indicate standard deviations, Student t-tests (2 tailed, assuming une
Scale bars=250 μm. Dlx3/hgg1 in situ data can be compared within experiments, but not
experiment has been done at least three times. A representative experiment is depicted her
varying amounts of RNA encoding mouse RPTPα or PTPε, which are
not recognized by their respective morpholinos. RPTPα or PTPε RNA
rescued the observed phenotypes when co-injected with ptpra-MO or
ptpre-MO, respectively (Figs. 3B–D). Injection of RPTPα or PTPε RNA
at these concentrations by itself did not affect early zebrafish
development morphologically (data not shown). As a control, we
co-injected similar amounts of GFP RNA, which did not rescue these
phenotypes (Fig. S2). We conclude that the RPTPα and PTPε
knockdowns were specific and induced phenotypes that were
consistent with defects in C&E cell movements.

C&E defects in ptpra−/− zebrafish embryos

In search of genetic mutants that lack functional RPTPα, we used
target selected gene inactivation (Wienholds et al., 2002) and
identified a nonsense mutation in exon 3 of ptpra. The identified
ptprahu3334 allele has a TTG–TAG codon change resulting in a L133X
premature stop in the extracellular region of RPTPα, likely rendering
the protein non-functional and henceforward referred to as ptpra+/−

for heterozygous and ptpra−/− for homozygous mutant alleles
(Fig. 4A). Incrosses of heterozygous ptpra+/−

fish led to morpholog-
ical defects in a Mendelian ratio. These defects were detectable from
24 hpf onwards. In order to verify that RPTPα protein expression was
zebrafish embryos were micro-injected with 0.3 ng ptpra-MO (B), 2.5 ng ptprea-MO+
G) each at the 1 cell stage and grown to 48 hpf. Pictures show representative embryos. A
B, C), cardiac edema (B) or fused eyes (G). (H) Zebrafish embryos micro-injected with
t the one cell stage and non-injected control embryos were grown to 1 somite stage and
ng staining patterns were analyzed using ImageJ software, measuring the posterior shift
3 staining half-way between the hatching gland and the edge of the embryo when seen
e plotted as the average posterior shift or width as a percentage of the total width of the
qual variance) were performed between groups indicated, ** indicates a P-valueb0.001.
between experiments because of subtle differences in experimental conditions. This
e.



Fig. 3. RPTPα knockdown abolished protein expression and both RPTPα and PTPε knockdowns were rescued by co-injection of RNA. (A) Zebrafish embryos were micro-injected at
the 1 cell stage with ptpra-MO (0.1 ng/embryo or 0.4 ng/embryo) and grown to 52 hpf. Embryos were dechorionated, deyolked and lysed using sodium orthovanadate and protease
inhibitors. Samples of non-injected control and MO injected embryos were loaded on SDS-PAGE in such a way that all samples contain equal amounts of protein. Immunoblots were
analyzed for expression of RPTPα and actin as a loading control. (B–D) Zebrafish embryos were micro-injected with ptpra-MO (C) or ptpre-MO (D) with or without mRNA encoding
mouse RPTPα (C) or PTPε (D). Embryos were grown to 2 dpf and phenotypes were assigned as indicated in panel B, where embryos scored as normal resemble non-injected control,
embryos with overall normal looking phenotype and body plan but shortened body axis were labeled as intermediate, and embryos with severely disruptedmorphology were labeled
severe.
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affected, heterozygous ptpra+/−
fish were in-crossed and the

offspring was sorted based on phenotype. At 52 hpf embryos were
lysed and analyzed by immunoblotting with an anti-RPTPα antibody
(Fig. 4B). RPTPα expression was readily detectable in morphologically
wildtype embryos (siblings), whereas RPTPα protein was hardly
detectable in mutant embryos. Expression of actin was monitored to
control for equal protein loading. The genotype of the embryos that
were used for immunoblotting could not be determined because lysis
for immunoblotting is not compatible with genotyping procedures.
Nevertheless, these results demonstrate that RPTPα protein expres-
sion is abolished in roughly a quarter of the offspring of an incross of
heterozygous ptpra+/−

fish, which are likely homozygous mutant
embryos.

Incrosses of ptpra+/−
fish were separated based on morphology

and development was followed over time. Finally, the genotype of
these embryos was determined by sequencing of ptpra exon 3.
Homozygous mutant embryos can be identified as early as 24 hpf,
having shorter yolk extensions and a shorter body axis (Figs. 4C, F,
arrow). Starting from around 48 hpf these embryos developed cardiac
Fig. 4. A ptpra stop mutation phenocopied the ptpra knockdown and can be rescued by
inactivation. Homozygous mutant (top), heterozygous (middle) and wildtype (bottom) seq
the extracellular domain is indicated. (B) Heterozygous ptpra+/−

fish were in-crossed and
based on observed phenotype, dechorionated, deyolked and lysed using sodium orthovanad
Actin expression was monitored as a loading control. Heterozygous ptpra+/−

