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Protein-tyrosine phosphatases (PTPs) have important roles in signaling, but relatively little is known
about their function in vivo. We are using the zebrafish as a model to study the function of PTPs at the
organismal, cellular and molecular level. The zebrafish is an excellent experimental model for the anal-
ysis of gene function. We have developed methods to quantitatively study effects of PTP knockdown or
expression of (mutant) PTPs, particularly with respect to gastrulation cell movements. Moreover, we have
studied the phosphoproteome of zebrafish embryos. In this review, we will discuss methods to manipu-
late the zebrafish genome and techniques that we have developed to assess developmental defects during
gastrulation and to assess differences in the phosphoproteome.

� 2014 Published by Elsevier Inc.
1. Introduction

Much is known about catalysis and regulation of PTPs [44].
However, to fully understand the function of PTPs, their role in
whole organisms in vivo needs to be addressed. Several model
organisms have been used to investigate the function of PTPs,
including the invertebrates Drosophila and Caenorhabditis.elegans
and vertebrate models, particularly the mouse. Many mouse
knock-outs have been generated that provided important insight
into the function of PTPs in development and conditional
knock-outs have allowed the analysis of the function of PTPs in
particular tissues [18,19]. Generation of mouse models can be
laborious however, and in vivo imaging is difficult. We and others
have used the zebrafish as a model for the analysis of PTP func-
tion, because of the many advantages that zebrafish embryos
have to offer as an experimental system. Zebrafish are particu-
larly amenable for genetics, intravital imaging and large scale ap-
proaches. In addition, we have recently developed a method to
derive cell lines from single zebrafish embryos and tumors [10],
which complements the wide range of experimental approaches
in zebrafish. Here, we will review zebrafish as a model system
in general, the genetic tools available, the approaches that we
have used to assess PTP function in zebrafish, focusing on
in vivo cell behavior and phosphoproteomics and we will give
an outlook on approaches that may be used in the near future
to assess PTP function in vivo.
2. Zebrafish as an experimental system

The zebrafish is an excellent model system that was initially
used for large scale forward genetic screens [13,16]. Since then,
zebrafish are increasingly being used to model human diseases
[35]. Major advantages of the zebrafish as an experimental system
are that large numbers of embryos can be obtained easily; 100–200
embryos per clutch, 1–2 clutches per week per adult zebrafish pair.
The embryos develop quickly and outside the mother; after 1–
2 days most organs have formed. The embryos are transparent,
facilitating analysis of embryonic development by (time-lapse)
microscopy. Many genetic mutants are available and transgenesis
is feasible. More and more transgenic lines are becoming available,
expressing fluorescent marker proteins under the control of spe-
cific promoters, which allows for intravital imaging. Overexpres-
sion of genes or proteins of interest can easily be achieved by
micro-injection of synthetic mRNA encoding the protein of interest
at the one-cell stage. In addition, transient knockdown of target
proteins and target-selected gene inactivation are feasible in zeb-
rafish (see below). Finally, chemical compounds can easily be
administered to zebrafish embryos by simple addition to the aque-
ous embryo medium. Medium to large scale screens for bioactive
compounds have been done using zebrafish development as
read-out [11,38]. Taken together, the zebrafish is an ideal model
system for analysis of gene function at the genetic, molecular
and cellular level in whole organisms.

3. Zebrafish protein tyrosine phosphatases

The zebrafish genome sequence is available in public databases
(http://www.ensembl.org/Danio_rerio/Info/Index) [20]. In general,
orthologs of most human genes can be found in the zebrafish
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genome. In fact, some genes are duplicated in the zebrafish genome,
due to a genome duplication in teleosts 320 million years ago
[22,48]. In human, PTPs are divided in four classes i.e. classical
and VH1-like dual specific protein phosphatases (DSPs) (class I),
low molecular weight phosphatases (class II), Cdc25 phosphatases
(class III) and Aspartic acid–based pTyr specific phosphatases (IV)
[2]. Class I classical PTPs are further subdivided into receptor and
non-receptor PTPs. Class I DSPs are divided into seven groups,
namely: mitogen activated protein kinase (MAPK) phosphatases
(MKPs), atypical DSPs, the slingshot phosphatases, PRLs, CDC14s,
phosphatase and tensin homologues (PTENs) and myotubularins.
Since we focus on classical PTPs and PTENs, these will be discussed
in this review.

