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Outline of this thesis

Protein-tyrosine phosphatases (PTPs) play an important role in a wide 
range of signaling pathways in conjunction with protein-tyrosine kinases. 
Much research has been done in the past on PTP signaling, but a lot of 
roles in signaling pathways remain unknown. In this thesis we identified 
and characterized all PTPs in the zebrafish, and investigated the role of 
several PTPs in convergence and extension cell movements (C/E) in ze-
brafish gastrulation.

Chapter 1 provides a general introduction into zebrafish gastrulation 
cell movements and C/E cell movements in particular. The role of PCP/
non-canonical Wnt signaling in C/E is described, as well as the current 
state of knowledge of PTP signaling in the zebrafish. The chapter is con-
cluded with an overview of Eph-ephrin signaling, and how ephrin signal-
ing might regulate the PCP signaling pathway. 

Chapter 2 describes the identification of all zebrafish PTPs in silico, 
and characterization of their expression pattern at several stages of de-
velopment. We confirmed expression of all putative PTP encoding genes 
by partial sequencing of cDNA. We identified the zebrafish PTPs by blast-
ing the PTP domain of human PTPs against the zebrafish genome. PTPs 
contain some highly conserved motifs constituting the catalytic core, 
however at approximately 250 amino acids, the PTP domain is relatively 
big and allows for enough variation to identify the specific zebrafish or-
thologues of human phosphatases without looking at other structural 
elements of the protein.

In chapter 3 we focus on the role of RPTPα and PTPε in zebrafish C/E 
movements. We show that Fyn and Yes are activated downstream of 
RPTPα and PTPε and in turn mediate RhoA activation be rescuing knock-
down and mutant phenotype by RNA co-injection of active forms of fyn, 
yes or rhoa. Knockdown of ptpra or ptpre, as well as ptpra-/- mutant fish 
showed aberrant C/E cell movements caused by defective cell polariza-
tion in the presomitic mesodermal migrating cells as demonstrated by 
confocal microscopy and cell shape analysis.

In chapter 4 we present a novel mutation in NRAS, I24N, resulting in 
Noonan syndrome. Like mutations reported earlier, I24N results in mild 
activation of the Ras-MAPK pathway. We demonstrate that in the ze-
brafish mild activation of this pathway results in developmental defects 
reminiscent of the phenotypes in human Noonan syndrome patients, 



providing a clear link between Ras-MAPK activation and developmental 
defects.

In chapter 5 we identify two more PTPs, PTP-BL and Ptpn20, involved 
in C/E regulation and aim to further elucidate PTP regulated signaling in 
this process. First of all we demonstrate for the first time Ptpn20 to be 
a paralogue of PTP-BL, with partly redundant functions in the zebrafish. 
We demonstrate that PTP-BL, Ptpn20, RPTPα and PTPε function in pairs, 
where RPTPα and PTPε are activators and PTP-BL and Ptpn20 are inhibi-
tors of RhoA activity. We show four PTPs cooperate with ephrin signaling. 
RPTPα and PTPε activate RhoA through NGEF (ephexin1) and PTP-BL and 
Ptpn20 inhibit RhoA activity through Arhgap29 (Parg1).

Our results are summarized in the general discussion in chapter 6.
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den Hertog, J. and van Eekelen, M. 
Zebrafish and phosphatase function

Handbook of Cell Signaling 2nd edition. 2009. (Bradshaw, R.A. and Dennis, 
E.A., eds.), chapter 101, Elsevier Inc.”
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 1 It is remarkable how every organism starts out as one cell and ends up 
with very defined and specialized tissue, consisting of up to billions of 
cells, all at the right place performing their proper function. It is even 
more remarkable to see this process happen within a 24 hour timespan 
in the zebrafish, where a single cell develops into a larva already resem-
bling a fish, most organs already formed and a beating heart and circu-
lation in place. In the course of evolution the step towards multicellular 
organisms not only introduced more complexity of regulation but also 
many opportunities for efficient cooperation of cells by specialization. 
It is not hard to imagine how the advantage of the latter far outweighs 
the disadvantages and possible complications arising from the former, 
as can be seen around us where multicellular organisms flourish and 
nature found efficient and tightly controled ways to regulate develop-
ment.
Highly organized structures such as organs are formed by basically three 
processes; proliferation, differentiation and migration. During the first 
hours of embryonic development in vertebrates, the only processes 
taking place is proliferation, as cells are dividing resulting in a lump of 
ever more numerous but smaller cells. Soon after that, differentiation 
and migration will enable the layout of the body plan. This thesis will 
focus on the role of cell migration in embryonic development, and how 
it is regulated.
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1.1 Zebrafish gastrulation movements 

Embryonic development in fish is not much different than in other 
vertebrates save for the presence of a yolk. A fertilized oocyte starts as 
a giant cell on top of big yolk cell. The oocyte soon starts to divide and 
cover the top of the yolk with cells. After about 4 hours, cell migration 
processes start to shape the then still dividing mass of cells with 4 main 
cell movements: epiboly, internalization (emboly), convergence and ex-
tension in order to shape the main layout of the body (Figure 1)1-3. 

Epiboly movements start at the blastula stage, creating a thin layer of 
cells covering the yolk. At the onset of epiboly, the blastoderm starts to 
become thinner because of radial intercalation of the cells, resulting in 
a concave shape 4. The thinning blastoderm eventually spreads around 
the entire yolk. While these movements take place, the entire embryo is 
covered by a single cell layer called enveloping layer (EVL) which at these 
stages does not mix with the blastomere cell population. The EVL links to 
the yolk syncytial layer (YSL), at the margin during epiboly movements. 
The YSL forms from the fusion of marginal blastomeres with the yolk cell, 
and basically consists of nuclei located at margin and underneath the 
blastomere cell population4-7.

The three germ layers are formed by internalization (ingression or 
emboly) of prospective mesodermal and endodermal cells, which occurs 
at the blastopore lips. Onset of internalization is when 50% of the yolk 
cell is covered by epiboly, when embryonic gene transcription starts and 
takes over from maternally deposited mRNA. Cells will start to accumu-
late at the marginal zone and move inward, starting dorsally, forming a 
thickening called the shield which functions like the Spemann-Mangold 
organizer in Xenopus6,8. Unlike in frog where all cells move as a sheet 
(emboly), zebrafish mesoderm and endoderm cells move individually at 
the dorsal side of the embryo, also called ingression movements8-10, while 
cells at the ventral part of the embryo move more like a sheet (involu-
tion) as demonstrated by high resolution microscopy following all cells in 
the developing embryo11. Cells continue to migrate towards the animal 
pole and anteriorly.

Apart from the creation of the three germ layers, the first structur-
al element created in the vertebrate body plan is the formation of the 
medio-lateral axis, organized by convergence and extension cell move-
ments (C/E). Onset of C/E is also at 50% epiboly like internalization. Cells 



14

C
ha

pt
er

 1



C
hapter 1

15

Figure 1. Gastrulation cell movements in the zebrafish. 
Shown are zebrafish embryos at seven stages in development, starting at the 256 cell 
stage (2.5 hpf), 3.5 hpf, dome stage (4.3 hpf), shield stage (6 hpf), 70% epiboly (7.7 hpf), 
90% epiboly (9 hpf) and bud stage (1 somite; 10.4 hpf). Cartoons on the left depict sag-
gital plane views through the (future) dorsal midline, yellow depicting yolk cells and 
blue depicting cells. Arrows indicate the different cell movements, in red epiboly move-
ments, in green involution / internalization movments, in purple convergence move-
ments and in orange extension movements.

of the axial and paraxial mesoderm and neurectoderm polarize and be-
come elongated, while aligning along the medio-lateral axis. The process 
results in mediolateral narrowing (convergence) and rostro-caudal ex-
tension6,12-18. C/E cell movements require cells to actively and direction-
ally crawl between neighbouring cells using mediolateral lamellipodia. 
Impairment of C/E cell movements results in embryos with shorter and 
wider body axis. In the early stages of C/E cell movements, cells are com-
pacting at the dorsal side to form the shield. The shield will then generate 
axial structures such as the prechordal plate and the notochord, while 
paraxial and lateral mesoderm will form somites and the lateral plate4,19. 
Axial extension is largely driven by medio-lateral elongation and inter-
calation, but is partly contributed by directed cell migration of specific 
subsets of cells, like prechordal plate progenitors. Notochord extension 
does not rely on convergence movements17,20-23.

1.2 The PCP pathway and non-canonical Wnt signaling in C/E cell 
movements

PCP signaling

Polarity is an essential property of many cells and at the basis of the 
organization of many tissues. Spontaneous mutations disrupting the sur-
face bristles on the body, the hairs on the wings and photoreceptors in 
the eye of Drosophila melanogaster led to the discovery of the planar cell 
polarity (PCP) pathway24-30. Although polarity is even observed in unicel-
lular organisms, tissues of higher complexity in multicellular organisms 
can contain an additional order of polarity. This kind of polarity is usually 
observed in epithelia, already containing polarized cells with a distinct 
apical and basal side, separated by tight junctions. Within these epithial 
layers, a second degree of polarity can exist in the plane, hence the name 
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 1 planar cell polarity. Studies in the fruitfly led to the discovery of core PCP 
genes, like frizzled (fz), disheveled (dsh or dvl), van gogh (vang), starry 
night (stan, also called flamingo/fmi), prickle (pk) and diego (dgo)31,32 (Ta-
ble 1).

The simplest and best understood system using the PCP pathway is 
the organization of hairs on the Drosophila wing. Each cell produces a 
single hair aligning at the proximal-distal axis pointing towards the distal 
end of the wing (Figure 2a). In this case, the PCP pathway regulates both 
the subcellular position of the wing hairs, but also the orientation in 
all cells compared to each other. Disruption of core PCP genes leads to 
disruption of the orientation, the number of hairs produced per cell and 
the subcellular localization. Either of these phenotypes can be used to 
classify the PCP genes in different groups33. In the case of the fly wing, core 
PCP proteins are mostly localized on the proximal or distal membranes 
of the cell, where fmi is localized both proximal and distal, strabismus 
(stbm) and pk are only localized proximal and fz, dvl and dgo only distal 
(Figure 2b). Apart from the core PCP proteins, a second group of PCP pro-. Apart from the core PCP proteins, a second group of PCP pro- Apart from the core PCP proteins, a second group of PCP pro-
teins exists, not showing subcellular asymmetrical distribution but rather 
showing gradients along the tissue, like dachsous (ds) and four-jointed 
(fj). Ds forms a gradient from proximal to distal with high expression in 
the proximal region, while fj is highly expressed at the distal region with 
low expression proximal. Ft is expressed evenly throughout the fly wing, 
but its activity is inhibited by ds, resulting in a gradient of activity with 
highest activity at the distal region34,35 (Figure 2c). Several models have 
been proposed, one where Ft and Ds form asymmetric heterodimers that 
give cues to the core PCP components35,36 giving rise to asymmetric dis-
tribution. More recently it has been suggested that Fat is a golgi-resident 
kinase, possibly regulating Fj and Ds activity through phosphorylation37. 
Future investigations will certainly shed more light on how asymmetric 
distribution originates and how it is maintained.

Two well-studied tissues under control of PCP signaling in mammals 
are the auditory and vestibular epithelia in the inner ear. Both types of 
epithelium consist of hair cells projecting an asymmetrically positioned 
kinocilium and an adjacent asymmetrically distributed bundle of actin 
based stereocilia. The highly oriented hair cells in mammalian ears have 
been shown to become disoriented when core PCP components are mu-
tated in the mouse38-41. The cochlea is essential for hearing. This sensory 
organ depends for its function on the organ of Corti, consisting of rows 
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Figure 2. The planar cell polarity pathway.
(A) Schematic overview of the Drosophila wing epithelium, consisting of epithelial cells 
producing one hair cell each (indicated in red). Green and blue arrow indicate the dif-
ferent polarity axes. (B) Distribution of core PCP proteins in the fly wing epithelial cell 
over the proximal and distal axis. (C) Distribution gradient of Ds, Fj and Fat activity over 
the fly wing epithelium. (D) Schematic representation of a cochlea hair cell with a big 
kinocilium and V-shape positioned stereocilia. Asymmetrically distributed core PCP pro-
teins are indicated. (E) Schematic representation of a polarized mesodermal migrating 
cell in C/E cell movments. Proximal to distal assymatric distribution of core PCP proteins 
is indicated.
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 1 of hair cells typically organized with a V-shaped stereocilia structure all 
pointing towards the periphery of the cochlea18,27. Like in Drosophila, 
some of the core PCP components are asymmetrically positioned within 
the cell, with on the medial side Pk and Vangl and on the lateral side Fz, 
Dvl and Dgo (Figure 2d). Although loss of some single core PCP genes 
results in disorganized hair cells, like vangl224,42,43or celsr144, others show 
redundancy and require double mutants which is the case for fz3;fz639 or 
dvl1;dvl2 double mutants45. The components involved in mammalian in-
ner ear eptithelium and fly wing epithelium PCP signaling are not only re-
markably similar, the same proteins are localized in an asymmetric man-
ner which is very comparable, even though the structures they give rise 
to are very different, suggesting a highly conserved mechanism.

Cells of the axial and paraxial mesoderm and the neurectoderm 
are not epithelial cells, but substantial evidence shows a role for the 
PCP pathway in convergence and extension cell movements. Not only 
do mutations in core PCP components lead to impaired C/E cell move-
ments12,17,46-48, individual PCP core components are localized asymmetri-
cally like in the fly wing or mouse cochlea, with Fz and Dvl at the dis-
tal membrane of the migrating cells49 and Vangl and Pk at the proximal 
membrane50-52 (Figure 2e). Disruption of PCP proteins have simultane-
ously been shown to disrupt C/E in frog or zebrafish and cause defects in 
mouse cochlea, kidney and heart outflow tract45,53,54, whereas consider-
able genetic evidence suggests a role for PCP components, it is not clear 
if they function as in epithelial PCP pathways, although some core com-
ponents are asymmetrically distributed in a similar way.

Non-canonical Wnt signaling

An important part of the PCP pathway is known as non-canonical Wnt 
signaling, which has been investigated by many groups and unlike most of 
the PCP pathway, the molecular mechanisms are now mostly known55,56. 
In canonical Wnt signaling, binding of the Wnt ligand to the frizzled re-
ceptor induces stabilization of the otherwise continuously degraded 
β-catenin, which can then translocate to the nucleus and recruit tran-
scription factors to up or down regulate Wnt target genes57-59. The non-
canonical Wnt signaling pathway functions independent of β-catenin, and 
rather recruits and activates RhoA and Rac1 (Figure 3). Frizzled recruits 
Dishevelled (Dvl) like in canonical Wnt signaling to bind through its PDZ 
domain60,61. Dvl interacts with RhoA trough Daam1, a formin homology 
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Figure 3. The non-canonical Wnt signaling path-
way
Wnt11 binds Frizzled and recruits Dishevelled (Dvl). 
Ror2 and Lrp5/6 are known to interact with the 
Wnt-Frizzled complex. Rac1 is activated through 
Dvl and RhoA through Daam1, which binds the 
DEP domain of Dvl. Downstream, RhoA and Rac1 
activate Rok2 and JNK, respectively, leading to PCP 
signaling.

(FH) containing adaptor protein62. Interaction of Dvl with Daam1 leads to 
activation, and leads to interactions with RhoGEFs like WGEF, resulting 
in RhoA activity63-65. Alternatively, non-canonical Wnt signaling activates 
Rac1 directly through the Frizzled-Dvl complex, activating  C-Jun N termi-
nal kinase (JNK) and also leading to cell polarity and migration66,67.

RhoA and Rac1 belong to the small Rho-like GTPase family of pro-
teins, who are activated by guanine exchange factors (GEFs) replacing 
a GDP unit for a GTP unit and inactivated by GTPase activating proteins 
(GAPs), catalyzing the conversion of GTP to GDP in the Rho-like protein. 
Both Rac1 and RhoA are known to interact with the actin cytoskeleton, 
inducing rearrangements and changing the cell shape, leading to cell 
polarization and migration68,69. Activation of RhoA leads to downstream 
activation of Rho kinase (ROCK) and MYPT (ppp1r12). Generally RhoA 
activity is associated with cytoskeletal rearrangements, cell polarization 
and migration.

Considerable evidence links PCP signaling to cilia. For instance, the 
PCP effector genes fuzzy and inturned lead to disruption of the cytoskel-
eton and loss of cilia when mutated70 and the formation of cystic kidney 
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 1 in PCP mutants. Very few cells in Drosophila contain cilia, and cilia do 
not seem to play a role in the control of PCP in the wing or the eye. This 
suggests that the role of cilia and a subset of the PCP components are 
vertebrate specific, which is substantiated by observations that genes 
identified as susceptibility loci for Bardet – Biedl syndrome show char-
acteristic PCP defects, like open eyelids, neural tube defects and inner 
ear polarity disruptions71. Bardet - Biedl syndrome proteins have been 
shown to be localized to cilia and are associated with amongst others 
cystic disease. Other genes have been shown to confer PCP defects when 
mutated in vertebrates but not in flies, like PTK7, Discs Large (Dlg) and 
Scribble (Scrb)72,73. Despite the presence of Frizzled in the core compo-
nents of PCP signaling in the fly as well as vertebrates, Wnt signaling has 
never been shown to be essential for the fly PCP pathway, while non-ca-
nonical Wnt signaling is essential for vertebrate PCP signaling. Drosophila 
have only a single copy of Wnt (Wg), suggesting that vertebrates need 
co-receptors to distinguish between canonical and non-canonical Wnt 
signaling. Indeed such co-receptors have been identified. LRP5 and LRP6 
specifically interact with Frizzled and Wnt in canonical Wnt signaling74-76 
and Ror2 has been suggested in vertebrate PCP signaling77. Ror2 is an or-
phan receptor kinase with a Frizzled-like CRD extracellular domain. Apart 
from these transmembrane co-receptors, recently a secreted protein, 
Cthrc1, has been proposed to bind to Frizzled, Wnt and Ror2 and play a 
role in PCP / non-canonical wnt signaling specifically78,79. Taken together, 
these data suggest some fundamental differences between Drosophila 
and vertebrate PCP signaling.

 
Other pathways

Several other pathways have been shown to contribute to C/E cell 
movements in addition to non-canonical Wnt and PCP signaling, like the 
BMP signaling pathway which regulates the cells ability to migrate by 
controlling cell-cell adhesion80. Bmp is expressed at the ventral side of 
the embryos during gastrulation, setting up a gradient with the lowest 
concentration at the dorsal side. Bmp signaling inhibits cell-cell adhesion, 
meaning that responsive cells will exhibit stronger adhesion at the dorsal 
side and weaker adhesion at the ventral side, resulting in a net cell migra-
tion towards the dorsal side.

The Slit/Robo pathway was originally identified in Drosophila as play-
ing an important role in axonal guidance81. Slit is a secreted protein con-
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taining four leucine rich repeats and seven to nine EGF-like domains that 
binds the Robo (Roundabout) receptor. Apart from axonal pathfinding 
Slit/Robo plays a role in neural crest cell migration, as migrating neural 
crest cells express Robo1 and Robo2 and are repelled by Slit2 in vivo and 
in vitro82,83. Overexpression of Slit in the zebrafish induces cyclopia and 
impairs C/E cell movements, suggesting a clear link with the PCP signaling 
pathway84.

Although non-canonical wnt signaling has been shown to activate 
both Rac1 and RhoA, it recently has been debated if JNK, the direct 
downstream target of Rac1 is really required in the PCP signaling path-
way27,85. It seems that RhoA activation is one of the key events in regulat-
ing C/E cell movements86. Recently discovered signaling pathways seem 
to point towards alternative ways to regulate RhoA activity, independ-
ent of Wnt11 and Wnt5a87-90. Fyn and Yes have been suggested to play a 
role in activation of RhoA in parallel to non-canonical Wnt signaling87,88 
The role of two protein families, the protein tyrosine phosphatases and 
ephrins, in C/E cell movements and PCP will be discussed below in detail.

 

1.3 Protein tyrosine phosphatase signaling in the zebrafish

Protein phosphorylation on tyrosine residues is essential for normal 
cell signaling and has a pivotal role in all aspects of cell biology. Cellular 
phosphotyrosine levels are regulated by two large protein families with 
opposing catalytic activity, the protein-tyrosine kinases (PTKs) that medi-
ate phosphorylation of substrates and the protein-tyrosine phosphatases 
(PTPs) that mediate dephosphorylation91. The PTKs are well character-
ized and many PTKs have been identified as proto-oncogenes92. Moreo-
ver, the role of PTKs in cell signaling is well established. The PTPs are less 
well understood. Nevertheless, the importance of PTPs in development 
and disease has been recognized93. For instance, the PTPs have been her-
alded as tumor suppressor genes from their discovery onwards and re-
cently evidence was provided that PTPs are mutated at high frequency in 
human tumors94.

Functional analyses of PTPs in invertebrate models, most notably 
Drosophila, led to seminal discoveries of the role of RPTPs in motor neu-
ron axon pathfinding95. PTP knock-out models in the mouse have led to 
important break-throughs in our understanding of the role of PTPs in 
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vivo. However, often redundancy among PTPs obscured elucidation of 
PTP function. We and others have turned to the zebrafish model to inves-
tigate the function of PTPs in vertebrates in vivo. Here, we will review the 
advantages of the zebrafish as a model system, the conservation of the 
PTP family in zebrafish and the initial work that has been done to assess 
the function of PTPs in zebrafish. Finally, we will indicate the new direc-
tions of PTP research in zebrafish and how this will affect analysis of PTP 
function in higher vertebrates.

Zebrafish as a model system

The zebrafish is an excellent model system that is ideally suited to 
study gene function and is increasingly being used to model human dis-
eases96. The zebrafish genome is being sequenced and coverage is about 
90% complete (http://www.ensembl.org/Danio_rerio/index.html). The 
main advantages of the zebrafish as a model system are the high fecun-
dity (100 - 200 embryos per clutch, 1 - 2 clutches per week per zebrafish 
pair), allowing large scale screens and statistically significant genetic ex-
periments. The embryos develop outside the mother and are transparent, 
allowing the experimentator to easily follow embryonic development. In 
addition, transgenesis is feasible and embryonic development is rapid, 
which - combined - makes the zebrafish embryo ideally suited for intravi-
tal imaging. Many transgenic lines expressing fluorescent marker proteins 
under the control of specific promoters are available, which allow time-
lapse (confocal) imaging of organs, tissues or cells of interest. Chemical 
compounds are easily taken up by zebrafish and N-ethyl-N-nitrosourea 
(ENU) induced mutagenesis has been used to induce mutations in the ze-
brafish genome. These forward genetic screens have yielded a wealth of 
genetic mutants that were selected based on particular phenotypes97,98. 
Moreover, ENU mutagenesis is also at the basis of target selected gene 
inactivation (TILLING) where the gene of interest is sequenced in many 
mutagenized individuals to identify mutations in the target gene99. This 

Figure 4. Protein tyrosine phosphatases in the zebrafish.
All PTPs as they are found in the zebrafish genome are depicted by their protein struc-
ture. Human orthologs not identified in the zebrafish genome are noted in red. Dupli-
cated gene names were appended with “a” or “b”. Genes that are duplicated in other 
fish species, but have only one copy identified in the zebrafish are indicated with a red 
box. Genes duplicated in the zebrafish that are not duplicated in other fish species are 
indicated with a blue box.
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technology has yielded nonsense mutations in approximately 200 genes 
to date. Transient target protein knock-down can be achieved by micro-
injection of morpholinos, antisense synthetic oligonucleotides with an 
altered backbone, making them extremely resistant to nucleases in cells. 
Morpholinos are directed at the start ATG or at splice sites and they block 
translation initiation or splicing, respectively. Protein knock-down is ef-
fective for two to four days, allowing one to assess the specific defects as-
sociated with the target protein100,101. Finally, administration of chemical 
compounds to zebrafish embryos is easy by simple addition to the water 
and as a result, large numbers of compounds can easily be screened us-
ing (aspects of) zebrafish development as read-out 102. Taken together, 
the zebrafish is an ideal model system for analysis of gene function at the 
genetic, molecular and cellular level in whole organisms. 

Zebrafish Protein-Tyrosine Phosphatases

Figure 5. Distribution of the protein-tyrosine phsohatases over the zebrafish genome.
The chromosomal location of every PTP encoding gene as identified in chapter 2. Two 
genes were not assigned a chromosome yet, their respective non-assembled contig 
numbers are indicated on the top right.
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The sequences of human PTP domains were blasted individually 
against the zebrafish Ensembl genome sequence (release Zv8). Homologs 
of all but three PTPs were identified in the zebrafish genome and are 
described in Chapter 2 of this thesis103 (Figure 4). Fourteen PTPs are du-
plicated in the zebrafish genome. For instance all type R2B RPTPs, LAR, 
RPTPδ and RPTPσ, are represented by two genes each in the zebrafish 
genome, encoding LARa, LARb, RPTPδa, RPTPδb, RPTPσa and RPTPσb, re-
spectively. It is not uncommon that genes are duplicated in the zebrafish 
genome and usually both genes are expressed and functional. Three PTPs 
were not identified in the zebrafish genome by BLASTing the human PTP 
domain sequences: HePTP, PEST and PTP36(Pez). However, BLASTing full 
length human Pez (encoded by PTPN14) led to identification of zebrafish 
Pez sequences, in particular of the FERM domain in Pez104. Therefore, 
Pez is encoded by the zebrafish genome, although formally it is not clear 
that this gene actually encodes a PTP domain. Similarly, we identified two 
genes that are highly similar to human PTPN23, encoding HD-PTP and we 
refer to these genes as ptpn23a and ptpn23b. For ptpn23b we have not 
identified catalytic PTP domain sequences yet. We have not identified 
HePTP and LYP orthologues yet, not even by BLASTing full length HePTP 
and LYP sequences. The corresponding genes may be in poorly covered 
areas of the zebrafish genome. Alternatively, these two genes may not be 
represented in the zebrafish genome. All identified PTP encoding genes 
were plotted on the zebrafish chromosome map (Figure 5). 

Phylogenetic and molecular evolutionary analyses were conducted 
using MEGA version 4105. Sequence alignments of all the PTP domains 
of zebrafish PTPs with their human homologs reveals that the PTPs are 
closely related and indicates that the classical PTP family is similar in ze-
brafish and humans. Cladograms that are based on sequence alignments 
of the PTP domains of the human and zebrafish cytoplasmic and receptor 
PTPs (Chapter 2 of this thesis), clearly demonstrate the highly conserved 
nature of the classical PTP subfamily.

Functional analyses of PTPs in zebrafish

The spatio-temporal expression patterns of PTPs reveal where they 
may act during development. The expression patterns of several PTPs 
have been established by in situ hybridization and are available in the 
public ZFIN database106. Many PTPs are broadly expressed during devel-
opment. However, PTPs may have specific functions in distinct tissues 



26

C
ha

pt
er

 1 because they are tightly regulated by other mechanisms than transcrip-
tion as well107. 

PTP1B was the first PTP to be cloned from zebrafish and functional 
analyses were limited to expression of wild type and mutant, dominant-
negative PTP1B in zebrafish embryos. These experiments demonstrated 
that tyrosine phosphorylation is essential for normal embryonic develop-
ment and in particular somitogenesis was impaired upon expression of 
catalytically active PTP1B108. The use of generic PTP inhibitors indicated 
that PTPs are essential for egg activation and for activation of Fyn kinase, 
which is essential for the process109. 

More specific experiments using morpholino-mediated knock-downs 
of particular PTPs revealed specific functions of PTPs. For instance, knock-
down of RPTPα which is broadly expressed during early embryonic de-
velopment110 results in specific eye defects at 3 dpf. In particular retinal 
lamination is defective upon RPTPα knock-down. These defects are par-
tially restored at 5 dpf when the morpholinos are exhausted and RPTPα 
is expressed again, but significant gaps in the amacrine cell layer persist 
111. Besides these specific eye defects, RPTPα knock-down also induces 
pleiotropic defects (Chapter 3 of this thesis).

RPTPψ is an ortholog of human RPTPλ, which is encoded by hu-
man PTPRU. The ptpru gene is duplicated in zebrafish, encoding RPTPλa 
(RPTPψ) and RPTPλb (See Chapter 2, Table 2). The gene encoding RPTPψ, 
ptprua, is broadly expressed during early embryogenesis and later on 
(10-24 hpf) elevated expression is detected in the somites, pronephric 
duct, midbrain-hindbrain boundary, the otic vesicle and the retina. Af-
ter completion of somitogenesis (26 hpf), ptprua expression is restricted 
to the retina, the forebrain-midbrain, the midbrain-hindbrain boundary, 
the otic vesicle and the branchial arches112. Morpholino-mediated knock-
down of RPTPψ disrupts segmentation of zebrafish embryos without 
effects on paraxial mesoderm specification. It turns out that RPTPψ is 
required for periodic expression of cycling genes in the presomitic meso-
derm, thus acting as a regulator of the somitogenesis clock. Moreover, 
RPTPψ knock-down results in defects in convergence and extension cell 
movements during gastrulation, illustrated by changes in marker gene 
expression upon RPTPψ morpholino injection that are typical for conver-
gence and extension cell movement defects112.