fish were in-cr
(D, G) and 72 hpf (E, H). Mutants (A–C) and siblings (D–F) are shown. (I) Heterozygous ptp
without injection, or micro-injected at the one cell stage with 10 pg/embryo zf-ptpramRNA a
using probes for dlx3 and hgg1. The resulting staining patterns were analyzed by measuring t
Fig. 2H. After pictures were taken embryos were lysed and genotyped. The average posterior
of the embryo (yolk) diameter. (J) Heterozygous ptpra+/−

fishwere in-crossed and embryos
one cell stage with 0.3 ng/embryo ptpra-MO or ptpre-MO and then grown to 8 somite stag
myod. The resulting staining patterns were analyzed by measuring the rhombomere width an
genotyped. For each group a representative embryo is shown. The rhombomere width and th
(K). Mutant and knockdown embryos were compared to wildtype embryos. Error bars in all
unequal variance) between indicated groups where ** indicates a P-valueb0.001, * a P
bars=250 μm.
edemas (Figs. 4D, G). The phenotype of ptpra−/− embryos was very
similar to ptpra-MO injected embryos, as ptpra-MO injected embryos
generally had shorter yolk extensions and also developed cardiac
edemas (cf. Figs. 4D and 2B). At later stages these edemas grew bigger
and caused blood circulation to stop. Homozygous mutant embryos
died around 5–6 dpf with massive cardiac edemas.

The morphological defects from 24 hpf onwards were consistent
with defects in C&E cell movements during gastrulation that are
known to result in reduced embryonic axis extension. To verify that
ptpra−/− mutants have defective C&E movements, embryos from
ptpra+/− incrosses were fixed at the 1 somite stage and stained for
dlx3 and hgg1 using whole mount in situ hybridization (Fig. 4I). The
embryos were scored in a similar fashion as described above. After
individual staining and scoring, the embryos were genotyped.
Whereas the phenotype was not fully penetrant, homozygous ptpra
mutants displayed a significant increase in posterior shift of the
hatching gland and widening of the neural plate, which was
consistent with the RPTPα knockdown phenotype. Although no
differences between wildtype siblings and heterozygous embryos
zf-ptpra mRNA. (A) A ptpra mutant (hu3334) was identified by target selected gene
uences are depicted here and the TTG to TAG codon change resulting in a L133X stop in
their offspring was grown to 52 hpf. Embryos were characterized as mutant or sibling
ate and protease inhibitors. The resulting lysates were analyzed for RPTPα expression.
ossed and offspring embryos were photographed and genotyped at 24 hpf (C, F), 48 hpf
ra+/−

fish were in-crossed and embryos were either grown to 1 somite stage and fixed
nd then grown to 1 somite stage and fixed.Whole mount in situ staining was performed
he posterior shift of the hatching gland and the width of the dlx3 staining as described in
shift of the hatching gland (hgg1) or width of the dlx3 staining is plotted as a percentage
were grown to 8 somite stage and fixed, or wildtype embryosweremicro-injected at the
e and fixed. Whole mount in situ staining was performed using probes for krox20 and
d the distance from the 1st to the 8th somite. Ptpra incross embryos were subsequently
e distance from the 1st to the 8th somite were measured. The resulting ratio was plotted
graphs indicate standard deviations, Student t-tests were performed (2 tailed, assuming
-valueb0.05 and no asterisk indicates no significant difference, P-valueN0.05. Scale
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were observed at later stages, heterozygous embryos sometimes
appeared to show an intermediate phenotype when looking at dlx3/
hgg1 staining at the 1 somite stage. This might be due to a dosage
effect but because the effect was not consistently observed, we did
not investigate this any further. To verify that the observed pheno-
type was indeed caused by lack of RPTPαwe injected embryos from a
ptpra+/− incross at the 1 cell stage with 10 pg zf-ptpra mRNA.
Injection of RNA reduced the number of mutant embryos showing
defective C&E as assessed by analyzing dlx3 and hgg1 expression to
levels observed in siblings (Fig. 4I). We conclude that homozygous
ptpra−/− embryos display C&E defects that were rescued by micro-
injection of ptpra RNA.
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To further characterize the C&E defect phenotype in mutant and
knockdown embryos we performed in situ hybridization experiments
with krox20 and myod probes at the 8 somite stage (Li et al., 2008)
(Fig. 4J).We analyzedmutant and knockdown embryos and compared
them to wildtype siblings by determining the ratio of rhombomere
width and distance from the 1st to the 8th somite (Fig. 4K). We found
a significant increase in rhombomere width to somite distance ratio,
indicating shorter and wider embryos. These results are consistent
with the conclusion that the loss of RPTPα or PTPε by knockdown or
mutation led to C&E defects.
RPTPα and PTPε do not affect cell specification