The zebrafish genome encodes 51 classical PTPs and all the sub-
types that have been identified in the mammalian genomes are
represented in the zebrafish genome [45] (Table 1). Fourteen PTP
genes are duplicated in the zebrafish genome and whether these
duplicated genes are all functional remains to be determined. Com-
parison of the PTP family in the genome of five distinct fish species
led to the surprising discovery that ptpn20, which was supposed to
encode little more than a PTP domain, actually encodes a large PTP
with multiple functional domains, resembling PTP-BL. The human
and mouse ptpn20 genes have a similar structure as zebrafish
ptpn20, and we confirmed this by reverse transcription PCR [46].

To unravel the function of PTPs during zebrafish development,
we have compared the expression patterns of all PTP genes in zeb-
rafish by whole mount in situ hybridization using standard proto-
cols [43,45]. Most PTP genes are expressed throughout
development with broad expression patterns early on, which be-
come more restricted later in development [45]. Interestingly,
some of the duplicated PTP genes have overlapping spatio-tempo-
ral expression patterns whereas others are mutually exclusive. It is
likely that the function of the latter PTPs has diverged since their
duplication. For gene specific expression data during embryonic
development we refer to [45].

4. Genetic tools to study PTP function in zebrafish

PTP function has been studied in zebrafish by transient, mor-
pholino-mediated knockdown, in genetic loss-of-function mutants
and by expression of exogenous PTP genes and mutants thereof.

4.1. Morpholinos

Transient knockdown of target proteins by microinjection of
morpholinos is widely used to study gene function [29,337]. Mor-
pholinos are either directed at the start ATG to block translation of
the target protein or at splice sites to block splicing of the target
RNA (Fig. 1). Morpholino-mediated knockdown of Pez (ptpn14) re-
sults in developmental defects in the heart and somites, which may
at least in part be mediated by impaired TGFb3 signaling-depen-
dent epithelial to mesenchymal transition [52]. Knockdown of
PTPr results in accumulation of synaptic vesicles in the axon ter-
minals of olfactory sensory neurons [8]. PTPr is related to the
LAR receptor tyrosine phosphatases and these guide peripheral
sensory axons to the skin in zebrafish embryos [50]. Ve-ptp is re-
quired for vascular integrity, due to its role in adherens junctions
where it regulates VEGFR-dependent VE cadherin phosphorylation
and cell polarity [6,17]. Ptpro is structurally related to Ve-ptp and
is required for cerebellar formation [32]. Knockdown of Shp1
(ptpn6) hyperactivates the innate immune system [26]. All of the
studies above used transient morpholino-mediated knockdown
of the PTP target proteins. To study the function of all classical PTPs
in development, we have designed two non-overlapping morpholi-
nos against each classical PTP gene in the zebrafish genome and
assessed their effects on early development by micro-injection at
the one-cell stage. Not all pairs of morpholinos induced the same
defects, suggesting off-target effects [47]. We have pursued some
knockdowns in detail (see below) and rescue of the morpholino-in-
duced defects by co-expression of the respective target RNAs is ta-
ken as good evidence that the observed defects are not merely off-
target effects.

4.2. Target selected gene inactivation

Off-target effects of morpholinos are a concern and reverse
genetics approaches have been developed to generate genetic mu-
tants of target genes. Both mutagenesis and viral insertions are
commonly used to disrupt target genes. Many loss-of-function
mutations have been identified in PTP genes (www.zfin.org) (Ta-
ble 1). Mutagenesis-based gene inactivation makes use of reagents
such as N-ethyl-N-nitrosourea (ENU) to generate random single
nucleotide polymorphisms (SNPs) in adult males. Subsequently,
offspring is generated and mutations are identified in target genes
by SNP detection or sequencing. Target selected gene inactivation
by random mutagenesis and resequencing of the gene of interest
in a large number of F1 mutants has led to the identification of
nonsense mutations in more than 200 target genes [51] (www.zfi-
n.org). An ongoing project makes use of high-throughput sequenc-
ing and is aimed at disrupting every gene in the zebrafish genome.
So far potentially disruptive mutations have been identified in 38%
of the zebrafish genes [28].