The SH2 domain-containing PTP, Shp2 (PTPN11), appears to be du-
plicated in zebrafish (Chapter 2, Table 1). Ptpn11a is widely expressed in 
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zebrafish embryos and whether ptpn11b is expressed and functions as a 
bona fide ortholog of human Shp2 remains to be determined. Shp2a is 
functional in zebrafish and acts as the ortholog of human Shp2. Therefore, 
we will refer to Shp2a as Shp2 here. Shp2 is required for normal conver-
gence and extension cell movements89. Knock-down of Shp2 in zebrafish 
results in defective cell movements, illustrated by cell tracking experi-
ments and marker gene expression. Cell specification is not affected by 
Shp2 knock-down. Interestingly, analysis of epigenetic interactions dem-
onstrates that Shp2 is upstream of the Src family kinases, Fyn and Yes, 
and the small GTPase, RhoA. Co-injection of synthetic RNAs encoding ac-
tive Fyn and Yes or RhoA rescues the Shp2 knock-down phenotype. These 
data are consistent with data from other model systems, including the 
mouse, demonstrating that Shp2 is essential for gastrulation cell move-
ments113. Mutations in Shp2 cause Noonan and LEOPARD syndrome in 
humans114,115 (OMIM 163950 and OMIM 151100). The Shp2 knock-down 
phenotype is consistent with the Noonan syndrome defects89,116. More-
over, injection of synthetic RNA encoding Noonan or LEOPARD mutant 
Shp2 results in defects in convergence and extension cell movements. 
Mutant Shp2 expressing zebrafish display defects that are reminiscent of 
the symptoms observed in human patients, including short stature, car-
diac defects and craniofacial abnormalities89. These results demonstrate 
that the zebrafish is amenable to modeling human syndromes and dis-
eases that are caused by mutations in PTPs.

Pez is a cytoplasmic PTP that encodes a FERM domain to the N-ter-
minal side of the PTP domain. Fragments encoding zebrafish Pez were 
identified in EST databases and pez (ptpn14) is transiently expressed at 
multiple sites in developing zebrafish embryos and morpholino-mediated 
knock-down of Pez results in defects in development of the organs that 
normally express Pez104. Organogenesis per se appears not to be affected, 
but the architecture of several organs is impaired upon Pez knock-down. 
Notably, Pez knock-down results in cardiac edemas, impaired looping 
of the heart and defective valvogenesis, resulting in blood regurgitation 
and impaired blood flow. In addition, the somite boundaries are irregu-
lar, the ventricular zone is expanded and the pharyngeal arches are mal-
formed, which is accompanied by enhanced cell densities in these struc-
tures. Overexpression of Pez in MDCK epithelial cells results in epithelial 
to mesenchymal transition (EMT) and Pez induces TGFβ production in 
MDCK cells. Interestingly, TGFβ3 expression correlates with Pez expres-
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 1 sion in zebrafish embryos and Pez knock-down results in loss of TGFβ3 
expression in tissues that normally express Pez. These results indicate 
that Pez is a crucial regulator of TGFβ3 signaling and suggest that the Pez 
knock-down induced defects are at least partially mediated by impaired 
TGFβ3 signaling and EMT.

Whereas morpholino-mediated knock-downs are a very powerful 
tool to investigate gene function in vivo, some caution should be used, 
because non-specific defects may be associated with morpholinos. Gen-
erally, the use of two independent morpholinos evoking the same phe-
notype is viewed as sufficient evidence for specificity of the observed 
defects. Moreover, rescues by coinjection of RNA encoding the corre-
sponding protein with silent point mutations to avoid direct quenching 
of the morpholinos by the synthetic RNA are definitive proof that the 
defects are specific. Proper controls for the morpholino injections are 
not trivial. Croushore et al.117 described morpholino-mediated knock-
downs of the lipid phosphatase Pten in zebrafish. Zebrafish encode two 
Pten genes, Ptena and Ptenb. Knock-down of Ptena and Ptenb by them-
selves induced distinct phenotypes, suggesting that the two pten genes 
have different functions in embryonic development. However, we have 
isolated genetic mutants with nonsense mutations well upstream of the 
catalytic domains of either pten gene and found that homozygous pte-
na-/- or ptenb-/- zebrafish do not display embryonic defects118. We have 
obtained 6th generation homozygous fish that are phenotypically indis-
tinguishable from wild type zebrafish, ruling out maternal contributions 
of Pten protein or RNA. Whereas we cannot rule out the possibility that 
our pten genetic mutants still express functional fragments of Pten, it is 
more likely that the knock-down phenotypes result from the morpholino 
injections per se, rather than from Pten knock-down. It is noteworthy 
that rescues by co-injection of synthetic ptena or ptenb RNA in the cor-
responding knock-downs were not reported117. The double knock-out 
ptena-/-ptenb-/- embryos are embryonic lethal with pleiotropic defects 
that are consistent with enhanced cell proliferation and survival118, indi-
cating that Ptena and Ptenb have redundant functions during embryo-
genesis. We routinely rescue the MO-induced phenotype by co-injection 
of synthetic RNA encoding the corresponding PTP gene to ascertain that 
the observed MO-induced defects were due to knockdown of the target 
protein.
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1.4 Eph-ephrin signaling and Rho/Rac activation

Introduction

The Eph family receptor tyrosine kinases and their surface-associated 
ephrin ligands engage in bidirectional cell-cell signaling. Since its discov-
ery Eph/ephrin signaling has been implicated in an increasing number of 
developmental, homeostatic and pathogenic processes119-123. Eph-ephrin 
signaling has some distinctive features, first of all Eph are one of the few 
receptor tyrosine kinases to have non-soluble ligands and second, signal-
ing in Eph-ephrin interactions is bi-directional. This suggests that these 
proteins engage in cell-cell communication, where responses will differ in 
receptor and ligand expressing cells. Perhaps the most well know exam-
ple is the mixing of populations of cells expressing either EphB or ephrin-
B, which will repulse each other and segregate124-127. It has become clear 
that Eph-ephrin signaling plays a major role during development in shap-
ing organisms. Cell migration is an essential process to form structures 
and organs, in part by bringing the right cells to the right place, partly 
to form boundaries between functionally distinct tissues. Eph receptors 
and ligands are highly expressed in the developing brain, and have been 
shown to play a key role in axon guidance, formation of synapses and 
communication of neurons and glial cells128-137.

Structure and function

Eph receptors are the biggest known family of kinases, consisting 
of an ephrin binding domain, 2 fibronectin type III repeats, juxtamem-
brane domain, a kinase domain, a SAM domain and a PDZ binding do-
main (Figure 6). The Sterile alpha motif (SAM) domain, a ~70 amino acid 
protein module involved in protein-protein interactions and homo- and 
hetero-oligomerize with other SAM domain-containing proteins138.  The 
Eph receptors can be further subdivided in EphA and EphB receptors, of 
which the human genome contains 9 and 5 respectively. EphA receptors 
predominantly bind the GPI-linked ephrin-A ligands, whereas EphB re-
ceptors predominantly bind the transmembrane ephrin-B ligands. Both 
ephrin ligands contain an Eph binding domain, ephrin-B type ligands con-
tain an intracellular PDZ binding domain as well123,129,139-141. Upon activa-
tion of the Eph receptor by ephrin ligands, both Eph and ephrin become 
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Figure 6. The structure of the Eph receptor and the ephrin ligand.
A schematic representation of both the EphA and EphB receptor in blue and the ephrin-
A and ephrin-B ligands in green and red respectively. The ephrin-A binding partner p75 
is indicated in orange. Potential phosphorylation sites and protein-protein interaction 
sites including the signaling domains are indicated on EphB and ephrin-B.

phosphorylated and receptor ligand clustering takes place129,142,143. It has 
been suggested that dimerization allows for low signaling, while cluster-
ing is required for full signaling from Eph receptors. Interestingly, ephrinB 
ligands can signal independently from Eph receptors as well144,145, simi-
larly clustering of Eph receptors does not necessarily require ephrin con-
tact146. It seems even ephrinA ligands can signal independently from Eph 
receptor despite being present on the cell surface only, by interacting 
with the transmembrane protein p75NTR (NGFR) expressed in the same 
cell147,148. EphA10 and EphB6 have variations in their kinase domains that 
suggest lack of kinase activity 149-151.
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Eph-ephrin and Rho-family GTPases,  RhoGEFs and RhoGAPs

Rho family GTPases play a key role in regulating the actin cytoskeleton 
and cell migration152-154. Not surprisingly one of the key components reg-
ulated in Eph-ephrin signaling are Rho-family GTPases. RhoA, Rac1 and 
Cdc42 are activated by Rho-family specific guanine nucleotide exchange 
factors (Rho-GEFs) and GTPase-activating proteins (Rho-GAPs). RhoGEFs 
activate Rho family GTPases by GDP-GTP exchange. The major class of 
Rho-GEFs is the Dbl family, containing a Dbl-homology domain (DH) and 
a pleckstrin homology (PH) in tandem. GDP-GTP exchange is mediated 
through the DH domain. The second class of Rho-GEFs is the Dock family, 
containing a new conserved domain that mediates GDP-GTP exchange in-
stead of the DH-PH tandem domain155-158. Eph-ephrin signaling is known 
to interact with RhoGTPases through the ephexin subfamily. Ephexins are 
GEFs of the Dbl family that interact directly with Eph receptors159,160. 5 
ephexins have been described so for; ephexin1 (NGEF/Arhgef27), ephex-
in2 (WGEF/Arhgef19), ephexin3 (TIM1/Arhgef5), ephexin4 (neuroblas-
toma/Arhgef16) and ephexin5 (Vsm-Rho GEF/Arhgef15)155,159-164.  Some 
members of tandem DH and PH doain family of GEFs like NGEF, WGEF, 
and TIM contain an additional SH3 domain, and have been shown to be 
regulated by phosphorylation, releasing an autoinhibiting helix on the 
protein165. 

Ephexin1 is a Rho-GEF for RhoA, Rac1 and Cdc42. Activation of FGFR 
signaling results in interaction of ephexin1 with FGFR, resulting in the 
phosphorylation of ephexin1 Tyr87. This phosphorylation increases its 
GEF activity towards RhoA while activity towards Rac and Cdc42 remains 
unchanged166. Ephexin1 is highly expressed in the central nervous sys-
tem, and knockout studies showed a role in axonal outgrowth and growth 
cone repulsion and collapse159,160. WGEF (ephexin2) has been shown to 
play a role in Xenopus C/E cell movements167.  WGEF is preferentially ex-
pressed in the notochord, and overexpression activated RhoA, a proc-
ess mediated by interaction of WGEF and Dvl. Moreover knockdown of 
NGEF induces C/E cell movement defects. In a recent report about exci-
tatory synapse development, ephexin5 has been shown to have a role 
by activating RhoA. Stimulation of the ephexin5 bound EphB2 receptor 
by binding of ephrin-B1/2 results in phosphorylation and degradation 
of ephexin5 by Ube3A, resulting in decreased RhoA activity required for 
spine synapse maturation168,169. Ephexin3 (TIM1) is mainly an activator of 
RhoA163,170. Expression of TIM1 in cells led to changes in actin cytoskele-
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Figure 7. Eph-ephrin signaling pathways.
(A) Regulation of Ephrin-B Tyr298 phosphorylation. Binding of ephrin-B to the EphB 
receptor results in clustering of the Eph-ephrin complex. SFKs are recruited and phos-
phorylate ephrin-B Tyr298, allowing Grb4 to bind with its SH2 domain. PTP-BL dephos-
phorylates ephrin-B and binds to the ephrin-B PDZ binding region. (B) Interaction of 
ephrin signaling with non-canonical Wnt signaling pathway. Clustered (not shown) and 
phosphorylated ephrin-B binds Dishevelled through Grb4. Activation of the non-canon-
ical Wnt signaling pathway results in recruitment of Dvl to Frizzled. Both pathways result 
in activation of RhoA in a Daam1 dependent manner. (C) Axon growth. Inactivated and 
non-clustered EphA binds non-phosphorylated ephexin1, resulting in low activation of 
Rac1, RhoA and Cdc42. Active Rac1 maintains actin polymerization.  (D) Growth cone 
collapse. Activation of EphA by ephrin-A expressing cells leads to clustering of the re-
ceptor, phosphorylation of ephrin1 on tyrosine 87 and recruitment and activation of 
α2-chimaerin, resulting in Rac1 inactivation and RhoA activation. Low Rac1 activity and 
high RhoA activity results in actin depolymerization.

ton organization, and TIM1 induced phenotypes could be rescued by the 
ROCK inhibitor Y-27632. In vivo ephexin3 knockout led to impaired migra-
tion of dendritic cells and reduced MIP1α induced chemotaxis. Ephexin4 
has been shown to play a role in cell migration through RhoG and Rac155. 
Rac is activated in the leading edge of migrating cells, inducing the forma-
tion of actin rich lamellipodia protrusions. RhoG has been shown to acti-
vate Rac by interacting with ELMO. ELMO forms a complex with Dock180 
or Dock4, together forming a functional Rac-GEF. Binding of RhoG to the 
ELMO-Dock complex regulates translocation to the plasma membrane so 
that Rac can be activated. Hiramoto-Yamaki et al. show this process to be 
regulated by EGFR dependent activation of EphA2 and ephexin4, where 
ephexin4 directly activates RhoG155,171-175.

Much less is known about RhoGAPs regulated by Eph-ephrin signal-
ing, but investigations in knockout mice suggest at least a role for α2-
Chimaerin, a Rac-GAP that can bind directly to EphA4 and prevents axon 
outgrowth crossing the spinal cord midline. EphA receptors regulate 
growth cone dynamics trough ephexin1 in axon guidance159,160. Activation 
of RhoA induces growth cone collapse/retraction whileRac and Cdc42 
promote extension129,152,176.Interestingly,  ephexin1 knockout mice ap-
pear normal159. Iwasato et al. propose a model where without activated 
EphA4, basal levels of active Rac and inactive RhoA allow axon extension. 
At the spinal cord midline, ephrinB3 mediated activation of EphA4 leads 
to inactive Rac through α-chimerin and active RhoA through ephexin, 
blocking axon extension and stopping axons from crossing the midline. 
In α-chimerin KO mice, axons can cross the midline, because of failure 



34

C
ha

pt
er

 1 to inactivate Rac at the midline. β2-chimaerin has been shown to bind 
to EphA receptors to regulate cell migration, by inactivating Rac1 in re-
sponse to ephrin-A1 stimulation130,132,177.

Eph-ephrin signaling has been shown to regulate the architecture of 
many tissues, also the kidney. EphB2 is shown to be expressed in kidney 
tubules in the medulla, EphB6 in tubules in the cortex and outer medulla 
and ephrin-B1 in epithelial cells throughout the nephron. Stimulation of 
EphB2 signaling by ephrin-B1 induces Rho dependent changes, suggest-
ing that EphB2 regulates permeability of cell-cell junctions178,179. This is 
regulated by co-operative Cdc42 and Rho signaling mediating ephrin-B-
triggered endothelial cell retraction, where ephrin-B activates RhoA and 
Cdc42, which in turn activate ROCK and MRCK respectively, both acti-
vating myosin-II ATPase178 . Also in vascular development lays an impor-
tant role for Eph-ephrin signaling through interaction wiyh VEGFR2 and 
VEGFR3180,181. Ephrin-B2 was already known to be a marker of arterial 
endothelial cells182-185. Stimulation with ephrinB2-Fc or EphB4-Fc leads to 
internalization of VEGFR3 in cultured lymphatic endothelial cells. VEGF-C 
induced VEGFR3 endocytosis is compromised in cultured mouse efnb2 
knockout endothelial cells. VEGF-C induced VEGFR3 tyrosine phospho-
rylation was reported to be reduced as well as Rac1, Akt and Erk1/2 ac-
tivation. Other growth factor receptors do not seem to be affected and 
soluble Eph or ephrin induced activation still required VEGF activation. 
Eph-ephrin mediated cell repulsion is mediated by different mecha-
nisms. Cell-cell retraction upon EphA – ephrin-A2 binding is dependent 
on ADAM10 dependent cleavage of the ectodomain of ephrin-A2186. No 
such metalloprotease has been found for the ephrin-B class, but Marston 
et al. show that instead of cleavage removal of ephrin-B occurs through 
trans-endocytosis by the EphB expressing cell in a Rac dependant man-
ner187. Removal of the receptor-ligand complex is required for contact 
de-stabilization and cell retraction. An overview of signaling pathways 
relevant to this thesis is shown in Figure 7.

Ephrin signaling and SFKs

The Src family kinases (SFKs) have been shown to play a role in both 
regulating Eph-ephrin signaling and downstream of Eph-ephrin signal-
ing188. SFKs are palmitoylated proteins consisting of a SH2, a SH3 and a 
PTK domain, and are auto-inhibited by phosphorylation of Tyr527 re-
sulting in a closed conformation of the protein. Dephosphorylation of 
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Tyr527 and phosphorylation of Tyr416 results in activation189,190. EphA2/
ephrin-A1 mediated cell repulsion has been shown to be mediated by 
FAK and Src191,192. Also the ephrin-A expressing cell can engage in sign-
aling pathways, despite the lack of a cytoplasmic domain. Ephrin-A can 
interact with p75 (NTR) to activate Fyn in axon repulsion147. In fibroblasts, 
ephrin-A5 reverse signaling dependent Fyn activation results in activa-
tion of the Erk pathway and integrin-mediated adhesion119,140,193. Stimula-
tion of FGFR and EphA4 results in activation of a SFK possibly directly able 
to phosphorylate ephexin1 Tyr87166. The cytoplasmic domain of ephrin-B 
has been shown to become phosphorylated by Src family kinases and 
growth factor receptors129, and ephrin-B reverse signaling is dependent 
on these kinases to propagate a signal in the ephrin-B expressing cells 
upon binding of the Eph receptor. Palmer et al. show that ephrin-B be-
comes phosphorylated by SFKs in an Eph binding induced clustering de-
pendent manner. This phosphorylation happens rapidly but is transient, 
as PTP-BL is recruited to ephrin-B and dephosphorylates it in a PDZ do-
main binding-dependent fashion194. In Xenopus and colon cancer cell 
lines, phosphorylation of ephrin-B disrupts the binding of ephrin to the 
scaffolding protein Par6, promoting tight junctions between cells195,196. 

Eph-ephrin signaling as part of the PCP pathway?

Eph-ephrin signaling has been suggested to be part of the PCP path-
way by different groups, based on the observation that ephrin signal-
ing interacts with the non-canonical Wnt signaling pathway167,195,197,198. 
In Xenopus, dishevelled mediates ephrin-B1 signaling in the eye field. 
Knockdown of ephrin-B1 leads to impaired retinal progeny entering of 
the eye field199, which mimics Dvl translational blocking, whereas ephrin-
B1 knockdown can be rescued by Dvl overexpression. FGF signaling has 
been shown to play a role in retinal development by modulating ephrin-
B1 signaling to regulate the position of retinal progenitor cells within 
the definitive eye field200. The non-canonical wnt4 signaling pathways 
have been shown to be involved mainly through the action of Wnt4 and 
Wnt11201202, in part by antagonizing canonical Wnt signaling with Fz5. Eph 
signaling has already been shown to play a role in neural crest migra-
tion203, while Dvl association with Eph is implicated in cell repulsion204. 
Lee et al. show that ephrin-B1 can associate with Dvl through its DEP 
domain, mediating movement into the eye field195. Both Eph and non-ca-
nonical Wnt signaling are not essential for ephrin-B1 to cause cell move-
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 1 ment, but downstream components of the Wnt-PCP pathway are critical. 
Wnt11 collaborates or overlaps with ephrin-B1 function, but ephrin sign-
aling is independent. Others have shown the role of Eph-ephrin signaling 
in cell migration during development as well205,206.

Another study in Xenopus provides strong evidence for a role of 
ephrin signaling in the PCP pathway167. A screen identified WGEF (ephex-
in2) as differentially expressed in the notochord and knockdown studies 
resulted in C/E cell movement defects. WGEF was shown to interact with 
Dvl and Daam1.

Ephrin-Bs are activated by clustering upon interacting with EphB re-
ceptors on adjacent cells. Clustering promotes recruitment of SFKs that 
phosphorylate ephrin-Bs, phosphorylated ephrin-B subsequentially binds 
Grb4198,204 and decreases assembly of focal adhesions and actin207. Sev-
eral signaling adaptors bind to phosphorylated ephrinB which may act 
like a switch between SH2 binding-dependent signaling and PDZ binding-
dependent signaling145,194.

1.5 Zebrafish as a model for studying signaling pathways in cell mi-
gration, advantages and disadvantages.

In this thesis we describe the use of zebrafish embryos in screening 
for proteins involved in C/E, particularly contributing to RhoA activation/
inactivation in cell migration. We deploy a very simple but elegant way 
to quantify contribution to cell migration by measuring tail length. Al-
though tail length by itself is not necessarily indicative of the underlying 
mechanisms, we argue that by combining partial knockdown of distinct 
genes we can identify proteins involved in the same pathway (Figure 8). 
This became clear when we were studying the roles of RPTPα and PTPε 
and combined knockdown of these genes to check for redundancy. It 
showed that combining knockdown with usual concentrations for indi-
vidual knockdown experiments led to severe lethality. In order to gener-
ate viable embryos with dual ptpra and ptpre knockdown we needed to 
titrate down the concentration of morpholino to the point that individual 
knockdown at the same concentration would not generate a phenotype. 
Taking advantage of this knowledge, we used this as a screening tool to 
identify new components in RhoA activation independent of non-canon-
ical Wnt signaling, as described in chapters 3 and 5.
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Figure 8. Dissecting of signaling by combining suboptimal doses of morpholinos.
Morpholino-mediated knockdowns using three morpholinos, A, B and C. A and B func-
tion in the same pathway and A and C do not. Panel 1 shows non-injected control em-
bryos, panel 2 shows full knockdown (high morpholino concentration) of “A”. In panel 3 
low dose morpholino A injected embryos are shown, lacking the phenotypes observed 
in full knockdown. Panel 4 and 5 show high and low morpholino dose for B. Panel 6 
shows co-knockdown of A and B in low dose, the observed phenotype clearly shows an 
interaction between two down-regulated genes. Panel 7 and 8 show high and low dose 
knockdown of morpholino C. In panel 9 embryos are shown with low dose co-knock-
down of A and C. The absence of any observable phenotype suggests no interaction 
between down-regulated genes A and C.
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 1 The advantages of the model as described above is that it will en-
able us to look at biologically significant processes, C/E cell movements, 
within a natural system, without artificially created circumstances which 
is the case when cells are grown in culture. Another advantage specifi-
cally linked to the zebrafish model system is the possibility to control the 
degree of knockdown of a certain gene by varying the morpholino con-
centration. Although systems are being developed to allow gene titration 
in cell culture and mice by using inducible shRNA systems, the ease of 
achieving this in the zebrafish system cannot be surpassed.

Despite the advantages mentioned above the screening model we 
describe is hampered by disadvantages inherent to the zebrafish model 
system, mainly the lack of antibodies for biochemical analyses. Other 
disadvantages are more related to our screening model that constitutes 
mixed cell populations in biochemical analyses; when zebrafish embryos 
are analyzed by western blot for phosphorylation events, whole embry-
os are lysed constituting cell populations from every tissue present at 
the particular stage. Isolating the cell type of interest to specifically look 
at signaling events involved in C/E movements by for example FACS, re-
quires the formation of single cell suspensions which invariably will lead 
to interference in signaling pathways involved.
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phatases in zebrafish. 
van Eekelen M, Overvoorde J, van Rooijen C, den Hertog J. 

PLoS One. 2010 Sep 3;5(9):e12573.



52

C
ha

pt
er

 2

Abstract

Protein-tyrosine phosphatases (PTPs) have an important role in cell sur-
vival, differentiation, proliferation, migration and other cellular proc-
esses in conjunction with protein-tyrosine kinases. Still relatively little 
is known about the function of PTPs in vivo. We set out to systemati-
cally identify all classical PTPs in the zebrafish genome and characterize 
their expression patterns during zebrafish development. 

We identified 48 PTP genes in the zebrafish genome by BLASTing of hu-
man PTP sequences. We verified all in silico hits by sequencing and es-
tablished the spatio-temporal expression patterns of all PTPs by in situ 
hybridization of zebrafish embryos at six distinct developmental stages.

The zebrafish genome encodes 48 PTP genes. 14 human orthologs are 
duplicated in the zebrafish genome and 3 human orthologs were not 
identified. Based on sequence conservation, most zebrafish ortho-
logues of human PTP genes were readily assigned. Interestingly, the du-
plicated form of ptpn23, a catalytically inactive PTP, has lost its PTP do-
main, indicating that PTP activity is not required for its function, or that 
ptpn23b has lost its PTP domain in the course of evolution. All 48 PTPs 
are expressed in zebrafish embryos. Most PTPs are maternally provided 
and are broadly expressed early on. PTP expression becomes progres-
sively restricted during development. Interestingly, some duplicated 
genes retained their expression pattern, whereas expression of other 
duplicated genes was distinct or even mutually exclusive, suggesting 
that the function of the latter PTPs has diverged. In conclusion, we have 
identified all members of the family of classical PTPs in the zebrafish 
genome and established their expression patterns. This is the first time 
the expression patterns of all members of the large family of PTP genes 
have been established in a vertebrate. Our results provide the first step 
towards elucidation of the function of the family of classical PTPs.
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Introduction

Protein-tyrosine phosphatases (PTPs) dephosphorylate phosphoty-
rosyl residues in proteins that are phosphorylated by protein-tyrosine 
kinases (PTKs). PTPs and PTKs play an important role in relaying signals in 
the cell and are tightly regulated [1,2,3]. Tyrosine phosphorylation signal-
ing has been shown to control many fundamental processes in the cell 
and disruption of the balance between phosphorylation and dephospho-
rylation has been shown to be at the basis of several human diseases 
[4,5,6,7,8]. Historically, most signal transduction research has been done 
on kinases, and the function of most phosphatases remains to be deter-
mined.

PTPs in the human genome have been grouped in four classes (I, II, III 
and IV) based on their catalytic site and substrate specificity [4]. Class I 
contains the classical PTPs and the dual specificity phosphatases (DUSPs). 
The classical PTPs can be further subdivided in receptor-like (RPTP) and 
non-receptor-like (NRPTP) PTPs. The vertebrate genome encodes 37 dif-
ferent classical PTPs. Rodent genomes contain an additional Type 3 re-
ceptor gene, ptprv, resulting in a total of 38 PTP genes in rodents. The 
zebrafish is widely used as a model system for developmental biology 
[9], genetics [10,11,12,13], cancer research [14,15] and small molecule 
screens [16]. The zebrafish genome is being sequenced and with the re-
lease of Zv8 [17], the zebrafish genome assembly is almost complete. 
Currently, the zebrafish genome contains 21 genes that are annotated as 
PTP. We and others have established that PTPs have essential roles in ze-
brafish embryonic development by analysis of phenotypical defects upon 
knockdown of target PTP expression, including RPTPα [18,19], PTPψ [20], 
Shp2 [21] and PEZ [22]. Given the number of PTPs in other vertebrate 
genomes, it is most likely that not all PTPs have been identified or anno-
tated as PTP in the zebrafish genome. 

In order to start to elucidate the role of classical PTPs, we identified all 
classical PTPs in the zebrafish genome and established their expression 
pattern by in situ hybridization. Based on homology to human orthologs, 
we identified 48 classical PTPs in the zebrafish genome. 14 genes are du-
plicated in zebrafish, compared to human and 3 human orthologs were 
not identified. Expression of all the genes that we had identified in silico 
was verified by sequencing of fragments of cDNAs that we obtained by 
reverse transcription-PCR (RT-PCR). Here, we report the expression pat-
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Fig. 1. Alignment of vertebrate PTP domains.
Protein sequences were obtained from Ensembl database of all PTPs from zebrafish, 
Fugu, Xenopus, chicken, mouse, rat and human. The PTP domains were identified us-
ing http://www.expasy.org/prosite/ and used for alignment using the MEGA4 program. 
When a tandem PTP domain was present, the D1 PTP domain was used for the align-
ment. The evolutionary history was inferred using the Neighbor-Joining method. The 
optimal tree with the sum of branch length = 31.88069250 is shown. The percentage 
of replicate trees in which the associated taxa clustered together in the bootstrap test 
(500 replicates) are 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 phylo-
genetic tree. The evolutionary distances were computed using the Dayhoff matrix based 
method and are in the units of the number of amino acid substitutions per site. All 
positions containing alignment gaps and missing data were eliminated only in pairwise 
sequence comparisons (Pairwise deletion option). There were a total of 475 positions in 
the final dataset (Tamura et al. 2007). An overview of the entire collapsed tree is shown 
in Figure 1A, with individual pieces split to make up figures 1B-E, as indicated. Not all 
known annotated genes of species other than zebrafish are included.

terns of all 48 PTP genes that we identified by in situ hybridization at 
six stages of zebrafish development. We focused on the expression pat-
terns of duplicated genes and found that whereas some duplicated genes 
retained their expression pattern, others have diverging expression pat-
terns. Our results suggest that the function of some duplicated PTP genes 
is overlapping and the function of others is distinct.