RPTPα and PTPε have been reported to affect several distinct
signaling pathways (Gil-Henn and Elson, 2003; Lacasa et al., 2005;
Maksumova et al., 2005; von Wichert et al., 2003). These pathways
may affect cell specification, which may hamper interpretation of the
results from the dlx3/hgg1 staining, in that defects in cell specification
may be mistaken for C&E defects. To ensure that cell specification
is not affected and the defects we observed in the experiments
described above are due to C&E cell movements, we performed in situ
hybridization with 6 hpf old MO injected embryos, mutant embryos
and siblings using a panel of markers that are all known to be involved
in cell specification (Fig. 5): bone morphogenetic protein 2b (bmp2b)
specifies cells with ventral fates, chordin (chd) and goosecoid (gsc) are
dorsalizing factors in the zebrafish organizer and notail (ntla) is a
mesodermal marker. None of these markers displayed any major
differenceswhen RPTPα or PTPε knockdown ormutant embryoswere
compared to sibling embryos. Goosecoid expression in ptpra−/−

embryos appeared to be located more towards the leading edge and
was not properly localized towards the animal pole, which might
reflect C&E cell migration defect. Taken together, these results show
that dorsal–ventral specification was not affected in homozygous
ptpra mutant, RPTPα or PTPε knockdown embryos, suggesting that
the observed defects were due to defective morphogenetic cell
movements, not to defects in cell specification during gastrulation.
Fig. 5.No cell specification defects in ptpramutant or RPTPα and PTPε knockdown embryos. E
probes for bmp2b, chordin (chd), gooscoid (gsc) or no tail (ntla). Embryos from ptpra+/− incr
injected at the 1-cell stage with ptpra-MO (0.3 ng/embryo) or ptpre-MO (2.5 ng ptprea-M
view with dorsal to the right; on the right: lateral view with dorsal to the right. Scale bar=
Visualizing C&E cell migration patterns and intercalation

In order to visualize C&E cell movements, we proceeded to track
epiblast cells during zebrafish gastrulation using confocal fluorescent
microscopy. Zebrafish embryos were injected at the 1 cell stage with
fluorescently labeled Histone 1 (H1) protein, labeling all nuclei. For
time-lapse imaging the embryos were dechorionated at 30% epiboly
and mounted at shield stage in 1% low melting point agarose. The
H1-injected embryos were positioned with the dorsal side against
the coverslip approximately 100 µm anterior to shield position and
imaged at 40× magnification. At this position the C&E movements of
the epiblast can be clearly visualized. We recorded from shield stage
until 1-somite stage with 2 minute intervals. Time-lapse images
were analyzed using ImageJ. The nuclear labeling was used to
determine the position of individual cells in a single optical slice for
each time point (Fig. 6A). To account for z-drift the imaged volume
region included the enveloping layer (EVL), epiblast, hypoblast, and
the yolk syncytial layer with 4 µm spacing between the z-positions.
The difference between the epiblast and EVL was straightforward
since the EVL nuclei were larger and clearly distinguishable from
epiblast nuclei. The difference between hypoblast and epiblast was
evident because of the difference in dynamics of the axial
mesendoderm cells to the overlaying epiblast. From shield stage to
65%–70% epiboly the axial mesendoderm cells migrated anteriorly
while the overlying epiblast cells were slightly moving towards the
vegetal pole undergoing the early gastrulation epiboly movement.
The layers were also clearly separated by Brachet's cleft. Using these
parameters the z-position of the epiblast cells was readily deter-
mined in the data. 2D cell tracing for the epiblast was performed at
this z-position. In case of z-drift the position of tracing was adjusted
accordingly to a lower or higher position at the time point of the
drift.

Cell tracing, C&E analysis and image processing

Time-lapse images were analyzed using ImageJ. This 2D image
analysis program was amenable at this magnification in this region
mbryos were fixed at 6 hpf and whole mount in situ hybridization was performed using
osses were processed and genotyped after in situ hybridization. Alternatively, embryos
O+2.5 ng ptpreb-MO/embryo) were used. Each panel depicts on the left: animal pole
250 μm.



Fig. 6. Decreased convergence and extension cell migration speed and cell intercalation in ptpra−/− mutant. Image processing used for cell tracking in order to quantify migration
speeds: (A) original single Z-slice image acquired by confocal imaging of a wildtype embryomicro-injected with fluorescently labeled Histone 1 protein, (B) binary image, (C) binary
image processed by watershedding, (D) all objects are eroded to a single pixel (inset shows 4× magnification for clarity), (E) every pixel is dilated, (F) projection of the resulting
objects used for tracing onto the original image, (G) tracks generated by tracking algorithm projected onto the original image, (H) tracks generated by tracking algorithm projected
onto the original image; the yellow rectangle indicates the area where tracks for extension speeds are collected, the blue rectangle represents the area where tracks for convergence
speeds are collected. (I) Ptpra+/−

fish were in-crossed and embryos were injected with Alexa Histone 1. Subsequently, 4–6 embryos were imaged in parallel using confocal
microscopy starting from shield stage. Images were processed as described above and average cell migration speed was calculated by dividing the track length by the number of
frames. For every experiment the average speedwas calculated in either the convergence or the extension direction for typically more than 1000 cells per embryo. The embryos were
subsequently genotyped and the average convergence and extension speeds in ptpra−/−mutant embryos were plotted as a percentage of the average speeds in wildtype siblings for
every experiment individually. The average of the 3 experiments is indicated as well. As a positive control, convergence and extension speed was determined in wnt11 knockdown
embryos, that are well known to have convergence and extension cell movement defects. The average reduction determined in 3 independent experiments is shown. (J) Ptpra+/−