One of the first genes that were disrupted by the original target
selected gene inactivation method was zebrafish pten. PTEN is a
prominent member of the PTP superfamily, even though its cata-
lytic activity is directed at lipids, rather than phosphotyrosine.
PTEN is one of the most frequently mutated tumor suppressor
genes in human cancer and is essential for mammalian develop-
ment. We identified an early stop in the pten gene and much to
our surprise, homozygous fish were viable. However, unlike the
human genome, the zebrafish genome encodes two pten genes,
ptena and ptenb, prompting us to disrupt the second pten gene
too. Zebrafish embryos without functional Pten (ptena�/�ptenb�/

�) display various hyperplastic/dysplastic defects and are embry-
onic lethal [14]. Genetic mutants that lack functional Ptena or
Ptenb are viable and fertile, indicating that Ptena and Ptenb have
at least partially redundant functions. Yet, adult fish that retain
only a single wild type pten allele (ptena+/�ptenb�/� and ptena�/�-

ptenb
+/�

) develop hemangiosarcomas, endothelial tumors [9]. These
findings illustrate that the duplication of genes in teleosts can be
used to study gene function in a way that is not possible in mam-
malian systems. Future analysis of the pten mutants will provide
new insights into Pten function in vivo.

4.3. Gene targeting

Specific gene inactivation by directing nuclease activity to tar-
get genes has been developed successfully for zebrafish as well.
Zinc Finger Nuclease (ZFN) technology has been used [12,36] and
more recently, Transcription Activator Like Effector Nuclease (TA-
LEN) technology appears even more successful [5]. Clustered Reg-
ularly Interspaced Short Palindromic Repeat (CRISPR)-associated
systems (Cas) technology has also been applied to inactivate genes
in zebrafish [21] and holds much promise for future inactivation of
target genes. All nuclease technologies are based on the generation
of double-stranded breaks in the target gene, which are repaired by
endogenous DNA repair mechanisms, particularly non-homolo-
gous end-joining (NHEJ). NHEJ frequently makes mistakes, leading
to short deletions and these actually result in frame shifts and
hence inactivation of the target genes. In principle, a template
can be provided exogenously for DNA repair by homologous
recombination, facilitating the introduction of (disease-associated)



Table 1
Zebrafish phosphatases. The zebrafish genes, their protein names and the human orthologues are depicted here with phenotypes described in fish, genetic associations and
available mutant zebrafish lines. Genetic associations are derived from the Genetic Association Database: http://geneticassociationdb.nih.gov/cgi-bin/index.cgi. Not all genetic
associations are mentioned here due to space constrictions. Data describing Single Nucleotide Polymorphisms (SNPs) from mutagenesis screens and transgenic insertions
disrupting gene function [49] are derived from www.zfin.org. + indicates single SNP or transgenic insertion, ++ indicates two SNPs or transgenic insertions etc. � indicates no SNP
or transgenic insertion was identified in this gene. Further details of transgenics and zebrafish phenotypes are described in the text.