Results and Discussion

Identification of all PTPs in the zebrafish genome 

Some genes encoding PTPs are annotated in the zebrafish genome 
but many are conspicuously missing. We used the PTPs found in the hu-
man genome as a template in an attempt to systematically identify the 
entire family of zebrafish PTPs. We used the PTP domain of human pro-
teins which was identified by scanning the peptide sequence on ExPASy 
Prosite (http://www.expasy.org/prosite/). Whenever a tandem PTP domain 
was present, the D1 PTP domain was used for BLAST searches. All human 
PTP domains were BLASTed against the Zv8 version of the zebrafish ge-
nome (TBLASTN) and all hits were scanned for PTP domains. We analyzed 
the hits for the presence of known coding sequences or annotated genes, 
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Fig. 2. Alignment of truncated PTP domains of the NT4 non-receptor class.
The PTP domains of genes of the NT4 class from several species were truncated to ap-
proximately correspond to the limited available sequence from si:dkey-78k11.1. The 
evolutionary history was inferred using the Neighbor-Joining method. The optimal tree 
with the sum of branch length = 3.38256318 is shown. The percentage of replicate trees 
in which the associated taxa clustered together in the bootstrap test (1000 replicates) 
are 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 based method and 
are in the units of the number of amino acid substitutions per site. All positions con-
taining alignment gaps and missing data were eliminated only in pairwise sequence 
comparisons (Pairwise deletion option). There were a total of 109 positions in the final 
dataset. Phylogenetic analyses were conducted in MEGA4

or when not present for predicted gene sequences (Genscan). All these 
sequences were subsequently scanned for the presence of PTP domains 
using Prosite. We used annotated gene sequences or known coding se-
quences where possible. In other cases, predicted transcripts were used. 
For some genes (ptpn3, ptpn20, ptprt, ptprua, ptprub and ptprjb) partial 
known coding sequences were available but they did not cover the PTP 
domain. In those cases predicted sequences were used for alignment 
purposes. Yet, known coding sequences were used for sequencing and 
probe generation. In two cases no known coding sequence was available 
at all (ptprm, ptprr). In those cases predicted sequences were used for 
alignment, probe generation and sequencing. 
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gene protein Zv8 identifier EBI identifier

ptpn1 PTP1b ptpn1 FN428729

ptpn2a tcPTPa ptpn2 FN428730

ptpn2b tcPTPb ptpn2l FN658836

ptpn6 shp1 ptpn6 FN428705

ptpn11a shp2a ptpn11 FN428738

ptpn11b shp2b zgc:63553 FN428707

ptpn9a meg2a LOC560176 FN428732

ptpn9b meg2b B8A4Y0_DANRE FN428709

ptpn12 PEST not found not found

ptpn18 BDP1 zgc:113105 FN428701; FN428736

ptpn22 LyPTP si:dkey-78k11.1 FN428715; FN428735

ptpn3 PTPh1 GENSCAN00000024273; Q9YHE7_DANRE FN428731

ptpn4a meg1a ptpn4 FN428700; FN428714

ptpn4b meg1b si:rp71-1n18.2 FN658840

ptpn21 PTPd1 LOC799627 FN428703

ptpn14 PTP36 not found not found

ptpn13 PTPBAS A4QN87_DANRE FN428711

ptpn23a hdPTPa PTPN23 FN428733

ptpn23b hdPTPb si:dkeyp-114f9.2 FN428734; FR668536

ptpn20 PTPTyp GENSCAN00000028624; B8JK77_DANRE FN428737

ptpn5 PTP-STEP LOC559524 FN428702

ptpn7 HePTP not found not found

Table 1. Classical non-receptor PTP genes in the zebrafish genome.
All candidate genes were aligned and assigned their respective gene names based on 
homology of the PTP domain and overall gene structure, and listed here are the non-
receptor PTPs by gene name, protein name, Zv8 identifier and EBI accession number. 
Fragments of all genes were sequenced and respective sequences were submitted to 
the EMBL-EBI nucleotide sequence database.

Table 2. Classical receptor PTP genes in the zebrafish genome.
All candidate genes were aligned and assigned their respective gene names based on 
homology of the PTP domain and overall gene structure, and listed here are the recep-
tor type PTPs by gene name, protein name, Zv8 identifier and EBI accession number. 
Fragments of all genes were sequenced and respective sequences were submitted to 
the EMBL-EBI nucleotide sequence database.
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gene protein Zv8 identifier EBI identifier
ptprc CD45 ptprc FN428713
ptpra RPTPα ptpra FN428716
ptprea RPTPεa LOC567443 FN653010
ptpreb RPTPεb NP_001038642.1 FN653011; FN653012
ptprm RPTPμ GENSCAN00000005834; Z6923F FN428719
ptprk RPTPκ ptprk FN428708
ptprt RPTPρ GENSCAN00000013375; zc137e24.za FN428710
ptprua RPTPλa GENSCAN00000035737; A3QK35_DANRE FN428712; FN665786
ptprub RPTPλb GENSCAN00000026767; ptpru FN665787
ptprfa LARa ptprf FN428740
ptprfb LARb si:dkey-21k10.1 FN428739
ptprsa RPTPσa B8JLS9_DANRE FN428741
ptprsb RPTPσb PTPRS FN428742
ptprda RPTPδa ptprd FN428718
ptprdb RPTPδb zgc:165626 FN428717
ptprga RPTPγa PTPRG FN428720
ptprgb RPTPγb ca16b FN653013; FN653014
ptprza RPTPζa PTPRZ1 FN658837; FN658838
ptprzb RPTPζb wu:fc63b11 FN428721
ptprb RPTPβ PTPRB FN428722
ptprja dep1a ptprja FN428723
ptprjb dep1b GENSCAN00000023903; LOC100006189 FN428724
ptprh sap1 PTPRH FN428725
ptprq PTPS31 A8DZA4_DANRE FN428726
ptpro GLEPP ptpro FN428727

ptprr pcPTP Zv7:ENSDARG00000068023; 
GENSCAN00000030970; Zv8_NA3250.7 FN658839

ptprna IA2a LOC564351 FN428704
ptprnb IA2b ptprn FN428728
ptprn2 IA2β ptprn2 FN428706
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Fig. 3. Expression patterns of the classical PTPs during zebrafish development.
Albino zebrafish embryos were fixed at the following stages: 8 cell, 6 hpf, 10 hpf, 1 dpf, 
2 dpf and 3 dpf. Whole mount in situ hybridization experiments were done with probes 
generated to target the classical PTPs and pictures were taken. Shown are 8 cell stage; 
top: lateral view, animal pole on top; bottom: animal pole view. 6 hpf; top: lateral view, 
animal pole on top, bottom: animal pole view. 10 hpf; top: lateral view, dorsal to the 
right, bottom: dorsal view anterior towards the top. 24, 48 and 72 hpf; top: lateral view 
anterior to the left, bottom: dorsal view anterior to the left.

To verify our hits, we aligned all the protein sequences of PTP do-
mains identified in this way with human, mouse, rat, chicken, Xenopus 
and fugu PTP domains obtained from the Ensembl database (Fig. 1). 
We used the PTP domains identified using Prosite and aligned those se-
quences with Mega4 software, using the Dayhoff matrix and pairwise 
deletion. All identified zebrafish PTP genes are listed in Tables 1 and 2, 
together with Zv8 identifiers. For zebrafish PTP gene and protein names 
we used conventions as mentioned in [23]. Names were appended with 
“a” or “b” for duplicates where necessary. Whereas the cladogram in Fig. 
1 is based on alignment of proteins, we used gene names for clarity. We 
identified 48 PTP genes in the zebrafish genome. All of them cluster to-
gether with orthologs of other vertebrate species. 14 genes constituted 
a duplicated gene (28 genes in total) and 3 human orthologs were not 
identified (ptpn7, ptpn12 and ptpn14). The missing PTP genes may have 
been lost in evolution or these genes may (partially) be located in poorly 
sequenced areas of the genome, thus preventing identification by BLAST 
searches. One of these genes, ptpn14, encoding Pez has been described 
previously in zebrafish [22]. The EST sequence at the basis of these exper-
iments is BQ285767.1 which corresponds to LOC799627 in the Ensembl 
database. Alignment of the PTP domain encoded by LOC799627 indicat-
ed more homology to the structurally related ptpn21 than to ptpn14 (Fig. 
1). Possibly there is only one ortholog of the highly related ptpn14 and 
ptpn21 in zebrafish. 

In our in silico screen we found two candidates for zebrafish ptpn23, 
one annotated as ptpn23 and one annotated as si:dkeyp-114f9.2 in the 
Ensembl database. It is noteworthy that Takifugu rubripes and other fish 
species have only one copy of the ptpn23 gene. Si:dkeyp-114f9.2, which 
does not encode a PTP domain, was designated ptpn23b, based on struc-
tural and sequence similarity of the BRO domain. BLASTing the coding 
region of ptpn23b to the human genome yields ptpn23 as the top hit. 
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Fig. 4. Expression patterns of the classical PTPs during zebrafish development.
See legend figure 3

We cannot exclude the possibility that the PTP domain was not detected 
because of errors in the current assembly of the zebrafish genome. How-
ever, this seems unlikely since there are no gaps present in the region and 
the sequence quality of the region is good. We did not detect exons en-
coding a PTP domain between si:dkeyp-114f9.2 (ptpn23b) and its flank-
ing gene to the 3’ side (si:dkeyp-114f9.4 / CSPG5). We analyzed the pres-
ence of expressed sequence tags (ESTs) to the 3’-side of si:dkeyp-114f9.2 
(ptpn23b). We found 2 ESTs in this short region, both containing non-cod-
ing sequence, likely making them part of the 3’ UTR of ptpn23b. We am-
plified the 3’ end of si:dkeyp-114f9.2 (ptpn23b) by reverse transcription 
PCR, sequenced this area and verified the presence of the stop codon 
and 3’ UTR as annotated in Ensembl database (EBI identifier: FR668536). 
Therefore, we conclude that ptpn23b does not encode a PTP domain. It 
is noteworthy that human ptpn23 encodes a PTP domain that harbors no 
catalytic activity and functional assays indicated that the function of the 
protein product of ptpn23, HD-PTP, in cell signaling is independent of PTP 
activity [24]. Yet, deletion of the PTP domain of rat PTP-TD14, encoded by 
ptpn23, abolished its capacity to inhibit Ha-ras-mediated focus formation 
of NIH3T3 cells [25], indicating that whereas PTP-TD14 does not encode 
an active PTP, its PTP domain is functional. These functional data on hu-
man and rat HD-PTP support the hypothesis that ptpn23 was duplicated 
and that ptpn23b lost its PTP domain in the course of evolution. Whether 
ptpn23b encodes a functional gene remains to be determined. 

Our search for candidate genes of the three non-receptor NT4 sub-
type genes, ptpn12, ptpn18 and ptpn22, resulted in two candidates, 
zgc:113105 and si:dkey-78k11.1. The former clearly aligns with ptpn18, 
but the latter is heavily truncated with only limited predicted sequence 
information in the PTP domain. The truncated part of the PTP domain 
aligns with ptpn22 in our phylogenetic tree (Fig. 1), and to ensure that 
this is a member of the NT4 class PTPs, we derived a phylogenetic tree 
with truncated PTP domains from several species corresponding to the 
available sequence in the zebrafish genome (Fig. 2). When aligned with 
truncated counterparts, si:dkey-78k11.1 still aligns with ptpn22 and 
based on sequence homology, we conclude that this predicted gene en-
codes a fragment of zebrafish ptpn22 and the missing part of the gene is 
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Fig. 5. Expression patterns of the classical PTPs during zebrafish development.
See legend figure 3

probably encoded by a poorly sequenced part of the genome.
 

Spatio-temporal expression of PTPs in zebrafish embryos

To investigate whether the genes we identified in silico are actually 
expressed in the zebrafish we amplified fragments of all PTP genes by RT-
PCR. Based on our sequence information, we designed primer sets span-
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Fig. 6. Expression patterns of the classical PTPs during zebrafish development.
See legend figure 3

ning approximately 800 bp coding region for every PTP encoding gene 
that we identified in the zebrafish genome, as well as a nested primer set 
with a T7 primer in the reverse oligo, facilitating sequencing and probe 
generation (Table S1). RNA was isolated from a mixture of 1 dpf and 2 
dpf zebrafish embryos and RT-PCR was done using oligo dT priming and 
the two sets of specific primers for each gene. The PCR products were se-
quenced and these sequences were verified by BLASTing. The sequences 
were submitted to the EMBL-EBI database and accession numbers are 
shown in Table 1 and 2. Using this approach, all 48 PTP encoding genes 
that we identified in silico were verified by RT-PCR and sequencing.

As a first step to assess the function of the genes encoding the family 
of classical PTPs, we characterized the expression patterns at six distinct 
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Fig. 7. Expression patterns of the classical PTPs during zebrafish development.
See legend figure 3

stages of zebrafish development by in situ hybridization. Using the T7 
tag in the reverse nested oligo we generated antisense DIG-labeled RNA 
probes for whole mount in situ hybridization. Albino zebrafish embryos 
were obtained and fixed at the 8 cell stage, 6 hpf (shield stage), 10 hpf (1 
somite stage), 24 hpf, 48 hpf and 72 hpf. Whole mount in situ hybridiza-
tion experiments were done as described in the Materials and Methods 



67

C
hapter 2

section. All DIG labeled antisense probes gave staining patterns in at least 
one of the time points taken (Fig. 3 - 11), indicating that every PTP encod-
ing gene is expressed in zebrafish embryos.

We proceeded to analyze the expression data of all PTP genes (Fig. 
3 - 11) and summarized these in Tables 3 and 4. We conclude that al-
most every PTP is maternally provided (8 cell stage) and most PTPs are 
expressed ubiquitously at early stages (6 hpf and 10 hpf). At later stages 
expression patterns start to differentiate for individual genes, with most 
genes giving staining in specific tissues or organs as opposed to the ubiq-
uitous expression seen at earlier stages. 

Expression patterns of duplicated genes

Fourteen genes encoding PTPs are duplicated in the zebrafish genome 
and we investigated the expression patterns of the duplicated genes in 
detail. Five of the non-receptor PTPs are duplicated in the zebrafish ge-
nome, ptpn2, ptpn4, ptpn9, ptpn11 and ptpn23. The orthologue of ptpn4 
has been reported to be involved in establishment and maintenance of 
axon projections in the central brain in Drosophila [26]. Analysis of the 
expression pattern in zebrafish shows that ptpn4b is expressed in the 
fore-, mid- and hindbrain at 3 dpf (Fig. 12A, arrows) and at earlier stages 
(Fig. 4), which is consistent with the expression pattern in Drosophila. 
Ptpn4a, however, is expressed in the retina exclusively (Fig. 12A, arrows). 
Hence, despite high homology of ptpn4a and ptpn4b, their expression 
patterns are mutually exclusive. Ptpn9 has been reported to be involved 
in platelet and lymphocyte activation through vesicle trafficking [27,28], 
but has also been shown to be an antagonist of hepatic insulin signaling 
in mice [29]. In zebrafish the expression patterns of ptpn9a and ptpn9b 
appear very similar, with expression in the brain and liver at 3 dpf (Fig. 
12B, arrows). 

Several receptor PTPs are duplicated in the zebrafish genome, includ-
ing the entire R5 type and R2B type PTPs. Ptprz has been reported to 
have a function in memory by dephosphorylating p190RhoGAP in the 
hippocampus [30]. In the zebrafish ptprza and ptprzb stain specific, but 
very distinct structures in the brain (Fig. 13A). Ptprza is expressed in the 
hindbrain and in more anterior parts of the tectum, whereas ptprzb is 
expressed in the hindbrain and the posterior tectum. Ptprf plays a role in 
the development and maintenance of excitatory synapses and axon guid-
ance in cultured rat hippocampal neurons [31]. In the zebrafish ptprfa 
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Fig. 8. Expression patterns of the classical PTPs during zebrafish development.
See legend figure 3
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and ptprfb show very similar expression patterns and they are expressed 
mainly in the central nervous system and the liver (Fig. 13B). Ptprn is 
a catalytically inactive PTP predominantly expressed in neuroendocrine 
cells that possess regulated secretory granules [32,33]. Expression in 
the zebrafish at 24 hpf is limited to rhombomeres and is similar for pt-
prna and ptprnb (Fig. 13C). Ptpre plays a role in osteoclast bone adhe-
sion and resorption in mammals and in convergence and extension cell 
movements during zebrafish gastrulation [19,34]. In the zebrafish ptprea 
is expressed in anterior parts of the notochord, whereas ptpreb is ex-
pressed in the more posterior adaxial cells at 10 hpf (Fig. 13D). At 24 hpf 
ptpreb is expressed at the tip of the tail and in the brain, whereas ptprea 
expression is restricted to the brain. At later time points, ptpreb expres-
sion is fading, while ptprea remains strongly expressed in the entire brain 
(Fig. 13D). The ptpreb expression pattern in somites in the tail is reminis-
cent of expression patterns of genes that are expressed in newly formed 
somites. Therefore, we analyzed expression of ptpreb at 18 hpf and in-
deed found strong expression of ptpreb in newly formed somites, indi-
cating that ptpreb is expressed during somitogenesis (Fig. 13E). We have 
done functional assays on ptpre in the zebrafish previously, but focused 
on double knockdowns of both ptprea and ptpreb [19]. The function of 
the individual ptpre genes resulting from their diverging expression pat-
terns remains to be determined.

 Analysis of the expression of duplicated genes reveals that the 
expression pattern of approximately half of them is similar, whereas the 
other half has distinct or even mutually exclusive expression patterns. 
Similar expression patterns may suggest redundancy among the duplicat-
ed genes and divergence of the expression patterns of duplicated genes 
suggests a non-redundant function. Similarities and differences in the 
functions of the duplicated PTP genes remain to be determined.

 According to the duplication-degeneration-complementation 
(DDC) model [35] degenerative mutations in regulatory elements can in-
crease the probability of duplicate gene preservation and the mechanism 
of preservation of duplicate genes is partitioning of ancestral functions. 
The teleost genome is believed to have been duplicated about 320 mil-
lion years ago [36,37]. If only random mutations in genes are considered, 
most genes would have disappeared by now. There are 37 PTP genes 
present in the mammalian genome, of which 14 genes are duplicated 
in the zebrafish genome, ammounting to 39% of all PTP genes. In half of 
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Fig. 9. Expression patterns of the classical PTPs during zebrafish development.
See legend figure 3

these cases we observed that expression patterns are complementary 
between duplicated genes, in accordance with the DDC model. The other 
half of duplicated genes shows expression patterns that are similar. How-
ever, expression patterns may be complementary between duplicated 
genes on the cellular or subcellular level, at which resolution we cannot 
distinguish with our current data. It would be interesting to further inves-
tigate the function of duplicated genes with seemingly identical expres-
sion patterns. 

In conclusion, we have identified all genes in the zebrafish genome 
that encode classical PTPs. We identified a second copy of ptpn23 which 
appears to lack a PTP domain, which is interesting because whereas HD-
PTP itself does not exhibit PTP activity, its PTP domain is required for its 
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Fig. 10. Expression patterns of the classical PTPs during zebrafish development.
See legend figure 3
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function and hence ptpn23b may have lost its PTP domain in the course 
of evolution. We have established that all PTP genes are expressed by 
RT-PCR and we confirmed partial sequences of these genes. Moreo-
ver, we have established the spatio-temporal expression patterns of all 
genes encoding classical PTPs in zebrafish embryos, which is a first step 
towards understanding their function. Whereas some duplicated genes 
have largely overlapping expression patterns, others are distinct or even 

Fig. 11. Expression patterns of the classical PTPs during zebrafish development.
See legend figure 3
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PTP type: gene: 8 cell 6 hpf 10 hpf 24 hpf 48 hpf 72 hpf
NT1 ptpn1 ++ ++ ++ s s -

ptpn2a + + + +/- + -
ptpn2b ++ + ss ss ++ ++

NT2 ptpn6 +/- +/- - +/- +/- s
ptpn11a + + + s s s
ptpn11b ++ - +/- s s s

NT3 ptpn9a +/- + + s +/- +
ptpn9b ++ + ++ ++ ss ss

NT4 ptpn18 +/- +/- - +/- s s
ptpn22 +/- +/- - - s s

NT5 ptpn3 + ++ + + + +
ptpn4a ++ - +/- + s ss
ptpn4b ++ - s + ss ss

NT6 ptpn21 + - s s s s
NT7 ptpn13 ++ + s s s s
NT8 ptpn23a + + - s s ss

ptpn23b + + +/- s s s
NT9 ptpn20 + + - s +/- s
R7 ptpn5 + - - s s ss

Table 3. Expression patterns of zebrafish non-receptor PTPs
Expression patterns of all classical non-receptor PTPs at 6 distinct stages of zebrafish 
development as shown in Fig. 3 – 5 were analyzed and quantified as “-“ for no expres-
sion, “+/-“ for faint expression, “+” for expression and “++” for strong expression, “s” for 
localized expression or “ss” for strong localized expression.

mutually exclusive, which suggests that the function of the latter group 
has diverged since their duplication. 

Materials and Methods

 Bioinformatics. The Ensembl database (http://www.ensembl.org/Mul-
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PTP type: gene: 8 cell 6 hpf 10 hpf 24 hpf 48 hpf 72 hpf
R1/R6 ptprc +/- +/- s s s s
R4 ptpra ++ + + s s s

ptprea ++ ++ s s s s
ptpreb + ++ s s s s

R2B ptprm ++ ++  ss ss ss
ptprk ++ + s ss ss ss
ptprt + +/- +/- s ss ss
ptprua ++ +/- + + ss ss
ptprub - +/- - + ss ss

R2A ptprfa + ++ s ss ss s
ptprfb + ++ s s s s
ptprsa + + +/- s s ss
ptprsb + + +/- s ss ++
ptprda +/- + - s s s
ptprdb - +/- - ss ss ss

R5 ptprga +/- + - ss s ++
ptprgb + + s s s s
ptprza + + - s ss ss
ptprzb +/- + - s ss ss

R3 ptprb +/- + - +/- ss s
ptprja +/- +/- - s ss s
ptprjb + + - ss s s
ptprh + + + ss s s
ptpro ++ ++ s s s s
ptprq + + + s + ++

R7 ptprr ++ ++ ++ s s s
R8 ptprna + + s ss ss ss

ptprnb + + - s s s
ptprn2 +/- +/- s ss ss ss
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Table 4. Expression patterns of zebrafish receptor PTPs
Expression patterns of all classical receptor PTPs at 6 distinct stages of zebrafish devel-
opment as shown in Fig. 6 – 11 were analyzed and quantified as “-“ for no expression, 
“+/-“ for faint expression, “+” for expression and “++” for strong expression, “s” for 
localized expression or “ss” for strong localized expression.

Fig. 12. Similar and dis-
tinct expression patterns 
of duplicated non-recep-
tor PTPs.
Albino zebrafish embryos 
were fixed at 24 hpf and 
whole mount in situ hy-
bridization was done with 
probes generated to tar-
get (A) ptpn4a and ptpn4b 
or (B) ptpn9a and ptpn9b. 
Depicted are (top) lateral 
view and (bottom) dorsal 
view of 72 hpf embryos.

ti/blastview/) was used to BLAST human PTP domains against the latest 
version of the zebrafish genome (Zv8) or other genomes. TBLASTN algo-
rithm was used against the LATESTGP DNA database, using “near exact 
matches” for search sensitivity. To identify PTP domain protein sequenc-
es in human and zebrafish proteins we used Prosite (http://www.expasy.org/
prosite/). Human and zebrafish PTP domains were aligned for generating 
a phylogenetic tree using MEGA4 [38] software (http://www.megasoftware.
net/). Aligning was done by clustalW using the PAM matrix. Phylogenetic 
tree construction was done using Neighbor-Joining, bootstrapped tree 
inference and using the Dayhoff Matrix (Amino Acid) as a model, pairwise 
deletion for gaps, homogenous pattern among lineages, uniform rates 
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Fig. 13. Overlapping and mutually exclusive 
expression patterns of duplicated receptor 
PTPs.
Albino zebrafish embryos were fixed at dif-
ferent stages and whole mount in situ experi-
ments were done with probes generated to 
target (A) ptprza and ptprzb, (B) ptprfa and ptprfb, (C) ptprna and ptprnb, (D) ptprea 
and ptpreb and (E) ptpreb. Depicted are (A) dorsal views of (top) 48 hpf embryos and 
(bottom) 72 hpf embryos, (B) (top) lateral views and (bottom) dorsal views of 48 hpf 
embryos, (C) lateral views of 24 hpf embryos and (D) dorsal view of 10 hpf embryos 
(top), lateral view of 24 hpf embryos (bottom). (E) Lateral view (left) and dorsal view 
(right) of the tip of the tail of 18 hpf embryos.
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among sites and all substitutions included.
 Whole mount in situ hybridization � Wild type zebrafish were kept 

and embryos were raised under standard conditions at the Hubrecht In-
stitute. Only wild type embryos up to 3 dpf were used for these experi-
ments, which does not require approval of the animal experiments com-
mittee according to national and European law. Zebrafish embryos of the 
appropriate stages were collected and fixed in PBS containing 4% PFA. 
Embryos were dechorionated when needed and transferred to 100% 
MeOH at -20 °C for at least 12 hours. Whole mount in situhybridization 
was performed as described before [39]. 

 Accession numbers – All in silico identified zebrafish genes were 
verified by sequencing and sequences were submitted to EMBL-EBI nu-
cleotide database. All accession numbers are shown in Tables 1 and 2.
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Table S1. Oligos used 
for probe generation 
and sequencing. 
Listed are all oligos 
used for the genera-
tion of in situ probes 
and to sequence 
cDNA. Oligo 1 and 
4 serve as forward 
and reverse primer, 
respectively. Oligos 
2 and 3 are nested 
forward and reverse 
primers. Oligo 3 con-
tains a T7 tag, which 
facilitates generation 
of antisense probes. 
All probes were de-
signed to span ap-
proximately 800 bp 
of known coding 
sequence. n.d., not 
done.
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Adapted from:
RPTPalpha and PTPepsilon signaling via Fyn/Yes and RhoA is essential for 
zebrafish convergence and extension cell movements during gastrulation.

van Eekelen M*, Runtuwene V*, Overvoorde J, den Hertog J.
Dev Biol. 2010 Apr 15;340(2):626-39.

* = equal contribution

RPTPα and PTPε Signaling via Fyn/Yes and 
RhoA is Essential for Zebrafish Convergence and 

Extension Cell Movements during Gastrulation
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Abstract

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 phos-
phatases, RPTPα and PTPε, in gastrulation cell movements. Both RPTPα 
and PTPε knockdown and ptpra-/- embryos show defects in C&E move-
ments. A method was developed to track gastrulation cell movements 
using confocal microscopy in a quantitative manner and ptpra-/- embry-
os 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-/-  as well as 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 do-
mains. 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 ki-
nases (SFKs) through dephosphorylation of the inhibitory pTyr527 resi-
due 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 re-
quire 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 ec-
toderm 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 ze-
brafish. 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 regu-
lated 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 bind to Frizzled receptors resulting in the down-
stream activation of RhoA and Rac. RhoA and Rac subsequently propa-
gate the signal to their respective downstream effectors, including Rok2 
and JNK (Habas et al., 2003; Habas et al., 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 ver-
tebrate C&E cell movements as well. A number of mutants have been 
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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. 

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 grow-
ing. Recently, we have shown that signaling through the Src family kinas-
es Fyn and Yes converges with non-canonical Wnt signaling and serves to 
modulate the activity of the small GTPase RhoA during C&E cell move-
ments (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 ze-
brafish were isolated by target selected gene inactivation and we estab-
lished 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 quantification of cell movements during gastrulation. Ptpra-/- em-
bryos displayed reduced C&E cell movement speed as compared to wild 
type siblings. Co-injection of low amounts of ptpra-MO or ptpre-MO to-
gether with low amounts of Wnt11-MO phenocopied the silberblick phe-
notype, 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 autophosphor-
ylation, indicating that SFK activity was reduced in mutant embryos com-
pared to siblings. C&E defects in ptpra-/- embryos were rescued by ac-
tive 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 
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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 hy-
bridizations were done essentially 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 mu-
tant 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’-TTGCG-
GCGTTTACCTCTTTCCGCTC; ptprea, 5’-AAGGGATGCTAACCTCTTTTCTCTC; 
ptpreb, 5’-TATCTTATCTCACCTCTTTTCTCTC; 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 Hertog, 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.
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 Westernblot. Embryos were grown until 52 hpf and were dey-
olked with deyolking buffer (1⁄2 Ginzburg Fish Ringer) without calcium 
(Link et al., 2006; Westerfield, 1995). Subsequently embryos were grind-
ed 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 deoxycho-
late, 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 SDSPAGE and blotted (amount 
loaded per lane corresponds to 15 embryos). After transfer the mem-
brane was stained with 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 Technologies), actin (1:5000, kindly provided 
by MP Peppelenbosch, University Medical Center Groningen, the Neth-
erlands) and antiserum against RPTPα #5478 (1:1000; (den Hertog et al., 
1994) followed by the horseradish peroxidase conjugated secondary an-
tibody. The membranes were subjected to detection by enhanced chemi-
luminescence.

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 decho-

rionated (at 30% epiboly) and a mounted at shield stage in 1% low melt-
ing 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 40x 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. Timepoints were 
recorded every 2 minutes from shield stage until 1-somite stage. 

Positioning - The H1-injected embryos are positioned with the dor-
sal 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 - Timelapse images were analyzed using imageJ (http://rs-
bweb.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 this 
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way will represent the contribution of cell migration to convergence (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 occa-
sionally occurring of fused objects is handled by a watershedding proc-
ess 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 represent-
ing 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 posi-
tions with a very high accuracy. The objects generated are readily traced 
with a algorithm plug-in 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-coordi-
nates 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 quantified. 
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 assum-
ing unequal variances with alpha = 0.05.

 Cell shape analysis - To achieve ubiquitous fluorescent membrane 
labeling, the embryos were injected at 1 cell stage with 20 pg of mRNA 
encoding membrane-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 meso-
derm was imaged using a 40x oil objective. Images were  processed in 
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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 devel-
opment 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 ge-
nome and aligned with RPTPα and PTPε of several species to validate 
these hits (Fig. 1), using Mega4 software (Tamura et al., 2007). Upon align-
ing it became apparent that the zebrafish genome contains one ortholog 
for RPTPα and two for PTPε, named PTPεa (ptprea) and PTPεb (ptpreb) 
henceforth. Zebrafish ptpra was found on chromosome 21 and annotat-
ed as ptpra (ENSDARG00000001769) and the coding sequence is consist-
ent with the cDNA that we cloned previously (accession number Y15874) 
(van der Sar et al., 2002). Ptprea was 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 hu-
man and 75%, 71% and 72% protein sequence identity to mouse, respec-
tively. 

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 
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 Danio rerio ptprea
 Takifugu rubripes ptpre 1

 Danio rerio ptpreb
 Takifugu rubripes ptpre 2

 Xenopus tropicalis ptpre
 Gallus gallus ptpre

 Homo sapiens ptpre
 Danio rerio ptpra

 Gallus gallus ptpra
 Homo sapiens ptpra
 Rattus norvegicus ptpra97

99
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93
95
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Figure 1. RPTPα and 
PTPε are conserved in 
the Zebrafish genome.
Protein sequences 
were obtained from 
Ensembl database of 
RPTPα and PTPε from 
fugu, xenopus, chick-
en 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 percent-
age of replicate trees in which the associated taxa clustered together in the bootstrap 
test (500 replicates) are 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 based method and are in the units of the number of amino acid substitutions 
per site. All positions containing alignment gaps and missing data were eliminated only 
in pairwise sequence comparisons (Pairwise deletion option). There were a total of 264 
positions in the final dataset.