fish were in-crossed and embryos were injected with YFP-CAAX and H2A-mCherry RNA. Embryos were mounted and imaged at late gastrulation stage posterior of the future site of
the first somite in the region next to the notochord. After imaging embryos were genotyped. Shown are mutant and wildtype embryos. Obtained images were processed and the
angles of cells were determined using ImageJ software and Shape_Descriptor1u plugin (Syverud et al., 2007). Resulting angles are from 2 mutant embryos and 2 wildtype embryos
and are plotted in a rose diagram (K). Length and width of the cells were determined in a similar fashion and the ratios were plotted (L). Mutants were compared to wildtype data
using Student t-test, error bars represent standard deviation, asterisk indicates a P-valueb0.001.
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because the imaged region used for analysis was approximately flat
and the region got even more flattened because of the positioning
against the coverslip. The slight tissue curvature which was still
apparent was both present in the mutant and wt control embryos and
as such accounted for when calculating the relative differences of the
cell migrations (data not shown). In the images the embryo was
positioned with the anterior side towards the top of the image. The
Cartesian coordinates of cell tracks generated in this way represented
the contribution of cell migration to convergence (X-axis) and
extension (Y-axis). The cells were readily traced after some image
processing (see below) with an algorithm that implemented feature
point detection and tracking (Sbalzarini and Koumoutsakos, 2005).
The algorithm generated a report with the Cartesian coordinates for
all traced objects at each time point. Using the coordinates we were
able to calculate N1000 cell movements per analyzed embryo, which
were used to determine the average contribution of the individual cell
tracks to convergence (Y-direction) or extension (X-direction,
Fig. 6H). Tracks used for the analysis of extension were calculated
from cells at the axial epiblast region at time points between 70%
and 90% epiboly. Tracks used for the analysis of convergence were
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calculated from cells at the paraxial region at time points between 90%
epiboly and 1-somite stage from the same dataset.

Due to the innate changes in intensity, size and shape of H1 signal
of the nuclei, we developed additional image processing for efficient
tracing of the cells. Making the images binary solves the problem of
variable fluorescent intensities (Fig. 6B). The occasional occurrence
of fused objects was handled by a watershedding process which re-
separated most fused objects (Fig. 6C). These objects still changed
during the time-lapse run in size and shape. Eroding every object
to a single pixel generated an image with single point markings
representing the individual positions of each object (Fig. 6D). For
tracing purposes these single pixels were dilated (Fig. 6E). When the
resulting image was re-projected onto the original it was evident that
the generated objects represented cell positions with a very high
accuracy (N99%, Fig. 6F).

Reduced C&E movements in ptpra−/− embryos

We used the tracking method described above to quantify C&E cell
movements in ptpra−/− embryos and to compare with wildtype
siblings. To this end, heterozygous ptpra+/−

fish were in-crossed and
four to six embryos were mounted and imaged as described above.
When comparing ptpra−/− mutants with wildtype embryos great
precaution was taken to position the embryos in a similar way. The
exact imaging position was determined retrospectively using embry-
onic features, including otoliths and somites that had developed at the
end of the run as coordinates. Data from embryos that were not
positioned correctly or that moved slightly during imaging were
discarded. Following imaging, the embryos were genotyped by
sequencing. The relative speed of cells in ptpra−/− embryos compared
to wildtype siblings from 3 independent experiments is plotted in
Fig. 6I. We consistently found a reduction in migration speed in both
X-direction (convergence) and Y-direction (extension) for mutant
embryos. The statistical analysis has been performed by Student t-test
assuming unequal variances with alpha=0.05. Since the data for
every experiment consisted of over 1000 datapoints for every
experiment, P-values were much lower than 0.0001. We still detected
a fluctuation between values of the relative speed for mutants
between experiments, which could be accounted for by small
differences from experiment to experiment in temperature inside
the imaging chamber or slight differences in positioning of the
embryo. In order to validate our method we used a well known
regulator of C&E to assess its effect on cell migration speed in our set-
up. We used wnt11-MO injected embryos and found a reduction in
migration speed compared to non-injected siblings in convergence
(12%) and extension (15%), which was comparable to the measured
reduction of migration speed in ptpra−/− embryos compared to
siblings (Fig. 6I). In conclusion, we have developed a method to
reliably quantify C&E cell movements using time-lapse confocal
microscopy. Using this method, we found that the average relative
speed of C&E cell movements during gastrulation was significantly
reduced in ptpra−/− mutant embryos compared to wildtype siblings.