Zebrafish
gene

Zebrafish
protein

Human
protein

Subtype Phenotype in fish Genetic association database SNP
(ZFIN)

Tg insertion
(ZFIN)

ptpn1 PTP1b PTP1B NT1 � Diabetes type 1 and 2; obesity � �
ptpn2a,

ptpn2b
tcPTPa,
tcPTPb

TCPTP NT1 � Diabetes type 1; Celiac disease; Crohn’s
disease; Lupus

�

ptpn3 PTPh1 PTPH1 NT5 � Neuroblastoma; Albumins;
Echocardiography

� +

ptpn4a,
ptpn4b

meg1a,
meg1b

MEG1 NT5 � � + �

ptpn5 PTP-STEP PTP-STEP R7 � � � �
ptpn6 shp1 SHP1 NT2 Immune system [26] � � �
ptpn7 HePTP HePTP R7 � � � �
ptpn9a,

ptpn9b
meg2a,
meg2b

MEG2 NT3 � Height; (Embryonic lethality in mouse) + +

ptpn11a,
ptpn11b

shp2a,
shp2b

SHP2 NT2 Gastrulation; Noonan and LEOPARD
syndrome [25]

Leukemia; Noonan and LEOPARD
syndrome; Platelet count

+ +

ptpn12 PEST PTPPEST NT4 � Insulin � �
ptpn13 PTPBAS PTPBAS NT7 Gastrulation [46] Cardiovascular + +++
ptpn14 PTP36 PTP36 NT6 Heart, somite [52] ADD; blood cells; blood flow velocity � �
ptpn18 BDP1 BDP1 NT4 � � � �
ptpn20 PTPTyp TYP NT8 Gastrulation [46] � + +
ptpn21 PTPd1 PTPD1 NT6 � Schizophrenia + �
ptpn22 LyPTP LyPTP NT4 � Diabetes type 1 and 2; Rheumathroid

arthritis;
+ �

ptpn23a,
ptpn23b

hdPTPa,
hdPTPb

HDPTP NT9 � Cell invasion + �

ptpra RPTPa RPTPa R4 Gastrulation [45] � ++ ++
ptprb RPTPb RPTPb R3 Vascular integrity [6,17] Calcium � +++
ptprc CD45 CD45 R1/R6 � Multiple sclerosis; lupus erythematosus + + (dsRed)
ptprda,

ptprdb
RPTPda,
RPTPdb

RPTPd R2B � Diabetes; Cholesterol; Coronary disease;
Heart failure

+++++ +

ptprea,
ptpreb

RPTPea,
RPTPeb

RPTPe R4 Gastrulation [45] Coronary disease; Ewing sarcoma ++ +

ptprfa,
ptprfb

LARa, LARb LAR R2B Peripheral sensory axons [50] � +++ ++

ptprga,
ptprgb

RPTPca,
RPTPcb

RPTPc R5 � Coronary artery disease; QT interval;
Inflammation

+ +

ptprh sap1 SAP1 R3 � � � �
ptprja,

ptprjb
dep1a,
dep1b

DEP1 R3 Arterial venous cell fate decision [39] Thyroid cancer; Precursor cell
lymphoblastic leukemia

+++ �

ptprk RPTPj RPTPj R2A � Celiac disease; Albuminuria � �
ptprm RPTPl RPTPl R2A � Prostatic neoplasms; Fibrinogen � �
ptprna,

ptprnb
IA2a, IA2b IA2 R8 � � + +

ptprn2 IA2b IA2b R8 � Mental disorders; Albumins +++ ++
ptpro GLEPP GLEPP1 R3 Cerebellar formation [34] Mental processes; Body mass index � +
ptprq PTPS31 PTPS31 R3 � Bipolar disorder; Erythrocyte indices;

Electrocardiography
� �

ptprr pcPTP PCPTP R7 � Parkinson disease � �
ptprsa,

ptprsb
RPTPra,
RPTPrb

RPTPr R2B Synaptic vesicles [7] Alcoholism ++ ++ (knockin)

ptprt RPTPq RPTPq R2A � Depressive disorder; Diabetes mellitus; +++ ++++
ptprua,

ptprub
RPTPka,
RPTPkb

RPTPk R2A Gastrulation [1] Heart failure; Bipolar disorder; Diabetes
mellitus, Type 2

+ �

ptprza,
ptprzb

RPTPfa,
RPTPfb

RPTPf R5 � Cholesterol, LDL ++ �

ptena, ptenb Ptena, Ptenb PTEN DSP Early development [14],
hemangiosarcoma [7]