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 cata-
lytic 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 embry-
onic development. ptprea-MO or ptpreb-MO by themselves did not in-
duce 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-MO were 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 embryos developed edemas around the heart and 
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Figure 2. RPTPα and 
PTPε knockdown fish 
show convergence 
and extension de-
fects.
Wildtype zebrafish 
embryos were micro-
injected with 0.3 ng 
ptpra-MO (B), 2.5 ng 
ptprea-MO + 2.5 ng 
ptpreb-MO (C) or tri-
ple injected with pt-
pra-MO (0.15 ng) and 
ptpre-MO (1 ng each, 
D – G) each at the 1 
cell stage and grown 
to 48 hpf. Pictures 
show representative 
embryos. A non in-
jected embryo is in-
cluded for reference 
(A). Arrows indicate 
shorter yolk extension 
(B, C), cardiac edema 

(B) or fused eyes (G). (H) Zebrafish embryos micro-injected with ptpra-MO (0.3 ng/ 
embryo) or ptpre-MO (2.5 ng ptprea-MO + 2.5 ng ptpreb-MO/ embryo) at the one cell 
stage and non-injected control embryos were grown to 1 somite stage and fixed. Whole 
mount in situ staining was performed using probes for dlx3 and hgg1. The resulting 
staining patterns were analyzed using imageJ software, measuring the posterior shift of 
the hgg1 staining as indicated in the panel on the right, and measuring the width of the 
dlx3 staining half-way between the hatching gland and the edge of the embryo when 
seen from top view with the hatching gland positioned in the middle. The measured 
distances were plotted as the average posterior shift or width as a percentage of the 
total width of the embryo (yolk). Error bars indicate standard deviations, student t-tests 
(2 tailed, assuming unequal variance) were performed between groups indicated, ** 
indicates a P value < 0.001. Scale bars = 250 μm. Dlx3/hgg1 in situ data can be com-
pared within experiments, but not between experiments because of subtle differences 
in experimental conditions. This experiment has been done at least three times. A rep-
resentative experiment is depicted here.

yolk (Fig. 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 silber-
blick mutant phenotype (Heisenberg et al., 2000) and the Fyn/Yes knock-
down phenotype (Jopling and den Hertog, 2005), with a subset of fish 
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showing severe cyclopia (Fig. 2 D-G). The phenotype was reminiscent of 
C&E defects and to verify that knockdown of RPTPα and PTPε affected 
C&E, morpholino injected embryos were 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) by whole mount in situ 
hybridization (Fig. 2 H). C&E phenotypes were assessed by measuring the 
posterior shift of the hatching gland and the widening of the dlx3 stain-
ing in injected and control embryos as indicated in the inset of figure 2 H. 
The average lengths were plotted as a percentage of the embryo diam-
eter and compared to control embryos by student t-test. We found that 
knockdown of RPTPα or PTPε severely affected C&E movements (Fig 2 H). 

In order to establish the effectiveness of the RPTPα knockdown, we 
analyzed RPTPα protein levels in zebrafish lysates by immunoblotting 
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 varying amounts of RNA en-
coding mouse RPTPα or PTPε, which are not recognized by their respec-
tive morpholinos. RPTPα or PTPε RNA rescued the observed phenotypes 
when co-injected with ptpra-MO or ptpre-MO, respectively (Fig. 3 B-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 res-
cue 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 tar-
get 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. 4 A). Incrosses of heterozygous ptpra+/- 
fish led to morphological defects in a Mendelian ratio. These defects were 
detectable from 24 hpf onwards. In order to verify that RPTPα protein 
expression was affected, heterozygous ptpra+/- fish were incrossed and 
the offspring was sorted based on phenotype. At 52 hpf embryos were 
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lysed and analysed by immunoblotting with an anti-RPTPα antibody (Fig 
4 B). RPTPα expression was readily detectable in morphologically wild 
type 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 immu-
noblotting could not be determined because lysis for immunoblotting is 
not compatible with genotyping procedures. Nevertheless, these results 
demonstrate that RPTPα protein expression 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 em-
bryos was determined by sequencing of ptpra exon 3. Homozygous mu-
tant embryos can be identified as early as 24 hpf, having shorter yolk ex-
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Figure 3. RPTPα 
knockdown abol-
ished protein expres-
sion and both RPTPα 
and PTPε knock-
downs 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/em-
bryo) and grown to 
52 hpf. Embryos were 
dechorionated, dey-
olked 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 2dpf 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 in-
termediate, embryos with severely disrupted morphology were labeled severe.
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tensions and a shorter body axis (Fig. 4 C, F, arrow). Starting from around 
48 hpf these embryos developed cardiac edemas (Fig. 4 D, G). The pheno-
type 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. Fig. 4 D and 2 B). 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 re-
sult 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. 4 I). The embryos were scored in a similar 
fashion as described above. After individual staining and scoring, the em-
bryos 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 differ-
ences between wildtype siblings and heterozygous embryos were ob-
served 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 fur-
ther. To verify that the observed phenotype was indeed caused by lack 
of RPTPα we injected embryos from a ptpra+/- incross at the 1 cell stage 
with 10 pg zf-ptpra mRNA. Injection of RNA reduced the number of mu-
tant embryos showing defective C&E as assessed by analyzing dlx3 and 
hgg1 expression to levels observed in siblings (Fig. 4 I). We conclude that 
homozygous ptpra-/- embryos display C&E defects that were rescued by 
micro-injection of ptpra RNA.

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 (Fig. 4 J).We analyzed 
mutant and knockdown embryos and compared them to wildtype sib-
lings by determining the ratio of rhombomere width and distance from 
the 1st to the 8th somite (Fig. 4 K). We found a significant increase in rhom-
bomere width to somite distance ratio, indicating shorter and wider em-
bryos. These results are consistent with the conclusion that the loss of 
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Figure 4. A ptpra stop mutation phenocopied the ptpra knockdown and can be res-
cued by zf-ptpra mRNA.
(A) A ptpra mutant (hu3334) was identified by target selected gene inactivation. Ho-
mozygous mutant (top), heterozygous (middle) and wildtype (bottom) sequences are 
depicted here and the TTG to TAG codon change resulting in a L133X stop in the extra-
cellular domain is indicated. (B) Heterozygous ptpra+/- fish were in-crossed and their 
offspring was grown to 52 hpf. Embryos were characterized as mutant or sibling based 
on observed phenotype, dechorionated, deyolked and lysed using sodium orthovanad-
ate and protease inhibitors. The resulting lysates were analyzed for RPTPα expression. 
Actin expression was monitored as a loading control. Heterozygous ptpra+/- fish were 
in-crossed and offspring embryos were photographed and genotyped at 24 hpf (C, F), 
48 hpf (D, G) and 72 hpf (E, H). Mutants (A-C) and siblings (D-F) are shown. (I) Hetero-
zygous ptpra+/- fish were in-crossed and embryos were either grown to 1 somite stage 
and fixed without injection, or micro injected at the one cell stage with 10 pg / embryo 
zf-ptpra mRNA and then grown to 1 somite stage and fixed. Whole mount in situ stain-
ing was performed using probes for dlx3 and hgg1. The resulting staining patterns were 
analyzed by measuring the posterior shift of the hatching gland and the width of the 
dlx3 staining as described in Figure 2 H. After pictures were taken embryos were lysed 
and genotyped. The average posterior shift of the hatching gland (hgg1) or width of the 
dlx3 staining is plotted as a percentage of the embryo (yolk) diameter. (J) Heterozygous 
ptpra+/- fish were in-crossed and embryos were grown to 8 somite stage and fixed, or 
wildtype embryos were micro injected at the one cell stage with 0.3 ng / embryo ptpra-
MO or ptpre-MO and then grown to 8 somite stage and fixed. Whole mount in situ stain-
ing was performed using probes for krox20 and myod. The resulting staining patterns 
were analyzed by measuring the rhombomere width and the distance from the 1st to 
the 8th somite. Ptpra incross embryos were subsequently genotyped. For each group a 
representative embryo is shown. The rhombomere width and the distance from the 1st 
to the 8th somite were measured. The resulting ratio was plotted (K). Mutant and knock-
down embryos were compared to wildtype embryos. Error bars in all graphs indicate 
standard deviations, student t-tests were performed (2 tailed, assuming unequal vari-
ance) between indicated groups where ** indicates a P-value < 0.001, * a P-value < 0.05 
and no asterisk indicates no significant difference, P-value > 0.05. Scale bars = 250 μm.

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 signal-
ing 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 mistak-
en for C&E defects. To ensure that cell specification is not affected and 
the defects we observed in the experiments described above are due 
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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 mark-
ers displayed any major differences when RPTPα or PTPε knock-down or 
mutant embryos were compared to sibling embryos. Goosecoid expres-
sion in ptpra-/- embryos appeared to be located more towards the lead-
ing 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.

Visualizing C&E cell migration patterns and intercalation

In order to visualize C&E cell movements, we proceeded to track epi-
blast cells during zebrafish gastrulation using confocal fluorescent micro-
scopy. Zebrafish embryos were injected at the 1 cell stage with fluores-
cently 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 40x 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 inter-
vals. 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. 6 A). To account for z-drift the imaged vol-
ume 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 over-
laying epiblast. From shield stage to 65% - 70% epiboly the axial mensen-
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Figure 5. No cell 
specification defects 
in ptpra mutant or 
RPTPα and PTPε 
knockdown embry-
os.
Embryos were fixed 
at 6 hpf and whole 
mount in situ hy-
bridization was per-
formed using probes 
for bmp2b, chordin 

(chd), gooscoid (gsc) or no tail (ntla). Embryos from ptpra+/- incrosses were processed 
and genotyped after in situ hybridization. Alternatively, embryos injected at the 1-cell 
stage with ptpra-MO (0.3 ng / embryo) or ptpre-MO (2.5 ng ptprea-MO + 2.5 ng ptpreb-
MO / embryo) were used. Each panel depicts on the left: animal pole view with dorsal 
to the right; on the right: lateral view with dorsal to the right. Scale bar = 250 μm.

doderm cells migrated anteriorly while the overlying epiblast cells were 
slightly moving towards the vegetal pole undergoing the early gastrula-
tion epiboly movement. The layers were also clearly separated by Bra-
chet’s cleft. Using these parameters the z-position of the epiblast cells 
was readily determined 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 timepoint of the 
drift.

Cell tracing, C&E analysis and image processing

Time-lapse images were analyzed using imageJ. This 2D image analy-
sis program was amenable at this magnification in this region 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 cal-
culating 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 fea-
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Figure 6. Decreased 
convergence and ex-
tension cell migration 
speed and cell inter-
calation 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 wild type embryo 
micro-injected with 
fluorescently labeled 
Histone 1 protein, (B) 
binary image, (C) bi-
nary image processed 
by watershedding, (D) 
all objects are eroded 
to a single pixel (inset 
shows 4x magnifica-
tion 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 speed was 
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 per-
centage of the average speeds in wild type siblings for every experiment individually. 
The average of the 3 experiments is indicated as well. As a positive control, conver-
gence and extension speed was determined in wnt11 knock-down 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 
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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 geno-
typed. Shown are a mutant and wildtype embryo. Obtained images were processed 
and the angles of cells were determined using ImageJ software and Shape_Descrip-
tor1u 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 wre plotted (L). Mutants were com-
pared to wildtype data using student t-test, error bars represent standard deviation, 
asterisk indicates a P value < 0.001.

ture 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 >1000 cell movements per analyzed embryo, which were used 
to determine the average contribution of the individual cell tracks to con-
vergence (Y direction) or extension (X direction, Fig. 6 H). Tracks used for 
the analysis of extension were calculated from cells at the axial epiblast 
region at timepoints between 70% and 90% epiboly. Tracks used for the 
analysis of convergence were calculated from cells at the paraxial region 
at timepoints 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 flu-
orescent intensities (Fig. 6 B). The occasional occurrence of fused objects 
was handled by a watershedding process which re-separated most fused 
objects (Fig. 6 C). 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. 6 D). For tracing purposes these single pixels were dilated 
(Fig. 6 E). 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 (> 99%, Fig. 6 F). 

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 wild type siblings. 
To this end, heterozygous ptpra+/- fish were incrossed and four to six em-
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bryos were mounted and imaged as described above. When comparing 
ptpra-/- mutants with wild type embryos great precaution was taken to 
position the embryos in a similar way. The exact imaging position was 
determined retrospectively using embryonic features, including oto-
liths and somites that had developed at the end of the run as coordi-
nates. 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 ex-
periments is plotted in Figure 6 I. We consistently found a reduction in 
migration speed in both X direction (convergence) and Y direction (exten-
sion) 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 ex-
periment 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. Us-
ing this method, we found that the average relative speed of C&E cell 
movements during gastrulation was significantly reduced in ptpra-/- mu-
tant embryos compared to wildtype siblings.

Mutant embryos have cell intercalation defects.

 One of the underlying mechanism 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 were mounted 
and the pre-somitic mesoderm was 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_Descrip-
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tor1u plugin (Syverud et al., 2007) to analyze the angle of the cells to-
wards 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 signifi-
cantly reduced (student t-test, P < 0.001) and angles towards the noto-
chord are distributed more randomly (Fig 6 J-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 
of Wnt11 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 em-
bryo (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 / silber-
blick phenotype. Co-injection of ptpra-MO and ptpre-MO resulted in se-
vere 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-MO with Wnt11-MO (Fig. 7). Low 
amounts of ptpre-MO together with low concentrations of Wnt11-MO 
induced a high percentage of cyclopic fish (>60%), whereas ptpra-MO 
together with Wnt11-MO induced a high percentage of fish with a se-
vere phenotype (>60%). 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

 The major downstream targets of the non-canonical Wnt signal-
ing pathway are the small GTPases, Rac and RhoA. To test if these might 
be common downstream targets for both Wnt11 signaling and RPTPα 
and PTPε, we investigated whether co-injection of mRNA coding for con-
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Figure 7. RPTPα and 
PTPε knockdowns 
phenotypes were 
enhanced by wnt11 
knockdown and in-
duced cyclopia.
(A) Zebrafish em-
bryos were injected 
with low amounts of 
morpholino targeting 
RPTPα (0.15 ng / em-
bryo), PTPε (1 ng each 
/ embryo) and Wnt11 
(2 ng / embryo) and 
grown to 3 dpf. Em-
bryos were scored 
based on morphology 

“cyclopia” when eyes were fused, as “phenotype” when shorter, showing abnormal 
morphology and / or edemas, or as “normal”. The percentages of embryos with phe-
notypes were plotted. Representative embryos from each (co-)injection are depicted 
in Panel B-E.

stitutively active Rac or RhoA rescued the observed C&E phenotypes. 
We found that both caRac and caRhoA mRNA produced severe pheno-
types 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 in-
duce 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-in-
jection of caRho RNA, but not caRac RNA (Fig. 8 A, 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. 8 B). Co-injection of caRhoA 
RNA led to a significant increase in body length compared to ptpra-MO 
or ptpre-MO alone, but caRac RNA did not alleviate the body axis exten-
sion defect (Fig. 8 B). 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 hy-
bridization at the 1 somite stage. It is noteworthy that the phenotypes 
were assigned and afterwards, embryos were genotyped. We found that 
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Figure 8. RPTPα and 
PTPε knockdown res-
cued by active RhoA 
or active Fyn and Yes.
(A) Zebrafish em-
bryos were micro-
injected at the 1-cell 
stage with ptpra-MO 
(0.3 ng / embryo) 
or ptpre-MO (2.5 ng 
ptprea-MO + 2.5 ng 
ptpreb-MO / embryo) 
alone or co-injected 
with active Rac (1 pg 
/ embryo) or RhoA (1 
pg / embryo) mRNA. 
Embryos were grown 
to 2 dpf. Morpholino 
knockdown and RNA 
co-injection rescue 
experiments were 
done in the same 
clutch of embryos. 
The figure depicts 
representative em-
bryos for every group 
from two independ-
ent experiments. (B) 
The phenotypes of 
all individual fish de-
picted in (A) were 
assessed by measur-
ing tail lengths us-
ing ImageJ software. 
Tail lengths were de-
picted as a percent-
age of the length of 
non-injected control 
embryos. The figure 
represents the results 
of two independent 

experiments, where morpholino knock-down and RNA co-injection rescue experiments 
were performed in the same clutches of embryos. RNA co-injections were compared to 
their respective morpholino injections and student t-tests were applied. * represents a 
P-value <0.05, ** represents a P-value <0.001, no asterisk represents no significant dif-
ference (P > 0.05). (C) Heterozygous ptpra+/- fish were in-crossed and offspring embryos 
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were micro-injected at the 1-cell stage with either active Rac or active RhoA mRNA. 
Non-injected embryos were taken as a control. Embryos were grown to 1 somite stage 
and fixed. Whole mount in situ staining was performed using probes for dlx3 and hgg1. 
The resulting staining patterns were analyzed as described in figure 2 H, by measuring 
the posterior shift of the hatching gland and the width of the dlx3 staining. After pic-
tures were taken and phenotypes were assigned, embryos were lysed and genotyped. 
The average posterior shift or width of the dlx3 is plotted as a percentage of the embryo 
(yolk) diameter. (D) Heterozygous ptpra+/- or wildtype (WT) fish were in-crossed and 
their offspring was grown to 52 hpf. Embryos were characterized as mutant or sibling 
based on observed phenotype, dechorionated, deyolked and lysed using sodium or-
thovanadate and protease inhibitors. Westernblots were run and probed using 5478-
anti RPTPα serum, Src-pY418 antibody, Src-npY527 antibody and actin antibody as a 
loading control. (E) Embryos were injected with ptpra-MO (0.3 ng / embryo) or ptpre-
MO (2.5 ng ptprea-MO + 2.5 ng ptpreb-MO / embryo) like in figure (A) and co-injections 
were done with active Fyn and Yes (4 pg each / embryo) RNA. Figure represents two 
separate experiments; morpholino injection and RNA co-injections were done in the 
same clutches of embryos. A representative embryo for each injected group is shown. 
(F) The lengths of the embryos’ tails were measured and the average was plotted. (G) 
Heterozygous ptpra+/- fish were in-crossed and embryos were micro-injected in a similar 
fashion as in (C) with 4pg / embryo of both active Fyn and Yes mRNA. The embryos were 
stained for dlx3 and hgg1, analyzed and genotyped and the posterior shift of the hatch-
ing gland and the width of the dlx3 staining were plotted for each group. Error bars in 
all graphs represent standard deviations. Student t-tests were performed between in-
dicated groups, where ** indicates a P-value < 0.001, * a P-value < 0.05 and no asterisk 
no significant difference (P-value > 0.05).

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 wild type embryos at later 
stages and hence we cannot conclude that caRac rescued the ptpra-/- 
phenotype. Our results indicate that caRhoA rescued the ptpra-/- induced 
C&E defects, consistent with the caRhoA rescue of the ptpra-MO knock-
down.

 We recently described how Fyn and Yes play a role in C&E in ze-
brafish by activating RhoA in parallel with the non-canonical Wnt signal-
ing pathway (Jopling and den Hertog, 2005). RPTPα dephosphorylates 
the inhibitory tyrosine phosphorylation site in the C-terminus of Src fam-
ily 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 
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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. 8 D). 
RPTPα protein was not detected in the mutants. The Src nonphospho 
(np)Tyr527 antibody is specific for non-phosphorylated Tyr527. The sig-
nal 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 autophosphorylation site of Src family ki-
nases is directly proportional to its activation state. Tyr416 phosphoryla-
tion 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 knock-
down of RPTPα and PTPε were linked to Src family kinases, we co-inject-
ed 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 (Fig. 8 E, F). 
Moreover when we injected active Fyn and Yes mRNA in ptpra+/- incross 
embryos and assessed the phenotype in a similar fashion as in Figure 8 C, 
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 lev-
el of wildtype sibling (Fig. 8 G), indicating that activation of the SFKs Fyn 
and Yes rescued the ptpra-/- induced C&E phenotype. Our results demon-
strate 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 sev-
eral signaling pathways, including non-canonical Wnt signaling and signal-
ing by Src family kinases. Here, we provide evidence that RPTPα and PTPε 
are essential for C&E cell movements during gastrulation as well. RPTPα 
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and PTPε knockdown embryos as well as ptpra-/- embryos displayed C&E 
defects, which were rescued by co-injection of synthetic RNAs encod-
ing the respective proteins. We developed a cell tracking method using 
confocal time-lapse microscopy, which allowed us to quantify cell move-
ments 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 fam-
ily kinases and the small GTPase RhoA to regulate C&E cell movements.

RPTPα and PTPε function in C&E movements

During axis formation in verteberate gastrulation, dorsal mesendo-
dermal cells become highly motile and polarized, a process regulated in 
part by rearrangements of actin cytoskeleton. These cells move to the 
midline where they intercalate, which results in extension of the embry-
onic body axis. We demonstrate here that RPTPα and PTPε are involved 
in these processes and we propose that the underlying mechanism in-
volves controlling the activity of downstream targets of the non-canoni-
cal Wnt signaling pathway. Whether the C&E defects result from reduced 
polarization of the cells, reduced cell adhesion or an impaired chemo-
tactic 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 a method 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 scan-
ning 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 im-
proved image J software, allowing us to automatically track large num-
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bers 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). Us-
ing this method, we reliably calculated the velocities of many individual 
cells and we compared C&E movements of more than 1,000 cells in three 
independent ptpra-/- embryos with those of cells in wild type 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; Jopling and 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 in-
jection 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 of Wnt11-MO together with low amounts 
of ptpra-MO or ptpre-MO specifically caused cyclopia and severe phe-
notypes in fish, suggesting that Wnt11 and RPTPα and PTPε interact ge-
netically. 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 injec-
tions (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 



110

C
ha

pt
er

 3

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 phos-
phorylation on the inhibitory C-terminal residue (Tyr527) was enhanced 
in ptpra-/- zebrafish embryos. Autophosphorylation (on Tyr416) was re-
duced, 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-medi-
ated 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 mice may 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 (Montcouquiol et al., 2003). It will be interesting to analyze 
stereocilliary 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 
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Figure 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-mediat-
ed activation of RhoA 
and Rac1. In turn, 
Rac1 and RhoA acti-
vate 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 interme-
diate, thereby mediating convergence and extension cell movements.

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 de-
fects 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 es-
sential 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 see what is upstream of 
RPTPα and PTPε. Our results demonstrate that the RPTP-SFK-RhoA sign-
aling 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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Figure S1. ptpra, ptprea and ptpreb are ubiquitously expressed during early zebrafish 
development.
Wildtype zebrafish embryos were collected and fixed at 8 cell stage (A, G, M), 6 hpf (B, 
H, N), 1 somite stage (C, I, O), 24 hpf (D, J, P), 36 hpf (E, K, Q) and 72 hpf (F, L, R). Whole 
mount in situ hybridization was performed using probes targeting ptpra (A-F), ptprea 
(G-L) or ptpreb (M-R). Scale bars = 250 μm.

Supplementary Figures
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Figure S2. Mock morpholino or RNA (co-) injections do not alter phenotype or length.
(A) Embryos were micro-injected at the 1-cell-stage with either nacre morpholino, pt-
pra-MO, ptpra-MO and GFP RNA, ptpre-MO or ptpre-MO and GFP RNA. Non-injected 
embryos were taken as control. Embryos were grown to 2 dpf and pictures were taken. 
Tail lengths were determined using ImageJ software and compared to non-injected con-
trol. The tail lengths of the embryos are plotted as the average relative to non-injected 
control embryos. A student T-test was performed between the non injected control and 
nacre MO groups, the ptpra-MO and ptpra-MO / GFP RNA groups and the ptpre-MO 
and ptpre-MO / GFP RNA groups. No significant differences were found in response to 
GFP RNA co-injection (P > 0.05).
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Adapted from:
Noonan syndrome gain-of-function mutations in NRAS cause zebrafish gastrula-

tion defects.
Runtuwene V*, van Eekelen M*, Overvoorde J, Rehmann H, Yntema HG, 

Nillesen WM, van Haeringen A, van der Burgt I, Burgering B, den Hertog J.
Dis Model Mech. 2011 Jan 24.

* = equal contribution

Noonan syndrome gain-of-function 
mutations in NRAS cause zebrafish 

gastrulation defects
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Abstract

Noonan syndrome is a relatively common developmental disorder 
that is characterized by reduced growth, wide-set eyes and congeni-
tal heart defects. Noonan syndrome is associated with dysregulation 
of the Ras-Mitogen Activated Protein Kinase (MAPK) signaling path-
way. Recently, two mutations in NRAS were reported to be associated 
with Noonan syndrome, T50I and G60E. Here, we report a mutation 
in NRAS resulting in an I24N amino acid substitution that we identi-
fied in an individual bearing typical Noonan syndrome features. The 
I24N mutation activates N-Ras, resulting in enhanced downstream sig-
naling. Expression of N-Ras-I24N, N-Ras-G60E or the strongly activating 
mutant N-Ras-G12V that we included as a positive control, results in 
developmental defects in zebrafish embryos, demonstrating that these 
activating N-Ras mutants are sufficient to induce developmental dis-
orders. The defects in zebrafish embryos are reminiscent of symptoms 
in individuals with Noonan syndrome and phenocopy the defects that 
other Noonan syndrome-associated genes induce in zebrafish embryos. 
MEK inhibition completely rescued the activated N-Ras-induced phe-
notypes, demonstrating that these defects are mediated exclusively by 
Ras-MAPK signaling. In conclusion, mutations in NRAS from individuals 
with Noonan syndrome activated N-Ras signaling and induced develop-
mental defects in zebrafish embryos, indicating that activating muta-
tions in NRAS cause Noonan syndrome. 
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Introduction

Activating mutations in genes encoding components of the Ras-MAPK 
pathway have not only been identified in various tumor types, but also 
in developmental disorders (Aoki et al., 2008; Karnoub and Weinberg, 
2008; Schubbert et al., 2007). Germline mutations in genes of the Ras-
MAPK pathway have been found in a group of genetic syndromes that 
are collectively called RASopathies, including Noonan syndrome (OMIM 
163950), LEOPARD syndrome (OMIM 151100), Costello syndrome (OMIM 
218040) and cardio-facio-cutaneous (CFC) syndrome (OMIM 115150) 
(Denayer et al., 2008; Tidyman and Rauen, 2009). These syndromes are 
characterized by partially overlapping symptoms, including distinctive 
craniofacial features and cardiovascular anomalies and they are geneti-
cally heterogeneous with mutations in known disease genes accounting 
for 70-80% of the cases. 

Noonan syndrome is a relatively common dominantly inherited ge-
netic disorder characterized by congenital heart defects, reduced growth, 
facial dysmorphism and variable congenital defects (Gelb and Tartaglia, 
2006). The syndrome is caused by activating mutations in genes encod-
ing upstream factors of the RAS-MAPK pathway, including PTPN11 (Shp2) 
(Tartaglia et al., 2001), SOS1 (Roberts et al., 2007; Tartaglia et al., 2007) as 
well as KRAS (Pandit et al., 2007; Schubbert et al., 2006), SHOC2 (Corded-
du et al., 2009) and the more downstream signal transducers, RAF1 and 
BRAF (Pandit et al., 2007; Razzaque et al., 2007; Tartaglia et al., 2007). 
The most recent addition to the group of genes that are associated with 
Noonan syndrome is NRAS. In a cohort of 917 individuals with typical 
features of Noonan syndrome, who were negative for mutations in pre-
viously known Noonan-syndrome-associated genes, two distinct muta-
tions were identified in NRAS in four individuals, T50I and G60E. Mutant 
N-Ras-G60E and to a lesser extent N-Ras-T50I activated MAPK signaling 
in cells (Cirstea et al. 2010). Activation of N-Ras was previously found to 
be associated with acute myeloid leukemia (AML) (Bos et al., 1985; Bos 
et al., 1987) and melanoma (van ‘t Veer et al., 1989), and a germline ac-
tivating mutation in NRAS caused autoimmune lymphoproliferative syn-
drome (Oliveira et al., 2007).

Here we report the identification of a new mutation in N-Ras in an in-
dividual with Noonan syndrome that results in an amino acid substitution, 
I24N. Mutant N-Ras-I24N activates downstream MAPK signaling. We and 
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others use zebrafish embryos to assess the in vivo effects of dominant 
mutations in genes that are associated with Noonan syndrome (Anasta-
saki et al., 2009; Jopling et al., 2007; Razzaque et al., 2007; Stewart et al., 
2010). Expression of N-Ras-I24N or two other Noonan syndrome-associ-
ated N-Ras mutants, T50I or G60E in zebrafish embryos results in severe 
developmental defects during epiboly and gastrulation that resemble the 
defects observed in response to a known Noonan-associated gene. In-
terestingly, pharmacological inhibition of MEK rescued these activated 
N-Ras-induced developmental defects, demonstrating that the activated 
N-Ras-induced defects are caused by activation of MAPK signaling. 

Results and Discussion

In search of the genetic cause of Noonan syndrome, we resequenced 
all exons of NRAS in a Dutch cohort of 56 Noonan syndrome patients 
lacking mutations in known Noonan syndrome-associated genes. We 
found a single individual heterozygous for a nucleotide mutation in exon 
2, c.71T>A, resulting in the amino acid substitution p.I24N (Fig. 1A). The 
30-year-old patient had been diagnosed with Noonan syndrome and 
demonstrated the facial features, low posterior hairline, webbing of the 
neck, pectus excavatum, cryptorchism, mild learning difficulties and mild 
short stature characteristic of the syndrome. Assessment at birth and 
at age 15 revealed no heart abnormalities. His parents did not exhibit 
classical Noonan features and did not harbor the mutation in NRAS (Fig. 
1Ab,c), demonstrating the de novo origin of the mutation. To exclude the 
possibility of somatic mosaicism, NRAS was resequenced in skin fibrob-
lasts and buccal epithelial cells from sputum from the patient, both of 
which showed the c.71T>A mutation heterozygously (Fig. 1Ad,e), which 
supports the conclusion that the patient has a germline NRAS mutation. 
The c.71T>A mutation was not found in 100 controls without Noonan 
syndrome.