Mutant embryos have cell intercalation defects

One of the underlying mechanisms of C&E is cell intercalation and
mediolateral elongation (Concha and Adams, 1998; Myers et al.,
2002). We used membrane labeling by YFP-CAAX to determine the
cell shape of intercalating cells in late gastrulation. Injected embryos
weremounted and the presomitic mesodermwas imaged posterior to
the site of the future first somite in the region neighboring the
notochord as described (Jessen et al., 2002). We used ImageJ software
and the Shape_Descriptor1u plugin (Syverud et al., 2007) to analyze
the angle of the cells towards the notochord and the ratio of length
to width of the cells. We found that indeed in ptpra−/− mutants the
ratio of length:width is significantly reduced (Student t-test, Pb0.001)
and angles towards the notochord are distributed more randomly
(Figs. 6J–L). This further reinforces the role of RPTPα in C&E.

Simultaneous knockdown of RPTPα and PTPε phenocopied silberblick

C&E movements are regulated by the non-canonical Wnt signaling
pathway. The main players in this pathway are Wnt5 and Wnt11,
which activate downstream Rho-like GTPases instead of β-catenin as
is the case in canonical Wnt signaling (Veeman et al., 2003). Mutation
or knockdown ofWnt11 results in defects in embryonic axis extension
in the anterior regions of the embryo (Heisenberg et al., 2000),
whereas mutation or knockdown of wnt5 results in defects in the
posterior regions of the embryo (Kilian et al., 2003), reflecting the
expression patterns of Wnt11 and Wnt5, respectively. As shown
above, co-injection of ptpra-MO and ptpre-MO caused a phenotype
resembling the wnt11 mutant/silberblick phenotype. Co-injection of
ptpra-MO and ptpre-MO resulted in severe defects and early
embryonic lethality. At lower concentrations, co-injection resulted
in cyclopia in ∼10% of the embryos (data not shown). Injection of
ptpre-MO in ptpra−/−

fish resulted in cyclopic fish as well (data not
shown). We proceeded to quantify the number of cyclopic fish upon
co-injection of ptpra-MO and ptpre-MOwithWnt11-MO (Fig. 7). Low
amounts of ptpre-MO together with low concentrations ofWnt11-MO
induced a high percentage of cyclopic fish (N60%), whereas ptpra-MO
together with Wnt11-MO induced a high percentage of fish with a
severe phenotype (N60%). Injection of single morpholinos at these
reduced concentrations resulted in hardly any phenotype (Fig. 7).
Together, these results suggest that RPTPα and PTPε function either in
the same pathway as Wnt11, or they have a common downstream
target with Wnt11.

RPTPα and PTPε signal upstream of RhoA and Fyn/Yes

Themajor downstream targets of the non-canonical Wnt signaling
pathway are the small GTPases, Rac and RhoA. To test if thesemight be
common downstream targets for both Wnt11 signaling and RPTPα
and PTPε, we investigated whether co-injection of mRNA coding for
constitutively active Rac or RhoA rescued the observed C&E
phenotypes. We found that both caRac and caRhoA mRNA produced
severe phenotypes when injected at high doses (data not shown), and
titrated to find concentration ranges that might be suitable for rescue
experiments. We found that injection of 2 pg caRhoA RNA per embryo
or less did not induce any phenotypes by itself. Injection of 0.5 pg
caRac RNA per embryo still induced truncated or shorter embryos. We
co-injected ptpra-MO or ptpre-MO with either 1 pg caRhoA RNA or
0.5 pg caRac RNA and found that the penetrance and severity of the
phenotype was reduced by co-injection of caRho RNA, but not caRac
RNA (Figs. 8A, B). As read-out for the phenotype we measured body
axis extension, i.e. the length of the tail, a hallmark of C&E defects
(as indicated in Fig. 8B). Co-injection of caRhoA RNA led to a sig-
nificant increase in body length compared to ptpra-MO or ptpre-MO
alone, but caRac RNA did not alleviate the body axis extension defect
(Fig. 8B). These results indicate that caRhoA, but not caRac, rescued
the RPTPα and PTPε knockdown phenotypes.

CaRac or caRhoA RNA was injected in ptpra+/− incross embryos
and C&E defects were determined by dlx3/hgg1 whole mount in situ
hybridization at the 1 somite stage. It is noteworthy that the
phenotypes were assigned and afterwards, embryos were genotyped.
We found that caRhoA significantly rescued C&E defects in ptpra−/−

embryos (Fig. 8C). CaRac improved the extension phenotype slightly
as assessed by hgg1 staining, but convergence, measured by dlx3
staining was not rescued significantly. We generally observed that
injection of caRac RNA induced poor overall morphology in mutant
as well as wildtype embryos at later stages and hence we cannot
conclude that caRac rescued the ptpra−/− phenotype. Our results



Fig. 7. RPTPα and PTPε knockdown phenotypes were enhanced by wnt11 knockdown and induced cyclopia. (A) Zebrafish embryos were injected with low amounts of morpholino
targeting RPTPα (0.15 ng/embryo), PTPε (1 ng each/embryo) andWnt11 (2 ng/embryo) and grown to 3 dpf. Embryos were scored based onmorphology “cyclopia”when eyes were
fused, as “phenotype” when shorter, showing abnormal morphology and/or edemas, or as “normal”. The percentages of embryos with phenotypes were plotted. Representative
embryos from each (co-)injection are depicted in panels B–E.
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indicate that caRhoA rescued the ptpra−/− induced C&E defects,
consistent with the caRhoA rescue of the ptpra-MO knockdown.