Hemangiosarcoma; Prostate cancer ++ ++
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mutations or insertions at will. Successful homologous recombina-
tion in zebrafish using TALENs to introduce an exogenous restric-
tion site or loxP sites has been reported [5].
5. PTPs in zebrafish gastrulation cell movements

Several PTPs have an essential role in gastrulation cell move-
ments, in particular convergence and extension (C&E) cell move-
ments. These morphogenetic cell movements shape the
developing zebrafish embryo [41]. Cell movements in the develop-
ing embryo were determined by in toto imaging using light sheet
microscopy, which provides a stunning view of gastrulation cell
movements and at the same time illustrates the strength of the
zebrafish as a model for intravital imaging [26]. Signaling has a
crucial role in gastrulation cell movements and we and others
found that several PTPs are essential for C&E cell movements.
Knockdown of Shp2 results in defective gastrulation cell move-
ments, without affecting cell fate specification [25]. RPTPa and
PTPe are also required for normal gastrulation cell movements.

http://geneticassociationdb.nih.gov/cgi-bin/index.cgi
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Fig. 1. Morpholino method. Both translation initiation and splice-site blocking morpholinos have been used to knockdown expression of target proteins. Gene A is transcribed
and the RNA is spliced and translated normally. Translation initiation blocking morpholinos (ATG-MO) are targeted at the start ATG and will interfere with mRNA binding to
the ribosome complex thus leading to impaired protein synthesis of Protein A. Splice-site blocking morpholinos (splice-MO) are targeted at splice-donor or -acceptor sites and
interfere with splicing, thus leading to inclusion of introns which may contain internal stop sites or lead to a frame shift, resulting in truncated, dysfunctional proteins.
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Transient morpholino-mediated knockdown of RPTPa and PTPe,
but also a genetic mutant of ptpra display C&E cell movement de-
fects [45]. Moreover, knockdown of RPTPw results in defects in C&E
cell movements during gastrulation [1]. Finally, knockdown of PTP-
BL and Ptpn20 induces gastrulation cell movement defects [46].

Not only knockdowns of PTPs induce gastrulation cell move-
ment defects, but also expression of mutant Shp2 with mutations
that were identified in human patients with Noonan Syndrome
or LEOPARD syndrome display C&E cell movement defects. These
embryos display defects at later stages that are reminiscent of
the symptoms observed in human patients, including short stature,
hypertelorism and cardiac defects [25]. Interestingly, expression of
LEOPARD mutant Shp2 induces defects in neural crest specification
and migration [42]. It remains to be determined how an activating
mutation (Noonan Syndrome), an inactivating mutation (LEOPARD
syndrome) and a knockdown induce similar developmental defects
in early embryonic development.

PTP signaling, resulting in gastrulation cell movements, was
investigated by analysis of genetic epistasis interactions. Particu-
larly, we studied the role of Src family kinases, because these are
activated by PTPs and have a role in C&E cell movements
[23,24], and Rho family GTPases, because these are downstream
regulators of gastrulation cell movements [15]. Partial knock-
down of Shp2, RPTPa or PTPe does not affect development, nor
does partial knockdown of the Src family kinases, Fyn and Yes,
but combined partial knockdown of these PTPs and Src family
kinases induces severe gastrulation cell movement defects
[25,45], indicating a genetic interaction. RhoA, but not Rac was
identified to act downstream of Src family kinases in gastrula-
tion cell movements [23]. Constitutively active RhoA rescues
Shp2, RPTPa and PTPe knockdowns [25,45], which provides in-
sight into the mechanism underlying PTP signaling in gastrula-
tion cell movements. Intriguingly, the PTP-BL and ptpn20
knockdowns are rescued by dominant negative RhoA, in contrast
to the RPTPa and PTPe knockdowns. We suggest a model in
which PTPs regulate cell polarization, which is at the basis of
normal C&E cell movements during gastrulation [46]. Some PTPs
have positive effects on cell polarization and others negatively
affect polarization. Both effects result in decreased directed cell
migration and hence to defective C&E cell movements. Many
PTPs are essential for normal C&E cell movements, which prob-
ably reflects the high level of regulation of C&E cell movements.
Detailed analysis of the role of each PTP in C&E cell movements
will provide insight into the interplay between PTPs – if any – in
the regulation of C&E cell movements.
6. Quantitative analysis of gastrulation defects