The surrounding sequence of I24 is identical in N-Ras, K-Ras and H-
Ras and is localized between the P-loop, involved in nucleotide binding, 
and Switch I, involved in effector binding (Fig. 1B). Mutations in I24 have 
not previously been identified in any Ras isoform. Whereas efficient GTP 
hydrolysis is blocked in oncogenic Ras with G12V or Q61K mutations, re-
sulting in activated Ras, such an effect of I24N is unlikely, given the loca-
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tion of I24 in N-Ras (Fig. 1B,C). Recently, H-Ras mutations in Q22 were de-
scribed in three patients diagnosed with Noonan syndrome (Q22R), CFC 
(Q22E) or Costello syndrome (Q22K) (van der Burgt et al., 2007; Zenker 
et al., 2007). While biochemical data was not provided that the Q22 mu-
tations activate H-Ras, other patients with similar symptoms contained 
well-known activating mutations in H-Ras, including G12V, G12S, G60R or 
E63K. Hence, it is likely that the Q22 mutations activate H-Ras, suggest-
ing an important regulatory role for the region between the P-loop and 
Switch I, which includes N-Ras I24 (Fig. 1B).  

Two mutations in NRAS were previously identified in Noonan syn-
drome patients, one of which (G60E) is characterized as highly GTP 
bound, whereas the other (T50I) showed normal GTP loading (Cirstea 
et al. 2010). To assess the activation state of N-Ras-I24N, GTP bound Ras 
was selectively precipitated from cells stimulated with serum. We found 
that a higher proportion of N-Ras-I24N was precipitated, relative to wild 
type N-Ras (Fig. 2A). A similar effect was observed for N-Ras-G12V and N-
Ras-G60E, but not for N-Ras-T50I. In the absence of serum, only the on-
cogenic N-Ras-G12V was highly GTP bound. These results group N-Ras-

Fig. 1. Identification and localization of an I24N amino acid substitution in N-Ras of an 
individual with typical features of Noonan Syndrome.
(A) The heterozygous c.71T>A nucleotide substitution in exon 2 that was first identified 
in the patient (a) was not detected in the father (b) or the mother (c) and was detected 
in DNA isolated from fibroblasts (d) and sputum (e) of the patient. (B) Genomic or-
ganization, protein structure and sequence of N-Ras around Ile24, encoded by exon 2, 
which is located on helix α1, between the P-loop (P) and switch I (I). Switch II (II) and 
the hypervariable region (HVR) are also indicated in the protein structure. (C) Ribbon 
representation of N-Ras•GDP (pdb, 3con), with GDP (blue), residues Ile24, Thr50 and 
Gly60 highlighted as ball and stick representation. Missing connectivity for residues 61 
to 71 is indicated by a dotted line.
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I24N in the class of “mild activating” mutations, the activation of which 
is dependent on upstream signaling. Mild activating mutations are com-
monly associated with Noonan and Noonan-related syndromes (Tidyman 
and Rauen, 2009). The side chain of I24 in the α1-helix points towards 
the β2-strand (Fig. 1C) and mutation to N would likely result in repulsing 
forces between the α1-helix and the β2-strand, thereby destabilizing the 
fold of the G-Protein. Hence, the nucleotide affinity might be weakened, 
resulting in an increased exchange rate and therefore higher GTP-loading 
under physiological conditions, as the GTP:GDP ratio is ~9:1 in cells. This 
would be in agreement with the “mild activation” character of the I24N 
mutant.

We next investigated MAPK activation, a downstream consequence 
of N-Ras activation, in 293T cells expressing N-Ras-I24N and found ro-
bust MAPK phosphorylation in the presence of serum in comparison to 
wild type N-Ras (Fig. 2B). N-Ras-G60E and the positive control, N-Ras-
G12V also enhanced MAPK activation, but N-Ras-T50I did not, which is in 
agreement with weak or no increase in RBD-binding (Fig. 2A). Together, 
these results demonstrate that the I24N amino acid substitution increas-
es the fraction of active N-Ras and enhances MAPK activation, which may 
be due to enhanced GTP-loading from subtle changes in the conforma-
tion of the GTP binding pocket.

 To evaluate the functional consequences of activating mutations 
in Noonan syndrome associated genes at the organismal level, we and 
others have used the zebrafish as a model system (Anastasaki et al., 
2009; Jopling et al., 2007; Razzaque et al., 2007; Stewart et al., 2010). 
Mutant N-Ras was expressed in zebrafish embryos at the one-cell stage 
by injection of synthetic RNA encoding wild type or mutant N-Ras. We 
first established that MAPK phosphorylation is enhanced in response to 
N-Ras-I24N, -G60E and -G12V, relative to wild type N-Ras in zebrafish em-
bryos (Fig. 2C), which is consistent with our results in 293T cells (Fig. 2B). 
N-Ras-T50I only weakly activated MAPK phosphorylation in zebrafish em-
bryos. 

Morphological defects in embryos expressing mutant forms of N-
Ras were apparent at 11 h post fertilization (hpf). The morphology of 
the N-Ras-injected embryos was monitored by time-lapse imaging. No-
tably, N-Ras-I24N appeared to induce epiboly and gastrulation defects, 
as reflected in the reduced body axis extension at 14 hpf (Fig. S1) and 
the oval shape of the embryos at epiboly (Fig. 3A). Severe morphological 
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Fig. 2. I24N mutation ac-
tivates N-Ras and down-
stream signaling.
(A) Active, GTP-bound Ras 
was selectively precipitat-
ed from lysates of growing 
293T cells transfected with 
N-Ras (wild type or mu-
tants) with the Ras binding 
domain (RBD) of Raf-1. Pre-
cipitated Ras was detected 
by immunoblotting using 
a Ras-specific antibody. 
The amount of Ras in the 

lysates was monitored by immunoblotting. (B) Transfected, growing 293T cells express-
ing N-Ras (mutants) were lysed and equal amounts of these lysates were loaded onto 
SDS-PAGE gels, blotted and probed with phosphoMAPK antibodies or with Tubulin an-
tibodies as a loading control. (C) Synthetic RNA (5 pg) encoding wild type or mutant 
N-Ras was injected into zebrafish embryos at the one-cell stage. Embryos were lysed at 
24 hpf and loaded onto SDS-PAGE gels, blotted and probed with phosphoMAPK anti-
bodies, MAPK antibodies and as a loading control, actin antibodies.

defects were not observed at 11 hpf or 24 hpf in embryos injected with 
RNA encoding wild type N-Ras. The morphological phenotypes induced 
by N-Ras-I24N at 24 hpf ranged in severity from completely disorganized 
embryos to mildly affected shorter embryos (Fig. 3A). 

The epiboly defects were quantified by analysis of the ratio of the 
major and minor embryonic axes (Fig. 3B). Non-injected control embryos 
are almost perfect spheres and the ratio is approximately 1. Injection of 
N-Ras-I24N resulted in a significant increase in the major/minor axis ra-
tio, whereas the ratio with wild type N-Ras was similar to non-injected 
control. N-Ras-G12V from tumors and N-Ras-G60E from Noonan patients 
both strongly affected the major/minor axis ratio, whereas N-Ras-T50I 
only had mild effects (Fig. 3C). Activating mutants in BRaf were recently 
reported to induce defects in epiboly (Anastasaki et al., 2009), thus we 
included the robustly active BRaf-V600E mutant as a positive control in 
our assay. As expected, this mutant exerted a strong effect on the major/
minor axis ratio, whereas wild type BRaf had no effect (Fig. 3C). 

The effects of the N-Ras mutants on early zebrafish development 
were likely due to activation of the MAPK pathway. Using the MEK inhibi-
tor, CI-1040, to suppress downstream MAPK activation we found that the 
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Fig. 3. Active N-Ras-induced early developmental defects in zebrafish embyos.
(A) Embryos were injected at the one cell stage with synthetic RNA (5 pg) encoding N-
Ras (wild type or mutant) and the morphology was assessed at 11 hpf and 24 hpf. Inject-
ed embryos were incubated with MEK inhibitor CI-1040 (1 μM) from 4.5 hpf till 5.5 hpf. 
Representative batches of embryos are depicted here. Scalebar is 1 mm. (B) The sever-
ity of the phenotype was determined by assessment of the shape of the embryos at 11 
hpf. The ratio of the length of the major and minor axes was determined as indicated for 
three examples of severely affected (top), mildly affected (middle) and a control (bot-
tom) embryo. Scalebar is 500 μm. (C) Quantification of the ratio of the major and minor 
axis upon injection of synthetic RNAs encoding wild type (WT) or mutant N-Ras as indi-
cated. As a negative control, the ratio major/minor axis was determined in non-injected 
control embryos (NIC). In addition, wild type (WT) BRaf or activated mutant BRaf-V600E 
was injected. Blue bars: embryos were mock treated (0.1% DMSO); red bars: embryos 
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deleterious effects of N-Ras-I24N on epiboly and later development were 
completely rescued by inhibition of MEK (Fig. 3A). Quantification of the 
epiboly defects confirmed the complete rescue of the N-Ras-I24N, -G12V, 
-G60E and -T50I mutants, as well as BRaf-V600E (Fig. 3C). Taken together, 
our data demonstrate that N-Ras-I24N is a functionally activated mutant 
of N-Ras that induces developmental defects, similar to those induced by 
N-Ras-G12V and -G60E in a pathway requiring N-Ras-mediated activation 
of MAPK. It should be noted that the rescues were mediated by a pulse of 
MEK inhibitor between 4.5 and 5.5 hpf, while a more prolonged exposure 
to the inhibitor induced developmental defects on its own, consistent 
with a previous report (Anastasaki et al., 2009). 

N-Ras-I24N is a mildly activating mutant of N-Ras, which requires 
serum to be present for activation of the Ras-MAPK pathway in 293T 
cells (Fig. 2B). Fibroblast Growth Factor Receptor (FGFR) signaling is an 
upstream factor in convergence and extension cell movements during 
gastrulation. We assessed the effect of the FGFR inhibitor, SU5402, on 
N-Ras-I24N-induced developmental defects. Interestingly, we observed 
that SU5402 partially rescued the gastrulation defects that were induced 
by N-Ras-I24N, whereas SU5402 at these concentrations had no effect on 
non-injected control embryos (Fig. 3D). We conclude that upstream FGFR 
signaling is required for the developmental defects that are induced by 
N-Ras-I24N. 

 To further characterize the activated N-Ras induced epiboly and 
gastrulation cell movement defects, we utilized classical molecular mark-
ers for in situ hybridization. Convergence and extension cell movements 
during gastrulation shape the embryos, making the embryo narrower 
(convergence) and longer (extension) (Solnica-Krezel, 2006). A well-
known marker for convergence and extension cell movements during 
gastrulation is the ratio between the width of the krox20-positive rhom-
bomeres 3 and 5 and the distance between somites 1-8, visualized by 

were treated with MEK inhibitor, CI-1040 (1 μM). (D) Embryos were treated with the 
FGFR inhibitor SU5402 (5 μM) from 4.5 hpf onwards and the phenotype was quanti-
fied as in (C). Blue bars: mock-treated (0.1% DMSO); red bars: FGFR inhibitor-treated. 
Averages of the major/minor axis ratio are depicted in panels C and D and the standard 
errors of the mean are indicated; student t-tests (2 tailed, assuming unequal variance) 
were performed between mutant and wild type N-Ras-injected groups, * indicates a P 
value < 0.001. The total number of embryos from 2-6 independent experiments that 
were used per condition are indicated (n).
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myoD staining at the 8-somite stage (12 hpf) (Li et al., 2008). Injection 
of N-Ras-I24N led to widening of the embryos at 12 hpf (Fig. 4A). G12V 
and -G60E had extreme effects, whereas N-Ras-T50I resembled wild type 
N-Ras (Fig. 4A). Quantification of the ratio of the width to the length re-
vealed significant increases in this ratio in mutant N-Ras-G12V, -I24N and 
-G60E, compared to wild type N-Ras injected and non-injected controls 
(Fig. 4B). N-Ras-T50I also induced a significant albeit small increase in 
the ratio, relative to wild type N-Ras. Another marker for convergence 
and extension cell movements is dlx3/hgg1 staining at the 1-somite stage 
(10 hpf) (Jopling and den Hertog, 2005; van Eekelen et al., 2010). These 
markers indicate that N-Ras-G12V, -I24N and -G60E induced significant 
defects in convergence and extension cell movements as well (Fig. S2). 
Taken together, these results demonstrate that activating N-Ras mutants 
induce gastrulation cell movement defects at severities that parallel the 
capacity to activate MAPK.

To monitor gastrulation cell movements directly, we have developed 
time lapse fluorescent microscopy of zebrafish embryos injected with 
fluorescent Histone 1 protein, which labels all nuclei (van Eekelen et al., 
2010). Using this cell tracking technology, we found that expression of 
N-Ras-I24N resulted in a 10% reduction in convergence and 6% reduc-
tion in extension of paraxial mesendodermal cells, compared to wild 
type N-Ras-injected embryos. These results are statistically significant 
(P<<0.001) as they are based on more than 1000 cell tracks each. One of 
the underlying mechanisms of convergence and extension is cell inter-
calation and mediolateral elongation (Concha and Adams, 1998; Myers 
et al., 2002). By cell membrane-labeling and ratiometric analysis of cell 
shape and orientation, we found that cell polarization is reduced upon 
N-Ras-I24N expression (Fig. S3), which is consistent with the observed 
convergence and extension cell movement defects. 

One of the hallmarks of Noonan syndrome is hypertelorism and 
we have demonstrated before that expression of mutant Shp2 leads to 
craniofacial defects, including wide-set eyes in zebrafish embryos (Jopling 
et al., 2007). We assessed defects in craniofacial cartilage structures us-
ing the transgenic Tg(-4.9sox10:EGFP)ba2 zebrafish line that expresses GFP 
in all neural crest cells (Carney et al., 2006). The angle of the ceratohyal 
is a direct measure for the width and the bluntness of the head (Fig. 4C) 
and is an excellent marker for hypertelorism. Expression of N-Ras-I24N 
leads to a significant increase in the angle (P<0.05, student t-test) (Fig. 
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Fig.4. Active N-Ras 
induced conver-
gence and exten-
sion cell movement 
defects and cranio-
facial defects.
(A) In situ hybridiza-
tion was done us-
ing embryos at the 
8-somite stage (~12 
hpf) using krox20 
and myod-specific 
probes and non-
injected control 
(NIC) embryos or 
embryos injected 
with synthetic RNA 
encoding wild type 
(WT) N-Ras or mu-
tants, as indicated. 
Dorsal views of 
flat-mounted em-
bryos are depicted, 
anterior to the top. 
Scalebar is 250 
μm. (B) the ratio 
of the width of the 
krox20-staining and 
the length from the 
first till the eighth 
somite was deter-
mined using Im-
ageJ software and 
is depicted here. 
Error bars indicate 
standard errors of 
the mean; student 
t-tests (2 tailed, as-

suming unequal variance) were performed between mutant and wild type N-Ras-in-
jected groups, * indicates a P value < 0.005. Total numbers of embryos that were used 
for the analyses are indicated. (C) Embryos from the Tg(-4.9sox10:EGFP)ba2 transgenic 
line, which marks neural crest cells were injected at the 1-cell stage with N-RAS-I24N. 
The ceratohyal is marked by GFP in the transgenic embryos at 4 dpf and lines (red) were 
drawn demarcating the ceratohyal, facilitating analysis of the angle in the ceratohyal, 
which is a direct marker for the width and bluntness of the heads of these embryos. 
Representative images of a non-injected control (NIC) and a N-RAS-I24N-injected em-
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bryo are depicted. Scalebar is 100 μm. (D) Quantification of the angle of the cerato-
hyal. The number of individuals that was used (n) is indicated. A student t-test was 
performed; asterisk indicates significant difference, P < 0.005.

4C,D) and hence we conclude that N-Ras-I24N induced craniofacial de-
fects in zebrafish embryos that are reminiscent of the symptoms in indi-
viduals with Noonan syndrome. 

In conclusion, we report an activating mutation in N-Ras, I24N, that 
is associated with Noonan syndrome. Interestingly, our in vivo data in 
zebrafish embryos (Fig. 3,4) demonstrate for the first time that the acti-
vating N-Ras mutants, I24N and G60E, are sufficient for inducing devel-
opmental defects that resemble the defects induced by active mutants 
of downstream factors, BRaf, Raf1 and MEK from Noonan and related 
syndromes (Anastasaki et al., 2009) and hence firmly establish NRAS as 
a gene that causes Noonan syndrome upon activation. The observed 
craniofacial defects in zebrafish embryos (Fig. 4C,D) actually resemble 
symptoms in individuals with Noonan syndrome. Taken together, our in 
vivo data demonstrate that NRAS is a bona fide Noonan-associated gene 
that has a causal role in the syndrome. 

Ras mutations found in human cancer are thought to contribute to 
disease by activating at least three major downstream signaling path-
ways, i.e. the Raf-MAPK pathway, the PI3K-PKB/AKT pathway and the 
RalGDS/Ral pathway. In case of Noonan N-Ras mutants, it becomes ap-
parent that Raf-MAPK activation is sufficient. Mutational activation of 
BRaf causes identical developmental defects in zebrafish as the activat-
ing N-Ras mutants and pharmacological inhibition of MEK using CI-1040 
completely rescues these developmental defects. MEK/MAPK inhibitors 
are currently in clinical trials for treatment of cancers harboring active 
RAS mutations. This raises the interesting possibility that these inhibitors 
might also be appropriate for the treatment of developmental disorders 
that are caused by RAS mutations that depend exclusively on Raf-MAPK 
activation to convey their pathology.
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Materials and Methods

DNA isolation and sequencing 

DNA was isolated from blood, fibroblasts or sputum. Mutational 
screening of NRAS (ENSG00000213281) was done by PCR of all 4 exons, 
using the following primers:

NRAS-1-F CGCCAATTAACCCTGATTAC
NRAS-1-R AGAGACAGGATCAGGTCAGC
NRAS-2-F ATAGCATTGCATTCCCTGTG
NRAS-2-R CACAAAGATCATCCTTTCAGAG
NRAS-3-F CCACTGTACCCAGCCTAATC
NRAS-3-R AAACTCTTGCACAAATGCTG
NRAS-4-R CCTCCAAATTGCCCAATAC
NRAS-4-F ATTTGGATTGTGTCCGTTG
Bidirectional resequencing was done using a commercial sequencing 

kit (ABI BigDye terminator Sequencing kit V2.1; Applied Biosystems) and 
an automated capillary sequencer (ABI 3730, Applied Biosystems).

RBD assays and MAPK phosphorylation 

Ras activation was determined with the minimal Ras-binding domain 
(RBD) of Raf-1 as an activation-specific probe, as described previously 
(de Rooij and Bos, 1997). Briefly, 293T cells (ATCC) were transfected with 
CMV-promoter-driven expression vectors for N-Ras and mutants. The 
cells were lyzed and active Ras was precipitated with glutathione-agarose 
beads coupled to GST-RBD. Precipitated N-Ras was detected by Western 
blotting using a N-RAS specific antibody (Santa Cruz). Zebrafish embryos 
(24 hpf) were lysed in boiling sample buffer and equal amounts of lysate 
were loaded onto SDS-PAGE gels. MAPK phosphorylation was established 
by western blotting using phospho-MAPK specific mouse mAb (Cell Sig-
naling), and equal loading was monitored using tubulin-specific mouse 
mAb (Calbiochem), MAPK specific rabbit mAb (Cell Signaling) and actin-
specifc rabbit polyclonal Ab (Sigma).

Zebrafish, injections and in situ hybridization 

Zebrafish were kept and embryos were raised under standard con-
ditions. Zebrafish were staged as described before (Westerfield, 1995). 
Constructs encoding human N-Ras and mutants were derived by PCR and 
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verified by sequencing. The wild type and mutant BRaf constructs (Anas-
tasaki et al., 2009) were a gift from Liz Patton. 5’ capped sense RNAs were 
synthesized using mMessage mMachine kit (Ambion). Synthetic RNA was 
injected at the one cell stage. The amount of RNA encoding wild type N-
Ras was titrated down to an amount that did not induce morphological 
defects by itself (5 pg). Subsequently, 5 pg of all mutants was injected 
at the one cell stage. 30 pg wild type or mutant BRaf was injected at 
the one cell stage (Anastasaki et al., 2009). Phenotypes were assessed at 
the indicated stages. At 11 hpf batches of embryos were photographed 
and the ratio of major/minor axis was determined of each embryo indi-
vidually using ImageJ software. Pharmacological inhibitors were added 
directly to the embryo medium at 4.5 hpf. CI-1040 (Selleck Chemicals) 
was removed at 5.5 hpf to avoid inadvertent side effects of prolonged 
treatment, whereas SU5402 (Merck) was left on the embryos for the du-
ration of the experiment. In situ hybridizations were done essentially as 
described (Thisse et al., 1993) using probes specific for myod and krox20 
at the 8-somite stage (~12 hpf) (Li et al., 2008). Quantification of conver-
gence and extension cell movement defects by analysis of the ratio of 
the width of krox20 staining and the length from somite-1 to somite-8 
was done using ImageJ software as described before (van Eekelen et al., 
2010).

Analysis of cell movement and polarization

Mesendodermal cell tracking was done exactly as described before 
(van Eekelen et al., 2010). Briefly, embryos were injected at the 1-cell 
stage with Histone 1 tagged with Alexa fluor 488 from Molecular Probes 
(H1). The embryos were dechorionated and mounted at shield stage in 
1% low melting point agarose. A Leica SP2 confocal microscope with a 
40× objective was used for live imaging and time points were recorded 
every 2 min from shield stage until 1-somite stage. Time-lapse images 
were analyzed using ImageJ (http://rsbweb.nih.gov/ij/). Following image 
processing, uniform objects were readily traced and convergence and 
extension cell movements quantified. Statistical analysis was performed 
by the Microsoft Excel Student t-test assuming unequal variances with 
alpha=0.05. 
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Craniofacial defects

Craniofacial defects were determined by measurement of the cera-
tohyal angle at 5 dpf. The Tg(-4.9sox10:EGFP)ba2 transgenic line, which 
marks neural crest cells (Carney et al., 2006), was used facilitating detec-
tion of the ceratohyal. The angle was defined by 2 lines, one parallel to 
the left part of the ceratohyal and the other parallel to the right part (cf. 
Fig. 4C).

Translational impact box

Clinical Issue – Noonan syndrome is a relatively common dominantly 
inherited genetic disorder characterized by congenital heart defects, 
reduced growth, facial dysmorphism and variable congenital defects. 
The syndrome is caused by activating mutations in genes encoding fac-
tors of the Ras-MAPK pathway and hence belongs to a group of genetic 
syndromes that are collectively called RASopathies. Approximately 50% 
of the individuals with Noonan syndrome have activating mutations 
in PTPN11 (Shp2) and mutations in known disease genes account for 
70-80% of the cases. The most recent addition to the group of genes 
that are associated with Noonan syndrome is NRAS. Here, we report an 
activating mutation in NRAS. Moreover, we investigate whether activat-
ing NRAS mutations are causal in inducing Noonan syndrome in an in 
vivo model system, zebrafish.

Results - Here, we report a mutation in NRAS resulting in an I24N 
amino acid substitution that we identified in an individual bearing 
typical Noonan syndrome features. The I24N mutation mildly activates 
N-Ras, resulting in enhanced downstream signaling, similar to other 
activating Noonan syndrome N-Ras mutants. Expression of activating 
N-Ras mutants results in developmental defects in zebrafish embryos, 
including cell migration defects during gastrulation, demonstrating that 
these mildly activating N-Ras mutants are sufficient to induce develop-
mental defects. The craniofacial defects that we observed in zebrafish 
embryos are reminiscent of symptoms in individuals with Noonan syn-
drome. Moreover, the activated N-Ras-induced developmental defects 
phenocopy the developmental defects that are induced by expression 
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of well-known Noonan syndrome-associated genes, including PTPN11, 
in zebrafish embryos. Interestingly, pharmacological inhibition of MEK, 
a downstream factor in the Ras-MAPK pathway, completely rescued the 
activated N-Ras-induced phenotype, demonstrating that these defects 
are mediated exclusively by Ras-MAPK signaling. 

Implications and future directions - In this study, we demonstrate 
that NRAS is a bona fide Noonan syndrome associated gene. Moreover, 
we provide evidence that activation of N-Ras actually causes Noonan 
syndrome. Hence, NRAS should be included in diagnostic screening for 
mutations in individuals with Noonan syndrome. We show that pharma-
cological inhibition of MEK rescues the developmental defects that are 
induced by activated N-Ras. It is noteworthy that the Ras-MAPK path-
way is implicated in cancer and the pathway has been widely targeted 
by Big Pharma companies. MEK/MAPK inhibitors are currently in clinical 
trials for treatment of cancers harboring active RAS mutations. This rais-
es the interesting possibility that these inhibitors might also be appro-
priate for the treatment of developmental disorders, including Noonan 
syndrome, that are caused by RAS mutations that depend exclusively on 
Raf-MAPK activation to convey their pathology.
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Fig. S1. Active N-Ras expres-
sion in zebrafish embryos 
induced developmental de-
fects.
Zebrafish embryos were not 
injected (NIC) or injected at 
the 1-cell stage with synthetic 
RNA encoding wild type (WT) 
or mutant N-Ras-I24N, N-Ras-
G12V, N-Ras-G60E, N-Ras-
T50I, wild type BRaf (BRAF 
WT) or mutant BRaf (BRAF 
V600E). Ten embryos of each 
group were mounted and 
their morphology was record-
ed by time-lapse microscopy 
from 0 till 18 hpf. Images from 
representative series are de-
picted here at 6.5, 10, 14 and 
18 hpf. It is noteworthy that at 
14 hpf the distance between 
the anterior-most and poste-
rior-most part of the embryo 
is enhanced in mutant, active 
N-Ras injected embryos com-
pared to wild type N-Ras-in-
jected embryos. This is a hall-
mark of extension defects in 
gastrulation. The BRaf-V600E 
injected embryos were se-
verely affected, whereas wild 
type BRaf injected embryos 
did not display significant 
phenotypes. Scalebar is 250 
μm.

Supplementary Figures
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Fig. S2. Active N-Ras induced convergence and extension cell movement defects.
(A,B) In situ hybridization was done using embryos at the 1-somite stage (~10 hpf) with 
the dlx3 and hgg1 probe. Dorsal views are shown with posterior to the top. Defects in 
convergence cause widening of the edges of the neural plate (dlx3) and hence the angle 
in (A) is directly proportional to convergence. The position of the precursor of the hatch-
ing gland (hgg1-staining) relative to the neural plate is directly proportional to exten-
sion. The dlx3/hgg1 staining patterns were analyzed using imageJ software and quanti-
fied. (C) The angle of dlx3 staining and (D) the relative posterior shift of the hatching 
gland precursor as a proportion of the embryo width of non-injected control (NIC) and 
embryos injected with synthetic RNA (5 pg) encoding wild type (WT) N-Ras or mutants 
as indicated were determined. Error bars indicate standard errors of the mean; student 
t-tests (2 tailed, assuming unequal variance) were performed between mutant and wild 
type N-Ras-injected groups, * indicates a P value < 0.001. The total number of embryos 
that were used for the analyses are indicated.
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Fig. S3. Impaired cell polarization in response to N-RAS-I24N.
Zebrafish embryos were injected with YFP-CAAX and N-RAS-I24N or wild type N-RAS 
(WT). 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. (A) Depicted are rep-
resentative images of non-injected control (NIC), N-RAS-I24N-injected and wild type 
N-RAS-injected embryos. Scalebar is 10 μm. (B) Length and width of the cells were de-
termined and the ratios are plotted. Error bars represent standard deviation. A student 
t-test was performed; asterisk indicates significant difference, P < 0.001. (C) The angles 
of cells towards the notochord were determined using ImageJ software and are plotted 
in a rose diagram.
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Abstract
In early vertebrate development, the main body axis is shaped by con-
vergence and extension (C/E) cell movements, which is known to be 
regulated by the non-canonical Wnt signaling pathway. We and oth-
ers have shown that more than one pathway is involved in regulating 
the downstream components of non-canonical Wnt signaling. Here we 
focus on the role of protein-tyrosine phosphatase (PTP) signaling. We 
identified Ptpn20 as a structural homologue of PTP-BL and show that 
both these PTPs are required for normal C/E cell movements during gas-
trulation. Interestingly, knockdowns of PTP-BL or Ptpn20 evoked similar 
developmental defects as knockdown of RPTPα or PTPε, yet these PTPs 
had opposite effects on RhoA activation. Moreover, co-knockdown 
of RPTPα and PTP-BL but not Ptpn20 had synergistic effects and simi-
larly, PTPε and Ptpn20, but not PTP-BL cooperated, demonstrating the 
specificity of our approach. In search of an underlying mechanism, we 
discovered that ephrin-Bs have a coordinating role in PTP-mediated 
regulation of RhoA. We identified Arhgap29 and NGEF as Rho-GAP and 
Rho-GEF respectively, regulating RhoA activation and inactivation in 
C/E. Based on our results, we propose a model in which PTP signaling 
regulates both RhoA activation and inactivation, resulting in proper cell 
polarization required for normal C/E cell movements.
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Introduction

Early vertebrate embryonic development is characterized by three 
processes, proliferation, differentiation and cell migration. In order to 
form the basic body plan and at a later point to form organs, cells will not 
only need to differentiate to become the proper cell type, but they will 
need to be at the right place at the right time. In vertebrates the earliest 
two processes conducted by cell migration are the formation of the three 
germ layers by epiboly and internalization (or ingression / emboly, de-
pending on the organism), and the formation of the medio-lateral body 
axis by C/E cell movements1,2. C/E cell movements require cells of the ax-
ial and paraxial mesoderm and neurectoderm to polarize and elongate in 
their direction of movement. These cells migrate towards the dorsal mid-
line and participate in a process called intercalation in order to extend 
the body axis. C/E cell movements are highly coordinated, using lateral 
lamellipodia to actively and directionally crawl between neighboring cells 
towards the midline to align there. Impaired C/E cell movements result 
in shorter and wider embryos, which can be accounted for by fewer cells 
reaching the dorsal midline and decreased intercalation. Additional phe-
notypes of C/E defects constitute neural tube defects and cyclopia1,3-8.