We recently described how Fyn and Yes play a role in C&E
in zebrafish by activating RhoA in parallel with the non-canonical
Wnt signaling pathway (Jopling and den Hertog, 2005). RPTPα
dephosphorylates the inhibitory tyrosine phosphorylation site in the
C-terminus of Src family kinases (Tyr 527 in chicken Src) thus
resulting in activation of the Src family kinases (den Hertog et al.,
1993; Zheng et al., 1992). Therefore we wondered whether Src family
kinase phosphorylation was affected in ptpra−/− zebrafish embryos.
At 24 hpf, embryos from a ptpra+/− incross were divided in two
groups based on morphology: mutants and siblings. The embryos
were lysed at 52 hpf and lysates were immunoblotted. As a
control, RPTPα expression was monitored in these lysates (Fig. 8D).
RPTPα protein was not detected in the mutants. The Src nonphospho
(np)Tyr527 antibody is specific for non-phosphorylated Tyr527. The
signal is clearly reduced in ptpra−/− mutants, indicating that
phosphorylation of this site is enhanced in mutant embryos that
do not express RPTPα. Phosphorylation of Tyr416, the autopho-
sphorylation site of Src family kinases is directly proportional to its
activation state. Tyr416 phosphorylation is reduced dramatically in
mutants, reflecting reduced activity of Src family kinases as a result of
enhanced phosphorylation of the inhibitory Tyr527. These results
demonstrate that phosphorylation of the inhibitory C-terminal Tyr
527 in Src is enhanced resulting in reduced Src activity which is
reflected by reduced autophosphorylation of Tyr 416.

To investigate directly whether the observed defects upon
knockdown of RPTPα and PTPε were linked to Src family kinases,
we co-injected RNA encoding active Fyn and Yes with ptpra-MO or
ptpre-MO and assessed body axis extension. It is evident that Fyn and
Yes significantly rescued both RPTPα knockdown as well as PTPε
knockdown (Figs. 8E, F). Moreover when we injected active Fyn and
Yes mRNA in ptpra+/− incross embryos and assessed the phenotype
in a similar fashion as in Fig. 8C, we observed a clear reduction of
the posterior shift of the hatching gland and reduction of the width of
dlx3 staining in mutant embryos to the level of wildtype sibling
(Fig. 8G), indicating that activation of the SFKs Fyn and Yes rescued
the ptpra−/− induced C&E phenotype. Our results demonstrate that
Src family kinase activity was reduced in ptpra−/−

fish and that Src
family kinases rescued RPTPα and PTPε knockdown induced defects,
firmly placing Src family kinases downstream of RPTPα and PTPε in
C&E cell movements.

Discussion

C&E cell movements during gastrulation are tightly regulated by
several signaling pathways, including non-canonical Wnt signaling
and signaling by Src family kinases. Here, we provide evidence that
RPTPα and PTPε are essential for C&E cell movements during
gastrulation as well. RPTPα and PTPε knockdown embryos as well
as ptpra−/− embryos displayed C&E defects, which were rescued by
co-injection of synthetic RNAs encoding the respective proteins. We
developed a cell tracking method using confocal time-lapse micros-
copy, which allowed us to quantify cell movements of all cells in the
developing embryo. We have used this method to demonstrate that
both convergence and extension cell movements were reduced in
ptpra−/− embryos. RPTPα and PTPε signal upstream of Src family
kinases and the small GTPase RhoA to regulate C&E cell movements.

RPTPα and PTPε function in C&E movements

During axis formation in vertebrate gastrulation, dorsal mesendo-
dermal cells become highly motile and polarized, a process regulated
in part by rearrangements of actin cytoskeleton. These cells move to
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Fig. 9. RPTPα and PTPε act in parallel to non-canonical Wnt signaling in C&E cell
movements. In non-canonical Wnt signaling, Frizzled is activated by binding of Wnt
which results in Dishevelled (Dsh) and Daam1-mediated activation of RhoA and Rac1.
In turn, Rac1 and RhoA activate Jun N-terminal Kinase (JNK) and ROCK, respectively,
leading to cell polarization, actin cytoskeleton rearrangements and cell movements.
RPTPα and PTPε dephosphorylate and activate the Src family kinases, Fyn and Yes,
leading to downstream activation of RhoA through an unknown intermediate, thereby
mediating convergence and extension cell movements.
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the midline where they intercalate, which results in extension of the
embryonic body axis. We demonstrate here that RPTPα and PTPε are
involved in these processes and we propose that the underlying
mechanism involves controlling the activity of downstream targets of
the non-canonical Wnt signaling pathway. Whether the C&E defects
result from reduced polarization of the cells, reduced cell adhesion or
an impaired chemotactic response remains to be determined.
However, these data do not simply reflect a delay in development
since mutant embryos reached the 1 somite stage at the same time as
sibling or wildtype embryos (data not shown). Cell specification was
not affected in RPTPα or PTPε knockdown embryos or ptpra−/−

embryos, ruling out that defective cell specification was at the basis of
the observed defects.