While analyzing gastrulation cell movement defects in zebra-
fish embryos we developed assays to quantitatively determine
defective cell movements, based on (1) the shape of the embryo,
(2) molecular markers and (3) cell migration.
6.1. Detecting oval-shaped embryos

Defective cell movements during epiboly and gastrulation lead
to oval-shaped embryos [3,40]. Using Image J, we have developed
a semi-automated tool to determine the oval shape of embryos.
The circumference of the embryo is detected and subsequently,
the long axis and perpendicular to that the short axis is deter-
mined (Fig. 2A). The ratio long axis/short axis directly represents
the extent of oval shape. Wild type non-injected embryos display
a ratio of 1.1, i.e. close to 1.0, the perfect sphere. The ratios of em-
bryos with epiboly defects are usually 1.3 and up, significantly
higher than 1.1 in wildtype and control-injected embryos.
Interestingly, CI-1040, a specific inhibitor of MEK, which acts
downstream in the pathway rescues the oval shape of the em-
bryos, whereas it does not affect the ratio of wildtype embryos
[40]. Detecting oval shapes of zebrafish embryos is a straightfor-
ward method to quantitatively determine the deviation from the
normal shape of control embryos and therefore the severity of
gastrulation defects.
6.2. Molecular markers

Embryos with C&E cell movement defects are characterized by a
broader body and reduced extension of the body axis. Cell fate is
not affected by defects in C&E cell movements and all cell types
that are normally observed in the developing embryo are detect-
able in embryos with defective gastrulation cell movements. We
routinely use a panel of markers to assess that cell fate is not af-
fected. These include markers for: the dorsal organizer (goosecoid,
gsc), ventral cell fate (bone morphogenetic protein 2b, bmp2b), dor-
salizing factor (chordin, chd) and mesendoderm (notail, ntl) at
shield stage; axial mesendoderm at 70% epiboly (cyclops, cyc) and
at budstage forebrain (six3) and mid-hindbrain boundary (pax2).
Several markers have been identified that provide quantifiable
traits of C&E cell movements in the developing embryo at early
developmental stages. Dlx3 (currently known as dlx3b) marks the
edges of the neural plate and hgg1 (current name ctsl1b) marks



Fig. 2. Quantitative analysis of defects in gastrulation cell movements. (A) Assessment of oval shape, (B) the width and relative position of molecular markers, dlx3 and hgg1
(currently known as dlx3b and ctsl1b, respectively), (C) the length and width of the developing embryo using molecular markers, krox20 and myod and (D) migration of
mesendodermal cells in the developing embryo can all be used as quantitative traits of C&E cell movements. In A–C a schematic representation is given next to an actual
comparison of a control embryo (wildtype Shp2 injected, WT Shp2, or non-injected control, NIC) and an experimental embryo (Noonan Shp2 injected, NS Shp2, or ptpra
morpholino-injected). In panel D the actual confocal image is compared to the image after processing. The right panel shows the cell tracks. Cell movements in the boxed
areas are directly proportional to convergence (Con) and extension (Ext) cell movements, respectively. See text for details.
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precursors of the hatching gland. Double labeling with dlx3 and
hgg1 provides a characteristic pattern (Fig. 2B). The position of
the hatching gland, relative to the anterior-most dlx3 staining pro-
vides a direct measure for body axis extension and the angle of the
dlx3-positive edges of the neural plate are directly representative
of convergence [45]. In embryos with defective C&E cell move-
ments, the hgg1 staining is located more posteriorly and the dlx3
staining is significantly wider (Fig. 2B).