Although the mechanisms of gastrulation cell movements have been 
well described, the underlying molecular regulation remains elusive. Over 
the past years many proteins have been reported to contribute to C/E cell 
movements3,9-15. C/E cell movements are expected to be affected by pro-
teins involved in cell polarity, migration, adhesion and more, explaining 
why many mutant/knockdown phenotypes give rise to C/E defects. Sev-
eral signaling pathways are known to participate in proper C/E cell move-
ments, like Bmp signaling16,17, PDGF-PI3K signaling18-20, Jak-Stat signal-
ing21,22 and Eph-ephrin signaling23-25, but the most extensively described is 
the non-canonical wnt/Planar Cell Polarity (PCP) signaling pathway3,26-33. 
The PCP pathway was first identified in Drosophila where organization of 
wing epithelial hairs is regulated by this pathway. The term PCP is used to 
describe the organization of cells and their components within a plane, 
usually an epithelial layer. In flies, the PCP pathway regulates the asym-
metric localization of several core PCP proteins like Vangl, Pk, Fz, Dsh and 
Dgo34-39, which in turn regulates the morphology of the wing epithelium 
with a wing-hair at the distal tip of each cell. Other epithelial structures 
organized by PCP signaling are the drosophila eye and vertebrate hair 
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cells in the cochlea40,41. Although the function of all the core PCP compo-
nents is not completely understood, the main function seems to regulate 
cell-cell communication in order to regulate structure. In vertebrates, a 
major part of this pathway consists of the non-canonical wnt signaling 
pathway. Non-canonical Wnt signaling is β-catenin independent and in-
volves Wnt4/5a/7a/11, Fz3/6/7, Dvl1/2/3 and Pk1/2 to activate the two 
main downstream components, RhoA and Rac142-44.

PTPs play an import role in signal transduction in concert with the 
protein-tyrosine kinases. RPTPσ and LAR for example play an important 
role in neuronal development45-47, while CD45 has a critical function in 
immune cell regulation48. The role of Shp2 has been extensively studied 
in mouse and zebrafish, as activating and inactivating mutations lead to 
Noonan and LEOPARD syndrome in humans49. We have shown previously 
that Noonan and LEOPARD associated mutations in Shp2 confer C/E cell 
movement defects in zebrafish12. We also showed the role of two other 
PTPs in C/E cell movements, RPTPα and PTPε14. These phosphatases me-
diate their effect on C/E cell movements by activation of RhoA through 
the Src family kinases (SFKs) Fyn and Yes.

Here, we show that four PTPs are involved in regulating cell polarity 
in C/E cell movements through RhoA. We show that RPTPα and PTPε ac-
tivate RhoA through the Fyn and Yes SFKs, and PTP-BL and Ptpn20 inhibit 
RhoA activity. Next we show that these four PTPs work in pairs of two 
activators and inhibitors each, regulating the delicate balance of RhoA 
activity. We suggest a role for ephrin-B2 and ephrin-B3 as integration 
point of these activating and inhibiting signals, as we show genetic inter-
action between these ephrins and PTPs. Moreover we show that RhoA 
is activated by NGEF downstream of RPTPα and PTPε, and inhibited by 
Arhgap29 (Parg1) downstream of PTP-BL and Ptpn20. We suggest a mod-
el where ephrin-B2/B3 recruit either NGEF and RhoA upon RPTPα/PTPε 
and Fyn/Yes mediated stimulation or recruit Arhgap29 and RhoA upon 
PTP-BL/Ptpn20 mediated repression.

Results
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Identification of Ptpn20 as a homologue of PTP-BL

We recently identified all protein tyrosine phosphatase (PTP) genes 
in the zebrafish genome by blasting the individual PTP domains of hu-
man genes against the zebrafish genome (Zv8, Ensembl)50.  We compared 
the genes we identified with four other fish genomes available (medaka, 
fugu, stickleback and tetraodon) to evaluate our findings (Fig. S1 and Ta-
ble S1). Although these fish genomes were not completely annotated, 
in general they were more complete than the zebrafish genome, and 
missing PTP encoding genes could easily be identified by blasting. When 
aligning several candidate genes for ptpn20 we noticed that some fish 
genes were annotated with different names and protein structures (Fig. 
1a). Having a closer look at the ptpn20 candidate genes, we found that 
in Oryzia latipes this gene was annotated as frmpd2 and in Tetraodon ni-
grividis as GSTENG10009351001, both bearing remarkable resemblance 
to the structure of the human ptpn13 gene encoding PTP-BL (also known 
as PTP-BAS, PTP-L1 or FAP1). Upon further investigation we found a gene 
named frmpd2 or a gene with similar structure at the 5’ end of ptpn20 in 
all species, including the human genome which according to the Ensembl 
database contains 3 copies of ptpn20; ptpn20a, ptpn20b and ptpn20c, all 
accompanied with their own frmpd2-(like) gene. We hypothesized that 
frmpd2 and ptpn20 might in fact be a single gene with structural resem-
blance to ptpn13, like frmpd2 in O. latipes. In order to test this hypoth-
esis, we generated cDNA from zebrafish embryos and HEK293 cells using 
reverse transcription (RT) and designed forward primers on the second 
to last known coding exon of frmpd2 and reverse primers on the second 
known coding exon of ptpn20 (Fig. 1b). We performed PCR using these 
primer sets and generated PCR products indicating that single transcripts 
containing frmpd2 and ptpn20 coding sequence exist. These PCR prod-
ucts were sequenced and these were blasted back to the zebrafish and 
human genome, resulting in identification of the missing exons connect-
ing the two transcripts, confirming the existence of a single ptpn13-like 
ptpn20 transcript. (Fig. 1c). Full length ptpn20 transcript encodes a pro-
tein with a FERM domain, KIND domain, 5 PDZ domains and a PTP do-
main, similar to PTP-BL. Hence Ptpn20 is structurally a close relative of 
PTP-BL, which is also reflected by the high sequence similarity between 
the PTP domains of PTP-BL and Ptpn20. 
Ptpn20 and ptpn13 show redundancy, and function together with ptpra 
and ptpre
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Figure 1. Identification of ptpn20 as a homologue of ptpn13.
(a) Proteins structures are shown encoded by ptpn20 homologue and the immediately 
5’ upstream FRMPD2, as currently annotated in several fish genomes, the human ge-
nome and the mouse genome. In some cases like Fugu and Tetraodon a single known 
coding transcript exists besides separate transcripts encoding the PTP domain and the 
“FRMPD” part. For comparison the protein structure encoded by human ptpn13 (PTP-
BL) is added below. (b) Primers were designed as indicated, leaving approximately 100 
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bp known coding sequence for the purpose of alignment of generated sequences. PCR 
products with forward primers on the second last exon of human and zebrafish FRMPD2 
and reverse oligos on the first exon of PTPN20. A schematic representation of retrieved 
sequences blasted to the genome are indicated in green (not to scale). (c) Generated 
PCR products on human (top) and zebrafish (bottom) cDNA libraries using the described 
primer sets. Generate band sizes are consistent with expected values based on homol-
ogy with the ptpn13 gene.

PTP-BL is a large multi-domain protein containing a FERM, KIND, 5 
PDZ and a PTP domain, suggesting a role as a scaffold protein since all 
except the PTP domain play a role in protein-protein interactions. Indeed 
many binding partners have been described, suggesting an inhibiting role 
in Fas-mediated apoptosis51,52 and a role in SFK dependent phosphoryla-
tion of ephrin-B53,54. We designed splice donor morpholinos targeting the 
active site of the PTP domain and demonstrated that the phenotype ob-
served in ptpn13 knockdown zebrafish was fully rescued by co-injection 
of ptpn13 RNA (Fig. S2). Since PTP-BL and Ptpn20 are structurally simi-
lar, we proceeded to investigate if they have redundant functions. We 
observed that knockdown of ptpn13 as well as ptpn20 led to severely 
shortened embryos at 3days post fertilization (dpf), the hallmark of C/E 
cell migration defects during gastrulation. We described before a meth-
od of quantifying the severity of C/E related phenotypes by measuring 
the tail length at 3dpf14. We found that this method provided an easy, 
elegant and quantifiable method to assess whether proteins function 
in the same pathway, by combined partial knockdown using low doses 
of morpholino. Morpholino concentrations are titrated down until no 
obvious phenotype is observed and combined with other low dosage 
morpholinos. Genes functioning in the same pathway will reconstitute 
the original (full dosage) phenotype, in this case shorter fish, like we 
have shown previously in combined ptpra and ptpre knockdown14. Al-
though tail length by itself does not discriminate between different pos-
sible processes that could underlie generating shorter fish, we believe 
that this method accurately identifies components of the same pathway 
and is very suitable for screening purposes. For convenience, low dos-
age morpholino concentrations will be indicated in figures throughout 
this manuscript in green whereas full dosage morpholino concentrations 
are indicated in red. Using this method, we found that both ptpn13- and 
ptpn20 knockdown zebrafish show shortened body axis (Fig. 2a, b). Low 



148

C
ha

pt
er

 5

Figure 2. Ptpn13 and ptpn20 are partly redundant and function together with ptpra 
and ptpre.
Morpholinos targeting ptpn13 and ptpn20 were injected in the zebrafish at the one 
cell stage, and concentrations were titrated down until no phenotype was observed. 
Normal (red), low (green) concentrations and combined low concentrations of ptpn13 
and ptpn20 morpholino were micro-injected and embryos were grown to 3dpf under 
normal conditions. Pictures were taken from all embryos and tails were measured using 
ImageJ imaging software, from the yolk to the tip of the tail, and compared to non-in-
jected control. Average tail length compared to non-injected control is plotted as a per-
centage deviating from 100% in (a) and representable fish are shown for each condition 
in (b). Zebrafish embryos were microinjected as described above, using low concentra-
tion combined knockdown of ptpra with either ptpn13 or ptpn20, or ptpre with either 
ptpn13 or ptpn20 and tail lengths  are plotted in (c) and (d). (e) Shown are representable 
fish from the experiments depicted in (c) and (d). All error bars are standard error of the 
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mean, Student t-test was performed where indicated, where no asterisk indicates P > 
0.05, * indicates 0.05 > P 0.001 and ** indicates P < 0.001. Morpholino concentrations 
are coded in red for “full” knockdown, giving full phenotype without being toxic and 
indicated in green for “low” contration, giving no observable phenotype. Individual P-
values are in panel (a): NIC – MO ptpn13/ptpn20 double low dose: 1.24E-06; MO ptpn13 
low dose - MO ptpn13/ptpn20 double low dose: 0.000315; MO ptpn20 low dose - MO 
ptpn13/ptpn20 double low dose: 1.63E-05; panel (c): MO ptpra low dose – MO ptpra/
ptpn13 double low dose: 2.07E-10; MO ptpra low dose – MO ptpra/ptpn20 double low 
dose: 0.992; panel (d): MO ptpre low dose – MO ptpre/ptpn13 double low dose: 0.584; 
MO ptpre low dose – MO ptpre/ptpn20 double low dose: 0.0169.

dosage of these morpholinos do not produce phenotypes by themselves. 
Combined low dose ptpn13- and ptpn20 knockdown produced a similar 
phenotype as high dosage knockdown of either ptpn13 or ptpn20, sug-
gesting that ptpn13 and ptpn20 show at least partial redundancy. 

We have previously described a similar phenotype in ptpra and ptpre 
knockdown zebrafish, as well as in ptpra-/- fish lines. Therefore we decid-
ed to investigate if these four PTPs might function in the same pathway 
by using low dosage combined knockdown of either ptpn13 or ptpn20 
with either ptpra or ptpre. As a readout, we investigated if these com-
binations resulted in reconstitution of the shorter phenotype. We found 
that combining ptpn13 and ptpra or ptpn20 and ptpre knockdown specif-
ically reconstitutes shorter tail length phenotypes. Interestingly combin-
ing ptpn13 and ptpre or ptpn20 and ptpra did not induce shorter fish (Fig. 
2c-e). These results indicate that these PTPs act in pairs and illustrate 
that our analyses are specific in that not just any pair of PTP morpholinos 
induces tail defects. 

Ptpn20, ptpn13, ptpra or ptpre knockdown results in defective C/E cell 
movements and cell polarization.

Shortened body axis is commonly observed in convergence and ex-
tension defects, a process regulated by the PCP/non-canonical Wnt sig-
naling pathway. Mesodermal and ectodermal cells migrate towards the 
dorsal midline where cell intercalation and body axis extension takes 
place. These processes require cells to become polarized, elongated and 
actively migrate, which is partly mediated by actin cytoskeletal rearrange-
ments. An important step in regulating this is the downstream component 
of non-canonical Wnt signaling, RhoA. We previously showed that RhoA 
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activity in C/E cell movements can be regulated by other pathways than 
the non-canonical Wnt signaling pathway, as we provided evidence that 
RPTPα and PTPε activate RhoA through Fyn and Yes activation14. First, to 
determine if C/E cell movements are affected by knockdown of ptpn20, 
ptpn13, ptpra or ptpre, we performed in situ hybridization with probes 
staining dlx3, hgg1, krox20 and myod, all well-established markers for 
C/E cell movements55,56. Dlx3 stains the edge of the neural plate which 
in the case of impaired convergence will be wider, while hgg1 stains the 
precursors of the hatching gland, which in the case of defective extension 
movements will be shifted posteriorly. Krox20 stains rhombomeres 3 and 
5, while myod stains the somites. In case of defective C/E movements the 
rhombomeres will be wider (reduced convergence) whereas the length 
of 8 somites will be shorter (reduced extension). Defects can be quanti-
fied by calculating the rhombomere width / somite length ratio. We fixed 
embryos at the one somite stage and 8/9 somite stage and performed 
whole mount in situ hybridization. By quantifying the angle of dlx3 stain-
ing and the length of the posterior shift of hgg1 staining as indicated (Fig. 
3a, inset) we found that knockdown of ptpra, ptpre, ptpn13 and ptpn20 
affects C/E cell movements (Fig. 3a-c). As expected, injection of constitu-
tively active variants of fyn and yes mRNA (caFyn and caYes) also induces 
C/E cell movement defects. To assess C/E defects in an independent man-
ner, we performed in situ hybridization experiments with probes staining 
krox20 and myod. By comparing the ratio of the krox20-width and the 
length of 8 somites (stained with myod) we established that knockdown 
of ptpn13, ptpn20, ptpra and ptpre or over-activation of fyn and yes in-
duces significant C/E cell migration defects (Fig. 3d-e).

C/E cell movement defects can result from defective cell polarization, 
resulting in less elongated cells with reduced polarization towards the 
dorsal midline. In order to investigate if cell polarization is causing the 
observed phenotypes, we determined the shapes of dorsally migrating 
presomitic cells as described before14. Wildtype or knockdown embryos 
were (co-)injected with YFP-caax mRNA and mCherry-H2B to label the 
cell membrane and nuclei, respectively. We imaged cell shapes in the 
presomitic mesoderm (Fig. 3f) and determined the cell elongation by 
analyzing the membrane marker YFP-caax and calculated the ratio of the 
longest axis divided by the shortest axis. This aspect ratio is directly pro-
portional to cell polarization and is significantly reduced upon knockdown 
of ptpn13, ptpn20, ptpra and ptpre (Fig. 3g). Imaging of presomitic meso-
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derm cells also provided us with a means to assess the angle that single 
cells make towards the dorsal midline. These angles were plotted in rose 
diagrams, and indicate that ptpn13, ptpn20, ptpra and ptpre knockdown 
results in random distribution of the cell axis and less elongated preso-
mitic cells, compared to wildtype embryos (Fig. 3f). Taken together, we 
show that RPTPα, PTPε, PTP-BL and Ptpn20 are involved in C/E cell move-
ments by regulating cell polarity.

C/E cell movement defects are caused by defective RhoA regulation.

RhoA has been shown to play a major role in cell polarization57,58 and 
RhoA is activated during cell movements in response to Wnt11 and Wn-
t5a. Shp2, RPTPα, PTPε, Fyn and Yes also signal to RhoA in C/E12,14,59. In 
order to test whether defective RhoA regulation is at the basis of the cell 
polarization defects observed here, we co-injected ptpra, ptpre, ptpn13 
and ptpn20 morpholinos with either RNA encoding constitutively active 
rhoa (caRhoA) or dominant negative rhoa (dnRhoA). We used tail length 
at 3dpf as readout to see if co-injections were able to rescue or further 
increase the knockdown phenotypes. As described before14 caRhoA 
mRNA can rescue ptpra and ptpre knockdown. Co-injection of ptpn13 
and ptpn20 morpholinos with caRhoA mRNA worsened the phenotype, 
whereas co-injection of dnRhoA mRNA rescued the phenotype (Fig. 4a-
b). As expected, co-injection of dnRhoA mRNA in ptpra and ptpre knock-
down embryos increased the phenotype. Our results suggest that RPTPα 
and PTPε have an activating effect on RhoA, whereas PTP-BL and Ptpn20 
inhibit RhoA activity.

Ephrin signaling interacts with PTP signaling and plays a role in C/E cell 
movements

Ephrin signaling mediates RhoA and Rac1 activity in many processes 
and has been suggested to play a role in PCP/non-canonical Wnt signaling 
by recruiting RhoA60,61. Moreover ephrin-B signaling has been shown to 
be regulated by SFKs and PTP-BL, which phosphorylate or dephospho-
rylate ephrin-B directly to mediate downstream signaling53. Palmer et 
al. report that ephrin-B binding to the Eph receptor results in cluster-
ing and subsequent recruitment of SFKs, resulting in phosphorylation of 
ephrin-B. Ephrin-B can be dephosphorylated by PTP-BL, which is then 
able to interact with ephrin-B through one of its five PDZ domains. The 
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Figure 3. Ptpn13, ptpn20, ptpra and ptpre knockdown affects C/E through defective 
cell polarization.
(a) Zebrafish embryos were microinjected with morpholinos (high concentration) tar-
geting the different phosphatase genes or RNA constructs encoding constitutively active 
forms of Fyn or Yes at the one cell stage and grown to 1 somite stage. Embryos were 
fixed and stained for dlx3 and hgg1 expression using whole mount in situ hybridization, 
staining the precursors of the hatching gland (hhg1) and the edge of the neural plate 
(dlx3). Posterior shift of the hatching gland and angle of dlx3 staining are measured as 
shown in inset and as described before14, the results are plotted in (a) and (b). Pictures 
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of representative embryos used in the quantifications in (a) and (b) are shown in (c). 
Embryos were microinjected using the same conditions as described above and grown 
to 8-9 somite stage. Embryos were fixed and stained for krox20 and myod using whole 
mount in situ hybridization. Krox20 stains rhombomere 3 and 5, while myod stains the 
somites. Resulting staining patterns were used to quantify width to ratio by measuring 
rhombomere width (krox20) and somite length (8 somites, myod). Ratios are plotted 
in (d), representable embryos are depicted in (e). (f) Zebrafish embryos were micro-
injected using the constructs described above, co-injected with RNA encoding YFP-caax 
and RNA encoding mCherry-H2B at the one cell stage and mounted at shield stage. 
Embryos were imaged over time at the presomitic mesoderm, representable areas of 
presomitic mesoderm for each condition are shown. Resulting images were analyzed 
for cell shape (aspect ratio) by dividing the length of the longest axis by the length of 
the shortest axis for each cell, average aspect ratios are plotted in (g). The distribution 
of angles of the longest axis towards the dorsal midline were plotted in rose-plots and 
shown in (f; bottom). All error bars are standard error of the mean, Student t-tests were 
performed with non-injected control, where no asterisk indicates P > 0.05, * indicates 
0.05 > P 0.001 and ** indicates P < 0.001. Individual P-values are in panel (a): MO ptpra: 
0.00176; MO ptpre: 5.99E-06; MO ptpn13: 8.82E-06; MO ptpn20: 8.77E-07; RNA caFyn: 
1.72E-06; RNA caYes: 3.87E-06; panel (b): MO ptpra: 0.000329; MO ptpre: 0.000395; 
MO ptpn13: 3.28E-05; MO ptpn20: 0.000172; RNA caFyn: 0.000139; RNA caYes: 1.39E-
05; panel (d): MO ptpra: 0.00248; MO ptpre: 0.000788; MO ptpn13: 0.000505; MO 
ptpn20: 0.00363; RNA caFyn: 0.0180; RNA caYes: 0.0288;

zebrafish genome consists of five copies of ephrin-B genes, ephrin-B2 
and ephrin-B3 have been duplicated. We designed morpholinos targeting 
the ATG sites of these genes and performed a rescue experiment where 
we knockdown individual ephrins and co-inject them with synthetic RNA, 
proving their specificity (Fig. S3). To test whether ephrin signaling plays 
a role60,6160,61 we used combined low concentration knockdown of the 
different zebrafish ephrin-B genes together with ptpn13, ptpn20, ptpra 
or ptpre knockdown. We injected the morpholinos targeting ephrins in 
high and low concentrations, and combinations with the different PTP 
morpholinos. At 3dpf we assessed the phenotypes by measuring the tail 
length. We consistently found that knockdown of every single ephrin-B 
led to developmental defects, most notably body axis shortening. When 
titrated down these phenotypes were ablated (Fig. 5a-b). Combining 
efnb1 knockdown with our genes of interest, did not reconstitute the 
original phenotype, but both low dose efnb2a and efnb2b knockdown 
induced severe phenotypes when combined with low concentration 
knockdown of ptpn13, ptpn20, ptpra or ptpre (Fig. 5). We also observed 
morphological defects when efnb3a knockdown is combined with ptpn13 
or ptpre knockdown. Combined knockdown of efnb3b and ptpra, but not 
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Figure 4. Ptpn13, ptpn20, ptpra and ptpre knockdown phenotypes affect cell polarity 
by opposing effects on RhoA activation.
Embryos were micro-injected at the one cell stage using morpholinos (high concentra-
tion) targeting the indicated genes together with no RNA, RNA encoding constitutively 
active RhoA (3pg/embryo) or RNA encoding dominant negative RhoA (20pg/embryo).  
Fish were grown to 3dpf and tail lengths were measured. Average tail length compared 
to non-injected control is plotted; representable fish for each condition are shown in 
panel (b). All error bars are standard error of the mean, Student t-tests were performed 
between morpholino knockdown and RNA co-injections with the same morpholino, 
where no * indicates P > 0.05, * indicates 0.05 > P 0.001 and ** indicates P < 0.001. Indi-
vidual P-values are: MO ptpra – RNA carho: 2.23E-07; MO ptpra – RNA dnrho: 0.000344; 
MO ptpre – RNA carho: 1.99E-05; MO ptpre – RNA dnrho: 0.118; MO ptpn13 – RNA 
carho: 8.29E-05; MO ptpn13 – RNA dnrho: 1.31E-08; MO ptpn20 – RNA carho: 7.88E-05; 
MO ptpn20 – RNA dnrho: 5.70E-10;

Figure 5. Ptpn13, ptpn20, ptpra and ptpre signaling interacts with ephrin-B signaling.
Embryos were micro-injected at the one cell stage using only morpholinos targeting the 
different zebrafish ephrin-B genes in either high concentrations (dark blue bars) or low 
concentrations (red bars) or low concetrations of morpholinos targeting the zebrafish 
ephrin-B genes combined with .ow concentration morpholinos targeting the different 
phosphatases (ptpn13 – green bars; ptpn20 – purple bars; ptpra – light blue bars; pt-
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pre – orange bars). The first groups represent the same injections without ephrin mor-
pholino co-injection. Fish were grown to 3dpf and tail lengths were measured. Aver-
age tail length compared to non-injected control is plotted; representable fish for each 
condition are shown in panel (b). All error bars are standard error of the mean, Student 
t-tests were performed where indicated, where no * indicates P > 0.05, * indicates 0.05 
> P 0.001 and ** indicates P < 0.001.
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any of the other PTPs induced phenotypes. Taken together, these data 
suggest that ephrin signaling plays a role in the same pathway as the PTPs 
we described, and that mainly ephrin-B2, and to some extent ephrin-B3, 
are involved.

We proceeded to investigate if ephrin signaling regulates C/E cell 
movements. We used the same panel of markers to identify C/E cell 
movement defects as used in phosphatase knockdown embryos, and 
show that both copies of ephrin-B2 and ephrin-B3 when knocked down 
cause C/E defects as shown by dlx3/hgg1 staining at the 1 somite stage 
(Fig. 6a-c) and krox20/myod stsaining at the 8/9 somite stage (Fig. 6d-
e). Analysis of cell polarization of the presomitic mesoderm revealed in-
creasingly randomized angle towards the dorsal midline in the case of 
efnb2a, efnb2b, efnb3a or efnb3b knockdown, but no strong phenotypes 
were observed in efnb1 knockdown embryos (Fig. 6f). Analysis of the 
aspect ratio of these cells revealed that the aspect ratio is significantly 
decreased in efnb2a,  efnb3a or efnb3b knockdown Fig. 6g). Although 
efnb2b knockdown did not lead to a significant reduction in aspect ratio, 
presomitic cells do show a strongly randomized angle towards the dorsal 
midline, with angles distributed from -90 to 90 degrees towards the mid-
line. We seldomly see polarized cells with their axis parallel to the dorsal 
midline in wild-type embryos.  Our data suggests a role for ephrin signal-
ing in C/E cell movements.

We found that high concentration knockdown of every single ephrin 
gene leads to severe phenotypes including heart edemas, shorter body 
axis, eye- and brain defects (Fig. 7 and S3). When we overexpressed the 
different zebrafish ephrin-B constructs, we found that overexpression led 
to similar phenotypes compared to knockdown, but interestingly also led 
to cyclopia for every single ephrin-B. Cyclopia in zebrafish is observed 
in the silberblick (Wnt11) mutant and is generally considered to be a 
phenotype linked to PCP signaling3,62. Previously, we described sporadic 
cyclopia phenotypes in ptpre knockdown and in increasing frequency in 
ptpra and ptpre co-knockdown. Moreover, co-knockdown of ptpre and 
wnt11 induces severe cyclopia14. Taken together, these data suggest a sig-
naling route within the PCP pathway parallel to non-canonical Wnt sign-
aling that regulates RhoA activity, consisting of the phosphatases RPTPα, 
PTPε, PTP-BL and Ptpn20; the Src family kinases Fyn and Yes; ephrin-B2 
and ephrinB3.
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Figure 6. Efnb2 and efnb3 but not efnb1 knockdown affects C/E through defective cell 
polarization.
(a) Zebrafish embryos were microinjected with morpholinos (high concentration) tar-
geting the different zebrafish ephrin-B genes at the one cell stage and grown to 1 somite 
stage. Embryos were fixed and stained for dlx3 and hgg1 expression using whole mount 
in situ hybridization, staining the precursors of the hatching gland (hhg1) and the edge 
of the neural plate (dlx3). Posterior shift of the hatching gland and angle of dlx3 staining 
are measured as shown in inset and as described before14, the results are plotted in (a) 
and (b). Pictures of representative embryos used in the quantifications in (a) and (b) are 
shown in (c). Embryos were microinjected using the same conditions as described above 
and grown to 8-9 somite stage. Embryos were fixed and stained for krox20 and myod us-
ing whole mount in situ hybridization. Krox20 stains rhombomere 3 and 5, while myod 
stains the somites. Resulting staining patterns were used to quantify width to ratio by 
measuring rhombomere width (krox20) and somite length (8 somites, myod). Ratios are 
plotted in (d), representable embryos are depicted in (e). (f) Zebrafish embryos were 
micro-injected using the constructs described above, co-injected with RNA encoding 
YFP-caax and RNA encoding mCherry-H2B at the one cell stage and mounted at shield 
stage. Embryos were imaged over time at the presomitic mesoderm; representable ar-
eas of presomitic mesoderm for each condition are shown. Resulting images were ana-
lyzed for cell shape (aspect ratio) by dividing the length of the longest axis by the length 
of the shortest axis for each cell, average aspect ratios are plotted in (g). The distribution 
of angles of the longest axis towards the dorsal midline were plotted in rose-plots and 
shown in (f; bottom). All error bars are standard error of the mean, Student t-tests were 
performed with non-injected control, where no asterisk indicates P > 0.05, * indicates 
0.05 > P 0.001 and ** indicates P < 0.001. 

RhoA is activated by NGEF and inactivated by Arhgap29

RhoA is a member of the Rho family GTPases, and as such activated 
by Rho guanine nucleotide exchange factors (Rho-GEFs) and inactivated 
by Rho GTPase-activating proteins (Rho-GAPs). Several Rho-GEFs have 
been described downstream of ephrin signaling in different processes, 
probably the best characterized is NGEF (ephexin1). NGEF plays a role 
in axon guidance and is phosphorylated at tyrosine 87 upon stimula-
tion of the Eph receptor, leading to growth cone collapse63. Much less is 
known about Rho-GAPs that function downstream of ephrin signaling, 
and only two have been described, α2-chimaerin and β2-chimaerin. Both 
are Rac specific GAPs and function in neurons.  PTP-BL has previously 
been shown to bind to Arhgap29, a Rho-GAP also known as Parg1 (PTP-
BL associated Rho-GAP)64. To investigate whether PTP-BL and Ptpn20 in-
deed show an interaction with Arhgap29 we used combined low-dose 
knockdown of either ptpn13 or ptpn20 and arhgap29b. We used another 
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Figure 7. Overexpression 
and knockdown of all 
efnb genes cause similar 
phenotypes, overexpres-
sion induces cyclopia.
Zebrafish embryos were 
injected at the one cell 
stage with either mor-
pholinos targeting the 
different ephrin-B genes 
or mRNA encoding 
the different zebrafish 
ephrin-B genes (250 ng/
embryo). Embryos were 
grown under standard 
conditions to 3 dpf and 
pictures were taken for 
each condition. Black ar-
rows indicate cyclopia, 
grey arrows indicate 
hammerhead-like pheno-
types.