Cell tracking

We adapted and employed amethod to efficiently track cells in the
developing embryo using time-lapse confocal microscopy. Recently,
in toto imaging was described for zebrafish embryos in which all cells
were visualized and tracked over a period of 24 h (Keller et al., 2008).
Scanned light sheet microscopy was employed to allow for rapid
scanning through the entire embryo. We were interested particularly
in C&E cell movements during gastrulation and we used conventional
time-lapse confocal microscopy to image cell movements in an area
anterior to the shield, where C&E cell movements take place during
gastrulation. We improved ImageJ software, allowing us to automat-
ically track large numbers of cells in the area of interest and to
quantify cell movements in this area. Whereas we imaged the cells in
3D, we employed the data analysis in 2D, because the distortion
resulting from the curvature of the embryo was minimal (up to 6% at
the edges of the image, data not shown). Using this method, we
reliably calculated the velocities of many individual cells and we
compared C&E movements of more than 1000 cells in three
independent ptpra−/− embryos with those of cells in wildtype
siblings in three independent experiments. We detected significant
differences in cell movements in all three experiments with on
average 11% reduced convergence and 16% reduced extension (Fig. 6).
In principle this method can be used to detect changes in all kinds
of cell movements and only requires time-lapse imaging using a
conventional (confocal) microscope.

Signaling driving C&E cell movements

The β-Catenin independent wnt-PCP signaling pathway has been
shown to control C&E movements (Wallingford et al., 2002). Key
events in the regulation of C&E movements are the activation of RhoA
and Rac1 (Habas et al., 2001; Tahinci and Symes, 2003). We have
identified several other proteins that modulate this pathway,
including Shp2, Csk, Fyn and Yes (Jopling and den Hertog, 2005;
Fig. 8. RPTPα and PTPε knockdown rescued by active RhoA or active Fyn and Yes. (A) Zebrafi
ptpre-MO (2.5 ng ptprea-MO+2.5 ng ptpreb-MO/embryo) alone or co-injected with activ
Morpholino knockdown and RNA co-injection rescue experiments were done in the same c
independent experiments. (B) The phenotypes of all individual fish depicted in (A) were as
percentage of the length of non-injected control embryos. The figure represents the results
rescue experiments were performed in the same clutches of embryos. RNA co-injections wer
* represents a P-valueb0.05, ** represents a P-valueb0.001, no asterisk represents no signific
embryos were micro-injected at the 1-cell stage with either active Rac or active RhoA mRNA
and fixed. Whole mount in situ staining was performed using probes for dlx3 and hgg1. Th
posterior shift of the hatching gland and the width of the dlx3 staining. After pictures were
posterior shift or width of the dlx3 is plotted as a percentage of the embryo (yolk) diameter
was grown to 52 hpf. Embryos were characterized as mutant or sibling based on observed ph
inhibitors. Western blots were run and probed using 5478-anti RPTPα serum, Src-pY418
were injected with ptpra-MO (0.3 ng/embryo) or ptpre-MO (2.5 ng ptprea-MO+2.5 ng ptp
(4 pg each/embryo) RNA. Figure represents two separate experiments; morpholino injectio
embryo for each injected group is shown. (F) The lengths of the embryos' tails were measu
embryos were micro-injected in a similar fashion as in (C) with 4 pg/embryo of both active F
and the posterior shift of the hatching gland and the width of the dlx3 staining were plotted
were performed between indicated groups, where ** indicates a P-valueb0.001, * a P-value
Jopling and den Hertog, 2007; Jopling et al., 2007). Moreover, Has2,
PAPC and STAT3 have a role in the pathway as well (Bakkers et al.,
2004; Miyagi et al., 2004; Unterseher et al., 2004). All of these proteins
act in C&E movements by changing the activity of RhoA and/or Rac1
in dorsally migrating cells during gastrulation.

Several lines of evidence suggest a role for RPTPα and PTPε in non-
canonical Wnt signaling. Co-injection of ptpra-MO and ptpre-MO or
injection of ptpre-MO in ptpra−/− embryos resulted in cyclopia
(Fig. 7), a phenotype also observed in wnt11 mutant fish (Heisenberg
et al., 1996). Co-injection of low amounts ofWnt11-MO together with
low amounts of ptpra-MO or ptpre-MO specifically caused cyclopia
and severe phenotypes in fish, suggesting that Wnt11 and RPTPα and
PTPε interact genetically. We attempted to rescue the Wnt11
knockdown phenotype by co-injection of ptpra or ptpre RNA. Co-
injection of these synthetic RNAs at concentrations that rescued the
respective ptpra- and ptpre-MO injections (Fig. 3) did not rescue the
Wnt11-MO phenotype in a significant way (data not shown). This is
consistent with our previous finding that the Src family kinases, Fyn
and Yes, act in a signaling pathway parallel to non-canonical Wnt
signaling, converging on RhoA. RPTPα and PTPε have been shown to
dephosphorylate and activate Src family kinases in cell-based assays.
Here, we demonstrate that Src family kinase phosphorylation on the
inhibitory C-terminal residue (Tyr527) was enhanced in ptpra−/−