Krox20/myod double labeling at the 8–10 somite stage and sub-
sequent flat-mounting of the embryos leads to a highly reproduc-
ible pattern that can be used for quantification of the width and
length of the embryo [33] (Fig. 2C). The krox20 marker stains rhom-
bomeres 3 and 5 and myod marks the somites. Embryos with 8–10
somites are used, and staining of the somites provides a good
means to determine the age of the embryos, as a new somite is
added every 30 min at this stage. The distance from the first to
the eighth somite remains identical from the 8-somite to the
10-somite stage. The width of the krox20-positive rhombomere 3
and the length of somites 1–8 are directly proportional to the
width and length of the embryo, respectively, and the ratio of
width and length allows direct quantitative comparison between
groups of experimental embryos.

6.3. Cell migration

Identification of differences in the migration of paraxial mesen-
dodermal cells between groups of embryos is definitive evidence
for differences in C&E cell movements. Initially, we used a photoac-
tivatable dye, 4,5-dimethoxy-2-nitrobenzyl (DMND)-caged fluo-
rescein dextran (10,000 MW; Molecular Probes, Leiden, the
Netherlands) that was uncaged by local illumination with UV light
at 6 hpf as described [4]. The fluorescent group of cells was subse-
quently followed using an Axioplan microscope, equipped with a
UV light source, adjustable pinhole and 40X objective. Either a
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group of cells in the embryo proper was photo-activated, allowing
assessment of extension, or a group of mesendodermal cells was
labeled, allowing assessment of convergence. Pictures were taken
immediately following uncaging (6 hpf), at 80% epiboly (8 hpf)
and at tailbud stage (10 hpf). As a measure for cell migration, the
angles for dorsal convergence and anterior extension were deter-
mined using Image J software. Knockdown of Shp2 and expression
of Noonan Syndrome mutant Shp2 induced significant defects in
C&E cell movements, assessed using a caged fluorophore as de-
scribed above [23].

We developed an alternative for these photo-activation experi-
ments: time-lapse imaging of mesendodermal cells during gastru-
lation [45]. Briefly, all nuclei of a developing embryo are labeled by
microinjection at the one-cell stage with fluorescently labeled His-
tone 1 protein (Histone 1 Alexa fluor 488; Molecular Probes). The
embryos are dechorionated at 30% epiboly and mounted at shield
stage in 1% low melting point agarose with the dorsal side against
the coverslip approximately 100 lm anterior to shield position,
facilitating visualization of the C&E cell movements of the epiblast.
We use a Leica SP2 confocal microscope with a 40x objective and a
488 nm laser line for excitation of the fluorophore. Images are re-
corded every 2 min from shield stage until 1-somite stage. The
timelapse images are analyzed using Image J software. The nuclear
Histone 1 labeling is used to determine the position of individual
nuclei in a single optical slice for each time point. Due to innate
changes in intensity, size and shape of the fluorescent signal of
the nuclei, additional image processing is needed for efficient trac-
ing of the cells. The images are successively made binary, separated
by a water shedding algorithm, eroded to a single pixel and dilated.
Projection of the resulting image onto the original shows that the
generated objects represent cell positions with a very high accu-
racy (>99%) (Fig. 2D). These objects are readily traced over time,
which generates a report with the Cartesian coordinates for all
traced objects at each time point. These coordinates represent
the contribution of cell migration to convergence (X-axis) and
extension (Y-axis) and allow for quantification of migration of indi-
vidual cells and of groups of cells. We have used this cell tracking
method to compare C&E cell movements between wild type and
ptpra�/� mutant embryos that lack functional RPTPa. Ptpra�/� em-
bryos display significantly impaired C&E cell movements [45]. The
latter cell tracking method does not rely on the use of a caged fluo-
rophore, but instead a general cell identifier can be used. We have
used fluorescently labeled Histone 1 for our experiments as well as
a transgenic line, expressing nuclear GFP, with similar results [40].
7. Phosphoproteomics in zebrafish