Rho-GAP, Arhgap5 (also known as Gap5) as a control. When we co-in-
jected morpholinos targeting these genes, we were able to demonstrate 
that low-dose knockdown does not decrease the length of the body axis 
of zebrafish embryos, unless we combine ptpn13- or ptpn20 low-dose 
knockdown with arhgap29b low-dose knockdown (Fig. 8a, d). Combined 
knockdown with arhgap5 does not induce a phenotype, suggesting that 
the Arhgap29b – PTP phenotype is specific and not a mere generic effect 
of combined knockdown with any Rho-GAP. Interestingly, when we per-
form combined low dose knockdown of ptpra or ptpre with arhgap29b, 
we do not see reconstitution of the shorter phenotype (Fig. 8b, d). In 
order to investigate whether NGEF activates RhoA in C/E cell movements, 
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Figure 8. Ptpn13 and ptpn20 inhibit RhoA activity through arhgap29b, ptpra and ptp-
tre activate RhoA trough ngef.
(a) Low concentration combined knockdown between ptpn13 or ptpn20 and arhgap29b 
was performed by injecting indicated amounts of morpholino at the one cell stage. Tail 
lengths were measured at 3dpf and plotted. As a control we performed similar experi-
ments by co-injecting a morpholino targeting arhgap5 in a similar fashion. (b) We per-
formed the same experiment as described in (b) but with ptpra and ptpre knockdown 
instead of ptpn13 and ptpn20 knockdown. (c) Zebrafish embryos were micro-injected 
with morpholinos targeting the different phosphatases in low concentrations and and 
co-injected with low contration morpholino targeting ngef. Embryos were grown to 3 
dpf and tail lengths were determined and plotted as a percentage of non-injected con-
trol. (d) Shown are representable fish from the experiments depicted in (a), (b) and 
(c). (e) Zebrafish embryos were micro-injected with indicated morpholinos or RNA con-
structs at the one cell stage and grown to 28 hpf. Embryos were lysed in lysis buffer and 
protein samples were used for westernblot. Whole embryo lysates were incubated with 
antibodies against ephexin1-pY87 (NGEF P-Tyr87) or actin as a loading control. All error 
bars are standard error of the mean, Student t-test was performed where indicated, 
where no * indicates P > 0.05, * indicates 0.05 > P 0.001 and ** indicates P < 0.001. 
Morpholino concentrations are coded in red for “full” knockdown, giving full phenotype 
without being toxic and indicated in green for “low” contration, giving no observable 
phenotype.

we performed the same co-injection experiments with partial knock-
down of ngef and the different phosphatases. Analysis of the tail length 
at 3 dfp revealed that RPTPα and PTPε show an interaction with NGEF, 
but not PTP-BL and Ptpn20 (Fig. 8c-d). These results are consistent with 
our hypothesis, considering that RPTPα and PTPε are upstream activa-
tors of RhoA while PTP-BL and Ptpn20 inactivate RhoA. Combining low 
dose knockdown of either two activators (ptpra/ptpre and ngef) or in-
activators (ptpn13/ptpn20 and arhgap29b) results in a phenotype. Yet 
combined co-knockdown of an activator with an in-activator does not 
affect development. 

Phosphorylation of NGEF on tyrosine 87 has been shown to increase 
its reactivity towards RhoA 65. We investigated NGEF Tyr87 phosphoryla-
tion in 28 hpf embryos lysates. NGEF pTyr87 levels were enhanced in 
ptpn13 and ptpn20 knockdowns and reduced in ptpra and ptpre knock-
downs (Fig 8e). This is consistent with our finding that co-knockdown of 
ngef and ptpra or ptpre induced defects on the one hand and co-knock-
down of ngef with ptpn13 or ptpn20 did not on the other. Apparently 
NGEF cooperates with RPTPα and PTPε, but not with PTP-BL or Ptpn20.
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Figure 9. Knockdown of ngef or arhgap29b induces C/E cell movement defects caused 
by defective cell polarization.
Zebrafish embryos were microinjected with morpholinos (high concentration) targeting 
arhgap29b, arhgap5 or ngef at the one cell stage and grown to 1 somite stage. Embryos 
were fixed and stained for dlx3 and hgg1 expression using whole mount in situ hybridi-
zation, staining the precursors of the hatching gland (hhg1) and the edge of the neural 
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In order to verify the roles of NGEF and Arhgap29 in C/E cell move-
ments we performed whole mount in situ hybridization experiments to 
assess C/E defects upon knockdown of ngef or arhgap29b, using dlx3/
hgg1 and krox20/myod as markers.  Ngef and arhgap29b knockdown but 
not arhgap5 knockdown induced C/E cell movement defects, suggesting 
specificity of these results (Fig. 9a-e). We analyzed cell polarization in 
knockdown embryos and observed decreased cell elongation specifically 
in ngef and arhgap29b knockdown but not arhgap5 knockdown (Fig. 9f-
g). Together these data suggest that activation of RhoA through RPTPα 
and PTPε occurs through the Rho-GEF, NGEF. We identified the Rho-GAP 
Arhgap29 downstream of PTP-BL and Ptpn20, inactivating RhoA. Both 
NGEF and Arhgap29 play a crucial role in C/E cell movements.
Discussion

 We describe here four PTPs involved in regulating cell polarity 
in zebrafish C/E cell movements, RPTPα, PTPε, PTP-BL and Ptpn20 (Fig. 
2 and 3). These phosphatases function in pairs, and have opposing ef-
fects on RhoA activation (Fig. 4). PTP signaling interacts with ephrin-B 
signaling, and our data suggest a role for NGEF (ephexin1) and Arhgap29 
(Parg1) as activators and inhibitors of RhoA activity in C/E movements 
downstream of PTP signaling. We propose a model as described in Figure 

plate (dlx3). Posterior shift of the hatching gland and angle of dlx3 staining are meas-
ured as shown in inset and as described before14, the results are plotted in (a) and (b). 
Pictures of representative embryos used in the quantifications in (a) and (b) are shown 
in (c). Embryos were microinjected using the same conditions as described above and 
grown to 8-9 somite stage. Embryos were fixed and stained for krox20 and myod us-
ing whole mount in situ hybridization. Krox20 stains rhombomere 3 and 5, while myod 
stains the somites. Resulting staining patterns were used to quantify width to ratio by 
measuring rhombomere width (krox20) and somite length (8 somites, myod). Ratios are 
plotted in (d), representable embryos are depicted in (e). (f) Zebrafish embryos were 
micro-injected using the constructs described above, co-injected with RNA encoding 
YFP-caax and RNA encoding mCherry-H2B at the one cell stage and mounted at shield 
stage. Embryos were imaged over time at the presomitic mesoderm; representable ar-
eas of presomitic mesoderm for each condition are shown. Resulting images were ana-
lyzed for cell shape (aspect ratio) by dividing the length of the longest axis by the length 
of the shortest axis for each cell, average aspect ratios are plotted in (g). The distribution 
of angles of the longest axis towards the dorsal midline were plotted in rose-plots and 
shown in (f; bottom). All error bars are standard error of the mean, Student t-tests were 
performed with non-injected control, where no asterisk indicates P > 0.05, * indicates 
0.05 > P 0.001 and ** indicates P < 0.001.
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10, where RPTPα and PTPε dephosphorylate and activate the SFKs Fyn 
and Yes, which then leads to downstream activation of NGEF by phos-
phorylation of Tyr-87 which may mediate RhoA activation. PTP-BL and 
Ptpn20 interact with ephrin-B2/B3 through PDZ domain binding and re-
cruit Arhgap29, leading to decreased RhoA activity downstream. We hy-
pothesize that PTP and ephrin-B signaling interact by phosphorylation of 
the ephrin-B Tyr298 by Fyn and Yes, and dephosphorylation by PTP-BL 
and Ptpn20.

Ptpn20 and Frmpd2 have been studied very little. In the Tiganis lab 
studies have been done on different isoforms of PTPN20 using 5’ RACE66. 
They describe the identification of several isoforms, all consisting of 
the PTP domain only. Stenzel et al. report the basolateral targeting of 
Frmpd2 in epithelial cells and searched for different FRMPD2 isoforms in 
silico67. No coding transcripts have been described so far spanning both 
the FRMPD2 gene and the PTPN20 gene. Our data clearly show that frm-
pd2 and ptpn20 sequences belong to the same gene (Fig. 1), but do not 
exclude the existence of the ptpn20 isoforms described so far. We pro-
vided evidence that at least one additional ptpn20 isoform exists, which 
is a paralogue of ptpn13. It would be interesting to investigate if indeed 
frmpd2, the PTP domain of ptpn20 and the whole ptpn20 as described 
here are separately expressed and have unique functions. Our results in-
dicate that ptpn13 and ptpn20 are paralogues, which is not surprising, 
considering the high degree of conservation between their PTP domains. 
Their remarkable homology clearly suggests a common ancestor. PTP-BL 
is a well-studied protein, and the identification of a paralogue brings a 
scala of interesting possibilities. Like PTP-BL, Ptpn20 is to be expected to 
act as an adaptor protein and participate in protein-protein interactions. 
Ptpn13(ΔP/ΔP) mice have a surprisingly mild phenotype68, which could pos-
sibly be explained by partially redundant functions with ptpn20. 

We identified four phosphatases that are required for normal C/E cell 
movements, RPTPα, PTPε, PTP-BL and Ptpn20. Previously we have shown 
that RPTPα and PTPε are involved in C/E cell movements through the 
activation of the SFKs Fyn and Yes, and RhoA further downstream. We 
were able to rescue phenotypes induced by morpholinos targeting ptpra 
and ptpre by co-injection of RNA encoding constitutively active rhoa14. 
Here we expand the set of tyrosine phosphatases involved in C/E cell 
movements with two additional PTPs, PTP-BL and Ptpn20. Using mark-
ers for C/E defects at the 1 and 8/9 somite stage we show that these 
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four phosphatases impair C/E cell movements upon knockdown. These 
phenotypes are accompanied by defective cell polarization, as shown by 
confocal imaging of migrating presomitic mesodermal cells. Upon knock-
down of either one of these phosphatases cells are less elongated and 
their longest axis is distributed in a more randomized fashion as opposed 
to wildtype embryos in which polarized cells point towards the dorsal 
midline (Fig. 3). Interestingly, PTP-BL and Ptpn20 appear not to activate 
RhoA, like RPTPα and PTPε, but rather have an inhibiting effect on RhoA 
activity, since the knockdown phenotypes for ptpn13 and ptpn20 were 
rescued by co-injection of RNA encoding dominant negative rhoa. 

Several lines of evidence presented here suggest a role for the ephrin-
B ligands in the PCP pathway. First we show that C/E cell movements are 
disrupted by whole mount in situ using specific markers at the 1 somite 
and 8/9 somite stage. Second we show that cell polarity is affected caus-
ing migrating cells to be impaired in elongation and directed movement 
(Fig. 6). We show using combined partial knockdowns that ephrin signal-
ing interacts with RPTPα, PTPε, PTP-BL and Ptpn20 signaling, upstream 
of RhoA (Fig. 5). Lastly, overexpression of all ephrin-B ligands results in 
cyclopia, a clear indication of involvement in the PCP signaling pathway 
(Fig. 7).

PTP-BL has previously been shown to interact with ephrin-B ligands 
through its PDZ domains. Ephrin-B ligands have a PDZ binding motif at 
their C-terminus. Binding of PTP-BL has been suggested to regulate the 
dephosphorylation of the ephrin-B tyrosine 298 residue53. This residue 
was shown to be phosphorylated by SFKs, which has been verified in vitro 
by mass spectrometry analysis69, and has been suggested to mediate the 
recruitment of Dishevelled and RhoA. We have shown14 that Fyn and Yes 
are downstream of RPTPα and PTPε, and mediate activation of RhoA, 
thus opposing the effect of PTP-BL and Ptpn20. Direct phosphorylation 
of ephrin-B Tyr298 by Fyn and Yes and dephosphorylation by PTP-BL and 
Ptpn20 would be consistent with our data. Unfortunately, direct assess-
ment of this hypothesis using phospho-specific antibodies for ephrin-B 
pY298 on zebrafish lysates failed because the antibodies did not readily 
detect zebrafish ephrin-B pY298.

We describe here the identification of Arhgap29 (Parg1) and NGEF 
as Rho-GAP and Rho-GEF respectively for RhoA in C/E cell movements. 
We show genetic interaction between arhgap29 and ptpn13/ptpn20, 
two inhibitors of RhoA activity and between ngef and ptpra/ptpre, two 
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Figure 10. Model how different phosphatase can activate or inhibit RhoA activity.
(a) RPTPα and PTPε are known activators of the SFKs Fyn and Yes, and activators of 
RhoA activity. We suggest a model where activated Fyn and Yes interact with ephrin-B 
ligand – possibly phosphorylating the Tyr-298 residue – and activate the Rho-GEF NGEF 
directly or indirectly by phosphorylation on the Tyr-87 residue, increasing the specificity 
and activity of NGEF towards RhoA. We here show PTP-BL and Ptpn20 to be inhibitors 
of RhoA activity, which is mediated by ephrin-B signaling. ephrin-B has been shown to 
bind to the PDZ domain of PTP-BL, which can also bind Arhgap29. PDZ domain medi-
ated protein-protein interaction might be used to recruit PTP-BL/Ptpn20 and Arhgap29 
to ephrin-B in order to inhibit RhoA activity. (b) Model to describe how increase and 
decrease of RhoA activation leads to similar phenotypes. Assuming polarized distribu-
tion of RhoA-GTP and RhoA-GDP, either loss or increase of activation will result in loss 
of polarity. 

activators of RhoA (Fig. 8). We demonstrate that knockdown of ngef and 
arhgap29b leads to C/E cell movement defects mediated by impaired 
cell polarization (Fig. 9). Lastly we show that knockdown of ptpra or pt-
pre reduces phosphorylation of NGEF Tyr87, while knockdown of ptpn13 
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or ptpn20 increases phosphorylation compared to non-injected control 
embryos. Arhgap29 was originally identified as Parg1, PTP-BL interacting 
Rho-GAP64. NGEF (ephexin1) is a well-established downstream compo-
nent of Eph/ephrin signaling, and has been shown to play a role in axon 
pathfinding63,70-72

Taken together we present here a pathway regulating RhoA activ-
ity in parallel to the non-canonical Wnt signaling pathway, consisting of 
two receptor like phosphatase, RPTPα and PTPε, activating Fyn and Yes 
which through ephrin-B2 and ephrinB3 recruit NGEF to activate RhoA. 
Two non-receptor phosphatases, PTP-BL and Ptpn20, possibly mediated 
by ephrin-B2 and ephrin-B3 recruit Arhgap29 to inactivate RhoA, creat-
ing a delicate balance of properly activated or repressed RhoA activity to 
ensure proper cell migration in C/E cell movements.

 Eph/ephrin signaling has recently been shown to interact with 
several receptor tyrosine kinases like VEGFR, EGFR and FGFR signaling73-76, 
but also interactions with phosphatase signaling have been described be-
fore. Work in C. elegans links LAR to Eph signaling77, showing that the 
worm orthologs of LAR and Eph, PTP-3 and VAB-1, show mild phenotypes 
when mutated but double mutants show severe defects in neuroblast 
movement during closure of the gastrulation cleft and epidermal mor-
phogenesis. LMW-PTP has been suggested to directly dephosphorylate 
EphA2, as LMW-PTP silencing leads to increased EphA2 phosphorylation 
and LMW-PTP overexpression to reduced EphA2 phosphorylation78. De-
creased phosphorylation of EphA2 mediated by LMW-PTP in PC2 cells 
led to decreased MAPK signaling. Eph/ephrin mediated repulsion and at-
traction has been shown to be regulated by dephosphorylation of EphA3 
by PTP-PEST, regulating ephrin-A5 mediated cell adhesion in LK63 cells79. 
Ephrin-B reverse signaling has been linked to PTP-BL by the Klein lab, 
where they suggest the switch model for SH2 and PDZ mediated reverse 
signaling53. In this model ephrin-B reverse signaling is off when not bound 
to the Eph receptor, and SFKs and PTP-BL are not co-localized. Upon 
binding of ephrin-B to the EphB receptor, SFKs are recruited to ephrin-B, 
activated and able to phosphorylate ephrin-B. This allows SH2 domain 
containing proteins to be recruited to phosphorylated ephrin-B and me-
diate downstream signaling. With delayed kinetics, PTP-BL is recruited 
to ephrin-B allowing it to be desphosphorylated by PTP-BL. The multiple 
PDZ domains of ephrin-B bound PTP-BL then allow protein-protein inter-
actions with other cytoplasmic effectors. Interestingly, ephrin-B reverse 
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signaling has been suggested to play a role in PCP signaling60,80. Upon Eph 
receptor binding, ephrin-B clusters, recruits SFKs and becomes phospho-
rylated, allowing the adaptor protein Grb4 to bind. Dvl is able to bind to 
ephrin-B directly or through Grb4, and mediates RhoA and JNK activation 
both downstream of ephrin-B1 and Frizzled. Lee et al. show that in Xeno-
pus cell migration into the eye field60, the DEP domain of Dvl is essential 
downstream of ephrin-B1 signaling, and mediates the binding of Dvl to 
ephrin-B1 either directly or through Grb4. Daam1, RhoA and JNK are all 
required downstream of ephrin-B1. Wnt11 and ephrin-B1 act in parallel, 
and both are required for correct migration of cells to the eye field. These 
data confirm that in PCP signaling, RhoA and Rac1 activity are regulated 
by both the non-canonical Wnt signaling pathway and ephrin-B, suggest-
ing that upstream regulators of ephrin-B like SFKs and PTPs and down-
stream components like NGEF and Arhgap29 are in fact also part of the 
PCP pathway in vertebrates.

 We propose a model for PTP regulated activation and inhibition 
of RhoA activity through ephrin-B, NGEF and Arhgap29 as described in 
Figure 10a. Activation the SFKs Fyn and Yes by RPTPα and PTPε leads to 
phosphorylation of ephrin-B, recruitment and phosphorylation of NGEF 
on Tyr87 and conversion of RhoA-GDP to RhoA-GTP. PTP-BL and Ptpn20 
dephosphorylate ephrin-B and recruit Arhgap29, leading to conversion 
of RhoA-GTP to RhoA-GDP. We hypothesize that asymmetric distribution 
of RhoA-GTP and RhoA-GDP over the leading- and trailing edge of the 
cell is required for proper polarity and migration. Over-activation of RhoA 
or over-inhibition of RhoA will both result in loss of polarity, explaining 
why both knockdown of upstream activators like RPTPα and PTPε and 
inhibitors like PTP-BL and Ptpn20 lead to similar phenotypes (Fig. 10b). 
Inhibition and over-activation of a signaling pathway leading to similar 
phenotypes is not unprecedented. Noonan and LEOPARD mutations in 
Shp2 result in respectively activating and inactivating phosphatase ac-
tivity, but both result in remarkably similar phenotypes in humans and 
zebrafish12,81. Similarly, both inhibition and overexpression of Rok2 has 
been shown to lead to similar phenotypes30.

 Our data shows that RPTPα, PTPε, PTP-BL and Ptpn20 function in 
pairs, where low dose co-knockdown of ptpra and ptpn13 results in a se-
vere phenotype and co-knockdown of ptpra and ptpn20 does not result 
in any phenotype, similarly for ptpre and ptpn20 or ptpn13 respectively. 
To explain these results we suggest a model as depicted in Figure S4. We 
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propose that RPTPα and PTPε act on one side of the cell as activators of 
RhoA, while PTP-BL and Ptpn20 act on the opposite side of the cells as 
inhibitors of RhoA activity. Full knockdown of either one of the compo-
nents, regardless if activating or inhibiting, will lead to loss of polarity as 
depicted for PTP-BL and RPTPα knockdown in Figure S4. As indicated, low 
dose knockdown of a single component (here depicted for PTP-BL) does 
not result in loss of polarity and thus no phenotype of defective C/E cell 
movements, since the partial loss of signaling on one side is compensat-
ed by the unaffected paralogue and fully intact signaling on the opposite 
side of the cell. Combined low dose knockdown however, will create a 
situation with reduced activation of RhoA on one side and reduced inhi-
bition of RhoA on the other side, reinforcing each other and causing loss 
of polarity, resulting in C/E cell movement defects. We speculate that 
upstream activation of the different PTPs, subcellular localization of the 
PTPs and their target proteins, substrate specificity and cell type specific 
expression may play a further role in regulating downstream RhoA activ-
ity, possibly explaining why combined knockdown of ptpra and ptpn20 or 
ptpre and ptpn13 does not result in loss of polarity.

We conclude that four PTPs mediate proper C/E cell movements by 
regulating cell polarity. We show that PTP signaling is mediated by ephrin-
B2/B3 and acts downstream on RhoA. We have identified Ptpn20 as a 
paralogue of PTP-BL, which have partly redundant functions. We show 
that Ptpn20 and PTP-BL function in C/E cell movements through ephrin-B 
and Arhgap29 to inhibit RhoA activity. Similarly, we show that RPTPα and 
PTPε function through ephrin-B and NGEF to activate RhoA. We propose 
a model explaining how RhoA activation and inhibition leads to similar 
phenotypes, where RhoA needs to be activated on one side of the cell 
and inactivated on the opposing side, resulting in cell polarization and 
correct directional cell movement. 

Methods

Zebrafish maintenance and in situ hybridization and microinjection. - 
Zebrafish were kept and the embryos were staged as described before82. 
In situ hybridizations were done essentially as described83 using probes 
specific for dlx3, hgg1 (currently known as ctsl1b), krox20 and myod as 
described earlier12,84. Zebrafish were injected at the one cell stage in the 
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cell with. Needles were calibrated to dispense 1 nanoliter volumes. Em-
bryos were kept in E3 medium at 28.5 °C. A considerable part of our re-
sults are based on measuring tail length as readout for the severity of 
observed phenotypes. To ensure correct interpretation of the results, 
we injected all morpholino and RNA constructs into the cell at the 1 cell 
stage, as opposed to the yolk, to ensure equal delivery of injected cargo. 
Since variation in volumes injected may affect the observed phenotype, 
special attention was paid to calibrating every needle used, and verify-
ing amounts injected after each injection series. To minimize variation, 
injection conditions that are compared are injected in a single batch of 
embryos, and tail length compared to non-injected control embryos from 
the same batch are calculated. After comparisons, duplicate experiments 
are pooled and statistics were performed. All experiments shown consist 
of 3 duplicate experiments. We compared tail lengths of 2 and 3 dpf em-
bryos, measured from the border of the yolk-yolk extension to the tip of 
the tail and found that tail length increases about 6% from day 2 to day 
3. In our experience, injection of morpholino or mRNA inducing pheno-
types generally induces a delay of approximately 1 hour maximum at the 
1 somite stage.

Morpholinos and RNA. - Morpholinos for ptpra, ptprea and ptpreb 
have been described before14. Morpholinos targeting ptpn13, ptpn20, arh-
gap29b and arhgap5 were designed as splice donor targeting, using the 
following sequences: MO ptpn13: 5’CTCTCTCTCTCACCTGGACGTCTTT’3; 
MO ptpn20: 5’AGAATAAGCTTACACAGAGGTGGGG’3; MO arhgap29b: 
5’GTGCTATTGTACCTGTGCAGATGTG’3 and MO arhgap5: 5’GACGGGTCTC-
CTTATTCTTGGCCAT’3. Morpholinos targeting ephrins were designed 
targeting the ATG-site as follows: MO efnb1: 5’GCCGAACCACATGCAACA-
GAGCGGG’3; MO efnb2a: 5’ATATCTCCACAAAGAGTCGCCCATG’3; MO 
efnb2b: 5’AGTCGCATCCATTGCGATGGAGAAA’3; MO efnb3a: 5’CCGTC-
TATTTACTCCCATCAAAGCC’3 and MO efnb3b: 5’TCTGGATTCCCATGTTC-
CTCTTATA’3.

Ptpn13 RNA was transcribed from full length mouse clones kindly 
provided by Wiljan Hendriks (Department of Cell Biology, Radboud Uni-
versity Nijmegen Medical Centre, Nijmegen, The Netherlands). Ephrin-B 
zebrafish RNA constructs were generated from zebrafish cDNA libraries. 
2 dpf embryos were lysed and total RNA was isolated. cDNA libraries 
were generated by RT reactions using oligo dT. We designed forward and 
reverse primers on the 5’ and 3’ UTRs of all zebrafish ephrin-Bs (Table S2) 
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and nested primer sets harboring T7 and T3 promoters in the forward 
and reverse primers respectively. RNA was transcribed using a mMessage 
mMachine T7 transcription kit (Ambion / Applied Biosciences – Austin, 
TX, USA).

Westernblot and IP. – Zebrafish embryos were microinjected and 
raised in standard conditions. At 28hpf: whole embryos were lysed inside 
the chorion 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 
deoxycholate, protease inhibitor mixture (Complete Mini, Roche Diag-
nostics) and vanadate, using a bioruptor and 30 μl lysisbuffer for each 
embryo. Lysates were spun down and 4x sample buffer was added to su-
pernatant; Samples were run on SDS-PAGE gel (15%) and transferred to 
PVDF membrane. After transfer the membrane was stained with Coomas-
sie Blue stain to verify equal loading of the lysates. Subsequently the PVDF 
membrane was blocked with 5% BSA and then incubated with the corre-
sponding antibodies targeting pY-87-ephexin1 (EP2841 rabbit polyclonal; 
ECM Biosciences - Versailles, KY, USA) or Actin (A5060 Anti-Actin 20-33 
rabbit polyclonal; Sigma Aldrich – St. Louis, MO, USA) followed by the 
horseradish peroxidase conjugated secondary antibody. The membranes 
were subjected to detection by enhanced chemiluminescence.

Confocal microscopy. - To achieve ubiquitous fluorescent membrane 
labeling, the embryos were injected at 1 cell stage with 20 pg of mRNA 
encoding membrane-citrine (an 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 em-
bryos were mounted in 0.75% soft agarose at the dorsal side in glass bot-
tomed 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 plugin85.

Tail length assay and statistics – Embryos were microinjected at the 
one cell stage and grown under standard conditions to 3dpf. Pictures 
were taken at identical magnification and tail lengths were measured 
using ImageJ software. All tail lengths were calculated as percentage of 
non-injected control embryos from the same clutch. Comparisons were 
done between different injection conditions within the same clutch. Re-
sults of at least three individual experiments were pooled and tail lengths 
were plotted as percentages deviating from 100%. Error bars represent 
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S.E.M. in al graphs. Two tailed student t-tests assuming unequal vari-
ance were performed to compare individual injection conditions. Total 
number of samples are indicated in figures, throughout figures, P-values 
are represented by no asterix (P>0.05), * (0.05>P>0.001) or ** (P<0.001), 
individual P-values are indicated in the figure legends.
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Figure S1. Protein tyrosine phosphatse genes 
in five fish species identified by blasting.
Fish orthologs of all PTP encoding genes were 
identified by BLASTing the PTP domains of every 
single human PTP gene against the 5 respective 
zebrafish genomes. Indicated are genes already 
annotated in Ensembl (green), or 2 genes al-
ready annotated (light blue), 1 gene annotated, 
1 additional one found by blasting (dark blue), 
none annotated, 1 identified by blasting (or-
ange), none annotated and 2 identified by blast-
ing (purple) or none annotated and none identi-
fied (red).