zebrafish embryos. Autophosphorylation (on Tyr416) was reduced,
sh embryos were micro-injected at the 1-cell stage with ptpra-MO (0.3 ng/embryo) or
e Rac (1 pg/embryo) or RhoA (1 pg/embryo) mRNA. Embryos were grown to 2 dpf.
lutch of embryos. The figure depicts representative embryos for every group from two
sessed by measuring tail lengths using ImageJ software. Tail lengths were depicted as a
of two independent experiments, where morpholino knockdown and RNA co-injection
e compared to their respective morpholino injections and Student t-tests were applied.
ant difference (PN0.05). (C) Heterozygous ptpra+/−

fish were in-crossed and offspring
. Non-injected embryos were taken as a control. Embryos were grown to 1 somite stage
e resulting staining patterns were analyzed as described in Fig. 2H, by measuring the
taken and phenotypes were assigned, embryos were lysed and genotyped. The average
. (D) Heterozygous ptpra+/− or wildtype (WT) fish were in-crossed and their offspring
enotype, dechorionated, deyolked and lysed using sodium orthovanadate and protease
antibody, Src-npY527 antibody and actin antibody as a loading control. (E) Embryos
reb-MO/embryo) like in figure (A) and co-injections were done with active Fyn and Yes
n and RNA co-injections were done in the same clutches of embryos. A representative
red and the average was plotted. (G) Heterozygous ptpra+/−

fish were in-crossed and
yn and Yes mRNA. The embryos were stained for dlx3 and hgg1, analyzed and genotyped
for each group. Error bars in all graphs represent standard deviations. Student t-tests
b0.05 and no asterisk no significant difference (P-valueN0.05).
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indicating that Src family kinase activity was reduced in zebrafish
embryos lacking functional RPTPα. Interestingly, mutant ptpra−/−

embryos and RPTPα and PTPε knockdowns were rescued by active
Fyn and Yes, demonstrating that these Src family kinases indeed acted
downstream of RPTPα and PTPε in the control of C&E cell movements
(Fig. 8). Finally, we demonstrated that active RhoA, but not Rac1,
rescued the RPTPα and PTPε knockdown and ptpra−/− mutant
phenotype, similar to RhoA-mediated rescue of Wnt11 and Fyn/Yes
knockdown (Jopling and den Hertog, 2005). These results led us to
propose a model where RPTPα and PTPε act in C&E cell movements in
a SFK dependent pathway parallel to non-canonical Wnt signaling,
modulating downstream RhoA activity (Fig. 9).

RPTPα and PTPε knock out mice

Interestingly, RPTPα and PTPε and even RPTPα/PTPε double knock
out (DKO) mice are viable (Tiran et al., 2006), whereas ptpra−/−

zebrafish were embryonic lethal. Co-injection of ptpra-MO or ptpre-
MO, resulting in transient knockdown of RPTPα or PTPε already
caused lethality. DKO mice are shorter but retain a normal growth
rate, which is consistent with a mild C&E defect phenotype. Detailed
analysis of gastrulation in RPTPα and PTPε knock out micemay lead to
identification of subtle or transient defects in gastrulation in these
mice. Moreover, analysis of the orientation of stereociliary bundles
in cochleae is one of the best read-outs for planar polarity in the
mouse and several knock outs of factors from the non-canonical
Wnt signaling pathway display defective bundle orientation (Mon-
tcouquiol et al., 2003). It will be interesting to analyze stereociliary
bundle orientation in RPTPα and PTPε knock out mice to establish
whether these mice display subtle defects resembling the PCP
signaling defects.

It remains to be determined why there is a difference between
mice and fish. Perhaps C&E movements are more easily affected by
changes in activity of RPTPα and PTPε in zebrafish embryos, or
perhaps zebrafish embryos lack factors that compensate for the
absence of RPTPα and PTPε in mouse embryos. It will be interesting to
see if DKO mice are shorter because of defects in Src family kinase
signaling and/or RhoA activity. It is noteworthy that cell movements
of pyramidal neurons in RPTPα knock out mice are defective (Petrone
et al., 2003), and it will be interesting to see if defective RhoA signaling
is at the basis of these cell movement defects in a similar manner as in
C&E cell movements in zebrafish embryos.

Conclusion

In conclusion, we demonstrate here that RPTPα and PTPε have an
essential role in C&E cell movements during gastrulation. Moreover,
RPTPα and PTPε act in a signaling pathway upstream of Src family
kinases and the small GTPase RhoA. It will be interesting to seewhat is
upstream of RPTPα and PTPε. Our results demonstrate that the RPTP-
SFK-RhoA signaling pathway is an important regulator of C&E cell
movements next to the well known non-canonical Wnt/PCP signaling
pathway.
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