The methods above facilitate the analysis of PTP function at the
organismal and cellular level. Biochemical analyses are required to
understand the function of PTPs at the molecular level. Whereas
the zebrafish is an excellent model system to unravel genetic path-
ways, biochemical analyses are lagging behind due to ill-under-
stood difficulties in the use of antibodies in zebrafish lysates,
even though the epitopes of the antibodies that are being used
are highly or even perfectly conserved. Highly abundant yolk pro-
teins are likely to interfere with protein analyses in zebrafish ly-
sates, yet some antibodies work remarkably well in immunoblots
and immunoprecipitation. Nevertheless, phosphoproteomic analy-
sis of zebrafish embryos by mass spectrometry has provided some
insight into the overall phosphoproteome of zebrafish embryos
and may provide means to analyze the function of PTPs in vivo at
the phosphoprotein level. As a first step to analyze PTP function
at the molecular level in vivo, we set out to map the pTyr phospho-
proteome in zebrafish embryos by anti-pTyr immunoprecipitation
and mass spectrometry to identify phosphoproteins and protein
phosphorylation sites [32]. In the process, we developed a protocol
for quantitative phosphoproteomic analyses of zebrafish embryos:
First, embryos are collected and excess yolk proteins are removed
by washing with ice-cold deyolking buffer (Fig. 3). The deyolked
embryos may be snap-frozen until a sufficient amount of sample
has been collected. Labeling of zebrafish embryos, similar to tissue
culture cells with stable isotope labeling in culture (SILAC) is not
feasible. Therefore, in order to compare different samples with
eachother, peptides are labeled, either using iTRAQ or using stable
isotope containing dimethyl [30]. While iTRAQ allows for a com-
parison of up to eight different conditions, dimethyl labeling is
cost-effective and facilitates a comparison of up to three different
samples. Purification of the sample is performed using either
TiO2 columns which enrich for all phosphorylated peptides, or by
pTyr-specific immunoprecipitation. Note that for pTyr immuno-
precipitation collection of more sample (preferably >6 lg, or more
than 2000 zebrafish embryos) is necessary than for TiO2. In con-
trast to pTyr immunoprecipitation, TiO2 can be used to purify all
phosphopeptides and to analyze the phosphoproteome in rela-
tively small samples, down to a single zebrafish embryo [31]. Using
the TiO2 approach, we successfully analyzed the phosphoproteome
of Fyn/Yes knockdown embryos that exhibit gastrulation cell
movement defects [30]. Future analysis specifically of the pTyr
phosphoproteome of PTP knockdown or knockout embryos by
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immunoprecipitation of pTyr-containing peptides after proteolysis
and subsequent peptide identification by mass spectrometry may
lead to identification of direct substrates and elucidate PTP-proxi-
mal signaling.

8. Outlook

Here we describe genetic methods to manipulate gene function
in zebrafish with the emphasis on PTPs. We explain how zebrafish
can be used to study PTP function using a variety of quantitative
methods to study general morphology and cell migration. Further-
more, we provide an overview of PTP studies performed in zebra-
fish and the genetic mutants available. In Table 1 we show that
several PTPs have been studied in zebrafish, however, many are
yet to be investigated. Additionally, genetic association studies
have shown a role for PTPs in several diseases. Combined with
the availability of genetic mutants this holds a big promise for zeb-
rafish as tools to study PTPs. In addition, the advent of TALEN and
CRISPR technology has facilitated the generation of targeted genet-
ic mutations in the zebrafish genome and many more zebrafish
mutants will be generated in the near future in which genes encod-
ing PTPs are inactivated or contain mutations at specific positions.
These genetic mutations will be crossed with transgenic lines in
which fluorescent proteins are expressed in specific cells or tissues,
allowing analysis of cell behavior in vivo by intravital imaging, thus
providing insight into the function of PTPs at the cellular/organis-
mal level. Analysis of the pTyr phosphoproteome of zebrafish em-
bryos that lack the function of a specific PTP or that express mutant
PTPs may result in identification of specific substrates and signal-
ing pathways, thus providing insight into the function of PTPs at
the molecular level in vivo. Using these methods, the zebrafish pro-
vides great opportunities to study PTP function in development
and disease in vivo.
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