Supplementary Figures
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Figure S2. Ptpn13 knockdown phenotype can be rescued by co-injection of ptpn13 
mRNA. 
Zebrafish embryos were microinjected at the one cell stage with MO ptpn13 alone or in 
combination with mouse ptpn13 mRNA. Fish were grown to 3dpf and tail lengths were 
measured. Average tail length relative to non-injected control is plotted. All error bars 
are standard error of the mean, Student t-test was performed where indicated, where 
no asterisk indicates P > 0.05, * indicates 0.05 > P 0.001 and ** indicates P < 0.001.
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Figure S3. Efnb knockdown phenotypes can be rescued by co-injection of efnb mRNA.
Zebrafish embryos were microinjected at the one cell stage with morpholinos targeting 
the different ephrin-B genes alone or in combination with zebrafish efnb mRNA. Fish 
were grown to 3dpf and tail lengths were measured. Average tail length relative to non-
injected control is plotted. All error bars are standard error of the mean, Student t-tests 
were performed where indicated, where no asterisk indicates P > 0.05, * indicates 0.05 
> P 0.001 and ** indicates P < 0.001.
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Figure S4. Model describing how low dose co-knockdown of different PTPs leads to 
defective cell polarization.
Model where in normal situation RPTPα and PTPε activate RhoA one side of the cell and 
RhoA activity is inhibited on the opposing side by PTP-BL and Ptpn20. In the different 
panels is shown how cell polarity is affected by both inhibition of RhoA (knockdown of 
RPTPα) and activation of RhoA (knockdown of PTP-BL), and how both these conditions 
will lead to similar phenotypes. The panels show how low dose knockdown of these pro-
teins does not affect polarity, but low dose co-knockdown does generate phenotypes 
(here indicated for RPTPα and PTP-BL first and then RPTPα and PTPε). 
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Species: Gene: Location:
T. Rubripes ptpn11b ENSTRUG00000006764

ptpn9b ENSTRUG00000004960
ptpn20 ENSTRUG00000012682
ptpn21 ENSTRUG00000013692
ptpn14 ENSTRUG00000014100
ptprc NP_001027788.1

ptprmb scaffold_297: 283,607-
287,768

ptprdb scaffold_11124
ptprn2b scaffold_9445

T. Nigrividis ptpn11a GSTENT10016339001
ptpn11b ENSTNIG00000010883
ptpn9b ENSTNIG00000017817
ptpn20 ENSTNIG00000003885
ptpn21 ENSTNIG00000017244
ptpn14 ENSTNIG00000016380
ptprdb ENSTNIG00000004098
ptprq GSTENG10005433001

O. Latipes ptpn11b ENSORLG00000000613
ptpn9b ENSORLG00000005257
ptpn22 scaffold12_contig11260
ptpn20 FRMPD2
ptpn21 ENSORLG00000012974
ptpn14 ENSORLG00000014908
ptpra Q76K58_ORYLA
ptpreb Q76K57_ORYLA
ptprdb ENSORLG00000004685
ptprj ENSORLG00000017385

G. Aculeatus ptpn11b ENSGACG00000004807
ptpn9b ENSGACG00000016107
ptpn20 ENSGACG00000007126
ptpn21 ENSGACG00000010542
ptpn14 ENSGACG00000010112
ptprdb ENSGACG00000015921

Table S1.  Non-annotated 
PTP genes in four fish species 
identified by blasting.
The PTP domains of human 
phosphatases were blasted 
against the genomes of fugu, 
medaka, tetraodon and stick-
leback. All PTP encoding 
genes identified not previ-
ously annotated as being a 
PTP encoding gene are listed 
here with corresponding gene 
name appended with a or b in 
case of gene duplication.
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Table S2. Oligos used for generation of 
cDNA of zebrafish ephrin-B genes.
Forward and reverse oligos were designed 
on the 5’ and 3’ UTR of the different ze-
brafish ephrin-B genes. Nested oligos were 
designe on the start codon preceded by 
a T7 promoter or on the stop codon fol-
lowed by a T3 promoter in reverse.
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Summarizing Discussion
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Proper regulation of cell migration in embryonic development, much 
like cellular differentiation, is a key event in the proper development of 
organisms. The cell migrations that form and extend the main body axis, 
C/E cell movements have been investigated intensively and their trajec-
tories have been described in detail1-5. Although many genes have been 
shown to contribute to proper C/E cell movements, the signaling events 
organizing this process remain unclear. Key components of cell-cell adhe-
sion and cell – matrix interaction or the cell polarization and migration 
machinery are expected to affect C/E upon knockdown since knockdown 
of these proteins will affect cell migration in general. However, more C/E 
specific genes have been identified, for example components of the PCP 
pathway. Although the PCP core components play a role in several proc-
esses besides C/E cell movements, not all cell migration is affected by 
knockdown. For example of all PCP core proteins, only Celsr knockdown 
(vertebrate ortholog of Flamingo) results in epiboly defects6. Interesting-
ly, in zebrafish Celsr is maternally provided and thus ubiquitously present 
in early stages of development, also unlike in the fly wing this protein is 
not asymmetrically localized in migrating cells7-9.  

In order for cells to migrate properly towards the dorsal midline and 
engage in cell intercalations, cells need to polarize, elongate and move 
perpendicular towards the midline axis10,11. For proper cell polarization 
cells need to asymmetrically distribute proteins, which is the case for 
certain PCP core proteins like Vangl, Prickle, Frizzled and Dishevelled12,13. 
How this asymmetric distribution is initially set up remains presently 
unknown, although a crucial step appears to be the correct subcellular 
regulation of RhoA and Rac1 activity to mediate cytoskeletal rearrange-
ments14-16. This process is in part organized by core components of the 
PCP pathway that constitute the non-canonical Wnt signaling pathway. 
Evidence has been emerging recently that RhoA and Rac1 are regulated 
by multiple pathways in either C/E cell movements or other processes 
regulated by the PCP pathway17-21. In this thesis we provide evidence that 
four PTPs regulate RhoA activation independently from the non-canoni-
cal Wnt signaling pathway in order to mediate proper cell movements in 
zebrafish gastrulation.

The zebrafish as a model system

The zebrafish is an excellent model system to investigate gene func-
tion and it has been used to assess the function of several PTPs19,22-27. 
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Many PTPs are involved in cell adhesion which may be reflected by de-
fects in cell migration. The zebrafish is being developed as a model sys-
tem for intravital imaging because of its unique properties, including rap-
id development and transparency of the embryos. The near future will 
bring us cell migration analyses in vivo using fluorescently labeled cells, 
allowing us to study the role of (R)PTPs in cell migration at the cellular 
level in the context of whole organisms.

 Knock out studies in the mouse have provided valuable insights 
into the function of PTPs. However, often only mild phenotypes or no 
phenotypes at all are reported upon inactivation of PTP genes. Given the 
high homology between gene family members, this is likely due to re-
dundancy among the PTPs. In fact, studies in Drosophila indicate that 
the RPTPs indeed have redundant functions28. The zebrafish is ideally 
suited for simultaneous knock down of multiple genes by co-injection of 
morpholinos targeting different genes. Efficient knock down of up to four 
genes has been reported. Knock downs of PTP subfamilies will more eas-
ily provide insights into the function of groups of PTPs than the genera-
tion of compound genetic knockout mice with multiple inactivated PTP 
genes.

 The zebrafish is amenable to modeling genetic diseases and we 
have demonstrated that zebrafish can be used to model Noonan and 
LEOPARD syndrome. Next, these models can be further developed and 
refined, for instance using TILLING to make bona fide genetic mutants 
with mutations that correspond to the mutations that were found in hu-
man patients. The full range of cell biological and genetic techniques can 
then be used to identify the cell biological defects and genetic interactors 
that are involved in these human syndromes and diseases. Moreover, 
chemical compound library screens using PTP inhibitors are feasible at 
medium to large scale, allowing chemical genetics approaches to assess 
PTP function in development and disease in vivo.

Identification of all PTPs in the zebrafish

We describe the identification of zebrafish PTPs in silico in chapter 
2. We used the TBLASTN algorithm to blast the peptide sequences of 
the human PTP domains of every single PTP against the whole zebrafish 
genome assembly. We were able to identify 48 PTP encoding genes. 3 
human orthologs could not be identified, HePTP, PTP-PEST and PTP36 
(encoded by ptpn7, ptpn12 and ptpn14 respectively). 14 zebrafish PTP 
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genes were duplicated, including the entire family of R2B and R5 type re-
ceptor phosphatases. When comparing data obtained from the zebrafish 
genome to other fish species we noted two additional PTP encoding 
genes possibly missing from our data set since ptprm and ptprn2 (RPTPμ 
and IA2-β) are duplicated in five other fish species, moreover the three 
human orthologs not identified in zebrafish are present in all other fish 
species (Chapter 5, Supplementary figure 1).  These data suggest that 5 
PTPs are missing from our dataset, which would be about 10%. Although 
the zebrafish genome sequencing project has not been completed, the 
majority of the genome is assumed to be sequenced, and the possibility 
that 5 PTP genes fall in “gaps” seems unlikely. 3 PTP genes duplicated in 
the zebrafish genome are not duplicated in other fish species, suggest-
ing that the zebrafish genome differs considerably more from other fish 
species. Future zebrafish genome assemblies will show if the 5 PTPs are 
indeed absent in the zebrafish genome or currently not sequenced.

We investigated the expression patterns of all PTPs at different stages 
of embryonic development and compared expression patterns between 
duplicated genes. We observed that in about half of the cases, duplicated 
genes have similar expression patterns and in half of the cases duplicated 
genes show diverging expression patterns. Duplicated genes are expect-
ed to be redundant and unless evolutionary pressure exists to retain both 
genes, one copy is expected to be lost rapidly. Since the teleost genome 
was duplicated about 320 million years ago, conservational pressure can 
be assumed for currently existing duplicate genes29,30. The duplication 
degeneration complementation (DDC) model predicts that mutations in 
regulatory elements can preserve duplicated genes by partitioning an-
cestral function31. A nice example is the expression pattern of both copies 
of ptpre at the 1 somite stage, where ptprea is expressed in the anterior 
dorsal midline while ptpreb is expressed posterior paraxially (chapter 
2, figure 13D). Future research will indicate how genes with seemingly 
identical expression patterns are retained. Possibly proteins encoded by 
these genes reside in different subcellular compartments or acquired dif-
ferent functions.

Pair-wise regulation of polarity by four PTPs

Previous research indicated that RhoA activation in C/E cell move-
ments could be regulated by other pathways than the non-canonical Wnt 
signaling pathway17. In chapters 3 we show that the PTPs RPTPα and PTPε 
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play a role in C/E cell movements through RhoA activation by showing 
rescue experiments with constitutively active RhoA co-injections. We also 
demonstrate that ptpra and ptpre knockdown or mutant phenotypes can 
be rescued by active Fyn and Yes, and speculate that Fyn and Yes might 
be direct targets of RPTPα and PTPε. Knockdown of Wnt11 cannot be 
rescued by ptpra or ptpre mRNA injections and vice versa, suggesting a 
parallel pathway to activate RhoA.

We developed a quantitative method of tracking multiple cells during 
C/E cell movements using fluorescent confocal microscopy, enabling us 
to analyze and quantify average cell migration speed and direction, but 
also cell shape and angle towards the midline. The last two parameters 
can be seen as direct indicators of cell polarity, since cells presomitic 
mesodermal cells elongate and migrate perpendicular to the dorsal mid-
line. As we indeed observe in chapter 3, reduced cell polarization results 
in reduced average cell migration speed.

In chapter 5 we explore in further detail how PTP signaling regulates 
C/E cell movements through RhoA. First we identify Ptpn20 as a paralogue 
of PTP-BL, a large multidomain scaffolding protein. We already showed 
high similarity between PTP-BL (ptpn13) and Ptpn20 PTP domains in 
chapter 2 (chapter 2, figure 1), but in chapter 5 also demonstrate the 
presence of 5 PDZ domains, a KIND domain and a FERM domain in Ptpn20 
(chapter 5, figure 1). We show that PTP-BL and Ptpn20 have redundant 
functions and function in C/E cell movments. Using active and dominant 
negative RhoA mRNA co-injections in PTP-BL, Ptpn20, RPTPα and PTPε 
knockdown embryos, we show that PTP-BL and Ptpn20 have opposite 
effects compared to RPTPα and PTPε, and inhibit RhoA activity. More in-
terestingly co-knockdown using low dose morpholinos targeting either 
ptpn13 and ptpra or ptpn20 and ptpre results in a strong phenotype but 
co-knockdown of ptpn13 and ptpre or ptpn20 and ptpra does not result 
in any phenotype. In chapter 5 we provide a model how both inhibition 
and activation of RhoA can lead to defective polarization (chapter 5, fig-
ures 10 and S4). This model however does not adequately address why 
the RhoA upstream activators and inhibitors PTP-BL, Ptpn20, RPTPα and 
PTPε seem to function in specific pairs. Several scenarios could explain 
why low dose PTP-BL knockdown has such a strong phenotype when 
combined with low dose RPTPα knockdown but not PTPε. In Figure 1 
some of these scenarios are visualized. One explanation could be that 
PTP-BL and RPTPα are expressed in different cells as Ptpn20 and PTPε, re-
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sulting in no phenotype when a single gene is targeted with a low dose of 
morpholino but resulting in loss of polarity in the case of co-knockdown 
since no redundant genes are present in the same cell. This scenario does 
not seem likely since expression patterns of all four PTPs seem ubiquitous 
at early developmental stages (chapter 2, figure 5). Moreover this would 
not explain the combined effect of low dose knockdown of either PTP-BL 
and Ptpn20 or RPTPα and PTPε. Instead of differential expression four 
patterns, the four PTPs could also be specifically located within the cell. 
One possibility would be that PTP-BL and Ptpn20 are localized at one 
side of the cell and RPTPα and PTPε at the opposing side (Figure 1, mid-
dle panel). It is also imaginable that one activator and one inhibitor spe-
cifically localize together with downstream targets functioning together. 
In this case upstream regulation of the different PTPs will be crucial for 
proper functioning (depicted in the bottom panel of Figure 1). Since we 
know that PTP signaling on RhoA is integrated on ephrin-B, and we have 
evidence that ephrin-B3a specifically interacts with PTP-BL and PTPε 
while ephrin-B3b specifically interacts with Ptpn20 and RPTPα, we pro-
pose a model as depicted in Figure 2 where ephrin-B3a and ephrin-B3b 
function to compartmentalize the different PTPs in pairs. This would ad-
equately explain all observed scenarios as depicted in the smaller panels 
below the model. The model assumes ubiquitous expression and ubiqui-
tous distribution throughout the cell, and polarization is established by 
upstream regulation of PTP activity, activating RPTPα and PTPε at one 
side and activating PTP-BL and Ptpn20 at the opposing side resulting in 
RhoA activation and RhoA inhibition respectively. Low dose knockdown 
of a single gene will result in slight loss of activation or inhibition, which 
can be partly compensated by its paralogue. In the case of low dose co-
knockdown of either PTP-BL and RPTPα or Ptpn20 and PTPε the effects 
of individual knockdowns will reinforce each other and result in defective 
polarity, while low dose co-knockdown of PTP-BL and PTPε or Ptpn20 and 
RPTPα will not reinforce each other but will have a partial rescue effect, 
resulting in no loss of polarity and thus normal a phenotype. This model 
also adequately explains why low dose co-knockdown of either PTP-BL 
and Ptpn20 or RPTPα and PTPε results in a phenotype, since it will result 
in loss of either activation or inhibition of RhoA activity on one side of 
the cell.

Future research will likely elucidate which mechanism is used for reg-
ulating polarity through PTPs in C/E cell movements. Although hampered 
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Figure 1. Possible regulation of PTPs in C/E cell movements.
PTP signaling leading to polarized RhoA activation through activation by RPTPα and PTPε 
and inhibition by PTP-BL and Ptpn20 could be regulated by different mechanisms. In the 
top panel differential expression is shown, where RPTPα and PTP-BL are expressed in 
one cell type, and Ptpn20 and PTPε are expressed in another. The middle panel shows 
how subcellular localization of RPTPα and PTPε on one side and PTP-BL and Ptpn20 on 
the other side leads to polarization. The bottom panel shows how ubiquitously localized 
PTPs can still confer polarization by upstream regulation of their activity.

by the lack of proper antibodies, localization studies should be able to 
pinpoint if these PTPs are expressed ubiquitously and are and have spe-
cific polarized cellular localization or local regulation of activity is the pre-
dominant mechanism of ensuring cell polarization. 

Gastrulation cell movement defects underlie Noonan syndrome pheno-
types

Noonan syndrome is a relatively common developmental disorder 
characterized by reduced growth, wide-set eyes and congenital heart 
defects, and is associated with defective Ras-MAPK signaling. The most 
commonly mutated gene in Noonan syndrome is ptpn11 encoding Shp2 
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Figure 2. Model explaining pair-wise functioning of four PTPs.
Proposed model how pair-wise regulation of RhoA by PTP-BL, Ptpn20, RPTPα and PTPε 
might work. PTP function on RhoA is compartmentalized by ephrin-B3, where ephrin-
B3a specifically interacts with PTP-BL and PTPε, while ephrin-B3b interacts with Ptpn20 
and RPTPα, resulting in pairs of one activator and one inhibitor. Upstream regulation 
of PTP activity results in polarized activation of RhoA as depicted. In the small panels 3 
different scenarios are depicted, low dose knockdown of PTP-BL (top small panel), low 
dose co-knockdown of PTP-BL and RPTPα (middle small panel) and low dose co-knock-
down of PTP-BL and PTPε (small bottom panel), explaining how different situations re-
sult in either no loss of polarization or loss of polarization and resulting C/E phenotype.

and Noonan associated mutations are activating opposed to the pheno-
typically almost identical LEOPARD syndrome which consists of inactivat-
ing mutations in ptpn1119,32-34. Although Shp2 has been shown to mediate 
C/E cell movements through RhoA activation, its main role in Noonan 
syndrome is assumed to be through activation of the Ras-MAPK pathway, 
since all mutations identified in Noonan syndrome lay in this pathway, 
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like SOS1, KRAS, SHOC2, RAF1 and BRAF19,35-40.
Recently germline gain of function mutations were identified in a 

novel gene in 2 Noonan patients, namely NRAS41. We also identified a 
gain of function germline mutation in a cohort of Dutch Noonan patients. 
Not surprisingly all identified NRAS mutations show only mild activa-
tion, since strong activation of the Ras-MAPK pathway is assumed to be 
embryonic lethal. Using zebrafish we were able to demonstrate a direct 
correlation between NRAS gain of function mutations and Noonan-like 
phenotypes like shorter stature and wide-set eyes. Moreover these phe-
notypes appear to be the direct consequence of defective C/E cell move-
ments caused by impaired cell polarization. NRAS I24N phenotypes could 
be completely rescued by either the MEK inhibitor CI-1040 or the FGFR 
inhibitor SU5402, suggesting that increased signaling through the Ras-
MAPK is sufficient to cause Noonan syndrome and upstream activation of 
the pathway is required for Noonan NRAS mutations to affect this path-
way.

Our data suggest that Ras-MAPK signaling plays an important role in 
regulating gastrulation cell movements as well, and it will be interesting 
to investigate how this pathway interacts with the non-canonical Wnt sig-
naling pathway and the PTP-ephrinB-RhoA pathway.

A possible role for PTPs in the PCP pathway?

Recent work on ephrin signaling suggested a link between ephrin-
B and the PCP pathway20,42. Although ephrin signaling has been firmly 
established as a regulator of small Rho-like GTPases, recent findings 
link ephrin-B directly to Dishevelled20,21,43,44. Lee et al. suggest a role for 
ephrin-B in the PCP pathway and conclude that both the Wnt11 pathway 
as Eph-ephrin signaling is required for proper eye field development in 
Xenopus, a process known to be regulated by the PCP pathway. Indirect 
evidence consists of the notion that WGEF (ephexin2), a known ephrin-B 
binding partner, regulates the PCP pathway in Xenopus C/E cell move-C/E cell move-
ments45. Since we identify several PTPs as upstream regulators of RhoA 
through ephrin-B, this raises the interesting possibility that PTP signaling 
is part of the PCP pathway. PTP-BL was shown to interact with ephrin-B 
directly46,47, and ephrin-B has been proposed to be phosphorylated by 
SFKs47,48, which we and others have shown to be directly activated by 
RPTPα and PTPε (chapter 3)49. Not much is known about Ptpn20, but 
based on structural homology and partial redundancy with PTP-BL we 
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speculate that it could fulfill a similar role in PDZ-domain mediated bind-
ing to ephrin-B and resulting dephosphorylation. Figure 3 depicts how 
PTP and non-canonical Wnt signaling could possibly function in parallel 
in the PCP pathway. Future research on for example RPTPα/PTP-BL dou-
ble knockout mice could shed more light on the question if PTP signaling 
is part of the PCP pathway. Analysis of the organization of hair cells in 
the cochlea will provide an immediate and clear answer to this question. 
Based on expression patterns and function of the PTPs in the zebrafish, 
a role in PCP signaling is possible. All proteins play a role in gastrulation 
cell movements and are highly expressed in the brain, both sites of active 
PCP signaling.

In conclusion

Figure 3. Possible regulation of PCP signaling by two parallel pathways.
Two independent pathways regulating PCP signaling, one consisting of the non-canon-
ical Wnt signaling pathway and one consisting of the PTP-ephrin pathway. Since both 
pathways are required but function independent of each other we suggest that ephrin-
B and Frizzled recruit Dishevelled independent from each other and function down-
stream on RhoA (and Rac1 in the case of non-canonical Wnt signaling).
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In this thesis we describe the identification and characterization of 
the classical PTPs in the zebrafish, as well the role of four PTPs in ze-
brafish gastrulation cell movements. We show that Ptpn20 is an ortholog 
of PTP-BL, and functions together with PTP-BL, RPTPα and PTPε in regu-
lating cell polarity in C/E cell movments by mediating RhoA activity. We 
identify ephrin-B2/3 as an integration point for activating and inhibiting 
signals downstream on RhoA. We further identify NGEF (ephexin1) and 
Arhgap29 (Parg1) as Rho-GEF and Rho-GAP in this process. We also de-
scribe a new Noonan associated mutation in NRAS, I24N, and show this 
mildly activating mutation to be responsible for cell polarity defects caus-
ing C/E cell migration aberrations through the Ras-MAPK pathway.
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Samenvatting in het Nederlands

Tijdens embryogenese spelen enkele processen een belangrijke rol 
in het vormen van het embryo uit een enkele bevruchte eicel. De belan-
grijkste processen zijn celdeling (proliferatie), cel specifikatie  (differen-
tiatie) en cel migratie. In de zebravis duurt het proces van 1 cel tot een 
embryo waar de meeste structuren aanwezig en herkenbaar zijn zo’n 24 
uur. In de eerste paar uur na bevruchting van de eicel vindt er vooral 
snelle celdeling plaats. De bevruchte eicel is een grote cel die bovenop 
de dooier ligt. Tijdens deze snelle deling groeien de cellen niet, hetgeen 
resulteert in steeds kleiner wordende dochter cellen. Na ongeveer 3.5 
uur resulteert dit in een klomp van een paar duizend veel kleinere cellen 
op diezelfde dooier. Vanaf dit moment gaan naast celdeling migratie en 
differentiatie een rol spelen. Door differentiatie krijgen cellen een meer 
specifieke rol in wat zij zich zullen ontwikkelen, door migratie worden de 
rudimentaire structuren van het embryo gevormd.

Een van de beginstadia van de embryonale ontwikkeling, gastrulatie, 
duurt in de zebravis van ongeveer 6 tot 12 uur na bevruchting en ken-
merkt zich door een aantal soorten cel migratie. Ten eerste vespreiden de 
cellen die als eenn klomp bovenop de dooier liggen zich over de dooier 
en vormen daarmee een dunne laag cellen, een proces genaamd epibo-
lie. Tijdens dit proces zullen bepaalde cellen zich onder de naar beneden 
migrerende cellen manouvreren en weer omhoog migreren teneinde de 
verschillende kiemlagen te vormen. Dit proces wordt embolie genoemd. 
Tenslotte zijn er twee nauw betrokken migratie processen, convergentie 
en extensie cel bewegingen. Deze processen reguleren dat een subpopu-
latie cellen naar de toekomstige dorsale middenlijn beweegt en de toe-
komstige notochorda vormen en verlengen.

Voor de convergentie en extensie cel bewegingen is het nodig dat de 
cellen gepolariseerd en langerekt worden, om vervolgens gericht naar de 
toekomstige dorsale middenlijn te migreren. Vervolgens vindt daar een 
process genaamd intercalatie plaats; waarbij cellen zich in een steeds 
dunner en langer wordende buis-achtige structuur vormen. Op deze 
manier wordt de primaire lichaamsas gevormd en verlengd welke de ba-
sis vormt van alle gewervelde dieren. Problemen in dit proces kunnen 
onder andere leiden tot bijvoorbeeld “open ruggen” of in minder ern-
stige gevallen Noonan syndroom. In dit proefschrift word voornamelijk 
gekeken naar de betrokkenheid van tyrosine fosfatases bij convergentie 
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en extensie cel bewegingen.
Informatie uit de omgeving is belangrijk voor cellen om te weten 

of deze moeten delen, migreren of differentiëren. Er zijn diverse syste-
men hoe deze signalen door de cel ontvangen en verwerkt worden, één 
daarvan is het fosforyleren en defosforyleren van doel-eiwitten. Door 
eiwitten te fosforyleren of defosforyleren kan bijvoorbeeld de activiteit 
van enzymen veranderd worden, of de mogelijkheid bieden om andere 
eiwitten te binden; en op deze manier een signaal door te geven. Tyro-
sine fosfatases spelen in dit proces een belangrijke rol door gefosfory-
leerde tyrosine residuen in doel-eiwitten te de-fosforyleren. In de mens 
zijn 37 klassieke tyrosine fosfatases bekend. In de studies beschreven 
in dit proefschrift hebben wij alle tyrosine fosfatases in het zebravis ge-
noom geïdentificeerd. Identificatie was in eerste plaats gedaan op basis 
van homologie in de eiwit sequenties tussen (mogelijke) zebravis en hu-
mane eiwitten. Vervolgens is er gekeken naar expressie patronen van alle 
geïdentificeerde fosfatases en is expressie bevestigd door het sequencen 
van gedeeltes van deze fosfatases.

De geïdentificeerde fosfatases in de zebravis zijn vervolgens ge-
screend op betrokkenheid bij convergentie en extensie cel bewegingen. 
Hiervoor is morpholino knockdown techniek gebruikt. Morpholinos zijn 
kunstmatige stukjes anti-sense RNA, die aan complementair RNA kun-
nen binden. Op die manier kunnen zij de translatie van RNA naar eiwit 
te verhinderen. Het resultaat is dat het eiwit corresponderend bij het 
doel-gen verminderd tot niet meer aanwezig is. Als deze eiwitten een rol 
spelen bij convergentie en extensie cel bewegingen, is de verwachting 
dat dit zal resulteren dat er minder cellen naar de dorsale midlijn zullen 
migreren. De toekomstige notochorda zal dan minder verlengd zijn, het-
geen resulteert in kortere en vaak iets dikkere embryos. Diverse fosfatase 
coderende genen resulteren in dit fenotype als zij uitgeschakeld worden 
door morpholinos.

Enkele van deze fosfatases onderzoeken wij hier in detail. De focus 
ligt hierbij op intracellulaire communicatie. Een belangrijk punt in con-
vergentie en extensie cell bewegingen, en cell migratie in het algemeen 
is de activatie van RhoA. Actief RhoA zorgt voor gepolariseerde cellen 
die actief kunnen migreren door onder andere het reorganiseren van het 
cytoskelet. Het is bekend dat het non-canonical Wnt pathway RhoA ac-
tiveert, maar het is duidelijk dat er meerdere pathways zijn die dit doen. 
Wij laten zien dat de fosfatases RPTPα en PTPε RhoA indirect kunnen 
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activeren door Fyn en Yes te activeren. Tevens laten we zien dat de fos-
fatases PTP-BL en PTPN20 RhoA kunnen inactiveren. Integratie van deze 
activerende en inactiverende signalen vindt plaats op ephrin-B. Correcte 
activatie en inactivatie van RhoA op de juiste subcellulaire locaties is nod-
ig voor correcte cel polarisatie en migratie.
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Summary

Several processes play an important role during embryogenesis in 
shaping the embryo from a single fertilized egg cell. The most important 
of these processes are cell division (proliferation), cell specification (dif-
ferentiation) and cell migration. Going from 1 cell to an embryo contain-
ing most structures and being recognizable as such takes about 24 hours 
in the zebrafish. During the first few hours of development mainly rapid 
cell division takes place. The fertilized egg is a huge cell on top of the 
yolk. During these rapid divisions, the daughter cells don’t grow, result-
ing smaller and smaller cells after each division. After about 3.5 hours, 
this results in a clump of a few thousand cells on top of the yolk. From 
this point on, besides cell division, cell migration and differentiation start 
to play significant roles. Differentiation gives cells a more specified role 
during development, while cell migration helps to shape the rudimentary 
shape of the embryo.

One of the early stages in development, gastrulation, lasts from about 
6 to 12 hours post fertilization in zebrafish embryos. The hallmarks of 
this stage are the massive cell movements taking place. First of all, cells 
present as clump on the yolk start to spread over the yolk forming a thin 
layer of cells, a process called epiboly. During this process, some cells will 
position themselves underneath this layer and move back upwards in or-
der to form the germ layers, a process called emboly. Lastly, two tightly 
connected movements are convergence and extension cell movements. 
These processes regulate the migration of a subpopulation of cells to-
wards the dorsal midline and elongation of the future notochord.

Convergence and extension cell movements require cells to become 
polarized and elongated, in order to migrate in a directed way towards 
the future notochord. When cells arrive there, a process called intercala-
tion takes places, where they form a tube-like structure that becomes 
longer and narrower in time. In this way, the primary body-axis is formed 
and extended, forming the basis of all vertebrae. Disturbing this process 
could lead to improperly closed neural tubes or Noonan syndrome. In 
this thesis, we focus mainly on the role of protein-tyrosine phosphatases 
in convergence and extension cell movements.

Information about its surroundings is important for cells to determine 
whether to divide, migrate or differentiate. Several systems evolved how 
these signals can be received and processed by cells, one of them is pro-
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tein phosphorylation. Phosphorylating and de-phosphorylating proteins 
can influence for example enzyme activity or protein-protein interac-
tions, giving cells the means to relay a signal and react to it. Protein-
tyrosine phosphatases play an important role in this process by remov-
ing a phosphate from a tyrosine residue in the target protein. In humans 
37 different protein-tyrosine phosphatases have been described. In the 
studies described in this thesis we identify all protein-tyrosine phos-
phatase encoding genes in the zebrafish genome. Identification was first 
done based on sequence homology between human and zebrafish (pu-
tative) proteins. Next we looked at expression patterns of all identified 
phosphatases and confirmed expression by sequencing of parts of these 
genes.

All identified zebrafish phosphatases were subsequently screened for 
possible functioning in convergence and extension cell movements. We 
used morpholino knockdown technology for this. Morpholinos are artifi-
cial stretches of anti-sense RNA, able to bind complementary RNA. In this 
way they can prevent the translation from RNA to protein. This results in 
lower or ablated protein levels corresponding to the target gene. If these 
proteins play a role in convergence extension cell movements, the expec-
tation is that reduced protein levels leads to less cells migrating towards 
the dorsal midline. The future notochord will then be less extended, re-
sulting in shorter and slightly thicker embryos. Several phosphatase en-
coding genes result in this phenotype upon knockdown by morpholinos.

Someof these phosphatases we here examine in detail. Our focus lays 
on intracellular communication. An important aspect in convergence ex-
tension cell movements and cell migration in general, is the activation of 
RhoA. Active RhoA enables cells to polarize and to actively migrate, by 
reorganizing the cytoskeleton. It is known that the non-canonical Wnt 
signaling pathway contributes to RhoA activation, but other pathways 
contribute as well.  We show that the phosphatases RPTPα and PTPε indi-
rectly activate RhoA by activating Fyn and Yes. We also demonstrate that 
the phosphatases PTP-BL and PTPN20 can inactivate RhoA. Integration of 
these activating and inactivating signals takes place on Ephrin-B. Correct 
activation or inactivation on the right subcellular locations is required for 
correct cell polarization and migration.
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